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Mixed-linkage glucan (MLG) is a polysaccharide that is highly abundant in grass endosperm cell walls and present at lower
amounts in other tissues. Cellulose synthase-like F (CSLF) and cellulose synthase-like H genes synthesize MLG, but it is unknown
if other genes participate in the production and restructuring of MLG. Using Brachypodium distachyon transcriptional profiling
data, we identified a B. distachyon trihelix family transcription factor (BdTHX1) that is highly coexpressed with the B. distachyon
CSLF6 gene (BACSLF6), which suggests that BATHX1 is involved in the regulation of MLG biosynthesis. To determine the genes
regulated by this transcription factor, we conducted chromatin immunoprecipitation sequencing (ChIP-seq) experiments using
immature B. distachyon seeds and an anti-BATHX1 polyclonal antibody. The ChIP-seq experiment identified the second intron of
BACSLF6 as one of the most enriched sequences. The binding of BATHX1 to the BACSLF6 intron sequence was confirmed using
electrophoretic mobility shift assays (EMSA). ChIP-seq also showed that a gene encoding a grass-specific glycoside hydrolase
family 16 endotransglucosylase/hydrolase (BAXTHS8) is bound by BATHX1, and the binding was confirmed by EMSA. Radio-
chemical transglucanase assays showed that BAXTHS exhibits predominantly MLG:xyloglucan endotransglucosylase activity, a
hetero-transglycosylation reaction, and can thus produce MLG-xyloglucan covalent bonds; it also has a lower xyloglucan:xylo-
glucan endotransglucosylase activity. B. distachyon shoots regenerated from transformed calli overexpressing BITHX1 showed
an abnormal arrangement of vascular tissue and seedling-lethal phenotypes. These results indicate that the transcription factor
BATHX1 likely plays an important role in MLG biosynthesis and restructuring by regulating the expression of BdCSLF6 and

BAXTHS.

Mixed-linkage (1,3;1,4)-f-p-glucan (MLG) is widely
distributed in grasses, especially in the cell walls of
cereals. It is also found in the vascular plant Equisetum
and some algae and fungi, seemingly as a result of
convergent evolution (Popper and Fry, 2003; Fry et al.,
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2008b; Serensen et al., 2008; Pettolino et al., 2009). MLG
is most abundant in the endosperm of grains, where it
serves as an energy source for seedling growth. The
MLG content in grain varies considerably among var-
ious species with Brachypodium distachyon endosperm
accumulating more than 40% (w/w) MLG by dry
weight (Guillon et al., 2011). MLG is also found in veg-
etative tissues, especially in expanding cells of young
tissues in cereals (Kim et al., 2000; Gibeaut et al., 2005;
Fincher, 2009). The high levels of MLG in the walls of
growing cells suggest that MLG may play an import-
ant role in cell expansion. MLG is also found in sec-
ondary cell walls of mature tissues at lower amounts
compared to primary cell walls of young tissues
(Vega-Sanchez et al., 2012, 2013)

MLG consists of several adjacent (1,4)-linked Glc
residues separated by a single (1,3)-glucosyl linkage
that occurs every third or fourth residue (Woodward
et al., 1983). The digestion of MLG with lichenase, an
enzyme that hydrolyzes the 1,4-glucosidic bond on the
reducing side of a 1,3 glucosidic bond of MLG, pro-
duces trisaccharide and tetrasaccharide residues con-
taining single (1,3)-p-linkages (Lazaridou and Biliaderis,
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2004). The trisaccharide:tetrasaccharide ratios in MLG
vary between species and affect its water solubility
(Burton et al., 2010). This ratio is relatively high in B.
distachyon endosperm compared with other cereal
grains, which renders B. distachyon MLG insoluble in
water (Guillon et al., 2011; Burton and Fincher, 2012).

Recently, several members of the cellulose syn-
thase-like gene family have been shown to be involved
in the synthesis of MLG. The accumulation of MLG in
transgenic Arabidopsis (Arabidopsis thaliana) express-
ing rice (Oryza sativa) cellulose synthase-like F (CSLF)
genes provided direct evidence that the enzymes en-
coded by these genes synthesize MLG (Burton et al.,
2006). Using a similar experimental approach, cellulose
synthase-like H (Doblin et al., 2009) and cellulose syn-
thase-like | (Little et al., 2018) genes were also shown to
be involved in MLG biosynthesis. In the cellulose syn-
thase-like gene family, CSLF genes are only found in
grasses and CSLF6 is the most highly expressed mem-
ber of this gene family (Burton et al., 2008; Christensen
et al., 2010; Kaur et al., 2017). The location of CSLF6
and MLG synthesis is controversial, as one study in
barley (Hordeum vulgare) found that MLG is synthe-
sized at the plasma membrane (Wilson et al., 2015),
while another study using tobacco (Nicotiana tabacum)
epidermal cells expressing B. distachyon CSLF6 and B.
distachyon plants overexpressing CSLF6 demonstrated
that MLG is synthesized in the Golgi apparatus (Kim
et al., 2015, 2018), supporting the conclusion of Carpita
and McCann (2010), who had shown by in vivo radio-
labeling that MLG is synthesized in the Golgi appara-
tus in maize (Zea mays).

Overexpression of CSLF6 often results in growth de-
fects in plants, which may be due to excessive amounts
of MLG produced, its misregulation in specific cell
types, or the lack of additional enzymes required to
integrate MLG into the cell wall. Enzymes that serve
the latter function for hemicelluloses include xyloglu-
can endotransglucosylases/hydrolases (XTHs; Hrmova
et al., 2007; Fincher, 2009). XTHs are members of the
glycoside hydrolase family 16 (GH16), most of which
predominantly exert xyloglucan:xyloglucan endotrans-
glucosylase (XET) activity, catalyzing the exchange
of covalent linkages between xyloglucan chains, i.e.
showing homo-transglucanase activity (Hrmova et al,,
2007; Frankova and Fry, 2013; Hara et al., 2014). In con-
trast, hetero-transf-glucanase, an XTH preferential-
ly catalyzing MLG:xyloglucan endotransglucosylase
(MXE) activity, i.e. exchanging linkages between MLG
and xyloglucan (MXE:XET ratio = 5), exists in Equisetum
but was not detected in barley shoots (Fry et al., 2008a;
Mohler et al., 2013; Simmons and Fry, 2017). A purified
barley XTH (HvXET5) showed transglucanase activity
between xyloglucan and MLG but at a very low rate
(MXE:XET ratio = 0.002; Hrmova et al., 2007, 2009).
Hara et al. (2014) found that a rice XTH gene has neg-
ligible xyloglucan:MLG hetero-transglucanase activity
compared to XET activity. MLG homo-transglycosyla-
tion activity has not been found in any plant but may
exist in Poaceae, as Poaceae cell walls accumulate large
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amounts of MLG (Carpita and Gibeaut, 1993; Carpita,
1996; Vogel, 2008). Discovering such transglucanase
genes should lead to a better understanding of MLG
biosynthesis and could prove useful in engineering
plants with increased MLG content or modified inte-
gration of MLG within the cell wall.

Processes such as cell wall biosynthesis require the
coordinated action of a large number of enzymes. The
expression of genes encoding such enzymes is often
coordinately regulated both spatially and temporally
by specific transcription factors. Studies that exam-
ine the coexpression of genes have been successful in
elucidating transcription factors involved in cell wall
biosynthesis (Brown et al., 2005; Hirano et al., 2013;
Ferreira et al., 2016). Using this strategy, we have iden-
tified a transcription factor of the trihelix family that
is highly coexpressed with the MLG biosynthetic
enzyme CSLF6 in B. distachyon. Our intention was to
use such a transcription factor to discover additional
genes involved in MLG biosynthesis or restructuring.

Trihelix transcription factors are plant specific, with
34 members in Arabidopsis, 40 members in rice, and 54
members in B. distachyon (Jin et al., 2017). They are also
known as GT factors defined according to a highly con-
served DNA-binding domain that specifically binds
to GT elements, which are highly variable elements
with the consensus sequence GGT(A/T) (A/T) (A/T)
(Gilmartin et al., 1990; Dehesh et al., 1992; Zhou, 1999).
These conserved DNA binding domains are found at
the N terminus, while the C terminus is less conserved
but enriched in hydrophilic amino acids. This hydro-
philic region is likely the activation domain of trihelix
factors (Ma, 2011; Kaplan-Levy et al., 2014). Addition-
ally, trihelix factors can form heterodimers and ho-
modimers as well as participate in interactions with
other classes of transcription factors (Xie et al., 2009;
Li et al., 2015). The trihelix factors have been found to
control the expression of light-regulated genes as well
as genes involved in plant development and stress
responses (Kaplan-Levy et al., 2012).

Here we report that the B. distachyon trihelix factor,
BdTHX1, is highly coexpressed with BACSLF6, a gene
encoding MLG synthase. Further biochemical experi-
ments show that BATHX1 directly binds to an intronic
region of BACSLF6 and also to the 3" proximal region
of BIXTHS, a gene that encodes a grass-specific en-
dotransglucosylase that preferentially uses MLG as a
substrate.

RESULTS

BdTHX1 Is Coexpressed with BACSLF6, and This
Expression Pattern Correlates with MLG Accumulation in
B. distachyon

To discover additional components involved in the
process of MLG biosynthesis and deposition, we
obtained B. distachyon transcriptional profiling data
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BAdTHX1 Is Involved in MLG Biosynthesis

Figure 1. Gus expression driven by the 3.5-kb
upstream region of BATHX1 and MLG content in
different B. distachyon tissues. A, GUS staining of
5-d-old pBdTHX1::GUS T1 seedling. B to F, GUS
staining of elongating leaf (B), mature leaf (C), elon-

from a series of tissues at different development stages
and analyzed these data to identify genes coexpressed
with CSLF6 (Supplemental Fig. S1). An examination
of these data shows that BACSLF6 (Bradi3g16307.1) is
highly expressed in elongating leaves, elongating stem
internodes (internodes 1.1-1.4 and internode 3), and
endosperm but is expressed at low levels in older stem
tissues (internodes 2, 4, 5, and 6) and in the mature
leaf (Supplemental Fig. S1B). Coexpression analyses
revealed that BITHX1 (Bradi5g17150.1), a transcription
factor of the trihelix family, showed the highest coex-
pression with BACSLF6 of any gene (R* = 0.9688). Tri-
helix factors are divided into five clades based on the
trihelix domain (Kaplan-Levy et al., 2012). BIiTHX1 is a
member of the GT-2 subfamily, a clade whose proteins
have two trihelix DNA-binding domains (Kaplan-Levy
et al., 2012; Jin et al., 2014). Using expression databas-
es for rice and maize (Jain et al., 2007; Sekhon et al.,
2011; Wang et al., 2014; Stelpflug et al., 2016), we found
that THX1 is coexpressed with CSLF6 in these plants
as well as in B. distachyon (Supplemental Fig. S2). This
high level of coexpression with BACSLF6 identified
BdTHX1 as a candidate transcription factor for the reg-
ulation of BACSLF6.

To explore the correlation of the expression pattern
of BATHX1 with MLG levels in different B. distachyon
tissues, we generated transgenic plants with 3.5 kb of
the BAITHX1 upstream sequence driving the expression
of GUS. A variety of tissues from these plants were as-
sayed by GUS staining and 11 of 15 independent lines
showed a similar staining pattern as shown in Figure
1. This analysis indicated that pBdTHX1::GUS was ex-
pressed in seedlings, young leaves, young internodes,
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and endosperm but was absent or expressed at very
low levels in mature leaves or internodes (Fig. 1, A-F).
The expression pattern driven by the BiTHX1 promot-
er is similar to the expression profile of BiTHX1 from
the transcriptome profiling data. In order to investigate
the MLG content in the same tissues, alcohol-insoluble
residue (AIR) was prepared from those tissues and
analyzed (Supplemental Fig. S3). Consistent with
previous findings in other grasses (Kim et al., 2000;
Gibeaut et al., 2005; Fincher, 2009), young, elongating
vegetative tissues and endosperm of B. distachyon accu-
mulate large amounts of MLG (Fig. 1G). The AIR from
elongating leaves and young internodes contained 10%
(w/w) and 5% (w/w) MLG, respectively. Whole seed-
lings contained approximately 1% (w/w) MLG, while
mature leaves and senesced internodes have very low
levels (Fig. 1G). The endosperm showed the strongest
GUS staining signal and accumulates up to 45% (w/w)
MLG (Fig. 1G). Both the expression profile data and
the promoter activity of BITHX1 driving GUS expres-
sion indicate that the expression of BiTHX1 is correlat-
ed with MLG accumulation.

To determine the correlation between MLG accu-
mulation and the expression pattern of BICSLF6 and
BATHX1 at the cellular level, we examined MLG depo-
sition in young leaves by immunohistochemistry and
the expression of BACSLF6 and BATHXI by in situ
hybridization. Use of an anti-MLG monoclonal antibody
indicated that the highest amounts of MLG were in
parenchyma and epidermal cells of elongating leaves.
There was weak labeling in mature leaf cells (Fig. 2A).
RNA in situ hybridization showed that BCSLF6 is most
highly expressed in parenchyma cells in elongating
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Figure 2. Immunolabeling and expression of A
BdCSLF6 and BATHXT in leaf. A, Immunolabeling
of elongating leaf and leaf sheath with MLG mono-
clonal antibody. B and C, RNA in situ hybridiza-
tion of BACSLF6 (B) and BATHX1 (C) in elongating
leaf and leaf sheath. Sections hybridized with sense
probes are shown as controls. The arrowheads in-
dicate the vascular bundle. P, Parenchyma cells; s,
leaf sheath; el, elongating leaf. Scale bars, 100 pm.

leaves. Low levels of BACSLF6 were found in leaf sheath
tissues (Fig. 2B). BITHX1 showed a similar pattern of
expression as BICSLF6 by RNA in situ hybridization
(Fig. 2C). GUS staining of sections of pBdTHX1::GUS
plants showed that BITHX1 was expressed in paren-
chyma cells and immature vascular bundles of the
elongating leaf, but not in the leaf sheath or mature
vascular bundles in the elongating leaf (Supplemental
Fig. S4A). In sections of young internodes, GUS stain-
ing was observed in all cells except vascular bundles
(Supplemental Fig. S4B). There was strong GUS stain-
ing throughout endosperm tissue (Supplemental Fig.
S4C). These results indicate that both BATHX1 and
BACSLF6 are predominantly expressed in the paren-
chyma cells of young vegetative tissues and that these
cells accumulate large amounts of MLG. The close cor-
relation of BAITHX1 and BACSLF6 expression and MLG
accumulation at the cellular level is consistent with the
hypothesis that BATHX1 is involved in MLG biosyn-
thesis by regulating BACSLF6 expression.

Identification of BATHX1 Binding Sites by Chromatin
Immunoprecipitation-Sequencing

To identify the direct targets of BATHX1 transcrip-
tional regulation, we conducted chromatin immu-
noprecipitation-sequencing (ChIP-seq) experiments
with chromatin extracted from B. distachyon imma-
ture seeds (12 to 20 d after fertilization) as this tissue
has a high level of THX1 expression and accumulates
large amounts of MLG. We optimized the nuclei isola-
tion method used for DNase-rich tissues as described
previously (Peterson et al., 2000; Lutz et al., 2011) and
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successfully obtained preparations of high M_nucle-
ar DNA from B. distachyon using a buffer containing
EDTA, spermine, and spermidine.

To obtain an antibody specific to BATHX1, the C-
terminal 572 to 758 amino acid region of BATHX1 was
chosen because this region is specific to BATHX1. The
sequence of this region was compared with all protein
sequences from B. distachyon using the BLAST pro-
gram, and only short sequences with very low scores
were found (Supplemental Fig. S5A). The resulting
polyclonal antibody revealed a single band of the cor-
rect size by immunoblot analysis of total protein from
immature seeds, which have high levels of the BITHX1
transcript, while no visible band was detected with
protein extracted from 20-d-old whole plant tissues
that have very low levels of the BdATHX1 transcript
(Supplemental Fig. S5B). To further test the specifici-
ty of the BATHX1 antibody, we examined the binding
of this antibody to BATHX2 (Bradilg77610.1), a trihelix
member that has the highest protein sequence identity
and a similar expression pattern as BATHX1 (Supple-
mental Fig. 56). Both proteins fall into the GT-2 clade
and have two trihelix DNA binding domains, one cen-
tral domain, and a C terminus that may act as an activa-
tion domain (Jin et al., 2014). The recombinant proteins
6xHIS-BATHX1 and 6xHIS-BATHX2 were synthesized
using a cell-free wheat germ expression system (Takai et
al., 2010). Immunoblot analyses of the cell-free synthe-
sized proteins showed that BATHX1 antibody detected
6xHIS-BATHX1, but not 6xHIS-BATHX2 (Supplemen-
tal Fig. S5C). These results indicate that the antibody
produced is specific to BATHX1. The affinity purified
polyclonal anti-BATHX1 and preimmune serum were

Plant Physiol. Vol. 178, 2018
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Figure 3. Binding of BATHX1 to BdCSLF6 intron sequences. A, ChIP-seq profile for BACSLF6 using BATHX1 antibody and sche-
matic diagram of the probes used in electrophoretic mobility-shift assays. The ChIP-seq reads were mapped to B. distachyon
Bd21 v1.0 chromosome 3: 14473859 to 14474805, corresponding to the second intron of BACSLF6. y axis shows normalized
read counts. The exons and introns of BACSLF6 were shown as rectangles (filled, translated regions; open, untranslated regions)
and black lines, respectively. Preimmune serum was used as a negative control. The sequences that correspond to the two peaks
are shown, and GT motifs are highlighted in bold. F1 is a 272-bp-long probe located in the second intron of BACSLF6. Probe
F5 is 60 bp long. Probes F6, F7, F8, and F9 are 30 bp long. The black dots on the gray lines represent the binding site. B and
C, EMSA was performed with biotin-labeled probes and wheat germ cell-free synthesized BdTHX1. Two different amounts of
BATHX1 were used to test if the binding is BATHXT amount dependent. ++ represents that 4-fold excess amount of protein was
added in the reaction. Free DNA and protein-DNA complex were separated by 5% TBE polyacrylamide gels. B, The binding of
BATHX1 to probe F1. Wheat germ cell-free synthesized protein DHFR was used as negative control. C, The specific binding of
BATHX1 to probe F5 was tested by using a competition assay. Excess amounts of unlabeled DNA fragments (200-fold molar

excess over labeled DNA) were included in the assay as competitors.

used in the ChIP assays as the immunoprecipitated
(IP) sample and negative control, respectively. Isolated
ChIP-DNA was subjected to DNA sequencing. The top
100 DNA-binding sites identified from two indepen-
dent ChIP-seq experiments using program MACS are
shown in Supplemental Table S1.

BdTHX1 Binds to GT Elements in the Second Intron of
BdCSLF6

One of the highest scoring candidate genes in the
ChIP-seq data was BACSLF6 (Supplemental Table
S1). None of the genes with a higher score showed
coexpression with BATHX1 nor did their expression
correlate with MLG accumulation in different B. distachy-
on tissues, while BiTHX1 and BACSLF6 have very sim-
ilar expression patterns (Fig. 1G; Supplemental Figs. S1
and S7). It is often observed that transcription factor

Plant Physiol. Vol. 178, 2018

binding does not lead to gene regulation (MacQuarrie
et al., 2011), so the combination of binding and coex-
pression was used as a filter to select candidate genes
regulated by BATHX1. BATHX1 binds to the second
intron of BACSLF6 and therefore likely functions as
an enhancer (Fig. 3A). The binding of BATHX1 to the
BACSLF6 intron sequence was confirmed using electro-
phoretic mobility shift assays (EMSA). A 276-bp frag-
ment of the second intron F1 (Supplemental Fig. S8A)
was labeled with biotin and used for EMSA along with
BATHX1 protein produced from a cell-free wheat germ
expression system. The shift of the labeled DNA was
dependent on the amount of BATHX1 protein added,
while no change in mobility of the probe was observed
when the control protein dihydrofolate reductase (DHFR),
also synthesized in the wheat germ system, was assayed
(Fig. 3B).
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Figure 4. Analysis of BATHX1 bind- A
ing site. A and B, BATHX1 binding F9
site was analyzed by using mutant M1
competitors in EMSA. The sequenc-
es of mutant competitors used in
EMSA (B) are shown in A. A, The M3
binding motif is highlighted in bold, M4
and the mutated nucleotide of each M5
competitor is lowercased. B, EMSA M6
was performed with biotin-labeled
probe F5 and wheat germ cell-free
synthesized BATHX1. Free DNA and M8
protein-DNA complex were separat-
ed by 5% TBE polyacrylamide gels.
Excess amounts of unlabeled probes
F5, M1, M2, M3, M4, M5, M6, M7,
M8, and M9 (200-fold molar excess B
over labeled DNA) were included

as competitors. C, The motif created

Labeled F5 + +

ATTTCGATTTgACCCGAGGTAATTAATTAGGAA
M7 ATTTCGATTTCgCCCGAGGTAATTAATTAGGAA
ATTTCGATTTCAtCCGAGGTAATTAATTAGGAA é
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To identify the exact binding sequence, smaller oli-
gonucleotide probes were synthesized and labeled
with biotin and used for EMSA. BATHX1 binds to the
60-bp probe F5 (Fig. 3C). The 30-bp unlabeled probes
F6, F7, F8, and F9 containing overlapping regions of F5
were used to compete for the binding of BATHX1 to
biotin-labeled F5. Probes F8 and F9 showed competi-
tion with biotin-labeled F5, with F9 showing stronger
competition indicating that the binding site is located
in the overlap region of F8 and F9 (Fig. 3C). Unlabeled
mutant versions of F9 (M1 and M2) were used as com-
petitors to refine the sequence of the binding site. The
motif TTTCACC was found using this approach (Fig.
4, A and B). This sequence occurs twice in the second
intron of BACSLF6 and likely corresponds to the two
peaks shown on the map of ChIP-seq reads (Fig. 3A).
The binding sequence TTTCACC matches the GT
motif previously identified for other trihelix family
members having the consensus sequence GGT(A/T)
(A/T) (A/T) (Zhou, 1999; Kaplan-Levy et al., 2012)
with two exceptions: (1) the binding motif found in the
second intron of BACSLF6 occurs as the reverse com-
plement of the GT motif, (2) the fourth position of this
motif is a cytosine (C) instead of thymine (T). Enhancer
binding sites are found in both forward- and reverse-
complementary orientations and the binding orientation
of transcription factors is not relevant to the transcrip-
tion start site of the downstream gene (Cox et al,,
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1997; Lis and Walther, 2016). To examine the binding
sequence of BATHX1, we searched for frequently
occurring sequence motifs in DNA regions defined by
ChIP-seq using the BATHX1-specific antibody. The
top scoring motif generated by MEME using motif
analysis of the top 100 candidate regions for BATHX1
binding is shown in Figure 4C. This motif was subse-
quently found in 270 peak regions of the top 500 peak
regions and matches the GT motif previously iden-
tified. To confirm specificity, each nucleotide of this
motif was mutated and used as a competitor in an
EMSA. None of the mutated probes competed for the
binding of BATHX1 to biotin-F5 with the exception of
M9 (Fig. 4, A and B). The motif created by statistical
analysis of ChIP-seq data are consistent with the fact
that competitor M9 can compete for the binding of
BdTHX1 to biotin-F5 because the mutated position is
predicted to be either a cytosine (C) or thymine (T)
and M9 has a thymine (T) instead of cytosine (C) (Fig.
4C). Competitor M6t with the fourth nucleotide of the
GT motif mutated from cytosine (C) to thymine (T)
can compete for the binding, further indicating that
BdTHX1 binds to the GT motif (Supplemental Fig. 59).
It also supports the idea that GT elements are highly
degenerate (Zhou, 1999). The binding sequence we
identified by EMSA and statistical analysis of ChIP-
bound DNA therefore matches the core sequence of
GT elements.
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To evaluate the conservation of the GT motif in
CSLF6, the prevalence of the motif in CSLF6 introns
of several grass species was analyzed. Our analysis
showed that second introns of all except sorghum
(Sorghum bicolor) CSLF6 contain GGTAAAA/T, T/
ATTCACC, or T/ATTTACC. The first intron of all
examined sequences contained the motif GGTGAAA/
T (Supplemental Table S2).

BAdTHX1 Is Involved in MLG Biosynthesis

Figure 5. Binding of BdTHX1 to the 3’
proximal region of BdXTHS8. A, ChIP-seq
profile for BAXTH8 using BATHX1 antibody
and schematic diagram of the probes used
in EMSA. The ChIP-seq reads were mapped
to B. distachyon Bd21 v1.0 chromosome 3:
17133890 to 17134728, corresponding to
the 3' proximal region of BAXTHS. y axis
shows normalized read counts. The exons
and introns of BdXTH8 are shown as rect-
angles (filled, translated regions; open,
untranslated regions) and black lines, respec-
tively. Dashed lines represents upstream
and downstream sequences. X1 is a 328-bp
sequence located downstream of BdXTHS.
X2 to X7 vary between 57 and 60 bp long.
The black dots on the gray lines represent
the binding site. B, EMSA was performed
with biotin-labeled probe X1 and wheat
germ cell-free synthesized BdTHX1. Free
DNA and protein-DNA complex were
separated by 5% TBE polyacrylamide gels.
Excess amounts of unlabeled X1 (200-fold
molar excess over labeled X1) were includ-
ed as specific competitor. Two different
amounts of BATHX1 were used. ++ rep-
resents that 4-fold excess amount of pro-
tein was added in the reaction. C, Probe
sequence for X4, X5, X6, and X7. Both
X4 and X5 contain part of GT motif. The
binding motif in X7 is highlight in bold.
D, Verification of binding motif using la-
beled probes from different regions of X1.
BATHX1 binds to X7, which probe contains
a typical GT motif.

germ extract. This probe showed an electrophoretic
shift that was dependent on the amount of BATHX1,
and this binding was competed with unlabeled probe
(Fig. 5B). To further identify the binding sequence, five
60-bp biotin-labeled probes (X2-X6) from the differ-
ent regions of X1 were used separately with cell-free
wheat germ synthesized BATHX1 in EMSA. No probes
showed electrophoretic shifts (Fig. 5, A and D). Further

analysis showed that there is a GT element split be-

BdTHX1 Binds to the GT Element of BiXTHS, a Gene
Encoding a Grass-Specific Endotransglucosylase Acting
on MLG and Xyloglucan

An analysis of the ChlIP-seq data also identified a
gene encoding a member of the GH16, here designated
BAXTHS (Bradi3g18600.1; Supplemental Table S1). The
expression pattern of this gene is similar to that of both
BATHX1 and BACSLF6, and BAXTHS8 has a BATHX1
binding site in the 3’ proximal region as determined
from the ChIP-seq data (Supplemental Fig. S10B; Fig.
5, A and B). A 328-bp fragment of the BiXTHS 3’ region
X1 (Supplemental Fig. S8B) was labeled with biotin
and incubated with BATHX1 synthesized from wheat
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tween X4 and X5. The probe biotin-X7, which contains
the intact GT element was assayed with BATHX1 and
produced an electrophoretic shift (Fig. 5, A, C, and D).
This result shows that BATHX1 binds to the 3’ proxi-
mal region of BIXTHS and provides supporting evi-
dence that BATHX1 binds to the identified GT element
in vivo (Fig. 4C).

The GH16 family includes several endotransgluco-
sylases likely required to integrate newly synthesized
xyloglucan into the existing wall (Thompson et al.,
1997) and to restructure existing wall-bound xyloglu-
can (Thompson and Fry, 2001). Phylogenetic analysis
of B. distachyon GH16 members showed that four mem-
bers have no close homologs in Arabidopsis and

1213


http://www.plantphysiol.org/cgi/content/full/pp.18.00978/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.00978/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.00978/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.00978/DC1

Fan et al.

are unique to the grasses suggesting that they may be
required for the synthesis or removal of a grass-specific
cell wall polymer, such as MLG (Hayashi, 1989; Gibeaut
and Carpita, 1993; Burton and Fincher, 2012). Intrigu-
ingly, BiXTHS is a member of this grass-specific clade of
GH16 genes in B. distachyon (Supplemental Fig. S10A).
All of the four genes show the greatest expression in
tissues with high MLG (Guillon et al., 2011, 2012; Sup-
plemental Fig. S10B), suggesting that these proteins
likely act on MLG, either as GH16 endohydrolases or
endotransglucosylases.

To test this, BAXTHS8 (25 to 301 amino acids, with-
out the N-terminal signal peptide) was expressed in
the yeast Pichia pastoris as a secreted protein using a
P. pastoris signal sequence. A protein with a mass of
approximately 60 kD that was specific to this trans-
formed strain was detected (Supplemental Fig. S11A).
Tryptic peptides of this protein isolated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
were analyzed by liquid chromatography with tan-
dem mass spectrometry and confirmed the identity of
this protein as BAXTHS. The increase in the M of this
protein compared to that predicted from the sequence
is likely due to glycosylation as has been observed
for other XTHs expressed in P. pastoris (Henriksson
et al., 2003; Simmons et al., 2015). In radiometric assays,
BAXTHS8 showed transglucosylase activity toward
MLG and xyloglucan, when a xyloglucan-derived hep-
tasaccharide ([PH]JXXXGol) was offered as an acceptor
substrate. The MXE activity was higher than the XET
activity (MXE:XET ratio ~1.4). Neither water-soluble
cellulose acetate (structurally resembling grass xylo-
glucans; Gibeaut et al., 2005; Fry et al., 2008a) nor
insoluble cellulose (filter paper) was utilized as a donor
substrate. The pH optima of both XET and MXE
activity were determined as 5.3 to 5.4, which falls within
the range of the plant apoplast (Fig. 6). BAXTHS did
not yield hydrolysis products separable by thin-layer
chromatography when acting on xyloglucan or MLG
(Supplemental Fig. S11B). BIXTHS along with the oth-
er three genes in the grass-specific clade are expressed
in tissues that accumulate high amounts of MLG, also
supporting the idea that they play an important role
in metabolism between MLG and xyloglucan in B.
distachyon. They may represent novel contributors to
MLG synthesis and remodeling pathways in grasses.
This result suggests that appreciable MXE activity
exists in grasses.

BAXTHS is coexpressed with the transcription factor
BATHX? in addition to BITHX1. BAIXTHS8 and BATHX?2
both have higher expression in elongating internodes
and elongating leaf tissue than that in endosperm,
while BiTHX1 and BACSLF6 have nearly equal expres-
sion in elongating internodes and endosperm tissues
(Supplemental Fig. S1, S6B, and S10B).

To test the DNA binding ability of BATHX2 to
BdCSLF6 and BAXTHS, an EMSA using cell-free wheat
germ synthesized BATHX2 and biotin-labeled probes
from BACSLF6 (F5) and BAXTHS (X7) were performed
and showed that BATHX2 binds to both BACSLF6 and
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Figure 6. Activities of Pichia expressed BAXTH8. A, XET, MXE, and
CXE (WSCA) activities were measured using soluble donor substrates
(xyloglucan, MLG, or water-soluble cellulose acetate; WSCA); CXE
(AP) activity was assayed using insoluble alkali-treated filter paper (AP)
as a donor. PH]XXXGol served as acceptor. Statistically significant dif-
ferences (P < 0.01, ANOVA + Tukey’s post-hoc test) among activities
after 24 h or 36 h incubation are indicated by lower- or uppercase
letters, respectively. B, pH dependence of XET and MXE activity
expressed as % of pH optima. Activities are shown as means + sp
from four (A) or three (B) independent experiments.

BAXTHS8 (Supplemental Fig. 512). In order to compare
BATHX2 binding activity to the two genes, both unla-
beled F5 and X7 were used to compete for the binding
of BATHX2 to biotin-F5 and biotin-X7. Both compet-
itors can compete for the binding of BATHX2 to bio-
tin-F5. X7 but not F5 can compete for the binding of
BATHX2 to biotin-X7 (Supplemental Fig. S12). This
competition assay indicates that BATHX2 has higher
binding affinity to BAXTHS8 than to BACSLF6. This
result is consistent with the fact that BATHX2 and
BAXTHS are coexpressed and suggests that BATHX2
may be involved in MLG accumulation in vegetative
tissues by regulating the expression of XTHS.
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Misregulation of BATHX1 Is Detrimental to B. distachyon
Development

To gain information on the genes regulated by
BdTHX1, we transformed B. distachyon with BATHX1
under the control of the maize ubiquitin promoter
(pZmUbi). After selection for transformed calli on
hygromycin-containing media for 3 weeks, we trans-
ferred the calli onto regeneration medium. After 1 to
2 weeks, green shoots emerged as shown in Figure 7B.
Regenerating shoots from pZmUbi::BATHX1 stopped
growing and died, while transgenic shoots from con-
trol calli (pZmUbi::GUS) continued growing (Fig. 7, A
to D). Fifty TO shoots (100%) resulting from transfor-
mation with pZmUbi::BATHX1 died when they were
less than 0.6 cm tall. This is similar to barley CSLF6
overexpression plants, where most of the p35S:
HoCSLF6 transgenic plants cannot survive (Burton et al.,
2011). To examine the MLG accumulation in the trans-
genic shoots, we assayed cross sections of transformed
shoots with the MLG monoclonal antibody. Some lines
(five out of eight) showed a stronger signal than the
control, especially in the vascular bundle (Supple-
mental Fig. S513). Toluidine blue staining of cross sec-
tions showed that the average size of cells in pZmUbi::
BATHX1 transgenic shoots is approximately twice as
large as the control (Fig. 7, E, F, and ]). Transmission
electron microscopy of the regenerated shoots showed
that pZmUbi::BATHX1-transformed plants had larger
parenchyma cells and an abnormal arrangement of
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Figure 7. Phenotype of pZmUbi::BdTHX1

pZmUbi:BdTHX1 transgenic shoots. A to D, Transgenic shoots of
. control (A) and pZmUbi::BdTHX1 (B) regen-

erated on shoot-regeneration medium. After 4

:[ days (control) or 7 days (pZmUbi::BdTHXT),

shoots of control plants continued to grow (C),
but the transgenic shoots of pZmUbi::THX1
stopped growing and died (D). Scale bar, 2
mm. E and F, Cross sections of control (E) and
pZmUbi::BdTHXT (F) shoots stained with tolu-
idine blue. The arrowheads indicate the vascu-
lar bundle. P, parenchyma cells. Scale bar, 50
pm. G to I, Transmission electron microscopy
of control (G) and pZmUbi::BdTHX1 shoots (H
I and ). The circle in orange indicates the area
of vascular bundle. xy, Xylem; ph, phloem; P,
parenchyma cells. Scale bar, 10 pm. J, Average
cell size of control and pZmUbi::BdTHX1 were
shown as means + sp from different transgen-
ic shoots (n = 3). **P < 0.01 compared with
control (unpaired ¢ test). K and L, Cell number
(K) and average cell size (L) of cells in vascular
bundle of control and pZmUbi::BdTHXT trans-
. genic shoots were shown as means + sp (n = 3).
:[ *#P < 0.01 compared with control (unpaired ¢
test).

E

vascular bundles (Fig. 7, G-I). More cells were found
in the vascular bundle of pZmUbi::BATHX1 transgen-
ic plants, and these cells were larger than those in the
control (Fig. 7, K and L). A similar phenotype has been
reported in plants overexpressing the barley CSLF6
(Burton et al., 2011). The vascular bundle is an import-
ant transport system for water and nutrients. It is pos-
sible that the lack of properly organized vascular tissue
leads to plant death. This phenotype may be due to the
excessive amount of MLG or due to the accumulation
of MLG in tissues or developmental stages that nor-
mally have low levels of MLG. Additionally, BATHX1
may regulate genes related to cell wall assembly or re-
structuring such as BAXTHS. It is reported that XTH
members could act as cell wall loosening enzymes to
affect cell expansion (Van Sandt et al., 2007).
Overexpressing BATHX1 under the control of the
Cauliflower mosaic virus 35S promoter resulted in the
same phenotype as pZmUbi::BATHX1 transgenic shoots
(Supplemental Table S3). The use of a f-estradiol-
inducible system to overexpress BATHX1 did not pro-
duce mature plants. Using the GUS gene as a control
to test this inducible system revealed that GUS was
expressed in the absence of the inducer 17-g-estradiol
indicating that we were also likely still overexpress-
ing the BITHX1 gene. Transforming with a dominant-
negative construct using the BATHX1-EAR (EAR motif
repression domain; Hiratsu et al., 2003) with the Cau-
liflower mosaic virus 35S promoter produced transgen-
ic shoots, which also did not survive (Supplemental
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Table S3). To generate RNA interference (RNAi) lines
with lower amounts of BAITHX1 transcripts, four dif-
ferent RNAi constructs were made and used to con-
struct transgenic B. distachyon. No visible phenotypes
were observed in any of these plants (Supplemental
Fig. S14A). More than 120 TO0 lines from four different
RNAIi constructs were analyzed by reverse tran-
scription-quantitative PCR. eight independent lines
from the same construct showed reduced expression of
BATHX1. The progeny of four independent lines were
analyzed, and the data from the T2 is shown in Sup-
plemental Figure S14B. No segregation was detected
in the T2 generation of line #1 and #22. The expression
of BiTHX1 and BAXTHS was down-regulated, and the
transcript abundance of BACSLF6 was not significantly
changed. In these four lines, the expression of BAiTHX1,
BACSLF6, and BdXTHS8 showed the same pattern in the
T0, T1, and T2 generation. The lines with the lowest
relative expression level still contained 60% of the
mRNA as that of control plants suggesting that there is
a limit to the reduction of BITHX1 that is tolerated by
the plant. Further exploration and examination of the
targets of BATHX1 will provide more clues on the role
of BATHX1 in plant development.

DISCUSSION

BATHX1 Binds to Nonpromoter Regions That Likely
Function as Enhancers

ChIP-seq is widely used to identify the binding site
of DNA-associated proteins. To identify the targets of
the transcription factor BATHX1, we carried out ChIP-
seq experiments with the BATHX1-specific antibody,
and BACSLF6 was one of the highest scoring candi-
dates. BATHX1 binds to the second intron of BCSLF6
but not to the promoter, a result supported by the
EMSA. The ChIP-seq data also showed that BATHX1
binds to the 3’ proximal region of BiXTHS. Transcrip-
tion factors bind to the proximal promoter elements
or enhancer regions of the genes they regulate. Unlike
proximal promoter elements, enhancers are difficult
to identify because they can be located large distances
from their target promoters and can be found upstream
or downstream of genes and within introns (Deyholos
and Sieburth, 2000; Bianchi et al., 2009; Pennacchio et al.,
2013). Recently, Zhu et al. (2015) developed an open
chromatin signature-based enhancer prediction system
in the Arabidopsis genome, and thousands of regions
were predicted to be enhancers. As an example, the
second intron of AGAMOUS contains an enhancer
that controls carpel- and stamen-specific expression
of Arabidopsis genes during flower development
(Sieburth and Meyerowitz, 1997; Deyholos and Sieburth,
2000; Liu and Liu, 2008). For MLG synthesis, one
member of the CSLF gene family, i.e. CSLF6, is likely
required for the majority of MLG synthesis (Kim et al.,
2015), and this gene is likely regulated in a tissue- and de-
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velopmental-stage-specific way. It is likely that BATHX1
is involved in regulating this specific expression of
BdCSLFb6.

Trihelix Factor BATHX2 Is Likely Involved in MLG
Accumulation by Targeting BAXTHS

The trihelix family is a large transcription factor
family that contains 54 members in B. distachyon. One
member, BATHX2, has high protein sequence identity
with BATHX1 and a similar expression pattern as
BATHX1 (Supplemental Fig. S6). Both genes have high
expression in young vegetative tissues. BATHX?2 is
highly coexpressed with BAXTH8 and has higher ex-
pression in elongating internodes than that in endo-
sperm, while BiTHX1 showed high expression in both
elongating internodes and endosperm (Supplemental
Figs. S1, S6B, and S10B). EMSA showed that BATHX2
binds to both BACSLF6 and BdXTHS8 and has higher
affinity to the latter (Supplemental Fig. 512). These two
transcription factors have similar but not identical ex-
pression patterns, and their different binding affinity to
CSLF6 and XTHS suggests that THX1 and THX2 may
regulate MLG biosynthesis in specific tissues. BIXTHS8
might be important for recruiting MLG as a structural
cell wall component, but not as a storage compound
in endosperm cell walls, which does not show strong
BATHX2 expression. The composition of cell walls in
vegetative tissues differs from that in grain. In grasses,
cell walls in vegetative tissues contain a high level of
cellulose and a low level of MLG (Gibeaut et al., 2005;
Burton and Fincher, 2014; Zhang et al., 2014). Studies
on trihelix factors have revealed that many members
form dimers between trihelix factors or interact with
other transcription factors. It is possible that BATHX1
interacts with BATHX2 as a heterodimer in vegetative
tissues but not endosperm to regulate the expression
of target genes. Likely, more genes regulating MLG
biosynthesis could be uncovered by performing ChIP-
seq experiments using an anti-BATHX2 antibody and
young vegetative tissues, such as elongating inter-
nodes or elongating leaves. Examining those genes
should lead to a better understanding of MLG deposi-
tion in young vegetative tissues and the mechanism of
MLG'’s effect on plant development. With such infor-
mation, it might be possible to engineer crops like sor-
ghum with the stem as a storage organ accumulating
large amounts of MLG without affecting plant growth.

BdTHX1 Is Likely a Key Regulator of MLG Biosynthesis
and Remodeling

Using B. distachyon transcriptional profiling data,
we identified a transcription factor that is coexpressed
with BACSLF6. Both genes are highly expressed in tis-
sues that accumulate a large amount of MLG. An ex-
amination of recent studies of transcriptional profiling
data using a variety of tissues in rice and maize re-
vealed that a homolog of BATHX1 is coexpressed with
CSLF6 (Jain et al., 2007; Sekhon et al., 2011; Wang et al.,
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2014; Stelpflug et al., 2016). These expression data are
consistent with BITHX1 being a transcription factor
involved in MLG biosynthesis. Histochemical analy-
sis of the plants transformed with a construct contain-
ing the promoter of BiTHX1 driving the expression
of GUS showed that expression of BATHX1 correlates
with the MLG accumulation in different tissues of
B. distachyon.

Additionally, ChIP-seq assays with a BATHX1-specific
antibody in B. distachyon immature seeds showed that
BATHX1 binds to the second intron of BACSLF6. The
binding activity was confirmed by EMSA. The ChIP-
seq data also identified BAXTHS, a member of the large
family of GH16 endotransglucosylase/hydrolases.
Many GH16 proteins catalyze xyloglucan-to-xyloglucan
homo-transglycosylation (i.e. the well-known XET
activity). All poalean XTHs studied prior to the pres-
ent work catalyzed only very slight MLG-to-xyloglucan
hetero-transglycosylation (MXE activity) in vitro
(Hrmova et al., 2007). It was speculated (Hrmova et al.,
2007) that in muro, i.e. in the presence of naturally high
MLG concentrations, some poalean XTHs may exert
appreciable MXE action; however, direct tests of this
hypothesis with radiolabeled substrates in living bar-
ley tissues (Fig. 4g of Mohler et al., 2013) showed that
they do not. No appreciable MXE action was detect-
able in leaves, coleoptiles, or roots of young or older
barley seedlings and in the second and fifth leaves of
12-week-old plants, whereas XET action was readily
detected in all these tissues. The current study found a
high expression of BiXTHS in the youngest internode
of 12-week-old B. distachyon plants, elongating leaves
of 25-d-old plants and the endosperm and thus did not
include tissues tested in barley by Mohler et al. (2013).
It is possible that the expression of MLG transgluca-
nases in grasses is restricted to specific tissues during
certain life stages (e.g. not in leaves of seedlings but
in elongating leaves of older plants and not in estab-
lished leaves). If true, it is crucial that future studies
include various tissues formed during different plant
life stages to prevent overlooking the expression and/
or action of transglucanases. For example, the endo-
sperm and integument tissues, in which MLG is very
abundant and in which two other grass-specific XTHs
(Bradi1g09700.1 and Bradi1g09690.1) are particularly
strongly expressed, were not tested for transglucanase
action (Mohler et al., 2013).

Surprisingly, an enzyme with very high MXE (rela-
tive to XET) activity was found, apparently confined
to the early-diverging genus of fern allies, Equise-
tum (Fry et al.,, 2008a). This enzyme, hetero-transf-
glucanase, also exerts an additional major hetero-
transglycosylation reaction — cellulose:xyloglucan
endotransglucosylase (CXE) activity. The MXE action
of hetero-transp-glucanase was readily detected in
living Equisetum tissues (Mohler et al., 2013). More
recently, an Arabidopsis GH16 enzyme, AtXTH3, was
also found to exhibit CXE activity (CXE:XET ratio
~0.45) when using H,PO,-amorphized cellulose as
a donor substrate, though its MXE activity was not
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assayed (Shinohara et al., 2017). With these few known
examples of hetero-transglucosylases, and none in
the Poales, it was of great interest to discover in this
study that BAXTHS is a poalean XTH that preferen-
tially exhibits MXE, a hetero-transglycosylase activ-
ity. With the elucidation of the activity of BAXTHS,
enzymes possessing greater MXE than XET activity
have therefore been found in both the main groups of
land-plants—Equisetales and Poales—that produce
the polysaccharide MLG.

BAXTHS is a grass enzyme that shows (1) appre-
ciable MXE activity and (2) a higher MXE than XET
activity. However, it does not exhibit appreciable CXE
activity, with either insoluble (paper) cellulose or wa-
ter-soluble cellulose acetate as the donor substrate. The
enzyme’s main role in vivo is likely to be the making
and/or breaking of MLG-xyloglucan covalent bonds
that stably link two hemicelluloses of the grass cell
wall and thus contribute to grass cell wall assembly
and/or loosening.

These results support the hypothesis that BATHX1
regulates genes involved in MLG biosynthesis and re-
modeling. Examining the function of this transcription
factor in B. distachyon likely will allow us to further
understand the molecular aspects of MLG synthesis in
grasses.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Brachypodium distachyon ecotype Bd21-3 was used in all experiments. Dry
seeds of B. distachyon were sown in Jiffy 7 peat pellets (Greenhouse Megastore)
and stratified at 4°C for 3 days. Plants were then grown in a controlled growth
chamber under long-day conditions with 20-h light/4-h dark cycles at a flu-
ence rate of 150 umol photons/m?s and relative humidity of 60%. Growth tem-
peratures were 24°C during the day and 18°C at night. Stem and grain tissues
used for RNA-seq were from plants grown under stem elongation conditions
(16-h-light/8-h-dark cycle) as previously described (Jensen and Wilkerson,
2017).

Plasmid Construction and B. distachyon Transformation

The C-terminal and full-length BiTHX1 coding sequence were amplified
and cloned into the Gateway vector pDEST17 (Invitrogen) for expressing
6xHIS-tBATHX1 and 6xHIS-BATHX1, respectively. A 3,532-bp genomic DNA
fragment of the BdTHX1 promoter upstream of the start codon was ampli-
fied by PCR and cloned into p6Mol-asd-GUS for generation of pBATHX1::
GUS. The binary vector p6Mol-asd was ordered from DNA Cloning Service
(http:/ /dna-cloning.com). The coding sequences of GUS and BATHX1 were
amplified and cloned into pANIC6B (Mann et al., 2012) to generate pZmUbi::
GUS and pZmUbi::BATHX1, respectively. BITHX1 cDNA fused with the
linker sequence encoding the EAR motif transcriptional repression domain
(LDLDLELRLGFA; Hiratsu et al., 2003) was used to generate constructs
expressing BATHX1-EAR. Different regions of the BITHX1 cDNA fragment
were cloned into pANIC12A (Mann et al., 2012) for generation of BATHX1
RNAI constructs. The coding sequence of BAXTHS8 25 to 301 amino acids
was amplified and cloned into pPICZa A (Invitrogen) to generate pPICZa
A-BAXTHS for expressing BAXTHS as a secreted protein with a c-myc epi-
tope and a poly-His tag in P. pastoris. Primers used for cloning are listed
in Supplemental Table S4. B. distachyon transformations were performed
according to Agrobacterium tumefaciens-mediated infection of Bd21-3 embry-
onic callus tissue (Vogel and Hill, 2008).
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GUS Staining Assay and mRNA In Situ Hybridization

The histochemical GUS assay was performed as described previously
(Jefferson et al., 1987) using a commercial kit (Sigma-Aldrich) as detailed in
the Supplemental Materials and Methods.

Probes and plant samples for mRNA in situ hybridization were prepared as
described in the Supplemental Materials and Methods. mRNA in situ hybrid-
ization was carried out as previously described (Karlgren et al., 2009), with a
minor modification to the hybridization temperature, here using 65°C to hy-
bridize and 70°C for posthybridization washing steps to decrease nonspecific
binding. Detection of digoxigenin-labeled nucleic acids was performed using
an Anti-Digoxigenin-Alkaline Phosphatase conjugate and color substrate solu-
tion, nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl-phosphate, according
to the manufacturer's instructions (Roche). Slides were stored in the dark for
7 d before being washed and fixed with in situ resin (Electron Microscopy
Sciences). Images of plant sections were obtained using bright field through a
Zeiss Axio Imager.M2 microscope.

Preparation of AIR and MLG Assay

AIR was prepared as previously described (Foster et al., 2010) from dif-
ferent tissues of B. distachyon. MLG content in the AIR was assayed using a
commercial Mixed Linkage f-Glucan Assay Kit (Megazyme) with slight mod-
ifications. The freeze-dried AIR was weighed, and about 3 mg of AIR from
endosperm and 10 mg of AIR from the other tissues were subjected to the
MLG assay. One-tenth volume of the buffers and enzymes used in the assay
for barley (Hordeum vulgare) and fiber samples were used for each sample in
this experiment.

Generation and Purification of Anti-BdTHX1 and Protein
Immunoblot Analysis

To obtain the BATHX1-specific antibody, the protein sequence was com-
pared with other sequences from B. distachyon using the BLAST program. The
C-terminal region from 572 to 758 amino acids was found to be specific to
BATHX1. The expressed 6xHIS-tBATHX1 from Escherichia coli cells was puri-
fied by affinity chromatography and sent to a commercial facility (Cocalico
Biologicals) to generate an antibody. Final bleeds were taken from two rabbits
after 65 d and four consecutive injections. The antiserum was affinity puri-
fied using immobilized HIS-tagged antigen columns as previously described
(Smith et al., 1992) with details described in the Supplemental Materials and
Methods. Protein immunoblot analysis was performed as previously described
(Jensen et al., 2014).

Chromatin Immunoprecipitation

Chromatin immunoprecipitation was performed as previously described
(Kaufmann et al., 2010; Li et al., 2014) with modifications adapted to B. dis-
tachyon immature seeds. Immature seeds (12 to 20 d after fertilization) from
6-week-old plants grown under long-day conditions were harvested and cross
linked for 10 min with cross linking buffer (400 mm Suc, 10 mwm Tris-HCI, pH
8.0, and 2% (v/v) formaldehyde) under a vacuum and quenched by Gly
(Haring et al., 2007). Fixed samples were ground to a fine powder using a
Qiagen grind jar set with liquid nitrogen. Nuclei were extracted as described
previously (Peterson et al., 2000; Lutz et al., 2011) with modifications and chro-
matin was sheared as described in the Supplemental Materials and Methods.
The sheared chromatin was diluted 10-fold by addition of ChIP dilution buffer
(10 mm Tris-HCI, pH 8.0, 1.2 mm EDTA, pH 8.0, 100 mm NaCl, 0.25% (v/v)
Triton X-100, 1 mM phenylmethylsulfonyl fluoride and protease inhibitor).
The diluted chromatin was precleared by adding preimmune serum and then
protein A-agarose beads as described previously (Kaufmann et al., 2010). The
precleared chromatin was equally divided into two parts: one, the IP sample,
was incubated with purified anti-BdTHX1, and the other, the negative control,
was incubated with preimmune serum. Immunoprecipitation was performed,
and the ChIP DNA was purified as described previously (Li et al., 2014).

Transcriptome Profiling, ChIP Sequencing, and Data
Analysis

Total RNA was prepared using the RNeasy Plant Mini Kit (QIAGEN)
according to the manufacturer’s instructions. Total RNA or ChIP DNAs were
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submitted to the Research Technology Support Facility at MI State University
for next-generation sequencing library preparation and sequencing. Libraries
were pooled for multiplexed sequencing on an Illumina HiSeq 2500 High Out-
put flow cell (v4) and sequenced in a 1 x 50 bp single-read format using HiSeq
SBS reagents.

Sequence reads were aligned to B. distachyon strain Bd21 v1.0 using the Map
Reads to Reference tool in CLC Genomics Workbench version 8.5 (similarity
fraction, 0.8; length fraction, 0.75). For transcriptome profiling, expression lev-
els were determined as reads per kilobase of transcript per million mapped
reads, and gene coexpression was analyzed by using Pearson’s correlation co-
efficient as the metric. Peak regions of ChIP-seq were identified independently
for biological replicates using the callpeaks program in MACS version 2.1.0
(Zhang et al., 2008) to compare positive IP samples versus negative control (q,
0.01). Peaks with overlapping regions in both samples were identified using
the batch-consistency analysis Rscript from the irreproducibility discovery
rate (IDR) framework (Li et al., 2011). The top 100 peaks by IDR score were
selected for motif detection by MEME version 4.11 (Bailey and Elkan, 1994).
Three hundred basepairs of sequence centered on each peak summit were ana-
lyzed for motifs with zero or one occurrence per sequence (mod, zoops; minw,
6; maxw, 12; nmotifs, 5). The first motif identified by MEME was aligned to the
top 500 peaks by IDR score using program Find Individual Motif Occurrences
(Grant et al., 2011). Matching peak regions were annotated with nearby gene
details, peak summit locations and distance from motif alignment to peak
summit using custom scripts.

Cell-free Wheat Germ Protein Synthesis and EMSA

BATHX1 protein was synthesized using a cell-free wheat germ expression
system (Takai et al., 2010) with the Premium PLUS Expression Kit (Cell Free
Sciences) according to the manufacturer’s instructions. E. coli DHFR protein
synthesized using the same system was used as a control. Labeled DNA
probes larger than 100 bp were amplified with biotin-labeled primers, while
smaller probes were synthesized by annealing biotin-labeled complementary
oligonucleotides. The specific competitors were used at a 200-fold molar ex-
cess and had the same sequence as that of labeled probes. Labeled probes were
incubated with wheat germ cell-free extract containing the synthesized protein
for 20 min on ice in binding buffer (10 mm Tris, 100 mm KCl, 5 mm MgClL,, 50
ng/uL poly(deoxyinosinic-deoxycytidylic), 2.5% [v/v] glycerol, 0.05% [v/v]
nonyl phenoxypolyethoxylethanol (NP-40), and 1 mm dithiothreitol, pH 7.5).
The reaction mixture was electrophoresed on 5% TBE gels and transferred to
a positively charged nylon membrane. The transferred DNA was cross linked
to a membrane by UV irradiation, and the biotin-labeled DNA was detected
by chemiluminescence.

Secreted Protein Expression in P. pastoris

The pPICZa A-BAXTHS construct was transformed into yeast P. pastoris
strain X-33. To screen clones with multiple inserts, genomic DNA from yeast
cells was extracted as previously described (Looke et al., 2011), and quantita-
tive genomic PCR, also called Jackpot screening, was performed as described
in the Supplemental Materials and Methods. A single clone of P. pastoris cells
with multiple copies of BIXTHS8 was grown in 10 mL of BMGY (1% [w/v]
yeast extract, 2% [w/v] peptone, 100 mm potassium phosphate, pH 6.0, 1.34%
[w/v] yeast nitrogen base with ammonium sulfate without amino acids, 1.637
M biotin, and 0.5% [v/v] methanol) in a 250-mL baffled flask overnight at
28°C. This 10-mL culture was grown in 500 mL of buffered complex glycerol
medium (BMGY) in a 4-L flask until the culture reached the log phrase. To
induce expression, cells were harvested and resuspended to an optical density
at 600 nm (OD,,) of1.0 in buffered complex methanol medium (BMMY) (1%
[w/v] yeast extract, 2% [w/v] peptone, 100 mM potassium phosphate, pH 6.0,
1.34% [w/v] yeast nitrogen base with ammonium sulfate without amino acids,
1.637 pm biotin, and 0.5% [v/v] methanol). The cells were grown at 18°C, and
methanol was added to a final concentration of 0.5% (v/v) every 24 h. The
supernatant was obtained after 72 h of induction by centrifugation at 3,000
for 5 min at room tempreture.

Radiochemical Transglucanase Assays

BAXTHS secreted into the P. pastoris medium was precipitated with ammo-
nium sulfate at 80% saturation and desalted by dialysis. XET, MXE, and CXE
activities were assayed essentially as described in Simmons et al. (2015). A
20-pL reaction mixture containing 8 uL concentrated BAXTHS, 0.5% (w/v)
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tamarind xyloglucan (for XET activity), medium-viscosity barley MLG (for
MXE activity) or water-soluble cellulose acetate (WSCA; for CXE activity; Fry
et al., 2008a) as the donor substrate, 1 kBq [PH]XXXGol (~640 MBq umol™)
as the acceptor substrate, 0.1% (w/v) bovine serum albumin and 0.1 M suc-
cinate (Na*, pH 5.5). For testing CXE activity on an insoluble cellulose donor
substrate, Whatman filter paper No. 1 (20 mg) pretreated with 6 m NaOH (al-
kali paper) was soaked with 20 pL reaction mixture, where the soluble donor
substrate was replaced by water. NaOH pretreatment was shown to improve
paper as a donor substrate for transglycosylation (Simmons et al., 2015). After
incubation for up to 36 h, XET and MXE reactions were stopped by addition
of formic acid. Reactions with WSCA as a donor substrate were stopped with
NH,, converting WSCA to (water-insoluble) cellulose (Fry et al., 2008a), which
was then repeatedly washed in water. Soluble transglycosylation products
(produced by XET and MXE) were dried on Whatman No. 3 paper, washed in
running tap water overnight, and redried, and paper-bound *H was quantified
by scintillation counting in GoldStar ‘O’ scintillation fluid (Meridian, Chester-
field, UK). CXE reactions on alkali paper were stopped with formic acid, and
papers were washed in 6 M NaOH at 25°C overnight, followed by 6 m NaOH
at 100°C for 0.5 h, running tap water overnight, and 2% acetic acid at 25°C for
1 h; the paper was then dried and assayed for *H in GoldStar ‘O’ scintillation
fluid. To test the effect of pH on XET and MXE activity of BAXTHS, we re-
placed succinate by citrate buffers (pH 3.2-7.4) in the reaction mixtures. Donor
substrate-free assays served as controls.

Immunofluorescence Microscopy

Green regenerating shoots from transformed calli of control and pZmUbi::
BATHX1 were collected and fixed in 0.1 M phosphate buffer with 4% (v/v)
paraformaldehyde and 0.5% (v/v) glutaraldehyde, pH 7.2, for at least 4 h.
Fixed samples were dehydrated using a series of ethanol and embedded in
London Resin-white (Electron Microscopy Sciences). Thin sections were cut
on a Power Tome XL ultramicrotome and placed on silane-coated slides (Elec-
tron Microscopy Sciences). Sections were blocked in 5% (w/v) nonfat milk
in phosphate-buffered saline (PBS) at room temperature for 15 min. After
one rinse with PBS, sections were incubated for 15 min at room tempera-
ture with MLG monoclonal antibody (diluted 1:25; Biosupplies Australia).
After washing three times with PBS, sections were incubated for 15 min at
room temperature with anti-mouse immunoglobulin G conjugated to fluo-
rescein isothiocyanate (IgG-FITC) antibody (diluted 1:100, Sigma-Aldrich).
Sections were washed three times with PBS and then mounted with Citi-
Fluor. Images were taken with an Olympus FluoView 1000 laser scanning
confocal microscope.

Phylogenetic Analysis

Phylogenetic trees were constructed as described by Jensen et al. (2013)
with codon-based cDNA alignment and bootstrapping values based on 100
trees. Sequences were obtained from the Phytozome 12 database (Goodstein
et al., 2012; http:/ /phytozome.jgi.doe.gov/) from the genome annotations as
detailed in the Supplemental Materials and Methods.

Accession Numbers

Sequence data for the genes mentioned in this study can be found
in B. distachyon genome as follows: BATHX1 (Bradi5g17150.1), BATHX2
(Bradi1g77610.1), BACSLF6 (Bradi3g16307.1), BIXTHS (Bradi3g18600.1). The
transcriptional profiling data used in this article can be found in the Short
Read Archive at NCBI (https:/ /www.ncbi.nlm.nih.gov/sra) and the BioSam-
ple accession numbers are as follows: elongating leaf, SAMN10078797; mature
leaf, SAMNO00727911; node, SAMN10078800; internode 1.1, SAMN10078801;
internode 1.2, SAMN10078802; internode 1.3, SAMN10078803; internode 1.4,
SAMN10078804; internode 2, SAMN10078805; internode 3, SAMNO08097934;
internode 4, SAMNO08097937; internode 5, SAMNO08097940; internode
6, SAMNO08097943; endosperm 10 DAF, SAMN10078806; endosperm 12
DAF, SAMN10078807; endosperm 16 DAF, SAMN10078808; integument,
SAMN10078809.

Supplemental Data

The following supplemental materials are available.
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Supplemental Figure S1. Coexpression profile of BICSLF6 and BdTHX1
from a series of tissues of B. distachyon at different developmental stages.

Supplemental Figure S2. THX1 has a similar expression pattern as CSLF6
in maize and rice.

Supplemental Figure S3. Different stages of tissues used for GUS staining
and MLG assay.

Supplemental Figure S4. Histochemical analysis of GUS expression in
cross sections of pBATHX1::GUS transgenic B. distachyon.

Supplemental Figure S5. The specificity of BATHX1 antibody.

Supplemental Figure S6. Protein sequence alignment and expression
profile of BATHX2.

Supplemental Figure S7. ChIP-seq enrichment and expression profiles of
the three highest scoring binding sites identified by the MACS program.

Supplemental Figure S8. Sequences data for BATHX1 binding regions near
BACSLF6 and BAXTHS.

Supplemental Figure S9. Analysis of the binding motif in BCSLF6.

Supplemental Figure S10. Phylogenetic analysis and gene expression
profiles of four grass-specific BIXTHs.

Supplemental Figure S11. P. pastoris expressed secreted BAXTHS8 and lack
of hydrolytic activity of BAXTHS.

Supplemental Figure S12. Binding of BATHX2 to BACSLF6 and BAXTHS.

Supplemental Figure S13. Immunolabeling of pZmUbi::BATHX1 transgenic
shoots.

Supplemental Figure S14. Morphology and expression of BdTHXI,
BACSLF6 and BAXTHS in BiTHX1 RNAI lines.

Supplemental Table S1. Top 100 binding sites identified from ChIP-seq
experiments.

Supplemental Table S2. Prevalence analysis of GT motifs in introns of
grass CSLF6.

Supplemental Table S3. The details of transformation obtaining overex-
pression plants.

Supplemental Table S4. Primers used in this study.

Supplemental Materials and Methods.
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