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ABSTRACT

Lignin is specifically deposited in plant secondary cell walls, and initiation of lignin biosynthesis is regulated

by a variety of developmental and environmental signals. However, the mechanisms governing the

regulation of lignin biosynthesis remain to be elucidated. In this study, we identified a lignin biosynthesis-

associated transcription factor (LTF) from Populus, LTF1, which binds the promoter of a key lignin biosyn-

thetic gene encoding 4-coumarate-CoA ligase (4CL). We showed that LTF1 in its unphosphorylated state

functions as a regulator restraining lignin biosynthesis. When LTF1 becomes phosphorylated by PdMPK6

in response to external stimuli such aswounding, it undergoes degradation through aproteasomepathway,

resulting inactivationof lignification. Expressionof aphosphorylation-nullmutant versionofLTF1 led tosta-

ble protein accumulation and persistent attenuation of lignification inwood cells. Taken together, our study

reveals amechanismwherebyLTF1phosphorylation acts asasensoryswitch to regulate ligninbiosynthesis

in response to environmental stimuli. The discovery of novel modulators and mechanisms modifying lignin

biosynthesis has important implications for improving the utilization of cell-wall biomass.
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INTRODUCTION

Lignin, a phenylpropanoid polymer, is an important component of

the secondary cell walls (SCWs) of vascular plants (Whetten and

Sederoff, 1995). The biosynthesis of lignin, which is deposited

within the SCWs of specific cell types, is controlled by

developmental signals and environmental stimuli, such as light,

wounding, and pathogen infection (Vanholme et al., 2010; Xie

et al., 2018). While general lignin biosynthetic pathways and

their components have been well studied (Boerjan et al., 2003),

more questions remain in elucidating specific mechanisms that

effectively result in the activation or termination of lignin

biosynthesis.

A hierarchical network of transcriptional activators and repres-

sors of secondary cell-wall formation has been identified in

Arabidopsis (Zhong and Ye, 2007; Zhong et al., 2008). The NAC

transcription factors SND1/NST3, NST1, VND6, and VND7
Mole
act as the first tier of regulators that control the expression of

genes involved in the biosynthesis of lignin and other SCW

compounds in different cell types (Kubo et al., 2005; Zhong

et al., 2006, 2007; Mitsuda et al., 2007). Members of the MYB

family of transcriptional activators (MYB58, MYB63, and

MYB85) and repressors (MYB4, MYB32, and other R2R3-MYB

factors) have also been shown to regulate lignin formation in

Arabidopsis (Tamagnone et al., 1998; Jin et al., 2000; Zhong

et al., 2008; Zhou et al., 2009). Additional transcription factors

have been cataloged across various other plant species.

The snapdragon (Antirrhinum majus) transcription factors

AmMYB308 and AmMYB330 were reported to repress lignin

biosynthesis in tobacco (Tamagnone et al., 1998). In addition,

ZmMYB11, ZmMYB31, and ZmMYB42 in maize (Zea mays)
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(Sonbol et al., 2009; Fornale et al., 2010; Velez-Bermudez et al.,

2015), PvMYB4 in switchgrass (Panicum virgatum) (Shen et al.,

2012), EgMYB1 in eucalyptus (Eucalyptus gunnii) (Legay et al.,

2010), and PtoMYB156 in poplar (Populus tomentosa) (Yang

et al., 2017) have also been reported to be involved in

regulation of the expression of lignin biosynthesis genes.

Protein phosphorylation, a form of post-translational modifica-

tion, functions as a molecular device regulating protein location,

interactions, activity, and stability (Whitmarsh and Davis, 2000).

Mitogen-activated protein kinases (MAPKs or MPKs) catalyze

protein phosphorylation and act in signaling cascades to link

the perception of stimuli to cellular responses (Hamel et al.,

2006; Colcombet and Hirt, 2008). The activated MPK can

subsequently phosphorylate various substrate proteins involved

in diverse biological processes (Colcombet and Hirt, 2008;

Popescu et al., 2009). For example, AtMYB75 (PRODUCTION

OF ANTHOCYANIN PIGMENT1, PAP1), a positive regulator of

anthocyanin biosynthesis and a negative regulator of stem

lignin biosynthesis (Borevitz et al., 2000; Bhargava et al., 2010),

is phosphorylated by MPK4, causing an increase in its stability,

which is required for light-induced anthocyanin accumulation

(Li et al., 2016). In loblolly pine (Pinus taeda), PtMYB4 (a

homolog of AtMYB46) is an activator and its phosphorylation

by a MAPK results in altered transcriptional activation activity

(Morse et al., 2009).

In this study, we screened for lignin biosynthesis-associated

transcription factors (LTFs) by identifying proteins binding to the

promoter of 4-coumarate-coenzyme A ligase (4CL), a key lignin

biosynthetic gene in Populus. We identified Populus LTF1, which

acts as a sensory switch for repression or activation of lignin

biosynthesis based on its phosphorylation status in wood cells.
RESULTS

Identification of LTF1 as a Regulator of Lignin
Biosynthesis in Developing Xylem Cells

4CL is a key enzyme controlling metabolic flux through the lignin

biosynthetic pathway (Lee et al., 1997; Hu et al., 1999; Gui et al.,

2011). To elucidate how lignin biosynthesis is regulated in wood

cells, we screened for transcription factors that bind the 4CL

promoter using yeast one-hybrid assays. From screening a

Populus developing xylem expression library, we identified 20

transcription factors (Supplemental Table 1) that were potential

LTFs. Among them, LTF1, LTF3, and LTF6 belong to MYB

transcription factor gene family (LTF1: Potri.004G174400; LTF3:

Potri.003G114100; LTF6: Potri.017G130300 in the Phytozome

database, https://phytozome.jgi.doe.gov/pz/portal.html), and

LTF1 was selected for further characterization because it was

predominantly expressed in developing xylem (Supplemental

Figure 1), a main location for lignin biosynthesis.

We generated and purified recombinant LTF1 protein using an

Escherichia coli expression system (Invitrogen). Binding of

LTF1 to the 4CL promoter was verified by electrophoretic mobility

shift assay (EMSA) and a yeast one-hybrid assay (Supplemental

Figure 2A–2C). Subcellular localization analysis showed

that LTF1-mCherry and DAPI were co-localized in the nucleus

in tobacco epidermal cells (Supplemental Figure 2D).
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Transcriptional activation analysis in yeast indicated that LTF1

possesses transcriptional repression activity (Supplemental

Figure 2E and 2F). Because there are two LTF1 homologs

(LTF1-h) (Potri.009G134000 and Potri.005G112000 named

LTF1-h1 and LTF1-h2, respectively) in the Populus genome

(Supplemental Figure 3), expression of which partially overlaps

with that of LTF1 (Supplemental Figure 1), LTF1 function was

examined in greater detail using a CRISPR/Cas9 genome-

editing system (Supplemental Figure 4A and 4B). We generated

a series of single- and double-knockout Populus mutants of the

LTF1 homologous genes in order to ascertain the genetic

function of LTF1. As shown in Supplemental Figure 4C, the

mutants used in functional characterization included the

following LTF1 edited Populus lines (LE): (1) LE3, which is

homozygous for a 1-bp insertion in LTF and heterozygous for

mutations in both LTF1-h1 and LTF1-h2; (2) LE56, which is

homozygous for mutations in LTF1 and LTF1-h2; (3) LE23, which

is homozygous for mutations in LTF1-h1 and LTF1-h2; and (4)

LE32, a homozygous LTF1-h2 mutant. LE62, without mutations,

was used as a control (Supplemental Figure 4C).

The independent mutant lines were clonally propagated through

cutting to produce at least eight copies of each line to serve as

biological replicates. The growth behavior and phenotypes of

these lines were examined. Compared with the unedited line

(LE62), LTF1 mutants (LE3 and LE56) had shorter stems and

internodes (Figure 1A–1C). Moreover, LTF1 mutant LE56 had a

smaller stem diameter (Figure 1D). In developing xylem tissue,

both LTF1 mutants (LE3 and LE56) showed higher lignification

and a wider lignified xylem region than the control and the lines

without mutations in LTF1 (LE23 and LE32) (Figure 1B). The

LTF1 knockout mutants had about 20% higher lignin content

(Figure 1F) but did not show significant differences in crystalline

cellulose and xylose content (Figure 1G and 1H). Consistent

with this, expression of the key lignin biosynthesis genes (PAL2,

C4H1, C3H2, 4CL1, CAld5H, COMT2, and CCoAOMT1)

(Osakabe et al., 1999; Boerjan et al., 2003) was significantly

higher in the LTF1 mutants than in the control, while the

transcript levels of genes associated with cellulose biosynthesis

(CESA4, CESA7, and CESA8) or hemicellulose biosynthesis

(GT43 and GT8D) did not show significant differences

(Figure 1I). EMSA analysis also revealed that LTF1 was able to

bind the promoters of the lignin biosynthesis genes COMT2

and CCoAOMT1 (Supplemental Figure 5). It is likely that LTF1 is

specifically involved in repressing lignin biosynthesis during

xylem development.
LTF1 Protein Level Affects Lignification in Developing
Xylem Cells

To detail how LTF1 regulates lignin biosynthesis, we generated

transgenic plants overexpressing LTF1 (LTF1OE). Thirty-six inde-

pendent transgenic lines were generated and displayed modified

growth morphology and lignin deposition. The transgenics could

be classified into three types based on the severity of their growth

phenotypes. Three representative LTF1-overexpression (LO)

transgenic lines, LO7 (type 1, 27/36), LO11 (type 2, 7/36), and

LO23 (type 3, 2/36) were selected for more detailed characteriza-

tion. The transgenics were grown in a phytotron for the first 2

months and were then moved to a glasshouse to grow. At 2

months old in the phytotron, the morphology of LO7 was
.

https://phytozome.jgi.doe.gov/pz/portal.html


Figure 1. Knockout of LTF1 Increased Lignin Deposition in Developing Xylem of Populus.
(A) Morphology of plants with mutations in Populus LTF1 and its homologs (LTF1-h1 and LTF1-h2) at 2 months old. Mutants were generated through

CRISPR/Cas9 genome editing. +/�, heterozygous mutant; �, mutated; +, not mutated. Scale bar, 10 cm.

(B–D) Plant height (B), internode length (C), and stem diameter (D) in the mutants at the 2-month-old stage. Plant height and diameter: means ± SE of

eight clonally propagated plants; Internode length: means ± SE of 80 internodes from eight plants.

(E) Images of cross-sections of the 11th internode stained with phloroglucinol–HCl (upper panel). Scale bar, 500 mm. Images in the lower panel are close-

up images of the lignified xylem cells indicated by an asterisk in the upper panel. Scale bar, 50 mm.

(F–H) Lignin content, crystalline cellulose content, and xylose content in the stems of the 2-month-old plants. Results are means ± SE of three replicate

determinations. ABSL, acetyl bromide-soluble lignin.

(I) Expression of genes involved in secondary cell-wall biosynthesis. Gene expression in the top three internodes of the 2-month-old plants was

determined using qRT–PCR analysis. Results are means ± SE of three biological repeats.In (B) to (D) and (F) to (I), different lowercase letters indicate

significant differences at p < 0.01 by ANOVA.
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similar to that of the control, while LO11 exhibited uneven leaf

blades and soft stems. LO23 showed dwarfism, dark-green

leaves, uneven leaf blades, distorted leaf veins, and soft stems

(Figure 2A). The level of LTF1 transcript was different in the

three transgenic lines (Figure 2G) and was related to the

severity of the growth phenotypes including changes in plant

height, internode length, and stem diameter (Figure 2A and 2D;

Supplemental Figure 6A and 6B). In xylem tissue, cell walls in

LO11 and LO23 had less lignin deposition, but there was no

apparent change in LO7 (Figure 2C). Consistent with this, lignin

content was 13% lower in LO11 and 30% lower in LO23 than in

the control (Figure 2F). The crystalline cellulose and xylose

levels were not changed in the transgenics (Supplemental

Figure 6E and 6F). When the transgenics were grown in a

glasshouse to 8 months old, the severity of the transgenic

growth phenotypes (such as plant height and lignin deposition)

diminished (Figure 2B and Supplemental Figure 6C–6F).

However, the level of LTF1 transcripts was the same as that of

the 2-month-old plants in the phytotron (Figure 2G). We then

examined the abundance of LTF1 protein in the transgenics.

The LTF1 protein abundance in LO7, LO11, and LO23 was

significantly different at 2 months but this difference diminished
Mole
by 8 months (Figure 2H). The abundance of LTF1 protein was

substantially lower in the 8-month-old transgenics (Figure 2H).

The abundance of LTF1 protein was related to the growth

performance observed in the LTF1OE transgenics, suggesting

that the abundance of the LTF1 protein, rather than the level of

LTF1 transcript, more significantly affected the phenotype.
LTF1 Is Phosphorylated at Thr146 and Thr178

To investigate the cause of the change in LTF1 protein level, we

looked at potential post-translational modifications of LTF1. First,

we isolated LTF1 proteins from transgenic lines expressing

LTF1-3FLAG grown in the phytotron or glasshouse. Proteins

were concentrated and immunoprecipitated using anti-FLAG

agarose beads, and the precipitated proteins were analyzed us-

ing liquid chromatography–tandem mass spectrometry (LC–MS/

MS). In extracts from 8-month-old plants grown in the glass-

house, phosphorylation of LTF1 was detected at two sites

(Thr146 and Thr178) within the peptides GIDPATHRPLNEPA-

QEASTTISFSTT(pT)PAK and EEK(pT)PVQER(Supplemental

Figure 7A and 7B). Phosphorylation at these sites was not

detected in the extracts from 2-month-old transgenics grown in
cular Plant 12, 1325–1337, October 2019 ª The Author 2019. 1327



Figure 2. LTF1 Protein Levels Affected Secondary Cell-Wall Lignification in Populus.
(A and B) Transgenic Populus overexpressing LTF1 at 2 months old (grown in a phytotron) (A) and at 8 months old (grown in a glasshouse) (B). Scale bar,

10 cm.

(C) Cross-sections (11th internode) of the control and different LTF1-overexpressing (LTF1OE) lines stained with phloroglucinol–HCl to visualize total

lignin. Scale bar, 50 mm.

(D and E) Plant height of LTF1OE transgenics at the 2-month (D) and 8-month (E) stages. Plant height: means ± SE of eight clonally propagated plants.

(F) Lignin content in the stems of the 2-month-old and 8-month-old plants. The stems at the same internodes in the shoot tips of the 2-month-old and

8-month-old plants were collected for lignin content determination. Results are means ± SE of three replicate determinations. ABSL. acetyl bromide-

soluble lignin.

(G) LTF1 transcript levels in control and LTF1OE transgenic lines at the 2-month and 8-month stages. Results are means ± SE of three biological repeats.

(H) Protein abundance of LTF1 in LTF1OE transgenic Populus at the 2-month and 8-month stages was examined by immunoblotting assay (upper panel).

The signal density of the immunoblotted LTF1 was quantified based on the three biological replicates (lower panel). The relative protein abundance in the

2-month-old LTF1OE line LO7 was set as 1.

In (D) to (H), different lowercase letters indicate significant difference at p < 0.01 by ANOVA.
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the phytotron. We speculate that different environmental

stimuli in the phytotron and the glasshouse likely contributed to

differential LTF1 phosphorylation.
Mutating LTF1 at Specific Sites Results in Persistent
Suppression of Lignification in Developing Xylem Cells

To determine whether and how LTF1 phosphorylation plays a role

in Populus, we introduced mutations at the sites of phosphoryla-

tion (Thr146 and Thr178) to produce phosphorylation-null LTF1

(LTF1T146/178A, designated as LTF1AA). We generated transgenic

Populus plants expressing LTF1AA (35S:LTF1AA-3FLAG, desig-

nated as LTF1AAOE). Fifty-five independent LTF1AA-mutation

(LM) transgenic lines were produced, which showed varying de-

grees of dwarfism, dark-green uneven leaf blades, distorted leaf

veins, soft stems, pendant growth, increased branch number,

and reduced root growth over the 8-month growth period
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(Figure 3A and 3B; Supplemental Figure 8). Compared with the

control plants, the transgenics exhibited severe morphological

changes. As shown in Figure 3C–3E, the transgenics displayed

a 45%–75% decrease in height, 23%–50% decrease in stem

diameter, and 26%–60% decrease in internode length. Lignin

deposition was significantly reduced in the fiber cells of the

transgenics (Figure 3F). Distorted or collapsed xylem vessels

were observed (Figure 3F), and the content of lignin, crystalline

cellulose, and xylose was reduced (Figure 3G–3I).

In the LTF1AAOE transgenics, the LTF1 transcript levels were 4- to

10-fold higher than in the control (Figure 3J). The severity of the

phenotypic changes and reduction in lignin content correlated

with the LTF1AA transcript levels at both the 2-month and

8-month stages (Figure 3A, 3B, 3J, and 3K). We also compared

the LTF1 transcript levels in the LTF1OE and LTF1AAOE

transgenics at the 8-month stage. The LTF1 transcript level was
.



Figure 3. Expression of LTF1AA Suppressed Lignin Deposition in Developing Xylem of Populus.
(A and B)Phenotypes of the LTF1AA-overexpressing (LTF1AAOE) plants grown in a phytotron at the 2-month stage (A) and grown in a glasshouse at the 8-

month stage (B).

(C–E) Plant height (C), diameter (D), and internode length (E) of the transgenics and control plants. Plant heights were measured at 1, 3, 6, and 9 months.

The diameter and internode length were measured at 8 months. Plant height and diameter: means ± SE of six clonally propagated plants; internode

length: means ± SE of 60 internodes from six plants.

(F) Cross-sections (11th internode) of the control and LTF1AAOE lines stained with phloroglucinol–HCl. Inset: enlarged image of the developing xylem

vessels and fibers. Scale bar, 100 mm.

(G–I) Content of lignin (G), crystalline cellulose (H), and xylose (I) in the xylem tissue of the 2-month-old plants. Results are means ± SE of three replicate

determinations. ABSL, acetyl bromide-soluble lignin.

(J) LTF1 transcript levels in the control and LTF1AAOE transgenics at the 2-month stage. Results are means ± SE of three biological repeats.

(K) Comparison of LTF1 transcript level in the LTF1OE and LTF1AAOE transgenics at the 8-month stage. Results are means ± SE of three biological

repeats.

(L) LTF1 protein abundance in the LTF1OE and LTF1AAOE transgenics. Three clonally propagated copies at the 8-month stage were used for the

immunoblotting assay (upper panel). Signal density was quantified based on three biological repeats (lower panel).

In (D), (E), and (G) to (L), different lowercase letters indicate significant difference at p < 0.01 by ANOVA.
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similar in the LTF1OE transgenic line LO11 and the LTF1AAOE

transgenic line LM3 (Figure 3K). However, the growth

phenotypes of the two types of transgenics appeared strikingly

different (Figures 2B and 3B). This prompted us to examine

whether LTF1 protein abundance caused the growth

differences between the two types of transgenics. The

LTF1AAOE transgenics (clonal propagates of LM3: LM3-1, and

LM3-2, and LM3-3) accumulated amuch higher level of LTF1 pro-

tein than the LTF1OE transgenics (clonal propagates of LO11:

LO11-1, LO11-2, and LO11-3) (Figure 3L). Mutation of the LTF1

phosphorylation sites Thr146 and Thr178 resulted in higher

LTF1 protein abundance.
Mole
When we examined expression of lignin biosynthesis genes

(PAL2, C4H1, C3H2, 4CL1, CAld5H, COMT2, and CCoAOMT1)

in transgenic plants transformed with the two different LTF1 con-

structs (LTF1AA and LTF1), we found that the expression of these

genes was suppressed in both the LTF1AAOE (LM3) and LTF1OE

(LO11) transgenics (Supplemental Figure 9). However, the

suppression was significantly stronger in LTF1AAOE than in

LTF1OE (Supplemental Figure 9).

Phosphorylation of LTF1 Affects Its Stability

To further elucidate the reason for the difference in LTF1

level in the LTF1AAOE and LTF1OE transgenics, we generated
cular Plant 12, 1325–1337, October 2019 ª The Author 2019. 1329



Figure 4. Mutation of LTF1 Phosphorylation
Sites Inhibited LTF1 Degradation.
(A and B) Recombinant proteins of LTF1 and

LTF1AA were expressed and purified from Escher-

ichia coli. Recombinant proteins were incubated

with or without 5 mM MG132 (a proteasome inhib-

itor) or 10 U of FastAP (a thermosensitive alkaline

phosphatase) at 37�C in cell lysate from the

developing xylem of Populus grown in a glass-

house at the 8-month-old stage. LTF1 and LTF1AA

accumulation was examined by immunoblotting

assay (A) and quantified based on the signal den-

sity from three replicates (B).

(C and D) Cell lysate isolated from LTF1 or LTF1AA

transgenics was incubated with or without MG132/

FastAP at 37�C for different times. LTF1 and

LTF1AA accumulation was examined by immuno-

blotting assay (C) and protein abundance was

quantified based on the signal density from three

replicates (D).
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recombinant LTF1 and LTF1AA proteins in E. coli and examined

their stability in cell lysates isolated from developing xylem of

Populus grown in a glasshouse. LTF1 was rapidly degraded

in total cell lysate, and this degradation was inhibited by the

proteasome inhibitor MG132 (Figure 4A and 4B). However,

the mutated LTF1AA protein was not degraded (Figure 4A

and 4B). When alkaline phosphatase (FastAP) was added to

the assay system, LTF1 degradation was inhibited, indicating

that LTF1 degradation is dependent on its phosphorylation

(Figure 4A and 4B). Furthermore, when plant-produced

LTF1 and LTF1AA were used in the degradation analysis,

LTF1AA was highly stable while LTF1 was readily degraded

(Figure 4C and 4D). Thus, phosphorylation regulates the

stability of LTF1 in a manner related to proteasome

degradation.
LTF1 Is Phosphorylated by MPK6 through Direct
Interaction

Next, we performed a yeast two-hybrid assay and immuno-

precipitation followed by liquid chromatography–tandem

mass spectrometry (IP–MS) analysis to search for possible

kinases that catalyze LTF1 phosphorylation. The LTF1

C-terminal region (amino acid residues 151–268) which con-

tains an ethylene response factor-associated amphiphilic

repression motif, was used as bait to screen a cDNA library

derived from Populus developing xylem. A MAPK candidate

(encoded by Potri.007G139800) was identified. Sequence

analysis indicated that this protein is homologous to Arabi-

dopsis MPK6 and named PdMPK6 (Supplemental Figure 10).

We employed LTF1AA-3FLAG transgenic plants to identify

LTF1-interacting proteins through IP–MS analysis because

LTF1 was readily degraded in the xylem cell protein extracts

(Figure 4). PdMPK6 (Potri.007G139800) was among the

LTF1-interacting proteins identified (Supplemental Table 2),

thus confirming the interaction between LTF1 and PdMPK6.
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The direct interaction between LTF1 and

PdMPK6 was further verified using a yeast

two-hybrid assay, bimolecular fluorescence

complementation (BiFC) assay, and co-
immunoprecipitation (Co-IP). In yeast, the interaction between

LTF1 and PdMPK6 and between LTF1 and the constitutively

active form of MPK6 (PdMPK6-CA) was detected, but no interac-

tion was detected between pGADT7 and PdMPK6/PdMPK6-CA,

or between LTF1 and pGBKT7 (Figure 5A). A BiFC assay was

performed in a tobacco expression system to verify the

interaction of the two proteins. A strong fluorescent signal was

detected in the nucleus of tobacco leaf epidermal cells that co-

expressed LTF1 tagged with the C-terminal half of yellow

fluorescent protein (YFP) (LTF1-YC) and PdMPK6 fused with

the N-terminal half of YFP (PdMPK6-YN) (Figure 5B). No

fluorescence signal was detected with co-expression of LTF1-YC

and -YN, or co-expression of PdMPK6-YN and -YC (Figure 5B). In

addition, the interaction was verified through coIP analysis. LTF1-

Myc and PdMPK6-FLAG co-expressed in tobacco leaves were

able to be co-immunoprecipitated (Figure 5C).

We then examinedwhether PdMPK6 can phosphorylate LTF1.We

generated recombinant His-tagged LTF1, PdMPK6, and

PdMKK4DD (T218D and S224D, a constitutively active form of

MKK4 [Asai et al., 2002]) in E. coli for a phosphorylation assay.

LTF1 was phosphorylated by PdMPK6 after activation by

PdMKK4DD (Figure 5D). In contrast, LTF1 was not

phosphorylated by PdMPK6 in the absence of MKK4DD

(Figure 5D). When the Thr146 and Thr178 residues in LTF1 were

mutated to alanine, the phosphorylation signal was drastically

reduced (Figure 5D). The specific phosphorylation sites were

examined by LC–MS/MS. Phosphorylation at Thr146 and Thr178

was detected in LTF1 that was incubated with PdMPK6/

PdMKK4DD (Supplemental Figure 11A and 11B), but not

detected in the absence of PdMPK6/PdMKK4DD (Supplemental

Figure 11C and 11D). These results confirmed that PdMPK6

indeed phosphorylates LTF1 at the sites Thr146 and Thr178.

Next, we examined whether LTF1 phosphorylation status is

related to PdMPK6 in planta. First, LTF1 phosphorylation was



Figure 5. PdMPK6 Directly Interacted with and Phosphorylated LTF1 both In Vitro and In Vivo.
(A–C) Interaction between LTF1 and PdMPK6 was confirmed by yeast two-hybrid (A), BiFC (B), and Co-IP (C) analyses.

(D) LTF1, LTF1AA, PdMPK6, and PdMKK4DD (a constitutively active form of PdMKK4) were expressed in E. coli and purified for in vitro phosphorylation

assays. LTF1 or LTF1AA was incubated with or without PdMPK6/PdMKK4DD at 30�C for 1 h. After separation on an SDS–PAGE gel, images were obtained

using a phosphor imager (upper panel). The gel was stained with Coomassie brilliant blue R250 (lower panel). Autorad, autoradiograph; CBB, Coomassie

brilliant blue staining.

(E) LTF1 phosphorylation was examined in an LTF1-OE transgenic line (#23) at the 2-month and 8-month stages by Phos-tag gel electrophoresis and

immunoblotting assays (upper panel). The LTF1 protein was examined by immunoblotting analysis using antibodies against FLAG (lower panel). Lower

levels of LTF1 proteins with higher levels of phosphorylation were detected in 8-month-old plants.

(F) PdMPK6 phosphorylation was detected by immunoblotting analysis using anti-pTEpY and anti-MPK6 antibodies. PdMPK6 displayed higher levels of

phosphorylation in 8-month-old plants than in the 2-month-old plants.

(G) LTF1 phosphorylation in the LTF1-OE transgenic line LO23 at the 8-month stage was inhibited by AG-126 (an MPK6 inhibitor). Phos-tag (upper panel)

and LTF1 (lower panel) immunoblots are shown (+: 50, ++: 100, �: 0 mM AG-126).
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examined in LTF1OE plants grown in a phytotron (2 months

old) and in a glasshouse (8 months old) using a Phos-tag

immunoblot assay. LTF1 displayed a high level of phosphoryla-

tion in plants grown in the glasshouse but low levels in those

from the phytotron (Figure 5E). Consistent with the higher

level of LTF1 phosphorylation, a higher level of the active

form of PdMPK6 along with PdMPK3 was detected in the

plants grown in the glasshouse than in those grown in the

phytotron (Figure 5F). Second, a specific MPK6 inhibitor, AG-

126 (Hanisch et al., 2001), was used to test whether LTF1

phosphorylation is dependent on MPK6 activity. When AG-

126 was applied to the plants, LTF1 phosphorylation was

significantly impeded (Figure 5G). Together, these results
Mole
demonstrated that LTF1 is phosphorylated at Thr146 and

Thr178 by active PdMPK6.
LTF1 Phosphorylation Activates Lignin Deposition

Lignin biosynthesis can be induced by environmental stimuli,

such as mechanical wounding. We examined whether such in-

duction is mediated through LTF1 phosphorylation. We observed

induced lignin deposition after mechanical wounding in wild-type

(WT) and LTF1OE plants (Figure 6A and 6B). However, this

induction was not observed in LTF1AAOE plants (Figure 6C).

Expression of the key lignin biosynthesis genes was

significantly induced by mechanical wounding in LTF1OE and
cular Plant 12, 1325–1337, October 2019 ª The Author 2019. 1331



Figure 6. Wounding Activated PdMPK6 and
Promoted LTF1 Degradation.
(A–C) WT (A), LTF1OE (B), and LTF1AAOE (C)

plants were wounded at the 15th internode. Four

days after wounding, lignin deposition was exam-

ined in the cross-sections next to the wounded

sites by phloroglucinol–HCl staining. Inset:

enlarged image of the cells in the area bound by the

square. Scale bar, 100 mm.

(D) Expression of lignin biosynthesis genes was

examined in WT, LTF1OE, and LTF1AAOE plants

after 2 h with or without wounding. Results are

means ± SE of three biological repeats.

(E) PdMPK6 phosphorylation after wounding was

detected by immunoblotting analysis using anti-

pTEpY (upper panel) and anti-MPK6 (lower panel)

antibodies.

(F and G) LTF1 and LTF1AA were examined in

transgenics at different times after wounding or not

wounding. Total proteins were extracted, and an

immunoblotting assay was performed using anti-

bodies against FLAG and actin (F). Abundance of

LTF1 or LTF1AA was quantified based on the signal

density from three replicates (G). The relative

protein abundance in LTF1OE at 0 h (before

wounding) was set as 1. LTF1 degradation is

induced by wounding.

In (D) and (G), different lowercase letters indicate

significant difference at p < 0.01 by ANOVA.
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WT plants, and mildly induced in LTF1AAOE plants (Figure 6D).

Moreover, expression of these genes was significantly higher in

LTF1OE and WT plants than that in LTF1AAOE after wounding

(Figure 6D). The active form of PdMPK6 was detected at

15 min after wounding in WT, LTF1OE, and LTF1AAOE plants

(Figure 6E). Consistent with the increase in the active form of

PdMPK6, LTF1 abundance was reduced within 2 h after

wounding in the LTF1OE plants but not changed in the

LTF1AAOE plants and unwounded plants (Figure 6F and

6G). These results suggest that LTF1 is phosphorylated by

the active form of PdMPK6, which is activated by mechanical

wounding, and that phosphorylated LTF1 undergoes

degradation, thereby activating lignin biosynthesis (Figure 7).

DISCUSSION

LTF1 Modulates Lignin Biosynthesis in Populus by
Binding the Promoters of Key Lignin Biosynthetic Genes

In trees, lignin biosynthesis in secondary xylem is regulated by a

multilayered transcriptional regulatory network (Ye and Zhong,

2015). LTF1 encodes an MYB transcription factor. A group of

192 MYB transcription factors has been identified in the

genome of Populus (Wilkins et al., 2009), but their genetic

functions have largely not been demonstrated. LTF1 shares a

high degree of sequence similarity with AtMYB4, AtMYB7, and

AtMYB32 from the herbaceous plant Arabidopsis. AtMYB4 is

involved in the regulation of phenylpropanoid metabolism, and

its expression is regulated by different environmental conditions
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such as wounding and UVB light (Jin

et al., 2000). In switchgrass, ectopic

overexpression of PvMYB4, an AtMYB4
homolog, resulted in alterations in phenylpropanoid metabolism

and lignin content (Shen et al., 2012). The homologs of MYB4

from snapdragon (Tamagnone et al., 1998), maize (Sonbol

et al., 2009; Fornale et al., 2010), and eucalyptus (Legay et al.,

2010) have been suggested to play a role in the regulation of

lignin deposition, but the mechanisms underlying MYB

regulation of this process have not yet been elucidated. As

illustrated in Figure 7, we ascertained that the transcription

factor LTF1 binds to the promoters of key lignin biosynthesis

genes such as 4CL to repress lignin biosynthesis. 4CL

catalyzes a key step in monolignol biosynthesis pathways and

its regulation has critical effects on lignin deposition (Lee et al.,

1997; Hu et al., 1999; Gui et al., 2011). Our results from

observations of LTF1 knockout mutants generated through

CRISPR/Cas9 editing and LTF1-overexpression lines,

demonstrated that LTF1 plays a crucial role in the control of

lignin biosynthesis in Populus.

Dynamic Regulation of Lignin Biosynthesis in Wood
Cells through LTF1 Phosphorylation

LTF1 function is dependent on its phosphorylation status, which

determines its stability and affects its activity in planta. We deter-

mined that phosphorylated LTF1 can be degraded via the protea-

some pathway; however, a phosphorylation-null LTF1 protein,

which cannot be phosphorylated at the Thr146 and Thr178 sites,

is resistant to degradation. The finding that LTF1 phosphorylation

plays a role in regulating lignin biosynthesis reveals a new mech-

anism by which lignin biosynthesis can be regulated in a dynamic



Figure 7. A Proposed Model for the Role of LTF1
Phosphorylation Mediated by PdMPK6 in the Regulation of
Lignin Biosynthesis.
LTF1 directly binds to the promoters of key lignin biosynthesis genes to

repress lignin biosynthesis. PdMPK6, which is activated by environmental

stimuli such as wounding, can phosphorylate LTF1. LTF1 phosphorylation

results in its degradation and the release of LTF1 repression of lignin

biosynthesis.
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manner in response to various stimuli. Based on the evidence

presented, we postulate a model (Figure 7) in which LTF1 acts

as a sensor that in response to environmental stimuli can

switch on or off lignin biosynthesis during plant growth and

adaptation. The involvement of MAPKs in the phosphorylation

of MYB transcription factors has been reported in Arabidopsis

and loblolly pine (Morse et al., 2009; Persak and Pitzschke,

2013; Li et al., 2016). For example, AtMYB75 is phosphorylated

by MPK4 and is required for light-induced anthocyanin

accumulation in Arabidopsis (Li et al., 2016). In loblolly pine,

PtMYB4 (a homolog of AtMYB46, Supplemental Figure 3) is

phosphorylated by MPK6 during xylem development (Morse

et al., 2009). However, it is unclear how phosphorylation affects

the functions of these proteins. In this study, PdMPK6 was

shown to be an LTF1-interacting protein. Activation of PdMPK6

in response to wounding promoted LTF1 phosphorylation in

wood cells. When activated, PdMPK6 is able to catalyze the

phosphorylation of LTF1 at Thr146 and Thr178, which leads to

LTF1 degradation and release of LTF1 repression of lignin

biosynthesis.

It is believed that the MPK6 signaling module can be activated by

various biotic andabiotic environmental stimuli suchas cold, light,

and drought (Colcombet andHirt, 2008; Li et al., 2016, 2017; Zhao

et al., 2017). It appears that the signaling specificity of the MAPK

cascade is conferred by the ability of MAPKs to phosphorylate

different substrates with specific functions. Here LTF1 was

characterized as a PdMPK6 substrate in the regulation of lignin

biosynthesis. Usually, lignin biosynthesis is upregulated under

various environmental stresses (Moura et al., 2010; Le Gall

et al., 2015). Thus it would be very interesting to further

investigate whether the enhancement of lignin biosynthesis

under environmental stresses is generally achieved through the

activation of the MPK cascade and LTF1 phosphorylation.
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Potential Tools for Precise Regulation of Lignin
Biosynthesis during Plant Growth

Precise control of lignin biosynthesis in specific cells is essential

for higher plant growth and development (Boerjan et al., 2003;

Fraser and Chapple, 2011; Wang et al., 2018). To ensure that

lignin deposition occurs in specific cell types and at the right

time, a network of factors have to work in concert to precisely

regulate lignin biosynthesis throughout the course of plant

growth (Kubo et al., 2005; Lee et al., 2013; Huang et al., 2018).

In the herbaceous plant Arabidopsis, lignin biosynthesis is

controlled by a multilayered transcriptional regulatory network

(Zhong and Ye, 2007; Zhong et al., 2008; Zhou et al., 2009). For

example, during root and inflorescence development in

Arabidopsis, correct initiation of lignin biosynthesis is critical for

normal growth (Kubo et al., 2005; Huang et al., 2018). In this

study, LTF1 was identified as a regulator modulating lignin

biosynthesis in the developing xylem of Populus. At the protein

level, LTF1 phosphorylation participates in the regulation of

lignin biosynthesis in woody plants with evident effects on plant

growth. Knockout of LTF1 caused higher ligninification and

abnormal growth phenotypes such as short stature. In contrast,

plants overexpressing phosphorylation-null LTF1 displayed less

ligninification and dwarfism. This reflects the importance of

correct regulation of lignin biosynthesis for plant growth.

Being sessile, plants have evolved the ability to cope with envi-

ronmental variation (Sultan, 2000). On the one hand, lignin can

be employed as a defensive barrier, and its biosynthesis is

regulated in response to environmental stress (Moura et al.,

2010; Le Gall et al., 2015). On the other hand, lignin is

recalcitrant toward lignocellulosic biomass processing, and

modification of lignin biosynthesis has been of great interest for

improving biomass utilization. As lignin biosynthesis and plant

growth may be coregulated through a complex set of regulatory

networks in a precise spatiotemporal manner (Xie et al., 2018),

genetic engineering of lignin often incurs a growth penalty. The

discovery of a sensory switch would aid in designing new tools

to modify lignin biosynthesis. Such tools would be of particular

interest for engineering lignin biosynthesis in concert with plant

growth to better realize the immense potential of cellulosic

biomass engineering for applications such as biofuel and fiber

production.
METHODS

Plant Growth, Transgenic Plants, Gene Expression, and
Phenotypic Analysis

Populus deltoides 3 Populus euramericana cv. ‘‘Nanlin895’’ was used in

this study. For construction of the LTF1, LTF1-h1, and LTF1-h2

CRISPR/Cas9 vectors, gene-specific target sequences were reas-

sembled into sgRNA expression cassettes and then subcloned into a

pYLCRISPR/Cas9P35S-H plasmid according to Ma et al. (2015). For WT

LTF1 and phosphorylation-null LTF1 (LTF1T146/178A, designated

as LTF1AA) overexpression, the full length coding sequences of LTF1

and LTF1AAwere digestedwithBamHI andSalI, and separately subcloned

into a binary pCAMBIA2300:35S-3FLAG vector under the control of the

35S promoter. After the accuracy of the constructs was verified by

sequencing, they were mobilized into Agrobacterium tumefaciens strain

GV3101 for genetic transformation according to the protocol used in our

laboratory (Li et al., 2003). Primers used in this study are provided in

Supplemental Table 3. The WT and overexpression transgenic lines

(LTF1OE and LTF1AAOE) and LTF1-Cas9 mutants were grown in a
cular Plant 12, 1325–1337, October 2019 ª The Author 2019. 1333
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phytotron under conditions of 60% relative humidity, a 12-h photoperiod,

and 25�C constant temperature. Total RNA isolation and spatiotemporal

analysis of gene expression, with or without wounding treatment, were

performed as previously described (Gui et al., 2011). Total proteins were

extracted from tissues, with or without wounding treatment, with 23

SDS–PAGE sample buffer (100 mM Tris–HCl [pH 6.8], 2% SDS, 100 mM

dithiothreitol [DTT], 20% glycerol, 0.02% bromophenol blue)

supplemented with 13 protease inhibitor cocktail (Roche) and 13

phosphatase inhibitor cocktail (Roche), and separated by SDS–

PAGE (4% stacking gel and 10% separating gel). LTF1-3FLAG and

LTF1AA-3FLAG proteins were detected with an anti-FLAG antibody

(Abmart). PdMPK6 protein was detected with an anti-pTEpY antibody

(Cell Signaling Technologies) or anti-MPK6 antibody (Sigma).

For mechanical wounding analysis, stems at the 15th internode from

2-month old Populus were wounded with a razor blade. Four days after

wounding, cross-sections next to the wounded sites were stained with

phloroglucinol–HCl and observed under a microscope.

Plants were clonally propagated through cutting, and morphological pa-

rameters, including plant height, stem diameter, and internode length

were measured in 2-month and/or 8-month-old trees. Plant height was

determined as the shortest distance between the shoot tip and stem

base; stem diameter was measured 50 cm above the stem base; inter-

node length was measured from the 15th to 25th internode.

Histochemical Staining

Phloroglucinol–HCl staining was performed as previously described (Gui

et al., 2011). Stems were hand sectioned and stained with 0.5%

phloroglucinol (w/v) in 12% HCl and observed with a microscope

(Olympus BX53) under white or UV light. Toluidine blue staining of

paraffin-embedded tissue was performed as previously described (Gui

et al., 2016).

Cell-Wall Composition Analysis

Stem tissue from 2-month-old and 8-month-old plants was collected and

dried at 55�C. The dried shoot was ground to a fine powder by ball milling

and used to prepare alcohol-insoluble residues according to Song et al.

(2016). After starch was removed using 10 ml of amylase (50 mg/l ml

H2O, from Bacillus species; Sigma) and 5 ml of pullulanase (18.7 units,

from Bacillus acidopullulyticus; Sigma), lignin, crystalline cellulose, and

xylose contents were analyzed as previously described (Foster et al.,

2010a, 2010b).

Electrophoretic Mobility Shift Assay

LTF1 coding sequences were amplified and cloned into the pET28a(+)

vector (between NdeI and XhoI sites) and fused with a His6 tag at the C

terminus (Novagen). LTF1-His protein was expressed in the E. coli

BL21(DE3) strain (Invitrogen) and purified using nickel–nitrilotriacetic

acid resin (Qiagen). Fragments of the Cy5-labeled Pd4CL1, PAL2,

C4H1, C3H2, CAld5H, COMT2, and CCoAOMT1 promoters and mutated

Pd4CL1 promoter were produced by PCR amplification using Cy5-

labeled fluorescent primers or unlabeled competition primers. EMSA

was performed as previously described (Gui et al., 2016).

Yeast One-Hybrid Assays

To examine LTF1 binding to the Pd4CL1 promoter, we fused the coding

sequence of LTF1 in-frame with GAL4-AD to construct the pPC86-LTF1

plasmid. The Pd4CL1 promoter fragment (107–268 bp upstream of the

initiation codon ATG) was inserted into the reporter construct p178 to

generate the PPd4CL1-lacZ reporter plasmid. The yeast Saccharomyces

cerevisiae strain EGY48 was used for transformation. Qualitative and

quantitative b-galactosidase assays were performed according to the

manufacturer’s protocol using O-nitrophenyl b-D-galactopyranoside as

a substrate (Clontech).
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To determine the transcriptional activity of LTF1, we fused the coding

sequence of LTF1 in-frame with VP16 (herpes simplex virus activation

domain) by PCR to construct the BD-LTF1-VP16 plasmid, which was

transformed into yeast strain AH109. A b-galactosidase assay was per-

formed as described above.

Subcellular Localization Assay

The LTF1 coding sequence was amplified and cloned into the

pCAMBIA1300-35S-mCherry vector (Gui et al., 2016) to obtain LTF1-

mCherry, which was transformed into A. tumefaciens strain GV3101 for

transient transformation into tobacco (Nicotiana benthamiana). After

48 h of incubation, leaf cells were stained with the blue DNA-binding

dye 40,6-diamidino-2-phenylindole (DAPI), andmCherry and DAPI fluores-

cence was examined using a confocal microscope (LSM 510 META;

Zeiss).

Immunoprecipitation and LC–MS/MS (IP–MS) Analysis

IP–MS was carried out as previously described (Gui et al., 2016). In brief,

total proteins were extracted from LTF1-3FLAG transgenic plants using

extraction buffer (50 mM Tris–HCl [pH 7.4], 150 mM NaCl, 5 mM MgCl2,

1 mM EDTA, 1% Triton X-100, and 0.1% protease inhibitor cocktail

[Promega]). The extracted proteins were incubated with pretreated anti-

FLAG antibody-coupled agarose beads (Sigma). Beads were washed

three times and eluted with 3FLAG peptide. The eluted proteins were

enriched and digested by trypsin. The extracted peptides were concen-

trated, desalted, and analyzed using an LTQ Velos mass spectrometer

(Thermo Scientific).

Protein Interaction Assays

The LTF1 C-terminal sequence (amino acids 151–268) fused to the GAL4

DNA-binding domain in the pGBKT7 vector (Clontech) was used as bait in

a yeast two-hybrid assay screen of a Populus developing xylem cDNA

library developed in our laboratory. Yeast AH109 cells containing the

bait vector BD-LTF1C were further transformed with the Populus devel-

oping xylem cDNA library cloned into the prey vector pACT (Clontech),

and selected on yeast synthetic dropout medium without Trp, Leu, and

His, supplemented with 30 mM 3-AT.

For yeast two-hybrid confirmation, the full-length LTF1 coding sequence

was subcloned into the pGADT7 vector (Clontech). PdMPK6 and

PdMPK6-CA, a constitutively active form of PdMPK6, were subcloned

into the pGBKT7 vector (Clontech). AD-LTF1 was then co-transformed

with BD-PdMPK6 or BD-PdMPK6-CA into yeast strain AH109 for further

verification of the interaction.

For the BiFC assay, the PdMPK6 and LTF1 coding sequences were

amplified and subcloned into the pCAMBIA1300-35S-YN and

pCAMBIA1300-35S-YC plasmids (Gui et al., 2016), respectively. The

resulting constructs were transformed into A. tumefaciens strain

GV3101 and transformed into N. benthamiana leaf cells, individually or

combined, for BiFC analysis as previously described (Gui et al., 2016).

For the co-immunoprecipitation (Co-IP) assay, FLAG-tagged PdMPK6

and Myc-tagged LTF1 were expressed in tobacco. After 2 days of incuba-

tion, plant material was collected and ground in liquid nitrogen to a fine

powder. Total proteins were extracted with extraction buffer (50 mM

Tris–HCl [pH 7.4], 150 mM NaCl, 5 mM MgCl2, 1 mM EDTA, 1% Triton

X-100, and 13 protease inhibitor cocktail [Roche]) as previously

described (Gui et al., 2016). Anti-FLAG antibody-coupled agarose beads

(Sigma) were used to co-precipitate LTF1 with PdMPK6. The coIP and

western blot assays were performed as previously described (Gui et al.,

2016).

In Vivo and In Vitro Phosphorylation Assays

For the in vivo phosphorylation assays, the shoot tips of 2- and 8-month-

old LTF1OE plants (LO23) were ground in liquid nitrogen to a fine powder.
.
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Total proteins were extracted with a buffer (50 mM Tris–HCl [pH 7.4],

150 mM NaCl, 5 mM MgCl2, 1 mM EDTA, and 1% Triton X-100) supple-

mented with 13 protease inhibitor cocktail (Roche) and 13 phosphatase

inhibitor cocktail (Roche) for 30 min, and centrifuged at 4�C at 12 000 g for

15 min. The supernatant was incubated with pretreated anti-FLAG anti-

body-coupled agarose beads (Sigma) for 2 h at 4�C. Beads were washed

three times with extraction buffer, and LTF1-3FLAG protein was eluted

from the beads by competition with a 33 FLAG peptide. The eluted pro-

teins were enriched using an ultrafiltration column with a nominal molec-

ular weight limit of 3 kDa (Millipore) andwere subjected to tryptic digestion

(Promega). The digested peptides were further concentrated, desalted,

and analyzed by nano-LC (Ultimate 3000, Dionex; trap column: Acclaim

PePmap 100, 75 mm 3 2 cm, nanoviper, C18, 3.0 mm, 100 A, Thermo

Scientific; column: Venusil3BPC, C18, 5.0 mm, 150 A, Agela Technolo-

gies; eluent: 0.1% formic acid, 0%–80% acetonitrile) and analyzed by

MS/MS (Q Exactive, Thermo Scientific). Database searches were carried

out using a MS/MS ion search program (MASCOT, http://www.

matrixscience.com) against the amino acid sequence of LTF1.

For the Phos-tag immunoblotting assay, proteins were extracted from

2-month-old (grown in a phytotron) and 8-month-old (grown in a glass-

house) transgenics. To block PdMPK6 activity, we treated LTF1OE

plants with AG-126 (+: 50 mM, ++: 100 mM, �: 0 mM) for 2 h before protein

extraction. Extracted proteins were separated in an 8% SDS–PAGE gel

containing 50 mM Phos-tag (AAL-107; Wako, Japan) and 200 mM MnCl2,

following the manufacturer’s instructions. LTF1 was detected with the

anti-FLAG antibody (Abmart). For immunoblotting assays, phosphory-

lated MPKs were detected with the anti–Phospho-p44/p42 MAPK (anti-

pTEpY) antibody (Cell Signaling Technologies) and PdMPK6 was de-

tected with the anti-MPK6 antibody (Sigma).

For the in vitro phosphorylation assays, the full length coding sequences

of WT LTF1 and phosphorylation-null LTF1 (LTF1AA), as well as

PdMKK4DD (T218D/S224D), a constitutively active form of PdMKK4,

were subcloned into the pET28a(+) vector (Novagen) for expression as a

fusion protein with a His6 tag at the C terminus. PdMPK6 was also subcl-

oned into the pGEX-6p-1 vector (GEHealthcare) for expression as a fusion

protein with a glutathione S-transferase tag. These recombinant proteins

were expressed and purified for use in the phosphorylation assay as pre-

viously described (Li et al., 2002), with minor modification. In brief, kinase

assays were performed in protein kinase buffer (50 mM HEPES [pH 7.4],

10 mM MgCl2, 1 mM DTT, 30 mM ATP) containing 10 mCi [g-32P]ATP

and 1 mg of each protein. The reaction mixtures were incubated with

protein at 30�C for 1 h. The kinase reaction was terminated by boiling

with 53 SDS sample buffer for 5 min. Protein phosphorylation was

analyzed by SDS–PAGE, and images were obtained by a Typhoon FLA

9000 phosphor imager (Amersham).

For in vitro examination of phosphorylation sites, LTF1was incubated with

or without PdMPK6/PdMKK4DD in kinase buffer (50 mM HEPES [pH 7.4],

10 mM MgCl2, 1 mM DTT, 30 mM ATP) at 30�C for 1 h. The reaction was

stopped, and proteins were separated by SDS–PAGE and stained with

Coomassie brilliant blue. The bands corresponding to LTF1 were excised

for LC–MS/MS analysis to determine the phosphorylation sites.
Cell-Free Protein Degradation Assay

The cell-free protein degradation assay was performed as previously

described (Wang et al., 2009) with slight modifications. In brief, total

proteins were extracted from the developing xylem of Populus grown in

a glasshouse at 8 months old with degradation buffer containing 25 mM

Tris–HCl (pH 7.5), 10 mM NaCl, 10 mM MgCl2, 5 mM DTT, and 10 mM

ATP. The proteins in the supernatant were used for the LTF1

degradation assay. Five hundred micrograms of supernatant protein

and 50 mM MG132 (Sigma) or 20 U of thermosensitive alkaline

phosphatase (FastAP) (Thermo) were incubated with equal amounts of

recombinant LTF1-3FLAG or LTF1AA-3FLAG protein. After incubation
Mole
at 22�C for 0.5, 1, 1.5, and 2 h, an immunoblotting experiment with

LTF1-3FLAG or LTF1AA-3FLAG was carried out using the anti-FLAG anti-

body (Abmart). For the plant-derived LTF1 protein, protein extracts from

LTF1-3FLAG or LTF1AA-3FLAG transgenic lines were used for the degra-

dation assay.
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