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Abstract

Rice flag leaves are major source organs providing more than half of the nutrition needed for
rice seed development. The dynamic metabolic changes in rice flag leaves and the detailed
metabolic relationship between source and sink organs in rice, however, remain largely
unknown. In this study, the metabolic changes of flag leaves in two japonica and two indica
rice cultivars were investigated using non-targeted metabolomics approach. Principal com-
ponent analysis (PCA) revealed that flag leaf metabolomes varied significantly depending
on both species and developmental stage. Only a few of the metabolites in flag leaves dis-
played the same change pattern across the four tested cultivars along the process of seed
development. Further association analysis found that levels of 45 metabolites in seeds that
are associated with human nutrition and health correlated significantly with their levels in
flag leaves. Comparison of metabolomics of flag leaves and seeds revealed that some flavo-
noids were specific or much higher in flag leaves while some lipid metabolites such as phos-
pholipids were much higher in seeds. This reflected not only the function of the tissue
specific metabolism but also the different physiological properties and metabolic adaptive
features of these two tissues.

Introduction

Rice (Oryza sativa L.) is the most important staple crop in the world feeding more than half
of the world’s population. With the current massive population growth coupled to near-
global improvements of living standards, the pursuit for higher rice yield and equally high
nutritive quality is ever increasing. Both the yield and quality of rice can be limited by the
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supply of nutrition from leaves (source) and the ability to accumulate the available nutrition
in seeds (sink) [1, 2]. The sink size (seed numbers and mean seed size) is established by seed
organ morphogenesis and development during flowering and by source availability during
grain filling, which is accompanied with the leaf senescence process [2]. During leaf senes-
cence, catabolic processes such as the degradation of chlorophylls, proteins and lipids
increase while anabolic processes decrease [3]. The shift from anabolic to catabolic metabo-
lism in senescent leaves is vital for nutrition mobilization and recycling from leaf to develop-
ing seeds, which is important for seed yield and quality and has been studied mainly in
Arabidopsis [3, 4]. The onset and progression of leaf senescence are often accompanied with
the changes in gene expression [5, 6]. By using transcriptome analysis alongside molecular
genetic techniques, many senescence-associated genes have been identified in rice [7-9].
Hundreds of differentially expressed proteins, involved in different cellular responses and
metabolic processes, during senescence of flag leaves have additionally been investigated by
proteomic analysis [10].

The flag leaf is the last growing leaf of rice. Its maximal growth rate in coincident to the
time when the rice plant is at the heading and flowering stage and it becomes a mature leaf at
around 7 days after flowering (DAF) [10, 11]. After fertilization, the leaves begin to continu-
ously supply nutrients to the seeds for their growth and development, meanwhile, flag leaf
senescence process gradually starts from about 14 DAF [10]. Rice seeds reach maturity at
about 21 DAF [12], but the rice flag leaves do not wither even at 28 DAF for some cultivars.
Given that it is present longer than the other leaves during the process of seed development
and that it is physically closest to the developing seeds, the flag leaf can provide more than half
of the nutrients needed for rice seed development [13]. Previous studies indicated that many
of the quantitative trait loci (QTL) controlling flag leaf characteristics and yield-related traits
are co-localized in rice [14, 15]. Therefore, the flag leaf is commonly regarded as the primary
source of assimilates for yield and quality in rice.

It is well known that some of the small molecular compounds in the leaves are used only
by the blades themselves, while others can be used both for the leaf itself and for the transport
to the sink tissues/organs, for example, the developing seeds. The reported metabolic analysis
of rice phloem sap revealed that many metabolites that synthesized in the leaves, including
sugars (e.g. sucrose), amino acids (e.g. asparagine, glutamine and glutamate) and even flavo-
noids (e.g. tricin and schaftoside), can be transported through the phloem tubes to the sink
tissues [16-18]. These results indicated an active metabolic flux from source to sink tissues.
However, studies focusing on the metabolic changes of the flag leaves and their correlation
with those of developing seeds across the seed development process in rice have not yet been
elucidated.

The rice seed, as a sink, can not only store the nutritional metabolites transported from
the leaves, but also can synthesize macromolecules such as starches, proteins and DNAs
using small molecules transported from the leaves [19]. Nevertheless, it is not yet clear to
what extent a specific metabolite in rice seeds is derived from the leaves or within the seeds
themselves. Therefore, there is an urgent need to investigate the detailed metabolic shift from
source to sink in rice, particularly across the seed development process. In a previous study,
we revealed developmental stage and cultivar dependent metabolic changes in developing
seeds of four rice cultivars [20]. It provided a comprehensive metabolic map in developing
rice seeds [20].

In this study, we reported the metabolic shift in rice flag leaves from flowering to seed desic-
cation. We also investigated into the metabolic associations and differences in the levels of
detected metabolites between flag leaves and developing seeds. The aim was to explore the pos-
sible metabolite association between source and sink organ in rice.
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Materials and methods
Materials

Rice plants were planted in a paddy field in Minghang (31.03°N, 121.45°E), Shanghai, during
the summer season in 2013. The tillers were marked at the heading dates. Flag leaves or rice
seeds from two individual plants were pooled as one sample set (biological replication). Four
sample sets (biological replications) of flag leaves at 0, 7, 14 and 28 days after flowering (DAF)
and of rice seeds at 7, 14 and 28 DAF per rice variety were independently collected [20], imme-
diately frozen with liquid nitrogen and lyophilized for 48 hours. Samples were ground into
fine powder and stored at -80°C until metabolomics analysis.

Metabolite extraction, derivatisation and GC-MS analysis

Metabolite extraction: an aliquot of 10 mg fine powder was mixed with 700 ul 100% methanol
containing an internal standard (0.01 mg/mL sorbitol), homogenize with tissue grinder (Jing-
xin, Shanghai, China) for 5 min at 30 Hz, followed by centrifugation at 14000 g for 10 min. An
aliquot of 500 pl supernatant were taken into 2 ml fresh Eppendorf tubes, in which 300 pl chlo-
roform was added. After gently mix, 750 pl pure water was added and the mixture was vor-
texed for 15 seconds. After phase separation, 150 ul upper phase was taken into 1.5 ml fresh
Eppendorf tubes, dried exhaustedly in the speed vac for at least 3 hours without heating.

Metabolite derivatisation: An aliquot of 40 pl methoxyamine hydrochloride (20 mg/ml in
pyridin) was added to the dried Eppendorf tubes containing the extracted metabolites, fol-
lowed by shaking at 37°C for 2 hours. Then 70 ul mixture of N-methyl-N-(trimethylsilyl)tri-
fluoroacetamide (MSTFA) and fatty acid methyl esters (FAMEs) was added, and followed by
shaking at 37°C for 30 min. 100 pl of resulting solution was taken into sample vials for GC-MS
analysis.

Data acquisition, metabolite identification and peak area extraction: The detailed GC-MS
analysis was done as previously described [21]. The mass spectrometry data was sequentially
collected in one batch, in which all samples were randomly ordered. The quality control (QC)
samples equally pooled from all experimental samples were run after every 10 experimental
samples. Metabolite identification and peak extraction were performed with TagFinder soft-
ware [22].

Metabolite extraction and LC-MS analysis

Metabolite extraction: an aliquot of 10 mg fine powder was mixed with 1 ml 100% methanol,
and homogenized with tissue grinder (Jingxin, Shanghai, China) at 30 Hz for 5 min, and fol-
lowed by centrifugation at 14000 g for 5 min. The supernatant was filtered through a syringe
filter (0.22 um) and placed in a sample vial for LC-MS analysis.

LC-MS data acquisition: The methanol extracts were analyzed by UHPLC-QTOF-MS in
positive and negative mode, respectively. LC analysis was performed using an Agilent 1290
Infinity IT LC™ system. MS detection was performed on an Agilent 6550 iFunnel/Q-TOF mass
spectrometer with Agilent Jet-Stream source. The detailed UHPLC-QTOEF-MS data acquisi-
tion was performed as described previously [20]. The samples were randomly ordered, and the
QC samples equally pooled from all experimental samples were run after every 10 experimen-
tal samples.

Metabolite identification and peak area extraction: Metabolites were annotated by search-
ing Personal Compound Database and Library (PCD/PCDL), literatures [21, 23, 24], and the
Massbank [25] and Metlin [26] databases, based on two criteria: (1) the difference between the
observed mass and the theoretical mass was less than 5 ppm; (2) the main feature of the
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observed MS/MS spectrums was the same to that in literatures or database. Peak area extrac-
tion was performed with Mass Profinder 6.0 software. Each metabolite in every sample was
carefully checked during peak area extraction to make sure that right peaks were extracted.
The missing values were checked carefully with Mass Profinder software to make sure that
missing values were caused by the content being too low to be detected not by random.

Data analysis

IF a metabolite was detected simultaneously in GC-MS, UHPLC-MS negative mode and/or
UHPLC-MS positive mode, the one with the smallest relative standard deviation (RSD) in the
QC samples was retained. For data normalization of GC-MS data, peak area of a given metabo-
lite was divided by the peak area of the internal standard (sorbitol), sample weight and the
median value in all samples of the same metabolite. For data normalization of UHPLC-MS
data, each set of 10 samples and each metabolite were normalized to the average level of QC
samples that were injected before and after these 10 samples, then were divided by the sample
weight and the median value in all samples of the same metabolite. The missing values of a
given metabolite were imputed with the detected minimum value of the same metabolite in
other samples for statistical analysis, assuming that they were below the limits of instrument
detection sensitivity. The final statistics matrix with normalized data for the following statisti-
cal analysis are available in S1 Table.

Principal component analysis (PCA) was performed with SIMCA-P version 11.0 and the
scaling type was “UV”. Two-way ANOVA and ASCA were performed using the tool embed-
ded in the MetaboAnalyst website (http://www.metaboanalyst.ca/) [27], by using “Log Nor-
malization” for data transformation and “Autoscaling” for data normalization. Two-way
ANOVA type used was “within subjects ANOVA”, significance threshold was defined as the
corrected p-value < 0.05 and False Discovery Rate (based on the Benjamini-Hochberg proce-
dure) was chosen for multiple testing correction. ASCA was performed with default parame-
ters. The metabolite-metabolite correlations between grain and flag leaf were analyzed by
using Pearson’s product-moment correlation method with mean values in R software package.
The Student’s t-test was employed to identify metabolites that differed significantly (p < 0.05)
between two different groups using the log, transformed data. The heatmaps of metabolite
ratios were visualized with MultiExperiment Viewer (MeV) version 4.8 [28]. The figures were
edited using Adobe Illustrator CS6 software for better resolution.

Results
Metabolite profiling of flag leaf samples

In order to investigate the metabolic changes of flag leaves along rice seed development, two
indica subspecies (Qingfengai and 9311) and two japonica subspecies (Nipponbare and Non-
gken 58) were selected and planted in the same paddy field. Qingfengai and Nipponbare, hav-
ing the same growth period (around 135 days after sowing), are medium maturing cultivars.
Nongken 58 and 9311 with a growth period of about 160 days, are medium-to-late maturing
cultivars. The flag leaf samples were collected at 0, 7, 14 and 28 DAF and extracted with metha-
nol. The resulting methanol extracts were subjected to non-targeted metabolomics analysis by
employing gas chromatography mass spectrometry (GC-MS) and ultra-high performance lig-
uid chromatography-quadrupole time of flight-tandem mass spectrometry (UHPLC-Q-
TOF-MS/MS). A total of 207 metabolites were identified (S2 Table), including 38 amino acids
and dipeptides, 37 carbohydrates and organic acids, 25 lipids, eight nucleotides, 10 cofactors,
five benzene derivatives, 63 flavonoids, 12 hydroxycinnamate derivatives, three terpenoids and
six miscellaneous metabolites.
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Kinetic patterns of flag leaf metabolomes

To gain a global view of metabolic difference across all analyzed samples, principal component
analysis (PCA) on the identified metabolites was subsequently performed. PC 1, accounting
for 24.0% of the total variance, separated samples of japonica from those of indica (Fig 1), indi-
cating different metabolic profiles in flag leaves of these two subspecies. This result was consis-
tent with a previous report that the leaf metabolome at the five-leaf stage of japonica was
significantly different from that of indica [29]. In either indica or japonica group, a cultivar
dependent separation of samples of different sampling time points was also observed, with bet-
ter separation in indica cultivars (Fig 1). This result indicated a developmental specific flag leaf
metabolome, which was the same pattern as that of developing seeds [20].

Two-way ANOVA (Analysis of Variance) was conducted to decompose the raw data to fur-
ther dissect which factor caused the variation of the metabolite levels. The abundances of 149,
183 and 142 metabolites were significantly affected by time, cultivar and their interaction,
respectively. Among them, the abundances of 109 metabolites were simultaneously affected by
time, cultivar and their interaction (Fig 2A). In addition, ANOVA-Simultaneous Component

-15
20 -15 -10 -5 0 5 10 15

PC 1 (24.0%)

©9311  «Qingfengai  +~ Nipponbare = Nongken 58
M0 DAF W7 DAF 114 DAF W 28 DAF

Fig 1. Principal component analysis (PCA) of the metabolomes of flag leaves. Green, blue, yellow and red colors
represent samples at 0, 7, 14 and 28 DAF, respectively. Ellipse, star, triangle and square denote leaf metabolomes of
9311, Qingfengai, Nipponbare and Nongken 58, respectively. PC 1 explains 24.0% of variance distinguishing flag leaves
of two japonica from those of two indica. PC 2 accounts for 14.3% of total variance separating leaf samples from
different time points.

https://doi.org/10.1371/journal.pone.0227577.9001
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Fig 2. Result of two-way ANOVA and ASCA. (A) Venn diagram summary of results from two-way ANOVA. (B) Major pattern associated with cultivar. (C)
Major pattern associated with time. (D) Major pattern associated with the interaction between cultivar and time. These analyses were performed in
MetaboAnalyst website (http://www.metaboanalyst.ca/).

https://doi.org/10.1371/journal.pone.0227577.9002

Analysis (ASCA), a multivariate extension of univariate ANOVA approach [30], was per-
formed to identify the major patterns associated with each factor. The major pattern associated
with time based on PC 1 of the corresponding sub-model was that the scores gradually
increased from 0 DAF to 28 DAF and 73.86% of variation was explained by this sub-model
(Fig 2B). Culture score plots showed that different cultivars differ in their PC1 scores; the
scores of two indica cultivars were positive while those of two japonica cultivars were negative
and 56.85% of variation was explained by this sub-model (Fig 2C). This result was consistent
with PCA result shown in Fig 1, in which the samples of two indica cultivars located on the
right side (the values of PC1 were positive) while those of two japonica cultivars on the left (the
values of PC1 were negative). The first component of the interaction effect clearly showed the
opposite trends occurring over the four sampling time points between Qingfengai and the
other three cultivars and 25.32% of variation was explained by this sub-model (Fig 2D), which
was different to that observed in developing rice seeds [20]. The observed difference between
Qingfengai and other three cultivars reflected their physiological difference regarding senes-
cence. At 35 DAF, the flag leaves of Qingfengai withered but those of other three cultivars did
not, indicating an earlier or faster senescence of Qingfengai than others. The differences of the
interaction scores among different cultivars at 7 and 14 DAF were smaller than those at 0 DAF
and 28 DAF. This observed small and close interaction scores at 7 and 14 DAF across all four
cultivars also resembled the conserved biochemical function of flag leaves at this specific
grain-filling stage among tested cultivars. These three sub-models were validated using permu-
tation test with the observed statistic p values all being less than 0.05 (S1 Fig).
Leverage/squared prediction error (SPE) plots were next made in order to identify metabo-
lites that followed the major pattern of each factor [31]. Metabolites with high leverage and
low SPE were picked out as well-modeled metabolites that contributed significantly to the
model described above. Fourteen well-modeled metabolites, including 12 flavonoids, stood
out based on the major pattern of cultivar (S2 Fig), which were important in distinguishing the
leaves of two japonica from those of two indica. The levels of these 12 flavonoids were all sig-
nificantly higher in indica, which was consistent with the observation that flavone mono-C-
glycosides and malonylated flavonoid O-hexosides accumulated at higher levels in leaves of
indica than in japonica [32]. Twenty well-modeled metabolites, including eight amino acids
(asparagine, aspartate, glutamine, glutamate, gamma-guanidinobutyric acid, 5-oxoproline I,
N-acetylglutamate and threonine), two carbohydrates (glycerate and glycolate), five cofactors
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Fig 3. Changes of the well-modeled metabolites following the major pattern of time. For full metabolite names, refer to S2 Table.

https://doi.org/10.1371/journal.pone.0227577.9003

(vitamin C, nicotinamide, nicotinate, phosphoric acid and trigonelline), two lipids (linolenate
and glycero-3-phosphocholine), two nucleotides (inosine and 5-methylthioadenosine) and
one terpenoids (phytocassane C), stood out based on the pattern of time (Fig 3). The levels of
vitamin C, inosine, linolenate and phytocassane C gradually increased while those of the other
17 metabolites gradually decreased across time in all four cultivars. By contrast, 24 well-mod-
eled metabolites followed the major pattern of interactive effect, which showed different
change patterns along time between different cultivars (53 Fig). Most of them were primary
metabolites, including six amino acids (glycine, histidine, isoleucine, putrescine, tryptophan
and valine), five carbohydrates (galactinol, raffinose, ribulose-5-phosphate, ribitol and threi-
tol), seven lipids (1-LysoPE(18:3), 2-LysoPC(18:2), 9,13-DHOME, 9-HOTYE isomer, glycerol,
linoleate and palmitate) and three nucleotides (adenosine, 5-methylthioadenosine and uri-
dine) (S3 Fig).

Metabolic changes during flag leaf maturation

To investigate the metabolic changes of flag leaves during maturation, the metabolite levels of
leaves in a given cultivar at 7 DAF were compared with those at 0 DAF in leaves of the same
cultivar. The levels of 66, 67, 78 and 98 metabolites were significantly changed in Qingfengai,
9311, Nipponbare and Nongken 58, respectively (S3 Table). The levels of methionine, gamma-
guanidinobutyric acid, phosphoric acid and trigonelline were simultaneously decreased while
those of phenylalanine, isoorientin-C-hexoside derivant, 2-LysoPC(18:3), linolenic acid, ino-
sine and phytocassane C increased in all four cultivars (Table 1, pattern A). The levels of seven
flavonoids, including six tricin derivants and those of the other seven metabolites, such as VB,,
were significantly decreased and increased, respectively, in two japonica cultivars but not sig-
nificantly changed in two indica cultivars (Table 1, pattern B). The levels of six metabolites,
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Table 1. Partial list of significantly changed metabolites during flag leaf maturation.

Metabolite Name® Class Ratio® Pattern®
Qingfengai 9311 Nipponbare Nongken 58

Met Amino acids 0.45 0.43 0.56 0.68 A
GBH Amino acids 0.23 0.41 0.72 0.78 A
Pi Cofactors 0.23 0.33 0.47 0.26 A
Meth-Nic Cofactors 0.24 0.63 0.63 0.49 A
Phe Amino acids 1.82 1.62 1.42 1.64 A
Isoo C-hex der Flavonoids 1.72 1.28 1.49 1.36 A
2-LysoPC(18:3) Lipids 1.45 6.39 2.10 1.37 A
Linolenate Lipids 1.40 2.05 1.35 3.71 A
Inosine Nucleotides 1.45 1.18 1.56 1.56 A
Phytocassane C Terpenoids 4.29 4.99 13.99 14.74 A
Trider V Flavonoids 1.19 0.95 0.81 0.75 B
Tri-4'O-ery-gua 7”0O-glu Flavonoids 1.00 0.95 0.84 0.76 B
Api-6C-glu-8C-ara I Flavonoids 2.47 1.24 0.72 0.77 B
Tri-C-glu II Flavonoids 0.91 0.95 0.74 0.77 B
Tri-4’O-ery-gua 70-glu Flavonoids 0.97 1.01 0.86 0.78 B
Tri-4’O-thr-gua Flavonoids 0.77 0.91 0.79 0.82 B
Tri-4 O-thr-4-hyd Flavonoids 0.77 0.88 0.79 0.83 B
Tricin isomer Flavonoids 0.95 1.00 1.36 1.15 B
Isoscoparin Flavonoids 1.00 0.75 1.46 1.27 B
Pro-O-hex II Benzene derivatives 0.32 1.56 1.75 1.45 B
Lys Amino acids 1.03 1.07 1.55 1.87 B
Glu-leu Dipeptides 0.73 1.25 2.33 2.18 B
Uridine Nucleotides 0.53 1.69 1.77 2.82 B
VB2 Cofactors 1.37 1.20 7.19 4.83 B
DHA Cofactors 0.98 1.55 1.38 1.37 C
His Amino acids 0.56 1.91 1.26 1.68 C
Glucose Carbohydrates 0.84 4.19 0.96 2.29 C
Fru Carbohydrates 0.87 3.30 0.97 2.35 C
Val Amino acids 0.83 1.27 1.41 2.41 C
9-HOTTE Lipids 1.16 1.87 1.28 3.90 C
Tri-4’ O-ery-gua Flavonoids 0.77 0.91 0.80 0.84 D
Glycerate Carbohydrates 0.43 1.09 0.47 0.88 D
myo-Inositol Carbohydrates 0.40 1.03 0.71 1.02 D
Maltose Carbohydrates 0.52 0.62 0.55 0.79 D

? Full names of the metabolites refer to S2 Table.

® Ratios of relative metabolite levels between 7 DAF and 0 DAF of the same cultivar. The bold values represent significantly different metabolic levels between 7 DAF
and 0 DAF samples (p-values < 0.05). The p-values are available in S3 Table.

¢ The column of Pattern shows the metabolite change pattern during flag leaf maturation. A, the levels of metabolites were simultaneously increased or decreased in four
cultivars; B, the levels of metabolites were simultaneously increased or decreased in two japonica cultivar; C and D, the levels of metabolites were simultaneously

changed in two medium maturing cultivars and two medium-late maturing cultivars, respectively.

https://doi.org/10.1371/journal.pone.0227577.t001

such as glucose and fructose, were significantly increased in two medium-late maturing culti-
vars (Table 1, pattern C) while those of four metabolites, such as glycerate and maltose, were
significantly decreased in two medium maturing cultivars (Table 1, pattern D). More meta-
bolic change patterns during flag leaf maturation were shown in S3 Table.
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Fig 4. Heat map of metabolite changes in flag leaves from 7 DAF to 28 DAF. Q, Nip and N represent Qingfengai, Nipponbare and Nongken 58,
respectively. Ratios of fold changes are given by shades of red or blue colors according to the scale bar. Data represent mean values of four biological
replicates for each cultivar and time point. For full metabolite names, refer to S2 Table.

https://doi.org/10.1371/journal.pone.0227577.9004

Metabolic changes during flag leaf senescence

To uncover the metabolic alterations in flag leave senescence, the levels of the identified
metabolites at 14 DAF and 28 DAF were compared with those at 7 DAF of the same cultivar to
eliminate the cultivar-dependent variation and submitted to clustering analysis (S4 Table).
The extent of metabolite changes during flag leaf senescence was much smaller than those in
developing rice seed of the same time point as revealed in previous study [20]. Most of the
metabolite change patterns varied among the four cultivars (Fig 4A). The levels of 24 metabo-
lites were simultaneously decreased in all four cultivars during flag leaf senescence (Fig 4B).
Thirteen of them were amino acids, including aspartate, asparagine, glutamate and glutamine.
These amino acids are mainly synthesized in roots and shoots and serve as the major nitrogen
storage and transport compounds of most non-leguminous plants [33]. This result implied a
likely increased transportation of free amino acids in flag leaves to developing seeds during
flag leaf senescence. The other ten of them were four carbohydrates (glycolate, glycerate,
threonate and glucose-6-phosphate), three cofactors (nicotinamide, phosphoric acid and
trigonelline), two lipids (2-LysoPE(16:0) and 2-palmitoylglycerol), and one single nucleotide
(adenine). The remarkable consistency of these metabolic changes observed in all four culti-
vars (Fig 4B) suggested similar metabolism pattern of these metabolites in the senescence
process.
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Table 2. Metabolites detected only in rice flag leaf or seed.

Metabolite Name Formula Class Tissue
Apigenin-6-C-B-glucoside-8-C-o.-arabinoside II C26H28014 Flavonoid Leaf
Chrysoeriol C-hexoside derivant C25H28012 Flavonoid Leaf
Chrysoeriol O-glucoside C22H22011 Flavonoid Leaf
Isoorientin-7,2”-di-O-glucoside C33H40021 Flavonoid Leaf
Isoorientin C-hexoside-C-hexoside II C36H36018 Flavonoid Leaf
Isoorientin C21H20011 Flavonoid Leaf
Isovitexin 2”-O-(6"""-(E)- feruloyl)-glucopyranoside C37H38018 Flavonoid Leaf
Syringetin 3-O-B-D-glucopyranoside C23H24013 Flavonoid Leaf
Tricin derivant I C36H36018 Flavonoid Leaf
Tricin derivant ITI C36H36018 Flavonoid Leaf
Tricin derivant IV C36H36018 Flavonoid Leaf
Tricin derivant V C36H36018 Flavonoid Leaf
Tricin 4’-O-(erythro-B-guaiacylglyceryl) ether 7-O-B-D-glucopyranoside C33H36016 Flavonoid Leaf
Tricin 4’-O-(syringyl alcohol)ether O-hexoside C32H34015 Flavonoid Leaf
Tricin 4-O-(threo-B-4-hydroxyphenylglyceryl) ether C26H24010 Flavonoid Leaf
Tricin 4-O-(threo-p-syringylglyceryl) ether 7”-O-B-D-glucopyranoside C34H38017 Flavonoid Leaf
Tricin 7-O-(2”-O-B-D-glucopyranosyl)-B-D- glucuronopyranoside C29H34017 Flavonoid Leaf
Tricin isomer C17H1407 Flavonoid Leaf
Tricin O-glucoside O-guaiacylglyceryl ether C33H36016 Flavonoid Leaf
Tricin O-guaiacylglyceryl ether’-O-glucopyranoside derivant C36H36018 Flavonoid Leaf
Tricin-O-hexoside derivative C33H34015 Flavonoid Leaf
1-O-Palmitoylhexitol C27H4407 Lipid Leaf
Pregna-5,20-dien-3-ol C21H320 Others Leaf
1-linoleoylglycerol C21H3804 Lipid Seed
2-linoleoylglycerol C21H3804 Lipid Seed
1-myristoylglycerophosphocholine C22H46NO7P Lipid Seed
2-myristoylglycerophosphocholine C22H46NO7P Lipid Seed
1-stearoylglycerophosphoethanolamine C23H48NO7P Lipid Seed
2-stearoylglycerophosphoethanolamine C23H48NO7P Lipid Seed
Cystine C6H12N204S3 Amino acid Seed
Homovanillic acid C9H1004 Monoaromatics Seed

https://doi.org/10.1371/journal.pone.0227577.t1002

Metabolic difference between flag leaf and seed

In one of our previous studies, the metabolic profiles of developing seeds (at 7, 14 and 28

DAF) of the same four rice cultivars used in this study were characterized [20]. The sampling,
metabolite extraction, and data acquisition of flag leaves in this study were all performed once
together with these seed samples previous published [20], which facilitated our comparative
study on metabolic difference between these two organs.
The most contrasting metabolic difference between the flag leaves and developing seeds as
observed from the LC-MS chromatograph was the accumulation of flavonoids in flag leaves
but lipids in seeds (S4A Fig). The closely gathered QC samples in the PCA score plot of flag
leaves (S4B Fig) indicated a highly consistent and reliable analytical capacity of the system. The
PCA score plot clearly demonstrated that flag leaf metabolome differed significantly from that
of seed (S4B Fig). These results were further confirmed by the identification and quantification
of those metabolites. Twenty three metabolites including 21 flavonoids were only detectable in
flag leaves but not in seeds (Table 2). Half of the 23 metabolites were tricin or tricin glycosides,
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which were active agents involved in plant defense system against bacteria, fungi and insects
[34-36]. In contrast, eight metabolites including six lipids were detectable only in seeds but
not in flag leaves (Table 2).

To explore the difference in metabolite abundance between flag leaves and seeds, the levels
of metabolites in seeds were compared with those in flag leaves of the same cultivar at the same
sampling time point (the ratios and p-values were presented in S5 Table), then the average of
the ratios (AOR) of each metabolite was calculated. An AOR over 1 indicated a higher level of
the metabolite in seeds, while an AOR less than 1 indicated a higher level of the metabolite in
flag leaves. By doing so, the differences in abundance of a given metabolite between these two
tissues could be easily identified. For example, a total of 29 metabolites were readily picked out
with the AOR less than 0.01 (i.e. the levels of these metabolites in flag leaves were 100 times
more than those in seeds; Table 3). Twenty five of these 29 metabolites were also flavonoids.

In addition, a total of ten metabolites displayed AOR values of more than 100 (i.e. the rela-
tive abundance of these metabolites in seeds was 100 times more than those in flag leaves).
Eight of these ten metabolites were phospholipids and the other two of them were N-feruloyl-
putrescine IT and uracil (Table 3). Other metabolites that were found to be highly accumulated
in seeds included certain lipids (such as LysoPE(16:0), LysoPE(18:2), linoleate, punicate and
9,13-DHOME), hydroxycinnamate derivatives (such as N-feruloylputrescine) and nucleotides
(uridine, adenine and succinyladenosine) (S5 Table).

Metabolic relationship between rice flag leaf and seed

It is interesting to investigate the metabolic association between flag leaves and seeds in order
to better understand the metabolic relationship between source and sink organs. To this end, a
pair-wise correlation analysis on metabolites identified in flag leaves of this study and metabo-
lites identified in seeds of a previous study [20] was performed by employing the Pearson’s
product-moment correlation.

A total of 43,255 pairs of correlations were generated. Among them, there were 1245 pairs
of positive correlations and 325 pairs of negative correlations with a threshold of absolute cor-
relation value greater than 0.70 (|r-value| > 0.70) (S6 Table), accounting for only 3.63% of the
total possible correlations. Most of the positive correlations were observed between primary
metabolites (amino acids, carbohydrates, cofactors, lipids and nucleotides) and hydroxycinna-
mates in seeds and primary metabolites in flag leaves (Fig 5). Most of the correlation coeffi-
cients (r-values) between secondary metabolites in seeds and those in flag leaves were quite
small. However, some metabolite pairs of secondary metabolites with high correlation coeffi-
cients between flag leaves and seeds were also observed. For example, the levels of luteolin 7-
O-glucoside, isoorientin 7,3’-dimethyl ether, chrysoeriol C-glucoside, chrysoeriol 6-C-B-gluco-
side-8-C-oi-arabinoside, and chrysoeriol -5-O-hexoside in seeds were highly correlated with
that of isoorientin in flag leaves (r-value > 0.90, p-value < 1.5E-06) (S6 Table). This result sug-
gested that isoorientin may be one of the secondary metabolites being transported via long-
distance from flag leaves to developing seeds.

We investigated closely into metabolites whose levels showing corresponding changes
between flag leaves and seeds. It generated a list of total 45 metabolites, including 15 amino
acids, ten carbon rice compounds, seven flavonoids and four cofactors, whose levels were sig-
nificantly correlated between seeds and flag leaves (Table 4). The levels of some amino acids,
such as GABA, threonine, aspartate, valine, glycine, proline, glutamine, norvaline, alanine and
glutamate in seeds correlated positively with those in flag leaves (r-values were 0.62~0.84).
While the levels of other amino acids, including asparagine, betaine, gamma-guanidinobutyic
acid, metonine and tryptophan correlated negatively with those in flag leaves (r-values were
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Fig 5. Heatmap of metabolite-metabolite correlation between developing rice seeds and flag leaves. Rectangles represent Pearson correlation coefficient (r)
values of metabolite pairs (see correlation color key).

https://doi.org/10.1371/journal.pone.0227577.9005

-0.63~-0.78). The levels of some carbon rich compounds such as pipecolic acid, maltose, glyce-
rate, succinate, malate, myo-inositol, indole-3-carbaldehyde and 4-hydroxybutyric acid in
seeds were positively associated with those in flag leaves. Pipecolic acid, a common lysine
catabolite in plants and a critical regulator of plant defense system against pathogen [37], dis-
played the highest correlations (r-value > 0.96) between seeds and flag leaves. The levels of
some cofactors, such as riboflavin, trigonelline, nicotinate and phosphoric acid, levels of some
flavonoids, including tricin 7-O-neohesperidoside, swertisin, isoorientin 7,3’-dimethyl ether
and chrysoeriol C-glucoside, and the level of phytocassane C, in seeds however were also posi-
tively correlated with those in flag leaves, with r-values of 0.65 ~ 0.72, 0.77 ~ 0.86, and 0.71,
respectively. While the levels of three flavonoids, namely naringenin chalcone-C-pentoside-O-
hexoside, isoorientin 7-O-glucoside and chrysoeriol-C- hexoside-C-pentoside and that of
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Table 4. Significantly associated metabolites between flag leaf and seed.

Metabolite Name Class r-Value p-Value
GABA Amino acids 0.84 0.0006
Threonine Amino acids 0.81 0.0015
Aspartate Amino acids 0.80 0.0018
Valine Amino acids 0.77 0.0035
Glycine Amino acids 0.73 0.0065
Proline Amino acids 0.72 0.0083
Glutamine Amino acids 0.72 0.0085
Norvaline Amino acids 0.69 0.0136
Alanine Amino acids 0.66 0.0193
Glutamate Amino acids 0.62 0.0329
Tryptophan Amino acids -0.63 0.0284
Methionine Amino acids -0.66 0.0206
Gamma-Guanidinobutyric Acid Amino acids -0.66 0.0205
Betaine Amino acids -0.68 0.0143
Asparagine Amino acids -0.78 0.0026
Benzoate Benzenes 0.58 0.0476
Pipecolic Acid II Carbohydrates 0.98 3.74E-08
Pipecolic Acid I Carbohydrates 0.96 1.32E-06
Maltose Carbohydrates 0.72 0.0077
Glycerate Carbohydrates 0.69 0.0132
Succinate Carbohydrates 0.65 0.0223
Isocitrate IT Carbohydrates -0.63 0.0281
Malate Carbohydrates 0.61 0.0339
Myo-Inositol Carbohydrates 0.58 0.0466
Indole-3-Carbaldehyde Carbohydrates 0.65 0.0232
4-Hydroxybutyric Acid Cofactors 0.62 0.0303
Riboflavin Cofactors 0.65 0.0223
Trigonelline Cofactors 0.72 0.0083
Nicotinate Cofactors 0.71 0.0099
Phosphoric acid Cofactors 0.65 0.0213
Tricin 7-O-neohesperidoside Flavonoids 0.86 0.0003
Swertisin Flavonoids 0.82 0.0010
Isoorientin 7,3’-dimethyl ether Flavonoids 0.78 0.0027
Chrysoeriol C-glucoside Flavonoids 0.77 0.0035
Naringenin chalcone-C-pentoside-O-hexoside Flavonoids -0.67 0.0181
Isoorientin 7-O-glucoside Flavonoids -0.62 0.0327
Chrysoeriol-C-hexoside-C-pentoside Flavonoids -0.58 0.0461
N-Feruloylputrescine I Hydroxycinnamates 0.87 0.0002
2-LysoPC(18:2) Lipids 0.65 0.0210
1-LysoPE(18:2) Lipids 0.59 0.0416
5-Methylthioadenosine Nucleotides 0.66 0.0193
Succinyladenosine Nucleotides -0.58 0.0464
Adenosine Nucleotides 0.58 0.0495
Phytocassane C Terpenoids 0.71 0.0097

r-value, the correlation coefficient between flag leaf and seed.

https://doi.org/10.1371/journal.pone.0227577.1004

PLOS ONE | https://doi.org/10.1371/journal.pone.0227577  January 24, 2020

15/23


https://doi.org/10.1371/journal.pone.0227577.t004
https://doi.org/10.1371/journal.pone.0227577

@ PLOS|ONE

Dissection of flag leaf metabolic shifts and their relationship with developing seed

succinyladenosine in seeds were negatively correlated with those in flag leaves, with r-values of
-0.67 ~ -0.58.

Discussion

The flag leaf of rice is the most important source organ for rice seed development. Therefore,
understanding of the dynamic pattern of change in metabolites of the rice flag leaf and its met-
abolic relationship with the seed are of fundamental importance not only for the basic under-
standing of rice biology but also for applied rice breeding. In a previous study, we investigated
the kinetic changes of the metabolomes of rice seeds at different developmental stages [20]. In
the current study, we investigated the kinetic changes of the corresponding flag leaves from
flowering to leaf senescence stage and the metabolic relationship between source and sink by
taking advantage of an established non-targeted metabolomics platform.

Conserved metabolic changes in flag leaf and seed

The patterns of dynamic changes in the metabolome of developing seeds are conserved among
different rice cultivars [20], and the same is true for flag leaves as revealed by PCA in this study
(Fig 1). Indeed both showed clear subspecies, cultivar, and stage dependent patterns, which
indicated a conserved and well-coordinated metabolic regulation among source and sink tis-
sues in rice. Nevertheless, the levels of the vast majority of metabolites in seeds gradually
decreased across seed development especially at the seed desiccation stage in all four cultivars
[20]. In contrast, most of the metabolites in flag leaves showed diverse patterns of change
across the different cultivars. We postulate two possible explanations for this. First, rice seed is
covered with a hard hull that provides a relative stable microenvironment for the growth and
development of seed, perhaps rendering its metabolome less affected by the external environ-
ment [38]. While the flag leaf, being directly exposed to the changing natural environment, is
more greatly influenced by environmental changes. Secondly, the development progression of
different varieties of rice from fertilized eggs to mature seeds is very conservative [39]. Conser-
vation of the pattern of dynamic change in the seed metabolome may reflect this robustness.
However, the morphology and the structure of the flag leaf did not change significantly during
rice seed development, yet the onset of leaf senescence varied among different rice cultivars.
This may explain why the observed changes in the metabolic dynamics of the flag leaf were
species specific.

Metabolic difference between flag leaf and seed

It is well known that the quantity and chemical structure of plant metabolites are spatiotempo-
rally distributed [40-42]. Although both metabolomes of flag leaves and developing seeds in
rice showed similar kinetic patterns, clear metabolic differences were also observed. Twenty
one flavonoids were identified only in flag leaves (Table 2), and the levels of 25 flavonoids and
two phenolic acid-hexoside were much higher in the flag leaves than in the seeds (Table 3 and
S5 Table). Flavonoids and phenolic acids (including protocatechuic acid and ferulic acid) are
important in plants for scavenging reactive oxygen species (ROS) generated under excess
light-stress [43, 44]. Flavonoids are also involved in plant defense against pathogens, pests, her-
bivores and UV irradiation [17, 43, 45, 46]. Rice seed is covered with a hard hull (palea and
lemma), which also accumulates flavonoids and phenolic acids [44], and can protect seed

from oxidative stress, predators and decay [47]. Therefore, the detected metabolic difference
between flag leaves and developing seeds likely reflected different physiological properties and
metabolic adaptive features of the two tissues. The secondary metabolites detected in flag
leaves and developing seeds differed significantly (Tables 2 and 3). It is plausible to deduce that
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these secondary protective metabolites detected in flag leaves and developing seeds were
mainly synthesized and consumed locally. It was in agreement with the transcriptomic data
reveled in flag leaves under heat stress, in which genes encoding rate-limiting enzyme in sec-
ondary metabolism were up-regulated [48]. Nevertheless, there are potential transport of flag
leaf produced flavonoids (such as swertisin), and terpenoids (such as phytocassane C), to
developing seeds as revealed in this study (Table 4).

It is also worth noting that some metabolites were found to be highly accumulated in seeds,
particularly phospholipids and fatty acids. Lipids in rice seeds serve as stored energy and struc-
tural reserves, which can be converted into other metabolites when needed for seed develop-
ment and subsequent germination [49]. Phospholipids and fatty acids play a considerable role
in the seed germination capacity and protect seed from ageing [50, 51]. Therefore, the high
accumulation of lipids observed in developing seeds but not flag leaves guaranteed proper seed
development. The observed higher levels of some hydroxycinnamate derivatives in seeds
implied an important role for them in the seed’s defense response against biotic and abiotic
stresses, owing to their antioxidant properties [52]. Whilst the high accumulation of feruloyl-
putrescine, one of the large diversity of best characterized defense metabolites against insects
and herbivores [53], which additionally serves as a storage form of polyamine, could be associ-
ated with germination potential in rice seeds [54]. The higher levels of uracil and uridine in
seeds also suggested a unique biochemical basis for seed physiology, especially for seed starch
biosynthesis. Arabidopsis PYDI (dihydropyrimidine dehydrogenase 1) knockout mutants accu-
mulated high uracil levels in seeds and showed delayed germination [55]. While the accumula-
tion of uridine in potato tubers was accompanied by increased amounts of starch in the tubers
[56] and knockout of plastid uridine scavenging pathway resulted in reduced starch in Arabi-
dopsis seed [57]. Further detailed investigations into those greatly different metabolites
between seeds and flag leaves would likely expand our understanding of the biochemical
mechanisms underpinning seed developmental process.

Metabolic association between flag leaves and seeds

Nutrient remobilization and translocation from leaf to seed during leaf senescence is vital for
the yield and quality in crops and as such has been subject to considerable research attention
[58, 59]. The flag leaves of rice are the major source organs supplying developing seeds.
Exploring the metabolite-metabolite correlations between flag leaves and seeds will facilitate
the better understanding of the source-sink relationship in rice. Only a small proportion of
metabolites were significantly correlated between flag leaves and developing seeds during rice
seed development. Positive and negative relationships were found mainly in primary and sec-
ondary metabolites, respectively. These results indicated that metabolites in source tissues
function not only as direct structural and nutritional molecules for development, but also as
precursors for the synthesis of the secondary metabolites needed for defense in sink tissues. It
is reported that, during rice grain filling stage, those genes involved in starch biosynthesis,
lipid biosynthesis, seed storage protein synthesis, or genes encoding various transporters, such
as sugar transporters, ABC transporters, amino acid/peptide transporters, phosphate trans-
porters and nitrate transporters, are significantly up-regulated [60]. Therefore, more attention
should be paid to increase the sink ability at seed filing stage to improve the nutrition of rice
seeds in future breeding.

Water-soluble carbohydrates, such as sucrose, are the major non-structural storage carbo-
hydrate fraction in leaves and stems of cereals [61]. It is well known that flag leaves contribute
a significant amount of carbohydrates to the developing seeds [62]. However, in this study, the
correlations of the levels of carbohydrates between flag leaves and seeds were not significant.
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This was consistent with a previous proteomic study during senescence of flag leaves, proteins
involved in carbohydrate metabolism was largely unchanged [63]. Another reason behind this
could be that the carbohydrates transported from the flag leaves were rapidly transformed into
other storage molecules by the developing seeds. In support of this notion, it is reported that
flux of glycolysis and oxidative pentose phosphate pathway are very active in developing Bras-
sica napus embryos [64]. However, similar studies has not been conducted in rice, which mer-
its to be done in the future to fully address this issue.

It is noteworthy that above 20% (45 out of 208) of the metabolites in flag leaves were signifi-
cantly correlated with the same metabolite in developing seeds (Table 4). The correlation of
pipecolic acid, a non-proteinaceous product of lysine catabolism, between flag leaves and
developing seeds was the highest. Pipcolic acid is reported to be involved in plant systemic
acquired resistance (SAR) and basal immunity to bacterial pathogen infection, which accumu-
lates in inoculated and distal leaf tissue in Arabidopsis [65-68]. We speculated that pipecolic
acid in developing seeds may be mainly transported from rice flag leaves, because the seeds are
covered by the hull while the leaves are exposed to an environment teaming with potentially
harmful microbes. In support of this hypothesis is the observation that high amounts of pipe-
colic acid are transported from source to sink tissues through the sieve tube system in cucum-
ber [69]. Ten amino acids, including two essential amino acids for human (valine and
threonine) and three dominant nitrogen forms in the phloem (glutamine, glutamate and
aspartate) [33, 70, 71], were positively associated between flag leaves and seeds (Table 4). This
correlation indicated a likely direct source-sink transport of these metabolites. This suggest a
potential application perspective for amino acid improvement in rice seeds could be achieved
by elevating amino acid levels in rice leaves, increasing the export of them from leaves, or
both, via manipulating related gene expression in leaves [72]. A transcriptomic study in rice
flag leaves during rice grain filling indicated the up-regulation of many transporters for min-
eral and amino acid transportation from flag leaf to seed [73]. In addition, the proteomic data
from aging rice flag leaves also reported the up-regulation of proteins in amino acid and gly-
colysis metabolism and in transportation [63]. However, the possibility that part of these
metabolites come from roots can not be excluded currently.

Secondary metabolites are normally synthesized and accumulated in specific tissues or cell
types for specific functions [74]. Most of the secondary metabolites are transported from
source cells to neighboring cells, but some of them can also been transported to other tissues
or remote organs [75, 76]. We found the levels of four flavonoids and two terpenoids in
developing seeds were positively correlated with those in flag leaves (Table 4), indicating that
these metabolites may indeed be synthesized in flag leaves and transported to developing
seeds.

Prospect for future research

Here we presented the kinetic metabolomes of flag leaves and associated it with our previously
published metabolome of seeds along seed development across four different cultivars. This
was done by taking advantage of exactly the same handling methods from sampling down to
data acquisition and analysis in these two tissues. Although interesting correlation-ships of
many metabolites between the two tissues were revealed and could be supported by known
publications, essential additional work to address the metabolic flux between flag leaf to seed
in rice needs to be done in the future using different methods and materials. To our knowl-
edge, the best method to elucidate the direct metabolic flux could be done using traceable
radioactive labeled representative key metabolites of different classes. For this purpose, tar-
geted methods rather than non-targeted methods should be used.
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Conclusions

This study investigated the metabolite change patterns of rice flag leaves along seed
development (from flowering to seed desiccation), and compared it with that in developing
seeds reported previously [20], revealing both cultivar-, tissue- and development- dependent
metabolic changes in rice. It furthermore revealed association of metabolic changes in

flag leaves with those in seeds, providing important hints for us to better understand the
metabolic relationship between source and sink tissues of rice. This observation, combined
with future works additionally employing transcriptomics and proteomics techniques,

will facilitate both the exploration of fundamental questions regarding the relationship
between source and sink as well as their potential applications in rice seed nutrition
improvement.
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