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Abstract

Cinnamomum bodinieri is a useful plant that could be improved by increasing its cultivation rate. To explore the optimal
concentration of exogenously applied IBA for root formation and development in the C. bodinieri citral type, micro-shoots
and the fresh tissues of their bases were subjected to morphological and transcriptome analyses, respectively. When plant-
edQuery on a rooting medium (1/2 MS) with 1.5 mg/L IBA for 25 days, the rooting rates and root numbers were significantly
higher than those obtained with 0, 0.5, 1.0, or 2.0 mg/L IBA treatment. Transcriptome analyses conducted O day, 7 days,
11 days, and 14 days after planting in the optimal rooting medium demonstrated that the IBA modified the plant’s carbohy-
drate metabolism and auxin signaling pathway. The root-specific expressions of TIR1, GH3, and SAUR were up-expressed
while AUX/IAA was repressed, which contributed to the formation of lateral root initiation sites and root cell elongation. At
the same time, D-glucose synthesis increased and the accumulation of starch decreased as more carbohydrates were used to
form and develop roots instead of being used for the rapid cell division required for shoot growth. This study identified the
optimal rooting medium for the C. bodinieri citral type and determined the molecular mechanisms involved in the regulation
of exogenously applied IBA during root formation and development at the transcriptional level.
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Introduction

Cinnamomum bodinieri is an excellent tree species for the
construction of forests. It has multiple applications in bio-
medicines, food additives, spices, cosmetics, and antibacte-
rial agents (Liu et al. 2019; Wu et al. 2019). Recently, C.
bodinieri has been cultivated as an economically important
tree for its medicinal and aromatic properties (Chen et al.
2017; Li et al. 2018). Selective breeding has produced C.
bodinieri with special uses, such as for spice strains with
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characteristic flavors and aromas, and high-potency medici-
nal cultivars (Chen et al. 2018). The C. bodinieri citral type
was so named for the large amount of citral in its root bark,
stem bark, and leaves. Citral, 3,7-dimethyl-2,6-octadienal is
a key component of several essential oils and natural antioxi-
dant substances (Bouzenna et al. 2017). Citral is also widely
used in aromatherapy, food, pesticides, and as a fungicide
(Wuryatmo et al. 2003). These traits give the C. bodinieri
citral type high economic value and have made it the focus
of recent scientific research.

At present, artificial planting of C. bodinieri citral type is
mainly achieved via stem cutting cultivation and tissue cul-
ture; however, these techniques result in low survival rates
and slow growth, which restrict production. It would be use-
ful to improve the plant’s survival rate and rooting velocity
and rate. The formation of plant roots is accompanied by cell
division and expansion. Phytohormones play important roles
in the regulation of cell division and expansion. The phy-
tohormone auxin, which is mainly distributed in young and
growing tissues and organs, is critical for plant growth and
orchestrates many developmental processes (Yoshihisa et al.
2012). Indole-3-acetic acid (IAA) is recognized as the key
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auxin in most plants and it can be obtained by p-oxidation
of indole-3-butyric acid (IBA), a second endogenous auxin
(Woodward and Bartel 2005). It has been proven that the
treatment of IBA enhances root regeneration in stem cuttings
of different species, such as the mung bean (Pan and Tian
1999), Moraiolo (Al et al. 2009), Camellia sinensis (Rout
2006) and so on. It is worth noting that the physiological
role of auxin is twofold: a low concentration promotes plant
growth by promoting cell proliferation and expansion (Igbal
et al. 2016), while an excessive concentration retards devel-
opment (Bjorkman 2004). The present study was carried out
to determine the optimum concentration of IBA needed to
maximize the rooting potential of stooled shoots (Lal et al.
2007; Jamro et al. 2018).

In this study, fresh tissues from the micro-shoot base
were used for morphological analysis to identify the optimal
concentration of IBA for the rooting of C. bodinieri citral
type micro-shoots. Based on transcriptome analysis, auxin
signaling was observed to be involved in the subtle control
and regulation of the carbohydrate metabolism process. A
hypothesis integrating the metabolism adjustment and sign-
aling alteration processes is presented.

Results

Global transcriptome analysis of the micro-shoot
base in C. bodinieri citral type

To identify the optimal concentration of exogenous auxins,
different concentrations of IBA (0.5, 1.0, 1.5, 2.0 mg/L)
were used to culture the micro-shoots of C. bodinieri
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Fig. 1 Root development under the different concentration of IBA.
A Rooting rates, root numbers, root length and diameter of 25 days
C. bodinieri citral type micro-shoots after planting on the 1/2 MS
media with 0.5, 1.0, 1.5 and 2.0 mg/L IBA. All the plants were grown
under natural conditions and normal nutrients. B Phenotypes of 1 day,
3 days, 5 days, 7 days, 11 days and 14 days C. bodinieri citral type
micro-shoots growing on the 1/2MS media with IBA(1.5 mg/L)
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citral type for 25 days. Significantly different effects were
observed (Fig. 1A). The differences in root length and root
thickness were not significant. However, it is worth noting
that the rooting rates and root numbers first increased and
then decreased with increases in IBA concentration. The
rooting rate reached 75.00 +2.27% and the root number
reached 3.50 +0.18 with 1.5 mg/L IBA treatment, which
was significantly higher than that in other treatments. The
next highest rates were observed in the 2.0 mg/L IBA treat-
ment (68.75 +5.06% and 3.06 +0.33, respectively). These
results demonstrate that the optimum rooting medium was
1/2 MS with 1.5 mg/L IBA.

Transcriptome analysis of the different stages of root
development in the micro-shoot base of C. bodinieri cit-
ral type can provide a crucial systems-level insight into
the molecular mechanisms underlying the formation and
development of roots. When culturing on the 1/2 MS
with 1.5 mg/L IBA, the morphology of the base was basi-
cally unchanged over the first 5 days. The base of the tis-
sue culture seedlings expanded and calluses appeared at
7 days. Adventitious roots appeared in the tissue culture
seedlings at 11 days and these grew and became obvious
after culturing on the medium for 14 days. Based on these
phenotypes, four time points representing major stages in
root development were identified: 0 day, 7 days, 11 days,
and 14 days. These were chosen for global transcriptome
analysis and named ZH1, ZH2, ZH3, and ZH4, respec-
tively (Fig. 1B).

1/2MS + IBA (1.5 mg/L)

15 2 od 3d 5 7d 9d 11d  14d

& D
ZH1 ZH2 ZH3 ZH4

(white bar=1.5 cm). The 0 day, 7 days, 11 days and 14 days plants
were chosen and named as ZH1 to ZH4 respectively. All bars repre-
sent means +SD and those labeled with a letter are significantly dif-
ferent at P <0.05 by Duncan’s test. Three biological replicates in the
experiment were performed, and each biological replicate consists of
30 plants
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Overall differentially expressed genes (DEGs)
in the four developmental periods

To understand the molecular mechanism and regula-
tion networks of C. bodinieri citral type during its vari-
ous developmental periods, differentially expressed
genes [log2 (relative expression level) > 1 and < — 1,
padj £0.05, DEGs] in ZH2, ZH3 and ZH4 against with
ZH1 were identified by RNA-Seq (Supplemental Tab.
S1/S52/S3). Principal component analysis (PCA) of the
DEGs revealed the separation of gene expression profiles
among ZH1, ZH2 and ZH3 were quite different from each
other. The distribution of the three biological replicates
was aggregated, and the gene expression profiles of ZH4
were specifically similar with ZH3 (Fig. 2a). As summa-
rized in Fig. 2b, compared with ZH1, 3307 upregulated
and 3307 downregulated genes were observed in ZH2,
5037 upregulated and 4773 downregulated genes were
observed in ZH3 compared with ZH1, and 4162 upregu-
lated and 3655 downregulated genes were observed in
ZH4 against ZH1. When comparing the DEGs of different
groups, 1598 genes were consistently up-expressed and
1802 genes were down-expressed during the development
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Fig.2 Overall differentially expressed genes (DEGs) during the
development of C. bodinieri citral type. a Principal component analy-
sis (PCA) of differentially expressed genes (log2 (relative expres-
sion level) > 1 and<-1, DEGs) in 4 groups. b The histogram of the
statistical results for the DEGs in four groups. The blue for down-
expressed genes and the gray for up-expressed genes. ¢ Venn diagram
of the overlap between the DEGs between ZH2 and ZH1, ZH3 and
ZH1, ZH4 and ZH1. d The clustering analysis results of the relative
expression levels of the different groups

periods, based on the Venn diagram in Fig. 2c. And
there were more genes with the same expression pattern
(1744 up-expressed, 1221 down-expressed) between the
ZH4vsZH1 and ZH3vsZH1, that was just consistent with
the aggregation of ZH3 and ZH4 in the Fig. 2a. The clus-
tering analysis results of the relative expression levels of
the overlapped genes in the four groups are also shown
in Fig. 2d.

Effects of IBA on cell division based
on transcriptome analysis

Gene ontology terms for ZH2 vs ZH1, ZH3 vs ZH1 and
ZH4 vs ZH1 showed different enrichment results for stress
response, metabolism, biosynthesis, signaling, and pro-
tein transport, and so on. The up-expressed genes in ZH2
against ZH1 were enriched in the metabolism of carbohy-
drate and cellular glucan, while up-expressed genes in ZH4
against ZH1 were highly enriched in the plant response
process. Genes regulating the division of plant cells were
up-expressed during the whole rooting process (Fig. 3a, red
dotted box). At the same time, all of the down-expressed
genes in ZH2, ZH3, and ZH4 against ZH1 were enriched
in the metabolic and biosynthetic processes of amide and
peptide (Fig. 3a, dark blue dotted boxes). It was worth notic-
ing that the upregulation of six TARGETING PROTEINs
FOR XKLP2(TPX2), six CYCLINs and ten cellulose syn-
thases indicates that the cell division was strong (Fig. 3b).
Transcriptome analysis showed that the expression of genes
involved in nucleosome assembly, transcript regulation, and
cell division were significantly altered during root forma-
tion and development. Four genes encoding histone 4, four
genes encoding histone 3.2, seven genes encoding histone
2, and two genes encoding histone 1 were significantly up-
regulated, while two genes encoding deacetylase, which
regulates the acetylation levels of histones and transcription
factors, were down-expressed (Fig. 3c). The expression of
genes was regulated by a complex interaction of cis-acting
elements and trans-acting factors. There is no doubt that
the TFs function effectively as trans-acting factors in plant
growth, and the expressions of 6 bZIP, 3 ZF-HD, 2 HSP, 20
WRKY, 26 MYB TFs were improved significantly (Fig. 3c).

IBA changes the expression of the crucial auxin
signaling pathway genes

To further compare the differences and similarities of these
expression profiles, the DEGs in different lines were divided
into seven groups according to the Venn diagram (group 7,
overlapped in three lines; groups 4/5/6, overlapped between
two lines; groups 1/2/3, DEGs in a single line; Fig. 4a). The
GO classification of group 7 genes showed they were pri-
marily involved in stimulus, especially the auxin response
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(Fig. 4a, black dotted box). Auxin plays a crucial role in the
development of plants, especially the roots. By comparison,
auxin was the most altered hormone signaling cascade, as

demonstrated by the improved expressions of auxin response
genes such as two TIR] (transport inhibitor response 1-like
protein, gene-CKAN_00789000, gene-CKAN_02338200),
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«Fig.3 DEGs during the rooting were involved in nucleosome assem-
bly, transcript regulation, cell division and growth. a GO enrichment
analysis clustering results of the up-expressed (read) and down-
expressed (blue) gene of ZH2, ZH3 and ZH4 in contrast to ZH1. b
Up-regulated genes involved in cell division and growth. ¢ Up-reg-
ulated genes involved in nucleosome assembly and transcription
factor families. The absolute values of log2 (ZH2,3,4/ZH1)>1 and
FDR <0.001 were used as the criteria for DEGs. The color of the box
represents up (red) and down (green)-regulated genes (ZH2,3,4/ZH1),
and the value in the box is the log2 of the genes in the micro-shoots
base

3 GH3 (beta-glucosidase, gene-CKAN_00900200, gene-
CKAN_02292900, gene-CKAN_00275400) and 7 SAUR
-like auxin-responsive family genes, and by the down-
regulated expressions of 5 AUX/IAA (auxin-responsive
protein, gene-CKAN_00961900, gene-CKAN_01790600,
gene-CKAN_00406800, gene-CKAN_02372500, gene-
CKAN_00662300). Meanwhile, the ARF (Arf GTPase
activating protein) showed no significant change in expres-
sion level. Concomitantly, each two genes with significant
changes in expression of TIR1, AUX/TAA, GH3 and SAUR
families were selected for the real-time RT-PCR analysis,
and details of the time-specific expression assay results
shown in Fig. 4c were highly coincident with the RNA-seq
result.

Expression profiles of carbohydrate metabolism
pathway genes

Based on the Venn assay, the GO classification of group 7
genes also indicated they were highly enriched in the car-
bohydrate metabolic process (Fig. 4a, red dotted box). A
significant change was observed in the carbohydrate metab-
olism pathways, and the amylose synthesis pathway was
decelerated (Fig. 5a). Four sucrose synthases (such as gene-
CKAN_00708900 and gene-CKAN_02213000), three pfkB-
like carbohydrate kinases (such as gene-CKAN_02194700,
gene-CKAN_00641200), three trehalose phosphatases
(such as gene-CKAN_01644300, gene-CKAN_01644300),
seven f-glucosidases (such as gene-CKAN_00451800,
gene-CKAN_01817400), three glycosyl hydrolases (such
as gene-CKAN_00486900, gene-CKAN_02436500), seven
glycosyl transferases (such as gene-CKAN_00696500,
gene-CKAN_00786100) and three B-amylases, six phos-
phogluco mutases, and two hexokinases were significantly
up-expressed in ZH2, ZH3, and ZH4 compared with ZH1
(Fig. 5a). At the same time, each two genes with significant
changes in expression of sucrose synthases, pfkB-like car-
bohydrate kinases, trehalose phosphatases, -glucosidase,
glycosyl hydrolases and glycosyl transferases families were
also selected for the real-time RT-PCR analysis to indicate
the RNA-Seq assay results (Fig. 5b). All of these genes were
up-expressed after the treatment of IBA. In addition, the

range of expression levels were relatively large from ZH1
to ZH3. These results indicate that IBA might indirectly up-
regulate the expression of amylase synthesis pathway genes.
To explore the mechanism of root development from days
0 to 14 after planting with the 1/2 MS with 1.5 mg/L IBA,
the starch and the soluble sugar contents of stems (part of
the 1 cm to the end) and leaves in ZH1, ZH2, ZH3, and ZH4
were analyzed after 12 h light exposure (within the circadian
rhythm of 12:12 h light:dark). The content of soluble sugars
were increased, while the content of starch decreased with
the time of culture (Fig. 5c¢).

Discussion

Plant tissue cultivation always begin with the process of
overcoming wounding response. Based on the RNA-Seq
data from the O to 14 days after planting on the 1/2 MS
with 1.5 mg/L IBA, the expressions of three wounding
response protein (CKAN_01684900, CKAN_00960200,
CKAN_01684700) and one wound-induced protein precur-
sor (CKAN_01790800) were significantly induced, whose
expression in ZH4 showed 2.08, 14.5, 1.5 and 1.48-fold of
that in ZH1 respectively. This result indicates the accuracy
of transcriptome sampling and the reliability of transcrip-
tome data from a side.

The GO, KEGG pathway, and relative expression level
clustering analyses demonstrate that during the forma-
tion and development of roots, DEGs were enriched in the
auxin signaling pathway (Fig. 4b). Previous studies show
that auxin plays a central role in regulating root growth
and development by regulating the expressions of TIRI,
AUX/IAA, ARF, GH3, and SAUR. TIR1 was the recogni-
tion component of the SCF complex associated with the
ubiquitin—proteasome pathway involved in auxin signal-
ing and the receptor for IAA (Walsh et al. 2006). Gene-
CKAN_00789000 and gene-CKAN_02338200 are the
orthologs of AUXIN F-BOX PROTEIN 5 (AFB5) and AtTIR1
in Arabidopsis, and are highly expressed in the root, hypoco-
tyl, and cotyledon cells. AFBS5 plays an important role in
the development of lateral roots (Ishimaru et al. 2018),
and the T-DNA insertion mutants afb2-3, afb5-5, and tirl-
1 are resistant to IAA and the synthetic auxin picloram
in dwarf plants (Prigge et al. 2016). Mutant tirl-1 is also
resistant to auxin-mediated inhibition of root elongation
(Ishimaru et al. 2018; Biswas et al. 2019). These results
are consistent with the improvements in the expressions
of gene-CKAN_00789000 and gene-CKAN_02338200
from ZH1 to ZH4 (Fig. 4c). The AtGH3.17 orthologs in C.
bodinieri citral type are gene-CKAN_00900200 and gene-
CKAN_00275400, which belong to the GH3 group II family
and encode an IAA-amido synthase (Pierdonati et al. 2019).
Prior study indicates that PIN5 and GH3.17 can regulate
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Fig.4 Go terms and pathway analysis of DEGs showed that auxin
signaling process was significantly changed during the development.
a Venn diagram (divided into seven groups) of the overlap and the
GO enrichment analysis results of different groups. b DEGs involved
in the auxin signaling pathway. The absolute values of log2 (ZH2,3,4/
ZH1)>1 and FDR <0.001 were used as the criteria for DEGs. The
color of the box represents up (red) and down (green)-regulated

auxin transport and control auxin levels throughout the root
meristem to regulate its size and root growth (Di Mambro
et al. 2019). The up-regulated gene-CKAN_00900200 and
gene-CKAN_00275400 were positively correlated with the
development trend of the roots. Gene-CKAN_00358400/
gene-CKAN_01922100, which is the ortholog of SAUR41
(SMALL AUXIN UPREGULATED 41) in C. bodinieri cit-
ral type, encodes a clade III SAUR gene with a distinctive
expression pattern in root meristems and is also involved in
auxin transport and the formation of a radial root pattern
(Qiu et al. 2013, 2019).

The AUX/IAA proteins are short-lived nuclear proteins
sharing four conserved domains (Park et al. 2002). In this
study, gene-CKAN_01790600, gene-CKAN_00406800
and three other genes, the orthologs of At/AA2/3 (INDOLE-
3-ACETIC ACID INDUCIBLE 2/3) in Arabidopsis (which
can regulate lateral root development by activating the
expression of LBD16/18; Lee et al., 2015), were repressed
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ZH1) of the genes in the micro-shoots base. Schematic of the path-
ways modified according to the KEGG. ¢ Expression profiles of genes
(real-time RT-PCR results) involved in auxin signaling process during
different stages of shoots rooting on the 1/2 MS with 1.5 mg/L IBA.
All bars represent means +sd (n=repeated 3 times) and those labeled
with a letter are significantly different at P <0.05 by Duncan’s test

in ZH2, ZH3, and ZH4 against ZH1. The shy2-101 gene, a
mutant of JAA3, had more lateral root initiation sites in the
distal root region but the subsequent periclinal cell division
was inhibited (Goh et al. 2012), which explains the root for-
mation and retarded plant growth. In summary, analysis of
the DEGs in the auxin signaling pathways revealed that these
IAA-modulated developmental processes were altered in the
IBA treatments. They improved the formation and develop-
ment of lateral roots but induced growth retardation.
AtSUSS is the ortholog of gene-CKAN_00708900/gene-
CKAN_02213000 in Arabidopsis, and encodes the crucial
SUCROSE SYNTHASE, which catalyzes the reversible
conversion of sucrose and a nucleoside diphosphate into a
corresponding nucleoside diphosphate-glucose and fruc-
tose (Bieniawska et al. 2007). Research in recent decades
has shown that SUS is not a determining factor in the bio-
synthesis of cellulose and starch, but has been confirmed
to be involved in the sucrose-starch and sucrose—cellulose
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conversion processes (Baroja-Fernandez et al. 2012). These
results indicate that there is an active carbohydrate con-
version process occurring during root formation. Gene-
CKAN_02194700/gene-CKAN_00641200 encodes the
PfkB family carbohydrate kinase with fructokinase activity
and is essential for the development and growth of plants
(Gilkerson et al. 2012). Trehalose phosphatase (TPS), which
encodes an enzyme putatively involved in trehalose biosyn-
thesis, is also a key rate-limiting enzyme in the conversion
of reducing sugar to non-reducing sugar, and then to direct
energy (glucose; Eastmond et al. 2002). TPS can regulate
starch and sucrose degradation and is involved in the regu-
lation of glucose sensing and signaling genes during plant
development (Schluepmann et al. 2003; Gémez et al. 2006).
B-Glucosidase (BGLU), such as gene-CKAN_00451800 or
gene-CKAN_01817400, is also exclusively expressed in
roots (Nitz et al. 2001; Ahn et al. 2010) and is the crucial
enzyme for the synthesis of b-glucose. It is worth noting that
SUS, TPS, and BGLU, which took part in sucrose utilization,
were all up-expressed during the formation and development
of roots (Fig. 5a, b).

Amylose is another major source of glucose. ATGATLI
and /RX9, the orthologs of gene-CKAN_00696500 and
gene-CKAN_00786100 in Arabidopsis, encode glycosyl
transferase, which contributes to the utilization of starch gly-
cogen and the biosynthesis of glucuronoxylan and p-glucose
(Lao et al. 2003; Shao et al. 2004; Lee et al. 2007). Starch
glycogen can also degrade to p-glucose through maltose
based on pB-amylase, such as BAM1/3, which regulates cell
division and differentiation to organize cell layers by regu-
lating CLV 1-dependent CLV3-mediated signaling in mer-
istem maintenance (DeYoung et al. 2006; DeYoung and
Clark 2008). The overexpression of glycosyl transferases
and fB-amylases was identified by RT-PCR (Fig. 5b), and
the leaves and stems of ZH2, ZH3, and ZH4 undoubtedly
had reduced accumulations of starch compared to that of
ZH1 (Fig. 5¢).

All these results indicate that exogenously applied IBA
modifies carbohydrate metabolism and the auxin signaling
pathway (Fig. 6). On the one hand, the root-expressed genes
TIRI, GH3, SAUR, and AUX/IAA improved the formation of
lateral root initiation sites and root cell elongation. On the
other hand, p-glucose synthesis was increased and disac-
charide (sucrose) and starch utilization was accelerated,
potentially due to the kernels attempting to use more car-
bohydrates to form and develop roots instead of undergoing
rapid cell division and growing shoots.

Materials and methods
Plant materials

Plants were grown on 1/2 MS agar plates at 25 °C under
natural daylight conditions (12:12 h light:dark cycle, with a
4000 Ix incandescent lamp as a supplementary light source).
For RNA extraction and content measurement, fresh tissues
of the micro-shoots base (10 mm, 8 plants per sample) taken
0 day, 7 days, 11 days, and 14 days after planting on the
1/2 MS media were collected. External contaminants were
removed by washing with ultrapure water three times, then
samples were frozen in liquid nitrogen and stored at — 80 °C.

Transcriptome analysis

All samples were sent to Novogene (Beijing, China) for
extraction, sequencing, and bioinformatics analyses. mRNA
was purified from total RNA using poly-T oligo-attached
magnetic beads. Fragmentation was carried out using diva-
lent cations under elevated temperature in NEBNext First
strand synthesis reaction buffer (5 X). First-strand cDNA was
synthesized using random hexamer primer and M-MuLV
Reverse Transcriptase (RNase H-). Second strand cDNA
synthesis was subsequently performed using DNA Polymer-
ase I and RNase H. Remaining overhangs were converted
into blunt ends via exonuclease/polymerase activities. After
adenylation of the 3’ ends of the DNA fragments, NEBNext
Adaptor with a hairpin loop structure was ligated to prepare
for hybridization. In order to select cDNA fragments that
were preferentially 250-300 bp in length, the library frag-
ments were purified with an AMPure XP system (Beckman
Coulter, Beverly, USA). Then, 3 pL. USER Enzyme (NEB,
USA) was used with size-selected, adaptor-ligated cDNA at
37 °C for 15 min, followed by 5 min at 95 °C before PCR
analysis. Then, PCR was performed with Phusion High-
fidelity DNA polymerase, Universal PCR primers and index
(X) Primer. Finally, PCR products were purified (AMPure
XP system) and library quality was assessed on the Agilent
Bioanalyzer 2100 system.

Clustering and sequencing

Clustering of the index-coded samples was performed on a
cBot Cluster Generation System using a TruSeq PE Cluster
Kit v3-cBot-HS (Illumina) according to the manufacturer’s
instructions. After cluster generation, the library prepara-
tions were sequenced on an Illumina Novaseq platform and
150 bp paired-end reads were generated.
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«Fig. 5 Differential expression of representative genes involved in car-
bohydrate metabolism process. a DEGs in carbohydrate metabolism.
The absolute values of log2 (ZH2,3,4/ZH1)>1 and FDR<0.001
were used as the criteria for DEGs. The color of the box represents up
(red) and down (green)-regulated genes (ZH2,3,4/ZH1), and the value
in the box is the log2 (ZH2,3,4/ZH1) of the genes in the micro-shoots
base. Schematic of the pathways modified according to the KEGG.
b Expression profiles of genes involved in carbohydrate metabolism
process during different stages of shoots rooting on the 1/2 MS with
1.5 mg/L IBA. c Staining results with Lugol’s solution. ¢ Changes of
starch and soluble sugar contents in ZH1, ZH2, ZH3 and ZH4. All
bars represent means=+sd (n=repeated 3 times) and those labeled
with a letter are significantly different at P <0.05 by Duncan’s test

Differential expression analysis

Differential expression analysis of four groups (three bio-
logical replicates per condition) was performed using the
DESeq2 R package (1.16.1). DESeq?2 provides statistical
routines for determining differential expressions in digital
gene expression data using a model based on the negative
binomial distribution. The resulting P values were adjusted
using Benjamini and Hochberg’s approach for controlling the
false discovery rate. Genes with an adjusted P value <0.05
found by DESeq?2 were assigned as differentially expressed.
The selection of differentially expressed genes was based on
FDR <£0.001 and an absolute value of Log?2 (relative expres-
sion level, compared with WT)>1 and < — 1.

GO and KEGG enrichment analysis of differentially
expressed genes

Case special deep analysis based on DEGs, including
GO and KEGG pathway enrichment analysis, was done
by our group. Gene ontology (GO) enrichment analysis
of differentially expressed genes was implemented by the
cluster Profiler R package, in which gene length bias was
corrected. GO terms with corrected P values <0.05 were

Root expressed Auxin Singling Pathway
Lateral root initiation sites
Root cell elongation
Periclinal cell division

TIR1 (IAA receptor)
1.5mg/L - GH3 (IAA-amido synthase)

IBA SAUR (AUXIN UPREGULATED)
AUX/IAA (Transcription regulator)

Carbohydrate Metabolism
Starch accumulation
Disaccharide (sucrose) and starch utilization
D-glucose synthesis

D-glucose

Retarded Shoot development
Improved Root formation and development

Fig.6 The proposed model for the regulation of roots development
by exogenous IBA. The root expressed TIR1, GH3, SAUR and AUX/
IAA improved the formation of lateral root initiation sites, the root
cell elongation. D-Glucose synthesis was increased, disaccharide
(sucrose) and starch utilization was accelerated

considered significantly enriched by differential expressed
genes. KEGG is a database for understanding the high-level
functions and utilities of biological systems, such as cells,
organisms, and ecosystems, from molecular-level informa-
tion, especially large-scale molecular datasets generated by
genome sequencing and other high-throughput experimental
technologies (https://www.genome.jp/kegg/). We used the
cluster Profiler R package to test the statistical enrichment
of differentially expressed genes in KEGG pathways.

Plant RNA extraction and real-time RT-PCR

The total RNA was extracted using Trizol reagent (Takara,
Japan). An amount of 500 ng total RNA was used for inverse
transcription with a Transcriptor First Strand cDNA Synthe-
sis Kit (Takara, Japan). We diluted the cDNA ten times and
then used it as the template for real-time PCR (RT-PCR).
The RT-PCR reaction system comprised SYBR® Premix Ex
TaqTM (2x) 5 pL, PCR Forward Primer (10 pM) 0.2 pL,
PCR Reverse Primer (10 pM) 0.2 pL, cDNA template 1 pL,
and distilled deionized water up to 10 pL. The PCR process
used the following conditions: 95 °C for 15 s, 56 °C for 30 s,
and 72 °C for 30 s for 40 cycles.

Determination of soluble sugars and starch contents

Starch and soluble sugars were determined with Anthrone
reagent (Hansen and Moller 1975; Taylor et al. 1982) with
the leaves and the stems (1 cm to the end) as the materials
(three biological replications, five plants for each biological
replication).
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