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Abstract
Background Lilium lancifolium is a special wild triploid species native to China and can produce abundant bulbils on 
its stem under natural conditions, which is very valuable to study bulbil organogenesis in plants. Although similar to 
the lateral and tillering principles, the molecular mechanism underlying bulbil formation has remained incompletely 
understood.

Results The metabolome and transcriptome of L. lancifolium bulbils across four development stages were analyzed. 
The pairwise comparison of metabolomes across the four stages identified 17 differential hormones, predominantly 
auxin (IAA), cytokinin (CK), and jasmonic acid (JA). Short Time-series Expression Miner (STEM) trend analysis of 
differential genes revealed four significant trends across these stages. The KEGG enrichment analysis of the four 
clusters highlighted pathways, such as plant hormone signal transduction, which were speculated to play a crucial 
role in development stages. these pathways were speculated to play a crucial role in development stages. To 
explore the key differential expressed genes and transcription factors associated with bulbil occurrence, two periods 
were focused on: Ll_UN and Ll_DN, which represented the stages with and without bulbils, respectively. Through 
correlation analysis and qRT-PCR analysis, 11 candidate differentially expressed genes and 27 candidate transcription 
factors were selected. By spraying exogenous hormones to validate these candidates, LlbHLH128, LlTIFY10A, LlbHLH93, 
and LlMYB108, were identified as the key genes for L. lancifolium bulbils.

Conclusion A regulatory network of L. lancifolium bulbil development was predicted. LlTIFY10A and LlbHLH93 might 
be involved in the JA and auxin signal transduction pathways, which jointly formed a regulatory network to affect the 
occurrence of L. lancifolium bulbil. This study not only provided more information about the differentially expressed 
genes and metabolites through transcriptome and metabolomics analyses, but also provided a clearer understanding 
of the effect of hormones on bulbil formation in lily.
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Introduction
The phenomenon of bulbil/bulblet formation, observed 
in various plants such as Polygonum viviparum, Sedum 
bulbiferum, and Laportea bulbifera, serves as a signifi-
cant reproductive organ to avoid certain issues associ-
ated with sexual reproduction, minimizing variation and 
enhancing reproductive efficiency [1]. Lilium lancifolium, 
commonly known as tiger lily, is a special wild triploid 
species and naturally distributes across 17 provinces in 
China. When mature bulbils detach from parent plants, 
they can develop into new plantlets, just like the seed’s 
germination. In the genus Lilium, under natural condi-
tion only four species including L. lancifolium, L. sulphu-
reum, L. sargentiae, and L. bulbiferum can form bulbils in 
leaf axils of the stem. But nowadays, propagation of lily 
cultivars in production primarily relies on bulb division. 
Inducing bulbil development can effectively enhance 
their reproductive efficiency. Nevertheless, there was 
few reports on the exploitation of bulbils as propaga-
tion materials in lily production. Although several stud-
ies on lily bulbil have been reported, they focused mainly 
on morphological observation and physiological index 
determination [2, 3]. The lily bulbils can originate from 
the leaf axillary meristem referred to as the lateral mer-
istem [4, 5]. Fan et al.. emphasized that the cell growth 
within bulbils facilitated the rapid transport and accu-
mulation of sucrose and other substances [3]. Moreover, 
several studies have indicated that bulbils can be induced 
by hormone treatments on the stem of lilies without bul-
bils, suggesting the complexity of bulbil occurrence. The 
transcriptome sequencing analysis of L. lancifolium bul-
bils has been carried out, and revealed the significance of 
starch and glycometabolism alongside the plant hormone 
signal transduction pathway in bulbil formation [2]. The 
regulatory role of auxin in bulbil development was con-
firmed, which was consistent with the findings of Luo 
et al. [6]. In addition to auxin, cytokinin can exhibit dis-
tinct regulatory roles in bulbil formation. During the bul-
bil initiation, the expression of IPT1/5 and LOG1/3/5/7 
increased while CKX4 decreased, subsequently elevating 
endogenous cytokinin levels and activated the cytokinin 
signaling pathway to regulate bulbil formation [7, 8]. In 
addition, the genes WOX9 and WOX11 in the WOX gene 
family may also regulate the bulbil occurrence, which 
reveals the molecular regulation mechanism of bulbil for-
mation underlying the WOX gene and cytokinin signal-
ing pathway [9].

The morphological and anatomical observations have 
revealed the similarities between the bulbils in lily and 
lateral branches in Arabidopsis and tillering in rice [1, 3, 
5]. Extensive researches on the axillary branches showed 
that hormones have played the crucial role. Plant hor-
mones such as IAA, CK, and GA regulate the forma-
tion and development of axillary meristem (AM) [10]. 

The IAA and ABA can partially inhibit axillary buds 
[11], with the low IAA level in leaf axils enhancing the 
AM formation, whereas high IAA concentration inhibit-
ing axillary buds. Conversely, CK stimulate axillary bud 
growth [12, 13]. Moreover, GA and JA also serve as key 
regulators of various aspects of plant growth and devel-
opment [14, 15]. Furthermore, there is a wide cross-reac-
tivity among different phytohormone anabolic pathways, 
and the interaction is evident in the regulation of AM 
formation and development. Auxin can inhibit the AM 
growth by modulating cytokinin concentration [11]. The 
CK application at the axillary bud can promote the auxin 
accumulation, subsequently induce branching [16]. Addi-
tionally, IAA can induce changes in plant branches via JA 
[17]. The various hormones affect branching individually 
or interactively, and contribute to a complex regulatory 
network.

With the rapid advancement of omics technology, 
several related genes have been identified. Based on the 
transcriptome of Ornithogalum arabicum, Jiang et al. 
[18–21]. suggested significant changes in the expression 
of genes, such as WOX8, KN1, and DCAF8, suggest-
ing their involvement in bulbil occurrence. The MADS 
and KNOM genes that have been extensively studied in 
Agave can play key roles in axillary bud development. 
For instance, the MADS1 regulates axillary bud devel-
opment in potato by modulating cell growth in the veg-
etative meristem [22]. The KNOM gene can regulate the 
cellular uncertainty in the meristem zone through the 
interactions with cytokinin and gibberellin [23], closely 
associated with the bulbil development [24, 25]. Liu et 
al. identified significant differential expression of PEBP 
gene families, including the FT, TFL, and MFT subfami-
lies, during bulblet formation in Pinellia cordata. These 
genes are known to regulate processes, such as tuber and 
bulb formation [26]. These findings have indicated that 
the multi-omics joint analysis is an effective strategy for 
identifying the key genes regulating these traits. This 
study systematically observed the development of bul-
bils in L. lancifolium and conducted the transcriptome 
and metabolome sequencing during the critical peri-
ods of bulbil development. This study aimed to screen 
for new regulatory mechanism through a multi-omics 
approach with the intention of identifying key genes for 
L. lancifolium bulbil initiation, and explore the regulatory 
network affecting this process. Additionally, this study 
could provide insights into the initiation and formation 
of L. lancifolium bulbils, as well as a foundation for future 
molecular researches on bulbil formation in Lilium.
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Results
Overall hormonal situation changes and key hormonal 
analysis during bulbil development
Throughout the bulbil development, notable changes 
were observed in the hormone content. The PCA dia-
gram indicated the clear clustering of three replicates, 
demonstrating significant differences between Ll_DN on 
the lower axil and the other stages (Ll_UN, Ll_UT, and 
Ll_UE) on the upper axil of the stem (Fig. S1A). A total 
of 41 hormones were identified, including auxin (IAA), 
cytokinin (CK), abscisic acid (ABA), jasmonic acid (JA), 
salicylic acid (SA), gibberellin (GA), and ethylene (ETH), 
with CKs comprising the highest proportion of compo-
nents, followed by IAA and JAs. Additionally, distinct 
hormone profiles were observed during Ll_DN, Ll_UN, 
Ll_UT, and Ll_UE stages. The analysis of hormone accu-
mulation revealed high levels of salicylic acid and auxin 
at Ll_DN stage, accounting for 97% of the total hormone 
content, which may explain the absence of bulbils in the 
lower part of the plant (Fig. 1E). Moreover, the total con-
tent of JA gradually increased, and the total content of 
IAA gradually decreased upon the occurrence of L. lan-
cifolium bulbils (i.e., Ll_UN, Ll_UT). This suggested that 
both hormones played pivotal roles in inducing the bulbil 
development of L. lancifolium.

To precisely identify the key phytohormones influenc-
ing the bulbil development, a clustering heatmap was 
generated to visualize variations across different stages 
(Fig.  1F). The heatmap primarily revealed the varia-
tions in hormone types between the lower and upper 
axils, possibly linked to the presence of L. lancifolium 
bulbils. Some hormones were only detected in Ll_DN, 
such as IAA-Glc (1-O-indol-3-ylacetylglucose), IP 
(N6-isopentenyladenine), mTR (meta-Topolin riboside), 
cZROG (cis-Zeatin-O-glucoside riboside), DHZROG 
(Dihydrozeatin-O-glucoside riboside), BAP (6-Benzylad-
enine), and GA15 (Gibberellin A15). Correspondingly, 
some hormones were only detected in the three stages on 
the upper axil (Ll_UN, Ll_UT and Ll_UE), such as TRA 
(Tryptamine), pTR (para-Topolin riboside), KR (Kinetin 
riboside), iP9G (Kinetin riboside), K9G (Kinetin-9-glu-
coside), and OPC-4 (3-oxo-2-(2-(Z)-Pentenyl). Among 
the hormones detected in all four stages, notable differ-
ences were observed between Ll_DN stage on the lower 
axil and the three stages on the upper axil, such as OPDA 
(cis(+)-12-Oxophytodienoic acid), JA, ABA, IAA, GA1 
(Gibberellin A1), GA3 (Gibberellin A3), ACC (1-Ami-
nocyclopropanecarboxylic acid), and SA. Most of these 
differential hormones exhibited their highest levels in Ll_
DN stage, indicating their potential association with the 
absence of bulbils at this stage. Among them, SAG (sali-
cylic acid 2-O-β-glucoside) showed the highest content 
(4953 ng/g), followed by TRP (L-tryptophan) (1724 ng/g). 

The changes in hormone levels may be the primary factor 
contributing to the bulbil formation of L. lancifolium.

The comparative analysis of the hormone types in 
the samples was conducted to explore the predominant 
hormones influencing bulbil occurrence (Table S1). The 
table illustrates that the disparity in hormone metabo-
lism between Ll_DN and Ll_UE was more pronounced, 
whereas Ll_UT vs. Ll_UE exhibited fewer differences. 
The differential hormones identified from the pairwise 
comparison were further refined through the relative 
quantification, and 17 differential hormones were finally 
selected. A correlation network diagram was generated 
to examine the relationship among the 17 identified dif-
ferential hormones (|rho| > 0.95), which included ABA, 
cZROG, DHZROG, GA3, IAA-Glc, IP, JA, JA-ILE (Jas-
monoyl-L-isoleucine), JA-Val (N-[(-)-Jasmonoyl]-(L)-
valine), MEJA (Methyl jasmonate), mTR (meta-Topolin 
riboside), OPC-4 (3-oxo-2-(2-(Z)-Pentenyl) cyclopen-
tane-1-butyric acid, OPDA, SA, SAG, TRA, and TRP. 
Most of these hormones were positively correlated. Nota-
bly, no significant correlation was observed between the 
five JAs and other hormones, indicating their indepen-
dence from the processes influencing bulbil occurrence 
and their lack of interaction with other hormone types. 
Negative correlations were only observed in ABA and 
TRA with other nine differential hormones, except for 
SA (Fig. 1G).

Global transcript analysis during bulbil development
The high-throughput sequencing of the samples was con-
ducted using the Illumina Novaseq™ 6000 system, and 12 
sequencing libraries were constructed from four samples 
representing different stages of bulbil development in L. 
lancifolium. All the raw reads were deposited in the NCBI 
Sequence Reads Archive (SRA) under accession number 
SRP505108. Following the removal of sequencing adapt-
ers and low-quality reads, the effective read counts for 
the four samples were 4.59 × 107, 5.26 × 107, 4.31 × 107, and 
4.64 × 107, respectively. The statistical analysis revealed 
that the percentage of bases Q20 and Q30 in each sample 
exceeded 97.9% and 93.6%, respectively. Additionally, the 
GC content was consistent across the samples, averag-
ing approximately 51% (Table S2). The trinity assembly 
yielded 107,265 transcripts, averaging 485  bp in length, 
with an N50 of 1,163 bp (Table S3). The results indicated 
that the data quality from the transcriptome sequencing 
satisfied the requirements for the database establishment, 
and that the assembly quality was suitable for subsequent 
analysis.

To verify the data reliability, the Pearson correlation 
analysis was conducted between the samples, as shown 
in Fig. S1B. The correlation between the three repli-
cates within each group exceeded 0.9, indicating strong 
consistency and high reliability. Additionally, distinct 
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differences were observed between Ll_DN stage on 
the lower axil and the three stages (Ll_UN, Ll_UT, and 
Ll_UE) on the upper axil, which was consistent with the 
hormone analysis results. A total of 39,441 genes exhib-
ited the co-expression across all four stages, with 1,450 
genes exclusively co-expressed in the three stages of the 
upper axil and 384 genes specifically expressed in Ll_DN 
(Fig. 2A).

Among the 39,441 genes expressed across the four 
stages, 433 were transcription factors (Table S4), includ-
ing 77 from the bHLH gene family, 51 from the ERF 
gene family, 17 from the GATA gene family, 83 from the 
MYB gene family, 47 from the WRKY gene family. There 
were 1,011 hormone-related genes. There are 347 genes 
annotated to the signal transduction pathway in KEGG, 
most of them annotated to the auxin signal transduc-
tion pathway, jasmonate signal transduction pathway, 

Fig. 1 Paraffin observation and global hormone analysis. (A-D) Different development stages of Lilium lancifolium bulbil. (a-d) Four stages of bulbil on the 
stem were observed using the paraffin section for transcriptome sequencing and metabolome determination: Ll_UN (no upper bulbils), Ll_UT (transpar-
ent bulges in upper leaf axils), Ll_UE (white bulges emerging in upper leaf axils), and Ll_DN (no bulbils at 10 cm down from the bottom). P: petiole; S: stem; 
AP: apical point; SC: scale; AM: axillary meristem. (E-G) Overall hormonal situation quality control during the different stages of L. lancifolium bulbil. (E) 
Dynamic changes of each hormone content during different stages. (F) Heat map of the differential metabolites. (G) Correlation between 17 differential 
hormones. Correlation coefficient |rho| ≥ 0.95
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brassinosteroid signal transduction pathway and gib-
berellin signal transduction pathway, and the remaining 
genes are distributed in different phytohormone synthe-
sis and transduction pathways (Table S5).

Analysis of differentially expressed genes (DEGs) in 
different development stages of L. lancifolium bulbils
Differences between genes were selected through screen-
ing for fold differences equal to or greater than 2 (log2 
fold-change value) and P-values or q-values less than 
0.05. There was a greater number of differential genes 
between Ll_DN stage on the lower axil and the three 
stages (Ll_UN, Ll_UT, and Ll_UE) on the upper axil, as 
shown more distinctly in the histogram (Fig.  2B). Con-
versely, fewer differential genes were evident among the 
three stages on the upper axils. Specifically, 12,494 DEGs 
were identified between Ll_UN and Ll_DN, compris-
ing 5,485 up-regulated and 7,009 down-regulated DEGs. 
Subsequently, Ll_UT vs. Ll_DN and Ll_UE vs. Ll_DN 
revealed 11,833 and 11,631 differential genes, respec-
tively. In the pairwise contrast group of the three stages 
on the upper axil, Ll_UT vs. Ll_UN exhibited the highest 
number of differentially expressed genes, featuring 684 
up-regulated and 359 down-regulated genes. Conversely, 
the contrast group Ll_UT vs. Ll_UE demonstrated the 
fewest differential genes, comprising 160 up-regulated 

and 232 down-regulated genes. The KEGG analysis was 
conducted for the differential genes in these comparison 
groups, revealing significant enrichment in both plant 
hormone signal transduction and protein processing in 
the endoplasmic reticulum (ER). This enrichment indi-
cated the likely involvement of hormones in the growth 
of L. lancifolium bulbils (Fig. 2D).

We combined the 23,193 differential genes from the 
pairwise comparisons to identify the differential genes 
for each of the four stages, which comprised 719 TFs and 
582 hormone-related genes. To further identify key dif-
ferential genes, we conducted STEM trend analysis on 
the high-quality data after removing low-quality samples, 
revealing four significant trends. To further investigate 
the main differential genes, the STEM trend analysis of 
the differential genes across the four stages after remov-
ing the low-quality data revealed four significant trends 
(Fig.  2C). Trend 7 exhibited a consistent up-regulation, 
while Trend 1 displayed a completely opposite pattern, 
featuring the continuous down-regulation. The genes 
under Trend 2 demonstrated a uniform increase across 
the three upper stages, whereas those under Trend 6 
exhibited a collective decrease in the three upper stages. 
Owing to variations in P-values and gene lengths, the 
number of differential genes in Trends 7 and 1 exceeded 
6,000, and the number of differential genes under Trends 

Fig. 2 Analysis of the genes in different stage of L. lancifolium bulbil. (A) Venn diagram. (B) Bar graph of the differential genes. (C) Differential gene trend 
analysis. (D) KEGG enrichment analysis for differential genes
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2 and 6 was approximately 2,000. To gain a more intui-
tive understanding of the main pathways enriched by the 
differential genes across the four significant trends, the 
KEGG enrichment analysis was conducted for each clus-
ter (Fig. S2A-D) individually. The results were to some 
extent consistent with the previous findings of differen-
tial gene enrichment. The most prominent enrichments 
included plant hormone signal transduction, ribosome, 
protein processing pathway in the endoplasmic reticu-
lum, and MAPK signaling pathway. These pathways were 
speculated to be of significant importance during the 
developmental stages.

The correlation network diagrams were generated to 
further examine the relationship between the TFs and 
hormone-related genes for each trend (Fig. S3 A-D). A 
total of 112 TFs and 130 hormone-related genes were 
annotated as differentially expressed genes under Trend 
1. In the correlation network analysis of Trend 1, the 
MYB gene family transcription factors demonstrated 
the notable connectivity. Specifically, LlMYB44 (TRIN-
ITY_DN21789_c0_g2, TRINITY_DN22732_c1_g1, and 
TRINITY_DN28694_c0_g1) and LlWRKY30 (TRIN-
ITY_DN28933_c1_g1) exhibited the highest connectivity, 
affecting the genes associated with the JA signal transduc-
tion pathway and plant hormone transport. For Trend 7, 
100 TFs and 127 hormone-related genes were identified. 
The correlation network analysis for Trend 7 revealed 
that the most connected transcription factors were 
LlMYB3R-1 (TRINITY_DN28245_c0_g1) and LlE2FA 
(TRINITY_DN18686_c0_g1 and TRINITY_DN18686_
c0_g2), which primarily influenced the genes associated 
with plant hormone transport. In Trend 2, 21 TFs were 
annotated, along with 45 hormone-related DEGs. The 
network analysis for Trend 2 identified LlWRKY2 (TRIN-
ITY_DN28023_c0_g1) as the most connected transcrip-
tion factor, predominantly influencing the genes involved 
in the GA signal transduction pathway. Additionally, 
Trend 6 comprised 30 TFs among the differential genes, 
resulting in a total of 31 differential genes associated with 
hormones. The correlation network analysis for Trend 
6 revealed that the most connected transcription factor 
was LlDL (TRINITY_DN16235_c0_g1) from the YABBY 
gene family, which was known for its role in lateral tissue 
formation and meristem function. Additionally, LlPCF2 
(TRINITY_DN20505_c0_g7) and LlHSF4B (TRINITY_
DN19144_c0_g1) indicated the high connectivity, pri-
marily influencing the genes related to plant hormone 
transport. These genes could have a positive regulatory 
effect on the occurrence of bulbil. These findings further 
demonstrated the significance of plant hormones from 
the synthesis and transport to signal transduction in the 
development of L. lancifolium bulbils, emphasizing their 
pivotal roles in regulating bulbil occurrence.

Key genes involved in hormone pathways that affect the 
bulbil formation in L. lancifolium
Based on the botanical and anatomical observations, the 
L. lancifolium bulbil formation predominantly occurred 
in the upper half of the stem. Our focus was on two key 
periods, Ll_UN and Ll_DN, representing the stages with 
and without bulbils, respectively. The KEGG annota-
tion revealed 78 DEGs related to auxin, 71 to jasmonate 
acid, 49 to gibberellin, and various numbers of cytoki-
nin-, abscisic acid-, and salicylic acid-related DEGs (23, 
22, and 9, respectively). Among the auxin-related DEGs, 
49 encoded SAUR family proteins and 15 encoded Auxin 
Response Factors (ARF), most of which presented higher 
expression levels in Ll_UN stage. Among the jasmonate-
related DEGs, 26 were encoded genes in the JAZ family 
and nine in the bHLH family. Additionally, 14 gibberel-
lin-related DEGs encoded gibberellin 2-oxidase, and 11 
encoded DELLA protein. Among the cytokinin-related 
differential genes, four encoded UDP-glycosyltransfer-
ases, displaying elevated expression levels during Ll_DN 
stage, whereas three others encoded the cytokinin dehy-
drogenase. The abscisic acid-related DEGs included six 
encoding abscisic acid receptors, mostly highly expressed 
in Ll_DN stage, and five encoding serine/threonine-pro-
tein kinase, predominantly expressed in Ll_UN stage. The 
salicylic acid-related DEGs included three encoding the 
transcription factor TGA, all of which exhibited higher 
expression during Ll_DN stage.

To provide a clearer understanding of the spatial dis-
tribution and alterations of each differential gene within 
the respective pathways, we integrated the pathway 
maps with heat maps (Fig.  3A and Fig.S4). Specifically, 
four pathways were focused including cytokinin, abscisic 
acid, gibberellin, and jasmonic acid synthesis. These 
DEGs were predominantly clustered within the gibber-
ellin and jasmonate synthesis pathways and participated 
in the entire process. Notably, the DEGs within the plant 
hormone signal transduction pathway spanned various 
pathways, except the ethylene and brassinosteroid signal 
transduction pathways. Most DEGs in these two catego-
ries exhibited higher expression levels at Ll_DN stage.

We further refined these DEGs based on their P-val-
ues, resulting in a final selection of 46 DEGs (Table S6). 
Among these, 20 DEGs were associated with jasmo-
nate, 16 with auxin, and three each with salicylic acid 
and abscisic acid. In addition, two DEGs were identi-
fied for both gibberellin and cytokinin, respectively. 
Finally, qRT-PCR analysis at Ll_UN and Ll_DN was con-
ducted to validate the expression patterns of the candi-
date genes, leading to the identification of 11 candidate 
genes (Fig.  3B). These genes, namely LlCCD4, LlTGA1, 
LlCYP74A2, LlIPT5, LlLOX2.1, LlGA2OX1, LlPYL4, LlTI-
FY10A, LlARF6, LlbHLH41, and LlSAUR32, were consis-
tent with the transcriptome data. Notably, LlCYP74A2, 
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Fig. 3 Screened for differential gene and quantitative analysis. (A) Heat map of differential gene expression on the plant hormone synthesis pathway. 
(B) Quantitative results. Green rectangles represent the relative expression levels of the genes in Ll_UN. Red rectangles represent the relative expression 
levels of the genes in Ll_DN
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LlLOX2.1, and LlARF6 exhibited higher expression levels 
in Ll_UN than in Ll_DN, associated with the jasmonate 
synthesis and auxin signaling, respectively. Based on the 
aforementioned findings, we hypothesized that the regu-
lation of L. lancifolium bulbils predominantly involved 
the jasmonate synthesis and signal transduction pathway, 
IAA signal transduction pathway, cytokinin synthesis 
pathway, and salicylate signal transduction pathway.

Key transcription factors (TF) regulating L. lancifolium 
bulbils
Given that axillary meristematic initiation was regulated 
by transcription factors, we identified the differential 
transcription factors from the selected genes in L. lan-
cifolium transcriptome data. In Ll_DN vs. Ll_UN group, 
311 significantly different TFs were identified. These 
transcription factors predominantly belonged to the 
bHLH, ERF, MYB, and WRKY gene families. The heat-
map of these gene families was consistent with previous 
heatmap clustering (Fig. 4A) revealing that most of these 
differential transcription factors exhibited higher expres-
sion in Ll_DN stage than in Ll_UN stage. Moreover, all 
the differential TFs of the WRKY gene family indicated 
the higher expression in Ll_DN stage than in Ll_UN 
stage. To investigate the pivotal TFs involved in L. lanci-
folium bulbil occurrence, we conducted further screening 
based on expression levels. We identified differentially 
expressed TFs with a high correlation with previously 
screened genes by assessing their correlation. Subse-
quently, we associated these differential TFs with differ-
ential metabolites, using a threshold of 0.995. Ultimately, 
27 TFs were identified (Table S7), comprising 11 from the 
bHLH gene family, 8 from the WRKY gene family, 4 from 
the ERF gene family, and 4 from the MYB gene family.

To gain a clearer understanding of the relationship 
between the 27 identified TFs, differential genes, and 
metabolites, we constructed a correlation network dia-
gram (Fig. 4B). This revealed that all 27 TFs were highly 
correlated with differential jasmonate metabolites. TRIN-
ITY_DN17758_c1_g2 (LlbHLH30), TRINITY_DN19810_
c0_g1 (LlbHLH137), TRINITY_DN22416_c0_g1 
(LlbHLH144), TRINITY_DN22750_c0_g1 (LlbHLH106), 
and TRINITY_DN26807_c0_g4 (LlbHLH93) were posi-
tively associated with jasmonate metabolite levels. 
They indicated the positive correlations with the genes 
involved in jasmonic acid synthesis pathway, such as 
LlCYP74A2 and LlLOX2.1, and negative correlations 
with genes involved in the jasmonate signal transduc-
tion pathway, such as LlbHLH41 and LlTIFY10A. This 
suggested that these five TFs positively regulated the 
jasmonate synthesis while inhibiting the jasmonate 
signal transduction, whereas other TFs exhibited the 
opposite pattern. Furthermore, these five transcription 
factors exhibited a positive correlation with differential 

auxin-like metabolites, in contrast to other transcrip-
tion factors. Conversely, only TRINITY_DN18009_c1_g2 
(LlbHLH130), TRINITY_DN21011_c0_g2 (LlbHLH144), 
TRINITY_DN25583_c0_g2 (LlWRKY54), and TRINITY_
DN29957_c0_g1 (LlbHLH41) were positively associated 
with differential salicylate metabolites. They displayed a 
strong positive correlation with LlTGA1 genes involved 
in the salicylate signal transduction pathway. This sug-
gested that these TFs could play a role in regulating the 
emergence of L. lancifolium bulbil sprouting by positively 
modulating salicylic acid signal transduction.

To validate the reliability of our previous findings, we 
conducted qRT-PCR analysis at Ll_UN and Ll_DN stages 
to confirm the expression patterns of the 11 candidate 
TFs, which were consistent with the transcriptome data 
(Fig.  4C). The majority of these transcription factors 
exhibited higher expression levels at Ll_DN stage. We 
hypothesized that this observation could contribute to 
the absence of bulbil formation in the lower part of the 
stem of L. lancifolium.

Effect of spraying exogenous hormone on the bulbil 
occurrence of L. lancifolium
In summary, we identified six key hormone categories 
using the screening process. To validate the efficiency of 
the hormones identified through metabolomic analysis, 
we conducted the exogenous spraying experiments. NPA 
(50, 100, and 150 mg/L), GA3 (50, 100, and 150 mg/L), and 
MeJA (50, 100, and 150 µmol/L) were applied. Notably, 
the application of 50 mg/L NPA resulted in the most sig-
nificant promotion of bulbil formation. The transparent 
bulges emerged on the 17th day after spraying and sub-
sequently developed into white spherical bulges within 3 
d. These bulges continued to expand and transition into 
green bulges around the 27th d after spraying (Fig.  5). 
Among the concentrations of spraying GA3, 50 mg/L GA3 
proved to be the optimal concentration. The transparent 
bulges began to appear approximately 20 d after spray-
ing and gradually expanded into the white bulges over 
the following week. For MeJA, the optimal concentration 
among the spray applications was 150 µmol/L, with bulge 
formation commencing approximately 27 d after spray-
ing and continuing to expand thereafter. In contrast, the 
bulbil formation was not observed in the control group. 
These findings indicated that these hormones played a 
significant role of bulbil formation.

Through the integrated analysis of metabolome and 
transcriptome, we identified key DEGs and TFs, includ-
ing the LlPYL4 involved in the ABA signaling pathway, 
LlbHLH137 and LlbHLH93 in the JA synthesis, LlTI-
FY10A in the JA signal transduction, and LlbHLH128 in 
the GA signal transduction. The core TFs, such as Llb-
HLH41, LlWRKY6, LlWRKY24, LlbHLH63, LlMYB108, 
and LlRAX3, were also identified. After the exogenous 
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spraying with 50  mg/L NPA, 50  mg/L GA3, and 150 
µmol/L MeJA, the emergence of L. lancifolium bulbils 
was significantly promoted. To investigate the direct rela-
tionship between these DEGs and TFs and their promot-
ing hormones, as well as their role in bulbil occurrence, 
we conducted qRT-PCR analysis after spraying the three 
phytohormones that notably enhanced bulbil forma-
tion (Fig.  6). After spraying with NPA, GA3, and MeJA, 
the LlbHLH128, LlTIFY10A, LlbHLH93, and LlMYB108 

exhibited consistent trends compared to the control 
group. This indicated that LlbHLH128, LlTIFY10A, 
and LlMYB108 facilitated the bulbil initiation, whereas 
LlbHLH93 exerted an inhibitory effect. Consequently, 
we identified LlbHLH128, LlTIFY10A, LlbHLH93, 
and LlMYB108 as the pivotal genes involved in bulbil 
occurrence.

Fig. 4 Analysis of the screened-up transcription factors. (A) Heatmap of differential TFs. The bHLH gene family, ERF gene family, MYB gene family, and 
WRKY gene family, respectively. (B) Differential TFs with differential genes and differential metabolite correlation. Yellow circles represent the differential 
DEGs, green squares represent the differential TFs, green triangles represent the differential hormones. |rho|>0.995. (C) Quantitative results. Green rect-
angles represent the relative expression levels of the genes in Ll_UN. Red rectangles represent the relative expression levels of the genes in Ll_DN
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Discussion
Multiple hormones act in concert for bulbil development
Previous metabolome assays have revealed slight varia-
tions in the types and levels of endogenous hormones 
across different developmental stages of L. lancifolium 
bulbils [3, 6]. Notably, during the initiation phase, there 

were significant changes in JA and IAA levels, with JA 
increasing and IAA decreasing. However, throughout the 
bulbil growth and development, certain hormones, such 
as DHZR and BR, remained unchanged. Additionally, 
mature bulbils can exhibit higher levels of IAA, GA3, and 

Fig. 5 The comparison of bulbil occurrence after spraying with 50 mg/LNPA, 50 mg/L GA3 and 150 µ mol/L MeJA. Red arrows indicate the location of 
bulbil occurrence
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ABA than newborn bulbils, with ABA being more abun-
dant in the upper axils than in the lower axils.

Molecular studies on lily bulbils, particularly those 
related to plant hormones, have been conducted. 
Research on L. lancifolium has primarily focused on 
the auxin- and cytokinin-related genes. For instance, 
Yang [2, 27] investigated the involvement of the auxin 
biosynthetic gene YUCCA, the catabolic gene GH3, the 
transport gene PIN, and response factors in bulbil devel-
opment. Additionally, cytokinin has been shown to influ-
ence the occurrence of bulbils. He et al. [7, 8] proposed a 
model demonstrating how cytokinin promotes bulbil ini-
tiation and elucidated the molecular mechanism involv-
ing WOX genes and the cytokinin signaling pathway in 
regulating bulbil formation [9].

Through the systematic sampling and hormone deter-
mination, we discovered that the occurrence of L. lanci-
folium bulbils was caused by diverse hormones, namely 
ABA, IAA, GA, JA, CK, and SA. For the jasmonate-
related hormones, excluding OPDA, their contents in 
stages without bulbils (Ll_UN and Ll_DN) were the low-
est. However, as the bulbil growth progressed, the con-
tent gradually increased, peaking during the Ll_UE stage. 
OPDA was presumed to serve as a precursor for jasmonic 
acid synthesis. Hence, as bulbil growth advanced, its con-
tent gradually decreased. One reason for the presence 
or absence of bulbils on the upper and lower stems was 
the detection of CK-related hormones solely in the lower 
stem axilla but not in the upper three stages. Another 
reason could be the higher content of salicylic acid and 

auxin in the Ll_DN stage than in other stages. These find-
ings validated our results, indicating the involvement of 
multiple endogenous hormones in inducing bulbil devel-
opment and growth.

TFs regulation of bulbil formation
L. lancifolium, as a triploid species, can naturally produce 
bulbils, which is very valuable to study bulbil occurrence 
in plants. The paraffin section revealed that the bulbils 
of L. lancifolium developed on the axils of the petiole 
base. These bulbils originated from the axillary meri-
stem and differentiated into parenchyma, similar to lat-
eral branches or tillers. There have been few researches 
on the bulbil formation compared to lateral branches 
and tillers. Yang et al.. hypothesized that LlAGO1 may 
play a role in the lily bulbil formation, being expressed 
exclusively in the upper axils with bulbils [27]. AGO1 was 
associated with the development of the lateral organs and 
axillary meristems [28]. To investigate whether the TFs 
identified as key regulators of bulbs were also linked to 
branching, we conducted the evolutionary tree analysis 
of branching-related genes with the selected genes in our 
experiment.

Some researchers have suggested that a subset of R2R3-
MYB TFs primarily regulate the initiation of axillary tis-
sue development [29]. In tomato, the Blind gene, which 
encodes a MYB TF, plays a significant role in regulating 
axillary meristem formation [31]. Our analysis revealed 
that the selected MYB gene family group LlMYB108 con-
tained GmMYB181, which was homologous to AtMYB2 

Fig. 6 The expression level of genes screened after spraying hormones
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(Fig. 7) [30–39]. AtMYB2 was known to not only inhibit 
the AM formation but also impede its growth [37]. Our 
experimental findings further indicated that LlMYB108 
clustered with AtMYB2 exhibited heightened expression 
at Ll_DN compared to the other three stages, suggesting 
its potential as a key transcription factor influencing the 
lower stem without bulbils.

The bHLH TFs serve as crucial regulatory elements in 
various developmental pathways [40]. AtPIF4/PIF5 has 
been identified to stimulate IAA and ABA accumula-
tion, as well as promote auxin and ABA signaling path-
ways, thereby influencing branching [43]. Additionally, 
OsLAX2 plays a role in the initiation and maintenance 
of AM [48]. Within the screened bHLH gene family, Llb-
HLH128 and LlbHLH93 were grouped together AtICE1 
and AtICE2 (Fig.  7) [29, 41–49]. ICE2 is implicated in 
the regulation of axillary bud growth [41], and JAZ1/
TIFY10A interacts with ICE1 and ICE2 [50]. Given its 
clustering with LlbHLH128, it was speculated that it 
could be directly involved in the bulbil occurrence. Llb-
HLH93, clustered with AtICE1 and AtICE2, may poten-
tially regulate the bulbil formation of L. lancifolium 
through interaction with LlJAZ1/TIFY10A, although fur-
ther investigation could be needed to confirm it.

A hypothetic regulatory network affecting the bulbil 
formation of L. lancifolium
Moreover, it has been widely recognized that plant hor-
mones interact extensively, forming a complex network 
that regulates plant growth and development. JAZ1/
TIFY10A serves as a pivotal repressor of JA signaling, 
and its gene expression in Arabidopsis is induced not 
only by JA but also by early auxin response. Grunewald et 
al.. proposed that auxin-induced expression of TIFY10A 
contributed to an initial model of the auxin and JA sig-
naling pathways [51].

Based on the aforementioned findings, we hypoth-
esized that a similar model may also exist for L. lancifo-
lium. We integrated this model with the pattern diagram 
presented above (Fig.  8), which revealed the intricate 
involvement of multiple plant hormones in bulbil induc-
tion. LlbHLH93, acting through JAZ1/TIFY10A, par-
ticipated in the jasmonate signal transduction pathway 
and affected the occurrence of bulbil. However, JAZ1/
TIFY10A not only affected the jasmonate signal trans-
duction pathway but also engaged in the auxin signal 
transduction pathway, potentially indirectly affecting the 
bulbil formation by regulating ARF genes. Conversely, 
LlbHLH128 and LlMYB108 were speculated to directly 
regulate the bulbil formation. However, their roles dif-
fered, with one suppressing bulbil formation and the 
other promoting it.

Fig. 7 Maximum likelihood (ML) tree of screened MYB genes and bHLH genes with known genes associated with branch in each family in different 
species
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The occurrence of L. lancifolium bulbils was a multifac-
eted process that could be regulated by numerous factors. 
Our aim was to identify the key factors influencing this 
process through our test results and existing studies, with 
the intention of offering guidance for future research.

Conclusions
Similar to plant branching, the regulation of L. lancifo-
lium bulbil development was hypothesized to involve 
multiple factors, predominantly plant hormones, such 
as ABA, IAA, and JA. Through the transcriptome data 
screening and correlation analysis of differentially 

expressed hormones, the key TFs and structural genes 
were identified. The identified core TFs were categorized 
into MYB, bHLH, and WRKY gene families. The expres-
sion of these core genes was verified via qRT-PCR after 
spraying exogenous NPA, GA3, and MeJA. Finally, Llb-
HLH128, LlTIFY10A, LlbHLH93, and LlMYB108 were 
identified as the key genes associated with the bulbil for-
mation. Building upon previous research, we aimed to 
elucidate the underlying mechanism, thereby contribut-
ing valuable insights into the intricate molecular network 
regulating bulbil formation.

Fig. 8 A hypothetical regulatory network for the emergence of L. lancifolium bulbil. Arrows represent promotion, short horizontal lines indicate suppres-
sion, and dashed lines represent speculative relationship
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Materials and methods
Plant materials
One hundred L. lancifolium bulbs were selected for 
cultivation in the open field in the National Lily Germ-
plasm Repository at Shenyang Agricultural University, 
China. When the plants reached a height of 50  cm, the 
leaf axils were taken at a distance of 10 cm from the top 
of the stem. The growth state of the leaf axils at different 
stages was determined by paraffin section observation. 
The axils were dehydrated using various concentrations 
of ethanol, followed by the transparency with xylene at 
different gradients, and then embedded in paraffin. The 
paraffin-embedded tissue sections were sliced using a 
LEICA RM2255 microtome (Leica Biosystems, Wetz-
lar, Germany) at 8  μm thickness. These sections were 
subsequently stained with saffron and rapid green, and 
the digital images were captured using an Motic B410E 
camera system (Motic, Xiamen, China). This methodol-
ogy aimed to identify the leaf axil stages that were cru-
cial for studying the occurrence of L. lancifolium bulbils. 
Three periods of bulbil development on the upper stem: 
Ll_UN (Ll–Lilium lancifolium, no upper bulbils, U–
upper, N–no), Ll_UT (transparent bulges in upper leaf 
axils, U–upper, T–transparent), and Ll_UE (white bulges 
emerging in upper leaf axils, U–upper, E–emerging), 
and one period of bulbil development on the lower stem: 
Ll_DN (no bulbils at 10 cm down from the bottom, D–
down, N–no), were observed using the paraffin sections 
for transcriptome sequencing and metabolome determi-
nation (Fig. 1A-D, a-d). The axil samples were collected 
three replicates for each period. The samples were rapidly 
frozen in liquid nitrogen and stored at -80℃ for subse-
quent metabolome and transcriptome analyses.

Preparation and extraction of the metabolome samples
The frozen samples were ground into powder and dis-
solved in 1 mL of methanol/water/formic acid (15:4:1, 
v/v/v). To facilitate quantification, 10 µL of the internal 
standard mixed solution (100 ng/mL) was added to the 
extract as an internal standard (IS). The mixture was then 
extracted for 10 min, followed by centrifugation for 5 min 
at 4 °C and 12,000 rpm. The supernatant was transferred 
to clean plastic microtubes, evaporated to dryness, dis-
solved in 100 µL of 80% methanol, and filtered through 
a 0.22  μm membrane filter for subsequent LC-MS/MS 
analysis [52, 53].

Analysis of the hormone metabolome
The phytohormone levels of samples at various develop-
mental stages were analyzed using the AB Sciex QTRAP 
6500 LC-MS/MS platform by MetWare (http://www.
metware.cn/). The standards of > 99% purity were pre-
pared in methanol (1  mg/mL). The Metware database 
(MWDB) was established using these standards for mass 

spectrometry analysis. The data were acquired using 
Analyst 1.6.3 software (Sciex, Ontario, Canada), and all 
the metabolites were quantified using Multiplex 3.0.3 
software (Sciex) [54–56].

The principal component analysis (PCA) facilitated an 
intuitive understanding of the variance and trends among 
all metabolites in L. lancifolium bulbils. Significantly reg-
ulated metabolites between groups were identified using 
t-test P-values and absolute log2fc (fold-change). R soft-
ware was applied for the cluster analysis of metabolite 
content and to construct Wayne diagrams. The KEGG 
database (http://www.kegg.jp/kegg/compound/) was uti-
lized to annotate different metabolites, followed by the 
classification and analysis of their metabolic pathway 
types (http://www.kegg.jp/kegg/pathway.html). The path-
ways with significantly regulated metabolites were sub-
jected to the metabolite set enrichment analysis (MSEA), 
with the significance determined by the P-value of the 
hypergeometric test.

Effect of spraying exogenous hormone on bulbil 
emergence
The exogenous hormone treatments with NPA (50, 100, 
and 150 mg/L), GA3 (50, 100, and 150 mg/L), and MeJA 
(50, 100, and 150 µmol/L) were administered by spray-
ing every 7 d, starting from the 10 cm height stage and 
continuing until the visible flower bud stage. Distilled 
water was used as the control. Each treatment involved 
60 independent plants and the emergence of bulbils was 
observed.

Total RNA extraction and library construction
Total RNA was extracted using TRIzol reagent (Invitro-
gen, Carlsbad, CA, USA), following the manufacturer’s 
instructions. The quantity and purity of the RNA were 
assessed using a Bioanalyzer 2100 and RNA 1000 Nano 
LabChip Kit (Agilent, CA, USA), with a minimum RIN 
number > 7.0. After purification, the cleaved RNA frag-
ments were reverse-transcribed to generate 12 final 
cDNA libraries, including Ll_DN 1, Ll_DN 2, Ll_DN 3, 
Ll_UN 1, Ll_UN 2, Ll_UN 3, Ll_UT 1, Ll_UT 2, Ll_UT 
3, Ll_UE 1, Ll_UE 2, and Ll_UE 3. The average insert size 
of the paired-end library prepared using the mRNASeq 
sample preparation kit (Illumina, San Diego, USA) was 
300 bp (± 50 bp). Paired-end sequencing was conducted 
on the Illumina Novaseq 6000 platform in the United 
States (LC Sciences), following the manufacturer’s rec-
ommended protocol.

Data analysis with RNA-seq technology and differentially 
expressed unigene analysis
Initially, the internal processing involved the utiliza-
tion of cutadapt and Perl scripts to eliminate reads con-
taining adapter contamination, low-quality bases, and 

http://www.metware.cn/
http://www.metware.cn/
http://www.kegg.jp/kegg/compound/
http://www.kegg.jp/kegg/pathway.html
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undetermined bases [57]. Subsequently, the sequence 
quality validation was conducted using the FastQC 
software. De novo assembly of the transcriptome was 
performed using Trinity 2.4.0 [58]. All the assembled 
unigenes were aligned against various databases, includ-
ing the non-redundant Gene Ontology (GO) (http://
www.geneontology.org), Nr protein database (http://
www.ncbi.nlm.nih.gov/), Kyoto Encyclopedia of Genes 
and Genomes (KEGG) (http://www.genome.jp/kegg/), 
SwissProt (http://www.expasy.ch/sprot/), and eggNOG 
(http://eggnogdb.embl.de/) databases using DIAMOND 
with an E-value threshold of < 0.00001 [59].

The expression levels of unigenes were quantified using 
Salmon [60] by calculating TPM [61]. The differentially 
expressed unigenes were identified based on a log2 (fold 
change) > 1 or log2 (fold change) < -1, with statistical sig-
nificance determined using the R package edgeR [62].

The bioinformatic analysis was conducted using the 
OmicStudio tools available at https://www.omicstudio.
cn/tool. The enrichment analysis was performed to iden-
tify the differential gene enrichment within the KEGG 
pathways. Additionally, a STEM (Short Time-series 
Expression Miner) was used for trend analysis of the dif-
ferential genes.

Combined analysis of metabolomic and transcriptome 
groups
The differential genes and metabolites selected from both 
the metabolomic and transcriptomic groups were ana-
lyzed using the Pearson correlation analysis method. The 
correlation coefficient threshold ≥ 0.8 and a correlation 
P-value < 0.05 were set as the standards for this joint anal-
ysis, yielding the results. The correlation data between 
the differential genes and metabolites were generated 
using the OmicStudio tools available at https://www.
omicstudio.cn/tool, followed by mapping with Cytoscape 
(Cytoscape_v3.9.1).

Gene expression analysis by qRT-PCR
With EF1 as the internal reference gene (Gene Bank 
Accession Number: KJ543461) [63], according to the 
candidate gene sequence of unigenes obtained by splic-
ing transcriptome, qRT-PCR primers were designed with 
Primer 3. Primers were sent to Bioengineering (Shang-
hai) Co., Ltd. for synthesis, as shown in Table S8.

The content of PCR products was detected by IQ5 
(Bio-Rad, USA) PCR instrument with cDNA obtained by 
reverse transcription as template and SYBR Green as flu-
orescent dye. The 2−ΔΔCt was used to calculate the relative 
expression difference. All the above data were plotted by 
GraphPad Prism 9, and variance analysis was performed 
by SPSS 17.0.
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