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Summary

 Moso bamboo (Phyllostachys edulis) is a fast-growing species with uneven growth and 

lignification from lower to upper segments within one internode. MicroRNAs (miRNAs) play a 

vital role in post-transcriptional regulation in plants. However, how miRNAs regulate fast growth 

in bamboo internodes is poorly understood. 

 In this study, one moso bamboo internode during early rapid growth was divided into four 

segments regarded as F4 (bottom) to F1 (upper) and then were analyzed by transcriptomes, 

miRNAs and degradomes. 

 The F4 segment possessed a higher number of actively dividing cells as well as a higher 

content of auxin (IAA), cytokinin (CK) and gibberellin (GA) comparing with F1 segment. 

RNA-seq analysis showed DNA replication and cell division associated genes highly expressed in 

F4 rather than that in F1. A total of 63 differentially expressed miRNAs (DEMs) were identified 

between F4 and F1. Degradome and transcriptome implied many downstream transcription factors 

and hormonal responses genes were modulated by DEMs. Several miR-targets interactions were 

further validated via tobacco co-infiltration. 

 Our findings provide new insights into miRNA-mediated regulatory pathways in bamboo, 

which will contribute to a comprehensive understanding of the molecular mechanisms governing 

rapid growth. 

Keywords: Phyllostachys edulis, internode, rapid growth, hormone, microRNA, degradome 
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Introduction

Plant development consists of many stages starting from cell division to elongation, maturation 

and lignification. There are slight and smooth transition procedures between these stages. Studies 

on such transition from primary to secondary growth are of particular interest for understanding 

mechanisms of rapid plant growth regulation, especially in forest trees. Populous, Bamboo and 

Eucalyptus can grow very fast in suitable conditions and are regarded as model systems to study 

the mechanisms underlying rapid growth. Rapid growth in plants is affected by several factors 

including degree of cell proliferation, cell elongation, hormonal responses, and other related 

factors. Plant size is determined by cell number and size, which are related to cell proliferation and 

cell elongation (Bundy et al., 2012).

Cell division and growth defects in Pseudosasa japonica var. tsutsumiana resulted in slow growth 

(Wei et al., 2018). The plant primary cell wall (PCW) has a major role in cell expansion and 

elongation, as cells increase in size by selective turgor changes in the PCW (Cosgrove, 2015; 

Kumar et al., 2016; Loix et al., 2017). Furthermore, cell wall composition and arrangement of cell 

wall components also alters with elongating plant cells (Irshad et al., 2008). Cell proliferation and 

elongation is also modulated by different plant hormones (Wang et al., 2015). Enhanced 

extensibility in the cell wall needs upregulation of auxin and cytokinin (CK) (Tameshige et al., 

2015). Plant endogenous hormones including auxin, CK, gibberellin (GA), abscisic acid (ABA) 

and ethylene affect physiological processes at very low concentrations (Davies, 2010). The 

activities of auxin and GA is overlapping in cell expansion (Weiss & Ori, 2007). Auxin is 

involved in many developmental processes such as apical dominance, organ formation and 

gravitropism in different concentrations. The active auxin that are most well-studied is 

indoleacetic acid (IAA) (Korasick et al., 2013; W. Wang et al., 2017; Nanda & Melnyk, 2018). 

GAs are diterpenoids with the primary function of promoting cell expansion, differentiation and 

proliferation (Eriksson et al., 2006; Yamaguchi, 2008; Daviere & Achard, 2013; Claeys et al., 

2014). CKs participate in many plant developmental processes including cell division, lateral root 

formation and meristem maintenance, organ size regulation, developmental transitions, and 

regulation of leaf senescence. CKs can also respond to stresses through interactions with auxin A
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(Schaller et al., 2015; Nanda & Melnyk, 2018; Cortleven et al., 2019). Auxin and CK can regulate 

tiller number which contributes to the special structure of rice (Wen et al., 2020). ABA is a growth 

inhibitor that presents in vascular plants and mosses, and also functions as an essential regulator of 

many plant processes such as dormancy, seed development, germination and responses to abiotic 

stress (Liu et al., 2003; Olds et al., 2018; Takatsuka & Umeda, 2019). 

Plant hormones crosstalk with each other to regulate plant growth and development. For example, 

CKs interact antagonistically with auxin and negatively regulate xylogenesis, GAs promote auxin 

transport by modulating PINs while auxin triggers GA biosynthesis or accumulation (Nanda & 

Melnyk, 2018). ABA can inhibit root cell elongation through repressing cytokinin signaling 

(Takatsuka & Umeda, 2019). Cells achieve their final size and shape after development of 

secondary cell walls and initiate lignification after cell differentiation (Rogers & Campbell, 2004; 

Wang et al., 2013). Appropriate level of lignin deposition is necessary for plant development 

(Yoon et al., 2015) as any decrease in lignin content can cause dwarfism in plants. On the 

contrary, higher lignin content can give more strength to plants and their cell wall components 

(Muro-Villanueva et al., 2019). 

MicroRNAs (miRNAs) are endogenous, non-coding small RNAs approximately 22 nt in length. 

Mature miRNAs can negatively regulate their target genes by inhibiting or degrading the 

transcripts (Rooij & Olson, 2007). Degradome sequencing is an important approach to further 

predict degradation of target genes by miRNAs (Kuang et al., 2019). Many miRNAs participate in 

plant growth. In the rapid growth stage of moso bamboo (Phyllostachys edulis), many miRNAs 

and their target genes participate in rapid growth of the culm and modulate multiple biological 

processes. Some miRNAs related to meristem and morphological development are also involved 

in synthesis of many endogenous hormones like GA, CK and auxin in bamboo shoot (Jin et al., 

2016). MiRNAs coevolve with their target genes (Zhao et al., 2014). MiR397 can regulate lignin 

content via modulating a laccase involved in lignin biosynthesis in Arabidopsis (Wang et al., 

2014). MiR396 regulates the protein level of GROWTH-REGULATING FACTORs (GRFs) and 

affects cell proliferation in the meristem as well as in developing leaves (Mecchia et al., 2013). 

MiR164 targets PeNACs which may play important roles in secondary cell wall (SCW) A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

biosynthesis and lignification in bamboo shoots (Shan et al., 2019). Previous research suggested 

that highly conserved miRNAs may play more essential roles in the earlier developmental stage of 

moso bamboo due to stress responses (He et al., 2013). The ratio of highly conserved miRNAs 

families in moso bamboo (Monopodial Bamboo) is lower than that in ma bamboo (Sympodial 

Bamboo) while the proportion of less conserved miRNAs is higher. The high proportion of less 

conserved miRNAs in moso bamboo results in better adaptation to environmental fluctuations than 

ma bamboo (Zhao et al., 2014). 

Moso bamboo (P. edulis) belongs to monophyletic BEP clade (Bambusoideae, Ehrhartoideae, 

Pooideae) of the grass family (Poaceae) (Li et al., 2016). Bamboo is one of the fastest growing 

lignocellulose-abundant plants and is an important non-timber forest resource globally (Zhou et 

al., 2005; Peng et al., 2010). During its peak growing season in spring its shoots can grow up to 1 

m in length per day and then reach a maximum height of about 20 m within 45 to 60 days (Peng et 

al., 2010; Peng et al., 2013a). The growth of bamboo culm has distinct characteristics among 

different segments, the bottom internode is older than the upper one and lignin content in the 

bottom internode is higher than that in the upper portion while it is opposite within internodes 

(Tsuyama et al., 2017; Wang et al., 2019). Elongation of bamboo internodes is influenced by cell 

division and elongation. Bamboo culms undergo rapid cell division during their early stages of 

growth. Later, it is overtaken by cell elongation and lignification (He et al., 2013; Wang et al., 

2015). Cell wall metabolism and lignin biosynthesis related genes are largely expressed in the 

basal portion of the culm, whereas cell formation and DNA synthesis-related genes involved in 

meristem maintenance are highly expressed in the upper portion of the culm (Gamuyao et al., 

2017). Almost all genes related to cell wall metabolism and cell morphogenesis including 

Expansin (EXP), Cellulose synthase A (CesA), Cellulose synthase-like (CSL) and lignin 

biosynthesis genes were highly up-regulated during bamboo culm development (Peng et al., 

2013b). 

The elongation of bamboo culm is due to internode expansion, but details related to the biology of 

individual bamboo internodes is poorly understood. In this study we measured the variation in 

miRNAs and their target genes as well as the associated hormone distribution at different A
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segments within one internode during rapid growth in moso bamboo. We revealed that the 

accumulation of downstream target transcripts coordinately varied with upstream miRNA levels. 

These target genes were mainly characterized as GRFs, Auxin response factors (ARFs) and others 

involved in hormone biosynthesis, all of which affected cell growth. 

Materials and Methods 

Plant material collection 

Approximately 1.6 ~ 1.7 m bamboo culms were harvested in April 2018 from YuHang District of 

Zhejiang province, China. The growth rate of bamboo culm was measured at 1.6 ~ 1.7 m height 

after every 2 hours daily (Fig. S1a). Samples were collected during maximum growth rate stage of 

culm at 22:00 (Fig. S1a). Internodal lengths were measured every 24 hours by labelling and 

pealing the sheath. Finally, we measured 15 culms at each time point for 6 days (Fig. S1b, c). We 

labeled the longest internode at 0 day as I(0), above internodes labeled as I(1), I(2), I(3) … and 

below internodes labeled as I(-1), I(-2), I(-3) …. (Fig. S1b). The target internode (7 ~ 8 cm) above 

the longest internode was cut into four equal-length sections and labeled F1-F4, corresponding to 

upper parts, upper-middle, lower-middle and internode bottom basing on method of Brown et al., 

(2005). The 1/4 bottom part of internode above collected internode was also harvested and named 

UF4 (Fig. S2). The samples were immediately dipped in liquid nitrogen and stored at -80°C for 

RNA extraction. All samples were collected in three biological replications and later were used for 

transcriptome analysis. 

Microscopic observation

The 0.5 cm3 fresh samples were fixed into formalin-acetic-50% alcohol (FAA, v/v) solution. 

Paraffin sections (20 μm) under light microscope were observed after being stained in safranin O 

and fast green FCF solutions. After staining, the samples were fixed using 2.5% glutaraldehyde 

fixative solution and 2 μm sections were observed under transmission electron microscope. 

Hormone content determination

Approximately 2 g F1 and F4 samples with three biological replications were sent to Greensword 

Creation Technology Company (Wuhan, China). The content of endogenous indoleacetic acid A
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(IAA), abscisic acid (ABA), gibberellic acids (GA1, 3, 4 and 7) and cytokinins (CKs, iP, 

isopentenyladenine; tZ, trans-zeatin; cZ, cis-zeatin and DZ, dihydrozeatin) were determined by 

previously published methods (Liu et al., 2010; Chen et al., 2012) with slight modifications.  

RNA extraction

Transcriptome RNA library construction and RNA sequencing were done from fifteen samples 

(F1-F4 and UF4) using RNAprep Pure Plant Kit (Polysaccharides & Polyphenolics-rich, 

TIANGEN) following manufacturer’s instructions. The sRNA construction and total RNAs 

sequencing was done from six samples (F1 and F4) using Trizol method (93289, Sigma). Samples 

F1 and F4 were used for degradome library construction and sequencing. The quality and nucleic 

acid concentration in all RNAs samples were accessed using agarose gel electrophoresis (1%, 

Tanon 3500R), Nano Drop®ND-1000 UV Spectrophotometer and RIN (RNA Integrity Number, 

Nanodrop GX), respectively. 

RNA library construction and sequencing 

Fifteen RNAs which passed the quality test were analyzed by Biomarker Technology Co. (Beijing, 

China, https://www.biocloud.net/) on an Illumina instrument. A total 1 μg RNA per sample was 

used as input material for the RNA sample preparations. Sequencing libraries were generated 

using NEBNext UltraTM RNA Library Prep Kit for Illumina (NEB, USA) following 

manufacturer’s recommendations. Firstly, mRNA was purified from total RNA using poly-T 

oligo-attached magnetic beads. Then the first and second strand cDNA was synthesized. 

Remaining overhangs were converted into blunt ends via exonuclease / polymerase activities. 

NEBNext Adaptor with hairpin loop structure was ligated to DNA fragments which after 

adenylation of 3' ends prepare for hybridization. The library fragments were purified with AMPure 

XP system (Beckman Coulter, Beverly, USA). Then 3 μL 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. Then PCR was performed with Phusion High-Fidelity DNA polymerase, universal PCR 

primers and Index Primer. At last, PCR products were purified (AMPure XP system) and library 

quality was assessed on the Agilent Bioanalyzer 2100 system. The clustering of the index-coded 

samples was performed on a cBot Cluster Generation System using TruSeq PE Cluster Kit A
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v4-cBot-HS (Illumia) according to the manufacturer’s instructions. After cluster generation, the 

libraries were sequenced on an Illumina platform and paired-end reads were generated. After 

quality control, the adaptor sequences and low-quality sequence reads were removed from the data 

sets. Raw sequences were transformed into clean reads after data processing. These clean reads 

were then mapped to the reference genome sequence. Hisat2 tools software was used to map with 

reference genome. Gene function was annotated based on databases including NR (NCBI 

non-redundant protein sequences); NT (NCBI non-redundant nucleotide sequences); Pfam 

(Protein family); KOG/COG (Clusters of Orthologous Groups of proteins); Swiss-Prot (A 

manually annotated and reviewed protein sequence database); KO (KEGG Ortholog database); 

GO (Gene Ontology). And the differentially expressed genes (DEGs) were observed by 

BMKCloud with DESeq2_EBSeq software and parameters were false discovery rate (FDR) ≤ 0.05 

and |log2FC| (FC, fold change) ≥ 1.

Small RNA and degradome sequencing and target genes prediction

Sample F1 and F4 with three replications were used to analyze miRNAs. After the samples passed 

the quality control, library for sRNA sequencing was developed. First, the 3' SR and 5' SR 

adaptors were ligated, followed by reverse transcription synthesizing first chain. Finally, after 

PCR amplification and size selection, the PCR products were purified (AMPure XP system) and 

library quality was assessed after screening fragment. After cluster generation, the library 

preparations were sequenced on an Illumina platform and single-end reads were generated. Raw 

sequences were transformed into clean reads after quality control step. Using Bowtie tools 

software, the clean reads were aligned with Silva, GtRNAdb, Rfam and Repbase databases, 

respectively, and the abundance of each type RNAs was counted. The remaining reads were 

detected as known miRNA or novel miRNA predicted by comparing with genome and known 

miRNAs from miRBase. Randfold tools software was used for novel miRNA secondary structure 

prediction. To determine the target genes, the miRNA sequences of F1 and F4 were blasted to 

miRBase and joined to the transcriptome. And the differentially expressed miRNAs (DEMs) were 

observed by BMKCloud with DESeq2_EBSeq software and parameters were FDR ≤ 0.05 and FC 

≥ 1.5. A
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Degradome sequencing libraries about F1 and F4 were generated after samples passed the quality 

test. cDNA was synthesized by mixed reverse transcription of Biotinylated Random Primers after 

mRNA was caught by magnetic bead and ligated 5′ adaptor. The library preparations were 

sequenced on an Illumina platform after PCR. Following quality control, clean tags and cluster 

tags were obtained and mapped to the reference genome sequence. The cluster tags were 

compared with the Rfam database, the ncRNAs obtained by sequencing were classified. The 

remaining reads were used to detect the cleavage sites of target genes. The cleavage sites of target 

genes were determined by Cleaveland software with p-value ≤  0.05 and Target plots (t-plots) 

(Addo-Quaye et al., 2008; German et al., 2008). The target genes annotation information was 

obtained through sequence mapping to NR, Swiss-Prot, GO, KEGG, KOG/COG, KEGG 

databases. All RNA_seq, miRNA and degradome datasets were submitted to 

http://bigd.big.ac.cn/gsa/ with submission number CRA003878. 

qPCR analysis and gene verification

RNAs of fifteen samples that were used for transcriptome sequencing were also used for qPCR 

(quantitative real time PCR). The cDNA synthesis used PrimeScript™ RT Master Mix following 

manufacturer’s instructions (RR036A, TaKaRa). Randomly selected genes were analyzed and 

verified by qPCR, the gene-specific primers were shown in Table S1. NTB was used as the internal 

control (Fan et al., 2013). The PCR protocol was 95°C 30s, 95°C 5s, 60°C 30s for 40 cycle 

analyzed by LC480 (Roche). The relative abundance of each gene was calculated from the 2-△Ct 

referenced to NTB, with three replicates for each reaction. The miRNA qPCR special method was 

based on a previously published method and U6 was chosen as the control for small RNAs (Ge et 

al., 2017). MiR_N17, miR_N31, miR396a-3, miR444b-1 and their target genes including 

PH02Gene29128, PH02Gene45537, PH02Gene01484 and PH02Gene21974 were selected to 

verify the interaction between miRNA and target gene. The interaction verification method of 

miRNA and target genes was referenced to Long et al (2016) with slight modification, primers 

were shown in Table S1. The sequences of target genes were 150 ~ 220 bp including the target 

sites were inserted into pEarlyGate103 vectors (Earley et al., 2006) to form the target genes fused 

with GFP protein. Then the vectors with miRNA and target genes were transferred into A
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agrobacteria, respectively, and finally injected into tobacco leaves. The tobacco leaves were 

observed under Nightshade LB 985. 

Results 

Cell morphology varies within the internode of bamboo culms

In order to study the mechanism of cell growth in bamboo, an individual internode of the bamboo 

culm was analyzed. To decide which internode has high growth potential, we measured length of 

nine internodes in the following 2 days, and found that the second I(2) and third I(3) internodes of 

above longest internode grow fastest, so in this study we chose I(3) as target internode to analyze 

(Fig. S1b, c). The target internode was divided into four segments referred as F1-F4 (Fig. 1), and 

the base segments of the upper internode were regarded as UF4 (Fig. 1; S2). There was an 

increasing trend in cell size from F4 to F1 segments. The cell number gradually decreased from F4 

to F1 whereas cell length increased (Fig. 1m-n). The F4 sample had smallest and tightly packed 

cells whereas F1 cells were larger in size and loosely arranged (Fig. 1a-d). Cell wall thickening 

gradually increased from F4 to F1. F1 exhibited the thickest wall whereas F4 was the thinnest 

across all samples (Fig. 1e-h). Additionally, there were different division cells in F4 segment, but 

without division cells in F1 (Fig. 1i-l). Results indicated that the cells conditions from F4 to F1 

segments showed the trends from tender to mature within the individual internode. 

Hormone distribution in the internode 

Content and distribution of hormones closely relate to plant growth. To determine whether 

hormonal distribution was related to morphological differences within one internode of bamboo, 

GAs, CKs, auxin and ABA were detected in F1 and F4. F4 had a higher content of auxin (IAA), 

four types of active GAs (GA1, 3, 4, 7) and two types of active CKs (iP and CZ, while cZ and DZ 

of CKs were not detected) than those in F1. ABA content, in contrast, was higher in F1 than that in 

F4 (Fig. 2). Hormonal distribution was consistent with cell morphology as more young and 

dividing cells were present in F4 and more mature cells with larger size and thicker cell wall in F1.

Transcriptome analysis reveals genetic difference in internode A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

To clearly explain cell growth and morphological differences among each segment, the 

transcriptome was analyzed. Transcriptome of all biological replicates in each segment (F1-UF4) 

highly correlated (r2 > 0.9) (Fig. S3), indicating a high degree of repeatability among samples, thus 

confirming that the results were appropriate for further analysis. Summary of transcript reads 

mapping was shown in Table S2. 

Twenty gene profiles clustered together based on their expression patterns (Fig. S4a). In cluster 8 

with 7414 genes, gene expression levels decreased from F4, 3 to F2, 1 then rose again in UF4. 

Gene expression level of cluster 18 and 9, with 3180 and 2885 genes, respectively, roughly 

increased from F4, 3 to F2, 1 whereas decreased in UF4, opposite to cluster 8. By KEGG pathway 

annotation, most genes in cluster 8 were associated with genetic information processing such as 

translation and transcription, which are related to cell division. Cluster 9 and 18 exhibited similar 

KEGG pathway annotation. Most genes associated with metabolism such as carbohydrate 

metabolism and biosynthesis of other secondary metabolites (Fig. S4b-d). 

Then all F1, F2, F3 and UF4 were compared with F4 using FDR ≤ 0.05 and |log2FC| ≥ 1 as 

threshold, the DEGs number increased from F3 VS F4 (295) to F1 VS F4 (10236) while the DEGs 

number in UF4 VS F4 (528) was lower than that of F2 VS F4 (3685) but higher than that of F3 VS 

F4. Down-regulated DEGs were lower than up-regulated DEGs in each compared group except for 

F3 VS F4 (Fig. S5). In Fig. S5, DEGs of F2 VS F4 and F1 VS F4 were higher in total count than 

DEGs in F3 VS F4 and UF4 VS F4. 

Up-regulated UF4 VS F4 DEGs concentrated on pathways related to cell growth including plant 

hormone signal transduction, starch and sucrose metabolism, amino and nucleotide sugar 

metabolism, and zeatin biosynthesis (Fig. S6d, h). There were only a limited number of 

down-regulated DEGs, most of which were involved in photosynthesis. 

KEGG pathway enrichments of the DEGs were acquired from RNA transcriptomes of F1-F3 

compared to that of F4, respectively (Fig. S6). More and more up-regulated DEGs in the three 

analyzed groups enriched in phenylpropanoid biosynthesis from F3 VS F4 to F1 VS F4 (Fig. 

S6a-c). Down-regulated DEGs gradually increased from F3 VS F4 to F1 VS F4 and mainly 

associated with DNA replication, which are related to cell division (Fig. S6e-g). The expressions A
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of six randomly selected cell division associated genes (PH02Gene05832, PH02Gene14407, 

PH02Gene21199, PH02Gene29871, PH02Gene32591 and PH02Gene45202 (Table S1) were 

verified with qPCR and regular changes (Fig. S7). In general, their expression levels in F4 were 

clearly higher than that in F1, and in UF4 the expression was high again. The expressions were 

consistent with the transcriptome data. 

MiRNA and degradome analysis reveal inner relationship with target genes 

MiRNAs negatively regulate their target genes by inhibiting or degrading their transcripts. To 

examine whether certain parts of transcriptome changes were related to miRNA regulation in 

bamboo internodes, miRNA and degradome library of F1 and F4 were conducted. In total, 740 

miRNAs (664 known and 76 novel miRNAs) and 63 DEMs (51 known and 12 novel miRNAs, 13 

down-regulated and 50 up-regulated) of 734 target DEGs (F1 compared with F4, FDR ≤ 0.05) 

were identified in two samples (Fig. 3; Fig. S8). In fact, the up-down miR-target expressed pattern 

(miRNA up-regulated and corresponding target gene down-regulated) had 426 pairs and down-up 

pattern had 70 pairs. The most abundant miRNA of known DEMs was miR396, and the second 

was miR167. Expression levels of novel DEMs were generally lower than known ones (Fig. 3). 

The 734 DEGs were grouped into 11 clusters using STEM software based on their expression 

patterns (Fig. S9). Significantly different clusters 8, 9, 18 and another cluster 16 were selected for 

KOG analysis (Fig. 3) and related KEGG pathways were investigated (Fig. S10). Cluster 8 had the 

most DEGs (304), and 252 genes belonged to the up-down miR-target expressed pattern. The gene 

expression trend roughly decreased from F4 and F3 to F2 and F1 then rose again in UF4. 

Interestingly, there were many cell division genes in the cluster 8 KOG distribution. The second 

abundant group was cluster 9 with 112 genes that showed roughly opposite gene expression trends 

with cluster 8. There were 17 genes belong to down-up miR-target expressed pattern in cluster 9. 

The number of genes related with cell division were decreased and among them many genes were 

related to other transport and metabolism process including protein, carbohydrate, inorganic ion 

and secondary metabolites. The third abundant group was cluster 18 with 143 genes with 

expression trends increased from F4 to F2 and F1 then decreased again in UF4, and there were 23 

genes belong to down-up miR-target expressed pattern in cluster 18. KOG distribution of cluster A
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18 was similar to cluster 9 where genes were more related to other transport and metabolism 

process such as lipid, secondary metabolites, carbohydrate, amino acid and so on. 

The degradomes of F1 and F4 were further analyzed (Table S3). Total 131 miRNA target genes, 

including 21 DEGs which were regulated by 12 DEMs, were degraded in F1 and F4 samples (Fig. 

4; Table S4). In total there were 66 miR-target pair genes including 54 pairs of up-down pattern 

and 3 pairs of down-up pattern. These 21 genes were divided into two groups based on their 

expression patterns (Fig. 5). In general, gene expression gradually decreased from F4 to F1 and 

increased in UF4, and was grouped in Class I. The expressed trend on the contrary was grouped in 

Class II. The annotation of these 21 genes was associated with growth regulating factors (GRFs), 

auxin response factors (ARFs) and NAC domain factors. There was one ARF6 and two ARF8 

targeted by miR167 and eleven GRFs (1, 4, 5, 6, 7, 8, 9, 10) targeted by miR396 (Table S4) in F1 

and F4 degradomes. 

Gene verification of transcriptome and miRNA  

In order to validate reliability of the transcriptome and degradome, genes related with cell cycle, 

auxin, ABA, carbohydrate metabolic, etc. were selected for qPCR analysis (Table S1; Fig. 5a-l). 

The expression levels of genes related to cell cycle, division and auxin decreased gradually from 

F4 to F1 and then rose again in UF4 (Fig. 5a-c, g, i-l). The expression level of genes related with 

secondary cell wall and ABA approximately increased from F4 to F1 then decreased in UF4 (Fig. 

5d-f, h). Expression profiles of these genes were consistent with RNA-seq data. 

Further, six DEMs PemiR164a-3, PemiR167d-4, PemiR396e-4, PemiR396f-3, PemiR529d, 

PemiR529e-2 and their nine target genes were selected for expression level analysis (Table S1; S5; 

S6; Fig. 5m-u). In Fig. 6 the expression level of PemiR164a-3, PemiR167d-4, PemiR396e-4 and 

PemiR396f-3 roughly increased from F4 to F1. The expression levels of their target genes 

PH02Gene39446, PH02Gene37247, PH02Gene34199, PH02Gene23920, PH02Gene43240, 

PH02Gene08777 and PH02Gene01484 were roughly decreased from F4 to F1 (Fig. 5m-s). 

Whereas expression levels of PemiR529d, PemiR529e-2 and their target genes PH02Gene07908 

and PH02Gene09964 showed the opposite pattern (Fig. 5t, u). This indicated that expression 

profiles of miRNAs and their target genes were complementary. A
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Some miRNA cleavage sites were predicted by Target plots shown in Fig. S11. To further 

examine whether our novel miRNA can indeed inhibit the target genes, miR_N17, miR_N31, 

miR396a-3 and miR444b-1 were tested (Fig. 6). All 21 nt except miR_N17 (22 nt) were 

up-regulated from F4 to F1, however, miR444b-1 was down-regulated. The PH02Gene29128 

(SKP2A), PH02Gene45537 (phosphatase), PH02Gene01484 (GRF10) and PH02Gene21974 

(MADS27) were miR_N17, miR_N31, miR396a-3 and miR444b-1 candidate target genes, 

respectively, their expression pattern was opposite to the expression pattern of miRNAs. 

Furthermore, miR396a-3 and miR444b-1 can cleave target genes PH02Gene01484 and 

PH02Gene21974, respectively, in degradome (Fig. S11). MiR_N17 and miR_N31 inhibit 

expression of PH02Gene29128 and PH02Gene45537 target genes, respectively. The target genes 

fused with GFP protein. After co-overexpression of every pair vector (Table S1; Fig. 6a) into 

tobacco leaf, GFP fluorescence clearly decreased as compared to co-infiltrated leaves of target 

genes and empty vector (Fig. 6c, d), suggesting that miR_N17, miR_N31, miR396a-3 and 

miR444b-1 indeed acted on their target sites and negatively regulated their expression. 

MiRNA, targets and hormone network in bamboo internode

In order to better exhibit the underlying relationship of miRNAs, target genes, hormones and cell 

growth process, based on our data and previous reports (Hake et al., 2004; Shinozaki & 

Yamaguchi-Shinozaki, 2006; Perrot-Rechenmann, 2010; Inagaki & Umeda, 2011; Schaller et al., 

2015; Yu et al., 2020), we created a hypothetical network that regulates bamboo internode rapid 

growth (Fig. 7). 

There were twelve families of miRNAs including four novel family’s miRNA participating in 

internode growth (Fig. 7). All miRNAs negatively regulated their target genes. These genes 

promoted, participated or inhibited downstream genes and were linked to hormonal pathways, 

their final destination was to regulate cell division, cell elongation and cell wall thickness 

processes. 

MiRNAs can be divided into two groups based on their target genes. MiR_N47, miR164, miR396, 

miR528, miR_N64 and miR167 mainly acted on the bottom internode segment F4 at lower A
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expression level and mainly participated in cell division, while miR529, miR396a, miR164a, 

miR_N39, miR2275, miR444, miR397 and miR_N21 acted on internode upper segment F1 related 

with cell elongation and cell wall thickness (Fig. 7). In fact, the target types of miR396 were most 

abundant including RECA, GRFs, cyclin, and xyloglucan related genes. 

In this network, many miRNAs target the same type of genes for example miR396 and miR164 

both targeted RECA or their target genes are involved in the same processes, such as GRF1, target 

of miR396, and GA2OX1, target of miR_N64, both participate in the GA signaling pathway.

Discussion

P. edulis (Bamboo) is one of the most fast-growing lignocellulose-abundant plants, in fact its 

shooting speed can reach 1 m/d in spring (Peng et al., 2010). Thus, bamboo is an excellent model 

for studying the mechanisms of plant rapid growth. Bamboo culms fast-growth is attributed by cell 

division and the cell elongation, especially contributed by each internode. During early stages, the 

internode is short and most cells have a strong ability to divide or elongate. During growth, 

differences in cells appear between the bottom and upper segments of the internode. The cells 

transition from the actively dividing phase at the bottom segment to the cell elongation phase at 

the upper segment, with the cell wall gradually thickening. Cells in the bottom segments of the 

internode maintain relatively strong cell division ability (Suzuki & Itoh, 2001). In our results, cell 

morphology in F4-F1 was the epitome of growth including cell size, number and cell wall 

thickness. Since the cells in the bottom segment of the internode (F4) have a high division 

potential, they are small and tightly packed and arranged. However, cells in the upper segment of 

the internode (F1) were more mature and longer, which is consistent with previous studies. The 

cells change from dividing phase to elongating phase and cell wall thickness in each internode 

suggests that the bamboo internode is an excellent system for studying fast-growth mechanisms.

Higher cell growth relative hormones at the bottom compared to upper internode segments 

resulted in higher cell division 

In whole moso bamboo culm, during rapid growth stage, the hormonal distribution was uneven. In 

growing culm, auxins, CKs and GAs were present at the shoot apex, while ABA mainly A
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accumulated on the lower part of the culm (Gamuyao et al., 2017). However, in one internode, we 

found that auxin, GAs and CKs were higher in the bottom segment (F4), while ABA was higher at 

the upper segment (F1), which were consistent with findings with Gramineae (Fan et al., 2017). 

The relationship between the rapid growth of moso bamboo and hormones is inseparable. Function 

of auxin is more complicated and diverse in moso bamboo, since there are more auxin related 

genes in bamboo than in Arabidopsis and rice (W. Wang et al., 2017). Exogenous application of 

GA resulted in a significant increase in internode length (Zhang et al., 2018). Cell elongation 

(maturation) and cell division exhibit negative correlation during bamboo culm growth. When cell 

size increases their ability of division reduces or vice versa (Wang et al., 2015). Many genes 

related to plant hormones including auxin, brassinosteroid (BR), GA and CK were up-regulated in 

bamboo culm during development (Peng et al., 2013b). Based on Fig. S5; 6, internode bottom was 

younger than the upper portion and hormones were distributed unevenly. The results were 

consistent with Gamuyao et al (2017). Tao et al (2020) also found in whole bamboo culm the IAA 

content gradually decreased in the order of SD (starting of cell division) > RD (Rapid division) > 

RE (Rapid elongation), this phenomenon was benefit to cell elongation. Thus, it is proposed that 

rapid growth in bamboo culm may be due to interplay of various hormones with auxin being the 

main contributor. 

Additionally, UF4 VS F4 DEGs were partly enriched in specific KEGG pathways (Fig. S6). 

Among up-regulated DEGs of UF4 VS F4, zeatin biosynthesis is well-marked and zeatin belongs 

to CKs (Jaworek et al., 2019). Thus, the bamboo cell division might be tightly related to CKs.

Cell division ability in the internode from bottom to the top gets weaker

Clusters of total genes and KEGG pathway annotation of cluster 8, 9 and 18 (Fig. S4) showed that 

during internode growth, cell division related gene expression levels roughly decreased from base 

(F4) to upper (F1) and increased again in UF4 which was the next internode bottom segment, but 

the metabolism related genes expression level was on the opposite. DEGs number also varied 

considerably between F4, F3, F2 VS F1 (Table S1). As the upper internode got more mature the A
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cell's division ability got weaker. The cell division ability gradually reduced from F4 to F1 (Fig. 

1). Meanwhile, phenylpropanoid biosynthesis was enriched in up-regulated DEGs (Fig. S6). 

Phenylpropanoid pathway is important for lignin biosynthesis (Vanholme et al., 2019). Compared 

with tender tissues, more expressed genes associated with phenylpropanoid in mature parts of 

moso bamboo have been reported (Gamuyao et al., 2017). The F3 and F4 segments were tender 

and mainly processed in cell division while F1 and F2 were older and were undergoing the cell 

elongation, thickness and lignin accumulation (Fig. 1). In bamboo culm the lignin content 

increased with maturity thus young culms under active proliferation, expansion and differentiation 

produced less lignin. NAC factors are master regulators for secondary cell wall thickening (Wang 

et al., 2011). NAC domain factors show an upward trend from F4 to F1 which corresponds to an 

increase in lignin content (Fig. 4). This is most likely why F1 cell wall thickness is greater than F4 

cell wall thickness (Fig. 1). These results are consistent with Tao et al (2020) study of whole 

bamboo culms, where they found high levels of lignin and cellulose in the RE phase. Different 

from our studies within individual internode, they fetched three types internodes from different 

height. It is also consistent with our results that most DEGs among three type internodes were 

mainly related to cell division, cell cycle, cellulose, lignin synthesis and plant hormone pathway. 

Meanwhile genes involved in cell cycle and division were mostly expressed in SD (Tao et al., 

2020). Our results are also consistent with the report of Wei et al (2019), who divided one 

internode of Bambusa multiplex (Lour.) Raeusch. ex Schult. from bottom to top into three parts: 

division zone, elongation zone and elongation completion zone. The DEGs between fastest growth 

internode and the growth decreasing internode were consisted to cell division, cell cycle and other 

pathways (Wei et al., 2019). Although all these studies showed similar results that cell division 

related genes were highly expressed in bottom segments while elongation and lignification genes 

preferentially expressed in upper segments. However, present study was more focused on miRNA 

and DEMs regulated target genes to explain why the DEGs from bottom to upper segments show 

these changes. 

MiRNAs and their targets co-regulated the cell growth process A
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MiRNAs negatively regulate their complementary mRNAs at a posttranscriptional level (Kurihara 

& Watanabe, 2004). In our results, the expressed level of most novel DEMs was low (Fig. 3), 

which was consistent with a study in Brassica napus (Chen et al., 2018). The reason might be that 

these novel miRNAs are species specific, and undetectable due to their low abundance. 

MiRNA targets were mainly focused on upstream regulators, such as transcription factors (TFs) 

(Xie et al., 2015). MiR396 regulates growth by targeting the GRFs and interacting with GIFs, in 

fact, miR396–GRF/GIF module responds to endogenous and environmental signals (Liebsch & 

Palatnik, 2020). MiR167 can target ARF6 and ARF8, which are related to the auxin signaling 

pathway to induce cell wall loosening and expansion (Wu et al., 2006; Perrot-Rechenmann, 2010; 

Zheng et al., 2019). According to previous studies, ARF and Aux/IAA family members can 

directly up-regulate the expression of many GA genes, such as GA20ox and GA2ox during organ 

elongation (Y. Wang et al., 2017). ARFs that regulated cell growth and development were 

significantly down-regulated in the internode at the bamboo growth decreasing stage (Wei et al., 

2018). During stamen development, GA regulates JA (Jasmonate) through DELLA, whereas IAA8 

directly or indirectly down-regulates JA through ARF6 and ARF8 (Huang et al., 2017). 

Most GRFs, which are upstream repressors of KNOX genes, can positively regulate cell 

proliferation in leaves and are more highly expressed in tender tissues than in mature tissues 

(Knaap et al., 2000). GRFs targeted by miR396 in plants have various functions including GAs 

and CK biosynthesis, cell-wall modifications, plant development and disease resistance such as 

rice blast (Liu et al., 2014; Omidbakhshfard et al., 2015; Chandran et al., 2019). OsGRF1 is 

reported to induce GA biosynthesis in intercalary meristem (Knaap et al., 2000). AtGRF1 

positively affect cell expansion (Kim et al., 2003). AtGRF4, similar to AtGRF1, is also involved in 

cell proliferation (Omidbakhshfard et al., 2015). AtGRF5 and BrGRF8 positively control cell 

proliferation during leaf development and overexpression of AtGRF7 results in dwarf plants 

(Horiguchi et al., 2005; Omidbakhshfard et al., 2015). Overexpression of ZmGRF10 in maize 

induces dwarfism by controlling cell proliferation. Similar to ZmGRF10, AtGRF9 can also 

negatively regulate organ size (Wu et al., 2014). A
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Similar to ARF6, ARF8 expression gradually decreased from F4 to F1 and auxin content also 

reduced. The cell wall loosening and expansion ability of ARF6 and ARF8 became weaker, thus 

cells in F1 were obviously longer than F4 (Fig. 1). Higher GRF1, ARF6, and ARF8 expression 

may induce GAs biosynthesis and cell division and growth in F4. All eleven GRFs related to cell 

proliferation had higher expression levels in F4 than in F1 (Fig. 4). Cell proliferation was vigorous 

in F4 but this ability reduced in F1. Some GRFs, such as GRF6, 7, 9, and 10, had to be 

downregulated in order to avoid culm dwarfing. 

Regulatory networks of DEMs, targets, hormones, and cells in the bamboo internode

Changes in upstream genes may have a significant impact on downstream genes in a signaling 

pathway. Most miRNAs are involved in complex networks and regulate various development 

processes (Tang & Chu, 2017). MiRNAs act on upstream regulators, and target to TFs (GRFs, 

ARFs, and NAC) and other genes. These genes may be linked to other related functional genes that 

affect cell growth and plant development, such as hormone signaling, DNA repair, and lignin 

biosynthesis.

Some miRNAs can target multiple gene families, such as miR396 targeting to RECA, GRFs, 

cyclin, cell wall related genes and miR164 targeting to RECA, ANT and NAC gene families, 

implying that target genes might change over time, between tissues or between species. 

Cell cycle is driven by the complexes of cyclin and CDK (Inagaki & Umeda, 2011). MiR396 

highly expressed in F1 causing reduction of GRF expression and delayed the cell cycle (Ercoli et 

al., 2016), which proved that the cell division in F1 was weaker than in F4. In lignin biosynthesis, 

monolignols are polymerized into lignin through LAC (Laccase) in the cell wall (Berthet et al., 

2011; Yu et al., 2020), and miR397 targeted to LAC genes. In this network, the expression level of 

miR397 in F1 was lower than that in F4 opposite to LAC expression, which was consistent with 

the fact that the upper part was more mature than the lower part of the internode. 

Although some novel miRNAs were detected, further functional verification is still needed. Due to 

complicated transformation system in moso Bamboo, rice might be a good candidate system, but A
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there are still some gaps due to we did not find the perfect target genes of those bamboo novel 

miRNAs in rice, so there is still a long way to verify novel miRNA functions in bamboo. 

Conclusion

In this study, the transcriptome, miRNAs and degradomes were investigated to learn more about 

bamboo rapid growth. The internode bottom cells mainly undergo cell division, while the upper 

section cells mainly undergo cell elongation and cell wall thickness till maturity. In bottom section 

miRNAs inhibited or degraded their targeted genes including TFs and other auxin, CKs and GAs 

genes mainly related to cell proliferation and cell division. In upper segments, miRNAs target 

genes including NAC TFs, the ABA pathway which are mainly involved in cell elongation and cell 

wall thickness. 
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The following Supplementary Material is available for this article:

Fig. S1 The growth rate of moso bamboo culm internodes was calculated at next few time 

points.

Fig. S2 The schematic diagram of collected samples. 

Fig. S3 Principal component analysis (PCA) of F1 - UF4 samples. 

Fig. S4 Clusters of total genes and KEGG pathway annotations of profile 8, 9 and 18, 

respectively. 

Fig. S5 Venn diagram of F1, F2, F3, and UF4 were compared with F4, respectively.

Fig. S6 KEGG pathway enrichment of DEGs that F1, F2, F3 and UF4 compared with F4, 

respectively.

Fig. S7 Expression pattern of six genes associated with cell division. 

Fig. S8 MiRNA length distribution of known and novel miRNA.

Fig. S9 Total trends of different expression target genes of DEMs.

Fig. S10 KEGG pathway annotation of cluster 8, 9 and 18 of target genes, respectively. 

Fig. S11 The miRNA cleavage sites of five validated target genes predicted by target plots 

(t-plots). 

Table S1 Primers list for qPCR analysis of gene expression and vector construction. 

Table S2 Summary of transcriptome mapping.

Table S3 Data of F1 and F4 degradome sequencing.

Table S4 Information of degraded genes in F1 and F4 degradomes. 

Table S5 MiRNA and their target genes information for qPCR.

Table S6 RT and qPCR primers list of miRNAs. 
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Figure legends 

Fig. 1. The samples of fast-growth potential bamboo internode and the cell appearances of 

longitudinal section were displayed in Phyllostachys edulis (moso bamboo). Bamboo culm 

showed the fast growth internode in natural state. The target internode was equally divided into 

four segments referred as F1-F4 and upper internode was regarded as UF4. a-d are longitudinal 

section of samples corresponding with F1-F4, respectively, and bar is 20 μm. Paraffin sections 

were under light microscope observed after stained in safranin O and fast green FCF solutions. 

Cell size getting bigger from F4 to F1. e-h are 2 μm ultra-thin cross section of F1-F4, bar is 1 μm. 

Red arrow labelled to cell wall. sections were observed under transmission electron microscope 

after staining the samples by 2.5% glutaraldehyde fixative solution. Cell wall getting more and 

more thickness from F4 - F1. i-l are cross sections of F4 at the different cell division stages, bar is 

20 μm. i, prophase; j, metaphase; k, anaphase and l, telophase. Cell numbers (m) and cell length (n) 

were compared in four type longitudinal cross sections. Data is means ± SD. Random selected 5 

views of four samples in longitudinal sections and counted the cell number then calculated the 

averaged and SD. Followed the same method to calculate the cell length. In general, cell number 

decreased from F4 to F1 but cell length was opposite. 

Fig. 2 Important hormone contents were measured in F1 and F4. The hormone contents of F1 

and F4 samples were detected by LC-MS. Value is means ± SD (Unit: ng/g F.W.). a-d are 

Gibberellin 1 (GA1), GA3, GA4 and GA7, respectively, due to only GA1, 3, 4 and 7 have 

biological activity. The contents of GA1, 3, 4 and 7 in F4 were higher than them in F1. e is 

indoleacetic acid (IAA). IAA is the best-studied naturally occurring and active auxin. The content 

of IAA in F4 was higher than that in F1. f is abscisic acid (ABA). The content of ABA in F4 was 

lower than that in F1. g and h are isopentenyladenine (iP) and trans-zeatin (tZ), respectively. 

Cis-zeatin (cZ) and dihydrozeatin (DZ) were not detected in F1 and F4. The contents of iP and tZ 

in F4 were higher than them in F1. i is GAs referring sum of GA1, 3, 4 and 7. j is Cytokinins (CKs) 

referring sum of iP and tZ. ** when p < 0.01, * when p < 0.05 based on ANOVA (Analysis of 

variance) method. The contents of GAs and CKs in F4 were higher than them in F1. In generally, 

the hormone level in F4 were higher than them in F1 except ABA. A
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Fig. 3 log2FC of differentially expressed miRNAs (DEMs) in F1 VS F4 and KOG analysis of 

differentially expressed genes (DEGs) in four different patterns. a, 51 known DEMs when F1 

was referenced to F4. b, 12 novel DEMs when F1 was referenced to F4. The y-axis indicates the 

value of log2FC (FC, fold change). The x-axis is DEMs name. There are 63 DEMs (51 known and 

12 novel miRNAs) when F1 was referenced to F4 and parameter were false discovery rate (FDR) 

≤ 0.05 FC ≥ 1.5. The most abundant miRNA of 51 known DEMs was miR396, and the second was 

miR167, expression level of 12 novel DEMs generally were lower than known ones. c, there were 

734 target DEGs of 63 DEMs when F1 was referenced to F4 and parameter was FDR ≤ 0.05 and 

|log2FC| ≥ 1. The y-axis of each cluster indicated the value of log2FC. Clusters were obtained by 

STEM software using 734 DEGs expression profiles. The parameters are p - value ≤ 0.05 and 

minimum changed fold is 2. KOG analysis were applied to 4 clusters. The y-axis of the each KOG 

analysis is number of genes. The y-axis of each cluster indicates the value of log2FC. KOG 

analysis was applied to 4 clusters. The y-axis of the each KOG analysis is number of genes. 

Cluster 8 was most abundant cluster with 304 DEGs. The gene expression trend was roughly 

decreased from F4 and F3 to F2 and F1 then rose again in UF4. The second abundant was cluster 9 

with 112 genes which had roughly opposite gene expression trends with Cluster 8. The KOG of 

cluster 8 was mainly cell division genes, but the numbers of cell division gene in cluster 9 were 

decreased and more genes were related to other transport and metabolism process. 

Fig. 4 Heatmap of 12 differentially expressed miRNAs (DEMs) and their 21 different 

expression target genes in F1 and F4 degradomes. a, heatmap of DEMs. The heatmap obtained 

by their log2FC when F1 was referenced to F4. b, heatmap of 21 different expression target genes 

in F1 and F4 degradomes. The heatmap observed by TBtools based on their FPKM of RNA_seq. 

The right column were corresponding with gene IDs and gene names, respectively, and samples 

were labelled at the below of heatmap. The color bar is the scale for the expression levels of each 

gene. 21 genes can divide into two classes based on their gene expression pattern. Gene expression 

level of Class I in F1 were higher than them in F4 but gene expressions of Class II were opposite. 

And all genes in Class I are ARFs and GRFs. A
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Fig. 5 Gene verification of transcriptome and miRNA. a-l, qPCR analysis of 12 candidate 

genes expression pattern from F1 to F4 samples. The y-axis of each gene is the relative expression 

level value which obtained by referenced to NTB. The calculated method is 2-△Ct. Bars represent 

mean values of three replicates ± SD. a, CYCB1-5 (PH02Gene02370); b, UBA1C 

(PH02Gene24566); c, CYCD2-1 (PH02Gene27422); d, GUX2 (PH02Gene10406); e, CCOAOMT2 

(PH02Gene12695); f, CESA8 (PH02Gene45360); g, ARF12 (PH02Gene43144); h, IQD32 

(PH02Gene46249); i, SETH3 (PH02Gene40412); j, NMT1 (PH02Gene21093); k, KIN-12A 

(PH02Gene23920); l, GRF6 (PH02Gene26399). a - c, are cell cycle genes; d - f, are secondary 

cell wall related genes; g and h are hormone related genes; i – l, are related to other process genes 

including lipid, microtubule, GRF and carbohydrate. a-c, their expression level decreased 

gradually from F4 to F1 and rise in UF4. d-f, their expression levels were increasing 

approximately from F4 to F1 and fall in UF4. g and i - l gene expression level is similar to a-c but 

h is similar to d-f. These genes expression trend is similar to RNA-Seq expression data. m-u, 

miRNA and their target genes expression pattern from F1 to F4 samples. The y-axis of each gene 

is the relative expression level value which referenced to NTB and F4. The calculated method is 

2-△△Ct. Bars represent mean values of three replicates ± SD. m, VIL2 (PH02Gene39446); n, ARF8 

(PH02Gene37247); o, GRF1 (PH02Gene 34199); p, GRF10 (PH02Gene01484); q, GRF4 

(PH02Gene08777); r, KIN-12A (PH02Gene23920); s, CYCB1-5 (PH02Gene43240); t, NAC035 

(PH02Gene07908); u, CSLC2 (PH02Gene09964). The expression level of PemiR164a-3, 

PemiR167d-4, PemiR396e-4 and PemiR396f-3 roughly increased from F4 to F1. The expression 

level of their target genes was roughly decreasing from F4 to F1. But expression levels of 

PemiR529d, PemiR529e-2 and their target genes showed the opposite way compared to m-s. 

MiRNAs and their target genes were complementary. 

Fig. 6 Validation of miR_N17, miR_N31, miR396a-3, miR444b-1 and their target genes. a, 

EV (empty vector), miR-OE and target genes overexpression vectors constructed for transient 

expression in Nicotiana benthamiana. b, miRNAs and their target sites information. miR_N17, 

miR_N31, miR396a-3 and miR444b-1 can inhibited target genes' expression. c, control and 

co-infiltrated leaf under Nightshade LB985 after infiltration. The first tobacco leaf was under the A
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brightfield and next four pair miR-target leaves were under the GFP filter. The left/right pictures 

of one leaf were co-infiltrated with miR/EV and target gene fusing with GFP, respectively.

Fig. 7 The network of miRNA, targets, hormones and cell growths in bamboo internode 

rapid growth stage. Blue-black arrow, expression trend of miRNA which in F1 referenced to F4. 

Black arrow referring to promote or participate; black dotted blunt ended line referring to inhabit. 

The cell morphology of F4 - F1 and growth schematic diagram of internode bottom to up are 

under the network. Bar is 20 μm. 8 differentially expressed miRNAs (DEMs) expression levels in 

F1 are higher than that in F4, and 6 DEMs are opposite. While all 14 miRNAs are negatively 

regulated their target genes. All DEMs were FC ≥ 1.5, except miR397 and miR164a. So we 

labeled miR397 and miR164a with hollow circles and the rest DEMs labeled with solid brown 

circles, and all differentially expressed genes (DEGs), except NAC which targeted by miR164a , in 

this network were FC ≥ 2. So miR164a target NAC with blue line. Their targets are form a network 

connected to hormones and regulate cell growth processes. Cell size become bigger from F4 to F1 

and cell wall also become thicker. 

A
cc

ep
te

d 
A

rt
ic

le



nph_17542_f1-8.pptx

This	article	is	protected	by	copyright.	All	rights	reserved

A
cc

ep
te

d 
A

rt
ic

le



This	article	is	protected	by	copyright.	All	rights	reserved

A
cc

ep
te

d 
A

rt
ic

le



This	article	is	protected	by	copyright.	All	rights	reserved

A
cc

ep
te

d 
A

rt
ic

le



This	article	is	protected	by	copyright.	All	rights	reserved

A
cc

ep
te

d 
A

rt
ic

le



This	article	is	protected	by	copyright.	All	rights	reserved

A
cc

ep
te

d 
A

rt
ic

le



This	article	is	protected	by	copyright.	All	rights	reserved

A
cc

ep
te

d 
A

rt
ic

le



This	article	is	protected	by	copyright.	All	rights	reserved

A
cc

ep
te

d 
A

rt
ic

le



This	article	is	protected	by	copyright.	All	rights	reserved

A
cc

ep
te

d 
A

rt
ic

le




