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Summary

� Secondary cell walls (SCWs) in stem xylem vessel and fibre cells enable plants to withstand

the enormous compressive forces associated with upright growth. It remains unclear if xylem

vessel and fibre cells can directly sense mechanical stimuli and modify their SCW during devel-

opment.
� We provide evidence that Arabidopsis SCW-specific Fasciclin-Like Arabinogalactan-

proteins 11 (FLA11) and 12 (FLA12) are possible cell surface sensors regulating SCW develop-

ment in response to mechanical stimuli. Plants overexpressing FLA11 (OE-FLA11) showed

earlier SCW development compared to the wild-type (WT) and altered SCW properties that

phenocopy WT plants under compression stress. By contrast, OE-FLA12 stems showed higher

cellulose content compared to WT plants, similar to plants experiencing tensile stress.
� fla11, OE-FLA11, fla12, and OE-FLA12 plants showed altered SCW responses to mechani-

cal stress compared to the WT. Quantitative polymerase chain reaction (qPCR) and RNA-seq

analysis revealed the up-regulation of genes and pathways involved in stress responses and

SCW synthesis and regulation. Analysis of OE-FLA11 nst1 nst3 plants suggests that FLA11

regulation of SCWs is reliant on classical transcriptional networks.
� Our data support the involvement of FLA11 and FLA12 in SCW sensing complexes to fine-

tune both the initiation of SCW development and the balance of lignin and cellulose synthe-

sis/deposition in SCWs during development and in response to mechanical stimuli.

Introduction

Secondary cell walls (SCWs) are deposited between the plasma
membrane (PM) and primary cell walls (PCWs) following the
cessation of cell expansion to increase mechanical strength and
provide the ability to withstand significant compressive forces.
Polysaccharides are the major components (c. two thirds of the
mass) of SCWs of Arabidopsis, comprising largely cellulose and
xylan, along with other minor components, including glycopro-
teins. Lignin (c. one third of the biomass), a complex comprised
largely of phenylpropanoids, is also incorporated into most
SCWs to provide waterproofing for the movement of water and
solutes from the roots to aerial organs and provide additional
strength. Secondary cell wall composition and structure can differ
between cell types and species. For example, in Arabidopsis
stems, interfascicular fibre (IF) cells have thicker walls with a
lower lignin content and a higher syringyl : guaiacyl (S : G) lignin
ratio than xylem vessel (XV) cells. Even in the same cell type,
SCW composition and structures can change during growth and

in response to (a)biotic stresses. Mechanical stresses such as bend-
ing and leaning can induce reaction wood formation in either the
lower (in gymnosperms; compression wood) or upper (in
angiosperms; tension wood) sides of the stem, which display
altered wall structure and chemical composition compared to
nonstressed wood walls (Mellerowicz & Gorshkova, 2012; Gar-
diner et al., 2014; Groover, 2016). In general, compression wood
has lower cellulose content and higher lignin content, whereas
tension wood has higher cellulose content and lower lignin con-
tent with a higher S : G ratio (Gardiner et al., 2014). The path-
ways leading to these changes in wood properties have fascinated
plant biologists for decades.

The regulatory pathways controlling SCW initiation and
assembly involve a transcription factor (TF) cascade that initiates
changes in wall synthesis. In brief, in Arabidopsis, the NAM,
ATAF1,2, and CUC2 (NAC) TFs, VASCULAR-RELATED
NAC-DOMAIN 1–7 (VND), and NAC SECONDARY WALL
THICKNENING PROMOTING FACTOR 1 and 3 (NST1
and SND1/NST3) are first tier master TFs. VNDs and NSTs
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regulate XV and IF wall thickening, respectively (Kubo et al.,
2005; Zhong et al., 2006; Mitsuda et al., 2007; Nakano et al.,
2015). R2R3-MYB TFs, MYB46 and MYB83, are second tier
master TFs that regulate SCW development (Zhong et al., 2007;
McCarthy et al., 2009). MYB46 and MYB83 can either regulate
downstream MYBs or directly regulate SCW synthesis genes
(Nakano et al., 2015). Other regulators include epigenetic regula-
tion, micro-RNA, post-transcriptional modifications, and envi-
ronmental stimuli such as blue light and cold stress that can
influence/interact with TFs to modulate SCW development
(Zhang et al., 2018; McCahill & Hazen, 2019).

Plant cells have complex and precise cell wall integrity (CWI)
sensing networks to facilitate cell wall modifications appropriate
for growth and in response to environmental conditions. Several
proteins are proposed to be involved in CWI in PCWs, including
arabinogalactan-proteins (AGPs), glycosylphosphatidylinositol
(GPI)-anchored proteins (GPI-APs), DEFECTIVE KERNEL1
(DEK1), receptor-like kinase (RLK) family members including
Catharanthus roseus receptor-like kinase (CrRLK1L), leucine-rich
repeat receptor kinases (LRR-RLKs), L-lectin RLKs, plant external
response-like kinases (PERKs), lysine-motif containing receptor-
like kinases (LysM-RLKs), and wall associated kinases/kinase-likes
(WAKs/WAKLs) (Roudier et al., 2002; Radutoiu et al., 2003; Bai
et al., 2009; Bouwmeester & Govers, 2009; Ellis et al., 2010;
Haswell et al., 2011; Wolf et al., 2012; Kohorn, 2016; Nissen
et al., 2016; Smakowska-Luzan et al., 2018). The identity of CWI
sensors in SCWs is less clear. Arabidopsis SCW cellulose synthase
mutant plants cesa4, cesa7, and cesa8 have enhanced resistance to
the soil-borne bacterium Plectosphaerella cucumerina and the
necrotrophic fungus Ralstonia solanacearum, indicating that CWI
pathways can regulate components of the SCW through CESAs
(Hernandez-Blanco et al., 2007). COBRA-Like 4 and homologues
in rice Brittle Culm 1 (BC1), which are both GPI-APs predicted
to be located at the outer surface of the PM, have been shown to
interact with cellulose and can regulate microfibril angle (MFA)
(Li et al., 2003; Liu et al., 2013). Vascular-Related Receptor-Like
Kinase1 (AtVRLK1) has also been proposed to be a candidate sen-
sor for the regulation of SCW development (Huang et al., 2018).
AtVRLK1 encodes an LRR-RLK that is specifically expressed in
cells undergoing SCW development, and overexpression of
AtVRLK1 showed reduced stem XV and IF wall thickness (Huang
et al., 2018). Fasciclin-Like Arabinogalactan-proteins (FLAs) have
been shown to be highly expressed during tension wood forma-
tion, and PtFLA6-antisense plants showed defects in tension wood
formation (Lafarguette et al., 2004; Wang et al., 2017). Increased
gene expression in response to tension and the protein structure of
FLAs indicates their possible role in sensing and transduction of
signals during the early stages of tension wood formation. Precisely
how these complex regulatory pathways fine-tune SCW initiation
and/or development is still not well understood.

Fasciclin-Like Arabinogalactan-proteins are a family of multi-
domain glycoproteins containing fasciclin 1 (FAS1)-domains –
which are related to immunoglobulin domains and are proposed
to facilitate protein–protein interactions – and regions that direct
the addition of large chains of arabinose and galactose-containing
sugars (arabinogalactans, AGs) to the protein backbone and

could interact with wall carbohydrates and/or proteins. Many of
these proteins also contain a glycosylphosphatidylinositol (GPI)
membrane anchor, with which FLAs attach to the outer leaflet of
the PM/wall interface (Bastiani et al., 1987; Elkins et al., 1990;
Johnson et al., 2003; Tan et al., 2012; Yeats et al., 2018).
Fasciclin-Like Arabinogalactan-proteins specific to SCWs have
been identified and proposed to have roles regulating SCW devel-
opment and biomechanical properties as inferred from co-
expression network analysis and mutant analyses (Persson et al.,
2005; Dahiya et al., 2006; MacMillan et al., 2010, 2015; Wang
et al., 2015, 2017). Overexpression of Eucalyptus FLA2 resulted
in a reduction of cellulose microfibril angle (MFA) of 3° in the
Eucalyptus xylem fibres, and the heterologous overexpression of
Eucalyptus FLA3 in tobacco caused reduced flexural strength in
the stem (MacMillan et al., 2015). Downregulation of PtFLA6 in
Poplar stem caused repression of tension wood formation (Wang
et al., 2017). In stems of Arabidopsis plants, both FLA11 and
FLA12 showed high levels of expression in cells with SCWs;
through studies of fla11 fla12 mutants, these genes have been
shown to influence stem stiffness, cellulose content and microfib-
ril angle (Persson et al., 2005; MacMillan et al., 2010). Arabidop-
sis fla11 fla12 double mutants showed reduced stem tensile
strength and tensile modulus elasticity, as well as increased cellu-
lose MFA (MacMillan et al., 2010). To date, the molecular
mechanism(s) of FLA action in SCWs are largely unknown.
Although FLAs are widely identified in almost all SCWs, espe-
cially in tension wood walls, fla11 fla12 mutants in Arabidopsis
showed only weak phenotypes, and this fact, together with their
low abundance in the wall and potential redundancy, due to the
overlap of their roles with those of other FLAs, makes studies into
the molecular mode(s) of action of FLAs challenging (Persson
et al., 2005; MacMillan et al., 2010).

In this study, we show that FLA11 and FLA12 play roles in
response to mechanical stress, including compression and tensile
stress. Overexpression constructs of FLA11 and FLA12 driven by
their endogenous promoters resulted in altered SCW development.
Using a combination of microscopy, biochemistry, genetics and
molecular biology, we show that OE-FLA11 plants display earlier
SCW development than WT plants, as well as increased SCW
thickness, increased lignin content (with a lower S : G lignin ratio),
reduced crystalline cellulose content, and changes in gene expres-
sion levels of SCW regulators and biosynthesis enzymes. Analysis
of OE-FLA11 nst1 nst3 plants suggests that FLA11 regulation of
SCWs is reliant on classical transcriptional networks. FLA11 and
FLA12 had different cellular and sub-cellular locations, and OE-
FLA12 stems showed higher cellulose contents compared to WT
plants. Our data suggests FLA11 and FLA12 are possible members
of cell surface sensing complexes which regulate SCW development
in response to different mechanical stimuli.

Materials and Methods

Plant materials, growth conditions and weight application

The fla11 mutant (SALK_046976) was obtained from the Ara-
bidopsis Biological Resource Centre (Ohio State University), and
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fla12 mutants (SM.15162) (Tissier et al., 1999) were provided by
Dr Colleen MacMillan, who ordered them from the Nottingham
Arabidopsis Stock Centre (NASC). Plants were grown in con-
trolled environment rooms under long-day 16 h : 8 h,
22°C : 18°C, light : dark conditions. Developmental stages were
measured according to the method described by Boyes et al.
(2001). In brief, stage 6.0 plants had the first flower open at c. 4–
5 wk post-germination and a WT stem length of c. 5 cm. Stage
6.1 plants had six to eight flowers open at c. 5 wk old and a WT
stem length of 12–15 cm. Stage 6.9 plants had 90% of flowers
open at c. 6 wk old and a WT stem length of 30–35 cm.

For compression stress application to stage 6.0 plants, a 0.5 g
lead sheet was applied to the second branch and the plants were
kept upright using bamboo sticks for 2 d. For stage 6.1 plants, a
2.0 g lead sheet was applied to the first branch; two more 2.0 g
lead sheets were added at the same position on the second and
third days, and the plants were kept upright using bamboo sticks
for 7 d. For stage 6.3 plants, a 5.0 g lead sheet was applied to the
first branch for 7 d.

For tension stress application, a 2.0 g lead sheet was applied to
stage 6.1 plants without the plant being kept upright.

Photographic images of the experimental set-up for the modi-
fication of compression/tension stress are available in Supporting
Information Fig. S1.

Vector construction and Agrobacterium transformation

A pGreenII0179 vector backbone (Hellens et al., 2000) was used
for the construction of proFLA11::His-YFP-FLA11 and
proFLA12::His-YFP-FLA12 vectors. The vectors include the
octopine synthase (OCS) terminator after the FLA11/FLA12 stop
codon. The FLA11 (AT5G03170) coding sequence was ampli-
fied from Arabidopsis cDNA using primer pairs CAGGCGGA
GGTGGGTCAcctaggCAGGCTCCAGCTCCAGGC and CAT
TAAAGCAGGACTCTAGATTATATCCACAGAGAAGAAG
AAGCAG. proFLA11 was amplified from Arabidopsis gDNA
using primers ACTATAGGGCGAATTGGGTACCcagcagcgta
gatcttttgagtg and GAATGTTCTTGAAGTAGCCATGGtgttgt
agttgttgtgtgtgtatgttg. The FLA12 (AT5G60490) coding sequence
was amplified from Arabidopsis cDNA using primer pairs
CAGGCGGAGGTGGGTCAcctaggCAGCCCTCTCCAGCCG
TC and CATTAAAGCAGGACTCTAGATCACAAATAAAAC
CATGCGAGC. proFLA12 was amplified from Arabidopsis
gDNA using primers ACTATAGGGCGAATTGGGTACCctcg-
gaaaatagggcttttttg and GATGATGAGAGAATGTTCCATgggc
tctgttttcaagagtgttgatat. The promoter regions used for proFLA11
and proFLA12 are from the stop codon of the previous gene to
the 5’UTR of FLA11/FLA12 (Dataset S1; MacMillan et al.,
2010). The NEBuilder HiFi DNA Assembly Kit (New England
Biolabs, Ipswich, MA, USA) was used to construct vectors
according to the manufacturer’s instructions. All vectors were
confirmed by sequencing and then transformed into Agrobac-
terium strain AGL1.

Arabidopsis plants (Col-0) were transformed using the flower
dip method (Clough & Bent, 1998). Plants were screened on ½
Murashige & Skoog (½MS) media plates with 1% sucrose and

35 mg l�1 hygromycin to identify those containing transgenes.
The number of insertions and transgene copies (TC) were
selected based on segregation ratios in the T2 generation. T2 and
T3 plants were used for phenotyping analysis.

Quantitative polymerase chain reaction (qPCR)

RNA was extracted either from the top 2 cm of stem tissue at
growth stage 6.0 or from whole stems at growth stage 9.0
using the RNeasy Kit (Qiagen). cDNA was synthesized using
SuperScript IV Reverse Transcriptase (Invitrogen). Quantitative
polymerase chain reaction analysis was conducted to measure
the transcript levels of FLA11, FLA12, primary wall cellulose
synthesis genes CESA1, CESA3, and CESA6, SCW cellulose syn-
thesis genes CESA4, CESA7, and CESA8, xylan backbone syn-
thesis genes IRX9, IRX10, and IRX14, lignin synthesis genes
PAL1, PAL2, C4H, 4CL1, REF8, HCT, CCoAOMT1, CCR1,
F5H1, COMT1, and CAD5, and SCW TFs NST1 and NST3,
as outlined in Table S1. Transcript levels of each gene were
assessed using a relative quantitative method (Livak & Sch-
mittgen, 2001), with two or three biological replicates from two
or three independent transformed lines, and three technical repli-
cates in a QUANTSTUDIO 5 Real-Time System with 384 wells
(Thermo Fisher, Waltham, MA, USA) using PowerUp SYBR
Green Master Mix (2X) Universal (A25742; Thermo Fisher) in
10 µl reactions. Transcript levels were normalized against house-
keeping gene ACT2.

Quantification of plant stem growth kinematics, plant
morphological analyses and stem bending test

Plant stem length was measured every 2 d to compare the kine-
matics of stem growth from stages 6.0 to 6.5 (Boyes et al., 2001).
Arabidopsis main stems with a length of 2–3 cm were designated
as ‘Day 1’ plants when stem growth occurred at a rate of greater
than 1 cm d–1. At least six plants from three independent trans-
genic lines were quantified.

Primary root length, cotyledon area, rosette leaf radius, pri-
mary stem length, maximum branch radius, ratio of stem length
to branch radius, branch angle, silique density, number of sec-
ondary stems, number of branches, silique length, and sepal
length were measured for at least 10 plants from three indepen-
dent transgenic lines.

To test the stem stiffness, plants with similar stem length were
placed at an angle of 45° from horizontal. A 0.5 g steel ball was
placed in the middle position of the stem to show bending
angles.

Three-point flexural tests were carried out using an Instron
4500 Universal Testing System (Series IX automated materials
testing system; Instron, Norwood, MA, USA) as described by
MacMillan et al. (2010).

Histological analysis

For histological analysis, samples of hand-sectioned, fresh stems
were stained with either Toluidine blue O, phloroglucinol-HCL,
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or M€aule stain to visualise the cell walls, according to the meth-
ods outlined by Mitra & Loque (2014), with an Olympus BX53
microscope (Shinjuku, Tokyo, Japan) under bright field. At least
three plant stems from three independent transformed lines were
sectioned and measured for tissue organisation analyses.

For analysis of primary roots and pistils, phloroglucinol-HCL
staining was used. After staining, images were acquired with an
Olympus BX53 microscope under bright field. At least three
plants from three independent transgenic lines were sectioned
and stained, with one representative image shown (Fig. S3).

A Zeiss LSM 780 laser scanning confocal microscope
(Oberkochen, Germany) was used to detect lignin in fresh stem
sections at growth stage 6.0 under ultraviolet (UV) light (excita-
tion 405 nm, emission 440 nm, detection 404–476 nm). Yellow
fluorescent protein (YFP) signals were detected in fresh stem sec-
tions using the Zeiss LSM 780 laser scanning confocal micro-
scope (excitation 514 nm, emission 550 nm, detection 525–
574 nm; LIMS Bio-imaging platform, La Trobe University). At
least three plants from three independent transgenic lines were
imaged, with one representative image shown (Figs 1, 4).

Transmission-electron microscopy (TEM) and
immunolabelling

Samples of a 2 mm region at the base of stems at growth stages
6.1 and 6.9 were chemically fixed, dehydrated, and embedded in
LR white resin according to the method outlined by Wilson &
Bacic (2012). Thin sections (c. 80 nm) were acquired for anti-
body labelling and post-stained (Wilson & Bacic, 2012). For
antibody labelling, samples were incubated with anti-6x-His tag
monoclonal antibody (MA1-21315; Invitrogen) with 1 : 100
dilutions for 1 h at room temperature, then overnight at 4°C.
Samples were then washed and incubated with goat anti-mouse
18 nm gold conjugated secondary antibody (115-215-166;
Jackson ImmunoResearch, West Grove, PA, USA) with 1 : 20
dilutions for 1 h at room temperature. Detection of ultrastruc-
ture, and HIS-YFP-FLA11 and HIS-YFP-FLA12 subcellular
location was performed for two biological replicates from two
independent transformed lines. Grids were imaged using a JEOL
(Tokyo, Japan) 2100 transmission-electron microscope equipped
with a Gatan (Pleasanton, CA, USA) Orius SC 200 charged-
coupled device (CCD) camera.

Fibre length and wall thickness analyses

To measure stem fibre length, Arabidopsis base stems (lower
2 cm length stem) were incubated with glacial acetic acid and
hydrogen peroxide (1 : 1 v/v) for 12 h at 80°C (Wang et al.,
2019). Fibres were stained with Gram’s safranin solution and
imaged under bright field using an Olympus BX53 microscope.
Each measurement contained c. 200 fibre cells from two plants
from two independent transformed lines.

For measurement of IF wall thickness, TEM images were used.
Primary IF cell layers that were close to the pith were used for
quantification, with two biological repeats from two independent
transformed lines.

Measurement of crystalline cellulose and lignin content and
composition

Arabidopsis stems were harvested and alcohol insoluble reagent
(AIR) was prepared (Pettolino et al., 2012). The Updegraff
method was used for measurement of crystalline cellulose content
(Updegraff, 1969). The acetyl bromide method, as described by
Chang et al. (2008), was used to detect lignin content. Three bio-
logical replicates from three independent transformed lines were
measured. Lignin monomer composition was estimated by
thioacidolysis as described previously (Robinson & Mansfield,
2009). Three biological replicates from three independent trans-
formed lines were measured.

Cell wall carbohydrate linkage analysis

De-starched AIR samples prepared from stage 6.1 base stems
(lower third of total stem) were carboxyl reduced and methylated
for linkage analysis according to the method outlined by Pet-
tolino et al. (2012). The resulting permethylated alditol acetates
were separated and quantified by gas chromatography mass spec-
trometry (GC-MS) as described by Pettolino et al. (2012).
Polysaccharide composition was deduced from the linkage analy-
ses. Three biological replicates from three independent trans-
formed lines were measured.

Bioinformatics

The top 2 cm region of stem, just below the inflorescence of
growth stage 6.0 plants were used for RNA-seq analysis with
three biological replicates each. Total RNA was extracted using
the RNeasy Kit (Qiagen) according to the manufacturer’s
instructions. mRNA libraries were prepared using True-seq
stranded mRNA preparation kits, and RNA sequencing was pro-
cessed at the Australian Genome Research Facility (AGRF; Mel-
bourne, Australia) with 29 150 bp paired end sequencing. Raw
data were trimmed with TRIMMOMATIC v.0.39 to remove adaptors
(Bolger et al., 2014). STAR (Dobin et al., 2013) was used for map-
ping data, with the genome index generated using the Arabidop-
sis genome sequence and GTF annotation files downloaded from
EnsemblePlants (http://plants.ensembl.org/). HTSEQ (Anders
et al., 2015) was used for read counting. RSTUDIO (https://www.
rstudio.com/) with the DESEQ2 package (Love et al., 2014) was
used to identify differentially expressed genes (DEGs) with a fold
change > 2, P-value < 0.05 and OE-FLA11 (in up-regulated
DEGs) or WT (in down-regulated DEGs) read counts > 100. An
online Protein Analysis Through Evolutionary Relationships
(PANTHER) overrepresentation test was used to obtain gene
ontology (GO) biological process, sub-cellular component, and
KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway
predictions for DEG analysis (http://go.pantherdb.org/). Fisher’s
Exact test was used, with the Bonferroni correction for multiple
testing. The Arabidopsis reference list was used, which was
obtained from The Arabidopsis Internet Resource (TAIR)
(https://www.arabidopsis.org/tools/go_term_enrichment.jsp). Co-
expression networks of up-regulated DEGs in OE-FLA11 vs WT
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were analysed online using STRING (https://string-db.org/).
The STRING network edge indicates both functional and physi-
cal protein associations sourced from a combination of text-
mining, experiments, databases, co-expression, neighborhood,
gene fusion and co-occurrence with medium confidence (0.4).

The online tool PLANTREGMAP was used to predict FLA11 and
FLA12 promoter binding TFs (Tian et al., 2020).

Results

FLA11 and FLA12 have different expression profiles and
sub-cellular locations

Fasciclin-Like Arabinogalactan-proteins are highly expressed in
tension wood cells of both Populus and hemp, suggesting that
they have roles in regulating SCW development in response to
mechanical stress (Wang et al., 2017; Petrova et al., 2021). In
Arabidopsis, FLA11 and FLA12 are the most highly expressed
FLAs in stem cells associated with SCWs; however, their roles in
the response to mechanical stress remain unclear. Subtle differ-
ences in FLA11 and FLA12 expression profiles were revealed in
young stems (MacMillan et al., 2010) and phylogenetic analysis
showed that FLA11 and FLA12 fall into distinct clades (Shafee
et al., 2020), suggesting they may have some independent func-
tion(s). To further investigate FLA11 and FLA12 expression pro-
files and protein location(s) in stems during development
proFLA11::HIS-YFP-FLA11 and proFLA12::HIS-YFP-FLA12
vectors were constructed and transformed into WT plants. Visu-
alisation of YFP signals in transverse sections of young stems
(5 cm below stem top) of stage 6.3 plants (Boyes et al., 2001)
showed strong fluorescent signals corresponding to HIS-YFP-
FLA11 in XV cells, whereas the HIS-YFP-FLA12 signal was
strongest in interfascicular fibre (IF) cells (Fig. 1a–f). This subtle
difference is not obvious in relatively mature stems (9 cm below
stem top) as both proFLA11::HIS-YFP-FLA11 and proFLA12::
HIS-YFP-FLA12 showed strong signals in XV and IF regions
(Fig. 1g–l). These results confirmed that the subtle differences of
expression profile between FLA11 and FLA12 observed previ-
ously in promoter::GUS studies correlate to differences in protein
levels (MacMillan et al., 2010). Analysis of proFLA11 and
proFLA12 predicts both contain regions for binding SCW-
related MYBs; however, proFLA12 also contains regions that can
be targeted by other TFs, including DNA-binding with one fin-
ger (DOF) and TFs involved in the regulation of flowering
(Fig. 1m). The sub-cellular locations of FLAs/AGPs are proposed
to be important for their functions and had not been determined
for FLA11 or FLA12. FLA11 and FLA12 have similar predicted
protein domain organisations; however, subtle differences in their
sequences have been identified (Shafee et al., 2020). Immuno-
gold labelling was used to detect the HIS-tag on FLA11 and
FLA12 in ultrathin transverse sections taken from the base region
of stems of plants at growth stage 6.9, when IF cells are still
actively depositing SCWs (Smith et al., 2013). In HIS-YFP-
FLA11 lines, immuno-gold labelling was detected both at the
PM–wall (SCW) interface and in the SCWs of IF cells, with the
strongest signal observed in SCWs (Fig. 1o). Interestingly, in

HIS-YFP-FLA12 lines the strongest signal was observed at the
PM–SCW interface (Fig. 1p). The differences in expression pro-
files and sub-cellular protein location led us to compare the bio-
logical functions of FLA11 and FLA12 individually.

FLA11 can modulate stem properties for stiffer stems

It remains unclear if FLA11 and FLA12 play direct roles in
response to mechanical stress. To determine SCW changes asso-
ciated with additional compression stress, weight was applied to
WT stems at different stages of development (see Fig. S1 for pho-
tos illustrating the experimental set-up). We observed that appli-
cation of weight to young WT stems at growth stage 6.0 (Boyes
et al., 2001) can trigger the earlier initiation of SCW develop-
ment in IF cells and results in XVs with reduced diameters
(Fig. 2a–l). Application of weight to stage 6.1 WT plants
increased IF wall thickness (Fig. 2m–p) and caused an increase of
stem wall lignin content and reduction of cellulose (Fig. S1).
Weight application occasionally caused lodging and bending of
stems, causing tensile stress, and cell wall analyses showed no
changes in lignin content, and increased cellulose content (Fig. S1).
Application of weight to stage 6.3 WT plants did not show obvious
changes to either xylem or IF cellular structures, whereas phloem fi-
bre (PhF) development was induced (Fig. 2q–t). Although plants
were kept upright during weight application, a slight curvature
was difficult to avoid, which may have triggered other responses
such as gravitropism. This led us to generate transgenic plants
and investigate stem development without additional weight
application.

FLA11 overexpression (WT proFLA11::HIS-YFP-FLA11)
and FLA12 overexpression (WT proFLA12::HIS-YFP-FLA12)
plants were used to investigate whether FLA11 and FLA12 play
roles during stem growth as the weight of the organ increases.
Compression stress responses in the WT indicate that if FLA11
and FLA12 are involved, plants overexpressing FLA11 or
FLA12 would be more sensitive to gravity and show SCW
changes, including earlier initiation of SCW development,
thicker IF walls, and changes in lignin and/or cellulose content
(Fig. 2). Quantitative polymerase chain reaction experiments
confirmed that FLA11 transcript levels in in young stems
(growth stage 6.0; Boyes et al., 2001) of OE-FLA11 were 15-
fold higher in plants with one transgene copy (1TC) and 65-
fold higher in plants with two transgene copies (2TC), relative
to WT levels (Fig. 3a). FLA12 transcript levels in stems of OE-
FLA12 plants with two transgene copies were shown to be
increased 8-fold (Fig. 3c).

A clear semi-dwarf/dwarf phenotype was observed in OE-
FLA11 mature plants from > 10 independent insertion lines
(Fig. 3b) compared to WT. No obvious differences from WT
were seen in OE-FLA12 lines (Fig. 3d). Reduction in stem length
in OE-FLA11 was correlated with increased expression of FLA11,
suggesting a dosage dependent effect (Fig. 3a,b). Quantification
of the kinematics of stem growth from stages 6.0 to 6.5 (Boyes
et al., 2001) showed that the shorter stem length of OE-FLA11
plants results from reduced elongation and slower growth rates
(Fig. 3e). Phenotyping analysis of overall growth showed the size
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(a)

(b)
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(i)

(j)
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(l)

(m)

(n) (o) (p)

Fig. 1 Comparison of FLA11 and FLA12 tissue and sub-cellular locations in Arabidopsis stems. (a–f) Yellow fluorescent protein (YFP) fluorescence signals in
wild-type (WT) proFLA11::HIS-YFP-FLA11 (a–c) and WT proFLA12::HIS-YFP-FLA12 (d–f) young stem transverse sections (5 cm below stem top of stage
6.3 plants); the strongest signal for YFP-FLA11 was observed in the xylem vessel (XV) cell walls, whereas the strongest signal for YFP-FLA12 was observed
in the interfascicular fibre (IF) cell walls. (g–l) Yellow fluorescent protein fluorescence signals in WT proFLA11::YFP-FLA11 (g–i) and WT proFLA12::YFP-
FLA12 (j–l) mature stem transverse sections (9 cm below stem top of stage 6.3 plants); both FLA11 and FLA12were highly expressed in xylem vessel (XV)
and interfascicular fibre (IF) cell walls. (m) Prediction of major transcription factors regulating FLA11 and FLA12 expression (see Supporting Information
Dataset S2). (n–p) Sub-cellular location of FLA11 and FLA12 in the base region of IF cells. Transmission-election microscopy (TEM) immunolabelling
detection of HIS tagged FLA11 and FLA12 in ultrathin, transverse sections at 1 cm from the stem base at stage 6.9 (Boyes et al., 2001) of IF cells fromWT
proFLA11::HIS-YFP-FLA11 (o) and WT proFLA12::HIS-YFP-FLA12 (p). FLA11 signals were found mostly in the SCWs of IF cell. HIS-FLA12 was found at
the interface between the plasma membrane (PM) and secondary cell wall (SCW) in OE-FLA12. Arrows indicate gold particles. No signals were found in
WT stems (n). Cyto, cytoplasm; ML, middle lamella; S1 and S2 are SCW layers. Bars: (a–l) 50 µm; (n–p) 500 nm.
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of other organs, including rosette leaf, flower, and silique, was
also reduced, whereas the number of secondary stems and
branches increased (Fig. S2; Table S2). Stem bending tests indi-
cated different stem mechanical properties in OE-FLA11 plants

compared to WT (Fig. 3f; Videos S1, S2). Three-point bending
tests of matured dry base stems showed that OE-FLA11 1TC
stems have lower flexural stiffness than WT plants and similar
flexural strength (Fig. 3g).

(a) (b)

(c)

(d) (e)

(f)

(g) (h)

(i)

(j) (k)

(l)

(m) (n)

(o) (p)

(q) (r)

(s) (t)

Fig. 2 Mechanical compression stress
influences stem secondary cell wall
development and composition. (a–l)
Development of stage 6.0 wild-type (WT)
Arabidopsis plant stems without (�) (a–f) or
with (+) (g–l) weight application. Stem
transverse sections stained with either
Toluidine blue (a–c, g–i) or phloroglucinol-
HCL (d–f, j–l) showed that weight treatment
can trigger the earlier thickening of
interfascicular fibre (IF) secondary walls
(arrows) and results in xylem vessels (XVs)
with reduced diameters (asterisks) compared
to WT plants without treatment. (m–p)
Application of weight to stage 6.1 WT plant
stems (o–p) results in thicker IF walls (arrows)
compared to nontreated plants (m–n). (q–t)
Application of weight to stage 6.3 WT plant
stems (s–t) induced development of
additional phloem fibres (PhF), as indicated
by circles, compared to WT plants without
treatment (q–r). Bar, 20 µm.
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Secondary cell wall development is altered in OE-FLA11

Transverse sections of young stems (stage 6.0) taken at a position
2 cm from the top of the stem showed earlier initiation of stem
SCW development in OE-FLA11 plants than WT plants
(Fig. 4). Phenolics, including polymeric lignin, present in SCWs
will autofluorescence upon exposure to UV light. In young WT
stems, little to no autofluorescence signal was detected in either
metaxylem or IF precursor cells (Fig. 4d). By contrast, strong aut-
ofluorescence signals were observed in OE-FLA11 2TC plants, in

both xylem and IF fibre tissues (Fig. 4h). As the OE-FLA11 con-
struct contained a YFP reporter, the tissue localisation of FLA11
was investigated. Yellow fluorescent protein signals were present
in XV and IF cells (Fig. 4g). The UV and YFP signals in OE-
FLA11 plants suggest SCW synthesis occurs prematurely com-
pared to WT plants, similar to compression stress studies of WT
plants, without any apparent changes to either XV or IF cell fate.
Early SCW development was also observed in other organs,
including primary roots and flower pistil vascular tissues in OE-
FLA11 plants, compared to WT plants (Fig. S3).

*

*

(a) (b) (c) (d)

(e) (f) (g)

Fig. 3 OE-FLA11 plants show stiffer stems. (a) Quantitative polymerase chain reaction (qPCR) analysis of FLA11 transcript levels in stems at growth stage
6.0 of Arabidopsis wild-type (WT) and OE-FLA11 transgenic plants shows increased expression in OE-FLA11 1TC (one transgene copy) and 2TC (two
transgene copies) plants. (b) Phenotypes of mature plants at growth stage 6.9 (Boyes et al., 2001) show reduced stem length and altered branching in OE-
FLA11 transgenic plants with either 1TC or 2TC compared to WT. (c) Quantitative polymerase chain reaction analysis of FLA12 transcript levels in stems at
growth stage 6.0 of WT and OE-FLA12 transgenic plants shows increased levels of FLA12 in OE-FLA12 2TC plants. (d) No obvious morphological
difference was observed between OE-FLA12 andWT plants. (e) Stem growth kinematic analysis shows slower growth rates in OE-FLA11 plants in a dose-
dependent manner. (f) Application of a 0.5 g steel ball to WT and OE-FLA11 mid stems, showing the different stiffness of stems in OE-FLA11 and WT
plants, as visualised by a lower degree of bending (red triangle) (see also Supporting Information Videos S1, S2). (g) OE-FLA11 1TC plant matured dry base
stems show lower flexural stiffness than WT plants and similar flexural strength. Bar, 10 cm. Data shown are average values� SD (n ≥ 3 plants from three
independent transformed lines). Asterisks indicate a significant difference compared to WT plants according to Student’s t-test (*, P < 0.05).
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Given the severity of the OE-FLA11 2TC phenotypes we
chose to further investigate SCW structure and composition in
OE-FLA11 1TC lines that had a milder phenotype and a longer
stem length, enabling a more direct comparison between mutant
and WT at developmentally equivalent growth stages. Histologi-
cal analyses of transverse sections of the stem (growth stages 6.1
and 6.9) were investigated for cellular differences. Fresh stem sec-
tions of WT and OE-FLA11 1TC plants were stained with Tolu-
idine blue O, which stains cells with lignified SCWs, such as XVs
and IFs, blue and nonlignified PCWs pink/purple. Stage 6.1 base
stems of OE-FLA11 1TC have thicker IF walls than WT
(Fig. S4). Stage 6.9 base stems of OE-FLA11 1TC have more IF
cell layers than WT and IF cambial cells are still dividing (com-
pare Figs 5c and 5f; Table S3). An absence of SCWs in the
phloem fibre cells was also observed in OE-FLA11 1TC stems
compared to WT, suggesting that XV and IF walls provide sub-
stantial mechanical support to the plant without the need to
develop phloem fibres (compare Figs 5b and 5e). Transverse stem
sections imaged by TEM confirmed the increased IF wall thick-
ness (Fig. 5g–j) of 40% in OE-FLA11 compared to WT
(Fig. 5k). Interfascicular fibre walls in WT show the expected
three layers, S1, S2 and S3, in their SCWs (Fig. 5h), whereas OE-
FLA11 1TC base stem IF walls displayed multiple inner layers
leading to the highly thickened walls, which is likely to assist
stems in maintaining integrity during compression stress (Fig. 5j).

Interfascicular fibre length was found to be reduced in OE-
FLA11 1TC stems compared to WT at growth stage 6.9 (Fig. 5l).

To investigate potential wall composition differences, mea-
surement of crystalline cellulose and lignin content was under-
taken. Increased lignin content (c. 37% (w/w)) and, interestingly,
an 18% decrease in crystalline cellulose content was found in
OE-FLA11 1TC stems, relative to WT (Fig. 6g), similar to
changes observed in response to compression stress (Fig. S1).
Linkage analysis of AIR showed no significant changes in either
the relative monosaccharide or polysaccharide composition of
stem cell walls (Fig. S5; Table S4), although a trend towards
reduced cellulose was detected. Transverse sections at the base of
stage 6.9 fresh stems were stained with phloroglucinol-HCL,
which stains lignin a fuchsia colour (Mitra & Loque, 2014). A
darker red colour was seen in IF walls of OE-FLA11 1TC stems
than in IF cells in the WT, suggesting increased lignin content in
these SCWs (Fig. 6a–f). No obvious differences in
phloroglucinol-HCL staining in XV walls of OE-FLA11 and
WT was observed. As lignin composition is an important factor
that affects SCW stiffness, M€aule staining, which stains S lignin
units red, was used to investigate lignin composition (Mitra &
Loque, 2014). A bright red colour is seen in IFs from WT plants
using M€aule stain, indicating higher S lignin content compared
to the brownish colour observed in XVs that contains more G
units (compare Figs 6i and 6j). M€aule staining of OE-FLA11

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 4 OE-FLA11 plants show earlier initiation of secondary cell walls (SCWs). Transverse sections taken at 2 cm from the top (red arrow) of stage 6.0
(Boyes et al., 2001) Arabidopsis wild-type (WT) (a–d) and OE-FLA11 2TC (two transgene copies) (e–h) stems visualised using bright field (b, f), yellow
fluorescent protein (YFP) excitation (c, g), and ultraviolet (UV) light excitation (d, h). OE-FLA11 2TC plants showed YFP signals, which indicated YFP-
FLA11 proteins in xylem (Xy) and interfascicular fibre (IF) cells. OE-FLA11 2TC plant stems showed UV autofluorescence in Xy and IF cells, indicating the
presence of phenolics (likely lignin) in SCWs. Pi, pith. Bars: (a, e) 2 cm; (b–d, f–h) 100 µm.
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1TC shows SCWs with brown colouration in both XVs and IFs,
indicating a lower S : G lignin ratio in OE-FLA11 1TC walls
than WT (compare Figs 6m and 6j). M€aule staining of stage 9.7
stems also showed a lower S : G lignin ratio in OE-FLA11 1TC
walls than WT (Fig. S6) and thioacidolysis of base stems (lower
one third of total stem) at stage 9.7 showed a significant decrease
in S : G ratio in OE-FLA11 1TC walls compared to WT walls
(Fig. 6n). These data indicate that FLA11 regulates both SCW
wall lignin content and composition in stems.

In summary, our results show that the introduction of
proFLA11::His-YFP-FLA11 into WT plants caused an increase
in FLA11 expression, which triggered the early development of
fibre and xylem SCWs in stems, primary roots, and flowers. The
OE-FLA11 plant stems are stiffer, with thicker IF walls and
increased lignin and a lower S : G ratio.

FLA11 and FLA12 regulate stem secondary cell wall
properties in response to mechanical stress

OE-FLA11 plants appear to phenocopy WT plants under com-
pression stress, whereas OE-FLA12 plants showed no clear phe-
notypes. We further investigated the effects of compression stress

on stem development and SCW composition of OE-FLA11,
OE-FLA12, fla11 and fla12 mutant plants compared to WT
plants. Compression stress to WT plants caused a c. 22% increase
in lignin and a c. 25% decrease in crystalline cellulose content in
stems, compared to nonstressed plants (Table 1; Fig. S2). Weight
application did not result in changes in wall composition of OE-
FLA11 stems (Table 1). This suggests OE-FLA11 is insensitive to
the additional compression stress, and this is likely due to OE-
FLA11 stems already having stiffer stems with increased lignin
and decreased cellulose content. Application of compression
stress to fla11 mutant stems caused a moderate increase in lignin
content (c. 9%) and a c. 22% decrease in cellulose content
(Table 1), suggesting the mutant is less sensitive to compression
stress.

We further investigated lignin and cellulose changes in OE-
FLA12 and fla12 mutant plant stems in response to compression
stress. Additional weight applied to OE-FLA12 stems led to a c.
14% decrease in cellulose content with no change in lignin con-
tent (Table 1). Interestingly, the cellulose content of OE-FLA12
without compression stress was significantly increased compared
to WT (Table 1; Fig. S1). A decrease in lignin content with no
obvious changes in cellulose content was observed in fla12

(a) (b) (c)

(d) (e) (f)

(g) (h) (i) (j)

(k)

(l)

Fig. 5 FLA11 regulates stem fibre development. Toluidine blue O-stained transverse sections, taken 1 cm from the base of stems of Arabidopsis wild-type
(WT) (a–c) and OE-FLA11 1TC (one transgene copy) (d–f) plants at growth stage 6.9 (Boyes et al., 2001), show increased stem diameter in OE-FLA11 1TC
compared to WT. Images of vascular tissues showed that phloem fibre (PhF) cells had secondary cell walls (SCWs) in WT stems (b) but not OE-FLA11 1TC
stems (e). Higher-magnification images of interfascicular fibre (IF) tissues showed more layers of IF from secondary growth (sIF) and the existence of IF
cambial (IFC) cells in OE-FLA11 1TC stems (f) compared to WT (c). (g–j) Transverse stem sections imaged by transmission-electron microscopy (TEM)
showed increased thickness of SCWs in IF of OE-FLA11 1TC base stems (i, j) compared to WT (g, h). SCWs in IF of WT (h) have three discernible layers,
S1, S2, and S3, whereas OE-FLA11 1TC IFs showed multiple internal layers (ILs) (j). (k) IF wall thickness, quantified from stage 6.9 base stems. (l) IF length,
quantified from base stems at growth stage 6.9. Data shown are average values � SD (n = 2 plants from two independent transformed lines). Asterisks
indicate a significant difference compared to WT plants according to Student’s t-test (*, P < 0.05). Co, cortex; Ep, epidermis; Ph, phloem; Xy, xylem. Bars:
(a, d) 100 µm; (b, c, e, f) 20 µm; (g, i) 5 µm; (h, j) 1 µm.
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mutant stems under compression stress (Table 1). Together, the
analysis of cellulose and lignin content in OE-FLA12 and fla12
mutant stems suggests that FLA12 has a role in regulating either
cellulose synthesis or deposition. Analyses of OE-FLA12 and
fla12 mutant plants under compression stress did not support a
role of FLA12 in regulating lignin synthesis under compression
stress.

FLA11 regulation of secondary cell walls is reliant upon
classical transcriptional networks

Our data support a role for FLA11 in regulating SCW develop-
ment in response to compression stress. To investigate genes and
pathways regulated by FLA11, RNA was extracted from the top
2 cm of stems (stage 6.0) from WT and OE-FLA11 2TC plants.

OE-FLA11 2TC plants were used, as their stronger phenotypes
compared to 1TC plants would assist in identifying the maxi-
mum differences from WT. Young stem tissue was chosen to
minimise pleiotropic effects as 2TC plants did not appear to be
under stress during these young stages and had more similar stem
length to WT. RNA-seq analysis showed over 1000 up-regulated
DEGs and c. 500 down-regulated DEGs in OE-FLA11 2TC
compared to WT (Dataset S2; Table S5). The biological path-
ways with the highest fold change in up-regulated DEGs were
glucuronoxylan biosynthesis, plant-type SCW biogenesis, regula-
tion of SCW biogenesis, lignin biosynthesis, and systemic
acquired resistance (Fig. 7a). The majority of SCW regulation
master TFs (including VNDs/NSTs and MYBs), cellulose, xylan,
and lignin synthesis genes were significantly up-regulated in OE-
FLA11 compared to WT (Table S6). The biological pathways

(a) (b)

(c)

(d) (e)

(f)

(g)

(h) (i)

(j)

(k) (l)

(m)

(n)

Fig. 6 OE-FLA11 stems show lower crystalline cellulose but higher lignin content with a lower lignin S : G ratio. (a–f) Phloroglucinol-HCL staining of
transverse sections at 1 cm from the Arabidopsis wild-type (WT) and OE-FLA11 1TC (one transgene copy) stem base of stage 6.9 plants showed lignin in
xylem vessel (XV) and interfascicular fibre (IF) cell walls. (g) Measurement of crystalline cellulose and lignin content in base stems (lower third of total stem)
of WT and OE-FLA11 1TC shows increased lignin content in stems at growth stage 6.9, whereas crystalline cellulose decreased. Data shown are average
values � SD (n = 3 plants from three independent transformed lines). Asterisks indicate a significant difference according to Student’s t-test (*, P < 0.05).
(h–m) M€aule staining of stems fromWT (h–j) and OE-FLA11 1TC (k–m) plants showed higher S-lignin units (red colour) in WT IF secondary cell walls (j)
compared to OE-FLA11 1TC (m). (n) Thioacidolysis of lignin monomer content in base stems (lower third length of total stem) of WT and OE-FLA11 1TC
plants shows a decreased S : G lignin ratio in stems at stage 9.7 (Boyes et al., 2001) (n = 3 plants from three independent transformed lines). Asterisks
indicate a significant difference according to Student’s t-test (*, P < 0.05). ML, middle lamella; PW, primary wall. Bars: (a, d, h, k) 50 µm; (b, c, e, f, i, j, l, m)
10 µm.
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with the highest fold change in down-regulated DEGs were
DNA replication checkpoint, DNA replication initiation, stom-
atal complex development, ribosomal large subunit biogenesis,
and ribosomal small subunit biogenesis (Fig. S7). Co-expression
network analysis of the top 500 up-regulated DEGs showed two
major clusters of genes: SCW synthesis and stress response
(Fig. 7d), and this finding is consistent with the analysis of sub-
cellular component distribution (Fig. 7b) and predicted KEGG
pathways (Fig. 7c).

Quantitative polymerase chain reaction analysis was used to
confirm gene expression changes predicted by RNA-seq. The
expression of cellulose synthases (CESAs) and enzymes involved
in the biosynthesis of xylan and monolignols were investigated
(Brown et al., 2005, 2007; Persson et al., 2005; Barros et al.,
2015). Transcript levels of the primary wall CESA1, CESA3 and
CESA6 genes were either increased up to 2-fold or unaltered,
whereas the SCW CESA4 and CESA7 genes were up-regulated
21-fold and CESA8 was up-regulated 7-fold in OE-FLA11 2TC
plants compared to WT (Fig. 7e). Transcript levels of xylan back-
bone synthesis genes IRX9, IRX10, and IRX14, and genes encod-
ing enzymes for monolignol synthesis, were also significantly
increased in OE-FLA11 2TC plants (Fig. 7e,f). Compared with
the 5–8 times higher expression levels of monolignol biosynthesis
genes PAL1, PAL2, C4H, and 4CL1, which catalyse phenylala-
nine metabolism to p-coumaroyl CoA – a shared pathway for the
synthesis of all lignin units – the relative expression level of F5H1
that is necessary for S-lignin unit synthesis was lower: only c. 1.5
times higher than WT levels (Fig. 7f). This expression pattern is
consistent with the reduced S : G lignin ratio in OE-FLA11
plants (Fig. 6).

RNA-seq and qPCR results support a role for FLA11 in regu-
lating SCW development, possibly through the modulation of
transcription regulatory networks, either at transcriptional or
post-transcriptional levels. To investigate whether FLA11 regula-
tion pathways relied on the SCW NAC-MYB transcription regu-
latory networks, OE-FLA11 2TC was crossed with a nst1 nst3
double mutant to generate OE-FLA11 2TC nst1 nst3 plants.
NST1 and NST3 are first-tier TFs that regulate IF SCW initia-
tion and development, and mutants show lodging stem pheno-
types with no SCWs in stem IF cells (Zhong et al., 2006;
Mitsuda et al., 2007). It should be noted that NST1 and NST3
do not regulate SCW development in xylem vessels, and these
SCWs can still be observed in nst1 nst3 mutants (Fig. 8e). Quan-
titative polymerase chain reaction analysis of mature plant stems
confirmed the decrease in transcript levels of NST1 and NST3 in
both the nst1 nst3 double mutant and OE-FLA11 2TC nst1 nst3

plants compared to WT (Fig. 8a). Investigation of FLA11 tran-
scripts showed increased levels in OE-FLA11 2TC (as expected)
and decreased levels in nst1 nst3 plant stems compared to WT
(Fig. 8a). The 2-fold increase of FLA11 expression levels in OE-
FLA11 stems compared to WT is lower than the 15–60-fold
increase in stage 6.0 plant stems (Fig. 3a), likely a consequence of
little SCW development occurring in mature stems. FLA11 tran-
script levels in OE-FLA11 2TC nst1 nst3 plants were c. 40% of
those in WT plants, which could be due to increased levels in
xylem vessels (Fig. 8a). As previously reported (Mitsuda et al.,
2007), the nst1 nst3 double mutant displays a lodging stem phe-
notype and stem fibre cells lack SCWs, both in the xylem fibres
and IF tissues. OE-FLA11 2TC nst1 nst3 plants exhibited the
reduced stem length phenotype observed for the OE-FLA11
2TC plants; however, the stem also showed a lodging phenotype
similar to the nst1 nst3 double mutant (Fig. 8b). Transverse sec-
tions of the base of the stem showed that OE-FLA11 2TC nst1
nst3 plant stems did not have SCWs in their xylem fibres or IF
cells, similar to the nst1 nst3 double mutant (Fig. 8c–j), and this
is proposed to lead to the lodging phenotype (Mitsuda et al.,
2007). This result indicates that OE-FLA11 regulation of IF
walls and stem stiffness phenotypes are largely reliant upon NST1
and NST3 regulated IF SCW development. OE-FLA11 regula-
tion of stem length appears to be independent of NST1 and
NST3, and is likely a result of xylem vessel SCW pathways.

Discussion

Initiation of SCW development is regulated by complex tran-
scriptional networks to optimise mechanical integrity during
plant growth and development. How XV and IF cells precisely
control their timing of SCW initiation and termination during
development and in response to stress remains unclear. A number
of studies have identified regulators of the SCW TF network that
link changes in SCWs to environmental signals. For example,
blue light signals have been found to regulate SCW development
via regulation of NST1 activation (Zhang et al., 2018). The
abscisic acid (ABA) signalling pathway has been shown to regulate
SCW development via regulation of NST1 phosphorylation (Liu
et al., 2021). These research studies supports a model in which
SCW development is regulated by integrating both developmen-
tal and environmental signals as well as pathways sensing mechan-
ical stimuli at the cell surface (Fig. 9). Our data support the role
of FLA11 and FLA12 in fine-tuning both the initiation of SCW
development and synthesis of SCW component polymers in
response to mechanical stress. FLA11 and FLA12 potentially act

Table 1 Measurement of lignin and cellulose content in Arabidopsis wild-type (WT), OE-FLA11, fla11, OE-FLA12 and fla12 plant stems, with or without
weight application.1

Content (%) WT WT+ OE-FLA11 OE-FLA11+ fla11 fla11+ OE-FLA12 OE-FLA12+ fla12 fla12+

Lignin 15.6� 1.6 19.0� 3.8 21.1� 2.5 21.5� 4.1 16.7� 1.7 18.2� 1.0 17.7� 0.8 18.4� 2.5 20.9� 1.4 17.3� 1.0
Cellulose 47.8� 1.4 35.7� 1.7 40.9� 3.6 41.1� 4.6 41.0� 9.5 31.8� 5.2 53.6� 0.3 45.9� 4.5 44.9� 7.2 46.6� 5.7

1Weight application of 6 g. ‘+’ indicates plants with weight application. Data shown are average values � SD. N ≥ 3. Bold text indicates significant
difference compared to plants with no weight applied, according to Student’s t-test (P < 0.05).
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(a)
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(c)

(d)

(e)

(f)

Fig. 7 RNA-seq and quantitative polymerase chain reaction (qPCR) analysis of differentially expressed genes (DEGs) in OE-FLA11 2TC (two transgene
copies) young stems compared to wild-type (WT) plants. The top 2 cm of stems of stage 6.0 (Boyes et al., 2001) Arabidopsis WT and OE-FLA11 2TC
plants were used for RNA-seq and qPCR analysis. (a–c) Analysis of DEGs between OE-FLA11 2TC andWT shows that a number of gene ontology (GO)
biological processes (a), GO sub-cellular components (b) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (c) are enriched in OE-FLA11
2TC compared to WT. (d) Co-expression network analysis of up-regulated DEGs in OE-FLA11 2TC young stems compared to WT. The top 500 ranked up-
regulated DEGs in OE-FLA11 2TC stems (see Dataset S2) were used for co-expression analysis using the online tool STRING. Four major gene clusters were
manually selected based on GO biological processes, including genes involved in secondary cell wall (SCW) synthesis and regulation (yellow), lignin
metabolic and phenylpropanoid metabolism (green), response to chitin and bacterium (red) and immune response (blue) and were further clustered as
‘SCW development’ and ‘Stress response’ based on their common biological functions. (e) Quantitative polymerase chain reaction analysis showed that
relative expression levels of primary wall cellulose synthases CESA1, CESA3, and CESA6 are less changed/unchanged in young stems of OE-FLA11 2TC
compared to WT, whereas the expression levels of SCW cellulose synthase genes CESA4, CESA7 and CESA8, and xylan synthesis genes IRX9, IRX10 and
IRX14 are increased. (f) Relative expression levels of genes involved in lignin biosynthesis are increased in OE-FLA11 2TC stems compared to WT. Data
shown are average values � SD (n = 3 biological replicates from three independent transformed lines). Asterisks indicate a significant difference according
to Student’s t-test (*, P < 0.05).
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as cell surface sensors; however, we cannot exclude the possibility
that FLA11 and FLA12 may be working directly as ligands to
activate receptors or as transducers to regulate ligand–receptor
interactions. FAS1-domain containing proteins in mammals can
act through different mechanisms depending on the context. For
example, the FAS1 containing protein periostin can interact with
extracellular matrix proteins and regulate collagen cross-linking
during fibrillogenesis (Kudo & Kii, 2018), whereas during aller-
gic itch reactions, periostin directly interacts with integrin recep-
tors to mediate cell adhesion (Mishra et al., 2020). More direct
biochemical evidence would be needed to determine what specific

roles FLA11 and FLA12 are playing and how these may differ
depending on the tissue/developmental context.

Overexpressing FLA11 driven by its native promoter indicated
that FLA11 is likely to function during SCW development to
modulate expression/activity of TFs and enzymes involved in
SCW biosynthesis to maintain stem integrity during growth as
compression forces increase. The SCW TFs can also regulate
FLA11 expression (Li et al., 2016), likely forming a feedback loop
for the regulation of SCW development in response to mechani-
cal stress. Based on the results in this study, we propose that
FLA11 regulation of IF SCWs is dependent on the NST1 and

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

Fig. 8 FLA11 regulation of stem fibre development is reliant upon NST1 and NST3. (a) Quantitative polymerase chain reaction (qPCR) analysis of FLA11,
NST1, and NST3 transcript levels in stems of Arabidopsis wild-type (WT), nst1 nst3,OE-FLA11 2TC (two transgene copies) and OE-FLA11 2TC nst1 nst3

plants at growth stage 6.9 (Boyes et al., 2001). Expression levels are relative to ACT2. Data shown are average values � SD (n = 2 biological replicates from
two independent crossed lines). (b) Morphological phenotypes of WT, nst1 nst3,OE-FLA11 2TC, and OE-FLA11 2TC nst1 nst3 plants at growth stage 6.9.
The nst1 nst3 plant shows a lodging phenotype compared to the WT. The OE-FLA11 2TC plant shows a reduced stem length phenotype compared to the
WT. The OE-FLA11 2TC nst1 nst3 plant shows both reduced stem length and lodging phenotypes compared to the WT. (c–j) Histological analyses of
transverse sections at 1 cm from the stem base of WT (c–d), nst1 nst3 (e–f), OE-FLA11 2TC and OE-FLA11 2TC nst1 nst3 (i–j) plants stained with
phloroglucinol-HCL. Neither nst1 nst3 nor OE-FLA11 2TC nst1 nst3 plant stems show lignified secondary cell walls (SCWs) in interfascicular fibre (IF) cells.
Xy, xylem. Bars: (b) 10 cm; (c–j) 50 µm.
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NST3 pathways. A reduced stem length phenotype was still
observed in OE-FLA11 2TC nst1 nst3 plants, and it would be
interesting to genetically test the relationship between FLA11
and VNDs in xylem vessels to determine if they act in the same
pathway; however, this remains challenging because plants lack-
ing xylem vessels are seedling lethal (McCarthy et al., 2009).
Distinct expression profiles and biological roles for FLA11 and
FLA12 were identified, with FLA11 regulating lignin composi-
tion and content and FLA12 regulating cellulose content, possi-
bly in response to tensile stress. This study is the first
confirmation of distinct roles and sub-cellular locations for
FLA11 and FLA12 and uncovers a previously unknown function
of FLAs in lignin regulation.

Fasciclin-Like Arabinogalactan-proteins have been widely
reported to show high levels of expression during tension wood
formation, in which internal G-layers are deposited that contain
low levels of lignin (Joseleau et al., 2004; Bygdell et al., 2017;

Wang et al., 2017). Here, we found that overexpressing FLA11
results in increased lignin content with altered composition,
showing reduced S lignin content, typical of compression wood
walls (Gardiner et al., 2014). Although OE-FLA11 plants had
shorter stem lengths, which would potentially reduce plant body
weight and the compression stress to stems, OE-FLA11 stems
had more SCWs than WT, indicating a greater response of OE-
FLA11 plants to compression stress. In addition, weight applica-
tion to OE-FLA11 stems did not lead to more lignin in stems,
suggesting that OE-FLA11 plants are ‘insensitive’ to additional
stress, likely because the plants are already acting as if under
mechanical stress and are ‘saturated’ by these stress signals. Crys-
talline cellulose and lignin are two of the three major components
of SCWs in most plant stem fibres. Crystalline cellulose makes a
major contribution to wall tensile strength and lignin can increase
wall rigidity and compressive strength (Doblin et al., 2010). The
relative content of both crystalline cellulose and lignin are tightly
regulated and coordinated (Gardiner et al., 2014). Variability in
cellulose and lignin composition can be influenced by stresses
(i.e. bending induced wall lignification in compression wood
cells) to ensure appropriate wall biomechanical properties for
plant growth and development (Groover, 2016). The correlation
of FLA11 expression levels with lignin content/composition as
well as transcriptional pathways associated with stress support a
model in which FLA11 acts as part of a SCW sensor cluster to
modulate wall properties and stem growth in response to com-
pression stress. The correlation of FLA12 with cellulose synthesis
suggests a role of FLA12 in regulating SCW development in
response to tensile stress. What remains unclear are the features
that functionally distinguish these two FLAs and the signalling
pathways leading to transcriptional and SCW synthesis changes.
Fasciclin-Like Arabinogalactan-proteins have been implicated in
signalling pathways due to their cell surface locations and possible
interactions with both cell wall (Tan et al., 2013) and receptor
like kinases (RLKs); for example, it has been suggested that FLA4
(SOS5) functions with two LRR-RLKs FEI1/FEI2 to regulate
root development under salt stress (Shi et al., 2003; Xu et al.,
2008; Harpaz-Saad et al., 2011; Xue et al., 2017). Fasciclin-Like
Arabinogalactan-proteins have been identified in complexes
(McBride et al., 2017), and identification of the interacting pro-
teins of FLA11/12 will help to improve our understanding of the
signalling pathways that regulate SCW development in response
to mechanical stimuli.

Both FLA11 and FLA12 sequences predict similar protein
domain organisations, with an N-terminal signal peptide, two
AG-glycan motifs flanking a single FAS1 domain, and a GPI-
anchor at the C-terminal (Johnson et al., 2003). However, the
protein sequence alignment showed < 50% similarity between
FLA11 and FLA12, and bioinformatic analysis showed
that FLA11 and FLA12 fall into different clades, indicating that
FLA11 and FLA12 may have both independent and overlapping
functions (Shafee et al., 2020). Comparison of FLA11 and
FLA12 YFP signals in stems showed that FLA11 accumulated to
slightly higher levels in xylem, whereas FLA12 accumulated to
slightly higher levels in IFs in young stems (Fig. 1). The subtle
differences between FLA11 and FLA12, in terms of both tissue

Fig. 9 Working model of FLA11 and FLA12 regulation of secondary cell
wall (SCW) development in response to mechanical stress. Initiation and
development of SCWs are regulated by plant developmental signals which
activate SCWmaster transcription factors (TFs). The SCWmaster TFs
(VNDs/NSTs) activate SCW synthesis (black arrows) including
polysaccharides, lignin (mostly G lignin and S lignin), and glycoproteins,
including FLA11 and FLA12. The timing of SCW development can be
regulated by mechanical compression and tension, which cause
deformation of the plasma membrane (PM)/cell wall and trigger
downstream signalling pathways. It is proposed that FLA11 and FLA12
function in cell wall integrity (CWI) sensing complexes that initiate
signalling in response to compression and tensile stress, respectively.
Activated FLA11 and FLA12 can modulate SCW TFs via unknown
mechanisms that possibly include post-translational modifications and
modify SCW synthesis, resulting in slightly different outcomes: FLA11
pathways mostly enhance lignin synthesis, especially G lignin synthesis,
whereas FLA12 mostly enhances cellulose synthesis. Dashed arrows
indicate unknown pathways, solid arrows indicate known pathways.
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locations and biological functions, support a model in which
plants modulate the biomechanical properties of their SCW in
different cells of the vasculature by regulating FLA11/FLA12
expression levels. The difference in sub-cellular locations between
FLA11 and FLA12 is potentially influenced by GPI-anchor fea-
tures/cleavage. How this might be regulated is yet to be deter-
mined and is an interesting avenue for future research, as GPI-
anchors have been shown to influence cell wall sensing via RLKs;
for example, the RLK FERONIA location and activity is regu-
lated by LORELEI and LORELEI-like GPI-anchored protein (Li
et al., 2015; Liu et al., 2016). It would also be interesting to
investigate FLA11 and FLA12 sub-cellular locations in other cell
types and at different developmental stages. Cells that have accu-
mulated more FLA11 at the cell surface, such as stem XVs, were
shown to initiate early SCW development and with a higher G
lignin content than cells that have accumulated more FLA12,
such as IFs. The changes observed in OE-FLA11 stem stiffness,
of growing and mature dried stems, open up possibilities for fur-
ther exploration of the exact nature of FLA11 expression level on
stem stiffness in actively growing stems and mature dried stems.
Understanding the mechanism(s) by which plants fine-tune both
the regulation of the initiation of development of SCW and
lignin and cellulose composition/content by manipulating FLAs
will be a fascinating area of future study and will improve our
ability to generate ‘designer’ wood for different applications.
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