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Abstract14

Flowering time control integrates endogenous as well as environmental signals to promote flower15
development. The pathways and molecular networks involved are complex and integrate many16
modes of signal transduction. In plants ubiquitin mediated protein degradation pathway has been17
proposed to be as important mode of signaling as phosphorylation and transcription. To18
systematically study the role of ubiquitin signaling in the molecular regulation of flowering we19
have taken a genomic approach to identify flower related Ubiquitin Proteasome System20
components. As a large and versatile gene family the RING type ubiquitin E3 ligases were chosen21
as targets of the genomic screen. To this end the complete list of Arabidopsis RING E3 ligases22
were retrieved and verified in the Arabidopsis genome v11. Their differential expression was used23
for their categorization into flower organs or developmental stages. Known regulators of flowering24
time or floral organ development were identified in these categories through literature search and25
representative mutants for each category were purchased for functional characterization by growth26
and morphological phenotyping. To this end, a workflow was developed for high throughput27
phenotypic screening of growth, morphology and flowering of nearly a thousand Arabidopsis28
plants in one experimental round.29

30

Introduction31

Flowering time control is a complex network that integrates many modes of signal transduction32
promoting the transition from vegetative stage to reproduction and ultimately leading to the33
development of flower organs. The endogenous changes that signal the beginning of flowering are34
referred to as autonomous pathways (Amasino and Michaels, 2010). Multiple studies have35
established the major role that photoperiod has in flowering (Piñeiro and Jarillo, 2013). Flowering36
in Arabidopsis is strongly promoted in long day (LD) conditions but will also ultimately occur37
under short day (SD) conditions (Steffen et al., 2014). Under LDs, flower induction is dependent38
on the expression and protein levels of CONSTANS (CO; Suárez-López et al., 2001). Light39
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controls the CO transcription via the circadian clock system, inducing a CO mRNA peak during40
the latter part of the day (Suárez-López et al., 2001). CO transcription is repressed by CYCLING41
DOF FACTORs (CDFs; Fornara et al., 2009). Under LDs, the CO mRNA afternoon peak42
coincides with a blue-light activated complex containing FLAVIN-BINDING, KELCH REPEAT,43
F-BOX 1 (FKF1) and GIGANTEA (GI), which lead CO transcription repressors CYCLING DOF44
FACTORs to degradation (Fornara et al., 2009; Sawa et al., 2007; Song et al., 2012). Additionally,45
the FKF1-GI complex also stabilizes CO protein in the afternoon (Sawa et al., 2007; Song et al.,46
2012). CO protein degradation is promoted by at least two ubiquitin E3 ligases: HIGH47
EXPRESSION OF OSMOTICALLY RESPONSIVE GENES 1 (HOS1) and CONSTITUTIVE48
PHOTOMORPHOGENIC 1 (COP1; Jang et al., 2008; Lazaro et al., 2012). In the morning, red49
light promotes HOS1 interaction with CO via phytochrome B activation (Lazaro et al., 2012).50
COP1 mediates CO protein degradation in a complex with SUPPRESSOR OF PHYA-105 (SPA;51
Laubinger et al., 2006). In the afternoon, blue light inhibits COP1-SPA-mediated CO degradation52
by activating CRYPTOCHROME 2 (CRY2) interaction with COP1 (Liu et al., 2008). Thus, both53
CO transcription is up-regulated and CO protein stabilized allowing up-regulation of the mobile54
flowering signal gene FLOWERING LOCUS T (FT) expression in the phloem during the afternoon55
under LDs, but not under SDs (Piñeiro and Jarillo, 2013). Also regulation of flower development56
is likely to involve Ubiquitin Proteasome System (UPS) components (Vierstra, 2009).57

The UPS has emerged as a powerful regulatory mechanism that facilitates irreversible transitions58
between developmental stages, and responses to environmental stimuli by selectively degrading59
short-lived regulators, such as transcription factors and receptors (Sadanandom et al., 2012).60
Genetic analyses in plants have proposed that this pathway plays a vital role in hormone regulation,61
floral homeostasis, stress responses and pathogen defense; however, very few targets have been62
identified in plants apart from the hormone signaling components (Santner and Estelle, 2010). In63
the UPS system, the highly conserved 76-amino acid protein, ubiquitin, acts as a covalent64
molecular tag to signal target proteins for proteasome mediated degradation. Ubiquitin attachment65
requires three distinct enzymatic activities: E1, ubiquitin activating enzymes; E2, ubiquitin66
conjugating enzymes; and E3, ubiquitin ligase enzymes. Moreover, the UPS consists of67
accompanying proteins that modulate target recognition and degradation (such as RAD23, SPA1),68
deubiquitinating enzymes (DUB1) and the proteasome (26S and 20S structures). According to the69
plant specific UPS database (http://plantsubq.genomics.purdue.edu) over 6 % of the Arabidopsis70
proteome is potentially involved in UPS (Stone et al., 2005). However, the common strategy for71
functionally addressing the role of all UPS components is still evolving. The ubiquitin E3 ligases72
are the most abundant UPS components and mediate the important recognition of the target73
proteins for ubiquitination (Kosarev et al., 2002; Stone et al., 2005). The E3 ligases found in plants74
belong to one of four subtypes: single subunit E3-associated protein carboxyl terminus or75
Homology to E6-AP C-Terminus (HECT), U-box and Really Interesting New Gene (RING) or76
multisubunit cullin-RING ligases (Sadanandom et al., 2012). The RING-type E3 proteins are the77
most abundant among the single subunit E3 ligases (Kosarev et al., 2002; Stone et al., 2005).78

To unravel the role of the RING type ubiquitin E3 ligase protein family, we took a reverse-genetics79
approach to identify the RING E3 ligases that could be involved in regulation of Arabidopsis80
flowering time and/or flower development. To this end, we first curated the RING E3 protein81
family, earlier described by Stone et al. (2005), in the most recent Arabidopsis genome. The82
Arabidopsis protein sequences were subjected to InterProScan for protein domain search and the83
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number of ubiquitin E3 ligases containing RING domains was established to be 509. Association84
of these RING protein encoding genes with Arabidopsis flowering and floral organs was done85
through the Genevestigator transcriptome database (Hruz et al., 2008). To this end, the expression86
profiles were divided into categories based on their specificity, high expression or enrichment in87
flower organs and in the developmental stages of Arabidopsis. Several already characterized88
regulators were identified among these genes, such as the anther dehiscence regulating DAF gene89
family (Peng et al., 2013), flower size regulating DA2 (Xia et al., 2013) and FRG1 involved in90
flowering time related DNA methylation (Groth et al., 2014). The well-established flowering time91
regulator COP1 fell  just  below  the  cut  off  criteria  due  to  its  wide  expression  profile.  A92
representative mutant collection for each category was obtained from NASC stock center.93
Additional candidates were also selected based on literature. The genotypically verified mutant94
collection was subjected to systematic morphological and growth analysis using an automated95
imaging based plant phenotyping facility. After the thorough vegetative assessment, the flowering96
time parameters such as number of leaves at bolting and days to bolting were recorded together97
with morphological analysis of the flower structures. The phenotypic assessment indicated lines98
with altered growth, morphology, or flowering time. Furthermore, one of the lines showed growth99
defects in sepals and petals.100

Materials and methods101

Bioinformatic screens102

In order to curate the collection of the putative ubiquitin RING E3 ligases listed on the PlantsUBQ103
website (http://plantsubq.genomics.purdue.edu/) the Arabidopsis thaliana genome version104
ARA11 was analyzed. To this end, the whole Arabidopsis proteome was downloaded from105
ARAPORT (https://www.araport.org/downloads/), and screened with InterProScan for protein106
families and domain architecture. Once the RING domains were identified, they were aligned with107
Jalview using ProbCons algorithm with two rounds of pre-training before the actual run. To108
confirm that the newly identified RING domain containing protein sequences indeed represented109
ubiquitin E3 ligase type RING domains, InterProScan 5 (v5.16-55.0) Gene3D, SUPERFAMILY,110
ProSiteProfiles, SMART, Pfam, and ProSitePatterns signatures were used. Most of InterProScan111
tools use Hidden Markov Models (HMMs) to detect conserved domains along protein sequences.112
HMMs have been developed for conserved protein domains and they define for the software,113
which and where critical residues should be located along the analyzed protein sequence. From the114
protein domain collection, the ubiquitin E3 ligase type RING domains were filtered according to115
the criteria provided by Kosarev et al. (2002) and Stone et al. (2005) for canonical RING domains.116
The metal ligand binding residues were manually inspected and corrected, and small117
misalignments were edited. Sequences that failed to meet the criteria of InterProScan search118
engines were not considered in this study.119

Transcriptomic database screens120

To associate the curated collection of 509 RING type ubiquitin E3 ligases with flowering the121
Genevestigator gene expression database software was used (Hruz et al., 2008). The experiments122
AT-00087, AT-00088, AT-00089 and AT-00090 containing developmental expression data of123
AtGenExpress initiative microarrays were selected for the analysis (Schmid et al., 2005). In the124
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selected experiments, hybridization probes were available for 393 RING E3 genes out of the 509.125
From these experiments, the linear expression data was extracted for the developmental stages of126
developed rosette, bolting, young flower, developed flower, and flower and silique. For flower127
organs, the gene expression profiles were extracted for categories of shoot apical meristem (SAM),128
sepal, petal, stamen, and carpels. In these categories, genes were ranked for their at least 2-fold129
differential expression against the developed rosette. Their relative expression levels were130
obtained by log2(FC)=log2(FL)-log2(R), where FC is fold of change, FL is flower organ or131
development stage and R is rosette. The results for each category were sorted by their log2(FC)132
and all genes with log2(FC) > 1 were considered as up-regulated.133

Candidate genes selected by literature134

For the candidate approach, we used interaction networks from BioGRID (http://thebiogrid.org/)135
and cross-checked them with flowering pathway genes listed in the Flowering Interactive Database136
FLOR-ID (Bouché et al., 2016) to identify RING E3 ligases interacting with known flowering137
time regulators CONSTANS (CO), CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) and138
TARGET OF EARLY ACTIVATION TAGGED (EAT) 2 (TOE2).139

Plant materials and growth conditions140

For functional characterization of the identified top most differentially expressed genes and for the141
selected candidates, Arabidopsis mutant lines were obtained from the NASC stock center142
representing CATMA, SAIL, SALK and GABI-Kat collections (Alonso et al., 2003; Kleinboelting143
et al., 2011; Rosso et al., 2003; Schmid et al., 2005). Altogether 49 lines were genotyped by144
combination of segregation analysis and T-DNA PCR with primers listed in Supplemental Table145
1. From these, 43 lines represented 30 unique gene accessions (Supplemental Table 1). As a wild146
type control, Columbia (Col-0) ecotype of Arabidopsis thaliana was used.147

For genotyping, plants were grown in vitro on MS media supplemented with the corresponding148
selection. For phenotyping, seeds were sown directly on soil with 50 % peat and 50 % vermiculite.149
Trays  were  covered  with  plastic  wrap  and  stratified  for  three  nights,  after  which  they  were150
transferred to the growth chamber (FytoScope, PSI, Czech Rep.). Seven days after stratification151
(DAS) the seedlings were transferred to their own pots, placed on the analysis trays and sand was152
added on top of the peat to prevent growth of any green algae. From the full water saturation of153
the soil, the water content was let to decrease until 70 % and was kept at this level through daily154
weighing and watering. Growth conditions in the Arabidopsis growth chambers were 16 hours155
light/ 8 hours darkness and 22 degrees Celsius. Relative air humidity of the growth chambers was156
targeted at 60 %. The light intensity was set and controlled at 130 µE (MS6610, Mastech, China).157

Genotyping of the mutant lines158

Homozygous one locus mutant lines were confirmed by segregation analysis and T-DNA specific159
PCRs. The PCR primers, T-DNA position and line information were summarized in Supplemental160
Table 1. The transcript levels of the T-DNA targeted genes were verified by quantitative real-time161
PCR (qPCR) analysis. The sample material for qPCR was harvested from the tissue indicated by162
eFP browser for each gene expression pattern. Three samples were harvested for each RNA163

In review



Genomics and phenomics for RING E3 ligases

5

preparation. RNA was extracted using InviTrap® Spin Plant RNA Kit (STRATEC Molecular),164
complementary DNA was prepared with SuperScript® IV Reverse Transcriptase (Thermo Fisher165
Scientific), and the qPCRs were performed using Roche Lightcycler® 480 Instrument II (Roche166
Diagnostics) using LightCycler® 480 SYBR Green I Master (Roche Diagnostics) with primers167
listed in Supplemental Table 1. Primers were primarily designed to locus downstream of the T-168
DNA. Significance level of the qPCR were set at 0.5-0.1 fold-up for knock-down; <0.1 fold-up for169
knock-out; and >2 fold-up for up-regulated (Supplemental Table 1).170

High throughput Plant Phenotyping platform171

The  small  plant  phenotyping  facility  at  the  University  of  Helsinki  Viikki  campus172
(http://blogs.helsinki.fi/nappi-blog/) was used for the phenotypic characterization of the selected173
Arabidopsis mutant collection. The plants were imaged daily by overhead CCD camera for RGB174
images positioned in a PlantScreenTM analysis chamber with automated plant transportation175
between the imaging, weighing and watering stations. The RGB images were obtained for 20176
plants at the time and stored in central database. The images were pre-processed online as177
described in Awlia et al. (2016) to allow collecting binary and RGB data for each plant. The178
obtained binary images were used for calculating growth parameters of area and perimeter. The179
obtained parameters of area, perimeter and the convex hull were then used for automatic online180
calculations of morphometric rosette parameters including: roundness1, roundness2, isotropy,181
eccentricity, compactness, Rotational Mass Symmetry (RMS) and Slenderness of Leaves (SOL)182
(PlantScreenTM analyzer, PSI, Czech R.). To characterize the general morphology of the mutant183
lines these nine morphological parameters were grouped into four categories based on their type:184
raw, circularity, symmetry and center distance, and compared over time (Figure 1). Raw185
parameters were represented by area and perimeter of the rosette and they were calculated by186
counting pixels of a rosette picture and the edge pixels respectively and transformed to millimeters187
(Figure 1A). The parameters of roundness1 and roundness2 and isotropy represented the circular188
parameters (Figure 1B). The parameter roundness describes rosette area in comparison to perfect189
circle with same perimeter and is affected by leaf slenderness, petiole length and leaf perimeter.190
For wild type plant, this parameter usually takes values between 0.1-0.5 while a perfect circle has191
value 1. Roundness value tends to decay overtime due to leaf development that at the same time192
increases the rosette perimeter. Roundness 2 uses rosette convex hull area and perimeter for its193
computation and for wild type plants this parameter appears to have values between 0.7-1.0194
following an oscillating pattern with less steep peaks over time (Figure 1B). Isotropy uses the area195
of a drawn polygon on top of the rosette (Figure 1B). Thus, isotropy has a behavior similar to196
roundness 2 over time, but with less steep peaks and decreasing tendency similar to roundness.197
The eccentricity and RMS were symmetric parameters (Figure 1C). Eccentricity describes how198
elliptical the plant rosette is, where a value close to 1 correspond to a rosette with highly sharp199
elliptical shape, while a value close to 0 describe a circular shape. Wild type rosette shows a high200
eccentricity peak that decays over time with a second smaller peak by the end of growth, thus the201
rosette shape fluctuates between a round and an elliptical shape. On the other hand, RMS describes202
the symmetry of the plant rosette by making a ratio between the non-overlapping rosette convex203
hull area and a perfect circle of the same area centered in the plant centroid and the overlapping204
area of both. RMS shows a similar pattern as eccentricity, but with higher absolute values and a205
sharper peak. Compactness and SOL were based on the center distance (Figure 1D). Compactness206
is the ratio between the rosette area and the rosette convex hull area. This parameter tells about207
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petiole length and leaf blade width. The parameter SOL explains how sharp the leaf blades are,208
but it is also affected by the leaf number. SOL was derived from the ratio between squared rosette209
skeleton and rosette area. Thus, SOL can take values greater than 0 and below 50 in dimensionless210
units for wild type plants (Figure 1 D).211

Experimental design212

Ten days old (10 DAS) Arabidopsis plants were subjected to growth and morphological213
characterization by top view imaging for the following 10 days. One phenotyping round was214
designed to accommodate a maximum of 960 Arabidopsis plants representing 36 genotypes at a215
time in three consecutive experimental rounds called F006 to F009 (F for flower related). The total216
number of lines analyzed in each round was 36 (F006), 28 (F007), 23 (F008), 20 (F009). The217
maximum of 36 genotypes were divided in three batches that were rotating between the growth218
area and the PlantScreenTM analysis chamber. Each batch consisted of three experimental units of219
four mutant genotypes randomized with Col-0, each represented by 20 individual plants. One220
experiment consisted thus of five trays of altogether 100 plants. Each experimental unit had their221
own Col-0 wild type in randomized block design to normalize for any local differences in the222
microenvironments of the PlantScreenTM or the growth area. Each line showing any phenotypic223
responses was analyzed in at least three independent experimental rounds. Lines that did not show224
differences as compared to the Col-0 wild type were excluded from the subsequent rounds thus225
resulting in reduced numbers of genotypes included.226

Phenotypic analysis of flowering time and flower structures227

After the image based growth and morphological measurements of the 20 mutant and 20 Col-0228
plants in the PlantScreenTM system, the flowering time parameters were recorded. To this end, leaf229
numbers at bolting (LAB) and days to bolting (DTB), were manually counted for each of the plant230
individuals.  The  number  of  rosette  leaves  were  counted  at  appearance  of  the  flower  bud231
(developmental stage 5.10, Boyes et al., 2001) and the DTB was recorded at the same time. The232
flowering time phenotypes were observed in two to three independent experimental rounds.233
Finally, flowers of these lines were photographed (Canon macro lens EF-S 17-85mm) and further234
dissected for floral organ analysis under stereomicroscope (SteREO Discovery.V20, Zeiss).235
Microscopic pictures of the inflorescence tips, single flowers, sepals and petals of sinal7-2 and236
Col-0 were taken with the attached camera AxioCam ICc3, Zeiss.  The analyzed inflorescences237
and flowers originated from at least two independent experiments. Only the main inflorescences238
were considered. Flower developmental stages were determined as in Smyth et al. (1990). Flowers239
scored for the occurrence of aberrations of organ shape, number and identity originated from at240
least seven individual plants per line. Pollen grain staining according to the modified Alexander241
method was used to confirm pollen viability (Peterson et al., 2010). Anther images were captured242
using Leica DFC420 C camera attached to an optical microscope.243

Statistical Analysis244

The significance of the differences between mutant lines and Col-0 were computed by contrasting245
two fitted models to the data points using several order polynomials (Mirman, 2014). First, a model246
was fitted to all data points and then a second model was fitted including the factor genotype (wild247
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type and mutant). These two models were then compared using a Chi square test to determine if248
the second model explained more variance than the first one beyond the significance (α = 0.05). If249
the second model was statistically different from the first one, it implies that the compared250
genotypes were different. These statistical analyses were conducted in R software (https://www.r-251
project.org/). Number of leaves at bolting and days to bolting analysis were performed by Analysis252
of Variance using GLM procedure and pairwise comparisons against Col-0 using option Dunnett253
in the MEANS statement using SAS/STAT© software version 9.4 (SAS Institute Inc., Cary, NC,254
USA).255

Results256

Curation of the Arabidopsis RING-type ubiquitin E3 ligase protein sequences257

To re-confirm the published RING-type ubiquitin E3 ligase proteins encoded in Arabidopsis258
genome the 27,667 Arabidopsis proteins from the latest genome annotation release (ARA11) were259
scanned for RING domains. Through filtering the signatures in Gene3D, SUPERFAMILY,260
ProSiteProfiles, SMART, Pfam, ProSitePatterns altogether 509 putative RING domain containing261
protein sequences were obtained (Supplemental Table 2). RING gene names and descriptions were262
obtained from Araport using Thalemine tool (Supplemental Table 2). Araport used curated but263
also automatic gene annotation, therefore many RING domain containing proteins were annotated264
as RING/Ubox protein although they did not contain Ubox domain. Similarly, some were265
annotated as RING/FYVE/PHD zinc finger superfamily proteins. The 509 RING sequences were266
compared to the previously described RING-type protein sequences (Kosarev et al., 2002; Stone267
et al., 2005). From the 509 identified RING domain proteins 457 matched with the 490 previously268
described, thus resulting in 31 non-matching sequences (Figure 2). These non-matching sequences269
were thoroughly analyzed and, 6 of them were found to be merged with other gene models, 10 had270
no RING domain, 3 were not found in the database, 3 corresponded to pseudogenes, 7 were split271
and a new locus identifier had been assigned for them, and 2 were transposable elements272
(Supplemental Table 3. A). The 50 additionally identified RING domain proteins were shown to273
represent diverse RING domains such as, 1 of D type, 4 of C2 type, 20 of H2, 16 of HC, 2 of S/T,274
and 7 of V (CH) type, according to the Stone et al. (2005) classification (Supplemental Table 2).275

Differential gene expression data identifies 122 flower related RING ubiquitin E3 ligases276

To associate the RING domain proteins with flowering or flower development two approaches277
were followed: 1) identifying those with gene expression enhanced or enriched during flower278
development or in flower organs, and 2) by searching RING proteins interacting with known279
flower regulators. For the first approach Genevestigator (Hruz et al., 2008) tool was used to rank280
the differential gene expression (DEG) of the identified RING genes over Arabidopsis281
developmental stages and in flower organs relative to their expression in developed rosette (Figure282
3A and B). In the selected experiments in Genevestigator database, probes were available for 393283
of the 509 RING E3 ligases analyzed. The cut off for DEGs was set at two fold to be included in284
the selection resulting in lists of genes of interest for each of the categories. This process was285
repeated to identify gene expression enrichment at each of the development stages of bolting,286
young flower, developed flower, and flower and siliques. For the developmental categories287
altogether 71 DEG were identified (Figure 3C). In addition to the developmental stages,288
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enrichment for shoot apical meristem, sepal, petal, stamen and pistil organs were retrieved and289
resulted in 109 DEGs (Figure 3D). Some of the RING genes were common between these two290
categories and in total 122 unique RING genes were up-regulated in the flower related processes.291
The gene identifying AGI codes of these 122 flower related candidates are provided in the292
Supplemental Table 3. B.293

For the second approach we identified 6 additional genes of interest through literature study and294
from interaction networks of CONSTANS (CO), CONSTITUTIVE PHOTOMORPHOGENIC 1295
(COP1) and TARGET OF EARLY ACTIVATION TAGGED (EAT) 2 (TOE2) from BioGRID296
(http://thebiogrid.org/). Based on these interaction screens 5 RING E3 ligases were selected to the297
study, represented by the following mutant lines; N656705 (AT5G65683), N686069298
(AT1G61620), N372291 (AT3G29270), N2037522 and N67002 (AT4G17680) and N742646299
(AT2G44410). In addition, a mutant line for COP1, cop1-6, and RED AND FAR-RED300
INSENSITIVE 2 (RFI2) for which a role in mediating red and far-red light signaling and301
ubiquitination activity has been shown in vitro (Chen and Ni, 2006a; Stone et al., 2005). This E3302
ligase was selected as a candidate since its expression is regulated by circadian clock and rfi2-1303
mutant flowers early (Chen and Ni, 2006b). Thus, one mutant allele for RFI2 (N878610) was304
included in the study. Mutants representing these genes were analyzed together with the flower305
up-regulated RINGs and were named flower related UPS candidates in the Supplemental Table 1.306

Representative mutant collection307

For functional characterization of the 122 flower related UPS candidates and those selected based308
on literature, a mutant collection was obtained from the NASC stock center. The mutants309
represented lines from CATMA, SAIL, SALK and GABI-Kat collections (Alonso et al., 2003;310
Kleinboelting et al., 2011; Rosso et al., 2003; Schmid et al., 2005). Altogether 43 lines were shown311
to contain T-DNA insertion in one locus, six were doubtful and were omitted from the analysis.312
To confirm that the T-DNA insertion had interrupted the gene of interest, their altered expression313
levels were confirmed by qPCR analysis with primers listed in Supplemental Table 1. For 43314
accessions representing 30 unique loci from the 122 flower related UPS candidates and the selected315
candidates a differential gene expression pattern was analyzed. Altogether 15 lines were knock-316
outs, and 12 knock-down mutants, and for 7 lines up-regulation of the gene of interested was317
observed (Supplemental Table 1). For one line, no differential expression was confirmed and this318
was excluded from the phenotyping. For 14 lines alleles were available with similar or opposite319
gene expression patterns.320

Morphological phenotypes of the selected mutant accessions321

From the genotypically and qPCR confirmed T-DNA insertion mutant lines, 43 were subjected to322
phenotypic characterization by top view RGB imaging using the PlantScreenTM system. Image323
series of each analyzed line were collected daily allowing analyzing the growth and changes in324
morphology over time. For scoring those lines showing phenotypes, we fitted general additive325
models  (GAM)  to  each  parameter  of  each  analyzed  lines  (data  not  shown).  Most  of  the  lines326
showed no differences to their corresponding Col-0 controls. However, three lines were327
consistently significantly different across the experiments compared to Col-0 in both growth and328
rosette morphology, namely csu1-4 (N686069), sinal7-2 (N833574) (Peralta et al., 2016) and329
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rha1a-1 (N2045046) (Table 2, Supplemental Table 4). The csu1-4 mutant rosette was clearly330
smaller than Col-0 and showed a yellowish coloration (Figure 4). The mutant line rha1a-1 seemed331
to have smaller leaves than Col-0, however, at the end of growth it appeared to have more leaves332
that resulted in similar final rosette area as compared to Col-0. This line also had shorter petioles333
and leaf serration. The third line sinal7-2 rosette was clearly larger than Col-0 but did not show334
major differences in color, shape or number of leaves (Figure 4).335

To further analyze these three lines, mixed non-linear models were fitted to their data using several336
order polynomials for parametric analysis of the models. This analysis confirmed the earlier337
observations of significant changes in growth and development for these lines over time (Table 2).338
Line csu1-4 showed slower growth, reduced rosette area and perimeter compared to Col-0 along339
the complete measured period (Figure 5A and D). For line rha1a-1 the rosette area was very similar340
to Col-0 being, however, slightly but significantly larger over time probably due to its higher341
number of leaves (Figure 5B, Table 2). Although the differences between rha1a-1 and Col-0 were342
small the statistical model was able to capture those. Conversely, sinal7-2 showed both area and343
perimeter larger than Col-0 indicating more vigorous growth (Figure 5C and F).344

Morphological data for parameters of circularity that include roundness, roundness 2 and isotropy345
were also evaluated for these lines. Line csu1-4 showed increased roundness over the total period346
analyzed in comparison to Col-0 (Figure 6A-C, Table 2). However, csu1-4 roundness curve had347
similar pattern to Col-0 while shifted to the right (Figure 6A). Similar situation was observed for348
sinal7-2, where the roundness curve shape was almost identical to Col-0 but in this case was shifted349
to the left, showing lower roundness along the total time period (Figure 6C, Table 2). Roundness350
curve of rha1a-1 was neither shifted nor similar to Col-0 curve. This line showed a lower351
roundness than Col-0 at the beginning of the analysis, reaching a stabilization point around 16352
DAS (Table 2). For Col-0 plants roundness continued decreasing until it become lower than rha1a-353
1 (Figure 6B).354

Line csu1-4 showed a similar roundness 2 pattern as Col-0 that is shifted to the right by355
approximately day 2 (Figure 6D-F). Line rha1a-1, showed an oscillating pattern too, however, its356
roundness 2 values were constantly close to 0.9 with less steep peaks than Col-0, presenting the357
highest differences between days 12-16 (Figure 6E, Table 2). Similarly, to line csu1-4, line sinal7-358
2 presented an oscillating pattern very similar to Col-0, however, this time the curve had shifted359
to the left by approximately one day (Figure 6F).360

Isotropy showed similar results as roundness and roundness 2, where line csu1-4 and sinal7-2 had361
similar oscillating pattern as Col-0, but csu1-4 curve is shifted to the right, while the curve for362
sinal7-2 is shifted to the left (Figure 6G-I). Line rha1a-1 showed a constant high isotropy value363
decreasing over time until reaching Col-0 pattern by day 23 (Figure 6H, Table 2).364

The other analyzed morphological parameters were eccentricity and rotational mass symmetry365
(RMS).  For eccentricity, line csu1-4 showed a similar pattern as Col-0 plants with a large and a366
small eccentricity peak, but shifted to the right (Figure 7A). Line rha1a-1 presented no shift in its367
curve, but it showed a rather flat peak around days 11 and 15, remaining lower than Col-0 until368
the end of the analysis (Figure 7B, Table 2). This result shows that rha1a-1 is less eccentric than369
Col-0 along the complete analysis. Line sinal7-2 showed also a similar pattern to wild type plants370
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with two eccentric peaks, but slightly shifted to the left (Figure 7C). For RMS line csu1-4 showed371
similar pattern as Col-0 plants, but shifted again to the right about one day for the highest peak and372
remained higher than Col-0 in the last days of the analysis (Figure 7D). In the other hand, rha1a-373
1 presented no shift in its curve, but it showed a decrease in the peak around days 11 and 15,374
decaying faster and remaining lower than Col-0 plants (Figure 7E, Table 2). Like in eccentricity,375
sinal7-2 was almost indistinguishable from the Col-0 plants, except for a slight shift to the left376
captured by the model (Figure 7F).377

Finally, the last two morphological parameters analyzed were compactness and slenderness of the378
leaves (SOL), which were based on the center distance (Figure 1).  Here the line csu1-4 showed a379
decay of compactness overtime in a similar way as Col-0 plants, but its curve was shifted to the380
right (Figure 8A). Lines csu1-4 and sinal7-2 presented quite normal compactness curves, while381
for rha1a-1 the pattern that was less compact than Col-0 plants at the beginning of the analyzed382
period (Figure 8B, Table 2). The compactness later rises above Col-0, showing higher compactness383
values. Like for the previously described parameters, sinal7-2 compactness curve showed slightly384
lower values than Col-0, except for the last two days were Col-0 plants reached sinal7-2385
compactness (Figure 8C).386

Line csu1-4 showed lower SOL values than Col-0, while rha1a-1 and sinal7-2 showed higher SOL387
values than Col-0 (Figure 8E and F, Table 2). The main differences in SOL could be observed388
during the exponential growing phase of the rosette and reaching a plateau at the end of the389
analyzed period were the differences to Col-0 plants become insignificant (Figure 8D-F).390

Flowering time phenotypes391

Flowering time mutants identified in the screen represented both with reduced and increased leaf392
numbers at bolting (Table 1). csu1-4 line (AT1G61620) was clearly early-flowering in both393
experimental replications.  AT5G63970, a putative forkhead box protein, mutant line was early394
flowering in one of two experimental replications. SBP (S-ribonuclease binding protein) family395
protein (AT4G17680) was late flowering in both experimental replications. As already shown by396
others, cop1-6 mutant was early flowering in both LAB (7) and DTB (22). In most of the mutant397
lines, LAB did not differ from Col-0 in all experimental replications, but the trend was seen in398
both  or  all.  LAB  or  DTB  of sinal7-2 did not differ from Col-0 in either of the experimental399
replications.400

Mutation in SINAL7 causes a flower growth phenotype401

The flower morphology of the analyzed mutants was observed under stereomicroscope. In the402
mutant line sinal7-2 cavities in the tip of the flower buds and wrinkled petals in mature flowers403
were repeatedly observed (Figure 9A-D). The cavities were found in 14 out of 15 analyzed sinal7-404
2 inflorescences and in none of the nine Col-0 plants (both young and old inflorescences were405
investigated). These openings were present at one or both sides of the affected buds and were406
associated with tips of the lateral sepals bending inwards (Figure 9E-F). Other abnormalities407
observed in sinal7-2 flower buds were vertical gaps between sepals in the middle or at base, as408
well as both medial sepal tips growing inwards, as opposed to Columbia in which the abaxial409
medial sepal covers the adaxial medial and both lateral sepal tips. Analysis of a number of410

In review



Genomics and phenomics for RING E3 ligases

11

dissected flowers at stages late 12 to 15 revealed that in 49 % of the mutant flowers (27/55) at least411
one lateral sepal tip was bent inwards; this phenotype was not observed in Col-0 (0/39). The412
analyzed flowers came from nine and seven plants, respectively, and their position at the413
inflorescences ranged from first to 22nd (pooled from two independent experiments; at least two414
plants per experiment). The dissected flowers of stage 15 were used for scoring the wrinkled petals415
(Figure 9C and D). During this developmental stage Col-0 petals were fully developed and their416
blades were relatively flat. In 16 % of the sinal7-2 flowers (5/31) mild to severe wrinkling was417
observed, whereas this feature was not present in Col-0 (0/20; flowers between first and 19 th418
position at the inflorescences). The bent sepals and wrinkling petals were occasionally419
accompanied by bent pistil (Figure 9, I-J) and stamens. Dissecting flower buds at later stage 12420
revealed that the occurrence of ingrown lateral sepals was associated with the petal wrinkling, the421
sepals preventing elongation of the petals (Figure 9G-H). Additionally, to the above described422
phenotypes, we also noticed more frequent occurrence of abnormal floral organ numbers and/or423
identities in sinal7-2 flowers, such as five instead of six stamens or organs sharing features of424
petals and stamens (15 % and 5 %, respectively, i.e. 8/55 mutant and 2/39 Col-0 flowers).425

SINAL7 has been shown to mediate ubiquitination of glyceraldehyde-3-phosphate dehydrogenase426
1 (GAPC1) enzyme in vitro and to affect its enzymatic activity and subcellular localization in427
Arabidopsis plants (Peralta et al., 2016). In plants lacking GAPC1 male sterility has been observed428
(Rius et al., 2008). To investigate whether deficiency of SINAL7 impairs male fertility in sinal7-429
2 mutant, pollen viability was inspected (Figure 9K-L). Anthers of 12 mutants and 11 Col-0430
flowers of stage 12-13 were stained, originating from seven and five plants, respectively, located431
at positions 3rd to 34th counting from the base of the inflorescences. However, no differences432
between the mutant and Col-0 pollen was observed: anthers of both lines contained almost433
exclusively viable pollen grains.434

Discussion435

Genomic knowledge in both model plants and crops is expanding at a fast pace. However,436
translating the knowledge from sequence to function and thereby from models to applications is437
hampered by bottlenecks in screening for the phenotypes associated with the genotypes. In this438
project, we set out to conduct a reverse genetic approach (Bolle et al., 2011), by defining a439
proportion of the RING type ubiquitin E3 ligases to the developmental processes of flowering time440
control or flower development. To this end, the RING type ubiquitin E3 ligases were curated in441
the most recent Arabidopsis genome annotation (ARA11) that had been improved e.g. by the next442
generation sequencing techniques (Krishnakumar et al., 2014). Thereby, many gene models had443
indeed become obsolete, split, merged or their original sequence had changed.  We also found that444
in the annotations there are a considerable number of RING domain containing proteins annotated445
as RING/U-box genes. RING and U-box share similar functions and are structurally and446
functionally similar, both are ubiquitin E3 ligases that work as scaffolds between the ubiquitin E2447
conjugase and substrate. However, at the amino acid residual level RING and U-box domains are448
significantly different; in the RING domain the arrangement of cysteines and histidines mediate449
binding of two zinc ions to stabilize the RING domain, while the U-box domains are stabilized by450
a set of hydrogen bonds and salt bridges (Wiborg et al., 2008).451
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Recent studies have revealed complex molecular networks that include ubiquitin E3 ligases in452
regulation of flowering (Lazaro et al., 2012; Peng et al., 2013; Xia et al., 2013). To define the453
genomic flower related Ubiquitin Proteasome System of RING E3 ligases we verified the gene454
expression patterns of the curated RING genes. From the 509 RING genes, 122 were indeed455
associated with flowering with enrichment of gene expression prompting us to gather a456
representative mutant collection for phenotypic characterization. To screen for phenotypes457
associated with the selected mutants an automated plant phenotyping facility was utilized. To458
facilitate a phenotypic screening of a large Arabidopsis mutant collection a phenomics workflow459
established to analyze simultaneously 36 genotypes in a PlantScreenTM imaging system installed460
at the Viikki campus of the University of Helsinki (http://blogs.helsinki.fi/nappi-blog/). The high-461
throughput phenomics screen of altogether 43 genotypes singled out three mutant lines with clear462
growth, morphology, flowering time and/or flower structure related phenotypes.463

For the Arabidopsis growth assessment, we analyzed rosette growth from day 10 to day 20 after464
stratification (DAS). The analysis of such longitudinal data is challenging and demands automated465
statistical analysis and modelling steps. The rosette growth normally follows a sigmoid pattern466
showing a lag phase represented by slow growth around the first 10 days, accelerating in the middle467
and slowing down when getting close to the transition from the vegetative to reproductive phase.468
The best way to model data with sigmoid behavior is by fitting a three parameter logistic regression469
(3PL) to explain the three stages (Neilson et al., 2015; Paine et al., 2012; Tessmer et al., 2013).470
However, our analysis time window captured only the lag and the exponential phases, so a 3PL471
model was not suitable for our data. Therefore, we used polynomials for more flexibility and a472
better explanation of the data for all the parameters. This was particularly useful for the initial473
screening of the data of the tens of lines for the complex parameters like roundness, roundness 2,474
isotropy, compactness and RMS.475

Typically, the parameters of roundness 2, isotropy and RMS increase and decrease over time. This476
behavior is due to the natural cycle of leaf initiation and expansion. At the beginning when the two477
first true leaves are developed, the rosette has an elliptical shape that becomes more circular when478
the leaves 3 and 4 appear and start to expand.  Because leaves 3 and 4 keep on expanding, while479
the leaves 1 and 2 have already stopped expanding, the rosette takes an elliptical shape around day480
12 (Figure 4). This process is repeated each time two new leaves develop and expand, explaining481
the oscillating behavior of these parameters. The steepness of each peak decrease over time482
because previously generated leaves expand making the rosette more circular. Thus, recording483
fluctuations in these parameters allows establishing the developmental timing of leaf initiation and484
expansion.485

Here, three lines showed consistently significant differences in growth and morphology compared486
to the wild type Col-0. The mutant lines csu1-4 and sinal7-2 showed similar growth curve shapes487
as Col-0, but shifted to the left or right, respectively, for all morphological parameters. This488
behavior was explained by their speed of growth over time. If two lines differ in their growth rate489
but were analyzed only on one particular day after germination, they could show high differences490
in morphological parameters. Therefore, longitudinal time course analysis of Arabidopsis rosette491
growth and shape became compulsory for making accurate conclusions about the effect of a492
mutation also on morphology. On the contrary, the rha1a-1 mutant did not show major differences493
in growth, but did for morphology. The increased number and serration of rosette leaves in rha1a-494
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1 rendered the rosette perimeter and the skeleton longer, thereby, reducing the roundness and495
increasing SOL during all time points (Figure 6B and Figure 8E). Furthermore, the increased496
number of leaves of rha1a-1 prevented its rosette from taking overly elliptical shape, keeping it497
more circular than Col-0 plants over time (Figure 4). This characteristic was translated in higher498
roundness 2, isotropy, compactness and lower eccentricity and RMS (Figure 6E, 6H, 7B, 7E and499
8B). Thus, the morphological parameters can be used not only to record developmental timing but500
also to explain the plant architecture in a numeric manner.501

The line showing an early flowering time phenotype was COP1 SUPPRESSOR1 (CSU1). csu1-4502
plants flowered three to six leaves earlier than Col-0 grown under LDs (Table 1). In addition to503
early flowering, csu1-4 plants showed vegetative phenotypes: plants were smaller than Col-0504
(Figure 5), the eccentricity, RMS and roundness2 development started later than Col-0 (Figure 6505
and 7), and SOL was smaller than in Col-0 (Figure 8). CSU1 has been shown to negatively regulate506
hypocotyls length in the dark, via ubiquitination of COP1 and repression of SPA1 (Xu et al., 2014).507
Our results indicate that CSU1 may regulate both vegetative and generative development. The line508
showing a late flowering phenotype, SBP (S-ribonuclease binding protein) family protein509
(AT4G17680), flowered one to two leaves later than Col-0 (Table 1). This gene was selected for510
the phenotypic analysis based on its interaction with TOE2. toe2 is late flowering, and toe1 toe2511
double mutant represses FT expression (Zhai et al., 2015). Our results suggest that this SBP (S-512
ribonuclease binding protein) family protein could be involved in regulation of flowering time513
possibly through TOE2. Some SBP family members are known to regulate flowering time. Four514
SBP proteins, BOTRYTIS SUSCEPTIBLE1 INTERACTOR (BOI) and its three homologous515
repress flowering by repressing FT expression in a CO dependent manner and a CO independent516
manner via DELLA proteins (Nguyen et al., 2015). This evidence suggests that there might be a517
connection between SBP proteins and flowering time control.518

In sinal7-2 mutant, defects in flower morphology were observed. SINAL7 has been shown to519
ubiquitinate glyceraldehyde-3-phosphate dehydrogenase 1 (GAPC1) and to regulate its enzymatic520
activity and movement to nucleus (Peralta et al., 2016). GAPC1 plays a role in glycolysis, thus521
regulating carbon metabolism and it has also been associated with cytoskeleton and mitochondria522
(Anderson et al., 2004; Giegé et al., 2003). Although gapc1 mutants showed male sterility523
phenotype (Rius et al., 2008), we did not observe increased number of aborted pollen grains in the524
sinal7-2 mutant (Figure 9K-L), suggesting that SINAL7-mediated GAPC1 regulation does not525
impact pollen maturation. Although we have not tested the effect of sinal7-2 mutation on pollen526
germination and pollen tube growth, the fertility of the mutant did not seem to be strongly527
compromised. Instead, we observed defects in sinal7-2 flower morphology, namely cavities in the528
flower buds and wrinkled petals. Sepal curvature is regulated by giant cells in the abaxial epidermis529
where the cell expansion is promoted by endoreduplication (Roeder et al., 2010, 2012). A couple530
of mutants have been identified in which lack of the giant cells was accompanied by their sepals531
bending inwards. Closer examination of sinal7-2 sepal epidermis will show whether the observed532
bent sepal tips and resulting flower bud cavities (Figure 9A-B, E-F) originated from533
endoreduplication defects, which would suggest a novel role for the SINAL7 protein. Other flower534
phenotypes of the mutant – wrinkling of petals, as well as bending of stamens and pistils (Figure535
9C-D, G-J) – seem to be a direct consequence of abnormal shape of the sepals, being an obstacle536
for the developing floral organs during their growth and release from the buds. Nevertheless, at537
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this point it cannot be ruled out that the SINAL7 ubiquitin E3 ligase would be involved in the538
development of the flower organs in other ways.539

Here we showed that automated, imaging based phenotyping platform is an efficient tool to540
overcome the limiting factors of manual and visual phenotypic measurements of large plant541
collections. Imaging based platforms also allow deep resolution of the phenotypes and thereby542
more precise association with the genotypes. Furthermore, the automated plant management and543
transportation to imaging, facilitates time course experiments. Thereby, recording longitudinal544
numeric values indicating changes in rosette size and morphology can be utilized in developmental545
timing of plant growth and development. Here the customized solution of the PSI PlantScreenTM546
system by top view CCD camera in combination with online data processing was used for high547
throughput phenotyping of Arabidopsis mutant collections for growth and morphological traits.548
Such facilities are thus ideal tools for reverse genetics approaches that require evaluation of large549
plant collections. The obtained resolution and high throughput, whereby hundreds of plants can be550
analyzed in the time that normally a handful would be analyzed, is an obvious advantage.551

552
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677

Figure legends678

Figure 1. Rosette morphology parameters. A. Area and perimeter of the rosette are raw parameters679
and are calculated by counting pixels of rosette binary images and the edge pixels respectively and680
transformed to millimeters. B. The parameters of roundness and roundness 2 and isotropy681
represented circular parameters. C. Eccentricity and RMS were symmetric parameters. D.682
Compactness and SOL were based on the center distance. Pink area around RMS, compactness683
and roundness 2 represent rosette convex hull, and for isotropy it represents rosette polygon. The684
characteristics of the parameters are described in detail in the Materials and Methods section.685

Figure 2. RING gene family of 509 as identified by: This study; Stone et al., 2005; and Kosarev et686
al., 2002. This study brought in 50 new RING genes and 31 from the earlier studies were excluded.687

Figure 3. A. Differential expression profiles of developmental stage enriched RING genes relative688
to developed rosette (B= bolting; YF= Young flower; DF= Developed flower; FS= Flowers and689
siliques). B. Differential expression profiles of flower organ enriched RING genes relative to690
rosette; SA= Shoot apical meristem; SP= Sepals; PT= Petals; ST= stamens; PS= pistil. C. Venn691
diagram of RING genes expressed in the different developmental stages. D. Venn diagram of692
RING genes expressed in the different flower organs.693

Figure 4. Rosette growth of csu1-4, rha1a-1 and sinal7-2 mutants. Representative rosette images694
are shown from day 10 to day 20 after stratification.695

Figure 5. Growth measurements of area and perimeter (raw measurements) for the three mutants,696
csu1-4, rha1a-1 and sinal7-2, from day 10 to 20. Markers = daily mean; error bars = 95%697
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confidence interval; Curves = fitted models; n = 20 plants. The experiment was repeated at least 3698
times with similar results.699

Figure 6. Circularity growth measurements of roundness and isotropy for the three mutants, csu1-700
4, rha1a-1 and sinal7-2, from day 10 to 20. Markers = daily mean; error bars = 95% confidence701
interval; Curves = fitted models; n = 20 plants. The experiment was repeated at least 3 times with702
similar results.703

 Figure 7. Symmetry growth measurements for the three mutants, csu1-4, rha1a-1 and sinal7-2,704
from day 10 to 20. Markers = daily mean; error bars = 95% confidence interval; Curves = fitted705
models; n = 20 plants. The experiment was repeated at least 3 times with similar results.706

Figure 8. Center distance growth measurements for the three mutants, csu1-4, rha1a-1 and sinal7-707
2, from day 10 to 20. Markers = daily mean; error bars = 95% confidence interval; Curves = fitted708
models; n = 20 plants. The experiment was repeated at least 3 times with similar results.709

Figure 9. Flower phenotypes of the sinal7-2 mutant. Flower developmental stages assigned710
according to Smyth et al., (1990). Scale bars: 1 mm (A-J) and 100 µm (K-L). A-B. Representative711
inflorescences of Col-0 (A) and sinal7-2 (B). All flowers and siliques older than stage 12 have712
been removed. Mutant flower buds contain cavities beneath the bud tip (indicated with white713
arrows). C-D. Petals of a Col-0 (C) and a sinal7-2 (D) flower at stage 15. White arrows pointing714
to wrinkled mutant petals. E-F. Adaxial surface of sepals from a Col-0 (E) and a sinal7-2 (F) flower715
at stage 15. White arrow pointing to an inward bending lateral sepal tip of sinal7-2. G-H. Late716
stage 12 flower buds of Col-0 (G) and sinal7-2 sinal7-2 (H). The medial sepals have been removed717
to reveal the elongating and wrinkling petals blocked by the ingrown lateral sepals. I-J. Col-0 (I)718
and sinal7-2 (J) flowers stage 15. K-L. Representative anthers from Col-0 (K) and sinal7-2 (L)719
flowers stage 12-13 stained for pollen viability.720

Legends of supplemental tables721

Supplemental Table 1. T-DNA mutant collection analyzed in this study, running number, AGI722
code, Gene name, NASC code, stock code, T-DNA position, qPCR result and interpretation,723
Genotyping PCR primers (forward and reverse) and qPCR primers (forward and reverse).724

Supplemental Table 2. The complete list of 509 curated Arabidopsis RING E3 ligases genes (Gene725
ID, Gene symbol, Description, RING type, Domain sequence, Gene ontology (GO) ID, GO name,726
Pubmed ID and Literature). New RING domain proteins (50) curated in this study are in their own727
column.728

Supplemental Table 3. A. (A) All RING domain proteins curated in; This study, by Stone et al.,729
2005 and by Kosarev et al., 2002. (B) Summary of the 31 excluded RING domain proteins with730
source and reason for excluding from the curated collection. B. (A) Ranking of the 122731
differentially expressed RING E3 ligase genes in the developmental stages (Bolting, Young732
Flower, Developed Flower, Flower and Silique) and (B) flower organs (Shoot Apical Meristem,733
Sepal, Petal, Stamen, Pistil). (C) List of common and shared genes in the two main categories.734

Supplemental Table 4. A-C Raw phenotyping data from three replicated experimental rounds for735
the  three  mutants  (csu1-4, rha1a-1 and sinal7-2) showing morphological changes. A. csu1-4736
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experimental rounds F0007, F0008 and F0001.0 B. rha1a-1 experimental rounds F0007, F0008737
and F0011. C. sinal7-2 experimental rounds F0007, F008 and F0011.738
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Legends of Tables739

Table 1. Number of leaves and number of days to bolting in Arabidopsis mutant lines grown in740
LDs. Pairwise comparisons were performed against corresponding Col-0-line using Dunnett’s test;741
* indicates statistically significant difference (α=0.05). N=19-20 in each row.742

743

Leaves at bolting Days to bolting
AGI NASC ID Mutant line Dunnett Col-0 Mutant line Dunnett Col-0

AT1G61620 N686069 9.7 ± 2.1 * 13.5 ± 1.8 25.2 ± 1.6 25.7 ± 2.2
CSU1 csu1-4 9.9 ± 1.5 * 15.5 ± 1.1 23.6 ± 1.6 * 26.8 ± 0.7

12.1 ± 0.4 * 15.1 ± 0.4 24.9 ± 0.6 * 26.2 ± 0.7
AT1G68820 N667194 15.8 ± 1.5 * 13.5 ± 2.0 27.2 ± 1.5 * 25.3 ± 1.6
RING E3 16.0 ± 1.2 16.6 ± 1.4 28.3 ± 1.2 28.0 ± 1.1

14.3 ± 0.7 * 15.9 ± 0.3 24.9 ± 0.9 * 27.2 ± 0.6
N659628 14.1 ± 1.8 13.6 ± 2.0 26.9 ± 1.6 * 25.5 ± 1.7

16.5 ± 1.1 15.4 ± 0.9 28.2 ± 1.1 * 26.7 ± 1.3
16.1 ± 1.3 16.6 ± 1.4 27.9 ± 1.1 28.0 ± 1.1

AT2G22680 N219963 16.4 ± 1.0 * 12.6 ± 1.7 27.9 ± 1.3 * 25.2 ± 1.4
WAVH1 16.6 ± 1.3 15.6 ± 1.7 27.7 ± 1.2 * 26.1 ± 1.2

N653622 13.3 ± 2.0 12.5 ± 1.9 25.0 ± 1.5 25.0 ± 1.6
15.5 ± 1.0 14.6 ± 1.4 26.2 ± 1.0 25.4 ± 1.5

AT2G32950 7.5 ± 0.6 * 12.6 ± 0.7 22.7 ± 1.4 * 28.4 ± 0.9
COP1 cop1-6 6.7 ± 0.7 * 13.7 ± 0.3 21.1 ± 0.6 * 27.3 ± 0.9
AT2G37150 N685421 15.3 ± 1.5 * 13.5 ± 2.0 27.2 ± 1.1 * 25.3 ± 1.6
RING E3 16.4 ± 1.9 15.4 ± 0.9 27.0 ± 1.3 26.7 ± 1.3

16.6 ± 1.3 16.6 ± 1.4 28.3 ± 0.8 28.0 ± 1.1
AT2G47700 N878610 15.5 ± 2.1 * 13.0 ± 1.4 26.6 ± 1.5 25.6 ± 1.3
RFI2 rfi2-3 16.5 ± 1.4 15.5 ± 1.1 27.7 ± 0.9 26.8 ± 0.7
AT3G07200 N481270 15.3 ± 2.0 * 13.5 ± 1.8 27.7 ± 1.7 * 25.7 ± 2.2
STUBL3 stubl3 15.6 ± 2.0 15.5 ± 1.1 27.3 ± 1.7 26.8 ± 0.7
AT3G09760 N653280 13.0 ± 1.8 12.6 ± 1.7 24.8 ± 1.4 25.2 ± 1.4
RING E3 13.9 ± 1.5 14.6 ± 1.4 23.9 ± 1.3 * 25.4 ± 1.5
AT4G17680 N67002 15.2 ± 2.1 * 13.5 ± 1.8 27.2 ± 1.7 * 25.7 ± 2.2
SBP 16.8 ± 1.3 * 15.5 ± 1.1 27.9 ± 1.3 * 26.8 ± 0.7
AT5G37890 N596989 13.1 ± 2.1 13.0 ± 1.4 25.6 ± 1.9 25.6 ± 1.3
SINAL7 sinal7-2 14.4 ± 1.7 15.1 ± 1.3 25.7 ± 1.3 26.6 ± 1.4

N833574 14.0 ± 0.7 * 15.1 ± 0.4 24.3 ± 0.5 * 26.2 ± 0.7
AT5G63970 N694155 13.3 ± 2.2 13.6 ± 2.0 25.6 ± 1.8 25.5 ± 1.7
RING E3 13.5 ± 1.3 * 15.4 ± 0.9 24.6 ± 1.5 * 26.7 ± 1.3

14.4 ± 0.7 15.1 ± 0.4 24.8 ± 1.0 * 26.2 ± 0.7

744

745

746

747

748

749

750
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Table 2. Polynomial order and their respective Chi square probability from ANOVA test for each751

parameter used in this study.752

753

754

Parameter Polynomial order used Chi square probability*
csu1-4 rha1a-1 sinal7-2

Area 3 < 2.2e-16 *** < 2.2e-16 *** < 2.2e-16 ***

Perimeter 3 9.116e-15 *** 9.076e-11 *** 1.506e-10 ***

compactness 4 < 2.2e-16 *** 1.274e-10 *** 1.132e-06 ***

Roundness 5 < 2.2e-16 *** 2.665e-15 *** 1.613e-06 ***

Roundness 2 5 < 2.2e-16 *** < 2.2e-16 *** 8.43e-06 ***

Isotropy 6 0.0008271 *** 8.16e-08 *** 5.058e-05 ***

Eccentricity 6 < 2.2e-16 *** < 2.2e-16 *** 5.102e-14 ***

RMS 6 < 2.2e-16 *** < 2.2e-16 *** 4.53e-05 ***

SOL 3 0.0006792 *** 3.867e-07 *** 0.006651 **
*Comparison was performed using an ANOVA test between a base model and a model including the genetic background as
factor.
base model = Parameter ~ polynomial of Day + Random factor Day and Plant ID
model = Parameter ~ polynomial of Day * genetic background (Col-0 or knockout line) + Random factor Day and Plant ID
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