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Fig. S1 Natural phenotypic variation and GWAS of root growth rate 7th day after stratification. (a) Correlation of average root
length on 7th day after stratification (DAS) (seedlings from seeds of natural seed sizes (Slovak et al., 2014)) with average seed size

(this study, Methods S2) for 160 natural accessions. Each dot represents one accession. (b) Histogram of natural phenotypic

variation of root growth rate on DAS7 (seedlings from size-controlled seeds) (c) GWAS Manhattan plot showing association of SNPs

and root growth rate on DAS7 data from 252 accessions; x-axis: genomic position, y-axis: -log(p-value) for each SNP. (D) TOP 5
associated genomic regions for GWAS of root growth rate on DAS7.

Slovak R, Göschl Christian, Su X, Shimotani K, Shiina T and Busch W. 2014. A Scalable Open-Source Pipeline for Large-Scale Root

Phenotyping of Arabidopsis. Plant Cell 26: 2390–2403.



Fig. S2 Relative AAK6 expression levels and root growth in the wild type, SALK_015289 (aak6 -/-) and AAK6 overexpression line
(35S:AAK6). (a) Relative AAK6 expression levels in the wild type, SALK_015289 (aak6 -/-) and AAK6 overexpression line (35S:AAK6),
whiskers represent standard deviation. See also Methods S1. (b) Root growth of aak6, wild type and 35S:AAK6, 3rd - 7th day after
stratification (DAS). Whiskers represent standard deviation. t-test p-values are indicated in the table.



Fig. S3 Complementation of aak6 -/- by pAAK6:AAK6-Clover, in the shoots. 2 month old representative plants.



Fig. S4 Complementation of aak6 -/- by pAAK6: AAK6, in the root. (a) Primary root length of seedlings on 7th day after stratification.
Whiskers represent the last value at a distance smaller than 1.5 times the interquartile range (IQR). (b) Root growth rate of
seedlings averaged over 3rd - 7th day after stratification. Whiskers < 1.5 × IQR. (c) Representative examples of seedlings. Scale bar
1 cm.



Fig. S5 Root anatomy parameters of aak6 -/- compared to wild type. Root anatomy parameters evaluated from images taken by
confocal microscope on fifth day after stratification: (a) Cortical cell length in relation to cellular distance from the quiescent

center (distance in number of cells from QC); mean ± SE. (b) Cellular parameters for meristematic, elongation and mature zones;

mean ± SD. P-values significant at alpha = 0.05 are highlighted in red. Root anatomy parameters evaluated from images taken by

DIC microscopy on 8th day after stratification: (c) Fitted cortical cell length in relation to physical distance from the quiescent

center; mean ± SE. (d) Cellular parameters for meristematic, elongation and mature zone; mean ± SE. P-values significant at alpha

= 0.05 are highlighted in red.



Fig. S6 Kinematic analysis of root growth. Kinematic analysis of root growth 8th day after stratification. (a) Root growth velocity
profile of the wild type and aak6 -/- loss-of-function mutant; mean ± SE. (b) Relative cell elongation rate of wild type and aak6 -/-
loss-of-function mutant; mean ± SE. (c) Time a cell spends in the elongation zone [h] in wild type and aak6 -/- loss-of-function
mutant; mean values not significantly different (p-value = 0.50). Whiskers < 1.5 × IQR.



Fig. S7 Replicates of ribosome/polysome profiles. Spectrophotometric profiles of UV absorbance (254 nm) of sugar gradients.
Ribosome/polysomal extracts were obtained from 3-week-old whole seedlings. Ribosomes were fractionated through 5-45% (w/V)

sucrose gradient by 2.5 hour-long ultracentrifugation.







Table S1 252 Arabidopsis thaliana accessions used in this study.
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Table S2 Phenotypes of T-DNA insertion mutant lines (t-test p-values). Bonferroni corrected significance threshold for multiple
testing: alpha = 0.0033 (15 t-tests). P-values significant at this corrected threshold are highlighted in red.

Table S3 Primers used in this study.



Pearson's r

traitrandom  vs.

Trait random seeds controlled seeds random seeds controlled seeds random seeds controlled seeds traitcontrolled traitrandom traitcontrolled

Total_length_DAS3 [mm] 1.0 0.9 1.1 0.8 0.44 0.43 0.71 0.20 0.03

Total_length_DAS4 [mm] 1.5 1.1 1.6 1.3 0.50 0.50 0.76 0.33 0.06

Total_length_DAS5 [mm] 1.8 1.3 2.0 1.6 0.49 0.51 0.74 0.39 0.08

Total_length_DAS6 [mm] 2.2 1.5 2.5 1.9 0.50 0.51 0.74 0.43 0.11

Total_length_DAS7 [mm] 2.6 1.8 2.9 2.3 0.49 0.50 0.75 0.43 0.14

Euclidian_length_DAS3 [mm] 0.9 0.8 1.0 0.8 0.45 0.43 0.72 0.21 0.03

Euclidian_length_DAS4 [mm] 1.4 1.0 1.5 1.2 0.51 0.49 0.75 0.33 0.07

Euclidian_length_DAS5 [mm] 1.7 1.2 1.9 1.5 0.49 0.51 0.74 0.39 0.09

Euclidian_length_DAS6 [mm] 2.0 1.4 2.3 1.8 0.50 0.50 0.73 0.43 0.11

Euclidian_length_DAS7 [mm] 2.4 1.7 2.7 2.2 0.49 0.50 0.74 0.43 0.14

Root_tortuosity_DAS3 0.04 0.04 0.0 0.0 0.08 0.07 0.21 -0.10 -0.02

Root_tortuosity_DAS4 0.05 0.04 0.1 0.0 0.03 0.06 0.14 -0.02 0.05

Root_tortuosity_DAS5 0.04 0.03 0.0 0.0 0.04 0.08 0.34 0.00 0.00

Root_tortuosity_DAS6 0.04 0.03 0.0 0.0 0.04 0.09 0.32 -0.03 -0.02

Root_tortuosity_DAS7 0.03 0.03 0.0 0.0 0.08 0.12 0.48 -0.08 -0.04

Root_tortuosity_avg 0.04 0.03 0.0 0.0 0.03 0.09 0.29 -0.05 0.00

Root_growth_rate_DAS3-DAS4 [mm] 0.6 0.4 0.7 0.5 0.50 0.48 0.73 0.44 0.21

Root_growth_rate_DAS4-DAS5 [mm] 0.5 0.4 0.6 0.4 0.44 0.44 0.70 0.41 0.16

Root_growth_rate_DAS5-DAS6 [mm] 0.5 0.4 0.6 0.5 0.47 0.46 0.77 0.43 0.21

Root_growth_rate_DAS6-DAS7 [mm] 0.6 0.5 0.6 0.5 0.44 0.41 0.70 0.30 0.18

Root_growth_rate_avg [mm] 0.5 0.4 0.6 0.4 0.45 0.50 0.76 0.44 0.21

Relative_root_growth_rate_DAS3-DAS4 0.4 0.5 1.2 1.3 0.12 0.23 0.60 0.03 0.01

Relative_root_growth_rate_DAS4-DAS5 0.1 0.1 0.3 0.4 0.22 0.15 0.60 -0.08 0.12

Relative_root_growth_rate_DAS5-DAS6 0.1 0.1 0.1 0.1 0.13 0.19 0.80 0.02 0.08

Relative_root_growth_rate_DAS6-DAS7 0.0 0.0 0.1 0.1 0.18 0.26 0.56 -0.18 0.11

Relative_root_growth_rate_avg 0.2 0.2 0.3 0.3 0.13 0.18 0.69 -0.03 0.04

Root_angle_DAS3 12.0 11.0 5.1 3.7 0.01 0.01 -0.09 0.07 -0.02

Root_angle_DAS4 9.2 8.4 4.7 4.2 0.04 0.07 0.33 -0.01 -0.06

Root_angle_DAS5 7.2 6.7 4.8 4.3 0.08 0.18 0.56 -0.05 -0.07

Root_angle_DAS6 5.9 5.7 4.2 4.5 0.18 0.28 0.73 -0.05 -0.03

Root_angle_DAS7 5.4 5.1 4.2 4.7 0.25 0.35 0.75 -0.03 -0.03

Root_angle_avg 7.6 6.9 4.1 3.8 0.06 0.14 0.48 0.03 -0.04

Root_direction_index_DAS3 0.14 0.13 0.1 0.1 0.08 0.09 0.37 -0.07 0.04

Root_direction_index_DAS4 0.11 0.11 0.1 0.1 0.15 0.12 0.50 -0.05 -0.05

Root_direction_index_DAS5 0.09 0.08 0.1 0.1 0.22 0.20 0.62 -0.01 -0.07

Root_direction_index_DAS6 0.08 0.07 0.1 0.1 0.31 0.25 0.61 -0.08 -0.05

Root_direction_index_DAS7 0.07 0.07 0.1 0.1 0.35 0.28 0.59 -0.12 -0.07

Root_direction_index_avg 0.09 0.08 0.1 0.1 0.20 0.17 0.56 -0.08 -0.05

!""#$%"&'(")#*+$'),-.$/01234556 0.1 0.1 0.1 0.1 0.13 0.16 0.64 0.19 0.05

!""#$%"&'(")#*+$'),-.$/01734556 0.2 0.1 0.1 0.1 0.16 0.15 0.67 0.26 -0.04

!""#$%"&'(")#*+$'),-.$/01834556 0.2 0.2 0.1 0.1 0.24 0.22 0.75 0.23 -0.03

!""#$%"&'(")#*+$'),-.$/01934556 0.2 0.2 0.2 0.2 0.34 0.32 0.83 0.21 0.01

!""#$%"&'(")#*+$'),-.$/01:34556 0.3 0.2 0.3 0.2 0.40 0.39 0.84 0.19 0.01

!""#$%"&'(")#*+$'),-.$*;<34556 0.2 0.1 0.1 0.1 0.26 0.27 0.77 0.26 0.00

!""#$;-&#'=*+$'),-.$/01234556 0.3 0.2 0.3 0.2 0.44 0.41 0.71 0.20 0.03

!""#$;-&#'=*+$'),-.$/01734556 0.4 0.3 0.4 0.3 0.49 0.49 0.75 0.33 0.07

!""#$;-&#'=*+$'),-.$/01834556 0.5 0.4 0.5 0.4 0.48 0.51 0.74 0.39 0.09

!""#$;-&#'=*+$'),-.$/01934556 0.6 0.4 0.7 0.5 0.49 0.50 0.73 0.42 0.11

!""#$;-&#'=*+$'),-.$/01:34556 0.7 0.5 0.8 0.6 0.49 0.50 0.75 0.43 0.15

!""#$;-&#'=*+$'),-.$*;<34556 0.7 0.5 0.5 0.4 0.33 0.35 0.70 0.41 0.11

Root_linearity_DAS3 0.32 0.32 0.1 0.1 0.02 0.02 0.03 0.18 0.05

Root_linearity_DAS4 0.32 0.32 0.1 0.1 0.02 0.03 0.11 0.10 -0.03

Root_linearity_DAS5 0.32 0.31 0.1 0.1 0.04 0.05 0.24 -0.02 -0.02

Root_linearity_DAS6 0.30 0.31 0.1 0.1 0.09 0.09 0.44 0.04 0.07

Root_linearity_DAS7 0.30 0.30 0.1 0.1 0.13 0.15 0.54 0.03 0.06

Root_linearity_avg 0.22 0.21 0.1 0.1 0.06 0.09 0.30 0.11 0.03

Average_root_width_DAS3 [mm] 0.014 0.013 0.0 0.0 0.13 0.09 0.41 0.27 0.05

Average_root_width_DAS4 [mm] 0.011 0.009 0.0 0.0 0.17 0.14 0.59 0.37 0.19

Average_root_width_DAS5 [mm] 0.009 0.007 0.0 0.0 0.16 0.17 0.63 0.44 0.19

Average_root_width_DAS6 [mm] 0.010 0.007 0.0 0.0 0.23 0.44 -0.03 0.26 0.12

Average_root_width_DAS7 [mm] 0.009 0.007 0.0 0.0 0.24 0.41 0.70 0.25 0.15

Average_root_width_avg [mm] 0.010 0.008 0.0 0.0 0.16 0.20 0.57 0.39 0.18

Root_width_20_DAS3 [mm] 0.035 0.035 0.0 0.0 0.08 0.05 0.29 0.02 -0.13

Root_width_20_DAS4 [mm] 0.026 0.027 0.0 0.0 0.11 0.08 0.38 0.11 -0.08

Root_width_20_DAS5 [mm] 0.021 0.021 0.0 0.0 0.11 0.11 0.56 0.09 -0.01

Root_width_20_DAS6 [mm] 0.018 0.018 0.0 0.0 0.13 0.21 0.42 0.09 0.00

Root_width_20_DAS7 [mm] 0.017 0.017 0.0 0.0 0.20 0.24 0.76 0.07 -0.03

Root_width_20_avg [mm] 0.022 0.022 0.0 0.0 0.11 0.11 0.60 0.10 -0.03

Root_width_40_DAS3 [mm] 0.021 0.022 0.0 0.0 0.12 0.07 0.46 0.12 -0.02

Root_width_40_DAS4 [mm] 0.013 0.013 0.0 0.0 0.15 0.16 0.65 0.30 0.19

Root_width_40_DAS5 [mm] 0.011 0.008 0.0 0.0 0.17 0.17 0.69 0.41 0.18

Root_width_40_DAS6 [mm] 0.011 0.008 0.0 0.0 0.18 0.39 0.06 0.32 0.15

Root_width_40_DAS7 [mm] 0.010 0.007 0.0 0.0 0.20 0.34 0.66 0.34 0.17

Root_width_40_avg [mm] 0.011 0.010 0.0 0.0 0.16 0.17 0.60 0.35 0.17

Root_width_60_DAS3 [mm] 0.013 0.013 0.0 0.0 0.16 0.10 0.55 0.31 0.12

Root_width_60_DAS4 [mm] 0.011 0.009 0.0 0.0 0.17 0.17 0.69 0.39 0.27

Root_width_60_DAS5 [mm] 0.010 0.007 0.0 0.0 0.18 0.16 0.59 0.47 0.25

Root_width_60_DAS6 [mm] 0.010 0.007 0.0 0.0 0.23 0.39 -0.08 0.30 0.16

Root_width_60_DAS7 [mm] 0.010 0.007 0.0 0.0 0.19 0.36 0.61 0.32 0.19

Root_width_60_avg [mm] 0.009 0.007 0.0 0.0 0.18 0.23 0.51 0.44 0.23

Root_width_80_DAS3 [mm] 0.012 0.010 0.0 0.0 0.14 0.08 0.49 0.45 0.27

Root_width_80_DAS4 [mm] 0.011 0.008 0.0 0.0 0.17 0.14 0.55 0.41 0.32

Root_width_80_DAS5 [mm] 0.010 0.007 0.0 0.0 0.17 0.18 0.53 0.48 0.25

Root_width_80_DAS6 [mm] 0.010 0.008 0.0 0.0 0.24 0.41 -0.14 0.25 0.16

Root_width_80_DAS7 [mm] 0.010 0.007 0.0 0.0 0.20 0.36 0.53 0.27 0.21

Root_width_80_avg [mm] 0.009 0.006 0.0 0.0 0.18 0.23 0.41 0.46 0.27

Root_width_100_DAS3 [mm] 0.012 0.009 0.0 0.0 0.12 0.13 0.40 0.50 0.31

Root_width_100_DAS4 [mm] 0.011 0.008 0.0 0.0 0.13 0.13 0.51 0.45 0.30

Root_width_100_DAS5 [mm] 0.010 0.007 0.0 0.0 0.15 0.16 0.57 0.48 0.24

Root_width_100_DAS6 [mm] 0.010 0.008 0.0 0.0 0.28 0.39 -0.11 0.20 0.13

Root_width_100_DAS7 [mm] 0.010 0.007 0.0 0.0 0.19 0.37 0.48 0.20 0.21

Root_width_100_avg [mm] 0.009 0.006 0.0 0.0 0.15 0.24 0.40 0.46 0.28

accession's seed area vs.

Pearson's rheritabilitystandard deviation

median SD within accessions

standard deviation [mm]

between accessions

Table S4 Impact of seed size on root growth traits. Heritability and correlation of seed area with early root growth traits are
compared within a column and assigned shading on a two-color scale (white - green) with higher values highlighted in green.



Table S6 Alignment of AAK6 coding sequences (amino acids) of Bå4-1, Col-0, and Tha-1.

Table S7 Proportions of nuclear ploidy classes in the root apices. Counts of nuclei in discrete nuclear ploidy classes, fifth day after
stratification. Bonferroni corrected significance threshold for multiple testing: alpha = 0.0125 (4 t-tests). P-values significant at this

corrected threshold are highlighted in red as well as by "***".



Methods S1
Relative expression fold change of the AAK6 gene
We tested the expression of AAK6 gene (AT5G60340) in Col-0, aak6mutant, and 35S:AAK6 line; Tubulin 2 (AT5G62690) was used

as the reference gene (used primers P26 – P29 are listed in Supplemental Table S3).

Seeds were surface sterilized, stratified and cultured on 1x MS, 1% sucrose, 0.8% agar plates. Seedlings grew until 5th day after

stratification. 5 mm root tips were collected, frozen in liquid nitrogen and ground in 1.5 ml Eppendorf tubes using glass beads

and Retsch MM 400 mill. Total RNA was extracted by Maxwell 16 LEV simplyRNA Tissue Kit (Promega) including DNAse treatment

according to manufacturer’s instructions. cDNA was generated by two-step RT-PCR: 200 ng of DNAse treated RNA and 0.5 µg of

Oligo(dT) primer were added on ice to each PCR-tube to a total of 12.5 l DEPC-treated water solution and then incubated at 65

°C, 5 min. RT master mix was prepared from: 2 l of 10 mM dNTP mix, 0.5 l of RiboLock RNase inhibitor, 1 l of RevertAid Reverse

Transcriptase (RAT) and 4 l of 5x RAT reaction buffer (all ThermoFisher Scientific) for each sample. 7.5 l of RT master mix was added

to template RNA and Oligo(dT) primer. The following RT-PCR program was run in Tetrad 2 PCR thermal cycler (Biorad): 10 min 25

°C, 60 min 42 °C, 10 min 70 °C. The resulting cDNA was analysed immediately by a real-time qPCR. qPCR master mix was prepared

from: 12.5 l 2x SensiMix SYBR & Fluorescein Kit (PEQLAB), 0.63 l of 10 M forward and reverse primers for Tubulin 2 and AAK6 each.
2.5 l of 2x diluted template cDNA was added to 22.5 l of qPCR master mix in wells on 96-well plate. qPCR was performed on

Roche LightCycler 96 as follows: 10 min 95 °C, 40 x (15 s 95 °C, 15 s 58 °C, 15 s 72 °C), 10 s 95 °C, 60 s 65 °C, and 1s 97 °C. Relative

fold-change was evaluated by the delta-delta Ct method using 4 pooled biological by 3 technical replicates for each genotype.

Methods S2
Seed size measurements
To assess the correlation of average seed size and BRAT evaluated root growth traits, we measured 2D seed area [mm

2
] from

1600-dpi images scanned by Perfection V600 scanner (Epson). Acquired images were downscaled to 8-bit, threshold (20, 255) and

converted to binary mask. Binary images were then analyzed in Fiji using plugin ‘Analyze Particles’ (inclusion parameters: size =

0.04-0.23 mm
2
, circularity = 0.80-1.00).

Average seed sizes were evaluated for 252 accessions (n > 500 for each).



Notes S1
Precautions taken in propagation of natural accessions
To avoid unnecessary maternal effects, we only used seeds harvested from Arabidopsis thaliana plants grown under the same
conditions in the same growth chamber at the same time.

Notes S2
Precautions taken with SALK T-DNA lines
To avoid unnecessary maternal effects, T-DNA plants were propagated side-by-side under the same growth conditions as the

control accession Col-0 (Columbia-0). We confirmed the homozygosity of the T-DNA insertion by genotyping (primers are listed in

the Supplemental Table S3), cultured and phenotyped the F1 generation of homozygous seedlings side-by-side with the respective

control accession Col-0.

Notes S3
Increase in endopolyploidy levels accompanies increase in mature cell size in aak6mutant
We report larger mature cells and increased endopolyploidy levels in the aak6 roots. This raises a question whether the additional
endocycles are important for post-mitotic compensatory cell enlargement in the root or in other plant organs in general. Increased

endopolyploidy levels have long been associated with increased cell sizes (reviewed in (Sugimoto-Shirasu and Roberts, 2003)). While

it has been reported that endopolyploidization can precede rapid cell elongation during normal root development (Hayashi et al.,
2013), several lines of evidence suggest that endopolyploidization is, at least in some cases, not required for the compensatory

cell enlargement. To list some examples, compensatory cell enlargement takes place in the absence of enhanced endoreplication

in the strong overexpressor of Kip-related protein 2 (KRP2; (De Veylder et al., 2001)), in the 2C guard cells (Autran et al., 2002) or in
the an3 xs6 double mutant (Fujikura et al., 2007). And finally, lack of CTD1, the DNA replication licensing factor, causes defects in
cell division, increased endopolyploidy levels but smaller cells (Raynaud et al., 2005), further illustrating that increases in ploidy
levels are not necessarily required for compensatory cell enlargement. Taken together, while compensatory cell enlargement

doesn’t necessarily involve increased endopolyploidy levels, the compensatory effects that we observe in the aak6mutant are
accompanied by it. However, it remains to be untangled to what degree does the post-mitotic cellular growth depend on the DNA

content in either normal or compensatory root cell enlargement.
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