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Abstract 

Eucalyptus was one of the most cultivated hardwood species worldwide, with rapid growth, good wood proper-
ties and a wide range of adaptability. Eucalyptus stem undergoes primary growth (longitudinal growth) followed 
by secondary growth (radial growth), which produces biomass that is an important source of energy worldwide. In 
order to better understand the genetic regulation of secondary growth in Eucalyptus grandis, Transcriptome analyses 
in stem segments along a developmental gradient from the third internode to the eleventh internode of E. grandis 
that spanned primary to secondary growth were carried out. 5,149 genes that were differentially expressed dur-
ing stem development were identified. Combining the trend analysis by the Mfuzz method and the module-trait cor-
relation analysis by the Weighted Gene Co-expression Network Analysis method, a total of 70 differentially expressed 
genes (DEGs) selected from 868 DEGs with high connectivity were found to be closely correlated with secondary 
growth. Results revealed that the differential expression of these DEGs suggests that they may involve in the primary 
growth or secondary growth. AP1, YAB2 TFs and EXP genes are highly expressed in the IN3, whereas NAC, MYB TFs are 
likely to be important for secondary growth. These results will expand our understanding of the complex molecular 
and cellular events of secondary growth and provide a foundation for future studies on wood formation in Eucalyptus.
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Introduction
Owing to their broad adaptability, rapid growth and 
multipurpose properties, Eucalyptus had been as the 
most widely planted hardwoods in the worldwide, 
which provided renewable resources for the produc-
tion of pulp, paper, timber and bioenergy [1, 2]. The 
considerable economic importance of Eucalyptus wood 
has been a driving force to unravel the genetic regula-
tion mechanisms of wood formation in Eucalyptus as a 
path to genetic improving wood production and qual-
ity. The process that trees develop into wood through 
many years of growth is always accompanied by cell divi-
sion and differentiation, secondary wall thickening, and 
programmed cell death. Meanwhile, plant secondary 
growth is of great significance to human beings because 
the secondary xylem is the raw material of wood pulp 

*Correspondence:
Chunjie Fan
fanchunjie@caf.ac.cn
1 State Key Laboratory of Tree Genetics and Breeding, Chinese Academy 
of Forestry, Beijing 100091, China
2 Key Laboratory of State Forestry Administration On Tropical Forestry, 
Research Institute of Tropical Forestry, Chinese Academy of Forestry, 
Guangzhou 510520, China
3 College of Life Science, Northeast Forestry University, Harbin, China
4 State Key Laboratory of Tree Genetics Breeding, Northeast Forestry 
University, Harbin, China
5 Yuelushan Laboratory, Central South University of Forestry 
and Technology, Changsha, Hunan, China

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-024-04731-3&domain=pdf


Page 2 of 12Zhou et al. BMC Plant Biology           (2024) 24:96 

and paper making, construction industry and textile 
industry. The plant secondary growth is mainly a series 
of active processes initiated by the vascular cambium, 
including vascular tissue formation, secondary cell wall 
formation, lignification (lignin deposition), programmed 
cell death (PCD), and heartwood formation, etc. The 
process of secondary cell wall formation mainly includes 
the biosynthesis and assembly of four components: poly-
saccharides (mainly cellulose and hemicellulose), lignin, 
cell wall proteins and some secondary metabolism such 
as flavonoids, tannic acid, pectin, etc. In particular, the 
directional arrangement of cellulose and the deposition 
of lignin are signature events in the process of secondary 
cell wall formation [3, 4].

Many studies have been conducted to help understand 
these developmental processes and wood formation-
related genes were selected by using cDNA array technol-
ogy during tension wood formation [5], xylem vs phloem 
subtractive library [6], juvenile versus mature wood and 
vice versa subtractive libraries [7], illumina mRNA-Seq 
technology and digital expression profiling [8], high-den-
sity BAC library construction [1], transcriptomes analysis 
of the developing xylem and leaf [9]. These approaches 
provided very useful information on Eucalyptus wood 
formation-associated gene expression. And based on 
these results, several genes were identified which EgrFAS 
affected cellulose deposition [10], EgrTUB1 associated 
with wood-fiber formation [11] and EgMUR3 and EgH1.3 
performed in lignin biosynthetic pathway, while EgMYB1 
is a regulator of SCW formation [12–14]. Meanwhile, 
transcriptomic analysis in tension wood also selected two 
most significant TFs PtrHSFBb3-1 and PtrMYB092 and 
then were validated in Populus trichocarpa [15]. Recently, 
RNA-seq analysis in P. trichocarpa stems identified 95 
VCS (vascular-cambium-specific) TFs which involved in 
epigenetic modification in cambium cell layers for wood 
formation and PtrVCS2 was validated as controlling the 
expression of PtrWOX4a [16]. With a series of validation 
experiments, the regulatory pathway in which the sec-
ond most abundant VCS, through the system’s. However, 
there are still numerous wood formation-related genes 
waiting for uncovering and deciphering.

In Populus and herbaceous species Arabidopsis, the 
transition from primary to secondary growth in stem 
was used as a unique system to identify processes specific 
gene to secondary growth [17–19]. In Populus, 271 tran-
script regulatory and structural genes involved in sec-
ondary growth and secondary wall biogenesis and 3,000 
differentially expressed genes during stem development 
were characterized by cDNA-AFLP and genomic micro-
array respectively [18, 19]. But due to technical limita-
tions, these transcripts represent far less than the 28,294 
annotated genes that have been found to be expressed 

during cambial growth and wood formation by RNA-seq 
methods [20]. Recently, 15,838 differentially expressed 
transcripts along the shoot developmental gradient from 
the shoot apex to the fifth internode of Populus, of which 
1,216 were transcription factors (TFs), were found in 
combination with PacBio Iso-Seq and RNA-seq analysis 
[21].

However, Eucalyptus with the characteristics of rapid 
growth and good-quality wood fiber was not performed 
until now. The available genome sequence in E. gran-
dis provided the opportunity to insight on wood devel-
opment and identify key genes to secondary growth 
in Eucalyptus [2]. Hence, in this study, transcriptome 
sequencing and further differential expressed genes, 
Mfuzz and WGCNA [22] analysis in various internodes 
of stem that spanned primary to secondary growth were 
performed. It would be helpful to unravel the molecular 
mechanism of the development transition from the pri-
mary growth to secondary growth in Eucalyptus. Mean-
while, several transcription factors and genes which 
involved in primary growth or secondary growth were 
also identified. Moreover, a hierarchy regulatory net-
work regulating secondary growth was also constructed, 
which would be applied for further molecular breeding in 
Eucalyptus.

Material and methods
Plant material and culture conditions
Thirty healthy, rapidly growing, six-month-old E. grandis 
trees (Clone GL1) at a nursery in Zhaoqing, Guangdong 
(China) were selected for the study. The sample was col-
lected on a clear day between 10 and 12 am in June. Fol-
lowing measurement of internode lengths, the internodes 
(excluding the nodes) from the apical bud to the base of 
the shoot were excised into liquid nitrogen in the field 
and stored at -80  °C. RNA isolation from at least three 
trees was used for next transcriptome sequencing and 
this experiment was performed three times.

The internodes were harvested and processed for histo-
chemical analysis according to the method described by 
[18]. A 2 mm long segment in first internode and 5mm 
long segment in other internodes cut by knife blade were 
fixed in FAA for microscopy. After dehydration, infiltra-
tion and embedding with paraffin, thick Sects.  (10 μm) 
were obtained and stained with toluidine blue-O (Sigma-
Aldrich, St. Louis).

RNA isolation and sequencing
The EASY spin Plus Plant RNA Kit (Aidlab Biotechnolo-
gies Co., Ltd., Beijing, China) was used to extract total 
RNA in accordance with the manufacturer’s instruc-
tions. The NanoDrop 2,000 spectrophotometer (Nan-
oDrop Technologies, Wilmington, DE, USA) was used to 
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measure the yield and purity of RNA. The extracted RNA 
concentration was more than 100ng/μL, and RNAs with 
A260/A280 values between 1.8 and 2.2 and A260/A230 
values more than 1.0 were regarded as dependable. After 
that, the Agilent 2100 Bioanalyzer was used to verify the 
integrity of the RNA, and samples of RNA with an RNA 
integrity score (RIN) more than 8 were kept in a refrig-
erator at -80 °C for later processing.

Using a mRNA-Seq 8 Sample Prep Kit from Illumina, 
10 μg of each sample’s total RNA was utilised to isolate 
poly(A) mRNA and create a nondirectional Illumina 
RNA-Seq library. By dissolving the removed gel slices at 
room temperature, a modified gel extraction procedure 
was used. A Bioanalyzer Chip DNA 1000 series II (Agi-
lent) was used for library quality control and quantifica-
tion. Each library’s insert size was 200 bp, and clean raw 
reads were obtained through sequencing using Illumina 
HiSeqTM 2000. All clean reads were mapped to the ref-
erence genome (Eucalyptus grandis genome v2.0, phyto-
zome) following filtering with SOAPnuke (Version 1.4.0).

Analysis of differentially expressed genes
Using all collected reads per kilo bases per million mapped 
reads (RPKM) (1.16.1) as a basis, differential expression 
analysis was carried out using the DESeq2 R package 
(1.16.1) [23]. An examination of differential expressions 
between pairs was done. DEGs were calculated using tran-
scripts with log2FC > 1 or log2FC < -1, and P-value < 0.05. 
The R programming environment was used to create and 
develop all additional statistical analyses and figures.

Functional annotation and GO / KEGG analysis
Gene Ontology (GO) enrichment analysis of the col-
lected DEGs was performed using agriGO (version 2.0) 
(http://​syste​msbio​logy.​cau.​edu.​cn/​agriG​Ov2/), and 
the results were adjusted by P value less than 0.05. The 
enrichment of DEGs in KEGG pathways was tested 
using the cluster Profiler R programme. Venn diagrams 
were created with Tbtools programme [24].

Temporal analysis
To evaluate the expression pattern of differential expres-
sion genes (DEGs), a temporal analysis was carried out. 
Every sample had its expression value normalised to 0, 
log2 (v1/v0), and log2 (v2/v0). These DEGs were clus-
tered by Mfuzz package of R ([25]) with a maximum 
unit change in model profiles between time points of 1, 
maximum output profile number of 12, and minimum 
ratio for fold changes of DEGs of 2. The clustered pro-
files (p ≤ 0.05) were used for functional annotation analy-
sis through the hypothesis test. Using the hypothesis test, 
functional annotation analysis was performed on the 

clustered profiles (p < 0.05). For these strongly clustered 
profiles, the GO keywords or KEGG pathways with a 
Q-value ≤ 0.05 were deemed considerably enriched.

Gene co‑expression network construction
The R package WGCNA V1.41–1 was used for WGCNA 
analysis [22]. Genes with minimal expression fluctuation 
(standard deviation < 0.2) were filtered out, and DEGs 
were then classified into strongly correlated gene clusters 
using pairwise correlation analysis based on the expres-
sion value of each gene. Co-expression modules were 
built using the automatic network construction function’s 
block-wise modules. In order to create cluster families 
within the network, cluster correlation was used. Based 
on the correlation coefficient (r2 > 0.8 and p value < 0.001), 
the modules that were most closely related were chosen. 
Additionally, the correlation between genes and modules 
is assessed through the computation of the KME value 
(module eigengene-based connectivity), which is often 
assigned to specific hub genes when |KME|≥ 0.8.

Genes having a weight value greater than 0.5 were 
chosen to execute in order to further determine the hub 
genes related to Eucalyptus secondary growth. Using the 
Cytoscape programme (version 3.9.0) (http://​www.​cytos​
cape.​org/), the network image was plotted.

Quantitative RT‑PCR analysis
The expression of candidate genes was determined using 
quantitative real-time polymerase chain reaction (qRT-
PCR). Plant material was collected as described previ-
ously. 20 genes with fold-changes, and falling into various 
expression patterns, were selected for verification. cDNA 
synthesis originated from 1.0 μg of total RNA was per-
formed by using Super Script III kit (Invitrogen) accord-
ing to the manufacturer’s instructions. cDNA aliquots 
corresponding to equal amounts of RNA were used for 
the quantification of mRNA by qPCR using the Light-
Cycler 96 real-time quantitative PCR detection system 
(Roche, Indianapolis, IN, USA). Primers were designed 
using Primer3 software. The reaction volume was 20 μL, 
including 2.0 μL of the cDNA template, 0.8 μL of 10 mM 
Forward primer, 0.8 μL of 10 mM Reverse primer, 6.4 
μL of ddH2O and 10 μL of SYBR® Premix Ex Taq™ (Tli 
RNaseH Plus, Takara). The PCR reactions were carried 
out using the following conditions: 95  °C for 30 s, and 
subsequently 40 cycles of 95 °C for 5 s, 60 °C for 30 s and 
95 °C for 15 s. The EgrEF2 gene was selected as internal 
reference gene [26]. For every sample, three biological 
and three technical replicates were used to conduct every 
reaction. All of the chosen genes’ relative expression lev-
els were measured using the 2−ΔΔCt method [27].

http://systemsbiology.cau.edu.cn/agriGOv2/
http://www.cytoscape.org/
http://www.cytoscape.org/
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Results
Eucalyptus stem development and Vertical stem segments 
represent different developmental stages
To clarify the changes from primary to secondary growth, 
the internodes were collected for histological chemistry 
from the apex to the base of stem. As shown in Fig. 1A, the 
xylem and phloem were well differentiated between differ-
ent stem segments. The IN3 stem section is in the primary 
growth stage, where the vascular bundles composed of pri-
mary xylem and phloem form peripheral microtubules on 
the cross section, and the vascular bundles are separated by 
interfascicular parenchyma. Therefore, each microtubule 
cluster is not fully connected to form a complete ring xylem. 
The IN5 stem section is in the transition node from primary 
xylem to secondary xylem of stem, and part of parenchyma 
cells between vascular bundles begin to differentiate into 
interfascicular cambium at this stage. While the IN9 stem 
section is the secondary growth stage with obvious sec-
ondary growth, and the cambium cells differentiate into 
secondary xylem and secondary phloem, which has obvi-
ously lignified secondary walls and phloem fibers. Mean-
while, the length of internodes varies measured thirty plants 
from apex to the base further verify the changes from pri-
mary to secondary growth (Fig. 1B). From IN1 to IN6, the 
growth mainly involved the elongation of stem. And then 
the elongation of internode slowly increased from IN7 to 
IN12. Next, the length of internodes from IN13 to the base 
showed only slight increases while the growth focused on 
the diameter increasing, which mainly involved in second-
ary growth. This result was consistent with the changes of 
histological chemistry in different internodes of stem.

Illumina sequencing and alignment to the reference 
genome
The RNA-Seq was used to analyze differences in gene 
expression during different internodes. 15 cDNA librar-
ies were constructed, IN3, IN5, IN7, IN9, IN11 with 
triple replication represented IN3-4, IN5-6, IN7-8, IN9-
10, IN11-12 were adopted for RNA-seq and differential 
expression genes (DEGs) analysis. Each sample generated 
more than 16 million reads (Table  1), which was suffi-
cient for the next quantitative analysis of gene expression. 
Then, gained reads were aligned to the E. grandis refer-
ence genome using SOAPaligner/soap2 software. Of the 
all internodes, over 85% reads could match with the ref-
erence genome. It was found that IN3 showed the least 
matched (87.78%) with 81.85% unique and 5.91% multi-
ple genomic locations. However, there is still 12.22% were 
unmatched (Table  1). In other samples, the sequence 
reads could match over 90%, in which a unique genomic 
location approximately matched 90%. And the propor-
tion of covered genome at different internodes ranged 
from 61.23% to 62.28% (Table  1), which suggested the 
RNA-Seq was sufficient to identify DEGs.

Annotation of all detected genes expressed 
during different stem internode
To facilitate the global analysis of gene expression, all pre-
dicted genes were assigned to different functional catego-
ries using agriGO (version 2.0) (http://​syste​msbio​logy.​cau.​
edu.​cn/​agriG​Ov2/). The annotations were verified manu-
ally and integrated using gene ontology (GO) classification 
(http://​www.​geneo​ntolo​gy.​org).

Fig. 1  Growth and development of different stem internodes. A Anatomy of stem internodes from developing Eucalyptus grandis GL1, Schematic 
showing the regions from the basal stem used for sections in IN3-4, IN5-6, IN9-10, which are Toluidine Blue-O-stained cross sections from stem 
internodes 3 to 9 of an actively growing young tree. Ca, vascular cambium; Fc, Fiber cell; Ve, Vessel elements. Bars = 100 μm. B Apical shoot 
internode growth of E. grandis GL1, elongation zone and change in internodes lengths along the developing stem of the 30 trees sampled

http://systemsbiology.cau.edu.cn/agriGOv2/
http://systemsbiology.cau.edu.cn/agriGOv2/
http://www.geneontology.org
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Of 23,658 detected genes, 12,841 genes were cat-
egorized into 38 functional groups based on sequence 
homology. In each of the three main categories (cellu-
lar component, biological process and molecular func-
tion) of the GO classification, there were 9, 17 and 12 
functional groups, respectively. Cell (GO:0005623) with 
3,845 genes, were dominant in the main category of cel-
lular component. Metabolic process (GO: 0008152), 
with 9,913 genes, were dominant in the main category 
of biological process. Binding (GO: 0005488) consisted 
of 11,357 genes, were dominant in the main catego-
ries of molecular function. We also noticed a high per-
centage of genes from functional groups of and cell 
part (GO: 0044464) with 3,845 genes, cellular process 
(GO: 0009987) with 7,718 genes, and catalytic activity 
(GO:0003824) consisted of 9,847 genes in the three main 
categories, respectively (Fig. 2A).

Analysis of differentially expressed genes (DEGs) 
in different development stages
The DEGs of 5 internode samples (IN3, IN5, IN7, IN9, 
IN11) represented different developmental stage were 
tested in order to study the changes of from primary 
growth to secondary growth of stem in Eucalyptus. A 
total of 5,149 DEGs were obtained by pairwise compari-
son and the details listed in Supplemental Table 1. Com-
pared with IN3, more and more DEGs were obtained 
with increasing secondary growth from IN5 to IN11 
(Fig. 2B, Supplemental Table 1), which was correspond-
ing with the change from primary to secondary growth of 
stem. Meanwhile, the least DEGs between IN7 and IN9 
expressed slight changes of secondary growth. Mean-
while, overlapping sets of DEGs in these pairwise com-
parisons were also performed and 988 overlapping genes 
between IN3/IN7 and IN3/IN11, which also suggested 
the stem primarily underwent secondary growth from 

IN7. Only fewer DEGs (66) were overlapped between 
IN3/IN5 and IN3/IN7, which further verify the result 
of histological chemistry of stem (Fig.  1A). IN3 mainly 
focused on primary growth, IN5 underwent key transi-
tion from primary to secondary growth, and from IN7, 
the stem came into the secondary growth stage.

Mfuzz clustering analysis was carried out to investi-
gate the DEGs changes from primary growth to second-
ary growth. All 5149 DEGs were grouped into 10 clusters. 
Clusters 5, 6 showed a similar tendency with increased 
gradually from the apex to IN5, and the expression level 
was highest in IN9-11, which indicates that these tran-
scripts are potentially involved in secondary growth. 
Contrarily, expression trends of genes in cluster 4 and 
10 declined gradually from the IN3 to IN9 and reached a 
steady state in IN11, which suggested these genes mainly 
involved in primary growth. Similarly, the clusters 1 
decreased from the IN3 to IN5 and reached a steady state 
in IN5-11, which also potentially involved in primary 
growth (Fig. 3A, Supplemental Table 2). GO enrichment 
analysis was also carried out. Genes related to the cell 
wall, response to Auxin, and the DNA binding transcrip-
tion factor activity were significantly enriched in cluster 
5, cluster 10, and cluster 6, associated with the second-
ary growth. While transcripts that were predominantly 
expressed in the IN3 (cluster 1) potentially involved in 
primary growth function in pathways with DNA bind-
ing transcription factor activity, polysaccharide binding, 
hexosyltransferase activity and cytoskeleton organization 
(Fig. 3B).

Moreover, a total of 20 DEGs were selected for quan-
titative real-time PCR (The primers listed in Supple-
mental Table  3) to verify their expression levels. The 
result showed that the expression trends of these DEGs 
were similar with the results of RNA-Seq (Supplemental 
Fig. 1).

Table 1  Summary of read numbers based on the RNA-Seq data from Eucalyptus internodes

IN3 IN5 IN7 IN9 IN11

Total reads 18,602,753 23,988,926 19,799,641 16,562,096 17,972,516

Mapped reads 16,329,497 22,228,139 18,706,701 15,671,055 17,081,079

(87.78%) (92.66%) (94.48%) (94.62%) (95.04%)

Unique matched reads 15,592,203 19,970,855 17,706,827 14,859,830 16,120,472

(81.85%) (83.25%) (89.43%) (89.72%) (89.70%)

Multi-position matched reads 1,125,528 2,196,171 994,932 807,336 953,109

(5.91%) (9.15%) (5.03%) (4.87%) (5.30%)

Unmapped reads 2,273,256 1,760,787 1,092,940 891,041 891,437

(12.22%) (7.34%) (5.52%) (5.38%) (4.96%)

Mapping gene number 22,621 22,638 22,612 22,490 22,258

Mapping-gene percent (%) 61.23% 62.23% 62.28% 62.21% 61.87%
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Expression analysis of differentially expressed genes 
in lignin synthesis pathway
Lignin biosynthesis genes showed differential expres-
sion, which played essential roles in secondary growth 
in woody plants [2]. In this study, genes involving lignin 
biosynthesis also mapped and analyzed from primary to 
secondary growth (Supplemental Table  4). As shown in 
Fig. 4, 28 lignin biosynthesis key genes shown differential 
expression were identified. Among them, most of genes 
(25 genes) showed high level expression in IN7, IN9 and 
IN11 or gradual increases from IN3 to IN11 such as Egr-
PAL, EgrC4H, EgrCOMT, EgrCAD, and EgrCCoAOMT. 

These genes were mainly grouped into cluster 5 and clus-
ter 6 (Fig. 3A), which showed gradual increases from IN3 
to IN11. It also means that the expression level of the 
transcripts was corresponding with the gradual increases 
from primary to secondary growth. However, there are 
still several genes shown decreased from primary to 
secondary growth, such as EgrC3H2 (Eucgr. A02188), 
EgrC3H1 (Eucgr. A02185), EgrHCT1 (Eucgr. F03972), 
suggesting that these genes might be associated with pri-
mary growth of stem in Eucalyptus and needs to be fur-
ther verified.

Fig. 2  Expression profiling of DEGs during stem different development stages. A Venn diagrams representing the numbers of DEGs 
and the overlaps of sets obtained across three comparisons from two groups. B GO classification of Eucalyptus internode genes

Fig. 3  Mfuzz clustering and enrichment analysis of transcripts differentially expressed between the IN3-11. A Results of Mfuzz clustering of 5,149 
differentially expressed genes (DEGs). B The top 30 Gene Ontology (GO) enrichment of selected category of differentially expressed genes (DEGs) 
based on Mfuzz cluster analysis. The larger dot indicates more genes. And the deeper red color indicates the smaller Q-value while the deeper 
green color indicates the higher Q-value
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Weighted gene co‑expression network analysis (WGCNA) 
identified hub genes involved in transition from primary 
to secondary growth
WGCNA was performed to get more understanding 
of the genes involving in the transition from primary 
to secondary growth, which would define clusters and 
obtain gene modules with specific patterns of expres-
sion during stem development stages. After removal of 
the genes with low fluctuation in expression (standard 
deviation ≤ 0.2), 1,545 of 5,149 DEGs were subjected 
to pairwise correlation analysis regarding gene expres-
sion and sorted into different modules, highly correlated 

gene clusters. The genes in the same modules shared 
high correlation coefficients, constructing eight modules 
based on expression pattern and specificity in Eucalyptus 
(Fig. 5; Supplemental Table 5). The turquoise module was 
highly positively correlated with all the stages of stem 
development involved with primary growth (r2 = 0.92 
and p value < 0.001), which 868 DEGs belong to the tur-
quoise module and their peak expression in IN3 (Fig.  5 
and Supplemental Table 5). It was also found that several 
key transcription factors, such as MYB, YAB2, AP1 and 
HB family [28–31], which involved in regulating primary 
growth and some key hemicellulose and lignin synthesis 

Fig. 4  Lignin synthesis pathway map. The color scale represents the module-trait correlations from –1 (blue) to 1 (red). The color bar indicates 
expression and correlation levels from low(blue) to high (red). Panels IN3, IN5, IN7, IN9 and IN11 represent the different internodes stage, 
respectively. The necessary copyright authorization was secured to use the KEGG image shown in the figure
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enzymes including UDP, UGT, CCOAMT, LAC, and EXP 
were also identified [32].

To further select the hub genes involving the second-
ary growth in Eucalyptus, the genes with the weight 
value greater than 0.5 were selected to perform. About 
70 genes were screened out and their expression trend 
was detailed in Supplemental Fig.  2 and Supplemental 
Table 6 and the network diagram of the screened genes 
was drawn (Fig. 6 and Supplemental Table 7). The tran-
scription factors NST1, HB51, VNI2, MYB12.1 and 
HB33 are located in the first layer, which formed a hier-
archy control to regulate downstream genes related to 
lignin and cellulose synthesis (such as EgrUDP, EgrUGT, 
EgrLAC, EgrCCOAMT) and finally regulated secondary 
growth in Eucalyptus (Supplemental Fig.  3 and Supple-
mental Table 8).

Discussion
Eucalyptus, as a hardwood species, was widely culti-
vated in worldwide and had the superior character of 
fast growth and high quality of wood. Several genes 
involved in secondary growth including cell wall for-
mation, cellulose and lignin synthesis were discovered 
[33–36]. For example, EgMYB1 and EgMYB2 could 
bind specifically to the promoter region of lignin syn-
thesis gene such as Coenzyme A Reductase (CCR) and 
cinnamyl alcohol dehydrogenase (CAD) and further 
regulate secondary wall biosynthesis [12, 37, 38]. In 

addition, EcHB1 of the HD-ZIP Class II family TFs and 
LIM transcription factor were also found to enhance 
xylem cell wall biosynthesis [39, 40]. However, there 
are still a large number of valuable genes with potential 
breeding need to be discovered. In this study, a unique 
system of internodes from apex to bottom of stem in 
Eucalyptus which represent from primary to second-
ary growth combining transcriptome sequencing were 
adopted as identifying important genes involved in sec-
ondary growth. Based on these, selected genes involved 
secondary growth were originated dynamic changes 
progress, which was different with previously selected 
genes which expressed in specific tissues such as xylem 
or tension wood [1, 6–9]. This provided more effective 
approach to explore wood formation-associated gene 
and more easily understand secondary growth or wood 
formation developmental processes in Eucalyptus.

WGCNA could find clusters (modules) of highly cor-
related genes to external sample traits, which widely used 
in RNA-seq analysis [22, 41]. In the present study, 868 
genes clustered a module, which correlated with second-
ary growth were identified by the correlation algorithm. 
Among these genes, some key TFs and genes were also 
observed. For example, Transcription factors include 
R2R3-MYB, EgMYB1, SND2, EgLBDs. CBFs, EgrNAC26, 
EgrNAC61, EgNAC141 were identified, which showed 
highly correlated with secondary growth in Eucalyptus 
[14, 34, 37, 42–44]. It was confirmed that MYB family 

Fig. 5  Weighted Gene Co-expression Network Analysis (WGCNA) of DEGs. A Cluster dendrogram of transcription factors based on expression 
levels in the five developmental stages (IN3, IN5, IN7, IN9 and IN11). Each branch represents a gene and each colour below represents a gene 
co-expression module. B Module-trait relationship analysis by WGCNA. Numbers in the squares presented the module-trait correlations (with 
corresponding p-values in parentheses). The color scale represents the module-trait correlations from –1 (blue) to 1 (red). The colour bar indicates 
expression and correlation levels from low(blue) to high (red). Panels IN3, IN5, IN7, IN9 and IN11 represent the different internodes stage, 
respectively
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acted a master role in wood formation by activating the 
biosynthesis of cellulose, lignin or hemicellulose [45–
50]. As we predicted, EgMYB1 and EgMYB2 also regu-
lated secondary cell wall formation in Eucalyptus [37, 
38], whose homology genes were also identified in this 
study. Plant secondary growth is regulated by transcrip-
tional networks composed of transcription factors and 
secondary cell wall synthetase genes [35, 39]. MYB3 and 
MYB42 directly activate lignin biosynthesis genes during 
secondary wall formation in poplar [10] and Arabidop-
sis [51]. Several studies have revealed the transcriptional 
regulatory network mediated by NAC family transcrip-
tion factors NST (SND) and VND in Arabidopsis wood 
formation [52–54]. In this study, NST1 and VNI2 which 
belong to the NAC family and can regulate the process 
of secondary wall thickening and ductal cell formation 
of fibrocyte [55–59] showed increasing from primary to 
secondary growth.

In previous study, YAB2 and AP1 are related to apical 
meristem development while HB family transcription 
factors are mainly involved in the regulation of apical 
meristem and vascular tissue formation [28, 29]. YABBY 
is also involved in the signaling between the blades and 
SAM, which located on the margins of SAM and are 
distinguished from the WUS and CLV3-labeled central 
meristem [60, 61]. Differently, YAB2 expressed in the 
young leaf primordium, which can regulate the polarity 
development of lateral branches and stem apex meristem 
development [62–64]. As for AP1, the deletion of GmAP1 
increased the number of main stem segments and plant 
height while overexpressing GmAP1a showed decreased 

number of main stem segments, decreased plant height, 
which indicated that GmAP1 was involved in the regula-
tion of soybean plant height growth [30]. Moreover, HB 
genes are associated with shoot apex meristem develop-
ment [65] and secondary growth [29]. In the end, AP1, 
YAB2, EXP were also identified as hub genes involving 
in primary growth in our study, which further verify our 
accurate result.

Here, some cluster2 genes played an important role in 
the transition from primary growth to secondary growth 
through the temporal analysis. LRR, UGT​, LAC, DUF247 
and TCP11 genes were found to be closely related to the 
transition from primary growth to secondary growth. 
Among them, LAC and UGT​ genes were closely related 
to lignin formation [32, 66, 67]. Interestingly, AtDUF247 
was expressed particularly in vascular and developing tis-
sues, which was necessary to maintain normal cell wall 
composition and structure by affecting the expression 
of other gene members in Arabidopsis [68]. Clearly, a 
number of LRR-RLKs genes were required in secondary 
vascular development [69]. As a member of LRR-RLK, 
PXC1 was involved in secondary cell wall formation in 
xylem fibers, which showed similar function in shoot 
apical meristem [70]. Besides, TCP11 was also verified 
as involving in the growth and development of vascular 
bundles [71].

The processes of secondary cell wall formation mainly 
include the biosynthesis and assembly of four compo-
nents: polysaccharides (mainly cellulose and hemicel-
lulose), lignin, cell wall proteins, and some secondary 
substances, such as flavonoids, tannic acid, pectin, etc. [3, 

Fig. 6  Co-expression network analysis of 70 selected genes from the hub genes in turquoise module. Green dots represent TFs, while red dots 
represent genes. The lines represent the connected weights between genes, and the depth represents the weight value. And the arrow indicates 
the direction of control
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4]. During the secondary growth transition, the contents 
and structure lignin, cellulose and hemicellulose also was 
going to be the different. Such as lignin and cellulose con-
tents will increase. Correspondingly, CCOAMT and LAC 
which were involved in the regulation of lignin synthesis 
were identified and showed highly enrichment in second-
ary growth. CesA1, CesA3 and CesA6 are mainly respon-
sible for the synthesis of cellulose in the primary wall [3, 
72], while CesA4, CesA7 and CesA8 are mainly respon-
sible for the synthesis of cellulose in the secondary wall 
[73–75]. CLE and SCL are associated with cellulose syn-
thesis [76, 77], CESA6 which closely related to primary 
wall also mainly expressed in primary growth stage [78, 
79]. UDP and UGT are related to hemicellulose synthesis 
were also explore [66, 67]. While PttEXP1 gene was more 
active in the secondary growth of mature stem segments 
[80, 81]. These results were consistent with the selected 
genes in this study that may be responsible for the transi-
tion from primary to secondary growth.

What’s more, transcription factors PtrMYB021 and 
PtrMYB002 located in the second layer of regulatory 
network could directly regulate the expression of a series 
of genes related to the synthesis of cell wall components 
downstream such as PtrLAC14, PtrLAC15, PtrLAC40, 
PtrLAC41, PtrLAC49 [82]. Similar with the poplar, key 
MYB transcript factor as upstream and several LAC 
genes as downstream were also found in Eucalyptus and 
the hierarchy relationship also showed similar, which 
suggested similar regulating mechanism existed in woody 
plants. Hence, these results laid a basis for elucidating the 
molecular mechanism of secondary growth in Eucalyptus 
and these selected genes are a potential resource to fur-
ther molecular breeding in Eucalyptus.

Conclusions
In present research, RNA-Seq was adopted to profile 
changes in gene expression from the apex to bottom 
of stem which represented from primary to secondary 
growth in Eucalyptus. The typical developmental stages 
were harvested to analyze the changing of cell struc-
ture and gene expression to systematically elucidate the 
transition from primary to secondary growth in Euca-
lyptus. 5,149 DEGs were identified, in which 70 hub 
genes were further optimized with high connectivity 
closely related to primary or secondary growth. These 
genes involved in Cell wall, response to auxin and DNA 
binding transcription factor activity. Transcription fac-
tors AP1, YAB2 and EXP genes which involved in pri-
mary growth mainly expressed in the IN3 while NAC, 
MYB, CESA6 highly affected in secondary growth were 
enriched in IN9 to 11 which mainly underwent second-
ary growth. These genes expressed predominantly in 

primary and secondary growth zone which have differ-
ent regulatory cascades, and further formed a hierar-
chy regulatory network to regulate wood formation in 
Eucalyptus. These provide a potential resource to study 
secondary growth, especially the key transition from 
primary to secondary growth. Furthermore, exploration 
of these key genes involved in secondary growth will be 
great useful to future molecular breeding in Eucalyptus.
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