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Abstract
Introduction  The ANGUSTIFOLIA3 (AN3) gene encodes a transcriptional co-activator for cell proliferation in Arabidopsis 
thaliana leaves. We previously showed that Physcomitrium patens AN3 orthologs promote gametophore shoot formation 
through arginine metabolism.
Objectives  We analyzed the role of AN3 in Arabidopsis thaliana to understand how seedling growth is regulated by meta-
bolic and physiological modulations.
Methods  We first explored amino acids that affect the seedling growth of an3 mutants. Transcriptome and metabolome 
analyses were conducted to elucidate the metabolic and physiological roles of AN3 during seedling growth. Lastly, we exam-
ined the distribution of reactive oxygen species to corroborate our omics-based findings.
Results  Our results indicated that an3 mutants were unable to establish seedlings when grown with leucine, but not arginine. 
Multi-omics analyses suggested that an3 mutants exhibit a hypoxia-like response. Abnormal oxidative status was confirmed 
by detecting an altered distribution of reactive oxygen species in the roots of an3 mutants.
Conclusion  AN3 helps maintain the leucine metabolism and oxidative balance during seedling growth in Arabidopsis thali-
ana. Future research is necessary to explore the interaction between these processes.

Keywords  ANGUSTIFOLIA3 · Arabidopsis thaliana · Hypoxia response · Leucine metabolism · Reactive oxygen 
species
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1  Introduction

Amino acids are used as materials for protein biosynthesis 
and as carbon backbones to produce various metabolites. 
Given their physiological and metabolic importance, their 
metabolism generally remains stable even under fluctuat-
ing environments. Accumulating evidence nevertheless 
suggests that some amino acid metabolisms are relevant to 
specific plant tissue growth, for example, l-arginine (Arg) 
metabolism in the moss leafy shoot-like tissue growth, 
l-threonine (Thr) metabolism in the hypocotyl elonga-
tion, γ-aminobutyric acid (GABA) shunt in leaf formation, 
and l-serine (Ser) metabolism in the liverwort sperm and 
embryo development (Kawade et al., 2020; Tabeta et al., 
2022; Toyokura et al., 2011; Wang et al., 2024). Although 
the molecular mechanisms of this regulation remain largely 
unclear, amino acid metabolism presents a promising tar-
get for understanding how plant tissue growth is regulated 
through metabolic and physiological modulations (Kawade 
et al., 2023).

Leaf growth depends on the increase in the number and 
size of the constituent cells. As these two processes are 
promoted by cell proliferation and subsequent post-mitotic 
cell expansion, respectively, a series of studies explore the 
genetic mechanisms operating in cell proliferation and/or 
subsequent post-mitotic cell expansion. The ANGUSTI-
FOLIA3 (AN3) gene encodes a transcriptional co-activator 
promoting cell proliferation in the leaves of the seed plant 
Arabidopsis thaliana (hereafter, Arabidopsis), one of the 
model organisms for plant research. The an3 mutants exhibit 
fewer leaf cells, whereas the AN3 overexpressors have more 
cells in the leaves compared to wild-type (WT) plants (Hori-
guchi et al., 2005; Kim & Kende, 2004). The transcription 
factor GROWTH-REGULATING FACTOR5 (GRF5) and 
SWITCH/SUCROSE NONFERMENTING (SWI/SNF) 
chromatin remodeling complexes have been identified as 
physical interaction partners of AN3, promoting cell pro-
liferation in Arabidopsis leaves (Horiguchi et al., 2005; 
Hussain et al., 2022; Nelissen et al., 2015; Vercruyssen et 
al., 2014). Recent studies have shown that AN3 is impor-
tant in iron uptake and response through its interaction with 
the transcription factor FER-LIKE IRON DEFICIENCY-
INDUCED TRANSCRIPTION FACTOR (FIT) (Zheng et 
al., 2023). We previously demonstrated that Arg metabolism 
is compromised in the gametophore shoots, which consist 
of stems and leaves, of the moss Physcomitrium patens an3 
(Ppan3) mutants, leading to stunted shoot growth, similar 
to that observed in WT plants treated with Arg (Kawade et 
al., 2020). These findings suggest that AN3 might be linked 
to metabolic and/or physiological conditions while directly 
regulating tissue growth and developmental processes.

We conducted amino acid screening to explore the rel-
evance of amino acid metabolism in AN3-mediated regula-
tions using Arabidopsis seedlings as a growth model. This 
experiment, along with our transcriptome and metabolome 
analyses, suggested that l-leucine (Leu) metabolism is 
compromised in an3 mutants. We also observed that the an3 
mutants exhibit hypoxia-like transcriptional and metabolic 
responses as represented by the increase in the expression of 
PYRUVATE DECARBOXYLASE 1 (PDC1) and ALCOHOL 
DEHYDROGENASE 1 (ADH1) (Gibbs et al., 2011) and in 
the accumulation of l-phenylalanine (Phe), l-alanine (Ala), 
and GABA (Lothier et al., 2020; Miyashita & Good, 2008) 
associated with the altered distribution of reactive oxygen 
species (ROS). Based on these results, we propose that AN3 
helps to maintain Leu metabolism and oxidative status dur-
ing seedling growth in Arabidopsis.

2  Materials and methods

2.1  Plant materials and culture conditions

We used the Arabidopsis thaliana (L.) Heynh Colombia-0 
(Col-0) wild-type (WT) accession. The an3-2 and an3-4 
mutants were isolated from X-ray-irradiated populations 
(Horiguchi et al., 2005). MIR396A genomic fragments 
were amplified using the primers, 5’-​C​A​C​G​G​G​G​G​A​C​T​C​
T​A​G​T​G​C​T​G​T​A​A​A​A​G​A​A​T​G​A​C​C​C​T​T​C-3′ and 5′- ​G​A​T​
C​G​G​G​G​A​A​A​T​T​C​G​A​A​A​C​T​C​A​T​A​G​A​C​A​G​A​A​G​T​T​A​G​G​
G-3′, and introduced into XbaI/SacI-digested pSMAH621 
using the In-Fusion HD Cloning Kit (Takara Bio Inc.). The 
resulting vector was used to transform Col-0 plants, obtain-
ing a single insertion line of Pro35S:MIR396A. Transgenic 
lines constitutively expressing KIP-RELATED PROTEIN 2 
(KRP2) under the cauliflower mosaic virus 35 S promoter 
(Pro35S:KRP2), fugu2, and grf5 were described elsewhere 
(Ferjani et al., 2007; Horiguchi et al., 2005). Transgenic 
lines expressing AN3 fused with GREEN FLUORES-
CENT PROTEIN (AN3-GFP) driven by a ~ 1.5 kb genomic 
fragment upstream of the AN3 gene in the an3-4 genetic 
background (an3-4/ProAN3:AN3-GFP) were previously 
established (Kawade et al., 2013). β-glucuronidase (GUS)-
reporter lines using the AN3 promoter fragment in the WT 
and an3-4 genetic backgrounds (ProAN3:GUS and an3-4/
ProAN3:GUS, respectively) were described elsewhere 
(Kawade et al., 2013). Seeds were sown on half-strength 
Murashige-Skoog (MS) medium (Murashige & Skoog, 
1962) solidified with 0.2% (w/v) gellan gum and 1% (w/v) 
sucrose, containing each amino acid at the indicated con-
centrations (0, 0.5, 1.0, 3.0, or 6.0 mM). The seeds were 
stratified at 4 °C for 3 days in the dark, and then plants were 
cultured at 22 °C under a 16-h light (50 µmol m− 2 s− 1 from 
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white fluorescent lamps) and 8-h dark cycle for an addi-
tional 2 or 3 days for metabolite analysis and 6 or 7 days for 
morphological observation, otherwise noted.

2.2  RNA-sequencing

Thirty seedlings were collected in a microtube, frozen in liq-
uid nitrogen, and stored at − 80 °C prior to use. Total RNA 
was extracted from the frozen seedlings using the RNeasy 
Plant Mini Kit (Qiagen) with on-column DNase I digestion 
(Qiagen), following the manufacturer’s instructions. RNA 
concentration and quality were evaluated using a Qubit 
fluorometer (Invitrogen) and Bioanalyzer 2100 (Agilent), 
respectively. RNA sequencing libraries were prepared using 
the TruSeq Stranded mRNA Sample Prep Kit (Illumina). 
Libraries were pooled and sequenced on the HiSeq 1500 
platform in 66-bp single end mode (Illumina) in the NIBB 
Trans-Omics Facility. RNA sequencing raw reads were 
quality-controlled using Cutadapt v.1.11 (Martin, 2011) and 
mapped against the Arabidopsis TAIR10 reference genome 
using TopHat2 v.2.1.1 (Kim et al., 2013). Raw sequencing 
data are available via the DNA Data Bank of Japan (DDBJ) 
BioProject (PRJDB18188).

2.3  Bioinformatics analyses of transcriptome data

We used Cufflinks v.2.2.1 (Trapnell et al., 2010) to estimate 
differentially expressed genes (DEGs) in the an3-4 mutants 
compared with WT plants, using a false discovery rate < 0.05 
and fold change > 2 or < 0.05 as thresholds. Gene Ontology 
(GO) enrichment analysis of the DEGs was performed using 
PANTHER GO-Slim Biological Process v.15.0 (Mi et al., 
2019). AtCAST v.3.1 (Kakei & Shimada, 2015) was used 
for similarity analysis of the transcriptome data. These anal-
yses were performed using the default parameter settings.

2.4  Mass spectrometry-based metabolite analysis

Approximately 50 mg of the seedlings were collected in a 
microtube, frozen in liquid nitrogen, and stored at − 80 °C 
until analysis. Seedling samples were homogenized using 
Multi-beads shocker (YASUI KIKAI).

For liquid chromatography coupled with tandem mass 
spectrometry (LC-MS/MS), metabolites were extracted 
using 80% (v/v) methanol with 0.1% (v/v) formic acid and 
an internal standard of 1 µM methionine sulfone. The super-
natant was collected after centrifugation at 14,560 ×g for 
3 min at 4  °C using METALFUGE MBG-312 C (YASUI 
KIKAI) and dried in a centrifugal concentrator. The residue 
was re-dissolved in 20 µL of 0.1% (v/v) formic acid and 
analyzed with a Triple TOF 5600 system (AB Sciex) con-
nected to ACQUITY UPLC H-Class (Waters) as previously 

reported (Kawade et al., 2020) with the following condi-
tions: column, Discovery HS F5-3 (3  μm) 2.1 × 150  mm 
(Discovery); solvents, water with 0.1% formic acid (A) and 
acetonitrile with 0.1% formic acid (B); gradient program, 
50% B (0  min) and 95% B (15  min); flow rate, 100 µL/
min; column temperature, 30 °C; injection volume, 2 µL; 
analysis mode, electrospray ionization with capillary volt-
age − 4.5  kV for negative ion mode. Data were obtained 
in the multiple reaction monitoring (MRM) mode. The 
MRM transitions used in the analysis were summarized in 
Supplemental Table S1. The retention time of the targeted 
metabolites was determined using standard compounds. 
The targeted metabolites were normalized by methionine 
sulfone. The raw data of peak area values were collected 
and analyzed using MultiQuant™ 2.1 software (AB Sciex).

For gas chromatography-tandem mass spectrometry 
(GC-MS/MS)-based metabolome analysis, metabolites 
were extracted from seedlings grown on half-strength MS 
medium for 2 days under Leu-untreated conditions or 3 days 
under 1.0 mM Leu-treated conditions using 80% (v/v) meth-
anol with 0.1% (v/v) formic acid and an internal standard of 
12 µg/mL ribitol. After centrifugal concentration, the dried 
residue was dissolved in MOX reagent (2% methoxyamine-
hydrogen chloride in pyridine) and incubated overnight at 
37 °C in a thermomixer. N-Methyl-N-(trimethylsilyl)trifluo-
roacetamide (MSTFA) + 1% 2,2,2-trifluoro-N-methyl-N-tri-
methylsilylacetamide, chlorotrimethylsilane (TMCS) was 
added to the samples, followed by additional incubation at 
37  °C for 30  min. The processed samples were analyzed 
with an AOC-5000 Plus with GCMS-TQ8040 instrument 
(Shimadzu) as previously described (Okamura et al., 2021) 
with the following conditions: column, BPX-5 (0.25  mm 
inner diameter, film thickness = 0.25  μm × 30  m) (SGE); 
insert, split insert with wool (RESTEK); carrier, helium gas 
in split mode (split ratio 1:30) at a flow rate of 40.4 mL/min; 
GC vaporization temperature, 250 °C; temperature gradient 
program, 60 to 330 °C at a rate of 15 °C/s; interface temper-
ature of MS, 280 °C; ion source temperature of MS, 200 °C; 
loop time of data collection, 0.3  s. Data were obtained in 
the MRM mode. The MRM transitions used in the analysis 
were summarized in Supplemental Table S2. LabSolutions 
Insight (Shimadzu) was used to collect raw data and calcu-
late their peak area values. Quality-filtered metabolites were 
selected with a signal-to-noise ratio > 5 and a relative stan-
dard deviation of quality control samples < 30%. Normal-
ization of peak area values was conducted using LOWESS/
Spline normalization tools (Tsugawa et al., 2014).

The metabolome data were transformed into log2-scaled 
values for volcano plots and calculated z-scores for princi-
pal component analysis (PCA). We performed data process-
ing, analysis, and visualization using our customized scripts 
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BCAAs on growth suppression. Our tests showed a clear 
difference in seedling growth between WT plants and an3 
mutants under 1.0 mM Leu treatment, which was the same 
condition used in our screening (Fig. 1C).

Given the severe suppression of seedling growth by 
Leu, particularly in an3 mutants, we next examined seed-
ling establishment under Leu treatment. We found that 
although 84% of Leu-treated WT plants successfully estab-
lished seedlings, as represented by expanding green cotyle-
dons, 86–96% of an3 mutants displayed immediate growth 
arrest after germination (Fig.  1D). To determine whether 
this growth suppression was caused by the functional dis-
ruption of AN3 or a more generic effect related to cell pro-
liferation defect, we studied seedling establishment in the 
Pro35S:KRP2 transgenic lines and fugu2 mutants, which are 
both known for their precocious exit from the mitotic cell 
cycle (De Veylder et al., 2001; Ferjani et al., 2007; Hisanaga 
et al., 2013; Verkest et al., 2005). Both Pro35S:KRP2 and 
fugu2 established seedlings with cotyledon expansion and 
greening similar to WT plants, even under Leu treatment 
(Fig. 1E). This result suggests that growth suppression by 
Leu is linked to the functional disruption of AN3 rather 
than a general cell proliferation defect. We also investigated 
whether the grf5 mutants and Pro35S:MIR396A transgenic 
lines, which are involved in the AN3-mediated regulation 
of cell proliferation, experience growth suppression by Leu 
(Horiguchi et al., 2005; Rodriguez et al., 2010). Both grf5 
mutants and Pro35S:MIR396A established seedlings com-
parable to the WT plants under Leu treatment (Fig.  1F), 
suggesting that the observed growth suppression by Leu is 
independent of the previously known genetic pathway for 
AN3-mediated regulation of cell proliferation.

3.2  Molecular signatures related to hypoxia in an3 
seedlings

We conducted a transcriptome analysis of WT and an3 seed-
lings under both Leu-treated and untreated conditions using 
RNA sequencing to explore how AN3 influences seedling 
growth. This analysis revealed that an3 seedlings had 253 
upregulated and 79 downregulated genes in the untreated 
condition, and 732 upregulated and 1348 downregulated 
genes in the Leu-treated condition, compared to WT plants. 
Genes potentially involved in the Leu degradation pathway 
(Angelovici et al., 2013; Schertl et al., 2017) were slightly 
but broadly downregulated in Leu-treated an3 mutants, 
whereas they maintained relatively normal expression levels 
under the untreated condition (Fig. 2A). To assess whether 
the metabolic profile of the Leu degradation pathway was 
affected in Leu-treated an3 seedlings, we measured accu-
mulated degradation intermediates of Leu using LC-MS/
MS. We found that the levels of 4-methyl-2-oxovaleric acid, 

written in MATLAB software (The MathWorks) with the 
aid of the function pca.

2.5  Microscopy

Superoxide (O2
–) was detected using nitroblue tetrazolium 

(NBT) as previously described (Dunand et al., 2007). Seed-
lings were immersed in 20 mM phosphate buffer (pH 6.1) 
containing 2 mM NBT for 15 min, and then washed with 
distilled water. Hydrogen peroxide (H2O2) was detected 
using the fluorescent indicator BES-H2O2-Ac, as previ-
ously described (Tsukagoshi et al., 2010). Seedlings were 
immersed in 20 mM phosphate buffer (pH 6.8) contain-
ing 50 µM BES-H2O2-Ac for 30  min, and then washed 
with distilled water. Nitric oxide (NO) was detected using 
diaminofluorescein-2 diacetate (DAF-2 DA), as previously 
described (Kojima et al., 1998). Seedlings were immersed 
in 20 mM phosphate buffer (pH 6.8) containing 50 µM 
DAF-2 DA for 60 min, and then washed with distilled water. 
The WT and an3-4 seedlings grown on half-strength MS 
medium for 2 days were used to detect superoxide (O2

–), 
hydrogen peroxide (H2O2), and nitric oxide (NO).

GUS activity was visualized using a previously described 
method (Donnelly et al., 1999). Stained tissues were cleared 
in a chloral hydrate solution (200 g chloral hydrate, 20 g 
glycerol, and 50 mL distilled water) before observation.

Optical and fluorescence images were captured using a 
stereoscopic microscope (MZ16a; Leica Microsystems) 
and a confocal laser scanning microscope (A1Rsi; Nikon), 
respectively, as previously described (Kawade et al., 2018; 
Tomoi et al., 2020).

3  Results

3.1  Growth suppression of an3 seedlings by leucine

We assessed the cotyledon area and primary root length 
of Arabidopsis WT plants and an3 mutants treated with 
l-arginine (Arg) and other 19 proteinogenic amino acids 
to determine whether seedling growth is affected by amino 
acid treatment. We observed significant suppression of cot-
yledon expansion in the an3 mutants compared with WT 
plants when treated with l-isoleucine (Ile), l-leucine (Leu), 
l-lysine (Lys), and l-valine (Val) (Fig.  1A). Primary root 
growth was also impaired in an3 mutants under treatment 
with Ile, Leu, Lys, or Val (Fig. 1B). This suppressive effect 
was less pronounced in WT plants and an3 mutants treated 
with Arg (Fig. 1A and B). As Ile, Leu, and Val are branched-
chain amino acids (BCAAs) and growth suppression was 
most evident in Leu-treated an3 mutants among the 20 
amino acids, we explored the concentration dependency of 
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To further assess the relationship between the transcript 
and metabolite profiles with physiological implications, we 
performed correlation analysis of our transcriptome data 
with publicly available data using the Arabidopsis thaliana 
transcriptome profile correlation analysis tool (AtCAST) 
(Kakei & Shimada, 2015). The result suggested that the 
global transcriptional profiles of the an3 mutants were 
associated with hypoxia response signatures (Supplemental 

which is a direct degradation product of Leu, were lower in 
an3 seedlings than in WT seedlings, particularly under Leu 
treatment (Fig. 2B). In contrast, the levels of 3-methylbu-
tanoyl-CoA, which is derived from 4-methyl-2-oxovaleric 
acid, were comparable between WT and an3 seedlings, 
regardless of Leu treatment (Fig. 2B). These findings sug-
gest that the Leu degradation pathway is impacted, at least 
at the initial degradation step, in Leu-treated an3 mutants.

Fig. 1  Suppression of seedling growth by amino acids in an3 mutants. 
A and B Effects of exogenous amino acids on cotyledon area and pri-
mary root length. Wild-type (WT) and an3-4 seedlings were grown 
on half-strength Murashige and Skoog (MS) medium containing 1.0 
mM of each amino acid for 6 days. Data are means ± standard devia-
tion (s.d.) (n = 12). Asterisks indicate significant differences between 
WT and an3-4 seedlings (*P < 0.05; **P < 0.01; ***P < 0.001; Stu-
dent’s t-test). C Concentration dependency of Ile, Leu, and Val on 
seedling growth suppression. WT, an3-2, and an3-4 seedlings were 

grown on half-strength MS medium containing 0 (control), 0.5, 1.0, 
3.0, or 6.0 mM of each branched-chain amino acid (BCAA) for 7 
days. Scale bars = 1.0  cm. D–F Effects of exogenous Leu treatment 
on seedling establishment. WT, an3-2, and an3-4 mutants (D); WT, 
an3-4, Pro35S:KRP2, and fugu2-1 mutants (E); and WT, an3-4, grf5, 
and Pro35S:MIR396A seedlings (F) were grown on half-strength MS 
medium containing 1.0 mM Leu for 7 days. Data are proportions for 
each growth category (n = 50)
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Fig. 2  Effects of an3 mutation on the leucine degradation pathway. A 
Schematic diagram of the Leu degradation pathway. Related enzymes 
in Arabidopsis are indicated in blue (left). BCAT, branched-chain 
amino acid transferase; BCKDH, branched-chain ketoacid dehydro-
genase; IVD, isovaleryl-coenzyme A (CoA) dehydrogenase; MCCase, 
3-methylcrotonyl-CoA carboxylase; Enol, enoyl-CoA hydratase. Heat-
map shows transcript levels of putative Leu catabolic genes (right). 

DARK INDUCIBLE 4 (DIN4) and BCKDH E2 (BCE2) encode the 
BCKDH E1b and E2 subunits, respectively (Fujiki et al., 2000). B Rel-
ative amounts of 4-methyl-2-oxovaleric acid and 3-methylbutanoyl-
CoA in WT, an3-2, and an3-4 seedlings analyzed using the LC-MS/
MS system. Data are means ± s.d. (n = 3). Asterisks indicate significant 
differences (*P < 0.05; **P < 0.01; ***P < 0.001; Student’s t-test)
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and C), including l-phenylalanine (Phe), l-alanine (Ala), 
and γ-aminobutyric acid (GABA) (Fig.  4D–F), which are 
known to accumulate in response to hypoxia (Lothier et al., 
2020; Miyashita & Good, 2008). Conversely, no metabo-
lites decreased in both the treated and untreated an3 mutant 
seedlings compared to WT (Fig. 4B and C). These results, 
alongside the detected changes in the Leu degradation path-
way, support the hypothesis that the an3 seedlings exhibit a 
hypoxia-like response.

3.3  Altered ROS distribution in an3 root tips

Hypoxia response interacts with the regulation of cellular 
ROS levels (Bailey-Serres et al., 2012; Gibbs et al., 2015). 
ROS distribution plays an important role in regulating 
root growth, with superoxide (O2

–) and hydrogen peroxide 
(H2O2) predominantly accumulating in the meristematic 
and differentiation zones, respectively (Tsukagoshi et al., 
2010; Yamada et al., 2020). To determine whether ROS dis-
tribution is compromised in an3 seedlings, which exhibit 
a hypoxia-like response even under untreated conditions, 
we performed NBT staining to compare the distribution of 
superoxide (O2

–) between WT and an3 mutant seedlings. 
We observed that NBT staining more expanded in the root 

Table. S3). GO enrichment analysis showed significant 
enrichment in cellular response to hypoxia and hydrogen 
peroxide catabolic processes among genes upregulated in 
the an3 mutants, regardless of Leu treatment (Fig. 3A, B). 
These upregulated genes included the hypoxia-related genes 
PYRUVATE DECARBOXYLASE 1 (PDC1) and ALCOHOL 
DEHYDROGENASE 1 (ADH1) (Gibbs et al., 2011) (Sup-
plemental Table. S4). There was also significant enrich-
ment in GO categories for photosynthetic and light response 
processes among genes downregulated in the an3 mutants 
under Leu treatment (Fig. 3C), with no significant changes 
observed under untreated conditions.

We conducted a GC-MS-based metabolome analysis to 
determine whether transcriptional changes related to the 
hypoxia response affect an3 mutant metabolism (Supple-
mental Table. S5). Principal component analysis of the 88 
detected metabolites across the samples indicated a clear 
difference in global metabolite profiles between the treated 
and untreated conditions (Fig.  4A). We also observed a 
trend suggesting distinct metabolite profiles between the 
WT and an3 mutant seedlings in the Leu-treated condi-
tion (Fig. 4A). Our analysis showed that the abundance of 
nine metabolites significantly increased in both Leu-treated 
and untreated an3-4 seedlings compared to WT (Fig.  4B 

Fig. 3  Gene Ontology (GO) enrichment analysis of transcriptome data. 
A–C Significantly enriched PANTHER GO-slim biological process 
terms for upregulated differentially expressed genes (DEGs) extracted 
from seedlings cultured under Leu-untreated (A) and 1.0 mM Leu-

treated conditions (B), and downregulated DEGs extracted from 
seedlings cultured under the 1.0 mM Leu-treated condition (C). No 
GO category was significantly enriched in the downregulated DEGs 
extracted from seedlings cultured under the Leu-untreated conditions
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(Fig. 5C), further indicating that ROS distribution is altered 
in the an3 seedlings.

Given the altered distribution of ROS in root tips and 
the growth suppression observed in the an3-4 mutants, we 
investigated whether AN3 is expressed in the root tips in 
our experimental context as previously reported (Ercoli 

tips of an3 mutants than in those of WT plants (Fig. 5A). 
Correspondingly, BES-H2O2-Ac fluorescence, which indi-
cates the distribution of hydrogen peroxide (H2O2), shifted 
shootward in the root tips of an3 mutants (Fig. 5B). Addi-
tionally, NO levels examined with DAF-2 DA fluorescence 
were found to decrease in the root tips of an3 seedlings 

Fig. 4  Metabolite profiling of WT and an3 
seedlings cultured under Leu-treated and 
untreated conditions. A Principal compo-
nent analysis of 88 metabolites detected 
across all tested samples by GC-MS-based 
metabolome analysis. Circles represent 
individual samples from WT, an3-2, and 
an3-4 seedlings (n = 3). B and C Volcano 
plots of metabolic changes between the 
WT and an3-4 seedlings under Leu-
untreated (B) and Leu-treated conditions 
(C). Dots represent means of three biologi-
cal replicates. Red dots indicate signifi-
cantly increased or decreased metabolites 
in an3-4 mutants (P < 0.05; Welch’s t-test). 
Significantly increased metabolites under 
both Leu-untreated and Leu-treated condi-
tions are highlighted in blue. D–F Relative 
amounts of phenylalanine (D), alanine (E), 
and GABA (F) in WT, an3-2, and an3-4 
seedlings. Data were obtained through GC-
MS-based metabolome analysis. Data are 
means ± s.d. (n = 3). Asterisks indicate sig-
nificant differences (*P < 0.05; **P < 0.01; 
Student’s t-test)
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an3 mutants. Consistently, ROS distribution was altered in 
the root tips of an3 mutants. These results suggest that AN3 
might be linked to promote seedling growth through meta-
bolic and/or physiological modulations in Arabidopsis.

We previously demonstrated that Ppan3 mutants of Phy-
scomitrium patens exhibited stunted shoot growth and exces-
sive accumulation of Arg. This growth suppression was also 
observed in WT shoots when cultured with Arg (Kawade 
et al., 2020). Given the interaction of PpAN3 signaling 
with amino acid metabolism, we explored amino acids rel-
evant to AN3-mediated tissue growth in Arabidopsis. Our 
screening revealed that BCAAs and Lys, but not Arg, sig-
nificantly compromised seedling growth, particularly in the 
an3 genetic background. Although the specific amino acids 
involved differ between Physcomitrium patens and Arabi-
dopsis and this discrepancy is hard to explain based on our 
current knowledge, these findings suggest a possible link in 
which AN3 signaling contributes to tissue growth via meta-
bolic and/or physiological modulation. As the Leu degrada-
tion pathway was disturbed at both the transcriptional and 
metabolic levels in an3 seedlings, this metabolic disorder 
may be linked to the suppression of seedling growth by Leu. 
Future research is needed to elucidate the mechanism by 
which AN3 signaling contributes to transcriptional and met-
abolic regulation during seedling growth by identifying its 

et al., 2018). We examined the an3-4/ProAN3:AN3-GFP 
transgenic lines, in which AN3-GFP is expressed under the 
AN3 promoter in the an3-4 genetic background (Kawade 
et al., 2013). This genomic fragment functioned as a pro-
moter of the AN3 gene during seedling growth in our 
experimental context, as demonstrated by the alleviation 
of growth suppression by Leu in the an3-4/ProAN3:AN3-
GFP transgenic lines compared to an3-4 mutants (Fig. 6A). 
We confirmed the presence of AN3-GFP fluorescence in 
root tips of the an3-4/ProAN3:AN3-GFP transgenic line 
(Fig. 6B). A similar expression pattern was observed in the 
β-glucuronidase (GUS)-reporter lines, ProAN3:GUS and 
an3-4/ProAN3:GUS (Kawade et al., 2013), in which GUS 
staining was primarily detected in the root tips of seedlings 
(Fig.  6C). These observations indicate that the AN3 gene 
is predominantly expressed in root tips during the seedling 
growth.

4  Discussion

In this study, we found that an3 mutants are more suscep-
tible to Leu-induced suppression of seedling growth com-
pared to WT plants. Our multi-omics analysis identified 
molecular signatures suggesting a hypoxia-like response in 

Fig. 5  Imaging-based reactive oxygen species (ROS) detection in WT 
and an3-4 roots. A Nitroblue tetrazolium (NBT)-stained images of WT 
and an3-4 seedlings (left). Length of NBT-stained regions along the 
root developmental axis is shown (right). Data are means ± s.d. (n = 5). 
Asterisk indicates significant difference (***P < 0.001; Student’s 

t-test). B and C BES-H2O2-Ac fluorescence (B) and diaminofluores-
cein-2 diacetate (DAF-2 DA)-fluorescence (C) images of WT and 
an3-4 root tips. Heatmaps indicate fluorescence intensity levels in the 
corresponding images. Scale bars = 1.0 mm (A) and 200 μm (B and C)
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Fig. 6  Expression of AN3 in root tips. A Effects of exogenous Leu 
treatment on seedling establishment. WT, an3-4, an3-4/ProAN3:GFP, 
an3-4/ProAN3:AN3-GFP, and an3-4/Pro35S:AN3-GFP were grown 
on half-strength MS medium containing 1.0 mM Leu for 7 days. 
Data are proportions of each growth category (n = 50). B AN3-GFP 

fluorescence (green) and propidium iodide staining (magenta) in root 
tips of an3-4/ProAN3:AN3-GFP transgenic line. C β-glucuronidase 
(GUS) expression patterns in seedlings of ProAN3:GUS and an3-4/ 
ProAN3:GUS transgenic lines. Scale bars = 1.0 cm (A), 100 μm (B), 
and 500 μm (C)
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previous study has reported molecular signatures related to 
ROS distribution in the transcriptome of an3 leaves (Ezaki 
et al., 2024; Horiguchi et al., 2011; Kawade et al., 2020; 
Nelissen et al., 2015; Vercruyssen et al., 2014), the pheno-
types observed in this study may be tissue context-depen-
dent. These findings prompt a detailed investigation into the 
role of AN3 in roots, from the perspective of the control of 
oxidative status. Because AN3 is expressed in the root tips, 
future experiments should confirm whether our observation 
becomes more obvious when using the root tips as tissue 
samples for transcriptome and metabolome analyses.
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downstream signaling components. The experiments would 
include multi-omics analysis with higher resolution in time 
(time-series sampling) and space (cell and/or tissue isola-
tion) because we analyzed the whole seedlings at only the 
growth-arrested stage in this study. Such an analysis would 
help to determine whether the Leu treatment in this study 
disturbed the regulatory mechanisms of seedling growth or 
merely arrested basal cellular activity that might become 
more susceptible under the an3 genetic background.

In addition to metabolic disorder in the Leu degradation 
pathway, we found that an3 mutants exhibited a hypoxia-
like response, as suggested by the upregulation of genes 
involved in the cellular response to hypoxia and the accu-
mulation of relevant amino acids including Phe, Ala, and 
GABA (Lothier et al., 2020; Miyashita & Good, 2008). 
Our experiments detected altered ROS distribution, fur-
ther supporting the notion that cellular oxygen conditions 
are disturbed in an3 mutants. Although the mechanistic 
and functional interactions between Leu hypersensitiv-
ity and the hypoxia response remain elusive, one potential 
link could be the involvement of the N-end rule pathway of 
proteolysis in seedling growth. This targeted proteolysis is 
crucial for sensing oxygen levels, which in turn regulates 
the cellular response to hypoxia (Gibbs et al., 2011). The 
hypoxia response then modulates respiration, the tricarbox-
ylic acid (TCA) cycle, and amino acid metabolism through 
the stabilization of the RAP2.12 protein (Paul et al., 2016). 
Additionally, since BCAA degradation in mitochondria pro-
vides an alternative substrate for mitochondrial respiration 
under stressed conditions (Araújo et al., 2011; Hildebrandt 
et al., 2015; Ishizaki et al., 2005; Schertl et al., 2017), an3 
mutants may experience an energy shortage for seedling 
growth due to impaired Leu degradation when subjected 
to hypoxia. It would be interesting to investigate whether 
seedling growth is adjusted in response to oxygen levels and 
the mechanism by which Leu metabolism is linked to this 
process. Functional and phenotypic analyses of the mutants 
constitutively exhibiting hypoxia response and their double 
mutants with an3 are awaited to address this idea because 
this study showed the growth, transcriptome, and metabo-
lome profiles only from the an3 single mutants.

AN3 was originally identified as a transcriptional co-acti-
vator for cell proliferation in leaves (Horiguchi et al., 2005; 
Kim & Kende, 2004). Although less attention has been paid 
to the role of AN3 in root development, recent studies have 
shown that AN3 regulates cell proliferation in the root api-
cal meristem (Ercoli et al., 2018; Xiong et al., 2020). We 
also confirmed AN3 expression in the root tips. Given that 
cell proliferation is regulated by ROS distribution in the root 
apical meristem (Tsukagoshi et al., 2010; Yamada et al., 
2020), the impaired control of ROS distribution may be rel-
evant for the growth defect observed in the an3 roots. As no 
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