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Abstract

In the plant cell wall, boron links two pectic domain rhamnogalacturonan Il (RG-1l) chains
together to form a dimer and thus contributes to the reinforcement of cell adhesion. We stud-
ied the mur1-1 mutant of Arabidopsis thaliana which has lost the ability to form GDP-fucose
in the shoots and show that the extent of RG-II cross-linking is reduced in the lignified stem
of this mutant. Surprisingly, MUR1 mutation induced an enrichment of resistant interunit
bonds in lignin and triggered the overexpression of many genes involved in lignified tissue
formation and in jasmonic acid signaling. The defect in GDP-fucose synthesis induced a
loss of cell adhesion at the interface between stele and cortex, as well as between interfasci-
cular fibers. This led to the formation of regenerative xylem, where tissue detachment
occurred, and underlined a loss of resistance to mechanical forces. Similar observations
were also made on bor1-3 mutant stems which are altered in boron xylem loading, leading
us to suggest that diminished RG-II dimerization is responsible for regenerative xylem
formation.

Introduction

Plant cell walls are crucial for many aspects of plant development. The plant primary cell wall
is mainly composed of cellulose, hemicelluloses, and pectins, that impact both strength and
flexibility and thus determine plant shape. Neighboring cells and their cell walls are connected
by a pectin-rich middle lamella that is involved in cell adhesion [1](Daher and Braybrook,
2015). During expansion, polysaccharides of primary cell wall are continuously remodeled. In
some specific tissues such as water conducting tracheary elements and structurally important
fibers, the cessation of growth coincides with the deposition of a high concentrations of lignin,
and lignification begins in the primary cell wall and continue during secondary cell wall
formation.

In eudicotyledonous plants, the secondary cell wall lignin polymer is predominantly made
from coniferyl and sinapyl alcohols, but also from some traces of p-coumaryl alcohol. These
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three monolignols give rise, respectively, to guaiacyl, syringyl, and p-hydroxyphenyl units in
the lignin polymer. These lignin units are linked via labile arylglycerol-B-aryl ether linkages
(referred to as B-O-4 bonds) or via more resistant carbon-carbon or biphenyl ether bonds [2],
[3]. Lignin in the pectin-rich middle lamella is enriched in guaiacyl and hydroxyphenyl units
as well as in resistant inter-unit bonds [4],[5].

Pectins are the most complex class of polysaccharides in plant cell wall [6] and are com-
posed of three main blocks: homogalacturonans, rhamnogalacturonan I (RG-I), and RG-IL
The complex RG-II polysaccharide comprises an o-1,4-linked homogalacturonan backbone
substituted with four to six structurally different oligosaccharide side-chains [7],[8]. Much of
the cell wall RG-II occurs as dimers cross-linked by a borate di-ester via the cis-diol groups of
two apiose residues of side-chain A [9].

Interestingly, some authors suggested that the ability of vascular plants to maintain upright
growth and to form lignified secondary walls may be correlated with the presence of boron in
the cell wall [10],[11],[12]. The RG-II structure is highly conserved between species [11]
although relatively minor variations have been reported [13]. Indeed the modification of its
monosaccharide composition decreases its ability to dimerize, potentially inducing defects in
intercellular attachment in non-lignified tissues that are accompanied by severe growth defects
[13],[14],[15],[16],[17],[18]. For instance, it was recently confirmed that the loss of galactose-
glucuronic acid (aL-Gal—BD-GlcA) present on side chain A destabilizes the interaction of
apiose with borate [8]. Similarly, the mur1-1 arabidopsis mutant deficient in GDP-fucose syn-
thesis [19] has a 50% decrease in RG-II dimerization due to side-chain A modification [20]
(Fig 1). Interestingly enough, the fragile elongating stem of murI-1 and its dwarf phenotype
can be rescued by addition of boric acid [14],[21]. Likewise, it is noteworthy that mutants for
boron transporters have a dwarf phenotype caused by lower RG-II cross linking [22],[23].

The impact of pectin modifications on lignification has been poorly investigated until now.
In the present work, we investigated how the loss of function in the synthesis of GDP-fucose
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Fig 1. Structure of RG-ll and diester linkages with boron. The RG-Il dimer is formed by ester bonds between a
boron atom and the apiosyl residues of side chain A. The grey part of the side chain A is absent in mur1-1RG-Il, a
defect that leads to a reduced RG-II dimer formation [13],[14]. Rha: rhamnose; Fuc: fucose; Araf: arabinofuranose;
Ara: arabinopyranose; Ace: aceric acid; GalA: galacturonic acid; Gluc: glucuronic acid; Api: apiose; Dha: 2-keto-
3-deoxy-D-lyxo-heptulosaric acid; Kdo: 2-keto-3-deoxy-D-manno-octulosonic acid; Gal: galactose; Xyl: xylose.

https://doi.org/10.1371/journal.pone.0184820.9001
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impacts RG-II cross linking and lignification in murI-1 mature inflorescence. This study
revealed misregulation of lignin-related genes together with alterations in lignin structure of
the murl-1 stem. We also observed defects in inter-cellular attachment that appear to be asso-
ciated with the induction of traumatic lignified tissues and regenerative xylem cells.

Material & methods
Plant materials and growth conditions

All the Arabidopsis thaliana L. plants used were from the Columbia background. Seeds from
murl-1 and murl-2 mutants were obtained from the Arabidopsis Biological Resource Center at
the Ohio State University (Columbus). Seeds from borI-3 mutants were a kind gift of K. Miwa
[23]. All cultures were performed in long-day conditions (16/8 h light/dark) in a greenhouse.
Plants were grown in soil (St-Mix-Sable from Jifty-Tref B. V. Netherlands) containing fertilizer
(1.20 kg/m’ with NPK 06:14:27). Plants were watered weekly with a commercial nutrient solu-
tion (FERTIL, Plant Product Co. Canada) diluted at 2.5 g/L and containing NO3 (11%), NH3
(4%), P,O5 (10%), K,0 (30%), boric acid (0.02%), EDTA-chelated copper (0.05%), EDTA-che-
lated Fe (0.10%), EDTA-chelated Mn (0.05%), EDTA-chelated Mo (0.0012%), EDTA-chelated
Zn (0.05%). For rescue experiments of murl-1, plants were spayed twice a week (during three
weeks) with a boron acid solution (5 mg/mL) as soon as the floral stem emerged. For chemical
studies, stems from mature dried plants (80-100 days old) were used.

Monosaccharide composition

Neutral monosaccharide composition was determined on 5 mg of dried alcohol-insoluble
material after hydrolysis in 2.5 M trifluoroacetic acid for 1.5 h at 100°C as described previously
[24]. To determine the cellulose content, the residual pellet obtained after the monosaccharide
analysis was rinsed twice with 10 volumes of water and then hydrolyzed with H,SO, as
described by Updegraff [25]. The released monosaccharides were diluted 500-fold and then
quantified using high-performance anion-exchange chromatography-pulsed-amperometric
detection as described previously [24].

Lignin content and structure determination

The Klason lignin content was measured according to Dence [26]. Lignin structure was stud-
ied by thioacidolysis, as described previously [27]. The lignin-derived thioacidolysis mono-
mers were identified by gas chromatography-mass spectrometry as their trimethylsilylated
derivatives. All the analyses were performed with at least three biological replicates. Significant
differences were inferred by a Kruskal-Wallis one way test (P < 0.05).

Analytical pyrolysis

The extractive-free cell wall samples were subjected to pyrolysis-gas chromatography-mass
spectrometry analyses using a CDS model 5250 pyroprobe autosampler (CDS Analytical,
Inc., Oxford, PA, USA) interfaced to an Agilent 6890/5973 gas chromatography-mass spec-
trometry (GC-MS, Agilent Technologies Inc, Bellevue, WA, USA). The samples were pyro-
lyzed in a quartz tube and at 500°C for 10 s, using helium as the carrier gas with a flow rate
of 1 mL/min. The volatile pyrolysis products were separated on a GC capillary column (5%
phenyl methyl siloxane, 30 m, 250 um i.d., 0.25 um film thickness, Model Agilent 19091S-
433). The pyrolysis and GC-MS interfaces were kept at 280°C and the GC-MS was tempera-
ture-programmed from 40°C (1 min) to 130°C at 6°C/min, then from 130 to 250°C at
12°C/min and finally from 250 to 300°C at +30°C/min (3 min at 300°C). The MS was
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operated in the electron impact mode (70 eV) for m/z 40 to 450. The various phenolic pyrol-
ysis compounds were identified by comparison to the spectra of authentic compounds or to
published spectra [28].

Polyacrylamide gel electrophoresis of RG-II

Ten microgrammes of extractive-free samples of mature stems were treated with 1 M Na,CO;
at 4°C for 16 h, then rinsed with water until neutral pH was achieved. The pellet was sus-
pended in 1 mL ammonium acetate buffer (50 mM, pH 4.8) with 5 U endo-polygalacturonase
from Aspergillus aculeatus (Megazyme) and incubated at 37°C for 16 h. Solubilized material
was dried and re-suspended in 25 pL of ammonium acetate buffer. Polyacrylamide gel electro-
phoresis and the silver staining were performed according to [29].

Transcriptomic analysis

Microarray analysis was performed on complete arabidopsis transcriptome containing 24,576
GSTs corresponding to 22,089 genes from arabidopsis [30]. (Hilson et al., 2004). Three inde-
pendent biological replicates were performed. For each biological replicate we pooled stems
from 4 to 6 plants to generate each sample. We collected the first 2 cm at the base of a 20 cm-
long floral stems. The plants were grown in a greenhouse under long-day conditions. Total
RNA was extracted with the RNeasy Plant Kit (Qiagen) according to the manufacturer’s
instructions. For each comparison, one technical replicate with fluorochrome reversal was per-
formed for each biological replicate (i.e., four hybridizations per comparison). We labeled
cRNAs with Cy3-dUTP or Cy5-dUTP (Perkin-Elmer-NEN Life Science Products) and per-
formed hybridization and scanning of the slides as previously described [31]. (Lurin et al.,
2004).

Statistical analysis of microarray data

Experiments were designed with the statistics group of the Plant Genomics Research Unit. Sta-
tistical analysis was performed with normalization based on dye swapping (i.e., four arrays,
each containing 24,576 GSTs and 384 controls) as previously described [32]. For the identifica-
tion of differentially expressed genes, we performed a paired ¢ test on ratios, assuming that the
variance of the ratios was similar for all genes. Spots with extreme variances (too small or too
large) were excluded. The raw P values were adjusted by the Bonferroni method, which con-
trols the family-wise error rate (with a type I error equal to 5%) to minimize the number of
false positives in a multiple-comparison context [33]. We considered genes with a Bonferroni
P value < 0.05 to be differentially expressed, as previously described [32].

Microarray data from this article were deposited at Gene Expression Omnibus (http://
www.ncbi.nlm.nih.gov/geo/), accession no. GSE 74857) and at CATdb (http://urgv.evry.inra.
fr/CATdb/; Project: ELIM1) according to the “Minimum Information About a Microarray
Experiment” standards.

Coexpression network

The edge force directed coexpression networks were generated with Cytoscape 2.8 (http://
www.cytoscape.org) from data retrieved from ATTED-II [34].

Histology

Fresh hand-cut sections were subjected to histochemical analysis (described below) and photo-
graphed through with a Zeiss AxioPlan 2 microscope system with automatic exposure.
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Wiesner staining was performed by incubating sections in 1% phloroglucinol in ethanol:water
(7:3) with 30% HCI. Méiule staining was performed by first incubating sections in KMnO,
(1%). After 10 min, sections were washed and acidified with HCI (30%) for 1 min, washed
again, and then incubated in NaHCO; (5%).

Results
MUR1 mutation alters lignin structure

To explore the role of RG-II dimers on lignin deposition, we performed biochemical analysis
on mature murl-1 inflorescence. The murl-1 mutants are shorter than wild type (S1 Fig) and
consequently, accumulate less biomass in inflorescence stems, having with more than a 50%
reduction of dry weight compared with wild type. MURI is thereby involved in inflorescence
stem development (Table 1) but the lignin content of extractive-free stem material was not
affected (Table 1). The neutral sugar composition of the wall was analyzed and, as expected,
the amount of fucose residues in murl-1 mutants was dramatically reduced [35] (Table 2), but
no other significant differences for the other sugars were observed. Subsequent analysis of cel-
lulose content showed no significant differences between murl-1 and wild type (Table 2).

Lignin structure was first evaluated by thioacidolysis. This method provides hydroxy-phe-
nyl, guaiacyl, and syringyl thioethylated monomers from the hydroxy-phenyl, guaiacyl, and
syringyl units that are only connected with labile B—-O-4 bonds in lignin [36]. When expressed
relative to the lignin content, the yield of lignin-derived thioacidolysis monomers is reduced
when the frequency of resistant inter unit bonds in the lignin polymer is increased. In murl-1,
the thioacidolysis yield of mutant stems was significantly reduced by 17% compared with wild
type (Table 3). Despite we found a lower frequency of lignin-derived syringyl compounds in
murl-1 with analytical pyrolysis (S1 Table), the relative frequency of hydroxy-phenyl, guaiacyl,
and syringyl thioacidolysis monomers was not substantially affected.

Genes involved in the formation of lignified tissues are overexpressed in
muri-1

To identify the genes involved in the structural changes in murl-1 lignin, we carried out a tran-
scriptomic analysis with complete Arabidopsis transcriptome microarray (CATMA) chips
[30]. This experiment was performed using the basal part of murl-1 and wild-type stems at
growth stage 6.1, according to [37] and revealed that 1168 genes were differently expressed in
murl-1 compared to wild type (583 down and 585 up).

Using cytoscape tool (http://www.cytoscape.org), co-expression analysis of down-regulated
genes in murl-1 did not reveal any obvious co-expression cluster. By contrast, co-expression

Table 1. Impact of the MUR1 mutation on the dry weight and lignin content of mature inflorescence
stems.

Line Stem dry weight (mg) % Klason lignin
muri1-1 106.5+13.6* 18.0 (17.6; 18.6)
Wild type 241.7+20.4 18.3(18.1; 19.0)

The stem dry weight per individual plant was measured. Values are means + SD from 16 plants separately
analyzed. The lignin content is expressed as Klason lignin calculated as weight percentage of the extractive-
free sample. Values are medians of three replicates (pools of eight plants), with the minimum and maximum
given in parentheses.

* indicates significant differences (one-way ANOVA) compared to the wild-type value at P<0.001

https://doi.org/10.1371/journal.pone.0184820.t001
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Table 2. Monosaccharide composition of alcohol insoluble residue isolated from mature stems.

Sugar Wild type muri-1
Sugars from trifluoroacetic hydrolysis (in ug.g™* AIR)
Fuc 2.2(2.2;2.5) 0.2(0.2;0.3) *
Rha 6.8(6.7;7) 8.1(7.6;8.3)
Ara 9.4 (8.9;9.5) 9.7 (9.1;10.1)
Gal 16.0 (15.6; 16.6) 16.2(15.3; 17.1)
Glc 5.0(4.8;5.2) 5.2(5.1;5.8)
Xyl 96.3 (94.9; 100.5) 90.1 (89.5; 95.8)
Man 5.1(5.1;5.3) 5.6 (5.2;5.9)
Sugar from subsequent H,SO, hydrolysis
Glc 324.0 (319.7; 345.9) 304.9 (291.5; 314.0)

Two successive hydrolyses were performed. The first trifluoroacetic hydrolysis released sugars from non
cellulosic polysaccharides and the second H,SO,4 hydrolysis released glucose from cellulose. Values are
medians of three replicates, with the minimum and maximum given in parentheses.

* indicates a significant difference (Kruskal Wallis test) compared to the wild-type value at P<0.05.

https://doi.org/10.1371/journal.pone.0184820.t1002

analysis of up-regulated genes showed four main clusters (Fig 2). Analysis of putative gene
functions within the two smallest ones did not reveal any clear correlation with biological
processes.

The biggest cluster contained 93 genes, of which 64 are known to be related to secondary
cell wall deposition or xylem formation. Among them, one is involved in monolignol synthesis
and six in lignin polymerization. We found at least ten genes involved in xylan synthesis and
three genes involved in secondary cell wall cellulose synthesis. We also observed at least six
transcription factors known to control secondary cell wall synthesis like MYB46 and MYB58
(S2 Table). Notably, the vascular NAC-domain 6 (VND6) master regulatory transcription fac-
tor that controls vascular development was also found in this cluster (52 Table).

The second cluster comprised 42 genes, of which 15 are related to jasmonic acid signaling, a
regulator of wound response in vascular plants [38]. Thus, we found in this cluster seven jas-
monic acid-responsive genes encoding JASMONATE-ZIM domain proteins, which act as
negative regulators of jasmonic acid response [39] (S3 Table), Three genes associated with jas-
monic acid production [40],[41],[42] and four members of the ethylene response factor (ERF)
family involved in the jasmonic acid-responsive gene expression [39]. One ERF member,
RAP2.6 (ERF/ AP2 transcription factor family) is closely related to RAP2.6L which is involved,
like the lipooxygenase 2 (LOX2), in tissue repair [43],[44]. Furthermore, the DDFI (Dwarf and
Delayed Flowering 1) and MYB73 transcription factors present in this cluster have already
been described as candidate regulatory genes for wood formation by interacting with the pro-
moters of several secondary cell wall related genes [45],[46].

MUR1 mutation alters inflorescence stem development

The high levels of secondary cell wall related transcripts and particularly the upregulation of
VND6 controlling metaxylem vessel formation were intriguing. To build on the biochemical and
transcriptomic analysis of mur1-1 mutants, we performed histological analysis on inflorescence
stem cross sections at various development stages. At an intermediate developmental stage (stem
of about 15-20 cm, growth stage 6.1 according to [37]), collapsed tracheary elements were
observed and fibre-sclereids cells appeared in many phloem poles in murl-1 stems whereas they
were rarely observed in the wild type (Fig 3). Furthermore, extensive secondary growth and the
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Table 3. Determination of thioacidolysis monomers released from extractive-free mature stems.

Line Thioacidolysis monomers % hydroxy-phenyl % guaiacyl % syringyl
(umol.g™ lignin)
muri-1 1004 (942; 1071)* 1.1(1.1;1.3) 70.9 (70.4; 72.5) 27.9 (26.4;28.5)
Wild type 1203 (1105; 1322) 1.1(1.0;1.2) 70.6 (10.5; 70.9) 28.3(27.8;28.4)

Values are medians of three pools of eight plants separately analysed, with the minimum and maximum given in parentheses. Thioacidolysis yields are
expressed in umol.g™' of lignin (measured as Klason lignin).
* indicates a significant difference (Kruskal Wallis test) compared to the wild type value at P<0.05.

https://doi.org/10.1371/journal.pone.0184820.t003

formation of large lignified and non-lignified cells were observed in the cortical tissues adjacent to
vascular bundles (Fig 3). Their occurrence was accompanied with a reduced number of cell layers
in the cortex (4-5 cell layers above sclerenchyma against only 3 above ectopic lignified cells).

In mature stems (>25 cm, growth stage 6.9 according to [37]), high fascicular and inter-
fascicular cambial activities were also observed and the phenotypes observed in intermedi-
ate developmental stages were more obvious (Fig 3C and 3E). The aberrant cells formed
around the phloem tissues exhibited a pitted cell wall (dotted arrow in Fig 3) and they often
formed a supplemental layer separating the cortex from the stele. When stained with the
Maiile reagent, sections showed brown coloration consistent with a guaiacyl-rich cell wall
that is typically observed in tracheary elements (Fig 3). Further examination using confocal
microscopy facilitated the observation of perforation plates that are characteristic of trache-
ary elements (Fig 3).

Finally, many stem cross sections had breaks within the sclerenchymatous cylinder that typ-
ically runs through the middle lamellae of neighboring sclerenchymatous cells (Fig 3). The

Jasmonic acid-related cluster | < > -

Fig 2. Gene coexpression network made from genes up-regulated in mur1-1 stems. An edge
weighted, force-directed approach was used, based on data retrieved from ATTED-II and visualised in
Cytoscape 2.8 (http://www.cytoscape.org). In this network, each gene is represented by a node and each
grey edge connecting two nodes represents a mutual rank <100. Two modules of high density were
revealed suggesting a tight coexpression. Green and orange edges link MYB73 and DDP1 respectively to
secondary cell wall genes potentially regulated by these transcription factors (Taylor-Teeples et al., 2014).

https://doi.org/10.1371/journal.pone.0184820.g002
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Fig 3. Inflorescence cross sections at intermediate and mature stages of development. Cross sections
through the basal region of the infloresence stem for wild type (A) and mur1-1 (B,D) at an intermediate stage
of development. Cross sections of the basal region of the stem of mur?-1 at a mature stage of development
(C,E) stained with phloroglucinol-HCI or with the Malle reagent (F). Phloem sclereids are encircled on D and
E and abnormal lignified cells rich in aldehyde compounds are indicated by black arrows. The pitted cell wall of
regenerative xylem and the fragmentation of the sclerenchyma cylinder are indicated by black arrow heads
and dotted arrows respectively. The cortex cell wall layer are indicated by asterisks. Observation of the
perforation plate of a regenerative xylem cell observed by confocal microscopy (G). Ep: epidermis, co: cortex,
ph: phloem, xy: xylem, Sxy: secondary xylem, Rxy: regenerative xylem, if: interfascicular fibers.

https://doi.org/10.1371/journal.pone.0184820.9003

presence of the breaks was often accompanied with the development of a big lignified cell. It is
worth noting that similar results were also obtained on murlI-2, a second MURI allele descend-
ing from an independent mutagenesis event (S2 Fig, [35]).
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The defect of RG-Il dimerization might be responsible for phenotypic
traits observed in mur1

Fucose residues occur not only in RG-II [47] and RG-I [48], but also in xyloglucan [49] and
arabinogalactan proteins [50]. However, the tensile strength of murl-1 in the elongation zone
of the inflorescence stem was completely rescued by the addition of boron [21] thus demon-
strating that the lack of fucose in RG-II rather than in xyloglucan, RG-I, or arabinogalactan
proteins is important for the weakness of murl-1 stems. In an attempt to determine the role of
reduced boron-dependent RG-II dimerization in the murI-1 stem inflorescence, we first con-
firmed that under our growth conditions, RG-II cross linking is reduced in murI-I mature
stems (S3 Fig), second we sprayed murI-1 with a boric acid solution as soon as the inflores-
cence emerged from the rosette, and repeated the spraying twice a week. We then made cross-
sections of the mature stems. Despite the boric acid application reducing ectopic lignification
and tissue detachment, these phenotypes were not fully rescued (S4 Fig).

Because boron penetration might be limited by the cuticule, we decided to study bor1-3, a
mutant altered in boron xylem loading. However, by contrast to murI-1, this mutant has lost
apical dominance [22]. This made it difficult to collect mature inflorescence stems comparable
to murl-1 and wild type and consequently, we did not run biochemical experiments on this
mutant. Nevertheless, we performed cross sections on borI-3 and observed that, at an interme-
diate stage of development, borI-3 had, like mur1-1, phloem sclereids and abnormal secondary
growth (Fig 4). Some regenerative xylem cells were also observed between stele and cortex (Fig
4) and phloroglucinol positive cells were also sometimes present in the pith parenchyma of the
borl1-3 stem (Fig 4). At a later stage of development, the phenotypes did not become evidently
more severe, perhaps because of the apical dominance loss (floral stems remained small at

100 pm

Fig 4. Bor1-3 mutants have enhanced secondary growth and regenerative xylem. Basal cross-sections
of primary inflorescence stained with phloroglucinol-HCI of bor1-3 (A,C and D) and wild type (B). Phloem
sclereids are encircled in A. ph: phloem, xy: xylem, Sxy: secondary xylem, Rxy: regenerative xylem, if:
interfascicular fibers.

https://doi.org/10.1371/journal.pone.0184820.g004
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Fig 5. Putative mechanisms responsible for the mur1-1 phenotype in the inflorescence stem. A.
Diagram of cell adhesion deficiency at the edge of lignified tissues and non-lignified cortex cells in mur1-1.
RG-Il dimers are enriched in the cell corners. Relative sizes of middle lamella, primary and secondary cell
walls are not drawn to scale. B. Working hypothesis of regenerative xylem formation in the mur1-1
inflorescence stem. The cell adhesion is compromised by reduced RG-Il cross linking. Mechanical stress on
cortex and lignified tissues induces loss of cell adhesion and then transcription of jasmonate related genes.
Regenerative elements are formed by activation of specific transcription factors. Co: cortex, ph: phloem, xy:
xylem, Rxy: regenerative xylem, if: interfascicular fibers. Blue arrows: shear forces.

https://doi.org/10.1371/journal.pone.0184820.9005

mature stage) [22]. Although borI-3 is not known to be affected in cell wall composition, we
hypothesize that the abnormal secondary growth is caused by reduced dimerization of RG-II
owing to limited boron supply [51]. Although we cannot completely exclude a role for the
fucose residues in xyloglucan or arabinogalactan proteins, the similarity of secondary cell wall
disruptions in murl-1 and borl-3 taken together with the partial rescue of this phenotype in
murl-1 by spraying the stem with boric acid lead us to conclude that RGII dimerization plays
a pivotal role in the development of tissues containing secondary cell walls.

Discussion

Analysis of lignin from mature murI-1 inflorescence stems revealed that the thioacidolysis
yield of mutant stems was significantly reduced compared with wild type. This suggests that
lignin in murl-1 is enriched in resistant inter-unit linkages, which are more abundant in lignin
formed in response to stress [52]. Nevertheless, polymerization of lignin is affected by the poly-
saccharidic matrix, at least based on in vitro experiments [53]. Therefore, we hypothesize that
lignin polymerization in murl-1 is altered by changed pectin composition or reduced RG-1I
cross linking. Supporting this hypothesis, RG-II is enriched at cell corners (Fig 4) where nucle-
ation sites of lignification are also found [54],[4].

PLOS ONE | https://doi.org/10.1371/journal.pone.0184820 September 29, 2017 10/15


https://doi.org/10.1371/journal.pone.0184820.g005
https://doi.org/10.1371/journal.pone.0184820

@° PLOS | ONE

Lignification in mur1-1 mutant

Microarrays analysis performed on bottom part of murl-1 inflorescence showed that dis-
rupting GDP-fucose synthesis is correlated with lignification and hormone signaling. For
instance, murl-1 co-overexpresses jasmonate-responsive genes with two transcription factors,
DDFI (Dwarf and Delayed Flowering 1) and MYB73 previously identified as candidate regula-
tory genes for wood formation [45],[46]. These data support the idea that first, murI-1 plants
synthesized more secondary cell wall than wild type in the basal part of the stem and, second,
that the jasmonic acid signaling pathway participates in the overexpression of secondary cell
wall-related genes through the DDF1 and MYB73 transcription factors. Furthermore, this is
consistent with the fact that jasmonic acid was found to trigger ectopic lignification [55].
Indeed, histological analysis revealed the unusual formation of large cells in the cortical tissues
adjacent to vascular bundles in murl-1 and murl-2 mutants. When subjected to lignin staining
reagents the wall of these cortex cells showed typical lignin color found in vessel walls, which
are known to be poor in S-unit of lignin. Together, these findings support the idea that these
cells are regenerative xylem cells [56].

The ectopic formation of tracheary elements presumably necessitates induction of master
transcriptional regulators genes to drive cell differentiation. The overexpression of the vascular
NAC-domain 6 (VND) transcription factor in murl-1 compared with wild type is in accor-
dance with this phenomenon. Up to now, the formation of regenerative xylem has always been
described after the occurrence of wounding [56]. Insofar as wounding induces the jasmonate
pathway, this is consistent with the overexpression of jasmonic acid-related genes in murl-1.
Mechanical stresses that increase with stem weight could induce a break of the innermost cor-
tical cells from the sclerenchyma in murl-1 and murl-2 plants (Fig 5). This detachment could
be interpreted by the plant as a wound and would therefore trigger the development of regen-
erative xylem, likely through a jasmonic acid signaling pathway (Fig 5). It is worth noting that
the ectopically formed xylem-like cells in the cortex are mainly detectable at the interface of
cortex, vascular bundles, and interfascicular sclerenchyma. These three tissues have distinct
structures and mechanical properties due to different cell shape and cell wall composition.
This may indicate a reduced resistance to shear forces induced by bending stress in fucose defi-
cient plants and that the cell adhesion involving lignified cells is altered in murI-1 and murl-2
plants (Fig 5). The presence of regenerative xylem in murl-1 and murl-2 stems is consistent
with the enrichment of resistant linkages in lignin, a structural trait already described for stress
lignin [52]. Finally, the ectopic lignification is specific to murI-1 because other mutants altered
in homogalacturonan biosynthesis with a severe defect in cell adhesion such as quasimodo2,
do not display such a phenotype [57] (Fuentes et al., 2010, and S2 Fig).

Supporting information

S1 Fig. Photographs of mature murl-1 and wild-type plants.
(PDF)

S$2 Fig. Hand-cut sections of mature stems from murl-1, murl-2, qua2, and wild type (WT)
stained with phloroglucinol-HCI.
(PDF)

S3 Fig. Polyacrylamide gel electrophoresis of RG-II.
(PDF)

$4 Fig. Cross-sections of mature stems from wild type (WT) and murl-1 stained with
phloroglucinol-HCI. The mur1-1 mutant was sprayed with a 5mg/mL boron (B) solution.
(PDF)
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