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Abstract 41 

Root hydraulic conductivity is a limiting factor along the water pathways between the soil 42 

and the leaf, and  root radial conductivity is itself defined by cell-scale hydraulic properties 43 

and anatomical features. However, quantifying the influence of anatomical features on the 44 

radial conductivity remains challenging due to complex time-consuming experimental 45 

procedures. We present an open-source computational tool, the Generator of Root ANAtomy 46 

in R (GRANAR http://granar.github.io) that can be used to rapidly generate digital versions 47 

of contrasted monocotyledon root anatomical networks. GRANAR uses a limited set of root 48 

anatomical parameters, easily acquired with existing image analysis tools. The generated 49 

anatomical network can then be used in combination with hydraulic models to estimate the 50 

corresponding hydraulic properties. We used GRANAR to re-analyse large maize (Zea mays) 51 

anatomical datasets from the literature. Our model was successful at creating virtual 52 

anatomies for each experimental observation. We also used GRANAR to generate anatomies 53 

not observed experimentally over wider ranges of anatomical parameters. The generated 54 

anatomies were then used to estimate the corresponding radial conductivities with the 55 

hydraulic model MECHA (Model of Explicit Cross-section Hydraulic Architecture). Our 56 

simulations highlight the large importance of the width of the stele and the cortex. GRANAR 57 

is a computational tool that generates root anatomical networks from experimental data.  It 58 

enables the quantification of the effect of individual anatomical features on the root radial 59 

conductivity. 60 

Introduction 61 

Root water uptake is influenced by a multi-scale combination of structural and hydraulic 62 

properties (Lobet et al., 2014; Passot et al., 2018). At the root system scale, the overall root 63 

architecture defines the potential uptake sites within the soil domain. Hydraulic properties of 64 

individual roots (radial and axial conductivities) further constrain these uptake sites, thus 65 

establishing a global hydraulic architecture of the plant (Meunier et al., 2017). Changes in 66 

these local hydraulic properties, which have a global influence, are thought to be an important 67 

target in breeding programs for drought resistant crops (Tardieu et al., 2018).  68 

 69 
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At a finer scale, on the organ level, radial and axial conductivities can also be defined by 70 

hydraulic and structural properties. On the hydraulic side, the radial conductivity (kr) of a root 71 

segment is influenced by the expression and location of water channels (Hachez et al., 2006), 72 

the formation of hydrophobic barriers (Enstone et al., 2003), and the conductivity of 73 

plasmodesmata (Couvreur et al., 2018). On the structural side, kr is influenced by anatomical 74 

features, such as the number of cell layers in the cortex (Chimungu et al., 2014a), the size of 75 

cortex cells (Lynch et al., 2014), or the presence of aerenchyma (Fan et al. 2007). Generally 76 

speaking, a plant controls its hydraulics in the short and medium-term (Hachez et al., 2012), 77 

and its structural features over longer developmental timelines (Vetterlein and Doussan, 78 

2016). As such, root anatomy defines the baseline for the root radial hydraulic properties. 79 

 80 

Root anatomical traits are diverse within species, such as maize (Zea mays) (Burton et al., 81 

2013b; Tai et al., 2016), rice (Oryza sativa) (Vejchasarn et al. 2016) or cassava (Manihot 82 

esculenta) (Bomfim et al., 2011), between species (McDonald et al., 2002; Wahl and Ryser 83 

2000), and in different biomes (Ma et al., 2018). However, to our knowledge, an assessment 84 

of the functional implication of anatomical features in water uptake properties has never been 85 

done in a systematic way. Indeed, the in vivo quantification of radial and axial conductivities 86 

is usually performed with a root pressure probe (Hose et al., 2000; Schreiber et al. 2005; 87 

Schneider et al. 2017), which is experimentally restrictive, because it is hard to perform on 88 

soil-grown roots and is generally seen as a low-throughput procedure. This experimental 89 

restriction has hindered the investigation of the relation between root hydraulic properties and 90 

anatomical features. 91 

 92 

Recently the development of a modelling tool of transverse water flow in roots from the sub-93 

cellular scale, MECHA (Model of Explicit Cross-section Hydraulic Architecture), opened the 94 

way to the systematic analysis of the influence of anatomical and cell hydraulic properties on 95 

kr (Couvreur et al., 2018). A remaining limitation of the approach is that it requires explicit 96 

anatomical networks as input. Such networks can be obtained by digitizing cross section 97 

images with semi-automated tools, such as CellSeT (Pound et al., 2012). However, that 98 

procedure is very time consuming for large datasets. Therefore, there is a need for a high 99 

throughput method of acquisition of root anatomical networks (Passot et al., 2018). 100 

 101 
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Here, we present a new computational tool, the Generator of Root ANAtomy in R 102 

(GRANAR), that can generate digital versions of monocotyledon root anatomical networks. 103 

GRANAR uses easily accessible anatomical features as input. These tissue-scale parameters 104 

can be acquired from open-access image analysis software and root cross section images. In 105 

combination with the model MECHA, GRANAR opens up new possibilities to systematically 106 

analyse the impact of root anatomy on hydraulic conductivity in a high-throughput fashion. 107 

GRANAR has been validated using published datasets of maize anatomical data and 108 

hydraulic measurements. GRANAR is an open-source project available at 109 

https://granar.github.io/.  110 

 111 

  112 
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Results 113 

Overview of GRANAR  114 

The GRANAR model generates cell networks of root cross sections from a small set of root 115 

anatomical features (Table 1). The root anatomical features can typically be gathered by 116 

using software image analysis, such as ImageJ (Schneider et al., 2012), or with more 117 

automated software, such as RootScan (Burton et al., 2012), PHIV-RootCell (Lartaud et al., 118 

2014) or RootAnalyzer (Chopin et al., 2015). Briefly, the anatomy generation process is 119 

based on the placing of cell layers around the center of the root. The position and size of each 120 

cell and cell layer is a function of the cell type radius and user-defined randomness. As a 121 

result of this randomness, each simulation produces a slightly different anatomy, even with 122 

the same input parameter set. The thickness of a specific tissue is therefore a function of its 123 

cells’ size and its number of layers. Specific vascular tissue patterns are created depending on 124 

whether the user chooses to simulate a monocot or a dicot anatomy (fig. 1). The vascular 125 

pattern of dicotyledon is illustrative with the current version of the GRANAR model. 126 

Independent of the species, in figure 1, GRANAR was able to reproduce cross section 127 

anatomies with high similitude (Relative Error (RE): 3.4%, R²: 0.9997) over the total area of 128 

the cross section between the experimentally obtained cross section and the one obtained with 129 

GRANAR.  130 

 131 

Once the root anatomy is created, the cell network can be saved in a file in eXtended Markup 132 

Language (XML). The file in XML can serve as the geometry input for the MECHA model. 133 

As such, both tools can be linked, and the GRANAR-MECHA model can be used to estimate 134 

hydraulic properties (e.g. kr) of any type of root anatomy. The format of the XML created by 135 

GRANAR is identical to the ones created by CellSeT which also generates a fully digitized 136 

root anatomical network. Using the same format for both tools makes them modular and 137 

facilitates the intercomparison of their outputs (fig. 2). 138 

 139 

The time (both computational and labor time) required to access the level of network detail 140 

with CellSeT in figure 2 is around 10 hours in cross sections with thousands of cells, such as 141 

maize (image blending and correction (30 minutes) + automated segmentation (3 seconds) + 142 
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iterative corrections of the segmentation and labelling (~10 hours)). In comparison, 143 

generating a complete network anatomy only takes 10 minutes (Root anatomical features (7 144 

minutes RootScan/image or 10 minutes ImageJ/image) + GRANAR/cross section (15 145 

seconds)). However, when we compare the kr obtained by MECHA using either CellSeT or 146 

GRANAR anatomy as input, the difference is less than 2 percent (Figure 2). 147 

GRANAR generates accurately stereotypic maize root 148 

anatomies from large anatomical datasets. 149 

We validated the output of GRANAR for maize, whose root anatomy is well documented in 150 

the literature. We used the experimental data from three independent datasets showing large 151 

phenotypic diversity of maize anatomical features. The three root anatomical datasets were 152 

from Burton et al. (2013a) (195 landraces from a diversity panel), from Chimungu et al. 153 

(2014b) (38 maize genotypes with large variance of cortex features), and from Gao et al. 154 

(2015) (1 cultivar with 3 different root types and a large proportion of aerenchyma in all the 3 155 

root types). These different datasets contain tissue-scale anatomical data that could be used as 156 

input for GRANAR, such as the size of the stele or the number of cortex layers (details about 157 

how these data were compiled to create the GRANAR input files are presented in the 158 

Material and Methods section). Using the 239 data points, we generated 717 maize root cross 159 

sections. Each data point was used to generate 3 replicates of each root, taking advantage of 160 

the randomness in the positions of the individual cells. Another root anatomical dataset 161 

from Wahl and Ryser (2000) containing 19 different perennial grass species was also 162 

converted into input parameter files for GRANAR. Their anatomies were generated 163 

as well. Similar results were found as compared to the three maize datasets 164 

(Supplemental Dataset 1). 165 

 166 

Once all the anatomies were created, we compared organ-scale area-based metrics (that were 167 

not directly used as input to create the anatomies) between the experimental and simulated 168 

data (Fig. 3). Area-based comparison is relevant to assess anatomical similarities between the 169 

generated anatomies and the ones used as input as demonstrated in the sensitivity analysis 170 

(see below). GRANAR was able to accurately represent the total areas and sizes of the 171 

different tissues of the root (e.g. fig 3a: total cross section area, fig 3b: total cortex area, fig. 172 

3c: xylem area, fig. 3d: aerenchyma area). For each variable analyzed, the r-squared value 173 
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between the simulated and experimental data was greater than 0.95. The relative error of 174 

GRANAR was less than 5% for the total cross section area, the total cortical area and the 175 

xylem area, and less than 15% for the aerenchyma area. For each variable analysed, no 176 

significant differences were found between experimental and simulated data (P > 0.05).  177 

 178 

GRANAR-MECHA enables the estimation of radial conductivity 179 

from simulated anatomical data. 180 

By design, the anatomical output of GRANAR can be used as an input for the MECHA 181 

model (Couvreur et al., 2018). We were therefore able to estimate the kr for each of the 182 

experimental data points, assuming constant cell-scale hydraulic properties (see Materials and 183 

Methods for details). The simulated kr (across the different root cross sections) varied 184 

between 21.1 and 8.1 x10−8m.MPa-1.s-1 assuming a hydrophobic endodermal Casparian strip 185 

as the only apoplastic barrier.  186 

 187 

Using the results of these simulations, we were able to attribute the main changes of kr to 188 

three parameters using a linear regression model (table 2). The simulated kr for those data 189 

points can then be estimated using the following equation: 190 

 191 

𝑘𝑟 · 107 = 1.98 + 4.25 ⋅ 𝑋𝑉𝐴 − 0.731 ⋅ 𝑇𝐶𝐴 − 0.0209 ⋅ 𝑃𝐴 + 0.188 ⋅ 𝑋𝑉𝐴 ⋅ 𝑃𝐴     (1) 192 

 193 

where kr is the simulated radial conductivity (m MPa-1 s-1), XVA is the xylem vessel area 194 

(mm²), TCA is the total cortical area (mm²), and PA is the aerenchyma proportion (defined as 195 

the ratio between the aerenchyma area and non-stelar tissues area).  196 

 197 

The most substantial correlation factor to the simulated kr was for the cortex width (corr: -198 

0.84; P < 0.05, table 3). As a general rule, as the cortex width increases, the kr decreases (fig. 199 

4a). In addition, for a given cortex width, as the xylem area increases, the kr increases (fig. 200 

4a). The ratio between the stele area and the total area of the cross section is also highly 201 

correlated to the kr (corr: 0.79, P < 0.05, table 3). In this regard, as the ratio between the stele 202 

and the cross section area increases, the kr increases (fig. 4b). Additionally, for a given ratio 203 

between the stele and the cross section area, as the xylem area decreases, the kr increases (fig. 204 
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4b). Moreover, in the analysed dataset, an increase in aerenchyma proportion seems to only 205 

slightly decrease the simulated kr (fig. 4c). The simulated kr of our study and the ones 206 

measured in the literature for maize were in the same range (fig. 5). 207 

GRANAR-MECHA enables sensitivity analysis of anatomical 208 

features on root radial conductivity 209 

In the previous section, we used the GRANAR-MECHA model to study the theoretical effect 210 

of experimental root anatomical features on the root kr. The advantage of a modelling 211 

approach is that each anatomical feature can be changed independently from the others, 212 

which is often impossible experimentally. The capability to change anatomical features 213 

independently allows for a more complete exploration of the theoretical phenotypic spectrum.  214 

 215 

Here, we chose to vary the proportion of aerenchyma, the size of the cortex, the size of the 216 

stele as well as the number and area of xylem poles. For each trait combination, we computed 217 

the kr for three different maturity levels (fig. 6). The maturity levels account for three 218 

approximate distances from the root tip corresponding to different levels of apoplastic barrier 219 

development. Based on Doussan et al. (1998) and Enstone and Peterson (2005) we assumed 220 

the following apoplastic barrier types for the different distances: 1 = presence of endodermal 221 

Casparian strip (5 cm) ; 2 = presence of suberized endodermis (25 cm) ; and 3 = presence of 222 

suberized endodermis and exodermal Casparian strip (30 cm). 223 

 224 

The first anatomical feature we chose to vary was the proportion of aerenchyma, which 225 

ranged from zero to fifty percent of the cortex area (fig. 7). The range observed in the 226 

experimental datasets spanned zero to thirty five percent (see previous section). An increase 227 

in aerenchyma induced a decrease in the simulated kr. The effect was less important as the 228 

endodermis started to suberize. However, under the maturity level 3, with a fully suberized 229 

endodermis and an exodermal Casparian strip, the relative kr decrease was stronger than the 230 

one observed at maturity level 2 with a suberized endodermis (fig. 7). The stronger relative 231 

decrease can be explained by the reduced number of cells after the exodermis layer, which 232 

allow the water to pass from a cell-to-cell to an apoplastic pathway, whereas there is no 233 

shifting of preferential pathway of water next to the exodermis at maturity level 2. 234 

 235 
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To observe the influence of the cortex features on the kr, a range of cross sections were 236 

simulated with increasing cortex cell diameter and number of cortex layers (fig. 8). We 237 

observed an increase of all components induces a decrease in the simulated kr (fig. 8A-C-D). 238 

Moreover, the cortex width (isolines in fig. 8A) accounts for the coupled effect of the cell 239 

diameter and the number of layers on the simulated kr. This feature neatly captures the 240 

decreasing trend of kr with increasing cortex width for the global simulated dataset included 241 

in fig. 8B (unlike figs. 8C and 8D displaying a single transect across the parametric space 242 

each).  243 

 244 

The relative influence of each cortex feature was greater at maturity level 1 than for the other 245 

maturity level tested. Each additional apoplastic barrier reduced the relative influence of the 246 

cortex features over the water flow. Moreover, under maturity level 3, the cortex features had 247 

the lowest relative influence on the conductivity in comparison to the other ones. Increasing 248 

the stele area while keeping the cortex width constant led to an increase of the simulated kr 249 

(fig. 9). The influence of the stele area was highest in the scenario with maturity level 2.  250 

 251 

Figure 10 shows the influence of increased xylem area on kr. To increase the xylem area, the 252 

number of the xylem poles was increased as well as the size of each pole. As a general rule, 253 

having more xylem poles increases the simulated kr. However, kr reached a plateau when the 254 

xylem nearly covered the whole stele perimeter (fig. 10A). The relative influence of the 255 

increase of xylem number was the greatest at maturity level 1 compared to other maturity 256 

levels. 257 

 258 

Discussion 259 

Previously, when analysing root anatomical data, scientists had to make compromises. On the 260 

one hand, a complete digitalization of the root anatomical network, which might be needed 261 

for further computational analysis, was possible using semi-automated tools, such as CellSeT 262 

(Pound et al., 2012). However, this procedure is time consuming, especially for large roots. 263 

On the other hand, tissue-scale metrics could be automatically obtained from large datasets 264 

using other tools, such as RootScan (Burton et al., 2012), PHIV-RootCell (Lartaud et al., 265 

2014) or RootAnalyzer (Chopin et al., 2015). Such a high throughput pipeline yields 266 
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quantitative descriptive properties, but does not reach the level of detail required for analysis 267 

of the functional role of root anatomy in functional structural plant models (FSPMs) (Passot 268 

et al., 2018). 269 

 270 

With GRANAR, we aimed to bridge the gap between these two pipelines, so researchers do 271 

not have to make tradeoffs between time consumption and quality of the analysis. Our new 272 

method uses tools that gather anatomical features to create GRANAR input parameters 273 

(examples are given in the Materials and Methods). GRANAR then generates a complete root 274 

anatomical network which can be used for downstream root functional analysis (Fig. 2). 275 

 276 

GRANAR coupling with other tools enables the estimation of functional properties from root 277 

anatomical networks. For instance, combining GRANAR with MECHA (Couvreur et al., 278 

2018) enables the estimation of the kr of a root cross section (fig. 2). Other computational 279 

tools, such as OpenAlea (Pradal et al., 2008), could use the complete cell network anatomy 280 

generated by GRANAR to analyse other functional properties, such as root radial growth. As 281 

such, cell-wall geometrical information can be integrated with mathematics to simulate how 282 

cell tissue behaves with different growth rates, local strain, and elastic deformation of cells 283 

under turgor pressure (Chopard et al., 2007). For Arabidopsis (Arabidopsis thaliana), a single 284 

stereotypical root cross section was modeled by Dyson et al. (2014) to understand how cell 285 

properties and shapes contribute to tissue‐level extensibility and yield. Their study could be 286 

extended to more diverse and larger roots with GRANAR. 287 

 288 

Overall, our simulations showed the cortex width is one of the major predictors of kr. When 289 

the size of the cortex increases, the conductivity decreases, and it is mostly due to an increase 290 

in the length of the apoplastic pathway, as shown in our simulation cases. The larger the 291 

cortex is, the longer the path between the soil surface and the xylem vessels. Even when 292 

apoplastic barriers are fully developed, the cortex thickness still influences the conductivity 293 

greatly (fig. 8). The influence of the cortex width on kr was already found experimentally for 294 

a wide range of species (Rieger and Litvin, 1999). Cortex features have also been found as a 295 

factor of drought tolerance (Chimungu et al., 2014a; Lynch et al., 2014; Chimungu et al., 296 

2014b).  Chimungu et al. (2014b) showed increasing the cortex cell diameter would reduce 297 

metabolic cost of soil exploration and consequently improve drought tolerance. In that regard, 298 

our results showed for the same amount of cell layer, increasing cortex cell size would also 299 
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reduce kr and limit water uptake. Reduced kr would constitute a water saving strategy for the 300 

plant (Lynch et al., 2014). Additionally, Chimungu et al. (2014a) showed a reduction of the 301 

number of cortical layers would also reduce metabolic cost and therefore improve drought 302 

tolerance by enabling deeper rooting depth and increased water uptake. Here, our results 303 

showed a reduction of the number of cortical layers would increase kr and effectively ease 304 

water uptake. Thus, as Lynch (2015) suggested, roots with a small number of cortex layers 305 

and large cortex cells should have a small metabolic cost. However, our results showed this 306 

would have a compensatory effect on kr because few cortical layers and large cortical cells 307 

have an opposite effect (fig. 8c - 8d). We suggest instead a combination of few but large 308 

cortical cell layers should show deep rooting ability thanks to the low metabolic cost and a 309 

small value of kr. 310 

 311 

Our simulations show an increase in the aerenchyma proportion leads to a decrease in root kr. 312 

This has also been shown experimentally in maize (Fan et al., 2007). The reduction of the 313 

number of parallel pathways due to the formation of aerenchyma is likely the cause of the 314 

observed reduction of kr (fig. 7). Lynch and Brown (2008) showed increasing the aerenchyma 315 

reduces the root metabolic cost, which in turn enables deeper rooting depth and improves 316 

drought tolerance. It has to be noted the aerenchyma proportion is an anatomical feature 317 

independent from the many other anatomical traits (Burton et al., 2013c). We acknowledge 318 

we do not know if cell hydraulic properties change with the aerenchyma formation in nature. 319 

This discrepancy may explain why in Fan et al. (2007) the observed kr reduction is stronger 320 

than what we estimated with our simulation. 321 

 322 

Recent studies show a large number of metaxylem vessels with small diameters improves 323 

drought tolerance (de Souza et al., 2013; York et al., 2015). A hypothesis to explain the 324 

drought tolerance mechanism of small xylem diameter is the reduction of cavitation 325 

likelihood (Li et al., 2009). Another hypothesis is the reduction of axial water fluxes (Lewis 326 

and Boose, 1995), which correspond to the water saving strategy (Lynch et al., 2014). In 327 

addition, our results showed an increase of the kr as the number of xylem poles increases. 328 

Moreover, Huang and Nobel (1993) have found a positive correlation between the number of 329 

xylem vessels and the kr in Ferocactus acanthodes and in O. ficus-indica.  Nevertheless, our 330 

simulation also showed the decreasing size of xylem vessels alone would also decrease the kr 331 

(fig. 10), which would lead to a water saving strategy. Another study showed a drought 332 
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tolerant plant (sorghum, Sorghum bicolor) expresses few xylem vessels and large cortex 333 

(Salih et al., 1999). In this case, the two factors would limit kr. 334 

 335 

The stele area, to our knowledge, has not been explored as a drought tolerant factor in the 336 

field. However, Moreno-Ortega’s (2016) experiment on maize lateral roots showed a strong 337 

correlation between stele diameter and the number of xylem poles, which was discussed 338 

above. In our study, we simulated the change of stele diameter without changing the number 339 

of xylem poles, and the stele alone had a strong impact on kr (fig. 9). The increased simulated 340 

kr as the stele area increased was mostly due to the increase of the pathway area.  341 

 342 

The influence of anatomical features changes with the development of apoplastic barriers. As 343 

detailed in the sensitivity analysis for each of the anatomical features, the relative influence of 344 

each feature generally decreases as the number and strength of apoplastic barriers increase. 345 

The reason for this decrease is that the relative influence on water flow of the apoplastic 346 

barriers in comparison to anatomical variation is increasingly strong. This behaviour typically 347 

occurred with the simulation for the cortex features and with the simulation for the xylem. 348 

Rieger and Litvin (1999) justifiably show apoplastic barriers alone do not explain all changes 349 

in kr. However, our simulation shows relative influence of anatomical variation changes as 350 

the apoplastic barriers increase (fig. 7-10). This, to our knowledge, has not been pointed out 351 

in the literature. Further investigation could shed light on experimental data, where such 352 

trends are observed. 353 

 354 

As shown in this manuscript, GRANAR is able to reproduce the general anatomical features 355 

of varied experimental data. However, the anatomies produced by GRANAR remain a 356 

stereotypical representation of root cross sections. Specific features, such as uneven cell 357 

divisions (for instance, due to the formation of a lateral root) in specific locations will not be 358 

represented using GRANAR. As a result, scientists might want to use manual image analysis 359 

tools to capture such specific anatomical features. At this stage, it is also worth noticing 360 

GRANAR does not represent structures formed during secondary growth (secondary xylem 361 

and phloem).  362 

 363 

Another current limitation of GRANAR is its static aspect. The model does not explicitly 364 

simulate the growth and development of the different cell layers. The root anatomy is the 365 
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result of a generative algorithm and is fixed in time. One possible improvement to GRANAR 366 

would be to include a developmental module within the model, similar to the current root 367 

architectural models (Postma et al., 2017; Barczi et al., 2018; Schnepf et al., 2018). This 368 

would allow the model to create root anatomies for different root ages in one simulation, 369 

enabling the estimation of the evolution of the root conductivity with the root maturation. The 370 

downside would be that such a model would be more difficult to parametrize, making it more 371 

difficult to link to experimental datasets.  372 

 373 

A third limitation of our current pipeline is the lack of information regarding some of the cell 374 

layers. Although tools such as RootScan (Burton et al., 2012) or PHIV-RootCell (Lartaud et 375 

al., 2014) can automatically extract some of the needed variables, they do not extract all of 376 

them. For instance, some assumptions were made in our research regarding the cell size in the 377 

epidermis, endodermis, pericycle, stele and exodermis (see Material and Methods for details). 378 

It would therefore be useful to have a concerted development for both the model and the 379 

image analysis tools to create a fully integrated pipeline. 380 

 381 

Finally, most of the data presented here were obtained on maize. This choice was a practical 382 

one, as maize was the only plant for which we could find sufficiently large and detailed 383 

datasets. In the future, additional validation of GRANAR should be performed for other 384 

species. The data on the 19 different perennial grass species from Wahl and Ryser (2000) 385 

shows the way towards the global validation of GRANAR for monocotyledons. This would 386 

be facilitated if experimental data (in this case the images) were more widely shared within 387 

the community (e.g. on figshare or Zenodo). 388 

  389 
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Conclusions 390 

GRANAR is a new open-source computational tool that is able to generate a range of root 391 

anatomies for both monocots and dicots (http://granar.github.io). The input of the models can 392 

be rapidly acquired using existing image analysis tools. As output, GRANAR produces an 393 

explicit representation of the root anatomy as a network of connected cells. These networks 394 

can serve as input for other models, such as MECHA, and be used to estimate functional 395 

properties (here radial hydraulic conductivities) of specific anatomies.  396 

 397 

In this manuscript, we validated GRANAR by re-analysing large published datasets of maize 398 

root anatomies. GRANAR was able to represent the large range of experimental root 399 

anatomies. In addition, by coupling GRANAR with MECHA, we were able to estimate the 400 

hydraulic properties of the different anatomies in the dataset. This analysis highlighted the 401 

importance of cortex width and stele area as major factors influencing the root radial 402 

conductivity.  403 

 404 

We also used GRANAR-MECHA to further explore the theoretical link between anatomy 405 

and radial conductivity. By creating 1000’s of theoretical anatomies, we were able to assess 406 

the functional importance of individual anatomical properties such as the number of xylem 407 

vessels, the proportion of aerenchyma or the size of the stele. The analysis highlighted most 408 

anatomical variables have an influence on the hydraulic properties of the root. Their relative 409 

importance varied and functioned at the level of apoplastic barrier development. As a general 410 

rule, the influence of anatomical feature was smaller when apoplastic barriers (in the 411 

endodermis and exodermis) were present.  412 

 413 

In conclusion, we presented GRANAR, a new computational pipeline for the functional 414 

characterization of root anatomy.   415 
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Material and methods 416 

Description of the GRANAR model 417 

GRANAR was developed in R and is available as an R package [10.5281/zenodo.3068505]. 418 

 419 

To create a network anatomy of a root cross section, the GRANAR model is based on the 420 

placement of the cell layers around the center of the root. The model first places the 421 

innermost cell layer (the stele), then progressively builds the root toward the outermost layer 422 

(the epidermis). Coordinates of the cell center for each tissue type are established as a 423 

function of the diameter of the cells that compose the tissue. The cell type diameter is defined 424 

by the cell_diameter parameter for each cell type. The parameter n_layers defines the number 425 

of cell layers for each tissue type independently (Table 1). The only exception is for the stele, 426 

where the number of cell layers is calculated by dividing the diameter of the stele 427 

(layer_diameter) by the stele cell diameter. To create a unique network for every run of 428 

GRANAR, a random factor (randomness) add a slight variation to the coordinate of stele and 429 

cortex cell centers.  430 

 431 

Specific vascular tissue patterns are created depending on whether the user chooses to 432 

simulate monocot or dicot anatomy. For monocot, the xylem poles of a defined radius 433 

(max_size) are placed at the periphery of the stele. For dicots, the vascular blades are placed 434 

on defined radius from the center to the last layer of the stele. The size of the largest xylem 435 

element in the centrum is determined by the max_size parameter. The other xylem elements 436 

along the vascular blade have a decreasing size which is proportional to the distance from the 437 

center until it reaches the minimum size of a stele cell diameter (fig. 11).  438 

 439 

Once all cell centers are placed, the model creates the cell boundaries (cell walls). A voronoi 440 

tessellation of the cell centrums (using the deldir package (Turner and Turner, 2019)) creates 441 

the cell walls at mid distance between every cell center previously set. The epidermis cells do 442 

not have any neighbour cells on the outer part; however, an outside layer similar to the 443 

epidermis is created for the sake of the voronoi tessellation, then removed once it is done. 444 
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Once the tessellation is done, the area of the different cells is then computed by the polygon 445 

function of the “sp” package.  446 

Description of the GRANAR package 447 

The GRANAR model is available as an R package. The package contains the following functions:  448 

- read_param_xml (path = “name_of_the_parameter_file.xml” ) 449 

Loads the parameter files that are under XML format and produces a data frame object with the 450 

information needed to generate a root cross section with the function create_anatomy. 451 

- create_anatomy (parameter = parameter_for_granar, path = 452 

“name_of_the_parameter_file.xml”) 453 

Generates a root cross section with a data frame containing the needed parameter or calls the 454 

read_param_xml function to load a parameter file under XML format directly. The object 455 

returned by the function is a list containing four data frames: 456 

- A nodes data frame with the coordinates of all points of all the cells, their identity, and 457 

the information needed to create the cell polygons. 458 

- A walls data frame with the condensed information of all cell walls 459 

- A cells data frame with the detailed information about the cells:  area, distance from the 460 

center, and their angle in the cross section. 461 

- An output data frame with details information for each tissue.  462 

- get_root_section (path = “name_of_the_root_cross_section.xml”) 463 

Imports the geometry information (the nodes data frame) about root cross section from the file 464 

generated with GRANAR or CellSeT. 465 

- plot_anatomy (sim = Simulation, col = “type”) 466 

Makes a figure which represents the given geometrical data. 467 

Accepted arguments for the col (color) parameter are 'type', 'area', 'dist', 'id_cell' and 'angle'. 468 

Default = 'type'  469 

- write_anatomy_xml (sim = Simulation, path = “name_of_the_simulation.xml”)  470 

Saves the geometry information generated with GRANAR in an XML file (the same output 471 

format as CellSeT). 472 

It can be installed very easily on R thanks to the “devtools” package (Wickham and Chang, 2019) with 473 

the function: install_github("granar/granar"). The “granar” package relies on few dependencies. These 474 

dependencies are: the “deldir” package (Turner and Turner, 2019), the “alphahull” package (Rodríguez 475 
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Casal and Pateiro-López, 2010), and the “retistruct” package (Sterratt et al., 2013). They should be 476 

installed (e.g. install.packages(deldir)) before loading the “granar” package. 477 

Description of the MECHA - GRANAR connection 478 

MECHA reads XML-formatted CellSeT data to load the geometry information it needs to 479 

compute the radial conductivity. GRANAR was built to generate outputs in the same format 480 

as CellSeT. Therefore the coupling of those tools is easily made and examples can be found 481 

at this address: https://github.com/granar/granar_examples [10.5281/zenodo.3068671]. The 482 

coupling is done by file exchange.  483 

Description of the experimental data used for the validation of 484 

maize (Zea mays) root anatomies 485 

The Burton et al. (2013a) and Chimungu et al. (2014b) data sets were produced using 486 

RootScan software. RootScan produces a range of root anatomical features, most of which 487 

are identical as the input parameter for GRANAR. Nonetheless, a few transformations were 488 

needed to pass from RootScan output to GRANAR input. They are summarised below in 489 

Table 4. In addition, some anatomical features were not calculated by RootScan. For instance 490 

stele and pericycle cells were assumed to have a diameter of 0.011 mm. The stele cell 491 

diameter assumption was made by pooling known data (Steudle et al., 1993; Gao et al., 2015; 492 

Couvreur et al., 2018). The endodermis and the exodermis were also assumed to have the 493 

same diameter as cortex cells, and epidermis cells were assumed to have a third of the cortex 494 

cell diameter because RootScan does not distinguish differences between those cell types. 495 

Additionally, epidermis cells were not accounted for in the number of cortex layer in 496 

RootScan. In that regard only two cell layers were removed to the cortex layer count of 497 

RootScan data in the transformation procedure (Table 4). One last assumption was made 498 

concerning the number of xylem poles. Thanks to Moreno-Ortega (2016) data (Fig. IV-14), 499 

which show a linear regression between the stele diameter and the number of xylem poles, 500 

the number of xylem poles were estimated based on the stele diameter.  501 

 502 

The Burton et al., (2013a) data-set used in this study included the anatomical features of 195 503 

landraces emphasizing accessions from stressful soil environments. The data are available in 504 
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their Supplemental Tables S1 and S2. The Chimungu et al. (2014b) data-set used in this study 505 

was imported from their Supplemental Tables S3 and S4, which were lists of genotype 506 

anatomical features selected from the IBM (Intermated B73 x Mo17) population and from the 507 

Malawi maize breeding program.  508 

 509 

The extraction of the anatomical features from the Gao et al. (2015) data-set was conducted 510 

with ImageJ software. The anatomical features gathered were exactly the same as the input 511 

parameters of GRANAR except for units. The anatomical features data used in our study can 512 

be found in their Table 1. The aerenchyma features of Gao et al. (2015) were found in their 513 

Figure 8. The Gao et al. (2015) data-set includes the anatomical features of three root types of 514 

maize cv. Zhengdan958  exposed to a low nitrogen treatment. 515 

 516 

To create the three replicates of each data point, three runs of GRANAR were made and 517 

saved separately for each data point (Supplemental Dataset S1). 518 

Description of MECHA hydraulic parameters 519 

The simulation framework MECHA (Couvreur et al. 2018) estimates kr from the root 520 

transverse anatomy generated with GRANAR or CellSeT (Pound et al., 2012), and from the 521 

sub-cellular scale hydraulic properties of walls, membranes, and plasmodesmata. Cell wall 522 

hydraulic conductivity was set to 2.8 10-9 m2s-1MPa-1, as measured by Zhu and Steudle (1991) 523 

in maize. Lignified and suberized wall segments in the endodermis and exodermis (Fig. 6) 524 

were considered hydrophobic and attributed null hydraulic conductivities. The protoplast 525 

permeability (Lpc, 7.7 10-7 m s-1MPa-1) measured by Ehlert et al. (2009) was partitioned into 526 

its three components: the plasma membrane intrinsic hydraulic conductivity (km), the 527 

contribution of aquaporins to the plasma membrane hydraulic conductivity (kAQP) and the 528 

conductance of plasmodesmata per unit membrane surface (kPD). The latter parameter was 529 

estimated as 2.4 10-7 m s-1MPa-1 (Couvreur et al. 2018), based on plasmodesmata frequency 530 

data from Ma and Peterson (2001) and the plasmodesmata conductance estimated by Bret-531 

Harte and Silk (1994). By blocking aquaporins with an acid-load treatment, Ehlert et al. 532 

(2009) measured a kAQP of 5.0 10-7 m s-1MPa-1. The remaining value of km after subtraction of 533 

kAQP and kPD from Lpc was 0.3 10-7 m s-1MPa-1. Each value of km, kAQP, kPD, and Lpc was set 534 

uniform across tissue types. For details on the computation of kr, see Couvreur et al. (2018).  535 
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Data analysis 536 

All statistical analyses were made using R. No distinction between the three data-sets was 537 

made to compute R squared, correlation and p values in the validation experiment. All 538 

ANOVAs were performed using the aov function from ‘stat’ package. Correlation analysis 539 

was performed using the ‘ggpairs’ function from ‘GGally’ package. 540 

Model and data availability 541 

GRANAR was developed as an open-source project under a GNU General Public Licence 542 

v3.0. Different sets of code and data were produced for this research: 543 

- Web application: https://plantmodelling.shinyapps.io/granar/  544 

- R package: https://github.com/granar/granar [10.5281/zenodo.3068505] 545 

- R Markdown example: https://github.com/granar/granar_examples 546 

[10.5281/zenodo.3068671] 547 

- Script and data: https://github.com/granar/PlantPhys2019 [10.5281/zenodo.3471485] 548 

Supplemental Data 549 

Supplemental  Figure S1: Quantile-Quantile (QQ) plot based on the residuals of the model 550 

summarised in equation 1. 551 

Supplemental  Dataset S1: Spreadsheet containing the anatomical features and radial conductivity 552 

of all simulations. 553 
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Tables 557 

Table 1: List of parameters used by the model to generate root cross sections. 558 

 559 
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Tissues   Parameter 

Stelar parenchyma  Cell diameter Diameter of the stele tissue not including the pericycle 

Pericycle Cell diameter Number of layers  

Endodermis Cell diameter Number of layers  

Cortex Cell diameter Number of layers  

Exodermis Cell diameter Number of layers  

Epidermis Cell diameter Number of layers  

Xylem Max cell diameter Number of xylem poles Ratio (# protoxylem vs # 

metaxylem) 

Aerenchyma Proportion Number of radial cavities  

 560 

 561 

 562 

 563 

  564 
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Table 2: Summary of the ANOVA for the effect of the xylem and the total cortical area 565 

combined with the aerenchyma proportion on the kr when the only apoplastic barrier is an 566 

endodermal Casparian strip.   567 

 Sum of Squares F values P-value 

Xylem area 1.069E-14 157 <.0001 

Total cortical area 2.452E-13 3599.9 <.0001 

Aerenchyma proportion 4.09E-14 600.5 <.0001 

Xylem area*aerenchyma 

proportion 

6.54E-15 96.1 <.0001 

Residuals 7.00E-17   

 568 

 569 

 570 

  571 

 www.plantphysiol.orgon November 20, 2019 - Published by Downloaded from 
Copyright © 2019 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


 

Heymans et al. 2019 - GRANAR - A Generator of Root ANAtomy in R 

 

 

 

22 

Table 3: Summary of the ANOVA for the effect of one-by-one anatomical feature on the 572 

simulated kr assuming an endodermal casparian strip as the only apoplastic barrier. Each line 573 

shows results from a single one-way ANOVA. corr = correlation coefficient of Pearson. R² = 574 

R squared value 575 

 Radial conductivity 

  corr R² F P value 

Total cross section area -0.624 0.389 448.4 <.0001 

Stele area -0.222 0.049 36.64 <.0001 

Total cortex area -0.715 0.511 736.5 <.0001 

Living cortex area -0.638 0.407 483.1 <.0001 

Number of xylem poles -0.252 0.063 47.54 <.0001 

Xylem area -0.175 0.03 26.61 <.0001 

Cortex cell number 0.037 0.001 0.962 0.327 

aerenchyma area -0.632 0.4 468.4 <.0001 

proportion of aerenchyma -0.505 0.255 241.3 <.0001 

cortex width -0.841 0.708 1704 <.0001 

Ratio stele:cross section  0.792 0.627 1181 <.0001 

 576 

 577 

 578 

  579 
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Table 4: Overview of the methodology to transform RootScan data into GRANAR 580 

parameters.  581 

 582 

GRANAR input Transformation RootScan output 

Stele cell diameter (mm) 

Pericle cell diameter (mm) 
=  0.011  

Stele diameter (mm) 

= 2 ∗ √
𝐴𝑟𝑒𝑎𝑠𝑡𝑒𝑙𝑒

𝜋
− 2 ∗ 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝑠𝑡𝑒𝑙𝑒 𝑐𝑒𝑙𝑙  

Stele area (mm²) 

Number of metaxylem 

element (-) = 33 ∗ √
𝐴𝑟𝑒𝑎𝑠𝑡𝑒𝑙𝑒

𝜋
 

Stele area (mm²) 

Xylem diameter (mm) 

=  2 ∗ √
𝐴𝑟𝑒𝑎𝑥𝑦𝑙𝑒𝑚

𝑁𝑢𝑚𝑏𝑒𝑟𝑥𝑦𝑙𝑒𝑚  ∗  𝜋
 

Xylem area 

(mm²) 

Number of cortex layer (-) =  𝑁𝑢𝑚𝑏𝑒𝑟𝑐𝑜𝑟𝑡𝑒𝑥 𝑙𝑎𝑦𝑒𝑟  − 2 Number of cortex 

layer 

Cortex cell diameter (mm) 

Endodermis cell diameter 

Exodermis cell diameter = [√
𝐴𝑟𝑒𝑎𝑡𝑜𝑡𝑎𝑙

𝜋
− √

𝐴𝑟𝑒𝑎𝑠𝑡𝑒𝑙𝑒

𝜋
]

/𝑁𝑢𝑚𝑏𝑒𝑟𝑐𝑜𝑟𝑡𝑒𝑥 𝑙𝑎𝑦𝑒𝑟 

Cross section area 

(mm²) 

Epidermis cell diameter (mm) = 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝑐𝑜𝑟𝑡𝑒𝑥 𝑐𝑒𝑙𝑙  

Aerenchyma proportion (%)  Aerenchyma 

proportion (%) 

  583 
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Figure legends 584 

Figure 1: Visual comparison between root cross section images of different plants and 585 

their simulation with GRANAR. (a) Rice (Oryza sativa) adventitious root grown 586 

hydroponically. Collected 10 cm above the root tip. (b) Wheat (Triticum aestivum) cv. 587 

Savannah mature adventitious root grown in soil. Collected 5 cm from stem. (c) Arabidopsis 588 

thaliana primary root grown on an agar plate. Collected 5 cm from the root tip. Initial image 589 

cross section comes from Atkinson and Wells (2017), figure 4. (d) Maize (Zea mays. B73 590 

line) crown root grown aeroponically. Collected 5 cm from the root tip. Initial image cross 591 

section comes from Hachez et al. (2006). (e) Mature Ranunculus root (Fayette and Reynolds, 592 

2014). The model parameters used for the simulations were gathered with ImageJ and are 593 

available at https://github.com/granar/granar_examples. The area information below each 594 

image corresponds to the total area of the cross sections.  595 

 596 

Figure 2: Comparison of GRANAR- and CellSeT-based methods used to estimate 597 

single-root scale hydraulic properties. 598 

The input parameters of GRANAR in the figure were gathered with ImageJ. The radial 599 

hydraulic conductivity (kr) values were calculated using the MECHA model assuming an 600 

endodermal Casparian strip as the only apoplastic barrier and uniform cell-scale hydraulic 601 

properties. The time (indicated as either person or computational using associated graphics) 602 

required for each procedure is detailed next to each arrow. 603 

 604 

Figure 3: Comparison between simulated and experimental anatomies for four 605 

anatomical features. A: Total cross section area. B: Cortical area. C: Xylem area. D: 606 

Aerenchyma area. The different colors and shapes represent the different datasets. RE = 607 

relative error; R²: R-squared, P: p-value for the F test. E: Illustration depicting one initial 608 

image (Chimungu et al. 2014) and the generated anatomy side-by-side. Bar = 100µm 609 

 610 

Figure 4: Relationship between simulated kr and anatomical features for each dataset. 611 

Scenario with endodermal Casparian strip. Symbol shape corresponds to data set. (A) Effect 612 

of the cortex width on the simulated kr. Colors represent the xylem area. (B) Effect of the 613 

ratio between the stele area and the total cross section area. Colors represent the xylem area. 614 

(C) Effect of aerenchyma presence on the simulated kr. Colors represent the cortex width. 615 
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 616 

Figure 5: Comparison between simulated and measured kr values in maize. 617 

 618 

Figure 6: Estimated evolution of the kr in main axes of the maize root system derived 619 

from Doussan et al. (1998). Top, kr as a function of distance from the maize root tip. 620 

Bottom, the illustrations depict our assumption of the evolution of main apoplastic barriers 621 

based on Enstone and Peterson (2005). The different lines represent different level of 622 

apoplastic barriers. 1: Endodermal Casparian strip (dashed blue); 2: Endodermal suberization 623 

(red); 3: Endodermis full suberization and exodermal Casparian strip (dashed green). 624 

 625 

Figure 7: Influence of the proportion of aerenchyma on the relative kr for simulated 626 

monocot anatomies. The colors represent different levels of hydrophobic barrier 627 

development. 1: Endodermal Casparian strip (blue); 2: Endodermal suberization (red); 3: 628 

Endodermis full suberization and exodermal Casparian strip (green). The cross sections at the 629 

bottom of the figure show, from left to right, examples of roots with 0%, 25% and 50% of 630 

aerenchyma. 631 

 632 

Figure 8: Influence of cortex anatomy (number of cortex layers and cell size) on kr for 633 

simulated monocot anatomies. (A) Overview of kr values across the parametric space where 634 

endodermal Casparian strip is the only apoplastic barrier. The colored dashed lines represent 635 

the cortex width isoline (mm), and the dotted lines are a visual representation of the fixed 636 

parameters for the two subplots (C-D). (B) Evolution of the relative kr as the cortex width 637 

increases. (C) Evolution of the relative kr as the cortex cell diameter increases for the number 638 

of cortex layers fixed to six. (D) Evolution of the relative kr as the number of cortex layers 639 

increases for a cortex cell diameter set to 0.03 mm. (B-C-D) The colors represent different 640 

levels of hydrophobic barrier development. 1: Endodermal Casparian strip (blue); 2: 641 

Endodermal suberization (red); 3: Endodermis full suberization and exodermal Casparian 642 

strip (green). 643 

 644 

Figure 9: Influence of stele area on the relative kr for simulated monocot anatomies. The 645 

colors represent different levels of hydrophobic barrier development. 1: Endodermal 646 

Casparian strip (blue); 2: Endodermal suberization (red); 3: Endodermis suberization and 647 
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exodermal Casparian strip (green). The cross sections at the bottom of the figure show, from 648 

left to right, examples of roots with 0.3, 0.4 and 0.5 mm stele diameter. 649 

 650 

 Figure 10: Influence of xylem features on the kr for simulated monocot anatomies. (A) 651 

Influence of the number of xylem poles on the simulated relative kr. The colors represent 652 

different levels of hydrophobic barrier development. 1: Endodermal Casparian strip (blue); 2: 653 

Endodermal suberization (red); 3: Endodermis full suberization and exodermal Casparian 654 

strip (green). (B) Influence of the xylem area on the simulated kr. The simulated kr was 655 

calculated using an endodermal Casparian strip as the only apoplastic barrier. 656 

 657 

 Figure 11: Overview of the methodology to create the vascular elements. (a) 658 

Monocotyledon stele cross section. (b) Dicotyledon stele cross section. In both (a) and (b), 659 

the stele cells inside the xylem border (dark blue) are removed to create xylem cells, 660 

indicated by light blue arrows. The different parameters used to build the root cross section 661 

simulation are described in light blue shaded boxes and indicated by double-headed red 662 

arrows.  663 

 664 

 665 

 666 

 667 

 668 
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 671 

 672 

 673 

 674 

 675 

 www.plantphysiol.orgon November 20, 2019 - Published by Downloaded from 
Copyright © 2019 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


 

Heymans et al. 2019 - GRANAR - A Generator of Root ANAtomy in R 

 

 

 

27 

References 676 

Atkinson JA, Wells DM (2017) An Updated Protocol for High Throughput Plant Tissue Sectioning. 677 

Front Plant Sci 8: 1721 678 

Barczi J-F, Rey H, Griffon S, Jourdan C (2018) DigR: a generic model and its open source simulation 679 

software to mimic three-dimensional root-system architecture diversity. Ann Bot. doi: 680 

10.1093/aob/mcy018 681 

Bomfim NN, Graciano-Ribeiro D, Nassar NMA (2011) Genetic diversity of root anatomy in wild and 682 

cultivated Manihot species. Genet Mol Res 10: 544–551 683 

Bret-Harte MS, Silk WK (1994) Nonvascular, Symplasmic Diffusion of Sucrose Cannot Satisfy the 684 

Carbon Demands of Growth in the Primary Root Tip of Zea mays L. Plant Physiol 105: 19–33 685 

Burton AL, Brown KM, Lynch JP (2013a) Phenotypic Diversity of Root Anatomical and Architectural 686 

Traits in Zea Species. Crop Sci 53: 1042–1055 687 

Burton AL, Brown KM, Lynch JP (2013b) Phenotypic Diversity of Root Anatomical and Architectural 688 

Traits in Zea Species. Crop Sci 53: 1042–1055 689 

Burton AL, Lynch JP, Brown KM (2013c) Spatial distribution and phenotypic variation in root cortical 690 

aerenchyma of maize (Zea mays L.). Plant Soil 367: 263–274 691 

Burton AL, Williams M, Lynch JP, Brown KM (2012) RootScan: Software for high-throughput 692 

analysis of root anatomical traits. Plant Soil 357: 189–203 693 

Chimungu JG, Brown KM, Lynch JP (2014a) Reduced root cortical cell file number improves drought 694 

tolerance in maize. Plant Physiol 166: 1943–1955 695 

Chimungu JG, Brown KM, Lynch JP (2014b) Large root cortical cell size improves drought tolerance 696 

in maize. Plant Physiol 166: 2166–2178 697 

Chopard J, Godin C, Traas J (2007) Towards a formal expression of morphogenesis: a mechanics 698 

based integration of cell growth at tissue scale. Proceedings of the 7th International Workshop on 699 

Information Processing in Cells and Tissues. librix. eu, pp 387–399 700 

Chopin J, Laga H, Huang CY, Heuer S, Miklavcic SJ (2015) RootAnalyzer: A Cross-Section Image 701 

Analysis Tool for Automated Characterization of Root Cells and Tissues. PLoS One 10: e0137655 702 

Couvreur V, Faget M, Lobet G, Javaux M, Chaumont F, Draye X (2018) Going with the Flow: 703 

Multiscale Insights into the Composite Nature of Water Transport in Roots. Plant Physiol 178: 704 

1689–1703 705 

Doussan C, Vercambre G, Pagès L (1998) Modelling of the Hydraulic Architecture of Root Systems: 706 

An Integrated Approach to Water Absorption–Distribution of Axial and Radial Conductances in 707 

Maize. Ann Bot 81: 225–232 708 

Dyson RJ, Vizcay-Barrena G, Band LR, Fernandes AN, French AP, Fozard JA, Hodgman TC, 709 

 www.plantphysiol.orgon November 20, 2019 - Published by Downloaded from 
Copyright © 2019 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


 

Heymans et al. 2019 - GRANAR - A Generator of Root ANAtomy in R 

 

 

 

28 

Kenobi K, Pridmore TP, Stout M, et al (2014) Mechanical modelling quantifies the functional 710 

importance of outer tissue layers during root elongation and bending. New Phytol 202: 1212–1222 711 

Ehlert C, Maurel C, Tardieu F, Simonneau T (2009) Aquaporin-mediated reduction in maize root 712 

hydraulic conductivity impacts cell turgor and leaf elongation even without changing transpiration. 713 

Plant Physiol 150: 1093–1104 714 

Emerson JW, Green WA, Schloerke B, Crowley J, Cook D, Hofmann H, Wickham H (2013) The 715 

Generalized Pairs Plot. J Comput Graph Stat 22: 79–91 716 

Enstone DE, Peterson CA (2005) Suberin lamella development in maize seedling roots grown in aerated 717 

and stagnant conditions. Plant, Cell and Environment 28: 444–455 718 

Enstone DE, Peterson CA, Ma F (2003) Root Endodermis and Exodermis: Structure, Function, and 719 

Responses to the Environment. J Plant Growth Regul 21: 335–351 720 

Fan M, Bai R, Zhao X, Zhang J (2007) Aerenchyma Formed Under Phosphorus Deficiency Contributes 721 

to the Reduced Root Hydraulic Conductivity in Maize Roots. J Integr Plant Biol 49: 598–604 722 

Fayette A, Reynolds MS Herbaceous Dicot Root: Mature Ranunculus. Flickr, 723 

https://www.flickr.com/photos/146824358@N03/35613585260/in/album-72157682034849461/ 724 

Frensch J, Steudle E (1989) Axial and Radial Hydraulic Resistance to Roots of Maize (Zea mays L.). 725 

Plant Physiol 91: 719–726 726 

Gao K, Chen F, Yuan L, Zhang F, Mi G (2015) A comprehensive analysis of root morphological 727 

changes and nitrogen allocation in maize in response to low nitrogen stress. Plant Cell Environ 38: 728 

740–750 729 

Hachez C, Moshelion M, Zelazny E, Cavez D, Chaumont F (2006) Localization and Quantification of 730 

Plasma Membrane Aquaporin Expression in Maize Primary Root: A Clue to Understanding their 731 

Role as Cellular Plumbers. Plant Molecular Biology 62: 305–323 732 

Hachez C, Veselov D, Ye Q, Reinhardt H, Knipfer T, Fricke W, Chaumont F (2012) Short-term 733 

control of maize cell and root water permeability through plasma membrane aquaporin isoforms. 734 

Plant Cell Environ 35: 185–198 735 

Hose E, Steudle E, Hartung W (2000) Abscisic acid and hydraulic conductivity of maize roots: a study 736 

using cell- and root-pressure probes. Planta 211: 874–882 737 

Huang B, Nobel PS (1993) Hydraulic conductivity and anatomy along lateral roots of cacti: changes with 738 

soil water status. New Phytol 123: 499–507 739 

Lartaud M, Perin C, Courtois B, Thomas E, Henry S, Bettembourg M, Divol F, Lanau N, Artus F, 740 

Bureau C, et al (2014) PHIV-RootCell: a supervised image analysis tool for rice root anatomical 741 

parameter quantification. Front Plant Sci 5: 790 742 

Lewis AM, Boose ER (1995) Estimating volume flow rates through xylem conduits. Am J Bot 82: 1112–743 

1116 744 

Li Y, Sperry JS, Shao M (2009) Hydraulic conductance and vulnerability to cavitation in corn (Zea 745 

 www.plantphysiol.orgon November 20, 2019 - Published by Downloaded from 
Copyright © 2019 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


 

Heymans et al. 2019 - GRANAR - A Generator of Root ANAtomy in R 

 

 

 

29 

mays L.) hybrids of differing drought resistance. Environ Exp Bot 66: 341–346 746 

Lobet G, Pagès L, Draye X (2014) A modeling approach to determine the importance of dynamic 747 

regulation of plant hydraulic conductivities on the water uptake dynamics in the soil-plant-748 

atmosphere system. Ecol Modell 290: 65–75 749 

Lynch JP (2015) Root phenes that reduce the metabolic costs of soil exploration: opportunities for 21st 750 

century agriculture. Plant Cell Environ 38: 1775–1784 751 

Lynch JP, Brown KM (2008) Root strategies for phosphorus acquisition. In PJ White, JP Hammond, 752 

eds, The Ecophysiology of Plant-Phosphorus Interactions. Springer Netherlands, Dordrecht, pp 83–753 

116 754 

Lynch JP, Chimungu JG, Brown KM (2014) Root anatomical phenes associated with water acquisition 755 

from drying soil: targets for crop improvement. J Exp Bot 65: 6155–6166 756 

Ma F, Peterson CA (2001) Frequencies of plasmodesmata in Allium cepa L. roots: implications for 757 

solute transport pathways. J Exp Bot 52: 1051–1061 758 

Ma Z, Guo D, Xu X, Lu M, Bardgett RD, Eissenstat DM, McCormack ML, Hedin LO (2018) 759 

Evolutionary history resolves global organization of root functional traits. Nature 555: 94–97 760 

McDonald MP, Galwey NW, Colmer TD (2002) Similarity and diversity in adventitious root anatomy 761 

as related to root aeration among a range of wetland and dryland grass species. Plant Cell Environ 762 

25: 441–451 763 

Meunier F, Draye X, Vanderborght J, Javaux M, Couvreur V (2017) A hybrid analytical-numerical 764 

method for solving water flow equations in root hydraulic architectures. Appl Math Model 52: 648–765 

663 766 

Miller DM (1985) Studies of Root Function in Zea mays: IV. Effects of Applied Pressure on the 767 

Hydraulic Conductivity and Volume Flow through the Excised Root. PLANT PHYSIOLOGY 77: 768 

168–174 769 

Moreno-Ortega B (2016) Developmental instability in lateral roots of maize: a multi-scale analysis. 770 

Montpellier SupAgro 771 

Passot S, Couvreur V, Meunier F, Draye X, Javaux M, Leitner D, Pagès L, Schnepf A, 772 

Vanderborght J, Lobet G (2018) Connecting the dots between computational tools to analyse soil-773 

root water relations. J Exp Bot. doi: 10.1093/jxb/ery361 774 

Postma JA, Kuppe C, Owen MR, Mellor N, Griffiths M, Bennett MJ, Lynch JP, Watt M (2017) 775 

OpenSimRoot: widening the scope and application of root architectural models. New Phytol. doi: 776 

10.1111/nph.14641 777 

Pound MP, French AP, Wells DM, Bennett MJ, Pridmore TP (2012) CellSeT: novel software to 778 

extract and analyze structured networks of plant cells from confocal images. Plant Cell 24: 1353–779 

1361 780 

Pradal C, Dufour-Kowalski S, Boudon F, Fournier C, Godin C (2008) OpenAlea: a visual 781 

programming and component-based software platform for plant modelling. Funct Plant Biol 35: 782 

 www.plantphysiol.orgon November 20, 2019 - Published by Downloaded from 
Copyright © 2019 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


 

Heymans et al. 2019 - GRANAR - A Generator of Root ANAtomy in R 

 

 

 

30 

751–760 783 

Rieger M, Litvin P (1999) Root system hydraulic conductivity in species with contrasting root anatomy. 784 

J Exp Bot 50: 201–209 785 

Rodríguez Casal A, Pateiro-López B (2010) Generalizing the convex hull of a sample: the R package 786 

alphahull. 787 

Salih AA, Ali IA, Lux A, Luxová M, Cohen Y, Sugimoto Y, Inanaga S (1999) Rooting, Water Uptake, 788 

and Xylem Structure Adaptation to Drought of Two Sorghum Cultivars. Crop Sci 39: 168–173 789 

Schambil F, Woermann D (1989) Radial transport of water across cortical sleeves of excised roots of 790 

Zea mays L. Planta 178: 488–494 791 

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to ImageJ: 25 years of image analysis. 792 

Nat Methods 9: 671–675 793 

Schneider HM, Wojciechowski T, Postma JA, Brown KM, Lücke A, Zeisler V, Schreiber L, Lynch 794 

JP (2017) Root cortical senescence decreases root respiration, nutrient content, and radial water and 795 

nutrient transport in barley. Plant Cell Environ. doi: 10.1111/pce.12933 796 

Schnepf A, Leitner D, Landl M, Lobet G, Mai TH, Morandage S, Sheng C, Zörner M, 797 

Vanderborght J, Vereecken H (2018) CRootBox: a structural-functional modelling framework for 798 

root systems. Ann Bot 121: 1033–1053 799 

Schreiber L, Franke R, Hartmann K-D, Ranathunge K, Steudle E (2005) The chemical composition 800 

of suberin in apoplastic barriers affects radial hydraulic conductivity differently in the roots of rice 801 

(Oryza sativa L. cv. IR64) and corn (Zea mays L. cv. Helix). J Exp Bot 56: 1427–1436 802 

Shone MGT, Clarkson DT (1988) Rectification of radial water flow in the hypodermis of nodal roots of 803 

Zea mays. Plant and Soil 111: 223–229 804 

de Souza TC, de Castro EM, César Magalhães P, De Oliveira Lino L, Trindade Alves E, de 805 

Albuquerque PEP (2013) Morphophysiology, morphoanatomy, and grain yield under field 806 

conditions for two maize hybrids with contrasting response to drought stress. Acta Physiol Plant 35: 807 

3201–3211 808 

Sterratt DC, Lyngholm D, Willshaw DJ, Thompson ID (2013) Standard anatomical and visual space 809 

for the mouse retina: computational reconstruction and transformation of flattened retinae with the 810 

Retistruct package. PLoS Comput Biol 9: e1002921 811 

Steudle E, Murrmann M, Peterson CA (1993) Transport of Water and Solutes across Maize Roots 812 

Modified by Puncturing the Endodermis (Further Evidence for the Composite Transport Model of 813 

the Root). Plant Physiol 103: 335–349 814 

Steudle E, Oren R, Schulze ED (1987) Water transport in maize roots : measurement of hydraulic 815 

conductivity, solute permeability, and of reflection coefficients of excised roots using the root 816 

pressure probe. Plant Physiol 84: 1220–1232 817 

Tai H, Lu X, Opitz N, Marcon C, Paschold A, Lithio A, Nettleton D, Hochholdinger F (2016) 818 

Transcriptomic and anatomical complexity of primary, seminal, and crown roots highlight root type-819 

 www.plantphysiol.orgon November 20, 2019 - Published by Downloaded from 
Copyright © 2019 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


 

Heymans et al. 2019 - GRANAR - A Generator of Root ANAtomy in R 

 

 

 

31 

specific functional diversity in maize (Zea mays L.). J Exp Bot 67: 1123–1135 820 

Tardieu F, Simonneau T, Muller B (2018) The Physiological Basis of Drought Tolerance in Crop 821 

Plants: A Scenario-Dependent Probabilistic Approach. Annu Rev Plant Biol 69: 733–759 822 

Turner R, Turner MR (2019) Package “deldir.” 823 

Vejchasarn P, Lynch JP, Brown KM (2016) Genetic Variability in Phosphorus Responses of Rice Root 824 

Phenotypes. Rice 9: 29 825 

Vetterlein D, Doussan C (2016) Root age distribution: how does it matter in plant processes? A focus on 826 

water uptake. Plant Soil 407: 145–160 827 

Wahl S, Ryser P (2000) Root Tissue Structure Is Linked to Ecological Strategies of Grasses: Research 828 

Interspecific Variation in Root Tissue Structure. The New Phytologist 148: 459–71. 829 

Wickham H, Chang W (2019) devtools: Tools to Make Developing R Packages Easier; 2016. URL 830 

https://CRAN R-project org/package= devtools R package version 1: 381 831 

Ye Q, Steudle E (2006) Oxidative gating of water channels (aquaporins) in corn roots. Plant, Cell and 832 

Environment 29: 459–470 833 

York LM, Galindo-Castañeda T, Schussler JR, Lynch JP (2015) Evolution of US maize (Zea mays 834 

L.) root architectural and anatomical phenes over the past 100 years corresponds to increased 835 

tolerance of nitrogen stress. J Exp Bot 66: 2347–2358 836 

Zhu GL, Steudle E (1991) Water Transport across Maize Roots : Simultaneous Measurement of Flows 837 

at the Cell and Root Level by Double Pressure Probe Technique. Plant Physiol 95: 305–315 838 

 www.plantphysiol.orgon November 20, 2019 - Published by Downloaded from 
Copyright © 2019 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


 www.plantphysiol.orgon November 20, 2019 - Published by Downloaded from 
Copyright © 2019 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


 www.plantphysiol.orgon November 20, 2019 - Published by Downloaded from 
Copyright © 2019 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


 www.plantphysiol.orgon November 20, 2019 - Published by Downloaded from 
Copyright © 2019 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


 www.plantphysiol.orgon November 20, 2019 - Published by Downloaded from 
Copyright © 2019 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


 www.plantphysiol.orgon November 20, 2019 - Published by Downloaded from 
Copyright © 2019 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


 www.plantphysiol.orgon November 20, 2019 - Published by Downloaded from 
Copyright © 2019 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


 www.plantphysiol.orgon November 20, 2019 - Published by Downloaded from 
Copyright © 2019 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


 www.plantphysiol.orgon November 20, 2019 - Published by Downloaded from 
Copyright © 2019 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


 www.plantphysiol.orgon November 20, 2019 - Published by Downloaded from 
Copyright © 2019 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


 www.plantphysiol.orgon November 20, 2019 - Published by Downloaded from 
Copyright © 2019 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


 www.plantphysiol.orgon November 20, 2019 - Published by Downloaded from 
Copyright © 2019 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


Parsed Citations
Atkinson JA, Wells DM (2017) An Updated Protocol for High Throughput Plant Tissue Sectioning. Front Plant Sci 8: 1721

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Barczi J-F, Rey H, Griffon S, Jourdan C (2018) DigR: a generic model and its open source simulation software to mimic three-
dimensional root-system architecture diversity. Ann Bot. doi: 10.1093/aob/mcy018

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Bomfim NN, Graciano-Ribeiro D, Nassar NMA (2011) Genetic diversity of root anatomy in wild and cultivated Manihot species. Genet
Mol Res 10: 544–551

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Bret-Harte MS, Silk WK (1994) Nonvascular, Symplasmic Diffusion of Sucrose Cannot Satisfy the Carbon Demands of Growth in the
Primary Root Tip of Zea mays L. Plant Physiol 105: 19–33

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Burton AL, Brown KM, Lynch JP (2013a) Phenotypic Diversity of Root Anatomical and Architectural Traits in Zea Species. Crop Sci 53:
1042–1055

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Burton AL, Brown KM, Lynch JP (2013b) Phenotypic Diversity of Root Anatomical and Architectural Traits in Zea Species. Crop Sci 53:
1042–1055

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Burton AL, Lynch JP, Brown KM (2013c) Spatial distribution and phenotypic variation in root cortical aerenchyma of maize (Zea mays
L.). Plant Soil 367: 263–274

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Burton AL, Williams M, Lynch JP, Brown KM (2012) RootScan: Software for high-throughput analysis of root anatomical traits. Plant Soil
357: 189–203

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Chimungu JG, Brown KM, Lynch JP (2014a) Reduced root cortical cell file number improves drought tolerance in maize. Plant Physiol
166: 1943–1955

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Chimungu JG, Brown KM, Lynch JP (2014b) Large root cortical cell size improves drought tolerance in maize. Plant Physiol 166: 2166–
2178

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Chopard J, Godin C, Traas J (2007) Towards a formal expression of morphogenesis: a mechanics based integration of cell growth at
tissue scale. Proceedings of the 7th International Workshop on Information Processing in Cells and Tissues. librix. eu, pp 387–399

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Chopin J, Laga H, Huang CY, Heuer S, Miklavcic SJ (2015) RootAnalyzer: A Cross-Section Image Analysis Tool for Automated
Characterization of Root Cells and Tissues. PLoS One 10: e0137655

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Couvreur V, Faget M, Lobet G, Javaux M, Chaumont F, Draye X (2018) Going with the Flow: Multiscale Insights into the Composite
Nature of Water Transport in Roots. Plant Physiol 178: 1689–1703

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Doussan C, Vercambre G, Pagès L (1998) Modelling of the Hydraulic Architecture of Root Systems: An Integrated Approach to Water
Absorption–Distribution of Axial and Radial Conductances in Maize. Ann Bot 81: 225–232

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Dyson RJ, Vizcay-Barrena G, Band LR, Fernandes AN, French AP, Fozard JA, Hodgman TC, Kenobi K, Pridmore TP, Stout M, et al
(2014) Mechanical modelling quantifies the functional importance of outer tissue layers during root elongation and bending. New
Phytol 202: 1212–1222  www.plantphysiol.orgon November 20, 2019 - Published by Downloaded from 

Copyright © 2019 American Society of Plant Biologists. All rights reserved.

https://www.ncbi.nlm.nih.gov/pubmed?term=Atkinson JA%2C Wells DM %282017%29 An Updated Protocol for High Throughput Plant Tissue Sectioning%2E Front Plant Sci&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Atkinson&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=An Updated Protocol for High Throughput Plant Tissue Sectioning.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=An Updated Protocol for High Throughput Plant Tissue Sectioning.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Atkinson&as_ylo=2017&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Barczi J%2DF%2C Rey H%2C Griffon S%2C Jourdan C %282018%29 DigR%3A a generic model and its open source simulation software to mimic three%2Ddimensional root%2Dsystem architecture diversity%2E Ann Bot%2E doi%3A 10%2E1093%2Faob%2Fmcy&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Barczi&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=DigR: a generic model and its open source simulation software to mimic three-dimensional root-system architecture diversity.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=DigR: a generic model and its open source simulation software to mimic three-dimensional root-system architecture diversity.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Barczi&as_ylo=2018&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Bomfim NN%2C Graciano%2DRibeiro D%2C Nassar NMA %282011%29 Genetic diversity of root anatomy in wild and cultivated Manihot species%2E Genet Mol Res 10%3A 544%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Bomfim&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Genetic diversity of root anatomy in wild and cultivated Manihot species.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Genetic diversity of root anatomy in wild and cultivated Manihot species.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Bomfim&as_ylo=2011&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Bret%2DHarte MS%2C Silk WK %281994%29 Nonvascular%2C Symplasmic Diffusion of Sucrose Cannot Satisfy the Carbon Demands of Growth in the Primary Root Tip of Zea mays L%2E Plant Physiol 105%3A 19%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Bret-Harte&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Nonvascular, Symplasmic Diffusion of Sucrose Cannot Satisfy the Carbon Demands of Growth in the Primary Root Tip of Zea mays L.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Nonvascular, Symplasmic Diffusion of Sucrose Cannot Satisfy the Carbon Demands of Growth in the Primary Root Tip of Zea mays L.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Bret-Harte&as_ylo=1994&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Burton AL%2C Brown KM%2C Lynch JP %282013a%29 Phenotypic Diversity of Root Anatomical and Architectural Traits in Zea Species%2E Crop Sci 53%3A 1042%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Burton&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Phenotypic Diversity of Root Anatomical and Architectural Traits in Zea Species.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Phenotypic Diversity of Root Anatomical and Architectural Traits in Zea Species.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Burton&as_ylo=2013&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Burton AL%2C Brown KM%2C Lynch JP %282013b%29 Phenotypic Diversity of Root Anatomical and Architectural Traits in Zea Species%2E Crop Sci 53%3A 1042%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Burton&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Phenotypic Diversity of Root Anatomical and Architectural Traits in Zea Species.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Phenotypic Diversity of Root Anatomical and Architectural Traits in Zea Species.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Burton&as_ylo=2013&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Burton AL%2C Lynch JP%2C Brown KM %282013c%29 Spatial distribution and phenotypic variation in root cortical aerenchyma of maize %28Zea mays L%2E%29%2E Plant Soil 367%3A 263%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Burton&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Spatial distribution and phenotypic variation in root cortical aerenchyma of maize (Zea mays L.).&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Spatial distribution and phenotypic variation in root cortical aerenchyma of maize (Zea mays L.).&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Burton&as_ylo=2013&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Burton AL%2C Williams M%2C Lynch JP%2C Brown KM %282012%29 RootScan%3A Software for high%2Dthroughput analysis of root anatomical traits%2E Plant Soil 357%3A 189%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Burton&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=RootScan: Software for high-throughput analysis of root anatomical traits.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=RootScan: Software for high-throughput analysis of root anatomical traits.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Burton&as_ylo=2012&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Chimungu JG%2C Brown KM%2C Lynch JP %282014a%29 Reduced root cortical cell file number improves drought tolerance in maize%2E Plant Physiol 166%3A 1943%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Chimungu&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Reduced root cortical cell file number improves drought tolerance in maize.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Reduced root cortical cell file number improves drought tolerance in maize.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Chimungu&as_ylo=2014&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Chimungu JG%2C Brown KM%2C Lynch JP %282014b%29 Large root cortical cell size improves drought tolerance in maize%2E Plant Physiol 166%3A 2166%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Chimungu&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Large root cortical cell size improves drought tolerance in maize.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Large root cortical cell size improves drought tolerance in maize.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Chimungu&as_ylo=2014&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Chopard J%2C Godin C%2C Traas J %282007%29 Towards a formal expression of morphogenesis%3A a mechanics based integration of cell growth at tissue scale%2E Proceedings of the 7th International Workshop on Information Processing in Cells and Tissues%2E librix%2E eu%2C pp 387%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Chopard&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Towards a formal expression of morphogenesis: a mechanics based integration of cell growth at tissue scale.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Towards a formal expression of morphogenesis: a mechanics based integration of cell growth at tissue scale.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Chopard&as_ylo=2007&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Chopin J%2C Laga H%2C Huang CY%2C Heuer S%2C Miklavcic SJ %282015%29 RootAnalyzer%3A A Cross%2DSection Image Analysis Tool for Automated Characterization of Root Cells and Tissues%2E PLoS One 10%3A e&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Chopin&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=RootAnalyzer: A Cross-Section Image Analysis Tool for Automated Characterization of Root Cells and Tissues.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=RootAnalyzer: A Cross-Section Image Analysis Tool for Automated Characterization of Root Cells and Tissues.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Chopin&as_ylo=2015&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Couvreur V%2C Faget M%2C Lobet G%2C Javaux M%2C Chaumont F%2C Draye X %282018%29 Going with the Flow%3A Multiscale Insights into the Composite Nature of Water Transport in Roots%2E Plant Physiol 178%3A 1689%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Couvreur&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Going with the Flow: Multiscale Insights into the Composite Nature of Water Transport in Roots.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Going with the Flow: Multiscale Insights into the Composite Nature of Water Transport in Roots.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Couvreur&as_ylo=2018&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Doussan C%2C Vercambre G%2C Pag�s L %281998%29 Modelling of the Hydraulic Architecture of Root Systems%3A An Integrated Approach to Water Absorption%26%23x2013%3BDistribution of Axial and Radial Conductances in Maize%2E Ann Bot 81%3A 225%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Doussan&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Modelling of the Hydraulic Architecture of Root Systems: An Integrated Approach to Water Absorption?Distribution of Axial and Radial Conductances in Maize.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Modelling of the Hydraulic Architecture of Root Systems: An Integrated Approach to Water Absorption?Distribution of Axial and Radial Conductances in Maize.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Doussan&as_ylo=1998&as_allsubj=all&hl=en&c2coff=1
http://www.plantphysiol.org


Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Ehlert C, Maurel C, Tardieu F, Simonneau T (2009) Aquaporin-mediated reduction in maize root hydraulic conductivity impacts cell
turgor and leaf elongation even without changing transpiration. Plant Physiol 150: 1093–1104

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Emerson JW, Green WA, Schloerke B, Crowley J, Cook D, Hofmann H, Wickham H (2013) The Generalized Pairs Plot. J Comput Graph
Stat 22: 79–91

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Enstone DE, Peterson CA (2005) Suberin lamella development in maize seedling roots grown in aerated and stagnant conditions.
Plant, Cell and Environment 28: 444–455

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Enstone DE, Peterson CA, Ma F (2003) Root Endodermis and Exodermis: Structure, Function, and Responses to the Environment. J
Plant Growth Regul 21: 335–351

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Fan M, Bai R, Zhao X, Zhang J (2007) Aerenchyma Formed Under Phosphorus Deficiency Contributes to the Reduced Root Hydraulic
Conductivity in Maize Roots. J Integr Plant Biol 49: 598–604

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Fayette A, Reynolds MS Herbaceous Dicot Root: Mature Ranunculus. Flickr,
https://www.flickr.com/photos/146824358@N03/35613585260/in/album-72157682034849461/

Frensch J, Steudle E (1989) Axial and Radial Hydraulic Resistance to Roots of Maize (Zea mays L.). Plant Physiol 91: 719–726
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Gao K, Chen F, Yuan L, Zhang F, Mi G (2015) A comprehensive analysis of root morphological changes and nitrogen allocation in maize
in response to low nitrogen stress. Plant Cell Environ 38: 740–750

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Hachez C, Moshelion M, Zelazny E, Cavez D, Chaumont F (2006) Localization and Quantification of Plasma Membrane Aquaporin
Expression in Maize Primary Root: A Clue to Understanding their Role as Cellular Plumbers. Plant Molecular Biology 62: 305–323

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Hachez C, Veselov D, Ye Q, Reinhardt H, Knipfer T, Fricke W, Chaumont F (2012) Short-term control of maize cell and root water
permeability through plasma membrane aquaporin isoforms. Plant Cell Environ 35: 185–198

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Hose E, Steudle E, Hartung W (2000) Abscisic acid and hydraulic conductivity of maize roots: a study using cell- and root-pressure
probes. Planta 211: 874–882

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Huang B, Nobel PS (1993) Hydraulic conductivity and anatomy along lateral roots of cacti: changes with soil water status. New Phytol
123: 499–507

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Lartaud M, Perin C, Courtois B, Thomas E, Henry S, Bettembourg M, Divol F, Lanau N, Artus F, Bureau C, et al (2014) PHIV-RootCell: a
supervised image analysis tool for rice root anatomical parameter quantification. Front Plant Sci 5: 790

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Lewis AM, Boose ER (1995) Estimating volume flow rates through xylem conduits. Am J Bot 82: 1112–1116
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Li Y, Sperry JS, Shao M (2009) Hydraulic conductance and vulnerability to cavitation in corn (Zea mays L.) hybrids of differing drought
resistance. Environ Exp Bot 66: 341–346

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Lobet G, Pagès L, Draye X (2014) A modeling approach to determine the importance of dynamic regulation of plant hydraulic www.plantphysiol.orgon November 20, 2019 - Published by Downloaded from 
Copyright © 2019 American Society of Plant Biologists. All rights reserved.

https://www.ncbi.nlm.nih.gov/pubmed?term=Dyson RJ%2C Vizcay%2DBarrena G%2C Band LR%2C Fernandes AN%2C French AP%2C Fozard JA%2C Hodgman TC%2C Kenobi K%2C Pridmore TP%2C Stout M%2C et al %282014%29 Mechanical modelling quantifies the functional importance of outer tissue layers during root elongation and bending%2E New Phytol 202%3A 1212%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Dyson&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Mechanical modelling quantifies the functional importance of outer tissue layers during root elongation and bending.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Mechanical modelling quantifies the functional importance of outer tissue layers during root elongation and bending.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Dyson&as_ylo=2014&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Ehlert C%2C Maurel C%2C Tardieu F%2C Simonneau T %282009%29 Aquaporin%2Dmediated reduction in maize root hydraulic conductivity impacts cell turgor and leaf elongation even without changing transpiration%2E Plant Physiol 150%3A 1093%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Ehlert&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Aquaporin-mediated reduction in maize root hydraulic conductivity impacts cell turgor and leaf elongation even without changing transpiration.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Aquaporin-mediated reduction in maize root hydraulic conductivity impacts cell turgor and leaf elongation even without changing transpiration.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Ehlert&as_ylo=2009&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Emerson JW%2C Green WA%2C Schloerke B%2C Crowley J%2C Cook D%2C Hofmann H%2C Wickham H %282013%29 The Generalized Pairs Plot%2E J Comput Graph Stat 22%3A 79%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Emerson&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=The Generalized Pairs Plot.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=The Generalized Pairs Plot.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Emerson&as_ylo=2013&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Enstone DE%2C Peterson CA %282005%29 Suberin lamella development in maize seedling roots grown in aerated and stagnant conditions%2E Plant%2C Cell and Environment 28%3A 444%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Enstone&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Suberin lamella development in maize seedling roots grown in aerated and stagnant conditions.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Suberin lamella development in maize seedling roots grown in aerated and stagnant conditions.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Enstone&as_ylo=2005&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Enstone DE%2C Peterson CA%2C Ma F %282003%29 Root Endodermis and Exodermis%3A Structure%2C Function%2C and Responses to the Environment%2E J Plant Growth Regul 21%3A 335%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Enstone&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Root Endodermis and Exodermis: Structure, Function, and Responses to the Environment.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Root Endodermis and Exodermis: Structure, Function, and Responses to the Environment.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Enstone&as_ylo=2003&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Fan M%2C Bai R%2C Zhao X%2C Zhang J %282007%29 Aerenchyma Formed Under Phosphorus Deficiency Contributes to the Reduced Root Hydraulic Conductivity in Maize Roots%2E J Integr Plant Biol 49%3A 598%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Fan&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Aerenchyma Formed Under Phosphorus Deficiency Contributes to the Reduced Root Hydraulic Conductivity in Maize Roots.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Aerenchyma Formed Under Phosphorus Deficiency Contributes to the Reduced Root Hydraulic Conductivity in Maize Roots.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Fan&as_ylo=2007&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Frensch J%2C Steudle E %281989%29 Axial and Radial Hydraulic Resistance to Roots of Maize %28Zea mays L%2E%29%2E Plant Physiol 91%3A 719%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Frensch&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Axial and Radial Hydraulic Resistance to Roots of Maize (Zea mays L.).&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Axial and Radial Hydraulic Resistance to Roots of Maize (Zea mays L.).&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Frensch&as_ylo=1989&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Gao K%2C Chen F%2C Yuan L%2C Zhang F%2C Mi G %282015%29 A comprehensive analysis of root morphological changes and nitrogen allocation in maize in response to low nitrogen stress%2E Plant Cell Environ 38%3A 740%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Gao&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=A comprehensive analysis of root morphological changes and nitrogen allocation in maize in response to low nitrogen stress.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=A comprehensive analysis of root morphological changes and nitrogen allocation in maize in response to low nitrogen stress.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Gao&as_ylo=2015&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Hachez C%2C Moshelion M%2C Zelazny E%2C Cavez D%2C Chaumont F %282006%29 Localization and Quantification of Plasma Membrane Aquaporin Expression in Maize Primary Root%3A A Clue to Understanding their Role as Cellular Plumbers%2E Plant Molecular Biology 62%3A 305%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Hachez&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Localization and Quantification of Plasma Membrane Aquaporin Expression in Maize Primary Root: A Clue to Understanding their Role as Cellular Plumbers.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Localization and Quantification of Plasma Membrane Aquaporin Expression in Maize Primary Root: A Clue to Understanding their Role as Cellular Plumbers.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Hachez&as_ylo=2006&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Hachez C%2C Veselov D%2C Ye Q%2C Reinhardt H%2C Knipfer T%2C Fricke W%2C Chaumont F %282012%29 Short%2Dterm control of maize cell and root water permeability through plasma membrane aquaporin isoforms%2E Plant Cell Environ 35%3A 185%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Hachez&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Short-term control of maize cell and root water permeability through plasma membrane aquaporin isoforms.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Short-term control of maize cell and root water permeability through plasma membrane aquaporin isoforms.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Hachez&as_ylo=2012&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Hose E%2C Steudle E%2C Hartung W %282000%29 Abscisic acid and hydraulic conductivity of maize roots%3A a study using cell%2D and root%2Dpressure probes%2E Planta 211%3A 874%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Hose&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Abscisic acid and hydraulic conductivity of maize roots: a study using cell- and root-pressure probes.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Abscisic acid and hydraulic conductivity of maize roots: a study using cell- and root-pressure probes.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Hose&as_ylo=2000&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Huang B%2C Nobel PS %281993%29 Hydraulic conductivity and anatomy along lateral roots of cacti%3A changes with soil water status%2E New Phytol 123%3A 499%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Huang&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Hydraulic conductivity and anatomy along lateral roots of cacti: changes with soil water status.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Hydraulic conductivity and anatomy along lateral roots of cacti: changes with soil water status.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Huang&as_ylo=1993&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Lartaud M%2C Perin C%2C Courtois B%2C Thomas E%2C Henry S%2C Bettembourg M%2C Divol F%2C Lanau N%2C Artus F%2C Bureau C%2C et al %282014%29 PHIV%2DRootCell%3A a supervised image analysis tool for rice root anatomical parameter quantification%2E Front Plant Sci&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Lartaud&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=PHIV-RootCell: a supervised image analysis tool for rice root anatomical parameter quantification.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=PHIV-RootCell: a supervised image analysis tool for rice root anatomical parameter quantification.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Lartaud&as_ylo=2014&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Lewis AM%2C Boose ER %281995%29 Estimating volume flow rates through xylem conduits%2E Am J Bot 82%3A 1112%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Lewis&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Estimating volume flow rates through xylem conduits.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Estimating volume flow rates through xylem conduits.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Lewis&as_ylo=1995&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Li Y%2C Sperry JS%2C Shao M %282009%29 Hydraulic conductance and vulnerability to cavitation in corn %28Zea mays L%2E%29 hybrids of differing drought resistance%2E Environ Exp Bot 66%3A 341%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Li&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Hydraulic conductance and vulnerability to cavitation in corn (Zea mays L.) hybrids of differing drought resistance.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Hydraulic conductance and vulnerability to cavitation in corn (Zea mays L.) hybrids of differing drought resistance.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Li&as_ylo=2009&as_allsubj=all&hl=en&c2coff=1
http://www.plantphysiol.org


conductivities on the water uptake dynamics in the soil-plant-atmosphere system. Ecol Modell 290: 65–75
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Lynch JP (2015) Root phenes that reduce the metabolic costs of soil exploration: opportunities for 21st century agriculture. Plant Cell
Environ 38: 1775–1784

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Lynch JP, Brown KM (2008) Root strategies for phosphorus acquisition. In PJ White, JP Hammond, eds, The Ecophysiology of Plant-
Phosphorus Interactions. Springer Netherlands, Dordrecht, pp 83–116

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Lynch JP, Chimungu JG, Brown KM (2014) Root anatomical phenes associated with water acquisition from drying soil: targets for crop
improvement. J Exp Bot 65: 6155–6166

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Ma F, Peterson CA (2001) Frequencies of plasmodesmata in Allium cepa L. roots: implications for solute transport pathways. J Exp Bot
52: 1051–1061

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Ma Z, Guo D, Xu X, Lu M, Bardgett RD, Eissenstat DM, McCormack ML, Hedin LO (2018) Evolutionary history resolves global
organization of root functional traits. Nature 555: 94–97

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

McDonald MP, Galwey NW, Colmer TD (2002) Similarity and diversity in adventitious root anatomy as related to root aeration among a
range of wetland and dryland grass species. Plant Cell Environ 25: 441–451

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Meunier F, Draye X, Vanderborght J, Javaux M, Couvreur V (2017) A hybrid analytical-numerical method for solving water flow
equations in root hydraulic architectures. Appl Math Model 52: 648–663

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Miller DM (1985) Studies of Root Function in Zea mays: IV. Effects of Applied Pressure on the Hydraulic Conductivity and Volume Flow
through the Excised Root. PLANT PHYSIOLOGY 77: 168–174

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Moreno-Ortega B (2016) Developmental instability in lateral roots of maize: a multi-scale analysis. Montpellier SupAgro
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Passot S, Couvreur V, Meunier F, Draye X, Javaux M, Leitner D, Pagès L, Schnepf A, Vanderborght J, Lobet G (2018) Connecting the
dots between computational tools to analyse soil-root water relations. J Exp Bot. doi: 10.1093/jxb/ery361

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Postma JA, Kuppe C, Owen MR, Mellor N, Griffiths M, Bennett MJ, Lynch JP, Watt M (2017) OpenSimRoot: widening the scope and
application of root architectural models. New Phytol. doi: 10.1111/nph.14641

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Pound MP, French AP, Wells DM, Bennett MJ, Pridmore TP (2012) CellSeT: novel software to extract and analyze structured networks
of plant cells from confocal images. Plant Cell 24: 1353–1361

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Pradal C, Dufour-Kowalski S, Boudon F, Fournier C, Godin C (2008) OpenAlea: a visual programming and component-based software
platform for plant modelling. Funct Plant Biol 35: 751–760

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Rieger M, Litvin P (1999) Root system hydraulic conductivity in species with contrasting root anatomy. J Exp Bot 50: 201–209
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Rodríguez Casal A, Pateiro-López B (2010) Generalizing the convex hull of a sample: the R package alphahull.

Salih AA, Ali IA, Lux A, Luxová M, Cohen Y, Sugimoto Y, Inanaga S (1999) Rooting, Water Uptake, and Xylem Structure Adaptation to www.plantphysiol.orgon November 20, 2019 - Published by Downloaded from 
Copyright © 2019 American Society of Plant Biologists. All rights reserved.

https://www.ncbi.nlm.nih.gov/pubmed?term=Lobet G%2C Pag�s L%2C Draye X %282014%29 A modeling approach to determine the importance of dynamic regulation of plant hydraulic conductivities on the water uptake dynamics in the soil%2Dplant%2Datmosphere system%2E Ecol Modell 290%3A 65%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Lobet&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=A modeling approach to determine the importance of dynamic regulation of plant hydraulic conductivities on the water uptake dynamics in the soil-plant-atmosphere system.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=A modeling approach to determine the importance of dynamic regulation of plant hydraulic conductivities on the water uptake dynamics in the soil-plant-atmosphere system.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Lobet&as_ylo=2014&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Lynch JP %282015%29 Root phenes that reduce the metabolic costs of soil exploration%3A opportunities for 21st century agriculture%2E Plant Cell Environ 38%3A 1775%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Lynch&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Root phenes that reduce the metabolic costs of soil exploration: opportunities for 21st century agriculture.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Root phenes that reduce the metabolic costs of soil exploration: opportunities for 21st century agriculture.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Lynch&as_ylo=2015&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Lynch JP%2C Brown KM %282008%29 Root strategies for phosphorus acquisition%2E In PJ White%2C JP Hammond%2C eds%2C The Ecophysiology of Plant%2DPhosphorus Interactions%2E Springer Netherlands%2C Dordrecht%2C pp 83%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Lynch&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Root strategies for phosphorus acquisition.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Root strategies for phosphorus acquisition.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Lynch&as_ylo=2008&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Lynch JP%2C Chimungu JG%2C Brown KM %282014%29 Root anatomical phenes associated with water acquisition from drying soil%3A targets for crop improvement%2E J Exp Bot 65%3A 6155%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Lynch&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Root anatomical phenes associated with water acquisition from drying soil: targets for crop improvement.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Root anatomical phenes associated with water acquisition from drying soil: targets for crop improvement.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Lynch&as_ylo=2014&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Ma F%2C Peterson CA %282001%29 Frequencies of plasmodesmata in Allium cepa L%2E roots%3A implications for solute transport pathways%2E J Exp Bot 52%3A 1051%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Ma&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Frequencies of plasmodesmata in Allium cepa L.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Frequencies of plasmodesmata in Allium cepa L.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Ma&as_ylo=2001&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Ma Z%2C Guo D%2C Xu X%2C Lu M%2C Bardgett RD%2C Eissenstat DM%2C McCormack ML%2C Hedin LO %282018%29 Evolutionary history resolves global organization of root functional traits%2E Nature 555%3A 94%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Ma&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Evolutionary history resolves global organization of root functional traits.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Evolutionary history resolves global organization of root functional traits.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Ma&as_ylo=2018&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=McDonald MP%2C Galwey NW%2C Colmer TD %282002%29 Similarity and diversity in adventitious root anatomy as related to root aeration among a range of wetland and dryland grass species%2E Plant Cell Environ 25%3A 441%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=McDonald&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Similarity and diversity in adventitious root anatomy as related to root aeration among a range of wetland and dryland grass species.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Similarity and diversity in adventitious root anatomy as related to root aeration among a range of wetland and dryland grass species.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=McDonald&as_ylo=2002&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Meunier F%2C Draye X%2C Vanderborght J%2C Javaux M%2C Couvreur V %282017%29 A hybrid analytical%2Dnumerical method for solving water flow equations in root hydraulic architectures%2E Appl Math Model 52%3A 648%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Meunier&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=A hybrid analytical-numerical method for solving water flow equations in root hydraulic architectures.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=A hybrid analytical-numerical method for solving water flow equations in root hydraulic architectures.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Meunier&as_ylo=2017&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Miller DM %281985%29 Studies of Root Function in Zea mays%3A IV%2E Effects of Applied Pressure on the Hydraulic Conductivity and Volume Flow through the Excised Root%2E PLANT PHYSIOLOGY 77%3A 168%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Miller&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Studies of Root Function in Zea mays: IV.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Studies of Root Function in Zea mays: IV.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Miller&as_ylo=1985&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Moreno%2DOrtega B %282016%29 Developmental instability in lateral roots of maize%3A a multi%2Dscale analysis%2E Montpellier SupAgro&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Moreno-Ortega&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Developmental instability in lateral roots of maize: a multi-scale analysis.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Developmental instability in lateral roots of maize: a multi-scale analysis.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Moreno-Ortega&as_ylo=2016&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Passot S%2C Couvreur V%2C Meunier F%2C Draye X%2C Javaux M%2C Leitner D%2C Pag�s L%2C Schnepf A%2C Vanderborght J%2C Lobet G %282018%29 Connecting the dots between computational tools to analyse soil%2Droot water relations%2E J Exp Bot%2E doi%3A 10%2E1093%2Fjxb%2Fery&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Passot&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Connecting the dots between computational tools to analyse soil-root water relations.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Connecting the dots between computational tools to analyse soil-root water relations.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Passot&as_ylo=2018&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Postma JA%2C Kuppe C%2C Owen MR%2C Mellor N%2C Griffiths M%2C Bennett MJ%2C Lynch JP%2C Watt M %282017%29 OpenSimRoot%3A widening the scope and application of root architectural models%2E New Phytol%2E doi%3A 10%2E1111%2Fnph&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Postma&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=OpenSimRoot: widening the scope and application of root architectural models.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=OpenSimRoot: widening the scope and application of root architectural models.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Postma&as_ylo=2017&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Pound MP%2C French AP%2C Wells DM%2C Bennett MJ%2C Pridmore TP %282012%29 CellSeT%3A novel software to extract and analyze structured networks of plant cells from confocal images%2E Plant Cell 24%3A 1353%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Pound&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=CellSeT: novel software to extract and analyze structured networks of plant cells from confocal images.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=CellSeT: novel software to extract and analyze structured networks of plant cells from confocal images.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Pound&as_ylo=2012&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Pradal C%2C Dufour%2DKowalski S%2C Boudon F%2C Fournier C%2C Godin C %282008%29 OpenAlea%3A a visual programming and component%2Dbased software platform for plant modelling%2E Funct Plant Biol 35%3A 751%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Pradal&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=OpenAlea: a visual programming and component-based software platform for plant modelling.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=OpenAlea: a visual programming and component-based software platform for plant modelling.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Pradal&as_ylo=2008&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Rieger M%2C Litvin P %281999%29 Root system hydraulic conductivity in species with contrasting root anatomy%2E J Exp Bot 50%3A 201%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Rieger&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Root system hydraulic conductivity in species with contrasting root anatomy.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Root system hydraulic conductivity in species with contrasting root anatomy.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Rieger&as_ylo=1999&as_allsubj=all&hl=en&c2coff=1
http://www.plantphysiol.org


Drought of Two Sorghum Cultivars. Crop Sci 39: 168–173
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Schambil F, Woermann D (1989) Radial transport of water across cortical sleeves of excised roots of Zea mays L. Planta 178: 488–494
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to ImageJ: 25 years of image analysis. Nat Methods 9: 671–675
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Schneider HM, Wojciechowski T, Postma JA, Brown KM, Lücke A, Zeisler V, Schreiber L, Lynch JP (2017) Root cortical senescence
decreases root respiration, nutrient content, and radial water and nutrient transport in barley. Plant Cell Environ. doi:
10.1111/pce.12933

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Schnepf A, Leitner D, Landl M, Lobet G, Mai TH, Morandage S, Sheng C, Zörner M, Vanderborght J, Vereecken H (2018) CRootBox: a
structural-functional modelling framework for root systems. Ann Bot 121: 1033–1053

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Schreiber L, Franke R, Hartmann K-D, Ranathunge K, Steudle E (2005) The chemical composition of suberin in apoplastic barriers
affects radial hydraulic conductivity differently in the roots of rice (Oryza sativa L. cv. IR64) and corn (Zea mays L. cv. Helix). J Exp Bot
56: 1427–1436

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Shone MGT, Clarkson DT (1988) Rectification of radial water flow in the hypodermis of nodal roots of Zea mays. Plant and Soil 111: 223–
229

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

de Souza TC, de Castro EM, César Magalhães P, De Oliveira Lino L, Trindade Alves E, de Albuquerque PEP (2013) Morphophysiology,
morphoanatomy, and grain yield under field conditions for two maize hybrids with contrasting response to drought stress. Acta Physiol
Plant 35: 3201–3211

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Sterratt DC, Lyngholm D, Willshaw DJ, Thompson ID (2013) Standard anatomical and visual space for the mouse retina: computational
reconstruction and transformation of flattened retinae with the Retistruct package. PLoS Comput Biol 9: e1002921

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Steudle E, Murrmann M, Peterson CA (1993) Transport of Water and Solutes across Maize Roots Modified by Puncturing the
Endodermis (Further Evidence for the Composite Transport Model of the Root). Plant Physiol 103: 335–349

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Steudle E, Oren R, Schulze ED (1987) Water transport in maize roots : measurement of hydraulic conductivity, solute permeability, and
of reflection coefficients of excised roots using the root pressure probe. Plant Physiol 84: 1220–1232

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Tai H, Lu X, Opitz N, Marcon C, Paschold A, Lithio A, Nettleton D, Hochholdinger F (2016) Transcriptomic and anatomical complexity of
primary, seminal, and crown roots highlight root type-specific functional diversity in maize (Zea mays L.). J Exp Bot 67: 1123–1135

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Tardieu F, Simonneau T, Muller B (2018) The Physiological Basis of Drought Tolerance in Crop Plants: A Scenario-Dependent
Probabilistic Approach. Annu Rev Plant Biol 69: 733–759

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Turner R, Turner MR (2019) Package “deldir.”

Vejchasarn P, Lynch JP, Brown KM (2016) Genetic Variability in Phosphorus Responses of Rice Root Phenotypes. Rice 9: 29
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Vetterlein D, Doussan C (2016) Root age distribution: how does it matter in plant processes? A focus on water uptake. Plant Soil 407:
145–160

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title  www.plantphysiol.orgon November 20, 2019 - Published by Downloaded from 

Copyright © 2019 American Society of Plant Biologists. All rights reserved.

https://www.ncbi.nlm.nih.gov/pubmed?term=Salih AA%2C Ali IA%2C Lux A%2C Luxov� M%2C Cohen Y%2C Sugimoto Y%2C Inanaga S %281999%29 Rooting%2C Water Uptake%2C and Xylem Structure Adaptation to Drought of Two Sorghum Cultivars%2E Crop Sci 39%3A 168%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Salih&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Rooting, Water Uptake, and Xylem Structure Adaptation to Drought of Two Sorghum Cultivars.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Rooting, Water Uptake, and Xylem Structure Adaptation to Drought of Two Sorghum Cultivars.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Salih&as_ylo=1999&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Schambil F%2C Woermann D %281989%29 Radial transport of water across cortical sleeves of excised roots of Zea mays L%2E Planta 178%3A 488%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Schambil&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Radial transport of water across cortical sleeves of excised roots of Zea mays L.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Radial transport of water across cortical sleeves of excised roots of Zea mays L.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Schambil&as_ylo=1989&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Schneider CA%2C Rasband WS%2C Eliceiri KW %282012%29 NIH Image to ImageJ%3A 25 years of image analysis%2E Nat Methods 9%3A 671%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Schneider&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=NIH Image to ImageJ: 25 years of image analysis.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=NIH Image to ImageJ: 25 years of image analysis.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Schneider&as_ylo=2012&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Schneider HM%2C Wojciechowski T%2C Postma JA%2C Brown KM%2C L�cke A%2C Zeisler V%2C Schreiber L%2C Lynch JP %282017%29 Root cortical senescence decreases root respiration%2C nutrient content%2C and radial water and nutrient transport in barley%2E Plant Cell Environ%2E doi%3A 10%2E1111%2Fpce&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Schneider&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Root cortical senescence decreases root respiration, nutrient content, and radial water and nutrient transport in barley.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Root cortical senescence decreases root respiration, nutrient content, and radial water and nutrient transport in barley.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Schneider&as_ylo=2017&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Schnepf A%2C Leitner D%2C Landl M%2C Lobet G%2C Mai TH%2C Morandage S%2C Sheng C%2C Z�rner M%2C Vanderborght J%2C Vereecken H %282018%29 CRootBox%3A a structural%2Dfunctional modelling framework for root systems%2E Ann Bot 121%3A 1033%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Schnepf&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=CRootBox: a structural-functional modelling framework for root systems.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=CRootBox: a structural-functional modelling framework for root systems.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Schnepf&as_ylo=2018&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Schreiber L%2C Franke R%2C Hartmann K%2DD%2C Ranathunge K%2C Steudle E %282005%29 The chemical composition of suberin in apoplastic barriers affects radial hydraulic conductivity differently in the roots of rice %28Oryza sativa L%2E cv%2E IR64%29 and corn %28Zea mays L%2E cv%2E Helix%29%2E J Exp Bot 56%3A 1427%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Schreiber&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=The chemical composition of suberin in apoplastic barriers affects radial hydraulic conductivity differently in the roots of rice (Oryza sativa L.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=The chemical composition of suberin in apoplastic barriers affects radial hydraulic conductivity differently in the roots of rice (Oryza sativa L.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Schreiber&as_ylo=2005&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Shone MGT%2C Clarkson DT %281988%29 Rectification of radial water flow in the hypodermis of nodal roots of Zea mays%2E Plant and Soil 111%3A 223%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Shone&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Rectification of radial water flow in the hypodermis of nodal roots of Zea mays.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Rectification of radial water flow in the hypodermis of nodal roots of Zea mays.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Shone&as_ylo=1988&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=de Souza TC%2C de Castro EM%2C C�sar Magalh�es P%2C De Oliveira Lino L%2C Trindade Alves E%2C de Albuquerque PEP %282013%29 Morphophysiology%2C morphoanatomy%2C and grain yield under field conditions for two maize hybrids with contrasting response to drought stress%2E Acta Physiol Plant 35%3A 3201%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=de&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Morphophysiology, morphoanatomy, and grain yield under field conditions for two maize hybrids with contrasting response to drought stress.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Morphophysiology, morphoanatomy, and grain yield under field conditions for two maize hybrids with contrasting response to drought stress.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=de&as_ylo=2013&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Sterratt DC%2C Lyngholm D%2C Willshaw DJ%2C Thompson ID %282013%29 Standard anatomical and visual space for the mouse retina%3A computational reconstruction and transformation of flattened retinae with the Retistruct package%2E PLoS Comput Biol 9%3A e&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Sterratt&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Standard anatomical and visual space for the mouse retina: computational reconstruction and transformation of flattened retinae with the Retistruct package.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Standard anatomical and visual space for the mouse retina: computational reconstruction and transformation of flattened retinae with the Retistruct package.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Sterratt&as_ylo=2013&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Steudle E%2C Murrmann M%2C Peterson CA %281993%29 Transport of Water and Solutes across Maize Roots Modified by Puncturing the Endodermis %28Further Evidence for the Composite Transport Model of the Root%29%2E Plant Physiol 103%3A 335%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Steudle&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Transport of Water and Solutes across Maize Roots Modified by Puncturing the Endodermis (Further Evidence for the Composite Transport Model of the Root).&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Transport of Water and Solutes across Maize Roots Modified by Puncturing the Endodermis (Further Evidence for the Composite Transport Model of the Root).&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Steudle&as_ylo=1993&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Steudle E%2C Oren R%2C Schulze ED %281987%29 Water transport in maize roots %3A measurement of hydraulic conductivity%2C solute permeability%2C and of reflection coefficients of excised roots using the root pressure probe%2E Plant Physiol 84%3A 1220%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Steudle&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Water transport in maize roots : measurement of hydraulic conductivity, solute permeability, and of reflection coefficients of excised roots using the root pressure probe.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Water transport in maize roots : measurement of hydraulic conductivity, solute permeability, and of reflection coefficients of excised roots using the root pressure probe.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Steudle&as_ylo=1987&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Tai H%2C Lu X%2C Opitz N%2C Marcon C%2C Paschold A%2C Lithio A%2C Nettleton D%2C Hochholdinger F %282016%29 Transcriptomic and anatomical complexity of primary%2C seminal%2C and crown roots highlight root type%2Dspecific functional diversity in maize %28Zea mays L%2E%29%2E J Exp Bot 67%3A 1123%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Tai&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Transcriptomic and anatomical complexity of primary, seminal, and crown roots highlight root type-specific functional diversity in maize (Zea mays L.).&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Transcriptomic and anatomical complexity of primary, seminal, and crown roots highlight root type-specific functional diversity in maize (Zea mays L.).&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Tai&as_ylo=2016&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Tardieu F%2C Simonneau T%2C Muller B %282018%29 The Physiological Basis of Drought Tolerance in Crop Plants%3A A Scenario%2DDependent Probabilistic Approach%2E Annu Rev Plant Biol 69%3A 733%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Tardieu&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=The Physiological Basis of Drought Tolerance in Crop Plants: A Scenario-Dependent Probabilistic Approach.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=The Physiological Basis of Drought Tolerance in Crop Plants: A Scenario-Dependent Probabilistic Approach.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Tardieu&as_ylo=2018&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Vejchasarn P%2C Lynch JP%2C Brown KM %282016%29 Genetic Variability in Phosphorus Responses of Rice Root Phenotypes%2E Rice&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Vejchasarn&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Genetic Variability in Phosphorus Responses of Rice Root Phenotypes.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Genetic Variability in Phosphorus Responses of Rice Root Phenotypes.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Vejchasarn&as_ylo=2016&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Vetterlein D%2C Doussan C %282016%29 Root age distribution%3A how does it matter in plant processes%3F A focus on water uptake%2E Plant Soil 407%3A 145%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Vetterlein&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Root age distribution: how does it matter in plant processes? A focus on water uptake.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Root age distribution: how does it matter in plant processes? A focus on water uptake.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Vetterlein&as_ylo=2016&as_allsubj=all&hl=en&c2coff=1
http://www.plantphysiol.org


Wahl S, Ryser P (2000) Root Tissue Structure Is Linked to Ecological Strategies of Grasses: Research Interspecific Variation in Root
Tissue Structure. The New Phytologist 148: 459–71.

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Wickham H, Chang W (2019) devtools: Tools to Make Developing R Packages Easier; 2016. URL https://CRAN R-project org/package=
devtools R package version 1: 381

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Ye Q, Steudle E (2006) Oxidative gating of water channels (aquaporins) in corn roots. Plant, Cell and Environment 29: 459–470
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

York LM, Galindo-Castañeda T, Schussler JR, Lynch JP (2015) Evolution of US maize (Zea mays L.) root architectural and anatomical
phenes over the past 100 years corresponds to increased tolerance of nitrogen stress. J Exp Bot 66: 2347–2358

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Zhu GL, Steudle E (1991) Water Transport across Maize Roots : Simultaneous Measurement of Flows at the Cell and Root Level by
Double Pressure Probe Technique. Plant Physiol 95: 305–315

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

 www.plantphysiol.orgon November 20, 2019 - Published by Downloaded from 
Copyright © 2019 American Society of Plant Biologists. All rights reserved.

https://www.ncbi.nlm.nih.gov/pubmed?term=Wahl S%2C Ryser P %282000%29 Root Tissue Structure Is Linked to Ecological Strategies of Grasses%3A Research Interspecific Variation in Root Tissue Structure%2E The New Phytologist 148%3A 459%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Wahl&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Root Tissue Structure Is Linked to Ecological Strategies of Grasses: Research Interspecific Variation in Root Tissue Structure&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Root Tissue Structure Is Linked to Ecological Strategies of Grasses: Research Interspecific Variation in Root Tissue Structure&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Wahl&as_ylo=2000&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Wickham H%2C Chang W %282019%29 devtools%3A Tools to Make Developing R Packages Easier%3B 2016%2E URL https%3A%2F%2FCRAN R%2Dproject org%2Fpackage%3D devtools R package version&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Wickham&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=devtools: Tools to Make Developing R Packages Easier; 2016.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=devtools: Tools to Make Developing R Packages Easier; 2016.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Wickham&as_ylo=2019&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Ye Q%2C Steudle E %282006%29 Oxidative gating of water channels %28aquaporins%29 in corn roots%2E Plant%2C Cell and Environment 29%3A 459%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Ye&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Oxidative gating of water channels (aquaporins) in corn roots.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Oxidative gating of water channels (aquaporins) in corn roots.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Ye&as_ylo=2006&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=York LM%2C Galindo%2DCasta�eda T%2C Schussler JR%2C Lynch JP %282015%29 Evolution of US maize %28Zea mays L%2E%29 root architectural and anatomical phenes over the past 100 years corresponds to increased tolerance of nitrogen stress%2E J Exp Bot 66%3A 2347%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=York&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Evolution of US maize (Zea mays L.) root architectural and anatomical phenes over the past 100 years corresponds to increased tolerance of nitrogen stress.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Evolution of US maize (Zea mays L.) root architectural and anatomical phenes over the past 100 years corresponds to increased tolerance of nitrogen stress.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=York&as_ylo=2015&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Zhu GL%2C Steudle E %281991%29 Water Transport across Maize Roots %3A Simultaneous Measurement of Flows at the Cell and Root Level by Double Pressure Probe Technique%2E Plant Physiol 95%3A 305%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Zhu&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Water Transport across Maize Roots : Simultaneous Measurement of Flows at the Cell and Root Level by Double Pressure Probe Technique.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Water Transport across Maize Roots : Simultaneous Measurement of Flows at the Cell and Root Level by Double Pressure Probe Technique.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Zhu&as_ylo=1991&as_allsubj=all&hl=en&c2coff=1
http://www.plantphysiol.org

	Parsed Citations
	Article File
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Figure 11
	Parsed Citations

