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The polysaccharide pectin is a major component of the plant cell wall. The pectic glycan homogalacturonan (HG) is a
proportionally small but important component of a specialized seed cell wall called mucilage. HG is synthesized in a highly
methylesterified form, and, following secretion, is de-methylesterified by pectin methylesterases (PMEs). The degree of
methylesterification of HG determines the structural and functional properties of pectin, but how methylesterification is
regulated remains largely unknown. Here, we identified two BEL1-Like homeodomain (BLH) transcription factors, BLH2 and
BLH4, as positive regulators of HG de-methylesterification in Arabidopsis (Arabidopsis thaliana) seed coat mucilage. BLH2 and
BLH4 were significantly expressed in mucilage secretory cells during seed mucilage production. BLH2 and BLH4 single mutants
exhibited no obvious mucilage phenotype, but the blh2 blh4 double mutant displayed significantly reduced mucilage adherence
to the seed. Reduced mucilage adherence in blh2 blh4 was caused by decreased PME activity in the seed coat, which increased the
degree of methylesterification of HG in mucilage. The expression of several PME metabolism-related genes, including PME5S,
PECTIN METHYLESTERASE INHIBITOR6, SEEDSTICK, and MYB52 was significantly altered in blh2 blh4 seeds. BLH2 and
BLH4 directly activated PME58 expression by binding to its TGACAGGT cis-element. Moreover, pme58 mutants exhibited
reduced mucilage adherence similar to that of blh2 blh4, and the blh2 blh4 pme58 triple mutant exhibited no additional
mucilage adherence defects. Furthermore, overexpression of PMES5S in blh2 blh4 rescued the mucilage adherence defect.
Together, these results demonstrate that BLH2 and BLH4 redundantly regulate de-methylesterification of HG in seed mucilage

by directly activating PMES5S.

The complex polysaccharide pectin is one of the main
components of the plant cell wall. It plays important
roles in plant morphogenesis, development, and de-
fense, and is used in food processing and biomedicine
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(Palin and Geitmann, 2012; Peaucelle et al., 2012; Xiao
and Anderson, 2013). Pectin consists of three major
types of polysaccharides, namely homogalacturonan
(HG), rhamnogalacturonan I (RG I), and RG II. HG is a
linear homopolymer of a-1,4-linked GalUA (GalA). RG
I has a backbone of alternating GalA and rhamnose
(Rha). RG II has a backbone of HG linked with complex
side chains (Mohnen, 2008). HG is synthesized in the
Golgi apparatus. It is commonly methylesterified at the
C-6 carboxyl groups, with up to 80% of the GalA resi-
dues being methylesterified (Mohnen, 2008; Harholt
et al., 2010). The methyl esters can be removed by
pectin methylesterases (PMEs) upon secretion to the
apoplast (Micheli, 2001; Pelloux et al., 2007; Jolie et al.,
2010). PME activity is modulated by the proteinaceous
PME inhibitors (PMEIs), which can form a reversible
complex with the PME enzymes (Micheli, 2001; Jolie
et al., 2010). De-methylesterified HGs can be cross-
linked by calcium ions (Ca?") to form compact egg-
box structures or become susceptible to degradation
by polygalacturonases and pectin lyases, depending on
the pattern of de-methylesterification (Micheli, 2001;
Pelloux et al., 2007; Wolf et al., 2009). Therefore, the
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degree and pattern of de-methylesterification of HG
critically determines the structural and functional
properties of pectin (Willats et al., 2001; Wolf et al.,
2009). However, little is known about the regulatory
mechanisms of the de-methylesterification of HG.

During seed development of myxospermous species
(e.g. Arabidopsis [Arabidopsis thaliana] and Plantago
ovata), a large quantity of mucilage is synthesized and
deposited in the outermost epidermal cells of the seed
coat, which are also called the mucilage secretory cells
(MSCs; Western et al., 2000; Western, 2012; Phan et al.,
2016). In Arabidopsis, the production of mucilage be-
gins at 6 to 7 d post anthesis (DPA). Large amounts of
mucilage polysaccharides are secreted to the apoplast
at the junction of the outer tangential and radial pri-
mary walls (Western et al., 2000; Windsor et al., 2000;
Haughn and Chaudhury, 2005; North et al., 2014). The
mucilage continues to accumulate and leads to the
formation of a volcano-shaped cytoplasmic column in
the center of the MSCs (Beeckman et al., 2000; Western
et al., 2000; Windsor et al., 2000; Young et al., 2008). At
10-13 DPA, a secondary cell wall called columella is
formed, filling the cytoplasmic column, and is con-
nected to the reinforced radial cell wall (Western et al.,
2000; Windsor et al., 2000). As the seed desiccates, the
mucilage is dehydrated and stored between the outer
cell wall and columella (Western et al., 2000; Windsor
et al., 2000). When the dry seed is imbibed, the rehy-
drated mucilage expands and ruptures the outer cell
wall, forming a gelatinous capsule surrounding the
seed. After release, the Arabidopsis seed mucilage
comprises two layers, namely the outer water-soluble
layer, which is diffuse and easily detached from the
seed, and the inner adherent layer that is denser and
tightly attached to the seed (Western et al., 2000). Both
layers are composed primarily of RG I, as well as
small quantities of HG, cellulose, and hemicelluloses
(Macquet et al., 2007; Harpaz-Saad et al., 2011; Mendu
et al., 2011; Sullivan et al.,, 2011; Yu et al., 2014;
Voiniciuc et al., 2015a, 2015b; Hu et al., 2016a; Ralet
et al., 2016). Therefore, the Arabidopsis seed mucilage
is considered to be a specialized type of cell wall, and it
represents a powerful system to study the synthesis,
modifications, and interactions of cell wall polysac-
charides (Arsovski et al., 2010; Haughn and Western,
2012; North et al., 2014; Francoz et al., 2015; Voiniciuc
et al., 2015¢).

Although HG is present as a minor component in
Arabidopsis seed mucilage, there is increasing evidence
that the appropriate degree of methylesterification
(DM) of HG is required for maintenance of mucilage
architecture (Rautengarten et al., 2008; Saez-Aguayo
et al., 2013; Voiniciuc et al., 2013; Ezquer et al., 2016;
Shi et al., 2018). A number of studies have demon-
strated that perturbations of the DM of HG in seed
mucilage by modifying PME activity lead to various
defects in mucilage architecture. For example, muta-
tions in PECTIN METHYLESTERASE INHIBITORG6
(PMEI6) lead to a decreased DM of HG in mucilage and
result in delayed mucilage release (Saez-Aguayo et al.,
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2013). Similarly, mutations of SUBTILISIN-LIKE SER
PROTEASE1L.7 (SBT1.7) lead to increased PME activity
in seeds and a reduced DM of HG in seed mucilage,
resulting in a mucilage release defect (Rautengarten
et al., 2008). SBT1.7 is hypothesized to function in the
degradation of PME or the activation of certain PMEI
(Rautengarten et al., 2008). There are at least seven PME
genes dominantly expressed in the seed coat (Louvet
et al., 2006; Wolf et al., 2009; Levesque-Tremblay et al.,
2015; Turbant et al., 2016). However, thus far, only
PMED58 has been demonstrated to function in HG de-
methylesterification of seed mucilage. Disruptions of
PMED58 result in decreased PME activity in seeds and
an increased DM of HG in seed mucilage (Turbant
et al., 2016). In addition, a modified distribution of
sugars between the adherent and water-soluble layers
is detected in pme58 mucilage upon EDTA extraction
(Turbant et al., 2016).

Recently, several transcription factors have been
shown to modulate seed mucilage structure through
regulating the DM of HG in mucilage (North et al.,
2014; Francoz et al., 2015; Golz et al., 2018). For ex-
ample, the MADS-box transcription factor SEEDSTICK
(STK) negatively regulates the de-methylesterification
of HG in seed mucilage through direct regulation of the
expression of PMEI6 (Ezquer et al., 2016). The stk mu-
tants have significantly increased PME activity in seeds
and dramatically decreased the DM of HG in seed
mucilage, leading to defects in mucilage extrusion
(Ezquer et al, 2016). Similarly, MYB52 negatively
regulates the de-methylesterification of HG in seed
mucilage by directly activating the expression of
PMEI14, PMEI6, and SBT1.7 (Shi et al., 2018). Disrup-
tion of MYB52 also results in increased PME activity
in seeds and a decreased DM of HG in seed muci-
lage (Shi et al., 2018). The transcription factors identi-
fied thus far are negative regulators controlling the
de-methylesterification of HG in mucilage. However,
other transcription factors regulating the de-
methylesterification of HG in mucilage, especially
those directly modulating the expression of PME
genes in this process, remain to be identified.

The BEL1-Like homeodomain (BLH) and KNOTTED-
like homeobox (KNOX) transcription factors are collec-
tively called three amino acid loop extension (TALE)
proteins, and they play crucial regulatory roles in many
important processes including embryogenesis, cell dif-
ferentiation, and organ morphogenesis (Hamant and
Pautot, 2010). Various studies indicate that BLH and
KNOX proteins interact to form heterodimers, which
enables them to be localized in the nucleus and modulate
gene expression (Bellaoui et al., 2001; Bhatt et al., 2004;
Coleetal., 2006). In Arabidopsis, the BLH family consists
of 13 members. BEL1 is required for the morphogene-
sis of the ovule (Reiser et al., 1995). ARABIDOPSIS
THALIANA HOMEOBOX 1 is involved in the regula-
tion of photomorphogenesis of seedlings (Quaedvlieg
et al., 1995). BLHS6 is involved in the regulation of sec-
ondary cell wall development (Liu et al., 2014). BLH2/
SAWTOOTHI1 (SAW1) and BLH4/SAW?2 redundantly
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regulate the morphogenesis of leaf margins (Kumar
et al., 2007). However, the functions of these BLH pro-
teins in other organs or tissues (i.e. seed coat) remain to
be determined.

In this study, we report that BLH2 and BLH4 act re-
dundantly to positively regulate the de-methylesterification
of HG in seed mucilage. The blh2 blh4 double mutant
exhibited significantly reduced mucilage adherence on
vigorous shaking due to the increased DM of HG in
mucilage. We provided several lines of biochemical and
genetic evidence to demonstrate that BLH2 and BLH4
positively regulated PME activity primarily through
directly activating the expression of PME5S.

RESULTS

Expression of BLH2 and BLH4 in Seed Coat Coincides with
Mucilage Production

We previously identified a subset of genes that are
differentially expressed during seed mucilage produc-
tion through reanalyzing the microarray datasets of
laser-capture microdissected Arabidopsis seed samples
(GSE12404; Le et al., 2010; Hu et al., 2016a). Among
these genes, BLH2 and BLH4 were dramatically up-
regulated during the seed coat differentiation process,
indicative of a potential role in seed mucilage produc-
tion or structure maintenance.

We first examined the expression of BLH2 and
BLH4 in siliques at different developmental stages
ranging from 4 to 13 DPA by reverse-transcriptase

Figure 1. Expression patterns of BLH2 A 35 1
and BLH4 in developing seeds. A, RT- S 301
gPCR analysis of BLH2 and BLH4 2 % 25 -
expression in siliques at different de- g_g 20
velopmental stages from 4 to 13 DPA. 3 < 15
The ACTINZ2 gene was used as the in- 2 (f 10
ternal control. The expression level at 4 3 5
DPA was set as 1. Data are means * sp e~ 0-

of three biological replicates. B, In situ
hybridization showing the transcripts
of BLH2 and BLH4 in seed coats at B
different developmental stages. Mu,

4DPA 7DPA 10DPA 13DPA

BLH2

quantitative PCR (RT-qPCR) analysis. The transcript
levels of BLH2 and BLH4 were relatively low at 4 DPA,
but dramatically increased at 7 DPA when mucilage
biosynthesis was initiated (Western et al., 2000;
Windsor et al., 2000). Thereafter, the transcripts of BLH2
and BLH4 continued to increase at 10 DPA and a >20-
fold level was reached at 13 DPA (Fig. 1A). These re-
sults suggest that the expression of BLH2 and BLH4
coincides with the process of seed mucilage production.

To obtain more detailed information about the spa-
tiotemporal expression patterns of BLH2 and BLH4
within the seed, in situ hybridization assays were per-
formed with seeds staged from 4 to 13 DPA. The tran-
scripts of BLH2 and BLH4 were substantially detected
in the MSCs by their specific antisense probes with al-
most identical expression patterns (Fig. 1B). Relatively
weak hybridization signals were detected in the MSCs
at 4 DPA and 7 DPA, while more intense hybridization
signals were detected in the MSCs at 10 DPA. At 13
DPA, strong hybridization signals were detected in the
cytoplasm and columella of the MSCs. By contrast, the
signals of sense probes were almost undetectable
(Fig. 1B). These results indicate that BLH2 and BLH4 are
expressed in the MSCs during the process of mucilage
production.

Mucilage Adherence Is Reduced in blh2 blh4 upon
Vigorous Shaking

To investigate whether BLH2 and BLH4 play func-
tional roles in mucilage production or structure

25 1
5
%)% 20 A1
EE 15 -
58
F 101
O_

4DPA 7DPA 10DPA 13DPA

BLH4

mucilage; SG, starch granule; Co,
Columella; RW, radial cell wall; CP,
cytoplasm. Scale bars = 50 um. The
experiments were independently per-
formed twice and similar results were
obtained.
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C
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maintenance, we isolated the knockout mutants of
BLH? (saw1-1) and BLH4 (saw2-1), as well as the dou-
ble mutant sawl-1 saw2-1 (blh2 blh4 hereafter; Kumar
et al., 2007), and examined the mucilage phenotypes
by ruthenium red (RR) staining. These mutants
exhibited normal mucilage release compared to the
wild-type upon imbibition (Fig. 2A). However, when
subjected to vigorous shaking at 200 rpm for 1 h, the
blh2 blh4 double mutant displayed a significantly
thinner mucilage layer compared to the wild type,
while no obvious differences were observed for the
single mutants in comparison to the wild type (Fig. 2, B
and D). To obtain a more detailed examination of the
mucilage phenotype of blh2 blh4, we further per-
formed a continuous observation of mucilage at vari-
ous time points under shaking at 200 rpm. The
thickness of the adherent mucilage of blh2 blh4 was
comparable to that of the wild type after 10 min of
shaking, when the water-soluble mucilage layer had
mostly detached (Fig. 2, C and E). As the shaking time
was prolonged, the adherent mucilage of the wild type
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remained tightly attached to the seed, and no obvious
changes in the thickness were observed even after 2 h
of shaking. By contrast, the adherent mucilage of blh2
blh4 displayed a coarse surface and the thickness was
significantly decreased after shaking for more than
30 min. This led to a significant reduction in the
thickness of the adherent mucilage in blh2 blh4 com-
pared to the wild type. When the shaking was ex-
tended to 90 min or more, the reduction observed in
the thickness of the adherent mucilage in blh2 blh4 was
even more conspicuous (Fig. 2, C and E). These ob-
servations suggest that a proportion of the adherent
mucilage of blh2 blh4 was detached from the seed and
dispersed into the solution during vigorous shaking.
We also checked the mucilage phenotypes of the other
two sawl saw2 double mutants carrying different
mutation alleles (Kumar et al., 2007). These mutants
exhibited mucilage phenotypes similar to that of bih2
blh4 (Supplemental Fig. S1). These results suggest that
BLH2 and BLH4 act redundantly in maintaining mu-
cilage adherence.

blh2 blh4

Figure 2. Mucilage phenotypes of
(saw1-1 saw2-1) g ge P P

blh2, blh4, and blh2 blh4 seeds. A,
Release of mucilage in water contain-
ing 0.01% RR. B, Staining of the ad-
herent mucilage with 0.01% RR after
shaking at 200 rpm for 1 h. C, Staining
of the adherent mucilage of blh2 blh4
and the wild type (WT) with 0.01% RR
after shaking at 200 rpm for 10, 30, 60,
90, and 120 min. Scale bars = 150 um.
D, Mucilage volumes of wild-type,
blh2, blh4, and blh2 blh4 seeds after
shaking at 200 rpm for 1 h. E, Mucilage
volumes of wild-type and blh2 blh4
seeds after shaking at 200 rpm for 10,
30, 60, 90, and 120 min. Data repre-
sentmeans = sp of 20 seeds. Means not
sharing the same letter are significantly
different according to the one-way
ANOVA analysis followed by Tukey’s
multiple comparison test (P < 0.05).
The experiments were independently
performed at least three times (each
with >20 seeds) and similar results
were obtained.
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Seed Coat Differentiation and Mucilage Production Are
Unaffected in blh2 blh4

To determine whether the mucilage adherence defect
of blh2 blh4 is associated with abnormalities in seed coat
differentiation, we sectioned and observed the mor-
phology of MSCs in blh2 blh4 staged from 4 DPA to 13
DPA. The results revealed that the blh2 blh4 mutant
exhibited no abnormality in the differentiation of MSCs
or the accumulation of mucilage in comparison to the
wild type (Supplemental Fig. S2). This suggests that
simultaneous disruptions of BLH2 and BLH4 do not
affect MSC differentiation and mucilage production.

Sugar Distribution Is Altered in the bih2 blh4 Mucilage

The reduced adherence of the blh2 blh4 mucilage in-
dicates possible alterations in sugar components or ar-
chitecture. To test this hypothesis, we sequentially
extracted the water-soluble and adherent mucilage and
determined the monosaccharide compositions. Each
type of monosaccharide was increased in the water-
soluble mucilage of blh2 blh4 compared to the wild
type, resulting in a significant increase in the total
amount of sugars in the water-soluble mucilage of blh2
blh4 (Table 1). Conversely, Rha and GalA were signifi-
cantly decreased in the adherent mucilage of blh2 blh4
compared to the wild type, resulting in a dramatic re-
duction of total sugar amounts in the adherent muci-
lage of blh2 blh4 (Table 1). However, there was no
significant difference in the amount of each monosac-
charide and total sugars for the whole mucilage be-
tween the blh2 blh4 and the wild type (Table 1). These
results indicate that it is the partitioning of mucilage
sugars, rather than the level of synthesis or composi-
tion, that is altered in the blh2 blh4 mucilage. The sugars
were redistributed from the adherent layer to the water-
soluble layer. This suggests that BLH2 and BLH4 are
involved in maintaining mucilage architecture.

The DM of HG Is Increased in the blh2 bih4 Mucilage

To further explore potential structural alterations in the
blh2 blh4 mucilage, we performed in situ immunolabeling

assays of mucilage using different monoclonal anti-
bodies that recognize specific polysaccharides. The la-
beling of RG I was performed with the CCRC-M36
antibody (Young et al., 2008; Pattathil et al., 2010). No
obvious difference was observed between blh2 blh4 and
wild-type mucilage when seeds were not subjected to
shaking (Supplemental Fig. S3A). Considering that blh2
blh4 exhibited reduced mucilage adherence on vigorous
shaking, we further performed the immunolabeling
assays with seeds after shaking at 200 rpm for 1 h in
water. After shaking, the halo of mucilage labeled with
CCRC-M36 was much smaller and the peripheral edges
were more irregular in the blh2 blh4 mucilage compared
to the wild type (Supplemental Fig. S3B). These results are
consistent with the mucilage phenotype of blh2 blh4 on
vigorous shaking, as observed by RR staining (Fig. 2C).
We next analyzed the pattern of HG methylester-
ification in the blh2 blh4 mucilage by in situ immuno-
labeling assays. The monoclonal antibodies CCRC-M38,
JIM5, and JIM7, which recognize the sparsely methyl-
esterified, moderately methylesterified, and highly
methylesterified HGs, respectively (Willats et al., 2000;
Pattathil et al., 2010), were employed in the immno-
labeling assays. The signals of CCRC-M38 and JIM5
were distributed at the tips of columella and alongside
the ray structure in the inner regions of the adherent
mugcilage in the wild type (Fig. 3, A and B). The signal
patterns are comparable to previous observations
(Macquet et al., 2007; Rautengarten et al., 2008; Shi et al.,
2018). By contrast, the signals of CCRC-M38 and JIM5
were only detectable in the columella in blh2 blh4 (Fig. 3,
A and B), suggesting a substantial reduction of the
sparsely and moderately methylesterified HGs in the
blh2 blh4 mucilage. The JIM7 signals were mainly
detected in the columella and the outer periphery of the
adherent layer in both blh2 blh4 and wild-type mucilage
(Fig. 3C), as previously reported (Macquet et al., 2007;
Rautengarten et al., 2008; Shi et al., 2018). However, the
blh2 blh4 mucilage exhibited much stronger labeling
intensity of JIM7 compared to the wild type (Fig. 3C),
indicating an increase in highly methylesterified HG in
the blh2 blh4 mucilage. Moreover, we quantitatively
determined the signal intensities of CCRC-M38, JIM5,
and JIM7 antibodies by enzyme-linked immunosorbent
assays (ELISAs) using adherent mucilage extracts. The

Table 1. Monosaccharide compositions of wild-type and blh2 blh4 mucilage

Data represent means * sp of three biological replicates. Asterisks indicate significant differences from the wild type as determined by one-way

ANOVA (**P < 0.01).

Sugar Contents (mg Water-Soluble Mucilage

Adherent Mucilage Total Mucilage

g™ seeds) Wild Type bih2 bih4 Wild Type blh2 bih4 wild Type blh2 bih4
Rha 8.31 * 0.47 9.50 * 0.01 4.81 + 0.47 2.77 + 0.16%* 13.12 * 0.89 12.27 + 0.16
GalA 12.00 + 0.71 14.44 + 0.80%* 427 +0.25 2.78 + 0.32%* 16.27 + 0.51 1722 = 1.13
Man 0.32 + 0.02 0.38 * 0.02 0.31 + 0.08 0.23 + 0.01 0.64 + 0.10 0.61 = 0.02
Glc 0.19 + 0.04 0.24 + 0.01 0.35 *+ 0.06 0.28 + 0.11 0.50 *+ 0.08 0.52 + 0.10
Gal 0.15 = 0.01 0.23 = 0.03 0.27 * 0.02 0.23 * 0.08 0.42 * 0.04 0.50 + 0.09
Xyl 0.43 + 0.03 0.51 + 0.01 0.29 * 0.01 0.19 + 0.07 0.72 + 0.05 0.70 + 0.09
Ara 0.03 * 0.01 0.05 * 0.01 0.04 * 0.00 0.06 + 0.01* 0.07 = 0.00 0.11 = 0.01
Total 21.37 = 1.47 25.39 * 0.65** 10.13 + 0.27 6.54 + 0.62%* 31.50 = 1.59 31.93 * 1.27
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Figure 3. blh2 blh4 increased the DM
of HG in mucilage and decreased PME
activity in the seed coat. A to C,
Immunolabeling signals (green fluo-
rescence) of CCRC-M38 for sparsely
methylesterified HG (A), JIM5 for
moderately methylesterified HG (B),
and JIM7 for highly methylesterified
HG (C) in the adherent mucilage of the
wild type (WT) and blh2 blh4. The
cellulosic ray-structure was counter-
stained with Calcofluor White (cyan
fluorescence). Scale bars = 50 um.
Three independent experiments (each
with >20 seeds) were performed for

C _ Calcofluor D each antibody and similar results were
: obtained. D, ELISA analysis of the ad-
a1 079 mwr - herent mucilage from the wild-type
— ; 0.6 Ll 6ih2 bin4 and blh2 blh4 seeds using the CCRC-
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results confirmed that the blh2 blh4 mucilage exhibited
significantly decreased binding of CCRC-M38 and
JIM5, and increased binding of JIM7 compared with the
wild type (Fig. 3D). These results of in situ immuno-
labeling and ELISA assays suggest that the DM of HG is
increased in the blh2 blh4 mucilage. To verify this hy-
pothesis, we quantitatively determined the DM of HG
in the blh2 blh4 and wild-type mucilage. The results
showed that the DM of HG in the wild-type mucilage
was ~4%, which is comparable to previous reports
(Rautengarten et al., 2008; Saez-Aguayo et al., 2013; Shi
et al., 2018). However, the DM of HG in the blh2 blh4
mucilage was ~5.5%, an increase of 37.5% compared to
the wild type (Fig. 3E). These results indicate that BLH2
and BLH4 are involved in the modulation of the DM of
HG in seed mucilage.

Since the status of HG methylesterification influences
the binding of HG by Ca?*, we further performed
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ELISA assay using the 2F4 antibody that specifically
binds to HG cross-linked Ca?* (Liners et al., 1989). The
blh2 blh4 mucilage exhibited significantly decreased 2F4
binding capacity compared to the wild type (Fig. 3D).
These results suggest that the increased DM of HG in
the blh2 blh4 mucilage leads to decreased binding of HG
by Ca2*.

blh2 blh4 Mucilage Exhibited Altered Cellulose Labeling

In addition to the alterations in HG and RG I labeling,
the blh2 blh4 mucilage also exhibited altered cellulose
labeling. The signals of Calcofluor white, a fluorescent
probe that binds to B-glycans, were regularly distrib-
uted in the feathery ray structures emanating from the
top of columella, and diffuse labeling was commonly
observed between the rays in the wild-type mucilage
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(Fig. 3; Supplemental Figs. 53 and S4). However, the
diffuse labeling was absent in the blh2 blh4 mucilage,
while cellulose rays were retained, with the terminal
end of the rays curled inward (Fig. 3; Supplemental
Figs. S3 and 54). This phenotype was more conspicuous
especially on vigorous shaking at 200 rpm for 1 h
(Supplemental Figs. S3 and S4). These results suggest
that the labeling pattern of cellulose was affected in the
blh2 blh4 mucilage.

Furthermore, we performed immunolabeling of
crystalline cellulose with the carbohydrate binding
module family 3a (CBM3a; Dagel et al., 2011). The
CBM3a signals were located closer to the seed surface in
the blh2 blh4 mucilage than in wild-type mucilage, fill-
ing the vacant regions of the diffuse labeling of Calco-
fluor in the blh2 blh4 mucilage (Supplemental Fig. 54,
A1-L1). In particular, this phenomenon became more
noticeable when seeds were subjected to vigorous
shaking at 200 rpm for 1 h (Supplemental Fig. S4,
A2-12). Therefore, the altered pattern of CBM3a signals
in the blh2 blh4 mucilage is apparently associated with
the absence of diffuse cellulose-labeling. Nevertheless,
quantification of the crystalline cellulose content
revealed no significant difference between the blh2 blh4
and wild-type mucilage (Supplemental Fig. S5), sug-
gesting that BLH2 and BLH4 might not interfere with
crystalline cellulose synthesis.

PME Activity Is Decreased in the blh2 blh4 Seed Coat

To explore whether the increased DM of HG in the
blh2 blh4 mucilage is associated with potential altera-
tions in PME activity in the seed coat during mucilage
production, we quantitatively determined PME activity
in the blh2 blh4 and wild-type seed coats at 7 to 10 DPA.
The results showed that PME activity was decreased by
33% in the blh2 blh4 seed coats compared to the wild
type (Fig. 3F), indicating that BLH2 and BLH4 might
positively modulate PME activity in the seed coat
during mucilage production.

BLH2 and BLH4 Regulate the Expression of
PME-Related Genes

To discover the molecular mechanisms underlying
the decreased PME activity in blh2 blh4 seed coats, we
first examined the expression levels of PME-encoding
genes in blh2 blh4 seeds at 7 to 10 DPA by RT-qPCR
analysis. It has been reported that at least seven PME
genes are expressed in seeds (Louvet et al., 2006; Wolf
et al., 2009; Levesque-Tremblay et al., 2015; Turbant
et al., 2016). Among them, PMES5S is involved in the
de-methylesterification of HG in seed mucilage
(Turbant et al., 2016). Our results showed that the ex-
pression level of PME58 was significantly reduced in
blh2 blh4 seeds, while the expression of the other six
PME genes were not obviously affected (Fig. 4A),
suggesting that BLH2 and BLH4 might positively
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modulate the expression of PME58 in seeds. We also
examined the expression of several genes encoding
enzymes that modulate PME activity during seed
mucilage production, including PMEI6, SBT1.7, and
FLYING SAUCERI1 (FLY1; Rautengarten et al., 2008;
Saez-Aguayo et al., 2013; Voiniciuc et al., 2013). The
results showed that the expression level of PMEI6 was
significantly increased, while SBT1.7 and FLY1 were
not significantly affected in blh2 blh4 seeds (Fig. 4B). In
addition, the expression levels of two transcription
factor genes, STK and MYB52, were dramatically in-
creased in blh2 blh4 seeds (Fig. 4B). Taken together,
these results indicate that BLH2 and BLH4 probably
regulate PME activity by modulating the expression of
genes associated with PME metabolism .
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Figure 4. BLH2 and BLH4 modulate the expression of PME-related
genes in seeds. A and B, Expression analysis of PME genes (A) and
genes encoding modulators of PME (B) in wild-type (WT) and blh2 blh4
seeds at 7 to 10 DPA. C, Expression of CESA5, MUM>5, SOS5, and FEI2
in wild-type and blh2 blh4 seeds at 7 to 10 DPA. Data represent means
+ sp of three biological replicates. Asterisks denote significant differ-
ences from the wild type based on one-way ANOVA analysis (**P <
0.01).
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The altered labeling pattern of cellulose in the blh2
blh4 mucilage prompted us to examine the expression
of CELLULOSE SYNTHASE 5 (CESA5), MUCILAGE
MODIFIED5 (MUMSb5), SALT OVERLY SENSITIVE5
(50S5), and FEI2, mutations of which lead to pheno-
types in cellulose labeling that are similar or opposite to
blh2 blh4 (Griffiths et al., 2014, 2016; Ralet et al., 2016).
The results showed that MUMS5 expression was in-
creased in blh2blh4 seeds, while the expression of
CESA5, SOS5, and FEI2 was not significantly affected
(Fig. 4C).

BLH2 and BLH4 Directly Target PME5S

BLH transcription factors are reported to bind to
DNA sequences containing a TGAC core motif (Smith
et al., 2002; Tioni et al., 2005; Viola and Gonzalez,
2009). For instance, ATH1, a homolog of BLH2 and
BLH4 in Arabidopsis, preferentially binds to the se-
quence 5'-TGACAGGT-3' (Viola and Gonzalez, 2006).
We examined the promoter sequences of the differ-
entially expressed PME-related genes in blh2 blh4, and
found that the PME58 promoter contains a TGA-
CAGGT cis-element at 998 bp upstream of the trans-
lation initiation codon (Fig. 5A). To test whether BLH2
and BLH4 bind to the TGACAGGT cis-element in the
PMES58 promoter, we first performed electrophoretic
mobility shift assays (EMSAs). Since BLH2 and BLH4
are functionally redundant and share high sequence
identity (58%) in amino acids, a recombinant gluta-
thione S transferase (GST) and BLH2 fusion protein
(GST-BLH2) was employed in the EMSA. The results
showed that BLH2 could bind to the PME58 pro-
moter probe containing the TGACAGGT cis-element
(Fig. 5B). In addition, the binding affinity was effi-
ciently competed out by the unlabeled probe, suggest-
ing that the binding is highly specific. Subsequently we
examined the binding of BLH2 and BLH4 to the PME58
promoter in vivo through chromatin immunoprecipi-
tation (ChIP) assays. We generated transgenic lines of
BLH2-GFP and BLH4-GFP driven by their native pro-
moters in the blh2 blh4 background (proBLH2::BLH2-
GFP and proBLH4:BLH4-GFP; Supplemental Fig. S6,
A and B), and siliques of the transgenic plants at
7 to 10 DPA were used in the ChIP assays. Staining
of seed mucilage with RR showed that seeds from
the transgenic plants were indistinguishable from
wild-type seeds after vigorous shaking for 60 min
(Supplemental Fig. S6C). This suggests that the BLH2-
GFP and BLH4-GFP fusion proteins were biologically
active, and that each can complement the absence of
endogenous BLH2 and BLH4 proteins. The results of
ChIP-gPCR showed that the PME58 promoter region
containing the TGACAGGT cis-element was signifi-
cantly enriched in the precipitated DNA from the
proBLH2::BLH2-GFP and proBLH4::BLH4-GFP siliques
compared to the wild type. By contrast, no significant
enrichment was detected for the promoter region
without the binding site (Fig. 5C). These results indicate
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Figure 5. BLH2 and BLH4 directly bind to the promoter of PME58 and
activate its expression. A, Schematic representation of PME58 promoter
and the position of the TGACAGGT cis-element. P1 and P2 indicate the
regions tested in ChIP-qPCR assays. B, EMSA assays showing that the
GST-BLH2 fusion protein binds to the PME58 promoter probe con-
taining the TGACAGGT cis-element. Arrow indicates the shifted bands.
The experiments were independently performed three times and similar
results were obtained. C, ChIP-qPCR assays showing the binding of
BLH2 and BLH4 to the PME58 promoter in vivo. Data represent en-
richment values normalized to ACTINS. D, Transient transcriptional
regulation assays showing that BLH2 and BLH4 activate the expression
of the PME58 promoter. Data are given as the ratio of GUS activity to
luciferase (LUC) activity calculated relative to the empty vector control.
Error bars indicate the sp of three biological replicates. Asterisks denote
significant differences from the wild type (WT) as determined by one-
way ANOVA analysis (**P < 0.01).
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that BLH2 and BLH4 directly bind to the PME58 pro-
moter through specifically recognizing the TGACAGGT
cis-element.

To further confirm the regulatory role of BLH2 and
BLH4 on PME58 expression, a transient transcriptional
regulation assay was performed using Arabidopsis
mesophyll protoplasts. BLH2 and BLH4 individually
driven by the CaMV 355 promoter were employed as
effectors. The GUS gene driven by the PME58 promoter
was used as the reporter, and the Renilla luciferase (LLC)
gene driven by the CaMV 35S promoter was used as the
internal control for normalization (Fig. 5D). The data
showed that the GUS activity produced by the PME58
promoter was strongly activated 10- and 5-fold by
BLH2 and BLH4, respectively, relative to the negative
control (Fig. 5D). Together, these results demonstrate
that BLH2 and BLH4 could directly bind to the pro-
moter of PME58 and activate its expression.

Mucilage Adherence Is Reduced in pme58 Mutants upon
Vigorous Shaking

Since blh2 blh4 and pme58 mutants have similar al-
terations in the DM of HG in mucilage and PME ac-
tivity in the seed coat (Fig. 3, E and F), we sought to
explore whether the pme58 mutants exhibit a mucilage
adherence defect similar to that observed for blh2 blh4
on vigorous shaking. No obvious difference in the
thickness of the adherent mucilage was observed be-
tween the pme58 mutants and the wild type after
10 min of shaking at 200 rpm (Fig. 6A). However, the
adherent mucilage of pme58 mutants exhibited a sig-
nificant reduction in thickness compared to the wild
type after shaking at 200 rpm for 60 min (Fig. 6, B and
C). Moreover, the degree of reduction in mucilage
thickness of pmeb8 mutants after shaking for 60 min

Figure 6. Genetic analysis of the regulation of
PME58 by BLH2/BLH4. A and B, Mucilage phe-
notypes of wild-type (WT), blh2 blh4, pme58-1,
pme58-2, blh2 blh4 pme58-2, and PME58-OF
blh2 blh4 seeds after shaking at 200 rpm for
10 min (A) and 60 min (B). Scale bars = 150 um.
C, Mucilage volumes of wild-type, blh2 blh4,
pme58-1, pme58-2, blh2 blh4 pme58-2, and
PME58-OE blh2 blh4 seeds after shaking at
200 rpm for 10 min and 60 min. Data represent
means * sb of 20 seeds. Means not sharing the

A

60 min W 10 min

was comparable to that observed in blh2 blh4 (Fig. 6C).
These results indicate that the mucilage adherence of

pme58 mutants is reduced on vigorous shaking, similar
to that of blh2 blh4.

Genetic Analysis of the Regulation of PME58 Expression
by BLH2/BLH4

As shown above, the molecular data indicate that
BLH2 and BLH4 directly and positively regulate the
expression of PMES5S. To genetically verify the regula-
tion of BLH2 and BLH4 on PMES58 expression, and to
clarify whether the mucilage adherence phenotype of
blh2 blh4 is dependent on PMES5S8 function, we con-
structed the blh2 blh4 pme58-2 triple mutant and ana-
lyzed the mucilage phenotype. The results showed that
the blh2 blh4 pme58-2 triple mutant phenocopied the
mucilage adherence defects of the blh2 blh4 and pme58
mutants on vigorous shaking (Fig. 6, A and B). Addi-
tionally, the triple mutant exhibited a degree of reduc-
tion in adherent mucilage thickness similar to that for
the blh2 blh4 and pme58 mutants after shaking at
200 rpm for 60 min (Fig. 6C). These observations indi-
cate that simultaneous mutation of PME58, BLH2, and
BLH4 has no further impact on mucilage adherence
relative to the blh2 blh4 and pme58 mutants. In other
words, the impaired PMESS8 function is the main con-
tributor to the reduced mucilage adherence of blh2 blh4.
Moreover, determination of PME activity in the seed
coat and the DM of HG in mucilage showed that the
blh2 blh4 pme58-2 triple mutant had degrees of altera-
tion similar to those of the blh2 blh4 and pme58 mutants
(Fig. 3, E and F). Taken together, this genetic evidence
demonstrates that the function of BLH2/BLH4 in reg-
ulating HG de-methylesterification is dependent on the
activation of PMES5S8 expression.
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Overexpression of PME58 Rescues Mucilage Adherence
Defects of blh2 blh4

To further confirm that the reduced mucilage ad-
herence of blh2 blh4 was due to the impaired expres-
sion of PMEb8, we generated overexpression lines of
PMES58 in the blh2 blh4 background (PMES58-OE bih2
blh4; Supplemental Fig. S7) and examined the muci-
lage phenotype. The thickness of the adherent muci-
lage of PME58-OE blh2 blh4 seeds was comparable to
that of the wild type after shaking at 200 rpm for 1 h
(Fig. 6, A-C). Furthermore, determination of the DM of
HG in mucilage and PME activity in the seed coat
showed that PME58-OE blh2 bih4 restored the DM and
PME activity to the wild-type level (Fig. 3, E and F).
Correspondingly, immunolabeling of HG with CCRC-
M38, JIM5, and JIM7 antibodies revealed that the
pattern of HG methylesterification in the adherent
mucilage of PMES58-OE blh2 blh4 closely resembled
that of the wild type (Supplemental Fig. S8). These
results indicate that overexpression of PME58 could
complement the mucilage adherence defects of blh2
blh4 by restoring the HG methylesterification pattern
in mucilage. However, the altered cellulose labeling in
the blh2 blh4 mucilage was not restored by PME58
overexpression (Supplemental Fig. S8), suggesting
that the altered cellulose labeling in the blh2 blh4 mu-
cilage is not associated with the impaired expression of
PMES58 or altered mucilage adhesion.

Regulation of PME58 by BLH2/BLH4 Is
Spatiotemporal Specific

It has been reported that PME58 is preferentially
expressed in siliques (Louvet et al., 2006; Wolf et al.,
2009; Levesque-Tremblay et al., 2015; Turbant et al.,
2016). In particular, promoter activity analysis
showed that PMES58 is specifically expressed in seed
coat cells (Turbant et al., 2016). These findings are
consistent with the public transcriptome data (http://
bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi), which show
that the PMES58 transcript is specifically higher in floral
organs (Supplemental Fig. S9A), with especially high
expression in the seed coat (Supplemental Fig. S9B).
To confirm the expression pattern of PME58, we ex-
amined its expression levels across different tissues by
RT-gPCR analysis. The PME58 transcripts could be
detected in floral buds, flowers, and siliques, but were
barely detectable in vegetative tissues (Supplemental
Fig. S9C). Next, we investigated whether PMEb58 ex-
pression in floral buds and flowers is also regulated by
BLH2 and BLH4. RT-qPCR analysis showed that the
expression levels of PME58 in these tissues were not
obviously affected in blh2 blh4 compared to the wild
type (Supplemental Fig. S9C). Interestingly, although
PMED58 expression was reduced in blh2 blh4 siliques
from 7 to 14 DPA, its expression was not obvi-
ously affected in siliques at 1 to 6 DPA (Supplemental
Fig. S9C). These results suggest that BLH2/BLH4
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transcriptionally regulate PME58 expression in a
spatiotemporal-specific manner.

Moreover, BLH2 and BLH4 have been previously
reported to regulate leaf margin morphogenesis, and the
blh2 blh4 mutant has increased leaf serrations (Kumar
et al, 2007). To investigate whether the function of
BLH2 and BLH4 in regulating leaf margin development
is associated with HG de-methylesterification, we de-
termined PME activity in the blh2 blh4 and wild-type
leaves. The results showed that PME activity in the
blh2 blh4 leaves is comparable to that in the wild type
leaves (Supplemental Fig. S10), suggesting that BLH2
and BLH4 might not affect the de-methylesterification of
HG in leaves.

DISCUSSION

BLH2 and BLH4 Act Redundantly in Maintaining
Mucilage Adherence via Regulating the DM of HG

BLH2 and BLH4 have been previously reported to
function redundantly in leaf margin morphogenesis
(Kumar et al., 2007). In this work, we show that BLH2
and BLH4 also act redundantly to maintain mucilage
adherence. BLH2 and BLH4 were expressed in the
MSCs during seed mucilage production with almost
identical expression patterns (Fig. 1). Single mutants of
BLH?2 and BLH4 exhibited no phenotypes in seed mu-
cilage, while the blh2 blh4 mutant displayed reduced
mucilage adherence on vigorous shaking (Fig. 2). Cor-
respondingly, a redistribution of sugars from the ad-
herent layer to the water-soluble layer was detected in
the blh2 blh4 mucilage on vigorous shaking (Table 1).
Nevertheless, the blh2 blh4 mutant exhibited no
abnormalities in MSC differentiation, mucilage pro-
duction and release, or monosaccharide contents (Fig. 2;
Table 1; Supplemental Fig. S1), indicating that the bio-
synthesis and monosaccharide compositions of muci-
lage were not affected in blh2 blh4. Therefore, the
reduced adherence of the blh2 blh4 mucilage was spec-
ulated to have originated from changes in the mac-
romolecular structure of the pectic carbohydrate
complex. In support of this hypothesis, immuno-
labeling and biochemical assays demonstrated that
the DM of HG in the blh2 blh4 mucilage was signif-
icantly increased compared to the wild type (Fig. 4).
Therefore, we speculated that the reduced adher-
ence of the blh2 blh4 mucilage is associated with the
increased DM of HG.

Several studies have proven that the DM of HG plays
an important role in controlling mucilage structure or
extrusion. Mutations of PMEI6, SBT1.7, FLY1, and STK
lead to mucilage extrusion defects due to decreased DM
of HG in mucilage (Rautengarten et al., 2008; Saez-
Aguayo et al., 2013; Voiniciuc et al., 2013; Ezquer
et al., 2016). De-methylesterified HGs are prone to be
cross-linked by Ca?" ions to form a compact egg-box
structure (Moustacas et al., 1991; Micheli, 2001; Wolf
et al., 2009). It is hypothesized that the increased
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amounts of de-methylesterified HGs in these mu-
tants could promote the formation of Ca?* bridges
and strengthen the structure of the pectin gel matrix,
thus reducing the mucilage expansion potential
(Saez-Aguayo et al.,, 2013; Voiniciuc et al., 2013;
Ezquer et al., 2016; Shi et al., 2018). This is supported
by the fact that imbibition of these mutant seeds with
EDTA, a Ca?* chelator, facilitates mucilage extru-
sion (Rautengarten et al., 2008; Arsovski et al., 2009;
Saez-Aguayo et al.,, 2013; Voiniciuc et al., 2013).
Conversely, in the current study, we demonstrated
that the increased DM in the blh2 blh4 mucilage was
associated with decreased binding of HG by Ca2*
(Fig. 3D), which could reduce the formation of the
egg-box structure and weaken the strength of the
pectin gel matrix, eventually leading to decreased
mucilage adherence to seeds.

The redistribution of sugars from the adherent layer
to the water-soluble layer in the blh2 blh4 mucilage
could be mainly attributed to the reduced adherence of
the inner layer on vigorous shaking (Table 1). Since the
extraction of the water-soluble mucilage was per-
formed by vigorous shaking at 200 rpm for 1 h, it is
likely that a proportion of the adherent mucilage of blh2
blh4 was detached from seeds and thus included in the
water-soluble fraction. Similarly, redistribution of sug-
ars from the adherent layer to the water-soluble layer
was also observed for the pme58 mutant upon EDTA
extraction (Turbant et al., 2016). Conversely, an oppo-
site tendency in sugar distribution was detected in
mutants with reduced DM of HG in mucilage (e.g.
pmei6, flyl, and myb52). In these mutants, sugars were
redistributed from the water-soluble layer to the ad-
herent layer (Saez-Aguayo et al., 2013; Voiniciuc et al.,
2013; Shi et al., 2018). These findings suggest that HG
methylesterification influences the attachment of poly-
saccharides in the adherent layer.

Collectively, it can be concluded that apart from
cellulose and xylan, which anchor mucilage to the seed
(Sullivan et al., 2011; Voiniciuc et al., 2015a; Hu et al.,
2016a, 2016b; Ralet et al., 2016), the HG methylester-
ification also affects the mucilage adherence. Our study
demonstrated that BLH2 and BLH4 function redun-
dantly in establishing an appropriate DM of HG in
mucilage which is required for the maintenance of
mucilage adherence.

BLH2 and BLH4 Positively Modulate HG
De-Methylesterification in Mucilage

We showed that BLH2 and BLH4 positively regulate
PME activity in the seed coat (Fig. 3F), suggesting that
BLH2 and BLH4 function in promoting HG de-
methylesterification in seed coat cells. Gene expression
analysis revealed that the expression of PME58 was
significantly reduced in blh2 blh4 seeds. PME58 has been
demonstrated to function in the de-methylesterification
of HG in seed mucilage (Turbant et al., 2016). We dem-
onstrated that BLH2 and BLH4 directly bind to the
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PMES58 promoter and activate its expression (Fig. 5).
Furthermore, we identified that pme58 mutants also
exhibited reduced mucilage adherence similar to that of
blh2 blh4 on vigorous shaking. Moreover, overexpression
of PMES5S in blh2 blh4 could rescue the mucilage adher-
ence defects of blh2 bih4 (Fig. 6). It is noteworthy that the
blh2 blh4 pme58-2 triple mutant had comparable altera-
tions in mucilage adherence, seed coat PME activity, and
DM of HG in mucilage relative to blh2 blh4 and pme58
mutants (Figs. 3, E and F, and 6). These results suggest
that impaired PMES5S8 function is the main contributor to
the defects of mucilage adherence in blh2 bih4.

Transcription factors STK and MYB52 negatively
regulate the de-methylesterification of HG in seed
mucilage by modulating PME activity via the common
target gene PMEI6 (Ezquer et al., 2016; Shi et al., 2018).
Our RT-qPCR results showed that the expression levels
of STK, MYB52, and PMEI6 were significantly in-
creased in blh2 blh4 seeds (Fig. 4B), implying that BLH2
and BLH4 might negatively affect the STK-PMEI6 and
MYB52-PMEI6 modules. However, it seems unlikely
that STK and MYB52 are the direct targets of BLH2 and
BLH4, as there was no TGACAGGT cis-element in STK
and MYB52 promoters.

Taking all the data together, we proposed a working
model of BLH2 and BLH4 in modulating the de-
methylesterification of HG during seed mucilage
production (Fig. 7). BLH2 and BLH4 act redundantly
to directly activate the expression of PMES58 that
functions directly on de-methylesterification of HG in
seed mucilage. Meanwhile, BLH2 and BLH4 also
negatively regulate the STK-PMEI6 and MYB52-
PMEI6 modules that negatively modulate the HG de-
methylesterification in seed mucilage.
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Figure 7. A proposed working model of BLH2 and BLH4 in the mod-
ulation of HG de-methylesterification in seed mucilage. BLH2 and
BLH4 act redundantly to directly activate the expression of PME58 that
functions directly on the de-methylesterification of HG in seed muci-
lage. Meanwhile, BLH2 and BLH4 also negatively regulate the STK-
PMEI6 and MYB52-PMEI6 modules. Solid lines indicate direct regula-
tion or function. Dotted lines indicate indirect regulation or function.
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In addition, since BLH and KNOX proteins usually
form heterodimers (Bellaoui et al., 2001; Bhatt et al.,
2004; Cole et al., 2006), it will be intriguing to investi-
gate the KNOX partner(s) of BLH2/BLH4 in regulating
the de-methylesterification of HG during seed mucilage
production. KNOTTED-LIKE HOMEOBOX OF ARA-
BIDOPSIS THALIANA 7 (KNAT?) seems to be one of
the candidates, because the knat7 mutant has serious
defects in mucilage adherence (Bhargava et al., 2013).

BLH2 and BLH4 Are Involved in Maintaining the
Cellulose-Pectin Interactions in Seed Mucilage

The reduced mucilage adherence is usually accom-
panied by alterations in cellulose morphology, as ob-
served in various mucilage mutants, such as cesad,
irregular xylem 7 (irx7), irx14, mum5, sos5, and cobra-like2
(cobl2; Sullivan et al., 2011; Griffiths et al., 2014; Ben-Tov
et al., 2015; Voiniciuc et al., 2015a; Hu et al., 2016a,
2016b; Ralet et al., 2016). This firmly demonstrates that
interactions between cellulose and pectin play an im-
portant role in maintaining the structure of seed muci-
lage. In the current study, the blh2 blh4 mucilage
exhibited loss of diffuse cellulose-staining regions while
the cellulose rays were still stained (Figs. 3 and 4;
Supplemental Fig. S2), suggesting that the cellulose-
pectin interactions were affected in the blh2 blh4 muci-
lage. The cellulose staining pattern of blh2 blh4d was
similar to that of cesa5 and mumb5 mutants, while con-
trasting with the sos5 and fei2 mutants (Griffiths et al.,
2014, 2016; Ralet et al., 2016). Interestingly, the expres-
sion of MUMS was significantly increased in blh2 blh4
seeds, while the expression of CESA5, SOS5, and FEI2
was not significantly altered (Fig. 4C). Since disruption
of MUMS5 results in a similar phenotype in cellulose
labeling to blh2 blh4, the increased expression of MUMb
in blh2 blh4 seems unlikely to account for the blh2 blh4
phenotype. One possibility is that MUMS is not under
the direct control of BLH2 and BLH4. It might be reg-
ulated by other unidentified transcription factors that
are engaged in the transcriptional network involving
BLH2 and BLH4. These results suggest that BLH2/
BLH4 might modulate cellulose-pectin interactions via
pathways independent of MUMS5, CESAS5, SOS5, and
FEI2. In addition, since the pme58 mutants have no
phenotype in cellulose staining and overexpression of
PMES58 could not rescue the cellulose staining pheno-
type of blh2 blh4, the role of BLH2 /BLH4 in maintaining
cellulose structure would appear to be independent of
their function in modulating the DM of HG. Further
studies are needed to clarify the mechanisms of BLH2
and BLH4 in maintaining cellulose structure in seed
mucilage.

CONCLUSIONS

In summary, our data unravel a regulatory mecha-
nism of the de-methylesterification of HG in seed
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mucilage. BLH2 and BLH4 redundantly exert direct
regulation of PME activity by activating the expression
of PMES5S. To date, BLH2 and BLH4 represent the only
two identified positive regulators of HG de-
methylesterification in seed mucilage. Our findings
provide insights into the regulatory mechanisms of the
de-methylesterification of HG in seed mucilage and
further demonstrate the importance of the de-
methylesterification of HG in mucilage adherence.
Furthermore, taking advantage of the phenotype of
increased mucilage detachment on vigorous shaking
used in this study will be helpful in identifying other
regulators of the de-methylesterification of HG in seed
mucilage in future studies.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Arabidopsis  (Arabidopsis ~ thaliana) —sawl-1 (SALK_009120), saw2-
1 (SALK_121117), sawl-1 saw2-1 (CS16377), sawl-2 saw2-1 (CS16378), sawl-
1 saw2-2 (CS16379), pme58-1 (CS25025), and pme58-2 (SALK_055262) mutant
lines were obtained from the Arabidopsis Biological Resource Center (https://
abrc.osu.edu/stocks/233532). To generate the proBLH2::BLH2-GFP blh2 blh4
and proBLH4::BLH4-GFP blh2 blh4 transgenic lines, the promoters of BLH2
(3,200 bp upstream of the ATG) and BLH4 (3,300 bp upstream of the ATG), as
well as the full-length coding sequence of BLH2 and BLH4 were amplified and
inserted into the Kpnl site of a modified pCAMBIA-2301 vector (GFP coding
sequence inserted into the BamHI site). The recombinant plasmid
(Supplemental Fig. S6A) was introduced into blh2 blh4 plants by Agrobacterium
tumefaciens-mediated transformation. To generate the PME5S8-OE blh2 blh4
transgenic lines, the full-length coding sequence of PME58 was amplified and
inserted into the EcoRlI site of the 355::MYC vector (Shi et al., 2018). The resulting
355::MYC-PMES58 construct (Supplemental Fig. S7A) was introduced into bih2
blh4 plants by Agrobacterium tumefaciens-mediated transformation. Primers
used for the constructs are listed in Supplemental Table S1.

Seeds were surface-sterilized and sown on one-half strength Murashige and
Skoog solid medium containing 1% (w/v) Suc and 0.05% (w/v) MES mono-
hydrate (pH 5.8). The proBLH2::BLH2-GFP blh2 blh4, proBLH4::BLH4-GFP blh2
blh4, and PME58-OE blh2 blh4 transgenic lines were screened on one-half
strength Murashige and Skoog medium supplemented with kanamycin
(30 mg L~1). After a 2-d treatment at 4°C for synchronization, seeds were
germinated at 22°C in a chamber (16-h-light/8-h-dark, 120 umol m~2s71, 65%
relative humidity). Seven-day-old seedlings were transferred to soil and grown
under the same conditions to set seeds. Seed lots used in individual experiments
were harvested from plants grown simultaneously.

Ruthenium Red Staining and Determination of Adherent
Mucilage Volumes

Mature dry seeds were imbibed in water and directly stained with 0.01% (w/
v) ruthenium red (Sigma-Aldrich) for 30 min. Alternatively, the imbibed seeds
were first subjected to shaking at 200 rpm for 10 min to 2 h, and then stained
with 0.01% (w/v) ruthenium red for 30 min. Seeds were photographed with the
BX51 light microscope (Olympus). More than 20 seeds were examined in each
experiment. The length (2a) and width (2b) of each seed, as well as the length
(2A) and width (2B) of the same seed plus adherent mucilage were measured
using Image] software (V1.8). The volume of adherent mucilage was calculated
by subtracting the volume of the seed (V = 4/3*7*a*b*b) from the volume of
seed plus mucilage (V = 4/3*7*A*B*B).

Resin Section

Siliques at 4, 7, 10, and 13 DPA were fixed in 2.5% (w/v) glutaraldehyde in
phosphate-buffered saline (PBS; pH 7.0) at 4°C overnight. After being washed
with PBS, samples were postfixed in 1% (v/v) osmium tetraoxide in PBS for 1 h.
The fixed samples were subsequently washed twice with PBS for 15 min,
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dehydrated through a gradient ethanol series (30% to 100% [v/v]), embedded
in Spurr’s resin and cut into 1.0-um sections. Sections were stained for 5 min in
0.1% (w/v) toluidine blue O dissolved in PBS and photographed with the BX51
light microscope (Olympus). More than 10 siliques at each stage were sectioned.

Mucilage Extraction and Monosaccharide Quantification

One hundred milligrams of dry seeds were imbibed with 5 mL of distilled
water and shaken at 200 rpm for 1 h. The supernatant containing the water-
soluble mucilage was collected. After two washes with 1 mL of distilled water,
the supernatants were pooled together as the water-soluble mucilage extracts.
Seeds were then resuspended in 5 mL of distilled water and subjected to ul-
trasonic treatment (200 W, 2 min) using an ultrasonic device with a 2 mm probe
(Zhao et al., 2017). After two washes with 1 mL of distilled water, the super-
natants were pooled together as the adherent mucilage extracts. The mucilage
extracts were dialyzed extensively against running water for 3 d and then ly-
ophilized. The extraction was performed in three biological replicates.

The determination of the monosaccharide composition in water-soluble and
adherent mucilage was performed as previously described (Hu et al., 2016a).
Briefly, 2 mg of mucilage was hydrolyzed with 1 mL of 2 M trifluoroacetic acid
(TFA) at 121°C for 2 h. The TFA was evaporated under a stream of nitrogen. The
hydrolysates were derivatized with 400 uL of 1-phenyl-3-methyl-5-pyrazolone
and 400 uL of 0.3 M NaOH at 70°C for 30 min. After neutralization with 400 uL
of 0.3 M HCI, the derivatives were extracted three times with chloroform and
then analyzed by a Hypersil ODS-2 C18 column (4.6X250 mm; Thermo Fisher
Scientific) using a Waters HPLC System. Ten uL of the derivatives were in-
jected, eluted with 82% (v/v) PBS (0.1 M, pH 7.0) and 18% (v/v) acetonitrile at
1 mL min~!, and monitored at 245 nm. A mixture of monosaccharide con-
taining GalA, arabinose (Ara), Rha, Gal, Glc (Glu), Man, and Xyl was included
in the analysis as the standard sample. The quantification was performed in
three biological replicates.

Crystalline Cellulose Content Quantification

Twenty milligrams of de-mucilaged seeds were ground to a fine powder in
liquid nitrogen and de-starched using a total starch assay kit (Megazyme). After
being washed sequentially with ethanol and acetone, the samples were dried
under a vacuum at 60°C to obtain the alcohol insoluble residue. For the de-
termination of the crystalline cellulose content, 5 mg of alcohol insoluble resi-
due (or 2 mg of mucilage) was hydrolyzed in 2 mL of 2 M TFA at 121°C for 2 h.
After centrifugation, the pellets were suspended in 1 mL Updegraff reagent
(acetic acid:nitric acid:water, 8:1:2 [v/v/v]) and heated at 100°C for 1 h
(Updegraff, 1969). After centrifugation, pellets were hydrolyzed in 3 mL of 72%
(w/v) H;SOy4 for 30 min. The amounts of crystalline cellulose were quantified using
the phenolsulfuric acid method with a dehydration factor of 0.9 (Ge et al., 2012).

Immunolabeling Procedures

Whole seeds were blocked for 1 h with PBS containing 3% (w/v) nonfat milk
powder and then incubated with 10-fold diluted primary monoclonal anti-
bodies (JIM5, JIM7, CCRC-M36, CCRC-M38, and CBM3a) in the PBS-milk so-
lution for 2 h at room temperature. Seeds were then gently washed three times
in PBS and incubated with Alexa Fluor488-tagged donkey antirat IgG (for JIM
series; Thermo Fisher Scientific) or Alexa Fluor488-tagged donkey antimouse
IgG (for CCRC series; Thermo Fisher Scientific) diluted 100-fold in the PBS-milk
solution for 1 h in the dark at room temperature. For CBM3a, an additional
incubation with 100-fold-diluted anti-His monoclonal antibody in the PBS-milk
solution for 1 h was performed before incubation with the AlexaFluor488-
tagged donkey antimouse IgG. After three washes in PBS, seeds were coun-
terstained with Calcofluor white (Sigma-Aldrich) for 5 min. More than 20 seeds
were labeled in each experiment. Images were captured with a FluoView
FV1000 confocal laser scanning microscope (Olympus). Calcofluor and Alexa
Fluor488 were excited with a 405 nm diode laser and a 488 nm argon laser,
respectively. Fluorescence emission was recorded between 410 and 500 nm for
Calcofluor and between 500 and 630 nm for Alexa Fluor488. The same settings
for image acquisition were used within each immunolabeling experiment.

ELISA

The CCRC and JIM antibodies were used with the conventional PBS buffer,
whereas the 2F4 antibody required Tris-buffered calcium and saline (TCS)
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buffer (20 mm Tris-HCI [pH 8.2], 0.5 mm CaCl,, and 150 mm NaCl). One hundred
microliters mucilage extractions (100 ug mL™') were coated onto 96-well
microtitre plates at 4°C overnight. Coating solutions were removed and
200 uwL PBS/TCS containing 3% (w/v) nonfat milk were added to block the
plates at 4°C overnight. Plates were washed and 100 uL of 10-fold diluted
primary antibodies in the PBS/TCS-milk solution were added to each well.
After incubation at 37°C for 2 h, plates were washed with PBS/TCS and in-
cubated with 100-fold diluted horseradish peroxidase-conjugated antirat (JIM
series) or antimouse (CCRC series) secondary antibodies in the PBS/TCS-milk
solution at 37°C for 2 h. After washing with PBS/TCS, antibody binding was
determined by the addition of 150 uL horseradish peroxidase -substrate (10 mL
0.1 M sodium acetate [pH 5.5], 200 uL 1% [w/v] tetramethylbenzidine, and
18 uL 6% [v/v] H,O,) to each well. The reaction was terminated after 10 min by
the addition of 50 uL of 2 M H,SO,. The absorbance was measured at 450 nm.

Determination of the DM of HG in Mucilage

Whole mucilage was extracted by shaking 20 mg mature dry seeds in 400 uL
of 50 mm EDTA with 25 movements min~! using a bead mill (Tissue Lyser II,
Qiagen). After the seeds were settled for 10 min, 200 uL of supernatant was
transferred into a new tube and saponified with 0.25 v NaOH for 1 h at room
temperature with rotation. The reaction was neutralized with 0.25 m HCI and
centrifuged for 10 min at 10,000g. The amount of methanol released after the
saponification reaction was measured by a colorimetric method (Klavons and
Bennett, 1986). One hundred micrioliters of supernatant was transferred into a
new 1.5-mL tube, oxidized with 0.5 units of alcohol oxidase (Sigma-Aldrich) for
15 min at 25°C and incubated with 100 uL of freshly prepared 0.02 M 2,4-pen-
tanedione (dissolved in 2 M ammonium acetate and 0.05 m acetic acid) for 15 min
at 60°C. After cooling on ice for 2 min, the absorbance was measured at 412 nm
and quantified using a methanol standard curve. The uronic acid content was
determined by the meta-hydroxydiphenyl method (Blumenkrantz and Asboe-
Hansen, 1973) using GalA as the standard. Forty micrioliters of 5-fold-diluted
supernatant was transferred into a new 1.5 mL microtube and hydrolyzed with
220 L of concentrated sulfuric acid containing 0.0125M Sodium tetraborate
(Sigma-Aldrich) for 5 min at 100°C. After cooling on ice, 4 uL of 0.15% (w/v)
meta-hydroxydiphenyl (Sigma-Aldrich) in 0.5% (w/v) NaOH was added.
Absorbance was measured at 525 nm. The DM of HG was calculated as the
percentage molar ratio of methanol to uronic acid (Ralet et al., 2012).

Determination of PME Activity in the Seed Coat

Developing seeds at 7-10 DPA were harvested from about 100 siliques and
scattered on glass slides. By means of pressing the developing seeds with an-
other slide, the embryos and most of the endosperms were squeezed out of the
seed coat. Then seed coats (with some endosperm attached) were carefully
harvested and ground in 400 uL of extraction buffer (1 M NaCl, 12.5 mm citric
acid, and 50 mm Na,HPO,, pH 6.5). The homogenate was shaken for 1 h at 4°C
and the supernatant was collected by centrifugation at 20,000g for 15 min. Protein
concentrations were determined according to the Bradford method (Bradford,
1976). PME activity was determined according to a previously reported method
(Anthon and Barrett, 2004). Briefly, 50 uL of protein extract was added into a
reaction mix containing 100 mm PBS buffer, 0.4 mg mL™! citrus fruit pectin
(=85% esterified; Sigma-Aldrich), and 0.1 unit alcohol oxidase (Sigma-Aldrich)
and incubated at 30°C for 10 min. Subsequently, 200 uL of 0.5 M NaOH solution
containing 5 mg mL~! Purpald (Sigma-Aldrich) was added. After incubation at
30°C for 30 min, 550 uL of distilled water was added to give a final volume of
1 mL, and the absorbance was measured at 550 nm. PME activity was calcu-
lated as nanomoles of methanol per micrograms of protein using a methanol
standard curve.

In Situ Hybridization

Siliques at four different developing stages (4, 7, 10, and 13 DPA) were fixed,
dehydrated, embedded, sectioned, and attached to adhesive slides as previously
described (Hu et al., 2016a). For the preparation of Digoxigenin-labeled RNA
probes, the coding regions of BLH2 and BLH4 were amplified by PCR using
specific primers (Supplemental Table S1) and individually cloned into the
PGEM-T vector. Digoxigenin-labeled sense and antisense RNA probes were
generated in vitro from either T7 or SP6 promoter using the Digoxigenin RNA
Labeling kit (Roche). The in situ hybridization procedure was performed as
previously described (Mayer et al., 1998). The blocking reagent, anti-Digoxigenin
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antibody, and NBT/BCIP Stock Solution used in the experiments were purchased
from Roche. The antisense and sense samples were operated in parallel
throughout the procedure. Images were captured with the BX51 light microscope
(Olympus).

Gene Expression Analysis

Total RNA was isolated from siliques and seeds using the Cetyltrimethyl
Ammonium Bromide (CTAB) method. The first-strand complementary DNA
was reverse transcribed using TransScript One-Step gDNA Removal and cDNA
Synthesis SuperMix (TransGen) according to the manufacturer’s instructions.
The quantitative real-time PCR was performed using SYBR Premix Ex Taq
(TaKaRa) with the LightCycler 480 detection system (Roche). The ACTIN2 gene
was used as the internal control. Relative expression was calculated by the 2-
25Ct method (Livak and Schmittgen, 2001). Gene-specific primers are listed in
Supplemental Table S1.

EMSA

To express BLH2 in E. coli, the full-length coding sequence of BLH2 was
cloned into the pGEX-4T-1 vector (GE Healthcare) and introduced into E. coli
BL21 cells (Novagen). The GST-BLH2 fusion protein was expressed in the
transformed cells cultured at 28°C, induced with 1 mwm isopropyl B-p-thioga-
lactoside (IPTG), and then purified with Glutathione Sepharose 4B resin (GE
Healthcare). To prepare double-strand DNA probes, two complementary oli-
gonucleotides labeled by biotin at the N terminus were mixed, denatured at
95°C for 10 min, and annealed by gradually cooling to room temperature. The
EMSA reaction and detection was performed using the LightShift Chemilu-
minescent EMSA Kit (Thermo Fisher Scientific) according to the manufacturer’s
instructions.

ChIP Assays

Chromatin was extracted from 7- to 10-DPA siliques of the proBLH2::BLH2-
GFP and proBLH4:BLH4-GFP transgenic plants and wild-type plants. The
procedures for chromatin extraction and immunoprecipitation were performed
as previously described (Xu et al., 2015) with some modifications. Briefly,
samples were harvested and cross-linked in 1% (w/v) paraformaldehyde under
vacuum for 30 min, followed by termination of the cross-linking in 0.125 m Gly
under vacuum for 5 min. After grinding in liquid nitrogen, 2 g of powder was
used for chromatin extraction following a previously described method (Bowler
et al., 2004). Chromatins were then sonicated to achieve an average DNA size
between 0.2 and 1 kb. Immunoprecipitation was performed using the anti-GFP
antibody (JL-8, Takara) conjugated with the Protein G Agarose (Millipore).
Following incubation overnight, the antibody-chromatin complex was washed,
eluted, and de-cross-linked. The precipitated DNA was then recovered by
phenol-chloroform extraction and analyzed by gPCR using the primers listed in
Supplemental Table S1.

Transcriptional Regulation Assays in Protoplasts

To assess the regulatory activity of BLH2 and BLH4 on PME58 expression in
protoplasts, the full-length coding sequences of BLH2 and BLH4 were indi-
vidually inserted into a modified pBI221 vector (GUS reporter gene removed)
downstream of the CaMV 35S promoter to create the effector constructs. The
PMED58 promoter was inserted into another modified pBI221 vector (CaMV 35S
promoter removed) upstream of the GUS reporter gene to create the reporter
construct. The plasmid carrying the Renilla Luciferase gene driven by the CaMV
355 promoter (35S::LUC) was used as an internal control for normalization. The
isolation and transformation of Arabidopsis mesophyll protoplasts were per-
formed according to a previously reported method (Yoo et al., 2007). After
transformation, the protoplasts were incubated at 22°C for 18 h in dark. GUS
and LUC activities were measured and the relative GUS activity (GUS/LUC)
was calculated. All experiments were performed for three biological triplicates.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank /EMBL databases under the following accession numbers:
AT4G36870 (BLH2); AT2G23760 (BLH4); AT5G49180 (PMES58); AT2G47670
(MYB52); and AT4G09960 (STK).
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Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Mucilage phenotypes of the other alleles of
sawl saw?2.

Supplemental Figure S2. Differentiation of seed coat epidermal cells and
mucilage production in developing seeds of blh2 blh4.

Supplemental Figure S3. Immunolabeling of RG I in the blh2 blh4
mucilage.

Supplemental Figure S4. Inmunolabeling of crystalline cellulose in the
blh2 blh4 mucilage.

Supplemental Figure S5. Determination of crystalline cellulose content in
the blh2 blh4 mucilage.

Supplemental Figure S6. Characterization of the proBLH2::BLH2-GFP and
proBLH4:BLH4-GFP transgenic plants and RR staining of the
transgenic seeds.

Supplemental Figure S7. Generation of the PME58-OE blh2 blh4 transgenic
plants.

Supplemental Figure S8. Inmunolabeling assays of HG methylesterifica-
tion pattern in the adherent mucilage of PME58-OE blh2 blh4 seeds.

Supplemental Figure S9. Spatiotemporal expression pattern of PMES5S.

Supplemental Figure S10. Determination of PME activity in blh2 blh4
leaves.

Supplemental Table S1. Primers used in this study.
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