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Abstract: Rapid lignification occurring in the endocarp of dove tree results in the
formation of a rigid and compact structure, which seriously hinders seed germination.
A gene named DiCCoAOMT1, which encodes a hyperactive O-methyltransferase, was
identified and thought to play a critical role in the process of endocarp lignification. In
this study, the DICCoAOMTL1 gene was introduced into A. thaliana and poplar,
respectively, to further verify its function. The lignin content was increased by 45%
and 20% in the stems of transgenic A. thaliana and poplar lines, respectively. There
was a positive correlation between the expression levels of DICCOAOMTL1 and lignin
amount in transgenic lines. Furthermore, the shifts of lignin composition was
indicated by the elevated S/G ratio in transgenic poplar lines. Lignin accumulation
was promoted specifically in the phloem cells, and the cells in secondary xylem was
thickened in transgenic plants. In addition, lengthened pods and elevated plant height,
and elongated petioles and internodes were observed in transgenic A. thaliana and
poplar lines, respectively. Taken together, our data indicated that an endocarp-specific
DiCCoAOMT1 gene could effectively increase lignin accumulation and alter lignin
composition in both herbs and woody plants, which provides new insights to
understand the regulatory mechanism of lignin biosynthesis and the biological
significance of lignification in specific tissues.
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1. Introduction

Lignin is one of the most important macromolecular organics in plants with
multiple biological functions [1]. Lignin enhances the mechanical hardness and
strength of plant body by filling the cellulose framework in cells. Besides the
supporting function, lignin also play a role in defense against biotic and abiotic stress,
such as avoiding biological invasion and water erosion, anti-bacterial, anti-oxidation,
anti UV absorption and flame-retardant, which enhanced the adaptability of plants to
diverse environment [2,3]. The lignin biosynthesis pathway has been extensively
studied, and the genes and enzymes involved into this process have also been well
identified. Lignin biosynthesis starts from the monolignols, which were derived from
Phe, and the monolignols was converted into lignin monomer or units by a series of
enzymes. The units resulting from the monolignols, when incorporated into the lignin
polymer, are called guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H) units [4].
During this process, PAL (phenylalanine ammonia-lyase), C4H (cinnamate
4-hydroxylase), C3H (p-coumarate 3-hydroxylase), F5H (ferulate 5-hydroxylase),
CAD (cinnamyl alcohol dehydrogenase), 4CL (4-coumarate: CoA ligase), CCR
(cinnamoyl-CoA reductase), COMT (caffeic-acid-methyltransferase) and CCOAOMT
(caffeoyl-CoA-methyltransferase) are considered as key enzymes, and their encoding
genes were often used as targets of genetic modification for regulating lignin amount
or alter the lignin composition in different species [5].

Lignin is widely distributed in plant cells, while mainly accumulated in the
secondary wall of wood fiber cells. Wood fiber cells are concentrated in the xylem of
plants, thus most related studies have been focused on the changes of lignin amount
and composition in xylem. However, lignification is not limited just in xylem. In
many woody plants, lignification can also be observed in roots, endocarps and pulps
[5]. Different with that in xylem, the lignification process in these organs has to be
completed in a limited time to form a specific structure, such as the cases in the shell
of walnut or the endocarp of almond. The enzymes and genes involved into this
process need to be tissue-specific and more efficient due to the spatiotemporal

constrains. Therefore, the regulatory mechanism of lignin biosynthesis in fruit is
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supposed to be different with that in xylem. However, the studies regarding
lignification in specific tissues is scarce.

Dove tree (Davidia involucrata Baill., Davidia hereafter) is a deciduous tree and
the sole member of Davidiaceae. It is a relic species of Paleotropical flora in Tertiary
period with many ancient and unique characteristics [6]. Davidia is an endangered
species because its seed fertility is very low. The long-term seed dormancy of Davidia
is believed to be one of the most important reasons for the low fecundity [7]. The seed
dormancy of Davidia is determined by the unique structure of its endocarp. Rapid
lignification occurring during the development process of Davidia endocarp, resulting
in a thick, rigid and compact structure, which seriously hindered the seed respiration
and material exchange [8,9]. In order to reveal the molecular mechanism of rapid
lignification in endocarp, we performed transcriptome analysis and identified a gene
named DiCCoAOMT1, which encodes a hyperactive O-methyltransferase. The
expression of DICCoAOMTL is endocarp-specific, and its expression level was
increasing along with the development of endocarp, thus DIiCCoAOMT1 was
speculated to play a critical role in regulating the lignification in Davidia endocarp
[10].

CCoAOMT is an S-adenosyl-L-methionine (SAM) methyltransferase. It can
transfer the methyl group on S-adenosylmethionine to the benzene ring carbon 3
position of coffee acyl-CoA, to form ferryl-CoA [4]. The CCoAOMT genes have been
identified in Arabidopsis thaliana, rice (Oryza sativa), poplar (Populus tomentosa)
and sorghum (Sorghum bicolor) etc., and were proved to be a key enzyme in lignin
biosynthesis [11-14]. Inhibition of the expression level of CCOAOMT gene in tobacco
(Nicotiana benthamiana) through expressing the antisense sequence of an Ah
CCoAOMT gene from Acacia farnesiana resulted in the decrease of lignin content and
the alternation of lignin components [15]. Similar results were also reported on the
CCoAOMT genes from Pinus radiate [16] and Populus deltoids [17]. In maize (Zea
mays), the lignin content decreased by 22.4% in the transgenic lines with reduced
expression level of CCOAOMT gene through RNAI [18]. In Arabidopsis, the comt and

ccoaomt mutants also showed significantly reduced lignin amount [14]. On the
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contrary, overexpression of the CCOAOMT gene PaCCoAOMT1 and PaCCoAOMT2
from Polypodiodes amoena resulted in increased lignin content in transgenic
Arabidopsis [19]. While overexpression of a CcCCoAOMT1 gene from jute
(Corchorus capsularis L.) [20], and a PmCCoAOMT gene from Japanese apricot
(Prunus mume Sieb.) led to an increase of lignin amount in the reproductive organs of
transgenic plants. These findings indicated that although all CCOAOMT genes encode
similar enzymes, their tissue-specific expression result in different functions.

We have verified in vitro that DIiCCoAOMT1 is a hyperactive
O-methyltransferase, which might promote the lignification in Davidia endocarp.
However, the expression of DICCoAOMTL is endocarp-specific, whether it can
ectopically improve lignin biosynthesis is unknown. In this study, we introduced the
DiCCoAOMT1 gene into Arabidopsis and poplar, respectively, by genetic
transformation. Through overexpression in both herbs and woody plants, the gene
function on lignin accumulation, lignin monomer composition, organ development

and cell structure was further investigated.
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2. Materials and Methods

2. 1. Plant materials

The seeds of Arabidopsis thaliana (L.) Heynh. ecotype Columbia-0 and the
tissue culture seedlings of poplar (Populus tomentosa Carr.) are preserved in our lab.
The tissue culture materials were grown at 22 <C under a 16 h light / 8 h dark
photoperiod. The illumination was from cool-white fluorescent lights (100-150 pumol
m2 s71). Wild type (WT) and transgenic Arabidopsis plants, and WT and transgenic
poplar plants were grown in pots containing mixed medium (vermiculite: high-quality
soil = 1: 3). All plants were grown in controlled environment chambers at 20 <C under
a 16 h light / 8 h dark photoperiod.

2. 2. DNA extraction, RNA extraction and cDNA synthesis

The frozen samples were rapidly ground into powder in liquid nitrogen for nucleic
acid extraction. The genome DNA was extracted by the CTAB method. The total RNA
was extracted with an RNAPrep Pure Plant Kit (TianGen). RNA degradation and
contamination were monitored on 1 % agarose gels. RNA purity was checked with the
NanoPhotometer spectrophotometer (IMPLEN). The first strand of cDNA was
synthesised by reverse transcription with the Evo M-MLV reverse transcription kit
(Takara). The cDNA was then diluted and used as a template for gene cloning and

gPCR analysis, respectively.

2. 3. Genetic transformation in Arabidopsis and poplar

The DNA fragment of target gene was inserted into the pRI101-AN vector by
double digestion using BamHI and Sall and ligation using T4 DNA ligase. Then the
vector was transferred into Escherichia coli DH5a for sequencing. The successfully
constructed vector was transferred into Agrobacterium tumefaciens strain EHA105 for
genetic transformation.

The floral dip method was used for genetic information of Arabidopsis [20].
Transformed Arabidopsis seeds were sowed on the MS medium [21] containing 50
mg/L kanamycin and 200 mg/L cefotaxime and the seedlings with resistance to the

antibiotics were selected. The homozygous transgenic lines were obtained by serial
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passage until no trait separation was observed in the progeny. More than 20 individual
transgenic lines confirmed by PCR using gene-specific primers were generated, and
the lines using for further study were selected according to the expression level of the
target gene detected by qPCR.

The leaf disk method was used for genetic transformation of poplar [22]. The
leaves using for transformation were collected from the 3-week-old tissue culture
seedlings. Transformed poplar seedlings were transferred on the WPM medium [23]
containing 25 mg/L kanamycin and 400 mg/L cefotaxime. The seedlings were grown
under tissue culture conditions and the plants with resistance to the antibiotics were
selected. More than 10 individual transgenic lines were generated, which were
confirmed by PCR using gene-specific primers, and the lines using for further study
were selected according to the expression level of the target gene detected by qPCR.

The information of primers used in this study were listed in Table S1.

2. 4. Detecting gene expression levels by qPCR

The cDNA samples of the leaves collected from 15-day-old Arabidopsis plants
and the leaves collected from 60-day-old poplar plants were used as templates for
gPCR analysis, respectively. An Arabidopsis gene, AtUBQ5 and a poplar gene, PtActin
were used as reference genes for data normalisation. Real-time PCR was performed
with the 2% SYBR Green Pro Tag HS Premix (Biotools, USA) and the ABI StepOne
Plus-Type qPCR instrument (Applied Biosystems, USA). The 20.0 uL. qPCR reaction
system contained 10.0 pL of 2x SYBR Green Pro Taq HS Premix (Biotools, USA), 2.0
puL cDNA, 0.5 pL of the forward primer (10 uM), 0.5 pL of the reverse primer (10 uM),
0.4 puL of ROX Reference Dye (Biotools, USA) (4 uM) and 6.5 pL of RNase-free
water. The PCR reaction program was as follows: predenaturation at 95 <C for 30 s,
then a cycle of denaturation at 95 <C for 15 s and annealing at 60 <C for 40 s, repeated
for 40 cycles. The relative expression levels were calculated according to the 244
value [24]. Three independent biological replicates of each sample and three technical

replicates of each biological replicate were used for qPCR analysis.

2. 5. Analysis of lignin content and lignin monomer composition
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Lignin content was detected using the acetyl bromide method described by
Fukushima and Hatfield [25] with adjustments. The stems of 30-day-old Arabidopsis
plants and 90-day-old poplar plants were collected for lignin content measuring. The
lignin content was calculated according to the absorbance at 280 nm. Three biological

replicates of each sample were measured with technical repeats.

The lignin monomer composition was analysed using the method described by
Lapierre et al. [26]. The stems were collected from 90-day-old transgenic and WT
poplar plants. The stem samples were dried at 55 <C for 24 h, and then crushed by a
crusher for measurement. For each sample, 10 mg powder was measured by adding 10
mL of derivatization solution (1 mL ethanethiol + 0.25 mL boron trifluoride etherate +
8.75 mL dioxane) and incubating at 100 <C for 1 h. Then the reaction was terminated by
cooling to room temperature, and the supernatant was diluted with 30 mL sterile water,
and the pH was adjusted to 3.5 with 0.4 M NaHCOz. Extract 30 min with 30 mL CHClo,
dry the organic phase with nitrogen, reconstitute n-hexane, and measure on an Agilent
7890B Meteorological Chromatography-Mass Spectrometer. The conditions were:
inlet temperature 290 °C, sample volume 1 uL, furnace temperature from 5 T at 35 T
/min to 220 <C, and then at 0.5 <C /min to 230 <C, then heated to 280 <C at 50 <T /min,
and stayed for 7 min. The ion source temperature is 280 <C, the quadrupole temperature
is 280 <C, and the flow rate is 1 mL/min. The injection method is splitless, and the

carrier gas is helium.

2. 6. Microscopic observation

The paraffin sections of plant stems were prepared according to the method
described by He et al. [27]. The stem segments were collected from 90-day-old
transgenic poplar and Arabidopsis thaliana. Then the samples were fixed, dehydrated,
transparent, dipped in wax, embedded, sliced, and patched to prepare paraffin sections.
After the prepared paraffin sections were stained with 1% TBO (Toluidine Blue O)
dye solution for 20-30 s, the dye solution was washed away, and the microscope
(Leica DM2000 LED) was observed and photographed after mounting. After staining

the prepared paraffin section with 5 % resorcinol ethanol solution for 2-3 min, absorb
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the excess liquid with absorbent paper, then treat with 50 % hydrochloric acid for 2-3

min, immediately observe and take a picture under the microscope.
2. 7. Statistical analysis

One-way ANOVA was performed on the mean of the experimental results, and
one-way analysis of variance was performed on the data by SPSS ver. 25.0 (SPSS Inc.,
USA) for Windows (SPSS Inc.) using with the honestly significant difference test of
1.s.d.LSD, Duncan’s test (D), and Dunnett’s test (E). The level of significance was set

to P < 0.05. Pearson method was used for correlation analysis.
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3. Results

3. 1. Overexpression of DICCOAOMT1 caused morphological change in transgenic

Arabidopsis

Transgenic Arabidopsis lines with relatively higher expression level of
DiCCoAOMT1 were selected for further analysis. The expression level of
DiCCoAOMT1 was 2291-, 358- and 1170-fold of that in wide type (WT) plants in A5,
A7 and A16 lines, respectively (Figure 1e). The transgenic Arabidopsis plants
exhibited a significant increase in vitality (Figure 1a). The plant height of transgenic
lines was elevated by 12.70% on average compared with the WT plants (Figure 1b).
In addition, significantly longer pods were observed in the transgenic plants (Figure
1c). The length of transgenic pods was 1.10-fold on average of that of WT pods
(Figure 1d). Correlation analysis indicated that there was a significant positive
correlation between plant height and relative expression levels of DiCCoAOMT1

(Figure 1f).
3. 2. Lignin content increased in transgenic Arabidopsis

Lignin content was compared between WT and transgenic Arabidopsis plants.
The lignin content of different transgenic lines increased by 23.22%-43.85%
compared to that of WT plants (Figure 2a). There was a positive correlation between
the relative expression levels of DICCoOAOMTL1 and lignin content, indicating that the
high lignin content was determined by the overexpression of DiICCoAOMTL1 (Figure
2b). Then histochemical staining in the cross sections of stems confirmed that lignin
accumulation was increased in the xylem of transgenic plants (Figure 2c). Moreover,
we observed that the stem diameter was obviously lengthened, and the cortex area
was thickened in the transgenic lines. The size of vascular bundle cells increased, and
the phloem fibers was lengthened, indicating a faster growth of primary phloem in the
transgenic lines. Meanwhile, the proportion of pith area decreased, the size of pith

cells significantly increased, whereas the number of pith cells decreased (Figure 2d).
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3. 3. Morphological change in transgenic poplar plants

The DiCCoAOMT1 gene was then introduced into poplar to reveal its functions
in woody plants. Three transgenic lines with different expression levels of
DiCCoAOMT1 were selected for further analysis. The expression level of the target
gene was 203-, 4202- and 2868-fold of that in WT plants in P3, P8 and P12 lines,
respectively (Figure 3b). Different with the case in Arabidopsis, the plant height was
not improved by overexpressing DICCOAOMT1 in poplar. Instead, we noticed that the
length of internode and petiole was obviously increased in the transgenic plants
(Figure 3a). Significantly lengthened internodes and petioles were observed in the
fifth true leaf of the transgenic poplar plants (Figure 3c and 3d). There was a positive
correlation between internode length and relative expression level of DiCCoAOMT1,
as well as between petiole length and relative expression level of DiCCoAOMT1

(Figure 3e).

3. 4. Lignin accumulation increased in transgenic poplar plants

Lignin content was detected in the stems of transgenic poplar lines. The lignin
content of P3, P8 and P12 lines increased by 11.47%, 21.54% and 13.63% compared
with that of WT plants, respectively (Figure 4a). There was a positive correlation
between the relative expression level of DICCoAOMTL1 and lignin content (Figure 4b).
Histochemical staining demonstrated that lignin accumulation was significantly
increased in the primary and secondary xylem cells of transgenic plants (Figure 4c).
Microscopic observation showed that the intrafascicular cambium and primary xylem
were thickened, the pith rays were lengthened, and the pith cells were enlarged in the
stems of transgenic lines. There was no obvious change in parenchyma and primary

phloem cells of cortex.

3. 5. Lignin monomer composition was changed in transgenic polar plants
In order to further reveal the function of DICCoOAOMTL, the lignin monomer

composition in transgenic poplar stems was analyzed using GC-MS. The results
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showed that the G-unit content was significantly increased in P8 and P12, but not in
P3. Similarly, the S-unit content was also increased in P8 and P12 but not in P3.
Remarkably, the P8 line with highest expression level of DICCoOAOMTL1 showed
7.32-fold and 8.68-fold of G-unit and S-unit content of that in WT plants, respectively.
The H-type lignin monomer content was low in both WT and transgenic plants, while
there was a slight increase in P3 and P8, but a decrease in P12 (Figure 5a). The S/G
ratio was ranged from 0.78 to 1.03 in transgenic lines, which was significantly higher
than that in WT plants (0.66), indicating that overexpression of DiCCoAOMT1

promoted the biosynthesis of S-unit more (Figure 5b).
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4. Discussion

The process of lignin biosynthesis is highly conserved in most plants, and its
regulatory mechanism is complicated. As one of the key regulators, the CCoOAOMT
gene family has been a research hotspot for a long time. We have identified 14
CCoAOMT gene from the transcriptome data of Davidia. However, only one gene,
DiCCoAOMT1, showed an endocarp-specific expression pattern. This finding
indicated that fine division in gene family determines lignin biosynthesis in different
tissues. Similar result were reported in other species. Among 7 CCoAOMT genes in A.
thaliana, AtCCoAOMT1 was expressed in all tissues with the highest expression level.
The expression levels of AtCCoAOMT4, AtCCoAOMTS5 and AtCCoAOMT?7 increased
along with stem development. However, AtCCoAOMT2, AtCCoAOMT3 and
AtCCoAOMT6 were only expressed in the later stages of stem development [28]. In
the study in giant bamboo, the expression of DsSCCoAOMT gene was up-regulated
with the development of bamboo shoots, and maintained a high level in the metaphase
of bamboo shoot development [29]. Therefore, although lignin biosynthesis in
different tissues shares a same pathway, the selection of tissue-specific genes might be

an important regulation mode to realize lignification at designated areas.

Endocarp is essential for the adaptations in seed protection and dispersal
strategies in plants. Lignification in endocarp is a very different developmental
program that requires unique sets of genes or enzymes [30]. The enzymatic activity of
PAL, C4H, 4CL, CAD and POD increased rapidly in 30 days in the endocarps of
peach (Prunus persica) [31]. Similar with our results, phenylpropanoid (PAL and C4H)
and lignin (CCoAOMT, peroxidase and laccase) pathway genes were specifically
induced in the endocarp layer over a 10 day time period. However, in walnut (Juglans
regia), the enzymatic activity of both POD and PAL was decreased in endocarp during
fruit development [32]. These evidences indicated that lignification in endocarps or
fruits was under a very different control, which might be the reason for the lengthened

pods we observed in transgenic Arabidopsis lines.

There was a positive correlation between expression levels of DICCOAOMTL1 and
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lignin content in both transgenic Arabidopsis and poplar lines (Fig. 2b and Fig. 4b),
indicating the dosage effect of the function of DiCCoAOMT1. We observed that the
cambium area was narrowed or replaced by the primary xylem cells in the stem cross
section of transgenic poplar lines. However, this variation was not obvious in line P3
(Fig. 4c), in which the expression level of DiICCoAOMT1 was lowest. Similarly, the
results of lignin monomer composition also shown that lignin monomer content was
not altered in line P3 (Fig. 5a). These findings showed that DICCoOAOMT1 functioned

in lignin biosynthesis under high dosage.

Consistent with our results, overexpression of a MICCoAOMT1 gene from
Miscanthus lutarioriparius also resulted in thickened secondary cell wall in transgenic
Arabidopsis [33]. However, different results have been found in the study of an
LjCCoAOMT1 gene from Lonicera japonica. Overexpression of LJCCoAOMT1 gene
did not cause variations in plant height and leaves in transgenic Rice (Oryza sativa L.)
lines, but there were significant differences in the number of tillers and the number of
grains per ear [34]. Although the transgenic lines of Arabidopsis and poplar both
exhibited elevated vigor, they have different morphological variations (Fig. 1a and Fig.
3a). Higher lignin content might provide stronger mechanical support to the

transgenic lines, meanwhile promote the growth rate of stems and leaves.

It is unexpected that overexpression of DICCOAOMTL increased the S/G rate in
transgenic poplar lines. There are a number of reports proved that inhibiting
CCoAOMT activity reduced the lignin content and G-unit content in transgenic plants,
but the S-unit content was not affected, thus resulting in an increase of S/G ratio [17,
35, 36]. On the contrary, inhibition of COMT activity resulted in decrease of S-unit
content, whereas G-unit content remains unchanged [37]. These evidences indicated
that COMT is involved in the methylation of C5 position and specifically participates
in the synthesis of S-unit, while CCOAOMT is mainly involved into the biosynthesis
of G-unit. However, some studies found that CCoOAOMT is not only involved in the
synthesis of G-unit, but also in the synthesis of S-unit [38, 39]. DICCOAOMT1 might

promote S-unit biosynthesis through altering the conversion direction of conifer

d0i:10.20944/preprints202005.0454.v1
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aldehyde [40]. Conifer aldehyde is located at the shunt node of G- and S-unit. It
comes from two sources, including caffeic acid CoA and ferulyl CoA. We speculate
that the high expression level of DICCOAOMT1 caused massive accumulation of
conifer aldehydes, and catalyzed the conversion from F5H to S-unit. In addition,
overexpression of DiICCoAOMTL1 also caused a slight increase of H-unit content in
some transgenic lines. Hydroxystilbenes, a new class of stilbenolignin polymers, were
identified in the endocarp of some palm species, indicating that the lignin composition
of endocarp is very different with those in other tissues. The endocarp of Davidia is
much harder than that of its stems, indicating a different lignin composition in the
endocarp. Whether the substrate of DICCoAOMTL1 is ferulyl CoA or other

compounds remains to be further studied.

DiCCoAOMT1 was specifically expressed in endocarp, and its expression level
was elevated along with the lignification process of endocarp. The upstream
regulation of DICCoAOMT1 is still a mystery. We cloned the promoter region of
DiCCoAOMT1, and identified several cis-elements including a MBS (MYB binding
site), a Spl element and a rbcS-CMA7a element involved in light response, and a
TGACG-motif involved in the MeJA-responsiveness (unpublished data). This result
indicated that the expression of DICCoAOMT1 might be controlled by light and
endogenous hormones, and transcription factors, such as MYB, could play a critical
role in regulating CCoAOMT gene and lignin biosynthesis. This finding was also
reported in the study in hawthorn (Crataegus spp.), which performed the comparing
transcriptome analysis between soft-endocarp and hard-endocarp hawthorn, and
identified some MYB and NAC transcription factors that could potentially control
lignin and flavonoid biosynthesis specifically in endocarp [41]. MYB and NAC
transcription factors were also reported to be closely related to lignin accumulation in

loquat fruit [42, 43].

Taken together, we identified an endocarp-specific CCOAOMT gene and verified
its function in both herb and woody plants. The target gene significantly increased

lignin content and altered lignin composition in transgenic lines, indicating its critical
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role in regulating the rapid lignification and determining the long seed dormancy in

Davidia.

5. Conclusions

In summary, in this study, we verified the function of a gene called
DiCCoAOMT1 from the endocarp of Davidia in Arabidopsis and poplar.
Overexpression of DICCoOAOMT1 led to organ enlargement in transgenic plants,
which also showed enhanced vigor. Moreover, overexpression of DiCCoAOMT1
increased the lignin content by 45% and 20% in transgenic A. thaliana and poplar
lines, respectively. Different with the function of CCoAOMT genes reported in other
species, DICCoOAOMTL1 contributed more on the biosynthesis of S-unit, thus
increased the S/G rate and altered the lignin composition in transgenic poplar lines.
The spatiotemporal expression of DiICCoAOMT1 is important for the formation of the
unique structure of Davidia endocarp, and the lignin composition of endocarp was
supposed to be very different with that in xylem. Our results is not only laid a
theoretical basis for elucidating the long seed dormancy of Davidia, but also
important for understanding the molecular mechanism of lignification in specific

organs.
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Figure S1: The content of G-, S- and H-unit of lignin monomer detected by GC-MS. a,
WT; b, P3; c, P8; d, P12. Table S1: Information of primers applied in the present
study.
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