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Abstract Photoperiod and sucrose (Suc) assimilation play important roles in the regulation of plant growth and 
development. However, it remains unclear how natural variation of plants could contribute to metabolic changes under 
various growth conditions. Here, we investigated the developmental and metabolomic responses of two natural accessions 
of Arabidopsis thaliana, Columbia (Col) and C24, and their reciprocal F1 hybrids grown under four carbon source regimens, 
i.e., two different photoperiods and the presence or absence of exogenous Suc supply. The effect of exogenous Suc clearly 
appeared in the growth of Col and the F1 hybrid but not in C24, whereas long-day conditions had significant positive 
effects on the growth of all lines. Comparative metabolite profiling of Col, C24, and the F1 hybrid revealed that changes in 
metabolite levels, particularly sugars, were highly dependent on genotype-specific responses rather than growth conditions. 
The presence of Suc led to over-accumulation of seven metabolites, including four sugars, a polyamine, and two amino 
acids in C24, whereas no such accumulation was observed in the profiles of Col and the F1 hybrid. Thus, the comparative 
metabolite profiling revealed that the two parental lines of the hybrid show a distinct difference in sugar metabolism.
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Introduction

Both photoperiod and sucrose (Suc) affect various 
metabolic processes and growth and development of 
plants (Fujiwara et al. 2010; Gibson 2005; Kusano et 
al. 2011a; Van Dingenen et al. 2016). Assays of diurnal 
cycle changes and exogenous Suc supply can enable 
investigation of the response of metabolites grown 
under carbon source-related growth conditions (Badr et 
al. 2011; Baerenfaller et al. 2015; Kusano et al. 2011a). 
Photosynthesis in leaves is primarily responsible for 
providing energy for plant growth and development 
in the form of sunlight. As a result, photoperiod-
responsive changes widely influence proteins, metabolite 
production, and metabolism (Jeong and Clark 2005; 
Kusano et al. 2011a; Seaton et al. 2018; Sulpice et al. 
2014). In Populus, metabolite profiles change in the leaves 

of hybrid aspen under different day lengths (Kusano et al. 
2011a). In Arabidopsis thaliana (Arabidopsis), responses 
to photoperiod length influence flowering time, sugar 
levels, and protein abundance (Jeong and Clark 2005; 
Seaton et al. 2018; Sulpice et al. 2014).

The uptake of exogenous Suc, which is known as a 
soluble carbohydrate source, can supply both carbon and 
energy for respiration as well as primary and secondary 
metabolite production to support plant growth and 
development (Gibson 2005). Sugars not only play a 
key regulatory role in plant metabolism but also act as 
signal molecules to regulate gene expressions involving 
growth, development, anthocyanin biosynthesis, and 
environmental changes (Kojima et al. 2007; Sulpice 
et al. 2014; Teng et al. 2005; Van Dingenen et al. 
2016). Promotion of cell proliferation and leaf growth 
stimulation can be induced by exogenous Suc supply in 

Abbreviations: Suc, sucrose; SD, short-day condition; LD, long-day condition; DAS, days after sowing; GC-TOF-MS, gas chromatography time-of-
flight-mass spectrometry; PCA, principal component analysis; HCA, hierarchical cluster analysis; ANOVA, analysis of variance; TCA, tricarboxylic 
acid; ZT, zeitgeber time.
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Arabidopsis seedlings, resulting in growth, development, 
and expansion of the rosette area (Van Dingenen et al. 
2016).

Various physiological phenomena have been found 
to be associated with Suc response among Arabidopsis 
accessions (Wang et al. 2019; Wuyts et al. 2011). In the 
presence of Suc, Columbia (Col) exhibited increased 
elongation zone length and doubling of the elongation 
rate, whereas C24 did not (Wuyts et al. 2011). There was 
little effect on the fresh weight of C24 when increasing 
the exogenous Suc concentration from 1.5 to 2% (Wang 
et al. 2019). Geographical variation of Col and C24 
accessions might have a considerable influence on 
nutrient uptake or photoperiodic stimulus (Fujimoto et 
al. 2012; Hu et al. 2017; Ibañez et al. 2017; Miao et al. 
2018; Stangeland et al. 2009; Yang et al. 2010).

Metabolomic analysis can aid in the development of 
standardization methods for understanding natural 
variation and/or various environmental conditions 
regarding plant growth (Kusano et al. 2007b; Meyer 
et al. 2007; Sato and Yanagisawa 2014; Soltis and 
Kliebenstein 2015; Sotelo-Silveira et al. 2015; Sulpice et 
al. 2009; Tamura et al. 2018). According to recent studies 
of plant metabolic processes, metabolic profiling has 
shown a close link between biomass accumulation and 
metabolites, as both negative and positive correlations 
(Meyer et al. 2007; Sulpice et al. 2009). Organic carbon 
sources such as sucrose, glucose-6-phosphate, fructose-
6-phosphate, intermediates of the tricarboxylic acid 
(TCA) cycle, and amino acids such as glutamine and 
phenylalanine were negatively correlated with plant 
growth for recombinant inbred lines of Col and C24 
(Meyer et al. 2007). However, it remains unclear how 
much metabolite change is influenced by genetic 
variation under various environmental conditions.

In the source cells, Suc can be cleaved into hexose 
sugars such as glucose or fructose for energy production 
(Granot et al. 2013). Suc is a main translocator that can 
be stored in the vacuole or possibly transported in the 
phloem sap or in the sink tissues by Suc transporters 
(SUCs) (Durand et al. 2018; Kühn and Grof 2010). 
In Arabidopsis, nine AtSUCs have been studied in 
terms of their expressions and functions (Durand et al. 
2018; Kühn and Grof 2010; Lemoine 2000; Sauer et al. 
2004; Sivitz et al. 2008; Srivastava et al. 2008; Williams 
et al. 2000). Four AtSUCs, including AtSUC1, AtSUC2, 
AtSUC3, and AtSUC4 are expressed in the root and 
rosette. AtSUC1 and AtSUC2 have higher expression 
levels than the other genes (Durand et al. 2018). Silencing 
of AtSUC2 has been shown to reduce plant growth 
(Gottwald et al. 2000). AtSUC1 has been reported as a 
sugar signaling role in the vegetative tissue (Sivitz et al. 
2008).

Most studies have focused on analyzing natural 
variation under limited growth conditions or on an 

accession under various growth conditions (Meyer et 
al. 2007; Sato and Yanagisawa 2014; Seaton et al. 2018; 
Sotelo-Silveira et al. 2015; Weckwerth et al. 2004). 
Therefore, expanding research to understand fully 
functional systems is required (Soltis and Kliebenstein 
2015). Here, our comprehensive study investigated the 
correlation of growth response and metabolite profiling 
among two Arabidopsis accessions and their F1 hybrid 
under short-day conditions (SD) (12 h light, 12 h dark) 
and long-day conditions (LD) (16 h light, 8 h dark), 
with or without exogenous Suc. Our data provided 
experimental evidence concerning the interaction of 
three factors (genotype, photoperiod, and Suc content) 
on metabolite changes in the central metabolism. The 
results provide better insight into the understanding 
of metabolomic responses to photoperiod length and 
exogenous Suc in Col, C24, and their F1 hybrid.

Materials and methods

Plant material and growth conditions
We used Arabidopsis accessions, including Col, C24, and 
their reciprocal F1 hybrids. F1 hybrid seeds were generated by 
pollinating emasculated flowers of Col/C24 plants with pollen 
from another accession. Self-pollinated seeds of two ecotypes 
(Col and C24) were generated by restricting the number of 
flowers, as described previously (Meyer et al. 2004).

Seeds were sterilized, stored at 4°C for three days, and then 
sown in square dishes containing half-strength Murashige 
and Skoog (MS) salts with vitamins, at pH 5.7, with 1% (w/v) 
agar, with or without 1% (w/v) sucrose (∼30 mM). A plate was 
divided into four compartments consisting of two parental 
lines and their reciprocal hybrid and then transferred into a 
growth chamber at 22°C in SD or LD. To equilibrate the total 
photosynthetic photon flux density, fluxes of 120 µmol photons 
m2 s−1 and 90 µmol photons m2 s−1 were used for SD and LD, 
respectively. Seedlings at five days after sowing (5 DAS) were 
transferred to 150 mm-diameter plates and grown under the 
same growth conditions. The dishes were rotated daily around 
the growth chamber to equilibrate lighting conditions.

Measurement of leaf area and fresh weight from 
seedlings
Each plant was recorded by scanning using an Epson GT-X820 
(Epson, Japan). The leaf area of seedlings at 5 to 15 DAS was 
determined using ImageJ software (Schneider et al. 2012). For 
leaf number, all visible leaves were manually counted. The fresh 
weight of seedlings at the 10-leaf number stage of each plant 
was also measured.

Metabolite profile analyses
Seedlings at the 10-leaf number stage grown under various 
conditions were harvested as follows; 12 DAS in LD with 1% 
sucrose (LD suc+), 13 DAS in LD without sucrose (LD suc−), 
13 DAS in SD with 1% sucrose (SD suc+), and 15 DAS in 
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SD without sucrose (SD suc−). We harvested whole rosettes 
in six replicates per line, each replicate containing two bulked 
plants in zeitgeber time (ZT)=6 in SD and ZT=8 in LD; then, 
samples were immediately frozen in liquid nitrogen and stored 
at −80°C before further analysis. Extraction, derivatization, and 
injection of metabolites to gas-chromatography-time-of-flight-
mass spectrometry (GC-TOF-MS) were conducted as described 
previously by Kusano et al. (2007a).

Data processing and statistical analysis
Principal component analysis (PCA) was performed using 
237 metabolites as variables and four differential growth 
conditions as observations (SD suc−, SD suc+, LD suc−, and 
LD suc+). PCA was performed using the pcaMethods package 
and ggplot2 package in R software (http://R-project.org). 
Hierarchical cluster analysis (HCA) was visualized through the 
Gplots package available in R software (http://R-project.org). 
The data were log2-transformed to calculate log2-fold changes. 
Three-way analysis of variance (ANOVA) was conducted using 
GraphPad Prism 8 (p<0.05) to validate the effects of genotype 
(Col or C24), photoperiod (SD or LD), and Suc (− or +) on 
metabolite changes. Statistical analysis was also performed by 
one-way ANOVA with Tukey’s multiple comparisons test using 
both GraphPad Prism 6 and R software (http://R-project.org), 
where p<0.05 is considered statistical significance. Metabolite 
changes were visualized on a Venn diagram (Venny 2.1.0) 
(Oliveros 2007).

Expression analyses
Tissues for RNA extraction were harvested in the same stage 
and ZT (ZT6 and 8 under SD and LD, respectively) as the 
samples for metabolite profiling. Three biological replicates 
were used for each replicate containing the bulk of five root 
tissue samples. Total RNA was extracted using an RNeasy Plant 
Mini Kit (Qiagen, Germany) according to the manufacturer’s 
manual. The first strand cDNA was synthesized with 1 µg of 
total RNA using a SuperScript III First-Strand Synthesis System 
(Invitrogen, US). Quantitative real-time PCR was performed 
using a LightCycler 480 II (Roche diagnostics, Germany) with 
LightCycler 480 SYBR Green I Master (Roche diagnostics, 
Germany). Gene-specific primer sequences were as follows: 
AtSUC1 (AT1G71880) (5′-TGC TGT TCT TGG TAT CCC ATT-
3′ and 5′-GTG GTA TCA CAA TCG CCA AA-3′) and AtSUC2 
(AT1G22710) (5′-GAA TGG TCC ACC TCC CAC AG-3′ and 
5′-CTT CGC CAT CCT CGG TAT CC-3′). Expressions of these 
target genes were normalized using AT5G12240 as a control 
gene (Czechowski et al. 2005). Primer sequences of AT5G12240 
were described previously (Durand et al. 2018).

Results

Comparison of growth and development patterns 
among accessions and their F1 hybrid under the 
different growth conditions
It is known that delaying flowering can increase 

vegetative biomass production by allowing prolonged 
growth before switching to the reproductive phase (Niu 
et al. 2016). Under experimental conditions, C24 showed 
late-flowering times compared with Col (Fujimoto et al. 
2012). Under LD suc+, the Col accession had almost 
80% of plants with the appearance of inflorescence 
buds 17 DAS, when approximately 14 leaves appeared, 
whereas 50% of the plants appeared inflorescent under 
LD suc− at the same 17 DAS (13 leaves). Conversely, Col 
did not start bolting under SD at the same period (data 
not shown). Hence, to eliminate any bias concerning 
plant growth and development ascribed to the delay 
in flowering transition because of different genetic 
backgrounds and growth conditions, the time course 
of experiment was designed to last until 15 DAS for all 
growth conditions.

To demonstrate in detail how photoperiod length 
and exogenous Suc supply affect leaf growth for young 
Arabidopsis seedlings of each accession, we measured 
leaf area from 5 DAS to 15 DAS under four treatments 
(Figure 1, Supplementary Table S1). Comparison of 
SD and LD revealed that both Col and C24 showed 
significantly increased leaf area over 5 to 15 DAS in LD 
(Figure 1A, B). In the F1 hybrid, LD also induced an 
increase in leaf area compared with plants under SD 
(Figure 1C, D). These results suggest that an increase 
in light period positively affected leaf growth in the two 
accessions and their F1 hybrid.

Regarding exogenous Suc supply, the rosette leaf area 
of Col was statistically higher (p<0.05) under both SD 
and LD (Figure 1E). Similar patterns for Col were also 
observed in two reciprocal F1 hybrids, which showed 
increased leaf size in the presence of Suc for both SD 
and LD (Figure 1G, H). Conversely, when C24 plants 
were germinated and grown under suc+ conditions, a 
weak response was observed in each condition (Figure 
1F). Hence, there was an inefficient use of exogenous Suc 
in C24 to enhance leaf area in the early developmental 
stage. In LD suc+, parental and hybrid lines showed 
rapid growth, reaching the 10-leaf stage at 12 DAS. SD 
suc− led to delayed growth at 15 DAS, but then showed 
the highest biomass of 10 leaf numbers (Figure 1I–K). 
At this stage, no significant differences between Col and 
C24 were observed regarding both fresh weight and 
leaf area (Figure 1J, K). Therefore, samples for further 
analysis were used that had the same developmental 
stage (10-leaf stage). It has been reported that F1 hybrids 
generated from crosses of Col and C24 show heterosis 
at an early developmental stage under LD (Groszmann 
et al. 2014; Meyer et al. 2012). Despite changing growth 
conditions, F1 hybrids displayed vigorous characteristics 
in all experimental conditions. Both fresh weight and leaf 
area values for reciprocal F1 hybrids were significantly 
larger (p<0.05) than their parental lines at the 10-leaf 
stage (Figure 1I–K) under all experimental conditions. 



158 Association analysis of Arabidopsis under C-source supply

Copyright © 2019 The Japanese Society for Plant Cell and Molecular Biology

This result means that the effects of heterosis could be 
assessed under these conditions in terms of an increase 
in leaf biomass (Figure 1I–K).

Overall variation of metabolite profiles with 
respect to photoperiod and exogenous sucrose
The purpose of this experiment was to assess metabolic 
changes stimulated by various growth conditions, which 
could enhance knowledge concerning the mechanism 
whereby different photoperiods and Suc affect the 
seedling development of various genotypes. A total 
of 237 metabolites were determined. Of these, 119 
metabolites were identified or annotated (Supplementary 
Table S2).

Principal component analysis (PCA) score plots 
were applied to the data set for visualization using 
both annotated and unannotated metabolites (with six 

biological replicates, for each parent and F1 hybrid at the 
10-leaf stage) (Figure 2). Regarding the PCA score plot, 
genotypes including inbred lines (Col and C24) and their 
F1 hybrids are shown, along with genotype-dependent 
separation, in principal component 1 (PC1) (Figure 2). 
This genotype-dependent separation was commonly 
observed in all four conditions (n=18, Figure 2B–E). 
This result suggests that most metabolite data variation 
can be attributed to differences in genetic background, 
rather than growth conditions. Thus, we focused on 
metabolite differences in Col and C24 because the two 
genotype-dependent separations can best explain the 
PC1 distribution.

Next, we conducted HCA to visualize the 
metabolites (variables) that were highlighted in terms 
of metabolite changes between the two parental 
lines (Supplementary Figure S1). The samples were 

Figure 1. The phenotype of Col, C24 and their F1 hybrids under different growth conditions. (A to H) Comparison of leaf area from 5 to 15 DAS in 
response of photoperiods (SDs and LDs) and response of Suc (suc− and suc+) in Col, C24, Col×C24 and C24×Col. x-axis and y-axis of each graph 
showed days after sowing (DAS) and leaf area, respectively. Asterisks indicate statistical difference (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 
by one-way ANOVA following Tukey’s test). (I) Photographs are of representative seedling at 10-leaf stage of Col, C24 and their F1 hybrids under 
different conditions. (J) Fresh weight and (K) leaf area of seedling at 10-leaf stage of Col, C24 and their F1 hybrids under different conditions. Different 
letters indicate statistical difference (p<0.05 comparing among each lines in each growth condition by one-way ANOVA following Tukey’s test). Data 
is average±SE, n≥12.
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clustered into two distinct groups by genotype-specific 
response. The distribution pattern of metabolite 
changes showed that they were mostly dependent 
on the genotypes Col and C24, rather than on the 
photoperiod or presence of Suc (Supplementary 
Figure S1). In addition, metabolic changes in Col 
compared with C24 were largely downregulated under 
all growth conditions (Supplementary Figure S1). To 
understand the extent to which the metabolite ratio 
was affected by differences in genetic background (G) 
and other factors (photoperiod (P) and Suc supply 
(S)), a three-way ANOVA was conducted (Figure 
3). The most prominent factor was genotype (Figure 
3). A total of 68.3% (157 out of 230) of metabolites 
was significantly affected by genotype-dependent 
differences (Supplementary Table S2). Photoperiod 
and Suc influenced 37.0% and 43.0% of metabolite 
levels, respectively (Supplementary Table S2). The 
contributions of interaction effects between these three 
factors, i.e., genotype×photoperiod, genotype×Suc, 
photoperiod×Suc, and genotype×photoperiod×Suc 
were much smaller than that of genotype (Figure 3, 
Supplementary Table S2). Recently, many metabolites 
of three classes, including sugar and starch synthesis, 
amino acids and nitrogen assimilation, and TCA cycle, 

were found to be not only significantly correlated, but 
also predictive for plant growth and development (Meyer 
et al. 2007; Sulpice et al. 2009). Hence, from the results 
of three-way ANOVA analysis, metabolites of these 
classes were divided into the following groups: group 
(1), no significant interaction effects but significant main 
effects; and group (2), significant interaction effects 
(Wei et al. 2012). Fourteen metabolites were extracted 

Figure 2. Principal component analysis (PCA) of untargeted metabolome data from leaf in Col, C24 and their F1 hybrid under different growth 
conditions. (A) Total of conditions, (B) SD suc−, (C) SD suc+, (D) LD suc−, (E) LD suc+. Principle component 1 (PC1) explained 33.35%, 46.74%, 
39.14%, 37.11% and 36.30% of the variability for whole data, SD suc−, SD suc+, LD suc− and LD suc+, respectively. Principle component 2 (PC2) 
was explained by 12.78% of total variance for the whole data set and 16.14%, 12.96%, 21.27% and 29.76% for SD suc−, SD suc+, LD suc− and LD 
suc+, respectively.

Figure 3. Box plots of the p-values from three-way ANOVA 
performed for the whole metabolites. p-value of every metabolite 
was followed log2-transformation to construct normal distribution. 
Genotype (G), photoperiod (P) and sucrose (S) mean metabolites in 
each category affect one factor (i.e., main effects). G×P, G×S, P×S and 
G×P×S mean interaction between factors (i.e., interaction effects).
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from group (1) (Supplementary Table S3). In group (2), 
36 metabolites were identified and extracted by Tukey’s 
multiple comparison tests of treatment means (Table 
1). A decrease in the levels of metabolites was observed 
in Col when compared with C24, except for β-alanine, 
spermidine, and fumarate (Table 1, Supplementary Table 
S3). In particular, there is a remarkable increase in sugars 
in C24 compared with Col (Figure 4A). Raffinose levels 
showed a greater than 30-fold decrease in Col compared 
with C24 under SD suc−. Similarly, 1,6-anhydro-glucose 
levels were greater than 13-fold lower in Col than in C24 
under SD suc− (Table 1, Figure 4A). These metabolite 
levels in the F1 hybrids were relatively similar to those in 
C24 (Supplementary Figure S2).

The TCA cycle has emerged as a central mitochondrial 
hub, necessary to drive ATP production used in 
photosynthesis optimization (Sweetlove et al. 2010). 
Analyses of TCA cycle intermediates showed that there 
was a significant increase in the level of fumarate in Col 
compared with that in C24. This trend was observed 
under all experimental growth conditions (Figure 4B, 
Table 1). This result is well supported by a previous 
publication regarding a natural promoter polymorphism 
of FUM2 between Col and C24 alleles (Riewe et al. 
2016). The biomass of Col and C24 grown under LD was 
significantly increased compared with that for the two 
genotypes grown under SD (Figure 1A, B). Interestingly, 
the fumarate/malate ratio also increased by 1.5- and 1.6-

Table 1. List of metabolites of Arabidopsis accessions under different growth conditions.

Name
Col C24

SD suc− SD suc+ LD suc− LD suc+ SD suc− SD suc+ LD suc− LD suc+

Sugar and starch synthesis
1,6-Anhydro-glucose 1 (a) 1.53 (ab) 2.88 (c) 1.74 (b) 13.68 (d) 15.32 (d) 12.49 (d) 11.86 (d)
Galactinol 1 (a) 1.74 (ac) 2.19 (bcd) 1.91 (bc) 1.12 (a) 2.79 (cd) 1.53 (ab) 4.16 (d)
Gluconate 1 (a) 1.51 (ab) 1.43 (ab) 1.08 (a) 1.75 (b) 1.95 (b) 1.58 (ab) 1.98 (b)
Glucose 1 (bc) 1.41 (c) 0.91 (b) 0.61 (a) 1.34 (c) 2.16 (d) 1.35 (c) 2.07 (d)
Maltose 1 (a) 2.87 (b) 1.24 (ab) 1.6 (ab) 2.25 (ab) 2.92 (b) 1.41 (ab) 2.89 (ab)
Raffinose 1 (a) 3.30 (ab) 6.11 (b) 1.74 (ab) 33.34 (c) 41.57 (c) 42.01 (c) 44.74 (c)
Sucrose 1 (ab) 1.39 (b) 0.86 (a) 1.16 (ab) 1.34 (b) 2.97 (d) 1.12 (ab) 1.99 (c)
Trehalose 1 (a) 2.71 (bc) 2.32 (b) 2.35 (bc) 2.63 (bc) 5.95 (d) 3.68 (c) 10.35 (e)
Fructose-6-phosphate 1 (ab) 1.33 (bc) 1.45 (bcd) 0.78 (a) 1.60 (ce) 2.28 (e) 2.00 (ce) 2.02 (de)
Glucose-6-phosphate 1 (ab) 1.38 (bc) 1.63 (bc) 0.68 (a) 1.67 (cd) 2.62 (d) 1.99 (cd) 1.77 (cd)

N assimilation and amino acids
1,3-diamino-propane 1 (a) 0.96 (a) 1.10 (ab) 0.65 (a) 2.05 (bc) 2.83 (c) 1.98 (bc) 2.77 (c)
4-amino-butyrate 1 (a) 0.88 (a) 1.38 (ab) 0.96 (a) 1.28 (ab) 1.43 (ab) 1.13 (ab) 1.92 (b)
5-hydroxy-tryptamine 1 (cd) 1.62 (d) 0.52 (a) 0.89 (ac) 0.84 (ac) 1.22 (cd) 0.69 (ab) 1.06 (bcd)
Asparagine 1 (bcd) 1.09 (bcd) 0.63 (ab) 0.51 (a) 1.17 (ce) 1.72 (e) 0.86 (ac) 1.47 (de)
Aspartate 1 (ab) 1.65 (e) 1.3 (cd) 1.02 (ab) 1.17 (bc) 1.54 (de) 1.13 (ac) 0.88 (a)
Cystine 1 (ab) 1.10 (ab) 1 (ab) 0.41 (a) 4.11 (bc) 5.95 (bc) 8.06 (c) 2.01 (ab)
Glutamine 1 (bc) 1.09 (c) 0.72 (ab) 0.63 (a) 1.50 (d) 2.23 (e) 1.62 (d) 2.49 (e)
Methionine 1 (ab) 0.59 (a) 0.82 (a) 0.59 (a) 2.04 (c) 1.88 (c) 1.77 (bc) 1.65 (c)
Ornithine 1 (b) 0.55 (a) 0.72 (ab) 0.74 (ab) 4.71 (c) 5.23 (c) 4.06 (c) 3.56 (c)
Phenylalanine 1 (b) 0.45 (a) 0.77 (ab) 0.36 (a) 1.63 (b) 1.69 (b) 1.44 (b) 1.30 (b)
Phosphorate 1 (ac) 1.1 (bc) 1.45 (c) 0.89 (ab) 1.14 (bc) 1.23 (bc) 1.25 (bc) 0.69 (a)
Proline 1 (ab) 4.83 (b) 0.93 (a) 0.72 (a) 0.94 (ab) 5.22 (b) 1.27 (ab) 1.28 (ab)
Putrescine 1 (a) 1.10 (ab) 1.08 (ab) 1.10 (ab) 1.58 (c) 2.14 (d) 1.39 (bc) 2.65 (d)
Pyroglutamate 1 (ab) 1.15 (ac) 0.93 (a) 1.01 (a) 1.21 (bc) 1.89 (d) 1.27 (c) 1.85 (d)
Shikimate 1 (ab) 1.77 (cd) 1.36 (bc) 0.82 (a) 1.50 (c) 2.65 (d) 1.64 (c) 1.53 (c)
Spermidine 1 (b) 1.12 (b) 0.56 (ab) 0.50 (ab) 0.32 (a) 0.39 (a) 0.29 (a) 0.26 (a)
Threonine 1 (b) 0.99 (b) 0.92 (b) 0.54 (a) 1.26 (bc) 1.65 (c) 1.11 (bc) 1.04 (b)
Tryptamine 1 (b) 1.07 (b) 1.12 (b) 0.86 (ab) 0.9 (ab) 1.09 (b) 0.87 (ab) 0.77 (a)
Tryptophan 1 (c) 0.56 (ab) 0.76 (ac) 0.47 (a) 1.73 (c) 1.01 (c) 1.07 (bc) 1.00 (c)
Glycine 1 (b) 1.01 (b) 0.80 (b) 0.52 (a) 1.46 (c) 1.82 (c) 1.60 (c) 1.96 (c)
Serine 1 (ab) 0.76 (a) 0.80 (a) 1.14 (b) 1.57 (c) 1.31 (bc) 1.21 (bc) 1.31 (bc)

TCA cycle
cis-Aconitate 1 (a) 0.89 (a) 3.50 (c) 1.24 (ab) 1.26 (ab) 1.39 (ab) 1.56 (ac) 2.64 (bc)
Citrate 1 (bc) 1.86 (d) 0.71 (ab) 0.65 (ab) 1.38 (cd) 1.96 (d) 0.52 (a) 0.47 (a)
Fumarate 1 (d) 1.04 (d) 1.03 (d) 0.83 (cd) 0.56 (ab) 0.54 (ab) 0.65 (bc) 0.43 (a)
Malate 1 (cd) 1.06 (d) 0.66 (bc) 0.48 (ab) 0.72 (bd) 0.78 (bd) 0.59 (ab) 0.34 (a)
Succinate 1 (c) 1.41 (de) 0.76 (ab) 0.64 (a) 1.15 (ce) 1.44 (e) 1.07 (cd) 0.90 (bc)

Data included annotated metabolites in group (2) with interaction effects of factors. It represented means of normalized intensity data (relative to Col ecotype in SD 
suc−). Different letters indicate statistical differences between samples for specific metabolites by one-way ANOVA following Tukey’s test (p<0.05).



  Q. T. N. Le et al. 161

Copyright © 2019 The Japanese Society for Plant Cell and Molecular Biology

fold under LD suc− and LD suc+ in the profiles of Col 
and 1.7-fold under both of LD suc− and LD suc+ in 
C24 when compared with that grown under SD (Figure 
5). This observation suggests a tight correlation between 
the photoperiod-dependent increase in biomass and the 
high fumarate/malate ratio, but this correlation is not 
present with respect to the presence or absence of Suc 
(Figure 5). Moreover, photoperiod-induced changes 
in citrate, malate, and succinate levels were observed 
in Col, C24, and their F1 hybrid (Table 1, Figure 4B, 
Supplementary Figure S2). The three-way ANOVA also 
indicated that photoperiod significantly influenced these 
three metabolites, with p<0.0001 (Supplementary Table 
S4). When Col and C24 were grown under SD with or 
without Suc, the levels of citrate, malate and succinate 
increased compared with than LD suc+/− (Table 1, 
Figure 4B). Our findings clearly suggest that the three 
metabolites in Col, C24, and their F1 hybrid show 
common responses to photoperiod, while the Suc supply 

had no effect. The TCA cycle may play the key role(s) in 
regulating an increase in biomass when grown under LD.

As already mentioned, C24 had little response to 
exogenous Suc supply with respect to enhancement 
of growth and development (Figure 1F). Hence, to 
obtain more insight into the metabolite changes 
associated with exogenous Suc, we chose metabolites 
that were significantly affected by Suc supply 
(Table 1, Supplementary Figure S3). The levels of 
the seven metabolites in the profiles of C24 were 
significantly higher with Suc supply under both SD 
and LD, but not in Col (Tukey’s test, p<0.05) (Table 
1, Supplementary Figure S3). In detail, four sugars 
(sucrose, glucose, galactinol, and trehalose), two 
amino acids (pyroglutamate and glutamine), and 
putrescine, which is classified in the polyamine group, 
were significantly increased in C24 in the presence 
of exogenous Suc under SD and LD (Supplementary 
Figure S3B). The high amounts of these metabolic 
features might be simultaneous effects of genotype, 
Suc, and their interaction (three-way ANOVA, p<0.01) 
(Supplementary Table S4). Such high levels of sugars 
were found in C24 under suc+ in comparison with 
suc− (Figure 4A). The sucrose level increased 2.2- (for 
SD) and 1.8-fold (for LD) in the presence of Suc when 
compared with that in suc−. In addition, glucose 
also showed an increase of 1.6- and 1.5-fold under SD 
and LD, respectively, with Suc supply. The galactinol 
level increased 2.5-fold under SD and 2.7-fold under 
LD with suc+ compared with that in suc− (Table 
1, Supplementary Figure S3B). Therefore, sugar 
accumulation might be a likely explanation for inefficient 
usage of exogenous Suc supply in C24.

Expression levels of sucrose transporter genes, 
AtSUCs
In Arabidopsis, nine different SUCs have been identified 
(Lemoine 2000; Sauer et al. 2004; Williams et al. 2000). 
Although the well characterized function of SUCs in 
plants is the uptake of sucrose into the phloem for 
long-distance transport of photoassimilates (Rottmann 
et al. 2018), the mechanism of uptake of exogenous 
Suc from media are less well understood. To examine 
whether sugar overaccumulation in C24 attributed to 
the genetic background of Suc uptake activity in root, we 
investigated the expression patterns of the AtSUCs in root 
of C24. Within nine AtSUCs, AtSUC1 and AtSUC2 have 
high expression. AtSUC3, AtSUC4, and AtSUC5 were 
expressed extremely low (below less than 7% of AtSUC1), 
and SUC6, SUC7, SUC8 and SUC9 were not expressed 
(data not shown). The previous report also showed that 
AtSUC1 and AtSUC2 of Col were expressed high in 
root (Durand et al. 2018), therefore relative expression 
of AtSUC1 and AtSUC2 in root of Col and C24 with or 
without Suc was further analyzed (Figure 6).

Figure 4. Heat map of metabolites of (A) sugars and (B) 
intermediates of TCA cycle between Col and C24 under different 
growth conditions. The heat map values represent a log2 ratio of Col 
and C24 under different growth conditions relative to SD suc− in Col 
(e.g., LD suc−/SD suc−). The red color indicates increased values, 
green indicates decreased values and black indicates zero; see the color 
scale.

Figure 5. The ratio of fumarate to malate under different growth 
conditions. Data was visualized using the ratio of normalized intensity 
between fumarate and malate. Different letters indicate statistical 
differences (p<0.05, comparing among each lines in each growth 
condition by one-way ANOVA following Tukey’s test).
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Expression of both AtSUC1 and AtSUC2 genes in root 
was not induced by exogenous Suc supply in both Col 
and C24, and each expression levels in C24 were not 
higher than that of Col (Figure 6). Similar expression 
pattern was also observed in AtSUC3, AtSUC4, and 
AtSUC5 (data not shown). Thus, overaccumulation of 
sugars in C24 might not be caused by exogenous Suc 
nor by genotype-dependent enhancement of Suc uptake 
ability.

Discussion

In plants, the environment has an effect on growth and 
development, changes in the molecular basis (Sun et al. 
2017; Yanovsky and Kay 2002), and metabolic activity 
(Kusano et al. 2011a; Sulpice et al. 2013). Recently, 
metabolic phenotypes have been used to indicate the 
relationships among accessions with geographical 
variability (Kleessen et al. 2012). Metabolomic changes 
in natural variation have been observed among 
Arabidopsis accessions (Lisec et al. 2009; Sulpice et al. 
2009, 2013). We have little knowledge regarding the 
extent of metabolite changes observed in genotypes 
under various growth conditions, i.e., photoperiod and 
the presence or absence of exogenous Suc supply. In PCA 
and HCA, comparison of metabolite profiles between 
Col and C24 showed clear divergences (Figure 2A, 
Supplementary Figure S1). Moreover, we demonstrated 
that Col and C24 had different metabolic features, with 
approximately 68.3% of metabolites affected by genetic 
background differences. These results suggest that natural 
genetic variation is the key contribution to primary 
metabolism. Significant effects of photoperiod and Suc 
factors accounted for 37.0% and 43.0% of the detected 
metabolites, respectively. This result implies an important 
role(s) for metabolomic reorganization in adapting 
to new environmental conditions (Caldana et al. 2011; 

Kusano et al. 2011b). Additionally, interactive effects 
of natural multifactorial conditions induce metabolite 
signatures in plant species (Heyneke et al. 2017; Sato 
and Yanagisawa 2014). Our data also suggest tight 
interconnections among genotype, photoperiod, and the 
presence of exogenous Suc affecting the metabolism of 
carbohydrates, as well as metabolites belonging to the 
TCA cycle.

The photoperiod has an effect on plant growth and 
development (Baerenfaller et al. 2015). Total light 
intensity and duration were taken into account to 
determine changes in biomass under the four carbon 
source regimes regarding Col and C24 ecotype growth 
(Figure 1A, B). Consistent with phenotyping data, LD 
induced an increasing ratio of fumarate to malate (Figure 
5). Supporting our findings, an enhanced fumarate/
malate ratio is associated with enhanced growth traits, 
including biomass, which has been confirmed by large-
scale analysis of an Arabidopsis accession population 
(Riewe et al. 2016). In addition, we found higher levels 
of intermediate products in the TCA cycle, citrate, 
malate, and succinate under SD, as in previous studies 
(Fukushima et al. 2009; Nakamichi et al. 2009). Our 
data can provide novel insights to explain the close 
association of the circadian clock with the TCA cycle, 
although further analysis is required to uncover a specific 
hypothesis.

Natural variations of Arabidopsis accessions show 
different phenotypic responses to the presence of 
exogenous Suc (Teng et al. 2005; Wang et al. 2019; Wuyts 
et al. 2011). In our data, Col, C24, and F1 were observed 
to have different responses to enhanced growth as well 
as interaction between genotype and Suc on metabolites 
(Figure 1E–H, Table 1). Col and the F1 hybrid can use 
exogenous Suc to achieve a significant increase in leaf 
area, while Suc was not effective in stimulating the 
growth of C24. As previously reported, primary root 
elongation of C24 showed a non-inductive effect when 
1% Suc was added to the medium. However, in contrast 
to C24, Col roots exhibited significant differences in 
the presence of Suc (Wuyts et al. 2011). The addition 
of exogenous auxin or high Suc concentration in the 
medium has been reported to increase the growth of Ler. 
Conversely, C24 has a negative response to exogenous 
auxin and is only slightly affected by increasing Suc 
concentration (Wang et al. 2019). Our results provide 
a broader view of how accessions interact with Suc 
treatment on the metabolome. C24 generally showed 
a weak response to exogenous Suc supply, while Col 
demonstrated efficient usage, and the F1 hybrid might be 
influenced by the dominant inheritance patterns of their 
Col genetic background.

Our present data suggest that overaccumulation of 
sugars in C24 might not be caused by enhancement of 
Suc uptake ability, whereas, the mechanisms of uptake 

Figure 6. Expression levels of sucrose transporters AtSUC1 and 
AtSUC2 in Arabidopsis root. Transcript levels were measured by qRT-
PCR. Each data was shown as normalized expression to the reference 
gene At5G12240. Suc−: white bars; Suc+: black bars. Average and 
standard errors of three biological replicates were shown. Asterisks and 
ns indicate statistical difference (* p<0.05, ** p<0.01, *** p<0.001, n.s. 
p>0.05, by student’s t-test).
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of exogenous Suc from media are less well understood. 
There is still room for verification of involvement of Suc 
uptake by different classes of sugar transport proteins.

Meyer et al. (2012) reported the transition of 
metabolite composition from a maternal pattern to a 
genetic-dependent pattern in Col, C24, and F1 hybrids. 
In their study, Col, C24, and F1 hybrids were separated 
as three clusters at 8, 10, and 15 DAS; then, the group 
of reciprocal hybrids were more similar to C24 at the 
latest time point under LD. Despite the difference in 
photoperiod and exogenous Suc supply, we were able to 
distinguish among Col, C24, and F1 by their metabolite 
phenotyping. At the 10-leaf stage, the F1 hybrid had a 
closer relationship with C24 (Figure 2A). This result 
suggests that all 10-leaf stage samples reached a similar 
developmental stage, even though they were collected 
under different growth conditions. Moreover, the 
heterosis phenomenon was exhibited under all growth 
conditions (Figure 1I–K). Therefore, growth conditions 
may not affect the heterosis mechanism.

In conclusion, the untargeted metabolite profiling 
captured metabolomic differences between the three 
genotypes. The results suggest that metabolomic 
analysis is a useful approach to understanding how 
accession functions under various growth conditions in 
a new dimension. There was a clear association among 
photoperiod, biomass, and intermediates in the TCA 
cycle. Regarding exogenous Suc response, we found 
interaction effects between genotype and Suc on the 
metabolite profiles, especially on sugar profiles. This may 
affect the efficient use of Suc at different levels to enhance 
growth among various accessions. Our finding supplies 
an excellent example of correlations among phenotype, 
genotype, and metabolites. The results provide new 
insights into how plant metabolomic functions respond 
to environmental conditions.

Acknowledgements

We thank Prof. Shinobu Satoh (University of Tsukuba) for helpful 
discussion regarding the manuscript. This work was supported in 
part by the Tsukuba Innovation Arena (TIA) collaborative research 
program “Kakehashi” to H.S. from TIA, and by the NEXT Program 
(GS018) to H.S. from JSPS. Q.T.N. Le is supported by a doctoral 
scholarship from the Ministry of Education, Culture, Sports, 
Science, and Technology (MEXT), Japan.

Conflicts of interest

No potential conflicts of interest are declared in our study.

References

Badr A, Angers P, Desjardins Y (2011) Metabolic profiling of 
photoautotrophic and photomixotrophic potato plantlets 
(Solanum tuberosum) provides new insights into acclimatization. 
Plant Cell Tiss Org 107: 13–24

Baerenfaller K, Massonnet C, Hennig L, Russenberger D, Sulpice 

R, Walsh S, Stitt M, Granier C, Gruissem W (2015) A long 
photoperiod relaxes energy management in Arabidopsis leaf six. 
Curr Plant Biol 2: 34–45

Caldana C, Degenkolbe T, Cuadros-Inostroza A, Klie S, Sulpice R, 
Leisse A, Steinhauser D, Fernie AR, Willmitzer L, Hannah MA 
(2011) High-density kinetic analysis of the metabolomic and 
transcriptomic response of Arabidopsis to eight environmental 
conditions. Plant J 67: 869–884

Czechowski T, Stitt M, Altmann T, Udvardi MK, Scheible WR 
(2005) Genome-wide identification and testing of superior 
reference genes for transcript normalization in Arabidopsis. 
Plant Physiol 139: 5–17

Durand M, Mainson D, Porcheron B, Maurousset L, Lemoine 
R, Pourtau N (2018) Carbon source–sink relationship in 
Arabidopsis thaliana: The role of sucrose transporters. Planta 
247: 587–611

Fujimoto R, Taylor JM, Shirasawa S, Peacock WJ, Dennis ES 
(2012) Heterosis of Arabidopsis hybrids between C24 and Col 
is associated with increased photosynthesis capacity. Proc Natl 
Acad Sci USA 109: 7109–7114

Fujiwara S, Nakagawa M, Oda A, Kato K, Mizoguchi T (2010) 
Photoperiod pathway regulates expression of MAF5 and FLC 
that encode MADS-box transcription factors of the FLC family 
in Arabidopsis. Plant Biotechnol 27: 447–454

Fukushima A, Kusano M, Nakamichi N, Kobayashi M, Hayashi 
N, Sakakibara H, Mizuno T, Saito K (2009) Impact of clock-
associated Arabidopsis pseudo-response regulators in metabolic 
coordination. Proc Natl Acad Sci USA 106: 7251–7256

Gibson SI (2005) Control of plant development and gene 
expression by sugar signaling. Curr Opin Plant Biol 8: 93–102

Gottwald JR, Krysan PJ, Young JC, Evert RF, Sussman MR (2000) 
Genetic evidence for the in planta role of phloem-specific plasma 
membrane sucrose transporters. Proc Natl Acad Sci USA 97: 
13979–13984

Granot D, David-Schwartz R, Kelly G (2013) Hexose kinases and 
their role in sugar-sensing and plant development. Front Plant 
Sci 4: 44

Groszmann M, Gonzalez-Bayon R, Greaves IK, Wang L, Huen AK, 
Peacock WJ, Dennis ES (2014) Intraspecific Arabidopsis hybrids 
show different patterns of heterosis despite the close relatedness 
of the parental genomes. Plant Physiol 166: 265–280

Heyneke E, Watanabe M, Erban A, Duan G, Buchner P, Walther D, 
Kopka J, Hawkesford MJ, Hoefgen R (2017) Characterization of 
the wheat leaf metabolome during grain filling and under varied 
N-supply. Front Plant Sci 8: 2048

Hu J, Lei L, De Meaux J (2017) Temporal fitness fluctuations in 
experimental Arabidopsis thaliana populations. PLoS One 12: 
e0178990

Ibañez C, Poeschl Y, Peterson T, Bellstädt J, Denk K, Gogol-Döring 
A, Quint M, Delker C (2017) Ambient temperature and genotype 
differentially affect developmental and phenotypic plasticity in 
Arabidopsis thaliana. BMC Plant Biol 17: 114

Jeong S, Clark SE (2005) Photoperiod regulates flower meristem 
development in Arabidopsis thaliana. Genetics 169: 907–915

Kleessen S, Antonio C, Sulpice R, Laitinen R, Fernie AR, Stitt M, 
Nikoloski Z (2012) Structured patterns in geographic variability 
of metabolic phenotypes in Arabidopsis thaliana. Nat Commun 
3: 1319

Kojima H, Suzuki T, Kato T, Enomoto K, Sato S, Kato T, Tabata S, 
Sáez-Vasquez J, Echeverría M, Nakagawa T, et al. (2007) Sugar-
inducible expression of the nucleolin-1 gene of Arabidopsis 
thaliana and its role in ribosome synthesis, growth and 

http://dx.doi.org/10.1007/s11240-011-9951-5
http://dx.doi.org/10.1007/s11240-011-9951-5
http://dx.doi.org/10.1007/s11240-011-9951-5
http://dx.doi.org/10.1007/s11240-011-9951-5
http://dx.doi.org/10.1016/j.cpb.2015.07.001
http://dx.doi.org/10.1016/j.cpb.2015.07.001
http://dx.doi.org/10.1016/j.cpb.2015.07.001
http://dx.doi.org/10.1016/j.cpb.2015.07.001
http://dx.doi.org/10.1111/j.1365-313X.2011.04640.x
http://dx.doi.org/10.1111/j.1365-313X.2011.04640.x
http://dx.doi.org/10.1111/j.1365-313X.2011.04640.x
http://dx.doi.org/10.1111/j.1365-313X.2011.04640.x
http://dx.doi.org/10.1111/j.1365-313X.2011.04640.x
http://dx.doi.org/10.1104/pp.105.063743
http://dx.doi.org/10.1104/pp.105.063743
http://dx.doi.org/10.1104/pp.105.063743
http://dx.doi.org/10.1104/pp.105.063743
http://dx.doi.org/10.1007/s00425-017-2807-4
http://dx.doi.org/10.1007/s00425-017-2807-4
http://dx.doi.org/10.1007/s00425-017-2807-4
http://dx.doi.org/10.1007/s00425-017-2807-4
http://dx.doi.org/10.1073/pnas.1204464109
http://dx.doi.org/10.1073/pnas.1204464109
http://dx.doi.org/10.1073/pnas.1204464109
http://dx.doi.org/10.1073/pnas.1204464109
http://dx.doi.org/10.5511/plantbiotechnology.10.0823b
http://dx.doi.org/10.5511/plantbiotechnology.10.0823b
http://dx.doi.org/10.5511/plantbiotechnology.10.0823b
http://dx.doi.org/10.5511/plantbiotechnology.10.0823b
http://dx.doi.org/10.1073/pnas.0900952106
http://dx.doi.org/10.1073/pnas.0900952106
http://dx.doi.org/10.1073/pnas.0900952106
http://dx.doi.org/10.1073/pnas.0900952106
http://dx.doi.org/10.1016/j.pbi.2004.11.003
http://dx.doi.org/10.1016/j.pbi.2004.11.003
http://dx.doi.org/10.1073/pnas.250473797
http://dx.doi.org/10.1073/pnas.250473797
http://dx.doi.org/10.1073/pnas.250473797
http://dx.doi.org/10.1073/pnas.250473797
http://dx.doi.org/10.3389/fpls.2013.00044
http://dx.doi.org/10.3389/fpls.2013.00044
http://dx.doi.org/10.3389/fpls.2013.00044
http://dx.doi.org/10.1104/pp.114.243998
http://dx.doi.org/10.1104/pp.114.243998
http://dx.doi.org/10.1104/pp.114.243998
http://dx.doi.org/10.1104/pp.114.243998
http://dx.doi.org/10.3389/fpls.2017.02048
http://dx.doi.org/10.3389/fpls.2017.02048
http://dx.doi.org/10.3389/fpls.2017.02048
http://dx.doi.org/10.3389/fpls.2017.02048
http://dx.doi.org/10.1371/journal.pone.0178990
http://dx.doi.org/10.1371/journal.pone.0178990
http://dx.doi.org/10.1371/journal.pone.0178990
http://dx.doi.org/10.1186/s12870-017-1068-5
http://dx.doi.org/10.1186/s12870-017-1068-5
http://dx.doi.org/10.1186/s12870-017-1068-5
http://dx.doi.org/10.1186/s12870-017-1068-5
http://dx.doi.org/10.1534/genetics.104.033357
http://dx.doi.org/10.1534/genetics.104.033357
http://dx.doi.org/10.1038/ncomms2333
http://dx.doi.org/10.1038/ncomms2333
http://dx.doi.org/10.1038/ncomms2333
http://dx.doi.org/10.1038/ncomms2333
http://dx.doi.org/10.1111/j.1365-313X.2006.03016.x
http://dx.doi.org/10.1111/j.1365-313X.2006.03016.x
http://dx.doi.org/10.1111/j.1365-313X.2006.03016.x
http://dx.doi.org/10.1111/j.1365-313X.2006.03016.x


164 Association analysis of Arabidopsis under C-source supply

Copyright © 2019 The Japanese Society for Plant Cell and Molecular Biology

development. Plant J 49: 1053–1063
Kühn C, Grof CP (2010) Sucrose transporters of higher plants. Curr 

Opin Plant Biol 13: 287–297
Kusano M, Fukushima A, Arita M, Jonsson P, Moritz T, 

Kobayashi M, Hayashi N, Tohge T, Saito K (2007a) Unbiased 
characterization of genotype-dependent metabolic regulations by 
metabolomic approach in Arabidopsis thaliana. BMC Syst Biol 1: 
53

Kusano M, Fukushima A, Kobayashi M, Hayashi N, Jonsson 
P, Moritz T, Ebana K, Saito K (2007b) Application of a 
metabolomic method combining one-dimensional and 
two-dimensional gas chromatography-time-of-flight/mass 
spectrometry to metabolic phenotyping of natural variants in 
rice. J Chromatogr B Analyt Technol Biomed Life Sci 855: 71–79

Kusano M, Jonsson P, Fukushima A, Gullberg J, Sjöström M, 
Trygg J, Moritz T (2011a) Metabolite signature during short-day 
induced growth cessation in Populus. Front Plant Sci 2: 29

Kusano M, Tohge T, Fukushima A, Kobayashi M, Hayashi N, 
Otsuki H, Kondou Y, Goto H, Kawashima M, Matsuda F, et al. 
(2011b) Metabolomics reveals comprehensive reprogramming 
involving two independent metabolic responses of Arabidopsis 
to UV-B light. Plant J 67: 354–369

Lemoine R (2000) Sucrose transporters in plants: Update on 
function and structure. Biochim Biophys Acta 1465: 246–262

Lisec J, Steinfath M, Meyer RC, Selbig J, Melchinger AE, Willmitzer 
L, Altmann T (2009) Identification of heterotic metabolite QTL 
in Arabidopsis thaliana RIL and IL populations. Plant J 59: 
777–788

Meyer RC, Steinfath M, Lisec J, Becher M, Witucka-Wall H, Törjék 
O, Fiehn O, Eckardt Ä, Willmitzer L, Selbig J, et al. (2007) 
The metabolic signature related to high plant growth rate in 
Arabidopsis thaliana. Proc Natl Acad Sci USA 104: 4759–4764

Meyer RC, Törjék O, Becher M, Altmann T (2004) Heterosis of 
biomass production in Arabidopsis: Establishment during early 
development. Plant Physiol 134: 1813–1823

Meyer RC, Witucka-Wall H, Becher M, Blacha A, Boudichevskaia 
A, Dörmann P, Fiehn O, Friedel S, Von Korff M, Lisec J, et al. 
(2012) Heterosis manifestation during early Arabidopsis seedling 
development is characterized by intermediate gene expression 
and enhanced metabolic activity in the hybrids. Plant J 71: 
669–683

Miao R, Wang M, Yuan W, Ren Y, Li Y, Zhang N, Zhang J, 
Kronzucker HJ, Xu W (2018) Comparative analysis of 
Arabidopsis ecotypes reveals a role for brassinosteroids in root 
hydrotropism. Plant Physiol 176: 2720–2736

Nakamichi N, Fukushima A, Kusano M, Sakakibara H, Mizuno T, 
Saito K (2009) Linkage between circadian clock and tricarboxylic 
acid cycle in Arabidopsis. Plant Signal Behav 4: 660–662

Niu L, Fu C, Lin H, Wolabu TW, Wu Y, Wang ZY, Tadege M (2016) 
Control of floral transition in the bioenergy crop switchgrass. 
Plant Cell Environ 39: 2158–2171

Oliveros JC (2007) VENNY. An interactive tool for comparing lists 
with Venn Diagrams. http://bioinfogp.cnb.csic.es/tools/venny/
index.html

Riewe D, Jeon HJ, Lisec J, Heuermann MC, Schmeichel J, Seyfarth 
M, Meyer RC, Willmitzer L, Altmann T (2016) A naturally 
occurring promoter polymorphism of the Arabidopsis FUM2 
gene causes expression variation, and is associated with 
metabolic and growth traits. Plant J 88: 826–838

Rottmann TM, Fritz C, Lauter A, Schneider S, Fischer C, 
Danzberger N, Dietrich P, Sauer N, Stadler R (2018) Protoplast-
esculin assay as a new method to assay plant sucrose 

transporters: Characterization of AtSUC6 and AtSUC7 sucrose 
uptake activity in Arabidopsis Col-0 ecotype. Front Plant Sci 9: 
430

Sato S, Yanagisawa S (2014) Characterization of metabolic states of 
Arabidopsis thaliana under diverse carbon and nitrogen nutrient 
conditions via targeted metabolomic analysis. Plant Cell Physiol 
55: 306–319

Sauer N, Ludwig A, Knoblauch A, Rothe P, Gahrtz M, Klebl 
F (2004) AtSUC8 and AtSUC9 encode functional sucrose 
transporters, but the closely related AtSUC6 and AtSUC7 genes 
encode aberrant proteins in different Arabidopsis ecotypes. Plant 
J 40: 120–130

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to 
ImageJ: 25 years of image analysis. Nat Methods 9: 671–675

Seaton DD, Graf A, Baerenfaller K, Stitt M, Millar AJ, Gruissem W 
(2018) Photoperiodic control of the Arabidopsis proteome reveals 
a translational coincidence mechanism. Mol Syst Biol 14: e7962

Sivitz AB, Reinders A, Ward JM (2008) Arabidopsis sucrose 
transporter AtSUC1 is important for pollen germination and 
sucrose-induced anthocyanin accumulation. Plant Physiol 147: 
92–100

Soltis NE, Kliebenstein DJ (2015) Natural variation of plant 
metabolism: Genetic mechanisms, interpretive caveats, and 
evolutionary and mechanistic insights. Plant Physiol 169: 
1456–1468

Sotelo-Silveira M, Chauvin AL, Marsch-Martínez N, Winkler R, de 
Folter S (2015) Metabolic fingerprinting of Arabidopsis thaliana 
accessions. Front Plant Sci 6: 365

Srivastava AC, Ganesan S, Ismail IO, Ayre BG (2008) Functional 
characterization of the Arabidopsis AtSUC2 sucrose/H+ 
symporter by tissue-specific complementation reveals an 
essential role in phloem loading but not in long-distance 
transport. Plant Physiol 148: 200–211

Stangeland B, Rosenhave EM, Winge P, Berg A, Amundsen SS, 
Karabeg M, Mandal A, Bones AM, Grini PE, Aalen RB (2009) 
AtMBD8 is involved in control of flowering time in the C24 
ecotype of Arabidopsis thaliana. Physiol Plant 136: 110–126

Sulpice R, Flis A, Ivakov AA, Apelt F, Krohn N, Encke B, Abel 
C, Feil R, Lunn JE, Stitt M (2014) Arabidopsis coordinates the 
diurnal regulation of carbon allocation and growth across a wide 
range of photoperiods. Mol Plant 7: 137–155

Sulpice R, Nikoloski Z, Tschoep H, Antonio C, Kleessen S, Larhlimi 
A, Selbig J, Ishihara H, Gibon Y, Fernie AR, et al. (2013) 
Impact of the carbon and nitrogen supply on relationships and 
connectivity between metabolism and biomass in a broad panel 
of Arabidopsis accessions. Plant Physiol 162: 347–363

Sulpice R, Pyl ET, Ishihara H, Trenkamp S, Steinfath M, Witucka-
Wall H, Gibon Y, Usadel B, Poree F, Piques MC, et al. (2009) 
Starch as a major integrator in the regulation of plant growth. 
Proc Natl Acad Sci USA 106: 10348–10353

Sun J, Wang H, Ren L, Chen S, Chen F, Jiang J (2017) CmFTL2 
is involved in the photoperiod-and sucrose-mediated control of 
flowering time in chrysanthemum. Hortic Res 4: 17001

Sweetlove LJ, Beard KF, Nunes-Nesi A, Fernie AR, Ratcliffe RG 
(2010) Not just a circle: Flux modes in the plant TCA cycle. 
Trends Plant Sci 15: 462–470

Tamura Y, Mori T, Nakabayashi R, Kobayashi M, Saito K, Okazaki 
S, Wang N, Kusano M (2018) Metabolomic evaluation of the 
quality of leaf lettuce grown in practical plant factory to capture 
metabolite signature. Front Plant Sci 9: 665

Teng S, Keurentjes J, Bentsink L, Koornneef M, Smeekens S (2005) 
Sucrose-specific induction of anthocyanin biosynthesis in 

http://dx.doi.org/10.1111/j.1365-313X.2006.03016.x
http://dx.doi.org/10.1016/j.pbi.2010.02.001
http://dx.doi.org/10.1016/j.pbi.2010.02.001
http://dx.doi.org/10.1186/1752-0509-1-53
http://dx.doi.org/10.1186/1752-0509-1-53
http://dx.doi.org/10.1186/1752-0509-1-53
http://dx.doi.org/10.1186/1752-0509-1-53
http://dx.doi.org/10.1186/1752-0509-1-53
http://dx.doi.org/10.1016/j.jchromb.2007.05.002
http://dx.doi.org/10.1016/j.jchromb.2007.05.002
http://dx.doi.org/10.1016/j.jchromb.2007.05.002
http://dx.doi.org/10.1016/j.jchromb.2007.05.002
http://dx.doi.org/10.1016/j.jchromb.2007.05.002
http://dx.doi.org/10.1016/j.jchromb.2007.05.002
http://dx.doi.org/10.3389/fpls.2011.00029
http://dx.doi.org/10.3389/fpls.2011.00029
http://dx.doi.org/10.3389/fpls.2011.00029
http://dx.doi.org/10.1111/j.1365-313X.2011.04599.x
http://dx.doi.org/10.1111/j.1365-313X.2011.04599.x
http://dx.doi.org/10.1111/j.1365-313X.2011.04599.x
http://dx.doi.org/10.1111/j.1365-313X.2011.04599.x
http://dx.doi.org/10.1111/j.1365-313X.2011.04599.x
http://dx.doi.org/10.1016/S0005-2736(00)00142-5
http://dx.doi.org/10.1016/S0005-2736(00)00142-5
http://dx.doi.org/10.1111/j.1365-313X.2009.03910.x
http://dx.doi.org/10.1111/j.1365-313X.2009.03910.x
http://dx.doi.org/10.1111/j.1365-313X.2009.03910.x
http://dx.doi.org/10.1111/j.1365-313X.2009.03910.x
http://dx.doi.org/10.1073/pnas.0609709104
http://dx.doi.org/10.1073/pnas.0609709104
http://dx.doi.org/10.1073/pnas.0609709104
http://dx.doi.org/10.1073/pnas.0609709104
http://dx.doi.org/10.1104/pp.103.033001
http://dx.doi.org/10.1104/pp.103.033001
http://dx.doi.org/10.1104/pp.103.033001
http://dx.doi.org/10.1111/j.1365-313X.2012.05021.x
http://dx.doi.org/10.1111/j.1365-313X.2012.05021.x
http://dx.doi.org/10.1111/j.1365-313X.2012.05021.x
http://dx.doi.org/10.1111/j.1365-313X.2012.05021.x
http://dx.doi.org/10.1111/j.1365-313X.2012.05021.x
http://dx.doi.org/10.1111/j.1365-313X.2012.05021.x
http://dx.doi.org/10.1104/pp.17.01563
http://dx.doi.org/10.1104/pp.17.01563
http://dx.doi.org/10.1104/pp.17.01563
http://dx.doi.org/10.1104/pp.17.01563
http://dx.doi.org/10.4161/psb.4.7.9001
http://dx.doi.org/10.4161/psb.4.7.9001
http://dx.doi.org/10.4161/psb.4.7.9001
http://dx.doi.org/10.1111/pce.12769
http://dx.doi.org/10.1111/pce.12769
http://dx.doi.org/10.1111/pce.12769
http://dx.doi.org/10.1111/tpj.13303
http://dx.doi.org/10.1111/tpj.13303
http://dx.doi.org/10.1111/tpj.13303
http://dx.doi.org/10.1111/tpj.13303
http://dx.doi.org/10.1111/tpj.13303
http://dx.doi.org/10.3389/fpls.2018.00430
http://dx.doi.org/10.3389/fpls.2018.00430
http://dx.doi.org/10.3389/fpls.2018.00430
http://dx.doi.org/10.3389/fpls.2018.00430
http://dx.doi.org/10.3389/fpls.2018.00430
http://dx.doi.org/10.3389/fpls.2018.00430
http://dx.doi.org/10.1093/pcp/pct192
http://dx.doi.org/10.1093/pcp/pct192
http://dx.doi.org/10.1093/pcp/pct192
http://dx.doi.org/10.1093/pcp/pct192
http://dx.doi.org/10.1111/j.1365-313X.2004.02196.x
http://dx.doi.org/10.1111/j.1365-313X.2004.02196.x
http://dx.doi.org/10.1111/j.1365-313X.2004.02196.x
http://dx.doi.org/10.1111/j.1365-313X.2004.02196.x
http://dx.doi.org/10.1111/j.1365-313X.2004.02196.x
http://dx.doi.org/10.1038/nmeth.2089
http://dx.doi.org/10.1038/nmeth.2089
http://dx.doi.org/10.15252/msb.20177962
http://dx.doi.org/10.15252/msb.20177962
http://dx.doi.org/10.15252/msb.20177962
http://dx.doi.org/10.1104/pp.108.118992
http://dx.doi.org/10.1104/pp.108.118992
http://dx.doi.org/10.1104/pp.108.118992
http://dx.doi.org/10.1104/pp.108.118992
http://dx.doi.org/10.3389/fpls.2015.00365
http://dx.doi.org/10.3389/fpls.2015.00365
http://dx.doi.org/10.3389/fpls.2015.00365
http://dx.doi.org/10.1104/pp.108.124776
http://dx.doi.org/10.1104/pp.108.124776
http://dx.doi.org/10.1104/pp.108.124776
http://dx.doi.org/10.1104/pp.108.124776
http://dx.doi.org/10.1104/pp.108.124776
http://dx.doi.org/10.1111/j.1399-3054.2009.01218.x
http://dx.doi.org/10.1111/j.1399-3054.2009.01218.x
http://dx.doi.org/10.1111/j.1399-3054.2009.01218.x
http://dx.doi.org/10.1111/j.1399-3054.2009.01218.x
http://dx.doi.org/10.1093/mp/sst127
http://dx.doi.org/10.1093/mp/sst127
http://dx.doi.org/10.1093/mp/sst127
http://dx.doi.org/10.1093/mp/sst127
http://dx.doi.org/10.1104/pp.112.210104
http://dx.doi.org/10.1104/pp.112.210104
http://dx.doi.org/10.1104/pp.112.210104
http://dx.doi.org/10.1104/pp.112.210104
http://dx.doi.org/10.1104/pp.112.210104
http://dx.doi.org/10.1073/pnas.0903478106
http://dx.doi.org/10.1073/pnas.0903478106
http://dx.doi.org/10.1073/pnas.0903478106
http://dx.doi.org/10.1073/pnas.0903478106
http://dx.doi.org/10.1038/hortres.2017.1
http://dx.doi.org/10.1038/hortres.2017.1
http://dx.doi.org/10.1038/hortres.2017.1
http://dx.doi.org/10.1016/j.tplants.2010.05.006
http://dx.doi.org/10.1016/j.tplants.2010.05.006
http://dx.doi.org/10.1016/j.tplants.2010.05.006
http://dx.doi.org/10.3389/fpls.2018.00665
http://dx.doi.org/10.3389/fpls.2018.00665
http://dx.doi.org/10.3389/fpls.2018.00665
http://dx.doi.org/10.3389/fpls.2018.00665
http://dx.doi.org/10.1104/pp.105.066688
http://dx.doi.org/10.1104/pp.105.066688


  Q. T. N. Le et al. 165

Copyright © 2019 The Japanese Society for Plant Cell and Molecular Biology

Arabidopsis requires the MYB75/PAP1 gene. Plant Physiol 139: 
1840–1852

Van Dingenen J, De Milde L, Vermeersch M, Maleux K, De Rycke 
RM, De Bruyne M, Storme V, Gonzalez N, Dhondt S, Inzé D 
(2016) Chloroplasts are central players in sugar-induced leaf 
growth. Plant Physiol 171: 590–605

Wang L, Liu PC, Wu LM, Tan J, Peacock WJ, Dennis ES (2019) 
Cotyledons contribute to plant growth and hybrid vigor in 
Arabidopsis. Planta 249: 1107–1118

Weckwerth W, Wenzel K, Fiehn O (2004) Process for the integrated 
extraction, identification and quantification of metabolites, 
proteins and RNA to reveal their co-regulation in biochemical 
networks. Proteomics 4: 78–83

Wei J, Carroll RJ, Harden KK, Wu G (2012) Comparisons of 
treatment means when factors do not interact in two-factorial 

studies. Amino Acids 42: 2031–2035
Williams LE, Lemoine R, Sauer N (2000) Sugar transporters in 

higher plants: A diversity of roles and complex regulation. Trends 
Plant Sci 5: 283–290

Wuyts N, Bengough AG, Roberts TJ, Du C, Bransby MF, McKenna 
SJ, Valentine TA (2011) Automated motion estimation of root 
responses to sucrose in two Arabidopsis thaliana genotypes using 
confocal microscopy. Planta 234: 769–784

Yang TJ, Lin W-D, Schmidt W (2010) Transcriptional profiling 
of the Arabidopsis iron deficiency response reveals conserved 
transition metal homeostasis networks. Plant Physiol 152: 
2130–2141

Yanovsky MJ, Kay SA (2002) Molecular basis of seasonal time 
measurement in Arabidopsis. Nature 419: 308–312

http://dx.doi.org/10.1104/pp.105.066688
http://dx.doi.org/10.1104/pp.105.066688
http://dx.doi.org/10.1104/pp.15.01669
http://dx.doi.org/10.1104/pp.15.01669
http://dx.doi.org/10.1104/pp.15.01669
http://dx.doi.org/10.1104/pp.15.01669
http://dx.doi.org/10.1007/s00425-018-3068-6
http://dx.doi.org/10.1007/s00425-018-3068-6
http://dx.doi.org/10.1007/s00425-018-3068-6
http://dx.doi.org/10.1002/pmic.200200500
http://dx.doi.org/10.1002/pmic.200200500
http://dx.doi.org/10.1002/pmic.200200500
http://dx.doi.org/10.1002/pmic.200200500
http://dx.doi.org/10.1007/s00726-011-0924-0
http://dx.doi.org/10.1007/s00726-011-0924-0
http://dx.doi.org/10.1007/s00726-011-0924-0
http://dx.doi.org/10.1016/S1360-1385(00)01681-2
http://dx.doi.org/10.1016/S1360-1385(00)01681-2
http://dx.doi.org/10.1016/S1360-1385(00)01681-2
http://dx.doi.org/10.1007/s00425-011-1435-7
http://dx.doi.org/10.1007/s00425-011-1435-7
http://dx.doi.org/10.1007/s00425-011-1435-7
http://dx.doi.org/10.1007/s00425-011-1435-7
http://dx.doi.org/10.1104/pp.109.152728
http://dx.doi.org/10.1104/pp.109.152728
http://dx.doi.org/10.1104/pp.109.152728
http://dx.doi.org/10.1104/pp.109.152728
http://dx.doi.org/10.1038/nature00996
http://dx.doi.org/10.1038/nature00996

