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Abstract

The permeability of roots to water and nutrients is controlled through a variety
of mechanisms and one of the most conspicuous is the presence of the Casparian
strips and suberin lamellae. Roots actively regulate the creation of these structures
developmentally, along the length of the root, and in response to the environment,
including drought. In the current study, we characterized the suberin composition
along the length of grapevine fine roots during development and in response to
water deficit, and in the same root systems we quantified changes in expression
of suberin biosynthesis- and deposition-related gene families (via RNAseq) allow-
ing the identification of drought-responsive suberin-related genes. Grapevine su-
berin composition did not differ between primary and lateral roots, and was similar
to that of other species. Under water deficit there was a global upregulation of
suberin biosynthesis which resulted in an increase of suberin specific monomers,
but without changes in their relative abundances, and this upregulation took place
across all the developmental stages of fine roots. These changes corresponded
to the upregulation of numerous suberin biosynthesis- and export-related genes
which included orthologs of the previously characterized AtMYB41 transcriptional
factor. Functional validation of two grapevine MYB41 orthologs, VriMYB41 and
VriMYB41-like, confirmed their ability to globally upregulate suberin biosynthe-
sis, export, and deposition. This study provides a detailed characterization of the
developmental and water deficit induced suberization of grapevine fine roots and
identifies important orthologs responsible for suberin biosynthesis, export, and its

regulation in grape.
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1 | INTRODUCTION

The root system is highly dynamic in space and time, and roots ac-
tively regulate water and nutrient uptake during development and in
response to the environment. This regulation occurs across different
time frames. There are rapid changes over the short-term (i.e. hours
to days), for example the modulation of root water uptake via aqua-
porins (Gambetta et al., 2017), or nutrient uptake via transporters
(Williams & Miller, 2001), or slower more long-term changes (i.e. days
to months to seasons) such as the modification of root system archi-
tecture (Osmont et al., 2007) and structural changes in individual
roots.

Within the individual root, one of the most well-established
structural features impacting water and nutrient uptake is the de-
velopment of the Casparian strips and the suberin lamellae in the
endodermis and exodermis of primary roots. Only the root tip (typ-
ically just the first few mm) lacks any suberized structures, so the
Casparian band and suberized endo/exodermis develop relatively
rapidly, and in woody perennials this development continues with
the formation of a woody, highly suberized periderm (Evert, 2006).
Therefore, as these suberized structures become more developed
in root portions further away from the root tip (i.e. older parts of
the roots) they contribute to decrease in the hydraulic conduc-
tivity (Gambetta et al., 2013; Kramer & Bullock, 1966; MacFall
et al., 1991) and the passive uptake of nutrients (Ranathunge
et al.,, 2011). In response to environmental factors like drought,
water logging, and salt stress there is an increased deposition
of suberin lamellae which contributes to further decreases in
root permeability (Aroca et al., 2012; Franke & Schreiber, 2007,
Ranathunge et al., 2011).

Suberin is a very complex heteropolymer made of poly-
aliphatic (polyester) and polyphenolic (lignin-like) domains together
with non-covalently associated waxes (Bernards, 2002; Delude
etal., 2016). Suberinis deposited at the interface between the plasma
membrane and the primary cell wall. Although the fatty acid-derived
monomers making the aliphatic network and waxes have now been
characterized in several plants and tissues, the macromolecular
structure of the polymer, the domain interconnections, as well as
the interactions of suberized layers with cell wall constituents re-
mains elusive. Visualized with transmission electron microscopy, su-
berin often appears as a lamellar structure made of 5 to 10nm thick
electron-translucent and -dense alternating bands. Latest models
based on 3C ssNMR studies suggest that light bands correspond to
membrane-like ordered aliphatic-glycerol esters, while dark bands
are made of hydroxycinnamic acids, especially ferulic acid, which are
extensively covalently-linked in a lignin-like macromolecule (Graca,
2015). Measuring the permeability of suberized cell walls present in
roots using transport chambers would require the enzymatic isola-
tion of the suberized barriers present in the endodermis and/or exo-
dermis, which is currently not technically possible (Schreiber, 2010).
As an alternative, most studies on suberin permeability were con-
ducted using potato (Solanum tuberosum) tuber skin, which is com-

posed of about ten compacted layers of suberized cells. It was

shown that the water permeability was inversely correlated with the
post-harvest time because of the significant amounts of waxes that
were deposited upon storage (Schreiber et al., 2005). These analy-
ses suggested that the barrier properties of potato skin were more
related to the deposition of waxes than to the lipophilic polymer as
in aerial cuticles. Although technically challenging, the radial trans-
port of water and solutes has been assessed in rice and corn primary
roots using pressure probes (Ranathunge et al., 2005; Schreiber
et al., 2005). These approaches indicated that the root suberized cell
walls are at least 3 orders of magnitude more permeable than potato
skin or plant cuticles. This much higher permeability relative to aerial
cuticles could be related to the fact that in roots suberized layers are
not impregnated with high amounts of waxes. This is also congruent
with the idea that the primary role of roots is water uptake, thus
highly (or perhaps perfectly) impermeable suberized walls in roots
should be deleterious to plants.

In the past, studies on suberin were restricted to the perid-
erms of cork oak tree and potato tubers, but in the early 2000s
Arabidopsis, and more recently agronomically important fruits
like tomato (Lashbrooke et al., 2015), apple (Legay et al., 2017),
and watermelon (Cohen et al., 2019) became models of choice
for large genomic studies. Gas-chromatography based analysis
methods showed that the polyaliphatic domain of suberin is prin-
cipally made of a complex mixture of a,0-bifunctional fatty acids
(principally w-hydroxyacids and a,w-diacids) and glycerol, which
are primarily linked by ester linkages into a polyester. Various pro-
portions of a,m-bifunctional fatty acids differing in term of chain
length, degrees of unsaturation, and oxidation generate an ali-
phatic suberin composition which is often specific to each plant,
and even to the different suberized layers of the same plants.
Several large-scale studies conducted on suberizing tissues like
oak cork, potato periderm, poplar bark, and russeted apple skins
led to the identification of numerous candidate genes for suberin
aliphatic biosynthesis (Legay et al., 2015; Rains et al., 2018; Soler
et al.,, 2007, 2011). The role of many of these candidate genes
was confirmed by reverse genetic approaches in Arabidopsis,
and to a lesser extent by RNA interference in potato (reviewed in
Vishwanath et al., 2015). In the proposed biosynthetic pathway for
Arabidopsis, 18-carbon atoms fatty acid precursors are elongated
in the endoplasmic reticulum by elongase complexes, in which the
keto-acyl-CoA synthase (KCS) plays the major role by controlling
the final chain-length (Franke et al., 2009). Fatty acids ranging
from 16 to 24 carbon atoms are oxidized by cytochrome P450
(CYP86A1 and B1) to omega-hydroxy fatty acids (Compagnon
et al., 2009; Hofer et al., 2008), and eventually to dicarboxylic
acids, this last step remaining uncharacterized to date. Oxidized
aliphatics are then transferred to glycerol by sn-2 specific glyc-
erol-3-phosphate acyl-transferase (GPAT; Beisson et al., 2007),
yielding the putative building blocks of the polymer. These acyl
monomers (or oligomers) are then exported outside of the cell
through putative ATP binding cassette transporter of the G-clade
(ABCG; Yadav et al., 2014). Long-chain acyl-CoA synthase (LACS)

are apparently also important for suberin aliphatic synthesis even
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if their exact role and position within this pathway remain elusive
(Pollard et al., 2008). Additionally, BAHD-acyl transferase like al-
iphatic suberin feruloyl transferase (ASFT) are important for the
incorporation of hydroxycinnamic acids in the polymer (Molina
et al., 2009). Finally, at the level of transcriptional regulation sev-
eral MYB transcription factors (AtMYB9, AtMYB39, AtMYB41,
AtMYB92, and AtMYB107) have been shown to be important
positive regulators of suberin biosynthesis in Arabidopsis (Cohen
et al.,, 2020; Gou et al., 2017; Kosma et al., 2014; Lashbrooke
et al,, 2016; To et al., 2020). Other suberin transcriptional regula-
tors were also identified in oak cork (Capote et al., 2018), potato
periderm (Soler et al., 2020; Verdaguer et al., 2016), and russeted
apple skins (Legay et al., 2016).

In the current study, we characterized the suberin composition
along the length of grapevine fine roots examining four distinct
root portions, each representing a specific developmental stage,
in order to quantify changes in suberin composition during fine
root development. These analyses were paired with roots that had
been subjected to two different levels of water deficit. We charac-
terized the orthologous gene families of known suberin biosynthe-
sis- and export-related gene families in grape and examined their
expression (via RNAseq) in parallel samples of fine roots subjected
to water deficit. This allowed the identification of grape orthologs
of the suberin biosynthetic regulator MYB41 transcription factor
whose expression was highly upregulated under water deficit.
Finally, the functionality of these Vitis orthologs was confirmed
via transient expression in agroinfiltrated Nicotiana benthamiana

leaves.

2 | RESULTS

2.1 | Suberin composition of grapevine primary and
lateral roots

Grapevine primary and lateral fine roots were exhaustively delipi-
dated, the suberin polyester was depolymerized by acidic trans-
methylation, and its monomer composition and content were
analyzed by gas chromatography. The polyester composition was
dominated by typical suberin monomers such as dicarboxylic acids
(DCA) and omega hydroxy acids (0OH) with chain lengths rang-
ing from C16 to C22 (Figure 1a,b). In both primary and lateral
roots, four major monomers (16:0-DCA, 18:1-DCA, 18:1-coOH
and 22:0-c0OH) represented more than 50% of the total content
(Figure 1a), and dicarboxylic and omega hydroxyl acids collectively
accounted for about 70% of the total (Figure 1b). Other monomers
detected were fatty acids, fatty alcohols, and diols. Interestingly,
diols (especially C18:0- and C20:0-diol) were more abundant in
the primary root than in lateral roots (12.7 and 4.9% of the total,
respectively) as was 16:0-DCA. Concerning the acyl chain lengths,
18-carbon molecules represented more than 40% of the total su-
berin acyl-chains in both types of roots, while molecules with 16,

20, and 22 carbon atoms each accounted for about 20% of the
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total (Figure 1c). Although primary and lateral roots had a rather
similar acyl-chain composition, the total monomer content in lat-
eral roots was 20% lower (12.9 ug/mg Dry Residue (DR) in the
primary root vs. 10.3 ug/mg DR in lateral roots).

2.2 | Developmental changes in suberin
composition

We analyzed the global lipid composition of four different develop-
mental stages of the primary root: the root tip, and segments cor-
responding to the development of Primary Xylem, Early Secondary
Growth (prior to periderm development), and Late Secondary Growth
(which included a periderm), where the developmental stage of each
analyzed sample was confirmed by microscopy. Global lipid analy-
sis allowed for the quantification of the totality of the acyl-chains
present in the various root segments, including the major suberin
monomers, as well as that of sterols and hydroxycinnamates such as
coumaric, ferulic, and synapic acids (Figure 2a). Among the different
acyl-chains detected, fatty acids mainly come from membrane lipids,
2-hydroxy acids are a signature from the sphingolipids present in the
plasmalemma, while dicarboxylic acids, omega hydroxy acids, fatty
alcohols, and diols represent suberin-specific aliphatics. It should be
pointed out that this global lipid analysis slightly underestimates the
total suberin monomer content as the solvent-extraction method in-
dicated the presence of classical fatty acids in the suberin polyester
(Figure 1).

Fatty acids predominated in the root tip (~40 ug per linear cm
of root) and were about the same (~20 ug per linear cm of root) in
the Primary Xylem, and Early and Late Secondary Growth stages
(Figure 2a). The root tip contained very few suberin-specific aliphatics
(2.5 pg per linear cm of root) and high amounts of fatty acids (42.6 ug
per linear cm of root). Considering all the suberin aliphatic classes to-
gether, their content increased dramatically with the age of the root
segment: from 10.6 ug per linear cm of root in the Primary Xylem
zone up to 59.8 ug per linear cm of root in the and Late Secondary
Growth with periderm zone (Figure 2a,b). In contrast, the amounts of
most 2-hydroxy acids and sterols did not change across the different
developmental stages of the root (Figure 2a; Figure S1). Although
the total suberin monomer content was significantly different in the
various developmental stages, its composition displayed much less
variation. Dicarboxylic acids systematically represented about 39%-
45% of the total monomers, omega hydroxy acids 32%-41%, and
fatty alcohols and diols 14%-24% (Figure 2b, inset). Detailed quanti-
fication of unsubstituted fatty acids, hydroxycinnamates, 2-hydroxy

fatty acids, and sterols is presented in Figure S1.
2.3 | Changes in suberin composition in response to
water deficit

We subjected grapevines to different watering regimes (control,

medium, and high water stress) for approximately 3 weeks. Water
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FIGURE 1 Aliphatic suberin composition of well-watered primary (black bars) and lateral (grey bars) grapevine roots. Suberin monomers
from solvent-extracted roots were released by acidic transmethylation, silylated, separated by gas chromatography and quantified using

internal standards. (a) Suberin monomer composition in ug/mg dry residue. (b) Types of acyl-chains and (c) Acyl-chain length distributions (in
% of total). Error bars represent + standard error and asterisks designate statistically significant differences (n = 10 primary rootsand n =3

lateral roots; p < .05 TUKEY’s HSD)

deficit decreased vine water status with average pre-dawn water

(\PPredawn
proximately -0.5 and -1.5 MPa under medium and high water deficit

) potentials decreasing from near zero in controls to ap-

respectively (Figure 3a). Under medium water deficit there was an
approximate 80% decrease in stomatal conductance and 60% de-
crease in assimilation, both of which decreased to nearly zero under
high water deficit (Figure 3b,c). In addition, root hydraulic conductiv-
ity (Lp, ) Was assessed. Water deficit resulted in decreases in Lp,

of approximately 50% under medium deficit and 80% under high

deficit (Figure 3d). Primary roots were stained with the fluorescent
dye berberine hemisulfate in order to visualize suberized structures
in the roots (Figure 4). Water stressed roots developed a Casparian
band in closer proximity to the root tip (Figure 4a,d) and generally
exhibited a greater amount of berberine hemisulfate fluorescence in
the endodermis and exodermis.

We then compared the global lipid composition of primary roots
that had been subjected to the different water regimes across the

same four different developmental stages described above. All
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Suberin-specific Aliphatics

FIGURE 2 Global lipid analysis of different portions of well-watered primary roots coorsponding to the root tip (red bars), and the
developmental stages of primary xylem (blue bars), early seconday growth (green bars), and late secondary growth (purple bars). Root
portions were directly transmethylated, silylated, and the major lipid components were separated by gas chromatography and quantified
using internal standards. (A) Global lipid composition in ug/linear cm of each root portion. (B) Suberin-specific aliphatic compostion in ug/
linear cm of roots. B inset, Distribution of suberin acyl-chain types (in % of total). Error bars represent + standard error and different letters
designate statistically significant differences (n = 5-6; p < .05 TUKEY’s HSD)

classical fatty acids as well as 2-hydroxy acids were grouped in order
to evaluate the membrane aliphatic content of the different samples.
Roots tips were more enriched in membranous aliphatics than the
other root segments, which contained about similar levels, and the
total amounts of membranous aliphatics increased in all segments
with increasing water stress levels (Figure 5a). Most importantly, the
suberin aliphatic content increased with the water stress level in the

four different root segments (Figure 5b). Because total suberin was

shown to increase with the age of the root segment (Figure 2), when
these increases are expressed as a fold-change the increases in su-
berin aliphatic content due to water deficit were much greater in
younger root tissues. In the root tip for example, the total amount
of suberin aliphatics was, respectively, two and six times higher in
medium and high water stressed roots than in controls. Similarly
in the primary xylem developmental stage, suberin increased by
about 180%-200%. In the older parts of the roots (i.e. in zones
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corresponding to early and late secondary growth) these increases
remained highly significant, with approx. 10% and 50% more suberin
aliphatics in medium and high water stressed roots than in controls.
When looking at the different aliphatic classes comprising the sub-
erin polyester, very similar variations were observed for dicarboxylic

and omega-hydroxy acids; the content systematically increased with
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FIGURE 3 Physiological parameters of grapevines subjected to
water deficit. A, Average pre-dawn water potentials; B, stomatal
conductance; C, carbon assimilation; and D, root hydraulic
conductivity (Lp,,,) for plants that were well-watered (black bar),
or subjected to medium (royal blue bar) or high (light blue bar)
levels of water deficit. Error bars represent + standard error and
different letters designate statistically significant differences
(h=5-7; p <.05 TUKEY’s HSD)

root age as well as with water status stress level (Figure 5c,d). In
contrast, the fatty alcohol and diol levels showed much less variation
(Figure 5e). Although the amount of these compounds slightly in-
creased in the root tip and primary xylem stages under water deficit,
it remained unchanged in older part of the roots. In summary, water
stress predominately stimulated the biosynthesis of dicarboxylic and
omega-hydroxy acids, while that of fatty alcohols and diols was less,

or not, affected.

2.4 | Transcriptional regulation of suberin
biosynthesis-related gene families

We utilized the previously characterized genes involved in suberin
biosynthesis and deposition (Vishwanath et al., 2015), together with
some core wax biosynthesis gene families recently identified and
characterized in Vitis vinifera (Dimopoulos et al., 2020), to identify
orthologous gene families in grapevine. This allowed for a targeted
selection of orthologous grapevine genes involved in suberin biosyn-
thesis and deposition (Summarized in Figure 6; Figure S2). Eighty-one
genes were selected across 11 gene families (File S1). We carried out
RNAseq expression analyses from parallel samples (i.e. different roots
from the same plants) as those used for the suberin analysis, result-
ing in RNAseq data for control, medium, and high water deficit roots.

In total, 48 of the 81 genes showed expression in primary
roots and certain members of all gene families were represented
(Figure S3). Some families only have a single member that was ex-
pressed in primary roots, like the FARs (vitri06g01520) and FACT
(vitril7g16550). Under our experimental conditions, the expression
of 15 of these 48 genes (~30%) changed significantly in response to
water deficit (Figure 6; Figure S3). Most of the significant changes
in expression involved genes being upregulated under water defi-
cit (13/15, ~85%) and specifically under high water deficit. Notably
two grapevine MYBs that clustered with the Arabidiopsis AtMYB41
(At4g28110), referred to in this work as VriMYB41 (vitri12g11060)
and VriMYB41-like (vitri10g12720) based on homology (Figure S2a),
were significantly upregulated under water deficit (Figure 6a). The
strongest ortholog, VriMYB41, was upregulated more than 100-fold
under high water deficit. Of the other Vitis MYBs that clustered with
the known suberin MYB regulators (AtMYB39, AtMYB92, AtMYB107,
and MdMYB93) only one other Vitis ortholog, vitril4g00600, was
significantly upregulated under water deficit (Figure 6a; Figure S2a).

Other notable genes that were upregulated under water deficit
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4cm

FIGURE 4 Berberine hemisulfate staining of root cross-sections. (a-f) Representative images of RGM fine roots grown under control (a-
c) and water deficit (d-f) conditions. Distances from the root apex are noted above each column. The pre-dawn water potentials (‘I/PD) of the
individual roots shown are given which corresponds to a “Medium” water deficit. White arrows indicate casparian strips in the endodermis
(b-f) and red arrows (c and f) indicate the exodermis. White scale bars are 50 um

included orthologs of KCS, CYP86, GPAT, LACS, FACT, and ABCG
genes, which comprise all the major steps of suberin monomer bio-
synthesis and export (Figure 6).

2.5 | Functional validation of the
VriMYB41 orthologs

In order to confirm that VriMYB41 and VriMYB41-like transcrip-
tionally regulate suberin deposition, we transiently agroinfiltrated
Nicotiana benthamiana leaves with vectors overexpressing (35S)
VriMYB41 or VriMYB41-like, and 5 days later performed chemical
analysis of leaf polymer composition and content (Figure 7). Both
transcription factors led to the accumulation of high amounts of
suberin monomers like 18:1 dicarboxylic acid, 22:0 fatty acid, and
22:0 fatty alcohol, which are present in much lower amounts in the
cuticle of Nicotiana benthamiana leaves as illustrated by the pBIN19
controls (Figure 7a). VriMYB41 and VriMYB41-like expression also
led to the appearance of monomers that are normally absent in
leaf cutin, especially the very long chain (VLC) 20:0, 22:0, and 24:0
omega hydroxy and dicarboxylic acids, which are characteristic
monomers of suberin. In contrast, both transcription factors had
no effect on the typical cutin monomer (10,16) dihydroxy palmitic
acid, 16:0diOH (Figure 7a). While VriMYB41 and VriMYB41-like
only slightly increased long chain (C16 and C18) fatty acids, they
tremendously increased the amounts of VLC-fatty acids (530 and
1,120%, respectively), fatty alcohols (4,270 and 3,420%, respec-
tively), dicarboxylic acids (760 and 2,770%, respectively), and to a
lesser extend omega hydroxy acids (180 and 360%, respectively;
Figure 7b). Notably, although both MYBs similarly affected the
fatty alcohol content VriMYB41-like had a much stronger effect
on the accumulation of omega hydroxy acids, and especially dicar-

boxylic acids, the amount of 18:1-DCA being increased more than

22 times by VriMYB41-like transient expression (Figure 7a,b). We
also analyzed the suberin composition of Nicotiana benthamiana
well-watered primary roots for comparison (Figure S4). When com-
paring the relative proportions of the five most abundant suberin
monomers found in Nicotiana benthamiana roots and leaves agro-
infiltrated with VriMYB41 or VriMYB41like (Figure 7c), it appeared
that the long chain monomers (16:0DCA, 18:1DCA and 18:1wOH)
were less abundant in agroinfiltrated leaves than in root suberin,
whereas the very long chain monomers (22:0 and 22:0wOH) were
enriched in agroinfiltrated leaves when compared to root suberin.
This difference may result from the fact that in leaves the epidermis
is well-known to have a highly active fatty acid elongation pathway

for cuticular wax production.

3 | DISCUSSION

In the current study, we quantified changes in suberin composition
during grapevine fine root development and in response to water
deficit, and paired these analyses with a transcriptomic study of su-
berin biosynthesis- and export-related genes. Generally, grapevine
suberin composition did not differ between primary and lateral roots,
and was similar to that of other species thus far described. Under
water deficit there was a global upregulation of suberin biosynthe-
sis which resulted in a higher content of suberin specific monomers,
but without changes in the relative abundances of these molecules,
and this upregulation took place across all the developmental stages
of fine roots. These changes corresponded to the upregulation of
numerous suberin biosynthesis- and export-related genes which
included two orthologs of the previously characterized AtMYB41
transcriptional regulator (Kosma et al., 2014). Functional validation
in Nicotiana benthamiana confirmed that these grapevine MYB41

orthologs were able to globally upregulate suberin biosynthesis and
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FIGURE 5 Globallipid analysis of different roots portions coorsponding to the root tip (RT), and the developmental stages of primary
xylem (PX), early seconday growth (ESG), and late secondary growth (LSG) under well-watered (black circles), medium water deficit (dark
blue triangles) and high water deficit (light blue squares) conditions. Root segments were directly transmethylated, silylated, and the major
lipid components were separated by gas chromatography and were quantified using internal standards. (a) Membrane aliphatics; (b) Suberin-
specific aliphatics; (c) Dicarboxylic acids; (d) Omega hydroxy acids; and (e) Fatty alcohols and diols content in pg/linear cm of root. Error bars
represent + standard error and different letters designate statistically significant differences (n = 4-6; p < .05 TUKEY’s HSD)

deposition. This study provides a detailed characterization of the
developmental and water deficit induced suberization of grapevine
fine roots and identifies important orthologs responsible for suberin
biosynthesis, export, and its regulation under drought in grape.

3.1 | Global composition and similarities with
other species

The global composition of suberin in grape fine roots is dominated by
the four major suberin monomers that have been described as major
components of suberin in other species (16:0-DCA, 18:1-DCA, 18:1-
OH and 22:0-coOH) (Figures 1 and 2). 18:1-DCA and 18:1-coOH

represent, by far, the two major aliphatics present in potato suberin
periderm (Serra et al., 2009) while 22:0-coOH represent the second
major monomer (after 9,10-epoxy-octadecane-1,18-dioic acid) of cork
oak suberin (Cordeiro et al., 1998). Similarly, Arabidopsis root suberin
is dominated by 18:1-DCA, 18:1-c0OH, 22:0-c0OH, and 22:0 (Hofer
et al., 2008). 16:0-DCA has been reported in these three species, but
grape fine roots differed in that they contained high amounts of 16:0-
DCA, which represented in about 20% of the total at each develop-
mental stage. In addition, grape root suberin contained high levels of
diols, which have been detected in the Arabidopsis seed coat suberin,
but not in Arabidopsis root suberin (Li-Beisson et al., 2013). The physi-
ological impact of these differences is currently unknown, but would

be of interest for future studies.
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FIGURE 6 Summary of the changes in gene expression of selected suberin biosynthesis and deposition related genes in grapevine fine
roots under water deficit. Above, figure (adapted from Vishwanath et al., 2015) summarizing the current knowledge of the gene families
involved in suberin biosynthesis and deposition. The gene families assessed in this study included the Myb41 transcription factors, genes
comprising the Fatty Acid Elongation (FAE) complex (KCS, KCR, PAS2, and CER10), CYP86s, FAR, LACS, GPAT, ASFT, FACT, and ABCG.
Below, graphs present the fold change in gene expression in response to medium (dark blue bars) and high (light blue bars) levels of water
deficit relative to controls. Horizontal dotted line represents the expression level of controls. Only gene expression data from genes
exhibiting a statistically significant change in expression are shown. Complete FPKM expression data for all genes assessed can be found in
Figure S3 and File S1. Asterisks designate statistically significant differences relative to controls (n = 6 controls and n = 3 each water stress
level, p < .05 TUKEY’s HSD)
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FIGURE 7 Transient Expression of VriMYB41 and VriMYB41-like in Nicotiana benthamiana leaves. Suberin monomers from solvent-
extracted leaves were released by transmethylation, silylated, separated by gas chromatography and quantified using internal standards.

(a) Monomer composition and content of control (pBIN19, red bars), VriMYB41 (light green bars), and VriMYB41-like (dark green bars)
agroinfiltrated leaves. (b) Acyl-chain content of control pBIN19, VriMYB41, and VriMYB41-like agroinfiltrated leaves. (c) Relative proportions
of the five major monomers in Nicotiana benthamiana well-watered primary roots, and VriMYB41 and VriMYB4-1like agroinfiltrated leaves.
Error bars represent + standard error, in A asterisks designate statistically significant ANOVAs (p < .05) and in B different letters represent
statistically significant differences (p < .05 TUKEY’s HSD; n = 15 pBIN19, n = 16 VriMYB41, and n = 8 VriMYB41-like)

3.2 | Therole of suberin as a barrier during root
development and in response to water stress

Suberin is well-characterized regarding its role as a barrier to water,
solutes, gases, and pathogens in a variety of tissues (Barberon
et al., 2016; Franke & Schreiber, 2007). In roots, suberin serves

as a barrier in the exodermis, endodermis, and periderm (Enstone

et al., 2002). In the current study, the root tip contained very few
suberin-specific aliphatics, but the level of suberin-specific aliphat-
ics increased along the root length (Figure 2) in agreement with pre-
vious qualitative, microscopy based studies of grapevine fine roots
(Gambetta et al., 2013). Gambetta et al. (2013) demonstrated that
the suberization patterns in grapevine fine roots correspond to large

differences in root hydraulic conductivity (Lp,,,); more developed



ZHANG ET AL.

root portions had 10-fold lower Lp_ .. To date, this is the first study
to carry out a detailed comparison of suberin composition across
multiple stages of development in perennial fine roots. However,
comparisons in Arabidopsis both along the primary root, or between
taproots and younger roots, showed similar differences where su-
berin aliphatics increased in older root portions (Delude et al., 2016;
Hofer et al., 2008; Kosma et al., 2012). In the current study, the rela-
tive contribution of specific suberin monomers did not change along
the root length. However, the level of the suberin-specific aliphatics
did greatly increase along the root length. Interestingly, the amount
of hydroxycinnamates, which have been implicated in suberin struc-
ture and sealing properties (Ranathunge et al., 2011; Vishwanath
et al., 2015), also increased in the older segments of the root.

Under water deficit root suberization has been shown to in-
crease in grape (Barrios-Masias et al.,, 2015) and other species
(Enstone et al., 2002), and is thought to contribute to the observed
decreases in Lp,,,. The same was true in the current study where
there was a global increase in suberin-specific aliphatics in response
to water deficit in all root portions which was proportional to the
level of water deficit (Figure 5), and this increase in suberin corre-
sponded to decreases in Lp,, (Figure 3). Like the increases in sub-
erin during development, the increases in suberin under water stress
were global and the relative abundances of specific monomers did
not significantly change, suggesting a global transcriptional regula-
tion. Several other physiological changes in fine roots are thought
to contribute to decreases in Lp,, including root lacunae formation
(Cuneo et al., 2016), root shrinkage, and decreases in the expression
and activity of aquaporins (Gambetta et al., 2017).

It should be pointed out that increased suberization of fine roots
can result from both increases in the level of suberin itself, but also
changes in the proportion of the fine root that is suberized (Barrios-
Masias et al., 2015). In our study, each root portion used for suberin
composition analysis was confirmed by microscopy and not simply
chosen as a function of the distance from the root tip. This strategy
circumvented this potential bias and allowed us to compare root por-
tions of similar developmental stages under various levels of water
deficit. However, for RNAseq analyses the first 5cm of fine roots
were taken, which corresponded to different developmental zones.
This is a limitation of the current study and we cannot make detailed
conclusions regarding which specific developmental stages contrib-

ute to the observed changes in expression for the genes selected.

3.3 | Orthologous gene candidates for suberin
lamellae formation in grapevine

We analyzed a selection of orthologous grapevine genes involved
in suberin biosynthesis and export guided by previously character-
ized orthologs in other species (Vishwanath et al., 2015). Like most
gene families in grape and other plant species, each family contained
many homologous genes (likely arising from duplication events),
in agreement with the idea that homologous genes within a fam-

ily undergo some sub-functionalization, with particular homologs
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being expressed in specific tissues, at specific times, or in responses
to specific environmental cues (Falginella et al., 2010; Vannozzi
et al., 2012; Wong et al., 2016). Sub-functionalization was also evi-
dent in the current study where of the 11 gene families we analyzed
all had one or multiple specific family members that were expressed
in grapevine fine roots.

Many gene candidates that were upregulated under water defi-
cit belong to gene families involved in the biosynthesis (e.g. KCS,
CYP86, LACS, etc.), export (e.g. ABCG), and regulation (e.g. MYB41)
of suberin (Figure 6 and Figure S3). This corresponded to a global
increase in suberin aliphatics under water deficit. The significant up-
regulation of the Vitis orthologs of the Arabidopsis AtMYB41, along
with their functional validation in N. benthamiana (Figure 7), suggests
that they function as global regulators of suberin biosynthesis in
grapevine as well (Kosma et al., 2014; Lashbrooke et al., 2016; Legay
et al.,, 2016). The putative grape MYB107 (VIT_16s0039g01710 |
vitril6g01090) ortholog identified in the multispecies meta-analy-
ses of Lashbrooke et al. (2016) was expressed at low levels in fine
roots in this study, but did not change significantly in response to
water deficit. However, of the three suberin biosynthesis genes
Lashbrooke et al. (2016) utilized as bait in their multispecies co-ex-
pression analyses (in grape, GPAT5; VIT_13s0019g01990, FACT,
VIT_17s0000g00950, and CYP86B1; VIT_01s0011g02060), both
the GPAT5 and FACT orthologs were significantly upregulated under
water deficit in this study (the CYP86 ortholog was upregulated as
well, but not significantly) confirming the robustness of their analy-
ses. Taken together these results suggest that the biosynthesis and
regulation of suberin is well-conserved across plant species and that
the orthologs identified here play important roles in regulating su-
berin biosynthesis, export, and deposition in grape, and likely other
woody perennials under drought.

3.4 | Multiple transcription factors fine tuning
suberin deposition

Suberization is a highly dynamic process that is tightly regulated
spatiotemporally during development and in response to changes
in environment. In roots, this allows for the fine-tuning of suberi-
zation as roots adapt to different water and nutrient availabili-
ties. Part of this regulation is hormonal and is mediated through
numerous different transcription factors. The induction of su-
berization by abscisic acid was reported decades ago (Cottle &
Kolattukudy, 1982), while its repression by ethylene was recently
suggested (Barberon et al., 2016). The direct activation of sev-
eral suberin-biosynthesis genes by MYB transcription factors has
been reported for QsMYB1, AtMYB39, AtMYB92, and AtMYB107
(Capote et al.,, 2018; Cohen et al., 2020; Gou et al., 2017; To
et al.,, 2020). Recently in kiwifruits, Wei and coworkers showed
that abscisic acid induced the expression of AchnMYB41 which
upregulated downstream suberin-related genes (Wei et al., 2020,
2020). In Arabidopsis, six homologous MYBs that cluster to-
gether (MYB9, 39, 53, 92, 93 and 107; subgroups S10 and S24 in
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Dubos et al., 2010) may regulate suberin deposition under nor-
mal conditions, while those from a related sub-group that includes
AtMYB41 may activate suberin synthesis under conditions of
abiotic stress (Kosma et al., 2014). Interestingly, individual MYBs
appear to differently affect specific organs in Arabidopsis. For
example, AtMYB107 specifically affects seed coat suberin while
AtMYB39 primarily affects root suberin (Cohen et al., 2020; Gou
et al., 2017). In addition to MYBs, NAC transcription factors were
shown to activate or repress suberization (Mahmood et al., 2019;
Soler et al., 2020; Verdaguer et al., 2016). We did examine the
expression of homologous NACs in our RNAseq data set but none
were differentially expressed under water deficit (data not shown).
It appears that multiple transcription factor families collectively
contribute to the control the suberization process allowing for
the deposition of suberin in specific cell types and in response
to specific environmental factors. In our study MYB transcrip-
tion factor orthologs of AtMYB9, AtMYB39, AtMYB92, AtMYB107,
and MdMYB93 (Cohen et al., 2020; Gou et al., 2017; Lashbrooke
et al., 2016; Legay et al., 2016; To et al., 2020) were also expressed
in grapevine fine roots, and could therefore be of interest for fu-
ture study.

Previous transcriptomic analyses identifying the putative
downstream targets of some MYB transcription factors demon-
strate that they do not solely control aliphatic suberin biosynthe-
sis and deposition. Additionally, these transcription factors also
regulate the expression of several genes involved in the phen-
ylpropanoid and cell wall metabolism pathways, suggesting that
they have a global role in the formation of suberin lamellae (Capote
et al., 2018; Lashbrooke et al., 2016; Legay et al., 2017). Their role
as master regulators is further supported by the recent discovery
that AtMYB92 upregulated the expression of several glycolytic
and fatty acid biosynthetic genes, i.e. genes encoding enzymes
responsible for producing early precursors of suberin aliphatic
monomers (To et al., 2020). Several transcriptomic studies also re-
ported that these suberin-related transcription factors affect each
other's expression (Cohen et al., 2020; Legay et al., 2017). Further
studies will therefore be needed to elucidate their hierarchical rel-
evance and potential interactions.

4 | CONCLUSION

This study provides a first analysis of the aliphatic composition of
suberin along grapevine fine roots. It also extends our knowledge
of the regulation of suberized root structures in woody perennials
and their regulation under water deficit. Our results demonstrate
that increases in suberin deposition according to the developmental
stages (along the root length) and in response to water deficit appear
to be global, involving increases of all aliphatic monomers. In grape,
two MYB41 orthologs contribute to the regulation of suberin bio-
synthesis and export in response to drought, suggesting that in some

species duplication events can lead to the involvement of multiple

MYB41 orthologs. Future studies could focus on more detailed ex-
pression analyses, ideally in specific tissues, developmental stages,

and in response to other stresses.

5 | MATERIALS AND METHODS
5.1 | Plant material and growing conditions

The commonly used commercial grapevine rootstock RGM (Riparia
Gloire de Montpellier, Vitis riparia) was used in this study. One-year
old dormant grapevine cuttings were purchased and stored in a
cold chamber (4°C) until the time of utilization. Before plantation,
cuttings were rehydrated for 24 hr at 25°C. Following rehydration
grapevines were planted in cylindrical rhizotrons (height 40 cm x di-
ameter 14 cm) with 100% sand (allowing harvest of the roots with-
out damage) and only one bud at the top node was kept for shoot
growth. The plants were grown in a greenhouse at INRA-Aquitaine
Villenave d’'Ornon, France. Plants were watered until capacity di-
rectly after plantation and maintained at capacity via automatic ir-
rigation system with standard nutrient solution. The composition of
the nutrient solution was: 2.5 mM KNO,, 0.25 mM MgSO,-7H,0,
0.62 mM NH,NO,, 1 mM NH,H,PO,, 9.1 mM MnCl,-4H,0, 46.3
mMH,BO,, 2.4 mM ZnSO,-H,0, 0.5 mM CuSO,, and 0.013 mM
(NH4)6Mo,0,,-4H,0 (Tandonnet et al., 2009). Iron was supplied as
8.5 mg/L Sequestréne 138 (EDDHA 5.9% Fe) and the final pH of the
nutrient solution was 6.0 (Tandonnet et al., 2009).

After an approximate month long establishment period the
grapevines were ~1 m in height and 10-20 nodes (Figure S5) and
were randomly assigned to two water treatments: well-watered
and water-stressed. Well-watered plants were maintained at ca-
pacity (as during the establishment period) and were referred to
as control, while water-stressed plants did not receive any water
during the period of treatment, which lasted 3 weeks, and were
referred to as water-stressed. There were approximately 30 plants
in each cohort. Water-stressed plants were binned into two differ-
ent categories of stress, Medium and High, defined by their pre-

dawn water potential (¥ measurements described below).

predawn;
Medium stress corresponded to ¥ redawn > -1 MPa, and High to
¥ redawn < -1 MPa. The duration of the dry-down was approxi-

mately one week to reach medium stress, and two weeks to reach
high stress. Experiments were carried out in both the 2015 and
2016 growing seasons. In 2015, one experiment was used for the
suberin polyester comparison of primary and lateral roots (control
plants only). Since there were almost no differences in suberin
composition between primary and lateral roots all subsequent ex-
perimentation was carried out on only primary roots. In 2016, sep-
arate experiments were conducted; one from which physiological
measurements of water status, gas exchange, and root hydraulic
conductivity were recorded and another from which samples for
global lipid analysis of root segments and RNAseq analyses were

taken (i.e. global lipid and RNAseq analyses were carried out on
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different roots respectively, but from the same plants). The water
stress treatments were no different between these two experi-
ments (Figure S6).

5.2 | Water status, gas exchange, and root hydraulic
conductivity

During the experiments water status and gas exchange was moni-
tored periodically on all plants to follow the progression of water
deficit. For ¥
of the stem was sampled before sunrise. ¥

predawn Measurements a mature leaf from the middle part

predawn Was determined
using a Scholander pressure bomb (Model 1000, PMS Instrument,
Albany, OR, and SAM Precis, Gradignan, France). Stomatal conduct-
ance and assimilation measurements were conducted using an infra-
red gas analyzer (GFS-3000, Heinz Walz GmbH, Effeltrich, Germany)
using ambient conditions. Measurements were taken only on mature
leaves between 8:00 and 11:00 a.m. Reported ¥

conductance, assimilation, and root hydraulic conductivity values

predawns Stomatal
(Figure 3) are those recorded on the day that the plants were har-
vested for analyses (microscopy, suberin analyses, RNAseq).
Hydraulic conductivity of individual primary roots (Lp,,) was
measured only at the end of the experiment as these measurements
are destructive. Lp, ,, was determined using an osmotic pressure
gradient with a meniscus tracking method (Gambetta et al., 2013;
Knipfer et al., 2015). Root sampling took place between 10h00 and
12h00. Growing medium around one targeted root was carefully re-
moved, and the root was maintained intact. Individual primary roots
were cut-off with a razor blade under water, choosing roots that
were as long as possible while avoiding lateral roots, and measure-
ments were made immediately to avoid artifactual decreases in the

measured Lp Roots were glued into a 500-mm-diameter glass

root®
capillary via a home-made adaptor. The capillary was filled with de-
jonized water (diHZO) and the water-air interface was observed with
a webcam connected to a laptop using YAWCAM (Version 0.5.0).
Roots were submerged in a series of aerated sucrose solutions (at
least four concentrations ranging from 0-0.7 MPa) and images of the
meniscus were taken every 30 s. ImageJ (1.51a, Wayne Rasband) was
used to calculate the movement of the meniscus and then the flow
rate was obtained. The relationship between flow rate and osmotic
pressure was plotted and the slope of the best fit linear regression
was the Lp, .. The length and diameter of each root were measured
in order to estimate the root surface area. Lp, ,, was normalized by
root surface area.

5.3 | Epifluorescence microscopy

Fresh roots were sampled and kept in 70% ethanol at 4°C for fur-
ther observations of their anatomical structure. A berberine-aniline
blue fluorescent staining method was used to stain root sections
(Brundrett et al., 1988). Root cross-sections were taken at differ-

ent locations along the root. Root segments were fixed in 6% low
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gelling temperature agarose and cut into 50 um thick pieces with a
vibrant Microtome with razor blade (Microm 650V). After the stain-
ing procedure, root sections were mounted on a slide and observed
with an epifluorescence microscope Zeiss Axiophot equipped with

the Amira software.

5.4 | Root suberin and global lipid analysis

The roots from the plants were carefully separated from the sand,
washed with distilled water, dried with paper towels, and stored at
-80°C until use. For suberin polyester analysis, a root section cor-
responding to 5-20 cm from the root tip was used. With a pair of
scissors, all lateral roots were separated from the primary root and
pooled while the primary roots were cut in 1-2 cm segments. Both
samples were subsequently delipidated and their suberin composi-
tion and content were analyzed using the solvent-extraction method
as described in Delude et al. (2017). For global lipid analysis of root
segments, very thin sections of the primary roots were taken from
0 to 25 cm from the root tip, sliced with a razor blade, and directly
observed under a Leica MZ16F Stereomicroscope in order to de-
termine the different developmental stages of the primary root;
Primary Xylem, Early Secondary Growth or Late Secondary Growth
with periderm (~2.5, 12.5, and 26 cm from the root tip, respectively).
About 1 cm sections corresponding to the different stages were col-
lected and subjected to global lipid analysis using the non-extraction
method as described in Delude et al. (2017).

5.5 | Transient expression in Nicotiana benthamiana

PCR amplification of VriMYB41 and VriMYB41-like ORFs was
achieved using Q5 Polymerase, cDNA matrix, and the primers listed
in Table S1. PCR products were subcloned into the pDONR221
ENTRY vector by the Gateway recombinational cloning technology
using the attB and attP (BP) recombination sites, and verified by se-
qguencing. Selected clones were then transferred in the overexpres-
sion vector pK7W2G2D (Karimi et al., 2002) by LR cloning.
Agrobacterium tumefaciens was transformed using a standard
electroporation protocol and transformants were selected at 30°C
on solid Luria Broth (LB) medium supplemented with antibiotics
(gentamycin 25pg/mL with spectinomycin 100pg/mL or kanamycin
50pg/mL). Agrobacterium colonies were inoculated into 2 ml LB sup-
plemented with antibiotics and grown at 30°C overnight. The next
morning, the optical density (OD) was measured, and transformation
cultures were launched in 5-mL LB by adjusting the initial OD,, to
0.1. Cultures were grown for about 4-6 hr to an optimal OD,, of
0.6-0.8. Cells were sedimented by centrifugation at ~5,000 g for
5 min, the supernatant was discarded, and cells were re-suspended
in 5ml sterilized H,O. To avoid toxicity, the final bacterial OD600 of
the infiltration medium was 0.4. The vector containing the p19 pro-
tein to minimize plant post transcriptional gene silencing (PTGS) was

used for all experiments (Voinnet et al., 2003).
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N. benthamiana was agroinfiltrated on the abaxial side of the
leaves using a 1-ml plastic syringe without a needle as described
by Voinnet et al. (2003). Plants leaves were harvested 5 days later,
and were immediately incubated in isopropanol for 30min at 85°C.
Delipidation and suberin composition and content analysis was per-
formed using the solvent-extraction method as described in Delude
etal. (2017).

5.6 | mRNA extraction and RNA sequencing

Root tips of 5 cm were harvested and frozen immediately in liquid
nitrogen and kept in -80°C refrigerator until the time of analysis.
Frozen samples were ground in liquid nitrogen into powder for RNA
extraction. Total MRNA was extracted after Reid et al. (2006) and
genomic DNA contamination was removed with the Turbo DNA-free
kit (Life technologies, according to manufacturer's instructions).

RNA-seq was performed using a HiSeq3000 Illumina sequenc-
ing platform with paired-end 150 bp (PE150) sequencing strategy.
Three replications were set at each water stress level for the total
RNA sequencing and RNA-seq analysis. FastQC was used to check
the quality of raw reads generated by lllumina. To obtain high-qual-
ity clean reads, the raw reads were first trimmed by removing
adaptor sequences using the Cutadapt software. Low-quality
reads containing more than 20% bases with a Q-value < 10 were
discarded. The clean reads were then mapped to the 12X.2 ver-
sion of Pinot Noir derived PN40024 reference genome sequence.
Corresponding Vitis riparia orthologs exhibited >97% identity
at the DNA level demonstrating that alignment to the reference
genome would not have resulted in artifacts. Raw counts were
determined using Tophat2 and SAMToolsv (Li et al., 2009), gen-
erating an overall counts matrix. Only reads with a perfect match
or one mismatch were further analyzed and annotated based on
this reference genome. Mapped reads per gene were counted with
HTSeqg-count (www-huber.embl.de/users/anders/HTSeq/; Anders
etal., 2015). Then, the R package edgeR (Robinson et al., 2010) was
used to identify differentially expressed genes using a stringent
threshold: absolute value of Log Fold Change (LFC) >1 and False
Discovery Rate (FDR) <0.01.

5.7 | Dendrogram construction

The Vitis vinifera suberin-related gene family sequences were re-
trieved from the OrcAE 12x grapevine annotation V2 (http://bioin
formatics.psb.ugent.be/orcae/) through a combination of key-
word and BLAST searches (using default parameters) based off of
the families described in (Vishwanath et al., 2015). Orthologous
Vitis riparia genome sequences and their protein translations were
retrieved from the recently released genome sequence (Girollet
et al., 2019) and exhibited a minimum of 97% identity with their

corresponding Vitis vinifera ortholog at the DNA level, except in one
case (VIT_03s0063g01880). Arabidopsis sequences were retrieved
from TAIR (https://www.arabidopsis.org/). Multiple sequence
alignments and dendrogram constructions were carried out with
Phylogeny.fr (Dereeper et al., 2008). Each family was split into sub-
families for alignments in order to avoid artifacts caused by align-
ing large groups (Boyce et al., 2015). Sequences were aligned with
MUSCLE (v3.8.31) using the highest accuracy default settings. After
alignment gaps and/or poorly aligned regions were removed using
Gblocks (v0.91b) using the following parameters: minimum length
of a block after gap cleaning = 5, no gap positions were allowed in
the final alignment, all segments with contiguous nonconserved po-
sitions bigger than 8 were rejected, minimum number of sequences
for a flank position = 55%. Dendrograms were reconstructed using
the maximum likelihood method implemented in the PhyML program
(v3.1/3.0 aLRT) using default settings. Reliability for internal branch
was assessed using the bootstrapping method (100 bootstrap repli-

cates). Dendrograms were drawn with TreeDyn (v198.3).

5.8 | Statistical analysis

Treatment effects were evaluated using a one-way analysis of vari-
ance (one-way ANOVA, p < .05, Tukey's HSD test). All ANOVAs were
carried out in R version 3.3.1 (2016-06-21) (R Core Team) and all
graphs were made with SigmaPlot (Version 11.0, Systat Software).

ACKNOWLEDGMENTS

The authors thank the CGFB Bordeaux Metabolome Facility -
MetaboHUB (ANR-11-INBS-0010) where all suberin GC-based anal-
yses were performed, and the Universrity of Bordeaux's Bordeaux
Imaging Center (BIC, plant group) where the suberin imaging was
performed. The authors also thank all the staff at EGFV who aided
with production and care of the plant material used in this study.
This study was supported by the Coordination of Agricultural
Research in the Mediterranean (2014-2017, ARIMNet2) “ENVIROS”
project, the French National Agency for Research and the Cluster of
Excellence COTE projects “Water Stress” and “ROOTSEAL”", and the
IDEX University of Bordeaux.

AUTHOR CONTRIBUTIONS

L.Z., F.D., .M., and G.A.G. conceived and performed the experi-
ments, and analyzed the data. P.F.B. processed and analyzed the
RNAseq data. S.P. contributed to suberin analyses. F.D. and G.A.G.

wrote the manuscript with input from the other authors.

ORCID
Isabelle Merlin https://orcid.org/0000-0002-0206-605X
https://orcid.org/0000-0002-9956-6113
https://orcid.org/0000-0002-0183-7000

https://orcid.org/0000-0002-8838-5050

Stéphanie Pascal
Frédéric Domergue
Gregory A. Gambetta


http://bioinformatics.psb.ugent.be/orcae/
http://bioinformatics.psb.ugent.be/orcae/
https://www.arabidopsis.org/
https://orcid.org/0000-0002-0206-605X
https://orcid.org/0000-0002-0206-605X
https://orcid.org/0000-0002-9956-6113
https://orcid.org/0000-0002-9956-6113
https://orcid.org/0000-0002-0183-7000
https://orcid.org/0000-0002-0183-7000
https://orcid.org/0000-0002-8838-5050
https://orcid.org/0000-0002-8838-5050

ZHANG ET AL.

REFERENCES

Anders, S., Pyl, P. T., & Huber, W. (2015). HTSeq-a Python framework
to work with high-throughput sequencing data. Bioinformatics, 31,
166-169. https://doi.org/10.1093/bioinformatics/btu638

Aroca, R., Porcel, R., & Ruiz-Lozano, J. M. (2012). Regulation of root
water uptake under abiotic stress conditions. Journal of Experimental
Botany, 63, 43-57. https://doi.org/10.1093/jxb/err266

Barberon, M., Vermeer, J. E. M., De Bellis, D., Wang, P., Naseer, S.,
Andersen, T. G., Humbel, B. M., Nawrath, C., Takano, J., Salt, D. E., &
Geldner, N. (2016). Adaptation of root function by nutrient-induced
plasticity of endodermal differentiation. Cell, 164, 447-459. https://
doi.org/10.1016/j.cell.2015.12.021

Barrios-Masias, F. H., Knipfer, T., & McElrone, A. J. (2015). Differential
responses of grapevine rootstocks to water stress are associated
with adjustments in fine root hydraulic physiology and suberiza-
tion. Journal of Experimental Botany, 66, 6069-6078. https://doi.
org/10.1093/jxb/erv324

Beisson, F., Li, Y., Bonaventure, G., Pollard, M., & Ohlrogge, J. B. (2007).
The acyltransferase GPATS5 is required for the synthesis of suberin in
seed coat and root of Arabidopsis. The Plant Cell, 19, 351-368.

Bernards, M. A. (2002). Demystifying suberin. Canadian Journal of Botany,
80, 227-240. https://doi.org/10.1139/b02-017

Boyce, K., Sievers, F., & Higgins, D. G. (2015). Instability in progressive
multiple sequence alignment algorithms. Algorithms for Molecular
Biology, 10, 26. https://doi.org/10.1186/s13015-015-0057-1

Brundrett, M. C., Enstone, D. E., & Peterson, C. A. (1988). A berber-
ine-aniline blue fluorescent staining procedure for suberin, lignin,
and callose in plant tissue. Protoplasma, 146, 133-142. https://doi.
org/10.1007/BF01405922

Capote, T., Barbosa, P., Usié, A., Ramos, A. M., Inacio, V., Ordas, R.,
Gongalves, S., & Morais-Cecilio, L. (2018). ChIP-Seq reveals that
QsMYBI1 directly targets genes involved in lignin and suberin biosyn-
thesis pathways in cork oak (Quercus suber). BMC Plant Biology, 18,
198. https://doi.org/10.1186/s12870-018-1403-5

Cohen, H., Dong, Y., Szymanski, J., Lashbrooke, J., Meir, S., Almekias-
Siegl, E., Zeisler-Diehl, V. V., Schreiber, L., & Aharoni, A. (2019). A
multilevel study of melon fruit reticulation provides insight into
skin ligno-suberization hallmarks. Plant Physiology, 179, 1486-1501.
https://doi.org/10.1104/pp.18.01158

Cohen, H.,Fedyuk, V., Wang, C.,Wu, S., & Aharoni, A. (2020). SUBERMAN
regulates developmental suberization of the Arabidopsis root endo-
dermis. The Plant Journal, 102(3), 431-447. https://doi.org/10.1111/
tpj.14711

Compagnon, V., Diehl, P, Benveniste, |., Meyer, D., Schaller, H., Schreiber,
L., Franke, R., & Pinot, F. (2009). CYP86B1 is required for very long
chain omega-hydroxyacid and alpha, omega -dicarboxylic acid syn-
thesis in root and seed suberin polyester. Plant Physiology, 150,
1831-1843.

Cordeiro, N., Belgacem, M. N., Silvestre, A. J. D., Pascoal Neto, C., &
Gandini, A. (1998). Cork suberin as a new source of chemicals.
International Journal of Biological Macromolecules, 22, 71-80. https://
doi.org/10.1016/50141-8130(97)00090-1

Cottle, W., & Kolattukudy, P. E. (1982). Abscisic acid stimulation of su-
berization. Plant Physiology, 70, 775-780. https://doi.org/10.1104/
pp.70.3.775

Cuneo, I. F., Knipfer, T., Brodersen, C. R., & McElrone, A. J. (2016).
Mechanical failure of fine root cortical cells initiates plant hydraulic
decline during drought. Plant Physiology, 172, 1669-1678. https://doi.
org/10.1104/pp.16.00923

Delude, C., Fouillen, L., Bhar, P, Cardinal, M. J., Pascal, S., Santos, P.,
Kosma, D. K., Joubés, J., Rowland, O., & Domergue, F. (2016). Primary
fatty alcohols are major components of suberized root tissues of ara-
bidopsis in the form of Alkyl hydroxycinnamates. Plant Physiology,
171, 1934-1950. https://doi.org/10.1104/pp.16.00834

& s [SI@El- wiLey- 12

Delude, C., Vishwanath, S., Rowland, O., & Domergue, F. (2017). Root
aliphatic suberin analysis using non-extraction or solvent-extraction
methods BIO-PROTOCOL, 7. https://doi.org/10.21769/BioPr
otoc.2331

Dereeper, A., Guignon, V., Blanc, G., Audic, S., Buffet, S., Chevenet, F,,
Dufayard, J.-F., Guindon, S., Lefort, V., Lescot, M., &Claverie, J. M.
(2008). Phylogeny.fr: Robust phylogenetic analysis for the non-spe-
cialist. Nucleic Acids Research, 36, W465-W469.

Dimopoulos, N., Tindjau, R., Wong, D. C. J., Matzat, T., Haslam, T,
Song, C., Gambetta, G. A., Kunst, L., & Castellarin, S. D. (2020).
Drought stress modulates cuticular wax composition of the grape
berry. Journal of Experimental Botany, https://doi.org/10.1093/jxb/
eraa046

Dubos, C., Stracke, R., Grotewold, E., Weisshaar, B., Martin, C., &
Lepiniec, L. (2010). MYB transcription factors in Arabidopsis.
Trends in Plant Science, 15, 573-581. https://doi.org/10.1016/j.
tplants.2010.06.005

Enstone, D. E., Peterson, C. A., & Ma, F. (2002). Root endodermis and
exodermis: Structure, function, and responses to the environ-
ment. Journal of Plant Growth Regulation, 21, 335-351. https://doi.
org/10.1007/s00344-003-0002-2

Evert, R. F.(2006). Esau’s Plant Anatomy. https://doi.org/10.1002/04700
47380

Falginella, L., Castellarin, S. D., Testolin, R., Gambetta, G. A., Morgante,
M., & Di Gaspero, G. (2010). Expansion and subfunctionalisation of
flavonoid 3',5'-hydroxylases in the grapevine lineage. BMC Genomics,
11, 562. https://doi.org/10.1186/1471-2164-11-562

Franke,R.,Hofer,R., Briesen, |.,Emsermann, M., Efremova, N., Yephremov,
A., & Schreiber, L. (2009). The DAISY gene from Arabidopsis encodes
a fatty acid elongase condensing enzyme involved in the biosynthe-
sis of aliphatic suberin in roots and the chalaza-micropyle region of
seeds. The Plant Journal, 57, 80-95.

Franke, R., & Schreiber, L. (2007). Suberin — A biopolyester forming ap-
oplastic plant interfaces. Current Opinion in Plant Biology, 10, 252-
259. https://doi.org/10.1016/j.pbi.2007.04.004

Gambetta, G. A., Fei, J., Rost, T. L., Knipfer, T., Matthews, M. A,,
Shackel, K. A., Walker, M. A., & McElrone, A. J. (2013). Water
uptake along the length of grapevine fine roots: Developmental
anatomy, tissue-specific aquaporin expression, and pathways of
water transport. Plant Physiology, 163, 1254-1265. https://doi.
org/10.1104/pp.113.221283

Gambetta, G. A., Knipfer, T., Fricke, W., & McElrone, A. J. (2017).
Aquaporins and root water uptake. In F. Chaumont, & S. D. Tyerman
(Eds.), Plant aquaporins (pp. 133-153). Springer.

Girollet, N., Rubio, B., Lopez-Roques, C., Valiere, S., Ollat, N., & Bert,
P.-F. (2019). De novo phased assembly of the Vitis riparia grape
genome. Scientific Data, 6, 127. https://doi.org/10.1038/s4159
7-019-0133-3

Gou, M., Hou, G,, Yang, H., Zhang, X., Cai, Y., Kai, G., & Liu, C. J. (2017).
The MYB107 transcription factor positively regulates suberin biosyn-
thesis. Plant Physiology, 173, 1045-1058. https://doi.org/10.1104/
pp.16.01614

Graca, J. (2015). Suberin: The biopolyester at the frontier of
plants. Frontiers in Chemistry, 3, 62. https://doi.org/10.3389/
fchem.2015.00062

Hofer, R., Briesen, I., Beck, M., Pinot, F., Schreiber, L., & Franke, R. (2008).
The Arabidopsis cytochrome P450 CYP86A1 encodes a fatty acid
w-hydroxylase involved in suberin monomer biosynthesis. Journal of
Experimental Botany, 59, 2347-2360. https://doi.org/10.1093/jxb/
ern101

Karimi, M., Inzé, D., & Depicker, A. (2002). GATEWAY ™ vectors for
Agrobacterium-mediated plant transformation. Trends in Plant
Science, 7,193-195.

Knipfer, T., Fei, J., Gambetta, G. A., McElrone, A. J,, Shackel, K. A., &
Matthews, M. A. (2015). Water transport properties of the grape


https://doi.org/10.1093/bioinformatics/btu638
https://doi.org/10.1093/jxb/err266
https://doi.org/10.1016/j.cell.2015.12.021
https://doi.org/10.1016/j.cell.2015.12.021
https://doi.org/10.1093/jxb/erv324
https://doi.org/10.1093/jxb/erv324
https://doi.org/10.1139/b02-017
https://doi.org/10.1186/s13015-015-0057-1
https://doi.org/10.1007/BF01405922
https://doi.org/10.1007/BF01405922
https://doi.org/10.1186/s12870-018-1403-5
https://doi.org/10.1104/pp.18.01158
https://doi.org/10.1111/tpj.14711
https://doi.org/10.1111/tpj.14711
https://doi.org/10.1016/S0141-8130(97)00090-1
https://doi.org/10.1016/S0141-8130(97)00090-1
https://doi.org/10.1104/pp.70.3.775
https://doi.org/10.1104/pp.70.3.775
https://doi.org/10.1104/pp.16.00923
https://doi.org/10.1104/pp.16.00923
https://doi.org/10.1104/pp.16.00834
https://doi.org/10.21769/BioProtoc.2331
https://doi.org/10.21769/BioProtoc.2331
https://doi.org/10.1093/jxb/eraa046
https://doi.org/10.1093/jxb/eraa046
https://doi.org/10.1016/j.tplants.2010.06.005
https://doi.org/10.1016/j.tplants.2010.06.005
https://doi.org/10.1007/s00344-003-0002-2
https://doi.org/10.1007/s00344-003-0002-2
https://doi.org/10.1002/0470047380
https://doi.org/10.1002/0470047380
https://doi.org/10.1186/1471-2164-11-562
https://doi.org/10.1016/j.pbi.2007.04.004
https://doi.org/10.1104/pp.113.221283
https://doi.org/10.1104/pp.113.221283
https://doi.org/10.1038/s41597-019-0133-3
https://doi.org/10.1038/s41597-019-0133-3
https://doi.org/10.1104/pp.16.01614
https://doi.org/10.1104/pp.16.01614
https://doi.org/10.3389/fchem.2015.00062
https://doi.org/10.3389/fchem.2015.00062
https://doi.org/10.1093/jxb/ern101
https://doi.org/10.1093/jxb/ern101

ZHANG ET AL.

% American Soci
sy [SH@HBl-WiLEY

pedicel during fruit development: Insights into xylem anatomy and
function using microtomography. Plant Physiology, 168, 1590-1602.
https://doi.org/10.1104/pp.15.00031

Kosma, D.K., Molina, I., Ohlrogge, J. B., & Pollard, M. (2012). Identification
of an Arabidopsis fatty alcohol: Caffeoyl-Coenzyme a acyltransfer-
ase required for the synthesis of alkyl hydroxycinnamates in root
waxes. Plant Physiology, 160, 237-248. https://doi.org/10.1104/
pp.112.201822

Kosma, D. K., Murmu, J., Razeq, F. M., Santos, P., Bourgault, R., Molina,
I., & Rowland, O. (2014). AtMYB41 activates ectopic suberin synthe-
sis and assembly in multiple plant species and cell types. The Plant
Journal, 80, 216-229. https://doi.org/10.1111/tpj.12624

Kramer, P. J., & Bullock, H. C. (1966). Seasonal variations in the propor-
tions of suberized and unsuberized roots of trees in relation to the
absorbtion of water. American Journal of Botany, 53, 200-204.

Lashbrooke, J. G., Adato, A., Lotan, O., Alkan, N., Tsimbalist, T., Rechav,
K., Fernandez Moreno, J.-P., Widemann, E., Grausem, B., Pinot, F.,
Granell, A., Costa, F., & Aharoni, A. (2015). The tomato MIXTA-like
transcription factor coordinates fruit epidermis conical cell develop-
ment and cuticular lipid biosynthesis and assembly. Plant Physiology,
169, 2553-2571. https://doi.org/10.1104/pp.15.01145

Lashbrooke, J., Cohen, H., Levy-Samocha, D., Tzfadia, O., Panizel, I.,
Zeisler, V., Massalha, H., Stern, A., Trainotti, L., Schreiber, L., Costa, F.,
& Aharoni, A. (2016). MYB107 and MYB9 homologs regulate suberin
deposition in angiosperms. The Plant Cell, 28, 2097-2116. https://doi.
org/10.1105/tpc.16.00490

Legay, S., Cocco, E., André, C. M., Guignard, C., Hausman, J. F., &
Guerriero, G. (2017). Differential lipid composition and gene expres-
sion in the semi-russeted “cox orange pippin” apple variety. Frontiers
in Plant Science, 8, 1656. https://doi.org/10.3389/fpls.2017.01656

Legay, S., Guerriero, G., André, C., Guignard, C., Cocco, E., Charton,
S., Boutry, M., Rowland, O., & Hausman, J.-F. (2016). MdMyb93 is
a regulator of suberin deposition in russeted apple fruit skins. New
Phytologist, 212, 977-991. https://doi.org/10.1111/nph.14170

Legay, S., Guerriero, G., Deleruelle, A., Lateur, M., Evers, D., André, C. M.,
& Hausman, J. F. (2015). Apple russeting as seen through the RNA-
seq lens: Strong alterations in the exocarp cell wall. Plant Molecular
Biology, 88, 21-40. https://doi.org/10.1007/s11103-015-0303-4

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth,
G., Abecasis, G., & Durbin, R. (2009). The sequence alignment/map
format and SAMtools. Bioinformatics, 25, 2078-2079. https://doi.
org/10.1093/bioinformatics/btp352

Li-Beisson, Y., Shorrosh, B., Beisson, F., Andersson, M. X., Arondel, V.,
Bates, P. D., Baud, S., Bird, D., DeBono, A., Durrett, T. P., Franke, R.
B., Graham, |. A., Katayama, K., Kelly, A. A., Larson, T., Markham, J. E.,
Miquel, M., Molina, I., Nishida, I., ... Ohlrogge, J. (2013). Acyl-lipid me-
tabolism. The Arabidopsis Book, 11, e0161. https://doi.org/10.1199/
tab.0161

MacFall, J. S., Johnson, G. A., & Kramer, P. J. (1991). Comparative
water uptake by roots of different ages in seedlings of loblolly
pine (Pinus taeda L.). New Phytologist, 119, 551-560. https://doi.
org/10.1111/j.1469-8137.1991.tb01047.x

Mahmood, K., Zeisler-Diehl, V. V., Schreiber, L., Bi, Y. M., Rothstein, S.
J., & Ranathunge, K. (2019). Overexpression of ANAC046 promotes
suberin biosynthesis in roots of arabidopsis Thaliana. International
Journal of Molecular Sciences, 20, 6117. https://doi.org/10.3390/
ijms20246117

Molina, ., Li-Beisson, Y., Beisson, F., Ohlrogge, J. B., & Pollard, M. (2009).
Identification of an Arabidopsis feruloyl-coenzyme a transferase
required for suberin synthesis. Plant Physiology, 151, 1317-1328.
https://doi.org/10.1104/pp.109.144907

Osmont, K. S., Sibout, R., & Hardtke, C. S. (2007). Hidden branches:
Developments in root system architecture. Annual Review of
Plant Biology, 58, 93-113. https://doi.org/10.1146/annurev.arpla
nt.58.032806.104006

Pollard, M., Beisson, F., Li, Y., & Ohlrogge, J. B. (2008). Building lipid bar-
riers: Biosynthesis of cutin and suberin. Trends in Plant Science, 13,
236-246. https://doi.org/10.1016/j.tplants.2008.03.003

Rains, M. K., De Silva, N. D. G., & Molina, I. (2018). Reconstructing the
suberin pathway in poplar by chemical and transcriptomic analysis of
bark tissues. Tree Physiology, 38, 340-361. https://doi.org/10.1093/
treephys/tpx060

Ranathunge, K., Schreiber, L., & Franke, R. (2011). Suberin research in the
genomics era—New interest for an old polymer. Plant Science, 180,
399-413. https://doi.org/10.1016/j.plantsci.2010.11.003

Ranathunge, K., Stuedle, E., & Lafitte, R. (2005). Blockage of apoplas-
tic bypass-flow of water in rice roots by insoluble salt precipitates
analogous to a Pfeffer cell. Plant, Cell and Environment, 28, 121-133.
https://doi.org/10.1111/j.1365-3040.2004.01245.x

Reid, K. E., Olsson, N., Schlosser, J., Peng, F., & Lund, S. T. (2006). An
optimized grapevine RNA isolation procedure and statistical deter-
mination of reference genes for real-time RT-PCR during berry de-
velopment. BMC Plant Biology, 6, 27.

Robinson, M. D., McCarthy, D. J., & Smyth, G. K. (2010). edgeR: A
Bioconductor package for differential expression analysis of digi-
tal gene expression data. Bioinformatics, 26, 139-140. https://doi.
org/10.1093/bioinformatics/btp616

Schreiber, L. (2010). Transport barriers made of cutin, suberin and as-
sociated waxes. Trends in Plant Science, 15, 546-553. https://doi.
org/10.1016/j.tplants.2010.06.004

Schreiber, L., Franke, R., & Hartmann, K. (2005). Wax and suberin devel-
opment of native and wound periderm of potato (Solanum tuberosum
L.) and its relation to peridermal transpiration. Planta, 220, 520-530.
https://doi.org/10.1007/s00425-004-1364-9

Schreiber, L., Franke, R., Hartmann, K.-D., Ranathunge, K., & Steudle, E.
(2005). The chemical composition of suberin in apoplastic barriers af-
fects radial hydraulic conductivity differently in the roots of rice (Oryza
sativa L. cv. IR64) and corn (Zea mays L. cv. Helix). Journal of Experimental
Botany, 56, 1427-1436. https://doi.org/10.1093/jxb/eri144

Serra, O., Soler, M., Hohn, C., Sauveplane, V., Pinot, F., Franke, R.,
Schreiber, L., Prat, S., Molinas, M., & Figueras, M. (2009). CYP86A33-
targeted gene silencing in potato tuber alters suberin composition,
distorts suberin lamellae, and impairs the periderm’s water barrier
function. Plant Physiology, 149, 1050-1060.

Soler, M., Serra, O., Fluch, S., Molinas, M., & Figueras, M. (2011). A po-
tato skin SSH library yields new candidate genes for suberin biosyn-
thesis and periderm formation. Planta, 233, 933-945. https://doi.
org/10.1007/s00425-011-1350-y

Soler, M., Serra, O., Molinas, M., Huguet, G., Fluch, S., & Figueras, M.
(2007). A genomic approach to suberin biosynthesis and cork differ-
entiation. Plant Physiology, 144, 419-431. https://doi.org/10.1104/
pp.106.094227

Soler, M., Verdaguer, R., Fernandez-Pifian, S., Company-Arumi, D., Boher,
P., Géngora-Castillo, E., Valls, M., Anticé, E., Molinas, M., Serra, O.,
& Figueras, M. (2020). Silencing against the conserved NAC domain
of the potato StNAC103 reveals new NAC candidates to repress the
suberin associated waxes in phellem. Plant Science, 291, 110360.
https://doi.org/10.1016/j.plantsci.2019.110360

Tandonnet, J.-P., Cookson, S. J., Vivan, P., & Ollat, N. (2009). Scion gen-
otype controls biomass allocation and root development in grafted
grapevine. Australian Journal of Grape and Wine Research, 16, 290-
300. https://doi.org/10.1111/j.1755-0238.2009.00090.x

To, A., Joubés, J., Thueux, J., Kazaz, S., Lepiniec, L., & Baud, S. (2020).
AtMYB92 enhances fatty acid synthesis and suberin deposition in
leaves of Nicotiana benthamiana. The Plant Journal. tpj.14759.

Vannozzi, A., Dry, I.B., Fasoli, M., Zenoni, S., & Lucchin M. (2012).
Genome-wide analysis of the grapevine stilbene synthase multi-
genic family: Genomic organization and expression profiles upon
biotic and abiotic stresses. BMC Plant Biology, 12, 130. http://dx.doi.
org/10.1186/1471-2229-12-130


https://doi.org/10.1104/pp.15.00031
https://doi.org/10.1104/pp.112.201822
https://doi.org/10.1104/pp.112.201822
https://doi.org/10.1111/tpj.12624
https://doi.org/10.1104/pp.15.01145
https://doi.org/10.1105/tpc.16.00490
https://doi.org/10.1105/tpc.16.00490
https://doi.org/10.3389/fpls.2017.01656
https://doi.org/10.1111/nph.14170
https://doi.org/10.1007/s11103-015-0303-4
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1199/tab.0161
https://doi.org/10.1199/tab.0161
https://doi.org/10.1111/j.1469-8137.1991.tb01047.x
https://doi.org/10.1111/j.1469-8137.1991.tb01047.x
https://doi.org/10.3390/ijms20246117
https://doi.org/10.3390/ijms20246117
https://doi.org/10.1104/pp.109.144907
https://doi.org/10.1146/annurev.arplant.58.032806.104006
https://doi.org/10.1146/annurev.arplant.58.032806.104006
https://doi.org/10.1016/j.tplants.2008.03.003
https://doi.org/10.1093/treephys/tpx060
https://doi.org/10.1093/treephys/tpx060
https://doi.org/10.1016/j.plantsci.2010.11.003
https://doi.org/10.1111/j.1365-3040.2004.01245.x
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1016/j.tplants.2010.06.004
https://doi.org/10.1016/j.tplants.2010.06.004
https://doi.org/10.1007/s00425-004-1364-9
https://doi.org/10.1093/jxb/eri144
https://doi.org/10.1007/s00425-011-1350-y
https://doi.org/10.1007/s00425-011-1350-y
https://doi.org/10.1104/pp.106.094227
https://doi.org/10.1104/pp.106.094227
https://doi.org/10.1016/j.plantsci.2019.110360
https://doi.org/10.1111/j.1755-0238.2009.00090.x
http://dx.doi.org/10.1186/1471-2229-12-130
http://dx.doi.org/10.1186/1471-2229-12-130

ZHANG ET AL.

Verdaguer, R., Soler, M., Serra, O., Garrote, A., Fernandez, S., Company-
Arumi, D., Antico, E., Molinas, M., & Figueras, M. (2016). Silencing of
the potato StNAC103 gene enhances the accumulation of suberin
polyester and associated wax in tuber skin. Journal of Experimental
Botany, 67, 5415-5427.

Vishwanath, S. J., Delude, C., Domergue, F., & Rowland, O. (2015).
Suberin: Biosynthesis, regulation, and polymer assembly of a protec-
tive extracellular barrier. Plant Cell Reports, 34, 573-586. https://doi.
org/10.1007/s00299-014-1727-z

Voinnet, O., Rivas, S., Mestre, P., & Baulcombe, D. (2003). An enhanced
transient expression system in plants based on suppression of gene
silencing by the p19 protein of tomato bushy stunt virus. The Plant
Journal, 33, 949-956.

Wei, X., Lu, W., Mao, L., Han, X., Wei, X., Zhao, X., Xia, M., & Xu, C.
(2020). ABF2 and MYB transcription factors regulate feruloyl
transferase FHT involved in ABA-mediated wound suberization of
kiwifruit. Journal of Experimental Botany, 71, 305-317. https://doi.
org/10.1093/jxb/erz430

Wei, X., Mao, L., Lu, W., Wei, X., Han, X., Guan, W,, Yang, Y., Zha, M.,
Xu, C., & Luo, Z. (2020). Three transcription activators of ABA sig-
naling positively regulate suberin monomer synthesis by activating
cytochrome P450 CYP86A1 in kiwifruit. Frontiers in Plant Science, 10.
https://doi.org/10.3389/fpls.2019.01650

Williams, L., & Miller, A. (2001). Transporters responsible for the up-
take and partitioning of nitrogenous solutes. Annual Review of Plant
Physiology and Plant Molecular Biology, 52, 659-688.

; . . 17
e [SIOEBl-wiLey-1-Y

SOCIETY FOR EXPERIMENTAL BIOLOGY

Wong, D. C. J., Schlechter, R., Vannozzi, A., Héll, J., Hmmam, I., Bogs, J.,
Tornielli, G. B., Castellarin, S. D., & Matus, J. T. (2016). A systems-ori-
ented analysis of the grapevine R2R3-MYB transcription factor fam-
ily uncovers new insights into the regulation of stilbene accumula-
tion. DNA Research, 23, 451-466. https://doi.org/10.1093/dnares/
dsw028

Yadav, V., Molina, I., Ranathunge, K., Castillo, I. Q., Rothstein, S. J., &
Reed, J. W. (2014). ABCG transporters are required for suberin and
pollen wall extracellular barriers in Arabidopsis. The Plant Cell, 26,
3569-3588. https://doi.org/10.1105/tpc.114.129049

SUPPORTING INFORMATION
Additional Supporting Information may be found online in the
Supporting Information section.

How to cite this article: Zhang L, Merlin |, Pascal S, Bert P-F,
Domergue F, Gambetta GA. Drought activates MYB41
orthologs and induces suberization of grapevine fine roots.
Plant Direct. 2020;00:1-17. https://doi.org/10.1002/pld3.278



https://doi.org/10.1007/s00299-014-1727-z
https://doi.org/10.1007/s00299-014-1727-z
https://doi.org/10.1093/jxb/erz430
https://doi.org/10.1093/jxb/erz430
https://doi.org/10.3389/fpls.2019.01650
https://doi.org/10.1093/dnares/dsw028
https://doi.org/10.1093/dnares/dsw028
https://doi.org/10.1105/tpc.114.129049
https://doi.org/10.1002/pld3.278

