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1/ Context

Approach : Functional analysis of unannotated genes uses a combination of targeted mutations and muitimics data to reveal biological role
that cannot be predicted by sequence alone.

Generation of Mutants : Mutants serve as the primary tool to observe the phenotypic change created by removing a gene's function.
A Loss-of-Function (LoF): Techniques like TDNA insertion create knockouts to observe essentiality or developmental defects.
Multi -Omic Profiling of Mutants : By comparing the mutant to the wild type across multiple molecular layers, researchers can map the
gene's influence.
A Transcriptomics (RNA-seq): Identifies gene networks that are upor down-regulated in response to the mutation, placing the unknown gene
within a transcriptional circuit.
A Proteomics: Validates if changes in RNA translate to protein levels and identifies protejorotein interaction partners.
A Metabolomics: AIJ2 J¢ Gt W6 DWHRYHSWARAcC T WRY Ut Dhe JUHIIY WY N W6 JWNIWIUWKY We HqR2 R St 2t
when a metabolic gene is disrupted.
Integrated Functional Annotation : Computational frameworks synthesize these data layers into a functional model.
A Co-expression Networks: Unannotated genes acting as "hubs" in these networks are often critical for stress responses or biofilm formation.
A Enrichment Analysis: Tools likeMetascape or GSEA link the observedmic changes to established Gene Ontology (GO) terms or KEGG
pathways.
A Network Integration: Frameworks like Mashup combine heterogeneous data (e.g., PPl and-eapression) to predict biological process
annotations with high accuracy.




2/ Project goal

Rationale

Arabidopsis thalianaFNRL (FerredoxirNADP+ oxidoreductaselike) gene is involved in root architecture, mitochondrial signaling and tolerance to

the isoxabenherbicide (1, 2). FNRL is highly conserved across all plant lineages suggesting the preservation of its function (2). FiBRdiated

iIsoxabentolerance has potential for biotechnological applications, particularly in developingsoxabentolerance in crop plants (2).

Another agricultural area of interesticcropUe q | RqRYUW2Rcec Wl YYqWURql ¢qlWet t RORGcqRYUKW Rql ¢ qUL « 8§80
the biosynthesis of amino acids, proteins, and nucleic acids. Nitrate also serves as a signaling molecule regulating planvwgth, development,

and stress responses (3). Therefore, a deep analysis of FNRL mode of action could reveal its association with nitrate asatnoih.

Strategy

To reveal the biochemical pathways linked FNRL (FNRRe; At1g15140) gene ii\. thalianaroots by comparing wild type with two lossof-function T-
DNA insertion mutants (fnril, fnrl-2) and GFPbased genetic complementation nrl-GFP) and using systems biology mulbmics (transcriptomics,
proteomics and metabolomics) methods with phenotypicmeasurments.

Objective

To provide a thorough and robust analysis of the data provided to further the knowledge on FNRL function using a rauttics integration, machine
learning (ML) and bioinformatics strategy (4).

1- Koskela MM, et al. Arabidopsis FNRL protein is an NADRIdpendent chloroplast oxidoreductase resembling bacterial ferredoxirfNADP+ reductases.PhysiolPlant. 2018 Feb;162(2):177190.doi: 10.1111/ppl.12621.

2- Broad RC, et al. Thénr-like mutants conferisoxabentolerance by initiating mitochondrial retrogradesignalling. PlantBiotechnol J. 2024 Nov;22(11):300011.doi: 10.1111/pbi.14421.

3- Mao J, et al. The crosstalk between nitrate signaling and other signaling molecules in Arabidopsis thaliana. Front Plant Zi25 Mar 10;16:1546011doi: 10.3389/fpls.2025.1546011.

4- Kundu & Tanti, Decoding plant physiology through systems biology: Integrative medtinics and computational perspectives fornext-generation crop design, Plant Communications (2025Yoi: 10.1016/j.xplc.2025.101668



3/ Wet lab study overview

Species & Genotypes:

A Species: Arabidopsis thaliana

A Genotypes: onewild type (Cok0), two independent mutants ¢nrl-1, fnrl-2), and one complemented line (FNRIGFP)
Materials:

A Tissue: Roots (primary tissue of FNRL expression)

Phenotyping:

A Nitrate content (ug/g) in roots and shoots

A Root length (cm) measured under varying external nitrate concentrations (0.1, 1, 10, 60 mM)
Omics analyses:

A Transcriptomics : RNAseq

A Proteomics : LGMS/MS

A Metabolomics : GGMS

Replicates:

A Biological replicates : 3 for transcripts & proteins, 4 for metabolites (no technical replicates)
Samples:

A Transcripts & proteins : 4 genotypes (Col0, fnrl-1, fnrl-2, GFP) x 3 replicates = 12

A Metabolites : 3 genotypes Col-0, fnrl-1, fnrl-2; no complementation) x 4 replicates = 12




4/ Dry lab strategy

Rationale
A Mutated fnrl gene impacts other genes whose expression will change and can be detected in the omics data
A Data analysis will extract responsive features (transcript, protein and metabolite biomarkers)
A Bioinformatics will highlight affected biochemical pathways

Analysis workflow

A Data handling

A Exploratory data analysis (EDA)
A Statistical tests (stats)

A Biomarker discovery

A Biomarker profiling

A Feature engineering

A Machine Learning (ML) modelling
A Data mining

Tools

A Python

A Online bioinformatics tools

Data files




4.1/ Dry lab steps

Clean data for downstream analyses
A Handle missing values
A Normalise abundances

Assess data quality and identify general patterns
A Bar charts of phenotypic data
A PCA of samples
A Loading plots of omics features

Detect features significantly responding to mutation
A Pairwise differential analysis (DE contrast)

Use engineered variables to isolate FNRL-regulated omics features
A Define rules
A Apply rules to label responsive features
A Filter out unaffected features

Group FNRL:-responsive features by expression profile
A Unsupervised clustering (HCA)
A Semi-Supervised clustering (kmeans)
A Supervised clustering (LDA)

Capture EDA and test as new variables for downstream analyses

A categorical
A binary
A numerical

Does FNRL-dependent molecular variation explain phenotypic outcomes?

A Model 1: Elastic Net / Lasso for linear effects
A Model 2: Random Forest for nodinear relationships

Annotation and pathway analyses

A UniprotkB (https://www.uniprot.org/)

A PlantReactome
(https://plantreactome.gramene.org/PathwayBrowser/#/SPECIES=17
0905&DTAB=AN&ANALY SIS=MjAYNjJAXMTKWMTA3MThfMTQ%253D)

A PMN (https://jpmn.plantcyc.org/)

A PMN AraCyc (Pathway Tools) (https://pmn.plantcyc.org/organism
summary?object=ARA)

A KEGG(https://www.kegg.jp/kegg/)

A GO (https://[geneontology.org/)

A NCBI Analyze (https://www.ncbi.nlm.nih.gov/home/analyze/)

A Cytoscape (https://lcytoscape.org/)

A STRING(https://string -db.org/)

A PeptideAtlas (https://peptideatlas.org/)

A PaintOmics (https://paintomics.uv.es/)

A MetaboAnalyst (https://www.metaboanalyst.ca/)

A AIMAD (http://119.3.41.228/atmad/index.php)



4.2/ Computational Pipeline

Identify FNRL-regulated genes and by-products (biomarkers)

Sample metadata file
Phenotypic measurements
Omics quantitative datasets
TAIR annotations

S S 5

n Handle missing values
n Normalise abundances

n Exploratory data analyses (EDA)
n Statistical analyses
n Biomarker discovery and exploration

n Phenotype ML modelling based on biomarker profiles
n Model predictions

n Biomarker mining using bioinformatics tools
n Pathway analysis
n Interaction networks



4.3/ Tools

Data Data Data Reporting &

handling analysis mining Publishing
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4.4/ Data files

design

phenotyping

omics

annotations

A Sample metadata.csv : experimental design across all samples and omics streams.

A Sample_Nitrate_Content_2025-12-17.csv: nitrate content of shoot and root samples (3 reps)original file
name: "Nitrate Content 111022 from John 2.xIsx"] only use the roots results that I've incorporated into the
"Sample_metadata.csv" file under hitrate_content” header. Only 3 reps were measured. As metabolomics
samples comprise 4 reps, | averaged the 3 reps as a proxy for the 4th rep.

A Sample_Root_length_2025-12-17.csv: root lengths under various nitrate concentrations (149 reps)(original
file name: "Data-FNRL-GFP lines on different nitrate.xIsx".)l added rep 13 to divide each lot of replicates into 3
sets to match the omics rep numbers and averaged across those subsets3. I've incorporated the averaged
into the "Sample_metadata.csv" file under foot_len_xxmM header. As metabolomics samples comprise 4
reps, | averaged the 3 reps as a proxy for the 4th rep.

A Transcripts_fnrl_2025-11-12.csv: transcript abundances for 4 genotypes x 3 rep&riginal file name:
"normalized counts new.csv") No NAs but lots of 0, therefore | think NAs were replaced by 0.

A Proteins_fnrl_2025-11-12.csv: protein abundances for 4 genotypes x 3 rep®riginal file name:

B~ENMNodx[ AxxnDUoWnl ¢HqRYUWUT x AASNEf Ex H! x| {BB)HdsofNAILA

A Metabolites_fnrl_2025 -11-12.csv: metabolite abundances for 3 genotypes x 4 rep&riginal file name:
"normalized counts _new.csv"') No NAs but lots of 0, therefore | think NAs were replaced by 0. Data
harmonisation with TX and PR: 1 rep / genotype with most O dropped + 3 GFP reps introduced and filled with |

A Proteins_IDs_2025-11-12.csv: protein description (original file name: "ME449 FNRL_gel
nl ¢HqRYUWT x AASNEf ExH! x| JGHO+ bt #-8)A mighd hbcuReltHslLIY UG ! Wil 1

A TAIR10 functional descriptions.csv : gene functions that | retrieved from TAIR10
(https://www.arabidopsis.org/download/list?dir=Genes%2FTAIR10_genome_releage

A ATH GO GOSLIM.txtgene ontology annotations that | retrieved from TAIR10
(https://www.arabidopsis.org/download/list?dir=GO_and_PO_Annotations%2FGene_Ontology Annotatiojs

A Arabidopsis_thaliana.TAIR10.pep.all.fa : protein AA sequencedasta file from Gramene (plant ensembil
https://ensembl.gramene.org/Arabidopsis_thaliana/Info/Index )

Files provided by Ghaz
Files generated or retrieved by Delphine


https://www.arabidopsis.org/download/list?dir=Genes%2FTAIR10_genome_release
https://www.arabidopsis.org/download/list?dir=GO_and_PO_Annotations%2FGene_Ontology_Annotations
https://ensembl.gramene.org/Arabidopsis_thaliana/Info/Index

4.5/ Study workflow

1. Wet-lab experiment 2. Dry-lab experiment

Phenotyping :

Genotypes:

Sample
collection:

Tissue:

Replicates:

Sample
preparation:

Analytes:

Sample
processing:

Omics
technologies:

Data
processing:

\

Nitrate content + Root length

WT Mutant1 Mutant2 Complement
Col-0 fnrl-1 fnrl-2 FNRL-GFP

S WS RS

Roots

3 Biologicalreplicates

Metabolites

o
=0

LC-MS/MS GC-Ms

Transcripts Proteins

RNAseq

Data export

Data files:

Data
handling:

EDA:

Statistical
analyses:

Biomarker
discovery:

Biomarker
profiling:

Phenotype

ML modelling:

Data mining
Bioinformatics:

Phenotypic measurements
Transcriptabundances D
Proteinabundances

Metabolite abundances

Data harmonisation
NA imputation
Normalisation . ..

‘m
b

Summary statistics
PCA

DE pairwise contrast
Volcano plots

FNRL-responsive features

1 ] |
1] |
HCA
K-means
LDA

Feature engineering

Elastic Net/Lasso
RF

Feature annotationretrieval

TAIR10, UniProtKM, PeptideAtlas, MetaboAnalyst
Functionalannotation

GOresource, AmiGO

Pathwaymapping

KEGG, PlantReactome

Interaction network

STRING, Cytoscape

Multi-omics integration

PaintOmics 4, PMN AraCyc




5/ Data Handling |

% 1. Produce sample metadata file
A Needed for all data analysis

2. Format phenotyping data
A To be used as sample descriptors in analyses
3. Clean omics data
A To allow robust data analyses
4. Summary statistics and distribution
A To evaluate data transformation
5. Check FNRL expression
A To assess mutation effect on target gene
Files provided by Ghaz
Files generated or retrieved by Delphine




sample_id genotype genotype_group genotype_type

replicate

5.1/ Sample metadata

omics_layer

root_nitrate_content

shoot_nitrate_content root_len_0.1mM root_len_1mM

The table below was produced tdink dataset headers (i.e. sample names) to genotypes, omics layers, replicates and phenotypic measurements
This sample stratification will allowmeaningful and relevant analyses (EDA, stats, ML).

root_len_10mM root_len_60mM

1|Col-0_1 Col-0 WT control 1|transcriptomics| 611.18 759.13 2.13 2.50 2.48 1.59
2|Col-0_2 Col-0 WT control 2 transcriptomics| 830.30 712.90 2.15] 2.34 2.37| 1.64
3|Col-0_3 Col-0 WT control 3 transcriptomics| 765.93 684.29 2.25 2.47 2.45 1.60
4lfnrl-1_1 fnrl-1 mutant mutant 1|transcriptomics 439.50 730.51 1.47 1.91] 1.81] 1.41]
5(fnrl-1_2 fnrl-1 mutant mutant 2|transcriptomics 504.23 657.87| 1.45] 1.94 1.80] 1.49
6|fnrl-1_3 fnrl-1 mutant mutant 3|transcriptomics 397.47 457.57] 1.32 1.86 1.83 1.37
7|fnrl-2_1 fnrl-2 mutant mutant 1|transcriptomics 589.24 732.71 1.36] 1.48| 1.81] 1.20
8|fnrl-2_2 fnrl-2 mutant mutant 2 transcriptomics| 508.09 706.30 1.36) 1.66) 1.60) 1.08
9|fnrl-2_3 fnrl-2 mutant mutant 3|transcriptomics 508.03 613.85 1.22 1.57| 1.79 1.19
10|FNRL-GFP _[ENRL-GFRomplement [control 1|transcriptomics 736.33 1005.64 2.04 2.61 2.66 1.75]
11|FNRL-GFP |ENRL-GFRomplement [control 2|transcriptomics 825.49 574.23 1.96] 2.53 2.56 1.82
12|FNRL-GFP_[ENRL-GFRomplement  [control 3|transcriptomics 868.64 657.87| 2.18] 2.50 2.56 1.86)
13|Col-0_1 Col-0 WT control 1|proteomics 611.18 759.13 2.13 2.50 2.48 1.59
14|Col-0_2 Col-0 WT control 2|proteomics 830.30 712.90 2.15 2.34 2.37 1.64
15|Col-0_3 Col-0 WT control 3|proteomics 765.93 684.29 2.25 2.47 2.45] 1.60
16(fnrl-1_1 fnrl-1 mutant mutant 1|proteomics 439.50 730.51 1.47 1.91 1.81 1.41
17|frl-1_2 fnrl-1 mutant mutant 2|proteomics 504.23 657.87| 1.45 1.94] 1.80] 1.49
18|fnrl-1_3 fnrl-1 mutant mutant 3|proteomics 397.47 457.57] 1.32 1.86] 1.83] 1.37|
19{fnrl-2_1 fnrl-2 mutant mutant 1|proteomics 589.24 732.71 1.36 1.48 1.81 1.20
20|fnrl-2_2 fnrl-2 mutant mutant 2|proteomics 508.09 706.30 1.36 1.66] 1.60] 1.08]
21|fnrl-2_3 fnrl-2 mutant mutant 3[proteomics 508.03 613.85 1.22 1.57 1.79 1.19
22|FNRL-GFP |ENRL-GFRomplement  [control 1|proteomics 736.33 1005.64 2.04] 2.61 2.66) 1.75]
23|FNRL-GFP_|ENRL-GFRomplement control 2|proteomics 825.49 574.23 1.96 2.53 2.56) 1.82
24|FNRL-GFP |ENRL-GFRromplement  [control 3[proteomics 868.64 657.87 2.18 2.50 2.56 1.86
25|Col-0_1 Col-0 WT control 1|metabolomics 611.18 759.13 2.13 2.50 2.48 1.59
26|Col-0_2 Col-0 WT control 2|metabolomics 830.30 712.90 2.15] 2.34 2.37| 1.64
27|Col-0_3 Col-0 WT control 3|metabolomics 765.93 684.29 2.25 2.47 2.45 1.60
28|fnrl-1_1 fnrl-1 mutant mutant 1|metabolomics 439.50 730.51| 1.47 1.91] 1.81] 1.41]
29|fnrl-1_2 fnrl-1 mutant mutant 2|metabolomics 504.23 657.87 1.45 1.94 1.80 1.49
30|fnrl-1_3 fnrl-1 mutant mutant 3|metabolomics 397.47| 457.57] 1.32 1.86] 1.83] 1.37|
31|fnrl-2_1 fnrl-2 mutant mutant 1|metabolomics 589.24 732.71) 1.36] 1.48| 1.81] 1.20
32|fnrl-2_2 fnrl-2 mutant mutant 2|[metabolomics 508.09 706.30 1.36) 1.66 1.60 1.08
33|fnrl-2_3 fnrl-2 mutant mutant 3|metabolomics 508.03 613.85 1.22 1.57| 1.79 1.19
34|FNRL-GFP |ENRL-GFRomplement |control 1|metabolomics 736.33 1005.64 2.04 2.61 2.66) 1.75]
35|FNRL-GFP_|ENRL-GFRomplement |control 2|metabolomics 825.49 574.23 1.96] 2.53 2.56 1.82]
36|FNRL-GFP_|FENRL-GFRomplement |control 3|metabolomics 868.64 657.87| 2.18] 2.50 2.56 1.86)

NOTE:The original
metabolomics

data was wrangled
so that it could be
aligned with
transcript and
protein samples.
Read file

T Ut Al RGHR®
Data filesw Lt T R
for more details on
data

harmonisation.



5.2/ Phenotyping

A Nitrate content is reduced in both fnrl mutants in roots and A Root length ismaximised under intermediate nitrate concentrations (1 110 mM)across

shoots, with astronger effect observed in fnrl -1 than fnrl-2. all genotypes.
A Roots are more strongly affected than shoots , consistent A Both low nitrate (0.1 mM) and high nitrate (60 mM) significantly reduce root growth .
with the root-specific expression of FNRL. A fnrl mutants exhibit reduced root length , with fnrl -2 showing a stronger growth penalty.
A GFP complementation leads to gartial recovery of nitrate A GFP complementation results in anodest but consistent improvement in root
content , supporting a direct role of FNRL in nitrate regulation. development relative to wild type.
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5.3/ Omics data cleaning steps

A Zero values were treated as missing and converted to NA

A Features containing only NA values were removed

A Missing values were imputed usingenotype -specific means when at least one replicate was present

A Features entirely missing within a genotype were conservatively set to zero

A Genotype-wise imputation was chosen to preserve biologically meaningful differences between mutant and complemented lines

A Transcriptomic and proteomic data exhibited strong right skew and wide dynamic ranges
A WIYNHAuNE€$b Wal ¢ Ut n Mdbilisé \auituYct) aldd appradimaechirRality Wa Y LW
A Metabolomics data were already approximately normally distributed and were not transformed

A To enablecross -omics comparability , all datasets were MirrMax scaled to a common range.
A MinTMax scaling to a shared 0120 range was applied to enable cross -omics comparison while preserving relative feature distributi  ons. The upper bound
was chosen to reflect the observed dynamic range of log -transformed intensities across transcriptomic, proteomic, and metabolomi ¢ layers.

&



5.4/ Summary statistics

Raw transcriptomic and proteomic data exhibitedextreme right skewness and kurtosis , reflecting wide dynamic

ranges and sparse expression.

X YNDHhuIN€+b Wal ¢Ut nY!l GeqRYUW 2 At q¢ UqR¢ G O,yidlding bpprexidbteld Y a6 Wt t 135 Ut + We UT Waqé¢ RG WE 1J¢
symmetric distributions.

MinTMax scaling to a common range preserved distributional shape while enabling cross -omics comparability.

omics data  cleaning methiod total valuesmissing_valuezeros mean median std min  max skewness kurtosis
X |raw none 276792 0[9030[ 1041 341] 3963 0[ 433569 40( 2737
PR [raw none 120540 15110 0| 2.E+09 2.E+081.E+103.E+04 1.E+12 31 1411
MT |raw none 648 0f 231 4 6 3 0 8 0 0
TX |cleanl [NA imputation -->log2(x+1) 276708 0[2316] 7.77] 8.42] 3.08 0 18.73 -0.64 -0.18
PR |cleanl |NA imputation -->1l0g2(x+1) 11532(Q 0[3012 26.46( 27.01 5.47 0 39.85 -2.800 11.74
MT |cleanl |NA imputation 648 O 108 5.19( 6.01] 2.39 0 7.96 -1.54 0.79
TX |clean 2[NA imputation -->10g2(x+1) --> min-max_0-20 276708 0[2316] 8.30[ 8.99 3.29 0 20 -0.64 -0.18
PR [clean 2|NA imputation -->l0g2(x+1) --> min-max_0-20 11532( 0[3012] 13.28 13.56 2.74 0 20 -2.800 11.74
MT [clean 2|NA imputation --> min-max_0-20 648 O 108 13.03 15.09 6.02 0 20 -1.54 0.79




5.5/ Data distribution

Histograms and box plots confirm thatclean data are unskewed, normally distributed and uniformly scaled

Transcripts Proteins Metabolites
e ' " Genotypo - m._“"’ ) ’ o s 8-
@© o - o] (e cats e Normal
et - it o
0000 - © H 6 0o 2 ] LU o B i1 &= 6-
m 200000 = %60 - FNRLGFP o0 5 0 .%o o Wmma2
i ° & aoooo 206 - o go o N FNAL-GFP z
u 2 e Ezomm 0 g 9o 5 i ! . o°: ° - 5,-
5! " . - o o ) o § oooo R 04 -0 g 8 g ° g 8 |
g Right skew oo . @ © 60008 .8 ; Right skew 528 988, o § -
) llillliillii ) . I i o -
- ilinin
@ v A w-$+3 343143 o- o .
o0 - MmN N 200 - A A 5 TET LT T
- i A A gggrzIyyyees R I e e g
. .- SesEEEEiEZOY o L 88883sEzitYy o wilda Fd3ieziiegds
1 1 1 L} ] L} 1 1 L} 1 ?& g i [} 1 1 1 i E E E
0 100000 200000 300000 400000 EEE 00 02 04 06 08 10 £cE 45 80 85 60 65 70 75 80 Ezek
Intensity (ron-2ero values) Tumple Intensity (non-zere values) 1012 Sampie Intensity (non-2ero values) o ger
© notype T 0 - . 20 - r
L oo - N 8 2 H -Gaouo o0 = “ [] -cwa?::“ “
] = 0. Normal | =g Normal .
feaeo = Normal b -2 - - 2 20 - 15-
u . B FNRLGFP 8000 - . F B FNRL-GFP z
).mon- D f10- | | N g1 -
: T H g 500 - é 9 s - 2
5 ;m .. % 5 -
m [ “m_ 100 -
m 000 0-5 80 cB508Boo 0-0000006000OGO O 0°:0-0-0-0-0=0-0"0-0 ===
o o 200 - S N e e Lo L.
- 200 - R B B I I 1000 - R B BT “ 993 ge g
(&) | $38E iiiEges $33ciiizit §33 858
o= 3 0 I o= . ' ' g 0 g g ' 'R 0- EEE
. ao 25 50 75 0.0 125 150 7ws 20 € £ £ a0 25 50 75 w00 s 150 175 20 E E E 1 1 1 1 1 1 J 1 [
Intenaity (Ron-zero vakues) Sample IMensity (non-zero vales) Sample 00 25 S50 75 100 125 150 175 200 Sample
m Intensity (non-zero values)




5.6/ FNRL (AT1G15140) expression profiles

Literature summary:

Published qRFPCR analysis demonstrateccomplete loss of ) )
functional FNRL expression in fnrl -1 and fnrl-2 mutants (1) (Figure TranSCI’IptS Proteins

below).
B C TX: AT1G15140 PR: AT1G15140
fnrl-1 G & < %

fnrl-2 Fca:;:?o
FNRL

1- Broad RC, et al. Thénr-like mutants conferisoxabentolerance by initiating mitochondrial
retrograde signalling. PlantBiotechnol J. 2024 Nov;22(11):300011.doi: 10.1111/pbi.14421.
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This study:

In the current study,RNA-seq detects residual transcript signal for
AT1G15140 infnrl mutants , likely reflecting partial or norfunctional
transcripts captured by sequencing.

In contrast, proteomics data confirm loss of FNRL protein in fnrl -1
and strong knockdown in fnrl -2, consistent with published knockout
validation PCR test.

GFP complementation strongly elevates transcript abundance and
partially restores protein accumulation
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Raw intensities illustrate absolute expression differences.
Cleaned intensities reflect relative expression after crosomics normalisation.



o/ EDA & Stats

1. Principal Component Analysis (PCA) on all data for each omics layer
A Assess sample distribution and reproducibility. Identify global patterns across genotypes.

2. Differential Analysis (DE) Contrasts on all data for each omics layer
A Robust statistical method to isolate FNREresponsive features.
A Pairwise comparisons:
A WT vs fndl
A WT vs fnri2
A WT vsinrl-GFP
A Scatterplots of all 3 pairwise DE comparisons by highlighting FDR significant (q < 0.05) features of
high fold-change (JFC| > 2).

3. Biomarker discovery
A Identify FNRLregulated omics features




6.1/ PCA on all features

sizes. Acceptable reproducibility (fair grouping of replicates, more so in PR and MT than TX).

PCA reveals strongyenotype-driven structure across all omics layers , with increasing signal sparsity from transcripts to metabolites due to reduction in dataset
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6.2/ DE contrasts & Volcano plots

partial and incomplete rescue in the GFRPcomplemented line.

Differential expression (DE) analysis using pairwise contrast tests reveassrong, allele -consistent FNRL-dependent regulation across all omics layers , with

C.WT vs GFP
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6.3/ Biomarker discovery

Principle on activation/repression by

FNRL gene
Activation :
ExperirEentaI design impliesthree conditions : A A If features aremore abundant in mutants ,
far-N W2 + Wi NLWS Wa Yt + Wwyn Wi X Wbr¢ G0G1IIGIIWNp LWL _
Afnrl-= W2+ Wi NWS WG Y+t WYnWwW[ AxWeicdddd W= WL they areFNRLrepressed.
AFNRL] [ AWzt Wi NWs Wne UrqRYUc oWl 3t #e 1J RepreSSIOn:
A bona fide FNRiregulated must fulfil the following rules: A If features areless abundant in mutants ,
A Rule A: Reproducible perturbation :
they areFNRL-activated .

A Significant contrast DE in both fndl and fnrk-2
A Same direction of change in both mutants

A Rule B: Rescue
A Effect size in FNRIGFP vs WT is reduced in magnitude compared to both mutant contrasts, and/or directionally reversed

B Metabolites

sig fnrll: 870 sig fnrll: 694 sig fnrll: 31

sig fnrl2: 945 sig fnrl2: 825 sig fnrl2: 24

GFP FC normissing: 23059 GFP FC normissing: 9610 GFP FC normissing: 0
Consistent across mutant: 395 Consistent across mutant : 325 Consistent across mutant : 15
Core FNRL targets341 Core FNRL targets 148 Core FNRL targetsi5
rescued_by GFRTrue): 341 rescued_by GFRTrue): 148 GFP rescue not assessed
rescued by GFRNaN): 0 rescued by GFRNaN): 0

S
S
&
S
p)

There are in totab04 biomarkers (341 TX + 148 PR + 15MT).
The number of FNRIiregulated features decreases from transcripts to proteins to metabolites, reflecting increasingegulatory constraint

and buffering across molecular layers, but also dataset size .
Applying stringent genetic and rescudbased criteria identifies a highconfidence set of 189 FNRkregulated biomarkers, revealirg a robust
transcriptional regulon with partial propagation to the proteome and limited downstream metabolic effects.




g // Biomarker profiling

1. Filtering in FNRL-regulated features A biomarkers
A Isolating DEsignificant features with consistent fold-change direction across mutants and
rescue in the complemented genotype.
2. Hierarchical Clustering Analysis (HCA) on biomarkers
A Clustering and ordering of biomarkers exhibiting similar expression profilegisualised as a
heatmap.
3. k-means clustering on biomarkers
L 0o © A Clustering biomarkers exhibiting similar expression profilesyisualised with line plots per
|_|_| M ° cluster.
o o 4. Linear Discriminant Analysis (LDA) using k-means cluster as a factor on
biomarkers
A Project kmeans-defined clusters into a supervised space tanaximise between-cluster
separation and further structure biomarkers with similar expression profiles.
5. Data engineering
A All analysis results are captured as additional columns in the quantitative datasets for
downstream modelling alongside phenotypic measurements.

NOTE:MT omitted from analysis.




7.1/ Filtering of biomarkers & Venn diagram

A TX 341/23059 (1.48%) biomarkers
A further EDA & ML

All features Biomarkers %

A PR 148/9610 (1.54%) biomarkers TX 23059 341 1.5
A further EDA & ML PR 9610 148| 1.5
A Intersection TX/PR: Venn diagram
below shows only 2 common AT MT o4 15/27.8
IDs across transcriptomics and All 32723 504 1.5

proteomics. Highly
complementary .

A MT: 1/54 (27.78%) biomarke®
further EDA & ML

71475 (1.5%) common gene accession across TX and PR:

A AT4G36580AAAtype ATPase family proteij

A AT1G723304lanine aminotransferase 2

A AT5G51440KISP20like chaperones superfamily proteir)

A AT1G21120Q-methyltransferase family protein)

A AT2G18193R-loop containing nucleoside triphosphate hydrolases superfamily proteil
A AT4G39740Thioredoxin superfamily protein

A AT5G13210ncharacterised conserved protein UCP015417yWA)




7.2/ HCA (unsupervised clustering)

Hierarchical clustering of 188 FNRL biomarkers exhibit4 coherent expression modules corresponding to FNREactivated and FNRErepressed programs, with strong
allelic consistency and GFPmediated rescue:

A Profile 1: Higher abundance in mutants; reduced in WT and GF® These features argepressed by FNRL in WT Loss of FNRL releases repression.

A Profile 2: Reduced abundance in mutants; partially restored by GFR Another activation -like pattern , with stronger dynamic range or delayed regulation .
A Profile 3: Reduced abundance in WT; partially restored by GF® Another repression -like pattern , with stronger dynamic range or delayed regulation.

A Profile 4: Higher abundance in WT and GFP; reduced in mutanés These features argositively regulated (activated) by FNRL .
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7.3/ k-means clustering with k=4

Based on hierarchical clustering, four
dominant expression programs were
identified.
k-means clustering using k = 4 was
therefore applied toformalise these
patterns.
K-means clustering resolves FNRL core
targets into four regulatory programs
distinguished bydirectionality (activated
vs repressed) anddegree of GFR
mediated rescue :
A Cluster 0: FNRLrepreseed targets with
partial GFP rescue (158 featurest 32%)
A Cluster 1: FNRL-activated targets with
partial GFP rescue (77 featurest 15%)
A Cluster 2: FNRL-repressed targets with
strong GFP rescue (148 featuresT 29%)
A Cluster 3: FNRL-activated targets with
strong GFP rescue (121featurest 24%)

A k-means cluster 0 B k-means cluster 1 C k-means cluster 2 D k-means cluster 3
Individual Biomarker Profiles Individual Biomarker Profiles Individual Biomarker Profiles Individual Biomarker Profiles
(n=158) (n=77) (n=148) (n=121)
2.0
5 —— Cluster 0 mean 2 ——— Cluster 1 mean 2 —— Cluster 3 mean
1.5
- s § - 1.0 S
g 1 2 1 2 e 1
3 8 8 o5 S
s 8 / & g
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7.4/ LDA using kmeans cluster

A k-means cluster 0 B k-means cluster 1 C k-means cluster 2 D k-means cluster 3
Individual Biomarker Profiles Individual Biomarker Profiles Individual Biomarker Profiles Individual Biomarker Profiles
(n=158) (n=77) (n=148) (n=121)
2.0
—— Cluster 0 mean ——— Cluster 1 mean 2 —— Cluster 3 mean
. 2 2 15
K-means cluster number is used as a = " / . -
. .. . ® 1 ® y @ 2 1
discriminant factor in LDA. : g J g os :
LDA confirms clear separation of the g ° g o / T » i
four k-means clusters. - z /\\\J B z
LD1 accounts for 97.14% of the 3 = YA = =
discriminative separation and captures " = 20 | — Cluster 2 mean =
the primaryregulatory directionality , - T -_—rrrmTTTE R -reoOgoe
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FNRL functions as a bidirectional regulator controlling distinct target classes, with
differential sensitivity to genetic rescue.

Rescue
strength

FNRL isnot a simple on/off regulator .
It acts throughat least two mechanistic layers :
A Directionality of regulation (activation vs repression)
A Strength and completeness of regulatory control
Partial rescue suggests:

7.5/ Conceptual model of FNREmediated regulation

Regulatory direction

activated

Canonical direct
targets requiring FNRL

repressed

Robust repression
mediated by FNRL

A dosage sensitivity

A temporal mis-expression

A loss of regulatory finetuning

A requirement for native genomic context

partial

Activation requires
precise regulation,
stoichiometry, or

chromatin context

Repression sensitive
to expression level,
timing, or protein
context

Axis 1y Regulatory direction (LD1): Does FNRL activate or repress the target?
A FNRL-activated targets
K W+ Gl IIfhritmiRtdnts LRy ird FNRL for activation
A FNRL:-repressed targets
o W # G 1IhrtmBtants Liepiddsed by FNRL in WT
This axis explains thelominant separation Yn lWa ¢ | N qt WetH®TE WY n W Rt *
Axis 2y Rescue strength (LD2): How completely is regulation restored by FNRL -GFP?
A Strong rescue: GFP restores expression close to WT
W ql YUnNnWne UrRqRYUcoWHYOGGHEWAaWUqe qrRYU
A Partial rescue: GFP produces intermediate expression
SWRUAYOIGUIUqUW WHEY2JI ! WYnW IRsdcaqVY!l ! WwHEYUq!
This axis capturesgualitative differences in FNRL dependency (~3%), not noise.

Strong
(269)

Rescue
strength

Regulatory direction

Activated (198)

—  Cluster 3 mean

Repressed (306)

mutants \ GFP - W1

148

w———  Cluster 2 mean

Partial
(235)

FNRL regulates gene expression along two orthogonal dimensions : regulatory direction and
rescue sensitivity, revealing multiple functional classes of downstream targets rather than a
single mode of action.

158

Cluster O mean




7.6/ Feature engineering

Each data analysis (PCA, DE, HCA;rkeans, LDA) was captured as additional columns to each respective omics dataset.
These new variables can be used in down stream analyses for filtering and modelling purposes.

B JEEE

Initial omics dataset Augmented omics dataset

13 columns: 58 columns:

A 1 feature ID 1 feature ID

A 12 sample clean abundances 12 sample clean abundances

2 PCA (PC1, PC2)

12 DE (FC, pvalues, FDR, biomarkers) for each pairwise test
12 volcano plots (logl0FC, FDR, scores)

6 biomarker rules (consistent, rescue, biomarker, score, strengthintegrated_score)
4 HCA (order, rank, cluster, biomarker)

5 k-means (cluster, size, distance, biomarker, strength)

4 LDA (LD1, LD2, radius, score)

o To T o To T o Do To



8/ ML modelling

1. Data needed
A Phenotypic measurements
A Augmented datasets

2. Model overview
A Predictors

A Targets

A Algorithms

3. Prediction results
A Metrics
A Top predictors




8.1/ Data required

A genotypes sample_id genotype root_nitrate_content shoot_nitrate_content root_len_0.1mM root_len_1mM root_len_10mM root_len_60mM
A root nitrate content Col-0.1 [Col-0 611.18 759.13 2.13 2.50 2.48 1.59
A shoot nitrate Col-0 2 [Col-0 830.30 712.90 2.15 2.34 2.37 1.64
shoot_nitrate_content Col-0 3 |Col-0 765.93 684.29 9.25 247 2.45 1.60
A root_len_0.1mM farl-L 1 |fnrl-1 439.50 730.51] 1.47 1.91 1.81 1.41
A root_len_1mM fnrl-1 2 [frl-1 504.23 657.87 1.45 1.94 1.80 1.49
A root len 10mM frl-1 3 fnrl-1 397.47 457 .57 1.32 1.86 1.83 1.37
A root len 60mM farl-2 1 |frl-2 589.24 732.71] 1.36 1.48 1.81 1.20
- = frl-2_2 fnrl-2 508.09 706.30 1.36 1.66 1.60 1.08
frl-2_3 fnrl-2 508.03 613.85 1.22 1.57 1.79 1.19

FNRL-GFP |ENRL-GFP 736.33 1005.66 2.04 2.61 2.66 1.75

FNRL-GFP |ENRL-GFP 825.49 574.23 1.96 2.53 2.56 1.82

FNRL-GFP |ENRL-GFP 868.64 657.87 2.18 2.50 2.56 1.86

A biomarkers only

A kmeans_cluster

A clean abundances
omics ID1 clean_Col-0 clean_Col-0 clean_Col-0 clean_fnrl-1_clean_fnrl-1_clean_fnrl-1_clean_fnrl-2_ clean_fnrl-2_ clean_fnrl-2_ clean_FNRL clean_FNRL clean_FNRL kmeans_cluster
TX: |AT2G18193 | 9.3177514 9.1529504 9.198313 11.530097 11.654997 11.649193 11.7995171 11.750894 11.801993 9.370797 9.2320883 9.50958149 1
TX: |AT1G68090 | 1.5049874 1.5049874 1.5049872 0 0 0 0 0 0[ 1.6093447 1.6093447 1.6093447 0
PR: |[AT4G33110.1 10.831863 10.831863 10.831869 0 0 0 0 0 0 12.21597§ 12.126423 12.024202 0
PR: |[AT1G23080.1 10.429873 10.429873 10.429873 0 0 0 0 0 0[ 11.033814 11.033814 11.033816 0
PR: |[AT5G64070.1 11.374511 11.374511 11.374511 0 0 0 0 0 0[ 11.990769 11.990769 11.9907649 0
PR: [AT1G06970.1 10.0097064 10.00970§4 10.009704 0 0 0 0 0 0[ 10.429144 10.429144 10.429146 0
PR: [AT2G01070.1 9.6709403 9.6709403 9.6709409 0 0 0 0 0 0 11.24453 11.008941 10.657492 0
PR: [AT1G70070.1 11.674457 12.080291 11.905444 0 0 0 0 0 0| 12.368973 12.368973 12.3689743 0
PR: |AT3G23700.1 11.520949 11.816774 11.593774 0 0 0 0 0 0 11.902761 12.22577 12.29869 0
TX: |AT4G39340 0 0 0 1.1110531 1.1110537 1.1110533 1.0620504 1.0620504 1.0620504 1.0306074 1.0306074 1.0306074 2
TX: |AT3G58150 | 2.1900504 2.2494574 2.2200408 7.5597773 7.4596144 7.6799169 7.949093§ 7.7114054 8.1229364 2.041634§ 2.38066] 2.54668 1
PR: |AT5G06240.1 12.255831 12.18197 12.322849 0 0 0 0 0 0 12.554624 12.5484 12.542924 0
PR: |AT2G31880.1 10.575714 10.57571§ 10.575718 0 0 0 0 0 0[ 10.84452§ 10.844526 10.844526 0
PR: |AT4G22000.1 0 0 0| 11.749817F 11.7498171 11.749817 12.297549 12.297549 12.297549 0 0 0 1
PR: [AT5G49950.]1 10.453783 10.453783 10.453783 0 0 0 0 0 0 10.6839 10.6839 10.6839 0
PR: [AT2G32350.1 0 0 0 11.854283 11.854283 11.854283 12.248417 12.2484171 12.248417 0 0 0 1
PR: [AT1G61960.1 0 0 0 10.946793 10.946793 10.946793 11.741411 11.741411 11.74141] 0 0 0 1
PR: [AT1G72120.]1 10.986714 11.07125§ 10.890974 0 0 0 0 0 0 11.462733 11.272043 11.012437% 0




8.2/ Modelling approach

A Does FNRLEdependent molecular variation explain phenotypic outcomes?
A Specifically, can variation in FNRL core targets quantitatively predict nitrate accumulation and root growth?

Build a compact, biologically structured feature matrix at the sample level by aggregating FNRL cdegget intensities byk-means cluster (i.e. main expression patterns) :
ANI ¢Ut #l RGqt alWNAxt dMWe WNAxt &0

AAl YqURUt alWlAAxt G MWe WAAXxt GO

A~Uq¢cHYORqUt all~Nxt GMWs W~Nxt GO

This yields 12 predictors total, which is appropriate for the limited number of biological samples.

Each predictor represents the mean activity of a coherent FNRiegulated module, ensuring stability and interpretability while educing overfitting.

A Root nitrate content, shoot nitrate content
A Root length at 0.1, 1, 10 and 60 mM nitrate

Only FNRL core target features because the biological unit of regulation is the FNBintrolled module, not individual genes orproteins.
Start with:

A transcripts (TX) only

A proteins (PR) only

A metabolites (MT)

A combined TX + PR + MT

A Elastic Net/ Lasso: feature selection and interpretability (linear effects)
A Random Forest Regressor: captures nontlinear genotyperphenotype relationships

A2RI URqUWNUUYq! GUWS WaWH6 ¢ URY W WG6WUYq! Wi ROt
A Models are both predictive and mechanistically interpretable



8.3/ Prediction results

Elastic Net linear model applied on biomarkers aggregated by main profiles-(keans clusters) robustly predict root growth phentypes across nitrate regimes (R2 > 0.9),
indicating that root developmental responses are largely encoded by coordinated transcriptional programs under FNRL control

In contrast, root nitrate accumulation is only partially predictable (maximum R2 = 0.66), with Random Forest models outpenfioing Elastic Net. This suggests

substantial non-linear regulation, with protein -level clusters contributing most strongly, consistent with post  -transcriptional control of n itrate handling .

Nitrate content in shoots is not predictable nl YO WARY G ¢l t 1J1 Wa ¢ RUWG! Y n-Bpidiic redmldtien Hipliiadathy theerad@®yubed expelridotat + 1
design. The scatterplot illustrates the high predictive accuracy of the biomarkederived model for root length at 1 mM nitrate.

Together, these results support a model in which FNRL orchestrates discrete transcriptional modules driving root growth, wehiitrate accumulation is modulated
downstream through proteintlevel regulatory mechanisms.

target(y) ElasticNet R2  ElasticNet RMSE RF_R2 RF_RMSE EN modelling of root_len_1mM
shoot_nitrate_content -0.29 140.72 -0.20 135.64 3
root_nitrate_content 0.52 110.60 0.66 93.08 , &
root_len_0.1mM 0.89 0.13 0.92 0.11
root_len_60mM 0.91 0.07 0.85 0.10 ? --""ﬁnz e
root_len_10mM 0.94 0.09 0.88 0.13|| £ . o '
root_len_1mM 0.96 0.08 0.85 0.15[] = ’
1

NOTE:The original data was wrangled so that it could be aligned with omics samples. 05

This is acceptable for nitrate content data in roots but probably not for nitrate content in

shoots. 0

For theroot length measurements, we shouldlimit to the nitrate regime that was applied to oo e
the 12 omics samples used in this study (Ghaz, which nitrate concentration was used’. -




9/ Data mining

UniProt ¢
®e
P. pide &t 1/ feature annotation retrieval
()(f)\")\ A TAIR10(https://www.arabidopsis.org/) & biomarkers descriptions
A UniprotkB (https://www.uniprot.org/)
GE"'ufﬁf;‘loohtf’GY A PeptideAtlas (https://peptideatlas.org/)
A MetaboAnalyst (https://www.metaboanalyst.ca/)
@ 2/ Functional Annotation and Gene Ontology Enrichment
A GO (https://geneontology.org/) &AMIGO
A R'g'g'gtome 3/ Pathway Mapping and Metabolic Contextualisation

A KEGG(https:/iwww.kegg.jp/kega/)
A PlantReactome
(https://plantreactome.gramene.org/PathwayBrowser/#/SPECIES=170905&DTAB=AN&ANAL

YSIS=MjAYN]JAXMTkwMTA3MThfMTQ%253D)
A MetaboAnalyst (https://www.metaboanalyst.ca/)
4/ Protein TProtein Interaction Network Construction
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NOTE:FNRL gene product (PR:AT1G15140.1) is one of the biomarkers, but not at the transcript level (TX:AT1G15140).
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https://cytoscape.org/

9.1.1/ TX+PR Biomarker TAIR10 annotations (top feat.)
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PR: |AT1G45616. receptor like protein 6 AT2G32350. Ubiquitin-like superfamily protein

PR: [AT4G11980.

nudix hydrolase homolog 14

AT1G61960. Mitochondrial transcription termination factor family protei

3
PR: |AT5G64070.1]  86710.95 3 phosphatidylinositol 4-OH kinase betal PR: [AT1G16650.1] 86769.26 2 S-adenosyl-L-methionine-dependent methyltransferases s
PR: |AT3G16030.1) 34559.04 3 lectin protein kinase family protein PR: [AT3G45720.1] 30418.32 2 Major facilitator superfamily protein
PR: |AT2G31880.1) 32700.89 3 Leucine-rich repeat protein kinase family protein PR: |AT4G26910.1 26511.71 2 Dihydrolipoamide succinyltransferase
PR: |AT5G49950.1) 32062.8( 3 alpha/beta-Hydrolases superfamily protein PR: [AT4G14370.1 26033.29 2 Disease resistance protein (TIR-NBS-LRR class) family
PR: |AT4G33110.1) 31005.7§ 3 S-adenosyl-L-methionine-dependent methyltransferases s PR: [AT1G05700.1] 21757.17 2 Leucine-rich repeat transmembrane protein kinase protein
PR: [AT1G23080.1) 30744.96 3 Auxin efflux carrier family protein PR: |AT1G63250.1 20603.04 2 DEA(D/H)-box RNA helicase family protein
PR: |AT2G36570.1 29901.61 3 Leucine-rich repeat protein kinase family protein PR: |AT2G07750.1] 20603.0d 2 DEA(D/H)-box RNA helicase family protein
PR: |AT1G80640.1 29621.21 3 Prolei7hki(;1ase supe:amily protein 100/12 1 an notated 100/148 an nota’ted PR: |AT4G36580.1] 2223.3( 2 AAA-type ATPase family protein
PR: [AT1G06970.1f 28798.79 3 cation/hydrogen exchanger 14 PR: |AT5G04440.1  1794.37 2 Protein of unknown function (DUF1997
PR: |AT2G01070.1 24288.21 3 Lung seven transmembrane receptor family protein 21/121 (17%) unannotated 48/148 (32%) UN. [pr [AT3G529704  1631.94 > cytochrome P450, family 76’(5ubfami|y)G’ polypeptide 1
PR: |AT3G54270.)f 13585.43 3 sucrose-6F-phosphate phosphohydrolase family nrotein TX: |AT5G09570 1533.34 2 Cox19-like CHCH family protein
PR: |AT3G55380.2 11067.5 3 ubiquitin-conjugating enzyme 14 Rasulato dire E TX: |AT1G76190 1156.53 2 SAUR-like auxin-responsive protein family
TX: |AT1G62190 6575.41 3 Kua-ubiquitin conjugating enzyme hybrid localise o TX: [AT2G42930 1135.97 2 Carbohydrate-binding X8 domain superfamily protein
PR: |AT5G06240.1  2595.39 3 embryo defective 2735 TX: |AT5G67120 1122.1§ 2 RING/U-box superfamily protein
PR: JATSG47550.  2240.97 3 Cystatin/monellin superfamily protein A =d (198 D 0 TX: _|AT3G44840 632.87 2 S-adenosyl-L-methionine-dependent methyltransferases s
PR: |AT1G721204] 10411 3 Major facilitator superfamily protein 2 - X 5 0 TX. |AT5G52040 49749 2 Protein of unknown function (DUF295)
PR: |AT3G23700.4  1929.07 3 Nucleic acid-binding proteins superfamily TX: |AT1G19320 424.83 2 Pathogenesis-related thaumatin superfamily protein |
PR: |AT1G70070.} 1896.93 3 DEAD/DEAH box helicase, putative . . e —— Cluster 3 mean
PR: [AT1G71500.1] 1741.01 3 Rieske (2Fe-2S) domain-containing protein
. i i Q
PR: |AT4G30340. 1487.80 3 diacylglycerol kinase 7 eng b s GEP WT mutants-\ GFP—/WT
121 148
—— Cluster 2 mean
———  Cluster 1 mean
M D " R - efd direction & Short_de 0 -] Pa c M FNRL_intjid kme- (lirectionﬂ Short_description
AT1G68150.1 13281.62 1lact_part |WRKY DNA-binding protein 9 % 77 § PR: |AT1G65040.2) 3666.89 Ofrep_part |RING/U-box superfamily protein
AT1G37150.20 11899.7§ 1lact_part holocarboxylase synthetase 2 “mutants /GFP‘ “—WT FtEs G WT PR: |AT4G32208.1] 2958.64 Olrep_part |heat shock protein 70 (Hsp 70) family protein
AT1G09140.1] 10210.21 1lact_part SERINE-ARGININE PROTEIN 30 FRSRS PR: |AT3G19960.2 2694.64 O|rep_part myosin 1
AT2G46300.1 8194.21 1|act_part |Late embryogenesis abundant (LEA) hydroxyproline-rich 77 1 58 PR: |AT3G10500.1 2587.34 O|rep_part  |NAC domain containing protein 53
AT5G60470 822.43 1lact_part |C2H2 and C2HC zinc fingers superfamily protein —— Cluster 0 mean PR: |AT1G02816.1] 2431.50 O|rep_part  |Protein of unknown function, DUF538
PR: |AT1G15140.] 767.03 1lact_part FAD/NAD(P)-binding oxidoreductase PR: |AT5G52540.1] 1320.34 O|rep_part Protein of unknown function (DUF819)
' PR: |AT2G34710.] 659.80 1lact_part Homeobox-leucine zipper family protein / lipid-binding STA| PR: |AT3G47110.1 965.11) Ofrep_part Leucine-rich repeat protein kinase family protein
TX: |AT1G09665 518.43 1[act_part |Toll-Interleukin-Resistance (TIR) domain family protein PR: |AT3G02580.1 845.14 O|rep_part |sterol 1
TX: [AT5G58170 403.55 1lact_part |SHV3-like 5 PR: |AT1G14390.1] 843.99 O|rep_part |Leucine-rich repeat protein kinase family protein
TX: |AT5G36240 272.62 1lact_part |zinc knuckle (CCHC-type) family protein PR: |AT5G53100.1] 479.24 O|rep_part |NAD(P)-binding Rossmann-fold superfamily protein
TX: |AT5G09640 236.13 1lact_part serine carboxypeptidase-like 19 TX: [ATMG00860 343.32 Ofrep_part DNA/RNA polymerases superfamily protein
TX: |AT5G46795 202.74 1lact_part microspore-specific promoter 2 PR: |AT1G61475.1 307.61 O|rep_part  |ATP binding;protein kinases
TX: [AT5G38430 160.01] 1|act_part [Ribulose hisphosphate carboxylase (small chain) family pr 59/77 annotated 135/158 annotated TX: |AT5G58050 306.20 0O|rep_part  [SHV3-like 4
TX: |AT3G10510 141.30 1lact_part |Galactose oxidase/kelch repeat superfamily protein TX: |AT1G14800 302.42 Olrep_part  |Nucleic acid-binding, OB-fold-like protein
TX: |AT5G46660 103.45 1|act_part protein kinase C-like zinc finger protein 18/77 (23%) unan nOtateCI 23/158 (15%) un. TX: |AT1G24010 232.98 Olrep_part  |Polyketide cyclase/dehydrase and lipid transport superfam
TX: |AT5G37760 79.10) 1lact_part |Chaperone DnaJ-domain superfamily protein TX: |AT4G38560 198.53 O|rep_part  |Arabidopsis phospholipase-like protein (PEARLI 4) family
PR: |AT5G10810.1 22.77] 1[act_part |enhancer of rudimentary protein, putative TX: |AT5G53742 184.17 O|rep_part  |Protein of unknown function (DUF1278)
TX: |AT4G00180 15.56] 1lact_part  [Plant-specific transcription factor YABBY family protein TX: |AT2G17860 178.08 O|rep_part  |Pathogenesis-related thaumatin superfamily protein
PR: |AT1G77020.]] 10.89 1lact_part DNAJ heat shock N-terminal domain-containing protein TX: |AT5G19360 177.26 O|rep_part  |calcium-dependent protein kinase 34
PR: |AT5G25220.1f 10.40| 1lact_part KNOTTED1-like homeobox gene 3
PR: |AT5G11060.1 10.40| 1lact_part KNOTTED1-like homeobox gene 4 A
TX: |AT5G53660 10.33 1 actjart growth-regulating factor 7 : 3 94/504 (7 8 %) an n Otate d b I O m arke rS



]
—  Cluster 3 mean A t. t. Cluster 1 mean Re p ressio n
mutants GFP’ WT mutants WT
~ - ~ - - ] ort_description - ~ - ~ & ] Rl FNRL mtﬂhm—ﬂ direction B Short_description
PR:_|AT1G45616. 3] receptor like protein 6 act_part |WRKY DNA-binding protein 9 AT2G32350. 2| Ubiguitin-like superfamily protein PR: |AT1G65040.2  3666.8: Ojrep_part  [RING/U-box superfamily protein
PR: |AT4G11980. 3 nudix hydrolase homolog 14 act_part  [holocarboxylase synthetase 2 AT1G61960. 2 Mitochondrial transcription termination factor family protei PR: [AT4G32208.1]  2058.64 ofrep_part [heat shock protein 70 (Hsp 70) family protein
PR:_|AT5G64070. 3] phosphatidylinositol 4-OH kinase betal act_part |SERINE-ARGININE PROTEIN 30 AT1G16650. 2| S-adenosyl-L-methionine-dependent methyltransferases s PR: |AT3G19960.2  2694.6 Ofrep_part |myosin 1
PR: [AT3G16030.1] 34559.0. 3] lectin protein kinase family protein act_part  [Late embryogenesis abundant (LEA) hydroxyproline-rich gl AT3G45720.1]  30418.3: 2| Major facilitator superfamily protein PR: |AT3G10500.3  2587.3 OJrep_part  [NAC domain protein 53
PR:_|AT2G31880.1 32700.8 3] Leucine-rich repeat protein kinase family protein act_part  [C2H2 and C2HC zinc fingers superfamily protein [ATAG26910.1] 26511.7 2| Dihydrolipoamide succinyltransferase PR: |AT1G02816.4 24315 Ofrep_part |Protein of unknown function, DUF538
PR:_|AT5G49950.1] 32062.8 3] alpha/beta-Hydrolases superfamily protein act_part |FAD/NAD(P)-binding oxidoreductase AT4G14370.1]  26033.2! 2| Disease resistance protein (TIR-NBS-LRR class) family PR: |AT5G52540.3  1320.34 Ojrep_part  [Protein of unknown function (DUF819)
PR:_|AT4G33110.1] _31005.7" 3| S-adenosyl-L me s act_part  [Homeobox-leucine zipper family protein / lipid-binding STA ATIG05700.1] _21757.1 2| Leucine-rich repeat transmembrane protein kinase proteir| PR: |AT3G47110.1]  965.11] O|rep_part |Leucine-rich repeat protein kinase famil
PR:_|AT1G23080.1] _30744.9 3| [Auxin eflux carrier family protein A act part  [TollInterleukin-Resistance (TIR) domain family protein AT1G63250.1 _20603.0 2| DEA(D/H)-box RNA helicase family protein PR: |AT3G02580.1  845.14 0|rep_part [sterol T
PR: |AT2G36570.1 29901.6 3 Leucine-rich repeat protein kinase family protein AT5G5! act_part  |SHV3-like 5 AT2G07750.1  20603.0! 2 DEA(D/H)-box RNA helicase family protein PR: |AT1G14390.1 843.99 O|rep_part  |Leucine-rich repeat protein kinase family protein
PR:_|ATIG80640.1 296212 3| Protein kinase superfamily protein AT5G3 actpart [zinc knuckle (CCHC-type) family protein AT4G36580.1] 222331 2| AAA-type ATPase family protein PR:_|AT5G53100.]  479.2 0|rep_part [NAD(P)-binding Rossmann-fold superfamily protein
PR: |AT1G06970.] 28798.7: 3] cation/hydrogen exchanger 14 AT5GO! act_part  [serine carboxypeptidase-like 19 AT5G04440.1] 17943 2| Protein of unknown function (DUF1997) TX: |ATMG00860 343.3: OJrep_part
PR:_|AT2G01070.1] 24288.2 3| Lung seven transmembrane receptor family protein X:_|AT5G46795 202.74 act part  [microspore-specific promoter 2 AT3G529707 _ 1631.94 2 Cytochrome P450, family 76, subfamily G, polypeptide 1 PR: _|AT1G61475.1] 307.6% o|rep_part [ATP binding;protein kinases
PR:_|AT3G54270.1] 13585.4: 3| sucrose-6F-phosphate phosphohydrolase family protein TX:_|AT5G38430 160.01 1]act_part v AT5609570 153334 7| Cox19-ike CHCH family protein TX:_|AT5G58050 306.2 o|rep_part  [SHv3like 4
PR:_|AT3G55380.2 11067.5: 3] ubiquitin-conjugating enzyme 14 TX:_|AT3G10510 14131 1|act_part ATIG76190 1156.5 3| SAUR-like atxinresponsive protein famil TX:_|AT1G14800 302.43 o|rep_part  [Nucleic acid-binding. OB-fold-ike protein
TX: |AT1G62190 6575.4 3 Kua-ubiquitin conjugating enzyme hybrid localisation dom: TX: |AT5G46660 103.4: 1fact_part i AT2G42930 1135.9 2 Carbohydrate-binding X8 domain superfamily protein TX: _[AT1G24010 2329 Ofrep_part  |Polyketide cyclase/dehydrase and lipid transport superfar
PR:_|AT5G06240.1 2595 3! 3| embryo defective 2735 [TX:_|AT5G37760 79.13 T|act part [Chaperone DnaJ-domain superfamily protein AT5G67120 1122.14 2| RING/U-box superfamily protein TX._|AT4G38560 198.5 0|rep_part  [Arabidopsis phospholipase-like protein (PEARLI 4) family
PR:_|AT5G47550.1]  2240.97] 3] Cystatin/monellin superfamily protein PR: [AT5G10810.1f 22.77| 1lact_part |enhancer of rudi y protein, putative AT3G44840 632.87] 2| S-adenosyl-L-methionine-dependent methyltransferases s TX: |AT5G53742 184.1 Ojrep_part  [Protein of unknown function (DUF1278)
PR: |AT1G72120.1  1941.1 3 Major facilitator protein TX: |AT4G00180 5 act_part  |Plant-specific transcription factor YABBY family protein AT5G52940 497.44 2 Protein of unknown function (DUF295) TX: |AT2G17860 178.0 Ofrep_part |Pathogenesis-related thaumatin superfamil
PR:_|AT3G23700.]  1929.07 3| Nucleic acid-binding proteins superfamily PR: |AT1G77020.1) .8 act_part |DNAJ heat shock N-terminal domain-containing protein AT1G19320 424.83 2 Pathogenesis-related thaumatin superfamily protein TX: _|AT5G19360 177.29 Ojrep_part
PR:_|AT1G70070.1 _ 1896.9: 3| DEADIDEAH box helicase, putative PR:_|AT5G25220.1] 4 act_part  [KNOTTEDIlike homeobox gene 3 AT3G58150 387.03 2| Optic atrophy 3 protein (OPA3) TX:_|AT1G08440 159.89 0|rep_part  [Aluminium activated malate transporter family protein
PR: |AT1G71500.1]  1741.01] 3] Rieske (2Fe-2S) domain-containing protein PR: 11060.1 4 act_part NOTTED1-like homeobox gene 4 [AT1G21250 386.76 2| cell wall kinase TX: |AT3G30200 141.60 Olrep_part |Plant transposase (Ptta/En/Spm family)
PR._|AT4G30340.1] 148781 3| diacylglycerol kinase 7 TX: 53660 .3 act part [growth-regulating factor 7 [AT2G20800 | 365.95 2| NAD(P)H dehydrogenase B4 PR: |ATCG00740. 127.18 O|rep_part  [RNA polymerase subunit alpha
TX._|AT1G68090 632.38 B [annexin 5 [TX:_|AT1G28450 52| Ilact part [AGAMOUSlike 58 AT3G04290 363.70 2| Li-tolerant lipase 1 PR._|ATIG01650.1  118.41] O|rep_part  [SIGNAL PEPTIDE PEPTIDASE-LIKE 4
TX.|AT1G55600 591.34 3| WRKY DNAbinding protein 10 [TX:_|AT1G28040 9.40) Tlact part [RING/U-box superfamily protein AT5G52930 308.31] 2| Protein of unknown function (DUF295) PR._|AT4G32360.1 _ 115.08 o|rep_part [Pyridine nucleotide-disulphide oxidoreductase family prot
PR:_|ATIG18370.1 58981 3| [ATP binding mi motor family protein PR._|AT4G11810.1] 844  1lact part |Major Facilitator Superfamily with SPX (SYG1/Pho81/XPR1 AT1G09080 2765 2| Heat shock protein 70 (Hsp 70) family protein TX:_|ATMG00370 108.99 o|rep_part [YcfL protein
TX. |AT1G37000 572.89 3] Beta-galactosidase related protein PR:_|AT4G22990.2] 8.44 1lact_part  [Major Facilitator Superfamily with SPX (SYG1/Pho81/XPR1 AT5G09940 217.2 2 Protein of unknown function (DUF1635) TX:_|AT3G55780 105.60 0 Glycosyl hydrolase superlamllx protein
PR:_|AT3G06630.1] 517.54 3| protein kinase family protein TX: |AT2G35130 8.25) 1fact part i i AT2G36800 130.4¢ 2| don-glucosyltransferase 1 PR: |AT3G12900.1 96.7 ) (20G
PR:_|AT1G21840.1] 404.44 3] urease accessory protein F TX: |AT3G02620 7.36) 1act_part -acyl- AT2G04050 123.16] 2| MATE efflux family protein TX:_|AT2G27380 95.56] [ extensin proline-rich 1
TX: _|AT5G12020 265.23 3| 17.6 kDa class Il heat shock protein X:_|AT2G44920 7.26 act_part | Tetratricopeptide repeat (TPR)-like superfamily protein AT1G53480 118.3; 2| mto 1 responding down 1 TX: |AT1G22240 81.99 Ojrep_part  [pumilio 8
TX. |ATIG18010 | 143.43 3 Major facilitator superfamily protein X:_|AT1G78450 7.04] act_part [SOUL heme-binding family protein AT2G18193 91.71] 3| -loop containing nucleoside tiphosphate hydrolases supt [TX:_|AT5G20740 74.83 0|rep_part [Plantinvertaselpectin methylesterase inhibitor superfamil
TX:_|AT2G14690 137.27] 3] Glycosyl hydrolase superfamily protein :_|AT5G45240 6.49] act_part |Disease resistance protein (TIR-NBS-LRR class) AT2G47520 89.18] 2| Integrase-type DNA-binding superfamily protein PR: |AT4G19190.1 69.42] Ofrep_part |zinc knuckle (CCHC-type) family protein
TX: |ATMG00290 50.24] 3] mitochondrial ribosomal protein S4 X: |AT2G05540 6.28] 1lact_part |Glycine-rich protein family [AT5G54560 88.91| 2| Protein of unknown function (DUF295) TX: |AT2G37435 62.21] OJrep_part  |Cystatin/monellin superfamily protein
PR:._|AT4G19180.1] 4351 3 GDAL/CD39 nucleoside phosphatase family protein TX: |AT5G47280 6.23 lact part |ADR1ike 3 AT5G54450 88.44] 2| Protein of unknown function (DUF295, PR:_|AT2G45690.1 62.01) Ofrep_part  [shrunken seed protein (SSE1)
X |AT2G44220 348 3 Protein of Unknown Function (DUF239) PR: _|AT5G07400.1] 4.95 1|act_part [forkhead: assoclaled domain-containing protein / FHA dom: AT5G54550 87.01l 2 Protein of unknown function (DUF295) TX: _|AT4G11890 60.66] O|rep_part  [Protein kinase superfamily protein
TX:_[AT2G41940 29.21 3] zinc finger protein 8 PR: |AT2G47490.1 4»%:1 act_part  |NAD+ AT1G07180 712 2| alternative NAD(P)H dehydrogenase 1 PR:_|AT1G34200.1] 60.36] 0O|rep_part  [Glyceraldehyde-3-phosphate dehydrogenase-like family pr
X |AT2Ga7770 2408 3 TSPO(outer membrane typiophanTich sensory proteimrel [TX:_|AT4G30880 4.25| 1lact part [Bifunctional mmmmrmg.a transfer protein/seed storage 2S5 ATAG25930 58 6 3| Protein of unknown function (DUF295, PR._|AT1G59710.1] 48.69 0|rep_part [Protein of unknown function (DUF569)
TX: _|AT1G19610 23.8! 3] Arabidopsis defensin-like protein PR: |AT3G05790.1 24 act_part  [lon protease 4 ] AT1G18830 60.4 2| Transducin/WD40 repeatlike superfamily protein TX: |AT3G16600 46-23 Ofrep_part  [SNF2 domain-containing protein / helicase domain-contain
TX: |AT3G46190 21.2 3]  TRAF-like family protein TX: |AT1G78720 . act_part  |SecY protein transport family protein | ATAG21490 5574 2 NAD(P)H dehydrogenase B3 PR: [AT5G13210.1] 44.4 O|rep_part  [Uncharacterised conserved protein UCP015417, VWA
TX._|AT4G26560 20.9. 3| calcineurin B-like protein 7 TX: |AT1G58330 .64 act_part  [transcription factor-related ] AT5G54100 55.31 2| SPFH/Band 7/PHB domain-containing membrane-associa PR:_|AT4G12340.1 44.1! Ofrep_part  [copper ion binding
TX. |AT4G10530 20.17] 3 Subtilase family protein PR: |AT3G25810.1 act part | Terpenoid cyclases/Protein prenyltransferases superfamil: [AT3G01600 50.74) 2 NAC domain containing protein 44 PR: |AT3G47980.1 41.09] Ofrep_part |Integral membrane HPP family protein
X, |AT5G47450 To.19 3 tonoplastintrinsic proteln 23 [TX:_|AT5G24080 E act_part  [Protein kinase superfamily protein ATAG39740 33.59 3| : ily protein [TX:_|AT3G63095 3629 O|rep_part |Tetratricopeptide repeat (TPR)like superfamily protein
TX._|AT5G54700 18.81] 3 [Ankyrin repeat family protein TX: 8050 -04 act part  [histone H1-3 AT5G13210 27.15] 2| Uncharacterised conserved protein UCPO15417, VWA PR:_|AT4G20040.1) 35.70] Ofrep_part i
TX:|AT2G19900 17.08 3 NADP-malic enzyme 1 TX: |AT3G06100 -68 1lact part |NOD26-like intrinsic protein 7:1 [AT4G25010 24.47| 2| Nodulin MIN3 family protein TX: _|AT4G29305 32.80] Ofrep_part  [low-molecular-weight cysteine-rich 25
TX: _|AT3G51420 15.8 3 strictosidine synthase-like 4 TX: |ATSG45120 2.60) 1lact part  [Eukaryotic aSPﬂ"Y' protease family protein AT3G08970 23.21 2| DNAJ heat shock N-terminal domain-containing protein PR:_|AT1G52510.1 31.54) Ofrep_part  [alpha/beta-Hydrolases superfamily protein
TX. _|AT1G04445 15.64] 3| C2H2-like zinc finger protein TX:|AT5G28237 2:35 1R Py ridoxal 54 AT5G51440 21.20) 2| HSP20-like chaperones superfamily protein PR: |AT5G14740.3 29.90 OJrep_part [carbonic anhydrase 2
TX:_|AT2G22990 125 3| sinapoylglucose 1 TX: |ATAG14368 2.39 1]act-part AT5G14490 20.14) 2| NAC domain containing protein 85 TX: |AT1G20790 23‘53 O|rep_part  |F-box family protein
TX._|AT5G23660 122 3] homolog of Medicago truncatula MTN3 TX: |AT3G13710 28] fact part [AT2G03290 18.10] 2| emp24/gp25L/p24 family/GOLD family protein PR: |AT4G36730.1 20.7: O|rep_part  [G-box binding factor 1
TX._|AT2G05400 110 3| Ubiquitin-specific protease family C19-related protein TX: |AT1G14686 A7) L LI [AT2G18193.1] 18.04] 2| P-loop containing nucleoside triphosphate hydrolases supt PR: [|AT2G35320.1) 19.30] Olrep_part  |EYES ABSENT homolog
TX._|AT3G47040 1083 3 Glycosyl hydrolase family protein TX: ]ATCGO00580 :05) act_part AT4G27585 17.2 2| SPFH/Band 7/PHB domain-containing membrane-associat TX: |ATAG39340 18.24] 0|rep_part
TX. |AT4G28040 108 3| hodulin MN21 /EamAdlike transporter family protein TX: |AT5G09930 88| act_part AT3G60540 16.71] 2| Preprotein translocase Sec, Sec61-beta subunit protein [Tx:[AT1G20350 16.67] 0|rep_part
TX__|AT2G22860 10.77] 3| hytosulfokine 2 precursor TX: |AT4G15680 df L AT5G66150 16.04] 2| Glycosyl hydrolase family 38 protein PR: |AT1G61980.1] 15.57] o|rep_part  [Mitochondrial transcription termination factor family protei
[TX:_|AT2G45360 10.47] 3| Protein of unknown function (DUF1442; TX: |AT1G50760 177 Lfact part AT5G64060 15.81] 2| NAC domain containing protein 103 PR: |AT3G05520.2 15200 ofrep_part [Subunits of heterodimeric actin flament capping protein Ct
TX:_|AT5G07500 9.97] 3| Zinc finger C-xB-C-x5-C-x3-H type family protein TX: |AT5G57810 1.09 EY LN ATMG01010 15.42] 2 Unknown conserved protein [TX:_[AT3G21860 14.1¢] O|rep_part  [SKP1like 10
TX._|AT3G46090 9.53 3 C2H2 and C2HC zinc fingers superfamily protein TX: AT1G64290 0.65 1eclnar AT1G32870 122 2| NAC domain protein 13 PR: [AT5G56580.1 14.0 o|rep_part  [MAP kinase kinase 6
TX.|AT3G48740 9.23 3 Nodulin MIN3 family protein TX: AT1G52650 .49 1]2cEpare ATAG10440 12.17] 2] S-adenosyl-L-methionine-dependent methyltransferases s PR: [AT1G10810.1] 12.37] O|rep_part  [NAD(P)-linked oxidoreductase superfamily protein
Tx._|AT4G09110 884 3 RING/U-box superfamily protein PR:_|AT1G65700.3 047l afgcrical [AT2G18190.1] 1184 2 P-loop containing nucleoside triphosphate hydrolases supt Tx:[AT4G36590 1158 ofrep_part  [MADS box transcription factor family protein
TX. _|AT2G37180 867 3 [Aquaporin-like superfamily protein TX: ATLC12130 0'2—8|—1 (AT [AT1G72330 1108 2 alanine aminotransferase 2 PR _[AT4G00190.1] 1071 ofrep_part [pectin methylesterase 38
Tx. |AT5G24220 8.63) 3| Lipase class 3-related protein TX:|AT3G61230 0.14) Llact part |GATAtype zinc finger transcription factor family protein ATLG05680 10.79 2| Uridine diphosphate glycosyltransferase 74E2 Tx:_[AT2G27220 9.74) o|rep_part  [BEL1like 5
[TX._|AT3G10450 861 3 serine carboxypeptidase-like 7 TX: |AT4G16220 0.09]  1last part D protein [AT1G24095 106 2 Putative thiol-disulphide oxidoreductase DCC PR:_[AT2G31955.1] 957 ofrep_part [cofactor ofnitrate reductase and xanthine dehydrogenase
TX:_|AT4G12550 8.38) 3| [Auxin-induced in Root cultures 1 ATIG723303 10.17] 3| alanine 2 [TX:_|AT5G22460 7.95| o|rep_part [alpha/beta-Hydrolases superfamily protein
PR: [AT4G15360.1] 8.10) 3] cytochrome P450, family 705, subfamily A, polypeptide 3 AT3G59820 10.06] 2 LETM1-like protein PR: |AT3G14470.1 7.12) OJrep_part  [NB-ARC domain-containing disease resistance
[TX:|AT5G60060 8.00) 3] Protein of unknown function (DUF295) AT5G55150 9.95] 2| Protein of unknown function (DUF295) PR: |AT5G23070.4 7.09 Ojrep_part  [Thymidine kinase
TX:_|AT4G15400 7.67| 3] HXXXD-type acyl-transferase family protein AT2G07675 9.40] 2| Ribosomal protein $12/523 family protein TX: _|AT3G44290 6.33) OJrep_part  [NAC domain containing protein 60
TX: _|AT4G20370 7.65) 3] PEBP (phosphatidylethanolamine-binding protein) family p| [ATMG00980 9.40) 2| Ribosomal protein S12/523 family protein TX: |ATMG00300 5.96) Olrep_part  |Gag-Pol-related retrotransposon family protein
TX: _|AT5G25250 7.53] 3] SPFH/Band 7/PHB domain-containing membrane-associa [AT5G06250 9.33] 2 AP2/B3-like transcriptional factor family protein TX: |AT4G17710 595  OJrep_part |homeodomain GLABROUS 4
TX: |AT3G14225 7.46) 3| GDSL-motif lipase 4 AT5G51440.1] 9.21] 2| HSP20-like chaperones superfamily protein TX: |AT1G51460 5.66] OJrep_part  |ABC-2 type transporter family protein
TX: _|AT5G07650 7.23 3 Actin-binding FH2 protein AT3G58160 8.72) 2 P-loop containing nucleoside triphosphate hydrolases suj TX: |ATAG34440 5.37) Ofrep_part  |Protein kinase superfamily protein
TX: |AT3G47050 6.87) 3] Glycosyl hydrolase family protein [AT1G02520 8.39) 2| P-glycoprotein 11 TX: |AT3G28790 5.21 Ofrep_part Protein of unknown function (DUF1216)
TX: |AT2G36110 6.67] 3] Polynucleotidyl transferase, ribonuclease H-like superfami AT4G19770 8.06] 2| Glycosyl hydrolase family protein with chitinase insertion d PR: |AT5G12320.1 4.97| Ojrep_part i i
TX:|AT2G20880 6.27] 3] Integrase-type DNA-binding superfamily protein [AT3G54800 7.92) 2| Pleckstrin homology (PH) and lipid-binding START domain: PR: |AT1G78090.4 4.87] OJrep_part |trehalose-6-phosphate phosphatase
TX._|AT2G14210 6.22] 3| AGAMOUS-like 44 ATIG17180 7.70) 3| Iutathione S-transferase TAU 25 [TX:_|AT5G58610 462 o|rep_part [PHD finger transcription factor, putative
TX: |AT1G64710 6.12] 3] GroES-like zinc-binding dehydrogenase family protein AT4G13260 7.60] 2] Flavin-binding monooxygenase family protein TX: |AT5G39100 4.53 Ofrep_part  |germin-like protein 6
[TX: |AT1G07550 5.83] 3] Leucine-rich repeat protein kinase family protein [AT2G03760 7.52) 2| sulphotransferase 12 TX: |AT5G55270 4.51] OJrep_part  [Protein of unknown function (DUF295;
[TX_|AT2G02250 561 3| hioem protein 2-82 AT5G37490 7.31] 7| ARM repeat superfamily protein TX:_|AT5G52350 4.38] 0|rep_part [exocyst subunit exo70 family protein A3
EEVIE pre—— — — —_— | | ——— — —_— PR. |AT4G39740 1] 217] olrep part | Thioredoxin suberfamilv protein
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0.1.3/ TX+PR Biomarkers

Organism [ID]

3702

NOTE:FNRL (PR:AT1G15140.1) mappeB4HXZ3, QOXI55.

Sequence EC number
MSTLPFAPS!

Fun

478 |Ds mapped to 708 results

4 1Ds not mapped:
AT5G56555
AT1G04105
AT4G24615
AT5G41763

UniProt Retrieve/ID mapping

A Pfam

A KEGG (EC no.)
A Go

A BioCyc

A UniPathway

AT1G15140 CEX155 unreviewed | 0@X155 ARATFSL1.8 proteil FNRL At1g157 Arsbidopsis th 235|PFDO1TS5; 3702 |METLPFAPSVTHAHFEHSLEPMFILRHLPLTRHLRLERNNRVASVWEARAVROI cl [d copperion birfchloroplast [{

AT1GO2520 CEPWXT reviewed AB11B_ARATHABC transpor| ABCE11 MDR) Arabidopsis th 1378 |PFODEE4.PFD 3702 |MNGDGAREG FUNCTION: Irf auxin export 3] extracellular rd ABC-type tran| extracellular rd GO:0005524] ARAAT1G02Y
AT1G0A445 ADATPBAWD] unreviewed | ARALIPBAWD]C2ZH2-like zing At1g04445 dopsis th 174 3702 | MIMPFSEPQE] on bindir{ zinc ion bindin| GO:0008270

AT1G04445 F23815 unreviewed | F33815_ARA| C2H2-like zing F13P15.3 Atl) Arsbidopsis th 172 3702 | MPFSEPQECH zinc ion bindir| zinc ion bindir| G0:0008270

AT1GO58B0 CrEEYKS reviewed UTAE2 ARATIUDP-glycosyl| UGTTAED Atl] Arsbidopsis th A53|PFO0201; 3702 |MREGEHLIVLY2.4.1 .- FUMCTION: G| cellular hyper| cytoplasm [G{ indole-3-buty| cytoplasm [G4 GO:0005737] ARA:AT1G05H
AT1GIE330 FAIC23 reviewed HIF2E_ARATHHeawvy m HIFF28 Atlg Arabidopsis th 158|FFO0403; 3702 | MNLTLMLIQLY FUMCTION: H metal ion bing metal ion bing GO:0046872

AT1GIE330 ADAITEWCTY unreviewed | ARALITBWCTH Heavy metal t{ At1206330 T3 150|PFOO403; 3702 |MTTIEMRVH metal ion bing metal ion bing GO:0046872

AT1GO7120 QBGWAL reviewed NDAL ARATH|Internal altern| NDAL MDI1 Al 510|PF22388;PFO 3702 |MLWIKNLARI1.6.5.8 FUMCTION: Al cellular respo| mitechondria] NADH dehydr mitochondris] G0:0003954) ARAAT1GO7]
AT1GO7550 COLGDE reviewed ¥1755_ ARATHProbable LRR| At1g07550 FJ Arsbidopsis th 864 |PF13855;PF]| 3702 |MDTCTRLLFA{2.7.11.1 membrane [G| ATP binding [ membrane [G] GO:000487 4,

AT1GOE020 OB2811 reviewed NRT21_ARATHHigh-affinity n| MRT2.1 ACH1| Arabidopsis th 530 | PFOVESD; 3702 |MGDETGEPG: FUNCTION: Irf cellular respo| membrane [G| nitrate transm| membrane [G] GO:000588E;

AT1GOB1E5 ADASIAESTT | unreviewed | ARASSAESTT | Uncharacterizd At1208185 Al Arabidopsis th A7 3702 | MNYDRHLSP

AT1G02440 QB2sIER reviewed ALMT2_ARATHAluminum-ac| ALMT2 At1z08 Arsbidopsis th S501[PF11744; 3702 | MEKVREIVRE! FUMCTION: M malate transp| plant-type v plant-type vad GO:D0IET0S;

AT1GIS0E0 QEH1E3 reviewed BIF3_ARATH |Heat shock 70 BIP3 BIP-L HE| A dopsis th &75|PFOO01Z; 3702 | MIFIKENTAK] FUMCTION: In endoplasmic| cytoplasm [G4 ATP binding [( cytoplasm [G{ GO: 0000304,

AT1GIS0E0 ADATTEWHW unreviewed | ADALTBWHW] [thale cress) b At1z08080 A dopsis th BE5|PFODO12; 3702 | MIFIKENTAK] pollen tube gf endoplasmic | ATP binding [ endoplasmic | GO:0005524,

AT1GOEEE3 Q3EDFZ unreviewed [Q3EDFS_ARA|Toll-Interleuki At1g08665 | Arabidopsis th 165|PFO1582; 3702 | MERSSENRK] defenserespd nucleus [GO: nucleus [G0:] GO:000.5634,

AT1GOS720 F4l131 reviewed NET2E_ARATH Protein NETW|MET2E At1g04 Arsbidopsis th 228|PFO77E5,PF2) 3702 | MLORAASNA FUMCTION: P membrana [G{ actin binding [| membrane [G] GO:0ME77S;

AT1G10875 ADATPBAMES unreviewed  |ADRALIPBAMER Core-2/l-bran{ At1g10875 | Arsbidopsis th 302 3702 | MEVAKIGREKE endoplazmic endao GO:00057 83,

AT1G12130 CEFPWWa reviewed GEXLE_ARATHFlavin-contain At1g12130 T1 Arabidopsis th A70|FFOO743; 3702 |MTPPPNSISEN1.8.-- FUMCTION: C. glucosinolate flavin adening flavin adening GO:0004487 ] ARAAT1G12]
AT1G12211 B3HGAE unreviewed | B3HBAS_ARA|Uncharacteriz{ At1g12211 | Arabidopsis th a2 3702 | MGKNHHPLG

AT1G13200 OSSAFL reviewed FEK2_ARATH | Putative F-bos At1g13200 F3 Arsbidopsis th A35| PROOE4E;PFD 3702 | MEDAEKREV

AT1G14888 CELOwA reviewed CAP15_ARATI Putative clathy At1g14688 F] Arabidopsis th 339 |PFOVES1: 3702 | MELWKRAA clathrin coat 3 clathrin-coate| 1-phosphatid] clathrin-coate| GO:0000145;

AT1G14800 FAHXUR unreviewed  |FAHXUB_ARA|Nucl d-0 At1g14800 F] Arsbidopsis th 384 |PFOZ721.PF2) 3702 | MAEVDVVAIP.

AT1G17130 Q3SHHT reviewed GSTUP_ARATI Glutathione 5{ GSTUZ25 Atlg] Arsbidopsis th 221|PF13410;PFD 3702 |MADEVILLDFY2.5.1.18 FUMCTION: M 2.4,8-trinitrotq cytoplasm [ glutathione trg cytoplasm [G GO:0004384] ARAATIG17Y
AT1G1E010 QBLGS3 reviewed UNS32_ARAT|UNCS3-like p{ At1g18010 T] Arsbidopsis th A58 | PFOSSTE; 3702 | MMVRDEGKT) membrane [& membrane [G| GO:0018020

AT1G18320 ATNIED reviewed TI224_ARATH[Mitochondrial TIM22-4 Atlg dopsis th 142 | PFO24EE:; 3702 | MPTIEEIRAQH FUMCTION: E: protein inserti{ TIM22 mitoch| mitochondrio| TIM22 mitoch| GO:0008320;

AT1G18830 FAICDS reviewed SC31A_ARATI Protein transp| SEC31A Atlg] Arabidopsis th SE5|PF12831,PF) 3702 | MDCIKSIGRSY FUMCTION: R COPll-costed | COPIl vesicle | structural mol| COPI| vesicle | GO:0005138,;

AT1G18830 ADAIFBAFST| unreviewed  |ADALFBAFPST|Transducin/®W| SEC31A Atlg] Arsbidopsis th 563 |PF12831;PFO) 3702 |MDCIKSIGRSY FUNCTION: R endoplasmic | endoplasmic endoplasmic | GO:0005783;

AT1G18830 ADASESVIOY unreviewed | ADBASESVI0A BeclE Sec23{ At1g1BB30 C] Arsbidopsis th 283 |PF12531;PF]| 3702 |MDCIKSIGREY FUMCTION: R endoplasmic | endoplasmic endoplasmic | GO:0005783;

AT1G15320 ADASSAERBD| unreviewed | ABAESAEBBD) Pathogenesis{ At1g18320 Al Arabidopsis th 247 |FFO0314; 3702 |MAIFSTEHLLF

AT1G12510 PB27ET reviewed DEF12 ARATHDefensin-like | PDF1.4 LCRT{ Arsbidopsis tH 78| PFO0304; 3702 |MASSYTLMLF FUMCTION: C. defenserespd extracellularr extracellular i GO:0005578;

AT1G20130 QEDYES reviewed U456K_ARATIUPFO436 prof At1220180 T3 Arsbidopsis th 320|PFO50535; 3702 | MLKVENFLGS) membrane [G memhbrane [G| GO:0016020

AT1G20350 CBLN2T reviewed TI171_ARATH[Mitochondrial TIM17-1 At1g] Arsbidopsis th 21B|PFD24E8; 3702 |MGTPESSRER FUMCTION: E: protein impor TIM23 mitoch TIM23 mitoch| GO:0005744,

AT1G20720 CBLMT5 reviewed FEKE_ARATH |Putative F-box At1g20720 F1 Arabidopsis th A35| FROOEAE FFD) 3702 |MERLPLHLLD

AT1G21120 CELPUT reviewed IGMT2_ARATH Indole gl |GMT2 At1g2] Arsbidopsis th 373 | PFOB100:PFD) 3702 |MGYLFEETLS92.1.1.- FUMCTION: Il PATHWAY: Se| callus formati| cytoplasmic s| methyltransfe cytoplasmic s| GO:0005823] ARAAT1G21]
AT1G21120 ADALIPBAPES|unreviewed  [ADALPBAPES| O-methyltrang IGMT2 Atlg2] Arsbidopsis th 421|PFOE100;PFD 3702 |MHOKYTHESY O-methyltrang O-methyltrang GO:0008171

AT1G21250 Q39191 reviewed WAK1 ARATHWa socizt{ WAK1 PRO25| dopsis th 735|PFO7E45;PF] 3702 |MEVQEGLFLV]2.7.11.- FUMCTION: 54 cell surface rel plant-type cel| ATP binding [ plant-type cel| GO: 00003 25;

AT1G22240 CELM20 reviewed PUME_ARATH Putative pumil AFUMB At1g3| Arabidopsis th 515|PFOORDE; 3702 |MMRGEFGEA! FUNCTION: 54 post-transcorip| chloroplast [§ mRNA binding chloroplast [§ GO:0003728;

AT1G23700 ADATPBAMHY unreviewed | ARALIPBAMHE Protein kinasd At123700 FR A dopsis th 385 | PFOO0ES; 3702 | MTSSPETRFP ATP binding [ ATP binding [{ GO:0004572;

AT1G23700 ADALIPBAMLE unreviewed  [ADALPBAMLE| Protein kinase At1g23700 Fg Arsbidopsis tH 483 | PFOOOES; 3702 | MTESSPETRFPI ATF binding [JATP binding [ G0:.0004€72,
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143/148 AT ID1 hits (97%)qualitative analysis
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presence_lev represented_t group_ protein_description

NOTE:FNRL (PR:AT1G15140.k)apped..

gene_chromosome

gene_locus

9.1.4/ PR Biomarkers PeptideAtlasT Get Proteins

gene_direction protein_length

AT1G15140.1 canonica AT1G13140.1] 708 |FADYNAD{P-binding oxidoreductase [FMRL) Chrl 5210403-5212137 REVERSE 225
AT1G02B16.1 canonical AT1GOZ2E16.1 BE | pectinesterase [Protein of unknown function®2C DUF538) Chrl 621637622137 FORWARD 166
AT1GOEET0.1 canonica AT1GOEST0.1| 257| cation/hydrogen exchanger 14 Chrl 2138105-2140818 FORWARD B2S
AT1G18850.1 canonical AT1G18850.1( 77B|S-adenosyl-L-methionine-dependent methyltransferases superfamily protein Chrl 56R7904-5691101 FORWARD 521
AT1G72330.3 subsumed |AT1G172530.1 B12| alanine aminotransferase 2 Chrl 27233637-27236571 |FORWARD 553
AT1G21840.1 weak AT1G21840.1( 1010| urease accessory protein F Chrl 7866858 768THR1 FORWARD 240
AT2G47430.1 canonical AT1G25380.1| 1158 NAD+ transporter 1 Chr2 15487543-18485311 |FORWARD 312
AT1GEE710.1 canonical AT1G27100.1| 1214/| actin cross-linking protein [DUFSE3) Chrl 21538623-218935673 |FORWARD 00
AT1GZ28450.1 canonica AT1G2B450.1| 12BEB| syntaxin of plants 1 Chrl 10018433-10017842 |FORWARD 245
AT1G30300.1 canonica AT1G30300.1| 1353| Metallo-hydrolase’orxidoreductase superfamily protein Chrl 10673084-10675061 |FORWARD 324
AT2G34710.1 canonical AT1G304580.1| 1355 Homeobox-leucine zipper family protein ! lipid-binding START domain-containing protein Chr2 14835548-14843553 |REVERSE B52
AT1GABZ00.1 canonica AT1GABZ200.1| 1850( hypothetical protein Chrl 17757070-17757852 |REVERSE 118
AT5G42530.1 Canonica AT1G58630.1( 2018 alpha/beta-Hydrolases superfamily protein Chr3 17210738-17214152 |REVERSE AT
ATAGZ2550.2 marginally dis|AT1G663010.1| 2181 Major Facilitator Superfamily with SPX [5¥G 1/PhoB 1/XPR1) domain-containing protein Chrd 12048240-12050284 |REVERSE TO0
ATAG11810.1 subsumed [AT1G83010.1| 2181 Major Facilitator Superfamily with SPX [53¥G 1/PhoB 1/XPR1) domain-containing protein Chrd 7105448-7108450 FORWARD JO07
AT1GD1550.1 canonical AT1GE3680.1| 2207 | SIGMNAL PEPTIDE PEFTIDASE-LIKE 4 Chrl Z33188-237647 REVERSE 540
AT1GE5040.2 canonical AT1GE5040.2 | 2270| RING/U-box superfamily protein Chrl 24180105-24163385 |REVERSE 450
AT1GE5700.3 AT1GEST00.1 | 2255| Small nuclear ribonucleocprotein family protein Chrl 24434453-24435870 |REVERSE 141
AT1GES070.1 canonica AT1GE3070.1| 2481 | nucleolar-like protein Chrl 25587421-25571385 |REVERSE 01
AT1GTOO07T0.1 canonical AT1GT7O070.1| 2503 | DEAD/DEAH box helicase Chrl 28350018-26354148 |REVEREE 1171
AT1G71500.1 Canonica AT1G71500.1| 2581 | Rieske [2Fe-25) domain-containing protein Chrl 285368084-26537331 |FORWARD 287
AT1G72120.1 canonical AT1G72120.1| 2584| Major facilitator superfamily protein Chrl 27132133-27133575 |FORWARD 557
AT1G23080.1 canonical AT1G73550.1| 2871 | Auxin efflux camier family protein Chrl B1B07EBE-B183406 REVERSE 619
ATAG15560.1 Canonica AT1G7A580.1| 2728| alpha/beta-Hydrolases superfamily protein Chrd 0457639047159 REVERSE 375
AT1G77020.1 Canonica AT1G77020.1| 2B35| DNAL heat shock M-terminal domain-containing protein Chrl 28945056-28945867 |REVERSE 379
AT1G7EO0S0.1 canonical AT1G7E050.1| 2B53| trehalose-5-phosphate phosphatase Chrl 253735955-25376285 |FORWARD 374
AT1G3ASTEN.1 canonica AT1G7E150.1| 2B57| N-lysine methyltransferase Chrl 13277778-13280113 |REVERSE 288
AT1GROE40.1 Canonica AT1GROE40.1 | 3026| Protein kinase superfamily protein Chrl 30311575-30314238 |FORWARD A27
AT2G01070.1 canonical AT2G01070.1| 3050| Lung seven transmembrane receptor family protein Che2 75896-77625 FORWARD 496
ATSG18100.1 canonical AT2G15620.1( 3325| copper/zinc superoxide dismutase 3 Chr3 59B7221-5888708 FORWARD 184
AT2G22735.1 canonical AT2G22785.1| 3843 hypothetical protein Chr2 557 3IB0-5559584 REVERSE 734
AT1G37150.2 subsumed |AT2G25710.1| 3772| holocarboxylase synthetase 2 Chrl 14175025-14177088 |REVERSE 329
AT2G27580.1 Canonica AT2G276B0.1| 3B73| NAD{P}-linked oridoreductase superfamily protein Che2 11803581-118053965 |REVERSE 384
AT2G2BB00.1 Canonica AT2G2BB00.1| 3525| 63 kDainner membrane family protein Che2 123566659-12359158 |REVERSE A52
AT2G25220.1 canonical AT2G25220.1| 3842| Concanavalin A-like lectin protein kinase family protein Che2 12562781-12564864 |REVERSE 827




14/15 metabolites ID1 hits (93%); qualitative analysis

Good to HMDB, PubChem, KEGG, SMILES annotations .

9.1.5/ MT Biomarkersr MetaboAnalystT Pathway Analys

Query(ID2) Match HMDB PubChem KEGG SMILES

1,5-Anhydroglucitol 1,5-Anhydrosorbito]HMDB000271? 64960/ C07326|OC[C@H]10C[C@H](O)[C@ @H](O)[C@@H]10

2,3,4-Trihydroxybutyric ac|d@ hreonic acid HMDB0000943 5460407C01620|OC[C@H](O)[C@@H](O)C(O)=0

Amphetamine Amphetamine HMDB0014328 3007|C07514|CC(N)CC1=CC=CC=C1

Butanedioic acid Succinic acid HMDB0000254 1110{C00042]OC(=0)CCC(0)=0

Citric acid Citric acid HMDBO0000094 311|C00158|OC(=0)CC(0O)(CC(0)=0)C(0)=0

D-(+)-Xylose D-Xylose HMDB0000098 135191)C00181|O[C@ @H]1COC(O)[C@H](O)[C@H]10

Gulonic acid, 13-lactone  |L-Gulonolactone |HMDBO000346¢ 439373C01040|[H][C@ @]1(OC(=0)[C@ @H](O)[C@H]10)[C@@H](O)CO

L-(-)-Arabitol L-Arabitol HMDB0001851 439255C00532|0OC[C@H](O)C(O)[C@@H](O)CO

Lactulose Lactulose HMDB000074(¢ 11333(C07064|OC[C@H]1O[C@](O)(CO)[C@@H](O)[C@@H]10[C@@H]1O0[C@H](CO)[C@H](O)[C@H](O)[C@H]1
Maltose D-Maltose HMDB000016310991489C00208|OC[C@H]10[C@H](O[C@H]2[C@H](O)[C@H](O)[C@ @H](O)O[C@ @H]2CO)[C@H](O)[C@ @H](O)[¢
Myo-Inositol myo-lnositol HMDBO0000211NA C00137|O[C@H]1[C@H](O)[C@@H](O)[C@H](O)[C@H](O)[C@@H]10

Pentanedioic acid Glutaric acid HMDB0000661 743|C00489|OC(=0)CCCC(0)=0

Serine Serine HMDBO000018Y 5951|C00065|N[C@ @H](CO)C(0)=0

F p?pbu€bpNciYBA I ¢UYH IJ|NA NA NA NA




9.2.1/ GO &AmIGO?2

GOBP classification zoomed in on root terms

Arabidopsis thaliana (REF) upload_1 (v_Hierarchy NEWI @)

GO biological process complete # # expected Fold Enrichment +/- raw Pvalue FDR
66t hair cell tip growth 31 1 53 1.89 + 413E-01 1.00E00
beell tip growth 168 4 2.86 1.40 + 3.77E-01 1.00E00
466/490 AT ID2 hits (95%) quantitative analysis. sunidimensional cell growth 289 6 492 122 + 642E-01 1.00E00
GO to retrieve GO terms. ucell growth 383 6 652 92 - 1.00E00 1.00E00
Root-related GO terms shown on the right “developmental growth involved in morphogenesis 337 6 574 105 + 831E01 1.00E00
AmiGOto visualize tree hierarchical annotations. “cell morphogenesis 35 I 639 1.10 + 6.89E-01 1.00E00
Molecular Function (GOMF) classification shown below. “1o0t harr elongation i L [is8 2 ll INECEOU T COESD
broot hair cell development 1 4 1.89 53 - 1.00E00 1.00E00
. ueell development 288 4 491 .82 - 1.00E00 1.00E00
Reference IISt Uplﬂﬁd_1 uroot hair cell differentiation 138 1 235 43 - T7.34E-01 1.00E00
Uniguely Mapped ID5: 27475 out of 27475 466 out of 468 strichoblast maturation 138 1 235 43 - 734E-01 1.00E00
} uirichoblast differentiation 141 il 2.40 42 - T7.37E-01 1.00E00
UnmappEd IDS ﬂ E uroot epidermal cell differentiation 157 5l 267 37 - 529E-01 1.00E00
Multiple mapping information: 0 2 wplant epidermal cell differentiation 212 1 361 28 - 276E-01 1.00E00
vroot morphogenesis 339 5 577 87 - 1.00E00 1.00E00
NOTE:ENRL (PRIAT1G15140.1) mapped vroot development 614 8 1046 16 - 529E-01 1.00E00
(F9L1.8 PROTEI NPTH R472 15:SFJ. bUt broot system development 616 8 10.49 16 - 529E-01 1.00E00
no classification available (no Panther ot cocaE dovekpmert = £1/H>09 2 = |[L£245 01 [FOEDD
. Leell maturation 138 1 2.35 43 - 7.34E-01 1.00E00
Protein Class). banatomical structure maturation 148 1 252 40 - 525E-01 1.00E00
bdevelopmental maturation 239 3 4.07 74 - 802E-01 1.00E00
udevelopmental cell growth 208 4 3.54 1513 + 7.84E-01 1.00E00

AmiGO visualisation of GOMEF slim IDs(PANTHER GOMF ID1)

148 terms produced an illegible classification.

S

Iy




GO biological process Arath Re occurence expectec over/unde fold Enrichmen raw P-valu FDR

9.2.2/ GO &AmIGO2

biological_process (GO:0008150) 22442 393| 382.27+ 1.03] 2.06E-01 1.00E+0(

cellular process (GO:0009987) 14823 243| 252.49- 0.96| 3.75E-01 1.00E+0(

metabolic process (GO:0008152) 8963 129| 152.67|- 0.84| 1.93E-02 1.00E+0(

response to stimulus (GO:0050896) 6925 122| 117.96(+ 1.03] 6.68E-01 1.00E+0(

biological regulation (GO:0065007) 6370 107 108.5[- 0.99[ 9.12E-01 1.00E+0(

regulation of biological process (GO:0050789) 6106 100f 104.01- 0.96[ 6.95E-01 1.00E+0(

primary metabolic process (GO:0044238) 7516 100] 128.03- 0.78| 3.35E-03 1.00E+0(

regulation of cellular process (GO:0050794) 5641 91| 96.09|- 0.95| 6.03E-01 1.00E+0(

. oL . Unclassified (UNCLASSIFIED) 5033 75| 85.73[- 0.87[ 2.06E-01 1.00E+0(
466/489 AT ID2 hits (95%) quantitative analysis. response (o stress (GO:0006950) 4262 73] 726|+ 1.01] 9.49E-0 1.00E+0
GO to retrieve GO terms. cellular response to stimulus (GO:0051716) 3603 68| 61.37]+ 1.11] 3.69E-01 1.00E+0(
GOBP sorted by number of hits (occurrences)_ macromolecule metabolic process (GO:0043170) 5385 64| 91.73- 0.7| 8.01E-04 1.00E+0(
V q wz 131 ! |_|JR U n Y I lj ¢ q R 21JB respgnsg to che-mlcal (G0O:0042221) 3233 63 55.07|+ 1.14| 2.47E-011.00E+0(
localization (GO:0051179) 2869 56| 48.87|+ 1.15] 2.85E-01 1.00E+0(

transport (GO:0006810) 2618 55| 44.59+ 1.23] 1.12E-01 1.00E+0

establishment of localization (GO:0051234) 2729 55 46.48[+ 1.18] 1.85E-01 1.00E+0(

biosynthetic process (GO:0009058) 4343 52 73.98|- 0.7] 3.99E-03 1.00E+0(

regulation of metabolic process (GO:0019222) 3496 48| 59.55|- 0.81f 1.23E-03 1.00E+0(

developmental process (GO:0032502) 3164 47| 53.89- 0.87| 3.43E-01 1.00E+0

signal transduction (GO:0007165) 2204 46| 37.54|+ 1.23] 1.45E-01 1.00E+0(

signaling (GO:0023052) 2242 46| 38.19+ 1.2| 2.01E-01 1.00E+0(

cell communication (GO:0007154) 2273 46| 38.72[+ 1.19|] 2.35E-01 1.00E+0(

anatomical structure development (GO:0048856) 3051 45|  51.97|- 0.87[ 3.35E-01 1.00E+0(

cellular component organization or biogenesis (GO:0071840)3450 45| 58.77|- 0.77[ 5.71E-02 1.00E+0(

response to abiotic stimulus (GO:0009628) 2348 44 40|+ 1.1 5.04E-01 1.00E+0(

multicellular organismal process (GO:0032501) 2907 44)  49.52|- 0.89] 4.48E-011.00E+0(

regulation of biosynthetic process (GO:0009889) 3162 44| 53.86[- 0.82[ 1.65E-01 1.00E+0(

regulation of macromolecule metabolic process (GO:0060255212 44 54 71f- 0.8] 1.28E-011.00E+0(

regulation of primary metabolic process (GO:0080090) 2982 43| 50.79[- 0.85[ 2.61E-01 1.00E+0(

regulation of macromolecule biosynthetic process (GO:0q 3032 42| 51.65[- 0.81f 1.58E-011.00E+0(

transmembrane transport (GO:0055085) 1414 41| 24.091+ 1.7] 9.63E-04 1.00E+0(

regulation of gene expression (GO:0010468) 2993 41| 50.98|- 0.8 1.55E-01 1.00E+0(

cellular component organization (GO:0016043) 3068 41| 52.26|- 0.78[ 1.03E-01 1.00E+0(

response to oxygen-containing compound (G0:1901700 1788 39 30.46[+ 1.28] 1.08E-01 1.00E+0(

defense response (GO:0006952) 1845 39| 31.43+ 1.24| 1.62E-011.00E+0(

regulation of nucleobase-containing compound metaboli 2607 39 44.41]- 0.88[ 4.27E-01 1.00E+0(

protein metabolic process (GO:0019538) 2835 38 48.29|- 0.79[ 1.25E-03 1.00E+0(

regulation of RNA metabolic process (GO:0051252) 2507 37 42.7|- 0.87] 4.18E-01 1.00E+0(

multicellular organism development (GO:0007275) 2610 37 44.46|- 0.83| 2.65E-01 1.00E+0(

regulation of RNA biosynthetic process (GO:2001141) 2381 36 40.56|- 0.89] 5.07E-01 1.00E+0(

regulation of DNA-templated transcription (GO:0006355) 2381 36| 40.56|- 0.89[ 5.07E-01 1.00E+0(

cellular response to chemical stimulus (GO:0070887) 1735 32| 29.55+ 1.08] 6.31E-01 1.00E+0(

catabolic process (GO:0009056) 1879 31| 32.01}- 0.97[ 9.26E-01 1.00E+0(

response to external stimulus (GO:0009605) 1939 31| 33.03- 0.94( 7.85E-01 1.00E+0(




452/485 UniProt ID hits (93%) + 14/15 MT (93%) hitsqualitative analysis
Step 1: Conversion IDYniProtA KEGGath:xxxx)

Step 2: CombineKEGGath:xxxxwith compounds CxxxxIDs

Step 3: Mapper Search of combined IDs

Pathways with most hits:

A Protein processing in endoplasmic reticulum

A Carbon metabolism

A ABC transporters

A Ubiquitin mediated proteolysis

NOTE:FNRL (PR:AT1G15140.ljnmapped .

0.3.1/ KEGGr TX+PR+MT biomarkers

KEGG cate Bl\EGG ID

KEGG Mapper Search Result

Pathway {95} Brite (30}

ﬂ Category description

Module (27)

| PROTEIN PROCESSING IN ENDOPLASMIC RETICULUM | Golgi body
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ER stress ER stress

04141 1114126
(<) Kanchisa Laboratories

pathway ath01100 Metabolic pathways 46
pathway ath01110 Biosynthesis of secondary metabolites 26
pathway ath04141 Protein processing in endoplasmic reticulum 10
pathway ath01200 Carbon metabolism 7
pathway ath02010 ABC transporters 6
pathway ath04120 Ubiquitin mediated proteolysis 6
pathway ath00500 Starch and sucrose metabolism 5
pathway ath00190 Oxidative phosphorylation 5
pathway ath01240 Biosynthesis of cofactors 5
pathway ath01230 Biosynthesis of amino acids 5
pathway ath04075 Plant hormone signal transduction 5
pathway ath00630 Glyoxylate and dicarboxylate metabolism 4
pathway ath03083 Polycomb repressive complex 4
pathway ath03010 Ribosome 4
pathway ath04814 Motor proteins 3
pathway ath01210 2-Oxocarboxylic acid metabolism 3
pathway ath00020 Citrate cycle (TCA cycle) 3
pathway ath00940 Phenylpropanoid biosynthesis 3
pathway ath00710 Carbon fixation by Calvin cycle 3
pathway ath00040 Pentose and glucuronate interconversions 3
pathway ath04070 Phosphatidylinositol signaling system 3
pathway ath00310 Lysine degradation 3
pathway ath00620 Pyruvate metabolism 3
pathway ath00350 Tyrosine metabolism 3
pathway ath00910 Nitrogen metabolism 3
pathway ath00564 Glycerophospholipid metabolism 3
pathway ath00053 Ascorbate and aldarate metabolism 3
pathway ath03060 Protein export 3
pathway ath00250 Alanine, aspartate and glutamate metabolism 3
brite ath00001 KEGG Orthology (KO) 161
brite ath01000 Enzymes 59
brite ath02000 Transporters 31
brite ath03000 Transcription factors 16
brite ath04131 Membrane trafficking 16
brite ath03029 Mitochondrial biogenesis 13
brite ath03036 Chromosome and associated proteins 9
brite ath04121 Ubiquitin system 9
brite ath04147 Exosome 7
brite ath01002 Peptidases and inhibitors 6
brite ath03019 Messenger RNA biogenesis 4
brite ath01007 Amino acid related enzymes 4
brite ath03110 Chaperones and folding catalysts 4
brite ath04812 Cytoskeleton proteins 3
brite ath02044 Secretion system 3
brite ath01009 Protein phosphatases and associated proteins 3
brite ath03041 Spliceosome 3
brite ath01001 Protein kinases 3
module ath_M00009 Citrate cycle (TCA cycle, Krebs cycle) 3




Pathways of interest:
A Auxin signaling

A Seed development
A gravitropism

0.3.2/ PlantReactome

63/482 unique AT ID hits (13%) quantitative analysis using standardized abundances

NOTE:FNRL (PR:AT1G15140.ljmapped .

iy - |
i Metabolism
"0 nd regulation
/
4
4
.-;:1’; '
l,.
\ Growth and
developmental processes

| II.

i V4

| 00— <

» 112 2 std_Col-0_1
4 CRITR]
) e
[ p—
/\/ /- | Results for: ENSEMBL (114) v | | Type: Expression | | [Data: ID2] |
Y ldentifiers Resource
- found ENSEMBL std_Col-0_1 std_Col-0_2 std_Col-0_3 std_fnrl-1_1
AT1G23080 AT1G23080 0.943 0.943 0.943 -0.999

Pathway identifi« Pathway name #Entities

R-ATH-2744345

Metabolism and regulation

13

R-ATH-2744343

Amino acid metabolism

R-ATH-2744344

Secondary metabolism

R-ATH-8932724

Responses to stimuli: abiotic stimuli and stresses

R-ATH-9031664

Reproductive structure development

R-ATH-5368291]

Inorganic nutrients metabolism

R-ATH-2744341]

Hormone signaling, transport, and metabolism

R-ATH-9030769

Growth and developmental processes

R-ATH-1119584

Cyanate degradation

R-ATH-2883407

Carbohydrate metabolism

R-ATH-5655124

Amino acid catabolism

R-ATH-5655127

Amino acid biosynthesis

R-ATH-1119504

tyrosine degradation |

R-ATH-4827054

Tetrapyrrole biosynthesis |

R-ATH-1119533

TCA cycle (plant)

R-ATH-1119469

Sucrose biosynthesis

R-ATH-9623907

Seed development

R-ATH-111943§

Secologanin and strictosidine biosynthesis

R-ATH-961827§

Response to heavy metals

R-ATH-9035604

Regulation of seed size

R-ATH-9826787

Regulation of seed germination and coleoptile growth und

R-ATH-1119317

Photorespiration

R-ATH-1119407

Phospholipid biosynthesis |

R-ATH-1119389

Phenylalanine biosynthesis |

R-ATH-111930§

Momilactone biosynthesis

R-ATH-111940(

Methionine biosynthesis I

R-ATH-1119369

Lysine degradation Il

R-ATH-1119414

Lysine biosynthesis VI

R-ATH-8934034

Long day regulated expression of florigens

R-ATH-893408§

Inflorescence development

R-ATH-1119484

IAA biosynthesis |

R-ATH-982679§

Gravitropism under normal or artificial gravity environmen

R-ATH-296103]

Generation of precursor metabolites and energy

R-ATH-390699§

Fatty acid and lipid metabolism

R-ATH-111934§

Ent-kaurene biosynthesis

R-ATH-2867924

Cofactor biosyntheses

R-ATH-1119514

Calvin cycle

R-ATH-560811§

Auxin signalling

R-ATH-961821§

Arsenic uptake and detoxification

Pkl kRl Rkl NN NN [N O] W




9.3.3/ MetaboAnalystT all MTT Pathway Analysis

Glyoxylate and dicarboxylate

N, Vool
38/54 name hits (70%), qualitative analysis. \ P b h o
NOTE compound names edited by removinglerivatisation chemical functions (e.g &0 e | o Il = =S

waqh
.

BON~EWT Wl R2¢qR2 Wb 1O
Few pathways flagged mostly from carbohydrate metabolisms.

C00168 C00037 C00026 CO0064
Galactose metabolism C00014
Starch and sucrose metabolism
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0.4.1/ STRING Interaction Network

o

490/491 unique AT ID hits (99%) qualitative analysis

A number of nodes: 480

A number of edges: 358 NOTE:FNRL (PR:AT1G15140.1) mapped

A average node degree: 1.49 (3702.Q9XI55.

A avg. local clustering coefficient: 0.273

A expected number of edges: 275

A PPI enrichment pvalue: 8.51e07
. . . o

Quick access to feature information.

Network exported toCytoscape and merged with quantitative data and

mapping annotations.

FIL1.8

Information
FaD/NADIP)-binding oxidoreductase. '
Identifier: Q9XI55, FAL1.8

Organism: Arabidopsizs thaliana

nmﬂ‘." 'CJ_" “kﬁ =T

05
Actions l

« re-center network on this node

« rernove this node from input nodes

« show protein sequence

» homologs among STRING organisms

o -

Enable node coloring mode
o

Show this node’s terms in the analysis table —

L]

4 102 p ' o

o AlphaFold model (Q9XISS) o
idenfity: 100%




9.4.2/ Cytoscape

FNRL (F9L1.8) closesteighbours selected and isolated:
A Activated (like FNRL = F9L1.8): F4JC04_ARATH, AIR1, PSB33.
A Repressed: OM64, HEMB2, CNX2, F6D8.27, MFDR, MFH8.2, F25E4














































