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Formation of secondary walls is a complex process that requires the coordinated and developmentally regulated
expression of secondary wall biosynthetic genes. In Arabidopsis thaliana, a transcriptional network orchestrates the
biosynthesis and deposition of the main SCW components in xylem and fiber cells. It was recently reported that
interacting TALE homeodomain proteins BEL-LIKE HOMEODOMAIN6 (BLH6) and KNOTTED ARABIDOPSIS THALIANA7
(KNAT7) negatively regulate secondary cell wall formation in the interfascicular fibers of Arabidopsis inflorescence
stems. Members of the Arabidopsis OVATE FAMILY PROTEIN (OFP) family of transcriptional regulators have been shown
to physically interact in yeast with various KNAT and BLH proteins, forming a proposed TALE-OFP protein interaction
network. This study presents molecular and genetic data indicating that OFP1 and OFP4, previously reported to interact
with TALE homeodomain proteins, enhance the repression activity of BLH6, supporting a role for these OFPs as
components of a putative multi-protein transcription regulatory complex containing BLH6 and KNAT7.

At certain stages of plant development, the synthesis of sec-
ondary cell walls is the major metabolic activity, for example,
during inflorescence stem development in the model plant Arabi-
dopsis thaliana (Arabidopsis)1 and wood formation in trees.2 Sec-
ondary cell walls are major carbon sinks in developing plants,
and secondary cell wall formation is precisely controlled by a
complex network of transcription factors that function in special-
ized cells in stems, roots, anthers, and siliques.3-9 Members of
this transcriptional network, comprising a set of transcription
factors with strong feed-forward character, have been identified
by molecular and genetic analyses in various model plant species
(Arabidopsis, Oryza, Populus),8,10-14 as well as in Zinnia and Ara-
bidopsis cell trans-differentiation systems.15-17 The currently
understood SCW transcriptional network is composed of several
families of transcription factors (TFs) including NAC domain,
MYB, zinc-finger proteins and homeodomain proteins. A large-
scale yeast one-hybrid study has identified putative target genes
of many of these TFs, enhancing our understanding of the regu-
latory network.18 The TALE homeodomain protein KNOTTED
ARABIDOPIS THALIANA7 (KNAT7) is a negative regulator of
secondary cell wall biosynthesis in Arabidopsis interfascicular
fibers (IF).19 We recently showed that KNAT7 interacts with the
TALE homeodomain protein BELL-LIKE HOMEODO-
MAIN6 (BLH6) and that the KNAT7-BLH6 complex operates
as a repression module in IF secondary cell wall formation.20

knat7 and blh6 mutants also show a display irregular xylem (irx)
phenotypes of collapsed xylem vessel cells,19,20 suggesting poten-
tially different regulatory roles in secondary cell wall formation
in these cells.20

Arabidopsis OVATE FAMILY PROTEINS (OFPs) are a fam-
ily of 18 transcriptional regulators characterized by a conserved
70-aa OVATE domain but lacking recognizable DNA binding
domains.21,22 Most OPFs are transcriptional repressors, and sev-
eral Arabidopsis OFPs were shown to interact with TALE home-
odomain proteins in a yeast 2-hybrid screen, suggesting a TALE
homeodomain-OPF interaction network.22 The interactions
between KNAT7 and OFP4 and OFP1 have been further charac-
terized in vivo and in vitro,23 and the interaction of either OFP1
or OFP4 with KNAT7 was demonstrated to enhance KNAT7s
repression activity.23 The ofp4 mutant and ofp1ofp4 double
mutant display irx phenotypes similar to those found in knat7
and blh6, and the OFP4 overexpression phenotype is suppressed
in a knat7 mutant background, suggesting that a KNAT7-OFP4
complex is required both for aspects of secondary wall formation
and for other developmental processes. Recently, we demon-
strated a physical interaction between BLH6 and KNAT7 in vivo
and in vitro.20 BLH6 also functions as a transcriptional repressor.
When transiently expressed together, interaction of BLH6 with
KNAT7 enhanced the repression activity of BLH6 or KNAT7
expressed alone.20 Furthermore, KNAT7 and BLH6 appear to
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work together to repress IF secondary cell wall deposition at least
partially by repressing REVOLUTA expression.20 However, the
potential roles played by OFP1 and OFP4 in the KNAT7-BLH6
repression complex has not been investigated.

Initial data from 3-hybrid experiments confirmed potential
protein-protein interactions between OFP1 and BLH6,
between OFP4 and BLH6, and between OFP1, BLH6 and
KNAT7 (data not shown). To examine the functional out-
comes of BLH6-OFP interactions in planta, we generated blh6
ofp1, blh6 ofp4 and blh6 ofp1 ofp4 plants by crossing an ofp1,

ofp4 or ofp1 ofp4 mutants with blh6. Double mutants and tri-
ple mutants identified in the F2 populations had no obvious
morphological differences compared with wild type. Anatomy
at the bases of inflorescence stems taken from 6-week-old
plants was analyzed by staining with toluidine blue (Fig. 1). A
mild irx phenotype was observed in sections from the bases of
inflorescence stems of ofp4 and ofp1ofp4 mutants (Fig. 1C and
D), while ofp1 appeared similar to wild type (Fig. 1B) as pre-
viously described.23 No differences in fiber cell wall thickness
were observed in ofp1, ofp4 and ofp1ofp4 mutants (Table 1).

Figure 1. Inflorescence stem secondary cell wall phenotypes of blh6 ofp1, blh6 ofp4 and blh6 ofp1ofp4.Stem cross sections were taken from 3 cm from
the bases of the inflorescence stems of 6-week-old plants, stained with toluidine blue and examined for alterations in anatomy and secondary wall thick-
ness. (A–D) Representative cross-sections from a wild type (WT, A) control, ofp1 (B), ofp4 (C) and ofp1ofp4 (D) stem showing vascular bundles and inter-
fascicular fibers. (E-H) Representative cross-section from a blh6 (E), blh6 ofp1 (F), blh6 ofp4 (G) and blh6 ofp1 ofp4 (H) stem showing vascular bundles and
interfascicular fibers with thicker secondary cell walls relative to wild type. Bars, 50 mm. Arrows indicate the irx vessels.
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Sections from the bases of blh6 inflorescence stems showed a
collapsed vessel (irx) phenotype and thicker IF secondary cell
walls as previously described (Fig. 1E). In addition, the mild
irx phenotypes observed in the vessels and thicker IF secondary
cell wall phenotypes of blh6 ofp1 and blh6 ofp4 mutants were
similar to the single blh6 mutant phenotype (Fig. 1F and 2;
Table 1). However, the blh6 ofp1ofp4 mutant had an
enhanced irx phenotype relative to blh6, and similar IF sec-
ondary cell wall thickness to blh6 (Fig. 1H and 2; Table 1).

Previous studies showed that OFP1 and OFP4 function as
transcriptional repressors in protoplast transfection assays.21-24

To test if the interaction between BLH6 and OFP1 or OFP4
affects BLH6 transcriptional activity similarly to their enhance-
ment of KNAT7 repression activity,23 we employed a protoplast
transfection system24 (Fig. 3). We used one set of trans-activating
effector plasmids containing GD fusions to BLH6 (GD-BLH6),
a second trans-activating effector plasmid containing a Pro35S:
LexA DB (LD) fused to VP16 (LD-VP16), and a third effector
with OFP1, OFP4 or KNAT7 under the control of the CaMV
35S promoter with an N-terminal hemagglutinin (HA) tag
(Pro35S:HA-OFP1; Pro35S:HA-OFP4; Pro35S:HA-KNAT7;
Fig. 3A). Reporter plasmids contained LexA-Gal4:GUS, in which
LexA and GAL4 DB binding sites were placed upstream of the
GUS gene. These experiments were carried out in protoplasts
derived from knat7 mutant leaf mesophyll cells, to avoid compli-
cations arising from the potential presence of endogenous
KNAT7.

Figure 3B and C show that co-transfection of HA-KNAT7
with GD-BLH6 reduced LexA-Gal4:GUS reporter gene activity
relative to GD-BLH6 alone, as previously demonstrated.20 HA-
OFP1 or HA-OFP4 co-transfected with GD-BHL6 and LexA-
VP16 repressed LexA-Gal4:GUS reporter gene activity relative to
GD-BLH6 repression activity alone. Figure 3B also indicates
that co-transfection of both HA-OFP1 and HA-KNAT7 with
GD-BHL6 further enhanced BHL6 repression activity; i.e. it
reduced LexA-Gal4:GUS reporter gene activity relative to trans-
fection of GD-BLH6 and HA-KNAT7 or GD-BLH6 and HA-
OFP1 alone. However, in contrast, the combination of
HA-OFP4, HA-KNAT7 and GD-BLH6 had no additive effect
in reducing reporter gene expression relative to co-transfection of

GD-BLH6 and HA-KNAT7 or GD-BLH6 and HA-OFP4
(Fig. 3C). This result was consistent between 3 independent pro-
toplast transfection assays, supporting a model in which OFP1,
BLH6 and KNAT7 can form a transcriptional complex that
functions to repress VP16 transcriptional activity. However,
OFP4 appears to function differently in its interaction with
BLH6 and KNAT7.

The inability of HA-OPF4 to enhance the repression activity
of the interacting GD-BLH6 and HA-KNAT7 proteins suggests
that a functional OFP4-BLH6-KNAT7 complex may not form
upon co-transfection. This is consistent with our data from yeast
3-hybrid assays (data not shown) indicating that KNAT7 seems
to interfere with the interaction between BLH6 and OFP4, since
BLH6 interacts with OFP4 only in the absence of KNAT7
according to these assays. This is consistent with the observation

Table 1 Interfascicular fiber cell wall thickness in wild-type and mutant
plants

Genotype Cell wall thickness1

Wild-type 1.69 § 0.44
blh6 2.72 § 0.322

ofp1 1.54 § 0.36
ofp4 1.79 § 0.37
blh6 ofp1 2.87 § 0.562

blh6 ofp4 2.93 § 0.412

blh6 ofp1 ofp4 2.91 § 0.452

1Mean cell wall thickness in mm § SD; n D 50 cells.
2Significantly different from wild type, P < 0.01.

Figure 2. Quantification of the irx phenotype in vascular bundles of the
basal internode of 6-week-old stems of wild-type and mutant plants. (A)
The irx phenotype was quantified by calculating the number of vascular
bundles with vessels showing an irx phenotype per total number of vas-
cular bundles examined. (B) The irx phenotype was quantified by calcu-
lating the number of vessels showing an irx phenotype per vascular
bundle exhibiting an irx phenotype. n D 24 vascular bundles examine
per genotype. Asterisks indicate significant differences from blh6 based
on Student’s t-tests.
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that OFP4, like BLH6, interacts with the KNAT7 Meinox
domain20,23 while OFP1 does not.23 This suggests that OFP4
and BLH6 may compete for a common KNAT7 interaction
domain, preventing formation of an OFP4-BLH6-KNAT7 com-
plex. In contrast, since KNAT7 interaction domains for OFP1
and BLH6 are different,20,23 an OFP4-BLH6-KNAT7 complex
capable of enhanced transcriptional repression (Fig. 3B) may
efficiently form.

OFP4–KNAT7 and KNAT7-BLH6 complexes have been
shown to influence secondary wall formation in Arabidopsis.20,23

Several lines of evidence from this study suggest a connection
between OFP proteins and the BLH6-KNAT7 transcription
repression complex that regulates secondary wall formation.20 A
protoplast transfection system used to determine the effects of
the interaction of KNAT7, OFPs and KNAT7 C OFPs with
BLH6 on BLH6 transcriptional activity (Fig. 3) demonstrated

Figure 3. Test of the transcriptional activities of different BLH6-KNAT7-OFP complexes. (A) Effectors and reporter constructs used in the transfection
assays. (B) GUS activity in protoplasts derived from Arabidopsis rosette leaves of knat7 loss-of-function mutant plants co-transfected with an LD-VP16
transactivator plasmid and different combinations of effector plasmids (HA-KNAT7, HA-CAT,HA-OFP1 and GD-BLH6) together with the reporter plasmid
LexA-GAL4:GUS. Error bars represent the standard deviations, n D 3 transfections from one representative biological replicate. (C) GUS activity in proto-
plasts derived from Arabidopsis rosette leaves of knat7 loss-of-function mutant plants co-transfected with an LD-VP16 transactivator plasmid and differ-
ent combinations of effector plasmids (HA-KNAT7, HA-CT,HA-OFP4 and GD-BLH6) together with the reporter plasmid LexA-GAL4:GUS. Error bars
represent the standard deviations, n D 3 transfections from one representative biological replicate. 10 mg of an HA-CAT (chloramphenicol acetyltransfer-
ase) plasmid was used in place of the HA-KNAT7, HA-OFP1 or HA-OFP4 effector to keep the amount of effector plasmid DNA introduced into protoplasts
constant. Asterisks indicate significant differences from GD-BLH6 based on Student’s t-tests. Significantly different from GD-BLH6, P < 0.05.
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that KNAT7 and OFP1 work together in a complex with BLH6
to further enhance BLH6 transcriptional repression, reducing the
levels of VP16-activated reporter gene expression observed in the
presence of GD-BLH6 alone. These data suggest that BLH6 and
BLH6-KNAT7 transcriptional repression is enhanced by forma-
tion of a larger complex containing OFP1. However, compari-
sons of the inflorescence stem phenotypes of blh6, ofp1 and ofp4
single mutants relative to wild type revealed that thicker IF sec-
ondary cell walls are only found in blh6 and that the IF secondary
cell wall phenotypes are similar among blh6 ofp1, blh6 ofp4 and
blh6 ofp1 ofp4 mutants. This may indicate that OFP1 and OFP4
have redundant functions with each other and/or with other
OFPs that mask loss-of-function phenotypes, or that neither
OFP1 nor OFP4 plays a strong role in IF secondary wall
formation.

On the other hand, the blh6 ofp4 double mutant displays mild
irx phenotypes similar to that of the blh6 and ofp4 single
mutants, supporting the hypothesis that BLH6 and OFP4 work
as a complex involved in control of cell wall deposition in xylary
vessels, in which case the loss of function of either one would
lead to a defective complex. Interestingly, the blh6 ofp1 ofp4 tri-
ple mutant exhibited a noticeably enhanced irx phenotype rela-
tive to blh6 ofp1 and blh6 ofp4, demonstrating that OFP1 and
OFP4 together could enhance BLH6 function in regulating sec-
ondary cell wall formation in xylary vessels, and also suggesting
functional redundancy between OFP1 and OFP4. The enhanced
irx phenotype of blh6 ofp1 ofp4 relative to the single mutants is
similar to that observed in the blh6 knat7 mutant, relative to
those single mutants.20 These additive effects suggest that

multiple TF complexes containing BLH6, KNAT7, OFP1/4,
and possibly other TALE homeodomain and OFP protein com-
binations could exist, which control different aspects of vessel ele-
ment SCW biosynthesis and deposition. Based on genetic data, it
has been proposed that OFP5 negatively modulates the activity
of a BLH1 - KNAT3 regulatory complex during embryo sac
development in the Arabidopsis.25 By analogy, our findings sug-
gest that OFP1 and OFP4 may modulate the activity of the
BLH6 - KNAT7 complex in regulating secondary wall formation
in certain cell types or at specific developmental stages.
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