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Materials and Methods 18 

 19 

Mathematical Modeling 20 

Model description: 21 

In order to clarify the activity of the different regulators present in this system, we developed 22 

an ordinary differential equation (ODE) model. The model includes protein concentrations as 23 

main variables (no mRNA), and represents the spatial extension of the system by means of 24 

two neighboring compartments, for the procambium and xylem respectively. One of the main 25 

simplifying assumptions in the model is to represent auxin signaling as a direct upregulation 26 

of auxin targets (in particular, ARF5/MP), omitting the details of Aux/IAA proteins pairing 27 

with ARFs and being subjected to proteolysis upon auxin-induced ubiquitination.  28 

Formally, we use Hill functions to describe the production of ARF5 in response to auxin, and 29 

more generally all rates of change in the system in response to a regulator. If Y is a target and 30 

its regulator X, including natural decay we get:  31 
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for a repression X⊣Y. 

  32 

The common factor 1/𝜏𝑌 for production and degradation corresponds to a non-33 

dimensionalized model, where maximum concentrations are set to 1. This reduces vastly the 34 

parameter set for the model, by suppressing production rates which would not normally be 35 

available with accurate values anyway. The parameter is 𝜏𝑌 has a simple interpretation, as 36 

typical time constant for the variable 𝑌 (for either up or down regulation). To simplify 37 

notations, hereafter we denote by ℎ+(𝑋) and ℎ−(𝑋)  the two Hill functions above, bearing in 38 

mind that they have parameters 𝜃𝑋 and 𝑛𝑋 needing to be specified. 39 

 40 

We use the following variables (all denoting concentrations), using abbreviations for 41 

conciseness:  42 

 Auxin, denoted lower case 𝑎  43 

 Auxin response, denoted 𝐴 (typically ARF5) 44 

 Cytokinin, denoted 𝑐  45 

 Cytokinin response, denoted 𝐶 46 

 The TM05/LHW complex, denoted 𝑇 47 
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 SHR, LOG4, BGLU44 and CKX3 respectively denoted S, L, B and K. 48 

 49 

All variables listed above are linked to each other according to the regulations shown in Fig. 50 

S12. At the single cell level, the network structure is hierarchical, without feedback between 51 

these variables.  52 

 53 

We implement spatial aspects in the model by simulating two copies of the single cell model, 54 

typical of the procambium and xylem respectively. In this compartmental description, one 55 

includes the following differences between the xylem and procambium compartments: 56 

 Active transport of auxin occurs unidirectionally, from procambium to xylem, with a 57 

term 𝑇𝑎𝑎 which is added to auxin rate in the xylem and removed in the procambium.  58 

 TMO5 is only produced in the xylem and CKX3 is only produced in the 59 

procambium. This is implemented using a Boolean variable 𝜷𝑥𝑦𝑙, equal to 1 in the 60 

xylem and 0 in the procambium.  61 

 Both ck and SHR are mobile signals, assumed to be diffusive. We denote by 𝜙𝑐 =62 

𝐷𝑐(𝑐𝑝𝑟𝑜𝑐 − 𝑐𝑥𝑦𝑙) and 𝜙𝑆 = 𝐷𝑆(𝑆𝑝𝑟𝑜𝑐 − 𝑆𝑥𝑦𝑙) the fluxes of ck and SHR from xylem to 63 

procambium (and their opposite going the other way). These can be denoted 64 

compactly using that (2𝜷𝑥𝑦𝑙 − 1) is 1 in the xylem and -1 in the procambium. 65 

 Finally, the system is subject to an input of auxin, identical in both tissues and 66 

denoted 𝒂𝒊𝒏(𝑡). 67 

 68 

Following from the above and Fig. S12, the system of ODE used for each compartment is: 69 
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 71 

Parameter Values: 72 

Despite the normalization of production rates (i.e. setting production rates to a form 1/𝜏), the 73 

model includes over 20 parameters, none of which are known accurately. Given the overall 74 

phenomenological nature of the model and the limited quantitative data (relative to the 75 

number of parameters), it was unfeasible to attempt to estimate such a parameter set from 76 

data. Instead, we performed an exploration of the parameter space by hand, within plausible 77 

orders of magnitudes. A plausible set of parameters was found relatively easily, which 78 

reproduced all the main qualitative features of the spatiotemporal distribution of modelled 79 

species. We assessed the robustness of this parameterization by varying each parameter 80 

values within 10% of their default value, one at a time, and confirmed that only minor 81 

changes in spatiotemporal distribution were entailed. Although this approach cannot rule out 82 

that different parameters would lead to a similarly good agreement with the data, it shows 83 

that the model is fully consistent with experimental observations. Therefore, the default 84 

parameter set (which is reported in the table below) should be taken not as providing “true 85 

values”, but rather as a confirmation that the regulations encoded in the ODE model above 86 

are in good agreement with experimental observations. In other words, these regulations do 87 

not entail any contradiction, and robustly explain the spatiotemporal distributions seen in 88 

planta. A representation of time courses for all variables in response to a gradual increase of 89 

auxin, followed by an extended plateau, is represented in the figure below. 90 
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 91 

Figure: Time courses generated using the default parameters, an initial condition of 0 for all 92 

variables and an input of auxin of the form t^6/(110^6+t^6). 93 

 94 

Table: Default parameter values. 95 

𝜏𝑎  10 Auxin time constant (min) 

𝜏𝐴 30 ARF5/MP time constant (min) 

𝜏𝑐 10 Cytokinin time constant (min) 

𝜏𝐶 30 Cytokinin response time constant (min) 

𝜏𝑇 30 TMO5-LHW time constant (min) 

𝜏𝑆  90 SHR time constant (min) 

𝜏𝐾  30 CKX3 time constant (min) 

𝜏𝐿 10 LOG3/4 time constant (min) 

𝜏𝐵 40 BGLU44 time constant (min) 

𝜃𝐴 0.5 Sensitivity auxin → auxin response 

𝜃𝐶  0.5 Sensitivity cytokinin → cytokinin response 

𝜃𝑆   0.7 Sensitivity TMO5-LHW → SHR 

𝜃𝐾 0.3 Sensitivity SHR → CKX3 
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𝜃𝐿 0.7 Sensitivity TMO5-LHW → LOG3/4 

𝜃𝐵 0.7 Sensitivity TMO5-LHW → BGLU44 

𝜃𝐾 0.5 Sensitivity CKX3 ⊣ cytokinin 

𝜃𝐴  0.7 Sensitivity auxin response (AHP6) ⊣ cytokinin response 

𝐷𝑐 1 Diffusivity of cytokinin 

𝐷𝑆 10 Diffusivity of SHR 

𝑇𝑎 0.15 Transport rate of auxin  

𝛿𝐾 0.2 CKX3 induced cytokinin degradation 

𝑛𝐻 4 Hill exponent 

𝜃 0.5 Default Hill threshold when not specified above (applies to 𝐿, 𝐵 

activating ck) 

 96 

Emerging properties of the model: 97 

As the model was in good agreement with experimental observations, we used it to 98 

investigate more complex temporal patterns of auxin input. Indeed, it is clear that one 99 

plausible function of this system is to robustly ensure adequate levels of auxin and cytokinin 100 

activity in root tissues. It was thus relevant to assess how this would be affected by periodic 101 

inputs of auxin (representing oscillations in auxin response as experimentally observed 102 

during e.g. lateral root priming). The rationale for using periodic inputs is twofold: (i) 103 

periodic signals are known to occur in Arabidopsis root apical meristems and (ii) any more 104 

complex signal, e.g. noise, can be decomposed into elementary modes of sine waves. With 105 

regards to (i), note that whilst it is unclear if it is the signal or the response machinery that 106 

displays the periodicity observed in the “oscillatory zone”, in the context of this model it is 107 

unimportant as the auxin response components are not modelled explicitly. A summary of 108 

this investigation is provided in the figures below.  109 

 110 

They present the four scenarios obtained by considering high/low amplitude oscillations, 111 

occurring with high or low frequencies. The amplitude reflects the difference between the 112 

maximum and minimum concentrations of auxin, whilst the frequency refers to the time 113 

between auxin maxima. The main outcome of these model simulations is that the system 114 

inherently ensures that  high frequencies modulation in the input – auxin – are not mirrored 115 

by the output – cytokinin. This is irrespective of the amplitude. Hence the system behaves as 116 

what is known in engineering a low-pass filter, though its nonlinear nature makes it 117 
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impossible to decipher analytically, as would be possible for some electronic devices. The 118 

reported figures are typical representations of our simulations for a wider range of amplitudes 119 

and frequencies, and therefore we believe that this property is robustly present in the system. 120 

 121 

 122 

Figure: Time courses with identical parameters and initial condition as the first figure, but a 123 

sine wave of auxin input, with a long period (12h) and low amplitude (0.5). 124 



 8 

 125 

Figure: Time courses with identical parameters and initial condition as the first figure, but a 126 

sine wave of auxin input, with a long period (12h) and high amplitude (2). 127 

 128 

Figure: Time courses with identical parameters and initial condition as the first figure, but a 129 

sine wave of auxin input, with a short period (30min) and low amplitude (0.5). 130 
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 131 

Figure: Time courses with identical parameters and initial condition as the first figure, but a 132 

sine wave of auxin input, with a short period (30min) and high amplitude (2). 133 

  134 
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Supplemental Figures 135 
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 139 

Supplemental Figure 1. Experimental validation of the scRNA-seq dataset 140 

For each of the 12 validated genes, violin plots show normalized gene expression by cell type 141 

and split by treatment: left side of the violin is mock dataset in green; right side of the violin 142 

is CK-treated dataset in red). Below are the confocal images of roots for newly generated 143 

reporter lines for each of these genes on DMSO mock (left) and 10 µM BAP (right). 144 
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 145 

Supplemental Figure 2. Spatiotemporal expression of LOG4, BGLU44,  and SHR  146 

a-c, Expression of the indicated reporter lines in the dGR root meristem grown on mock 147 

medium and transferred to mock or 10 M DEX for the indicated times. Arrows indicate first 148 

visible ectopic expression. The experiments here were repeated three times independently, 149 

with similar results. 150 
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 151 

 152 

Supplemental Figure 3. Overview of TMO5, LOG4, SHR, CKX3 and TCS expression 153 

domains  154 

Confocal images of root meristems of the indicated lines counterstained with PI (red or 155 

white). Scale bars are 10 m. Asterisks indicate endodermal cells. The experiments here were 156 

repeated three times independently, with similar results. 157 
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 158 

Data S1. Single cell co-expression analysis for LOG4. Overlap between the dGR induced 159 

gene list 1 and top 50 genes co-expressed with LOG4 (highlighted in red) in a single cell atlas 160 

of the root meristem 2 161 

 162 

Data S2. Overview of the differential expressed genes (DEG) for each cluster (cell type) in 163 

the mock dataset versus the CK dataset. 164 

 165 

Data S3. Overview of the cloning primers, Q-RT-PCR primers and constructs used in this 166 

study. 167 

 168 

Source data 1.  Summary of all raw data used to generate the figure panels with respective 169 

statistical analysis. 170 

 171 

Source data 2. Overview of the raw data from the BGLU44 enzymatic assays and 172 

endogenous cytokinin measurements in root tips, including statistical analysis. 173 
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