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Abstract 

The ligands and functions of GCR1, the putative G‑protein coupled receptor gene of Arabidopsis thaliana, and its role 
in metabolism are not well studied. Herein, we determined the contents of different pigments, glucosinolates, and 
lipophilic and hydrophilic compounds in gcr1 knock‑out mutant and wild‑type plants to investigate the roles of GCR1. 
Overall, 68 and 58 metabolites were detected using high performance liquid chromatography, gas chromatography–
quadrupole mass spectrometry, and gas chromatography–time‑of‑flight mass spectrometry in 10‑day‑old seedlings 
and 24‑day‑old shoots of mutant and wild‑type plants. The levels of glucose and fructose in the gcr1 mutant were 
significantly higher than those in the wild‑type at the two developmental stages. The results of partial least squares 
discriminant analysis and variable importance in the projection showed that glucose and fructose contributed the 
most to the separation. These results suggest that GCR1 is linked to glucose sensing and affects glycolysis via cyclic 
AMP.
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Introduction
G-protein coupled receptors (GPCRs) are one of most 
important membrane-localized receptors. They trans-
duce extracellular signals inside the cells. GPCRs interact 
with a heterotrimeric complex formed by the coupling of 
three kinds of G-protein subunits, namely Gα, Gβ, and 
Gγ. G-protein signaling is required for the interaction 
of GPCR with these subunits. When a ligand binds to 
GPCR, guanosine diphosphate (GDP) of Gα is exchanged 
with guanosine triphosphate (GTP), so that the inac-
tive Gα is converted to an active Gα. The Gβγ dimer is 
separated from the active Gα. The Gβγ and active Gα are 
subsequently separated from the GPCR. These subunits 
then activate downstream signaling in the cell. The active 

Gα is deactivated upon hydrolysis of GTP to GDP. The 
inactive Gα is re-complexed with the Gβγ dimer and the 
heterotrimeric complex combines with the GPCR again. 
The regulator of G-protein signaling (RGS) protein, a 
GTPase-activating protein, supports the hydrolysis of 
GTP and the consequent Gα deactivation [1].

Because of their roles in several metabolic pathways, 
GPCRs and G-protein signaling have been intensively 
studied. There are more than 800 types of GPCRs in 
humans, which regulate adenylyl cyclase, phospholipase 
C, cyclic GMP phosphodiesterase, and ion channels. 
Besides humans, GPCRs are conserved in eukaryotes 
including fungi and plants. In plants, GPCRs have mainly 
been studied in Arabidopsis and rice [1, 2]. In Arabi-
dopsis, to date, GCR1 is a putative GPCR gene, which is 
known to be involved in the processes of DNA synthe-
sis, seed dormancy, and root and flower development 
[3–7]. Also, there are five kinds of G-protein subunits 
(one α subunit, one β subunit, and three γ subunits) in 
Arabidopsis. These subunits are involved in different 
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signaling processes, such as hormone and glucose signal-
ing, and in stress response and formation of organ struc-
tures. Furthermore, plant-specific G-proteins have three 
extra-large Gα proteins (XLGs). The XLGs are involved 
in growth, development, and defending systems [8–10]. 
The results of transcriptome analysis confirmed that 
GCR1 affects the response of plants to biotic and abiotic 
stress, hormones, secondary metabolism, and phosphate 
starvation [11, 12]. However, the accurate roles of GCR1 
remain unknown. Because GCR1 is known to be involved 
in germination, development, flowering, ripening of 
fruits, senescence, and in response to various stresses, 
either directly or indirectly, it could be an important gene 
for increasing the yield of plants.

As of date, only genomics and transcriptomics studies 
have been conducted in relation to GCR1, and metabo-
lomics has not been employed. Like genomics, transcrip-
tomics, and proteomics, metabolomics is an important 
“-omics” technique. It has been used in the analysis of 
metabolic pathways, identification of biomarkers, and for 
deciphering metabolic mechanisms. Metabolic profiling 
is the analysis of quantitative and qualitative changes in 
the metabolites present in samples using analytical tech-
niques, such as liquid and gas chromatography.

In the present study, we performed metabolic profiling 
to investigate the metabolic changes in a gcr1 knock-out 
mutant of Arabidopsis with respect to the metabolites 
present in the wild-type (Col-0) plants. We used high-
performance liquid chromatography (HPLC), gas chro-
matography–quadrupole mass spectrometry (GC–qMS), 
and gas chromatography–time-of-flight mass spectrom-
etry (GC–TOFMS), to detect different metabolites, such 
as carotenoids, policosanols, tocopherols, phytosterols, 
amino acids, organic acids, inorganic acids, sugars, and 
sugar alcohols, in two developmental stages of Arabi-
dopsis. Because previous studies have shown that GCR1 
regulates the timings of germination and flowering [1], 
10-day-old seedlings and 24-day-old shoot samples were 
used to represent the cotyledonary stage and the stage 
just before flowering, respectively. We believe that data 
regarding the differences in the metabolites present in 
gcr1 knock-out mutant and wild-type Arabidopsis plants, 
would provide fundamental information for understand-
ing the role of GCR1 and the pathway in which it is 
involved that could be instrumental in formulating strat-
egies for increasing the yield and levels of useful nutri-
ents in plants.

Materials and methods
Plant materials and growth conditions
The mutant seeds with T-DNA insertion (Stock name 
CS6539) were obtained from Arabidopsis Biologi-
cal Resource Center (ABRC, Ohio State University, 

Columbus, OH, USA). Arabidopsis thaliana wild-type 
Columbia-0 (Col-0) was used as the control. The seeds 
were sterilized by dipping in 1% sodium hypochlorite 
containing 0.01% Tween 20 for 7 min, and in 70% etha-
nol for 5  min; this was followed by rinsing with ster-
ile water for five times. After vernalization at 4  °C for 
3  days in dark, the seeds were sown on sterile water. 
The seeds were grown in a growth chamber at 25 ± 1 °C 
under a light intensity of approximately 4000  lx and a 
16 h light/8 h dark photoperiod for 10 days. The humid-
ity was 50% ± 5%. For the experiments in which 24-day-
old plants were required, the seeds were sown directly 
in plastic pots containing 400  g of autoclaved commer-
cial soil (Singsingnara; Seoul Bio Co., Eumseong, Korea). 
The pots were placed in a dark chamber at 4 °C for ver-
nalization. After 3 days, the pots were transferred to the 
growth chamber maintained under the conditions men-
tioned above and watered using sub-irrigation. The har-
vested samples were homogenized in liquid nitrogen and 
kept at − 80 °C until the gene expression and metabolites 
analyses.

Isolation of gcr1 knock‑out mutant and gene expression 
analysis
For isolation of the gcr1 knock-out mutant, DNA was 
extracted from 10-day-old whole seedlings and shoots 
of 24-day-old plants using the modified Cone’s method 
[13]. The amplification was done using TaKaRa Ex Taq 
(Takara Bio, Shiga, Japan) in Veriti 96 Well Thermal 
Cycler (Applied Biosystems, Foster City, CA, USA). The 
PCR mixture contained 0.5  µg of template, 10X Ex Taq 
buffer, dNTP mixture (2.5 mM of each dNTP), 0.2 µM of 
each primer, and 0.2 µL of TaKaRa Ex Taq (5 units) in a 
total volume of 20 µL. The PCR conditions were as fol-
lows: 95 °C for 4 min, followed by 35 cycles of 95 °C for 
45 s, 60 °C for 45 s, and 72 °C for 90 s, and a final exten-
sion step at 72 °C for 10 min.

Total RNA was isolated from 10-day-old whole seed-
lings and 24-day-old shoots using RNeasy Plant Mini kit 
(Qiagen, Hilden, Germany). After treatment with RQ1 
RNase-free DNase (Promega, Madison, WI, USA), the 
first strand cDNA was synthesized with an oligo(dT)15 
primer (Promega) using AccuPower RT PreMix (Bioneer, 
Daejeon, Korea). The loss of GCR1 transcript was 
checked using reverse transcriptase PCR (RT-PCR). The 
reaction mixture (20  µL) contained the template (0.5–
2.5  µg), 0.2  µM of each primer, and EmeraldAmp PCR 
master Mix (Takara). The amplification conditions were 
as follows: 95 °C for 3 min, followed by 35 cycles of 95 °C 
for 15 s, 55 °C for 15 s, and 72 °C for 1 min, and a final 
extension step at 72 °C for 2 min.

The quantitative real-time PCR (qRT-PCR) was car-
ried out on GFX Connect Real-Time System (Bio-Rad, 
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Hercules, CA, USA). The reaction mixture contained 
0.5 µg of cDNA, 0.6 µL (10 pm/µL) of each primer, and 
10  µL of iQ SYBR Green Supermix (Bio-Rad) in a total 
volume of 20  µL. The amplification conditions were as 
follows: 95 °C for 3 min, followed by 40 cycles of 10 s at 
95 °C and 30 s at 60 °C, and 95 °C for 10 s; this was fol-
lowed by increasing the temperature from 65 to 95 °C to 
check for the amplification specificity. The expression of 
GCR1 relative to AtEF1α was determined using the  2−
ddCt method [14]. The primers used in this study are listed 
in Additional file 1: Table S1.

Extraction of carotenoids and HPLC analysis
The methods for extraction and analysis of carotenoids 
were as described by Park et  al. [15]. Qualitative and 
quantitative analyses of carotenoids were done on freshly 
powdered (300  mg) samples using calibration curves 
made for the standard compounds.

Extraction of chlorophylls and analysis
Total chlorophylls were extracted from 10 to 30  mg of 
fresh samples using 100% methanol at 70  °C for 30 min 
with Thermomixer Comport (Eppendorf AG, Hamburg, 
Germany) at 500 rpm speed. The sample was centrifuged 
at 4 °C and 3000 rpm for 10 min, and the absorbance of 
the supernatant was measured at 666 and 653 nm to cal-
culate the chlorophyll content using the formula men-
tioned by Wellburn [16].

Extraction of lipophilic compounds and GC–qMS analysis
Freshly powdered samples (300 mg) were used to extract 
policosanols, tocopherols, and phytosterols. The extrac-
tion, and qualitative and quantitative analyses were con-
ducted using previously described methods [17].

Extraction of desulfoglucosinolates and HPLC analysis
Extraction of desulfoglucosinolates from 100  mg of 
sample and identification of peaks was done using the 
procedure described by Baek et  al. [18]. The content of 
glucosinolate was calculated using the response factor of 
each compound relative to that of sinigrin [19].

Extraction of hydrophilic metabolites and GC–TOFMS 
analysis
Fresh samples (100 mg) were used for analysis of hydro-
philic metabolites. The qualitative analysis was per-
formed by comparison with the respective standards, 
possessed in an in-house library [20]. The quantitative 
estimation was based on peak area ratios relative to the 
IS peak area.

Statistical analysis
All the experiments were carried out in triplicates. 
The data for metabolites were normalized (unit vari-
ance scaling) and analyzed using SIMCA (version 14.1, 
Umetrics, Umea, Sweden). The PCA and PLS-DA were 
used for visualization of data for multiple metabolites 
from A. thaliana. The results of Student’s t-test were 
obtained from MetaboAnalyst 4.0 (http://www.metab 
oanal yst.ca). Pearson’s correlation analysis, hierarchical 
clustering analysis (HCA), and heat map visualization 
were also conducted using MetaboAnalyst 4.0.

Results and discussion
Confirmation of GCR1 expression
Before metabolite analysis, PCR, RT-PCR, and qRT-
PCR were performed using specific primers to check 
for the presence and expression of GCR1 transcript in 
10- and 24-day-old samples. The T-DNA insert was 
located in the sixth exon of the at1g48270 sequence, 
which is a putative GPCR gene in Arabidopsis [5, 21]. 
The PCR results showed that the T-DNA fragment was 
inserted in the gcr1 mutants. The RT-PCR and qRT-
PCR showed the absence of GCR1 transcript in the 
mutants, which was present in the wild-type (Col-0) 
plants (Fig. 1).

Metabolite profiling
This study describes the first assessment of the primary 
and secondary metabolites in gcr1 knock-out mutants 
and their comparison with the metabolites present in 
Col-0 using HPLC, GC–qMS, and GC–TOFMS. A total 
of nine different types of carotenoids were detected by 
HPLC (Additional file 1: Figs. S1 and S2). Among these, 
two types of phytoene isomers, 15-Z-phytoene and 
all-E-phytoene, were identified in the 10-day-old seed-
lings, but not in the 24-day-old shoot samples. Poli-
cosanols, tocopherols, and phytosterols were identified 
by GC–qMS. A total of 17 different types of lipophilic 
compounds (9 policosanols, 3 tocopherols, and 5 phy-
tosterols) were detected in the seedling samples. Sixteen 
different types of lipophilic compounds, excluding C23, 
were detected in the shoot samples. Glucosinolates are 
known as defensive compounds against herbivores and 
insects and are primarily present in Brassicaceae [22]. 
Eight different types of glucosinolates, including 5 ali-
phatic and 3 indolic glucosinolates, were detected in 
all the samples using HPLC (Additional file  1: Figs. S3 
and S4). Using GC–TOFMS, 17 amino acids, 9 organic 
acids, 4 sugars and 1 sugar alcohol were identified in the 
10-day-old seeding samples. Six amino acids, 10 organic 
acids, 7 sugars, and 1 sugar alcohol were identified in the 
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24-day-old shoot samples (Additional file 1: Figs. S5 and 
S6).

PCA, PLS‑DA, and HCA
The principal component analysis (PCA) and PLS-
DA were performed to visualize the multivariate data 
obtained from the gcr1 mutant and wild-type samples. 
The aim of PCA and PLS-DA is to identify class differ-
ences in a multivariate dataset [23]. The PCA analysis 
revealed a clear separation between the data obtained for 
gcr1 mutant and control samples of seedlings and shoot 
parts (Additional file  1: Figs. S7 and S8). To predict the 
roles of GCR1, it was necessary to focus on the most con-
tributed metabolites for separation. We, therefore, per-
formed PLS-DA, which makes it possible to accomplish 
a rotation of the projection to give latent variables that 
focus on class separation. This method explicitly consid-
ers the class membership of observations. Thus, PLS-DA 
develops a model that separates classes of observations 
on the basis of their original X-variables, which were the 
data obtained for gcr1 mutant and wild-type plants in the 
present case [24].

In PLS-DA performed for 68 metabolites detected in 
the 10-day-old seedling samples, the gcr1 mutant and 
wild-type were separated into two parts by x-axis (PLS 
1) (Fig. 2). The loading plot indicated that the significant 

metabolites for separation were fructose, glucose, and 
inositol, and the eigenvectors of PLS 1 were 0.1626, 
0.1614, and 0.1611, respectively. The positive eigenvec-
tor means that the gcr1 mutant has relatively higher lev-
els of these metabolites. On the other hand, β-carotene, 
13Z-β-carotene, and amino acids, such as glutamic acid, 
asparagine, and glutamine were at higher levels in the 
wild-type plants (eigenvectors were − 0.1620, − 0.1613 
− 0.1623, − 0.1602, and − 0.1600, respectively). Most 
of the primary and secondary metabolites had negative 
eigenvectors, which indicated that the wild-type plants 
had relatively higher levels of amino acids, organic acids, 
carotenoids, chlorophylls, policosanols, tocopherols, 
phytosterols, and glucosinolates compared to their lev-
els in the gcr1 mutant. In the 24-day-old shoot samples, 
the result of PLS-DA using 58 metabolites also showed 
the separation of data obtained for the mutant and wild-
type plants (Fig. 3). Glucose, fructose, and raffinose were 
verified as the significant metabolites contributing to the 
separation in the loading plot. They had positive eigen-
vectors of PLS 1 (0.2389, 0.2381, and 0.1968, respec-
tively), indicating that these metabolites were present at 
higher levels in the gcr1 mutant. However, the levels of 
photosynthesis pigments, glyceric acid, TCA cycle inter-
mediates (pyruvic acid and fumaric acid), and sucrose 
were relatively higher in the control plant.

Fig. 1 T‑DNA insertion mutation in the gcr1 gene in Arabidopsis thaliana and its expression pattern as analyzed by genotyping, and RT‑PCR and 
qRT‑PCR (a) diagram showing the position of T‑DNA insertion based on the flanking sequences. Black line and white boxes represent the introns 
and exons, respectively. b Genotyping PCR of the T‑DNA insertion knock‑out line (gcr1). The primers used were as follows: P1, 5′‑UTR region primer; 
P2, 3′‑UTR region primer; LBb1, T‑DNA left border primer. c RT‑PCR analysis of the GCR1 transcript. d qRT‑PCR validation of the mutant. The relative 
expression of the GCR1 transcript was calculated by the delta–delta Ct (ddCt) method and was converted to relative expression ratio  (2−ddCt). The 
expression of AtEF1α was used as the control. The primers used for the analyses are listed as in Additional file 1: Table S1
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Fig. 2 a PLS‑DA score plots and b loading plots obtained from 68 metabolites of 10‑day‑old seedlings of Arabidopsis thaliana. PC1 and PC2 
accounted for > 67.8% of the total variance. cont, Col‑0; gcr1, gcr1 mutant; 1, Violaxanthin; 2, Lutein; 3, Zeaxanthin; 4, 13Z‑β‑Carotene; 5, α‑Carotene; 
6, β‑Carotene; 7, 9Z‑β‑Carotene; 8, 15‑Z‑Phytoene; 9, all‑E‑Phytoene; 10, Chlorophyll a; 11, Chlorophyll b; 12, Lactic acid; 13, Alanine; 14, Valine; 
15, Urea; 16, Serine; 17, Ethanolamine; 18, Phosphoric acid; 19, Leucine; 20, Isoleucine; 21, Glycine; 22, Succinic acid; 23, Glyceric acid; 24, Fumaric 
acid; 25, Threonine; 26, β‑Alanine; 27, Malic acid; 28, Aspartic acid; 29, Methionine; 30, Pyroglutamic acid; 31, 4‑Aminobutyric acid (GABA); 32, 
Glutamic acid; 33, Phenylalanine; 34, Asparagine; 35, Glutamine; 36, Citric acid; 37, Fructose; 38, Galactose; 39, Glucose; 40, Inositol; 41, Tryptophan; 
42, Sinapinic acid; 43, Sucrose; 44, Glucoraphanin; 45, Glucoalyssin; 46, Glucoibarin; 47, Glucoerucin; 48, Glucobrassicin; 49, Glucohirsutin; 50, 
4‑Methoxyglucobrassicin; 51, Neoglucobrassicin; 52, C20 (Eicosanol); 53, C21 (Heneicosanol); 54, C22 (Docosanol); 55, C23 (Tricosanol); 56, C24 
(Tetracosanol); 57, C26 (Hexacosanol); 58, C27 (Heptacosanol); 59, C28 (Octacosanol); 60, C30 (Triacontanol); 61, α‑Tocopherol; 62, β‑Tocopherol; 63, 
γ‑Tocopherol; 64, Brassicasterol; 65, Campesterol; 66, Cholesterol; 67, Stigmasterol; 68, β‑Sitosterol
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Variable importance in the projection (VIP) is a 
weighted sum of the squared PLS weights. The metab-
olites with a larger VIP (larger than 1.0) are more influ-
ential for the model [24]. In the seedling sample set, 37 

metabolites, including fructose, glucose, β-carotene, 
and glutamic acid, had a VIP value higher than 1.0 
(Fig.  4). In the shoot samples, 22 types of metabo-
lites including sugars, carotenoids, and organic acids, 

Fig. 3 a Score plots of partial least squares discriminant analysis (PLS‑DA) and b loading plots obtained from metabolite data of 24‑day‑old shoots. 
PC1 and PC2 accounted for > 56.2% of the total variance. cont, Col‑0; gcr1, gcr1 mutant; 1, Violaxanthin; 2, Lutein; 3, Zeaxanthin; 4, 13Z‑β‑Carotene; 
5, α‑Carotene; 6, β‑Carotene; 7, 9Z‑β‑Carotene; 8, Chlorophyll a; 9, Chlorophyll b; 10, Pyruvic acid; 11, Lactic acid; 12, Serine; 13, Phosphoric acid; 14, 
Glycine; 15, Succinic acid; 16, Glyceric acid; 17, Fumaric acid; 18, β‑Alanine; 19, Malic acid; 20, Pyroglutamic acid; 21, 4‑Aminobutyric acid (GABA); 22, 
Threonic acid; 23, Glutamic acid; 24, Xylose; 25, Shikimic acid; 26, Citric acid; 27, Fructose; 28, Mannose; 29, Galactose; 30, Glucose; 31, Inositol; 32, 
Sinapinic acid; 33, Sucrose; 34, Raffinose; 35, Glucoraphanin; 36, Glucoalyssin; 37, Glucoibarin; 38, Glucoerucin; 39, Glucobrassicin; 40, Glucohirsutin; 
41, 4‑Methoxyglucobrassicin; 42, Neoglucobrassicin; 43, C20 (Eeicosanol); 44, C21 (Heneicosanol); 45, C22 (Docosanol); 46, C24 (Tetracosanol); 47, 
C26 (Hexacosanol); 48, C27 (Heptacosanol); 49, C28 (Octacosanol); 50, C30 (Triacontanol); 51, α‑Tocopherol; 52, β‑Tocopherol; 53, γ‑Tocopherol; 54, 
Brassicasterol; 55, Campesterol; 56, Cholesterol; 57, Stigmasterol; 58, β‑Sitosterol
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were found to be significant compounds for separation 
(VIP value > 1.0). Glucose had the highest VIP value 
(1.7829), and was followed by fructose, violaxanthin, 
9Z-β-carotene, glyceric acid, pyruvic acid, and fumaric 
acid.

To decipher the detailed relationship among the 
metabolites in Arabidopsis, Pearson’s correlation analy-
sis and HCA were performed using MetaboAnalyst 4.0. 
The correlation coefficient (r) was in the range − 1 < r < 1. 
A value of r > 0 indicates a positive association and r < 0 

Fig. 4 Influence of variables used to create a distinction model for gcr1 mutant and wild (Col‑0) plants for a 10‑day‑old seedlings and b 24‑day‑old 
shoots. Metabolites with higher variable importance in the projection (VIP) values are more influential for the sample separation. Metabolites with 
VIP values > 1.0 are shown. C20, Eicosanol; C21, Heneicosanol; C24, Tetracosanol; C26, Hexacosanol

Fig. 5 Results of correlation matrix and clustering analysis obtained from the data of 68 metabolites present in a 10‑day‑old seedlings and b 
24‑day‑old shoots of gcr1 mutant and wild‑type (Col‑0) Arabidopsis thaliana plants. Each square indicates the Pearson’s correlation coefficient of a 
pair of compounds, and the value for the correlation coefficient is represented by the intensity of the blue or red color, as indicated on the color 
scale. Hierarchical clusters are represented by a cluster tree. C20, Eicosanol; C21, Heneicosanol; C22, Docosanol; C23, Tricosanol; C24, Tetracosanol; 
C26, Hexacosanol; C27, Heptacosanol; C28, Octacosanol; C30, Triacontanol

(See figure on next page.)
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indicates a negative association between two metabo-
lites. In the seedling samples, the HCA provided two 
major metabolite clusters (Fig.  5). In one group, the 
carotenoids, except zeaxanthin and chlorophylls, were 
clustered together. This group included malic acid, citric 
acid, and succinic acid. Another group included inositol, 
fructose, glucose, and galactose. This clustering showed 
the same pattern as observed in the loading plot of PLS-
DA. Glucose, fructose, and inositol showed positive cor-
relation with one another, but had a negative correlation 
with the TCA cycle intermediates. The correlation coef-
ficient of glucose and citric acid was − 0.9640, and that 
of glucose and succinic acid was − 0.8692. In the shoot 
samples, instead of inositol, raffinose showed a positive 
correlation coefficient with glucose (r = 0.6790) and fruc-
tose (r = 0.6672). Glucose showed negative correlation 
coefficients with pyruvic acid, citric acid, succinic acid, 
and malic acid (r = − 0.9450, − 0.5189, − 0.1728, and 
− 0.0722, respectively).

Differences in the metabolite contents between gcr1 
mutant and wild‑type plants
The results of PLS-DA and HCA revealed that glucose, 
fructose, and β-carotene were the metabolites that dif-
fered the most between the seedling and shoot samples 
of gcr1 mutant and wild-type plants. On the basis of 
these results, the actual quantitative values were com-
pared. In the seedling samples, the total carotenoid con-
tent in the gcr1 mutant was 19.70 ± 2.42  μg/g and that 
in the wild-type was 28.36 ± 2.16  μg/g of fresh weight 
(FW). The total chlorophyll content in the gcr1 mutant 
(78.28 ± 7.73 μg/g of FW) was lower than in the wild-type 
(99.71 ± 6.46  μg/g of FW) (Additional file  1: Table  S2). 
There were no noticeable differences in the total content 
of policosanols, tocopherols, phytosterols, and glucosi-
nolates between the mutant and wild-type plants (Addi-
tional file  1: Tables S3 and S4). Among the hydrophilic 
compounds, the contents of most of the metabolites were 
higher in the wild-type samples, but fructose, glucose, 
and inositol were the exceptions and had relatively higher 
levels in the mutant samples (Additional file 1: Table S5). 
The differences in the detected metabolites are presented 
as heat maps in the schematic representation of meta-
bolic pathways (Fig. 6).

To identify the differences in the content of each 
metabolite between the mutant and wild samples, Stu-
dent’s t-test was conducted using MetaboAnalyst 4.0. 
Thirty-three metabolites showed significant differences 
(p-value < 0.05) between the mutant and wild-type sam-
ples (Additional file 1: Fig. S9). Especially, 10 compounds, 
including fructose, glutamic acid, β-carotene, glu-
cose, and inositol showed highly significant differences 
(p-value < 0.001). In the shoot samples, there were no 

striking differences in the total content of pigments, lipo-
philic compounds, and glucosinolates between the gcr1 
mutant and wild-type samples (Additional file  1: Tables 
S3 and S4). However, as in the seedling samples, the con-
tents of fructose and glucose were relatively higher in the 
mutant shoot samples (Additional file 1: Table S5). Based 
on the results of the t-test, there were 10 metabolites that 
had p-value lower than 0.05 (Additional file 1: Fig. S10). 
Only glucose and fructose showed highly significant dif-
ferences (p-value < 0.001).

In this study, the quantitative and qualitative analysis of 
primary and secondary metabolites in the gcr1 knock-out 
mutant and wild-type (Col-0) plants were conducted at 
two different developmental stages. The statistical analy-
sis showed that there were certain differences in the levels 
of monosaccharides between the gcr1 mutant and wild-
type plants. In other words, glucose and fructose were 
accumulated in the gcr1 mutants of 10-day-old seedlings 
and 24-day-old shoot. The gcr1 mutant has low sensitivity 
to gibberellin and brassinosteroid during germination [5], 
but has high sensitivity to ABA [7]. These results could be 
explained, if the accumulated glucose and fructose influ-
ence the hormone signaling and responses. ABA synthe-
sis is increased by glucose via the GIN2 (AtHXK1) gene. 
The GIN2 (AtHXK1) gene also affects the auxin, cyto-
kinin, and ethylene signaling pathways [25]. The DELLA 
pathway connects gibberellin to the response of other 
hormones [26]. As a stress hormone, ABA induces seed 
dormancy, stomatal closure, root growth, and senescence. 
Gibberellin and ethylene have effects contrary to that of 
ABA. Gibberellin promotes flowering, germination, and 
cotyledon greening, which is dependent on brassinos-
teroids. The increased level of ABA reduces the effects 
of gibberellin and brassinosteroids, thereby, decreasing 
the percentage of germination. The high sensitivity of 
the gcr1 mutant to ABA was supposed to be a synergis-
tic effect of the increased ABA content [7]. In the seed-
ling sample, the level of total pigments was lower in the 
gcr1 mutant (97.98 ± 10.15 μg/g of FW) than in the wild-
type (128.07 ± 8.62 μg/g of FW). In addition, the results 
of PLS-DA and VIP value indicate that β-carotene, the 
predominant carotenoid, was one of the significant com-
pounds for separation. The increase in carotenoids was 
because of the ABA response, and it prevents the green-
ing of cotyledons [27]. Therefore, high glucose level in the 
mutant plants ultimately affected ABA and the response 
of other hormones via GIN2 and DELLA.

The accumulation of glucose and fructose in the gcr1 
mutant could be explained by comparing the results of 
transcriptomics study. The flavonoid biosynthesis path-
way genes were up-regulated (flavanone 3beta-hydroxy-
lase; at5g20550, at2g36690) and down-regulated (flavonol 
synthase; at3g49620) in the GCR1 mutant (gcr1-5) [12]. 
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The flavonols (quercetin, kaepferol) are synthesized from 
dihydroflavonols by flavonol synthase. The lower level of 
this enzyme induced lower levels of flavonols, which ulti-
mately inhibited the formation of flavonoid glucosides, 
and then glucose could be accumulated in the mutant.

Apone et  al. [3] reported that phosphatidylinositol-
specific phospholipase C (PI-PLC) activity and inositol 
1,4,5-triphosphate  (IP3) were increased in tobacco cells 
overexpressing Arabidopsis GCR1 and GPA1 genes. In 
mammalian cells,  IP3 and diacylglycerol (DAG) are pro-
duced from phosphatidylinositol 4,5-bisphosphate  (PIP2) 
by hydrolysis of phospholipase C (PLC).  IP3 is hydrolyzed 
by gradual steps to inositol and inorganic phosphate (Pi). 
The free inositol is recycled into  PIP2 [28]. If this pro-
cess existed in plants, the high level of inositol in gcr1 

mutant could be explained. The decreased activity of PLC 
affected the conversion of inositol and other intermedi-
ates into  PIP2. In cytosol, infused  IP3 induces the release 
of  Ca2+ from intracellular stores [29].  Ca2+ is impor-
tant as a secondary messenger in plants in response to 
various stimuli, including salinity, heat, cold, pathogens, 
hormones, and wounding [30]. Therefore, the different 
phenotypes of GCR1 mutant could appear as an effect of 
the change in cytosolic  Ca2+ content via phospholipase 
(Additional file 1: Fig. S11).

In addition, another hypothesis could be proposed that 
GCR1 regulates the cyclic adenosine monophosphate 
(cAMP) signaling pathway. When an unknown ligand 
binds to GCR1, cAMP is induced and it regulates the 
down-stream signaling. Alqurash et al. [31] detected that 

Fig. 6 Heat map of metabolite differences between Col‑0 (Cont) and gcr1 mutant (gcr1) Arabidopsis thaliana plants. The primary and secondary 
metabolites are displayed on a schematic of metabolic pathways. Seedling, 10‑day‑old sample; Shoot, 24‑day‑old sample; C20, Eicosanol; C21, 
Heneicosanol; C22, Docosanol; C23, Tricosanol; C24, Tetracosanol; C26, Hexacosanol; C27, Heptacosanol; C28, Octacosanol; C30, Triacontanol; 
Ser, Serine; Gly, Glycine; Cys, Cysteine; Trp, Tryptophan; Phe, Phenylalanine; Try, Threonine; Ala, Alanine; Val, Valine; Leu, Leucine; Asn, Asparagine; 
Asp, Aspartic acid; Lys, Lysine; Thr, Threonine; Met, Methionine; Ile, Isoleucine; Gln, Glutamine; His, Histidine; Glu, Glutamic acid; Pro, Proline; GABA, 
4‑Aminobutyric acid, Arg, Arginine; PEF, 2‑Phosphoenolpyruvate; IPP, Isopentenyl diphosphate; MEP, Mevalonate
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fructose bisphosphate aldolase was accumulated in A. 
thaliana cell suspension culture treated with cAMP. This 
enzyme converts fructose 1,6-bisphosphate to glyceralde-
hyde 3-phosphate in the glycolysis pathway. In the gcr1 
mutant, the level of cAMP was decreased, which led to 
low levels of bisphosphate aldolase. Eventually, fructose 
1,6-bisphosphate and the up-stream metabolites (glu-
cose, fructose, raffinose, and inositol) were accumulated. 
In addition, the down-stream signaling of glyceralde-
hyde 3-phosphate was also disturbed. It could influence 
the development, response to a stimulus, biosynthesis of 
metabolites, and other physiological actions.

The relationship of GPCR and cAMP signaling has 
been detected in humans and yeast [32, 33]. In addition, 
it is known that glucose activates the cAMP pathway via 
a GPCR in yeast. In A. thaliana, glucose sensing and its 
regulation of G-protein signaling through AtRGS1 has 
previously been reported [34]. Glucose and fructose sus-
tain the activation of the Gα subunit through endocytosis 
of plant 7TM-RGS. In this study, gcr1 mutant could not 
recognize glucose; it inhibited the endocytosis of 7TM-
RGS so that hydrolysis of GTP from the Gα subunit was 
induced. Consequently, G-protein signaling was inacti-
vated and its down-stream signaling pathways, such as 
cAMP signaling, were interrupted. Therefore, the present 
results suggest the potential role of GCR1 in inducing the 
cAMP signaling through sensing of glucose (Additional 
file 1: Fig. S11).

Our results provide evidence for the role of GCR1 and 
reveal the pathways in which it could be involved. Fur-
thermore, our study shows that metabolic profiling is a 
helpful method to investigate the unknown functions of 
a gene. The future work would focus on analyzing the 
relative gene expression and measuring the enzyme activ-
ity under the same conditions that would support our 
hypothesis. The results and methods used in this study 
can be applied to investigate the functions of GPCRs in 
other species of Brassicaceae, as well as in rice, maize, 
and other major crops.
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from metabolite data of 24‑day‑old shoot. Figure S9. Box plot analysis 
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