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SUMMARY

The barley cellulose synthase-like F (CslF) genes encode putative cell wall polysaccharide synthases. They

are related to the cellulose synthase (CesA) genes involved in cellulose biosynthesis, and the CslD genes

that influence root hair development. Although CslD genes are implicated in callose, mannan and cellulose

biosynthesis, and are found in both monocots and eudicots, CslF genes are specific to the Poaceae. Recently

the barley CslF3 (HvCslF3) gene was shown to be involved in the synthesis of a novel (1,4)-b-linked glucoxy-

lan, but it remains unclear whether this gene contributes to plant growth and development. Here, expres-

sion profiling using qRT-PCR and mRNA in situ hybridization revealed that HvCslF3 accumulates in the root

elongation zone. Silencing HvCslF3 by RNAi was accompanied by slower root growth, linked with a shorter

elongation zone and a significant reduction in root system size. Polymer profiling of the RNAi lines revealed

a significant reduction in (1,4)-b-linked glucoxylan levels. Remarkably, the heterologous expression of

HvCslF3 in wild-type (Col-0) and root hair-deficient Arabidopsis mutants (csld3 and csld5) complemented

the csld5 mutant phenotype, in addition to altering epidermal cell fate. Our results reveal a key role for

HvCslF3 during barley root development and suggest that members of the CslD and CslF gene families have

similar functions during root growth regulation.

Keywords: Oroot development, cell wall, cellulose synthase-like gene, glucoxylan, Hordeum vulgare, barley,

Arabidopsis.

INTRODUCTION

The plant cell wall plays an important role in the flexibility

and stability of cell structures during root development (De

Lorenzo et al., 2019; Houston et al., 2016). In addition, it is

involved in the defence against pathogens and acts as a car-

bohydrate sink to meet the growth requirements of the plant

(Tucker et al., 2018). The synthesis and composition of root

cell walls are complex, as evidenced by the heterogeneity of

Arabidopsis cell walls from different root tissues (Somssich

et al., 2016). Cell wall polysaccharide synthesis and

modification are the result of the action of glycosyltrans-

ferases (GTs), glycoside hydrolases (GHs), methyltrans-

ferases and acetylesterases (Lombard et al., 2014; Tucker

et al., 2018). The products of the cellulose synthase (CesA)

and cellulose synthase-like (Csl) genes belong to the large

GT2 family (Lombard et al., 2014). Studies have shown that

these genes are involved in the synthesis of various cell wall

polysaccharides, including cellulose (CesA) (Doblin

et al., 2002), (1,3;1,4)-b-glucan (CslF, CslH, CslJ) (Burton

et al., 2006; Cseh et al., 2013; Doblin et al., 2009; Taketa
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et al., 2011), mannan (CslA, CslD) (Dhugga et al.,

2004; Goubet et al., 2009; Liepman et al., 2005; Verhert-

bruggen et al., 2011; Yin et al., 2011), callose (CslD)

(Douchkovet al., 2016), (1,4)-b-linkedglucoxylan(CslF) (Little
et al., 2019),andxyloglucan(CslC) (Cocuronet al., 2007).

Gene expression profiling suggests that the CslF family

might be involved in Hordeum vulgare (barley) root devel-

opment. Indeed, quantitative PCR revealed high transcript

levels of genes such as HvCslF3 in rapidly growing organs,

including root tips (Burton et al., 2008). Of the 10 CslF

genes in the barley genome, only HvCslF6 and HvCslF9

have been studied in planta through mutagenesis and

transgenic modification (Burton et al., 2011; Garcia-

Gimenez et al., 2020; Taketa et al., 2011). CslF6 fulfils a

central role in the synthesis of (1,3;1,4)-b-glucan (Burton

et al., 2006), whereas heterologous expression studies also

suggest potential roles of other CslF genes in the synthesis

of (1,3;1,4)-b-glucan (CslF9) (Cseh et al., 2013) and (1,4)-b-
linked glucoxylan (HvCslF3, HvCslF10) (Burton et al., 2006;

Little et al., 2019), although this has not been confirmed

in planta.

Evolutionary studies revealed that the CslF subfamily is

the sister clade to the CslD subfamily of genes, which in

turn are homologous to the CesA genes (Richmond &

Somerville, 2000; Schwerdt et al., 2015). Little et al. (2018)

analysed 46 species and presented phylogenetic evidence

that the CslF clade may have evolved from the CslD sub-

family. Although the precise biochemical roles of individ-

ual CslD genes are yet to be assigned, the involvement of

the CslD genes in the regulation of the synthesis of pri-

mary cell walls in rapidly growing tips of pollen tubes

and root hairs has been described in diverse species,

including Arabidopsis (Yin et al., 2011), Oryza sativa (rice)

(Li et al., 2009) and Populus trichocarpa (poplar) (Peng

et al., 2019). Among the four CslD genes present in bar-

ley, HvCslD2 functions in pathogen defence through alter-

ations of callose deposition and cell wall composition

(Douchkov et al., 2016). Despite these results, it remains

unclear whether barley CslF and/or CslD genes are

involved in root growth. Their phylogenetic relationship

and similar tendency to be highly expressed in roots pro-

vided impetus to assess their function in root develop-

ment, with a particular focus on HvCslF3. Hence, we

investigated whether functional and biochemical redun-

dancy exists between HvCslF3 and the Arabidopsis CslD3

and CslD5 genes. By using transgenic barley downregu-

lated in HvCslF3 expression and employing HvCslF3 in

complementation experiments of Arabidopsis csld3 and

csld5 mutants, we demonstrate that HvCslF3 expression

is positively correlated with root elongation, cell radial

patterning and (1,4)-b-linked glucoxylan accumulation in

barley root tips. The successful phenotypic recovery of

csld5 by HvCslF3 expression in Arabidopsis revealed that

HvCslF3 not only enhanced root hair growth and

elongation, but also altered the fate of epidermal cells

from non-hair cells to hair-forming cells.

RESULTS

Expression analysis reveals HvCslF3 expression is elevated

in outer root elongating tissues

Gene expression analysis (Figure 1) was performed on RNA

collected from finely dissected wild-type (WT) H. vulgare cv.

Golden Promise root tips representing the meristem

(zone 1), elongation (zone 2), young maturation (zone 3)

and old maturation (zone 4) zones (Figure 1a). Transcript

levels of HvCslF3 were determined by quantitative poly-

merase chain reaction (qPCR) (Figure 1e). HvCslF3 was

barely expressed in the meristem zone, but the transcript

level increased dramatically and peaked in the elongation

zone. As root cells enter maturation and start to differenti-

ate, HvCslF3 expression reduced to very low levels, as

detected in zone 4. This expression pattern was distinct

from that of HvCslF6, the expression of which was most

abundant in the young and old maturation zones. The high

expression of HvCslF3 in the elongation zone suggested a

potential role in cells that undergo rapid expansion.

To confirm the qPCR results and further investigate the

location of gene expression, mRNA in situ hybridization

was performed (Figure 1b–d). Longitudinal sections

revealed that the expression of HvCslF3 is elevated in epi-

dermis and cortex cells in the elongation zone. Less inten-

sive staining was observed in the central stele and

meristem, with no staining in the root cap and mature cells

surrounding the stele. These results were consistent with

the qPCR analysis.

HvCslF3 is downregulated in root tips of barley 35S:

HvCslF3-RNAi lines

To study the role of HvCslF3 in barley, RNA interference

(RNAi)-mediated gene silencing was used to generate

transgenic plants with reduced HvCslF3 gene expression.

The RNAi plasmids were designed to target HvCslF3, with

a 50 untranslated region (50-UTR) silencing fragment ampli-

fied from WT and driven by the constitutive 35S promoter.

A 35S:nlsYFP line confirmed that the promoter is active

throughout the WT root tip (data not shown). Seeds from

three independent homozygous HvCslF3-RNAi lines (#27,

#29, #30) and WT plants were examined, and the expres-

sion level of HvCslF3 in the first centimetre of the root tips

was determined by qPCR. Figure 1(f) shows the fold

change in transcript abundance of HvCslF3 compared with

the WT. The downregulation of HvCslF3 was confirmed in

all transgenic lines, although the degree of downregulation

varied. Line #27 showed the most severe effect, retaining

only 33.7% of WT HvCslF3 expression. The transcript

reduction in lines #29 (50.4%) and #30 (54.4%) was less

severe compared with WT levels.
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HvCslF3 downregulation leads to changes in barley

seedling root growth

Barley seedlings were germinated on 1% agar plates and

root growth was assessed over time. Figure 2(a) shows

representative 7-day-old seedlings, with the transgenic

lines exhibiting generally smaller seedlings with a reduced

root system. Interestingly, the total seminal root length of

line #27 was significantly reduced over the measuring per-

iod, whereas lines #29 and #30 had seminal root lengths

that were similar to those of the WT from 4–5 days post-

germination (4–5 dpg) onwards (Figure 2b). After germina-

tion, root length increased rapidly until 3 dpg with most of

Figure 1. Gene expression analysis of HvCslF3 in

Hordeum vulgare (barley) root tip. (a) Schematic

diagram of the regions used for root tip dissection

and RNA collection. Zones 1, 2, 3 and 4 represent

the root meristematic, elongation, young matura-

tion and old maturation zones, respectively.

(b–d) mRNA in situ hybridization of HvCslF3 using

antisense (b, d) and sense (c) probes on longitudi-

nal root sections.

(e) qPCR results showing the normalized transcript

abundance of HvCslF3 and HvCslF6 in different

zones of the root. Error bars indicate standard

errors.

(f) Fold change of normalized transcript abundance

of HvCslF3-RNAi barley lines compared with the

wild type (WT). The level of downregulation was

significant, with variability between each line

(P < 0.0001). Scale bars: 100 lm.
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Figure 2. Variation in root morphology and development between the wild type (WT) and the HvCslF3-RNAi lines.

(a) Seedlings of WT and HvCslF3-RNAi lines (#27, #29, #30) at 7 days post-germination (7 dpg).

(b) The total length of elongated seminal roots was measured daily for 7 days. Data were collected from 12 seedlings per genotype. Error bars indicate standard

errors. Significance was tested with two-way ANOVA; unless indicated, the treatments showed significant differences compared with the WT (ns, not signifi-

cant).

(c) Average number of root hairs on mature roots collected from 5-dpg seedlings germinated in the dark. Data represent the average of 10 seminal roots col-

lected from different seedlings. Error bars indicate standard errors.

(d) Light microscopy pictures of roots treated with Hoyer’s solution.
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the lines exhibiting the highest root growth rate. At 3 dpg,

the seminal root length of line #27 increased by 42 mm,

whereas the increase in root length in the WT was

165 mm. From 3 dpg onwards the daily seminal root

growth in each line stabilized, with minor fluctuations, at

115–125 mm day–1 in WT, 60–68 mm day–1 in #27, 100–
115 mm day–1 in #29 and 102–115 mm day–1 in #30. The

restrictions on root system development of the HvCslF3-

RNAi lines continued throughout plant vegetative growth

up to 50 dpg (e.g. line #27 in Figure S1). Root bending sen-

sitivity assays in which barley seedlings were rotated by

90° at 3 dpg revealed no defects in gravitropism between

the WT and the HvCslF3-RNAi lines (Figure S2). Indeed, a

similar increase of bending angle was observed in all lines

throughout the time course of the experiment.

Notably, defects in development were not limited to

seminal root length. Indeed, the number of root hairs on

the root tips was also decreased. Figure 2(c) shows the

average number of root hairs on every centimetre of

mature root, with significant differences observed between

the WT and transgenic barley plants. WT roots showed

481 � 30 root hairs, whereas the transgenic lines had

340 � 15 (#27), 232 � 12 (#29) and 285 � 20 (#30) root

hairs. Moreover, the root hairs of the transgenic lines were

particularly sensitive to treatment with chloral hydrate-

based clearing solutions. Figure 2(d) shows cleared root

samples treated with Hoyer’s solution. Compared with the

WT, damage and/or removal of root hairs from the root

surfaces of the transgenic barley lines was more obvious,

especially for line #27, where the root hairs were almost

completely removed.

HvCslF3 RNAi lines exhibit a shorter elongation zone

To understand the basis of the observed defects in root

development, root tips were cleared with a ClearSee solu-

tion to examine cellular organization. The anatomy of the

root tips was similar to that previously described by

Kirschner et al. (2017). However, differences in the length

of the elongation zone were observed between the lines.

To compare the size of the meristem and elongation zones,

we identified the end of the meristem zone and the begin-

ning of the elongation zone based on the criterion that the

first cortex cell adjacent to the epidermis doubles in length,

whereas the end of the elongation zone was marked where

the first root hair emerges. Figure 3 highlights the lengths

of the meristem and elongation zones from different lines.

The average meristem length in Golden Promise is approx-

imately 1070 lm, which is comparable with that previously

described in 4-day-old Morex roots (1000 lm) (Kirschner

et al., 2017). However, the meristem size of the HvCslF3-

RNAi plants was more variable, ranging between 589 and

1027 lm. In addition, the size of the elongation zone of all

transgenic lines showed a significant reduction compared

with the WT (WT, 924 lm; #27, 324 lm; #29, 335 lm; #30,

358 lm). The reduced length of the elongation zone (Fig-

ure 3b) was correlated with the level of HvCslF3 gene

expression (Figure 1(f)). The number of cells in the elonga-

tion zone varied between each plant examined, but no sig-

nificant differences were observed across the different

barley lines (Figure 3c). The consequence of the elongation

(and meristem) zone defect is likely to be a shorter root

and slower root growth, consistent with the root measure-

ments presented in Figure 2.

HvCslF3-RNAi lines develop narrower roots

A notable trend of narrower roots was observed in the

transgenic HvCslF3-RNAi barley plants. Figure 4(a) shows

representative root sections for each line at approximately

1 cm from the root tip. The size of the central stele of all

samples was comparable with that of the WT (approx.

130–150 lm), suggesting that the decrease in root diameter

was likely to result from the reduced area of outer tissues.

Compared with the WT, which usually contains an average

of five or six cortical cell layers, only three or four layers of

cortical cells were found in transgenic lines, with no obvi-

ous change identified in cell size. Quantitative data also

show a correlation between cortical cell number and corti-

cal area, where the HvCslF3-RNAi plants presented variable

but significant reductions in cortical area compared with

the WT roots (Figure 4c). Furthermore, because the roots

were thinner, the number of epidermal cells in HvCslF3-

RNAi plants (80–90) was reduced compared with the WT

(>100). Hence, the lower root hair density observed in

transgenic lines might be indirectly linked to the decreased

number of epidermal cells surrounding the reduced num-

ber of cortical layers.

The deposition and distribution of major cell wall

polysaccharides are not significantly affected in HvCslF3-

RNAi lines

HvCslF3 belongs to the CslF gene family, of which several

members have previously been implicated in the biosyn-

thesis of (1,3;1,4)-b-glucan (Burton et al., 2006; Taketa

et al., 2011). However, most of these studies have focused

on aerial organs rather than roots. The deposition of

major cell wall polysaccharides, including (1,3;1,4)-b-
glucan, arabinogalactan protein (AGP), arabinoxylan, cal-

lose, mannan and pectin, was analysed by immunola-

belling to detect any possible effect of reduced HvCslF3

expression on polysaccharide composition in barley root

tips. Keeping in mind that these experiments are semi-

quantitative at best – meaning that only marked differ-

ences are detected with this approach – the data obtained

from multiple replicates suggest that there was no obvi-

ous difference in cell wall polysaccharide deposition and

distribution between the WT and the mutants (Figure S3).

In the sampled root tip specimens from different geno-

types, (1,3;1,4)-b-glucan was found in all cell types above
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the root cap, and the intensity of the labelling increased

as cells leave the meristem zone. (1,3;1,4)-b-Glucan label-

ling in the root cap was restricted to the lateral root cap

and young columella cells (Figure S3). The labelling was

similar in both WT and mutant lines throughout the elon-

gation to maturation zone. Another common

Figure 3. HvCslF3-RNAi plants develop shorter elongation zones.

(a) Hordeum vulgare (barley) root tips treated with ClearSee and Direct Yellow 96. Photos were taken with a Leica SP8 confocal microscope. Green arrows indi-

cate the first cortical cell that doubles in length to mark the end of the meristematic zone and the beginning of the elongation zone, whereas red arrows indicate

the first appearance of root hairs to mark the end of the elongation zone and the beginning of the maturation zone. Scale bar: 100 lm.

(b) Quantitative measurements of the sizes of the meristematic (black) and elongation (grey) zones. Similar meristematic zone sizes were observed in different

genotypes, except for #30, which showed smaller meristematic size. A significant decrease of the elongation zone was observed in the HvCslF3-RNAi lines com-

pared with the wild type (WT) (P < 0.0001). Error bars represent standard deviations.

(c) Number of cells in the elongation zones of the WT and mutant lines. Bars represent the maximum and minimum numbers recorded (n = 10).
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polysaccharide, arabinoxylan, was not detectable in the

walls of root tip cells (Figure S3).

Callose showed a change in deposition during root

development (Figure S3). In the meristem, callose was

detected in the cell plates of most cells but the labelling

was less intense in the cells surrounding the stem cell

niche and cells undergoing rapid cell division. In more

mature cells, the callose signal was detected as bright

punctate dots in the cell walls, demarking plasmodesmata.

AGP was found in the cell walls of the central stele and

outermost layer of the root cap, whereas pectin was

restricted to cortex cells (Figure S3). Mannan showed a

distinct localization compared with other polysaccharides,

as fluorescent immunolabelling with anti-mannan antibod-

ies was found in the cytoplasm, rather than at the cell

walls. The fluorescent signal most likely corresponds to

labelling in the Golgi apparatus; however, some non-

specific labelling of other intracellular components cannot

be ruled out. Similar labelling was identified when cells

had entered a maturation phase, although the enlarging

vacuole appeared to push the fluorescent signal towards

the cell periphery, with the signal occasionally detected in

the cell walls.

HvCslF3 downregulation reduces (1,4)-b-linked glucoxylan

accumulation

The role of HvCslF3 in the heterologous synthesis of (1,4)-

b-linked glucoxylan in Nicotiana benthamiana (tobacco)

leaves was recently described by Little et al. (2019). To

assess the impact of reduced HvCslF3 expression on

endogenous (1,4)-b-linked glucoxylan levels in barley, root

samples from the different transgenic lines were hydrol-

ysed with the cellulase E-CELTR from Trichoderma longi-

brachiatum and oligosaccharide products were quantified

by HPLC (Dionex) to determine (1,4)-b-linked glucoxylan

concentration. Figure 5a shows the products from E-CELTR

treatment, which are identified as xyl-(1,4)-b-glc, xylobiose,
glc-(1,4)-b-xyl, and cellobiose, according to their retention

times. Of these, xyl-(1,4)-b-glc and glc-(1,4)-b-xyl are the

disaccharide products from hydrolysed (1,4)-b-linked glu-

coxylan. The sum of the disaccharides represents the level

of (1,4)-b-linked glucoxylan (Figure 5b). On average,

1290 ng mg–1 of (1,4)-b-linked glucoxylan was detected in

WT root tips, which was more than 10 times higher than

previously detected in larger segments of barley root tis-

sues (Little et al., 2019). Notably, the level of (1,4)-b-linked

Figure 4. Transverse sections of Hordeum vulgare (barley) seminal roots.

(a) The wild type (WT) showed five or six layers of cortical cells, whereas the HvCslF3-RNAi lines showed approximately three or four cell layers (marked with

red dashed lines). Sections of 100-lmthickness were taken at 1 cm from the root tip and stained with Calcofluor White. The images shown are representative of

the photos of 10 individual specimens. Scale bars: 100 lm.

(b) Schematic diagram of the radial patterning of different cell types in a mature barley root.

(c) Quantitative measurements of root cortex. The HvCslF3-RNAi lines showed significantly reduced cortical area compared with the WT (P < 0.0001) (grey bars).

The dashed line indicates a decreasing trend in the number of cortical cells in the transgenic barley lines, but no significant difference was observed between

the cortical cell numbers. Error bars represent standard deviations.
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glucoxylan in all three HvCslF3-RNAi lines was decreased

significantly, showing average concentrations of 782, 1021

and 1004 ng mg–1 in lines #27, #29 and #30, respectively.

Expression of HvCslF3 promotes root hair development in

Arabidopsis

CslF and CslD gene families represent sister clades (Fig-

ure S4), although their evolutionary history remains to be

fully resolved (Hazen et al., 2002; Little et al., 2018). The

Arabidopsis genome lacks CslF genes and therefore pro-

vides an ideal heterologous expression model to study the

function of HvCslF3 during root development, both in the

presence and absence of AtCslD genes. HvCslF3 was

transformed into WT Arabidopsis using a strong Ubiquit-

in10 promoter for overexpression. Enhanced root hair

growth was observed in transgenic Col-0 plants expressing

HvCslF3 (Figure 6a,d). The average length of mature root

hairs in the Col-0¦pUbq10::HvCslF3 lines ranged from 0.41

to 0.56 mm, which was significantly longer than those

observed in the Col-0 plants (0.22 mm) (Figure 7a). This

suggests a potential role of HvCslF3 in promoting root hair

elongation.

In addition to the effects on root hair length, the root

hair density was also increased in these transformed plants

(Figure 7b). The average root hair number per millimetre

of root was increased by 1.6-fold in the Col-0¦pUbq10::

Figure 5. Quantification of (1,4)-b-linked glucoxylan in the root tips of wild-type (WT) and HvCslF3-RNAi plants. AIR root tissues were treated with the cellulase

E-CELTR, and the hydrolysed clarified solutions were fractionated before HPLC analysis.

(a) Chromatogram of the hydrolysates. In the green box, peaks corresponding to glc-(1,4)-b-xyl, xylobiose, xyl-(1,4)-b-glc and cellobiose are indicated.

(b) Average concentration of glc-(1,4)-b-xyl (GX) and xyl-(1,4)-b-glc (XG) in root tips. Error bars represent standard errors. Significance was tested with two-way

ANOVA; unless indicated, the treatments were significantly different from the WT.
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HvCslF3 plants, consistent with the finding of reduced root

hair density in the HvCslF3-RNAi lines. The seedling mate-

rials of three independent homozygous events were also

collected to analyse their cell wall composition. In the Col-

0 plants, (1,4)-b-linked glucoxylan was barely detectable

(Figure S5). Out of the two expected oligosaccharides, only

glc-(1,4)-b-xyl showed a very weak signal on the spectrom-

eter, whereas the other oligosaccharide xyl-(1,4)-b-glc was

undetectable. This suggests that no (1,4)-b-linked glucoxy-

lan was found in the cell walls of WT Arabidopsis seed-

lings. Curiously, no differences in the abundance of either

oligosaccharide were induced by the overexpression of

HvCslF3 (Figure S5). This contrasts with the findings of Lit-

tle et al. (2019) who suggested a direct connection

between the HvCslF3 gene and the biosynthesis of (1,4)-b-
linked glucoxylan in transformed tobacco leaves.

HvCslF3 rescues the Atcsld5 root hair mutant phenotype

In Arabidopsis, defective root hair elongation was

observed in csld3 and csld5 mutants, as previously

reported by Yin et al. (2011) and shown in Figure 6(b,c).

Considering the close phylogenetic relationship between

the CslF and CslD families, and the gain-of-function pheno-

type observed for HvCslF3 in Col-0 plants, we expressed

HvCslF3 in both csld3 and csld5 mutant backgrounds to

examine the possibility of functional complementation. As

expected, the aborted root hair phenotype in csld3 was

successfully recovered in transgenic plants expressing

Figure 6. Arabidopsis root phenotypes of the com-

plementation experiments with HvCslF3, AtCslD3

and AtCslD5 driven by the Ubiquitin10 promoter.

Roots were photographed from 7-day-old seedlings

grown vertically on half-strength MS medium under

controlled conditions in a growth chamber.

(a) Col-0 wild-type (WT) Arabidopsis root tips.

(b) csld3 mutant showing aborted or abnormal root

hair growth.

(c) csld5 mutant showing short and disrupted root

hairs.

(d) Col-0 expressing HvCslF3 showing enhanced

root hair growth.

(e) HvCslF3 expression in csld3 mutant, showing

that the mutant phenotype was not restored.

(f) HvCslF3-complemented csld5 mutant with

restored root hair development.

(g) AtCslD3-complemented csld3 mutant with

recovered root hair phenotype.

(h) AtCslD5-complemented csld5 mutant with

recovered root hair phenotype. Scale bars: 0.5 mm.
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AtCslD3 under the Ubiquitin10 promoter (Figure 6g). How-

ever, the csld3 phenotype was not rescued in the

csld3¦pUbq10::HvCslF3 transgenic plants (Figure 6e). Inter-

estingly, even though the majority of root hairs were

aborted in csld3 plants, successful root hair initiation was

observed occasionally, especially in the more mature parts

of the roots. Moreover, in csld3 plants expressing HvCslF3,

the number of root hair cells increased, from an average of

24 cells in csld3 to 32 cells in csld3¦pUbq10::HvCslF3 trans-

genic plants, whereas the root hair density of the lines

complemented with AtCslD3 remained closer to that of the

WT (Figure 7b). No significant difference in other aspects

of seedling development was observed between the csld3

and the complemented plants.

The mutant phenotype of csld3 is epistatic to csld5,

where the latter mutant is able to initiate root hair forma-

tion, but subsequent elongation is disrupted, suggesting

the two genes act in the same pathway (Yin et al., 2011).

Figure 6(c) illustrates the short root hair phenotype of the

csld5 mutant. Remarkably, transgenic csld5 plants express-

ing HvCslF3 restored root hair lengths to 0.37 mm when

driven by the Ubiquitin10 promoter. The average lengths

of root hairs were similar to those observed in the plants

complemented with AtCslD5 (Figure 7a). This result high-

lights a potentially conserved (or redundant) cross-species

function of the HvCslF3 and AtCslD5 genes during root hair

elongation. Also, similar to the Col-0 plants that express

HvCslF3, the complemented csld5 plants exhibited an

increased number of root hairs (1.4- to 1.9-fold) compared

with Col-0 and csld5 plants (Figure 7b). Therefore, the

expression of HvCslF3 in Arabidopsis not only contributes

to root hair elongation but also drives a gain-of-function

phenotype characterized by an increased number of root

hairs.

Abnormal trichoblast cell fate is evident in Arabidopsis

roots expressing HvCslF3

Differences in the patterning of root hair and non-hair cells

are found between species (Salazar-Henao et al., 2016).

Figure 8 summarizes the position-dependent root hair pat-

tern observed on the root surface of Col-0, csld3, csld5 and

AtCslD3/5 complemented plants, where trichoblasts and

atrichoblasts were arranged in cell file patterns. In Ara-

bidopsis plants expressing HvCslF3, the arrangement of

the root hair cells was disrupted, with the root hairs fre-

quently emerging from adjacent epidermal cells (Fig-

ure 8d–f). The transverse view of the reconstructed root

sections indicated no change in cellular organization in the

cortical cells. However, epidermal cells in contact with only

one cortical cell were able to form root hairs (Figure 9).

Such observations suggest HvCslF3 alters pathways that

regulate epidermal cell fate determination in Arabidopsis.

DISCUSSION

HvCslF3 is required for normal root growth in barley

The plant cell wall is an important component of root

development, contributing to growth, flexibility, elongation

and reinforcement as cells exit the meristem and differenti-

ate into various tissues (Houston et al., 2016). The HvCslF3

gene belongs to a family of putative cellulose-synthase-like

GT2 enzymes that includes HvCslF6, the major determinant

Figure 7. Quantification of root hair length (a) and density (b) in Arabidop-

sis (at 7 days post-germination). Each column represents the average value

of an individual genotype or transgenic event. Three individual transgenic

events per complementation experiment were included. Error bars repre-

sent standard errors. All data were analysed for significance using one-way

ANOVA multiple comparisons with the control plants (Col-0, csld3 or csld5)

as the main factor. Unless indicated, the treatments showed significant dif-

ferences (ns, not significant).
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Figure 8. Expression of HvCslF3 altered the pattern of root hair cell determination in Arabidopsis. Three-dimensnal reconstructed view of root surfaces using

Lightsheet microscopy. Red dots indicate abnormal and altered root hair formation in HvCslF3-complemented Arabidopsis.

(a) Col-0 wild type (WT).

(b) csld3 mutant.

(c) csld5 mutant.

(d) Col-0 expressing HvCslF3 driven by the Ubiquitin10 promoter with abnormal position of root hair emergence.

(e) HvCslF3complemented csld3 mutants: the mutant phenotype was not restored but root hairs emerged from abnormal epidermal cells.

(f) HvCslF3-complemented csld5 mutants with restored root hair development and abnormal root hair positions.

(g) AtCslD3-complemented csld3 mutants with recovered root hairs.

(h) AtCslD5-complemented csld5 mutant with recovered root hair development.
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of (1,3;1,4)-b-glucan biosynthesis (Burton et al., 2008; Sch-

werdt et al., 2015). Here we show that high expression of

HvCslF3 in the root elongation zone, mainly in cortical and

epidermal cells, is required for normal root growth in bar-

ley. Cells in this zone undergo rapid division and unidirec-

tional expansion, during which time cell wall assembly

and modification are exceptionally important (Somssich

et al., 2016). Reduced HvCslF3 expression is correlated

with shorter seminal roots, caused by a shorter elongation

zone with a similar number of cells, and leads to negative

impacts on overall plant growth. The defects in elongation

directly affect the process of cell expansion and result in

cells entering maturation earlier than in the WT. This sup-

ports a previous hypothesis linking rapid growth to the

expression of selected barley CslF genes, such as HvCslF3,

HvCslF7 and HvCslF9, and a possible role in modifying the

flexibility and stiffness of extending cell walls (Burton

et al., 2008). In the case of HvCslF3, this functionality

appears to be achieved via the accumulation of (1,4)-b-
linked glucoxylan, which showed reduced levels in RNAi

plants and higher levels in tobacco leaves after transient

expression (Little et al., 2019). (1,4)-b-Linked glucoxylan is

a non-cellulosic polysaccharide found in the cell walls of

the green seaweed Ulva rigida (Ray & Lahaye, 1995). Its

insoluble linear chain is rich in glucose and xylose, and is

predicted to contain a high Glc/Xyl ratio in barley. This

molecule is likely to form intermolecular alignments with

other cell wall polysaccharides (Little et al., 2019). We

speculate that the presence of (1,4)-b-linked glucoxylan in

the cell wall matrix of the rapidly expanding cells balances

wall flexibility and stiffness. Other polymers detected in

this region include callose, pectin and (1,3;1,4)-b-glucan;
the former two polymers have been implicated in control-

ling cell elongation and meristem maintenance (Liu

et al., 2020; M€uller et al., 2015). Reduced (1,4)-b-linked glu-

coxylan content may impact the function of these poly-

mers, leading to early maturation of the elongation zone

cell walls. The precise location of the polysaccharide

remains to be tested in further detail once a suitable anti-

body can be synthesized.

Reduced cortical cell layers were observed in HvCslF3-

RNAi barley. Root radial patterning is established during

embryogenesis and is maintained in the root meristem by

the stem cell niche (Benkov�a & Hej�atko, 2008). The deter-

mination of cortical cell files is genetically controlled (Chi-

mungu et al., 2014) and influenced by asymmetric

periclinal divisions in the meristem (Coudert et al., 2010;

Lux et al., 2004). Natural variation in the number of cortex

cell layers was also described in Zea mays (maize) and

rice, and was shown to correlate with drought tolerance

(Burton et al., 2013; Chimungu et al., 2014; Coudert

et al., 2010). Although the change in cortex morphology is

not easy to explain based on the predominant expression

pattern of HvCslF3 in elongating tissues, one possibility is

Figure 9. Transverse view of 3D reconstructed

roots by Lightsheet microscopy.

(a) Col-0 showing normal root hair emergence from

the epidermal cell in direct contact with two cortex

cells.

(b) Col-0 expressing HvCslF3. Yellow dashed lines

outline cortex cells. Blue dashed lines indicate epi-

dermis cells with non-hair fate or the atrichoblasts.

Green dashed lines represent epidermal cells with

root hair fate or the trichoblasts. Red dashed lines

outline abnormal root hair formation, where the

root hair emerged from the epidermal cell only in

contact with one cortex cell.

(c, d) Schematic diagram showing the root hair

organization of the normal plant (c) and Arabidop-

sis expressing the HvCslF3 gene (d). Yellow indi-

cates cortical cells, green indicates normal

trichoblasts and red indicates abnormal root hair

formation.
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that the product of HvCslF3, possibly (1,4)-b-linked glu-

coxylan, is essential at low levels for the asymmetric peri-

clinal divisions to establish the radial pattern in the root

meristem. This might involve feedback from the wall

through specific polysaccharide deposition and changes in

the binding of key receptors (Tucker et al., 2018). Alterna-

tively, HvCslF3 may act as a factor that either directly

affects the function of the cortical initials or indirectly

induces the expression of genes that control radial pattern-

ing, for example the GRAS gene family (Cui et al., 2007;

Hochholdinger & Zimmermann, 2008; Lim et al., 2000).

Root elongation depends on multiple cell wall-related

activities

The transit of root cells to an elongation phase requires

alterations in cell shape. Two essential features during this

process are turgor pressure and cell wall remodelling. By

decreasing the expression of the HvCslF3 gene, barley

exhibited traits, including shorter and thinner roots and

altered root hair development, that led to reduced root sur-

face area. These may limit water uptake, which is the main

determinant of turgor pressure (Guerriero et al., 2014; Pet-

ricka et al., 2012). In terms of the remodelling of cell walls,

many genes related to wall loosening and polysaccharide

synthesis have been identified in elongating tissues (Mar-

kakis et al., 2012; Yang et al., 2011). These include peroxi-

dase, AGPs, xyloglucan hydrolases, pectin synthases and

hydrolases, and CesA-related genes (Bringmann

et al., 2012; Guerriero et al., 2014; H�ematy & H€ofte, 2006).

In rice and Glycine max (soybean), the cell wall loosening

gene EXP1 is specifically expressed in the elongating epi-

dermal and underlying cell layers, and induces cell elonga-

tion in secondary root initials and transgenic tobacco roots

(Lee et al., 2003; Yang et al., 2006). In rice, the increased

expression of OsCslF2 (which shares closest homology

with barley HvCslF4 and HvCslF11) was reported in elon-

gating root tips under water stress (Yang et al., 2006).

Indeed, changes in root cell elongation and short-root phe-

notypes have been described in mutants with irregular cel-

lulose, pectin, and mannan synthesis and accumulation

(Arioli et al., 1998; McCartney et al., 2003; Passardi

et al., 2006; Yin et al., 2011). A common feature of short-

root cereal mutants is defective cortical cell elongation,

which is also found in HvCslF3-RNAi plants. Considering

the specificity of HvCslF3 expression in the elongating cor-

tical and epidermal cells, and its correlation with (1,4)-b-
linked glucoxylan concentration, we suggest that this is

one of several cell wall components that may interact to

regulate cell elongation in barley root cells.

A role for HvCslF3 in root hair patterning, independent of

CslD genes

The development of root hairs requires multiple gene net-

works in response to hormonal and environmental signals.

Shibata and Sugimoto (2019) reviewed the regulatory net-

work of Arabidopsis root hair development, focusing

mainly on transcription factors and environmental

responses. For simplicity, root hair development can be

divided into two main phases: phase 1, specification/initia-

tion; and phase 2, growth/elongation. To date, the pro-

posed cell fate determination model (phase 1) involves

mainly hormone and transcription factor regulation,

whereas cell wall remodelling is thought to be more

important in the later stages of root hair development

(phase 2), involving polysaccharide rearrangement and

elongation (Shibata & Sugimoto, 2019). Here we show that

selected Csl genes can affect both processes, influencing

both the initiation and the growth of root hairs.

In terms of root hair elongation, the overexpression of

HvCslF3 in Col-0 plants led to a significant increase in root

hair length. Complementation experiments with HvCslF3

and AtCslD3/5 in csld mutants induced similar effects.

There are several possible explanations for the appearance

of longer root hairs in transgenic Arabidopsis in the pre-

sent study. AtCslD3/5 and HvCslF3 may function with

ROOT HAIR SPECIFIC (RHS) genes that synthesize specific

cell wall polysaccharides to stimulate pathways promoting

cell elongation. Consistent with this, studies on rice and

poplar have identified OsCslD1 (Kim et al., 2007) and

PtrCslD2 (Peng et al., 2019) as members of the RHS group,

along with other genes regulating cell wall loosening

(Hwang et al., 2016). Alternatively, AtCslD3/5 and HvCslF3

may alter the expression of RHS genes to enhance root

hair elongation. Finally, but not mutually exclusively, the

Ubiquitin10 promoter may have uncoupled the cell elonga-

tion pathway from endogenous negative RHS regulators,

leading to the prolonged function of AtCslD3/5 and

HvCslF3 in promoting cell growth. Although it was not

attempted in this study, future research might focus on the

molecular pathways impacted by HvCslF3 overexpression

in Arabidopsis.

To date, it has been reported that the CslD gene family,

rather than the CslF genes, show direct involvement in

root hair emergence. Although HvCslF3 promoted root

hair elongation in Arabidopsis, its expression in Col-0

plants had no impact on the emergence of root hairs, and

could not rescue the aborted root hairs in csld3 mutants.

This suggests that AtCslD3 is a key determinant for the

initiation of root hairs, whereas the product of the

HvCslF3 gene functions downstream of AtCslD3. This is

consistent with a previous study on the Arabidopsis

csld2/3/5 double and triple mutants, where the root hairs

could only be restored in the presence of the AtCslD3

gene (Yin et al., 2011). The predicted model of the

AtCslD3–HvCslF3 relationship is similar to the known

AtCslD2/3/5 regulation network, where the different CslD

proteins cooperate with the AtCslD3 protein as the core

component.
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Consistent with this hypothesis, we also presented the

remarkable evidence that HvCslF3 rescued the csld5

mutant phenotype. Although it is unclear whether this res-

cue relates to identical biochemical activity, it possibly

reflects an ancestral function conserved between HvCslF3

and AtCslD5 in regulating root hair elongation after emer-

gence. Curiously, in contrast to Little et al. (2019), Ara-

bidopsis roots overexpressing HvCslF3 do not show any

detectable (1,4)-b-linked glucoxylan. The definitive bio-

chemical roles of the CslD genes are poorly understood,

except for the detection of mannan synthase activity in

Arabidopsis root hairs when AtCslD2 and AtCslD3 are

simultaneously overexpressed, whereas the function of

AtCslD5 remains unknown (Yin et al., 2011). In barley and

rice, CslD genes (HvCslD2 and OsCslD4) (Li et al., 2009;

Douchkov et al., 2016) have been implicated in callose and

cellulose synthesis. Apart from the production of (1,3;1,4)-

b-glucan (CslF6) and (1,4)-b-linked glucoxylan (HvCslF3 and

HvCslF10), no evidence has been shown to suggest that

the CslF genes are involved in the synthesis of mannan,

callose or cellulose. It seems likely that the HvCslF3 and

AtCslD5 proteins are involved in the synthesis of different

polysaccharides that share similar properties in promoting

cell elongation, enabling both to recover the mutant phe-

notype of csld5.

Despite these functional similarities in root hair elonga-

tion, distinct roles were revealed for HvCslF3 and AtCslD5

in epidermal cell fate determination. Compared with root

hair cells, the non-hair cells exhibit early vacuole develop-

ment and longer cell length (Masucci et al., 1996; Shibata

& Sugimoto, 2019). The morphology of non-hair cells in

csld5 complementation lines expressing AtCslD5 remained

unaffected. However, the distance between root hairs was

notably reduced. This suggests a negative effect on the

length of root hair-forming cells induced by the overex-

pression of AtCslD5; thus, the root hair density increased

with normal epidermal cell fate. In contrast, the number of

root hairs in HvCslF3 overexpression plants increased as a

consequence of disrupted epidermal cell fate determina-

tion, as evidenced by the disordered root hair patterns.

The maintenance of non-root hair cell fate is regulated by

many genes and protein complexes, such as the WERE-

WOLF gene and the GLABRA2 transcription factors (Lee &

Schiefelbein, 1999). The alteration of epidermal cell fate

observed in Arabidopsis roots expressing HvCslF3 sug-

gested the pathways that control the status of epidermis

cells were disturbed by the product of HvCslF3. The activa-

tion of RHD6 is required to switch a normal epidermal cell

to root hair. This is achieved by the movement of the CPC–
TRY–ETC1 protein complex from non-hair cells to the adja-

cent cell. However, whether the disruption brought by

HvCslF3 impacts transcription factor movement, protein

complexes or downstream regulatory mechanisms

requires further investigation.

EXPERIMENTAL PROCEDURES

Plant material preparation

An HvCslF3 fragment of 402 bp was amplified from cDNA gener-
ated from a selection of barley tissues, including leaves, roots and
developing endosperm, using the primers F3FRAG5 (50-
GGGCAAGCAGTGGTATCAACGCAG-30) and F3FRAG3 (50-
GTTGTGCTTGATGCGCCATACGAAG-30). The amplified fragment
lies close to the 50 end of the open reading frame and was
selected on the basis of minimal homology with other barley CslF
cDNA sequences. The fragment was sequenced and inserted into
the pCR8�/GW/TOPO/TA vector. Correct inserts were transferred
into the Gateway-compatible hairpin vector pTOOL1 (obtained
from the (now ended) Australian Centre for Plant Functional Geno-
mics) using an LR clonase reaction (Invitrogen, now ThermoFisher
Scientific), according to the manufacturer’s instructions. The resul-
tant RNAi construct, pRB437, targeting HvCslF3 by dsRNAi, was
transformed into Agrobacterium tumefaciens AGL1 and used for
transformation of the barley cultivar Golden Promise, as described
earlier (Burton et al., 2011).

Seeds of the barley cultivar Golden Promise and homozygous
HvCslF3-RNAi lines (#27, #29, #30; pTOOL1::pRB437) were har-
vested from glasshouse-grown plants and used in the present
experiments. Prior to sowing, all seeds were surface-sterilized in
20% (v/v) sodium hypochlorite solution for 10 min, then rinsed
with MilliQ water five times before pre-germination overnight.
Root material from germinated seeds was harvested according to
the requirements of the different experiments.

For soil-grown Arabidopsis, seeds were stratified at 4°C for 48 h
and moved into growth chambers (16-h day/8-h night under 23°C).
For growth medium-grown Arabidopsis, seeds were surface-
sterilized with 70% (v/v) ethanol containing Triton X-100 (0.01% v/v)
for 2 min, followed by a treatment with 5% (v/v) sodium
hypochlorite for 8 min. Seeds were washed with sterile distilled
water four times before being sown on growth medium (1% agar,
2.22 g L–1 MS basal salts, pH 5.8). Plates were sealed with microp-
ore tape and stratified at 4°C for 48 h before being moved into a
growth chamber (with 24 h of daylight, 21°C). Plates were kept
vertically.

RNA extraction and cDNA synthesis

Plate-germinated barley seeds were kept in the dark for 5 days.
Whole root tip (1 cm) and dissected root tips (0–1, 1–2, 3–5 and 5–
10 mm from the tips) were harvested using a razor blade, collected
in tubes pre-chilled in liquid nitrogen and stored at –80°C before
processing. The dissected regions represent meristem, elongation,
young maturation and old maturation zones of root tips. The Spec-
trum Plant Total RNA Kit (Sigma-Aldrich, https://www.
sigmaaldrich.com) was used to extract total RNA according to the
protocol provided by the manufacturer. DNA residues were
removed using the TURBO DNA-free kit (Ambion, now Thermo-
Fisher Scientific, https://www.thermofisher.com). The Super-
scriptIII Reverse Transcriptase kit (Invitrogen, now ThermoFisher
Scientific) was used to synthesize cDNA following the manufac-
turer’s instructions, except that during the final extension step,
only 0.25 ll of enzyme was added. Once synthesized, the cDNA
samples were tested with the HvGAPDH (HORVU6Hr1G054520)
control gene primers to ensure the quality of reverse transcription.

Quantitative polymerase chain reaction (qPCR)

The primers used in the present study are listed in Table S1. Pri-
mers were designed using PRIMER3 aiming to include the end of the
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coding sequences to the 30-UTRs of each gene. qPCR was per-
formed following Burton et al. (2004). The raw transcript abun-
dance data were normalized against normalization factors
calculated according to the transcript levels of housekeeping
genes (HvGAPDH, HORVU6Hr1G054520; HvTubulin, HOR-
VU1Hr1G081280; HvHSP70, HORVU5Hr1G113180; HvCyclophilin,
HORVU6Hr1G012570) (Vandesompele et al., 2002). The data
shown are from representatives of three replicate experiments.

mRNA in situ hybridization

Fresh barley (cv. Golden Promise) root tips (2 cm) at 5 dpg were
harvested and fixed in formalin–acetic acid–alcohol (FAA) (50% v/v
100% ethanol, 5% v/v glacial acetic acid, 25% v/v 16%
paraformaldehyde (electron microscopy grade), 20% v/v diethyl
pyrocarbonate (DEPC)-H2O, 0.1% v/v Tween 20). Fixation was per-
formed on ice for 2 h, including 15 min of vacuum infiltration fol-
lowed by two 10-min washes in 70% ethanol/DEPC-H2O, and then
stored at 4°C overnight. The samples were dehydrated and cleared
with a series of ethanol and HistoChoice� (Sigma-Aldrich, https://
www.sigmaaldrich.com) washes before being embedded in mol-
ten paraffin wax. The paraffin wax blocks with the root samples
were sectioned at 7-lm thickness using a microtome (Leica
Microsystems, https://www.leica-microsystems.com) and
mounted onto poly-L-lysine-coated slides.

Digoxigenin-labelled antisense and sense probes were synthe-
sized according to Yang et al. (2018). The probes specific to
HvCslF3 were amplified from Golden Promise root cDNA, using
primers fused with the T7 promoter sequence at the 50 end to
allow in vitro transcription. The probes were designed to recog-
nize the end of the coding sequence and the 30-UTR of each gene.
The barley histone H4 gene was used as a positive control. The
in situ hybridization and detection were performed using the Insi-
tuPro VSi robot (Intavis, https://intavispeptides.com) with the pro-
tocol described by Zeng et al. (2017).

Morphological measurements on barley roots

For seminal root length and root hair quantification, surface-
sterilized and pre-germinated seeds (WT, #27, #29, #30) were
placed onto 1% agar plates (pH 5.8), embryo side down. Plates
were kept vertically in a growth chamber (16-h day/8-h night,
23°C) to allow root growth. The growth of seminal roots was
traced daily for 7 days, at the approximately same time every day.
The data shown are the average of measurements for 12 seed-
lings. Root tips of 7-dpg seedlings were photographed using a
Zeiss Stemi SV 6 microscope (Zeiss, https://www.zeiss.com) to
determine the root hair number on the surface of the root tips.
Only the seminal roots growing flat on the agar surface were
selected for the measurements. The number of root hairs was
determined using FIJI IMAGEJ (https://fiji.sc). The measurements
were made on the surface of approximately 40-mm root tips, on a
section of the root region at 5 mm. The root hair numbers were
calculated from the average of 10 seminal root tips per barley line.

For root clearing with Hoyer’s solution, barley seeds were ger-
minated on a sealed Petri dish for 5 days at room temperature
(20-22°C) in the dark. Fresh seminal root tips were collected and
fixed in freshly prepared FAA, as described above. The dehydra-
tion and clearing protocols were performed as described by
Wilkinson and Tucker (2017). The cleared specimens were pho-
tographed using a Zeiss Axio Imager M2 microscope and an Axio-
Cam MR R3 camera under bright field, and processed with the
Zeiss ZEN imaging software.

Root-bending assays were performed by placing surface-
sterilized pre-germinated seeds on the surface of 1% agar medium

(pH 5.8) in Petri dishes. The plates were positioned vertically in a
growth chamber and kept in the dark at 23°C for 3 days. They
were subsequently rotated by 90° to induce gravity sensing.
Images were recorded at 0, 0.5, 3, 9, 12 and 24 h post gravistimu-
lus and imported into FIJI IMAGEJ for measurement of the bending
angles. At least five seedlings per genotype were used.

Analysis of barley root tip morphology by microscopy

Barley seeds were placed on 1% agar (pH 5.8) plates and grown in
a growth chamber under controlled conditions (24 h light, 21°C).
Seminal root tips of 5-dpg seedlings were collected to study the
cellular structure and tissue arrangement in the root tips.

To visualize the longitudinal structure of the root tips, 2 cm of
the root tips were fixed in freshly prepared 4% paraformaldehyde
in PBS (w/v, pH 6.9) for 2 h at room temperature under vacuum
infiltration. The fixed tissues were washed with PBS twice before
clearing with a ClearSee solution. The protocol for root tissue
clearing and staining was adapted from Ursache et al. (2018), with
the following modifications: the ClearSee solution was changed
every 2 days and samples were cleared for at least 1 week before
staining. Direct Yellow 96 (CAS-no. 61725-08-4; Sigma-Aldrich) in
the ClearSee solution (0.1% w/v; excitation, 488 nm; emission,
519 nm) was used to stain roots for 2 h under vacuum infiltration.
Specimens were stored in ClearSee solution at room temperature
before further analysis. The root longitudinal images were taken
using the Leica SP8 confocal microscope. The centre of the root
tip was captured by z-stacks to follow the root cell files from the
meristem to maturation. Images were processed and stitched
using FIJI IMAGEJ (Schindelin et al., 2012) and PHOTOSHOP (Adobe,
https://www.adobe.com) for the measurement of meristem and
elongation zone sizes. Photos shown are representative of the
images of 10 individual specimens. All data obtained were sub-
jected to analysis of significance using two-way analysis of vari-
ance (ANOVA) multiple comparisons (PRISM 7.03; GraphPad,
https://www.graphpad.com) with WT as the main factors.

For the transverse imaging, 1.5 cm of fresh seminal root tips
were collected and immediately embedded into 3.5% agarose.
The solidified agarose blocks were mounted onto a metal speci-
men holder and sectioned transversely at 100 lm using a vibra-
tome. A staining solution of 0.1% Calcofluor White (excitation,
405 nm; emission, 425–275 nm) was used to stain the cell walls.
The sections were photographed with a Leica SP5 inverted confo-
cal microscope. The data were processed using FIJI IMAGEJ (Schin-
delin et al., 2012) to adjust the brightness. The pictures shown are
representatives of 10 root tips per barley line.

Immunolocalization of cell wall polysaccharides in barley

root tips

Fresh root tips (5 mm) were collected from barley seedlings (5
dpg) and fixed in TEM fixative in PBS (0.25% glutaraldehyde, 4%
paraformaldehyde, 4% sucrose) overnight with at least 1 h of vac-
uum infiltration. The fixed root tips were rinsed in PBS twice for
8 h. Root tips were then embedded in 4% agarose gel to the
desired angle and orientation, and the agarose gels were shaped
to cuboid. The following dehydration and LR White Resin embed-
ding steps were carried out according to Burton et al. (2011). Lon-
gitudinal sections at 1-lm intervals were sectioned using a Leica
Microtome EM UC6 with either a glass or a diamond knife. The
sections were mounted onto glass slides and dried on a hot plate
at 60°C for at least 1 h. The antibodies specific to (1,3;1,4)-b-
glucan, callose, AGP, mannan, arabinoxylan and pectin were used
for immunolabelling. The immunolabelling was performed as
described by Burton et al. (2011). Images were taken and
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processed by an Axio Imager M2 microscope using an AxioCam
MR R3 camera and Zeiss ZEN imaging software.

Gene phylogenetic analysis

cDNA sequences of CslD and CslF members of Arabidopsis (Ara-
bidopsis thaliana), tomato (Solanum lycopersicum), barley (H. vul-
gare) and rice (O. sativa Japonica) were obtained from the
ENSEMBL databases (https://www.ensembl.org). Candidate
sequences were translated and aligned with the MUSCLE

(Edgar, 2004) plug-in for GENEIOUS 8.1.9 (https://www.geneious.
com) using default parameters. An unrooted phylogenetic tree
was constructed with RAXML 7.2.8 (Stamatakis, 2006) plug-in for
GENEIOUS using the WAG+G substitution model. Node support was
assessed using 500 rapid bootstrap replicates.

Construct design

The GreenGate cloning system was used to design the con-
structs (Lampropoulos et al., 2013). The HvCslF3 (HOR-
VU2Hr1G042350) sequence was amplified from the cDNA of the
WT barley cv. Golden Promise. AtCslD3 (At3g03050) and
AtCslD5 (At1g02730) sequences were obtained from Arabidopsis
WT ecotype Col-0 genomic DNA and cDNA, respectively. The
BsaI recognition sites were mutated silently by PCR (HvCslF3,
621G?A; AtCslD3, 831A?G; AtCslD5, 2532A?G) and the resulting
amplified coding sequences were cloned into the GGC000 mod-
ule. The Ubiquitin10 promoter was amplified from Col-0 geno-
mic DNA and cloned into the GGA000 to serve as an
overexpression module. The assembly of the destination vectors
was based on the pGGZ003 module backbone, and the detailed
list of the modules used for the construction of the destination
vectors is shown in Table S2. At least 150 ng of plasmid was
used for each module. The GreenGate reaction for ligation was
adapted from Lampropoulos et al. (2013). The ligated plasmids
were transformed by electroporation into Escherichia coli strain
DH5-alpha cells.

Agrobacterium-mediated plant transformation and plant

selection

The destination vectors were transformed into Agrobacterium
tumefaciens strain GV3101. Transformation of Arabidopsis was
performed by the floral-dip method, essentially as described by
Clough and Bent (1998), except that the inflorescences were
immersed in Agrobacterium suspension for 1 min and the low
light/dark treatment after dipping was omitted. Each construct
was dipped in three Arabidopsis background genotypes: Col-0,
csld3 (SALK_112105C) and csld5 (SALK_002118C). The above
SALK lines were obtained from the Nottingham Arabidopsis Stock
Centre (NASC, https://arabidopsis.info).

The harvested T0 seeds were subsequently surface-sterilized
in 70% (v/v) ethanol and 5% (v/v) sodium hypochlorite, then
washed with sterile distilled water before sowing. The selection
medium consisted of 2.2 g L–1 MS medium containing 1% agar
at pH 5.8, with the addition of 40 lg ml�1 hygromycin B for
selection. Seeds were stratified at 4°C for 48 h before being
transferred into a growth chamber for 6 h of light incubation at
21°C to stimulate germination. The plates were wrapped in alu-
minium foil and kept at 21°C for 3 days for the selection of
elongated hypocotyls. Confirmed transgenic seedlings were
transferred onto growth medium without hygromycin B and
grown for at least 3 weeks before being transferred into soil.
Three independent homozygous events for each transformation
were selected and used for the root phenotyping experiments.

Analysis of Arabidopsis root morphology

Arabidopsis seeds were sterilized as described above and plated
on growth medium. Seeds were stratified at 4°C for 48 h and kept
in controlled condition chambers for 7 days prior to analysis. A
Stemi SV6 microscope (Zeiss) was used to photograph the root
tips. To quantify the number of root hairs and measure the root
hair length, the photographs were processed using FIJI IMAGEJ

(Schindelin et al., 2012) and ZEN. Data represent the average of at
least three independent transgenic events with five replications
each. All data obtained for root hair number and length were sub-
jected to analysis of significance using one-way ANOVA multiple
comparisons (PRISM 7.03) with Col-0, csld3 or csld5 as the main fac-
tors.

A 1-cm sample of root tip was collected from the above materi-
als and embedded in 1% agarose in microfibre glass tubes. The
position of the root samples was adjusted using a sterilized nee-
dle. The microfibre glass tubes were inserted vertically into the
sample imaging chamber of the light-sheet fluorescence micro-
scope (Zeiss Z1). The set-up of the microscope chamber was
described by von Wangenheim et al. (2017), with the following
modifications. The solvent exchange unit was disabled and the
imaging chamber was filled with distilled water instead of Ara-
bidopsis growth medium. Once the sample position was verified
through the camera, the agarose gel containing the root sample
was pushed out using the piston inside the microfibre glass tube,
with the excess agarose gel remaining inside the tube to hold the
sample position in the imaging chamber. The z-stack images of
whole roots were captured under 109 magnification and UV light
using ZEN. The 3D reconstruction of whole roots was performed
using VISION4D (Arivis, https://www.arivis.com). The photographs
represent the result of at least five replications from each individ-
ual transgenic event and control plants.

Enzymatic hydrolysis, oligosaccharide fractionation and

(1,4)-b-linked glucoxylan quantification

For the collection of barley root material, surface-sterilized seeds
were soaked in water overnight before being placed into germina-
tion pouches (Phytotc, https://www.phytotc.com). Water was sup-
plied as required and 1 cm of root tip was harvested at day 5
using a razor blade. For the collection of Arabidopsis material,
surface-sterilized Arabidopsis seeds were plated on growth med-
ium and stratified at 4°C for 48 h. The plates were placed vertically
in a growth chamber, and the seedlings were harvested after
4 weeks of growth. Fresh barley and Arabidopsis materials were
transferred into liquid nitrogen pre-chilled tubes and freeze-dried
overnight. Dried materials were then ground with a tissue grinder
(Retsch, https://www.retsch.com) and kept at room temperature in
a dry environment. The alcohol insoluble residues (AIRs) of each
sample were extracted according to Little et al. (2019), except that
the materials were resuspended and washed in a sequence of
1 ml of 70% ethanol, 100% ethanol and 100% acetone, and then
dried under vacuum (centrifugal evaporator). AIR samples (5 mg)
were hydrolysed with cellulase (endo-glucanase, Trichoderma lon-
gibrachiatum, E-CELTR; Megazyme, https://www.megazyme.com).
The AIR samples were mixed with 20 ll of 100% ethanol before
adding the hydrolysis buffer (0.7% v/v E-CELTR and 2% v/v 1 M

sodium acetate in water). The mixtures were kept at 40°C for 18 h,
and rotated gently on a slow rotation shaker. The hydrolysed sam-
ples were centrifuged for 10 min at 10 000 g and the supernatants
were fractionated on graphitized carbon SPE cartridges (1 ml/
50 mg, Bond Elute; Agilent, https://www.agilent.com). The car-
tridges were pre-treated with 1 ml of 100% acetonitrile and 1 ml
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of water. Supernatant (1 ml) was loaded onto the cartridges,
which were washed in water. Elution was performed with 8% ace-
tonitrile followed by 55% acetonitrile to extract the remaining
oligosaccharides. The oligosaccharide fractions were dried on a
centrifugal evaporator and redissolved in 50 ll of water. A Dionex
ICS-5000 (ThermoFisher Scientific) with a CarboPac PA200
(3 9 250 mm) column paired with guard (3 9 50mm) was used to
analyse the fractions (Little et al., 2019), with modifications to sol-
vents (A, 0.1 M sodium hydroxide; B, 0.1 M sodium hydroxide, 1 M

sodium acetate; C, water; D, 20 mM sodium hydroxide, 100 mM

sodium acetate) and gradients (Figure S6), in order to optimize
the separation of Glcp-(1,4)-b-Xylp from xylobiose and Xylp-(1,4)-
b-Glcp from cellobiose, as well as the separation from larger
oligosaccharides that were eluted later in the chromatogram. A
10-ll portion of each sample was injected using the Pushpartial_ls
mode into a 25-ll injection loop. Peak areas were converted into
concentrations using the calibration curves of Glcp-(1,4)-b-Xylp
and Xylp-(1,4)-b-Glcp. Results show the average of three repli-
cates. All data obtained were subjected to analysis of significance
using two-way ANOVA multiple comparisons (PRISM 7.03), with WT
as the main factor.
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