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Abstract
Main conclusion  HRW increased the content of starch and sucrose via regulating a series of sucrose and starch syn-
thesis genes, which induced the formation of bulblets and adventitious roots of Lilium davidii var. unicolor.

Abstract  Hydrogen gas (H2), as a signaling molecule, has been reported to be involved in plant growth and development. 
Here, the effect of hydrogen-rich water (HRW) on the formation of bulblets and adventitious roots in the scale cuttings of 
Lilium davidii var. unicolor and its mechanisms at the molecular levels were investigated. The results revealed that com-
pared with distilled water treatment (Con), the number of bulblets and adventitious roots were significantly promoted by 
different concentrations of HRW treatment. Treatment with 100% HRW obtained the most positive effects. RNA sequencing 
(RNA-seq) analysis found that compared with Con, a total of 1702 differentially expressed genes (DEGs, upregulated 552 
DEGs, downregulated 1150 DEGs) were obtained under HRW treatment. The sucrose and starch metabolism, cysteine and 
methionine metabolism and phenylalanine metabolism were significantly enriched in the analysis of the Kyoto encyclopedia 
of genes and genomes (KEGG). In addition, the genes involved in carbohydrate metabolism were significantly upregulated 
or downregulated (upregulated 22 DEGs, downregulated 15 DEGs), indicating that starch and sucrose metabolism held a 
central position. The expressions of 12 DEGs were identified as coding for key enzymes in metabolism of carbohydrates 
was validated by qPCR during bulblet formation progress. RNA-seq analysis and expression profiles indicated that the 
unigene levels such as glgc, Susy, otsA and glgP, BMY and TPS were well correlated with sucrose and starch metabolism 
during HRW-induced bulblet formation. The change of key enzyme content in starch and sucrose metabolism pathway was 
explored during bulblet formation in Lilium under HRW treatment. Meanwhile, compared with Con, 100% HRW treatment 
increased the levels of sucrose and starch, and decreased the trehalose content, which were agreed with the expression pat-
tern of DEGs related to the biosynthesis pathway of sucrose, starch and trehalose. Therefore, this study suggested that HRW 
could promote the accumulation of sucrose and starch contents in mother scales, and decreased the trehalose content, this 
might provide more energy for bulblet formation.

Keywords  Bulblet formation · HRW · Lilium davidii var. unicolor · RNA-seq · Scales cutting · Sucrose and starch 
metabolism

Abbreviations
HRW	� Hydrogen-rich water
Con	� Control
GO	� Gene ontology
KEGG	� Kyoto encyclopedia of genes and genomes

DEGs	� Differentially expressed genes
RNA-seq	� RNA sequencing
qRT-PCR	� Quantitative real-time PCR

Introduction

Hydrogen (H2), a flammable, colorless and odorless gas, 
is the least dense gas in nature and known as a multi-
functional signaling molecule. In different cell and disease 
model, H2 might have cytoprotective effects and act as a 
potential therapeutic medical gas by selectively decreasing 
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hydroxyl radical (Zheng et al. 2011). H2 has been identi-
fied as a broad-spectrum anti-stress molecule to response 
the abiotic stresses in plants (Chen et al. 2014). Studies 
have mainly paid attention to its scavenging of ROS under 
abiotic stress, such as heat stress (Chen et al. 2017), salt 
stress (Xu et al. 2013), mercury (Hg) stress (Cui et al. 
2014), cadmium (Cd) stress (Cui et al. 2013), aluminum 
(Al) stress (Zhao et al. 2017), and UV irradiation (Su et al. 
2014), which attributed these alleviative effects to anti-
oxidant ability of H2. Previous study found that H2 could 
decrease the respiration rate and delay the softening of 
the kiwi fruit by decreasing ethylene biosynthesis (Hu 
et al. 2018). Meanwhile, our previous results indicated 
that the vase life of cut lily (Lilium spp.) and cut rose 
(Rosa hybrid L.) flowers was improved under hydrogen-
rich water (HRW) treatments by keeping water balance and 
membrane stability (Ren et al. 2017; Wang et al. 2020a). 
In addition, H2 also played an effective role in the develop-
ment of adventitious root in cucumber and the germination 
in black barley (Guan et al. 2019; Zhu et al. 2016). How-
ever, the effect of H2 on the bulblet generation in lily and 
the deep mechanism of H2 in adventitious roots formation 
need to be further studied.

Lilium davidii is one of the lilies with sweet tasting. How-
ever, its reproductive coefficient is low. Scale cutting acts as 
an efficient method for rapid propagation in L. davidii and 
can provide healthy bulblets (Wu et al. 2016). Since bulbs 
are the production organs of lily plants, current studies on 
the bulblet formation of lilies mainly focus on its carbo-
hydrate metabolism (Li et al. 2014). In the generation of 
bulblets in lily, sucrose plays an important role in increas-
ing the number of bulblets. Higher sucrose concentrations 
enhanced the average fresh mass and diameter of bulblet 
(Keller 1993). Li et al. (2014) also found that the forma-
tion of bulblets was accelerated by upregulating SuSy and 
INV genes which is related to sucrose and starch metabo-
lism. During bulblet initiation, the expression of Susy was 
significantly upregulated in mother scales, and sucrose was 
transported to bulblets for starch synthesis (Xu et al. 2020). 
The starch in mother scales of L. could be degraded into 
soluble sugars and contribute to the bulblet formation (Li 
et al. 2014).

TCP transcription factors, which could activate or inhibit 
cell proliferation, were identified as master integrator in tulip 
(Moreno-Pachon et al. 2016). Some studies showed that 
TCP transcription factors might be regulated by sucrose, 
cytokinin and strigolactone in several species (Manassero 
et al. 2013; Moreno-Pachon et al. 2017). A recent study 
suggested that TCP and its target miR319 were regulated 
by HUA ENHANCER 1 (HEN1) and played a crucial role 
in the shoot organogenesis of mutants and overexpression 
plants (Yang et al. 2020). However, the effects of TCP on 
bulblet generation in Lilium remain unclear.

The objective of the present study was to investigate the 
effect of exogenous H2 on the formation of bulblets and 
adventitious roots in L. davidii. In addition, transcriptomic 
comparative analysis was performed via RNA-seq to iden-
tify candidate genes associated with starch and glucose 
metabolism during the formation of bulblets and adventi-
tious roots induced by H2. The result may provide new 
insights into the formation of bulblets in Lilium, which 
would be useful for further study on carbohydrate mecha-
nism at the molecular level.

Materials and methods

Preparation of HRW

Purified H2 gas (99.99%, v/v) generated from a hydrogen 
gas generator (QL-300, Saikesaisi Hydrogen Energy Co., 
Ltd, Shandong, China) was bubbled into 1000 mL distilled 
water solution at a rate of 330 mL min−1 for 60 min. Then, 
the corresponding hydrogen-rich water (HRW) was rapidly 
diluted to the different saturations required (1, 10, 50 and 
100%, [v/v]) (Wang et al. 2019a). The dissolved hydrogen 
portable meter was used to analyze the H2 concentration in 
freshly prepared HRW, and it was maintained at an effec-
tive concentration level at 25 °C for at least 12 h (Figs. 
S1 and S2).

Plant material and growth conditions

The fresh bulbs used in this study were gained from 
planters in the Xiguoyuan of Qilihe District, Lanzhou, 
Gansu province, China. Selected identical bulbs (diam-
eter = 4.0 ± 0.2 cm) of Lilium davidii var. unicolor without 
obvious disease spot. Then, healthy bulb surfaces were 
sterilized by immersing in 500 times carbendazim solution 
for 30 min and washed with distilled water three times. 
After surface sterilization, cutting experiment was carried 
out with intermediate scales (3–5 layers). The scales were 
immersed in 1000 mL HRW of different concentrations 
for 3 h, and distilled water was used as the control (Con). 
Scales were embedded concave upward into pre-sterilized 
substrate comprising perlite and vermiculite (2:1, V/V). 
The growth conditions were first maintained in dark at 
60% relative humidity, 23/18 ℃ day/night temperature for 
14 days, and then cultured with a 14 h photoperiod (pho-
tosynthetically active radiation = 200 μmol m−2 s−1). The 
1.5-cm-long segments of the mother scales base, which 
were treated with different concentration of HRW for 10 
and 40 days, were stored at − 80 °C for total RNA extrac-
tion and RNA-seq analysis.
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Measurement of morphological indexes

After 40 days of HRW treatment, the number of bulblets and 
roots was counted. The number of bulblet diameter above 
1 mm was counted. Similarly, the number of root length 
above 1 mm was counted. The length of bulblet diameter 
and adventitious roots per mother scale was observed and 
recorded, and corresponding photographs were taken.

Total RNA isolation

Total RNA was isolated from more than 3 mother scales 
using TaKaRa MiniBEST plant RNA extraction kit (Takara 
Bio Inc, Kusatsu, Shiga, Japan) as described by the manu-
facturer’s protocol. RNA concentration and integrity were 
measured using NanoDrop spectrophotometer and Agilent 
2100 Bioanalyzer. RNA samples were sent to Novogene 
Co.Ltd (Beijing, China) for cDNA library construction and 
sequencing.

Iso‑Seq library construction, sequencing and de 
novo transcriptome assembly

The Iso-Seq library was constructed using the Clontech 
SMARTer PCR cDNA Synthesis Kit and the Blue Pippin 
Size Selection System protocol, according to the Iso form 
Sequencing protocol (Iso-Seq), as described by Pacific 
Biosciences (PN100-092-800-03). Oligo magnetic adsorp-
tion was used to enrich Poly (A) mRNA. cDNA frag-
ments > 4 bp in size were selected for PCR amplification. 
Finally, sequencing was performed on PacBio Sequel plat-
form. The SMRTlink 7.0 software was used to process the 
sequence data. The clean data were generated by CD-HIT 
(-c0.95-T6-G0aL0.00-aS0.99) to remove redundancy. Final 
transcripts were obtained and then used for all subsequent 
analyses.

Unigene functional annotation

Unigene functions were annotated based on seven public 
databases, including NCBI non-redundant protein sequences 
(NR), NCBI non-redundant nucleotide sequences (NT), Pro-
tein family (Pfam, http://​pfam.​sanger.​ac.​uk/), Clusters of 
Orthologous Groups of proteins (KOG/COG, http://​pfam.​
sanger.​ac.​uk/), a manually annotated and reviewed protein 
sequence database (Swiss-Prot, http://​www.​ebi.​ac.​uk/​unipr​
ot/), KEGG Ortholog database (KO, http://​www.​genome.​
jp/​kegg/), and Gene Ontology (GO, http://​www.​geneo​ntolo​
gy.​org/). These databases were performed with a search e 
value of ‘1e−10’.

Analysis of the functional enrichment 
of differentially expressed genes (DEGs)

DEGs between the different treatments were identified 
using DESeqR package (1.10.1). Genes with an adjusted P 
value < 0.05 and |log2 fold change| ≥ 1 were defined as dif-
ferentially expressed.

The sequence of unigenes was enriched to the KEGG 
database. Statistical enrichment of differentially expressed 
genes (DEGs) in KEGG pathway was detected using 
KOBAS software. GO enrichment was analyzed by the 
GOseq R package (corrected P value less than 0.05). The 
DEGs mainly enriched in biological process (BP), molecular 
function (MF) and cellular component (CC).

Quantitative real‑time PCR verification

To verify the expression patterns of the genes in RNA-seq 
analysis, 9 DEGs were selected from carbohydrate meta-
bolic pathways and TCP transcription factors for qRT-PCR 
verification. Among these genes, 7 DEGs are involved in 
starch and sucrose metabolism and 2 DEGs are related to 
TCP transcription factors. SYBR® Green Premix Pro Taq 
HS qPCR Kit was used to quantitative real-time RT-PCR 
by Light Cycler® 96 Real-Time PCR System (Roche). LoT1 
was selected as a reference gene. The 2−ΔΔCT approach was 
used to calculate the relative expression of selected genes 
(Vandesompele et al. 2002). All the genes were each per-
formed in three biological replicates. Primers are listed in 
Supplementary Table S4.

Measurements of the content of starch and sucrose

After 20 days of HRW treatment, the content of starch 
and sucrose was measured. Starch content was determined 
using iodine colorimetry, while sucrose was measured by 
traditional anthrone colorimetry (Miao et al. 2016; Xu et al. 
2020). Samples were ground in 2 mL distilled water, and 
approximately 0.5 g of powder was incubated with 3.2 mL 
60% of perchloric acid for 10 min. Then, the extraction solu-
tion was centrifuged at 5000×r for 5 min. After filtration, 
the starch content of the extraction was determined using 
iodine colorimetry. Samples that weighted approximately 
1.0 g were ground in liquid nitrogen, and the power was 
incubated with 100 mL of 80% ethanol at 100 °C for 30 min 
to measure the sucrose content. Then, the extraction solu-
tion was centrifuged and filtered. The content of sucrose was 
determined by hydrolysis and resorcinol reaction. Using 30% 
HCl and 1% C6H6O2 extracted the sucrose. The content of 
sucrose was determined and calculated at the absorbance 
of 480 nm.

http://pfam.sanger.ac.uk/
http://pfam.sanger.ac.uk/
http://pfam.sanger.ac.uk/
http://www.ebi.ac.uk/uniprot/
http://www.ebi.ac.uk/uniprot/
http://www.genome.jp/kegg/
http://www.genome.jp/kegg/
http://www.geneontology.org/
http://www.geneontology.org/
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Measurements of the content of trehalose

After 20 days of HRW treatment, the level of trehalose was 
determined using trehalose content detection kit (Beijing 
Solarbio Science & Technology Co., Ltd, China) accord-
ing to the manufacturer’s protocol. The trehalose content in 
mother scales was determined in three independent replicate 
experiments.

Measurements of the content of adenosine 
diphosphoglucose pyrophosphorylase (AGPase), 
sucrose synthase (Susy) and sucrose‑phosphate 
synthase (SPS)

After 20 days of HRW treatment, the content of AGPase, 
Susy and SPS enzymes was measured from mother scales 
separately according to the instruction of AGPase ELISA 
Kit, Susy ELISA Kit and SPS ELISA Kit (Andy Gene Bio-
technology Co. Ltd., Beijing, China). About 1 g of mother 
scales was ground with 9 mL PBS (0.01 M, pH 7.4). To 
obtain the supernatant, the sample was centrifuged at 
12,000g for 15 min at 4 ℃, and the supernatant was col-
lected for measuring the content of AGPase, Susy and SPS 
enzymes. To measure the AGPase, Susy and SPS content in 
the mother scales, the purified AGPase, Susy and SPS anti-
bodies were used to coat microtiter plate wells. After adding 
AGPase, Susy and SPS to wells, the antibodies of AGPase, 
Susy and SPS could combine with the corresponding 
enzymes to form the antibody–antigen–enzyme–antibody 
complex, and then the wells were washed for 5 times. TMB 
substrates became blue color after adding TMB substrate 

solution. The colors were changed to yellow and reactions 
were terminated after adding the sulphuric acid solutions, 
and then samples were measured by spectrophotometry at 
450 nm. The content of AGPase, Susy and SPS which has 
activity in the mother scales were calculated by comparing 
the OD value of standard curve. All treatment experiments 
were carried out with three biological replicates.

Statistical analysis

All data were determined in three independent biologi-
cal replicates for each experiment. The value of data was 
expressed as mean ± standard error (SE), and the data were 
analyzed using one-way analysis of variance (ANOVA) of 
SPSS 22.0 software (SPSS, Inc., Chicago, IL, USA). The 
different treatment was separated by Duncan’s multiple 
range test at P < 0.01 and P < 0.05.

Results

Effect of HRW on the number of adventitious roots 
and bulblets of scale cuttings in Lilium davidii var. 
unicolor

To examine the effect of H2 on the formation of bulblets 
and roots, the number of bulblets and adventitious roots in 
various concentrations of HRW treatments was measured. 
As shown in Fig. 1, compared with the control (Con), 1, 10, 
50%, and 100% HRW treatments significantly increased the 
number of adventitious roots and bulblets. Compared with 

Fig. 1   Effects of various con-
centrations of HRW treatments 
on the formation of bulblets and 
adventitious roots. The mother 
scales were cut in plug and 
treated by different concentra-
tions of HRW (1, 10, 50, and 
100%). Using distilled water 
as control (Con). Photos were 
taken after 40 days of HRW 
treatments (a). The mother 
scales were treated with HRW 
or distilled water every day 
for 40 days. After 40 days of 
HRW treatment, the number of 
bulblets and adventitious roots 
were measured (b). Different 
letters mean significant differ-
ence (P < 0.05). Means and SE 
values were calculated from at 
least three independent experi-
ments
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Con, 1, 10, 50 and 100% HRW treatments increased the 
number of roots by 23.57, 73.61, 47.13 and 285%, respec-
tively. Compared with Con, the bulblet number in 1, 10, 50 
and 100% HRW-treated mother scales increased by 7.18, 
21.46, 46.52 and 53.59%, respectively. Under various HRW 
concentrations, 100% HRW obtained the maximum number 
of bulblets and adventitious roots (Fig. 1). Treatment with 
100% HRW showed the most positive effect on the forma-
tion of bulblets and roots, so 100% HRW concentration was 
selected for all following experiments.

Transcriptome sequencing, de novo assembly, 
and functional annotation of unigenes in Lilium 
davidii var. unicolor

To better understand the role of H2 in promoting bulblets and 
adventitious roots formation, a RNA-seq was determined. 
RNA-seq obtained raw data from 53.0 to 79.2 million reads 
(Supplementary Table S1). After filtering, more than 51.92 
million clean reads and 51.52G clean bases were produced 
and used for de novo assembly in total. All transcripts were 
assembled into 14,140 non-redundant unigenes with an aver-
age length of 1785 bp (N50 = 2270 bp). The quality scores 
(Q20 and Q30) of all samples were higher than 97 and 92%. 
Each sample included GC content more than 50% (Supple-
mentary Table S1).

Under HRW treatment, the 14,140 unigenes were anno-
tated based on BLASTx (E value = 10–10) to identify can-
didate genes and their potential functions in the bulblet 
initiation process. In total, 13,408 (94.82%) unigenes were 
mapped to least one public database, as following annota-
tion distribution: 12,867 (NR; 91.00%), 11,521 (Swissprot; 
81.48), 12,578 (KEGG; 88.95%), 8,097 (KOG; 57.26%), 
9,969 (GO; 70.50%), 9806 (NT; 69.35%), 9969 (Pfam; 
70.50%) (Fig. 2a). Among 14,140 unigenes, 5740 unigenes 
(40.59% of the total genes) were annotated in all databases. 
There were 8097 unigenes that could be classified into 
25 KOG categories (Fig. 2b). The clusters were focus on 
general function, protein modification and turnover, signal 
transduction. In addition, the 510 unigenes of carbohydrate 
transport and metabolism occupied the central position (i.e., 
6.30% of annotated of KOG).

KEGG and GO enrichment analysis of DEGs

To further study the metabolism pathway that occurs in 
bulblet formation after HRW treatment, KEGG and GO 
enrichment was used for analysis of the DEGs. As shown in 
Fig. 3, in HRW vs. Con, a total of 1702 DEGs were obtained. 
The number of downregulated DEGs (1150) was more than 
that of upregulated DEGs (552), and these genes were sig-
nificantly affected by HRW treatment, which might be asso-
ciated with several metabolic pathways.

The top 20 enriched KEGG pathways were used to predict 
the biochemical pathways of bulblet formation induced by 
HRW. The top 20 KEGG pathways from the comparisons 
were shown as follow: linoleic acid metabolism; starch and 
sucrose metabolism; phenylpropanoid biosynthesis; phe-
nylalanine metabolism; isoquinoline alkaloid biosynthesis; 
carbon fixation in photosynthetic organisms; cysteine and 
methionine metabolism; alpha-Linolenic acid metabolism; 
stilbenoid, diarylheptanoid and gingerol biosynthesis; fla-
vonoid biosynthesis; tyrosine metabolism; plant hormone 
signal transduction; plant-pathogen interaction; amino sugar 
and nucleotide sugar metabolism; ubiquinone and other 
terpenoid-quinone biosynthesis; tropane, piperidine and 
pyridine alkaloid biosynthesis; glycolysis/gluconeogene-
sis; DNA replication; carotenoid biosynthesis and fatty acid 
elongation (Fig. 4a). Among these pathways, the starch and 
sucrose metabolism, cysteine and methionine metabolism 
and phenylalanine metabolism were obviously enriched in 
the analysis of the KEGG pathway. Under HRW treatment, 
there were 37 (upregulated 22 DEGs, downregulated 15 
DEGs), 27 (upregulated 11 DEGs, downregulated 16 DEGs) 
and 26 (upregulated 17 DEGs, downregulated 9 DEGs) 
DEGs during bulblet formation were involved in starch 
and sucrose metabolism (ko00500), cysteine and methio-
nine metabolism (ko00270) and phenylalanine metabolism 
(ko00360) (Fig. 4a).

The GO database was used to categorize DEGs, as shown 
in Fig. 4b. In the GO enrichment analysis, the classification 
of DEGs was as follows: biological process (BP), cellular 
component (CC) and molecular function (MF). During the 
biological processes, 292 and 192 DEGs treated by HRW 
were mainly concentrated in single-organism metabolic 
process (GO: 0044710) and carbohydrate metabolic process 
(GO: 0005975). In the cellular component, the DEGs were 
mainly involved in virion part (GO: 0044423, 69 DEGs) 
and virion (GO: 0019012, 69 DEGs). During the molecular 
function, 695 DEGs and 349 DEGs were mainly enriched 
in catalytic activity (GO: 0003824) and transferase activ-
ity (GO: 0016740) (Fig. 4b). Thus, H2 might increase the 
enzyme activity of catalyticase and transferase, and promote 
the metabolism of starch and sucrose.

Expression of genes involved in metabolic 
pathways of sucrose and starch metabolic pathways 
under HRW treatment

In Con vs. HRW, 37 DEGs were identified, which contrib-
uted to sucrose and starch metabolic pathways. Among 37 
DEGs, 31 unigenes were annotated to the specific sucrose 
and starch metabolic pathways from transcriptomic analy-
sis (Fig. 5, Supplementary Table S2). Of these, 21 DEGs 
were upregulated, and 10 DEGs were downregulated under 
HRW treatment compared to Con, respectively. The unigene 
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expression patterns are shown in the heat map in Fig. 6. 
At 10 DAT, sucrose could be degraded into trehalose and 
maltose by trehalose 6-phosphate synthase (ostA), treha-
lose 6-phosphate phosphatase (otsB), and beta-amylase 
(BMY) (Fig. 5), leading the decrease in sucrose content 

during bulblet initiation. However, compare with Con, HRW 
treatment significantly downregulated all of DEGs encod-
ing ostA (3 DEGs), otsB (1 DEGs), and BYM (1 DEGs) 
(Fig. 5; Table 1). Meanwhile, sucrose could be synthesized 
by Susy which was encoded by 9 DGEs. Compared with 

Fig. 2   The number of unigenes annotated in seven public databases (a) and KOG function classifications in Lilium davidii var. unicolor (b). 
Seven public databases: NR, Swissprot, KEGG, KOG, GO, NT, Pfam
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Con, 7 genes encoding Susy were significantly upregulated, 
but other 2 genes were obviously downregulated, such as 
Susy (Lv-5835/f2p0/2787) and Susy (Lv-6141/f5p0/2804) 
(Fig. 5, Supplementary Table S2).

Alpha-d-glucose 1-phosphate (α-UDP-glucose-1P), as an 
intermediate substance, was involved in the metabolism of 
starch and sucrose. α-UDP-glucose-1P could be converted 
into starch and glycogen via the catalysis of AGPase and 
GBE1. Then, the starch was converted into dextrin under 
the regulation of BMY (Lv-14655/f2p0/1768). In addi-
tion, starch and glycogen could be degraded into α-UDP-
glucose-1P, contributing to a reduction in starch content. In 
this study, compared with Con, except for glgP (Lv-4329/
f8p0/3070), the expressions of two genes (glgP Lv-3169/
f3p0/3388 and glgP Lv-3276/f2p0/3343) encoding glycogen 
phosphorylase was upregulated in HRW treatment (Fig. 5; 
Table 1). Some starch and glycogen in mother scales could 
be inverted into sucrose during bulblet initiation in HRW 
treatment. α-UDP-glucose-1P could also be metabolized via 
another pathway that was catalyzed by phosphoglucomutase 
and glucose-6-phosphate isomerase (Fig. 5a; Table 1). How-
ever, in HRW treatment, genes encoding these enzymes, 
including pgm (Lv-10771/f9p0/2180) and GPI (Lv-10253/
f3p0/2243), were significantly upregulated (Fig.  5b; 
Table 1). In addition, the synthesis and metabolism of cel-
lobiose and D-glucose were mediated by β-glucosidase. 
RNA-seq data showed that bglX (Lv-9667/f2p0/2285) and 
bglX (Lv-11238/f19p0/2102) were kept at a higher expres-
sion in the Con, but they showed a significant downregula-
tion expression in HRW treatment (Fig. 5b).

Identification and expression of the genes 
of transcription factor TCP under HRW treatment

TCP transcription factors have been identified as master 
integrators in the complex network of hormones and sugar 
signals that control the axillary bud outgrowth of bulbs in 

tulips (Moreno-Pachon et al. 2017). To investigate further the 
role of H2 in bulblet initiation, RNA-seq was used to assess 
the expression of encoding TCP transcription factors genes 
in mother scales. In this study, 7 unique transcripts which 
encoding members of TCP transcription factor families were 
identified including 5 DEGs, which showed different expres-
sion levels under HRW treatment (Supplementary Table S3). 
As showed in Fig. 6, 4 DEGs (Lv-26277/f3p0/772, Lv-9757/
f2p0/2278, Lv-18038/f5p0/1428 and Lv-13348/f2p0/1896) 
were upregulated, and 1 DEG (Lv-11430/f31p0/2067) was 
downregulated. These data indicated that HRW treatment 
might influence the expression of TCP transcription factor 
families to regulate the bulblets’ formation.

Quantitative analysis of predominant genes 
involved in starch and sucrose metabolism

To verify the expression of DEGs, 10 carbohydrate metab-
olism-related genes and 2 TCP transcription factors were 
selected. As shown in Fig. 7, the expression level of Susy 
(Lv-11396/f10p0/2107) and Susy (Lv-6345/f6p0/2708) under 
HRW treatment increased at 10 DAT and showed about one-
fold of increase. However, compared with Con, Susy (Lv-
5835/f2p0/2787) was significantly downregulated (about 
3-fold), and the genes (otsA (Lv-3190/f5p0/3376), and otsB 
(Lv-5637/f3p0/2848)) were involved in trehalose accumulation 
were clearly downregulated by HRW treatment. At 10 DAT, 
expression profiles and RNA-seq analyses indicated that the 
mRNA levels of glgc (Lv-11836/f6p0/2065), glgP (Lv-3276/
f2p0/3343) and GBE1 (Lv-5071/f12p0/2936), which encode 
key enzymes in starch synthesis pathway, showed > onefold 
of increase at 10 DAT under HRW treatment. The expres-
sion of glgc (Lv-10878/f2p0/2172) was increased at 10 DAT 
but no significant increase in HRW-induced. However, the 
expression of BMY (Lv-14655/f2p0/1768) was decreased 
in HRW treatment at 10 DAT which correlated with starch 
degradation (Fig. 7). These results indicate that the level of 
starch and sucrose could be accumulated with HRW treat-
ment. Meanwhile, at 10 DAT, according to gene expression 
profiles, treatment with HRW significantly decreased the tre-
halose accumulation. Compare with Con, the expression of 
Lv-18038/f5p0/1428 and Lv-26277/f3p0/772, encoding TCP 
transcription factor genes were upregulated (> 2 fold) in the 
HRW treatment at 10 DAT (Fig. 7). The results of qRT-PCR 
were consistent with the expression levels of the transcript 
sequence.

Changes in starch and sucrose contents of mother 
scales in Lilium davidii var. unicolor under HRW 
treatment

To explain the stimulatory roles of H2 in the generation 
of bulblets and adventitious roots, the content of starch 

Fig. 3   The number of DEGs was showed by the volcano plot. Dots 
in red and green represent up- and downregulated genes, respectively. 
The size of the dots indicates the number of DEG
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and sucrose in mother scales were determined in this 
study (Fig. 8). The starch content in mother scales deeply 
decreased from 0 to 15 days, and then it slightly increased 

from 15 to 20 days. In mother scales, compared with Con, 
HRW treatment significantly suppressed the decrease of 
starch content from 0 to 15 days. For example, on day 10, 

Fig. 4   KEGG (a) and GO (b) enrichment analysis the expression of DEGs. GO enrichment analysis includes three categories: cellular compo-
nent, molecular function and biological process
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the decrease of starch content in Con was 39.93%, but it was 
8.20% in HRW treatment (Fig. 8a). Compared with Con, 
100% HRW treatment increased the content of starch by 

52.83 and 7.65% at 10 and 15 days after treatment (DAT), 
respectively. However, on day 20, there was no significant 
difference in starch content between Con and HRW treat-
ments. Thus, HRW treatment could strongly affect the 
change of starch content in mother scales at 10 DAT.

The results in Fig. 8b showed that HRW also could influ-
ence the levels of sucrose in mother scales. The sucrose con-
tent in mother scales sharply decreased within 10 days, and 
it lightly declined from 10 to 20 days. Compare with Con, 
at 10 and 20 DAT, HRW treatment extremely significantly 
suppressed the decrease in content of sucrose. For exam-
ple, at 10 DAT, the decrease of sucrose content in Con was 
69.62%, but HRW treatment showed a decrease of 61.43% in 
sucrose content. At 15 DAT, there was significant difference 
in sucrose content between Con and HRW treatments. Com-
pared with Con, 100% HRW treatment obviously increased 
the content of sucrose by 26.95, 14.39 and 24.82% at 10 
DAT, 15 DAT and 20 DAT, respectively (Fig. 8b). After 
HRW treatment, compared with Con, the content of sucrose 
and starch increased significantly at 10 DAT. Therefore, the 
10 days might be the critical period of starch and sucrose 
metabolism during the formation of bulblets.

The content of starch and sucrose synthesis 
enzymes during bulblet formation in Lilium davidii 
var. unicolor under HRW treatment

To explore the changes of starch and sucrose levels under 
HRW treatment, the content of three starch and sucrose 
metabolism-related enzymes was measured. Compared 
with Con, AGPase content responded rapidly to HRW 

Fig. 5   Overview of major carbohydrate metabolism. Pathways of 
sucrose and starch metabolism associated with bulblet formation 
under HRW treatment (a). The heatmap of the expression of DEGs 
related to sucrose and starch metabolism under HRW treatment at 10 

DAT (b). Rectangle in red and blue represent upregulation and down-
regulation, respectively. Each column and row represented a sample 
and a DEG

Fig. 6   The heatmap of gene expression encoding TCP transcription 
factors under HRW treatment at 10 DAT. LoT1 was selected as a ref-
erence gene. Rectangle in red and blue represent upregulation and 
downregulation, respectively. Each column and row represented a 
sample and a DEG
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treatment. First, the AGPase content declined sharply 
within 15 days (Fig. 9a), and then increased gradually 
from 15 to 20 DAT. During the formation of bulblets and 
adventitious roots, compared with Con, 100% HRW treat-
ment increased the AGPase content by 21.18 and 2.97% at 
10 DAT and 15 DAT, respectively, and the AGPase content 
was significantly higher in HRW treatment than in Con at 
10 DAT (Fig. 9a). However, on days 15 and 20, there was 
no significant difference in AGPase content between Con 
and HRW treatments. Similarly, the change of AGPase 

content was consistent with the starch content in HRW 
treatments during bulblet formation (Figs. 8a, 9a).

During bulblet formation, treatment with HRW signifi-
cantly increased the content of Susy as compared to Con 
(Fig. 9b). At 10, 15 and 20 DAT, compared with Con, HRW 
treatment increased the Susy content in mother scales by 
21.16, 24.84, and 36.37%, respectively. Among 9 genes 
encoding Susy enzyme, 7 genes were significantly upregu-
lated, which was consistent with the changes in Susy content 
(Figs. 5b, 9b). The content of Susy in mother scales was 

Table 1   Number of DEGs that 
encoded key enzymes involved 
in the sucrose and starch 
metabolism of mother scales in 
Lilium davidii var. unicolor 

Enzyme name Abbreviation EC number KO number Unigene 
number

UTP-glucose-1-phosphate uridylyltransferase UGP2 2.7.7.9 K00963 2
Adenosine diphosphoglucose pyrophosphorylase AGPase 2.7.7.27 K00975 5
1,4-Alpha-glucan-branching enzyme GBE1 2.4.1.18 K00700 1
Phosphoglucomutase pgm 5.4.2.2 K01835 1
Glucose-6-phosphate isomerase GPI 5.3.1.9 K01810 1
Sucrose synthase Susy 2.4.1.13 K00695 9
Beta-glucosidase bglX 3.2.1.21 K01188 4
Glycogen phosphorylase glgP 2.4.1.1 K00688 3
Trehalose 6-phosphate synthase TPS 2.4.1.15 K01087 3
Trehalose 6-phosphate phosphatase TPP 3.1.3.12 K01087 1
Beta-amylase BMY 3.2.1.2 K01177 1

Fig. 7   Expression of 12 candidate genes involved in bulblet forma-
tion. LoT1 was selected as a reference gene. Asterisk (*) and dou-
ble asterisk (**) indicate 5 and 1% significance level, respectively. 

The bar represents the value of standard error. Each experiment was 
repeated three times independently
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shown to exceed considerably the content of SPS. Within 
16 days, compared with Con, the content of SPS was inhib-
ited under HRW treatment, which was decreased by 24.84% 
(Fig. 9c). Figure 9c shows that the content of SPS in HRW 
treatment was higher than Con from 15 to 20 DAT.

The trehalose level change of mother scales 
in Lilium davidii var. unicolor under HRW treatment

To further explore the mechanism of bulblet formation in 
HRW treatment, the trehalose level in mother scales was 
measured within 20 DAT (Fig. 10). As shown in Fig. 10, 
compared with Con, the trehalose content dramatically 
decreased at first and then increased gradually from 0 to 
20 DAT. Compared with Con, HRW treatment dramati-
cally decreased the content of trehalose by 16.51 and 
13.01% at 10 DAT, 15 DAT, respectively (Fig. 10). At 10 
and 15 DAT, treatment with HRW significantly decreased 
the trehalose accumulation. Similar to RNA-seq analysis, 

the genes involved in trehalose accumulation were clearly 
downregulated by HRW treatment, such as otsA (Lv-5254/
f2p0/2951) and otsB (Lv-5637/f3p0/2848), which might 
lead to the decrease in trehalose level (Figs. 5b, 10). How-
ever, at 20 DAT, there was no significant difference in 
trehalose content between Con and HRW treatments.

Fig. 8   Changes of starch (a) and sucrose contents (b) during HRW-
induced roots and bulblet formation. The mother scales were treated 
with HRW or distilled water (Con) every day for 20  days. After 
20  days of HRW treatment, the starch and sucrose contents were 
measured. Asterisk (*) and double asterisk (**) indicate 5 and 1% 
significance level, respectively. Values represent the mean ± SE of 
three replicates. Each experiment was repeated three times indepen-
dently

Fig. 9   Changes in the content of AGPase (a), SS (b) and SPS 
enzymes (c) during HRW-induced root and bulblet formation. Using 
distilled water as control (Con). The mother scales were treated with 
HRW or distilled water every day for 20 days. After 20 days of HRW 
treatment, the enzyme contents of AGPase, SS and SPS were meas-
ured. Asterisk (*) and double asterisk (**) indicate 5 and 1% sig-
nificance level, respectively. The bar represents the value of standard 
error. Means and SE values were calculated from at least three inde-
pendent experiments
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Discussion

H2 plays an important role in plant growth 
and development

Hydrogen, known as a potential anti-oxidant, could effec-
tively neutralize ·OH in living cells (Zheng et al. 2011). 
In general, cell membranes are considered to prevent 
some water-soluble anti-oxidants from entering cells and 
organelles. However, previous studies have shown that H2 
could easily penetrate cellular and intracellular membranes 
and diffuse into the cytosol, mitochondria and nuclei 
because it is electronically neutral and much smaller than 
the oxygen molecule (Zheng et al. 2011). Hydrogen could 
selectively inactivate ·OH via forming water (Ohsawa et al. 
2007). The authors also revealed that H2 could keep cellu-
lar morphology by preventing DNA oxidation, preserving 
mitochondrial membrane potential, and ATP synthesis. In 
addition, H2 also could increase the activity of anti-oxi-
dant enzyme in response to abiotic stress in plants (Xie 
et al. 2012). Moreover, Xie et al. (2014) suggested that 
H2 treatment upregulated the GORK transcript levels. For 
Cd2+ transport, H2 treatment could significantly repress the 
expression of two main transporters (BcIRT1 and BcZIP2) 
during Cd uptake (Wu et al. 2019). These results indicated 
that H2 may play an important role in plant response to 
abiotic stresses. Previous study has shown that adventi-
tious root formation could be induced by exogenous HRW 
treatment (Zhu et al. 2017). However, whether there are 
some other novel pathways involved in adventitious root 
formation remains to be investigated. In this study, the 
starch and sucrose metabolism and the content of key 

enzyme during bulblet formation in Lilium davidii var. 
unicolor were investigated for this process.

HRW promoted the bulblet formation in Lilium 
davidii var. unicolor

H2 is a gas signaling molecule that could promote the gen-
eration of adventitious roots and the germination of seed. 
Compared with HRW-free control sample, 50 and 100% 
HRW promoted the formation of adventitious root, and the 
length of adventitious root also was promoted (Lin et al. 
2014). They also found the HRW promoted the development 
of adventitious root in a dose-dependent manner. In cucum-
ber, H2 could upregulated the expressions of cell cycle-
related genes and target genes related to adventitious rooting 
during adventitious root formation (Zhu et al. 2016). In our 
previous study, Zhu and Liao (2017) showed that exogenous 
H2 could promote the development of adventitious roots in 
marigold. HRW treatment was also shown to significantly 
promote the growth of mung bean seedlings because it could 
promote the elongation of hypocotyl and root cell by increas-
ing GA and IAA contents (Wu et al. 2020). The results 
were also confirmed in experiments of cucumber and radish 
seedlings (Zhang et al. 2018). However, few detailed studies 
have explored the genetic and molecular mechanism about 
whether H2 could regulate the generation of bulblets in L. 
davidii var. unicolor. Treatments with 100% HRW treatment 
significantly increased the number of bulblets and adventi-
tious roots in (Fig. 1). Thus, this is the first report to show 
that H2 could induce bulblet and adventitious root formation 
in L. davidii var. unicolor.

HRW increased the sucrose and starch contents 
during bulblet formation

HRW treatment promoted the adventitious root formation 
via complex process that usually involves a series of bio-
chemical reactions. Bulblet formation is also a complex bio-
logical process that is regulated by both external environ-
ment and genetic material. In previous studies of L. davidii 
var. unicolor (Li et al. 2014), Sagittaria sagittifolia (Gao 
et al. 2018), and Lycoris radiata (Xu et al. 2020), starch and 
sucrose have been found to be vital to bulblet morphogen-
esis and emergence. The bulblet outgrowth and initiation 
process might need the continuous support of soluble sugar 
which from the mother scales (Xu et al. 2020). In this study, 
according to KEGG analysis, starch and sucrose metabo-
lism held a central position, indicating that carbohydrate 
metabolism was the major pathway of Lilium in HRW treat-
ment. Thus, the metabolism pathway of starch and sucrose 
was selected to further explore. During bulblet formation, 
the change of sucrose and starch contents in the mother 
scales showed a trend of first decrease and then increase 

Fig. 10   Changes of the trehalose level during HRW-induced root 
and bulblet formation. The mother scales were treated with HRW or 
distilled water every day for 20  days. After 20  days of HRW treat-
ment, the change of trehalose was measured. Asterisk (*) and double 
asterisk (**) indicate 5 and 1% significance level, respectively. The 
bar represents the value of standard error. Means and SE values were 
calculated from at least three independent experiments
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and reach a nadir at 10 DAT (Fig. 8). Xu et al. (2020) also 
found that sucrose and starch contents first decreased and 
then increased during bulblet initiation in Lycoris radiata. 
HRW treatment significantly suppressed the decreases of 
sucrose and starch (Fig. 8), accompanied by regulation of 
the 37 genes (22 genes were upregulated and 15 gene were 
downregulated), which associated with sucrose and starch 
synthesis (Fig. 5). Among these genes, 31 unigenes were 
annotated to the specific sucrose and starch metabolic path-
ways via KEGG enrichment.

The sugars in bulblet of Lycoris radiata were largely 
derived from carbohydrate metabolism in the mother scales 
(Xu et al. 2020). Sucrose was supposed as the direct sub-
strate of starch synthesis during bulblet formation (Zhang 
et al. 2013). Barbier et al. (2015) suggested that sucrose 
was the first trigger to control endogenous hormone signal-
ing and promoted the bud formation. Sucrose synthesis and 
hydrolysis were catalyzed by SPS and Susy (Li et al. 2014). 
Previous studies revealed that Susy primarily catalyzed 
sucrose hydrolysis rather than the synthesis of sucrose (Li 
et al. 2014). However, in this study, the content of Susy was 
higher than SPS activity in mother scales (Fig. 9B, C), and 
treatment with HRW led to sucrose accumulation (Fig. 8B). 
Meanwhile, RNA-seq analysis showed that the genes encod-
ing SPS were not significantly upregulated or downregu-
lated after HRW treatment, even though SPS content had a 
change during bulblet formation. At 10 DAT, the number of 
upregulated genes encoding Susy (7 DEGs) were obvious 
more than downregulated genes (2 DEGs), accompanied by 
the increase of sucrose content, indicating that under HRW 
treatment the sucrose synthesis ability was higher than the 
sucrose degradation ability. This suggests that Susy might be 
involved in sucrose synthesis rather than sucrose hydrolysis, 
and the content of Susy was higher than the content of SPS 
at 10 DAT under 100% HRW treatment. In previous stud-
ies on sucrose metabolism pathway, about 60% pathways 
as shown in Fig. 5a have been reported in Lycoris radiata 
and Sagittaria sagittifolia (Xu et al. 2020; Gao et al. 2018). 
Another new pathway associated with sucrose hydrolysis 
was suggested in this study (Fig. 5a). UDP-glucose, which 
can also be synthesized from sucrose degradation catalyzed 
by Susy (Li et al. 2014), considered as the substrate of Tre-
halose-6P synthesis by trehalose-phosphate synthase (TPS) 
(Yadav et al. 2014). Trehalose-6P, as the intermediate of tre-
halose biosynthesis, plays a central role in signal metabolic 
pathway in plants (Yadav et al. 2014; Paul et al. 2008). They 
also found that the substrates of TPS and UDP-glucose could 
be increased with sucrose induction in Arabidopsis thali-
ana. Therefore, Yadav et al. (2014) proposed a hypothesized 
pathway that sucrose could activate TPS and promote the 
increase of Trehalose-6P level. In this experiment, accord-
ing to RNA-seq enrichment analysis and verification, it is 
suggested that that another novel sucrose hydrolysis pathway 

might exist in the process of bulblet formation (Fig. 5a). As 
Fig. 5a shows that sucrose might convert into Trehalose-6P 
by Susy and TPS, and then Trehalose-6P convert into treha-
lose by trehalose 6-phosphate phosphatase (TPP). Does this 
novel pathway exist in carbohydrate metabolism pathway? 
More work should be done to solve the above problems. In 
this study, compared to Con, and the expressions of the genes 
involved in sucrose degradation were clearly downregulated 
by HRW treatment, such as otsA (Lv-5254/f2p0/2951) and 
otsB (Lv-5637/f3p0/2848), leading to a significant decrease 
in trehalose level at 10 DAT. Therefore, more sucrose from 
the mother scales was used for the starch synthesis in the 
bulblets treated with HRW. The starch synthesis of bulblet 
in Sagittaria sagittifolia needed the metabolism of sucrose 
and starch from the mother scales (Gao et al. 2018). Similar 
results were also reported in bulblet formation in Lycoris 
radiata (Xu et al. 2020). Their research showed that many 
transcripts related to sucrose degradation were significantly 
changed, and the hexose sugars of sucrose degradation were 
used for biosynthetic reactions of starch.

The development of underground organs, such as bulbous 
enlargement and bulblet formation, is based on the synthesis 
and accumulation of starch (Seng et al. 2017). In the bulblets 
of Tulipa edulis, the starch bodies are the main storage form 
and it could be synthesized from bulb by several enzymes, 
such as AGPase, Susy, and GBSS (Xu et al. 2020). In addi-
tion, the activity of essential enzymes during root formation 
was changed and energy was produced to support the process 
(Rosental et al. 2014). Xu et al. (2014) also found AGPase 
activity was strongly increased during bulblet initiation. In 
the starch synthesis pathway, the expression of the genes 
encoding AGPase and GBE1 were significantly upregulated 
during bulblet formation. However, in this study, the content 
of AGPase showed sharp decrease and then increase within 
20 DAT. During bulblet formation, change in starch content 
was similar in AGPase content, showing a rapid decrease 
and then a subsequent increase (Figs. 8a, 9a). Meanwhile, 
compared to Con, the gene expressions of ADP-glucose and 
starch synthesis also were upregulated in HRW treatment 
(Fig. 5). Therefore, HRW treatment inhibited starch degrada-
tion and resulted in starch content accumulation. RNA-seq 
data showed that the gene expressions encoding the starch 
synthesis enzymes (i.e., AGPase and GBE1) in HRW treat-
ment were significantly upregulated. The β-amylase enzyme 
degraded starch to dextrin, and then dextrin was converted 
to maltose and glucose (Wang et al. 2014). However, the 
expression of BMY (Lv-14655/f2p0/1768) encoding beta-
amylase in HRW treatment was obviously downregulated 
(Fig. 5b). It is suggested that H2 could suppress the degrada-
tion of starch, so more starch in mother scales might be used 
to promote bulblet formation. Gene expression that related 
to sucrose and starch metabolism in HRW treatment, such as 
Susy (Lv-5835/f2p0/2787), otsA (Lv-4864/f4p0/2970) and 



	 Planta (2021) 254:106

1 3

106  Page 14 of 16

glgc (Lv-10878/f2p0/2172), were confirmed by RT-qPCR 
analyses (Fig. 7), and the results confirmed the expression 
of the DEGs. Taken together, H2 positively promoted bulblet 
and adventitious root formation by mediating the metabolic 
pathways of sucrose and starch.

TCP transcription factors regulated the bulblet 
formation

The formation and development of bulblet is a complex pro-
cess regulated by a series of transcription factors (Gao et al. 
2018; Moreno-Pachon et al. 2016). The teosinte branched1/
cycloidea/proliferating cell factor1 (TCP) is a special tran-
scription factor family involved in activation or inhibition 
cell proliferation and related to branching, leaf development, 
and germination (He et al. 2020). TCP transcription factors 
have been reported in many plant species, such as 24 TCP 
in Arabidopsis (Li 2015), 39 TCP in Brassica rapa L. ssp. 
Pekinensis (Liu et al. 2018), 31 TCP in Solanum tuberosum 
(Wang et al. 2019b). During the tuber swollen stage of Bras-
sica juncea var. tumida, the expression of 6 BjTCP genes 
were significantly upregulated (He et al. 2020). The root 
hair, density, and stem trichome were increased when the 
GbTCP5 gene in transgenic Arabidopsis was overexpressed 
(Wang et al. 2020b). In Arabidopsis, the leaf shape would 
be controlled by plant hormone-activated TCP domain 
protein 1 (Wang et al. 2020b). MicroRNA 319 (miR319) 
could regulate the expression of TCP genes and control leaf 
development (Bresso et al. 2018). In this study, seven TCP 
transcription factors were identified through RNA-seq, and 
five unique transcripts encoding TCP protein were showed 
different expression patterns under HRW treatment (Fig. 6). 
Among these genes, the expression levels of TCP (Lv-
26277/f3p0/772, Lv-9757/f2p0/2278, Lv-18038/f5p0/1428 
and Lv-13348/f2p0/1896) showed an increasing tendency 
under HRW treatment, which might indicate that bulblet 
and adventitious root formations were accelerated. These 
upregulated genes might be involved in the activation of cell 
regeneration, and the TCP (Lv-11430/f31p0/2067) might as 
negative regulation factor in the formation of bulblets.

Conclusion

In conclusion, exogenous H2 significantly promoted the 
bulblet and adventitious root formations, and the metabolism 
of sucrose and starch might play an important role in bulblet 
initiation. When bulblets gradually generated, the sucrose 
and starch contents in mother scales were rapidly reduced, 
which were regulated by several genes. When mother scales 
were treated with HRW, compared with Con, the starch and 
sucrose contents increased, which was primarily regulated 
by genes encoding AGPase and Susy, the crucial enzymes 

associated with sucrose and starch metabolism. There was 
no significant upregulation or downregulation of the genes 
encoding SPS under 10 DAT, but the expressions of the 
genes encoding Susy changed significantly. Furthermore, 
the content of Susy was increased under HRW treatment, 
although Susy was generally considered to be related to 
sucrose hydrolysis. These results suggested that 100% HRW 
treatment could promote sucrose and starch synthesis via 
regulating a series of genes, supporting the substance accu-
mulation of bulblets. Interestingly, we also hypothesized that 
the decrease in trehalose content of mother scales might be 
regulated by sucrose, which needs to be explored in future 
studies. The study also revealed that 5 TCP transcription fac-
tors might be involved in the H2-induced bulblet formation 
in L. davidii. However, further studies should be conducted 
to explore the specific mechanism of H2-mediated regulation 
of bulblet formation at molecular levels.
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