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Abstract 

Arabidopsis thaliana has been successfully used as a model organism for agriculture research. 

This model plant gives the opportunity to find out novel ways for the manipulation of gene 

function to improve commercial crop production. To elucidate gene function, reverse genetics 

got ample attention. Reduced gene expression in model plant and its implications as phenotypic 

response aids large scale investigation of gene functions. To find out the effect of the reduced 

arginine content on plant growth and development, we did a complete phenotypic analysis of 

arginine-deficient mutants. We generated artificial microRNA (amiRNA)-based mutants for two 

genes in arginine biosynthesis, argininosuccinate synthase (AS) and argininosuccinate lyase (AL). 

Quantitative real time PCR (qRT-PCR) of mutant plants showed reduced gene expression. In 

case of AS mutant lines, as3-3 and as2-6 showed almost 60% decrease in gene expression. 

Whereas two AL mutants al1-5 and al4-3 showed more than 50% decrease in gene expression. 

Amino acid analyses of mutant plant lines by Ultra High-Performance Liquid Chromatography 

(UPLCTM) showed reduced arginine production as compared to wild type plants. Arginine 

content of 20-day-old as2-6 and al4-3 lines was reduced to 46% and 54%, respectively. 

However, in 30-day-old plants arginine levels tend to increase and in as2-6 and al4-3 lines the 

arginine content was 50% and 57% respectively, finally, the phenotypic analysis revealed altered 

rosette growth and delayed flowering response in mutant plants as compared to the wild type 

plants. Our results provide insights on the role of arginine metabolism in plant rosette growth and 

initiation of flowering.  

Keywords: Arabidopsis thaliana; Arginine-deficient mutants; Argininosuccinate synthase; 

Argininosuccinate lyase; Phenotypic analysis; Quantitative RT-PCR  

Introduction 

Arabidopsis thaliana is a small flowering 

plant from the mustard family having 

several traits that made it the first choice as a 

model plant, especially for genetic and 

metabolomics studies [1, 2]. A. thaliana 

genome project identified nearly all its genes 

and their corresponding sequences [1]. 

However, insights into function of these 

genes remain still widely unexplored. To 
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cope with this deficiency, the reverse 

genetics is used as a suitable genetic 

engineering tool to find out the gene 

function and to explore complex interactions 

among thousands of genes [3, 4]. To achieve 

this, gene disruption, also known as gene 

knockout or gene silencing i.e., reduction of 

gene expression, is widely used technique. 

In most cases, dominant null mutation may 

appear lethal and such plants will not 

survive and instead of gene knockout, 

reduction in gene function using the RNA 

interference (RNAi) becomes the tool of 

choice. In this technique, expression of a 

gene is reduced by antisense RNAs [5]. 

Post-Transcriptional Gene Silencing is a 

biological response against double stranded 

RNA to incur resistance against viruses and 

to regulate gene expression. Plant 

microRNAs (miRNAs) can target RNA 

molecules highly complementary to them. 

Due to this reason, artificial microRNA 

(amiRNA) becomes a tool of choice for the 

reduction of gene expression in plants [6]. 

Finally, to completely understand the effects 

of gene knockout or gene silencing and 

following disruption of its function, the 

resulting phenotype must be properly 

identified. However, search for a phenotype 

clearly distinct from wild type could be a 

tedious process due to several factors such 

as gene redundancy, very minute changes in 

growth and development and natural 

variability of plants [7].  

Plant growth and development is mostly 

limited by nutrient availability. Nitrogen is a 

limiting nutrient in most of the cases and 

thus its metabolism is getting considerable 

attention in plant research. Amino acid 

arginine serves as a precursor for many 

important molecules associated with cell-

signaling, polyamine and nitric oxide (NO) 

production [8] being an important metabolite 

for several cellular processes. Arginine is an 

important storage and nitrogen-transport 

molecule in plants [9]. In plants, it is 

produced from ornithine, which is 

catabolized to citrulline by Ornithine 

transcarbamylase (OTC). Subsequently, 

argininosuccinate synthase (AS) synthesizes 

argininosuccinate from citrulline. Finally, 

argininosuccinate lyase (AL) produces 

arginine from argininosuccinate [10, 11]. 

Arginine forms 40–50% of total nitrogen 

reserve in seed proteins [12] and is an 

important storage form of nitrogen in roots 

and underground organs of plants [13]. 

Arginine metabolism has a significant role 

in nitrogen recycling and distribution in 

plants [11] and is also used to fine-tune 

many developmental responses during plant 

growth and development as well as during 

plant biotic stress [10, 14]. In this study, we 

determined phenotypic implications of 

arginine deficiency during the entire growth 

and development of A. thaliana. We focused 

on the phenotypic interpretation of 

differences between wild type and mutant 

lines resulting from the genetic variation 

induced by targeted gene silencing of 

arginine metabolic pathway. 

Materials and Methods 

Plant growth conditions 

Surface-sterilized seeds of A. thaliana wild 

type (Col-0) and the mutant lines (as3-3, 

as2-6, al1-5 and al4-3) were grown on half 

strength MS medium [15] without 

supplemented sucrose in the plate-based 

experiment. For soil-based analysis, seeds 

were grown in pots. Growth conditions for 

both plate- and soil-based experiments were 

16 h light/8 h dark and 25oC.  

Gene silencing by artificial microRNAs 

Artificial microRNA (amiRNA) was 

generated into the endogenous A. thaliana 

miR319a precursor by site-directed 

mutagenesis [6]. Briefly sequence of 

amiRNAs for both AS (At4G24830) and AL 

(At5G10920) genes were identified by using 

the “WMD Web Micro-RNA Designer” 

(http://wmd2.weigelworld.org). Online tool 

generated sequence for four oligonucleotides 
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(I to IV) are presented in Table 1. These 

oligonucleotides were used as primers in a 

PCR-based amplification of miR319a 

template to generate amiRNA sequences. 

Obtained amiRNA sequences were inserted 

into the modified pPZP3425 vector [16] 

already heaving kanamycin resistance gene 

and double 35S CaMV promoter. Resulting 

plasmids were sequenced to confirm the 

presence of inserts. A. thaliana wild type 

(Col-0) plants were transformed with these 

plasmids using the floral dip technique [17]. 

Seeds were collected from transformed 

plants and screened on 50mg/l kanamycin 

containing medium. Homozygous plants 

were collected after segregation analysis of 

the selected seeds. Gene silencing efficiency 

of the amiRNA was tested by qRT-PCR 

using primers shown in the (Table 1).

  

Table 1. Primers used for amiRNA cloning and qRT-PCR 
Gene Direction Primer Sequence 5’- 3’ 

At4G24830 

(AS) 

amiRNA 

I GATTAAAGACGAATAAACCCGGGTCTCTCTTTTGTATTCC 

II GACCCGGGTTTATTCGTCTTTAATCAAAGAGAATCAATGA 

III GACCAGGGTTTATTCCTCTTTATTCACAGGTCGTGATATG 

IV GAATAAAGAGGAATAAACCCTGGTCTACATATATATTCCT 

At5G10920 

(AL)amiRNA 

I GATTCTACAAAAGTTAAGAGGACTCTCTCTTTTGTATTCC 

II GAGTCCTCTTAACTTTTGTAGAATCAAAGAGAATCAATGA 

III GAGTACTCTTAACTTATGTAGATTCACAGGTCGTGATATG 

IV GAATCTACATAAGTTAAGAGTACTCTACATATATATTCCT 

At4G24830 

(AS) qRT-PCR 

Forward AAAGCACGGGATTGGGCGGA 

Reverse GCGGATCAAACCATCTTCCTGCG 

At2G10920 

(AL) qRT-PCR 

Forward GCAGCTCGAACGTGATGCTGGT 

Reverse CCTCGGAAGCCCACAGTACCCA 

18S rRNA 

qRT-PCR 

Forward TGACACGGGGAGGTAGTGACA 

Reverse AGTCTGGTAATTGGAATGAGTACAATCTAA 

 

Sample collection, RNA extraction and 

quantitative RT-PCR 

Samples were collected from A. thaliana 

wild type (Col-0) and mutant lines (as3-3, 

as2-6, al1-5 and al4-3). Samples were 

immediately frozen in liquid nitrogen. Total 

RNA was extracted using the RNeasy Plant 

Mini Kit (Qiagen, Hilden, Germany), 

manufacturers provided extraction protocol 

was used, which included a DNase I 

digestion step to remove any DNA 

contamination (Qiagen, Hilden, Germany). 

Total RNA was analyzed for quality and 

quantity by using Agilent 2100 bioanalyzer 

(Agilent Technologies, Palo Alto, CA, 

USA). Random primers [oligo(dN)6] and 

the SuperScript III reverse transcriptase 

(Invitrogen, Carlsbad, CA, USA) was used 

to transcribe cDNA from total RNA 

according to the producer’s provided 

protocol. Quantitative real-time PCR was 

performed using ABI PRISM 7300 

Sequence Detector PCR machine (Applied 

BioSystems). PCR program was carried out 

at 50oC for 2 min 95oC for 5 min followed 

by 40 cycles at 95oC for 15s, 60oC for 30s 

and 72oC for 1 min. 18S rRNA primers were 

used as internal reference. Sequences of all 

primers for qPCR are given in Table 1. Data 

analysis was performed by Sequence 

Detection Software SDS v2.0 (Applied 

BioSystems, USA). Three independent 

biological replicates from each plant line 

were used for RNA extraction. Each 

replicate was run in three technical 

replicates to minimize the experimental 

errors. Relative gene expression was 

calculated using 2-ΔΔCT method [18]. 
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Amino acid analysis 

Plants were harvested from culture plates at 

20 and 30 days after germination. Sampling 

was done for five biological replicates from 

independently grown plants. Plant material 

was frozen in liquid nitrogen and 

homogenized with a mixer mill at maximum 

frequency for 1 min in 1.5 ml Eppendorf 

tubes. Extraction was done using a solvent 

mix containing 20 % (v/v) chloroform, 20 % 

(v/v) distilled water and 60 % (v/v) 

methanol. Samples were centrifuged for 10 

min at 14000 rpm. Supernatant was 

transferred into clean sterilized tubes. 

Aqueous phase was evaporated with a 

speed-vac (Savant Speedvac SPD 111; 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA). Reversed-phase liquid 

chromatography using a Waters Ultra High-

Performance liquid chromatography 

(UPLCTM) system with a Waters Tunable 

UV (TUV) detector was performed for 

quantification of amino acids in each sample 

as described previously [19].   

Phenotypic analysis 

Homozygous lines selected on kanamycin 

were subjected to growth stage-based 

phenotypic analysis to check if mutation is 

associated with a specific phenotype. 

Phenotype analysis was performed for the 

growth stages described previously [20, 21]. 

Experiment was divided into two phases.  

In first phase (plate-based experiment) 

analysis was done on sterile culture media. 

Surface-sterilized seeds of A. thaliana wild 

type (Col-0) and mutant lines (as3-3, as2-6, 

al1-5 and al4-3) were sown on Petri plates 

containing 40 mL of sterile 0.5x MS 

medium [15] without supplemented sucrose. 

Plates were incubated in a cold room for 3 

days at 4oC to synchronize germination and 

then transferred to growth chamber at 16h 

light/8h dark and 25oC. Daily measurements 

were performed to assess seedling 

development from the first day in the growth 

chamber until the growth stage 1.05 is 

attained in 50% of the plants. Plates were 

placed in a randomized block design and 

shuffled after every measurement cycle. 

Five biological replicates were used for each 

plant line. Growth stages studied during this 

phase are listed in (Table 2; Fig. 1). 

In the second phase (soil-based experiment) 

plants were grown in individual 3x3 inch 

pots with a standard potting compost 

mixture. Pots were placed in plastic trays (in 

a 3x5 grid manner). Trays were placed in 

growth chamber at 16 h light/8 h dark and 

25oC after three days of stratification at 4oC. 

Plants were watered by sub-irrigation in 

trays when needed. Growth stages were 

recorded as described in (Table 3; Fig. 1). 

Five biological replicates were used for each 

plant line. Pots in each trial were shuffled 

after every measurement cycle. 

Statistical analysis of the data 

Statistical variations among the wild type 

and mutant plants were tested using 

ANOVA and LSD tests (p < 0.05). Data of 

qRT-PCR was analyzed by using Students t-

test. Software package STATGRAPHICS 

Plus Version 5.0 was used for statistical 

analysis of the data. 

 

Table 2. Growth stages defined for Arabidopsis thaliana for phenotypic analysis on MS 

media in culture plates [20, 21]  

Seed Germination Analysis Development of Rosette Leaves 

0.10 Imbibition of seed 1.0 Cotyledons opened 

0.50 Emergence of radicle 1.02 Two rosette leaves ≥1 mm 

0.7 Hypocotyl and cotyledon appearance 1.04 Four rosette leaves ≥1 mm 

  1.05 
Primary roots ≥3 cm in length in ≥ 50% of the 

seedlings 
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Figure 1. Growth stages defined for Arabidopsis thaliana. (A) 1.04; Four rosette leaves ≥1 

mm. (B) 1.08; Eight rosette leaves ≥1 mm. (C) 6.50; Flower blooming ≥50%. (D) 1.10; Ten 

rosette leaves ≥1 mm.  (E) 5.10; First flower bud appears 

 

Table 3. Growth stages defined for Arabidopsis thaliana for phenotypic analysis on compost 

mixture in pots [20, 21]   

Development of Leaves Development of Rosette Leaves 

1.02 Two rosette leaves ≥1 mm 3.20 Rosette ≥ 20% of full size 

1.03 Three rosette leaves ≥1 mm 3.50 Rosette ≥ 50% of full size 

1.04 Four rosette leaves ≥1 mm 3.70 Rosette ≥ 70% of full size 

1.05 Five rosette leaves ≥1 mm 3.90 Rosette ≥ 100% of full size 

1.06 Six rosette leaves ≥1 mm Emergence of Inflorescence 

1.07 Seven rosette leaves ≥1 mm 5.10 First flower bud appears 

1.08 Eight rosette leaves ≥1 mm Production of Flowers 

1.09 Nine rosette leaves  ≥1 mm 6.00 First flower bloom 

1.10 Ten rosette leaves ≥1 mm 6.10 Flower blooming ≥10% 

1.11 Eleven rosette leaves ≥1 mm 6.30 Flower blooming ≥30% 

1.12 Twelve rosette leaves ≥1 mm 6.50 Flower blooming ≥50% 

1.13 Thirteen rosette leaves ≥1 mm 6.90 Flower blooming ≥100% 

1.14 Fourteen rosette leaves ≥1 mm Ripening of Siliques 

  8.00 Shattering of the first silique 

  Senescence of Plants 

  9.70 Senescence of the plants completed 
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Results  

Analysis of A. thaliana wild type (Col-0) 

and mutant lines (as3-3, as2-6, al1-5 and 

al4-3) presented here provides insights into 

differences in plant phenotype resulting 

from reduced arginine cycling. The role of 

arginine synthesis during plant growth and 

development was analyzed using amiRNA-

directed gene silencing. Two important 

genes in the arginine biosynthesis pathway, 

argininosuccinate synthase (AS) and 

argininosuccinate lyase (AL) were chosen 

for silencing due to their importance in 

arginine biosynthesis [11]. Homozygous 

mutant lines were tested for gene silencing 

efficiencies of the amiRNA inserts using 

qRT-PCR. Gene expression of AS and AL in 

wild type plants was compared with mutant 

lines (as3-3, as2-6, al1-5 and al4-3) and the 

mutants with more than 50% decrease in the 

expression were selected for further 

analysis. In case of AS mutant lines, as3-3 

and as2-6 showed almost 60% decrease in 

gene expression. Whereas two AL mutants 

al1-5 and al4-3 showed more than 50% 

decrease in gene expression (Fig. 2A). 

To elucidate the actual effect of the mutation 

on arginine biosynthesis pathway, amino 

acid profiling of the mutant lines (as2-6 and 

al4-3) was performed using Waters Ultra 

High-Performance liquid chromatography 

(UPLCTM) system [19]. Arginine content of 

20-day-old as2-6 and al4-3 lines was 

reduced to 46% and 54%, respectively, as 

compared to the wild type plants. However, 

in 30-day-old plants arginine levels tend to 

increase and in as2-6 and al4-3 lines the 

arginine content was 50% and 57% 

respectively, compared to the wild type 

plants (Fig. 2B). 

Growth stages of A. thaliana analyzed here 

(Table 2 & 3; Fig. 1) are adopted from 

BBCH scale [20, 21] and span the whole life 

cycle of A. thaliana ranging from imbibition 

of seed to the ripening of siliques and 

senescence of the plants. We recorded the 

time in days required for each stage to 

complete in the wild type and mutant lines 

(as3-3, as2-6, al1-5 and al4-3) under 

standard environmental conditions of 16h 

light/8h dark and at 25oC in a growth 

chamber. We collected growth data in two 

phases as mentioned in material and method 

section. In the first experiment data was 

collected from seed imbibition to early 

developmental stages. In this plate-based 

experiment none of the mutant lines showed 

any significant difference from the wild type 

plants (Fig. 3A). After the completion of the 

plate-based experiment, plants were grown 

in pots for the second phase of the study. 

Second phase spans the stages from leaf 

development to the maturation of siliques 

and senescence of the plants. In this phase, 

growth stages 1.02 to 1.14 did not show any 

significant difference between wild type and 

mutant plants (Fig. 3B). However, rosette 

growth in mutant plants took more time to 

complete as compared to the wild type 

plants (Fig. 3C & 4A). There was also a 

difference in flowering response between 

wild type and mutant plants. In mutant 

plants inflorescence emergence was late and 

first flower bud appeared almost 2-3 days 

later than in wild type plants (Fig. 3C & 

4B). Flower blooming started also late in the 

mutant plants as compared to wild type, but 

later flowering stages synchronized again in 

both mutants and wild type plants (Fig. 3C 

& 4C). 
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Figure 2. (A) Argininosuccinate synthase (AS) and argininosuccinate lyase (AL) gene 

expression in amiRNA-based A. thaliana mutant plant lines (as3-3, as2-6, al1-5 and al4-3) 

quantified by qRT-PCR. Mean values are shown in chart ± SE, Data was collected from 

three biological replicates and each sample was run in three technical replicates. * 

represents significant downregulation of genes compared to wild type A. thaliana (Col-0) 

plants (t-test, p < 0.05). (B) Arginine contents in A. thaliana wild type and amiRNA-based 

mutant plant lines (as2-6 and al4-3) were quantified by using UPLCTM. Mean values are 

shown in chart ± SE, n = 5 (Biological replicates). Significant difference within a group is 

shown by different letters (One-way ANOVA, LSD, p < 0.05) 
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Figure 3. Phenotypic analysis of wild type A. thaliana (Col-0) and amiRNA-based mutant 

lines (as3-3, as2-6, al1-5 and al4-3). (A) Plate-based experiment results; growth stages 0 to 

1.05 (B) Soil-based experiment results, growth stages 1.02 to 1.14 (C) Soil-based experiment 

results, growth stages 3.2 to 9.7. Boxes represent the chronological events among successive 

growth stages. Data shown here is mean of five biological replicates. Arrowheads represent 

a significant difference from wild type plants 
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Figure 4. Growth stage data from wild type A. thaliana (Col-0) and amiRNA-based mutant 

lines (as3-3, as2-6, al1-5 and al4-3). (A) Number of days taken for rosette growth from 20% 

to 100% of full size. (B) Number of days taken for inflorescence emergence i.e. first flower 

bud visible. (C) Number of days taken for flower production 1% (first flower bloom) to 

100% (no flower bud visible) 
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Discussion 

This study was performed to target 

phenotypic implications of silencing two 

genes coding for argininosuccinate synthase 

(AS) and argininosuccinate lyase (AL) in 

arginine metabolic pathway. Main aim of the 

study was to unravel potential differences in 

phenotype between wild type and arginine-

deficient mutant plants. Since AS was 

already found to regulate the synthesis of 

arginine in urea cycle [22], these genes were 

selected as potential candidate to reduce the 

synthesis of arginine in A. thaliana. 

Silencing of these two genes resulted in a 

significant decrease in arginine production. 

Arginine is not only essential amino acid in 

plants but also serve as precursor for the 

synthesis of many physiologically important 

metabolites [23, 24]. Arginine is synthesized 

in plants from ornithine during so-called 

urea cycle [9, 25], which is also referred to 

as arginine metabolic pathway. In this 

pathway, citrulline is catabolized by AS and 

AL to arginine [11], which can then be again 

catabolized to ornithine by the action of 

arginase enzyme in the final step of urea 

cycle [26]. In most of the plant species 

arginine is the major amino acid in seed 

proteins and it plays important role in the 

nutritional demand of the developing 

seedling [12]. Arginine also serves as major 

nitrogen storage form in roots and 

underground storage organs of plants [13, 

27]. Transport of arginine within plants is 

mostly done via vascular tissue and it 

depends upon AAP amino acid transporters. 

Especially AAP5 family has a high rate of 

arginine transport in plants [28, 29]. 

External application of arginine is reported 

to increase the biomass and shoot length in 

plants [30]. 

Growth and development of plants is 

controlled by multiple genetic and 

environmental factors [31]. Most of the 

methods for study the growth and 

development of a plant depend upon the 

quantification of plant phenotype. In this 

study we used growth stage-based analysis 

of plants [20] to determine the effect of 

silencing of two genes, argininosuccinate 

synthase (AS) and argininosuccinate lyase 

(AL). Our findings suggest that limiting the 

biosynthesis of arginine interferes with 

normal growth and development of rosette 

and delays flowering in A. thaliana. This can 

be a direct effect of silencing the AS and AL 

as both genes are involved in the initial 

stages of rosette growth and development as 

well as in the flowering response of A. 

thaliana [32], or due to the deficiency of 

arginine in urea cycle of the plant. Arginine 

serves as precursor for many metabolites in 

A. thaliana, which are involved in vital 

physiological processes [10]. Catabolism of 

arginine starts with its conversion into 

ornithine and urea. This reaction in A. 

thaliana is catabolized by an arginase 

enzyme coded by two genes ARGAH1 and 

ARGAH2. Arginase has a well-established 

role in the flow of nitrogen stored in 

arginine during many developmental 

processes of plants [10]. However, mutation 

in these genes did not translate to any 

developmental defects [10]. Arginine is also 

an important precursor for proline 

biosynthesis. Proline plays an important role 

as a compatible osmolyte against many 

stress responses especially during water 

stress [33]. However, proline accumulation 

is also reported in different plant organs 

during non-stress conditions. Reproductive 

structures accumulate a large amount of 

proline during growth and development 

[34]. We found delayed flowering in our 

mutants which can be a result of decrease 

proline accumulation due to less availability 

of arginine as a precursor. This is in line 

with reports showing delayed flowering 

response in proline-deficient A. thaliana 

mutants [35, 36]. Silencing of genes coding 

for enzymes converting the arginine into 

proline also results in late flowering 
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transition and retarded growth of A. thaliana 

plants [36, 37]. Polyamines are important 

molecules in regulation of plant metabolism 

and play a central role in cell signaling and 

many metabolic pathways [38]. Polyamines 

are a class of growth regulators found in 

plants [39]. Polyamine biosynthesis requires 

arginine as a precursor molecule [40, 41]. 

Their deficiency can affect many 

developmental processes in A. thaliana [42]. 

Exogenous application of spermidine greatly 

enhanced the flowering response of plants 

which normally poorly flower [43]. Early 

spike in polyamine levels leads to the earlier 

bolting in plants [44]. Accordingly, 

developmental changes in arginine-deficient 

mutants can be an indirect result of 

decreased polyamine production.  

Conclusion 

Studying the relationship between important 

metabolites is a key to understand biological 

and developmental processes in plants. In 

this study, we present the change in 

phenotype of arginine-deficient mutants in 

comparison to wild type A. thaliana plants. 

The knowledge on nitrogen remobilization 

can help in improving the crop plants for 

better growth and yield.  
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