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Abstract Catalpa bungei is a deciduous tree native to

China. It is characterized as fast growing, being highly

adaptable, and having excellent wood qualities. To better

understand potential mechanisms involved in adventitious

root (AR) formation, we performed transcriptome analysis

of softwood cuttings of C. bungei ‘Yu-1’ at three stages of

AR formation using the Illumina sequencing method.

Following de novo assembly, 62,955 unigenes were

obtained, 31,646 (50.26 %) of which were annotated. A

total of 11,100 differentially expressed genes (DEGs),

including 10,200 unique and 900 common, were identified

in four comparisons. Based on the all GO enrichment

networks, 46 common and 7 unique GO categories were

identified. Cytoskeleton was only significantly enriched in

the activation period, while DNA metabolic process was

only significantly enriched in the callus formation. Func-

tional annotation analysis revealed that many of these

genes were involved in phenylpropanoid biosynthesis,

glycolysis, and plant hormone metabolism, suggesting

potential contributions to AR formation. Interestingly, the

number of DEGs involved in glycolysis decreased while

the number of DEGs involved in phenylpropanoid

biosynthesis increased following the AR formative process.

Overall, our comprehensive transcriptional overview will

prove useful, not only in the understanding of molecular

networks that regulate AR formation in C. bungei, but also

for exploring genes that may improve rooting rates of other

trees.
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Introduction

Catalpa bungei is a deciduous tree native to China. It

belongs to the Bignoniaceae family and is a member of the

Catalpa Scop. genus. C. bungei mainly grows in the

Huanghe River and Changjiang River regions of China. It

is characterized as fast growing, having excellent wood

qualities, and being highly adaptable (Shi et al. 2011). C.

bungei propagation is mainly through softwood cuttings;

this ensures stability of wood qualities and facilitates the

spread of improved cultivars. However, this method is

reliant on adventitious root (AR) growth rate. In China,

‘Yu-1’ is largely promoted for growing as it is an easy-to-

root C. bungei variety. In our previous study, rooting rate

was found to be 85.6 % (Ma et al. 2014). The development

process of AR formation in softwood C. bungei ‘Yu-1’

cuttings consists of four key stages: activation, 0–5 days

after cutting (DAC); callus formation, 5–20 DAC; root

formation, 20–30 DAC; and root elongation, 30–40 DAC

(Ma et al. 2014). As a higher rooting rate variety, ‘Yu-1’

provides important material for investigating the molecular

mechanisms of AR formation in C. bungei. Presently, the

molecular mechanism of AR formation in C. bungei ‘Yu-1’

is poorly understood.

ARs are the key developmental process for asexual

propagation in most plants and can either be formed
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naturally on intact plants in dependence on the develop-

mental program and environmental stimuli or develop in

response to injury for example at the wounding site of cut-

tings (Koyuncu and Balta 2004). However, our knowledge

about the mechanisms that enable a somatic differentiated

cell to re-differentiate into a meristematic cell to develop

into a root and that laid the metabolic basis for this process is

fragmentary because of their complexity (Abarca et al.

2011; Birnbaum and Sanchez Alvarado 2008; Ludwig-

Müller et al. 2005). Currently, only a limited number of

molecular studies into AR formation have been performed.

Wei et al. (2013) identified differentially expressed tran-

scripts in single nodal cuttings of Camellia sinensis treated

with or without indole-3-butyric acid (IBA) for 24 h by

suppressive subtractive hybridization; they found that sec-

ondary metabolism, cell rescue, defense, and virulence are

involved in AR formation. Thomas et al. (2003) identified

two genes encoding proline-rich proteins in Vitis vinifera,

and suggested these genes play an important role in the AR

formation. S-Adenosylmethionine synthetase (SAMS) cat-

alyzes synthesis of S-adenosylmethionine, a precursor for

ethylene and polyamine biosynthesis. Higher expression of

the SAMS gene in tetraploid black locust (Robinia pseu-

doacacia) promotes AR initiation (Quan et al. 2014). A

proteomic analysis of different mutant genotypes of Ara-

bidopsis led to the identification of 11 proteins including

auxin-related and light-related proteins which positively or

negatively correlated with AR formation (Sorin et al. 2006).

Presently, few genes are characterized for AR formation of

C. bungei, largely due to limited genome information.

AR formation is a complex regeneration process with

many internal and external factors influencing AR forma-

tion and the phytohormone auxin is crucial for AR for-

mation in cuttings (Ahkami et al. 2009; da Costa et al.

2013). Auxin positively regulates AR formation in most

plant species. Indole-3-butyric acid (IBA) is widely used in

C. bungei propagation to induce rooting. Although indole-

3-acetic acid (IAA) is a primarily native auxin in plants,

IBA is more effective in promoting ARs (Ludwig-Müller

et al. 2005). Brinker et al. (2004) reported that IBA induced

expression of genes involved in cell replication and cell

wall weakening, while inhibited genes related to auxin

transport, photosynthesis and cell wall synthesis during the

root initiation of Pinus contorta. Meanwhile, many factors

affect AR formation via auxin interactions. Ethylene

played a positive role in AR formation with modulation of

auxin transport as a central point of ethylene–auxin

crosstalk (Negi et al. 2010). It was shown that auxin and

light act antagonistically on the development of ARs in

Eucalyptus saligna and E. globulus (Fett-Neto et al. 2001).

Niemi et al. (2005) showed that light sources with different

spectra could affect AR and mycorrhyza formation in Scots

pine (Pinus sylvestris) in vitro.

AR formation is a complex quantitative genetic trait

regulated by both environmental and endogenous factors.

Therefore, RNA-seq technology aimed at describing global

changes is particular advantages. Han et al. (2014) inves-

tigated genes expression in larch hybrids (Larix spp.)

during AR formation using 454 sequencing. Their results

suggest the polyamine synthesis pathway and the stress

response pathways are the most important signaling path-

ways for AR formation. To identify specific genes deter-

mining initiation and formation of AR in Petunia, a

microarray-based transcriptome analysis using the stem

base of Petunia hybrida cuttings was performed; this

revealed active lipid metabolism in petunia cuttings,

especially during the sink establishment phase (first 6 h

after excision) (Ahkami et al. 2014). The global tran-

scriptomic data reveal that profound cellular and metabolic

reorganization occurs during the root induction stage in

mung bean (Li et al. 2015). To better understand potential

mechanisms involved in AR formation, transcriptome

analysis of single nodal cuttings of C. sinensis treated with

or without IBA was performed using the Illumina

sequencing method and 1091 differentially expressed uni-

genes were identified including 656 up- and 435 down-

regulated genes (Wei et al. 2014).

In this study, five transcriptomes of softwood cuttings of

ARs were initially investigated using RNA-sequencing in

C. bungei ‘Yu-1’. In silico bioinformatics analyses was

then used to ascertain the dynamics of the genetic molec-

ular network and to annotate transcripts with a standard

annotation pipeline. This data provides a valuable platform

for understanding the molecular basis of the regulation of

AR development in C. bungei.

Materials and methods

Plant material

Softwood cuttings of C. bungei ‘YU-1’ were collected

from the Catalpa germplasm nursery at the Institute of

Botany, Jiangsu Province & Chinese Academy of Sciences,

Nanjing, China. Each softwood cutting was further seg-

mented into smaller cuttings of 1–2 leaves, with 60 % of

the leaf blade removed. After excision, the bases of the

cuttings were dipped for 60 s in a solution with 2 g/L IBA

(Sigma, St. Louis, Missouri, USA). The cuttings of control

were without IBA treatment. The cuttings were incubated

on a rooting table under 80–90 % relative humidity.

Samples were harvested at 0 (p0, control), 1 (p1, activa-

tion), 15 (p2, callus formation), 25 (p3, root formation) and

35 (p4, root elongation) DAC. Three independent biolog-

ical replicates were included for each time point and con-

trol tissue. Basal parts (approximately 1.0 cm of the root
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zone) of the cuttings were taken, immediately frozen in

liquid nitrogen, and stored at -80 �C for subsequent

analysis.

RNA extraction and library preparation

for transcriptome analysis

Total RNAs were extracted using Trizol reagent according

to manufacturer’s instructions (Invitrogen, Carlsbad, CA,

USA). The total RNA concentration was quantified using

UV spectrophotometry, and the quality was checked by

electrophoresis in a 1 % agarose gel. Equal volumes of

RNA from each of the three replications of four time points

(1, 15, 25, and 35 DAC) and control were pooled,

respectively. Five independent paired-end libraries were

subjected to RNA-Seq analysis. Paired-end libraries with

approximate average insert lengths of 200 bp were syn-

thesized using a Genomic Sample Prep Kit (Illumina, San

Diego, CA, USA) according to manufacturer’s instructions.

Prior to cluster generation, library concentration and size

were assayed using an Agilent DNA1000 kit (Agilent, Palo

Alto, CA, USA) on a 2100 Bioanalyzer (Agilent, Palo Alto,

CA, USA). Libraries were sequenced (101 bp paired-end

reads) on an Illumina HiSeq 2000 instrument (Illumina,

San Diego, CA, USA) by a customer sequencing service

(Biomarker Technologies, Beijing, China).

De novo assembly and functional annotation

Raw reads were cleaned by removing adaptor sequences,

empty reads, and low-quality sequences. Clean reads were

assembled into non-redundant transcripts using Trinity,

which has been developed specifically for de novo assembly

of transcriptomes using short reads (Grabherr et al. 2011).

Short sequences (\200 bp) were removed to improve

quality. Resulting sequences were used for BLAST searches

and annotation against the National Center for Biotechnol-

ogy Information (NCBI) database Non-redundant protein

sequences (NR) (http://www.ncbi.nlm.nih.gov/), Clusters of

Orthologous Groups of proteins (COG) (http://www.ncbi.

nlm.nih.gov/COG/), Kyoto Encyclopedia of Genes and

Genomes Ortholog database (KEGG) (http://www.genome.

jp/kegg/kaas/), and the manually annotated and curated

protein sequence database (Swiss-Prot) (http://www.expasy.

ch/sprot) using an E-value cut-off of 10-5. Functional

annotation of Gene Ontology (GO) terms was analyzed

using Blast2go software (https://www.blast2go.com/).

Identification of differentially expressed genes

Gene expression levels were estimated by RSEM for each

sample (Li and Dewey 2011). Clean data were mapped

back onto the assembled transcriptome. The read count for

each gene was obtained from the mapping results, and

normalized to reads per kilobase of exon model per million

mapped reads (RPKM) (Marioni et al. 2008). Statistical

comparison of RPKM values between two samples was

conducted using the web tool IDEG6 (Romualdi et al.

2003). A false discovery rate (FDR) of 0.01 was used as the

P value threshold in multiple tests to evaluate the signifi-

cance of differences in gene expression. Genes were con-

sidered as being differentially expressed in a given library

when the P value was \0.01, and a greater than two-fold

change in expression across libraries was observed.

GO enrichment analysis was performed with the BiNGO

plugin in Cytoscape using the hypergeometric test for

statistical analysis (Maere et al. 2005; Smoot et al. 2011).

For P value correction, we selected the FDR correction

method. GO terms with corrected P value B 0.01 were

considered significantly over-represented and shown as

colored nodes in the enrichment network. Significantly

altered KEGG pathways were identified using a P value

based on the hypergeometric distribution. All metabolic

pathways with a FDR corrected P value smaller than 0.01

were reported as significantly altered compared with the

control. Cluster analysis was performed with the self-or-

ganizing tree algorithm (SOTA, Multiple Array Viewer

software, MeV 4.9.0; http://www.tm4.org/mev.html).

Gene expression changes were analyzed with MapMan

(Thimm et al. 2004; Usadel et al. 2005). The deduced

polypeptide sequences were submitted to the Mercator

webserver to classify them into MapMan functional plant

categories (Lohse et al. 2014). For color-coded represen-

tation (heat map) in MapMan, the log2 transformed fold-

change value for each DEG was used. Deduced polypep-

tide sequences shorter than 30 amino acids were excluded

when generating the MapMan metabolic pathway maps.

Real-time quantitative RT-PCR (qRT-PCR) analysis

Total RNA was prepared as described above. For each

sample, 2 lg of total RNA was reverse transcribed into

cDNA using M-MLV reverse transcriptase (Promega,

Madison, WI, USA). Reverse transcription was performed at

37 �C for 60 min in a 20 ll reaction with a final denaturation

step at 95 �C for 5 min. Primers were designed using Primer

premier 5 (http://www.premierbiosoft.com/primerdesign/)

(Table S1) and synthesized by SIPUJIN (Nanjing, China).

Reactions were carried out using SYBR Green PCR Master

Mix (Roche Applied Science, Mannheim, Germany) on an

ABI 7500 real-time PCR system (Applied Biosystems,

Foster City, CA, USA) with three replicates, the Actin gene

from C. bungei was amplified as an internal control for data

normalization. Reaction volumes of 25 ll contained 12.5 ll

SYBR Green PCR Master Mix, 9.5 ll deionized H2O, 1 ll

primers, and 2 ll cDNA. Amplification reactions were
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initiated with a pre-denaturing step (95 �C for 10 min);

followed by 40 cycles of denaturing (95 �C for 10 s),

annealing (60 �C for 35 s), and extension (72 �C for 35 s).

Three replicates of the qPCR assay were performed for each

gene. Data were processed using the 2�DDCt method (Livak

and Schmittgen 2001).

Results

De novo assembly and function annotation

To gain a general overview of the C. bungei transcriptome,

five libraries representing control (p0), activation (p1),

callus formation (p2), root formation (p3) and root elon-

gation (p4) stages were designed for RNA-seq. A total of

165,977,661 high-quality reads, comprising approximately

33.52 Gb of sequence data, were generated from the five

cDNA libraries (Table 1). The distribution of reads in the

five libraries was 30.16 million for p0, 32.08 million for p1,

35.25 million for p2, 33.67 million for p3, and 34.82 mil-

lion for p4 (Table 1). The GC percentage in the five

libraries ranged from 45.40 % (p2) to 46.48 % (p3)

(Table 1). The Q30 percentage of the five libraries was

more than 82 %, suggesting that the quality of the sequence

data was high (Table 1). The clean sequence data has been

deposited in the Short Read Archive database of the

National Center for Biotechnology Information under the

accession numbers SRP059272. Using the Trinity method,

the high-quality reads were assembled into 6,315,145

contigs (Table 1). All contigs together produced 116,941

transcripts and 62,955 unigenes with an average length of

1162.61 and 783.84 bp, respectively (Table 2). The N50

length of the transcripts and unigenes was 1945 and

1417 bp, respectively (Table 2). The majority of unigenes,

accounting for 57.89 % of sequence data, ranged from 201

to 500 bp. Of the remaining unigenes, 11,877 (18.87 %)

ranged in length from 501 to 1000 bp, 8926 (14.18 %)

from 1001 to 2000 bp, while 5708 (9.07 %) were longer

than 2000 bp (Table 2).

Multiple databases were interrogated to assign accurate

annotation information to the unigenes. 31,646 unigenes

(50.27 %) were annotated using BLASTx with an E-value

threshold of 10-5 (Table 3). Among the five databases used,

most unigenes were annotated to NR (31,184, 49.53 %), GO

(24,982, 39.68), and Swiss-Prot (20,973, 33.31 %)

(Table 3). According to the E-value distribution of the top

hits in the NR databases, 22.12 % of the matched sequences

showed complete homology (=0), while 37.07 % and

40.82 % of the matched sequences showed strong homology

(between 0 and 1.0e-50) and moderate homology (between

1.0e-5 and 1.0e-50), respectively (Table 4). The nine top-

hit species based on NR annotation indicated that 21.89 % of

the unigenes were annotated with sequences from Solanum

lycopersicum, while 58.15 % of the unigenes were anno-

tated with sequences from the five top-hit species, including

Solanum lycopersicum, V. vinifera, Genlisea aurea, Theo-

broma cacao and Populus trichocarpa (Table 4).

Table 1 Sequencing data

information
Stage Total reads Total nucleotides (bp) GC percentage (%) Q30 percentage (%)

P0 30,156,403 6,091,103,800 45.68 82.10

P1 32,079,560 6,479,241,096 45.57 83.67

P2 35,254,549 7,120,732,627 45.40 84.09

P3 33,667,342 6,800,261,134 46.48 82.81

P4 34,819,807 7,033,051,711 46.11 82.14

Total 165,977,661 33,524,390,368

Table 2 Summary of the

Catalpa bungei transcriptome

assembly

Length (bp) Contigs Transcripts Unigenes

200–300 6,263,527 (99.18 %) 24,862 (21.26 %) 21,126 (33.56 %)

300–500 20,265 (0.32 %) 20,648 (17.66 %) 15,318 (24.33 %)

500–1000 15,793 (0.25 %) 22,443 (19.19 %) 11,877 (18.87 %)

1000–2000 10,292 (0.16 %) 27,283 (23.33 %) 8926 (14.18 %)

[2000 5268 (0.08 %) 21,705 (18.56 %) 5708 (9.07 %)

Total number 6315,145 116,941 62,955

Total length 300,335,486 135,956,684 49,346,889

N50 length 47 1945 1417

Mean length 47.56 1162.61 783.84
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GO annotated unigenes could be divided into cellular

component (90,853), molecular function (33,709), and

biological process (130,429) clusters. Among the cellular

components category, cell part (20,345; 22.39 %), cell

(20,063; 22.08 %) and organelle (18,005; 19.82 %) were

the dominant groups (Fig. 1a). For the molecular function

terms, binding (14,282; 42.37 %) and catalytic activity

(12,764; 37.87 %) were the dominant groups (Fig. 1b).

Most biological process genes were involved in cellular

processes (19,224; 14.74 %) and metabolic processes

(18,842; 14.45 %) (Fig. 1c). 11,695 unigenes were anno-

tated to the 25 COG categories, with most unigenes clas-

sified into the cluster for ‘general function prediction only’

(2939; 18.03 %), followed by ‘translation, ribosomal

structure and biogenesis’ (1438; 8.83 %), and ‘transcrip-

tion’ (1414; 8.68 %) (Fig. S1). For KEGG analysis, 7466

unigenes were assigned to 117 KEGG pathways

(Table S3). The largest group of unigenes identified from

KEGG analysis was Ribosomes (766 unigenes, ko03010)

while the smallest group was glucosinolate biosynthesis

(one unigene, ko00966) (Table S3). 210 unigenes were

annotated to plant hormone signal transduction (ko04075),

while phenylpropanoid biosynthesis (ko00940) was anno-

tated with 104 unigenes (Table S3).

Identification of differentially expressed genes

(DEGs)

More than 30 million clean reads were obtained from each

library and then aligned to the reference transcriptome

separately. At each AR formation stage, we detected both

unique and common sets of DEGs. Approximately 83.66 %

(p0), 85.11 % (p1), 84.18 % (p2), 82.94 % (p3) and

84.55 % (p4) of the total reads mapped to the reference

transcriptome assembly, 57.97 % (p2) to 66.36 % (p3) of

reads mapped uniquely to the reference transcriptome

assembly, and 33.64–42.03 % of reads were filtered as

multiple-aligned (Table 5). A total of 11,100 DEGs,

including 10,200 unique and 900 common, were identified

by comparing libraries, including 1203, 1312, 2341 and

1318 unique DEGs from p1/p0, p2/p0, p3/p0 and p4/p0,

respectively (Fig. 2a).

There were 4551 DEGs identified between p1 and p0,

with 2383 genes up-regulated and 2168 genes down-reg-

ulated; 5074 DEGs were identified between p2 and p0, with

2565 genes up-regulated and 2509 genes down-regulated;

5182 DEGs were identified between p3 and p0, with 3440

genes up-regulated and 1742 genes down-regulated; 4505

DEGs were identified between p4 and p0, with 2269 genes

up-regulated and 2236 genes down-regulated (Fig. 2b).

The ranking of up-regulated DEGs (from low to high) was

p4/p0, p1/p0, p2/p0 and p3/p0 while the ranking of down-

regulated DEGs was p3/p0, p1/p0, p4/p0 and p2/p0.

Interestingly, p3/p0 had the most up-regulated DEGs while

p2/p0 had the most down-regulated DEGs. These results

suggested that root formation was associated with the

accumulation of novel transcripts, and that some transcripts

were more abundant immediately after callus formation.

According to the number of aligned reads, each DEG

was assigned with a RPKM value, which could normalize

for the total reads obtained in each individual library.

Based on this analysis, the gene expression levels in four

libraries were classified into five categories (rare, low,

moderate, high and extremely high) (Fig. 2c; Table S3).

The RPKM value of each DEG ranged from 0 to 10,541.32,

with a mean of 25.61 for p1, 19.46 for p2, 29.15 for p3 and

22.87 for p4 (Table S3). The largest portion of DEGs in p2

and p3 libraries exhibited rare expression (RPKM\ 3),

and the smallest portion was extremely high expression.

However, the largest portion of DEGs in p1 and p4 libraries

exhibited rare expression (RPKM\ 3), and the smallest

portion was high expression (Fig. 2c; Table S3).

In addition, 900 common DEGs were detected at all four

stages. Cluster analysis of the 900 common DEGs was

Table 3 Summary for the BLASTx results of C. bungei transcrip-

tome against five databases

Annotated database Annotated number %

COG annotation 11,695 18.58

GO annotation 24,982 39.68

KEGG annotation 7466 11.86

Swissprot annotation 20,973 33.31

NR annotation 31,184 49.53

All annotated unigenes 31,646 50.27

Table 4 Summary for E-value and specie of the BLASTx hits

against the NR databases for each unigene

E-value Number %

E-value = 0 6890 22.12

E-value 1e-150 to 0 1598 5.13

E-value 1e-100 to 1e-150 3613 11.60

E-value 1e-50 to 1e-100 6335 20.34

E-value 1e-5 to 1e-50 12,714 40.82

Specie

Solanum lycopersicum 6769 21.89

Vitis vinifera 5020 16.24

Genlisea aurea 2498 8.08

Theobroma cacao 2299 7.44

Populus trichocarpa 1392 4.50

Ricinus communis 1202 3.89

Prunus persica 1183 3.83

Glycine max 553 1.79

Fragaria vesca 449 1.459
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performed to examine their expression patterns. The

common DEGs were grouped into two clusters, designated

cluster A-B (Fig. 3d). There were 406genes (45.11 %) in

the cluster A category and 494 genes (54.89 %) in the

cluster B.

GO enrichment and cluster analysis of DEGs

To explore the biological functions of AR formative genes, a

total of 10,849 sequences were used as query to perform an

alignment with 30,467 Arabidopsis proteins at an E value

B1e-5. Of these, 7714 DEGs (71.10 %) were annotated.

GO functional enrichment analysis for all DEGs were ana-

lyzed using BiNGO, a Cytoscape plugin assessing over-

representation of ontologies in biological networks (Maere

et al. 2005). In order to clearly depict the GO enrichment

network, we selected the collapsed GO-slim plant terms as

namespace (Consortium 2004). The functional enrichment

of DEGs indicated that, at FDR B 0.01, 57 GOs were

enriched in the p1/p0, 60 GOs were enriched in the p2/p0, 61

GOs were enriched in the p3/p0, and 56 GOs were enriched

in p4/p0 (Fig. 3; Table S4). Based on the all GO enrichment

networks, 46 common and 7 unique GO categories were

identified. Among 7 unique enrichment GO terms, four GO

categories, including Golgi apparatus, lysosome, nucleolus,

nucleus and protein metabolic process, were significantly

enriched in root formative period. Additionally, cytoskele-

ton was only significantly enriched in the activation period,

while DNA metabolic process was only significantly enri-

ched in the callus formation (Fig. 3; Table S4). These results

suggested that GO terms experienced a dynamic change

upon hormone stimulus to occur the corresponding AR

formation. Among 46 common GO terms, response to stress,

secondary metabolic process, transport, biosynthetic pro-

cess, catalytic activity and metabolic process were the top-

10 GO terms in four AR formative stages (Fig. 3; Table S4).

These results suggested that these GO terms were important

for the AR formation.

Concurrently, a hierarchical clustering was used to

group the matched 7714 DEGs into clusters, based on their

RPKM values. We identified 11 distinct clusters in which

four main clusters (K1-K4) accounted for 65.95 % of

DEGs in four libraries (approx. 5087 genes; Fig. 4a).

Compared to control, 1377 genes in the K1 category had

highest expression levels in the p1 stage, while 353 genes

in K2 had highest expression levels in the p4 stage, 1043

genes in K3 had highest expression levels in the p2 stage,

and 2314 genes in the K4 category had highest expression

levels in the p3 stage (Fig. 4a). All DEGs were categorized

into 35 Mapman bins (Fig. 4b). Most of the Mapman bins

showed enrichment for particular clusters of gene expres-

sion (Fig. 3b). Genes that encode enzymes for glycolysis,

lipid metabolism, hormone metabolism (e.g., ABA, AUX,

CK and JA), misc, signaling and development were greatly

enriched in clusters K1 and K2, representing genes that

were expressed at the lowest levels in the p3 stage.

Fig. 1 Gene Ontology categorization of C. bungei transcriptome. Gene Ontology terms are summarized in three main categories: cellular

component (a), molecular function (b) and biological process (c)

Table 5 Summary for DGE

sequencing datasets
Stage Total reads Total mapping reads Uniquely-mapping reads Multiply-mapping reads

P0 30,156,403 25,227,535 (83.66 %) 15,351,403 (60.85 %) 9,876,132 (39.15 %)

P1 32,079,560 27,303,729 (85.11 %) 16,812,037 (61.57 %) 10,491,692 (38.43 %)

P2 35,254,549 29,676,954 (84.18 %) 17,205,082 (57.97 %) 12,471,872 (42.03 %)

P3 33,667,342 27,923,043 (82.94 %) 18,529,535 (66.36 %) 9,393,508 (33.64 %)

P4 34,819,807 29,441,371 (84.55 %) 18,347,758 (62.32 %) 11,093,613 (37.68 %)
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However, genes (cluster K4) encoding PS, OPP, cell wall,

hormone metabolism (e.g., ET and GA) and polyamine

metabolism were in a highest expression levels of p3 stage.

Genes that encode enzymes for fermentation, gluconeo-

genesis/glyoxylate cycle and hormone metabolism (e.g.,

BRs) were greatly enriched in clusters K3, representing

genes that were expressed at the highest levels in the p2

stage. These results indicated that DEG experienced a

dynamic change upon hormone stimulus to occur the cor-

responding AR formation.

KEGG enrichment analysis

Pathway enrichment analysis revealed that 6, 4, 4 and 8

pathways (corrected P value B 0.01) were the significant

difference pathways enriched in p1/p0, p2/p0, p3/p0 and

p4/p0, respectively (Fig. 5). Phenylalanine metabolism and

phenylpropanoid biosynthesis were the common enrich-

ment pathways and more DEGs were up-regulated than

down-regulated (Fig. 5). However, photosynthesis and

photosynthesis - antenna proteins were enriched in p1/p0,

p2/p0 and p4/p0, respectively and more DEGs were down-

regulated than up-regulated (Fig. 5). These results indi-

cated that phenylalanine metabolism and phenylpropanoid

biosynthesis were continuously up-regulated while photo-

synthesis and photosynthesis - antenna proteins were

down-regulated on different AR formative stages. Addi-

tionally, plant hormone signal transduction were enriched

in p3/p0 and p4/p0, respectively and more DEGs were up-

regulated than down-regulated (Fig. 5). These results sug-

gested that plant hormone signal transduction might play

important role in the last two stages of AR formation.

KEGG pathway network analysis showed that glycoly-

sis/gluconeogenesis and glycosphingolipid biosynthesis -

Fig. 2 Expression profilings of DEGs in C. bungei. a Venn diagrams

representing the numbers of DEGs and the overlaps of sets obtained

across four comparisons; b Numbers of up- and down-regulated

DEGs among four libraries (between p1 and p0, between p2 and p0,

between p3 and p0, between p4 and p0, respectively); c Overall

expression profiles for DEGs expressed in the four stages of AR

formation; d Hierarchical cluster heat map and cluster tree from the

common DEGs. Red indicates up-regulated genes and green indicates

down-regulated genes
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globo series were only significantly enriched in p1/p0 and

more DEGs were up-regulated than down-regulated.

Ribosome was only significantly enriched in p3/p0 and

more DEGs were up-regulated than down-regulated. Ter-

penoid backbone biosynthesis and ubiquinone and other

terpenoid-quinone biosynthesis were only significantly

enriched in p4/p0 and more DEGs were up-regulated than

down-regulated while carotenoid biosynthesis were only

significantly enriched in p4/p0 and more DEGs were down-

regulated than up-regulated. These results indicated that

pathways experienced a dynamic change upon hormone

stimulus to occur the corresponding AR formation.

Candidate functional genes related to AR formation

Glycolysis

Based on the KEGG annotations, there were 69 DEGs

involved in glycolysis (Table S5). There were 43 DEGs

with 30 up-regulated and 13 down-regulated, 32 DEGs

with 23 up-regulated and 9 down-regulated, 22 DEGs with

18 up-regulated and 4 down-regulated, and 17 DEGs with 9

up-regulated and 8 down-regulated in p1/p0, p2/p0, p3/p0

and p4/p0, respectively (Table S5). It is worth noting that

the number of DEGs decreased following the AR formative

process. Further analysis indicated that 20 DEGs, 9 DEGs,

8 DEGs, and 5 DEGs were specifically induced in p1/p0,

p2/p0, p3/p0 and p4/p0, respectively (Table S5). For the

unique DEGs in p1/p0, 6-phosphofructokinase 3 (PFK3)

was up-regualted while hexokinase-2 (HXK2) was down-

regulated in the activation period (Table S5). Among 900

common DEGs, four DEGs, including phosphoenolpyru-

vate carboxykinase (PCKA, comp100533_c0), fructose-

bisphosphate aldolase 2 (FBA2, comp107097_c0), non-

cell-autonomous protein pathway1 (NCAPP1, com-

p45220_c0), and aldehyde dehydrogenase family 3 mem-

ber F1-like (ALDH3F1, comp74070_c0), were involved in

glycolysis (Table 6). Interestingly, the PCKA and NCAPP1

were simultaneously up-regulated while FBP and

ALDH3F1 were simultaneously down-regulated during AR

formation (Table 6).

Phenylpropanoid biosynthesis

According to the KEGG annotations, there were 54 DEGs

involved in phenylpropanoid biosynthesis (Table S6). There

Fig. 3 Gene Ontology network of over-representative GO-slim plant

terms of DEGs in p1/p0 (a), p2/p0 (b), p3/p0 (c) and p4/p0 (d). Node

size represented gene number in node and colour of node represented

P value. White nodes were not statistically significant over-represen-

tative GO terms
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were 28 DEGs with 13 up-regulated and 15 down-regulated,

30 DEGs with 17 up-regulated and 13 down-regulated, 32

DEGs with 23 up-regulated and 9 down-regulated, and 36

DEGs with 27 up-regulated and 9 down-regulated in p1/p0,

p2/p0, p3/p0 and p4/p0, respectively (Table S6). It is worth

noting that the number of DEGs increased following the AR

formative process. Further analysis indicated that 2 DEGs, 6

DEGs, 7 DEGs, and 9 DEGs were specifically expressed in

p1/p0, p2/p0, p3/p0 and p4/p0, respectively (Table S6).

Among those unigenes involved in phenylpropanoid

biosynthesis, 14 DEGs were involved in the response to

wounding and lignin biosynthesis. Seven DEGs belonged to

4-coumarate–CoA ligase (4CL) gene family were detected

in our transcriptome (Table S6). The four unigene homolo-

gous with Gm4CL2 (comp100601_c1, comp117634_c0,

comp117634_c1 and comp117634_c2) were the common

DEG, being down-regulated at all AR formative stages

(Table 6). The two common DEG encoding caffeoyl-CoA

O-methyltransferase (CCoAOMT, comp124594_c0 and

comp110020_c1) were involved in the response to wound-

ing and lignin biosynthesis; they were up-regulated at all AR

formative stages (Table 6). Twenty three DEGs encoding

Fig. 4 Cluster and functional enrichment analysis of DEGs in four

libraries. a Four major clusters were identified in the four stages of

AR formation. The SOTA module embedded in the MeV software

was used to produce clusters. Error bars show standard deviation;

b Functional category enrichment among the four major clusters

based on Mapman annotation

Genes Genom (2016) 38:145–162 153

123



peroxidases (POD) were detected in the phenylpropanoid

biosynthesis category and six DEGs were common to all

comparisons (Table 6). Among the six POD unigenes, four

uingenes, including POD2, POD61, POD47 and poxN1,

were simultaneously up-regulated while two POD72 were

simultaneously down-regulated during AR formation

(Table 6).

Hormone metabolism

Based on the GO annotations and KEGG annotation, there

were 74 DEGs involved in the auxin (AUX) metabolism,

17 DEGs involved in the abscisic acid (ABA) metabolism,

34 DEGs involved in the ethylene (ET) metabolism, 18

DEGs involved in the cytokinin (CTK) metabolism, and 44

DEGs involved in the brassinosteroid (BR) metabolism

(Table S7). The number of DEGs involved in ET meta-

bolism and CTK metabolism was highest during AR callus

formation; that involved in ABA metabolism was highest

during AR root formation; that involved in AUX metabo-

lism and BR metabolism was highest during AR root

elongation (Table S7). The similar trend of unique DEGs

was observed during AR formation. The number of up-

regulated genes involved in AUX metabolism and BR

metabolism was less than that of down-regulated during

AR activation (Table S7). The number of up-regulated

genes involved in CTK metabolism was less than that of

down-regulated during AR callus formation (Table S7).

These results indicated that the type of plant hormone

expressed a dynamic change to occur the corresponding

AR formation.

Among those unigenes involved in hormone metabo-

lism, a total of 30 common unigenes with 13 up-regulated

and 17 down-regulated were identified (Table 6). The

crucial genes for hormone biosynthesis of ET, CTK and

BRs such as 1-aminocyclopropane-1-carboxylate oxidase 1

(ACO1), ACO5, cytokinin hydroxylase (CYP735A1) and

cytochrome P450 85A1 (CYP85A1) were simultaneously

up-regulated during AR formation (Table 6). Besides

genes involved in hormone biosynthesis, we also identified

several genes responsible for hormone catabolism and

conjugation, which function in hormone balance. The

crucial genes for hormone conjugation including indole-3-

acetic acid-amido synthetase 3.1 (GH3.1), GH3.6, auxin

response factor 5 (ARF5), and ethylene-responsive tran-

scription factor 3 (ERF3) were simultaneously up-regu-

lated while auxin efflux carrier component 3 (PIN3), PIN8,

and ERF098 were simultaneously down-regulated during

AR formation (Table 6). Additionally, the crucial genes for

hormone biosynthesis of AUX and ET such as indole-3-

pyruvate monooxygenase YUCCA7 (YUC7), and

S-adenosylmethionine synthase (SAM) were special up-

regulated in the AR root formation (Table S7). The unigene

CYP724B1 involved in BRs biosynthesis was special up-

regulated in the AR callus formation (Table S7).

DNA metabolism

Based on the GO annotations and KEGG annotation, there

were 52 DEGs involved in the DNA metabolism. There

were 20 DEGs with 5 up-regulated and 15 down-regulated,

27 DEGs with 19 up-regulated and 8 down-regulated, 26

DEGs with 7 up-regulated and 19 down-regulated, and 14

DEGs with 3 up-regulated and 11 down-regulated in p1/p0,

p2/p0, p3/p0 and p4/p0, respectively (Table S8). Further

analysis indicated that 2 DEGs, 16 DEGs, 8 DEGs, and 4

Fig. 5 Specific significantly enriched KEGG pathways for DEGs from p1/p0 (a), p2/p0 (b), p3/p0 (c) and p4/p0 (d). The P values shown for

each pathway were FDR corrected (Q-value)
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DEGs were specifically induced in p1/p0, p2/p0, p3/p0 and

p4/p0, respectively (Table S8). It is worth noting that the

number of total DEGs/up-regulated DEGs/unique DEGs

was all highest in the AR callus formation. Among those

unigenes involved in DNA metabolism, 20 DEGs were

involved in the cell division and cell cycle. The number of

up-regulated genes in this category was highest in the

callus formation in comparison to other three stages of AR

formation (Table S8). The unigenes homologous with

Acyl-CoA-binding domain-containing protein 5 (ACBP5)

involved in plant development was simultaneously down-

regulated during AR formation (Table 6).

Validation of gene expression

We randomly selected 15 differentially expressed unigenes

for qRT-PCR validation of our RNA-seq data. The qRT-

PCR profiles of 12 genes were completely in agreement

with those obtained by using RNA-seq (Fig. 6). The qPCR

analysis of the transcripts confirmed that PCKA (com-

p100533_c0), CCoAOMT (comp110020_c1), poxN1

(comp110105_c0), and ERF110 (comp114889_c1) were

simultaneously up-regulated during AR formation; ARF6

(comp122156_c1) and s-adenosylmethionine synthase 2

(SAMS2, comp96145_c0) were simultaneously down-reg-

ulated during AR formation (Fig. 6).

Discussion

A first insight into AR formation induced by IBA

in C. bungei

ARs refer to roots that form from any tissue that is not a

root, such as leaves and stems. Adventitious rooting is one

of the most important mechanisms of vegetative propaga-

tion in plants and one of the most important methods for

the commercial production of woody plants throughout the

world (Legué et al. 2014). However, lack of extensive

genomic sequences and information on functional genes,

especially gene expression profiles and functional assign-

ment of genes, had hindered our understanding of the

molecular processes of AR formation in C. bungei and

related species. Based on the physiological and anatomical

analysis of C. bungei, AR formation should be considered a

complex multi-step process (Liu et al. 2008). Transcrip-

tomic data can reveal gene expression profiles and give

fundamental insights into biological processes. As a high-

throughput, accurate and low-cost method, RNA-Seq, a

new next-generation sequencingmethod, has been widely

applied to analyze transcriptomes qualitatively and quan-

titatively, especially for species without available genomic

information. To illuminate the network of genes involved

in AR formation in C. bungei, we performed comparative

transcriptome analysis of softwood cuttings at various

stages of AR formation. In the present study, the applica-

tion of the RNA-Seq technology generated a total of

116,941 transcriptome sequences. These sequences provide

a valuable resource for AR formative specific gene dis-

covery and for the assembly of a C. bungei reference at the

genomic level. Our data, which was generated from dif-

ferent AR formation, may facilitate in the analysis of

transcriptomic changes associated with AR development.

Moreover, it may help in the genetic manipulation of

varieties to control the AR development of C. bungei. This

RNA-seq based transcriptome analysis provides an initial

view of the C. bungei AR development process, assisting in

the identification of candidate genes related to glycolysis,

phenylpropanoid biosynthesis, hormone metabolism and

DNA metabolism, thus paving the way for further eluci-

dation of the molecular mechanism underlying AR

formation.

The relationship of glycolysis and AR formation

Glycolysis is the metabolic pathway that converts glucose

into pyruvate and adenosine triphosphate (ATP). It

involves in various developmental events such as seed

germination, flowering, and AR formation. Additionally,

sucrose, glucose and fructose converted to each other and

normally metabolized through glycolysis (Wang and

Weathers 2007). Sucrose affects the formation of sink

organs and is a notable inducer of AR formation in P.

hybrida (Ahkami et al. 2013). In present study, glycolysis

was only significantly enriched in activation (e.g., the first

stage of AR formation of C. bungei) and more DEGs were

up-regulated than down-regulated based on KEGG path-

way network analysis. Further analysis indicated that the

number of DEGs decreased following the AR formative

process in C. bungei (Table S5). This observation is in

agreement with biochemical results regarding the enzymes

involved in glycolysis (Ahkami et al. 2014). The activation

stage is the first step of the AR formation. In the stage, the

cells were stimulated and become competent to respond to

signal factors. Therefore, energy was necessary for the

activation stage. Glycolysis generated the energy and car-

bon skeletons to be used for synthesis of amino acids,

proteins and nucleic acids. It might the reason that the

glycolysis was only significantly enriched in activation

stage.

In this study, 69 unigenes involved in glycolysis were

specifically induced during AR formation. Among those

DEGs, four common DEGs, including PCKA, FBA2,

NCAPP1 and ALDH3F1, were detected. Interestingly, the

PCKA and NCAPP1 were simultaneously up-regulated

while FBA2 and ALDH3F1 were simultaneously down-
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regulated during AR formation (Table 6). FBA is a widely

distributed enzyme. It is a key constituent of the glycolytic

pathway and plays vital roles in carbohydrate metabolism

and in the production of triose phosphates and derivatives

in signal transduction (Schaeffer et al. 1997). Using a two

dimensional polyacrylamide approach, Konishi et al.

(2005) revealed that FBA increases root development in

rice. In contrast, FBA2 was simultaneously down-regulated

during AR formation in our transcriptome. It was indicated

that FBA2 was an important negative regulation gene for

AR formation in C. bungei. PFK catalyzes the phospho-

rylation of fructose 6-phosphate to fructose 1,6-bisphos-

phate. This irreversible reaction is considered to be one of

the rate-limiting steps of glycolysis (Hofmann 1976). In

present study, PFK3 was specially up-regualted in the

activation period (Table S5). Similar results were observed

in P. hybrida (Ahkami et al. 2014).

Hormones, hormone-related genes, and AR

formation

Plant hormone signaling pathways are important in the

control of plant development (Peat et al. 2012). Among

plant hormones, auxin is a major factor in the regulation of

callus formation and root organogenesis (Lavenus et al.

2013; Legué et al. 2014). Auxin interacts with many plant

hormones to mediate developmental processes, such as cell

division, elongation and differentiation (Muday et al.

2012). Interestingly, genes associated with auxin home-

ostasis were the most seriously affected by IBA treatment.

However, most induced genes were correlated with

decreased free auxin. GH3 can join free auxin to different

amino acids and overexpression of GH3 in plants produces

severe auxin-deficient phenotypes (Zhang et al. 2009).

Here, GH3.1 and GH3.6 were simultaneously up-regulated

Fig. 6 Real-time quantitative RT-PCR validations of RNA-seq data. Left axis represents expression levels determined by qRT-PCR. Right axis

represents expression levels determined by RNA-Seq in RPKM units. Data are the means ± standard errors (n = 3)

158 Genes Genom (2016) 38:145–162
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during AR formation, indicating mechanisms associated

with auxin storage were important negative regulation

genes for AR formation in C. bungei. Auxin transportation

is accomplished by auxin influx and efflux carrier proteins.

Numerous auxin influx and efflux carriers have been iso-

lated and characterized (Bennett et al. 1996; Gälweiler

et al. 1998; Muday and DeLong 2001; Friml et al. 2002a,

b). AtPIN3 is redirected towards one side of columella cells

and determines the direction of auxin flux, leading to

asymmetric auxin accumulation and differential growth

(Friml et al. 2002a, b). The triple mutant pin1 pin3 pin4 in

Arabidopsis displays defects in primary root development

(Weijers and Jürgens 2005). In our transcriptome, the two

common DEGs homologous with AtPIN3 and AtPIN8,

respectively, were simultaneously down-regulated in the all

AR formative stages. Additionally, the crucial genes for

hormone biosynthesis of AUX such as indole-3-pyruvate

monooxygenase YUCCA7 (YUC7) were special up-regu-

lated in the AR root formation. These data suggest that not

all auxin-induced genes act as positive regulators of AR

formation, especially for those involved in auxin transport.

Auxin-BR interactions also are important to AR for-

mation as these hormones modulate both cell expansion

and proliferation and their transcriptional responses largely

overlap (Nemhauser et al. 2004). Moreover, BR enhances

classical auxin growth responses such as lateral root

number (Bao et al. 2004) and gravitropic response (Li

et al. 2005). In this study, the number of DEGs involved in

AUX metabolism and BR metabolism was highest during

AR root elongation (Table S7). These results provided the

evidence for a functional interaction of BRs with auxin to

promote the AR formation. However, the mechanism for

this interaction was not clear. Additionally, BR biosyn-

thetic genes, such as CYP72A1, SQMO and CYP85A1 were

identified in present study. It might be helpful to research

the interaction of BRs with auxin in the future.

Cytokinin and ethylene (ET) were important for AR

formation. In this study, the number of DEGs involved in

ET metabolism and CTK metabolism was highest during

AR callus formation. Moubayidin et al. (2009) reported

that organ differentiation largely depends on the cytokinin:

auxin ratio. High cytokinin content facilitates shoot for-

mation and high auxin content promotes root formation. In

this study, exogenous application of IBA greatly inhibited

genes involved in cytokinin biosynthesis, such as cytokinin

hydroxylases, but induced genes associated with cytokinin

degradation, such as cytokinin oxidases. ET is synthesized

as a stress response to wounding and fungus in most plants,

and promotes AR development in cut tissues (Kuroha et al.

2002). Ethylene biosynthesis begins at S-adenosylme-

thionine (SAM) and includes two key steps (Yang and

Hoffman 1984). ACS catalyzes the cyclization of SAM to

1-aminocyclopropane-1-carboxylic acid, which is often

considered the rate-limiting reaction. The final step of ET

biosynthesis, oxygen-dependent conversion of 1-aminocy-

clopropane-1-carboxylic acid to ET, is catalyzed by ACO.

In this study, the expression levels of ethylene biosynthetic

genes and ERFs were not coincident. ACO1 and ACO5

were up-regulated while ACS7 and SAMS2 were down-

regulated in this study. ERFs control cell dedifferentiation,

metabolite biosynthesis, and trait development (Song et al.

2013). ERF3 and ERF110 were up-regulated while

ERF098 was down-regulated in our transcriptome. The

findings of the present study may facilitate in better

understanding the role of cytokinin and ethylene in AR

formation.

Abscisic acid regulates plant growth and development

such as germination, lateral root development, seedling

growth, seed development, seed dormancy, transition from

vegetative to reproductive phase and abiotic stress toler-

ance (Chinnusamy et al. 2008). In the presence of exoge-

nous ABA, lateral root development is inhibited. This

occurs at a specific developmental stage, i.e., immediately

after the emergence of the lateral root primordium from the

parent root and prior to the activation of the lateral root

meristem, and is reversible. In this study, the number of

DEGs involved in ABA metabolism was highest during AR

root formation. In present study, the expression patterns of

most unigenes encoding abscisic acid receptor and abscisic

acid 8’-hydroxylase were positive in the AR formative

stage. The lower levels of ABA might promote the AR

formation in the AR formative stage.

Therefore, a complex, dynamic, and possibly intercon-

nected signaling network is involved in AR formation in C.

bungei. Our results may help determine the role of hor-

mones in AR formation at the molecular level.

Phenylpropanoid biosynthesis genes associated

with AR formation

Phenylpropanoid biosynthesis is one of the most important

secondary metabolism pathways in plants, and the most

prominent product of this pathway is probably lignin (Hu

et al. 2010). Cho et al. (2011) found that IBA-

treated Cinnamomum kanehirae cuttings had lower

amounts of lignin and exhibited greater induction of ARs.

In this study, the number of DEGs increased following the

AR formative process. These results indicated that the

lignin content was associated with AR formation.

4-coumarate–CoA ligase and caffeoyl-CoA O-methyl-

transferase are two important enzymes in the lignin

biosynthesis (Schmitt et al. 1991). 4CL expression is

developmentally regulated and is activated by externa1

stimuli such as pathogen infection and wounding, methyl

jasmonate treatment, and UV light irradiation (Chen et al.

2000; Peat et al. 2012; Lavenus et al. 2013). CCoAMT

Genes Genom (2016) 38:145–162 159

123



expression is activated in the disease resistance response

and the wounding response (Schmitt et al. 1991; Chen et al.

2000). In this study, two CCoAMT unigenes are up-regu-

lated while four 4CL unigenes are down-regulated at all of

the different AR formative stages. Peroxidases are heme-

containing enzymes that catalyze oxidation of a diverse

group of organic compounds (Dawson 1988). Peroxidases

are involved in various metabolic steps, such as the oxi-

dation of cinnamyl alcohol prior to polymerization during

the lignin formation process (Imberty et al. 1985). One

isoform of peroxidase is reported as a predictive marker of

AR formation in Betula pendula (Mcdonald and Wynne

2003). In our transcriptome, six common DEGs encoding

peroxidases, four unigenes up-regulated and two unigenes

down-regulated, were detected across all comparisons.

These findings suggest that these genes might regulate the

lignification of softwood cuttings to promote AR formation

in C. bungei.

DNA metabolism genes associated with AR

formation

The DNA metabolism module can be divided into replica-

tion and regulation functions. In present study, the number

of total DEGs/up-regulated DEGs/unique DEGs was all

highest in the AR callus formation. Among those unigenes

involved in DNA metabolism, 20 DEGs were involved in the

cell division and cell cycle. These results indicate an

increase in the induction of DNA metabolism, cell cycle and

cell division genes starting 15 days after excision. Acyl-

CoA-binding proteins (ACBPs) are implicated in acyl-CoA

trafficking in many eukaryotes and some prokaryotes (Xiao

and Chye 2009). ACBPs can influence plant development

including early embryogenesis, as well as plant stress

responses including pathogen resistance (Xiao and Chye

2010). In this study, ACBP5 was simultaneously down-

regulated during AR formation. The findings of the present

study may facilitate in better understanding the role of DNA

metabolism in AR formation.

Conclusions

Our data provides an overall view of dynamic transcrip-

tomic changes occurring at different AR formative stages

in C. bungei ‘YU-1’ variety. Based on the data presented in

the present study, we propose a preliminary overview of

the important biological processes occurring during AR

formation (Fig. S2). In favorable conditions, including

environment factors such as content of IBA, temperature,

humidity, and nutrient status, the plants detect these signals

and initiate various developmental processes such as AR

formation, which involves hormone regulation (including

hormone biosynthesis, conjugation, transport, and degra-

dation), lignin biosynthesis, carbohydrate metabolism, and

up-regulation of a series of AR formation-related genes.

Crosstalks between CTK and ET promote the callus for-

mation and crosstalks between auxin and BRs promote the

AR elongation. The lower levels of ABA might promote

the AR formation. Once the carbohydrate supply in the

whole plant is sufficient, AR formation was induced under

hormone stimulated. AR formation is accompanied by the

up-regulation of genes in the lignin biosynthesis pathway.

The degree of lignification in stem might be a limiting

factor of AR formation. Although this analysis cannot

completely account for AR formation in C. bungei ‘YU-1’,

it serves as a powerful tool to further explore candidate

pathways and genes associated with this complex process.

We expect our comprehensive transcriptional overview to

prove useful in both furthering the understanding of

molecular networks that regulate AR formation, and in the

exploration of genes that may improve rooting rates of

other trees.
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Friml J, Benková E, Blilou I, Wisniewska J, Hamann T, Ljung K,

Woody S, Sandberg G, Scheres B, Jürgens G et al (2002a)

AtPIN4 mediates sink-driven auxin gradients and root patterning

in Arabidopsis. Cell 108:661–673
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