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Summary
Flax (Linum usitatissimum) bast fibres are located in the stem cortex where they play an

important role in mechanical support. They contain high amounts of cellulose and so are used

for linen textiles and in the composite industry. In this study, we screened the annotated flax

genome and identified 14 distinct cellulose synthase (CESA) genes using orthologous sequences

previously identified. Transcriptomics of ‘primary cell wall’ and ‘secondary cell wall’ flax CESA

genes showed that some were preferentially expressed in different organs and stem tissues

providing clues as to their biological role(s) in planta. The development for the first time in flax

of a virus-induced gene silencing (VIGS) approach was used to functionally evaluate the

biological role of different CESA genes in stem tissues. Quantification of transcript accumulation

showed that in many cases, silencing not only affected targeted CESA clades, but also had an

impact on other CESA genes. Whatever the targeted clade, inactivation by VIGS affected plant

growth. In contrast, only clade 1- and clade 6-targeted plants showed modifications in outer-

stem tissue organization and secondary cell wall formation. In these plants, bast fibre number

and structure were severely impacted, suggesting that the targeted genes may play an

important role in the establishment of the fibre cell wall. Our results provide new fundamental

information about cellulose biosynthesis in flax that should facilitate future plant improvement/

engineering.

Introduction

The Linum genus contains about 180 different species spread

across the six continents (Sveinsson et al., 2014). Some of these

species have been exploited by man since at least the upper

Palaeolithic period when wild flax fibres were used by hunter-

gatherers to make cords (Kvavadze et al., 2009). Common flax

(Linum usitatissimum) was then domesticated during the Neo-

lithic era and became one of the earliest cultivated plants used for

weaving (Zohary and Hopf, 2004) but also as an oil source

(Oomah, 2001). Since then, commercial flax has been progres-

sively selected to optimize stem content in cellulose-rich phloem

fibres (bast fibres) and/or seed oil naturally rich in omega-3 alpha-

linolenic acid (ALA).

Bast fibres are very long cells located beneath the epidermis in

the stem cortex of some plants such as flax, hemp, ramie and jute

(Huis et al., 2012). They are considered among the longest cells in

terrestrial plants where they can reach up to 55 cm in ramie

(Boehmeria nivea) (Aldaba, 1927). These fibres are characterized

by a very thick secondary cell wall (CWII) generally containing

high amounts of crystalline cellulose, significant amounts of

hemicellulose and low lignin contents in contrast to the much

more heavily lignified cell walls typically found in the xylem tissue

of most plants (Day et al., 2005b; Gorshkova and Morvan, 2006;

Neutelings, 2011; Chantreau et al., 2014). In addition to their

particular chemical composition, the bast fibre CWII is also

characterized by parallel cellulose microfibrils aligned with respect

to the fibre axis thereby conferring tensile strength (Gorshkova

et al., 2012). This special composition and organization of cell

wall polymers explains the particular physical properties of these

fibres that are used in the textile (linen) industry and more

recently in composite materials for the car and aeronautic

industries Day et al., 2013.

In plants, cellulose microfibrils are believed to contain 36 glucan

chains, each one synthesized by an individual cellulose synthase

(CESA) subunit organized in a heteromeric rosette complex (CSC)

in which the exact number of units is still uncertain (Somerville,

2006). CESAs are part of the CAZy glycosyltransferase family 2

(GT2) and catalyse the polymerization of ß-(1,4) glucans using

UDP-glucose as a substrate. They are large proteins bound to the

plasma membrane by 8 transmembrane helices with a cytosolic

region containing the D_D_D_QxxRW motif involved in catalytic

activity. They belong to a large protein superfamily including nine

additional subfamilies named cellulose synthase-like (CSL) defined

by sequence similarity to CESAs. Different CESA genes are

generally believed to be more specifically associated with

either primary or secondary cell wall cellulose biosynthesis. In

fact while cellulose is present in both the primary and secondary

plant cell wall, the two wall types show important differences in

the degree of polymerization and crystallinity (Lei et al., 2012). In

Arabidopsis, there are 10 CESA genes; three different CESAs

(CESA4, 7 and 8) are needed to synthesize the cellulose

microfibrils in CWII, while in the primary cell wall, the CSCs

contain CESA1 and 3 and CESA6-like isoforms (CESA2, 5, 6 and

9). The role of AtCESA10 is less clear. When sequences from

other plant species are included for phylogenetic analyses, six

clades can be highlighted (Nairn and Haselkorn, 2005). Three of

these clades are suspected to include the CWII-associated CESAs
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with each clade containing at least one CESA gene from each

species. Among the 3 remaining ‘primary cell wall clades’, one

contains the family three sequences, the second contains

AtCESA1 and AtCESA10, and the last clade contains AtCESA2,

5, 6 and 9.

Given the cellulose-rich nature of the flax bast fibre cell wall

and the importance of this polymer in determining fibre perfor-

mance and quality, there are surprisingly only few reports on

CESA genes in this species (Galinousky et al., 2014; Mokshina

et al., 2014). The practical interest of such an investigation for

flax is underlined by a recent study demonstrating that a

functional relationship exists between CESA structures, cellulose

crystallinity and saccharification efficiency in Arabidopsis (Harris

et al., 2012). While the information available from the recently

sequenced genome of Linum usitatissimum (Wang et al., 2012)

has already been used to describe some cell wall-related gene

families in this species (Barvkar et al., 2012; Babu et al., 2013;

Hobson and Deyholos, 2013; Mokshina et al., 2014), no studies

have yet undertaken a functional approach on members of the

CESA gene family.

Currently, functional genomics of a high number of genes in

flax are difficult to carry out using a standard transgenic

approach. Although stable transgene integration has been

successfully performed in this species, the plant transformation

rate remains low and obtaining regenerated plants is a time-

consuming process (Caillot et al., 2009). For this reason, a gene

inactivation approach by VIGS (virus-induced gene silencing)

(Baulcombe, 2006) is an interesting alternative because this

technique is relatively easy to implement on many different plant

species (Senthil-Kumar and Mysore, 2011). VIGS utilizes the

naturally occurring phenomenon of post-transcriptional gene

silencing (PTGS) that is believed to derive from an ancient

mechanism involved in the defence of host cells against foreign

nucleic acids, including viruses and active transposable elements

(Voinnet, 2009). In the VIGS approach, a fragment of the

targeted gene is cloned into a modified viral vector inserted in a

plasmid. The viral DNA is then delivered to the plant by

Agrobacterium tumefaciens infection. The most popular and

efficient vector is the bi-partite TRV-VIGS vector (Liu et al., 2002;

a) derived from the tobacco rattle virus, a member of the genus

Tobravirus. The TRV vectors are the most commonly used and

have been tested successfully on at least a dozen of different

species (Tian et al., 2014). As VIGS vectors derive from plant

viruses, the success of the gene silencing depends on the

compatibility between the virus and the host plant. Linum

usitatissimum has been reported to be susceptible to TRV (Brunt

et al., 1996), and in this paper, we report the use of this vector to

induce silencing of flax CESA genes.

Results

Characterization and expression of flax CESA genes

Flax CESA genes were identified by BLAST screening the

annotated genome (Wang et al., 2012) and published (Day

et al., 2005a; Fenart et al., 2010; Venglat et al., 2011) or

unpublished (http://www.ncbi.nlm.nih.gov) EST sequences fol-

lowed by manual inspection. Altogether, we identified 14

potential LusCESA genes based on their homology to orthologous

characterized sequences (Figure 1). The in silico characterization

of the genomic sequences showed that a mistake occurred in the

annotation of Lus10008225 and Lus10008226 which were

considered as two short genes separated by a 361 nt fragment.

This was probably due to an inappropriate splicing design

resulting from a stretch of unknown nucleotides present on the

scaffold_157. Both sequences were associated and compared to

the sequenced ESTs to remodel the splice junctions. We obtained

the Lus10008225-6 genomic sequence of 4193 bp resulting in a

predicted protein of 1057 amino acids (Figure 1).

These results confirm the data recently published by Mokshina

et al. (2014) during the revision of this manuscript. These authors

identified 14 CESA genes based on the published flax genome, as

well as two additional genes (CESA7A, CESA7B) on the scaffolds

57 and 464, thereby bringing the potential total number of flax

CESA genes to 16. However, inspection of the CESA7A protein

structure showed that it was missing 2 transmembrane domains,

and we therefore re-aligned flax ESTs (Fenart et al., 2010) and

genomic data from Phytozome to generate a complete flax

CESA7 protein (Figure 1). Similarly, the proposed CESA7B protein

lacks an N-terminal Zn domain and is most likely a CSL protein,

rather than a true CESA. These observations seem to show that

the flax genome only contains a single CESA7 gene as indicated in

another recent paper (Galinousky et al., 2014). Taken together,

our results suggest that the flax genome contains 15 CESA genes

(Figure 1).

The predicted LusCESA genes (Figure 1) have a size ranging

from 3867 to 5836 bp and contain 11 to 14 exons which form

coding regions between 2721 and 3294 bp (906 to 1097 amino

acids). All the resulting proteins show characteristic features of

plant CESAs (Delmer, 1999; Saxena et al., 2001) including a Zn-

binding motif and two transmembrane domains in the N-

Terminal region, a central domain with a class-specific region

and a GT2 motif (D_D_D_QxxRW) and finally six C-terminal

transmembrane domains. A phylogenetic tree containing the

protein sequences from Arabidopsis thaliana, Populus trichocarpa

and Linum usitatissimum (Figure 2) shows that the 15 flax CESA

genes are separated into 6 different clades in agreement with

recently published data (Mokshina et al., 2014).

Previous studies indicate that the genes involved in the

formation of either the primary or secondary cell wall rosette

structure are coexpressed in Arabidopsis (Persson et al., 2005)

and in rice (Wang et al., 2010). To get a first overview of the

potential functions of the flax CESA genes identified in this

study, we determined the expression profiles of three genes

from ‘primary cell wall’ clades (LusCESA1-A, LusCESA3-C and

LusCESA6-E) and two genes from ‘secondary cell wall’ clades

(LusCESA4 and LusCESA8-B). Samples were collected at four

different heights in the flax stem representing a developmental

gradient from young (sample 1, upper) to older (sample 4,

lower) stem tissues (Figure 3a). Stem samples from positions 2,

3 and 4 were separated into outer tissues (rich in bast fibres)

and inner tissues (mainly xylem). CESA gene expression was also

evaluated in the flowers, leaves and roots (Figure 3b).

LusCESA1-A and LusCESA6-D showed very similar expression

profiles. For both genes, no significant differences could be

detected between inner- and outer-stem tissues regardless of

stem height. Both genes were expressed in flowers, leaves and

roots but at lower levels than in stem tissues. On the other

hand, both LusCESA4 and LusCESA8-B were more highly

expressed in the inner stem tissues compared to the outer-

stem tissues. Both genes were only very weakly expressed in

flowers, leaves and roots. Interestingly, LusCESA3-C showed an

opposite expression profile to LusCESA4 and LusCESA8-B with

significantly higher expression in outer-stem tissues even though

this difference was reduced at the bottom of the stem. In
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flowers, leaves and roots, LusCESA3-C showed a similar

expression to LusCESA1-A and LusCESA6-D.

Induction and optimization of TRV-based silencing in
flax

To optimize VIGS in flax, different infection procedures (Table 1)

were tested using a 450-bp cDNA fragment of LusPDS (Phyto-

zome: Lus10021967) cloned into TRV2 and introduced in

Agrobacterium. The PDS gene encodes a phytoene desaturase

required for the biosynthesis of chlorophyll-protecting carote-

noids (Kumagai et al., 1995). Silencing of PDS genes leads to an

easily detectable photobleaching phenotype (Ruiz et al., 1998),

and they are therefore often used as positive controls in VIGS. Of

the different tested protocols, agrodrench, carborundum abra-

sion and infection with preamplified virus particles in tobacco only

gave very low efficiency values. The number of photobleached

plants increased when they were soaked in the bacterial

suspension under vacuum, but the best results were obtained

by syringe infection. Developmental stages and density of

Agrobacterium inoculum are known to impact the efficiency of

VIGS in some species (Velasquez et al., 2009), and so we also

evaluated these parameters. Plants were infected at 12, 15 and

20 days after germination with suspensions containing increasing

bacterial densities (OD600 = 0.5; 1; 1.5 and 2), but no significant

differences in silencing phenotypes were observed (data not

shown). Slight virus infection symptoms appeared 13 days

postinoculation (dpi), and the first photobleached leaves and

stems were visible 24 dpi (Figure 4a,d). When plants were

infected with nonrecombinant TRV vectors, leaves exhibited only

very mild wrinkling and occasional small pale zones (Figure 4c).

No impact was observed on flax stems.

In other species, weak phenotypes have been associated with

uneven virus distribution between the main stem and lateral

branches (e.g. peanut stripe potyvirus, PStV) (Jain et al., 2000). In

tobacco, topping of plants resulted in a more efficient spread of

the virus in the leaves of lateral shoots produced from the

activated axillary buds (Wijdeveld et al., 1992). We therefore

removed the shoot apical meristem just after Agrobacterium

inoculation in an attempt to improve the systemic spread of the

virus. The plants then developed two secondary basal shoots

3 days after apex removal. These conditions led to a much higher

silencing efficiency (up to 95%, see Table 1) and a more rapid

(8 dpi versus 13 dpi) and generalized appearance of photo-

bleached zones. This observation would suggest that the latent

period associated with apex removal allows improved viral

multiplication before lateral shoot regrowth.

Silencing of flax cellulose synthase genes

To explore the role of the flax CESA genes using a VIGS approach,

we constructed independent recombinant TRV2 vectors contain-

ing sequences specific to the 3 ‘primary’ (clades 1, 3 and 6) and 2

‘secondary’ (clades 4 and 8) cell wall CESA genes analysed in this

Lus10008225_6LusCESA4

Zn Finger Class specific region

VIGS targeted zone

Conserved D residue DXXD motif

qRT-PCR amplified region

Transmembrane domainQXXRW

Lus10018902LusCESA1_A

Lus10028597LusCESA1_B

Lus10012198LusCESA3_C

Lus10007538LusCESA3_B

Lus10039607LusCESA3_A

Lus10002940LusCESA6_E

Lus10006161LusCESA6_A

Lus10041063LusCESA6_B

Lus10002939LusCESA6_D

Lus10003526LusCESA6_C

Lus10029245LusCESA8_B

Lus10007296LusCESA8_A

Lus10022449LusCESA6_F

scaffold_57LusCESA7_A

Figure 1 Gene structure of the 15 flax CESA genes. The genomic sequence (left) and predicted coding sequence (right) structures are shown with

the CESA characteristics. Exons are represented by boxes and introns by lines.
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study. These sequences (Figure 1) corresponded to the structur-

ally heterogeneous N-terminal region located between the zinc

finger and the first transmembrane domain of the CESA protein

(Somerville, 2006) and allowed us to theoretically distinguish

between the different clades. At the same time, the similarity

between different CESA genes in the same clade also allowed us

to use a single vector to target all genes within a given clade

(Table S1). The 5 vectors were then used to infect flax plants that

were named V_CS1, V_CS3, V_CS4, V_CS6 and V_CS8,

respectively.

Expression of 14 LusCESA genes was evaluated by qRT-PCR in

individual axillary stems of infected plants harvested at 35 dpi

(Figure 5) and compared to the empty vector controls. The

melting curves of all final products were carefully inspected to

check that only one fragment was amplified with each primer

couple (Table S2). Of the 14 tested LusCESA genes, all were

expressed at detectable levels except for LusCESA6-A and

LusCESA6-F. When an appropriate vector targeted a specific

clade, expression levels of the corresponding genes were always

significantly lower when compared to the control (100%), except

for LusCESA3-A and LusCESA3-C (V_CS3 plants) and LusCESA4

(V_CS4 plants). In the case of the V_CS3 silenced plants, this was

not due to the time of sampling as the expression of the 2 genes

was not significantly lower at 10, 21 and 31 days after the

infection (Figure S1). Specific transcript level decreases varied

from 24% (LusCESA3-B) to 74% (LusCESA6-C), respectively, and

were >47% for clades 1, 6 and 8. Interestingly, when a specific

CESA clade was targeted, at least one other gene outside this

clade was also affected except in the case of V_CS3 plants. For

example, when clade 1 or clade 8 CESAs were targeted, the

mRNA levels of all LusCESA genes were significantly reduced

compared with control plants. Similarly, the targeting of clade 6

CESAs affected all clades except for the clade 1. On the contrary,

the only effect observed when the clade 4 was targeted was a

35% reduction in LusCESA6-E transcripts. In some cases, the

reduction in transcript accumulation for a given gene was lower

with the clade-specific vector than with other nonspecific vectors.

For example, the reduction in the expression of the LusCESA8-A

gene was greater in V_CS1 (58%) and V_CS6 (74%) plants when

compared to V_CS8 plants (47%).

Phenotypic analyses of CESA-silenced plants

At 35 dpi, all silenced plants were smaller than the controls

(Figure 6a). A curly leaf phenotype was also visible in V_CS1,

V_CS3 and V_CS6 plants (Figure 6b). To see whether stem

anatomy and cell wall formation were affected in silenced plants,

we examined thin transverse stem sections stained with toluidine-

blue-O (TBO). In agreement with the observed reduction in plant

size, all stem sections contained fewer secondary xylem cell layers

and a complete pith region. More modifications were observed in

V_CS1, V_CS3 and V_CS6 plants (Figure 7) than in V_CS4 and

V_CS8 plants (data not shown). CESA gene silencing had a

marked effect on outer-stem tissues in both V_CS1 and V_CS6

plants. This effect was particularly strong in V_CS1 plants

(Figure 7c,d) where the outline of cortical parenchyma cells was

highly irregular and epidermal cells appeared more rounded than

in control plants (Figure 7a). Bast fibre number was greatly

reduced, and cell shape was irregular. Vascular cambial cells and

young differentiating xylem cells, but not more mature lignified

xylem cells, were also characterized by an irregular cell contour.

Dense purple-coloured deposits were observed between pith cells

and probably represent cell wall material of crushed cells. In

V_CS3 plants (Figure 7e,f), the overall cell shape was much less

affected and outer-stem tissues appeared normal with no marked

modifications to bast fibre number and shape. In contrast, an

important effect was observed at the xylem–pith junction where

C
E

SA
1

CESA4

CESA8
CESA7

C
E

SA
6

CESA3

Figure 2 Neighbour-joining phylogenetic tree of

CESA proteins. Arabidopsis thaliana (At), Populus

trichocarpa (Pti) and Linum usitatissimum (Lus)

sequences of the CESA superfamily were aligned

with ClustalW (Thompson et al., 1994) and the

tree created with MEGA5 (Tamura et al., 2011).

Bootstrap values over 50% of 500 replications are

indicated in the nodes.
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(a) (b)

Figure 3 Clade-specific gene expression in flax stems at different heights. (a): Four flax wild-type stem fragments were collected, and transversal sections

were stained with phloroglucinol-HCl. The lignified cell walls are coloured in red. (b): Relative quantification of a member from 5 CESA clades by qRT-PCR. The

value of the top whole fragment (1) was set to 1. The numbers 1, 2, 3 and 4 indicate the position of each fragment (4, 10, 25 and 40 cm from the shoot

apex, respectively) as shown in (a). I: Inner tissues; O: outer tissues; FLO: flower buds; L: leaves; R: roots. Significant differences between the outer and

inner tissues were shown at P < 0.001 (***),P < 0.01 (**) and P < 0.05 (*). Mean expression values and standard deviation were presented.
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numerous lignified cells appeared to be crushed and/or showed

irregular outlines. The impact of CESA silencing was most extreme

in V_CS6 plants where an important disorganization was

observed (Figure 7g–i). The secondary xylem ring was incomplete

although small poles of primary xylem containing 2–3 lignified

cells could be observed in certain zones. In outer tissues, the

epidermis was unaffected, but the cortical parenchyma was

highly disorganized with very irregular blue-coloured deposits of

cell wall material. Similar deposits could also be observed at the

xylem–pith interface. As for V_CS1 plants, bast fibre number was

greatly reduced.

An analysis of the sugar content was also performed to identify

potential differences in the cell wall composition between the

control and silenced plants (Figure 8). CESA silencing produced

significant modifications in sugar composition. Slight but signif-

icant reductions in the relative proportion of glucose were

determined in V_CS1 (8.6%), V_CS3 (10.5%) and V_CS6

(14.4%) plants compared to the control group. Modifications in

sugar content associated with other cell wall polymers were also

observed. The most important impact was observed in V_CS6

plants where the rhamnose content increased by 200% and the

galactose and galacturonic acid content increased by 160%

(P < 0.001). Significant increases for these sugars were also

observed in V_CS1 and V_CS3 plants. In contrast, xylose content

remained constant in all VIGS infiltrated plants.

Discussion

In flax, the role of the bark is not only to protect the plant against

outside attacks but also to confer rigidity to the stem. This latter

property is fundamental to prevent lodging because the ratio

between the length and the width of the stem can reach values

close to 400 in cultivated Linum species. The stem rigidity is

reinforced by the outlying bast fibres organized in bundles, each

one containing tens of elementary units cemented together by

pectins (Charlet et al., 2010). At the end of their development

process, their CWII are very well developed and are usually larger

than the cell lumen itself. The presence of high amounts of

cellulose is an extremely important feature of these cell walls, and

engineering/breeding of flax plants for better fibre quality

requires an improved understanding of the mechanisms control-

ling its synthesis.

Based on the flax published genome (Wang et al., 2012) and

re-evaluation of recent data (Mokshina et al., 2014), we identi-

fied 15 gene models that meet the criteria described in previously

characterized CESA sequences, that is the presence of specific

motifs such as an N-terminal zinc finger, 8 transmembrane

domains and a class-specific region (Richmond and Somerville,

2000). The 15 flax CESA genes could be assigned to 6 different

clades as observed in other plant species (Carroll and Specht,

2011; Yoo and Wendel, 2014).

Analyses of flax CESA gene expression from ‘primary’ and

‘secondary’ cell wall clades revealed a number of organ-specific

differences. Of particular interest is the observation that LusCESA3-

Cwasmuchmore highly expressed in outer-stem tissues containing

bast fibres than in inner stem tissues. A similar, but less important,

difference in the expression of this genewas also recently observed

in these tissues (Mokshina et al., 2014). While it is tempting to

speculate that this gene (and/or other clade 3 genes) may play a

specific role in the synthesis of the bast fibre cell wall, further

characterization is necessary. Organ-/tissue-specific differential

expression of CESA genes is also supposed to be related to cell wall

formation in cellulose-rich cotton fibres. In this species, a clade 1

gene, GhCESA6, is more highly expressed in the cotton bolls as

compared to the stem (Li et al., 2013) and may therefore have a

more important role in the construction of the cell wall of cotton

fibres (single cell outgrowths of seed epidermal cells) as compared

to other CESA genes involved in xylem cell wall formation. In

contrast to the higher expression of the LusCESA3-C gene in outer-

stem tissues, 2 other genes (LusCESA4 and LusCESA8-B) weremore

highly expressed in inner stem tissues in agreement with recently

published results (Mokshina et al., 2014). This study also reported a

similar expression pattern for the flax CESA7 gene clade, and it is

Table 1 Virus-induced gene silencing-induced PDS silencing with

previous published protocols

Infection method

Number of

tested plants

Infection efficiency (%

infected flax plants)

Protocol

reference

Agrodrench 63 0% (Ryu et al.,

2004)

Abrasion 56 2% (Ruiz et al.,

1998)

Sap inoculation 15 20% (Brigneti

et al.,

2004)

55 0% (Valentine

et al.,

2004)

Vacuum 39 72% (Hileman

et al.,

2005)

Syringe 39 85% (Fu et al.,

2005)

Syringe (removed

apical meristem)

95 95% This paper

(a)

(b)

(c)

(d)

Figure 4 Phenotypeof the TRV2-PDS-transformedplants. (a): Leaves and a

stem fragment of a photobleached plant. (b): The same organs from a

wild-type plant and (c): from an empty vector control-transformed plant.

(d): Young lateral stem emerging from a TRV2-PDS-transformed plant.
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likely that these 3 flax clades (LusCESA4, LusCESA8 and LusCESA7)

are functional orthologs of the CWII-specific AtCESA4, AtCESA7

and AtCESA8 genes in Arabidopsis.

The role of different flax CESA genes in cell wall metabolism

was then functionally characterized by a reverse genetics

approach. In flax, functional genomics is hampered because
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Figure 5 qRT-PCR analysis of LusCESA genes in TRV2-CESA-transformed plants. The number associated with the V_CS nomenclature indicates the

corresponding clade-specific fragment. The bars indicating the genes targeted by VIGS are in black. Significant differences between the transformed and

the control plants were shown at P < 0.001 (***),P < 0.01 (**) and P < 0.05 (*). Mean expression values and standard deviation were presented.
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stable transformation is time-consuming. We therefore decided

to see whether we could develop a VIGS protocol for this species.

To our knowledge, this is the first report of successful gene

knock-down in the Linaceae family by this method. Previous

published data reported an interaction between the oat blue

dwarf virus and Linum usitatisimum (Banttari and Zeyen, 1972),

but no VIGS vector has been constructed from this genome. In

other plant species, the TRV vector system (Liu et al., 2002) has

been widely used because of its large host spectrum. Flax was

reported to be susceptible to TRV in the Virus Identification Data

Exchange project (Brunt et al., 1996), and we therefore used this

vector to silence selected LusCESA genes. We first used a flax PDS

gene as a positive control because silencing causes a photoble-

aching phenotype due to the inhibition of carotenoid biosynthesis

(Kumagai et al., 1995). Initial testing of different infection

protocols revealed that syringe infiltration of young leaves with

an equal mix of TRV1 and recombinant TRV2 was the most

efficient. In our first attempts, we noticed that bleached leaves

were distant from the origin of infection and that silencing only

spreads to a limited number of leaves and only poorly to the stem.

However, when the apex of the plant was removed, the two

secondary shoots that developed at the bottom of the stem

immediately gave rise to organs with a strong bleached pheno-

type. This protocol enabled us to obtain plants showing modified

gene expression at only 3 weeks after germination as compared

to the average time (>3 months) necessary to select stably

transformed transgenic lines. The observed photobleaching of

stem cortical chlorenchyma confirmed that PDS silencing was also

effective in this organ, indicating that VIGS can be considered as a

quick and simple method for screening several cell wall genes

within stem bast fibres. This approach could also be used to

functionally characterize other key genes in flax. For example, flax

seeds are considered as major sources of polyunsaturated fatty

acids used as feed and food products and also contain high

amounts of the biologically active lignan secoisolariciresinol

diglucoside (SDG), and it would therefore be interesting to use

the VIGS approach to investigate these metabolic pathways. VIGS

has indeed already been successfully achieved on seeds or grains

of several crop species such as Triticum and Physalis (Ma et al.,

2012; Zhang et al., 2014).

For the VIGS silencing of flax CESA genes, we constructed 5

vectors that targeted 3 ‘primary’ and 2 ‘secondary’ cell wall

clades. In the light of the recent identification (Mokshina et al.,

2014) of the flax CESA7 gene, it would also be interesting to

target this gene in future studies. Modifications in the expression

of 14 identified flax CESA genes were then monitored by qRT-

PCR. Our results indicated that targeted silencing was successful

in all plants except for the clade 3 (V_CS3 plants), in which only

LusCESA3-B was significantly down-regulated, and clade 4. The

reduction in transcript abundance compared to the control was

variable depending on the clade and reached 74% for LusCESA6-

C. The efficiency of VIGS can depend on the position of the insert

with respect to the cDNA (Liu and Page, 2008) and may also vary

between different members of the same multigenic family even

when the fragment is designed to target the same area. Our

results also indicated that there was a strong cross-regulation

effect between the members of the different CESA clades. This

was most likely not due to homology between targeted and

nontargeted sequences as the alignment of the fragments used

for the constructs and the corresponding CESA sequences did not

contain any identical 21 nt sequence stretches (Figure S2). For

example, our results show that the silencing of the clade 8 had an

effect not only on LusCESA8-B and LusCESA8-A but also on other

CESA genes expressed in the stem. Of interest is the observation

that the down-regulation of nontargeted genes may be greater

than that of the targeted gene. Such an effect was seen for the

two LusCESA8 genes in V_CS6 plants, as well as for the

LusCESA6-C in V_CS8 plants. Although a cross-suppression effect

cannot be totally excluded, the identity between the sequences in

clade 6 and 8 does not exceed 55% and is unlikely to directly

trigger the silencing pathway. A more plausible explanation could

be that of CESA gene co-regulation. Previous studies on the VIGS

down-regulation of CESA genes in barley showed that expression

of the closely related CSL genes as well as the more distantly

related GT8 gene was reduced, suggesting that the expression of

several cell wall biosynthetic genes is linked with that of CESA

(Held et al., 2008). In flax, it seems likely that clade 4 and clade 8

genes are involved in CWII synthesis, but it is difficult for the

moment to determine the role of other genes with respect to the

synthesis of the primary or secondary cell wall. In flax, the fact

that significant silencing was observed for the 3 LusCESA3 genes

in V_CS1 plants, for the LusCESA4 in V_CS6 and for both

LusCESA8 genes in V_CS6 already allows us to outline a number

of possible interactions between these clades. The amount of flax

transcriptomic data is currently growing and will lead to the

identification of regulatory networks of genes involved in CWII

synthesis.

VIGS-induced CESA down-regulation in flax also provoked a

visible phenotype, and all plants infected with a TRV2-CESA

construction were markedly shorter than plants infected with the

empty control vector. In the stem, our VIGS approach showed

that the down-regulation of CWII orthologous genes had no

phenotypic effect on the cell walls, presumably because the

residual gene activities were sufficient for cell construction. The

most severe impact on tissue organization was observed in V_CS6

plants, and the strongest effect on bast fibre cells occurred in

V_CS1 plants. In both cases, typical CWII organization was

replaced by a structure of irregular thickness that resembled a

primary wall. This strong phenotype can be related to the down-

(a)

(b)

Figure 6 Phenotype of the TRV2-CESA-transformed plants. (a): Plant

height; (b): leaf form/size. The number associated with the V_CS

nomenclature indicates the corresponding clade-specific fragment. CONT:

empty vector control.
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(a) (b)

(c) (d)

(f)

(h)

(i)

(g)

(e)

Figure 7 Cytological observation of CESA-silenced plant stems. (a–b): wild-type plants; (c–d): TRV2-CESA1-transformed plants; (e-f): TRV2-CESA3-

transformed plants; (g-i): TRV2-CESA6-transformed plants. Square frames show collapsed/agglomerate cell walls; circles show residual primary xylem poles;

asterisks shows large parenchyma cells without secondary walls in place of cellulosic fibres. sx: secondary xylem; bf: bast fibres. Bar: 50 lm.
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regulation of all the identified CESA genes in these plants.

Reduction in plant size was also observed when CESA1 and CESA3

genes were silenced by RNAi in Arabidopsis (Burn et al., 2002) or

when a NtCesA-1 fragment was targeted by VIGS in tobacco

(Burton et al., 2000). In this later species, the size of the leaves was

also reduced as observed in flax V_CS1, V_CS3 and V_CS6 plants.

The cell shapemodifications observed in the flax stem is also similar

to that observed in the Arabidopsis irx (cesA4-8) mutants for

Liepman et al. (2010). It still remains unclear whether the

phenotypic modifications observed in the flax stem were only

due to CESA down-regulation or to a global modification of co-

regulated genes. Chemical analyses showed that VIGS down-

regulation of CESA genes was associated with a slight but

significant decrease in the proportion of glucose, suggesting that

cellulose content was also reduced in these plants to the same

extent as in VIGS silenced tobacco (Burton et al., 2000) but lower

than that observed in the Arabidopsis prc-1 mutant (MacKinnon

et al., 2006) or the rice Bc6 mutant (Kotake et al., 2011). The

observed increase in the proportion of other cell wall-related

sugars also suggests that the structure/amount of noncellulosic

polysaccharides (NCPs) was modified in these plants. The relatively

low impact on cellulose content could be related to the propaga-

tion of heterogenous viral cDNA as previously suggested (Burton

et al., 2000). In the stem, virus particles are transported by the

phloem and then move through the cells via the plasmodesma. It is

possible that fibres located near the phloem are targeted more

rapidly than the inner parts of the stem.

In conclusion, we have provided new transcriptomic and

functional data on flax cellulose synthase genes. Their phyloge-

netic distribution is similar to that of poplar, which also belongs to

the Malpighiale order. To provide functional information, we

successfully developed a VIGS approach and demonstrated that

the most important effect on bast fibres was obtained by

targeting CESA genes previously described as actors of the

primary cell wall formation. This may suggest that they can play

an important role in the establishment of the fibre cell walls.

These data will also contribute to our overall knowledge about

the formation of bast fibres in other important fibre species such

as ramie, jute and hemp. VIGS could also be used as a tool to

explore the relationship between CESA genes and flax domesti-

cation by studying differential expression between cultivated flax

(L. usitatissimum) and its wild progenitor (L. bienne). In addition,

we are currently using this tool to target other cell wall genes

identified in a mutant flax population (Chantreau et al., 2013).

The implementation of VIGS in this species will enhance the

importance of flax as an emerging model system for studying cell

wall metabolism.

Experimental procedures

Plant material

Flax plants (Linum usitatissimum) were grown in a greenhouse

under 16 h/20 °C day and 8 h/18 °C night conditions. For

microscopic, transcriptomic and sugar analyses, 43-day-old

axillary stems from 3 silenced and control plants were immedi-

ately frozen in liquid nitrogen.

Light microscopy

The stem fragments were submitted to a series of alcohol baths

and then embedded in methacrylate resin (Technovit 7100;

Kulzer; Heraeus; Germany). Sections of 5 lm thickness were

made using a microtome, stained with toluidine-blue-O and

examined using a LEICA DM2000 (Leica Microsystems GmbH,

Wetzlar, Germany).

Sugar analyses

Tissue samples from the pooled material were ground and

repeatedly 80% ethanol extracted. Complete acid hydrolysis of

cell wall polysaccharides into sugar monomers was performed

using a two-step hydrolysis. Samples were swollen in 72% H2SO4

for 2 h at 20 °C followed by a second hydrolysis with 1 M H2SO4

for 2 h at 100 °C. The released monosaccharides were separated

by high-performance anion-exchange chromatography (PA1

column, Dionex, Thermo Fisher Scientific, St Herblain, France

using 2-deoxy-D-ribose as internal standard and standard solu-

tions of neutral sugars and acidic sugars (Beaugrand et al., 2004).

One-way ANOVA was used to analyse the effect of VIGS transfor-

mation on the sugar composition at P < 0.001 (SigmaPlot, Systat

Software, Erkrath, Germany). Multiple comparisons between

transformed versus control samples (Holm–Sidak method) were

then performed.

Molecular constructions

Cellulose synthase sequences from poplar and Arabidopsis were

used to search for orthologs in the flax genome (Wang et al.,

2012) and in cDNA sequences obtained from the GenBank

database (http://www.ncbi.nlm.nih.gov) and an EST database

(Fenart et al., 2010). The resulting sequences were then

aligned and manually inspected. Fragments were PCR-amplified

on cDNA using primers described in Table S3 and cloned into

pCR2.1 plasmid using the TOPO TA cloning kit (Thermo

Fisher Scientific, St Herblain, France). They were subsequently

digested with EcoRI, purified on electrophoresis agarose

gel using the QIAquick Gel Extraction kit (Qiagen, Courtaboeuf,
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Figure 8 Sugar composition of cell wall

polysaccharides in whole stems. The values are
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France) and cloned into TRV2 vector (Liu et al., 2002)

using T4 DNA ligase (Thermo Fisher Scientific, St Herblain,

France).

Agrobacterium infiltration

TRV1 and TRV2 constructs were introduced into Agrobacterium

tumefaciens strain GV2260 by electroporation, and the bacteria

were grown in a selective LB medium supplemented with

10 mM MES and 20 mM acetosyringone and centrifuged and the

pellet resuspended in an agroinfiltration medium containing 1 M

MgCl2, 10 mM MES and 150 lM acetosyringone. The agro-

drench protocol (Ryu et al., 2004) was conducted by depositing

1 mL of a 1 : 1 mixture of Agrobacterium solutions containing

TRV1 and TRV2-PDS plasmids on the crown part of 15-day-old

plants. Flax plants were also immersed in a mix of both bacterial

suspensions supplemented with Silwet 0.05% and vacuum

infiltrated for 5 min (Hileman et al., 2005). The penetration of

the agrobacterial suspensions was also maximized after sprin-

kling a small quantity of carborundum powder on 4 fully

expanded leaves (Ruiz et al., 1998). A viral multiplication was

also done in Nicotiana benthamiana plants before infecting flax

plants with a syringe. The leaf sap was collected by grinding

the leaves and centrifugation of the extract followed by a

precipitation step (Valentine et al., 2004) or not (Brigneti et al.,

2004). The best results were obtained by syringe infiltration (Fu

et al., 2005). Using a 1-mL syringe, a 1 : 1 mixture of TRV1 and

TRV2-PDS Agrobacterium suspension was infiltrated in the

four first fully expanded leaves. The infection efficiency was

further increased when the apical meristem was removed. The

silencing then occurred in the two stems initiated from the

lateral buds.

RNA analysis

Total RNA was extracted from isolated flax stems (three plants per

experiments) as previously described (Huis et al., 2010). RNA

integrity was evaluated using the Experion electrophoresis system

(Bio-Rad, Marnes-la-Coquette, France). For each sample, 500 ng

of RNA was reverse-transcribed using the Iscript cDNA synthesis

kit (Bio-Rad) according to the manufacturer’s instructions. Primer

pairs (Table S2) were specifically designed for the identified CESA

gene models using Primer3 (Rozen and Skaletsky, 2000) and

optimized for a Tm at 60 °C and for the amplification of

90–180 bp fragments. The qRT-PCRs were carried out in a

reaction volume of 20 lL (5 lL diluted cDNAs, 10 lL of 29 SYBR

Green mix and primer pairs at 0.4 lM). All PCRs were performed

on three technical repetitions under the following conditions:

95 °C for 15 min, 40 cycles of 10 s at 95 °C and 30 s at 60 °C.
The expression data were analysed as previously described (Huis

et al., 2010). We performed a generalized linear mixed model

(GLMM) with the individuals as the random factor and the

treatment as the fixed factors for each measured gene and for

each organ separately. The procedure of model selection was

followed, and the interpretation was performed as previously

described (Zuur et al., 2008).

Phylogenetic analysis

Phylogenetic tree of CESA proteins was made using neighbour-

joining method conducted in MEGA5 (Tamura et al., 2011).

Bootstrap consensus tree inferred from 500 replicates. Branches

corresponding to partitions reproduced <50% bootstrap repli-

cates are collapsed. The evolutionary distances were computed

using the p-distance method.
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