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ABSTRACT 21 

 22 

Angiosperm roots, except in Arabidopsis, have both endodermis and exodermis, which 23 

regulate radial water and solute movement through lignin and suberin deposition. While 24 

endodermal suberin in Arabidopsis acts as a barrier to water and solute uptake and backflow, 25 

its implications in other angiosperms with both layers and the role of exodermal suberin 26 

remain unclear. We examined potato roots (Solanum tuberosum) and found that exodermis 27 

lacks the typical Casparian strip but forms an outer lignin cap, and quickly suberizes near the 28 

root tip. In contrast, a few endodermal cells, with Casparian strip, start suberizing much later. 29 

The continuous early exodermal suberization covering the root underlines its potential role 30 

in mineral nutrient radial movement. To demonstrate it, we used plants downregulating the 31 

suberin biosynthetic gene CYP86A33, which had the root suberin reduced in a 61%. 32 

Phenotypic analyses of the suberin-deficient mutant showed altered mineral nutrient 33 

concentration, slightly reduced water content and compromised growth. Micro-PIXE 34 

analyses identified the distribution of elements within the roots and highlighted anatomical 35 

compartments defined by apoplastic barriers. These findings advance our understanding of 36 

nutrient radial transport, demonstrate exodermal suberin as a bidirectional and selective 37 

barrier to element movement, and underscore its importance in nutrient homeostasis and plant 38 

growth. 39 

 40 

  41 
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INTRODUCTION 42 

The young roots of virtually all vascular plants develop an endodermis, a single-layer tissue 43 

surrounding the stele that forms an inner boundary of the cortex (Geldner, 2013). 44 

Additionally, approximately 90% of angiosperms differentiate a specialized hypodermis in 45 

their roots, the exodermis, structurally similar to the endodermis and usually uniseriate, 46 

which forms the outer boundary of the cortex separating it from the epidermis and 47 

surrounding medium (Perumalla et al., 1990b; Peterson and Perumalla, 1990; Peterson, 48 

1989). Consequently, most roots of flowering plants, including crops, have a cortex cylinder 49 

enclosed by endodermis and exodermis (Hose et al., 2001; Peterson, 1989). In contrast, no 50 

exodermis has been reported for gymnosperm roots, and for seedless early vascular plants 51 

the exodermis has only been identified in the roots of the lycophyte genus Selaginella 52 

(Damus et al., 1997). The rhizomes of angiosperms also contain an exodermis (Perumalla et 53 

al., 1990a).  54 

The endodermis and exodermis originate from the ground meristem of the root apical 55 

meristem. Once formed, their cells differentiate while accumulating lignin, suberin, and 56 

polysaccharides in their cell walls, thus defining functional apoplastic diffusion barriers. 57 

Differentiation state I corresponds to the formation of the Casparian strip, a lignified belt of 58 

the radial and transverse primary walls that is structurally linked to the plasma membrane 59 

(Geldner, 2013), restricted to the mid-region in the endodermis, and often occupies the whole 60 

of the radial and transverse walls in the exodermis (Hose et al., 2001). State II corresponds 61 

to the formation of suberin lamellae as an inner secondary layer encapsulating the protoplast. 62 

While endodermal differentiation can be completed with the formation of Casparian strip or 63 

progress to the formation of suberin lamellae, virtually all exodermal cells differentiate into 64 

both Casparian strip and suberin lamellae, indicating that exodermis invariably progresses to 65 

state II (Perumalla et al., 1990b; Peterson, 1989). These cells may later progress to state III 66 

by developing a tertiary polysaccharide cell wall, although it is still unclear whether this is a 67 

general feature of the endodermis and exodermis. Both the endodermis and exodermis 68 

include passage cells located at xylem poles, which form Casparian strips but delay the entry 69 

to suberization and later progression to the state III.  70 
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The endodermis and exodermis function as dynamic barriers to protect against drought, ion 71 

toxicity, radial oxygen loss (under root anoxia) and intruders (see for review Hose et al., 72 

2001; Geldner, 2013; Enstone et al., 2003; Soukup and Tylová, 2018). For example, 73 

apoplastic deposits aid in explaining the capacity of young roots to selectively absorb water 74 

and nutrients and radially transfer them to the stele, where they can further reach the entire 75 

plant. Moreover, by accelerating or delaying the differentiation of the endodermis and 76 

exodermis layers, roots are expected to modulate their radial transport capacity in response 77 

to changing physiological and environmental conditions (Hose et al., 2001; Shukla and 78 

Barberon, 2021). In this respect, the significance of the Casparian strip and suberin lamellae 79 

has only been revealed for the endodermis through genetic studies, while evidence for the 80 

role of the exodermal apoplastic barrier is almost nonexistent. In the first differentiation 81 

stage, the Casparian strips form a network that blocks the apoplastic radial movement of 82 

water and nutrients, which, to cross the endodermis, will need to be uptaken by influx carriers 83 

at the endodermal plasma membrane through the trans-cellular pathway. Once in the 84 

endodermal protoplast, the path to the stele would need to go through endodermal efflux 85 

carriers (coupled trans-cellular pathway) or through the plasmodesmata (symplastic 86 

pathway) (Barberon and Geldner, 2014). Suberin lamellae would block the trans-cellular 87 

pathway by depositing between the plasma membrane and hydrophilic cell wall, thus 88 

obstructing the access of water and nutrients to aquaporins and influx and efflux carriers, 89 

respectively. The role of suberin in limiting mineral element and water movement in a 90 

selective and bidirectional manner has been recently established for endodermis by 91 

genetically reducing or depleting the root suberin in Arabidopsis (Wang et al., 2019; 92 

Ranathunge and Schreiber, 2011; Calvo-Polanco et al., 2021; Li et al., 2017; Barberon et al., 93 

2016; Wang et al., 2020). In contrast, despite the wide occurrence of the exodermis in most 94 

angiosperms, the role of exodermal suberin is still unknown, probably because Arabidopsis 95 

roots develop a single-layered cortex and no exodermis. However, genetic and functional 96 

evidences are needed to disentangle the role of the exodermis in root function. 97 

Much of the studies focused on roots containing both endodermal and exodermal layers have 98 

been carried out in the roots of important cereal crops such as barley, maize or rice or, most 99 

recently, tomato (see i.e. Kreszies et al., 2018; Kajala et al., 2021; Líška et al., 2016; Shiono 100 

et al., 2022; Namyslov et al., 2020), which are seed-propagated and the root system is 101 
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initiated embryonically (seeds). However, studies on roots from root or tuber crops that are 102 

commonly vegetatively propagated are neglected despite their potential to contribute to food 103 

security in the future (Khan et al., 2016). Potato (Solanum tuberosum), the world’s most 104 

important non-cereal food crop, is propagated from tubers and its root system is composed 105 

of adventitious roots (Joshi and Ginzberg, 2021).  106 

To gain some knowledge of exodermal suberization, we identified the suberization pattern 107 

of potato adventitious roots. The exodermis is the first layer that quickly suberizes, forming 108 

a complete suberized cylinder close to the root tip. In contrast, endodermis suberization is 109 

much delayed and occurs in particular cells in regions far from the root tip. To learn about 110 

the role of exodermal suberin in plant nutrition, we characterized the root suberin of the 111 

CYP86A33-RNAi, resulting in impaired suberin which amounted for 40% of the wild type. 112 

Using this suberin-deficient mutant we demonstrated the role of exodermal suberin as a 113 

selective bidirectional barrier to nutrients, and mapped the root mineral element distribution 114 

to localize the ion-specific accumulation in anatomical compartments. Biomass and water 115 

content measurements allow for the assessment of the impact of exodermal suberin 116 

deficiency on plant growth and water retention.  117 

 118 

RESULTS 119 

Potato root apoplastic diffusion barriers  120 

We first aimed to describe the anatomy and localization of the apoplastic barriers of the 121 

primary adventitious potato roots emerging from the stem of Solanum tuberosum cv. Desirée 122 

plants grown in hydroponics. To detect lignin and suberin, we stained the roots using basic 123 

fuchsin and Nile red, respectively, and added calcofluor white to stain the polysaccharides 124 

from the cell walls. The stained roots were observed using confocal microscopy. 125 

We detected a basic fuchsin signal of lignin in both the endodermis and exodermis cell layers 126 

in root regions below 2 cm from the root tip (Figure 1). In the endodermis, we observed the 127 

lignin signal deposited in the typical Casparian strip pattern (Figure 1A, white arrowheads), 128 

which formed a longitudinal continuous network surrounding the vascular cylinder (Figure 129 

1A, endodermis plane). In the exodermis, we also observed lignification but did not form the 130 
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typical Casparian strips. Instead, exodermal lignification was displaced to the external 131 

corners of the outer tangential cell wall and extended inward to the radial exodermal cell 132 

walls and outward to the radial epidermal cell walls (Figure 1A; yellow arrowheads). In the 133 

longitudinal plane, this lignification pattern creates a continuous lignified network involving 134 

the exodermal and epidermal cells (Figure 1A, exodermis and epidermis plane), similar to 135 

that created for the Casparian strip in the endodermis. Therefore, we could expect that 136 

lignification in both exodermal/epidermal cells and endodermal Casparian strips might 137 

contribute to creating the apoplastic diffusion barriers to the radial transport of water and 138 

solutes. 139 

To detect suberin, we first used Nile red staining. In root regions below 2 cm from the root 140 

tip, suberin was already observed in the exodermis (Figure 1B). The suberin signal in the 141 

exodermis was homogeneously distributed throughout the perimeter of the exodermal cell 142 

wall. We could not detect suberin in the endodermis in any of the specimens observed using 143 

samples up to 10-cm from the root tip. To confront these observations and determine whether 144 

the endodermis of potato roots grown in hydroponics was actually unsuberized, we stained 145 

free-hand root cross sections with fluorol yellow, a fluorescent dye commonly used to stain 146 

suberin. Again, suberin was clearly detected in the exodermis cells forming a continuous 147 

suberized layer already in the first 2 cm from the root tip (Figure 1C), except for some cells 148 

that remain unsuberized which may correspond to passage cells. Endodermal suberization 149 

was observed in particular cells in the root regions 6–11 cm from the root tip (Figure 1C). 150 

For roots grown in hydroponics for longer periods (seven weeks instead of three weeks), we 151 

observed an increased number of endodermal cells that deposited suberin, being much more 152 

prominent at the base of the root (approximately 32-36 cm), where vascular secondary 153 

growth was evident (Figure 1C). 154 

Since exodermal suberization is described to be very reactive to environmental conditions, 155 

we wondered whether this early and intense suberization of exodermis was because the roots 156 

were growing in hydroponics or was an intrinsic characteristic of potato roots. To answer 157 

this, we analyzed the suberized layers of adventitious potato roots grown in soil using the 158 

same variety tested previously in hydroponics (cv. Desirée). Additionally, to determine the 159 

extent to which exodermal suberization may be a common characteristic in potato, we also 160 
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included another S. tuberosum subsp. tuberosum cultivar, cv. Red Pontiac, and the wild 161 

relative S. tuberosum subsp. andigena. In the youngest root regions (up to 4 cm from the root 162 

tip), we observed an early exodermal suberization, which formed a continuous layer (Figure 163 

1D) punctually interrupted by unsuberized passage cells located at the xylem poles (Figure 164 

1D, asterisks). In contrast, in these youngest regions, any or only individual endodermal cells 165 

were suberized, usually located at the phloem pole. At mature stages (8-12 cm from the root 166 

tip), endodermis suberization was more prominent than in younger root regions, although the 167 

number of suberized cells was clearly different between the varieties. Whereas in subsp. 168 

tuberosum cv. Red Pontiac and subsp. andigena suberized endodermal cells were still 169 

restricted at the phloem pole, in subsp. tuberosum cv. Desirée suberization progressed to 170 

neighboring endodermal cells, forming an almost continuous suberized layer, except for 171 

some endodermal passage cells (Figure 1D, asterisks). Regarding the growing conditions, 172 

our data indicated that endodermal suberization is triggered earlier in soil than in hydroponic 173 

conditions (compare Figure 1C and Figure 1D). 174 

Overall, our observations indicated that in potato roots, grown in soil and hydroponics, the 175 

exodermis is the main and often solely suberized layer in younger roots, covering almost its 176 

entire length but the root tip (Figure 1C-D). Suberization in the endodermis occurs much 177 

later in development, in more mature root regions, and in hydroponics, this suberization is 178 

further delayed (Figure 1C-D), suggesting plasticity of endodermal suberization in response 179 

to root environmental growth conditions, as observed also for Arabidopsis (Barberon et al., 180 

2016). Hence, exodermal suberization in potato roots is the suberized cell layer that 181 

potentially restricts water and mineral element movement and contributes to nutrient 182 

homeostasis. 183 

 184 

 185 
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 186 

Figure 1. Apoplastic barriers in adventitious potato roots. (A-C) Root anatomy of S. 187 

tuberosum cv. Desirée grown in hydroponics. (A) Root segment at 2 cm from the root tip 188 

stained for lignin (red, basic fuchsin) and polysaccharides (white, calcofluor white) and 189 
visualized by confocal microscopy. Orthogonal view of z-scan series and single longitudinal 190 

views are shown. To better visualize the lignin, the Nile red signal is shown as a fire hot 191 

gradient, where yellow pixels are those with higher signal intensities. White arrowheads 192 

indicate the lignified Casparian strip and yellow arrowheads indicate exodermis radial cell 193 

wall lignification. (B) Root segment at 2-4 cm from the root tip stained for suberin (magenta, 194 

Nile red) and polysaccharides (white, calcofluor white) and visualized by confocal 195 

microscopy. Orthogonal view of z-scan series and single longitudinal views are shown. (C-196 
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D) Root free-hand cross-sections stained for suberin (green, fluorol yellow) and observed 197 

under the epifluorescence microscope. Representative images from sections obtained at 198 

different distances from the root tip. (C) Roots grown in hydroponics. (D) Roots grown in 199 

soil of different potato S. tuberosum subsp. tuberosum commercial varieties (cv.) and a wild 200 
relative S. tuberosum subsp. andigena grown in soil. The numbers indicate the individual 201 

cortex layers. co, cortex; en, endodermis; ep, epidermis; ex, exodermis; xy, xylem; ph, 202 

phloem. Asterisks indicate single unsuberized cells in the exodermal and endodermal layers 203 

corresponding to passage cells. The scale bars correspond to 50 μm.  204 

 205 

The root of CYP86A33-RNAi line is deficient in suberin 206 

To study the importance of suberin accumulated in exodermis for plant nutrition, we selected 207 

the CYP86A33-RNAi potato plant (subsp. tuberosum cv. Desirée background) for its 208 

expected reduction in suberin deposition in roots, based on the 60% reduction observed in 209 

the potato tuber periderm (Serra et al., 2009). Hydroponics appeared to be an exceptional 210 

model because in these conditions, the suberin deposited in the primary roots was extensively 211 

found in exodermal cell walls, while endodermis remained practically unsuberized (Figure 212 

1C-D).  213 

We first tested the CYP86A33 gene downregulation in the roots of two CYP86A33-RNAi 214 

lines (22 and 39). The RT-qPCR analysis demonstrated a residual accumulation of 215 

CYP86A33 transcript (14 and 12% respectively of that of wild type) (Supplemental Figure 216 

1) and so these lines were used for further analyses.  217 

The effect of CYP86A33 downregulation on root suberin was first analyzed histologically in 218 

plants grown in hydroponics for three weeks. Fluorol yellow staining of CYP86A33-RNAi 219 

root cross-sections showed a weaker signal in the exodermal layer, as well as in individual 220 

suberized endodermal cells, than in wild-type roots (Figure 2) using the same 221 

epifluorescence microscopy parameters. In the exodermis, only individual cells remained 222 

unsuberized, which corresponded to passage cells. The analysis again confirmed that under 223 

such conditions the exodermis was heavily suberized, forming a continuous suberized 224 

cylinder along the root, whereas suberin in the endodermis was restricted to individual cells. 225 

 226 
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 227 

Figure 2. Effect of CYP86A33 downregulation in suberin deposits by histological 228 

analyses. Free-hand root cross-sections stained with fluorol yellow (green, suberin) obtained 229 

from wild type and CYP86A33-RNAi potato (cv. Desirée) plants grown in hydroponics. The 230 

epifluorescence microscopy micrographs (A, C, E, G, I, K) were observed under UV filter in 231 

which fluorol yellow signal is detected in green and the xylem autofluorescence in blue 232 

(lignin); the corresponding brightfield micrographs (B, D, F, H, J, L) are also shown. 233 

Representative images from sections obtained from 8 up to 12 cm from the root tip with the 234 

typical observation with no suberized endodermis (A, G). Images showing that some 235 

specimens also presented a less frequent pattern, with few endodermal cells that also deposits 236 

suberin (C, I, E, K). In all observations, the exodermal cell layer was continuously suberized, 237 

except of individual unsuberized cells that corresponded to passage cells (marked with an 238 

asterisk). ex, exodermis; en, endodermis; xy, xylem. Scale bars correspond to 100 µm. 239 

 240 

To determine the extent of suberin deficiency, the suberin monomeric composition of the 241 

roots grown in hydroponics was analyzed by gas chromatography (Figure 3). The amount of 242 

suberin was significantly affected by CYP86A33 silencing. The total amount in the 243 

CYP86A33-RNAi roots decreased by 61.3% compared to that of wild type (wild type: 14.07 244 

± 0.74 μg mg-1; CYP86A33-RNAi: 5.45 ± 1.36 μg mg-1). This decrease in total suberin was 245 

due to a reduction of all different types of monomers, but especially ω-hydroxyacids and α,ω-246 

diacids, which in CYP86A33-RNAi roots accounted for 40% and 22% of the wild type, 247 

respectively (Figure 3A). Although C16, C18, and C18:1 ω-hydroxyacids and their 248 
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corresponding α,ω-diacids were the most reduced monomers in CYP86A33-RNAi compared 249 

to wild type, the other α,ω-functionalized monomers were also reduced (Figure 3B). Primary 250 

alcohols, fatty acids, and ferulic acids also decreased in CYP86A33-RNAi roots (Figure 3C).  251 

 252 

 253 

 254 

Figure 3. Chemical composition of root suberin preferentially deposited in exodermis 255 

in CYP86A33-RNAi silenced lines in comparison with wild type. The roots analyzed were 256 

from plants grown for three weeks in hydroponics. The relative amount of suberin monomers 257 

(µg / mg of dry root) grouped by compound class (A), the bi-functionalized monomers 258 
corresponding to ω-hydroxyacids and α,ω-diacids (B), and the fatty acids, primary alcohols 259 

and ferulic acids (C). Data are expressed as the mean ± SD of 3 wild type and 7 CYP86A33-260 

RNAi biological replicates. The asterisks indicate statistically significant differences, t-test 261 

(* = p-value < 0.05: ** = p-value < 0.01). 262 

 263 
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Effect of the exodermal suberin deficiency in plant nutrition  264 

To study the relevance of exodermal suberin in root barriers to mineral nutrient transport, we 265 

compared the mineral element content of CYP86A33-RNAi plants, deficient in suberin, and 266 

those from wild-type (cv. Desirée) plants. In vitro plants were transferred to hydroponics and 267 

grown for three or seven weeks before analysis. The mineral nutrient content in the roots and 268 

shoots was quantified using inductively coupled plasma mass spectrometry (ICP). The results 269 

of element concentrations normalized to root or shoot dry weight were calculated 270 

(Supplemental Tables 1-4) and the data are summarized in a heatmap (Figure 4). Compared 271 

with the wild type, the ionome of CYP86A33-RNAi plants showed consistent changes at the 272 

two stages of plant development and in the two organs. Potassium (K) showed a significant 273 

decrease in roots and shoots of suberin-deficient mutant. All other significant differences 274 

observed in transgenic potatoes indicated a lower capacity of the suberin mutant to control 275 

the selective uptake of particular ions. Iron (Fe) higher uptake was observed at all stages and 276 

in both organs, although only significant at younger stages. Manganese (Mn), magnesium 277 

(Mg), copper (Cu), and sulfur (S) increased in all stages and organs of suberin-deficient 278 

mutants (S, data only seven-week plants), although the data were significant at specific 279 

stages. Other ions, such as sodium (Na) or zinc (Zn) revealed significant increases at specific 280 

plant stages, but the opposite trend (no statistically significant) was observed in the other 281 

plant stage. Overall, ionome analyses identified changes in metal content, indicating the 282 

importance of exodermal suberin in providing a selective barrier in the uptake or retention of 283 

mineral nutrients.  284 
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Figure 4. Effect of root suberin deficiency by CYP86A33 downregulation in plant 288 

ionome. Heatmap showing the standardized mineral nutrient concentrations (μg / g sample 289 

dry weight) in root and shoot of CYP86A33-RNAi silenced and wild type (WT) plants grown 290 

in hydroponics for three and seven weeks. Significant differences (p < 0.05) in relation to 291 
suberin deficiency (CYP86A33-RNAi vs wild type) are outlined in black. Lines indicate 292 

elements that were not measured. The data corresponds to different biological replicates: 3-293 

week grown roots: 4 WT and 8 CYP86A33-RNAi; 3-week grown shoots: 9 WT and 13 294 

CYP86A33-RNAi; 7-week grown roots and shoots: 3 WT and 6 CYP86A33-RNAi, each.  295 

 296 

 297 

 298 

Spatial distribution of ions in potato roots   299 

Since nutrient accumulation in root and shoot was dependent on the exodermal suberin 300 

present in adventitious roots, we next wanted to know: (i) the specific structural 301 

compartments that apoplastic barriers created in these potato roots, (ii) the compartment in 302 

which each mineral was retained, and (iii) whether exodermal suberin deficiency was able to 303 

change this nutrient distribution. To approach this, we mapped the spatial distribution of each 304 

individual element in the cross-sections of potato roots using micro Particle Induced x-ray 305 

Emission (micro-PIXE). Cryo-sections were obtained within 2 cm proximal to the root tip to 306 

include exodermal suberization and the absence of endodermal suberization (Figure 1). 307 

Micro-PIXE data was acquired for Na, Mg, P, S, K, Ca, Mn, Fe and Zn. In each mineral 308 

nutrient distribution map, atom localization showed clear differences across different 309 

anatomical compartments within the roots (Figure 5). In each elemental map, the regions 310 

comprising the recognized tissues were selected, and the concentration profile was extracted 311 

with GeoPIXE II software, as indicated by the rectangles in each of the micro-PIXE maps 312 

(Figure 5). To align these profiles for the element concentration across the tissue regions in 313 

the different cross-sections, micro-PIXE maps were manually adjusted to fit across the 314 

relative unit scale. Micro-PIXE data allows the mapping of atom localization across different 315 

tissue compartments (epidermis, cortex, central cylinder) generated by apoplastic barriers 316 

(exodermis and endodermis). The mappings showed four different groups of metal 317 

distribution: (i) K, and at less extent also P, had higher concentrations in the central cylinder; 318 

(i) Mg, Mn, and Zn had higher concentrations in the cortex (Mn also in the epidermis); (iii) 319 
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Ca and S had similar distribution within the root; and (iv) Fe forms particular deposits in the 320 

epidermis/outer part of the root. This distribution was confirmed in two different replicates 321 

for each plant type, and the element concentrations of the tissues are presented in 322 

Supplemental Table 5. Despite being able to map the mineral nutrient distribution, wild 323 

type and CYP86A33-RNAi silenced line did not show significant changes across the root 324 

compartments. However, this is not rare considering that relatively small differences were 325 

observed in the bulk analyses of the whole root by ICP analyses and that higher variability is 326 

expected between root cross-sections due to technical limitations such as the difficulty in 327 

precisely cut at specific distances from the root tip (Supplemental Table 1-4).  328 
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 329 
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Figure 5. Quantitative element distribution maps of root cross-sections of wild-type and 330 

CYP86A33-RNAi potato roots grown in hydroponics. The yellow rectangle in the upper 331 

images of the section is 400 and 500 μm long, respectively, and defines the concentration 332 

profile analyzed for each mineral element across the root. The red vertical lines indicate 333 
where the exodermis (Ex) and the endodermis (En) are located, defining the other structural 334 

compartments: epidermis (Ep), cortex (Co), central cylinder (Cy). For each element, the 335 

element distribution maps by micro-PIXE (in ppm) is shown on the left and the 336 

corresponding intensity in the rectangle defined in the upper images on the right.  337 

 338 

Silencing effects of CYP86A33 in root and shoot biomass 339 

Having identified that more than 61.3% (Figure 3) reduction of root suberization produced 340 

selective changes in the ionomic profile (Figure 4), we asked whether the suberin-induced 341 

changes in nutrition affected plant physiology. We first tested the effect on the growth of 342 

plants at two developmental stages: grown for three and seven weeks in hydroponics (Figure 343 

6). Both shoots and roots of CYP86A33-RNAi plants accumulated significantly less biomass 344 

in shoots and roots (Figure 6A). Compared to the wild type, after three and seven weeks in 345 

hydroponics, the reduction in shoot biomass was roughly 21% and 16%, respectively, while 346 

root biomass was more severely affected and was reduced by 33% and 32%, respectively, as 347 

shown by the shoot/root biomass ratio (Figure 6A). We also investigated the importance of 348 

exodermal suberin in maintaining water within plants. Although the plants under analysis 349 

were grown in hydroponics for seven weeks, the water content in the aerial parts, leaves, and 350 

stems was significantly, but slightly, reduced in the suberin-deficient plants compared with 351 

the wild-type plants by 0.85% and 0.57%, respectively (Figure 6B). This slight defect in 352 

water retention in suberin-deficient mutant is unlikely to be relevant for plant growth but 353 

provides evidences on the functional role of exodermal suberin in restricting water 354 

movement. We did not observe changes in other physiological parameters such as the leaf 355 

water use efficiency, leaf transpiration, and leaf stomatal conductance (Supplemental 356 

Figure 2).  357 

 358 

  359 
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 360 

Figure 6. Effect of suberin-deficient CYP86A33-downregulated plants in plant biomass 361 

and water content. A. Boxplots of the root dry weight, shoot dry weight and shoot/root dry 362 

weights ratio of plants grown in hydroponics for three weeks (upper panel) and seven weeks 363 

(lower panel). B. Boxplots of the percentage of root, stem and leaf water content in plants 364 

grown for seven weeks in hydroponics. Individual replicates (n=7-30) are shown in the 365 

overlaid dotplots. The asterisks indicate statistically significant differences, t-test (* = p-366 

value < 0.05; ** = p-value < 0.01). 367 
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 368 

DISCUSSION 369 

Endodermis and exodermis of potato roots present a distinct spatiotemporal deposition 370 

of lignin and suberin   371 

We have shown that potato root develops both endodermis and exodermis, single-layered 372 

tissues that modify their cell walls by accumulating lignin and suberin. The presence of the 373 

exodermis is not rare because most angiosperms (around 90%) develop this specialized 374 

hypodermis, which is defined to be very similar in structure to the endodermis, forms a 375 

Casparian strip, and quickly progresses to deposit suberin lamellae (Perumalla et al., 1990b; 376 

Enstone et al., 2003). Our observations indicate that endodermal and exodermal cells lignify 377 

in regions close to the root tip (below 2 cm); however, the lignification pattern differs 378 

between layers. While lignification in the endodermis forms the expected Casparian strip as 379 

a belt in the longitudinal direction, situated in the center of the anticlinal walls as typically 380 

observed (Meyer and Peterson, 2013; Geldner, 2013), lignification in the exodermis 381 

impregnates the anticlinal walls but extends to the outer tangential wall (Figure 1A). In fact, 382 

this lignification pattern was also identified in the closely related species Solanum 383 

lycopersicum (tomato) (Li et al., 2018) and Glyceria maxima (Soukup et al., 2007) and has 384 

recently been named lignified outer cap (Manzano et al., 2022). Even, Perumalla et al. 385 

(1990b) in their survey of hundreds of angiosperm species, commonly observed 386 

autofluorescence in the outer exodermal tangential wall (and epidermis), some persistent 387 

after hydrolyzing the suberin lamellae, suggesting that lignin impregnations in outer walls 388 

may be more common than previously expected. 389 

Regarding suberization, we observed that exodermal cell progressed to state II of 390 

development by depositing the suberin lamellae, and formed a complete suberized cylinder 391 

surrounding the cortex close to the root tip (below 2 cm). This early ability of exodermis to 392 

fully suberize the complete cylinder is a common feature in potato adventitious roots as seen 393 

in different commercial varieties as well as a wild relative, regarding hydroponics or soil 394 

culture (Figure 1B, Figure 1C) (Łotocka et al., 2016). The early suberization of exodermis 395 

is also common for tomato or pepper (Cantó-Pastor et al., 2022), and this differs from other 396 

crop plants, suggesting a common pattern within Solanaceae family. In comparison, 397 
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endodermal cell remains for longer (or even permanently) in the state I of differentiation and, 398 

in regions where exodermis suberization is fully completed, some endodermal cells, 399 

specifically those localized in the phloem pole, progress to state II of suberization (Figure 400 

1C, 1D, Figure 2). Despite that the progression of endodermal suberization differs between 401 

cultivars, the advanced development of phloem-pole endodermis was generally observed, 402 

eventually leaving only unsuberized cells facing the xylem pole in some cultivars (passage 403 

cells) (Figure 2), as also observed previously (Łotocka et al., 2016). The early suberization 404 

process observed in the exodermis of potato adventitious roots calls into question the role of 405 

the endodermal suberization at root regions far from the root tip. 406 

 407 

The lignified endodermis and the ligno-suberized exodermis create anatomical 408 

compartments for nutrient accumulation and restrict their radial diffusion 409 

The distribution of metal elements within the root tissues, namely the epidermis, cortex, and 410 

stele, at a distance of 2 cm from the root apex (Figure 5) suggests that anatomical barriers 411 

are established by the endodermis and exodermis through lignin and suberin deposition. The 412 

endodermis and exodermis in this region have already formed the Casparian strip and the 413 

polar outer lignification cap, respectively, creating two lignified longitudinal cylinder nets 414 

enclosing the cortex that effectively restrict the apoplastic movement of substances at the 415 

boundaries of the rhizodermis and stele (Figure 1A, Figure 7). Perumalla et al. (1990b), in 416 

their study of numerous angiosperm roots, found that roots developing an exodermis block 417 

apoplastic transport at exodermal radial walls, even when outer tangential 418 

lignification/suberization is extended to the outer exodermis domain or rhizodermis. In 419 

agreement, in tomato, a Solanaceae species similar to potato, it has been shown that the outer 420 

lignin cap in the exodermis is responsible for restricting the apoplastic movement across this 421 

layer (Manzano et al., 2022). Additionally, in this root region, the exodermis deposits suberin 422 

lamellae uniformly (Figure 1). This secondary cell wall layer of suberin is expected to 423 

impede apoplastic-to-influx transporter communication (or vice versa) at the plasma 424 

membrane, thus potentially blocking the transmembrane transport of nutrients, similar to the 425 

role of suberin in the endodermis (Barberon et al., 2016). 426 
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By analyzing the mineral nutrient mappings in the root region characterized by the presence 427 

of the endodermal Casparian strip and the ligno-suberized exodermis, in conjunction with 428 

data from the CYP86A33-RNAi suberin-deficient mutant, several deductions concerning the 429 

radial movement of specific ions can be drawn (Figure 7). For instance, the increased levels 430 

of Mg, Mn, and Zn in the roots of the suberin-deficient mutant suggest that suberin defects 431 

facilitate the movement of these ions into and out of the exodermis more readily through 432 

influx and efflux transporters located at the exodermis plasma membrane. Specific 433 

transporters for these ions have been identified for the exodermis in rice, where OsNramp5 434 

and OsMTP9 are polarly localized at the outer and inner side of the exodermis, respectively, 435 

and play a major role in Mn uptake (Sasaki et al., 2016). The accumulation of Mn, Mg, and 436 

Zn ions in the root cortex (Figure 5, Figure 7) further indicates that the Casparian strip 437 

network in the endodermis primarily impedes their radial movement to the stele. However, 438 

the higher increase in Zn and Fe in the shoots of the CYP86A33-RNAi mutant suggests a 439 

more efficient transport through the endodermis, which would potentially maintain the 440 

transcellular or symplastic pathway active. Notably, in Arabidopsis, the influx transporters 441 

AtYSL2 and AtIRT3, which are localized in endodermis, are known to contribute to the 442 

uptake of both Fe and Zn (Schaaf et al., 2005; Lin et al., 2009; Bao et al., 2019). Further 443 

investigation is required to understand whether regulatory or compensatory mechanisms at 444 

the endodermis contribute to this higher translocation to the shoot. 445 

The iron aggregates observed in the outer part of the root (Figure 5) probably correspond to 446 

iron plaque deposits. Iron plaques are Fe3+ oxyhydroxide precipitates commonly observed in 447 

plants grown in hydroponics or under waterlogged conditions, such as rice, resulting from   448 

Fe2+ (ferrous iron) oxidation by radial oxygen loss (ROL) leaking from the root (Maisch et 449 

al., 2020). Suberin has been described as a barrier to ROL (Ejiri and Shiono, 2019), so the 450 

higher accumulation of Fe ions in the suberin-deficient potato roots could involve an 451 

increased oxygen leakage through the suberin-deficient exodermis, promoting iron plaque 452 

formation in hydroponics, similar to what is observed in rice (Wu et al., 2012) (Figure 7). 453 

Additionally, the higher accumulation of iron in the shoots of the suberin mutant indicates a 454 

higher uptake of iron, which in dicotyledonous involves ferric chelate reductases (FRO2) on 455 

the plasma membrane, reducing Fe3+ to the more soluble Fe2+, subsequently absorbed by the 456 

major iron transporter, IRT1 (Eide et al., 1996; Robinson et al., 1999). 457 
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As for K and P, their retention in the central cylinder indicates that these ions cannot backflow 458 

through the unsuberized endodermis apoplastically due to the Casparian strip network 459 

(Figure 5, Figure 7). However, the substantial decrease in K levels in the roots and shoots 460 

of the suberin-deficient mutant implies that either a) lower K uptake or b) higher backflow 461 

of K through the endodermis and eventually exodermis is needed to reach the rhizosphere. 462 

In the latter scenario, efflux transporters or symplastic backflow at the endodermis and 463 

exodermis would be expected. Nonetheless, compensatory effects for K are also plausible, 464 

considering that K+ plays a crucial role in maintaining ion homeostasis and physiological 465 

stability (Srivastava et al., 2020; Mostofa et al., 2022). 466 

 467 

 468 

 469 

 470 

 471 

 472 

 473 

 474 

 475 

 476 
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 477 

Figure 7. Schematic overview of the potato root integrating the data obtained related 478 

to the lignin and suberin deposits, the mineral nutrient distribution, and the effect of 479 

suberin deficiency on restricting radial transport across the exodermis. Each root cross-480 
section integrates the histological detection of suberin and lignin: the high and low suberin 481 

amount in exodermis is painted in yellow and faint yellow, respectively, and lignin in 482 
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endodermal Casparian strips and in exodermis radial and outer tangential walls is outlined in 483 

red. The mineral nutrient distribution by micro-PIXE analysis is shown in blue intensity and 484 

for each mineral nutrient the difference in blue intensity between the wild-type and the 485 

suberin-deficient panels indicates the concentration differences observed in the whole root 486 
by ICP analysis. The black arrows at the exodermis indicate the block of transport by suberin 487 

lamellae (wild type) or active transport at the exodermis due to suberin deficiency (suberin-488 

deficient mutant). In the K suberin-deficient mutant panel, the asterisk highlights the 489 

possibility of lower K uptake by the suberin-deficient mutant. 490 

 491 

Both the endodermal and exodermal suberin contribute to maintaining nutrient 492 

homeostasis, playing a pivotal role in plant growth 493 

The role of suberin in controlling ion homeostasis has been previously described for 494 

endodermis in suberin-deficient mutants of Arabidopsis (Barberon et al., 2016; Wang et al., 495 

2020). In this endodermis model, suberin deficiency leads to increased uptake of calcium, 496 

manganese, and sodium, while sulfur and potassium uptake are reduced. This is in part in 497 

agreement with our data where the exodermal suberin is much affected (Figure 4). In our 498 

suberin deficient exodermal model, the uptake of manganese, zinc, copper, and magnesium 499 

is enhanced, and potassium is severely down-accumulated in the entire plant. These 500 

similarities demonstrated that exodermis can function similarly to endodermis and contribute 501 

to nutrient homeostasis and suggest that the uptake of these nutrients likely follows a coupled 502 

transcellular pathway involving influx and efflux transporters located at each tangential 503 

domain of the plasma membrane of the exodermal cells, paralleling those at endodermal cells 504 

(Barberon and Geldner, 2014; Bao et al., 2019). Additionally, we also observed that iron 505 

uptake was higher in suberin-deficient potato roots indicating that suberin blocks its uptake 506 

at the exodermal layer. The suberin ability to block iron uptake agrees with the Fe deficiency 507 

capacity to delay the endodermal suberization as does the irt1 iron uptake transporter loss-508 

of-function mutant (Barberon et al., 2016). 509 

Although the alteration of nutrient homeostasis in the suberin-deficient mutant is not severe, 510 

especially in shoots, the negative consequences on plant growth are significant, with a more 511 

pronounced effect on root growth (Figure 6), likely due to more pronounced alterations in 512 

the ionome of roots (Figure 4). This is not surprising considering that various minerals 513 

participate in essential and diverse biochemical processes, serving pivotal functions in plant 514 

biology (Mulet et al., 2020). As an example, K+, which is the most affected nutrient in the 515 
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suberin-deficient mutant, regulates numerous physiological processes directly impacting 516 

plant growth (Mostofa et al., 2022). Overall, the data underscore the importance of exodermal 517 

suberin's ability to regulate nutrient homeostasis in plant growth, as also demonstrated in 518 

Arabidopsis endodermis (Barberon et al., 2016). Remarkably, even under hydroponic 519 

conditions, the impact of suberin on water retention is evident, as demonstrated by the 520 

suberin-deficient mutant exhibiting a slight reduction in leaf water content (Figure 6). 521 

 522 

METHODS 523 

Plant material and growth conditions 524 

Potato plants (Solanum tuberosum L.) subsp. tuberosum cv Desirée and cv. Red Pontiac, and 525 

a wild relative Solanum tuberosum subsp. andigena were used to identify the suberization 526 

pattern of the root apoplastic barriers, exodermis and endodermis. In cv. Desirée background, 527 

the potato plant CYP86A33-RNAi (line 22 and 39) has downregulated by RNAi the 528 

cytochrome P450 fatty acid -hydroxylase CYP86A33, which is orthologous of the 529 

Arabidopsis CYP86A1/HORST (At5g58860) (Bjelica et al., 2016), and has a 60% reduction 530 

of suberin in potato tuber phellem (Serra et al., 2009).  531 

For the growth in hydroponics, we used plants grown in vitro in a solid MS (Murashige and 532 

Skoog) media supplemented with 2% sucrose (2MS) for 2 up to 4 weeks. These plants were 533 

transferred to aerated half-strength Hoagland solution in a 10-L volume buckets for three 534 

weeks (younger plants) and seven weeks (older plants) before subsequent analysis. The 535 

nutrient solution was changed every seven days. The nutrient solution was based on 536 

Hoagland growth medium with the following concentrations: 2.5 mM KNO3, 2.5 mM 537 

Ca(NO3)2, 12 µM 6% Fe EDDHA (Kelamix Fe, Burés Professional), 1 mM MgSO4ꞏ7H2O, 538 

0.5 mM NH4NO3, 23 µM H3BO3, 4.2 µM MnCl2ꞏ4H2O, 3.8 µM ZnSO4ꞏ7H2O, 0.14 µM 539 

CuSO4ꞏ5H2O, 0.25 µM Na2MoO4ꞏ2H2O and 0.25 mM KH2PO4. Plants in vitro and plants in 540 

hydroponics were grown in chambers under a light/dark photoperiod cycle of 12 h/12 h at 24 541 

ºC and 22 ºC, respectively. For the histochemical root analyses, we also analyzed the roots 542 

of potatoes grown in soil at the same photoperiodic and temperature conditions. 543 

 544 
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Histochemical analysis of suberin staining  545 

For fluorol yellow staining, roots from plants grown in soil and hydroponics were cut in 2-546 

cm segments and stored in methanol before staining. Root segments were first counter-547 

stained with aniline blue (5% w/v, in H2O) (Fluka Chemie) for 30 s and thereafter were 548 

washed in distilled water to remove the excess stain. This allowed to reduce the background 549 

autofluorescence and to help to visualize the root during free-hand sectioning. Aniline blue-550 

stained roots were then embedded into fresh 6% aqueous melt agarose (Agarose D1 low 551 

EEO, CONDALAB) kept at 53 ºC in a thermoblock. Free-hand root cross-sections obtained 552 

with sharp razor blades were placed into distilled water and subsequently stained with fresh 553 

fluorol yellow 088 (0.01% w/v, in methanol) (Sigma-Aldrich, Merck) at room temperature 554 

for 1 h in darkness and rinsed and kept into distilled water before observation. Sections were 555 

mounted on glass slides in distilled water and observed on an Olympus Vanox-T AH2 556 

epifluorescence microscope using a UV excitation filter (excitation at 330-389 nm) 557 

(otherwise stated), collecting emission fluorescence from 420 nm. Micrographs were 558 

acquired using an Olympus DT73 digital camera and the Olympus CellSens Standard 559 

Software (v.1.11), and were finally processed using Fiji-ImageJ software (v.1.23).  560 

For Nile red staining, the 2-cm root segments grown in hydroponics were fixed, cleared and 561 

stained as previously described by Ursache et al. (2018) with modifications. Briefly, roots 562 

were fixed in 4% paraformaldehid in 1x PBS buffer for 60 min under vacuum and rinsed 563 

twice for 1 min in 1x PBS buffer. Root samples were then cleared with ClearSee (10% xylitol, 564 

15% sodium deoxycholate, 25% urea in distilled water) for at least 3 days, and fresh Clearsee 565 

solution was substituted every week. For Nile red staining, we first stained the root segments 566 

with 0.1% of calcofluor white (Sigma-Aldrich) in ClearSee for two days for general 567 

polysaccharide staining, then samples were rinsed with ClearSee for 30 min, stained with 568 

0.05% of Nile red in ClearSee for three days and rinsed in ClearSee for at least 30 min before 569 

observation under an inverted NIKON A1R confocal microscope. All the incubations were 570 

done at room temperature, darkness and in agitation. The excitation and emission spectra for 571 

calcofluor white were 405 nm and 425-475 nm, respectively; for Nile red 543.5 nm and 570-572 

620 nm, respectively. Images were obtained with NIS-Elements Viewer software (Nikon) 573 

and processed using Fiji-ImageJ software (v.1.23). 574 
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RNA extraction, cDNA synthesis and Real time RT-PCR analyses 575 

Total RNA was isolated from root tissue of 4 biological replicates (individual plants) 576 

following the guanidine hydrochloride method (Logemann et al., 1987). RNA was treated 577 

with DNA-free DNase Treatment and Removal Reagents (Ambion, Life Technologies) and 578 

cDNA was syntethized from 1 µg of RNA using the High Capacity cDNA Reverse 579 

Transcription kit (Applied Biosystems). For the real-time RT-PCR analysis, forward and 580 

reverse primer sequences were, respectively: 5′-TCTACTGGGGTATCCGCAAC-3′ and 5′-581 

TTTGGTGAAAGGGTTTCAGG-3′ for CYP86A33 gene, and  5’- 582 

GAACCGGAGCAGGTGAAGAA-3’ and 5’-GAAGCAATCCCAGCGATACG-3’ for the 583 

reference gene adenine phosphoribosyl transferase (APRT). Real-time PCR analysis was 584 

performed using a LightCycler® 96 Real-Time PCR System (Roche). RT-qPCR reaction 585 

was prepared in triplicates by mixing 2.5 μl of a 25-fold diluted cDNA, 300 nM each of 586 

forward and reverse primers, 5 μl of SYBR Green Select Master Mix (Roche), and, and up 587 

to 10 µl with RNAse free water. The thermocycler conditions were 95 ºC for 10 min; 40 588 

cycles of 95 °C for 10 s and 60 °C for 60 s, followed by a final dissociation step to confirm 589 

a single amplicon. The efficiency (E) for each primer pair was calculated using five dilutions 590 

of template and the equation E=10(-1/slope). Relative transcript accumulation (RTA) was 591 

calculated as = (Etarget)(Ct_control - Ct_sample) / (Ereference)Ct_control - Ct_sample) (Pfaffl, 2001), being the 592 

control one of the wild-type samples and the reference the housekeeping gene ACT. Three 593 

Triplicates of four biological replicates (roots of individual plants) (n=4) were analyzed for 594 

each genotype.  595 

 596 

Suberin chemical composition of plant roots 597 

For the isolation of suberized barriers, each individual root biological replicate included the 598 

roots from 3 plants. Three wild-types and 7 CYP86A33-RNAi (n=3 line 22, n=4 line 39) 599 

biological replicates were used. Plant roots were treated as described previously (Company-600 

Arumí et al., 2016). In detail, after harvesting, roots were washed with distilled water and 601 

treated at room temperature for four weeks with a mixture of 5% v/v cellulase and 5% v/v 602 

pectinase diluted in citric buffer (10-2 M pH 3.0, adjusted with KOH) and 1 mM sodium azide 603 

to prevent bacterial growth. Then, tissues were treated for one day each with boric acid buffer 604 
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(2 x 10-2 M pH 9.0) and deionized water, and they were dried and stored in the dark until use. 605 

The isolated material from one root (1-2 mg) was treated using 2 mL of chloroform:methanol 606 

mixture (1:1 v/v) over a period of 16-18 hours at 50 rpm and then rinsed three times with the 607 

mixture to remove the remaining wax material.  608 

Suberin was depolymerized by transesterification by immersing the wax-free residues in 609 

boron trifluoride in methanol (10% BF3/MeOH) and incubating the samples at 70 ºC for 16-610 

18 hours in a Teflon-sealed screw-cap tube. After the reaction took place, 10 µg of the 611 

dotriacontane were added as a surrogate and the methanolysate was transferred to a new vial 612 

containing 2 mL of saturated NaHCO3 aqueous solution. The solid residue was rinsed twice 613 

with chloroform and the cleaning solutions were added to the methanolysate and NaHCO3 614 

mixture. The aqueous-methanol phase was then extracted twice with chloroform and, after 615 

phase separation, the chloroform extract was rinsed with ultrapure water. Anhydrous sodium 616 

sulphate powder was added to the organic phase to remove traces of water and the solvent 617 

was then evaporated to dryness. The released monomers were transformed to tms derivatives 618 

by BSTFA derivatization, adding 20 μL of the reagent and 20 μL of pyridine to the dry 619 

residues and incubating the samples for 40 min at 70 ºC. An appropriate volume of 620 

chloroform was added to the final solutions to obtain the desired concentrations for gas 621 

chromatography (GC) analyses. 622 

GC-mass spectrometry (GC-MS) was used for suberin monomer tms derivative identification 623 

and GC-FID for its quantification. GC-flame ionization detection (GC-FID) analysis was 624 

performed in a Shimadzu GC-2010 Plus using a BP1 capillary column (30 m length, 0.25 625 

mm i.d., 0.1 µm film thickness, Teknokroma). A split/ splitless injector was used in the 626 

splitless injection mode (splitless time 1 min) with the injector temperature at 280 ºC. Helium 627 

was used as the carrier gas at a constant flow rate of 1 mL/min. The detector temperature was 628 

maintained at 320 ºC. The initial oven temperature program started at 140 ºC, followed by 3 629 

ºC min-1 increases up to 310 ºC, where it was held for 5 min. Chromatograms were processed 630 

using GC Solution software (version 2.41) from Shimadzu. GC-MS analysis, performed 631 

using a selective mass detector with ion trap (Trace GC 2000 series coupled to a Thermo 632 

Scientific Polaris Q mass spectrometer), enabled the identification of the derivatized suberin 633 
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monomers comparing the mass spectra with available standards or literature (Kolattukudy 634 

and Agrawal, 1974; Zeier and Schreiber, 1997, 1998). 635 

 636 

ICP analyses for mineral nutrient chemical composition  637 

Roots and shoots collected from hydroponics were dried in an oven at 70 ºC for 72 h and 638 

thereafter were weighted on an analytical balance to obtain the dry weight. Each individual 639 

root biological replicate included pools of roots from 1 to 3 plants grown in the same bucket 640 

and each shoot replicate included pools of shoots from 1 to 2 plants, to reach the minimum 641 

tissue mass for ICP analysis. Dried samples (0.08 - 0.12 g) were cut into small pieces and 642 

placed in PTFE digestion vessels. Acid digestion was performed by adding 9 mL of 69% 643 

nitric acid (HNO3) (Suprapur, Merck) and 1 mL of 30% hydrogen peroxide (H2O2) (Trace 644 

Select, Fluka). Vessels were capped and heated into the microwave digestion system 645 

(Speedwave XPERT, BERGHOF, Germany) following the program: 5 min to reach 180 ºC 646 

and 10 min at 180 ºC. After cooling, digested sample solutions were transferred to 25 mL 647 

vials and brought to volume with ultrapure de-ionized water. Samples were stored at 4 ºC 648 

prior to analysis.  649 

Nutrient element content (ionome studies) was measured using inductively coupled plasma 650 

atomic emission spectrometry (ICP-OES) or ICP-mass spectrometry (ICP-MS). For ICP-651 

OES an Agilent Technology model Vertical Dual View 5100 ICP-OES spectrometer 652 

equipped with an SPS3 autosampler. The instrument was fitted with a SeaSpray® concentric 653 

glass nebulizer, a double-pass cyclonic spray chamber and an easy-fit one-piece torch with a 654 

1.8 mm id injector. The detector type was a CCD (charge-coupled device). For ICP-MS, a 655 

quadrupole-based ICP-MS system (Agilent 7500c, Agilent Technologies) was used, 656 

equipped with an octopole collision reaction cell. 103Rh was used as internal standard. The 657 

accuracy of the analysis was checked by concurrent analysis of standard reference materials. 658 

Equipment calibration was performed using multi-element calibration standards prepared 659 

from single-element standard solutions (1000 mg L-1) (Pure Chemistry). Sample 660 

concentrations were calculated using an external calibration method and the values were 661 

normalized to the amount of the sample processed. Each sample was run in triplicate and the 662 

mean was considered the representative value for a particular sample. For the root analysis 663 
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of younger plants (three weeks in hydroponics), 4 wild-type and 8 CYP86A33-RNAi (n=4 664 

line 22, n=4 line 39) biological replicates were used; for the shoot analysis 9 wild-type and 665 

13 CYP86A33-RNAi (n=6 line 22 and n=7 line 39). For both the root and shoot analyses of 666 

older plants (seven weeks in hydroponics) 3 wild-types and 6 CYP86A33-RNAi (n=3 line 22, 667 

n=3 line 39) biological replicates were used.  Trends of the ionomic profiles were presented 668 

in a heatmap, displaying the concentration per each mineral nutrient after applying z-scores 669 

transformations, in roots and shoots respectively, using the ggplot2 package (v.3.3.4; 670 

https://ggplot2.tidyverse.org/) in R.  671 

 672 

Mapping of element distribution by micro-proton induced X-ray emission analysis 673 

(micro-PIXE)  674 

The 2 cm of the root tip was cut and introduced into an stainless steel needle with an inner 675 

diameter of 2 mm, leaving around 2 mm of the root outside the needle which was submerged 676 

in a tissue-freezing medium (Jung, Leica) and quickly frozen in liquid nitrogen (Vogel-Mikuš 677 

et al., 2014). Cryo-sections of 50 µm thickness were obtained at -25 ºC using a Leica CM3050 678 

cryotome. Sections were placed in custom-made aluminium holders and covered with a 679 

stainless-steel fitting cover to keep the section flat. Using a cryo-transfer assembly cooled by 680 

liquid nitrogen, the sections were freeze-dried for 3 days at -25 ºC and at 0.240 mbar in a 681 

freeze dryer (Alpha 2-4 Christ, Osterode am Harz, Germany). Dry sections were placed 682 

between two thin layers of Pioloform foil stretched on aluminium holders and imaged under 683 

bright field and UV excitation (365 nm) using Zeiss Axioskop 2 MOT microscope equipped 684 

with an Axiocam MRc colour digital camera (Vogel-Mikuš et al., 2014; Pongrac et al., 2019). 685 

Root cross-sections were used to measure the tissue-specific distributions of the different 686 

elements by micro-particle-induced X-ray emission (micro-PIXE). Micro-PIXE analysis was 687 

performed at the nuclear microprobe of the Jožef Stefan Institute as previously described 688 

(Detterbeck et al., 2016; Lyubenova et al., 2013; Vavpetič et al., 2015). To determine beam 689 

exit energy from the sample, related to the sample local tissue density, an on-off axis scanning 690 

transmission ion microscopy (STIM) was simultaneously performed (Pallon et al., 2004; 691 

Vavpetič et al., 2013). From micro-PIXE spectra we calculated numerical matrices (pixel-692 

by-pixel concentration matrices) and generated distribution and co-localization maps using 693 
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GeoPIXE II software package (Ryan, 2000) utilizing the dynamic analysis method (Ryan et 694 

al., 2015). To further enhance image contrast we applied smooth (Gaussian function, standard 695 

deviation 1.5) and edge enhance (Roberts function) filters. Using ImageJ, the areas enclosed 696 

between tissues (epidermis, cortex and central cylinder) were defined and the concentrations 697 

for each element were extracted (Singh et al., 2014; Vogel-Mikuš et al., 2014).  698 

 699 

Physiological parameters: biomass and leaf water content 700 

Wild-type and suberin-deficient mutant (line 39 and line 22) plants were grown in 701 

hydroponics. For each plant (biological replicate), leaves, stems and roots were separated, 702 

being roots washed with distilled water and the remaining surface watered quickly and lightly 703 

dried. Then, plant fractions were weighed to determine their fresh mass (FM). To determine 704 

the dry mass (DM), plant fractions were oven-dried at 60 ºC for 3 days and weighted. The 705 

water content of leaves (LWC), stems (SWC) and roots (RWC) were calculated as: WC (%) 706 

= (FM-DM) x 100/FM. 707 

Foliar gas exchange parameters, including transpiration rates (E), stomatal conductance (gs) 708 

and photosynthesis were measured in one attached leaf for plant (biological replicate) using 709 

a portable open-circuit infrared gas analyzer system (CIRAS-2, PP-Systems Inc. Amesbury, 710 

USA). Intrinsic water use efficiency was calculated as A/gs (WUE). 711 

 712 

Statistical analyses 713 

The data were compared based on the mean values using a t-test for independent samples and 714 

significance was considered when p < 0.05. Data that do not meet variance homogeneity by 715 

Levene’s test (p < 0.05) was analyzed using the non-parametric Mann-Whitney test (p < 0.05) 716 

and when significant it was indicated specifically. Normal distribution was assumed.  717 

 718 
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Accession Numbers 719 

CYP86A33 potato gene from this article can be found in the EMBL/GenBank data libraries 720 

under accession number EU293405.  721 

 722 

Supplemental Data files 723 

Supplemental Figure 1. CYP86A33 transcript accumulation in the roots of wild-type and 724 

RNAi-silenced potato plants. 725 

Supplemental Figure 2. Effect of suberin-deficient CYP86A33-downregulated plants in 726 

physiological parameter performance. 727 

Supplemental Table 1. Nutrient element concentration in the root of CYP86A33-silenced 728 

and wild-type plants grown for three weeks in hydroponics. 729 

Supplemental Table 2. Nutrient element concentration in the shoot of CYP86A33-silenced 730 

and wild-type plants grown for three weeks in hydroponics. 731 

Supplemental Table 3. Nutrient element concentration in the root of CYP86A33-silenced 732 

and wild-type plants grown for seven weeks in hydroponics. 733 

Supplemental Table 4. Nutrient element concentration in the shoot of CYP86A33-silenced 734 

and wild-type plants grown for seven weeks in hydroponics. 735 

Supplemental Table 5. Element concentrations in dpidermis, cortex and central cylinder 736 

(cylinder) of the potato roots grown in hydroponics for three weeks, obtained by micro-PIXE 737 

and analyzed using the GeoPIXE II software.  738 
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 909 

 910 

FIGURE LEGENDS 911 

Figure 1. Apoplastic barriers in adventitious potato roots. (A-C) Root anatomy of S. 912 

tuberosum cv. Desirée grown in hydroponics. (A) Root segment at 2 cm from the root tip 913 

stained for lignin (red, basic fuchsin) and polysaccharides (white, calcofluor white) and 914 

visualized by confocal microscopy. Orthogonal view of z-scan series and single longitudinal 915 

views are shown. To better visualize the lignin, the Nile red signal is shown as a fire hot 916 

gradient, where yellow pixels are those with higher signal intensities. White arrowheads 917 

indicate the lignified Casparian strip and yellow arrowheads indicate exodermis radial cell 918 

wall lignification. (B) Root segment at 2-4 cm from the root tip stained for suberin (magenta, 919 

Nile red) and polysaccharides (white, calcofluor white) and visualized by confocal 920 

microscopy. Orthogonal view of z-scan series and single longitudinal views are shown. (C-921 

D) Root free-hand cross-sections stained for suberin (green, fluorol yellow) and observed 922 

under the epifluorescence microscope. Representative images from sections obtained at 923 

different distances from the root tip. (C) Roots grown in hydroponics. (D) Roots grown in 924 

soil of different potato S. tuberosum subsp. tuberosum commercial varieties (cv.) and a wild 925 

relative S. tuberosum subsp. andigena grown in soil. The numbers indicate the individual 926 

cortex layers. co, cortex; en, endodermis; ep, epidermis; ex, exodermis; xy, xylem; ph, 927 

phloem. Asterisks indicate single unsuberized cells in the exodermal and endodermal layers 928 

corresponding to passage cells. The scale bars correspond to 50 μm.  929 

 930 

Figure 2. Effect of CYP86A33 downregulation in suberin deposits by histological 931 

analyses. Free-hand root cross-sections stained with fluorol yellow (green, suberin) obtained 932 

from wild type and CYP86A33-RNAi potato (cv. Desirée) plants grown in hydroponics. The 933 

epifluorescence microscopy micrographs (A, C, E, G, I, K) were observed under UV filter in 934 
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which fluorol yellow signal is detected in green and the xylem autofluorescence in blue 935 

(lignin); the corresponding brightfield micrographs (B, D, F, H, J, L) are also shown. 936 

Representative images from sections obtained from 8 up to 12 cm from the root tip with the 937 

typical observation with no suberized endodermis (A, G). Images showing that some 938 

specimens also presented a less frequent pattern, with few endodermal cells that also deposits 939 

suberin (C, I, E, K). In all observations, the exodermal cell layer was continuously suberized, 940 

except of individual unsuberized cells that corresponded to passage cells (marked with an 941 

asterisk). ex, exodermis; en, endodermis; xy, xylem. Scale bars correspond to 100 µm. 942 

 943 

Figure 3. Chemical composition of root suberin preferentially deposited in exodermis 944 

in CYP86A33-RNAi silenced lines in comparison with wild type. The roots analyzed were 945 

from plants grown for three weeks in hydroponics. The relative amount of suberin monomers 946 

(µg / mg of dry root) grouped by compound class (A), the bi-functionalized monomers 947 

corresponding to ω-hydroxyacids and α,ω-diacids (B), and the fatty acids, primary alcohols 948 

and ferulic acids (C). Data are expressed as the mean ± SD of 3 wild type and 7 CYP86A33-949 

RNAi biological replicates. The asterisks indicate statistically significant differences, t-test 950 

(* = p-value < 0.05: ** = p-value < 0.01). 951 

 952 

Figure 4. Effect of root suberin deficiency by CYP86A33 downregulation in plant 953 

ionome. Heatmap showing the standardized mineral nutrient concentrations (μg / g sample 954 

dry weight) in root and shoot of CYP86A33-RNAi silenced and wild type (WT) plants grown 955 

in hydroponics for three and seven weeks. Significant differences (p < 0.05) in relation to 956 

suberin deficiency (CYP86A33-RNAi vs wild type) are outlined in black. Lines indicate 957 

elements that were not measured. The data corresponds to different biological replicates: 3-958 

week grown roots: 4 WT and 8 CYP86A33-RNAi; 3-week grown shoots: 9 WT and 13 959 

CYP86A33-RNAi; 7-week grown roots and shoots: 3 WT and 6 CYP86A33-RNAi, each.  960 

 961 

Figure 5. Quantitative element distribution maps of root cross-sections of wild-type and 962 

CYP86A33-RNAi potato roots grown in hydroponics. The yellow rectangle in the upper 963 

images of the section is 400 and 500 μm long, respectively, and defines the concentration 964 
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profile analyzed for each nutrient element across the root. The red vertical lines indicate 965 

where the exodermis (Ex) and the endodermis (En) are located, defining the other structural 966 

compartments: epidermis (Ep), cortex (Co), central cylinder (Cy). For each element, the 967 

element distribution maps by micro-PIXE (in ppm) is shown on the left and the 968 

corresponding intensity in the rectangle defined in the upper images on the right.  969 

 970 

Figure 6. Effect of suberin-deficient CYP86A33-downregulated plants in plant biomass 971 

and water content. A. Boxplots of the root dry weight, shoot dry weight and shoot/root dry 972 

weights ratio of plants grown in hydroponics for three weeks (upper panel) and seven weeks 973 

(lower panel). B. Boxplots of the percentage of root, stem and leaf water content in plants 974 

grown for seven weeks in hydroponics. Individual replicates (n=7-30) are shown in the 975 

overlaid dotplots. The asterisks indicate statistically significant differences, t-test (* = p-976 

value < 0.05; ** = p-value < 0.01). 977 

 978 

Figure 7. Schematic overview of the potato root integrating the data obtained related 979 

to the lignin and suberin deposits, the mineral nutrient distribution, and the effect of 980 

suberin deficiency on restricting radial transport across the exodermis. Each root cross-981 

section integrates the histological detection of suberin and lignin: the high and low suberin 982 

amount in exodermis is painted in yellow and faint yellow, respectively, and lignin in 983 

endodermal Casparian strips and in exodermis radial and outer tangential walls is outlined in 984 

red. The mineral nutrient distribution by micro-PIXE analysis is shown in blue intensity and 985 

for each nutrient element the difference in blue intensity between the wild-type and the 986 

suberin-deficient panels indicates the concentration differences observed in the whole root 987 

by ICP analysis. The black arrows at the exodermis indicate the block of transport by suberin 988 

lamellae (wild type) or active transport at the exodermis due to suberin deficiency (suberin-989 

deficient mutant). In the K suberin-deficient mutant panel, the asterisk highlights the 990 

possibility of lower K uptake by the suberin-deficient mutant. 991 

 992 

 993 
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