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SUMMARY

Root gravitropism is regulated by an auxin gradient, causing the root to reorient downwards with gravity. 

Transcriptional activator auxin response factors (ARFs), such as ARF5, ARF6, ARF7, ARF8, and ARF19, 

play key roles in auxin signaling in seedling root tissues. ARF7 and ARF19 are both required for root gravitrop

ism, but their regulatory relationship with each other and other activating ARFs remains unknown. Here, we 

identify that rapid and transient upregulation of ARF19 during gravitropic stimulus is functionally important. 

ARF7 and ARF8 are required to activate ARF19 upregulation via auxin response elements (AuxREs) in its pro

moter, while our data indicate that ARF19 does not self-activate. ARF7 can replace ARF19 but not vice versa. 

Although ARF7 shares overlapping targets with ARF19, they also have distinct functionally important targets, 

such as ARF19. Our results show that ARF7 and ARF19 have sub-functionalized, with ARF19 acting as an 

auxin response enhancer for a subset of ARF7 target genes.

INTRODUCTION

Land plants employ gravitropism to orient their growth and 

development relative to gravity. For example, newly germinating 

seedlings employ root gravitropism to establish themselves in 

soil and forage for water and nutrients. The root gravitropic 

response involves three sequential steps: gravity perception, 

signal transduction, and differential root growth. Changes in 

root orientation relative to gravity is sensed in columella cells 

at the root tip, triggering the formation of a lateral auxin gradient, 

which the root cap transports to epidermal cells in the elongation 

zone.1–3 This differential accumulation of auxin in these 

epidermal cells on the lower side of roots causes cell expansion 

to be reduced relative to the upper side, resulting in the root 

growth re-orienting downwards.4,5

Auxin-responsive gene expression in plants is co-regulated 

by auxin/indole-3-acetic acid (Aux/IAA) and auxin response 

factor (ARF) family proteins. Auxin promotes the interaction be

tween its co-receptors transport inhibitor response 1 (TIR1)/ 

auxin-signaling F-box (AFB) and Aux/IAA repressor proteins,6–8

resulting in their ubiquitination and degradation of Aux/IAAs.9

Aux/IAA degradation de-represses interacting ARFs, thereby 

activating transcription of downstream genes.10,11 Several acti

vating ARF genes themselves are auxin-responsive.12,13 This 

regulatory arrangement creates the potential for feedforward 

loops.
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Previous research in Arabidopsis sp. revealed that among the 

23 members of ARFs, ARF7 and ARF19 are both required for root 

gravitropism, where ARF19 (but not ARF7) is auxin-inducible.13

The topology of their regulatory relationship is likely to pro

foundly impact the dynamics and magnitude of ARF7-ARF19- 

mediated auxin-responsive gene expression. However, the 

regulatory relationship of ARF7 and ARF19 and their auxin- 

responsive gene targets remains unclear. Additionally, other 

transcriptional activator ARFs (such as ARF5, ARF6, and ARF8) 

are known to be essential for regulating auxin signaling in seed

ling tissues.14 Whether these ARFs have any regulatory relation

ship with ARF7 and ARF19 in controlling root gravitropism is 

currently not known.

Here, we report that during root gravitropism, auxin-respon

sive genes are transiently induced prior to the sequential induc

tion of genes involved in cytokinin signaling and cell-wall-related 

processes. Transcript profiling revealed that among activating 

ARFs, only ARF19 expression is induced and only transiently. 

Mathematical modeling backed by experimental validation con

firms that ARF7 controls ARF19 expression, but ARF19 cannot 

activate itself. Functional studies demonstrate the importance 

of auxin-mediated upregulation of ARF19 during a root gravi

tropic response. Transcript analysis reveals that ARF19 regu

lates the expression of only a subset of ARF7 targets, indicating 

that the former protein has sub-functionalized. We conclude by 

discussing the implications of this regulatory network arrange

ment on auxin response dynamics.

RESULTS

Root gravitropism triggers sequential induction of 

hormone and then cell wall genes

ARF7 and ARF19 are both required for root gravitropism,13 since 

arf7-1arf19-1 double mutant roots exhibit a reduced gravity 

response, while arf7-1 and arf19-1 single mutants do not 

(Figures 1A and 1B). To understand ARF7-ARF19-mediated 

auxin-responsive gene expression during root gravitropism, Ara

bidopsis thaliana wild type (Col-0 ecotype) and arf7-1arf19-1 

mutant root tips were collected at 0, 15, 30, 60, 120, 240, and 

480 min after gravistimulation and subjected to transcriptome 

analysis (see STAR Methods). In total, 637 genes were found 

to be differentially expressed (p-value <0.05, Benjamini- 

Hochberg FDR correction and − 1.5 ≤ fold change ≥ 1.5) across 

both time series, when each time point was compared against 

the 0 min time point for Col-0 time series and respective time 

points were compared between Col-0 and arf7arf19-1 mutant 

(Table S1). Gene Ontology (GO) enrichment (Table S2) and pre- 

filtering of semantically redundant GO terms showed that auxin 

response genes were rapidly induced 15 min after gravistimula

tion, followed by the cytokinin-signaling pathway and cytokinin 

response genes at 60 min (Figure 1C). Subsequently, cell wall or

ganization or biogenesis, cell-cell junction assembly and cell wall 

organization related genes were induced at 120, 240, and 

480 min, respectively (Figure 1C).

The root gravitropic response is known to be controlled in spe

cific tissues and developmental zones. We investigated how 

gravistimulus-induced temporal gene expression changes relate 

to these root tissues and developmental stages. In this context, 

we assessed peak expression of differentially expressed genes 

per time point using root cell type (marker) and developmental 

stage (zone) specific gene expression data15 (Figure S1). This 

analysis revealed that genes are predominantly expressed in 

the lateral root cap and epidermal cells in the meristematic re

gion (slices 1–6) within 15 min, then in the epidermal cells in 

the late meristem and elongating cells region (slice 5, 7–10) at 

30 and 60 min time points, and later in the cortex in the elonga

tion zone at later time points of 120 and 240 min. These spatial 

transcriptomic changes are consistent with the sequential 

events (i.e., auxin gradient formation, signal transduction, and 

root bending) observed during root gravitropism. Hence, auxin 

transcriptionally regulates a cascade of spatial and temporal 

events during a root gravitropic response.

Auxin-inducible ARF19 expression is required for root 

gravitropism

A transient lateral auxin gradient is known to control root gravi

tropism.3 Consistently, our time series transcriptome analysis 

identified known auxin signaling and response genes rapidly 

and transiently induced following a gravity stimulus (Table S1; 

Figures S1 and S2). We specifically studied the transcript levels 

of activating ARFs ARF5, ARF6, ARF7, ARF8, and ARF19 that 

regulate the majority of auxin-responsive genes in seedling 

root tissues.16 Interestingly, only ARF19 transcript levels were 

rapidly upregulated between 15 and 30 min after gravistimulation 

and remained elevated for up to 60 min before starting to 

decrease (Figure 2A), suggesting that ARF19 is rapidly and tran

siently induced by the lateral auxin gradient during a gravitropic 

response.

To investigate auxin response and spatiotemporal regulation 

of ARFs, transcriptional reporters for different activating ARFs 

were compared with pDR5::Venus expression following 3 h of 

gravistimulation. This analysis confirmed that only pARF19::Ve

nus expression was differentially upregulated on the lower vs. 

upper side of roots during a gravitropic bending response, corre

lating with lateral auxin gradient formation (Figures S3, 2B, and 

2C). We next assessed the temporal dynamics of pDR5::Venus 

and pARF19::Venus expression at 0, 1, 2, and 3 h after gravisti

mulation. Asymmetric expression of both DR5 and ARF19 were 

visible on the lower side of the root compared with the upper side 

after 2 h and peaked at 3 h (Figures S4A and S4C). Quantitative 

analysis of fluorescence intensity ratios between the lower and 

upper sides confirmed significant differential expression 

(Figures S4B and S4D). Asymmetric expression of pDR5::Venus 

was evident in the lateral root cap and epidermis, whereas 

pARF19::Venus expression appeared first in the epidermis, fol

lowed closely by the cortex, on the lower side of the root. 

Notably, no asymmetric expression pARF19::Venus was 

observed in the lateral root cap (Figure 2B). Together, these re

sults indicate that ARF19 plays a role in integrating the auxin 

gradient into the asymmetric gene expression patterns required 

for gravitropic bending response.

Consistent with this, previous studies have shown that ARF19 

is the most responsive, activating (class A) ARF gene to auxin at 

the transcript level.17 Supporting this, our transcript and reporter 

(pARF19::GUS) analyses following IAA treatment revealed that 

ARF19 expression is rapidly auxin-inducible (Figure S5). To 
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determine the biological significance of this auxin-dependent 

amplification of ARF19 during gravitropism, we expressed 

ARF19 under the regulation of its native promoter in the arf7- 

1arf19-1 background. As expected, the pARF19:ARF19 trans

gene was able to rescue the arf7-1arf19-1 agravitropic pheno

type (Figure 2D, bottom; Figure S6). However, when the three 

canonical auxin response elements (AuxREs) sequences en

coded within the 3 kb promoter region were all mutated 

(Figure 2D, top), the modified pARF19:ARF19 transgene was 

no longer able to rescue the arf7-1 arf19-1 gravitropic defect 

(Figure 2C, bottom; Figure S6). These findings demonstrate 

that auxin-inducible ARF19 expression is essential for proper 

root gravitropism.

ARF19 auxin-inducible expression is partially 

dependent on ARF7

To dissect the regulatory relationship between ARF7 and ARF19, 

which are both required for gravitropism, where one is auxin- 

inducible (ARF19) and one is not (ARF7), we employed mathe

matical modeling to simulate how a downstream target output 

featuring different network topologies responds to a transient 

auxin input, in order to mimic a lateral auxin gradient following 

a gravitropic stimulus (see STAR Methods). As in any model of 

the auxin response, the core mechanism centers on auxin-trig

gered degradation of Aux/IAA proteins. In the absence of auxin, 

these proteins dimerize with ARF transcription factors, thereby 

repressing gene expression. When auxin levels increase, Aux/ 

IAA proteins are degraded, thereby relieving repression and al

lowing ARFs to activate transcription. We tested three network 

topologies (Figure 3A). In topology 1, ARF7 is expressed at a 

basal level and is capable of binding its own promoter to auto- 

activate its expression (case1, Figure 3A). In topology 2, ARF7 

cannot bind its own promoter but instead activates the produc

tion of ARF19, which in turn can auto-activate its expression 

(case2, Figure 3A). In topology 3, ARF7 activates ARF19, but 

neither ARF7 nor ARF19 can auto-activate. In topologies 2 and 

3, ARF7 is assumed to be present at a constant basal level in 

both monomeric and dimeric forms. In all models, both ARF7 

A

C

B

Figure 1. Auxin-related transcriptome changes precede a sequential induction of cytokinin and cell-wall-related processes during a root 

gravitropic response 

(A and B) Root gravitropic response of 6-day-old Arabidopsis thaliana wild type (Col-0 ecotype) and ARF7 and ARF19 single and double mutants (arf7-1, arf19-1 

and arf7-1 arf19-1) after 90◦ gravistimulus. (A) Line graph showing root tip angle at every 15 min interval following 90◦ gravistimulas. Data represent mean ± 

standard errors from n ≥ 15 seedlings. Statistical significance of differences in gravitropic bending responses over time between single mutants and the double 

mutant relative to Col-0 was assessed using Dunnett’s T3 multiple comparisons test; no asterisk denotes no significant difference, whereas **** indicates a p 

value <0.0001. (B) Representative image showing bending response of Col-0, arf7-1, arf19-1, and arf7-1 arf19-1 after 12 h of gravistimulus. g indicates gravity 

vector. 

(C) Pruned version of GO enrichment analysis of differentially expressed genes from Col-0 and arf7-1arf9-1 time series analyses, showing a cascade of events 

during root gravitropism.
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A D

CB

Figure 2. ARF19 auxin-inducible expression is required for root gravitropism 

(A) Expression of ARF5, ARF6, ARF7, ARF8, and ARF19 mRNAs in the root tips at 0, 15, 30, 60, 120, 240, and 480 min following 90◦ gravistimulus. Data represent 

mean ± standard deviation from four biological replicates. Statistical significance was assessed by comparing each time point with the 0 min time point within 

each ARF expression series using a standard t test; * indicates p value <0.01 and **** indicates p value < 0.0001. 

(B) Representative confocal images of 6 days old seedlings expressing the auxin response reporter pDR5::Venus (DR5:Venus) and the transcriptional reporter 

pARF19::3XVenus-NLS (ARF19:Venus) grown under 0 and 3 h of gravistimulus. Yellow, red, and cyan rectangles indicate subsequent regions of interests used to 

quantify fluorescence in the lateral root cap, epidermis, and cortex tissue types, respectively, on the lower and upper side of the roots of DR5:Venus and 

ARF19:Venus reporters. Scale bars, 50 μm. 

(C) Boxplot showing the quantified ratios of fluorescence intensities between the lower and upper sides of bending roots of DR5::Venus and ARF19:Venus 

reporters after 0 and 3 h of gravistimulus in lateral root cap, epidermis and cortex tissue types. n ≥ 5 seedlings per replicate, with two replicates. Statistical 

significance was assessed by two-way ANOVA; different letters indicate statistically significant differences between groups (p value <0.05). 

(D) Top: showing schematic of ARF19 promoter indicating core AuxREs (TGTC/GACA) in gray and canonical AuxREs (GAGACA/TGTCTC) in black. The stars 

indicate sites targeted for site-directed mutagenesis. Bottom: Line graph showing root tip angle at every 15 min interval following 90◦ gravistimulus of arf7-1arf19- 

1 lines rescued with ARF19 driven by its native promoter (pARF19) or by the mutated AuxREs form (mARF19). #1 and #2 indicate two independent lines. 

Data represent mean ± standard errors from n ≥ 15 seedlings. Statistical significance of differences in gravitropic bending responses over time between double 

mutant arf7-1arf19-1 and pARF19 and mARF19 complementation lines relative to Col-0 was assessed using Dunnett’s T3 multiple comparisons test; no asterisk 

denotes no significant difference, whereas **** indicates a p value <0.0001.
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and ARF19 (where present) can activate a generic Aux/IAA 

mRNA/protein (labeled IAA). A key assumption of the model is 

that both ARF7 and ARF19 (where present) can dimerize with 

themselves and with each other. These dimeric forms are 

assumed to be more powerful in activating transcription and 

have a greater affinity with the promoter than the monomeric ver

sions and also have a greater affinity with the promoter than the 

Aux/IAA-ARF dimers.

All models were run from steady state at a basal level of auxin. 

Auxin was then increased at t = 0, then reduced back to basal 

level at t = 40. It is important to note that the simulation time 

axis represents simulated dynamic behavior rather than absolute 

biological time, and the model is intended to capture qualitative 

system dynamics rather than quantitatively identify experimental 

fold changes or time scales. For a network topology involving 

auto-activation of ARF7, we observed bi-stable behavior i.e., 

ARF19 target mRNAs remain upregulated even after the auxin 

input is removed (Figure 3B, topology 1), as reported by Lau 

et al.12 Similarly, for a network topology involving ARF19 activa

tion by ARF7 with autoregulation of ARF19, we also observed bi- 

stability and much greater amplification of the auxin response 

output (Figure 3B, topology 2). For the network involving 

ARF19 activation by ARF7 where ARF19 cannot bind its own 

promoter, this topology did not exhibit bi-stable behavior, but 

instead featured a moderate activation of transcriptional 

response output rapidly switching off following the end of the 

temporary auxin stimulus (Figure 3B, topology 3). It is consistent 

with the transient activation of ARF19 expression pattern 

observed in Figure 2A, where induction is followed by a return 

to basal levels. Hence, comparison of experimental and model 

simulations predicts that ARF7 controls ARF19 expression whilst 

ARF19 does not auto-regulate (as shown in network topology 3).

To directly validate the ARF7-ARF19 regulatory network topol

ogy (Figure 3A), we performed ARF7 and ARF19 ChIP-qPCR us

ing primers to a region in close proximity to the AuxREs within the 

promoter of ARF19 (Figure 2C, top). Our ChIP-qPCR results us

ing ARF7 antibodies found enrichment using primers designed to 

amplify region − 903 to 804; this was not the case with ARF19 an

tibodies (Figure 3C). This region is in close proximity to one of the 

mutated canonical AuxREs (− 799), which is important for the 

expression of ARF19 during the root gravitropism response 

(Figure 2C). No enrichment was found for ARF7 or ARF19 

A

DC

B

Figure 3. Auxin-inducible expression of ARF19 during gravitropism is partially dependent on ARF7 

(A) Three possible topologies (1–3) used to simulate the impact of network topology on auxin response. Red lines indicate post-translational repression, and green 

arrows indicate transcriptional upregulation. AUX, auxin; IAA, indole-3-acetic acid proteins, and ARF, auxin response factor. 

(B) Example output (ARF7/19 target mRNA concentration, relative to the initial basal value) from modeling 3 topologies. Models are run from steady state at a 

basal level of auxin. Auxin is then increased at t = 0, then reduced back to the basal level at t = 40. In topology 1, the response is due to ARF7 only, while in topology 

2 and 3, the response mRNA is activated by both ARF7 and ARF19, with and without self-activation of ARF19, respectively. These simulations identify that ARF7 

regulates ARF19 expression, and ARF19 does not auto-regulate. 

(C) Anti-ARF7 and anti-ARF19 ChIP-qPCR showing that ARF7 binds the promoter of ARF19, but ARF19 does not bind its own promoter. 

(D) Line graph showing RT-qPCR results of ARF19 in Col-0 and arf7-1 mutant following auxin treatment (1μM IAA) at 0, 0.5, 3, 6, 12, 18, 24, and 36 h time points. 

Data represent mean ± standard deviation from two biological replicates. Statistical significance was assessed by comparing each corresponding time point of 

arf7-1 with Col-0 within the time series using a standard t test; * indicates p value <0.05.
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antibodies using primers designed to amplify region − 2481 to 

2395 (Figure 3C). Thus, ChIP-qPCR analysis revealed that 

ARF7, but not ARF19, binds the ARF19 promoter at the tested 

regions to regulate its expression. While these data support 

the proposed regulatory relationship, we note that they do not 

formally exclude the possibility of ARF19 binding at other pro

moter regions. Thus, although our results are consistent with a 

lack of ARF19 autoregulation, this cannot be definitively ruled 

out without further experimental analysis. To test whether the 

auxin-inducible expression of ARF19 was solely dependent on 

ARF7, we performed RT-qPCR analysis of ARF19 in arf7-1 

mutant vs. wild type following IAA treatment. The results re

vealed that, whilst ARF19 mRNA abundance is significantly 

reduced in arf7-1, its temporal expression profile mimicked 

wild type, albeit at a lower level (Figure 3D). Hence, auxin-induc

ible expression of ARF19 is only partially dependent on ARF7, 

and other ARFs may also bind the ARF19 promoter.

ARF7 and ARF19 co-regulate root gravitropism with 

ARF6 and ARF8

As ARF19 expression is only partially dependent on ARF7, we 

asked whether additional activating (class A) ARFs contribute 

to the regulation of root gravitropism by acting redundantly 

with ARF7/19. In particular, ARF6 and ARF8 have been shown 

to function redundantly in other auxin-regulated processes, 

and their expression in the root tip overlaps with that of ARF7 

and ARF19 (Figure S3) in tissues relevant to root gravitropism. 

We, therefore, probed their roles during root gravitropism by 

characterizing the gravitropic phenotypes of loss-of-function 

arf6-1 and arf8-2 mutant alleles in combination with arf7- 

1arf19-1.

We observed that single arf6-1 and arf8-2 mutant alleles do 

not show defects (like single arf7-1 and arf19-1 mutant alleles; 

Figure 1B) in root gravitropism. However, the reduced gravity 

response of the arf7-1arf19-1 double mutant is further enhanced 

by loss of either ARF8 or ARF6 (Figure 4A; Figure S7). Addition

ally, we observed a stronger phenotype for arf7-1arf19-1arf8-2 

compared with arf7-1arf19-1arf6-1 mutant, which may suggest 

that ARF8 could have a more prominent role than ARF6 in root 

gravitropism. These analyses suggested that ARF7 and ARF19 

could co-regulate root gravitropism together with ARF6 

and ARF8.

To investigate this further, we tested whether ARF6 or ARF8 

bind (like ARF7) the ARF19 promoter. A public ARF6 ChIP-seq 

dataset18 revealed that canonical AuxREs in the ARF19 pro

moter at positions − 2460, − 2383, or − 799 were not enriched, 

suggesting that ARF6 does not bind the ARF19 promoter. Inter

estingly, ChIP-qPCR analysis identified that ARF8 cannot bind 

ARF19 promoter motifs at − 2460 or − 2383 but can bind motif 

at position − 799 (Figure S8), which is important for ARF19- 

dependent gravitropism (Figure 2C). This suggests that ARF8 

binds the ARF19 promoter directly to regulate its auxin-inducible 

expression during root gravitropism, consistent with the stronger 

phenotype observed for arf7-1arf19-1arf8-2.

ARF19 and ARF7 are functionally distinct

ARF proteins have been shown to have both overlapping and 

non-redundant functions.13,19,20 ARF19 is most closely related 

to ARF721 leading to suggestions that these ARFs are function

ally redundant. However, our observation that ARF19 cannot 

bind the same ARF19 promoter region as ARF7 (Figure 3C) sug

gests these ARFs have distinct binding specificities and, there

fore, likely to be functionally distinct. To test this hypothesis, 

we generated ARF7-GR and ARF19-GR transgenes and exam

ined the induction of target genes in roots of 5-day-old seedlings 

following 4 h treatments ± 2 uM dexamethasone (DEX) while 

growing on 1-naphthaleneacetic Acid (NAA) (see STAR 

Methods). As expected, ARF7 and ARF19 shared 22 DEX- 

induced downstream (direct as well as secondary) targets 

(Figure 4B). These targets included well-known auxin response 

genes, such as Aux/IAAs and GH3s, and previously published 

direct targets of both ARF7 and ARF19, such as LBD16 and 

LBD29.16 However, 277 and 27 upregulated target genes were 

specific to ARF7 and ARF19, respectively (Table S3), suggesting 

that they are functionally distinct.

To functionally assess their overlapping specificities, we ex

pressed ARF7 and ARF19 under either their own or opposite pro

moters in the arf7-1arf19-1 mutant background. Both ARF7 and 

ARF19 expressed under their own promoters were able to 

rescue the arf7-1arf19-1 gravitropic defect (Figures 4C and 

4D). Similarly, ARF7 driven by the ARF19 promoter was able to 

rescue the arf7-1arf19-1 gravitropism defect. However, ARF19 

was not able to rescue arf7-1arf19-1 when expressed using 

the ARF7 promoter. Our functional analyses thus reveal that 

ARF7 can trans-complement ARF19 during gravitropism but 

not vice versa. Hence, ARF7 is likely to share overlapping target 

genes with ARF19 but also distinct functionally important targets 

such as ARF19 itself. Furthermore, these analyses highlight the 

importance of auxin-inducible ARF19 promoter activity to trigger 

specific temporal expression patterns of target genes to carry 

out a root gravitropic bending response.

DISCUSSION

Our transcriptome analysis indicates that root gravitropism in

volves a sequential, transient induction of genes involved in 

auxin, cytokinin, and cell-wall-related processes (Figure 1C). 

This cascade shows association with specific tissues and devel

opmental stages of root growth. Firstly, expression patterns 

show that auxin-responsive genes are predominantly expressed 

in lateral root cap and epidermal cells in the meristematic and 

elongation regions, consistent with their roles in auxin transport 

and response.2 Subsequently, genes associated with cytokinin 

signaling also appear to be expressed in epidermal cells in the 

elongation region, consistent with previous reports of cytokinins 

involvement in root gravitropic response.22–24 For example, Per

nisova et al.25 proposed that cytokinins could influence AUX1- 

mediated auxin transport to control root gravitropism. However, 

our results suggest that cytokinin signaling and response genes 

could also be transcriptionally regulated downstream of the 

auxin response. Nevertheless, the exact crosstalk of these hor

mone pathways in elongating epidermal cells remains to be 

elucidated. Lastly, the upregulation of cell-wall-related genes 

appears largely confined to elongating cortical cells. This 

epidermis- and cortex-specific expression pattern seems 

consistent with the differential ARF19 expression in these tissues 
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after a gravistimulus (Figure 2B). However, the precise temporal 

relationships among these pathways remain unresolved and 

require further investigation. Overall, our time series transcrip

tome dataset provides a strong foundation for further dissecting 

the role of spatiotemporally regulated genes during root gravi

tropism, but additional analyses will be necessary to confirm 

causal links.

The transient auxin response taking place at the start of a root 

gravitropic response is dependent on a sub-family of activating 

ARF transcription factors. Among the five activating ARFs in Ara

bidopsis sp., our time series transcriptome showed that only 

ARF19 is rapidly and transiently induced following gravistimula

tion. This is consistent with previous reports that ARF19 is the 

most responsive ARF to auxin treatment.17 Our gravitropism 

transcriptome and auxin-treatment data indicate that auxin 

response is induced within 30 min, and that arf7-1arf19-1 mu

tants consistently exhibit defects in the initiation of root curvature 

at early time points (Figure 1A; Figure S7A). Together, these re

sults suggest that ARF19 plays a critical role in initiating the grav

itropic bending response and contributes to the maintenance of 

curvature by regulating the expression of downstream targets. 

Previously ARF7 and ARF19 have both been shown to be 

required for root gravitropism.13 As ARF19 is auxin-inducible 

and ARF7 is not, we asked how the transient regulation of 

ARF19 is achieved during a gravitropic response. We discovered 

that a gene regulatory network featuring ARF19 activation by 

A

D

E

C

B

Figure 4. ARF7 and ARF8 co-regulate root gravitropism via upregulation of ARF19 expression 

(A) Line graph showing root tip angle at every 15 min interval following 90◦ gravistimulus of Col-0, arf7-1arf19-1, arf7-1arf19-1arf8-2, and arf7-1arf19-1arf6-1 lines. 

(B) Venn analysis showing number of overlapping and non-overlapping target genes of ARF7 and ARF19. 

(C and D) Line graph showing root tip angle at every 15 min interval following 90◦ gravistimulus of Col-0, arf7-1arf19-1, and arf7-1arf19-1 lines rescued with (C) 

ARF19 driven by its native promoter (pARF19) and with ARF7 driven by ARF19 promoter and (D) ARF7 driven by its native promoter (pARF7) and but not by ARF19 

driven by ARF7 promoter. 

(E) Model of transcriptional network involved during root gravitropism. For (A), (C) and (D), #1 and #2 indicates two independent lines. 

Data represent mean ± standard errors from n ≥ 15 seedlings. Statistical significance of differences in gravitropic bending responses over time between individual 

lines relative to Col-0 was assessed using Dunnett’s T3 multiple comparisons test; no asterisk denotes no significant difference, whereas ** indicates a p value 

<0.01 and **** indicates a p value <0.0001. For (A), we additionally tested statistical significance between arf7-1arf19-1arf8-2 and arf7-1arf19-1arf6-1 relative to 

arf7-1arf19-1 and found that arf7-1arf19-1arf8-2 is statistically significant (p value = 0.0225).
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ARF7, but where ARF19 is unable to auto-activate itself, is ideally 

suited to transiently induce a lateral auxin response gradient 

following a gravistimulus. Modeling revealed that this ARF 

network topology did not exhibit bi-stability, allowing auxin- 

regulated gene expression to rapidly switch on-off during root 

gravitropism, consistent with ARF19 expression studies.

Our study revealed that ARF19 upregulation after a gravistimu

lus is partially dependent on ARF7 but also requires ARF6 and 

ARF8. These ARFs have previously been shown to co-regulate 

auxin-responsive target genes in non-root organs,26 supporting 

the idea that functional redundancy among activating ARFs 

could be a common feature of auxin signaling. Our results sug

gest ARF19 is a direct target for (at least) ARF8 during a root 

gravitropic response. This regulatory model is consistent with 

ARF8 expression in root epidermal cells in meristematic and 

early elongation zones (Figure S3), where the ARF19 expression 

gradient is initiated during gravitropism. Thus, ARF7 and ARF8 

may act in overlapping tissues to regulate or amplify ARF19 

expression in response to auxin redistribution. In contrast, 

although ARF6 contributes to root gravitropism genetically, it 

does not appear to directly bind the ARF19 promoter, suggesting 

that ARF6 may regulate downstream auxin-responsive genes 

distinct from, or functionally related to, those controlled by 

ARF7 and ARF19. Together, these findings reveal that a more 

complex regulatory network of activating ARFs is required to 

control ARF19 and auxin response dynamics during root gravi

tropism than originally proposed.13

ARFs can form dimers (homo or hetero) or oligomers both 

through their DNA binding and specific protein-protein interac

tion domains,27 suggesting the possibility of cooperative regula

tion. This notion is somewhat supported by results from our pAR

F19ARF19 complementation experiment in the arf7-1arf19-1 

background, which showed near complete, but not full, rescue 

of the gravitropic defect (Figure 2D). Further analysis revealed 

partial restoration of the lateral root phenotype and basal 

ARF19 expression levels; however, auxin-inducible expression 

was absent (Figure S9). These results imply that functional 

ARF7 is required for full auxin-mediated activation of ARF19 

and that ARF8 alone is insufficient to compensate in its absence. 

Further, structural or biochemical studies would be required to 

dissect if ARF7 and ARF8 can cooperatively bind ARF19 pro

moter to regulate its auxin-dependent expression during a root 

gravitropic response.

Previous studies have reported that ARF proteins have both 

overlapping and non-redundant functions.13,19,20 ARF7 and 

ARF19 are proposed to be functionally redundant as they are 

most closely related.21 However, our study reveals that ARF7 

and ARF19 have sub-functionalized, where ARF7 shares over

lapping target genes with ARF19 but also has distinct function

ally important targets such as ARF19 itself. This insight could 

also explain the distinct roles reported for ARF19 (compared 

with ARF7) including, for example, its role in promoting auxin- 

dependent root hair elongation in response to low external phos

phate.28 In the case of root gravitropism, ARF19 upregulation ap

pears to function as a tissue-specific rapid auxin response 

enhancer, delivering a rapid and transient induction for down

stream transcriptional changes required during later stages of 

a gravitropic response. These downstream targets may include 

either specific targets of ARF19 or targets shared with ARF7, 

which remains to be untangled further. The differential rescue 

observed when ARF7 and ARF19 were expressed under each 

other’s promoters further highlights the importance of precise 

spatial and temporal control of ARF activity in gravitropic 

response. ARF7 under the ARF19 promoter successfully 

restored gravitropism in the arf7-1 arf19-1 mutant, whereas 

ARF19 under the ARF7 promoter did not. Although ARF7 and 

ARF19 share overlapping functions, their ability to substitute 

potentially depends on proper tissue localization and auxin- 

responsive expression. ARF19 driven by the ARF7 promoter is 

likely expressed in wider tissues and zones, and no auxin induc

ibility may disrupt the tightly regulated asymmetric auxin 

response needed for asymmetric growth. In contrast, ARF7 un

der the auxin-inducible ARF19 promoter is expressed in the cor

rect tissues and responds quickly to auxin, enabling effective 

activation of downstream overlapping targets. Together, these 

results suggest that ARF19 primarily functions as an auxin-sen

sitive regulatory component, and ARF7 can substitute only within 

this correct regulatory context. Differences in expression levels 

or cofactor interactions may also contribute and need to be 

explored in future studies.

Overall, our results highlight a transcriptional network of acti

vating ARFs featuring ARF7 and ARF8 activating auxin-inducible 

ARF19 expression (Figure 4E) to control a cascade of cellular 

processes in a highly spatiotemporally regulated manner during 

a root gravitropic response.

Limitations of the study

Although our higher-order mutant analyses and ChIP–qPCR re

sults support a role for ARF8 in the proposed model, we did 

not examine auxin-inducible expression of ARF19 in the arf7-1 

arf8-2 double mutant, nor did we assess the expression of 

well-established auxin-responsive genes, such as SAURs, 

Aux/IAAs, and GH3s, or downstream cytokinin or cell-wall- 

related genes induced during gravitropism in the arf7-1arf19- 

1arf8-2 triple mutant. Analysis of these downstream responses 

would provide additional insight into how ARF7 and ARF8 con

tributes to auxin-regulated gene expression of target genes 

(including ARF19) and could help clarify regulatory relationships 

among ARF family members. Addressing these points in future 

studies will be important for further refining and strengthening 

the model presented here.

In addition, although the regulatory model is supported by our 

genetic, transcriptomic, and mathematical modeling analyses, 

direct experimental testing of alternative network configurations 

remains an important avenue for future work. Approaches that 

selectively modify ARF19 regulatory dynamics or upstream 

ARF7/8 activity would enable more rigorous evaluation of the 

proposed network architecture. Such studies could assess 

how changes in the timing, magnitude, or persistence of 

ARF19 expression influence downstream transcriptional re

sponses and gravitropic behavior. Systematic analyses of 

ARF19 dynamics, downstream cytokinin and cell-wall-associ

ated gene induction, and gravitropic kinetics under these condi

tions will be essential for distinguishing between alternative reg

ulatory scenarios and strengthening causal links within the 

model. Together, these future efforts will help resolve the 
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transcriptional regulation underlying auxin-mediated root 

gravitropism.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

ARF19 Cho et al.29; Oh et al.30 N/A

ARF7 Lavenus et al.31 N/A

ARF8 This paper N/A

Bacterial and virus strains

Agrobacterium tumefaciens GV3101 

(pMP90)

Clough et al.32 N/A

Biological samples

pDR5::Venus Vernoux et al.11 https://arabidopsis.info/StockInfo?NASC_ 

id=73937

pARF5:3xmVenus-NLS Brunoud et al.33; Truskina et al.34 N/A

pARF6:3xmVenus-NLS Brunoud et al.33; Truskina et al.34 N/A

pARF7::3×mVenus-NLS Brunoud et al.33; Truskina et al.34 N/A

pARF8:3xmVenus-NLS Brunoud et al.33; Truskina et al.34 N/A

pARF19::3×mVenus-NLS Brunoud et al.33; Truskina et al.34 N/A

arf6-1arf7-1arf19-1 This paper N/A

arf7-1arf8-2arf19-1 This paper N/A

arf7-1 Okushima et al.13 https://arabidopsis.info/StockInfo?NASC_ 

id=24607

arf19-1 Okushima et al.13 https://arabidopsis.info/StockInfo?NASC_ 

id=24617

arf6-1 Okushima et al.13 https://arabidopsis.info/StockInfo?NASC_ 

id=24606

arf8-2 Okushima et al.13 https://arabidopsis.info/StockInfo?NASC_ 

id=24608

pARF7:ARF7:4xMyc This paper N/A

pARF7:ARF19:4xMyc This paper N/A

pARF19:ARF19:T7 This paper N/A

pARF19:ARF7:T7 This paper N/A

Col-0 NASC N/A

Chemicals, peptides, and recombinant proteins

Murashige and Skoog (MS) Sigma-Aldrich NACRES: 

NA.72 

UNSPSC Code: 

12352207

InvitrogenTM DynabeadsTM Protein G for 

Immunoprecipitation

Fisher Scientific (InvitrogenTM) Product Code: 10446293

Critical commercial assays

Plant RNeasy Micro Kit Qiagen Cat no./ID. 74904

Affymetrix IVT-Express Affymetrix N/A

Transcriptor first-strand cDNA synthesis kit 

(Roche)

Sigma-Aldrich (Roche) UNSPSC Code: 

41106313 

NACRES: 

NA.54

Roche Diagnostics LightCycler 480 SYBR 

Green I Master

Fisher Scientific (Roche) Product Code.15317906

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

ARF7-GR (transcriptomics) Lavenus et al.31 accession no. E-MTAB-3451 on 

ArrayExpress

ARF19-GR (transcriptomics) This paper accession no. E-MTAB-3451 on 

ArrayExpress

Oligonucleotides

proARF19 -903- to − 804 Fw: 

GGTGCTCCATTGCGTATCA

This paper N/A

proARF19 -903- to − 804 Rv: 

ACATGTCCGTATAATGCGAGAA

This paper N/A

proARF19 -2481 to-2395 Fw: 

GTGTGGTTACGATGAGGAGAAG

This paper N/A
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CGACCGAGTCTTTCGGTTTAG

This paper N/A

TUB3 control Fw: 

TGCATTGGTACACAGGTGAGGGAA

This paper N/A

TUB3 control Rv: 

AGCCGTTGCATCTTGGTATTGCTG

This paper N/A

arf6-1 Fw + LB: 

ATAATGAATGGAAGTTCAGGC

SALK N/A

arf6-1 Rev: 

CATCAAAGGCAAAGGCAAAT

SALK N/A

arf7-1 Fw: 

TCCTGCTGAGTTTGTGGTTCCTT

SALK N/A

arf7-1 Rev: 

TGTTGCACTCCTCTTTGAACC

SALK N/A

arf8-2 Fw: 

GATTGTACGGAAAAATTAGGG

SALK N/A

arf8-2 Rev: 

CATCAAATCAGAATTATGGGA

SALK N/A

arf19-1 Fw: 

TTTTTCAGGTTGCAGCATCG

SALK N/A

arf19-1 Rev: 

GAGGTTTGGGGATTGGAAGTTCA

SALK N/A

ARF19 qPCR Fw: 

GACATATCTATCGAGGCCAACC

This paper N/A

ARF19 qPCR Rv: 

ACTGAATCACCCGCAAATAGT

This paper N/A

UBA Control qPCR Fw: 

AGTGGAGAGGCTGCAGAA

This paper N/A

UBA Control qPCR Rv: 

CTCGGGTAGCACGAGCTT

This paper N/A

Software and algorithms

Fiji Schindelin et al.35 https://imagej.net/software/fiji/downloads

BINGO Maere et al.36 https://apps.cytoscape.org/apps/bingo

Limma Bioconductor https://www.bioconductor.org/packages// 

release/bioc/vignettes/limma/inst/doc/ 

intro.html

MATLAB MathWorks https://www.mathworks.com/products/ 

matlab.html
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Plant material

Arabidopsis thaliana ecotype Columbia 0 (Col-0) was used as the wildtype in all experiments. arf7-1arf19-1 double mutant, pre

viously described in,13 was used for generating complementation lines (see below) and for all gravitropism experiments. arf6-1, 

arf7-1, arf8-2 and arf19-1 single mutants were used for gravitropism experiments and for creating triple knockout mutants 

(arf7-1arf19-1arf8-2 and arf7-1arf19-1arf6-1). Col-0, arf7-1, arf8-2, previously described in,13 were used for auxin treatment exper

iments. DR5:Venus, pARF5:3xmVenus-NLS, pARF6:3xmVenus-NLS, pARF7:3xmVenus-NLS, pARF8:3xmVenus-NLS, 

pARF19:3xmVenus-NLS, previously described in,33,34 were used for confocal experiments. All mutant lines were confirmed using 

primers listed in (Table S4).

Growth conditions

Seeds were surface sterilised with 70% ethanol for 5 mins and 100% ethanol for 30 s followed by five washes with sterile water and 

stratified at 4◦C for 48 hours in dark. For all gravitropism experiments, seeds were germinated onto half-strength Murashige 

and Skoog (MS) medium supplemented with 1% Agar at pH 5.7 in growth room (22◦C, continuous light; 125–150 μmol m− 2 s− 1) 

and grown vertically for 6–7 days. Plates were then subjected to 90◦ stimulation and images were taken in 12/12 h dark/light condi

tions using robotic imaging facility at the University of Nottingham37 for 24 h at interval of 15 min.

METHOD DETAILS

Root dissection, total RNA-extraction, and preparation

To facilitate the root dissection, sterile 100μm 9 × 9 cm nylon mesh pieces were disposed onto the media before sowing. Plates 

were stored in the dark in a vertical position at 4◦C for 3 days and were subsequently transferred to a growth chamber at 22◦C with 

a 24-h light regime of 150 μmol m− 1 s− 1. Plates with seven-day old seedlings were subjected to 90◦ stimulation. The root tip to the 

first root hair bulge of the wild-type and arf7-1 arf19-1 double mutant were harvested over a time-course comprising seven time 

points: 0, 15, 30, 60, 120, 240 and 480 min after gravistimulation. Each time series had four biological replicates. For each time 

point of a biological replicate, 200 root tips were harvested and immediately frozen in liquid nitrogen. Total RNA was extracted 

with the Plant RNeasy Micro Kit (Qiagen, Crawley, UK), including on-column DNA digestion to eliminate genomic DNA from the 

samples.

Array hybridization, labeling and data acquisition

The RNA samples were labeled with the Affymetrix IVT-Express labeling kit following standard Affymetrix protocols (Affymetrix, 

Santa Clara, CA, USA). RNA labeling and hybridization to Affymetrix ATH1 arrays were conducted by the Nottingham Arabi

dopsis Stock Center (NASC)’s International Affymetrix Service. Fifty-six independent hybridization experiments with four biolog

ical replicates were performed in this work. After the hybridization was performed, the emitted fluorescent signals were digita

lized and read with the GeneChip Scanner 3000 7G (Affymetrix). Data acquisition was done with the GeneChip Command 

Console.

Microarray data analysis

The raw microarray data (.CEL) of Col-0 and arf7-1arf19-1 timeseries were pre-processed together using the robust 

multichip average (RMA) normalization approach (background correction, quantile normalization, and summarization) implemented 

in the Bioconductor R package, version 2.5.38,39 The Bioconductor package Limma was used to identify differentially expressed 

genes (− 1.5 ≤ Fold Change ≥ 1.5). Pairwise comparisons between each timepoint with 0min timepoint for Col-0 timeseries and 

respective timepoint of arf7-1arf19-1 vs. Col-0 timeseries were performed using moderated t-statistics and the eBayes method 

as implemented in Limma.40 p values were corrected for multiple testing using the Benjamini-Hochberg method41 at an FDR 

threshold of 0.05.

GO enrichment analyses

Functional enrichment results reported in this study were calculated with the BiNGO tool36 using hypergeometric tests and 

Benjamini-Hochberg42 multiple testing correction at FDR = 0.05. GO information and annotations for Arabidopsis were obtained 

from the GO database (www.geneontology.org; version downloaded on 11/11/2020). The 21,517 genes in the pre-processed Affy

metrix ATH1 microarray dataset were used as the reference set for the GO enrichment analyses presented in figures (Figure 1C; 

Figure S1) and Table S2. The 21,517 genes listed in Table S5 were used as the reference set for all other analyses.

Plasmid construction and plant transformation

For pARF7:ARF7:4xMyc, pARF7:ARF19:4xMyc, pARF19:ARF19:T7 and pARF19:ARF7:T7, ARF7 and ARF19 promoters (about 2.4 

kb) were inserted in front of gateway cassette of pGWB16 or pGWB25, respectively.43 ARF7 and ARF19 coding regions were sub

sequently transferred from the pDONR221 vectors by Gateway LR recombination. Mutagenesis of AuxRE in ARF19 promoter was 
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performed by PCR-based site-directed mutagenesis method. The resulting vectors were introduced into Agrobacterium tumefaciens 

GV3101 (pMP90), and arf7-1arf19-1 plants were transformed by floral dipping.32

Confocal imaging of ARF reporters

Seeds of reporter lines of auxin response (pDR5:Venus) and auxin response factors (pARF5:3xmVenus-NLS, pARF6:3xmVenus- 

NLS, pARF7:3xmVenus-NLS, pARF8:3xmVenus-NLS and pARF19:3xmVenus-NLS) were sterilised and stratified as described 

above in growth conditions and grown vertically for 6 days on 1% Agar plates supplemented with ½ MS media. For gravistimulation, 

plates were turned 90◦ in dark conditions and 3–5 individual seedlings from each reporter lines were imaged at 0 and 3 h timepoints 

using SP5 confocal imaging suite (Leica).

ChIP-qPCR assays

A ChIP assay was performed on Col-0 using 2–3 g root tissue pretreated with 1 μM NAA and fixed under vacuum with 1% form

aldehyde for 15 min. Nuclei were extracted and ChIP was performed, using anti-ARF19 antibody,29,30 anti-ARF7 antibody31 or 

anti-ARF8 antibody (in this study) following the method as described previously.29,30 The anti-ARF8 antibody was generated in 

rabbits using an Escherichia coli-expressed antigenic region from amino acids 649 to 811 that was also used to affinity purify 

the resulting antiserum. The antibody detected a band of the correct size in Col-0 nuclei preps that was absent in arf8 

(Figure S10). Briefly, 200 μL of sheared chromatin (average fragment size of 400 bp) was added to 1 mL Immunoprecipitation Buffer 

(50 mM HEPES, pH 7.5, 150 mM KCl, 5 mM MgCl2, 0.1% Triton X-100) and incubated along with 3 μg of anti-ARF19 or anti-ARF7 at 

4◦C. Protein G Dynabeads (Invitrogen) were then added and further incubated at 4◦C overnight. Input and ARF19 or ARF7 immu

noprecipitated DNA was used for qPCR with SYBR green master mix and oligonucleotide primers. Oligos were designed for two 

regions of the ARF19 promoter containing Auxin Responsive Elements (AuxREs) likely corresponding to ARF binding sites (see 

Figure 2C; top). Antibody immunoprecipitated DNA is normalized to input chromatin using an internal control (TUB3) not bound 

by ARF antibodies. All qPCR reactions were performed as triplicate technical replicates using a Light Cycler 480 qPCR machine 

and are representative of three biological repeats. Genomic-PCR and RT-PCR were performed as previous described,29,31 using 

primers listed in Table S4.

Auxin treatment and qRT-PCR analysis

For ARF19 expression analysis in Col-0 and arf7-1 mutant (Figure 3D), 10-day old seedlings were pre-treated with 1μM IAA for the 0, 

3, 6, 12, 18, 24 and 36 h timepoints. Total RNA was extracted from roots using the RNeasy kit (Qiagen) with on-column DNAse treat

ment (RNAse free DNAse set, Qiagen). Poly(dT) cDNA was prepared from 1 μg total RNA using the Transcriptor first-strand cDNA 

synthesis kit (Roche). Quantitative PCR was performed using SYBR Green I mix (Roche) on a Roche LightCycler 480 apparatus. 

For ARF19 expression analysis in Col-0, arf7-1arf19-1 and ARF19 complementation (in arf7-1arf19-1 mutant background) with native 

and mutated AuxRE promoters (Figure S5), seedlings were treated with 1μM IAA for 2 h. RNA extraction and qRT-PCR were carried 

out as described above.

ARF7-GR and ARF19-GR microarray analysis

The ARF7-GR and ARF19-GR transcriptomic datasets were obtained using pARF7:ARF7:GR and pARF19:ARF19:GR, both in nph4- 

1arf19-1 mutant backgrounds.16 Experimental setup and DNA microarray generation and data analysis of downstream targets of 

ARF7 and ARF19 was performed as detailed in methods and supplemental methods-3 sections of Lavenus et al.31 ARF7-GR dataset 

was published in Lavenus et al.31 and both datasets can be accessed through the accession no. E-MTAB-3451 on ArrayExpress 

(www.ebi.ac.uk/arrayexpress). ARF7 and ARF19 direct and indirect targets are included in Table S3.

Mathematical modeling

The mathematical model is encoded, run and plotted using MATLAB, with the ode15s solver. To establish the initial ‘basal’ state of 

the simulation, the model was run from zero initial conditions for large t (with the exception of ARF7 protein, [A7] = 0.25), with the level 

of auxin = 0.001. At t = 0 in the plot shown (Figure 3B), auxin is increased to auxin = 1 until t = 40, when the level of auxin is reset to 

auxin = 0.001.

Model Formulation

The models and assumptions are based on previously published approaches to modeling the auxin response.12,44,45 We consider 3 

model variations.

1. ARF7 activates the response gene alone. ARF7 auto-activated.

2. ARF7 and ARF19 activate the response gene, ARF19 activated by both ARF7 and ARF19. ARF7 constitutive.

3. ARF7 and ARF19 activate the response gene, ARF19 activated by ARF7 only. ARF7 constitutive.

Model variables

All quantities are dimensionless, concentrations, time and so should be considered relative values. [A7m] (ARF7 mRNA) is not present 

in models (2) and (3), ARF19 mRNA and protein, and various complexes are not present in model (1).
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Model parameters

To minimise the number of model parameters, where possible each parameters represents a type of process, rather than individual 

values for each separate interaction. For example, there is a single parameter, μr, representing mRNA turnover rather than a separate 

value for each individual mRNA. Similarly, the binding threshold parameters (θa for activators, θd for dimer activators, and θr for dimer 

repressors) are shared for all promoters represented in the models. A full list of model parameters, with descriptions is given in the 

table below.

Model equations

Model 1: ARF7 auto-activation

d[A7]

dt
= ηa([A7m] − [A7])+ dt

(
[A7 : IAA] − q[A7][IAA] + 2

(
[A7 : A7] − z[A7]

2
))

d[A7 : IAA]

dt
= dt(q[A7][IAA] − [A7 : IAA])

d[IAA]

dt
= ηi

(

[IAAm] − [IAA]
auxin

auxin+Kaux

)

+ dt([A7 : IAA] − q[A7][IAA])

Variable Description Model

[A7] ARF7 protein 1,2,3

[A7:IAA] ARF7 and Aux/IAA dimer –

[IAA] Generic Aux/IAA protein –

[IAAm] Aux/IAA mRNA –

[A7:A7] ARF7 homodimers –

[A7m] ARF7 mRNA 1

[A19] ARF19 protein 2,3

[A19m] ARF19 mRNA –

[A19:IAA] ARF19 and Aux/IAA dimer –

[A19:A19] ARF19 homodimers –

[A7:A19] ARF7 ARF19 heterodimers –

Parameter Default value Description

q 2 balance between bound/unbound ARF and 

Aux/IAA

z 2 balance between bound/unbound ARF 

dimers

Kaux 0.05 auxin concentration giving half maximum 

Aux/IAA degradation

auxin 0.001 current auxin concentration

dt 1000 rate constant for dimerisation processes

μr 1 turnover rate of mRNAs

ηi 20 production rate of Aux/IAA protein

ηa 1 production rate of ARF protein

θa 20 promoter binding threshold for ARF 

monomers

θd 2 promoter binding threshold for ARF dimers

θr 20 promoter binding threshold for ARF and 

Aux/IAA dimers

λ 5 relative rate of translation due to dimer 

binding compared to monomers

a0 0.0425 basal ARF7 transcription rate
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d[IAAm]

dt
= μr(F − [IAAm])

d[A7 : A7]

dt
= dt

(
z[A7]

2
− [A7 : A7]

)

d[Rm]

dt
= μr(F − [Rm])

d[A7m]

dt
= μr(a0 + F − [A7m])

where:

F ≡

[A7]

θa

+λ
[A7 : A7]

θd

1+
[A7]

θa

+
[A7 : A7]

θd

+
[A7 : IAA]

θr 

Model 2: ARF7 activates ARF19, ARF19 auto-activates

d[A7]

dt
= dt

(
[A7 : IAA] − q[A7][IAA] + 2

(
[A7 : A7] − z[A7]

2
)

+ [A7 : A19] − z[A7][A19]
)

d[A7 : IAA]

dt
= dt(q[A7][IAA] − [A7 : IAA])

d[IAA]

dt
= ηi

(

[IAAm] − [IAA]
auxin

auxin+Kaux

)

+ dt([A7 : IAA] − q[A7][IAA] + [A19 : IAA] − q[A19][IAA])

d[IAAm]

dt
= μr(G − [IAAm])

d[A7 : A7]

dt
= dt

(
z[A7]

2
− [A7 : A7]

)

d[A19m]

dt
= μr(G − [A19m])

d[A19]

dt
= ηa([A19m] − [A19])+dt

(
[A19 : IAA] − q[A19][IAA] + 2

(
[A19 : A19] − z[A19]

2
)

+ [A7 : A19] − z[A7][A19]
)

d[A19 : IAA]

dt
= dt(q[A19][IAA] − [A19 : IAA])

d[A19 : A19]

dt
= dt

(
z[A19]

2
− [A19 : A19]

)

d[A7 : A19]

dt
= dt(z[A7][A19] − [A7 : A19])

d[Rm]

dt
= μr(G − [Rm])

where:

G ≡

[A7]+[A19]

θa

+λ
[A7 : A7]+[A7 : A19]+[A19 : A19]

θd

1+
[A7]+[A19]

θa

+
[A7 : A7]+[A7 : A19]+[A19 : A19]

θd

+
[A7 : IAA]+[A19 : IAA]

θr 

Model 3: ARF7 activates ARF19, ARF19 not auto-activated.
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As model 2, except the equation for [A19m] is replaced by:

d[A19m]

dt
= μr(F − [A19m])

Where, as before:

F ≡

[A7]

θa

+λ
[A7 : A7]

θd

1+
[A7]

θa

+
[A7 : A7]

θd

+
[A7 : IAA]

θr 

QUANTIFICATION AND STATISTICAL ANALYSIS

Total RNA quantification

RNA was quantified by using a NanoDrop ND100 spectrophotometer (Nanodrop, Wilimington, USA) at 260nm wavelength and as

sessed for quality and concentration with a BioAnalyzer 2100 (Agilent, CA, USA). RNA was diluted with RNase-free water to make a 

final concentration of 50 ng μL− 1.

Confocal images quantification

Images were post-processed using Fijisoftware.35 >2 biological replicates were performed for all reporter lines.

For tissue-specific quantification of pDR5:Venus, pARF7:3×mVenus-NLS, and pARF19:3×mVenus-NLS, more than eight seed

lings were imaged along the longitudinal axis at the center of the root at 0 h and 3 h following gravistimulation using a Leica SP5 

confocal microscope. Regions of interest (ROIs) included approximately five lateral root cap cells adjacent to the quiescent center 

(QC), followed by five epidermis cells and subsequently five cortical cells. Fluorescence intensity was quantified separately on the 

lower and upper sides of the root and normalised to the area of each ROI. A lower-to-upper fluorescence intensity ratio was then 

calculated and used to generate the graphs shown in Figure 2.

For analysis of the temporal dynamics of pDR5Venus and pARF193×mVenus-NLS, additional imaging was performed at 0, 1, 2, 

and 3 h following gravistimulation, and the same methodology was used to quantify tissue-specific expression asymmetry between 

the lower and upper sides of the root and used to generate the graphs shown in Figure S4.

For z stack image analysis of pDR5:Venus, pARF7::3xmVenus-NLS and pARF19::3xmVenus-NLS, more than 8 seedlings were 

imaged at 0 and 3 h timepoints after gravistimulation using SP5 confocal imaging suite (Leica). Each z stack consisted of 20 optical 

slices, which were individually post-processed using Fiji to quantify the fluorescence intensity to quantify the upper and lower sides of 

the root and normalised to the area of the region of interest (ROI), defined as the visible region on the respective side within each slice. 

A lower-to-upper fluorescence ratio was then calculated for each slice. Ratios from 20 slices were averaged to obtain a mean value 

per seedling, which were used to generate the Figure S5.

For z stack maximum projection image analysis of pARF7:3×mVenus-NLS and pARF19:3×mVenus-NLS, more than eight seed

lings per reporter line were imaged at 0 h and 2 h after treatment with 1 μM IAA using a Leica SP5 confocal microscope. Each z stack 

consisted of 20 optical sections, which were used to generate maximum-intensity projection images. Fluorescence intensity was 

quantified per seedling from the maximum projections using Fiji across the entire root and normalised to the area of the region of 

interest (ROI). These values were used to generate the graphs shown in Figure S6.

qRT-PCR quantification

Target quantifications were performed with specific primer pairs Expression levels were normalised to an internal control (ubiquitin- 

associated gene UBA) (see Table S4). All qRT–PCR experiments were performed in triplicates, and the values represent Means ± 

SEM (standard error of means).

Statistical analysis

t test statistical analyses were performed in Excel. ANOVA and Dunnett’s T3 multiple comparisons test statistical analyses were per

formed in GraphPad Prism. The precise statistical tests can be found in the corresponding Figure legend.
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