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Supplementary Note 1

Studying root angle regulation in cereal crops such as wheat presents distinct challenges due to their complex fibrous root systems, which comprise primary, seminal, lateral, and crown roots. These root classes differ in developmental origin (embryonic or post-embryonic), emergence timing, elongation rates, and gravitropic set-point angles. As a result, root angle dynamics in cereals must be interpreted in a root-class-specific manner over time.

Existing agar-based gravitropism assays, originally optimised for simple taproot systems such as Arabidopsis, are not well suited to cereals. In particular, the greater diameter of cereal roots disrupts formation of a stable water meniscus at the agar interface, often leading to excessive root hair formation, root detachment from the agar surface, escape into the air, and premature cessation of growth. In addition, asynchronous emergence and heterogeneous growth rates across root classes complicate longitudinal imaging and quantitative analysis of gravitropic and anti-gravitropic offset (AGO) responses.

To address these limitations, we developed an integrated growth-pouch and agar-plate assay (Supplementary Figure 1) that enables controlled, continuous observation of multiple wheat root classes under defined gravistimulation and clinostat generated microgravity conditions.

Supplementary Note 2

The 3D Clinostat was based on the OpenClino design1 with custom software to utilise acceleration and deceleration profiles as required. 3D-printed and mechanical components are as Version 0.2.1. Each axis is driven by a hybrid permanent magnet high torque stepper motor (892-8732, RS Components) with a 1.8° step angle. Each motor is controlled by a digital stepper driver (DM542, StepperOnline) set to 3200 microsteps/revolution. The drivers were powered from a 36V 120W power supply and controlled via a microcontroller (Arduino R4 Minima) powered from the main supply via a buck converter. Software written in the Arduino IDE controls motor movement in two modes (constant motion and random positioning, selectable via a toggle switch on the main electronics housing. User-defined values for axis speed and step range for random positioning are set in the software. Software available for download at: https://github.com/UoNMakerSpace/3D-Clinostat. 
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Supplementary Figure 1 | Integrated growth-pouch and agar-plate assay for analysing gravitropic and AGO responses in wheat root systems.
Schematic overview of the experimental workflow. Steps 1-2, wheat seedlings are germinated and grown in paper growth pouches, enabling the development of primary, seminal, lateral, and crown roots under stable and minimally disruptive conditions. Step 3, seedlings are transferred to agar plates using an agar-paper support system that maintains root-surface contact and continuous growth. Step 4, seedlings are subjected to gravistimulation at defined orientation angles (e.g. 0-360°) and imaged using infrared illumination, enabling automated time-lapse acquisition and quantification of root growth and bending dynamics across multiple root classes. The system is also compatible with 3D clinostat-based re-orientation experiments (Supplementary Note 2), allowing imaging of roots before and after clinorotation using the same robotic imaging platform.
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Supplementary Figure 2 | Growth rate is affected by gravistimulus, and normalisation reveals root class-specific behaviour.
(a)  Time course analysis of seminal 1 and seminal 2 root growth after gravistimulation at different gravistimulus shows roots experiencing higher magnitude of gravistimulus grow slower than roots experiencing lower magnitude of gravistimulus. (b) Angle after gravistimulation normalised according to growth after gravistimulation. Data are shown as box plots with individual data points overlaid (n = 30 plants). Different letters indicate statistically significant differences between root classes within each treatment (one-way ANOVA, α = 0.05).  
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Supplementary Figure 3 | Comparison of conventional and bin-based gravitropism assays across root classes.
a, Schematic showing the conventional gravitropism method does not account for root classes at different root growth angles. b, Schematic showing the bin method developed to induce similar gravistimulus on each root class to enable comparisons of different root classes.    



Supplementary table 1| List of 184 Differentially expressed scalar genes between WT and egt1 root tips. 
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Supplementary table 2| List of enriched genes grouped into categories associated with cell wall organisation, redox regulation, and growth-related processes.

	Gene_id
	A1(P>S1>S2)
	A1(P<S1<S2)
	A4(P>S1>S2)
	A4(P<S1<S2)
	Scalar (yes/no)
	Gene_description
	Family
	Category

	TraesCAD_EIv1_0_0648900
	1
	0
	0
	0
	1
	TraesCAD_EIv1_0_0648900 && sp|Q84ZN6|CESA8_ORYSJ Probable cellulose synthase A catalytic subunit 8 [UDP-forming] OS=Oryza sativa subsp. japonica OX=39947 GN=CESA8 PE=1 SV=1 && PF03552:Cellulose synthase|PF14569:Zinc-binding RING-finger
	LBD
	Cellulose 
synthase

	TraesCAD_EIv1_0_2145440
	1
	0
	0
	0
	1
	TraesCAD_EIv1_0_2145440 && sp|A2Y0X2|CESA1_ORYSI Probable cellulose synthase A catalytic subunit 1 [UDP-forming] OS=Oryza sativa subsp. indica OX=39946 GN=CESA1 PE=3 SV=1 && PF03552:Cellulose synthase|PF14569:Zinc-binding RING-finger
	LBD
	

	TraesCAD_EIv1_0_0500200
	1
	0
	0
	0
	1
	TraesCAD_EIv1_0_0500200 && sp|Q84ZN6|CESA8_ORYSJ Probable cellulose synthase A catalytic subunit 8 [UDP-forming] OS=Oryza sativa subsp. japonica OX=39947 GN=CESA8 PE=1 SV=1 && PF14569:Zinc-binding RING-finger|PF03552:Cellulose synthase
	LBD
	

	TraesCAD_EIv1_0_2390160
	1
	0
	0
	0
	1
	TraesCAD_EIv1_0_2390160 && sp|F4IIM1|CSI1_ARATH Protein CELLULOSE SYNTHASE INTERACTIVE 1 OS=Arabidopsis thaliana OX=3702 GN=CSI1 PE=1 SV=1 && PF00168:C2 domain
	-
	

	TraesCAD_EIv1_0_0050040
	1
	0
	0
	0
	1
	TraesCAD_EIv1_0_0050040 && sp|A2ZAK8|CSLD1_ORYSI Cellulose synthase-like protein D1 OS=Oryza sativa subsp. indica OX=39946 GN=CSLD1 PE=3 SV=2 && PF14570:RING/Ubox like zinc-binding domain|PF03552:Cellulose synthase
	G2-like
	

	TraesCAD_EIv1_0_0277090
	1
	0
	0
	0
	1
	TraesCAD_EIv1_0_0277090 && sp|A2ZAK8|CSLD1_ORYSI Cellulose synthase-like protein D1 OS=Oryza sativa subsp. indica OX=39946 GN=CSLD1 PE=3 SV=2 && PF03552:Cellulose synthase|PF14570:RING/Ubox like zinc-binding domain
	G2-like
	

	TraesCAD_EIv1_0_0465180
	0
	1
	0
	1
	2
	TraesCAD_EIv1_0_0465180 && sp|Q96520|PER12_ARATH Peroxidase 12 OS=Arabidopsis thaliana OX=3702 GN=PER12 PE=1 SV=1 && PF00141:Peroxidase
	NAC
	Peroxidase

	TraesCAD_EIv1_0_2595980
	1
	0
	0
	0
	1
	TraesCAD_EIv1_0_2595980 && sp|Q9FLC0|PER52_ARATH Peroxidase 52 OS=Arabidopsis thaliana OX=3702 GN=PER52 PE=2 SV=1 && PF00141:Peroxidase
	NAC
	

	TraesCAD_EIv1_0_0767050
	1
	0
	0
	0
	1
	TraesCAD_EIv1_0_0767050 && sp|A5H453|PER42_MAIZE Peroxidase 42 OS=Zea mays OX=4577 GN=PER42 PE=2 SV=1 && PF00141:Peroxidase
	NAC
	

	TraesCAD_EIv1_0_2392730
	1
	0
	0
	0
	1
	TraesCAD_EIv1_0_2392730 && sp|P37834|PER1_ORYSJ Peroxidase 1 OS=Oryza sativa subsp. japonica OX=39947 GN=PRX74 PE=2 SV=2 && PF00141:Peroxidase
	NAC
	

	TraesCAD_EIv1_0_1436810
	1
	0
	0
	0
	1
	TraesCAD_EIv1_0_1436810 && sp|Q8L5C6|XIP1_WHEAT Xylanase inhibitor protein 1 OS=Triticum aestivum OX=4565 GN=XIPI PE=1 SV=2 && PF00704:Glycosyl hydrolases family 18
	C2H2
	Xylanase

	TraesCAD_EIv1_0_1059640
	1
	0
	0
	0
	1
	TraesCAD_EIv1_0_1059640 && sp|Q8S1V1|CLP_ORYSJ Chitinase CLP OS=Oryza sativa subsp. japonica OX=39947 GN=CLP PE=1 SV=1 && PF14541:Xylanase inhibitor C-terminal|PF14543:Xylanase inhibitor N-terminal
	FAR1
	

	TraesCAD_EIv1_0_1912380
	1
	0
	0
	0
	1
	TraesCAD_EIv1_0_1912380 && sp|Q8L5C6|XIP1_WHEAT Xylanase inhibitor protein 1 OS=Triticum aestivum OX=4565 GN=XIPI PE=1 SV=2 && PF00704:Glycosyl hydrolases family 18
	C2H2
	

	TraesCAD_EIv1_0_1532590
	1
	0
	0
	0
	1
	TraesCAD_EIv1_0_1532590 && sp|Q0IU52|ASP1_ORYSJ Aspartic proteinase Asp1 OS=Oryza sativa subsp. japonica OX=39947 GN=ASP1 PE=2 SV=1 && PF14543:Xylanase inhibitor N-terminal|PF14541:Xylanase inhibitor C-terminal
	NAC
	

	TraesCAD_EIv1_0_1412610
	1
	0
	0
	0
	1
	TraesCAD_EIv1_0_1412610 && sp|P15290|GER2_WHEAT Oxalate oxidase GF-2.8 OS=Triticum aestivum OX=4565 PE=1 SV=1 && PF00190:Cupin
	bZIP
	Oxalate oxidase

	TraesCAD_EIv1_0_1412620
	1
	0
	0
	0
	1
	TraesCAD_EIv1_0_1412620 && sp|P15290|GER2_WHEAT Oxalate oxidase GF-2.8 OS=Triticum aestivum OX=4565 PE=1 SV=1 && PF00190:Cupin
	bZIP
	

	TraesCAD_EIv1_0_1412400
	1
	0
	0
	0
	1
	TraesCAD_EIv1_0_1412400 && sp|P45851|OXO2_HORVU Oxalate oxidase 2 OS=Hordeum vulgare OX=4513 PE=2 SV=1 && PF00190:Cupin
	bZIP
	

	TraesCAD_EIv1_0_1412660
	1
	0
	0
	0
	1
	TraesCAD_EIv1_0_1412660 && sp|P45851|OXO2_HORVU Oxalate oxidase 2 OS=Hordeum vulgare OX=4513 PE=2 SV=1 && PF00190:Cupin
	bZIP
	

	TraesCAD_EIv1_0_1227910
	1
	0
	0
	0
	1
	TraesCAD_EIv1_0_1227910 && sp|P15290|GER2_WHEAT Oxalate oxidase GF-2.8 OS=Triticum aestivum OX=4565 PE=1 SV=1 && PF00190:Cupin
	bZIP
	

	TraesCAD_EIv1_0_1249080
	1
	0
	0
	0
	1
	TraesCAD_EIv1_0_1249080 && sp|P15290|GER2_WHEAT Oxalate oxidase GF-2.8 OS=Triticum aestivum OX=4565 PE=1 SV=1 && PF00190:Cupin
	bZIP
	

	TraesCAD_EIv1_0_1412630
	1
	0
	0
	0
	1
	TraesCAD_EIv1_0_1412630 && sp|P15290|GER2_WHEAT Oxalate oxidase GF-2.8 OS=Triticum aestivum OX=4565 PE=1 SV=1 && PF00190:Cupin
	bZIP
	

	TraesCAD_EIv1_0_1249090
	1
	0
	0
	0
	1
	TraesCAD_EIv1_0_1249090 && sp|P15290|GER2_WHEAT Oxalate oxidase GF-2.8 OS=Triticum aestivum OX=4565 PE=1 SV=1 && PF00190:Cupin
	bZIP
	

	TraesCAD_EIv1_0_1227880
	1
	0
	0
	0
	1
	TraesCAD_EIv1_0_1227880 && sp|P45851|OXO2_HORVU Oxalate oxidase 2 OS=Hordeum vulgare OX=4513 PE=2 SV=1 && PF00190:Cupin
	bZIP
	

	TraesCAD_EIv1_0_1227890
	1
	0
	0
	0
	1
	TraesCAD_EIv1_0_1227890 && sp|P15290|GER2_WHEAT Oxalate oxidase GF-2.8 OS=Triticum aestivum OX=4565 PE=1 SV=1 && PF00190:Cupin
	bZIP
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