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ARTICLE INFO ABSTRACT

Keywords: Lignin is a complex polymer that provides structural support and defense to plants. It is synthesized in the
Rice secondary cell walls of specialized cells. Through regulates its stability, LTF1 acts as a switch to control lignin

Populus biosynthesis in Populus, a dicot plant. However, how lignin biosynthesis is regulated in rice, a monocot plant,

ffliﬂ‘zau remains unclear. By employing genetic, cellular, and chemical approaches, we discovered that LTFIL1, a rice
Trinscription factor homolog of LTFI, regulates lignin biosynthesis through a distinct mechanism from Populus LTF1. Knockout of
Phosphorylation LTFIL] increased lignin synthesis in the sclerenchyma cells of rice stems, while overexpression of LTFILI

decreased it. LTF1L1 is phosphorylated by OsMPK6 at Ser'®®, which did not affect its stability but impaired its
ability to repress the expression of lignin biosynthesis genes. This was supported by the non-phosphorylated
mutant of LTF1L1 (LTF1L15'%°%), which displayed a stronger repressive effect on lignin biosynthesis in both
rice and Populus. Our findings reveal that LTFIL1 acts as a negative regulator of lignin biosynthesis via a distinct
mechanism from that of LTF1 in Populus and highlight the evolutionary diversity in the regulation of lignin

biosynthesis in plants.

1. Introduction

Lignin is a polymer derived from phenylpropanoid that plays a key
role in plant secondary cell walls (SCW) by providing mechanical sup-
port and facilitating water and nutrient transport for plant growth
(Boerjan et al., 2003; Schilmiller et al., 2009; Gui et al., 2011; Cesarino,
2019). Lignin is mainly composed of three monolignols (H, G, and S),
which vary in proportions and compositions among different plant
species (Boerjan et al., 2003; Dixon and Barros, 2019). For example,
gymnosperm lignin is mainly composed of G units with a small amount
of H units, while dicot lignin contains mostly G and S units with traces of
H units. Monocot lignin, on the other hand, has similar levels of G and S
units with a high proportion of H units (Vanholme et al., 2010). Monocot
lignin also incorporates a large amount of ferulic acid, tricin, hydrox-
ycinnamates, and p-coumaric acid, which form unique lignin structures
in specific cell types, such as sclerenchyma cells (Vanholme et al., 2010;
Verma and Dwivedi, 2014; Lan et al., 2015; Xie et al., 2018). Lignin
biosynthesis is regulated by developmental and environmental signals.

* Corresponding authors.

Although the regulation of lignin biosynthesis in dicots has been widely
studied, less is known about the regulation of lignin biosynthesis in
monocots, as the two types of plants have differing secondary cell wall
formation.

Lignin biosynthesis is controlled by a hierarchical network of tran-
scriptional regulators, including activators and repressors (Zhong et al.,
2011; Hirano et al., 2013a; Luo and Li, 2022). Some of these tran-
scription factors have similar functions in monocots and dicots, but
others have different regulatory mechanisms. For instance, SND1 is an
activator that regulates itself by binding to its own promoter and is
repressed by its downstream MYB factors in Arabidopsis (Wang et al.,
2011). However, the feedback regulation of OsSWN1 and OsSWN2, two
rice orthologs of SND1, is mediated by the alternatively spliced form of
OsSWN2 (Yoshida et al., 2013). MYB58/63 are lignin-specific regulators
in Arabidopsis and other dicot plants (Zhou et al., 2009). However,
overexpressing OsMYB58/63 in rice increased both lignin and cellulose
biosynthesis (Noda et al., 2015). Furthermore, MYB103 is required for
syringyl lignin biosynthesis in Arabidopsis, whereas MYBI03L, a rice
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MYBI103 ortholog, regulates cellulose biosynthesis (Ohman et al., 2013;
Yang et al., 2014; Ye et al., 2015; Wu et al., 2021). There are also
transcriptional repressors such as MYB4 and other subgroup 4 R2R3
MYB factors that suppress lignin biosynthesis. MYB4 has an
ERF-associated amphiphilic repression (EAR) motif (pdLNLD/LxiG/S)
that confers its transcriptional repression activity (Ma and Constabel,
2019). The Arabidopsis MYB4 negatively regulates lignin biosynthesis
by suppressing the expression of genes involved in the phenylpropanoid
pathway (Zhou et al., 2017; Lin et al., 2022). Similarly, EgMYB1 in
Eucalyptus gunnii, ZmMYB31 and ZmMYB42 in maize, OsMYB102 and
OsMYB108 in rice repress lignin biosynthesis (Vélez-Bermudez et al.,
2015; Miyamoto et al., 2019; Lin et al., 2022). However, the exact
mechanisms that regulate the subgroup 4 R2R3-MYB factors for lignin
biosynthesis are not fully understood.

Protein phosphorylation is a post-translational modification that can
change protein function, stability, localization, and interaction (Cohen,
2000). Mitogen-activated protein kinase (MAPK) mediated protein
phosphorylation is crucial to plant growth and development, immunity,
and abiotic stress tolerance (Zhao et al., 2017; Sun et al., 2018; Liu et al.,
2022). MPK3/MPK6 regulates lignin biosynthesis by phosphorylating
transcription factors that control lignin biosynthesis genes (Sulis and
Wang, 2020). For example, LTF1, a transcription repressor of lignin
biosynthesis, is phosphorylated by PAMPK6, which leads to its degra-
dation and activation of lignin biosynthesis genes (Gui et al., 2019).
OsMAPK10 mediated RLM1 phosphorylation enhances RLM1 binds to
the promoter of OsCAD2 (Chen et al., 2022). NST1 can be phosphory-
lated by SnRK2 to regulate ABA-mediated lignin biosynthesis (Liu et al.,
2021). Moreover, enzymes in the lignin biosynthetic pathway are also
regulated by phosphorylation. For example, PAL can be phosphorylated
by calmodulin-like domain protein kinase (CDPK) family proteins,
which alters its stability (Allwood et al., 1999), and PtrAldOMT2
phosphorylation controls syringyl monolignol biosynthesis (Wang et al.,
2015).

In this study, we discovered that LTF1L1, an R2R3 MYB transcription
factor in rice, is phosphorylated by OsMPK6 through direct interaction,
and that LTF1L1 switches its transcriptional repression activity
depending on its phosphorylation status to regulate lignin biosynthesis.

2. Materials and methods
2.1. Plant materials and growing conditions

Oryza japonica variety Zhonghua 11 (ZH11) was used as a wild-type
control and as a source material for generating mutants and transgenic
rice plants. We compared ZH11 with the OsMPK6 mutant dsgl, which
has the same genetic background, and with the LTFIL1 mutants’ ltf1l1
and ltf111 Itf112, and the overexpressing transgenic rice LTF1L1-OE and
LTF1L1%-OF. We grew rice plants either in a paddy field under natural
conditions or in a growth chamber with a photon flux density of 200 ~
250 pmol m ™2 s™! and a temperature cycle of 28 °C/22 °C (day/night)
for 14 h/10 hr. For Populus experiments, we used Populus deltoides x
Populus euramericanan cv. “Nanlin895" to generate LTF1L1 and LTF1L14
transgenic plants. We grew Populus plants in a phytotron with 60%
relative humidity, 12 h photoperiod at 24 °C and light intensity of 100 ~
200 pmol m 257!

2.2. Generation of transgenic plants

LTF1L1 CRISPR/Cas9 vectors were constructed by cloning sgRNA
expression cassettes with gene-specific target sequences of LTFIL1 and
LTFIL2 into a pYLCRISPR/Cas9-H plasmid according to (Ma et al.,
2015). Full-length CDS of LTFILI and its non-phosphorylated variant
LTF1L1575% (designated as LTF1L1%) were cloned into pUN1301-3Flag
vector for rice and pCAMBIA2300:3°S-3Flag vector for Populus to
generate overexpression transgenic lines. We confirmed the vectors by
sequencing and transferred them into Agrobacterium tumefaciens strain
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EHA105 for rice and GV3101 for Populus. The transgenic plants were
regenerated via as described previously (Hiei et al., 1994; Li et al.,
2003). The primers used are listed in Table S2.

2.3. Histochemical staining

Cross sections of the 3-month-old rice culms and 2-month-old Pop-
ulus internodes stained with Phloroglucinol-HCl [1% phloroglucinol
(w/v) in 12% HCI] was performed as described (Gui et al., 2011). The
stained sections were immediately observed with a microscope
(Olympus BX53).

2.4. Cell-wall composition analysis

Rice culms and Populus xylem tissues were harvested and dried at 55
°C. The dried samples were ground to powder by ball milling to prepare
cell wall residues. The cell wall residues were treated with 10 pl of
amylase (50 pg/ml, from Bacillus species; Sigma-Aldrich) and 5 pl of
pullulanase (18.7 units, from Bacillus acidopullulyticus; Sigma-Aldrich) to
remove starch. Lignin and crystalline cellulose content were analyzed as
previously described (Gui et al., 2019). Monosaccharide compositions of
samples were analyzed as previously described (Pettolino et al., 2012).

2.5. Protein interaction assays

For the BiFC analysis, the coding sequences of LTF1L1 and OsMPK6
were cloned into the pCAMBIA1300-35S-YN and pCAMBIA1300-35S-
YC vectors respectively. The verified plasmids were co-transformed into
GV3101 and used for N. benthamiana leaf cells transformation, individ-
ually or combined, for BiFC assay as previously described (Gui et al.,
2016).

For the co-immunoprecipitation (Co-IP) and western blot assay,
OsMPK6 with Flag tag and Myc-tagged LTF1L1 were overexpressed in
tobacco. The proteins were extracted from tobacco materials after 2 days
of incubation. Anti-Flag antibody-coupled agarose beads (Sigma) were
used to co-precipitate LTF1L1 and OsMPK6 and western blot assay was
performed.

2.6. Subcellular localization assay

The full length LTF1L1 coding sequence was cloned into the
PpCAMBIA1300-35S-mCherry vector and transformed into GV3101 for
transient transformation of tobacco leaves as described (Gui et al.,
2016). After 48 h of incubation, the transformed leaf cells were stained
with DNA-binding dye 4/, 6 diamidino-2phenylindole (DAPI). The
mCherry and DAPI fluorescence was examined using a confocal micro-
scope (FV1000; Olympus).

2.7. Yeast one-hybrid assays

To test LTF1L1 binding to the Os4CL3 promoter, the coding sequence
of LTFIL1 was fused with GAL4-AD to construct the pPC86-LTF1L1
plasmid. The Os4CL3 promoter fragment (199-412 bp upstream of the
initiation codon ATG) and PdCESA8 promoter fragment (188-600 bp
upstream of the initiation codon ATG) were cloned into p178 vector
producing the Os4CL3-lacZ and PdCESA8-lacZ reporter plasmid,
respectively. The two vectors were co-transformed into the yeast
Saccharomyces cerevisiae strain EGY48 to perform yeast one hybrid assay
according to the manufacturer’s protocol using O-nitrophenyl p-D-gal-
actopyranoside as a substrate (Clontech).

2.8. Electrophoretic mobility shift assay
The full length coding sequence of LTFIL1 was cloned into the

PET28a (+4) vector and fused with a His6 tag at the C terminus (Nova-
gen). LTF1L1-His protein was expressed in the E. coli BL21 (DE3) strain
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(Invitrogen) and purified using nickel-nitrilotriacetic acid resin (Qia-
gen). Fragments of the Cy5-labeled Os4CL3 promoter were produced by
PCR amplification using Cy5-labeled fluorescent primers. EMSA was
performed as previously described (Gui et al., 2016).

2.9. Transcriptional activity assay by the dual-luciferase reporter assay
system

Arabidopsis protoplasts were prepared as described (Yoo et al.,
2007). We cloned the 1.5 kb Os4CL3 promoter and the 35 S mini pro-
moter into pGreen I 0800-LUC as the reporter vector. We also cloned the
LTF1L1 coding sequence and the Ser'®° site changed to Alanine version
of LTF1L1 into pCAMBIA2300:35 S as the effector vectors. The effector
and reporter plasmids were co-transfected into protoplasts and cultured
for 12-16 h at 25 °C in the darkness. We measured the LUC activities
using the dual-Luciferase reporter assay system (Promega, USA). The
firefly LUC to the renilla LUC (REN) ratio represents the relative LUC
activity.

2.10. Gene expression analysis

Total RNA was extracted from rice seedlings (2 weeks old) and
Populus internodes (2 months old) using a total RNA extraction kit
(Omega). Each sample, 2 ug of total RNA was reverse-transcribed into
first-strand complementary DNA (cDNA) using a TransScript first-strand
cDNA synthesis supermix (Transgen). Gene expression analysis was
performed with an ABI QuantStudio 3 real-time PCR system (Thermo-
fisher) and PerfectStart green qPCR supermix (Transgen). The gene
expression data were normalized using the rice Actinl gene
(0s03g0718100). The primers used are listed in Table S2.

2.11. In-vitro phosphorylation assays

The full length coding sequences of LTFI1L1, LTF1L1% (S169A), and
OsMKK4PP (constitutively active OsMKK4) were cloned into pET28a (+)

Itf111 1tf112
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(Novagen) with a His6 tag at the C terminus. OsMPK6 was cloned into
PGEX-6p-1 vector (GE Healthcare) with a glutathione S-transferase tag.
These recombinant proteins were purified and performed in-vitro phos-
phorylation assay as previously described (Gui et al., 2019). Protein
phosphorylation was analyzed by SDS-PAGE, and obtained images using
a Typhoon FLA 9000 phosphor imager (Amersham).

3. Results

3.1. LTFI1L1 knockout enhances lignin deposition in sclerenchyma cells of
rice

Previously, we identified that LTF1, a MYB transcription factor,
regulates lignin biosynthesis through PAMPK6-mediated protein stabil-
ity in Populus (Gui et al., 2019). To investigate the evolutionary con-
servation of LTF1 in monocots, we searched the rice genome for genes
homologous to LTF1. We identified two genes (LOC 0s08g43550 and
LOC_0s09¢36730) that share 58.6% and 66.4% sequence similarity with
LTF1, respectively. We named them LTF1L1 and LTF1L2 (Fig. S1). To
examine the genetic function of LTFIL1 in rice, we used the CRISPR/-
Cas9 genome editing technique to generate single (Itf111) and double
(Itf111 1tf112) mutants. We confirmed the mutations by PCR and
sequencing (Fig. S2). Compared with the wild-type, both the Itf111 and
the ltf111 ltf112 mutants had compact plant architecture with extremely
erect tillers, leaf blades, and panicles, indicating that LTF1L1 affects the
mechanical support for the upright growth of rice plants (Fig. 1a). We
also observed that both the mutants had stronger lignin staining in the
sclerenchyma cells than the wild-type (Fig. 1b). Chemical composition
of the cell wall tests in culms revealed that the ltf1l1 and the ltf111 Itf112
mutants had about 17% and 20% more lignin content, respectively
(Fig. 1c) but no significant difference in crystalline cellulose and
hemicellulose monosaccharide content (Fig. 1d, Fig. S3). Furthermore,
the transcript levels of key lignin biosynthesis genes (PAL1, C4H1, 4CL3,
COMT1, and CADI1) were markedly higher in the mutants than in the
wild-type, while the transcript levels of cellulose biosynthesis genes
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Fig. 1. Knockout of LTF1L1 increased lignin deposition in sclerenchyma cells. (a) Morphology of WT, ltf111, and Iltf111 ltf112 rice plants at the grain-filling stage.
Itf111 Itf112 is a double mutant of LTFIL1 and LTFI1L2. Scale bar, 10 cm. (b) Cross-sections of the third internode from WT, ltf111, and ltf111 Itf112 stained with
phloroglucinol-HCI (upper panel). The lower panel shows close-up images of the sclerenchyma cells (black box in the upper panel). Scale bar, 50 ym. (c, d) Lignin
content (c) and crystalline cellulose content (d) in the culms of WT, Itf111, and ltf111 ltf112 rice plants in mature stems. Results are means =+ SE of three replicate
determinations. ABSL, acetyl bromide-soluble lignin. (e) Expression of genes involved in secondary cell wall biosynthesis in 2-week-old seedlings. Gene expression
was determined by qRT-PCR analysis. Results are means =+ SE of three biological repeats. In (c) to (e), different lowercase letters indicate significant differences at

P < 0.01 by ANOVA.
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(CESA4, CESA7, and CESA9) and hemicellulose biosynthesis genes
(GT43B and GT8) did not change significantly between the mutants and
the wild-type (Fig. 1e). These results suggested that LTFIL1 acts as a
negative regulator of lignin biosynthesis in sclerenchyma cells.

3.2. Phosphorylation modulates LTF1L1 function in lignin biosynthesis in
rice

To investigate how LTFILI regulates lignin biosynthesis, we gener-
ated transgenic plants overexpressing LTFIL1 (L1OE) driven by the
CaMV 35S promoter. We obtained 21 independent L1OE transgenic
lines, which have similar morphologies. We selected two representative
transgenic lines of the LTF1LI-overexpression LIOE 6 and L1OE 8 for
more detailed characterization. Compared with the wild-type, L1OE
transgenics had slightly shorter plant height (Fig. 2a, Table S1). To
examine if L1OE affects lignin biosynthesis, we performed histochemical
staining and chemical tests. The L1OE transgenics exhibited lighter red
staining in sclerenchyma cells that appeared red in the wild-type, sug-
gesting that L1OE has less lignin than WT (Fig. 2b). Chemical tests of
culms showed that lignin content was reduced by 6~11% in the LIOE
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transgenics compared to the wild-type (Fig. 2c). However, crystalline
cellulose content did not differ significantly between LIOE and WT
(Fig. 2d).

LTFI1L1 transcript levels in LIOE 6 and L1OE 8 lines were about 11-
fold and 68-fold higher than in WT, respectively (Fig. 2e). However, the
growth phenotypes and lignin content of the two lines were similar
(Fig. 2a-c). To further examine if LTF1L1 protein abundance was
responsible for the phenotypes and lignin content between L1OE 6 and
LIOE 8 lines, we measured protein abundance of LTF1L1 by using
Western blot analysis. LTF1L1 protein abundance in L1OE 8 was about
5-fold higher than in L1OE 6 (Fig. 2f), indicating that the LTF1L1 protein
is stable and consistent with its transcript levels. These results suggest
that LTF1L1 may regulate lignin biosynthesis through post-translational
modification.

To test this hypothesis, we performed immunoprecipitation and LC-
MS/MS analysis of nuclear proteins from L1OE 8 plants and identified
two phosphorylation sites on LTF1L1, Thr'*® and Ser'®® (Fig. 2g-h).
Since the Populus homolog of LTF1L1, LTF1, is phosphorylated by
PAMPK6 in Populus (Gui et al., 2019), we further examined whether
OsMPK6 could phosphorylate LTF1L1 at these sites in rice.
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Fig. 2. LTF1L1 protein abundance showed no significant correlation with lignin biosynthesis in sclerenchyma cells of rice. (a) Morphology of the WT and
LTFIL1 overexpressing (L10E) transgenic lines at the grain-filling stage. Scale bar, 10 cm. (b) Cross-sections of the third internode from WT and L1OE rice plants
stained for lignin with phloroglucinol-HCl. Scale bar, 50 um. (¢, d) Quantification of lignin content (c) and crystalline cellulose content (d) in the culms of WT and
L1OE rice plants in mature stems. Results are means =+ SE of three replicate determinations. (e) Relative expression level of LTFI1L1 in WT and L1OE at 2-week-old
seedlings measured by qRT-PCR. Results are means + SE of three biological repeats. (f) Protein abundance of LTF1L1 in LIOE 6 and L10OE 8 at 2-week-old seedlings
was determined by immunoblotting assay using anti-Flag antibody (upper panel).The signal density was quantified based on the three biological replicates (lower
panel). The relative protein abundance in LTFI1LI overexpressing line L1OE6 was set as 1. In (c), (e), and (f), single asterisk indicates that the difference between the
wild-type and L1OE transgenics is statistically significant at P < 0.01 by t-test. (g, h) Identification of LTF1L1 phosphorylation sites at Thr145 and Ser169 residues in
planta by LC-MS/MS analysis. LTF1L1-3Flag protein was immunoprecipitated by anti-Flag agarose beads from the 2-week-old rice seedlings and subjected to LC-MS/
MS analysis. Two peptides containing phosphorylated residues were identified: GIDPVTHRPVNAAAATISFHPQPPP(pT)TK (g) and CPDLNLDLCI(pS)PPSCQEEDD-
DYEAKPAMIVR (h), corresponding to Thr145 (g) and Ser169 (h) in LTF1L1. The phosphorylated residues are marked as pT and pS, respectively.
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3.3. LTFI1L1 interacts with and is phosphorylated by OsMPK6

To verify the interaction between LTF1L1 and OsMPK6, we per-
formed bimolecular fluorescence complementation (BiFC) and co-
immunoprecipitation (Co-IP) assay. In BiFC, we co-expressed LTFILI
tagged with the C-terminal half of YFP (LTF1L1-YC) and OsMPK®6 fused
with the N-terminal half of yellow fluorescent protein (YFP) (OsMPK6-
YN) in tobacco leaf epidermal cells and observed a strong fluorescent
signal in the nucleus (Fig. 3a). No fluorescence signal was detected when
PdMPK6-YN and YC were co-expressed, or LTFI1L1-YC and YN were co-
expressed (Fig. 3a). In addition, the interaction between LTF1L1 and
OsMPK6 was independently verified by Co-IP in tobacco leaves. LTF1L1
co-immunoprecipitated with OsMPK6 when both Myc-tagged LTFI1LI1
(LTFIL1-Myc) and Flag-tagged OsMPK6 (OsMPK6-Flag) were co-
expressed, but not when OsMPK6-Flag was expressed alone, indicating
a direct interaction between LTF1L1 and OsMPK6 (Fig. 3b).

To test if OsSMPK6 directly phosphorylates LTF1L1 at Thr'*® and/or
Ser'®®, we produced recombinant His-tagged LTF1L1, LTF1L1T!4%A
LTF1L15'6°A  LTF1L1T145AS169A " OsMPK6, and OsMKK4PP (constitu-
tively active OsMKK4) (Kishi-Kaboshi et al., 2010) in E. coli (Fig. S4). We
performed in vitro phosphorylation assays and found that LTF1L1 was
phosphorylated by OsMPK6 in the presence of OsMKK4™P (Fig. 3c),
indicating that the activated OsMPK6 can phosphorylate LTF1L1. When
we mutated Thr'*® or Ser'” in LTF1L1 to alanine, we found that Thr!*®
had no effect on the phosphorylation level of LTF1L1, but Ser'®® was
essential for the phosphorylation by OsMPK6 (Fig. 3c). These results
indicated that Ser'®®, but not Thr'®, is the major site in LTF1L1
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phosphorylated by OsMPK6.

3.4. OsMPK6 modulates lignin deposition and secondary cell wall
formation in rice

To examine whether OsMPKG6 is involved in lignin biosynthesis, we
stained the cross-sections of the OsMPK6 mutant dsgl (Liu et al., 2015)
and wild-type plants for lignin with phloroglucinol-HCl. The dsgl
mutant exhibited weaker red staining in vascular bundles and scleren-
chyma cells than the wild-type control, indicating lower lignin content
in the dsgl mutant (Fig. S5a). We also measured the SCW composition
and found that the dsgl mutant had about 22% less lignin content and
9% less crystalline cellulose content than the control (Fig. S5b,c). In
addition, the expression of key lignin biosynthesis genes (PAL1, C3H1,
4CL3, COMT1, and CAD1) and cellulose synthase genes (CESA4, CESA7,
and CESA9) was significantly down-regulated in the dsgl mutant
compared to the wild type, while the transcript levels of genes related to
hemicellulose biosynthesis (GT43B and GT8) did not change signifi-
cantly (Fig. S5d). These results suggested that OsMPK6 regulates sec-
ondary cell wall formation by controlling both lignin and cellulose
biosynthesis in vascular bundles and sclerenchyma cells in rice.

3.5, LTFI1L15"%% mutation strongly inhibits lignin biosynthesis in rice
sclerenchyma cells

To investigate if the phosphorylation of LTF1L1 at Ser'®® by OsMPK6
affects its ability to repress lignin biosynthesis, we generated a non-
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Fig. 3. LTF1L1 interacts with and is phosphorylated by OsMPK®6. (a, b) Interaction between LTF1L1 and OsMPK6 was confirmed by bimolecular fluorescence
complementation (BiFC) assays (a) and co-immunoprecipitation (Co-IP) analyses (b) (c¢) In vitro phosphorylation assay of LTF1L1 and its mutants with altered
phosphorylation sites. LTF1L1™4%A LTF1L15%%A, and LTF1L1T1#5AS169A haye threonine 145, serine 169, or both residues replaced by alanine, respectively. Re-
combinant OsMKK4PP, a constitutively active form of OsMKK4, was used to activate OsMPK6. LTF1L1 or its mutants were incubated with or without OsMPK6 and
OsMKKA4PP at 30 °C for 1 h. After separation on an SDS-PAGE gel, images were obtained using a phosphor imager.
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phosphorylated version of LTF1L1, LTF1L151%°A (LTF1L1%), and over-
expressed it in rice plants (L1AOE). We obtained 32 independent L1“OE
transgenic lines, most of which the LI“OE lines showed dramatic
morphological changes compared with the wild-type. Two representa-
tive transgenic lines (L1OE 2 and LI1*OE 3) were selected for further
characterization. Compared with the wild-type, LI*OE transgenics
exhibited loose plant architecture with soft culms, shorter plant height,
shorter internodes, and droopy leaves (Fig. 4a-c, Table S1). These
phenotypic changes suggested that LI*OE plants had reduced mechan-
ical strength of culms and leaves, which might be related to altered cell
wall formation and lignin biosynthesis. Therefore, we performed histo-
chemical staining followed by chemical tests and gene expression
analysis to further examine SCW formation and lignin deposition. The
L120E transgenics displayed visibly lighter yellow color in scleren-
chyma cells that appeared red in the wild-type (Fig. 4d). This suggests
that L12OE has less lignin than the wild-type. Chemical tests of culms
showed that lignin content was reduced by 23~27% in the LI*OE
transgenics compared to the wild-type (Fig. 4e). However, crystalline
cellulose content did not change significantly between the transgenics
and the wild-type (Fig. 4f). These results indicated that LTF1L1* spe-
cifically suppressed lignin biosynthesis without affecting cellulose
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biosynthesis in SCWs.

LTF1L1 transcript levels varied greatly among different lines. Among
them, the L1OE 6 and LI14OE 2 transgenic lines had similar transcript
levels of LTF1L1, which were about 10-fold higher than in the WT
(Fig. 4g). However, the growth phenotypes and lignin content of the two
types of transgenics exhibited dramatically different (Fig. 2a-c, Fig. 4a-
). To investigate whether the differences in growth were caused by the
abundance of LTF1L1 protein, we performed Western blot analysis to
measure the protein level of LTF1L1. Surprisingly, we found that the
LI14OE transgenic lines L1AOE 2, L1*OE 3 and the L1OE transgenic line
L1OE 6 had similar level of LTF1L1 protein, while the L1OE transgenic
line L1OE 8 had a much higher level of LTF1L1 protein (Fig. 4h). These
results indicated that the phosphorylation of LTF1L1 by OsMPK6 at
Ser'® did not affect its protein stability in rice (Fig. 4g,h). This was
different to the previous finding that phosphorylation affects LTF1
protein stability in Populus (Gui et al., 2019). These findings suggest that
MPK6-mediated phosphorylation of rice LTF1L1 and Populus LTF1 may
have different regulatory mechanisms for controlling lignin
biosynthesis.

We examined the transcript levels of five lignin biosynthesis genes
(PAL1, C4H1, 4CL3, COMT1, and CAD1) in L10OE and L14OE transgenic
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Fig. 4. Expression of LTF1L151%%2 strongly suppressed lignin biosynthesis in sclerenchyma cells. (a) Morphology of the WT and LTF1L157%*4 overexpressing
(L1#OE) transgenic lines at the grain-filling stage. LTF1L157°4 is a mutant form of LTFILI with serine 169 replaced by alanine. Scale bar, 10 cm. (b, ¢) The plant
height (b), and internode length (c) of WT and L14OE plants were measured and compared. Results are means =+ SE of fifteen biological replicates. (d) Cross-sections
of the third internode from WT and L12OE rice plants stained with phloroglucinol-HCl. Scale bar, 50 um. (e, f) Lignin content (e) and crystalline cellulose content (f)
in the culms of WT and LI4OE rice plants in mature stems. Results are means + SE of three replicate determinations. (g) Relative expression level of LTFILI in WT,
LI1OE, and L1*OE transgenic lines at 2-week-old seedlings. Results are means =+ SE of three biological replicates. (h) Protein abundance of LTF1L1 in WT, L10E, and
LIAOE transgenic lines at 2-week-old seedlings was determined by immunoblotting assay (upper panel).The signal density was quantified based on the three bio-
logical replicates (lower panel). The relative protein abundance in LTF1L1 overexpressing line L1OE6 was set as 1. (i) Expression of lignin biosynthesis genes in WT,
L1OE, and L1*OE transgenic lines at 2-week-old seedlings. Results are means + SE of three biological replicates. In (b), (c), (e), and (i), single asterisk indicates that
the difference between the wild-type and L1°OE transgenics is statistically significant at P < 0.01 by t-test. In (g) and (h), different lowercase letters indicate sig-
nificant differences at P < 0.01 by ANOVA.
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plants. Both L1OE and L1*OE had lower expression of these genes than
the wild type, but L140F had much lower expression than L10E (Fig. 4i).
This was unexpected because L1OE had more LTFILI transcript and
protein than LI*OE. We inferred that the phosphorylation status of the
LTF1L1 was critical for controlling lignin biosynthesis.

3.6. LTF1L1 phosphorylation at Ser'%® impairs its transcriptional
repressor activity

To investigate how LTF1L1 phosphorylation affects lignin biosyn-
thesis, we performed a series of experiments to examine its subcellular
localization, DNA-binding ability, and transcriptional repressor activity.
The results showed that both LTF1L1-mCherry and LTF1L1*-mCherry
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signal overlapped with the nuclear marker DAPI, suggesting that LTF1L1
was localized in the nucleus and phosphorylation did not change its
localization (Fig. 5a). We then tested whether LTF1L1 directly binds to
the promoter of 4CL3, a key lignin biosynthesis gene (Gui et al., 2011),
because the expression of 4CL3 is induced in the ltf1l1 mutant and
suppressed by LTF1L1 overexpression (Fig. le, Fig. 4i). Yeast one-hybrid
assay showed that LTF1L1 bound to the 4CL3 promoter but not to the
CESA9 promoter (Fig. 5b). This result was confirmed by electrophoretic
mobility shift assay (EMSA) (Fig. 5c¢). We incubated two proteins,
His-tagged LTF1L1 and His-tagged LTF1L1%, with Cy5-labeled probe of
the 4CL3 promoter fragment. The probe showed a clear and comparable
band shift for both proteins, while the free probe did not show any shift
(Fig. 5¢), indicating that LTF1L1 and LTF1L1* bind directly to the 4CL3
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Fig. 5. Non-phosphorylated LTF1L1 (LTF1L151%°*) enhances LTF1L1 transcriptional repressor activity. (a) Subcellular localization of LTF1L1 and LTF1L1516%4
in nuclei. LTF1L1 and LTF1L151%°* were fused with mCherry, showing co-localization with the 4, 6-diamidino-2-phenylindole (DAPI) stained nucleus in tobacco
epidermal cells. (b) LTF1L1 binding to rice 4CL3 promoter was examined by yeast one-hybrid analysis. The yeast strain EGY48 was transformed with pPC86-LTF1L1
as effector plasmid and p178-4CL3Pro as reporter plasmid. The blue color on X-gal medium indicates LTF1L1 binds to 4CL3 promoter. (¢) LTF1L1 binding to rice
4CL3 promoter was verified by electrophoretic mobility shift assay (EMSA). The Cy5-labeled DNA probe containing the LTF1L1 binding site in the 4CL3 promoter was
incubated with recombinant LTF1L1 protein. The shifted bands indicated the formation of protein-DNA complexes. (d) Activity of LTF1L1 and LTF1L1* in regulating
4CL3 expression by dual-luciferase reporter assay. Effector and reporter vectors were shown in the upper panel. The relative luciferase activity for promoter of 4CL3
fused with 35 S mini promoter was calculated as firefly luciferase / renilla luciferase ratio. Results are means + SE of five replicates. The luciferase activity in the
4CL3pro-LUC alone was set as 1. Different letters indicate significant differences at P < 0.01 by ANOVA.
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promoter and the phosphorylation of LTF1L1 at Ser'®® does not affect its
DNA-binding ability.

We next examined how LTF1L1 phosphorylation affects 4CL3
expression using a dual-luciferase reporter system. We generated a re-
porter vector with a 1.5 kb 4CL3 promoter and a 35 S mini promoter
driven LUC expression, and an effector vector with a 35S promoter
driven LTF1L1 or LTF1L1% expression (Fig. 5d). We co-transformed these
vectors into Arabidopsis protoplasts and measured LUC activity as an
indicator of 4CL3 expression. We found that LTF1L1 significantly
reduced LUC activity compared to the empty vector control (Fig. 5d),
indicating that it repressed 4CL3 transcription. Moreover, this effect was
stronger when we used LTF1L1* instead of LTF1L1 (Fig. 5d), suggesting
that phosphorylation impairs LTF1L1’s transcriptional repressor activ-
ity. These results indicated that LTF1L1 phosphorylation modulates
4CL3 expression and lignin biosynthesis in rice.

3.7. LTF1L15%%%* mutation enhances its repression of lignin biosynthesis
genes in Populus, independent of its stability

LTF1L1 and LTF1 are homologous proteins that inhibit lignin
biosynthesis in rice and Populus, respectively. However, they have
different regulatory mechanisms. In Populus, LTF1 is phosphorylated by
PAMPK®6, which triggers its degradation and releases its inhibition on
lignin biosynthesis (Gui et al., 2019). In rice, LTF1L1 is phosphorylated
by OsMPK6, which impairs its repressive activity but not protein sta-
bility. To test if LTFIL1 has a similar effect in Populus as in rice, we
overexpressed LTF1L1 and LTF1L1A (non-phosphorylation form) genes
under the CaMV 35 S promoter in Populus and generated transgenic lines
(L10OE and L1*OFE). We obtained 43 independent L1OE transgenic lines
and 55 independent LI”OE transgenic lines. All L1OE transgenics had
similar morphologies to the wild-type, whereas L1°OE transgenics
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showed dramatic morphological changes. We selected two representa-
tive transgenic lines from each group (LIOE 9 and LIOE 41 for
LTF1LI-overexpression, and LIAOE 3 and L12OE 24 for LTF1L1-over-
expression) for further characterization (Fig. 6a).

Compared with the wild-type, LIAOE plants exhibited an extremely
dwarf phenotype with short plant height, internode length, diameters,
and small leaves, whereas L1OE plants displayed no apparent morpho-
logical change except for LIOE 41 plants, which were slightly shorter
(Fig. 6a, Fig. S6). LTF1L1 transcript levels in L10OE and L14OE transgenic
plants were similar in different lines except for the LI1OE 41 (Fig. 6b).
Further examination of LTF1L1 protein abundance revealed that the
L1%0E transgenic lines L1AOE 3, L1 OF 24, and the L10E transgenic line
L1OE 9 accumulated similar levels of LTF1L1 protein, while the L1OE
transgenic line LIOE 41 accumulated a much higher level of LTF1L1
protein (Fig. 6¢). Unlike LTF1 phosphorylation, which affects its protein
stability in Populus (Gui et al., 2019), LTF1L1 phosphorylation did not
affect its protein stability both in Populus and rice plants as the transcript
and protein abundance of LTF1L1 was highly consistent (Fig. 4g,h,
Fig. 6b,c). These results suggested that the different effects of protein
phosphorylation between LTF1 and LTF1L1 are mainly due to their
different sequences, not the different plant species.

To further examine the effects of LTFIL1 and LTFILI* over-
expression on lignin biosynthesis in Populus, we conducted histo-
chemical staining followed by chemical tests and gene expression
analysis. In L10E plants, L10OE 41 had less lignin in the wood cells, but
L1OE 9 did not show much difference from the wild-type (Fig. 6d). In
L1%0E plants, L1*OE 3 and L1*OF 24 had less lignin in the fiber cells and
their xylem vessels were distorted or crushed (Fig. 6d). In agreement
with this, lignin content was 18% lower in L10E 41, 40% lower in LI*OE
3, and 43% lower in L14OE 24 than in the wild-type (Fig. 6e). Moreover,
we measured the transcript levels of lignin biosynthesis genes (PAL2,

Ny
(b) - (c) O@Q O@b‘ ROAR 4
. a RV
> N
c 3509
S <
2a Actin AP
o o a
506 £ 12
(=%
. 2 810
$% b g%B
2003 c c 0T 6
S5 254 be b
¢, S8 2.8 -
. o
N D oh S5 AN > b
AN 2% & & & &
N Ne) N oY N O
\% N N \,\ v N
v v

@
2

ABSL (mg/g AIR)

0..

QO N D ok A A 9
SN X o K\
N 9

VTV

Fig. 6. Expression of LTF1L157%%4 in Populus suppressed lignin deposition by enhancing LTF1L1 repression activity, not stability. (a) Phenotypes of the WT,
LTFIL1 overexpressing (L10E) and LTFIL1” overexpressing (LI1OE) transgenic Populus grown in phytotron at 2-month-old stage. Scale bar, 5 cm. (b) Relative
expression level of LTFIL1 in WT, L10E, and L1*OE transgenic lines at 2-month-old stage. Results are means + SE of three biological repeats. (c) Protein abundance
of LTF1L1 in WT, L1OE, and L1“OE transgenic lines in Populus by immunoblotting assay (upper panel). The signal density was qualified based on the three biological
replicates (lower panel). The relative protein abundance in LTFILI overexpressing line L1OE9 was set as 1. (d) Cross-sections of the 11th internode from WT, L1OE,
and L14OE transgenics stained with phloroglucinol-HCl (upper panel). The lower panel shows close-up images of the lignified xylem cells (black box in the upper
panel). Scale bar, 50 um. (e) Lignin content in the stem xylem of WT, L1OE, and LI2OE plants in Populus at 2-month-old stage. Results are means + SE of three
replicate determinations. (f) Expression of lignin biosynthesis genes in WT, L1OE, and L12OE transgenic lines at 2-month-old stage. Results are means + SE of three
biological repeats. In (b), (c), (e), and (), different lowercase letters indicate significant differences at P < 0.01 by ANOVA.



P. Zhu et al.

C4H1, 4CL1, and COMT2 in Populus) in L1OE and LI“OE transgenic
plants. Like in rice, both L1OE and L120E had lower gene expression
than the wild-type, but LI*OE had much lower gene expression than
L1OE (Fig. 6f), which correlated with the lignin content in the different
plants. These results suggested that the expression of non-
phosphorylated LTF1L1 (LTF1L15'%°%) inhibits lignin biosynthesis by
enhancing LTF1L1 transcriptional repressive ability, not by making it
more stable, in both Populus and rice plants.

4. Discussion

In this study, we discovered a novel mechanism for regulating lignin
biosynthesis in rice through protein phosphorylation. We showed that
OsMPK6 phosphorylates LTF1L1 at Ser'®® in the EAR motif, which re-
duces its transcriptional repression activity on lignin biosynthesis genes
without affecting its protein stability. In contrast, non-phosphorylated
LTF1L1 (LTF1L1%) inhibits lignin biosynthesis by enhancing its tran-
scriptional repression ability. Thus, the OsMPK6-LTF1L1 module
dynamically modulates lignin biosynthesis in response to environmental
stimuli (Fig. 7). This is different from the mechanism of Populus LTF1,
which is degraded by PAMPK6-mediated phosphorylation (Gui et al.,
2019).

4.1. The OsMPK6-LTF1L1 module: a novel mechanism controls lignin
biosynthesis in rice

Lignin biosynthesis is a complex and dynamic process that depends
on developmental and environmental cues (Gui et al., 2019). Different
plants or cell types produce diverse lignin structures that have various
functions (Boerjan et al., 2003; Vanholme et al., 2010; Dixon and Barros,
2019; Gui et al., 2020), but the molecular mechanisms that regulate
them are still poorly understood. Protein phosphorylation is one of the
potential mechanisms that modulate the activity, interaction, localiza-
tion, or stability of lignin biosynthesis proteins (Zhang et al., 2018).

Previous studies have shown that MPK6 phosphorylates and de-
grades different MYB transcription factors that affect lignin biosynthesis

Rice (Monocot)
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in various plant species. For instance, in Populus, PAMPK6 targets LTF1
and degrades it by mechanical wounding, thereby relieving its negative
effect on lignification (Gui et al., 2019). In Arabidopsis, MPK6 degrades
MYB46 through the ubiquitin-proteasome pathway and reduces lignin
biosynthesis under salt stress (Im et al., 2021). In rice, MPK6 participates
in a MKP1-MPK3/6-MYB102 cascade that regulates vascular immunity
and lignification in leaves (Lin et al., 2022). However, we discovered a
novel mechanism in monocot rice, where OsMPK6 phosphorylates
LTF1L1 at Ser'®® and modulates its transcriptional repressive activity on
lignin biosynthesis genes, without affecting its protein stability. We
propose that the OsMPK6-LTF1L1 phosphorylation module is a unique
way to fine-tune lignification in rice.

We also found that LTF1L1 is phosphorylated at Thr'*® in-vivo, but
not by OsMPK®6, suggesting that another kinase is involved. It would be
interesting to identify this kinase and its role in lignin biosynthesis.
Moreover, future studies should uncover the signaling molecules and the
upstream regulators of OsMPK6, as well as other lignin-related tran-
scription factors that are phosphorylated by OsMPK6. These studies will
help to elucidate the molecular mechanisms and the regulatory net-
works that govern lignin biosynthesis in a dynamic manner.

4.2. Phosphorylation of the EAR motif modulates MYB transcription
factors activity

Lignin biosynthesis is controlled by a complex transcriptional
network (Hirano et al., 2013b; Ye and Zhong, 2015). LTF1L1 is a rice
R2R3-MYB factor thatrepresses lignin biosynthesis by directly binding to
the promoter of 4CL3, a key enzyme of monolignol biosynthesis (Gui
et al., 2011). LTF1L1 function is modulated by its phosphorylation sta-
tus, which is regulated by OsMPK®6. This is similar to the finding that
Populus LTF1 phosphorylation by PAMPKG6 triggers its degradation and
activates lignin biosynthesis in response to environmental stimuli (Gui
etal., 2019). However, unlike Populus LTF1, LTF1L1 phosphorylation by
OsMPK6 does not affect its protein stability, but rather modulates its
transcriptional repressive activity on lignin biosynthesis (Fig. 7).
Moreover, we identified Ser'® as the phosphorylation site of LTF1L1 by
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Fig. 7. Divergent roles of LTF1L1 and LTF1 phosphorylation by MPK6 in lignin biosynthesis in rice and Populus. LTF1L1 and LTF1 are homologous tran-
scriptional repressors of lignin biosynthesis genes in rice and Populus, respectively. However, they are regulated differently by MPK6-mediated phosphorylation. In
Populus, PAMPK6 phosphorylates LTF1, leading to its proteasome degradation and derepression of lignin biosynthesis (right panel) (Gui et al., 2019). In rice, OsSMPK6
phosphorylates LTF1L1, which impairs its repressor activity but not its stability, allowing a flexible control of lignin biosynthesis in response to various cues
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OsMPK6, which is different from the phosphorylation sites of LTF1
(Thr'*® and Thr'”®) by PAMPK6 (Gui et al., 2019) (Fig. S7). These studies
suggest that LTF1L1 and LTF1 have conserved roles in repressing lignin
biosynthesis, but their functions are regulated by different mechanisms
of protein phosphorylation in rice and Populus.

We also discovered a novel role of EAR motif phosphorylation in
regulating transcriptional repressor activity. We showed that Ser'®®
which is located in the EAR motif of LTF1L1, is phosphorylated by
OsMPK6 and reduces its transcriptional repressive activity on lignin
biosynthesis genes (Fig. S7). The EAR motif enables the repressors to
bind with corepressors and form a complex that acts as a negative
regulator by altering the chromatin structure (Kagale and Rozwadowski,
2011; Oh et al., 2014). Mutations or modifications in the EAR motif may
attenuate or eliminate the transcriptional repression of negative regu-
lators (Zhang et al., 2013; Sun et al., 2023). Moreover, transcriptional
activator can be changed to dominant repressors when they are fused to
the EAR motif (Hiratsu et al., 2003). The phosphorylation sites in the
EAR motif regions of IAA9, BEH4, and DEAR4 are conserved across
evolutionarily diverse plant species, suggesting that these residues are
possible regulators of protein functions (Kagale and Rozwadowski,
2011). Therefore, manipulating EAR motif phosphorylation may be an
effective way to modulate lignin biosynthesis and other biological pro-
cesses that are controlled by transcriptional repressors.

4.3. Phosphorylation of MYB factors fine-tunes lignin biosynthesis by
distinct mechanisms in rice and Populus

Lignin biosynthesis is regulated by a complex transcriptional
network that involves MYB factors. Our study demonstrated that MYB
factors LTF1L1 and LTF1 are negative regulators of lignin biosynthesis in
rice and Populus, respectively. LTF1L1 and LTF1 function are modulated
by phosphorylation by MPK6 kinases, but the phosphorylation has dif-
ferential effects on their stability and activity. Phosphorylation reduces
the repressor activity of LTF1L1, while it triggers the degradation of
LTF1 (Fig. 7). As a result, lignin biosynthesis genes are derepressed and
lignin biosynthesis is activated in response to environmental stimuli.
The different effects of phosphorylation are due to sequence divergence
in the PEST motifs, the EAR motifs, and the phosphorylation sites of
LTF1L1 and LTF1 (Fig. S7).

This study provides new insights into the molecular control of lignin
formation and diversity in monocots and dicots, which are two major
groups of angiosperms that diverged about 140-150 million years ago
(Chaw et al., 2004). Monocots and dicots exhibit distinct growth pat-
terns, adaptations, and lignin compositions. Dicots have lignin mainly
composed of G and S units, while monocots have lignin with a significant
amount of H units in addition to G and S units (Boerjan et al., 2003; Gui
et al., 2020). This difference may reflect the divergent evolution of MYB
genes that regulate lignin biosynthesis in these two groups. Our findings
suggest potential strategies for engineering lignin biosynthesis in plants
for biofuel and biomaterial applications by manipulating the phos-
phorylation status of the MYB factors.
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