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Abstract

Background: The characteristics of elephant grass, especially its stem lignocellulose, are of great significance for its
quality as feed or other industrial raw materials. However, the research on lignocellulose biosynthesis pathway and
key genes is limited because the genome of elephant grass has not been deciphered.

Results: In this study, RNA sequencing (RNA-seq) combined with lignocellulose content analysis and cell wall
morphology observation using elephant grass stems from different development stages as materials were applied
to reveal the genes that regulate the synthesis of cellulose and lignin. A total of 3852 differentially expressed genes
(DEGs) were identified in three periods of T1, T2, and T3 through RNA-seq analysis. Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis of all DEGs showed that the two most abundant metabolic pathways were
phenylpropane metabolism, starch and sucrose metabolism, which were closely related to cell wall development,
hemicellulose, lignin and cellulose synthesis. Through weighted gene co-expression network analysis (WGCNA) of
DEGs, a ‘blue’ module highly associated with cellulose synthesis and a ‘turquoise’ module highly correlated with
lignin synthesis were exhibited. A total of 43 candidate genes were screened, of which 17 had function annotations
in other species. Besides, by analyzing the content of lignocellulose in the stem tissues of elephant grass at
different developmental stages and the expression levels of genes such as CesA, PAL, CAD, C4H, COMT, CCoAMT, F5H
and CCR, it was found that the content of lignocellulose was related to the expression level of these structural
genes.

Conclusions: This study provides a basis for further understanding the molecular mechanisms of cellulose and
lignin synthesis pathways of elephant grass, and offers a unique and extensive list of candidate genes for future
specialized functional studies which may promote the development of high-quality elephant grass varieties with
high cellulose and low lignin content.
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genomes), WGCNA (weighted gene co-expression network analysis), Cellulose, Lignin
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Background
Fiber, which is mainly composed of three biological
macromolecules of cellulose, lignin, and hemicellu-
lose, plays an essential role in plant growth and
stress responses. The formation of fibers and depos-
ition of components strengthen special types of cells,
such as fiber cells and vessel cells, which form mech-
anical tissue to provide structural support and pro-
tection for plant cells, and produce negative pressure
gradient to protect plant cells during transpiration.
Fiber formation is a complex process, which requires
the coordination and balance of multiple metabolic
pathways [1, 2].
Cellulose is the most essential component of fiber. In

the process of cellulose synthesis, cellulose synthase
(CesA) monomers form cellulose synthase complex
(CSC), which catalyzes the synthesis of the dextran chain
of cellulose by related substrates. Generally, there are
two or more CesA proteins involved in the synthesis of
cellulose. To date, CesA has been cloned in bread wheat
(Triticum aestivum, L.), Arabidopsis thaliana, maize
(Zea mays L.), poplar (Populust remuloides) and some
other plants, their function has been clarified [3–5]. In
poplar, PtrcesA2 and PtrcesA1 were homologous to Ara-
bidopsis mutants IRX1 and IRX3, respectively. They were
all expressed in the process of xylem secondary wall for-
mation of poplar. It was speculated that these two genes
may be related to cell wall formation [6].
In addition to cellulose synthase genes, other genes

also play an important role in cellulose biosynthesis,
such as KORRIGAN, sucrose phosphate synthase, cyto-
skeleton protein, lipid transfer protein, oxidized protein
[7, 8]. KORRIGAN encodes 1,4-β-D-glucosidase, and its
mutant exhibited a decrease in cellulose and an increase
in pectin synthesis, which led to excessive callus forma-
tion. In addition, it has also been found that MYB tran-
scription factor can regulate the expression level of
cellulose synthase gene, thereby changing the cellulose
content and stalk strength of plants. Researchers used
candidate gene genetic transformation and map-based
cloning technology to study the regulation mechanism
of transcription factor (OsMYB103L) on cell wall syn-
thesis in rice (Oryza sativa L.) [9].
Hemicellulose is another major component of the sec-

ondary wall. It can form a network with cellulose to
make the cell wall more compact. The known hemicellu-
loses include xyloglucan, xylan, β-1,3 (1,4) -d-glucan and
mannan. Although hemicellulose is a kind of heteropoly-
saccharide, most hemicellulose has a single skeleton. Ex-
cept for xylan, all the main chains of hemicellulose are
synthesized by cellulose synthase-like (CSL) [10]. Xylan
also takes β- 1,4-glycosidic bond as the main chain, but
it is synthesized by the related family members of glyco-
syltransferase (GT) family [11].

Lignin, the second abundant component in plant cell
walls, mainly plays roles in increasing plant cell wall
strength and stem bending resistance [1]. Lignin is a
kind of complex phenolic polymer, its monomer synthe-
sis is derived from the phenylpropane pathway and the
lignin-specific pathway [12]. Lignin monomer synthase
genes mainly include PAL, C4H, C3H, 4CL, COMT,
CCoAMT, F5H, CAD and CCR, etc., which have been
studied in maize [13], Arabidopsis thaliana [14], poplar
(Populust remuloides) [15], ryegrass (Lolium perenne L.)
[16], switchgrass (Panicum virgatum L.) and other plants
[17]. The content and composition of lignin can be
changed when the expression levels of these genes were
up-regulated or down-regulated. By down-regulating the
expression of the lignin biosynthetic pathway gene
Pt4CL1 in poplar, the deposition of lignin and cellulose
can be regulated in a compensatory fashion, which may
contribute to metabolic flexibility and a growth advan-
tages to sustain the long-term structural integrity of
woody perennials [1, 2]. In Arabidopsis, NAC, MYB, and
WRKY transcription factors were also found to be in-
volved in the regulation of lignin biosynthesis.
Elephant grass (Pennisetum purpureum Schum.) is a

perennial Poaceae C4 plant, originated in tropical Africa,
and then widely distributed in tropical and subtropical
climate regions of Asia, Africa and America. It is one of
the highest biomass plants in the world, with plant
height up to 3 ~ 5m and annual biomass up to 4500 kg/
hm− 2 [18]. The main biological characteristics of ele-
phant grass are high photosynthesis, high yield, and re-
sistance to biotic and abiotic stress. Elephant grass is not
only a high-quality forage for livestock and poultry [19],
an ideal plant for soil and water conservation, a high-
quality paper pulp raw material, the raw material for
biofuels preparation, but also an ideal lignocellulosic en-
ergy plant [20–22]. The characteristics of elephant grass,
especially its stem lignocellulose, are of great significance
for its quality as feed or other industrial raw materials.
Improving the cellulose content and reducing the lignin
content can promote the feed quality, the conversion
and utilization efficiency of lignocellulose.
Elephant grass is the allotetraploid crop (A’A’BB, 2n =

4x = 28) with a complex genome. The species is primar-
ily cross-pollinated due to its androgynous flowering be-
havior, resulting in high heterozygosity and broad
genetic diversity which can be utilized in breeding pro-
grams. Although the elephant grass genome has not
been deciphered yet, its genetic research has focused on
the evaluation of genetic diversity by constructing mo-
lecular markers and fingerprints and determining genetic
relationships [23–25]. Meanwhile, researchers have re-
vealed the biosynthetic pathway of anthocyanins, and
the molecular mechanism of early response to cadmium
in elephant grass roots and leaves through RNA-seq
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analysis [26, 27]. Some progress has also been made in
improving the agronomic traits of elephant grass by
using traditional breeding methods based on phenotypic
selection [24, 28]. Although the regulatory network of
lignocellulose synthesis has been reported in other spe-
cies such as Arabidopsis thaliana, maize, poplar and
switchgrass, research in elephant grass is still scarce.
At present, RNA-seq analysis has been widely used in

various plant research, such as using RNA-seq to analyze
the genetic manipulation of the phenylpropane pathway
in genetically modified tobacco, which provides new
basic insights and prospects for crop improvement [29].
Comparative transcriptome analysis revealed the mech-
anism of anthocyanin biosynthesis in mulberry black
(Morus atropurpurea Roxb.) and white (Morus alba L.)
fruit genotypes [30]. RNA-seq analysis has also been
gradually applied to the study of elephant grass [26, 27].
Therefore, the same methods were adopted to explore
the important genes of lignocellulose synthesis in ele-
phant grass in this study.
In this study, 12 samples of elephant grass at differ-

ent stem development stages were used as materials
for RNA-seq analysis, lignocellulose composition ana-
lysis and cell wall morphology observation. Combined
with GO, KEGG, WGCNA and Q-PCR correlation
analysis, the study identified some candidate genes
and provided valuable genomic data for molecular
mechanism of fiber formation in elephant grass. These
results provided theoretical guidance for the

regulation of lignocellulose synthesis in other fiber
plants, and also provided important genetic resources
for their genetic improvement.

Results
Changes of cellulose, hemicellulose and lignin content in
elephant grass stem at different development stages
The content of cellulose, hemicellulose and lignin in dif-
ferent stem segments of T1, T2, T3 phase were mea-
sured. It was found that the content of cellulose and
hemicellulose increased first and then decreased. For ex-
ample, the content of cellulose and hemicellulose in T1-
S2 was higher than that in T1-S1, but the content of T1-
S3 was lower than that of T1-S2, whereas the content of
lignin fell gradually. The similar changes also appeared
in different stem nodes at T2 and T3 stages. Meanwhile,
by analyzing the content change of the same stem node
in different development times, it was also found that
with the increase of growth time of elephant grass, the
content of cellulose and hemicellulose decreased, while
the content of lignin increased (Fig. 1b).
By analyzing the ratio of the primary cell wall to the

secondary cell wall, it was found that the secondary cell
wall increases as the cell development time increases,
while the rate of the cell wall to the primary cell wall
keeps rising, which might be the reason of the gradually
increases of lignin content to maintain and support the
strength of elephant grass stems (Fig. S1).

Fig. 1 Contents of cellulose, hemicellulose and lignin at different development stages of elephant grass stems. Different letters indicate
statistically significant differences (ANOVA, Duncan < 0.05). a Sampling period and position. b Cellulose, hemicellulose and lignincontents
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Characteristics of the cell wall in different developmental
stages of the elephant grass stem
The changes of cell wall morphology at different devel-
opment stages of elephant grass, especially the primary
and secondary cell wall were observed (Fig. 2a). The ra-
tio of secondary cell wall (sw) thickness to primary cell
wall (pw) thickness in T1-S1 and T1-S2 was 1.18 and
0.85, the ratio of sw/pw thickness in T2-S1 and T2-S2
was 1.67 and 0.92, and the ratio of sw/pw thickness in
T3-S1 and T3-S3 was 2.15 and 1.25, respectively (Fig.
2b). The above data showed that the change trend of
sw/pw thickness of T1, T2, and T3 was consistent, that
is, with the increase of development time, the develop-
ment speed of secondary cell wall (sw) was faster than
that of primary cell wall (pw). The ratio of sw/pw in S1
node of three different development stages was also ana-
lyzed. It was found that with the increase of develop-
ment time, the thickness ratio of sw/pw in T1-S1 T2-S1,
T3-S1 increased subsequently. The change of sw/pw
thickness ratio in S2 and S3 stages of three different de-
velopment stages showed the same trends.
To further understand the morphological changes of

cell wall during the development of elephant grass, we
selected S1 and S5 stem segments with a longer develop-
ment time span at T3 stage as samples for micro-CT ob-
servation. The stem of elephant grass is composed of
epidermis, parenchyma cells and vascular bundles. Vas-
cular bundles, which scattered in parenchyma cells and
cannot be thickened, are composed of phloem and
xylem without cambium. With the development of stem
tissue, S1 vascular bundle were arranged regularly and
compactly (Fig. S1). The content of cellulose and hemi-
cellulose in vascular bundle decreased gradually, while
the content of lignin increased gradually (Fig. 1b) to

meet the need of mechanical support during the matur-
ation of elephant grass stems need in the process of stem
maturity of elephant grass.

Differential gene expression during the development of
elephant grass stems
Thirty-six cDNA libraries were constructed from differ-
ent stages of elephant grass stems (three biological repli-
cates for each tissue). Totally, 1.32 billion raw reads
(396.96 Gb) were obtained, 1.29 billion cleaned reads
(388.57Gb) were acquired after filtering with 6.56–21.07
Gb in each sample. The error rate was 0.03% (Q20 and
Q30 values were more than 93 and 90%, respectively),
which met the requirements of gene discovery (Table
S1). De novo assembly generated 77,435 cluster se-
quences from 12 representative samples with the largest
sequencing depth. Finally, we got a non-redundant tran-
script clusters include 230,572 unique genes with the
average length of 961.35 bp and an N50 of 1435 bp, an
N90 of 423 bp (Fig. S2). Transcriptome de novo assem-
bly was carried out with short reads assembling
program-Trinity [31]. The Pearson correlation coeffi-
cient based on the expression value of each library indi-
cated that there was a high correlation between sample
replicates (Fig. S3). Cluster analysis among samples
showed that the development time of elephant grass was
the main factor affecting the clustering. The DEGs in
three developmental stages of elephant grass stems were
analyzed, a total of 15,611, 10,235 and 27,389 DEGs
were identified in T1, T2, and T3, respectively (Fig. 3).
The DEGs of different stem segments at three develop-
ment stages were also analyzed, it was found that 147
genes were expressed in three segments of T1, 54 in four
segments of T2, and 91 in five segments of T3 (Fig. 3).

Fig. 2 The cell wall morphology and thickness changes at different development stages of elephant grass stems. Different letters indicate
statistically significant differences (ANOVA, Duncan < 0.05). a a.T1-S1, b. T1-S2, c. T2-S1, d. T2-S2, e. T3-S1, f. T3-S3. SW: Secondary cell wall, PW:
Primary cell wall. b thickness ratio of secondary cell wall to primary cell wall
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Fig. 3 The differentially expressed genes (DEGs) identified by RNA sequence analysis in stem tissues of development stages of elephant grass. a
The number of DEG between three adjacent stages (T1-S1, T1-S2, T1-S3). green: T1-S1 Vs T1-S2, blue: T1-S1 Vs T1-S3. b The number of DEG
between the four adjacent stages (T2-S1, T2-S2, T2-S3, T2-S4). green: T2-S1 Vs T2-S2, blue: T2-S1 Vs T2-S3, yellow: T2-S1 Vs T2-S4. c The number of
DEG between the five adjacent stages (T3-S1, T3-S2, T3-S3, T3-S4). Purple: T3-S1 Vs T3-S5, green: T3-S1 Vs T3-S2, blue: T3-S1 Vs T3-S3, yellow: T3-S1
Vs T3-S4. d DEGs between T1, T2 and T3 stages. Blue: T1 (DEGs), green: T2 (DEGs), yellow: T3 (DEGs)

Fig. 4 The 3852 DEGs co-expressed at three developmental stages of T1, T2, and T3 were enriched by GO and KEGG. a GO enrichment analysis.
b KEGG enrichment analysis
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The intersection of all DEGs at three different develop-
mental stages was compared to determine the shared
core set. It was found that 3852 genes were differentially
expressed at three developmental stages (Fig. 3d).
Three thousand eight hundred fifty-two DEGs were

then subjected to enrichment analysis of GO functions
and KEGG pathways. 4 of the top 10 enriched GO anno-
tation functions were related to cell composition such as
apoplast, cell wall, extracellular region, plant-type cell
wall, four were related to molecular functions such as
peroxidase activity, xyloglucan, and xyloglucosyl trans-
ferase activity, heme-binding, xyloglucan−specific endo
−beta− 1,4 − glucanase activity, and two were related to
biological processes such as cell wall macromolecule
catabolic process, hydrogen peroxide catabolic process
(Fig. 4a) (Table S2). Based on KEGG pathway analysis,
all DEGs were enriched to 9 pathways (Table S3), of
which the two most significant pathways were phenyl-
propane metabolism (23 DEGs) and starch and sucrose
metabolism (23 DEGs) (Fig. 4b).

Genes highly correlated with the synthesis of cellulose,
hemicellulose and lignin by WGCNA analysis
Weighted gene co-expression network analysis (WGCN
A) was performed on 3852 DEGs at three stages, and
the network was divided into three modules. The ana-
lysis of module-trait relationship showed that the ‘blue’
module was highly correlated with the synthesis of

cellulose (r = 0.67, P = 6.0 × 10− 6) and hemicellulose (r =
0.51, P = 0.001), whereas the ‘turquoise’ module was re-
lated to lignin synthesis (r = 0.68, P = 5.0 × 10− 6) (Fig. S4).
The ‘blue’ module was filtered according to Module

membership > 0.9, the absolute value of the correlation
coefficient between the ‘turquoise’ module and lignin
was greater than 0.75, and 20 and 23 genes remained in
the ‘blue’ and ‘turquoise’ module respectively. The
WGCNA gene significance (GS) (i.e., related to traits)
showed that the genes with highest GS in ‘blue’ and ‘tur-
quoise’ modules were Cluster-55,067.0 (0.659) and
Cluster-17,353.3 (0.798), respectively. Six of 20 genes in
‘blue’ module were known to be functional, such as
GTL1 transcription factor, O-methyl transferase (OMT),
expansin-likeA2, alpha-humulene synthase, probable
galactinol sucrose, GhGalT1. Meanwhile, 14 genes with
unknown functions were also covered by ‘blue’ module,
which needs further study. The GO function annotations
of these 20 genes in ‘blue’ module included the genes
which were related to extracellular region, C-4 methyl
sterol oxidase activity, terpene biosynthesis, etc. The ex-
pression levels of these genes were shown in Fig. 5.
Among 23 genes in ‘turquoise’ module, there were

eight coding genes such as GTL1, MYB2 transcription
factors, threonine-protein kinase ERECTA, probable
methionine-tRNA ligase, alcohol holding hydrogenase-
like2, zinc finger protein GIS3, protein slr0074, proline-
rich receptor-like protein kinase PERK8. The GO

Fig. 5 The heat maps of the expression pattern of 43 genes in WGCNA analysis at different development stages of elephant grass stems
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function annotations of these 23 genes in ‘turquoise’
module included genes that were related to cell growth
regulation, secondary cell wall formation regulation, cell
wall composition regulation, etc. 15 genes remained with
unknown functions (Table S4).

Lignin and cellulose synthesis pathway during stem
development of elephant grass
Cellulose synthase (CesA) is the most important enzyme
in the cellulose synthesis pathway. It can directly utilize
UDPG produced by starch and sucrose metabolism to
synthesize cellulose. In elephant grass, 27 CesA genes were
identified. At T1 stage, the expression level of CesA1 -
CesA6 was higher in the whole stem, but decreased in T2
and T3 stages, while the expression level of CesA7 -
CesA27 in tender stems was much higher than that in ma-
ture stems at T1, T2, and T3 stages. This indicated that
CesA gene mainly synthesizes cellulose in the tender stem
tissue. When the cellulose accumulated to a certain level,
its expression level gradually decreased (Fig. 6a).
Lignin synthesis is one of the most important path-

ways of phenylpropane metabolism. In the lignin metab-
olism pathway, CAD (21 unigenes), 4CL9 (21 unigenes),

C4H (8 unigenes), PAL (16 unigenes), CCR (25 uni-
genes), F5H (6 unigenes), CCoAOMT (4 unigenes) were
identified to be related. Expression analysis found that
most members of these gene families showed higher ex-
pression levels in the mature stem. In contrast, a few
gene members were continuously expressed in the whole
tissue (Fig. 6b, c, d, e, f).
The results of qRT-PCR demonstrated that the expres-

sion trends of these genes were consistent with that of
RNA-seq data (Fig. S5, Table S6). Overall, as the stem
development, the expression level of cellulose synthesis
genes and lignin synthesis related genes showed the op-
posite trend. On the other hand, the changes of stem
cellulose, hemicellulose and lignin content, as well as the
changes of primary stem wall and secondary cell wall
thickness, were positively correlated with the expression
of these two types of genes.

Discussion
Elephant grass is one of the highest biomass forage
grasses on the earth, which is widely used in feed and
bioenergy related industries. It is of great significance to
further understand the genes and important metabolic

Fig. 6 The heat maps of the expression pattern of cellulose synthase genes and lignin synthesis-related genes at different developmental stages
of elephant grass stems. a Heat map of the expression pattern of 27 cellulose synthase genes. b, c, d, e, f Heat map of the expression pattern of
some lignin synthesis-related genes. The grid with four different colors shows the absolute expression of genes, which are represented by
different scale levels 2, 1, 0, − 1, and − 2, respectively. PAL: Phenylalanine Ammonia-Lyase; C4H: Cinnamic Acid4-Hydroxylase; CCR: Cinnamoyl-CoA
Reductase; CAD: Cinnamyl Alcohol Dehydrogenase; F5H: FerulicAcid5-Hydroxylase; CoAOMT: Caffeoyl-CoAO-methytransferase; COMT: 5-
Hydroxyferulic Acid O-Methyltransferase/Bispecific Caffeic Acid
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pathways related to lignocelluloses synthesis for molecu-
lar breeding the new elephant grass varieties and make
them more suitable for industrial application.
In our study, 3852 differentially expressed genes

(DEGs, adjusted p < 0.05) were identified in 12 stem
samples of elephant grass at different developmental
stages. The same method was also used to identify DEGs
in the anthocyanin synthesis pathway of elephant grass
and mulberry [26, 30]. The GO enrichment analysis of
DEGs found that the top 10 enriched GO annotation
functions included three functions that were directly re-
lated to cell wall development such as cell wall, plant-
type cell wall, cell wall macromolecule catabolic process.
KEGG pathway analysis discovered that sucrose and
starch metabolism and phenylpropane metabolism were
the most significant metabolic pathways of differential
gene enrichment. Lignin synthesis is one of the import-
ant branches in phenylpropane metabolism [32], the
substrate for cellulose synthesis can be provided by
starch and sucrose metabolic pathways [33, 34], which
indicated that these DEGs might affect the synthesis of
cellulose and lignin.
In the process of cellulose synthesis, sucrose is the

starting substrate, and UDPG produced by its decom-
position can directly synthesize the dextran chain under
the action of CesA gene [35]. Twenty-seven CesA genes
were identified in elephant grass, which were more
abundant than other species such as wheat (14 species)
[4], Arabidopsis thaliana (10 species) [3], maize (10 spe-
cies) [5], poplar (16 species) [8]. CesAs were mainly
expressed in tender stem tissue (Fig. 6a). As the stem de-
velopment, the cellulose content accumulated gradually
(Fig. 1). The high copy of CesAs in elephant grass makes
it has a high cellulose synthesis potential. So far, CesA
has proven its function in breadwheat (Triticum aesti-
vum L.), Arabidopsis thaliana, maize (Zea mays L.),
poplar (Populust remuloides L.) and other plants [3–5].
The cellulose content in mature stem of elephant grass
is significantly higher than that of corn, wheat, reed and
other plants [36].
Totally, 101 lignin-synthesizing related genes such as

PAL, C4H, 4CL, CCoAMT, F5H, CAD, and CCR were
identified in elephant grass. PAL is the critical enzyme
in phenylpropane metabolism pathway, its inhibition will
reduce lignin content and affect plant growth and devel-
opment. 4CL is the key rate-limiting enzyme for the pro-
duction of G or S-lignin monomers. Different
expressions of 4CL can regulate the content of three
kinds of lignin monomers, promoting or inhibiting the
expression of 4CL gene can significantly regulate the
relative proportion of lignin/cellulose [37]. In elephant
grass, 16 PAL genes and 21 4CL genes were mainly
expressed in mature stem tissues which led to the lignin
content in the mature stem of elephant grass was higher.

It was also found that inhibition or overexpression of
these genes in tobacco would affect the lignin content
[29, 38].
To further understand the relationship between these

DEGs and lignocellulose components, WGCNA was
conducted and found that there were 20 genes were re-
lated to the synthesis of cellulose and hemicellulose, 23
genes were associated with the synthesis of lignin.
Among these 43 genes, 14 of which have been identified
with precise functions by GO annotation, some of them
such as OMT and GalT1 were directly related to the
synthesis of lignocelluloses, some of them played im-
portant roles in growth and development and cell wall
formation. There were 28 genes with unknown func-
tions, which need further functional verification. In to-
bacco, it was reported that the sense or antisense
expression of sequences encoding O-methyltransferase
(OMT) could regulate enzyme activity of lignin synthesis
[39]. The fiber length of transgenic cotton overexpress-
ing GhGalT1 was shorter than that of wild type, while in
GhGalT1 silenced line, the fiber length was significantly
increased than that of wild type [40].
Generally, our work indicated the dynamic changes in

cell wall composition and morphology during the stem
development of elephant grass were consistent with the
changes and expression of cellulose and lignin related
genes. These data provided the new and extensive list of
candidate genes for more specialized functional studies
in the future, and an essential theoretical basis for the
genetic improvements of elephant grass lignocellulose
synthesis as well.

Conclusion
RNA-seq, lignocellulose content and cell wall morph-
ology of elephant grass stem were conducted and ana-
lyzed in this study, which provided a basis for further
revealing the mechanism of lignocellulose synthesis and
accumulation of elephant grass. A total of 3852 common
DEGs were identified. KEGG analysis showed that the
two most abundant metabolic pathways were phenylpro-
pane metabolism (23 DEGs), starch and sucrose metab-
olism (23 DEGs), among which phenylpropane
metabolism functioned as an important pathway for lig-
nin synthesis, while the latter produced UDPG for cellu-
lose synthesis. 27 CesA genes for cellulose synthesis and
101 related genes for lignin synthesis were identified, re-
spectively. CesA genes had higher expression levels in
young stems while the lignin-related genes had higher
expression levels in mature stems. In addition, a total of
43 candidate genes were screened by WGCNA, of which
17 had function annotations in other species. Among
them, the GTL1 transcription factor and O-Methyl
transferase (OMT) gene have been proved to regulate
the synthesis of lignocellulose in other plant species.
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Methods
Experimental materials
Elephant grass was cultured in the greenhouse of Qilu
University of Technology, Jinan City, Shandong Prov-
ince. Stalks at seedling stage 40 days (T1 period), 80 days
(T2 period), 120 days (T3 period) were sampled. The
lowest node of the stem was taken and labeled as S1,
samples from every other stem node were labeled as S2,
S3, S4 and S5 respectively. Three samples (stem nodes)
were taken at T1 period (T1-S1, T1-S2, T1-S3), four
samples at T2 period (T2-S1, T2-S2, T2-S3, T2-S4) and
five samples at T3 period (T3-S1, T3-S2, T3-S3, T3-S4,
T3-S5) (Fig. 1)a. A total of 36 samples were collected,
each including three biological replicates. All samples
were immediately frozen in liquid nitrogen and stored at
− 80 °C before total RNA extraction.

Determination of the content of cellulose, hemicellulose
and lignin
The sample to be tested was naturally air-dried or placed
in an oven to dry (temperature not exceeding 50 °C)
until the moisture is less than 10%, crushed and
screened by the grinder. Took a portion between 20 and
80 mesh, cooled, and stored in a sealed bag for further
analysis. Content analysis was conducted by high-
performance liquid chromatographic (HPLC) according
to NERL method [41, 42]. The reducing sugar was ana-
lyzed by HPLC (Shimadzu, Kyoto, Japan) with a Shi-
madzu LC-10 AD detector. The HPLC was performed in
a Bio-Rad HPX-87H column with 10 uL injected volume
at 60 °C with 5mM H2SO4 as eluent at a flow rate of
0.4 mL/min [43]. The content of cellulose, hemicellulose
and lignin are the percentage of the dry weight of the
sample.

Cell wall morphology observation
The periods with the highest and lowest cellulose con-
tent at three different development stages of elephant
grass stems were selected as samples, then cut the fresh
stalks into 1 cm × 1 cm pieces and placed in 2.5% glutar-
aldehyde phosphate buffer (0.1 mol/L, pH = 7.0). Samples
were treated as reported [44] and observed under EM-
420 transmission electron microscope (Philips Electron-
ics, Holland).

Micro CT observation of elephant grass stem
The stalks of elephant grass were cut into 1 cm × 1 cm
pieces and put them into 2.5% glutaraldehyde phosphate
buffer (0.1 mol/L, pH = 7.0), fixed in a 4 °C storage cabi-
net for 3 h, washed the fixed tissue twice with 1 mol/L
phosphate buffer, and placed the sample in a 40 °C oven
for 24 h. Cross-section of the processed sample were ob-
served under SkyScan 2211 micro-CT (Bruker, Belgium).

RNA extraction and transcriptome sequencing
Total RNA was extracted from stems using HiPure Plant
RNA Kit (Magen, Guangzhou, China) according to the
manufacturer’s instructions. A total of 3 μg of RNA per
sample was used for library preparation with insert sizes
of 350 bp and sequenced on Novaseq 6000 (Illumina,
USA). RNA-seq analysis was conducted using the Illu-
mina platform according to the standard protocols [45].

Quality control of RNA-seq and transcriptome assembly
Raw data (raw reads) of fastq format were firstly proc-
essed through Trim Galore (http://www.bioinformatics.
babraham.ac.uk/projects/trim_galore/) [31]. At this step,
clean data (clean reads) were obtained by removing
reads containing adapter, ploy-N and low quality reads
from raw data. At the same time, Q20, Q30, GC-content
and sequence duplication level of the clean data were
calculated. All the downstream analyses were based on
clean data with high quality. 12 samples with the largest
amount of sequencing were selected, assembled them
with Trinity-v2.9.1 software [46], a total of 627,786 se-
quences were assembled, and then cd-hit-estv4.8.1 soft-
ware was used to cluster 627,786 sequences based on
sequence similarity of 0.97, and 477,435 representative
sequences were selected [47]. The salmonv1.1.0 software
was used to map the sequencing data of each sample
back to 477,435 representative sequences to obtain the
bam file of each sample [48]. According to the bam file,
the corset software was used to cluster 477,435 repre-
sentative sequences based on the comparison results of
reads, and finally 230,572 representative sequences and
related abundance files were obtained [49].

Gene function annotation
Gene function was annotated based on the following da-
tabases: Nr (NCBI non-redundant protein sequences)
(https://www.ncbi.nlm.nih.gov/); Swiss-Prot (A manually
annotated and reviewed protein sequence database)
(http://www.gpmaw.com/html/swiss-prot.html); KO
(KEGG Ortholog database) (https://www.kegg.jp/); GO
(Gene Ontology) (http://geneontology.org/).

Differential expression and enrichment analysis
Differential expression analysis was performed using the
R package DESeq [24]. The p-values were adjusted by
the Benjamini-Hochberg (BH) method. Genes with an
adjusted p-value < 0.05 were assigned as DEGs. GO en-
richment and KEGG pathway enrichment analysis of
3852 differentially DEGs, which were identified in three
periods of T1, T2, and T3 was implemented by R Pack-
age Goseq [50]. The population set is a set with all the
annotated genes, and the study set consisted of the
DEGs in the population set. The p-values were adjusted
as differential expression analysis did. Adjusted p-value
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< 0.05 for GO enrichment analysis and adjusted p-value
< 0.1 for KEGG pathway enrichment analysis were con-
sidered significant.

Weighted gene co-expression network analysis
Gene expression patterns for common differentially
expressed genes in T1, T2, T3 period were used to con-
struct a co-expression network by WGCNA. The genes
that were not detected to be expressed in all tissues were
removed before analysis. Soft thresholds were set based
on the scale-free topology criterion [51, 52].

qRT-PCR analysis
DNase-treated RNA (2 μg) was reverse transcribed using
High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, USA). Gene-specific primers
were designed using Primer Express (v3.0, Applied Bio-
systems). Quantitative reverse transcription PCR (qRT-
PCR) assays were performed using SYBR Green I Master
Mix (Roche, Indianapolis, USA). Three biological and
three technical replicates for each reaction were analyzed
on LightCycler 480 instrument (Roche, USA) with the
first step of 95 °C for 5 min followed by 40 cycles of
95 °C for 10 s, 60 °C for 10 s, and 72 °C for 20 s. Melting
curves were generated using the following program:
95 °C for 15 s, 60 °C for 15 s, and 95 °C for 15 s. 18S
rRNA was used as an internal control. Data analysis was
calculated by 2-ΔΔCT method. Significant differences be-
tween different samples were tested with IBM SPSS Sta-
tistics 19.0 software.
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