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SUMMARY

Adventitious root (AR) growth is vital for mass propagation of bamboo, and there is a significant difference

in the rooting ability among different bamboo species. The differences of AR differentiation from the bam-

boo branch were undefined. In this study, it was found that the thickness and lignification degrees of the

cortex were closely related to the degree of rooting difficulty of the branch base in different bamboo spe-

cies. The inner cortical cells restored their division ability and further differentiated AR primordium in Den-

drocalamus brandisii. Indole-3-acetic acid (IAA) and jasmonic acid (JA) played a crucial role in the

development of ARs, and further IAA and JA treatment analysis indicated that only low concentration hor-

mones could enhance AR differentiation. DbCRL1 and DbAOS1 were defined to be related to the AR differen-

tiation, and their positive functions were validated in rice. DbAOS1 exhibited an ability to independently

enhance and activate ANTHRANILATE SYNTHASE in the auxin production pathway. DbCRL1 could interact

with DbWOX11 in vivo and in vitro, wherein they promote AR differentiation synergistically. These findings

revealed the differences of AR differentiation in the branch and provided new insights into the rooting

mechanism of D. brandisii branch.
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INTRODUCTION

Bamboos belong to the grass family and have enormous eco-

nomic, ecological, and social ramifications globally (Chatur-

vedi et al., 2023). Compared with crops or economic trees,

bamboos bloom infrequently and exhibit a low seed setting

rate. Consequently, vegetative propagation is widely used for

afforestation, with adventitious roots (ARs) differentiation

playing a crucial role in this process. Vegetative propagation

varies among different types of bamboo due to their signifi-

cant differences in rooting ability (Singh et al., 2013). Our

observations on Dendrocalamus brandisii showed that there

are ARs in the base and lower nodes of bamboo culms (3–4

nodes above the ground), and even the branch base can pro-

duce roots under the environmental conditions of high

humidity and high temperature in the rainy season (Chu

et al., 2020). These branches can develop into new plants

after cutting, and accordingly, the culms and nodes are

usually selected for branch cuttage. However, the bamboo

species of Fargesia, such as Fargesia yunnanensis, are

unable to produce root primordium at the base of their

branches in natural environments. One of our previous stud-

ies also showed only a few ARs can be induced from their

branch bases after 1 year via the method of trenching layer-

ing with culm bases (Wang et al., 2010). Moreover, the

branch bases of the scattered bamboos, including Phyllosta-

chys edulis and Phyllostachys mannii, lack root primordium

in natural environments and even under cuttings. The differ-

entiation capabilities of ARs vary significantly among differ-

ent bamboo species. What causes the difference in ARs

differentiation ability is unknown.

The formation of ARs varies with species and original

positions. ARs usually emerge from the non-root tissue
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and are formed upon wounding or other types of abiotic

stress (Zeng et al., 2021). ARs can be formed directly from

leaves or stems in some plants (Fattorini et al., 2018), or

directly from callus (Verstraeten et al., 2014). Many plant

species are able to regenerate ARs from aerial parts or tis-

sues that undergo excessive proliferation (Jing

et al., 2020). Some species have a single origin of root pri-

mordia. By definition, ARs originate from dormant pre-

formed meristems, or from cells neighboring vascular

tissues in stems or leaves (Joshi & Ginzberg, 2021). In rice,

AR formation includes three key stages: the emergence of

founder cells from cells adjacent to the vascular cylinder,

the initiation and differentiation of root primordia, and the

emergence of AR. This process is crucial for the plant’s

ability to absorb nutrients and water, and it is influenced

by various factors including hormones and environmental

conditions (Singh et al., 2023). The origination position of

AR primordium in the branch base of D. brandisii has not

been determined.

The regulation of AR formation is an adaptive response

to different environments (Atkinson et al., 2014; Bellini

et al., 2014; Gonin et al., 2019). In wheat (Triticum aestivum),

waterlogging induces the formation of nodal roots with aer-

enchyma tissues (Nguyen et al., 2018), a process facilitated

by the production of ethylene and reactive oxygen species.

These signaling molecules enhance the expression of genes

involved in auxin biosynthesis and transport, thereby pro-

moting the emergence of nodal roots (Nguyen et al., 2018;

Yamauchi et al., 2014). Low-oxygen conditions might directly

regulate the reactivation of dormant AR primordia in the sub-

merged stems. The overexpression of the ZmEREB180 gene

was found to significantly enhance crown root (CR) initiation

in maize under waterlogged conditions (Yu et al., 2019). The

WUSCHEL-related homeobox (WOX) and lateral organ

boundaries domain transcription factor families play essen-

tial roles in controlling CR development in rice (Geng

et al., 2024). Additionally, mineral deficiency can also

increase AR formation. Under conditions of nitrogen, phos-

phorus, potassium, and sulfur deficiencies, OsmiR167 in rice

targets and degrades OsARF8, thereby reducing the function

of OsGH3.2 and increasing the levels of active auxin in roots,

which may indirectly enhance CR formation in rice (Grewal

et al., 2018). Unlike some model plants, ARs originate

post-embryonically from tissues, which may occur in

response to flooding, darkness, nutrient deprivation, or

mechanical wounding (Lakehal & Bellini, 2019; Steffens &

Rasmussen, 2016). As monocotyledonous plants, bamboo

lacks a lateral meristem, with height growth mainly depend-

ing on the intercalary meristem. There is limited research on

the regulation of AR formation in bamboo. The root primor-

dium differentiation mechanism is also unclear.

Root regeneration initiates in the distal root meristem

formation, followed by the activation of a stem cell niche,

and cell identity is closely correlated with hormone domain

formation (Efroni et al., 2016; Gonin et al., 2019; Lakehal &

Bellini, 2019). The acquisition of specific cells of plants pri-

marily relies on the regulated orientation of cell divisions

(Rasmussen & Bellinger, 2018). However, the signals and

mechanisms governing the transition between cell-cycle

stages and the regulation of the cell division plane during

patterning are presumably plant specific (Marhava

et al., 2019). What accounts for the variations in ARs differ-

entiation ability among different bamboo species? System-

atic investigations into the molecular and physiological

mechanisms underlying ARs differentiation are lacking. In

this research, the anatomy, physiology, and multi-omics

methods were employed to solve the problem. The struc-

tural characteristics and differentially expressed genes

(DEGs) expression of three types of bamboos, including D.

brandisii, F. yunnanensis, and P. mannii, were analyzed,

and the dynamical changes in sugar metabolism and hor-

mones were also investigated during ARs differentiation.

Gene modules were derived from the weighted correlation

network analysis (WGCNA) based on Kyoto Encyclopedia

of Genes and Genomes (KEGG) pathways. The functional

hormones and genes were filtered and verified, and the

physiological differences and the related gene expression

pattern were analyzed. By conducting a comprehensive

analysis of ARs differentiation, a global architecture of the

positive regulator in bamboo root induction was estab-

lished. Our study demonstrated the differences in AR dif-

ferentiation in branches among different bamboo species

and revealed the potential mechanism underlying AR for-

mation in easily rooted bamboo species.

RESULTS

Morphological and anatomical differences in the branch

bases of different bamboo species

There were significant morphological and anatomical dif-

ferences in the branch bases of D. brandisii, F. yunnanen-

sis, and P. mannii (Figure 1a–c). The branch bases of D.

brandisii exhibited significant swelling and more pro-

nounced nodes compared to those of F. yunnanensis and

P. mannii. ARs usually formed at the position close to the

sheath scar. The branch bases of F. yunnanensis and P.

mannii showed higher lignification of epidermis compared

to those of D. brandisii (Figure 1d–f). It could also be

noticed that the density of vascular bundles in the cortex

increased with the increasing difficulty of rooting in the

branch bases of F. yunnanensis and P. mannii (Figure 1e,f).

The bamboos with intensive nodes, lower lignification of

epidermis, and thicker cortex and subcutaneous layer at

the branch bases showed a higher ability in AR differentia-

tion as compared to those of the bamboos with longer

internodes, higher lignification of epidermis, and thicker

cortex and subcutaneous layer at the branch bases. Higher

lignification, thinner cortex, and subcutaneous layer in the
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branch bases of F. yunnanensis and P. mannii limited the

secondary meristematic cell formation and root primor-

dium differentiation. These results indicated that the AR

differentiation capacity of the branch bases in different

bamboo types depended highly on the morphological and

anatomical characteristics of the branch bases.

According to the changes in morphological and ana-

tomical structural characteristics of the branch bases of D.

brandisii, the ARs differentiation could be divided into four

stages, that is, stage I, II, III, and IV, separately (Figure 2).

The root primordia usually began their differentiation at

the young and tender stage of branch bases (Figure 2a–c,

e–g). Parenchyma cells in the inner part of the cortex and

close to the outer vascular bundles of the branch bases

restored their differentiation ability (Figure 2i,m,q–t) and

differentiated into a new root apical meristem via continu-

ous mitosis (Figure 2j,n), which finally bulged outward to

form the root primordium (Figure 2j,k). In the branch bases

of D. brandisii, the root primordium originated from the

inner cortex cells that were close to the outer vascular bun-

dles, which restored their ability to differentiate. What’s

more, the differentiation of ARs from the branch bases of

D. brandisii was endogenous in origin.

Physiological changes in sugar metabolism and

endogenous hormone contents during ARs differentiation

in the branch bases of D. brandisii

Sugar metabolism played important roles in the AR differ-

entiation of D. brandisii. The changes in endogenous

starch contents and soluble sugar contents showed an

opposite trend from stage I to stage III, and they increased

significantly in stage IV (Figure S1A–E). The non-structural

carbohydrates (NSC) maintained a relatively stable level in

the first three stages and increased significantly in stage IV

(Figure S1F). The activities of the related metabolizing

enzymes also changed accordingly. In the synthesis direc-

tion of starch, soluble starch synthases (SSS) and granules

bound starch synthases (GBSS) activities had a similar

trend to that of starch content (Figure S1G,H). The

degradation direction of starch enzymes, including the

ADP-glucose pyrophosphorylase (AGPase) and starch

phosphorylase (STP) activities, were rather high and

Figure 1. Morphological and anatomical differences of the branch base in different bamboo species.

(a–c) Morphology of the branch base in Dendrocalamus brandisii, Fargesia yunnanensis, and Phyllostachys mannii, respectively. Scale bar, 4 cm. The branch

bases of D. brandisii exhibited significant swelling and more pronounced nodes compared to those of F. yunnanensis and P. mannii. Only a few nodes could be

observed in the branch bases of F. yunnanensis, and no apparent nodes were observed in the branch bases of P. mannii.

(d–f) Anatomical structure of cross section of the branch base in D. brandisii, F. yunnanensis, and P. mannii, respectively. Scale bar, 200 lm. The branch bases

of F. yunnanensis and P. mannii showed higher lignification of epidermis compared to those of D. brandisii. The density of vascular bundles in the cortex

increased with the increasing difficulty of rooting; this limited their secondary meristematic cells formation and root primordium regeneration in the branch

bases of F. yunnanensis and P. mannii.

(g–i) Anatomical structure of longitudinal section of the branch base in D. brandisii, F. yunnanensis, and P. mannii, respectively. Scale bar, 200 lm. Lower ligni-

fied degree and more parenchyma cells in the cortex were observed; more transverse vascular bundles were found in D. brandisii compared to F. yunnanensis

and P. mannii.
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increased constantly (Figure S1I,J). Vacuolar invertase

(VIN) showed much higher activity values as compared to

soluble acid invertase (SAI), cell wall-bound acid invertase

(CWI), and sucrose synthase (SUSY) (Figure S1K–N), which

implied that VIN played a more vital role in AR differentia-

tion. The cellulose content also showed an upward trend

(Figure S1O). These results demonstrated that there were

constant transformations among the substances, including

starch, soluble sugar, and cellulose. Sugar metabolism

was quite active, and more cellulose was synthesized dur-

ing AR differentiation. A large amount of carbohydrates

was consumed during AR differentiation, especially at the

root primordium initiation stage, by increasing the activi-

ties of sucrose metabolizing enzymes and the expression

levels of the related genes during AR development.

The content of indole-3-acetic acid (IAA) increased

from stage I to stage II and then decreased sharply

(Figure S2A), which implied that IAA was a key response

factor for the initiation of root primordium. The content of

other auxin hormones, such as ICA, ICAld, and ME-IAA,

was relatively low (Figure S2B–D). The cytokinins contents

showed a decreasing trend and maintained a low level dur-

ing the whole root differentiation process (Figure S2E–G).

The ratio of IAA to tZ increased first and then decreased in

Figure 2. Morphological and anatomical differences of the branch base during adventitious roots (ARs) differentiation in Dendrocalamus brandisii.

(a–h) Morphology of the branch base in different ARs development stages. Scale bar, 2 mm. Four stages, including stage I, II, III, and IV, were divided. With the

ARs differentiation, the bulges were more and more obvious, and the root was formed in stage IV. Stage I (0 day): Roots undifferentiated, cortical cells in a qui-

escent state; Stage II (2 days): Inner cortical cells regain division ability, initiating root primordium formation; Stage III (3 days): Root primordium structure

formed, with continuous cell proliferation; Stage IV (7 days): ARs break through the epidermis, completing morphogenesis.

(i–l) Anatomical structure of the branch base in different ARs development stages (cross section). Scale bar, 100 lm. The root primordia became more and more

prominent with the development of the branch base. Finally, the root primordium continued to elongate and finally broke out of the epidermis and formed a

complete root.

(m–p) Anatomical structure of the branch base in different ARs development stages (longitudinal section). Scale bar, 200 lm. The parenchyma cells close to the

vascular bundles differentiated into new radial vascular cells that connected inwardly and transversely with the outer vascular bundles of branch bases.

(q–t) Cell mitosis of the branch base in different ARs development stages. Scale bar, 50 lm.
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the subsequent stages (Figure S2H). The trend of changes

in jasmonic acid (JA) content was similar to IAA

(Figure S2I), which indicated that JA might play positive

functions in AR differentiation. JA-ILE content also

increased gradually during root differentiation, but its con-

tent was much lower than that of JA (Figure S2J). As for

SA, it sharply dropped from stage I to stage II and then

increased continuously in the subsequent two stages

(Figure S2K). This implied that a high concentration of SA

did not play the key roles in the differentiation of root pri-

mordium. ABA showed a constantly decreasing trend,

implying its negative effects on AR differentiation

(Figure S2L). The results indicated that IAA and JA were

crucial for AR differentiation.

Dynamics changes in metabolites in the branch bases of

D. brandisii

Compared with those in stage I, a total of 129 metabolites,

including 68 upregulated and 61 downregulated, were

observed in stage II. Fer-agmatine, Hispidulin, Tricin

O-feruloylhexoside O-hexoside, and Catechin gallate et al.

were significantly enriched in stage I/II specially

(Figure S3A). The differentially accumulating metabolites

(DAMs) mainly consisted of amino acids, sugars, and fla-

vonoids, with a notable subset being linoleic acids. As a

precursor substance of JA, these acids included four upre-

gulated metabolites and one downregulated metabolite,

which was specially accumulated in stage I/II (Figure S3B).

Compared with stage I/II, there were more DAMs in stage

II/III and stage III/IV (Figure S3C–F), which indicated that

more substances were prepared for AR development.

RNA-seq and DEGs analysis in branch bases of different

bamboo species during ARs differentiation

The branch bases of D. brandisii, F. yunnanensis, and P.

mannii were selected at different developmental stage (Fig-

ure 3), and mRNA-Seq was performed from cortex tissues

(Dataset S1–S3). The gene expression difference among

different developmental stages in the three bamboo

speices were analyzed using principal component analysis

(PCA) and Venn diagram (Figure 3a–d). Similar to the

changes of DAMs, the number of DEGs increased with AR

development in D. brandisii (Figure 3b). In all of three bam-

boo species, the number of the upregulated genes (2398,

2349, 5461 in D. brandisii, F. yunnanensis and P. mannii,

respectively) was more than that of the downregulated

genes (1586, 1940, 4613 in D. brandisii, F. yunnanensis and

P. mannii, respectively) with their branches development

(Figure 3e). The number of DEGs related to IAA synthesis,

cellulose synthase and sugar metabolism in D. brandisii

was more than those of F. yunnanensis and P. mannii

(Figure 3g). Comparing to F. yunnanensis (Figure S4A) and

P. mannii (Figure S4B), D. brandisii exhibited a more active

molecular function, with the majority of DEGs categorized

under ‘cellulose synthesis activity’, ‘glutathione transferase

activity’, and ‘MAP kinase activity’ (Figure S5A–G). Accord-

ingly, these DEGs might play an important role in AR dif-

ferentiation, which might be affected by many factors such

as hormone-mediated signaling pathway and cellulose bio-

synthesis. The result of quantitative reverse transcriptase-

polymerase chain reaction (qRT-PCR) in the branch base of

D. brandisii was consistent with the trend of transcriptome

(Figure S6), in which each sample had three biological

replicates and three technical replicates to meet the

requirements for data reliability.

Sucrose metabolism and phytohormone regulation

pathway based on correlation analysis

The co-joint KEGG pathway enrichment analysis revealed

that the metabolic pathways, including the biosynthesis of

secondary metabolites, phenylpropanoid biosynthesis,

starch and sucrose metabolism, and biosynthesis of amino

acids, were highly enriched and consistent across stage I/II

and III/IV (Figure S7A,B). In the starch and sucrose metabo-

lism pathway (Figure 4), invertase (INV ), and SUSY played

a pivotal role in deposing sucrose. As the most abundant

storage carbohydrate, starch degradation and synthesis in

plastids depended mainly on alpha-amylase (AMY ),

beta-amylase (BMY ), isoamylase 3 (ISO3), and 1,4-alpha-

glucan-branching enzyme (GBE1). Consistent with the

physiological changes in starch and sucrose metabolism,

the expression of genes was consistent with the degrada-

tion of starch and sucrose during AR differentiation.

As shown in Figure S7C,D, the number of genes

involved in the pathways of IAA and JA biosynthesis and

metabolism increased during AR differentiation. The TAA

and YUC genes were upregulated significantly during the

AR initiation stage. AUX/IAA and GH genes were signifi-

cantly upregulated in stage I/II, and the auxin efflux carrier

(PIN ) was downregulated. The lipoxygenase (LOX ) and

allene oxide synthase (AOS ) genes and the precursor

substances of JA synthesis, including a-linolenic acid, 13-

HPOT, and 12, 13-EOT, were upregulated significantly dur-

ing AR differentiation. Negative regulatory factors of JA,

including COI1, JAZ, and MYC2, were downregulated in

stage IV. The expression of JASMONATE RESISTANT 1

(JAR1, encoding a JA-conjugating enzyme) fluctuated dur-

ing AR differentiation. An enhancement in ANTHRANILATE

SYNTHASE (ASA1) expression was observed during AR

differentiation. These results revealed that the expression

of genes in IAA and JA biosynthesis was consistent with

the accumulation of phytohormones and related metabo-

lites (Figure 5).

Effects of exogenous IAA and JA on ARs formation in the

cuttage and tissue culture plantlets of D. brandisii

Compared to the control, there were noticeably more

ARs after applying a lower concentration of exogenous
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hormones 30 days post-cutting (Figure S8A–C). The

rooting rate, number, and length increased and then

decreased as the hormone concentrations increased

(Figure S8D–F). No statistically significant difference

was found in total root length between treatments with

IAA and JA (Figure S8E). Furthermore, the morphology

of ARs treated by JA was shorter and thicker than those

of IAA and the control. These results suggested that

both IAA and JA promoted AR differentiation, whereas

their roles were not completely the same in root archi-

tecture establishment. The morphological characteristics

of the ARs from the tissue culture seedlings confirmed

the positive role of IAA and JA in AR differentiation

(Figure S9). Compared with the control (Figure S9A,E),

a lower concentration of IAA and JA (10 lM) could

enhance AR formation effectively (Figure S9B,F),

whereas a higher concentration of IAA and JA (20 and

30 lM) was found to inhibit AR formation apparently

(Figure S9C,D,G,H).

Influence of exogenous IAA and JA on the sugar

metabolism and endogenous hormones during ARs

formation in the branch bases of D. brandisii

After the application of both IAA and JA, the endogenous

soluble sugar content of the branch bases increased gradu-

ally, with the highest content at 36 h (Figure S10A), which

was close to that in the branch bases at stage I. Similarly,

the activities of VIN, CWI, and SUSY showed a gradually

increasing trend with time (Figure S10B–D). However, the

values of those treated with JA were always lower than

those of branches treated with IAA but were higher

than those of the control. The starch content also showed

an increasing trend, except for that treated with IAA at

36 h, which decreased slightly (Figure S10E). The activities

of enzymes related to starch synthesis, including SSS,

GBSS, and AGP, decreased constantly except for the STP

(Figure S10F–I). The NSCs contents also showed an

increasing trend with time (Figure S10J). These results

Figure 4. Starch and sucrose metabolism pathway regulating adventitious root differentiation of Dendrocalamus brandisii.

The metabolites are regulated by genes (rectangle box). Red represents up regulation; green means down regulation; blue indicates both up and down

regulations.

Figure 3. Genotype influence on the bamboo transcriptome during different developmental stage.

(a) Principal component analysis (PCA) of the branch base in Dendrocalamus brandisii during root differentiation.

(b) Venn diagram depicting the overlapping differentially expressed genes (DEGs) between developmental stages of D. brandisii.

(c, d) PCA of the branch base in Fargesia yunnanensis and Phyllostachys mannii, respectively.

(e–g) Bar plots representing numbers of DEGs at different developmental stages in different bamboo species.
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confirmed that both the exogenous JAA and JA could

enhance the AR initiation.

The content of endogenous IAA increased significantly

no matter under the exogenous JA or IAA treatment as com-

pared to the control (Figure S10K). The tZ content decreased

gradually (Figure S10L). The increased ratio of IAA to tZ was

similar to that at the AR primordium initiation stage. Addi-

tionally, the JA content also reached the peak in 36 h after

the exogenous IAA treatment (Figure S10M), implying that

there was a mutually promoting relationship between the

synthesis of IAA and JA, and both of which played an impor-

tant role in ARs differentiation.

Gene expression related to root differentiation in the

branch bases after the exogenous IAA and JA application

To investigate the molecular mechanism of hormonal reg-

ulation in ARs differentiation and development, the modu-

lation in global architecture of gene expression was

studied by analyzing the genes whose expression levels

were changed after the exogenous IAA and JA treatments

in the cortex of branch bases (Figure S11; Dataset S4). The

gene expression variation across treatments was analyzed

through PCA (Figure S11A). IAA treatment significantly

enhanced the expression levels of DEGs, with a notable

predominance of upregulated genes over downregulated

counterparts. While JA treatment exhibited a similar regu-

latory trend to IAA, the overall quantity of DEGs remained

comparatively lower under JA treatment (Figure S11B,C).

The biological processes—including stimulus

response, cell communication, and hormone response,

among others—were markedly amplified following IAA or

JA application, demonstrating pronounced enrichment

within their respective regulatory pathways (Figure S12A,

B). Meanwhile, various metabolic processes were activated

(Figure S12C,D). Most genes were enriched in a similar

KEGG pathway, while some DEGs in the JA treatment

group were mainly enriched in the MAPK signaling path-

way. A large number of genes were regulated in a similar

pattern by the exogenous IAA and JA application

(Figure S12E–G), and among which the expression levels

of sucrose and starch metabolism related genes

(Figure S13), auxin-specific genes, and JA biosynthetic

pathway genes (Figure S14) were increased in both hor-

mones treated groups. These results suggested that IAA

and JA might share the same gene regulatory pathway in

the AR primordia establishment. The qRT-PCR outcomes

of structural genes (Table S2), were also significantly corre-

lated with RNA-seq (Figure S15A,B).

A total of 65 pathways from 30 specimens obtained

via gene set variation analysis (GSVA) were subjected to

the co-expression network construction (Figure S16).

According to the clustering of genes based on the topolog-

ical overlap, a total of 18 gene modules were eventually fil-

tered out (Figure S17A). The correlation among the

featured genes of each module showed that the bisque4,

orangered4, and indianred4 modules had the highest cor-

relation with the KEGG and hormone signaling pathways

(Figure S17B). WGCNA analysis was conducted on these

three modules separately, and it was found that all three

modules contain hub genes with the following IDs:

Figure 5. The structural architecture of the regulation between IAA and JA in adventitious roots development.

The metabolites (oval box) can affect the biosynthesis of hormones (hexagon box), which processes are regulated by genes (rectangle box). Red represents up

regulation, green means down regulation, and blue indicates both up and down regulations.

� 2025 Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2025), 123, e70409
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Unigene0097724 (CRL1), Unigene0007991 (GH3.8) and Uni-

gene0093342 (AOS1) (Figure S17C–E). The expression of

all three hub genes was upregulated in root primordium

initiation stage and after the exogenous IAA and JA appli-

cation. Therefore, these three genes were selected for fur-

ther functional investigations.

Expression pattern analyses and functional study of CRL1,

AOS1, and GH3.8

To determine the specific expression of DbCRL1, DbGH3.8,

and DbAOS1, RT-qPCR was performed with different parts

of D. brandisii culm (Figure S18). Based on the distribution

of roots, the culm was divided into four sections, including

Culm Base I (1st–2nd node), Clum Base II (3rd–4th node),

Clum Base III (5th–7th node), Clum Base IV (14th–18th

node) (Figure S18A). The number of roots in the nodes

decreased gradually with the increment of nodes

(Figure S18B). The results of RT-qPCR demonstrated that

the expression levels of DbCRL1 and DbGH3.8 showed a

constantly decreasing trend with culm height, which was

completely consistent with the change of root points along

the culm, while DbAOS1 was not detected (Figure S18C).

Further in situ hybridization (ISH) results (Figure S19)

showed that DbCRL1 and DbGH3.8 had a similar expres-

sion pattern in the cortex, which were located in AR pri-

mordia at the differentiation stage (Figure S19D–F). The

absence of detected DbAOS1 indicated that the elevated

level of JA was not produced in the branch bases or nodes

during AR differentiation, suggesting an alternative tissue

origin.

To gain a deeper knowledge of their function, these

three genes were overexpressed in rice. The experiments

showed that overexpression of DbAOS1 (L#1) and DbCRL1

(L#3) could enhance ARs, while overexpression of DbGH3.8

(L#2) and mutagenesis of OsCRL1 (L#4) inhibited ARs for-

mation (Figure S20A–G). The results implied that GH3.8

played a negative role in AR formation. In L#1 and L#3

lines, the number and length of roots were significantly

promoted (Figure S20F,G). A descent range of AR number

observed in the seedlings of rice under IAA conditions was

significantly lower than that of WT, while DbGH3.8 played

a positive role in ARs formation under the higher concen-

trations of IAA, potentially by balancing IAA levels at the

branch bases.

DbCRL1 interacted with DbWOX11 in vivo and in vitro

Previous results suggested that CRL1/JMJ706 expression

can be regulated by WOX11, controlling CR development

(Geng et al., 2024). In bamboos, CRL1 and WOX11 showed

high expression in D. brandisii but decreased in F. yunna-

nensis, and were not detected in P. mannii. Furthermore,

DbCRL1 and DbWOX11 were slightly upregulated in the

branch base treated by IAA or JA. To investigate whether

there were interactions between them, yeast two-hybrid

(Y2H) was performed. The results showed BD-DbCRL1 and

AD-DbWOX11 co-transformed experimental group; the

positive control exhibited normal growth on the QDO plate

and displayed blue colonies with X-a-gal (Figure 6a). Sub-

sequently, bimolecular fluorescence complementation

(BiFC) assay and coimmunoprecipitation were employed to

analyze the interaction between DbCRL1 and DbWOX11.

The pGBKT7-DbCRL1 and PGADT7-DbWOX11 vectors were

constructed and transformed into Agrobacterium tumefa-

ciens, which were injected in tobacco leaves. There was an

interaction between DbCRL1 and DbWOX11 in tobacco

leaves, which was mainly located in the nuclear region,

with a small amount of expression in the cytoplasm

(Figure 6b). Coimmunoprecipitation assay demonstrated

that DbCRL1 could be immunoprecipitated together with

DbWOX11 in rice cells transfected with Pro35S:DbCRL1-

MYC and Pro35S:DbWOX11-GFP (Figure 6c), indicating

that DbCRL1 associated with DbWOX11 in vivo.

DISCUSSION

AR formation could effectively improve the propagation of

plants and facilitate their adaptation to the environment.

AR formation was also a complex developmental process

controlled by a plethora of endogenous and environmental

factors, cross-linked hormonal networks, genetic factors,

and transcriptional cascades (Lakehal & Bellini, 2019).

Anatomical characteristics of ARs formation in the branch

bases of D. brandisii

The locations of ARs varied with different plant species. In

rice and maize, ARs naturally arise from the compressed

nodes at the shoot-root junction (Singh et al., 2023). Hoch-

holdinger et al. (2004) considered that only the root pri-

mordia at the non-elongated basal nodes can develop and

form ARs. Similarly, there were many root points at the

culm bases (from the first node to the fourth node) of D.

brandisii (Figure S19A), which usually formed in the wet

season. The number of root points gradually decreased

with culm height, and almost no root points could be

observed at or above the eighth node above ground.

Meanwhile, the branches of D. brandisii could also gener-

ate AR naturally at the bases. Generally, ARs were more

easily induced from the branch bases in those bamboo

species with intensive nodes and low-lignified epidermis

and cortex cells. The thick cortex layer and low degree of

lignification were beneficial for the root primordium differ-

entiation in the branch bases.

The rooting difficulty of cuttings varied among differ-

ent bamboo species. The branch bases of D. brandisii

could generate ARs naturally in the environment with high

humidity and temperature in the wet seasons, so they

could be cut and used as vegetative propagation materials.

However, it typically requires about 1 year to generate ARs

for the branches of F. yunnanensis, which was mainly

� 2025 Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2025), 123, e70409
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because of their thin cortex layer and high lignification

degree. As for P. mannii, the branch bases could not gen-

erate ARs at all due to their thinner cortex and higher ligni-

fication degrees. Unlike D. brandisii, the branch bases of P.

mannii and F. yunnanensis lack the compressed inter-

nodes. Generally, it could be concluded that the difficulty

of rooting was closely related to the anatomical character-

istics of branch bases.

Sugar metabolism in AR differentiation

Plants coordinate growth and development with nutrient

availability (Fredes et al., 2019; Yoon et al., 2021). In the

rooting process of vegetative propagation, the differentia-

tion and development of root primordia require a large

amount of nutrients (Giehl et al., 2012). Starch and soluble

sugar play a crucial role in AR differentiation (Steffens &

Rasmussen, 2016). Compared with stage I of AR differenti-

ation in D. brandisii, the starch content decreased and the

content of soluble sugar, especially D-glucose and UDP

glucose, increased. Correspondingly, the enzyme activities

and DEGs related to sugar metabolism also changed,

which demonstrated that the starch was decomposed and

converted into soluble sugars, providing necessary nutri-

ents for AR initiation. It had also been reported that

sucrose and IAA cooperatively regulated AR formation in

lotus (Cheng et al., 2020). Sucrose affected AR formation

by improving IAA content at the induction stage, and

increased sucrose content might also be required for AR

development (Cheng et al., 2020). Similarly, the present

study also demonstrated that the exogenous IAA and JA

increased the soluble sugar contents and activities of

related enzymes in the branch bases of D. brandisii, which

provided nutritional support for the division and differenti-

ation of root primordial cells.

On the contrary, the activities of enzymes related to

starch synthesis decreased during branch rooting of D. bran-

disii, such as SSS, GBSS, and AGP, which was possibly due

to the consumption of mass carbohydrates and energy for

AR initiation and development. Sucrose is degraded into glu-

cose and fructose by INV, which regulates internode elonga-

tion by regulating the cell osmotic pressure (Guo et al., 2020).

It is also involved in various growth and developmental pro-

cesses including cell division, seed germination, and floral

induction, etc. (Yoon et al., 2021). During AR primordia initia-

tion and formation in D. brandisii branches, the genes regu-

lating sucrose synthesis were downregulated, while those

involved in sucrose degradation were all upregulated, such

as INV and SUSY. This indicated that sucrose was constantly

degraded for the energy consumption during the process of

branch rooting.

Key hormones in AR differentiation

Phytohormones play important roles as regulators of con-

stitutive and inducible AR formation. Auxin is the major

Figure 6. DbCRL1 interacts with DbWOX11 in vivo and in vitro.

(a) Detection of DbCRL1 interaction with DbWOX11 by yeast two-hybrid assay.

(b) BiFC assay of DbCRL1 and DbWOX11.

(c) Coimmunoprecipitation assay of DbCRL1 and DbWOX11 interaction in rice cells. CRL1-MYC construct was transfected with WOX11-GFP.

� 2025 Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2025), 123, e70409
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growth-promoting factor for AR initiation (Gonin

et al., 2019). A higher concentration of auxin is required for

AR formation during the early steps than during the later

steps (Roychoudhry & Kepinski, 2022). Similarly, the con-

centration of endogenous IAA in the branch bases

increased significantly from stage I to stage II, and then

decreased sharply, which indicated that a high concentra-

tion of IAA was essential for the initiation of root primor-

dium. In D. brandisii, the application of exogenous IAA

significantly increased the endogenous IAA content in the

branch bases, suggesting that exogenous auxin may play

a role in rooting by enhancing the level of endogenous

IAA. This accumulation of IAA then induced the differentia-

tion of parenchyma cells into AR primordia.

JA is usually reported to play a role in defense

response (Pieterse et al., 2012; Yang et al., 2012), abiotic

stress (Yan et al., 2018), reproductive development, and

tissue regeneration (Ikeuchi et al., 2017; Zhou et al., 2019).

Currently, few studies focused on the relationship between

JA and root differentiation, and most works considered

that JA inhibits ARs initiation and root development (Dob

et al., 2021). Alsoufi et al. (2019) and Rogowska

et al. (2022) also reported that hairy root biomass was sig-

nificantly reduced after incubation with JA, due to a lack

of secondary growth and an increased cell wall lignifica-

tion. Other works reported that auxin promotes ARs differ-

entiation by modulating homeostasis of the negative

regulator JA in Arabidopsis (Gutierrez et al., 2012). How-

ever, a study from Zhu et al. (2006) presented that the

application of JA could interact with ethylene and promote

the growth of root hair in Arabidopsis. Exogenous JA

induced an increase in CR number of rice in a

concentration-dependent manner (0.5–12.5 lM) by regulat-

ing OsGER4 (To et al., 2022). Recently, Wan et al. (2025)

considered that successive application of JA enhanced

root regeneration from Arabidopsis cuttings under

200 mM mannitol condition. In this study, we noticed that

different concentrations of JA showed different effects on

the ARs differentiation of D. brandisii. The application of

low JA concentration could promote the ARs differentia-

tion, while the high JA concentration inhibited this pro-

cess. Compared to the IAA treatment, the exogenous JA

treatment apparently increased the number and diameter

of ARs but was shorter in length, which implied that the

roles of JA were not completely the same as those of IAA

in root induction.

Expression patterns of key genes related to ARs

differentiation in the branch bases of D. brandisii

There are not many genes related to AR differentiation that

have been identified. The first AR-related gene discovered

in rice was ADVENTITIUS ROOTLESS1/CROWN ROOT-

LESS1 (ARL1/CRL1), and the absence of ARL1/CRL leads to

the deficiency of ARs in rice (Inukai et al., 2005; Liu

et al., 2005). CRL1 functions synergistically with WOX11 to

enhance rice CR development (Geng et al., 2023). In this

study, DbCRL1 was verified to effectively promote the root-

ing number of rice seedlings, indicating that DbCRL1

played an essential role in controlling AR differentiation in

bamboo. The functional relationship between DbCRL1 and

DbWOX11 demonstrated that DbWOX11 enhanced DbCRL1

to promote AR initiation and growth. WOX11 also activates

CKX4 expression to reduce cytokinin levels at root emer-

gence and elongation stages (Geng et al., 2023). Our

results showed the content of tZ significantly decreased at

the ARs differentiation stage and the application of exoge-

nous IAA or JA; thus, the DbCRL1-DbWOX11 module

might be required in maintaining cytokinin homeostasis.

The hot and humid weather conditions induced the endog-

enous IAA and JA synthesis by increasing the expressions

of YUCCA and AOS1, then activated the expression of

CRL1, which further initiated the AR differentiation. Addi-

tionally, the accumulated IAA and JA mutually facilitated

their synthesis in the branch bases, which further

increased the AR differentiation.

GH3s usually catalyze the binding of IAA and JA with

amino acids, thereby reducing the level of free IAA and

controlling JA homeostasis (Gutierrez et al., 2012). The

enzymes GH3.3, GH3.5, and GH3.6 redundantly promote

ARI by conjugating JA to amino acids (Gutierrez

et al., 2012). Ding et al. (2008) considered that GH3.8 might

activate a JA signaling-independent pathway. The spatial

expressions of GH3.8 were entirely consistent with the

roots distribution in D. brandisii, with higher expressions

detected in the culm and branch bases. We also confirmed

that the overexpression of GH3.8 inhibited the AR differen-

tiation of rice seedlings inoculated in the medium with low

IAA content, but a large number of ARs were formed when

cultivated in the medium with high IAA content. In the pre-

sent study, it was noticed that GH3.8 was upregulated in

the D. brandisii branch bases no matter under the exoge-

nous IAA application or under the exogenous JA treat-

ment, implying this gene played an important regulatory

role to balance the concentrations of IAA and JA in the

branch bases.

Dob et al. (2021) found that MYC2-dependent JA sig-

naling inhibits AR formation by downregulating the

expression of the cytokinin oxidase/dehydrogenase 1 gene.

Nevertheless, MYC2 was upregulated during AR differenti-

ation in D. brandisii, demonstrating that MYC2 might

increase the expression of JA-related genes and enhance

the synthesis of JA. Chen et al. (2011) consider that JA

inhibits root growth by interacting with auxin, and exoge-

nous JA treatment inhibits the expression of

auxin-responsive transcription factors PLETHORAs (PLTs),

thereby damaging the stem cell niche and cell prolifera-

tion. However, it was reported that JA-responsive MYC2 is

required for root regeneration and growth by inhibiting

� 2025 Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2025), 123, e70409
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wound-promoted auxin production (M€ah€onen et al., 2014;

Wan et al., 2025). In our research, the content of JA and its

precursor substances continued to increase until AR forma-

tion. The number of JA-related genes changed accordingly.

The AOS1 expression level increased during AR differentia-

tion, and the overexpression of AOS1 promoted root

growth, which was consumed with the fact that the exoge-

nous JA application could promote AR differentiation at

the branch base. This implied that the low concentration of

JA might initiate AR differentiation via another signal path-

way that has yet to be identified.

Interaction of IAA and JA during ARs differentiation

The interaction between JA and auxin plays a role in plant

development and physiological processes such as cell elon-

gation and production of secondary metabolites (Saniewski

et al., 2002). Paradoxically, some works reported that the

root elongation of wheat was inhibited by increasing the

endogenous IAA and JA levels in roots via upregulating the

key gene expressions related to IAA biosynthesis/transport

(TDC, YUC1, and PIN9) and JA metabolism (LOX8, AOS1,

AOC1, and JAR1) (Nguyen et al., 2018).

It was fascinating to observe that exogenous applica-

tion of IAA not only propelled an elevation in the endoge-

nous IAA content but also enhanced the endogenous JA

content in the branch bases (Figure S10K,M). The applica-

tion of exogenous JA also raised the endogenous IAA con-

tent (Figure S10K), suggesting a mutually enhancing role

for IAA and JA in synthesis. Nevertheless, the exogenous

JA did not boost the endogenous JA content in the branch

base, suggesting that the application of exogenous JA

could also promote AR differentiation by enhancing the

endogenous IAA synthesis. In our research, ASA1 was sig-

nificantly upregulated no matter during AR differentiation

stages or under the JA treatment. This gene enhanced the

synthesis of auxin precursors (tryptophan), suggesting that

JA might interact with auxin through a tryptophan-

dependent auxin synthesis pathway. Similarly, the exoge-

nous IAA also increased the expression of AOS1, and then

increased the JA contents in the branch bases during AR

differentiation. Interestingly, the exogenous application of

JA and IAA at low concentrations could enhance the

expression of CRL1 and WOX11. DbCRL1 could directly

promote rooting, and it also interacted with DbWOX11 to

activate the initiation of root primordia. These results sug-

gested JA could not only directly enhance AR initiation,

but also might promote AR formation via ‘JA-ASA1-IAA’

pathway. Additionally, JA might trigger AR differentiation

through a distinct signaling pathway from that of IAA,

resulting in a notable difference in the morphological fea-

tures of roots compared to those induced by IAA. There-

fore, we established the regulation pattern of IAA and JA

in AR differentiation in the branch base of D. brandisii

(Figure 7) according to the results.

MATERIALS AND METHODS

Plant materials

All samples of three types of bamboo species were cultivated in

the bamboo garden of Southwest Forestry University

(E 102°100~103°400, N 24°230~26°220). When the main branches of

1-year-old D. brandisii culms reached up to 15–20 cm (about

1 month after budding from node part of culm), ARs differentiated

and developed in the following week, which included four stages:

root undifferentiation (Stage I: at 0 day), root primordia initiation

(Stage II: at second day), root primordia formation (Stage III: at

third day), and root formation (Stage IV: at seventh day). The

branch bases were separately sampled at the different four stages

for histological, physiological, and molecular determination in

May 2020, which was the local rainy season. Two other types of

bamboo species (difficult-to-root in the branch base), that is, F.

yunnanensis and P. mannii at the same developmental degrees

were selected to compare the anatomical differences in the branch

base. This is because the AR induction was difficult in the

branch base of F. yunnanensis and more difficult in the branch

base of P. mannii. Moreover, no successful cutting propagation

was reported in the branch of Phyllostachys bamboos so far.

Anatomical characteristic of branch base in different types

of bamboos

The samples of all stages among the different types of bamboo

were chosen for anatomical feature analysis. Each sample was

repeated three times. For young materials, 36 samples from

bamboo branch bases were cut off and fixed in Formalin-Aceto-

Alcohol solution (90% alcohol + 5% acetic acid + 5% formalde-

hyde) for vacuum fixation treatment. The materials were dehy-

drated sequentially by using a mixture of alcohol and tert-butanol

from low to high levels, and then waxed and sliced with a thick-

ness of 7 lm by Leica RM2165 (Leica lnc., Wetzlar, Germany). For

harder materials such as F. yunnanensis and P. mannii, 12 sam-

ples from the branch bases were cut off and soaked in an ethanol

glycerol (1:1) softener for vacuum fixation treatment, and then the

materials were embedded in a melted polyethylene glycol liquid.

The sections were sliced in both horizontal and vertical directions

with a thickness of 20–25 lm by using LEICA SM2010R (Leica

lnc.), and then were dewaxed with xylene, rehydrated in graded

alcohol, and stained with Saffranine O and fast green. Afterwards,

they were redehydrated in graded alcohol. After being transparent

with xylene, they were sealed with neutral gum and photographed

under an optical microscope. The relationship between the base

structure of different bamboo branches and the difficulty of root-

ing was analyzed through photography observation.

Determination of carbohydrate metabolism and hormone

contents in branch bases during ARs differentiation in D.

brandisii branches

The endogenous starch and soluble sugar contents in the bases of

young branches at all stages were measured according to the

method of Wang et al. (2020). The determination of glucose, fruc-

tose, and sucrose content was carried out referring to the method

of Georgelis et al. (2018). The cellulose content in the base of the

young branch was measured according to the methods of Yu

et al. (2021). The identification and quantification of plant hor-

mones were accomplished by Wuhan MetWare Biotechnology Co.

Ltd. (Wuhan, China) based on the AB Sciex QTRAP 6500 LC-MS/MS

platform. Samples were treated according to Luo et al. (2021).

� 2025 Society for Experimental Biology and John Wiley & Sons Ltd.,
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The extraction of crude enzymes was conducted according to

the methods of Yu et al. (2021). Activity determination of starch

metabolizing enzymes, including SSS, GBSS, STP and AGP, fol-

lowed the methods outlined by Wang et al. (2020). VIN activity

was determined according to Weiszmann et al. (2018). SAI, insolu-

ble extracellular invertase (CWI) and SUSY were assessed as

described by Wang et al. (2020).

Determination of metabolites in D. brandisii branch bases

during ARs differentiation

The detection and identification of metabolites were conducted

according to Chen et al. (2013). Significant upregulations of

metabolites between groups were identified with both VIP and

absolute values of Log2FC (fold change) ≥1. Pathways with signifi-

cantly regulated metabolites were mapped to metabolite sets

enrichment analysis, with their statistical significance assessed

using P-values from hypergeometric tests.

RNA sequencing and data analysis of branch bases in

different bamboo species under natural conditions

The young and mature branch bases of D. brandisii, F. yunnanen-

sis, and P. mannii were sampled to analyze the gene expression

difference in root differentiation between bamboo species. RNA

sequencing libraries of each sample were constructed and

sequenced by Wuhan MetWare Biotechnology Co. Ltd. as

described previously (Chen et al., 2019). DEGs were identified

using Cuffdiff, and a list of genes with at least two fold change

(log2 fold change ≥1) and FDR correction <0.05 was considered as

screening conditions. Gene ontology was performed using the

BiNGO plug-in of Cytoscape (version 3.7.1) with P-value ≤0.05.

Quantitative real-time PCR (qRT-PCR) was carried out using

gene-specific primers (Table S1) to validate the transcriptome data

according to Zhao et al. (2020).

Correlation analysis between DEGs and differential

metabolites during ARs differentiation in D. brandisii

branches

Correlations between DEGs and differential metabolites were

conducted with the Pearson correlation coefficient (CC) (R > 0.8)

during AR differentiation. The expression levels of the filtered

DEGs and metabolites were shown in the histogram at stage I/II

and stage III/IV, respectively. Based on KEGG annotation of the

transcriptome, combined with the correlation analysis diagram

of hormones, corresponding feature modules were established.

Hormones were analyzed by expression heatmaps, hierarchical

clustering, and selecting stable hormones with higher levels.

The HeatMap package of TBtools was applied to visualize the

data of the hormone difference matrix according to the OTU

results.

Effects of IAA and JA on cutting propagation and tissue

culture plantlet of D. brandisii

The cutting propagation was performed using the mature and

hardened culms with six nodes from 2-year-old culms in April.

Selected culms with branches were embedded in a matrix of red

soil and humus soil (1:1) and then treated with aqueous solutions

of varying concentrations of IAA (ranging from 0 to 200 mg L�1),

alongside JA to assess their impact on AR development. Each

treatment comprised 30 branches across three replicates, with the

aqueous solution applied every 10 days. The length and diameter

Figure 7. Integration of multi-osmic regulatory networks of exogenous hormones on adventitious root differentiation of Dendrocalamus brandisii.

Low concentration of IAA and JA. The metabolites (oval box) can affect the biosynthesis of hormone (hexagon box), which processes are regulated by genes

(Re).
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of ARs were precisely measured using a standard ruler and digital

vernier caliper, and the number of roots was also recorded across

various treatment groups following a 40-day period.

Building upon the cutting results and previous investigations

(Fattorini et al., 2018), the unrooted D. brandisii plantlets were sys-

tematically cultivated in MS medium supplemented with 0, 10, 20,

and 30 lM concentrations of IAA and JA for AR differentiation.

Each treatment group comprised 20 plantlets, with the entire

experimental setup replicated three times for statistical rigor. The

morphological characteristics of roots were examined under vari-

ous hormone concentrations after 30 days of treatment.

Physiological and transcriptomic changes in D. brandisii

branch bases after being treated with IAA and JA

To verify whether IAA and JA play a crucial role in AR differentia-

tion of the branch bases, a total of 150 1-year-old D. brandisii

culms under the same growth status were selected, and the

branches were sampled at 0, 12, 24, and 36 h after the exogenous

IAA and JA (10 lM, mixed with lanolin) application in April. The

changes in sugar metabolism, endogenous hormones contents,

DEGs, and their relationships were analyzed in the sampled

branches. The identification and quantification of plant hormones

were accomplished, and the RNA sequencing libraries of each

sample were constructed and sequenced by Gene Denovo Bio-

technology Co. Ltd (Guangzhou, China). The data analysis and val-

idation were the same as previous. The sequence of genes

selected for validation was shown as Table S2.

Network construction between gene expression and

hormones and identification of hub genes

The GSVA package in R software was used for the potential

changes in pathway activity in each sample. The gene sets were

screened and filtered according to H€anzelmann et al. (2013). The

‘WGCNA’ R package was used to screen for ARs-related pathways

and genes in the dataset obtained from GSVA according to Wang

et al. (2023). The Pearson CC was used to determine the associa-

tion between each module and characteristics. The CC was greater

than 0.7, and the data selection threshold was 9. Genes obtained

from WGCNA and DEGs between the branch base treated with

hormone and controls were entered into a search tool on STRING

to identify hub genes. Cytoscape (v. 3.7.1) was used to visualize

the networks.

ISH of hub genes in branch base and relative expression

analysis of genes related to ARs initiation in D.

brandisii culms

The samples from the branch bases during ARs initiation were cut

off and fixed in paraformaldehyde fixative, dehydrated through an

ethanol series, and embedded in paraffin (Chu et al., 2020). About

4 lm-thick cross sections were cut using the microtome (Leica

lnc.). The sections were placed on the poly-L-lysine coated glass

slides. For preparing DIG-UTP-labeled riboprobes, a 535 bp gene-

specific region of DbCRL1, 936 bp of DbAOS1, and 836 bp of

DbGH3.8 were cloned into pBluescript SK+ as a blunt insert in the

EcoRV site. The anti-sense probe for all genes hybridized to

the target transcript was detected by anti-DIG antibodies. Hybridi-

zation was performed on cross sections as described by Houben

et al. (2006). The sections were mounted in Entellan and photo-

graphed under the microscope.

The 1-year-old bamboo culm was selected to observe the

bulges in September. To detect the relative expression of genes

related to AR initiation in different parts of D. brandisii culm,

qRT-PCR was performed according to the methods described

above.

Functional verification of key genes related to root

differentiation via transgenic technology

Full length mRNA-Seq was derived from the young branch base

of D. brandisii (PRJNA890860) (Gene Denovo Biotechnology Co.

Ltd, Guangzhou, China). For generating ectopic overexpression

construction, DbAOS1, DbCRL1, and DbGH3.8 were cloned in

pBWA(V) HS, respectively. Meanwhile, pYLCRISPR/Cas9 Pubi-H-

osu3 was constructed for evaluating CRL1 with the CRISPR-Cas9

system using primers t1–t2(+) and t1–t2(�). The primer

sequences were shown in Table S3. The functions of the three

genes were verified by employing the transgenic technology in

rice according to the previous methods reported by Chen

et al. (2015) and Mao et al. (2020). The construction of recombi-

nant plasmid and rice transformation were performed by Wuhan

Biorun biological company. The T0 transgenic rice plants were

grown to 7 days for AR phenotype after being inoculated into

the rooting medium. For IAA treatment, the wild-type and

DbGH3.8 overexpression lines were grown on MS media supple-

mented with 300 lM of IAA (Sigma, St. Louis, MO, USA). AR

phenotype and qRT-PCR were all performed according to

methods described above. Control plants were generated from

rice transformation using empty pBWA(V)HS without the cloned

gene following the same procedures.

Interactive verification of DbCRL1 and DbWOX11

For Y2H assay, the ORF sequence of DbCRL1 was ligated into the

GAL4 binding domain vector (pGADT7), and the ORF sequence of

DbWOX11 was ligated into the GAL4 activation domain vector

(pGBKT7). Two constructs were co-transformed into yeast strain

AH109. The transformants were filtered by the selected dropout

medium SD/-Trp/-Leu/-His/-Ade (QDO) or QDO +X-a-gal for 5 days

to assess their growth status.

For the BiFC assay, the ORFs of DbCRL1 and DbWOX11 were

cloned and inserted into pGBKT7-ccdb and pGreenII-62-SK-VC173

vectors to construct pGBKT7-DbCRL1 and PGADT7-DbWOX11,

respectively. The positive construct was transformed into A. tume-

faciens strain GV3101. The combination was then infiltrated into

tobacco leaves for fluorescence observation by using confocal

microscopy. The yellow fluorescence protein signal was obtained

with a 511 nm wavelength, collecting emission with a 525 nm

bandpass filter. Meanwhile, tobacco leaves infiltrated for 3 days

were assayed for co-immunoprecipitation. The leaves were

ground in liquid nitrogen and resuspended with IP Lysis buffer,

and then centrifuged at 4°C; anti-MYC was added and incubated

for 1 h at 25°C. Immunoprecipitates were analyzed by Western

blot (Yang et al., 2024).

Statistical analysis

Randomized block design was used for the experiment with

three replicates per treatment for bamboos and 15 replicates

per treatment for rice. Each experiment was repeated thrice.

All data were presented as mean � SD. Significant differences

between two groups were determined with the Tukey–Kramer

post-test or Dunnett’s T3 method. The data were subjected to

analysis of variance and Duncan Multiple Range Test at 5%

significance by SPSS ver. 17 (SPSS Inc., Armonk, NY, USA).

Correlation among hub DEGs and metabolites was evaluated

using Pearson’s correlation analysis.

� 2025 Society for Experimental Biology and John Wiley & Sons Ltd.,
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