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Abstract
As a semi-essential amino acid, arginine is crucial for human health and a key determinant of the
nutritional quality of Rosa roxburghii fruits. We explore the regulatory dynamics of arginine metabolism
in R. roxburghii fruits, with a focus on the key genes and transcription factors involved in this process.
The content of arginine exhibits significant fluctuations during fruit maturation, peaking at 60 days after
anthesis (DAA) before declining. Genome-wide and transcriptomic analyses of R. roxburghii have
identified 21 genes involved in arginine synthesis and four genes related to arginine catabolism. Notably,
N-acetylglutamate synthetase (RrNAGSI) and arginine decarboxylase (RrADCI) show a strong
correlation with arginine content. Overexpression studies of RrNAGS1 and RrADC1 have confirmed their
roles in regulating arginine levels, with RrNAGSI promoting and RrADC! inhibiting arginine
accumulation. Additionally, Late Elongated Hypocotyl (RrLHY), a nucleus-localized MYB transcription
factor, directly binds to and activates the RrNAGS1 promoter, thereby significantly influencing arginine
biosynthesis in R. roxburghii fruits, as demonstrated by both overexpression and gene silencing studies.
These findings provide valuable insights into the molecular mechanisms governing arginine
accumulation in fruit and offer potential strategies for the targeted manipulation of arginine levels in crop
species.
Key words: Arginine; Rosa roxburghii Tratt; RrNAGS1; RrADCI; RtLHY
1. Introduction

Rosa roxburghii Tratt, a member of the Rosaceae family, is a plant of considerable value for both
medicinal and applications (Shen et al., 2023). In China, particularly in the southwestern and south-
central regions, this species has been extensively cultivated, with Guizhou Province recognized as its

primary cultivation area (Yu et al., 2021). Data from 2022 indicates that over 80 counties and cities in
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Guizhou Province are involved in the cultivation of R. roxburghii. This cultivation spans an area of
140,000 hectares and yields an annual production of 300,000 tons, contributing an industry value
exceeding 15 billion yuan to the local economy (Liu, 2022). The fruit of R. roxburghii is highly
nutritious, containing substantial amounts of vitamin C, antioxidants, polysaccharides, dietary fiber,
and amino acids, among other components. These nutrients provide significant health benefits,
including hypoglycemic, hypolipidemic, radioprotective, antitoxic, and anticancer properties (Jain et
al., 2024; Yin et al., 2024). Additionally, the roots and leaves of R. roxburghii are employed in
traditional medicine for the treatment of diarrhea and indigestion, respectively (Wu et al., 2021). The
unique health benefits of R. roxburghii have made it sought after in the market for functional foods and
health supplements, demonstrating promising prospects for clinical applications (Wang et al., 2021).

Arginine is an important multifunctional semi-essential amino acid found in the fruit of R.
roxburghii, which promotes urea synthesis, reduces cardiovascular mortality, supports the immune
system, reduces male infertility, supports visual function, promotes cell proliferation, and accelerates
wound healing processes (Zhang et al., 2018; Hiratsu et al., 2022; Dai et al., 2021; Wu et al., 2021;
McKay et al., 2021; Reis et al., 2018). Additionally, arginine possesses anti-fatigue, anti-inflammatory,
and anti-aging effects (Wang et al., 2015; Tran et al., 2020; He et al., 2024). As public awareness of
health continues to rise, arginine has emerged as a significant nutritional supplement, and continues to
see growing demand in the dietary supplement, health care product, and sports nutrition sectors.
Notably, the utilization of arginine by athletes and fitness enthusiasts has further driven market demand
(Gambardella et al., 2021). Among fruits, most contain arginine at levels ranging from 20 to 35 mg /
100 g. However, the arginine content in the fruit of R. roxburghii is significantly higher than that found
in common fruits, reaching 66 mg / 100 g (Lu et al., 2017; Lv et al., 2023).

The accumulation of arginine in plants is regulated by anabolism and catabolism. In the anabolic
pathway, glutamate is converted into arginine through a series of enzyme-catalyzed reactions. This
process involves several key enzymes, including N-acetylglutamate synthase (NAGS), N-
acetylglutamate kinase (NAGK), ornithine transcarbamylase (OTC), argininosuccinate synthetase
(ASS), and argininosuccinate lyase (ASL) (Slocum, 2005; Winter et al., 2015). Conversely, arginine is
catabolized through three primary metabolic pathways, resulting in the production of polyamines (PAs)
or nitric oxide (NO). This catabolic process is regulated by three key enzymes: arginase, nitric oxide

synthase (NOS), and arginine decarboxylase (ADC) (Satriano et al., 2004). Numerous plants have been
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identified as possessing genes that encode enzymes involved in arginine metabolic enzymes, however,
it is noteworthy that the genes for key enzymes in arginine metabolism differ between plant species. In
peanuts (Arachis hypogaea L.), the key gene responsible for arginine biosynthesis encodes ASS (Li et
al., 2022). Meanwhile, in the development of watermelon (Citrullus lanatus) fruit peel, OTC plays a
crucial role (Joshi et al., 2019). In rice (Oryza sativa), mutations in the ASL gene significantly affect
both arginine content and root growth (Xia et al., 2014a).

Additionally, arginine metabolism is regulated by numerous transcription factors. For instance,
SIMY C2 mediates the effect of MeJA on arginine metabolism (Min, 2019), and ATF-4 activates the ASS
gene to regulate arginine content in peanuts (Li et al., 2022). Similarly, CsCBF1 controls CsADC
expression and Put synthesis, enhancing cold resistance in plants (Song et al., 2022). Moreover,
AbbHLHI1 regulates arginine metabolism genes in the cultivated mushroom (Agaricus bisporus),
controlling postharvest development (Wang et al., 2023). Currently, no genes related to arginine
metabolic enzymes have been identified in R. roxburghii. The exploration of key regulatory genes for
arginine in the fruit of R. roxburghii is of great significance for improving the fruit quality and optimizing
amino acid composition.

This study assessed the variations in arginine content across eight critical developmental stages,
from post-anthesis to maturation, in R. roxburghii fruit, utilizing an amino acid analyzer. Additionally,
by integrating transcriptomic and genomic data from R. Roxburghii, we elucidate the key genes that
influence arginine content in the fruit, along with their regulatory mechanisms. In summary, this study
examined the accumulation patterns, biosynthetic and catabolic pathways, and the transcriptional
regulatory network of arginine in the fruit of R. roxburghii. These results provide new insights into the
potential applications of R. roxburghii fruit in the food industry and pharmaceutical sector.

2. Materials and Methods
2.1 Plant materials and growth conditions

The plant materials used in this study included R. roxburghii ‘Guinong 5°, tobacco (Nicotiana
tabacum), and strawberry (Fragaria * ananassa). The R. roxburghii plants used in this study were six-
year-old agamic trees of ‘Guinong 5’ and were grown at the Department of Horticulture, Guizhou
University (26°42.408°N, 106°67.353°E). Fruits were collected every 15 days from May 15th (15 days
after anthesis, 15 DAA) until maturity (120 DAA). During the collection process, we also measured the

single fruit weight of each sample. A portion of the fruits were frozen immediately in liquid nitrogen and
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stored at -80 °C to study the expression of arginine-related genes, and the other portion was washed with
deionized water and then dried at 55 °C until a constant weight was obtained. The dried samples were
ground in a pestle and mortar, then passed through a 65-mesh screen for amino acid analysis. Tobacco
plants were cultivated under the following conditions: a light/dark cycle of 16/8 hours, day/night
temperatures of 25/20 °C, humidity of 70 %, and a light intensity of 200 PPFD. Strawberries were
cultivated in greenhouses under ambient conditions.
2.2 Measurement of amino acids content in plants

The determination of hydrolyzed and free amino acids in R. roxburghii fruit was carried out
following the methods outlined by Gehrke et al. (1985) and Lu et al. (2020), with minor modifications.
To measure hydrolyzed amino acids, 1 g of dried R. roxburghii fruit sample, which had been sieved
through a 60-mesh screen, was extracted using 50 mL of 0.01 mol/L hydrochloric acid for a duration of
30 minutes, followed by filtration. Subsequently, 2 ml of the filtrate was combined with 2 ml of 8%
sulfosalicylic acid and allowed to stand for 15 min. The mixture was then centrifuged at 10,000 rpm for
10 min. The supernatant was filtered through a 0.45 um or 0.22 um filter membrane and transferred into
a 1.5 mL sample vial. The measurement of free amino acids involves weighing 150 mg of dried R.
roxburghii fruit powder that has been sieved through a 60-mesh screen. Subsequently, 5 mL of 6 mol/L
hydrochloric acid and 1-2 drops of phenol are added to the powder. The resulting mixture is then
hydrolyzed at 110 °C for 24 hours. After hydrolysis is complete, the solution is allowed to cool, and its
volume is adjusted to 100 mL with distilled water, while the pH is concurrently adjusted to 2. Following
this, the mixture is filtered, and the filtrate is collected in a 1.5 mL sample vial. Both procedures employ
the S-433D Automatic Amino Acid Analyzer for quantification.
2.3 Determination of NAGS enzyme activity and ADC enzyme activity

Based on the principle of enzyme-linked immunosorbent assay (ELISA), the N-acetylglutamate
synthase (NAGS) ELISA kit (ML-E-23951) and Arginine decarboxylase (ADC) ELISA kit (ML-E-
23828-1) from Shanghai ML Biotech Co., Ltd. were used for determination.
2.4 DNA, RNA extraction and Quantitative reverse transcription PCR (qQRT-PCR) analysis

Plant DNA was extracted from leaves using a novel rapid plant genome DNA extraction kit (Bio
Teke Corporation), in accordance with the manufacturer's instructions. Total RNA from R. roxburghii
samples was extracted following the guidelines provided by the MiniBEST Plant RNA Extraction Kit

(Takara, Japan). Subsequently, 1 pg of the total RNA was utilized for cDNA synthesis, using the
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PrimeScript RT reagent kit along with the gDNA Eraser Kit (Perfect Real Time, Takara). Primer design
and synthesis were completed by Sangon Biotech Co., Ltd. (Shanghai, China), while specific primers for
the housekeeping genes ubiquitin (RrUBQ) and glyceraldehyde-3-phosphate dehydrogenase (RrGAPDH)
as internal controls were those reported by Lu et al. (2020). qRT-PCR was conducted following the TB
Green Premix EX Taqll (Tli RNaseH Plus) kit instructions. The reaction program was as follows: (1)
95 °C for 30 s; (2) 40 cycles of 95 °C for 5 s, 55 °C-60 °C for 20 s, and 72 °C for 20 s; (3) a melt curve
program of 95 °C for 15 s, a temperature increase from 55 °C to 95 °C in increments of 0.3 °C/min, and
95 °C for 15 s. Finally, the relative expression was calculated by the 2 22T method. gRT-PCR reactions
for at least three biological replicates, each consisting of three technical replicates, utilizing a real-time
PCR detection system. The primers used are listed in Supplemental Table S1.
2.5 Construction of vectors and transformation of R. roxburghii and Strawberry

To construct overexpressing vectors for RrNAGS1, RrADCI, and RrLHY, the coding sequences of
these genes were amplified by PCR using gene-specific primers (Table S1). These sequences were then
inserted into the polylinker sites of the pPCAMBIA 1301 vector, which is regulated by the CaMV 35S
promoter (Fig. S1). The empty pCAMBIA 1301 vector served as a control. The recombinant vectors were
introduced into Agrobacterium tumefaciens strain GV3101 by heat shock after verification by sequencing.
In the transient transformation experiment, we injected an Agrobacterium suspension (OD600 0.8-1.0)
containing 10 mM MES, 10 mM MgCl,, and 200 uM AS into R. roxburghii fruits at 60 DAA and into
strawberries at the white-ripe stage. The experiment included four groups, each containing a minimum
of 30 R. roxburghii and strawberry fruits. Each fruit underwent three injections, spaced four days apart.
After a period of 20 days, samples were collected for gene expression analysis and to assess arginine
content. For the transformation of R. roxburghii callus, the callus was incubated in a suspension of
transformed Agrobacterium tumefaciens (OD600 = 0.6) containing 200 uM AS, and shaken for 20 min
at 200 rpm and 28 °C. Subsequently, the callus was washed with 300 mg/mL cephalosporin and then
with sterilized water, followed by a 2-day co-incubation period in the dark. Finally, the callus was
inoculated onto a culture medium containing 5 mg/L hygromycin for positive callus screening. The callus
was cultivated in an incubator under 230 PPFD light intensity, and the callus was collected at 6 pm after
40 days for gene expression analysis and arginine determination.

To achieve the silencing of the RrNAGSI, RrADCI, and RrLHY genes in R. roxburghii fruits, the

coding sequences of RrNAGS1, RrADCI, and RrLHY were amplified using gene-specific primers via
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PCR (Table S1). This amplified fragment was subsequently inserted into the polylinker sites (EcoR
I/BamH I) of the pTRV2 vector, which is regulated by the CaMV 35S promoter (Fig. S1). The unaltered
pTRV2 vector served as a control. Following verification by sequencing, the recombinant vectors were
introduced into the Agrobacterium tumefaciens strain GV3101 using a heat shock method. The
suspension of transformed Agrobacterium tumefaciens, containing both pTRV1 and the target gene
pTRV2, was combined in a 1:1 ratio prior to injection. R. roxburghii fruits, at 60 (DAA), were injected
with the transformed Agrobacterium tumefaciens suspension (OD600 = 1.6-2.0), which included 10 mM
MES, 10 mM MgCl2, and 200 uM AS. Four groups were injected, with each group comprising no fewer
than 30 R. roxburghii fruits. Samples were collected 20 days post-injection for gene expression analysis
and arginine determination.
2.6 Subcellular localization analysis

The full-length RrLHY coding sequences without stop codons were ligated into the pPCAMBIA35S-
EGFP vector. A list of the primers utilized for vector construction can be found in Supplemental Table
S1. After electroporation into Agrobacterium tumefaciens GV3101, the recombinant vectors were
transiently expressed in tobacco leaves. The 4. tumefaciens culture was adjusted to an OD600 of 0.5 with
the infiltration buffer, which contained 10 mM MES, 10 mM MgCl,, and 150 mM acetosyringone at a
pH of 5.6. Using a confocal laser scanning microscope (LSMS510, Carl Zeiss, Germany), GFP
fluorescence was measured and observed 2 days after infiltration. The excitation wavelength for GFP
fluorescence was 488 nm, and fluorescence was detected between 490 and 520 nm. The excitation
wavelength for NLS fluorescence was 594 nm, and fluorescence was detected between 612 and 635 nm.
2.7 Dual-luciferase assay

The dual-luciferase assay was performed as per Fan et al. (2024), albeit with some minor
adjustments to cater to our specific experimental needs. The full-length cDNA of RrLHY was cloned into
the pPCAMBIA 1301 vector. This was accomplished using the restriction enzyme sites Kpnl (GGTACC)
and MIul, resulting in the creation of an effector construct, as illustrated in Supplemental Figure S1. For
the preparation of a reporter construct, various fragments of the RrNAGS! promoter were inserted
upstream of the LUC reporter gene within the pGreenll 0800-LUC vector using Kpnl and EcoRV
restriction enzyme sites (Fig. S1). GV3101 of A. tumefaciens was electroporated with each of the reporter
and effector constructs and subsequently suspended in the same infiltration buffer used in the subcellular

localization analysis, with an OD600 of 0.5. tobacco leaves were infiltrated with A. tumefaciens
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combinations of promoters and transcription factors (TFs) at a ratio of 1:9 using needleless syringes. The
LUC/REN fluorescence was evaluated using the Dual Luciferase Reporter Assay System (Promega,
Madison, USA) three days post-infiltration. Each TF-promoter interaction experiment included three
biological replicates.
2.8 Yeast 1-hybrid assay

The Y 1H assay method was conducted as described by Gao et al. (2021), with minor modifications.
The interaction of RrLHY with the promoters of RrNAGS! and RrADCI was assessed using the
Matchmaker Gold Yeast One-Hybrid Library Screening System (Clontech, Mountain View, California).
The 2-kb promoter sequence of RrNAGSI and RrADCI were cloned into the EcoRl and BamHI
restriction sites of the pAbAi vector, which functioned as the bait for screening the library. cDNA of
RrLHY was obtained through PCR amplification from R. roxburghii and subsequently cloned into a
pGADT?7 vector using the EcoRI and BamHI restriction sites. The transformed pHIS2 bait vector and
pGADT?7 prey vector were introduced into Y187 yeast cells, which were subsequently cultured on SD/-
Trp/-Leu/-His medium. After 3 days, positive yeast colonies were selected and diluted in sterile distilled
water to achieve an optical density at 600 nm (OD600) of 0.15-0.3. A volume of 2.5 ul from this
suspension was then spotted onto SD/-Trp/-Leu/-His plates, with or without the addition of 3-AT. The
plates were incubated at 30 °C for 5-7 days. All primers utilized in this study are listed in Supplemental
Table S1.
2.9 Electrophoretic mobility shift assay

The full-length RrLHY gene was inserted into the pMAL vector to produce MBP-tagged fusion
proteins. The resulting recombinant construct was then transformed into Escherichia coli BL21 (DE3)
and purified. The expression and purification of the recombinant RrLHY-His protein was performed
using the methodology described by Kyung et al. (2022). The LightShift Chemiluminescent EMSA Kit
(ThermoFisher Scientific, Waltham, MA, USA) was used following the manufacturer’s instructions.
Twenty-base-pair sequences containing the AAATAT motif, derived from the RrNAGS1 promoter, were
labeled with 5" biotin by HuaGene. Unlabeled DNA fragments identical to the probes were used as
competitors (cold probes). In the mutant probes, the AAATAT motif in the DNA fragments was replaced
with a polyC sequence. The detailed primer sequences are provided in Table S1.
2.10 Bioinformatic analysis

The MEGA 7.0 program (Kumar et al., 2016) was utilized to align the full-length amino acid



211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

sequences of NAGS and ADC, as well as to construct a neighbor-joining phylogenetic tree. Furthermore,
The cis-acting elements within the promoters of RrNAGSI, RrADCI, and RrLHY were predicted using
the Plant CARE tool (available at https://bioinformatics.psb.ugent.be/webtools/plantcare/html/).
2.11 Statistical analysis

All experiments were conducted in triplicate, and the data are presented as means + standard
deviations. Statistical analyses were performed using SPSS 26.0 software (IBM, Armonk, NY, USA).
Differences among mean values were assessed using one-way ANOVA, with a significance level set at p
< 0.05, followed by Duncan’s multiple range test. Graphs were generated using GraphPad Prism version
8.0, while TBtools software was employed for visualizing gene expression heat maps.
3. Results
3.1 Arginine accumulation in R. roxburghii fruit during development

From 15 days after anthesis (DAA), we collected fruits at eight developmental stages and measured
their single-fruit weight (Fig. 1A). During the fruit development process, the single-fruit weight
continued to increase (Fig. 1B). Total arginine consists of hydrolyzed arginine and free arginine. The
trends of hydrolyzed arginine and free arginine in R. roxburghii fruit during development were similar,
with the period from 45 to 60 days after flowering showing significant increase, and the 60 to 75 days
period showing significant decrease. The content of free arginine and hydrolyzed arginine were highest
at 60 DAA, reaching 414.70 mg/100g and 25.70 mg/100g, respectively. They were lowest at 75 DAA, at
4 mg/100g and 137.7 mg/100g, respectively (Fig. 1C). Furthermore, the study indicated that hydrolyzed
glutamate and total hydrolyzed amino acids mirrored the trends of hydrolyzed arginine, underscoring the
significant role of glutamate in arginine synthesis (Fig. 1D).
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Fig.1. Changes of R. roxburghii fruits during the development.

(A) Photos of R. roxburghii fruits at different stages. (B) Dynamic changes in single fruit weight. (C)
Arginine content in fruits at different development stages. (D) Total and hydrolyzed glutamate content
in fruits at different development stages. Values are a mean of 3 replicates + SD. Different lowercase
letters indicate significant differences within each respective variable across DAA (P<0.05).

3.2 The expression of RrNAGS1 and RrADCI correlates with the arginine content in fruit of R.
roxburghii.

Based on the genome, there are a total of 34 structural genes involved in arginine synthesis and 8
major structural genes involved in degradation metabolism. By integrating transcriptomic data and
excluding genes with no expression or expression levels below 1 at 30 DAA, 60 DAA, and 90 DAA, we
identified that there are 21 genes involved in the arginine synthesis pathway, among which 2 genes as
NAGS, 2 genes annotated to NAGK, 2 genes annotated to the ArgC, 3 genes annotated to ArgD, 3 genes
annotated to ACY'1, 3 genes annotated to ArgE, 4 genes annotated to ArgF, 3 genes annotated to ArgG
and 1 gene annotated as ArgH. Additionally, there were 4 genes with expression involved in Arginine
catabolism, including 1 annotated as NOS, 2 as ADC, and 1 as ARG (Table S2). Using qRT-PCR, we
quantified the relative expression levels of these 21 synthetic metabolic genes (Fig.2A) and 4 degradation
metabolic genes (Fig.2B) across 8 different developmental stages of ‘Guinong 5’ fruit and conducted
correlation analysis with the contents of free arginine, hydrolyzed arginine, and total arginine (Table S2).
The results indicate that the N-acetylglutamate synthetase (RrNAGSI, evm.model Contig273.43 )
unigene is significantly positively correlated with the total arginine content (R=0.834, P<0.01; Fig. 2B),
while the arginine decarboxylase (RrADCI, evm.model Contig284.256) unigene is significantly
negatively correlated with the total arginine content (R = -0.646, P < 0.05; Fig. 2D). This suggests that

RrNAGSI and RrADCI play key roles in arginine synthesis and decomposition, respectively.
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257

258 Fig.2. Gene expression of arginine metabolic pathways during eight developmental periods.

259 (A) Gene expression of the arginine synthesis pathway. (B) Correlation analysis between total arginine
260  content and RrNAGSI expression. (C) Gene expression of the arginine decomposing pathway, (D)
261 Correlation analysis between total arginine content and RrADC1 expression. NAGS, N-acetylglutamate
262 synthase; NAGK, N-acetylglutamate kinase; ArgC, N-acetylglutamatyl-5-P reductase; ArgD, N-
263 acetylornithine aminotransferase; ACY1, N-acetylornithine-glutamate acetyltransferase; ArgE, N-
264 acetylornithine deacetylase; ArgF, Ornithine transcarbamylase; ArgG, Argininosuccinate synthase; ArgH,
265 Argininosuccinate lyase; NOS, Nitric oxide synthase; ADC, Arginine decarboxylase; aguA, Agmatinase;
266 aguB, N-Carbamoylputrescine amidase; PAO4, Polyamine oxidase; SMS, Spermidine synthase; ODC,
267 Ornithine decarboxylase; OTC, Ornithine transcarbamylase.

268 3.3 The overexpression and silencing effects of RrI’NAGS1 and RrADCI in R. roxburghii fruit

269 To investigate the biological functions of RrNAGSI and RrADCI in fruit, we conducted transient
270 overexpression experiments in R. roxburghii fruit. The findings indicate that, compared to the empty
271 vector control, the expression level of RrNAGSI in OE-RrNAGS] fruits was significantly elevated by
272 8.2-fold, resulting in an 89% increase in NAGS enzyme activity. Similarly, in OE-RrADCI fruits, the

273 expression level of RrADC! was significantly enhanced by 3.5-fold, which was accompanied by a 70%
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increase in ADC enzyme activity. Further analysis indicated that the levels of hydrolyzed arginine and
free arginine in OE-RrNAGS] fruits rose by 15% and 100%, respectively. Conversely, in OE-RrADCI
fruits, the contents of these two forms of arginine decreased by 17% and 34%, respectively (Fig. 3A-C).

Virus-induced gene silencing (VIGS) was used to study gene function. Compared to the empty
vector control, the fruit treated with VIGS-RrNAGS1 and VIGS-RrADCI showed a reduction of 50%
and 60% in the gene expression levels of RrNAGSI and RrADCI, and a decrease in NAGS and ADC
enzyme activities by 46% and 40% respectively. Furthermore, in fruit treated with VIGS-RrNAGS1, the
levels of hydrolyzed arginine and free arginine decreased by 25% and 48%, respectively. Conversely, in
fruit treated with VIGS-RrADC1, the levels of these two forms of arginine increased by 50% and 123%,
respectively (Fig. 3D-F). These results confirm that RrNAGS! functions as a key gene in the arginine
synthesis metabolism of R. roxburghii fruit, contributing to an increase in arginine content. In contrast,

RrADCI serves as a critical gene in arginine catabolism, leading to a reduction in arginine content.
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Fig.3. The transient overexpression and silencing of R*rNAGSI and RrADCI correlate with the arginine
content in R. roxburghii fruit.

(A) The expression of the RrNAGS|1 and RrADCI genes in R. roxburghii fruit was assessed by qRT-PCR.
Control: pCAMBIA 1301; OE: 35S::RrNAGSI-Gus and 35S::RrADCI-Gus. (B) Enzyme activity in

fruits transiently overexpressing RrNAGSI and RrADCI. (C) Hydrolyzed and free arginine contents in
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fruits after transient overexpression of RrNAGSI and RrADCI. (D) qRT-PCR was used to analyze the
transcription levels of RrNAGS!I and RrADCI in the fruits after VIGS-induced gene silencing. Control:
pTRV2; VIGS: VIGS-RrNAGS! and VIGS-RrADCI. (E) Impact of VIGS-mediated silencing of the
RrNAGS1 and RrADCI genes on enzyme activity in the fruits. (F) Impact of VIGS-mediated silencing
of RrNAGS1 and RrADC1 genes on the contents of hydrolyzed and free arginine in the fruits. Data shown
are mean = SD of three independent biological replicates (n=3). The asterisk indicates statistical
significance between treatments according to Tukey's test (¥, P < 0.05; ** P <0.01) (¥, P <0.05; ** P
<0.01).

3.4 Overexpression of RrNAGSI and RrADCI in strawberry fruits

Using the MEGA 7.0 bioinformatics software, we conducted a phylogenetic analysis of NAGS and
ADC protein sequences from six species, including R. roxburghii, utilizing the Neighbor-Joining method.
The results indicated that the RrNAGS! protein from R. roxburghii exhibits a high degree of homology
with the ReNAGS1 (XP 040370483.3) and FvNAGS2 (XP 011466150.1) protein sequences (Fig. 4A).
Similarly, the Rr4DC1 protein also shows significant homology with the ReADC (XP 024167712.1) and
FvADC (XP 004290299.1) protein sequences (Fig. 4B). Building upon these findings, we performed
heterologous transient overexpression of RrNAGSI and RrADCI to investigate their functions in
Strawberry fruit.

The results indicate that the overexpression of the RrNAGS!I and RrADCI genes in strawberries,
compared to the empty vector control group, significantly enhanced the expression levels of these two
genes (Fig. 4C-D). This enhancement led to an 80% increase in NAGS enzyme activity and a 95%
increase in ADC enzyme activity (Fig. 4E). Additionally, in fruits treated with OE-RrNAGS1, the
content of hydrolyzed arginine and free arginine increased by 20 % and 48 % respectively. Whereas,
fruits treated with OE-RrADC1 exhibited a decrease in the content of these two forms of arginine by
5% and 27% respectively (Fig. 4F). These results suggest that the transient expression of the RrNAGS1
gene in strawberry fruits significantly increases the content of hydrolyzed and free arginine, whereas
the transient expression of the RrADC/ gene results in a decrease in the content of hydrolyzed and free

arginine.
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Fig.4. The heterologous transformation of R*rNAGS!I and RrADC].
(A) Phylogenetic analysis of RrNAGSI proteins from other species. (B) Phylogenetic analysis of
RrADC1 proteins from other species. (C) The expression of RrNAGS| in strawberry was analyzed using
gRT-PCR. Control represents the fruits containing an empty vector, while OE-RrNAGS1 represents the
fruits containing an overexpression vector. (D) The expression of the Rr4DCIgene in strawberry was
analyzed using qRT-PCR. Control represents the fruits containing an empty vector, while OE-Rr4DC1
represents the fruits containing an overexpression vector. (E) Enzyme activity of transient
overexpression of RrNAGSI and RrADCI. (F) Arginine content of transient overexpression of RrNAGS1
and RrADCI. Data shown are mean = SD of three independent biological replicates (n=3). The asterisk
indicates statistical significance between treatments according to Tukey's test. Rr: R. roxburghii, Rc:
Rosa chinensis, Pb: Pyrus x bretschneideri, ¥v: Fragaria vesca , Sl: Solanum lycopersicum, At:
Arabidopsis thaliana.
3.5 RrLHY binds and activates the RrNAGS1 promoter.

After confirming RrNAGS! and RrADCI as key genes involved in arginine metabolism, we
analyzed their 2-kb upstream sequences and identified multiple binding sites for MYB transcription

factors, indicating the significance of MYB in arginine accumulation (Fig. S2). Transcriptomic data were
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employed to identify 13 RrMYBs associated with the expression of RrNAGSI and RrADC|. The analysis
revealed that evm.model.Contigl91.1 (RrLHY, LATE ELONGATED HYPOCOTYL) exhibited a
significant positive correlation with R*rNAGS! and an inverse correlation with Rr4DC1 (Table S3). qRT-
PCR analysis revealed that the expression pattern of RrLHY across eight developmental stages of fruit
was consistent with that of RrNAGS! and arginine content (Fig. 5A). Consequently, RrLHY was
identified as a candidate gene for studying the regulation of arginine metabolism.

First, subcellular localization analysis suggested that RrLHY was a nucleus-localized protein
consistent with the proposed TF function (Fig. 5B). Furthermore, the yeast one-hybrid experiment
indicated that RrLHY binds to the RrNAGSI promoter (Fig.5C) but does not bind to the RrADCI
promoter (Fig. 5D). Additionally, luminescence intensity of the leaves are shown in Figure SE. When
358::RrLHY+proRrNAGS1::LUC are co-expressed in the leaves, the luminescence intensity of D-
Luciferin is significantly higher than that of Empty vector+proRrNAGS1::LUC. Moreover, the results of
a dual-luciferase assay in tobacco leaves (threshold set as 2) suggested that RrLHY activated the
RrNAGS1 promoter, of approximately 2.2-fold (Fig. 5F). Next, in vitro experiments using electrophoretic
mobility shift assay (EMSA) revealed that RrLHY could directly recognize and bind to the AAATAT-
containing elements in the RrNAGS! promoter. When the specific AAATAT element was mutated by
CCCCCC sites, the putative RrLHY protein binding was eliminated. Meantime, the binding affinity of
the biotinylated probe was substantially reduced as the concentration of the competitor (cold probe)
increased (Fig. 5G). Collectively, these results revealed that RrLHY functions as a positive direct

regulator activating RrNAGS1 expression.
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358 (A) Heatmap analysis of arginine content and the expression of 13 RrMYBs, RrNAGS1, and RrADCI.
359 (B) Subcellular localization analysis of RrLHY. The fluorescent signals were detected in tobacco cells
360  transfected with RrLHY-GFP and the nuclear RFP-NLS marker. Scale bar =20 1 m. (C) Yeast 1-hybrid
361 analysis of RrLHY binding capacity to the RrNAGS1 promoter, with the empty vector pPGADT7 (AD)
362  used as a negative control. (D) Yeast 1-hybrid analysis of RrLHY binding capacity to the RrADCI
363 promoter, with the empty vector pPGADT7 (AD) used as a negative control. (E) Transient transformation
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promoter, the LUC/REN value of the empty 35S vector on the RrNAGS! promoter was set to 1.0, and Se
values were calculated using 3 biological replicates. Different letters indicate significant differences (P
< 0.05) by Duncan's multiple range test. (G) In vitro binding ability of RrtLHY to the RrNAGS1 promoter
performed by EMSA. The presence (+) or absence (—) of specific probes is marked. The black arrows
become larger from left to right, indicating an increase in the concentration of competitive probes. MBP
protein was used as a negative control.
3.6 Overexpression and silencing of RrLHY gene correlate with Arginine accumulation in R.
roxburghii

To confirm the role of RrLHY in regulating arginine biosynthesis, we conducted experiments
involving transient overexpression and virus-induced gene silencing (VIGS) in R. roxburghii fruits. The
transient overexpression of RrLHY resulted in a significant increase in the expression of RrNAGSI,
which in turn elevated both enzyme activity and arginine levels (Fig. 6A-D). In contrast, VIGS led to a
decrease in RrNAGS1 expression, enzyme activity, and arginine levels when RrLHY was silenced (Fig.
6E-H). These findings suggest that RrLHY plays a crucial role in modulating arginine biosynthesis by
inducing the expression of RrNAGS]I.

To validate our findings, we generated transgenic R. roxburghii callus that overexpresses RrLHY.
The presence of the transgene in the OE-RrLHY R. roxburghii callus was confirmed via PCR (Fig. 7A).
The OE-RrLHY transgenic lines demonstrated significantly elevated levels of RrNAGSI, enzyme
activity, and arginine compared to the control (Fig. 7B-E). In conclusion, RrLHY exerts a specific

regulatory effect on RrNAGS]1, thereby promoting arginine accumulation.
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Fig.6. Effects of RrLHY overexpression and silencing on RrNAGSI Expression, NAGS Activity, and
arginine content in R. roxburghii Fruits.

(A) The expression of the RrLHY gene in R. roxburghii fruit was analyzed using qRT-PCR. The control
represents fruits containing an empty vector, while OE-RrLHY represents the fruits containing an
overexpression vector. (B) Transcriptional level of RrNAGS! in fruits after transient overexpression of
RrLHY. (C) NAGS enzyme activity in fruits after transient overexpression of RrLHY. (D) Effect of
transient overexpression of RrLHY on the hydrolyzed and free arginine content in the fruits. (E) qRT-
PCR was employed to analyze the transcription level of RrLHY in the fruits after VIGS-induced silencing
of the gene. The fruits infected with an empty vector were referred to as Control, while the fruits infected
with a silent vector were referred to as VIGS-RrLHY. (F) Transcriptional level of RrNAGS! in fruits after
VIGS silences RrLHY gene. (G) Impact of VIGS-mediated silencing of the RrLHY gene on NAGS
enzyme activity in the fruits. (H) Impact of VIGS-mediated silencing of the RrLHY gene on the contents
of hydrolyzed and free arginine in the fruits. Data shown are mean + SD of three independent biological
replicates (n=3). Asterisks indicates statistical significance between treatments according to Tukey's test

(*, P<0.05; **, P <0.01).
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Figure.7. Stable overexpression of RrLHY increases arginine content in transgenic callus

(A) The phenotype of OE-RrLHY callus: M represents 2000 Marker; WT represents nontransgenic callus;
Control represents the overexpression vector plasmid; and OE-RrLHY represents transgenic callus. (B)
The expression of the RrLHY gene in R. roxburghii fruit was analyzed using qRT-PCR. Control represents
the fruits containing an empty vector, while OE-RrLHY represents the fruits containing an overexpression
vector. (C) Transcriptional level of RrNAGSI in fruits after transient overexpression of RrLHY. (D)
NAGS enzyme activity in fruits after transient overexpression of RrLHY. (E) Effect of transient
overexpression of RrLHY on the hydrolyzed and free arginine content in the fruits. Data showed are mean
+ SD of three independent biological replicates (n=3). Asterisks indicates statistical significance
between treatments according to Tukey's test (*, P < 0.05; **, P <0.01).

4. Discussion

4.1 Changes in arginine content during the development of R. roxburghii fruits.

The content of metabolites in R. roxburghii Tratt fruits peak at different developmental stages.
Specifically, the content of lignin, hemicellulose, cellulose, and pectin reach their maximum levels 30
DAA (Zhang et al., 2021), whereas organic acids, lipids, and ascorbic acid (ASA) peak at 90 DAA (Li et
al., 2022; Lin et al., 2024). Notably, the concentrations of carotenoids, proanthocyanidins, phenolics,

coumarins (Li et al., 2022), as well as arginine, total free glutamate, and total free amino acids, that are
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the focus of this study, all reach their highest levels 60 DAA (Fig. 1C-1D). During this critical
developmental period, the arginine content in fruit of R. roxburghii is significantly higher than that of
mature fruits (120 DAA), indicating that this is the optimum stage for extracting these metabolites, to
efficiently utilize these bioactive components and provide high-quality raw materials for the food and
pharmaceutical industries.

Research on arginine accumulation during fruit development is relatively limited. Lv et al. (2020)
found that free arginine decreases during the development of strawberry fruits. In this study, we
investigated arginine in R. roxburghii fruits and discovered that the contents of free arginine and
hydrolyzed arginine reached their peak at 60 DAA, followed by a downward, fluctuating trend that is
consistent with the changes in glutamate and total amino acids. This is similar to the amino acid content
changes observed during the fruit development of 'Yali' pears (Fan et al., 2020). Furthermore,
environmental factors such as light, drought, and low temperature have been demonstrated to influence
arginine levels in plants (Kc et al., 2021; Molesini et al., 2015; Mao et al., 2020). Consequently, we
hypothesize that the accumulation of arginine in R. roxburghii fruits is not only associated with the
developmental stage but may also be affected by external environmental factors.

4.2 RrNAGS1 and RrADCI are key genes in the arginine metabolic pathway during the
development of R. roxburghii fruit.

The regulation of arginine levels is controlled by essential enzyme genes within this metabolic
pathway (Slocum, 2005). Specifically, the ASL gene in rice, the NAGK gene in Arabidopsis, the OTC
gene in watermelon, and the ASS gene in peanut are all critical to the regulation of arginine synthesis in
their respective plant species (Xia et al., 2014a; Huang et al., 2017; Joshi et al., 2019; Li et al., 2022).
In this study, we investigated the regulatory mechanisms underlying arginine synthesis in the fruit
of R. roxburghii. We identified RrNAGSI as a crucial rate-limiting gene essential for this process
within the fruit. By overexpressing R¥rNAGS! in both R. roxburghii and strawberry fruits, we
observed a significant increase in arginine levels (Fig. 3C-4F). These findings are consistent with
the research conducted by Kalamaki et al. (2009) and Mao et al. (2023), suggesting that the
NAGSI gene likely performs similar functions across various plant species, including tomato fruits
and rubber trees (Hevea brasiliensis). In addition, we examined the regulatory mechanisms
underlying arginine catabolism. By overexpressing the key gene RrADCI in the fruits of R.

roxburghii and strawberries, we observed a significant reduction in arginine content within the
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fruits (Fig. 3F-4F). This finding is consistent with research conducted by Gao et al. (2021), which
demonstrated that abscisic acid (ABA) can upregulate the ADC gene, leading to a reduction in
arginine accumulation and promoting fruit ripening. Therefore, we can infer that Rr4DCI plays a
crucial role in regulating arginine accumulation and facilitating the process of fruit ripening.
4.3 RrLHY increases arginine biosynthesis by controlling RrNAGS1 transcription level

LHY is a MYB transcription factor that belongs to the RVE family, characterized by its
SHAQKYF-type Myb DNA-binding domain (McClung et al., 2013). Recent studies have broadened
the scope of LHY research beyond its established roles in regulating circadian rthythms (Wang et al.,
2021), hormone signaling (Zhou et al., 2024), photoperiodic flowering (Fan et al., 2024), and stress
responses (Lu et al., 2023), to include its influence on fruit quality. In spinach (Spinacia oleracea),
SoLHY significantly influences the expression of the key ascorbic acid (ASA) synthesis gene SoVTC2,
thus participating in the regulation of the ASA biosynthetic pathway (Thammawong et al., 2024).
Under light-induced conditions, LHY contributes to the regulation of anthocyanin content in pepper
(Capsicum annuum) and sweet cherry (Prunus avium), as well as affecting carotenoid metabolism in
cucumber (Cucumis sativus) (Zhou et al., 2024; Zhang et al., 2023; Obel et al., 2022). In jasmine
(Jasminum sambac), JsLHY regulates the transcription of genes involved in the aromatic biosynthetic
pathway, thereby promoting the production of vinylphenol (VPB) and vinylphenolic acid (VT) (Zhou
et al., 2024). However, the role of LHY in the arginine biosynthetic pathway has not yet been
investigated. In this study, we used Yeast one-hybrid, dual-luciferase, and electrophoretic mobility shift
assays (EMSA) to confirm that RrLHY activates the RrNAGSI promoter through binding to the
AAATAT element (Fig. 5). This binding sequence aligns with those identified in Arabidopsis and
soybean (Adams et al., 2018; Lu et al., 2020). Overexpression of RrLHY in fruit and callus tissues
enhances RrNAGS1 expression and promotes arginine accumulation (Figs. 6-7). In contrast, the
correlation between RrADC1 and RrLHY was found to be weak, with no interaction detected (Figs. SA-
D). Our findings indicate that RrLHY positively regulates the key enzyme gene RrNAGS! within the
arginine biosynthetic pathway, thereby facilitating arginine synthesis.

During the analysis of transcriptomic data from R. roxburghii and qRT-PCR data across eight
different fruit development stages (15-120 DAA), we found that the expression of the RrLHY gene
peaked at the 30 DAA and 60 DAA stages. Concurrently, metabolites such as dietary fiber (including

lignin, hemicellulose, cellulose, and pectin), proanthocyanidins, flavonoids, and total phenolics also
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exhibited their highest content in the fruits at these specific stages (Zhang et al., 2021; Li et al., 2022).
Additionally, according to the research report by Lu and Guo et al. (2020), specific steps in the ascorbic
acid biosynthetic pathway exhibit rhythmic activity. Building on these findings, we hypothesize that the
RrLHY gene may play a role in regulating the synthesis of these key metabolites in R. roxburghii fruits.
Through the analysis of the cis-acting elements within the RrLHY promoter, we identified multiple
elements that respond to light, hormones, and low-temperature stress. This finding suggests that RrLHY
plays a significant regulatory role in the growth and development of R. roxburghii. Despite the
significance of the LHY transcription factor, its regulatory functions in plant growth and development
remain largely unexplored, especially concerning the formation of fruit quality. Further research is
necessary to clarify the role of LHY in various biological processes in plants, thereby providing a
theoretical foundation for the enhancement of fruit quality and nutritional value.
5. Conclusion

The quality of R. roxburghii fruit is closely linked to the accumulation of arginine, which is critically
significant for the breeding of superior protein varieties. To investigate this mechanism in depth, this
study successfully cloned two key structural genes that influence arginine accumulation in R. roxburghii
fruit: RrNAGS1 and RrADCI. Their functions were validated in both R. roxburghii and strawberry fruits,
further confirming their roles. Additionally, we identified potential regulatory factors for RrNAGS],
revealing that RrLHY can directly activate the transcription of RrNAGSI. Through the overexpression
of RrLHY, we observed a significant increase in the levels of free and hydrolyzed arginine in R.
roxburghii fruit. Employing Y1H and EMSA analysis techniques, we confirmed that RrLHY can directly
bind to the promoter of RrNAGSI, thereby regulating arginine synthesis in R. roxburghii fruit. These
findings emphasize the immense potential of R. roxburghii fruit as a functional food and its application
in food processing, providing a theoretical reference for cultivating R. roxburghii fruit varieties with
improved quality and high arginine content.
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Supplemental Figure S2. Analysis of crisis-acting elements of RrNAGS! and RrADCI genes in R.
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Supplemental Figure S2. Analysis of cis-acting elements of RrLHY genes in R. roxburghii .

Supplemental Table S1. Main Primers for experiments

Gene Primer sequence (5°-3”) Usage

evm.model.Contig273.43 F: GAGTGATTACAACACAAGCCATGG qRT-PCR
R: CTTGAGCTACCGAGTACCTTTCTC
F: TGATGGATGACAGCGAGAGTGAC

evm.model.Contig386.45 qRT-PCR
R: TCCAAGTGATGAGGGTCGTTCAC
F:GGAATTCTGGAGGATCGAGAGGATC

evm.model.Contig144.322 qRT-PCR
R: TACTAGCAGTCCTCACTCCCTGAG
F: GACCAGGTTGAAGCAGTAGTTAGC

evm.model.Contig381.144 qRT-PCR
R: AGCAGAGGTAGAGGATGTGTCAG
F: GTCAATTGCATCGGTGTTTCCTC

evm.model.Contigl61.452 qRT-PCR
R: GTAGACGGAAGTCAGCAGACAG
F: GGCAGGTCTGTATCTTTGCTGTG

evm.model.Contig332.117 qRT-PCR
R: TGGAAGAACCGCTGAATTGTGG
F: CAGTCATTTCGATGAGCTGTGAC

evm.model.Contig257.173 qRT-PCR
R: CCAGCAATTCGATCTCCATTCTC
F: TTCTGCGTACTGCTTGTGATGAG

evm.model.Contig80.183 qRT-PCR
R: CAGCTAGTGGCTTAGCTAGTGTC
F: CGTCTCAGAGAAAGGTCAGTACTTC

evm.model.Contig280.133 qRT-PCR
R: GAAGACCAGAATTCCTACAGGCATC
F: CTTCTGGGTTTAAGCCCACTCG

evm.model.Contig290.142 qRT-PCR
R: CGAGAACAATCCCAACGTTCAAG
F: GGAGAATCTGATGAAGAGCGTTGAG

evm.model.Contig281.196 qRT-PCR
R: GTTGCATGTTCATCGCATATCCATC
F: AATAGCATGGCCAGTAAAGCTCATG

evm.model.Contig190.95 qRT-PCR

R: GAATCCTCCAAGTGAGGTGATGATC



evm.model.Contig209.216

evm.model.Contig120.291

evm.model.Contig21.5

evm.model.Contig284.27

evm.model.Contig284.28

evm.model.Contigl04.466

evm.model.Contigl04.465

evm.model.Contig403.2

evm.model.Contig238.10

evm.model.Contig136.166

evm.model.Contig27.14

evm.model.Contig284.256

evm.model.Contig399.9

evm.model.Contigl91.1

evm.model.Contig120.279

evm.model.Contig428.22

evm.model.Contig381.8

evm.model.Contig418.339

evm.model.Contig414.68

evm.model.Contig8.29

evm.model.Contig418.567

evm.model.Contig247.80

evm.model.Contigl79.612

evm.model.Contig414.3

evm.model.Contig179.739

evm.model.Contig319.35

R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F: GAACAAAGACTGCTGTGCAGATC
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R

: CCATTGCAGGAGTTGGTGTG

: AAGCTTCCAAGGTATCGCTCC

: TAGATAGAGCAGCGGAAGTGAAGG
: TGAAACACGAGTTCTCATGGATGG

: CAGGCTGCGAAATTCTCACAG

: TCTCCATACCACGTGCAACTTC

: TGAAGTTGCACGTGATATGGAGAAG
: GTTGTCAGAACTTCTCCACCTAACC
: CTTGTTGGAGATCTTGCCAATGG

: GCACTTTCTTCCCACTCAACTTC

: ATGCCTTGATGGAGTTGCATGTC

: CTTGGTTGCGAGCTCTAGTTACAC

: ACTCTCCCTCAGACTCTTGAGTC

: AAGAAGCTTGGAGATTCTCTCGG

: CGTCCTATTATTGCTAAGGCCATGG

: ATGTCAGCTCAAACCGAACCTGATC
: GTTGAACAGCTTGAACGTGATGC

: CGATCGATTGGAAGTCCAGTGC

: CGTGATGTTCTCAACATACTGCAC

: CATTGCAGTCATCCCATCAACAG

: AGCTTGGCTTGTCTGGTTATGAAG

: TACAAGCTTCTGAACATGCTCTCTG
: AGTACATCTCGCTGGCTCTGATG

: CAGAATGCTTGGTTCTGAGCTTCG

: GTTCCAGGACATGCAGAAGGAG

: GTGCCTCGAATCGAACTCCTTC

: ATGTTGGAGCAGCTTCACTAGAC

: GGTGCAGGATCTCATGCATATAG

: AAGTAGAACTCGATACCTCTGTTC

: CCTTGTGCTTGAGCTTCACTC

: CTTCTCTTGAGCCTTCTTCCTC

: GATACAAGACCATGTTGGCAGC

: GTCAATGGGATCTGCAGAGCTTG

: CATTCGCTTGAACTCGATGAATCG

: ATTGCTCTGTTGCCCTGTAATTGG

: ATCAAGAGCAACAGCAACAAGAAG
: GAATCTCATGAGGCTCAATAAGTGG
: GGAAGGAAATGGATCGGATCAAGG
: AGAGCTGGTTACACCATCTGAGAC
: TCCTACCTTCCTCAGAGAACAGAC
: AATGTCTGTTTGGAGCCTTCTCTC

: CTCAGTGATACCAGAACTCCATCTC
: ATGAACATGTTCCCATGAGCTTGAC
: GTACATGCGATCCTAGTGGTATCG

: AGGAATACCATGGCTGACAGGAG

: CGACATGGTACTCCATTGTAGATC

: CTTTCTCACCTCTTCGTACTCTTC

: GGTAGAGTTGCAACTGGAATCG

: GCTTCGATCCTATCCAGAGCAG

: CTGTCCACACTCTCAGTTCACAC

: CTTCAACACCTGGAGAGGAACTG

qRT-PCR

qRT-PCR

qRT-PCR

qRT-PCR

qRT-PCR

qRT-PCR

qRT-PCR

qRT-PCR

gRT-PCR

gRT-PCR

gRT-PCR

qRT-PCR

qRT-PCR

qRT-PCR

qRT-PCR

qRT-PCR

qRT-PCR

qRT-PCR

qRT-PCR

qRT-PCR

qRT-PCR

qRT-PCR

qRT-PCR

gRT-PCR

qRT-PCR

qRT-PCR
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F:ATGCAGATYTTTGTGAAGAC

RrUBQ gRT-PCR
R: ACCACCACGRAGACGGAG
F: TGGGTTTGCTGGAGATGAT
Action qRT-PCR
R: CAGTTAGGAGAACTGGGTGC
F:CTGTCATCTTGTGGCTTTCCGA
RrEX84B qRT-PCR
R:.TTGTAAGCCAAGAGGACCCAA
Gene Primer sequence (5’-3") Usage
RrNAGS1 F: ATGGCTACTCTAAGATCAAGGCTG Cloning
: GGAGACCACCACGACAAATGTC
RrADCI : CAGACGTCCTCCGTGTGATG Cloning
: GCACGGCAATATGACCAGTC
RrLHY : ATGGACAATTTCTCATCTGG Cloning
: GAATGTCAAGTTGAAGCCTCC
OE-RrNAGS1 : CGCGGTGGCGGCCGCTCTAGAGCAACAATGGCTACTCTAAGATC Gene
: GATCTGCAGCCCGGGGGATCCAGGAAGATGGTGGATTGGGACTC Overexpression
: CGCGGTGGCGGCCGCTCTAGAATTAGATCGTCGCGGAAGAGATG Gene
OE-RrADCI
é : GATCTGCAGCCCGGGGGATCCGCAGAACAAACCACCAACAACAG Overexpression
: ACGGGGGACGAGCTCGGTACCATGGACAATTTCTCATCTGGGG Gene
OE-RrLHY

VIGS-RrNAGS1

VIGS-Rr4DCI

VIGS-RrLHY

35S-RrLHY

pRrLHY

pRrNAGS

LHY-AD

NAGSI-phis2

ADCI-phis2

MBP-LHY

GFP

: AACGATCCTGCAGCGACGCGTTCAAGTTGAAGCCTCCCCTTC

R

F

R

F

R

F

R

F

R

F

R

F: GTGAGTAAGGTTACCGAATTCATGGCTACTCTAAGATCAAGGCTG
R: CGTGAGCTCGGTACCGGATCCGGAGACCACCACGACAAATGTC

F: GTGAGTAAGGTTACCGAATTCCAGACGTCCTCCGTGTGATG

R: CGTGAGCTCGGTACCGGATCCGCACGGCAATATGACCAGTC

F: GTGAGTAAGGTTACCGAATTCACTAGCTTTAGCTGTCCTGTGCC

R: CGTGAGCTCGGTACCGGATCCCAGTTGTTGCTAGGTCCTTCTCATT
F: ACGAACGATAGCCATGGTACCATGGACAATTTCTCATCTGGGG

R: GCCTGCGGCCGCGCCGGATCCAGTTGAAGCCTCCCCTTCCA

F: ACGGGGGACGAGCTCGGTACCATGGACAATTTCTCATCTGGGG

R: AACGATCCTGCAGCGACGCGTTCAAGTTGAAGCCTCCCCTTC

F: CTATAGGGCGAATTGGGTACCGAGTGAGAAGTAACATACAGGAGCATC
R: GGGCTGCAGGAATTCGATATCATATAGCCTAGTAGCAGAAACGCG
F: TATGGCCATGGAGGCCAGTGAATTCATGGACAATTTCTCATCTG
R: TCTGCAGCTCGAGCTCGATGGATCCTCAAGTTGAAGCCTCC

F: ATACGACTCACTATAGGGCGAATTCGAGTGAGAAGTAACATAC

R: ACCGCGGATCGATTCGCGAACGCGTATATAGCCTAGTAGCA

F: ATACGACTCACTATAGGGCGAATTCCCTCAAGACTTTCATGGACT
R: ACCGCGGATCGATTCGCGAACGCGTCTCTTCCGCGACGATC

F

GATCGGGCTCAGGGAGTGGTTCCGGCAGCGGCTCTGGATCGGCTGCCGCA
GCAATTATGGACAATTTCTCATCTGGGGA

R:
ACTGCCGCCACTACCACCACCACTACCACCGCCTTTTTCAAACTGCGGAT
GGCTCCAAGTTGAAGCCTCCCCTTCCAAG

F: ATGGTGAGCAAGGGCGAGGA

R: TTACTTGTACAGCTCGTCCA

Overexpression

Gene silencing

Gene silencing

Gene silencing

Subcellular

localization

Dual-luciferase

Dual-luciferase

Y1H

Y1H

Y1H

EMSA

transgenic

testing

Supplemental Table S2. Structure genes of the regulated arginine accumulation

correlation coefficient
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gene ID Annotation metabolism Free arginine Hydrolyzed arginine All arginine
evm.model.Contig273.43 NAGSI anabolism 0.75% 0.815%* 0.834**
evm.model.Contig386.45 NAGS2 anabolism -0.576 -0.388 -0.414
evm.model.Contig144.322 NAGK anabolism -0.493 -0.604* -0.614*
evm.model.Contig381.144 NAGK anabolism -0.633* -0.217 -0.256
evm.model.Contigl61.452 ArgC anabolism -0.586 -0.595 -0.612*
evm.model.Contig332.117 ArgC anabolism -0.536 -0.627* -0.639*
evm.model.Contig257.173 ArgD anabolism -0.045 -0.274 -0.265
evm.model.Contig80.183 ArgD anabolism -0.454 -0.359 -0.377
evm.model.Contig280.133 ArgD anabolism -0.479 -0.185 -0.213
evm.model.Contig290.142 ACY1 anabolism -0.116 -0.115 -0.118
evm.model.Contig281.196 ACY1 anabolism -0.231 -0.254 -0.26
evm.model.Contig190.95 ACY1 anabolism -0.056 -0.62 -0.595
evm.model.Contig209.216 ArgE anabolism -0.618* -0.401 -0.429
evm.model.Contig120.291 ArgF anabolism 0.17 0.314 0.313
evm.model.Contig21.5 ArgF anabolism -0.672* -0.15 -0.194
evm.model.Contig284.27 ArgF anabolism -0.47 -0.534 -0.545
evim.model.Contig284.28 ArgF anabolism -0.523 -0.507 -0.523
evm.model.Contigl04.466 ArgG anabolism -0.242 -0.583 -0.574
evm.model.Contigl104.465 ArgG anabolism -0.372 -0.204 -0.223
evm.model.Contig403.2 ArgG anabolism -0.187 -0.28 -0.281
evim.model.Contig238.10 ArgH anabolism -0.308 0.006 -0.018
evm.model.Contig136.166 Arg catabolism -0.382 0.022 -0.008
evm.model.Contig284.256 ADCI1 catabolism -0.303 -0.653* -0.646*
evm.model.Contig27.14 ADC2 catabolism -0.697* -0.559 -0.587
evm.model.Contig399.9 NOS catabolism -0.505 0.091 0.048
Note: * and ** represent significant difference at 0.05 and 0.01 levels, respectively.
Supplemental Table S3. Transcription factor of the regulated arginine accumulation
correlation coefficient
gene ID Annotation RiNAGSI RrADCI
evm.model.Contigl91.1 RrLHY 0.715 -0.905**
evm.model.Contig120.279 RrRADIALIS-like 5 0.761 -0.832%*
evm.model.Contig428.22 RrMYBS59 0.782 -0.825%*
evm.model.Contig381.8 RrREVEILLE 1 0.831* -0.803*
evm.model.Contig418.339 RrSRM1 0.820* -0.797
evm.model.Contig414.68 RrODORANTI 0.856* -0.77
evm.model.Contig8.29 RrMYB44 0.806* -0.766
evm.model.Contig418.567 RrMYB06 0.857* -0.756
evm.model.Contig247.80 RrDIVARICATA 0.84* -0.752
evm.model.Contigl79.612 RrREVEILLE 8 0.89%* -0.751
evm.model.Contig414.3 RrDMTF1 0.896%* -0.722
evm.model.Contig179.739 RrASI 0.993%* -0.73
evm.model.Contig319.35 RrMYBP -0.724 0.976**

Data availability

Data will be made available on request.

Note: * and ** represent significant difference at 0.05 and 0.01 levels, respectively.
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