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Abstract 

Background  Auxin response factors (ARFs) are critical transcription factors that mediate the auxin signaling pathway 
and are essential for regulating plant growth. However, there is a lack of understanding regarding the ARF gene family 
in Liriodendron chinense, a vital species in landscaping and economics. Thus, further research is needed to explore 
the roles of ARFs in L. chinense and their potential applications in plant development.

Result  In this study, we have identified 20 LcARF genes that belong to three subfamilies in the genome of L. chinense. 
The analysis of their conserved domains, gene structure, and phylogeny suggests that LcARFs may be evolutionarily 
conserved and functionally similar to other plant ARFs. The expression of LcARFs varies in different tissues. Addition-
ally, they are also involved in different developmental stages of somatic embryogenesis. Overexpression of LcARF1, 
LcARF2a, and LcARF5 led to increased activity within callus. Additionally, our promoter-GFP fusion study indicated 
that LcARF1 may play a role in embryogenesis. Overall, this study provides insights into the functions of LcARFs in plant 
development and embryogenesis, which could facilitate the improvement of somatic embryogenesis in L. chinense.

Conclusion  The research findings presented in this study shed light on the regulatory roles of LcARFs in somatic 
embryogenesis in L. chinense and may aid in accelerating the breeding process of this tree species. By identifying 
the specific LcARFs involved in different stages of somatic embryogenesis, this study provides a basis for developing 
targeted breeding strategies aimed at optimizing somatic embryogenesis in L. chinense, which holds great potential 
for improving the growth and productivity of this economically important species.
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Introduction
Liriodendron chinense is an angiosperm species with 
leaves resembling traditional Chinese garments and 
cup-shaped flowers, making it a significant ornamental, 
economic, and forestry tree [1–3]. Crossbreeding is a 
crucial method to improve the genetic diversity of Liri-
odendron and cultivate hybrids with superb forest char-
acteristics [4]. However, its low natural seed setting rate, 
difficult rooting during cutting propagation, and low 
survival rate of grafting breeding impede this species’ 
popularization and application. Somatic embryogenesis, 
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a cost-saving procedure, can be employed to propagate 
hybrid plants while maintaining their superior traits 
[5–7]. Somatic embryogenesis for Liriodendron involves 
a multi-step regeneration process, including embry-
onic callus induction, somatic embryo induction and 
maturation, and plantlet germination [5, 7]. In order to 
successfully generate somatic embryos, it is crucial to 
regulate the development of the embryo, particularly 
the transition of cell fate [8, 9].

Plant hormones have a significant influence on somatic 
embryogenesis. Among them, auxin plays the most cru-
cial role in acquiring embryogenic potential [10]. It is 
achieved by controlling gene expression via ARFs, which 
bind to cis-elements in downstream genes by utiliz-
ing two distinct DNA-binding domains [11]. ARF genes 
encode auxin response transcription factors that bind 
to TGT​CTC​ auxin responsive elements in the promot-
ers of early auxin response genes. A typical ARF protein 
contains several functional domains: a plant-specific 
DNA-binding domain (DBD) at the N-terminus, tran-
scriptional activation or repression domain in the mid-
dle region (MR), and a C-terminal dimerization domain 
(CTD) in most cases [12]. The DBD has a B3-type DBD 
followed by dimerization domains (DD). DD can cause 
ARFs to form dimers, essential for binding to target DNA 
[11]. The CTD is related to motifs III and IV found in 
Aux/IAA (Auxin /Indole-3-Acetic Acid) proteins [13]. 
Aux / IAA family members can form dimers with ARFs 
via the CTD domain [14]. ARFs bind to Aux/IAA, which 
inhibits its activation on auxin responsive genes at low 
auxin concentrations. Under high auxin levels, auxin acts 
as a molecular glue between the TIR1/AFB (Transport 
Inhibitor Resistant 1/Auxin Signaling F-box) receptor 
and Aux/IAA protein, leading to subsequent ubiquitina-
tion and degradation of Aux/IAA protein, releasing ARFs 
from inhibition. Therefore, ARFs are crucial in the auxin 
regulatory pathway by converting chemical signals into 
gene regulation [15].

ARF proteins play important roles in various aspects 
of plant growth and development, including the develop-
ment of roots, flowers, and embryogenesis. In Arabidop-
sis, AtARF7 and AtARF19 control lateral root formation 
through interaction with three IAA proteins (IAA3, 
IAA14, IAA18) [16]. AtARF6 and AtARF8 regulate petal 
expansion, stamen filament elongation, anther dehis-
cence, and pistil maturation, which ensure that pollen 
released from anthers is deposited on the stigma of the 
recipient [17]. In the early stages of zygotic embryo-
genesis, auxin is transferred from basal cells to api-
cal cells, which induces embryo development. In later 
stages, the direction of auxin flux is reversed, leading to 
auxin accumulation in the hypothesis and triggering the 
onset of root meristems [18]. Many ARFs are expressed 

and involved in zygotic embryogenesis. At the spheri-
cal embryo stage in Arabidopsis, AtARF1 is ubiquitous 
at the globular stage, AtARF5 marks the lower tier of 
the embryo, but AtARF2/9 are expressed in all suspen-
sor cells and the lower-tier of protoderm cells [19]. At 
the heart embryo stage, AtARF1/2 are ubiquitously 
expressed, and AtARF5 is active in subdomains of the 
vascular tissue. AtARF9 is expressed in the presumptive 
root meristem [19]. AtARF9, redundantly with AtARF13, 
mediates the differentiation of suspensor cells and pre-
vents its transition to the embryo [20]. AtARF5/7 interact 
with each other physically and control both axis forma-
tion in the embryo and auxin-dependent cell expansion 
[21, 22].

Some researches reveal that ARFs also play the same 
role during somatic embryogenesis as in zygotic embryo-
genesis. Extensive expression of many AtARFs in Arabi-
dopsis embryogenic culture suggests that auxin signaling 
may play an important role in somatic embryogenesis 
induction [23]. In rice, down-regulation of OsARF5, a 
positive regulator of stem cell maintenance and meristem 
development, may account for better somatic embryo 
regeneration and differentiation in japonica than in 
indica [24]. Some studies in Arabidopsis have indicated 
that AtARFs are involved in acquiring embryonic com-
petence in somatic embryogenesis [23]. Liriodendron 
is a noteworthy species in the fields of horticulture and 
economics. However, traditional breeding methods have 
proven to be time-consuming and inadequate in meeting 
the demands of current production. To address this issue, 
we have employed somatic embryogenesis as a breed-
ing strategy to achieve rapid plant propagation. In this 
process, auxin serves as a crucial factor in regulating the 
efficiency of somatic embryogenesis. Isolating and iden-
tifying relevant genes, as well as thoroughly investigating 
the expression patterns of target genes during somatic 
embryogenesis, will greatly enhance the efficiency of 
this process and expedite the breeding of Liriodendron. 
Therefore, our study aims to isolate an important auxin 
signal transcription factor - auxin response factor (ARF) 
- from the entire genome of Liriodendron. The isolation 
and identification of this gene family are crucial for elu-
cidating the mechanism underlying somatic embryogen-
esis in Liriodendron.

Results
Genome‑wide identification of ARFs in L. chinense
ARF protein sequences from Arabidopsis as reference, 
20 candidate ARFs were identified in L. chinense genome 
by BLASTP and HMMER programs (see methods). The 
LcARF members were named based on the homology 
with AtARFs in this study (Fig. 1 and Table 1). The molec-
ular weight of these LcARFs was between 47.46 kDa and 
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133.46 kDa. The theoretical PIs of these LcARFs were 4.6 
~ 9.13 (Table  1), indicating that most LcARFs encoded 
weakly acidic proteins. All LcARFs were predicted to 
localize in nucleus (Table 1).

19 LcARFs were distributed on 11 chromosomes of L. 
chinense, except LcARF17a was mapped to a separate scaf-
fold not yet assembled into full chromosomes (Fig. S1). 
There were 4 LcARFs mapped on chromosome 3, which 
contains most of the LcARFs. The rest LcARFs per chro-
mosome varied from 0 to 4, with no apparent correlation 
between chromosomal length and the number of LcARFs 
present.

One way for organisms to acquire new genes 
is gene duplication. We found that a few LcARFs 
had extremely high sequence similarities (Fig.  1). 
LcARF2a-2b, LcARF3a-3b, LcARF6a-6b, LcARF7a-7b, 
LcARF16a-16b and LcARF17a-17b form twin pairs, 
and LcARF8a/b/c from triplet pairs. Surprisingly, no 
tandem duplication events were found because most of 
the duplicated LcARFs were located on different chro-
mosomes, or they are separated by at least a few mil-
lion bases if on one chromosome (Table 1).

Fig. 1  Phylogenetic tree of ARF proteins in Arabidopsis and L. chinense. The ARFs can be classified into three major classes based on their 
phylogenetic relationship. The different-colored areas represent distinct classes within the ARF family
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Phylogenetic analysis of LcARFs
We expanded the neighbor-joining analysis to include 
ARF sequences from other taxa to gain insight into the 
evolutionary relationship between LcARFs and their 
homologs in other plant species. Including typical spe-
cies of algae, bryophytes, herbs, woody plants, mono-
cots, dicots, etc.; 4 ARF sequences from the liverwort 
Marchantia polymorpha, 15 sequences from the moss 
Physcomitrella patens, 23 sequences from rice, 17 

sequences from Vitis vinifera, 21 sequences from The-
obroma cacao, 25 sequences from Solanum Lycoper-
sicum, 13 sequences from Amborella trichopoda and 
23 from Arabidopsis (Fig. 2). A B3 domain-containing 
sequence from green algae Chlamydomonas rein-
hardtii was used as an outgroup. In this analysis, 162 
ARF sequences were included in a moderately well-
supported phylogenetic tree. Cre13.g562400 from C. 
reinhardtii was the most divergent gene as it showed 

Fig. 2  Unrooted Classification tree representing relationships among ARF genes of 10 species. A total of 162 ARF protein sequences from 10 species 
were selected to construct a Bayesian phylogenetic tree. Different color blocks represent different evolutionary branches
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sequence similarity to ARF genes in the B3 DNA-bind-
ing region and lackeds other motifs. Consistent with 
analyses by Mutte et al. (2018) and Finet et al. (2013), 
the ARFs can be classified into three major clades on 
their phylogenetic relationship; class A, class B, and 
class C (Fig. 2).

We further analyzed the phylogeny of the ARF fam-
ily in more detail (Fig.  2). Class A contained four 
subclades, and the guide branch percentages well sup-
ported the relationship among the subclades in clade 
A. ARF5 subclade, ARF6/8 subclade and ARF7 sub-
clade are the A-ARFs in land plants, while contains the 
proto-A-ARF subclade in bryophytes. Node e is the 
foundation of the other four subsections, indicating 
that they may have very conserved domains represent-
ing the A-ARF class precursors in plants. Branch B can 
be further divided into 6 subclades, including node f 
(ARF11 / 18 subclade), g (ARF13 subclade), h (ARF1 
subclade), i (ARF2 subclade), j (ARF3/4 subclade), 
and k (bryophytes B-ARF). Remarkably, node k was 
the foundation of the five subsections: f, g, h, i, and j, 
indicating that they may represent precursors of the 
B-ARF class in land plants. Node g subsection contains 
all members of the Arabidopsis ARF family, which 
indicates that ARF may be repeated and diversified in 
eukaryotic plants. Branch C consists of node l (ARF16 
subclade), m (bryophytes C-ARF), and n (ARF17 sub-
clade). As observed in clades A and B, we found that 
the node m daughter clade was only represented by 
bryophyte members, meaning they may be a group of 
proto-C-ARF.

Conserved domain analysis of LcARFs
Most ARF proteins contain a conserved N-terminal 
DNA-binding domain (DBD) composed of plant-spe-
cific B3-type and auxin responsive motifs, and a highly 
conserved C-terminal CTD domain corresponding to 
motif III and IV of the Aux/IAA proteins. To better 
understand the structural similarity of these ARFs, we 
constructed a neighbor-joining phylogenetic tree using 
the amino acids sequences of 20 LcARFs, resulting in 
3 major ARF classes, subclade A-C (Figs.  3A, S2). The 
results demonstrated that LcARF4, LcARF8c, LcARF16b, 
and LcARF17b do not have a DBD domain. It is possi-
ble that the DNA-binding ability of these proteins could 
be impaired due to lack of a DNA-binding domain. The 
remaining LcARFs contained highly conserved and com-
plete DBD domains. In addition, most LcARFs had con-
served and intact CTD domains, except for LcARF3b, 
LcARF5, LcARF6b, LcARF16b and LcARF17a/b. Due to 
the lack of the AUX_IAA binding domain, the expression 
of these proteins may not be regulated by AUX/IAA.

Unlike the DBD and CTD regions are conserved, the 
protein sequences of the MRs (the middle region ) are 
highly variable. Six LcARFs not only lacked AUX_IAA 
domain, but also l MR domain (Fig.  3A). It has been 
proposed that ARF proteins whose middle regions are 
enriched in Ser, Pro, Thr, and Gly, might act as transcrip-
tional repressors, whereas those are enriched in Gln and 
Leu in MR might act as transcriptional activators. The 
MRs of LcARF2a, LcARF6a, and LcARF7a were abun-
dant in Gln and Leu residues, suggesting they might be 
transcriptional activators (Fig. 3B). Ser, Pro, Thr, and Gly 
were abundant in the MRs of LcARF1, LcARF8a and 

Fig. 3  Analysis of conserved domains of LcARF gene family. A Schematic organization of conserved domains in LcARF proteins. B Amino acid 
composition of MR domains in LcARF proteins, bars represent the percentage of different amino acid residues in MR domains of LcARFs
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LcARF8b, suggesting that they might be transcriptional 
repressors (Fig. 3B). In summary, we speculated that the 
conserved domains of LcARFs were beneficial to ensur-
ing the execution of its essential functions. In contrast, 
the diversity of MR domains helped LcARFs respond to 
different environments’ adaptability.

Gene structural analysis of LcARFs
In addition to conserved protein domains, the pattern 
of intron-exon positions between ARF subgroups can 
also provide clues on evolutionary relationships. To 
identify the intron-exon structure of individual LcARFs, 

an alignment of the full-length cDNA sequences with 
the corresponding genomic DNA sequences was per-
formed. For the members in the LcARF1/2a/2b/5/6a/
7a/7b/8a/8b/9 clade had 11~15 introns, members of 
LcARF3a/3b/4/6b/8c/19 clade had 7~10 introns, and 
members of LcARF16a/16b/17a/17b clade had 1~4 
introns (Fig. 4). Consistent with previous findings from 
Arabidopsis and rice, members of LcARF16/17 clade 
had a relatively lower number of introns. Strikingly, the 
exon-intron structure was conserved among subclades 
of homologous genes and differed between subclades 

Fig. 4  Analysis of intron-exon organization of LcARF gene family. The intron-exon organization of LcARF genes was plotted using Tbtools (Version 
1.09832)
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of non-homologous genes. The phylogenetic analysis of 
LcARF proteins also supported this.

Numbers of cis‑acting elements in LcARFs
To study the potential functions of LcARFs in L. chin-
ense, we use the 2000 bp sequence upstream of ATG 
(start codon) to search cis-acting elements in the analysis 
of LcARFs. There were 11 types of cis-elements in these 
upstream regions, such as light response, temperature 
response, stress response, and others (Fig.  5). Almost 
all LcARFs had hormone response elements. LcARF2a
/7b/8a/8b/9/16b/17a/17b had the most ABA-respon-
sive elements. LcARF4/6a/7a/7b/8a/8b/9/16b/17a had 
most MeJA-responsive elements. LcARF1 also had more 
drought response elements than other elements. Further-
more, LcARF6a/6b/7a/7b/9 contained low-temperature 
response elements. It suggested that hormones or stress 

can influence the expression of LcARFs. All LcARFs had 
light response elements, revealing that these genes may 
play an important role in responding to light. Moreo-
ver, LcARFs also contained circadian elements related to 
plant growth and development, indicating that LcARFs 
might be involved in plant growth and development.

Interactions between LcARFs
In order to study the interaction between LcARFs to 
form homo/hetero-dimer, we predicted the protein-pro-
tein interaction network of LcARFs using A. thaliana as 
a reference (Fig. 6), and eight interacting links of LcARFs 
were found. It was conceivable that these interacting 
blocks of LcARFs in L. chinense may regulate different 
biological processes. Except for LcARF7b and LcARF19, 
the remaining 6 LcARFs interact with each other.

Fig. 5  Analysis of cis-acting elements of LcARF gene family. The 2000-bp regulatory region upstream of ATG was analyzed with the PlantCARE 
software



Page 9 of 20Xu et al. BMC Plant Biology           (2024) 24:94 	

Subcellular localization of LcARFs
The location of the 20 LcARFs was all predicted to be 
nucleus localization. To verify the results, we select six 
ARFs were selected for the transient expression in proto-
plasts from the callus of L. chinense. We used a 35S pro-
moter to drive coding sequences of ARFs fused with GFP 
(35S::ARF::GFP). GFP was only detected in the nucleus, 
suggesting that six ARFs were located in the nucleus 
(Fig. 7), consistent with the predicted results.

LcARFs tissue‑specific expression
To understand how LcARFs might act during L. chinense’ 
growth development, we profiled 7 transcriptomes of dif-
ferent organs/tissues (shoot, leaf, bud, stigma, stamen, 
sepal, petal) using RNA-seq to quantify the expression 
patterns of all 20 LcARFs (Fig. 8A). We found that all 20 
LcARFs showed tissue-specific expression. Class A and 
B genes were highly expressed in stigma, sepal, and bud. 
All members of class C were expressed explicitly in the 
stamen. These results indicated that LcARFs were mainly 
expressed in young tissues, and their functions may be 
mainly related to flower development (such as stigma, 
stamen, or bud).

To validate transcriptome data from different tissues, 
we performed qRT-PCR experiments on three selected 
genes (Fig. 8B). Three genes had a high stigma and sepal 
expression levels with the same expression patterns. This 
result was consistent with RNA-seq (Fig.  8A). Overall, 
the expression of LcARFs was tissue-specific, and the 
specific expression in sexual organs and buds revealed 

that this gene family had essential functions in flower and 
bud development.

LcARFs universally expressed at different stages of somatic 
embryogenesis
To explore LcARFs expression during somatic embryo-
genesis, we analyzed in 6 successive stages (callus, glob-
ular embryo, heart-shaped embryo, torpedo embryo, 
early cotyledon embryo, cotyledon embryo) of L. chin-
ense somatic embryogenesis by RNA-seq to quantify the 
expression patterns of all 20 LcARF genes (Fig.  9). All 
20 LcARFs were expressed during somatic embryogen-
esis. Most members of class A were mainly expressed 
at the cotyledon stage. Members of class B were mainly 
expressed in torpedo, early cotyledon, and cotyledon 
stages. Members of class C were highly expressed in cal-
lus. Therefore, we speculated that members of class A and 
class B may be mainly involved in late somatic embryo-
genesis. The gene of class C may be involved in the main-
tenance of stem cells and early somatic embryogenesis.

Next, we selected four genes of class A member 
LcARF6b and class B member (LcARF2b/3a/4) for qRT-
PCR verification (Fig.  9G). The results of qRT-PCR 
proved the reliability of transcriptome data, that is, 
class A members were mainly highly expressed in coty-
ledon embryo, and class B members were mainly highly 
expressed from torpedo embryo to cotyledon embryo. It 
also laid a theoretical foundation for improving the effi-
ciency of somatic embryogenesis and propagating excel-
lent L. chinense species.

Fig. 6  Prediction of protein interaction. Protein-protein interaction network of ARFs in L. chinense, the results were based on an Arabidopsis 
association model



Page 10 of 20Xu et al. BMC Plant Biology           (2024) 24:94 

Fig. 7  Subcellular localization of LcARF in L. chinense protoplasts. The red fluorescence signal was the nuclear localization signal of H2B, 
and the green fluorescent signals of the six GFP fusion proteins were particularly strong in the nucleus
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Overexpression of LcARFs led to increased cell activity 
in callus
In our previous experiments focused on somatic embry-
ogenesis, we discovered that the cell viability of callus 
directly impacted the efficiency of somatic embryogen-
esis. Based on transcriptome data analysis of ARFs in L. 
chinense at various stages of somatic embryo develop-
ment, we selected LcARF1/2a, which had low expression 
levels in callus, and LcARF5, which had high expression 
levels, for further investigation. The 35S promoter was 
used to construct the overexpression vector, which was 
subsequently transferred into the callus of Liriodendron 
through genetic transformation. After conducting qRT-
PCR experiments, we chose three overexpression lines 
for each genotype (Fig. S3). Our findings revealed that 
the cell area was notably larger in the transgenic lines 
overexpressing LcARF2a than in the wild type (Fig. 10A). 
Furthermore, additional measurements indicated that 
the cell length and width of the transgenic lines over-
expressing LcARF1/2a were notably greater than those 
of the wild type (Fig.  10B). In addition, the cell aspect 
ratio of transgenic lines was substantially greater than 
that of the wild type, indicating that the overexpression 
of LcARF1/2a/5 influenced the cell morphology of callus 
(Fig. 10B). Finally, staining the callus demonstrated that 
acetic acid magenta stained deeper in the overexpression 
lines. At the same time, Evans blue staining was lighter 
compared to the wild type (Fig. 10C). These results sug-
gest that the overexpression of LcARF1/2a/5 improves 
the cell viability of L. chinense callus.

LcARF1 may be involved in somatic embryogenesis
ARF1 is widely expressed in the thallus of Marchantia 
polymorpha, while ARF2 is mainly expressed in the mar-
ginal area around the thallus of Marchantia polymorpha 
[25]. In order to more intuitively understand the expres-
sion pattern of LcARF during somatic embryogenesis in 
Liriodendron, we constructed an LcARF1 promoter-medi-
ated GFP fluorescence signal vector and obtained trans-
genic lines (Fig.  11). Comparing it to the control group, 
we found that GFP triggered by the LcARF1 promoter 
was primarily expressed in the morphological lower end 
of the torpedo embryo and morphological lower end of 
the cotyledon embryo (Fig. 11E, F, K, L). It suggests that 
LcARF1 may be involved in regulating hypocotylation 
and root development. In the globular embryo stage, 
pLcARF1-induced fluorescence signals were distributed 
throughout the embryo, aligning with Arabidopsis report 
[19] (Fig. 11D, J).

Discussion
Molecular characterization and evolution of the ARF gene 
family in L. chinense
Auxin response factors are an essential group of signal-
ing factors in the auxin signaling pathway [23, 26, 27]. 
They play a crucial role in regulating various physiologi-
cal and developmental processes in plants by controlling 
the expression of downstream genes. ARFs are primar-
ily involved in regulating plant hormone responses and 
biological responses to external stimuli [28]. ARFs were 
studied in many plants, including Arabidopsis [29], 

Fig. 8  Expression patterns of LcARFs in different tissues, analyzed by qRT-PCR. A The expression pattern of LcARFs in different tissues. B qRT-PCR 
was used to detect the expression pattern of LcARFs in different tissues. The purple line graph represents the results of qRT-PCR experiments, 
with the scale on the right ordinate of each graph. The blue histogram represents the results of FPKM analysis, with the scale on the left ordinate 
of each graph
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maize [30], rice [31], tomato [32], Populus trichocarpa 
[33], Eucalyptus grandis [34], apple [35], orange [36], 
physic nut [37], longan [38] and others. In this study, 
20 LcARFs were identified in L. chinense. Given that the 
genome size of L. chinense was 1.75 Gb, nearly 12 times 
larger than the Arabidopsis genome [4], nearly 4 times 
larger than the rice genome [39], it was surprising that 
the number of LcARFs was less than that of Arabidopsis 
and rice. Apparently, our observations on the ARF gene 
family contradicted with genome complexity between 
Arabidopsis, rice, and L. chinense. Class B-ARFs con-
tained 7 members in L. chinense, 9 members of rice, and 
14 members in Arabidopsis. The number of ARF genes 
in Arabidopsis distributed in class-B is 2 times that of L. 
chinense and 1.56 times that of rice. Some researchers 
believed that several independent, small-scale, segmental 
replication events and chromosomal rearrangements had 

occurred at the ARF13 locus, resulting in multiple mem-
bers of the AtARF13 family and ultimately the AtARF 
gene family in Arabidopsis Expansion [31]. In the evolu-
tion of angiosperms, whole-genome or segmental dupli-
cation and tandem duplication often occur, leading to 
the expansion of gene families [38]. In the study of rice 
and longan, researchers found that ARFs evolved through 
whole genome or segment duplication events, and there 
was no tandem duplication phenomenon [31, 38]. Our 
study confirmed that 20 LcARFs did not exhibit tandem 
duplication. It suggested that the number of members 
of the LcARF gene family may be associated with the 
loss of duplicated genes and the loss of tandem duplica-
tion events. Previous studies have shown that most of 
the ARFs of species such as Arabidopsis and rice have 
about six exons [31]. Our study found that the number 
of exons of LcARFs was much higher than that of rice and 

Fig. 9  Expression analysis of LcARFs under SE, analyzed by qRT -PCR. A Callus. B Globular embryo. C Heart-shaped embryo. D Torpedo embryo. 
E Early cotyledonary embryo. F Cotyledon embryo. G The expression pattern of LcARFs in somatic embryos. H qRT -PCR was used to detect 
the expression pattern of LcARFs in different stages of SE. The purple line graph represents the results of qRT-PCR experiments, with the scale 
on the right ordinate of each graph. The blue histogram represents the results of FPKM analysis, with the scale on the left ordinate of each graph
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Arabidopsis, and most contained more than ten exons. 
It indicated that LcARFs might have more abundant 
functions.

Nuclear auxin signaling mediated by ARF transcription 
factors affects plant growth and development by regulat-
ing cell division, elongation, and differentiation. The evo-
lutionary origin of the ARF-mediated pathway dates back 

Fig. 10  Phenotypic of calli overexpressing LcARFs in Liriodendron. A Cell morphology of calli from WT and overexpression lines. B Cell length, 
cell width, and cell aspect ratio statistics of calli from WT and overexpression lines. C Acetomagenta and Evans blue staining of calli from WT 
and overexpressed lines. p < 0.05



Page 14 of 20Xu et al. BMC Plant Biology           (2024) 24:94 

to at least the common ancestor of bryophytes and other 
land plants [40, 41]. Because L. chinense is an ancient 
relic plant, in order to study the evolutionary trajectory 
of LcARFs, we conducted a comprehensive phylogenetic 
study using LcARF protein sequences from algae to ter-
restrial plants [42, 43]. Consistent with previous reports, 

LcARFs were composed of three main classes: class A 
(LcARF5/6/7/8), class B (LcARF1/2/3/4/9), and class C 
(LcARF10/16/17). In the three main LcARFs classes, we 
discovered all the bryophyte LcARF sequences, indicat-
ing that LcARFs may differentiate into three sets of tran-
scription factors in the common ancestor of bryophytes, 

Fig. 11  Expression pattern of LcARF1 during somatic embryogenesis. A, D, G, J: Globular embryo. B, E, H, K: Torpedo embryo. C, F, I, L: Cotyledon 
embryos. A- F: 35S::GFP. G- L: pLcARF1::GFP 
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and this primordial event may be prior to the differentia-
tion of liverwort and moss [42]. Surprisingly, in a phylo-
genetic analysis, we detected that these LcARF sequences 
formed three independent clusters based on each daugh-
ter class. Therefore, we speculate that the LcARF of these 
bryophytes may be identical to the counterpart of the 
ancestral ARF gene in land plants. The protein domain 
analysis found that all the 20 LcARFs contained Auxin_
resp domain, consistent with previous studies, so LcARFs 
and other plants ARFs may be evolutionally conserved 
and functionally similar [44, 45].

LcARFs may play significant roles in the growth 
and development of L. chinense
In recent years, the biological functions of ARFs in 
plant growth and development have been further stud-
ied. ARF transcription factors mediate the activity of 
the plant hormone auxin, regulating various aspects of 
plant development [46]. The researchers found that the 
ARF gene family was involved in the early development 
of cotton fibers and regulates early senescence in lil-
ies and morning glories [47–49]. Specifically, ARF genes 
under class A were mainly related to shooting regenera-
tion and adventitious root development. For example, 
in Arabidopsis, AtARF5/7/19 played an important role 
in leaf vein development, AtARF5 was involved in shoot 
regeneration, and AtARF7/19 was involved in adventi-
tious root development [50–52]. Class B branch genes 
were mostly related to the development of leaves, stems 
and roots. Studies on carrots, longan, corn and other spe-
cies found that ARF1/2 are involved in the growth and 
development of vegetative organs [38, 53, 54]. The ARF 
gene of class C is mainly related to gametophyte devel-
opment. ARF10/16/17 of grape and ARF17 of tomato 
regulate parthenocarpy under the action of miR160 
[55–57]. In addition, AtARF2/4/5 was also involved 
in Arabidopsis gametophyte development [58]. In the 
reported literature, ARF4 was a multifunctional gene, 
which was involved in gametophyte development and 
shoots regeneration in Arabidopsis, regulated the devel-
opment of wheat roots and stems, and regulated the sto-
matal switch of tomato to enhance the response to salt 
damage and waterlogging [50, 59, 60]. In this study, we 
investigated the differential expression of LcARFs in tis-
sues through transcriptome and qRT-PCR experiments. 
In accordance with findings from other species, classes 
A and B demonstrated high expression levels in vegeta-
tive organs. However, nearly all ARFs were found to be 
expressed in reproductive organs, with class A being pre-
dominantly expressed in stigma, class B exhibiting simi-
lar expression patterns in both stigma and stamens, and 
class C showing high expression levels mainly in stamens. 
This phenomenon may be attributed to the regulation of 

auxin during the development of male and female game-
tophytes. Overall, our findings suggest that LcARF may 
play a crucial role in the growth and development of Liri-
odendron, and the study of these key LcARFs may aid in 
the exploration and regulation of related functions at the 
molecular level. The results of these studies could further 
enhance the growth and reproduction rate of Lirioden-
dron, potentially reducing the cost of wood utilization 
and promoting the use of afforestation applications.

The role of LcARFs in somatic embryogenesis and their 
regulatory mechanisms
Somatic embryogenesis is induced by transcriptional 
reprogramming. Somatic cells respond to the induc-
tion signal and enter the embryonic development path-
way after treatment with plant hormones, mainly auxin, 
to form somatic embryos [61]. Auxin triggers various 
molecular regulatory mechanisms during development, 
including ARF, the core component of the auxin signal-
ing pathway [26, 62]. Signaling from AtARF5 is neces-
sary to form Arabidopsis callus shoots [63]. Mutations 
in AtARF5 will result in severe patterning defects during 
embryonic and postembryonic development [64].

Somatic embryogenesis of L. chinense is a crucial 
method to obtain more seedlings. However, LcARFs reg-
ulating somatic embryogenesis have not been reported 
in L. chinense. Therefore, we explored the expres-
sion pattern of LcARFs during somatic embryogenesis. 
Expression trends of LcARFs in six stages of embryogen-
esis were divided into three groups. The first group was 
mainly class B members, with higher expression levels in 
torpedo embryos, early cotyledon embryos, and cotyle-
don embryos. The second group was mainly composed 
of class C members, which were highly expressed in cal-
lus and gradually decreased with the progress of somatic 
embryogenesis. The remaining LcARFs, the last group, 
were expressed at low levels during early somatic embry-
ogenesis and high levels during the cotyledon embry-
onic stage. Interestingly, all LcARFs expression levels in 
globular and heart-shaped embryos were very low.As the 
vitality of callus, which is directly linked to the efficiency 
of somatic embryogenesis, is of utmost importance, it is 
critical to examine the effect of ARFs expression on cal-
lus condition. Based on the findings of transcriptome 
analysis, we selected LcARF1/2a/5 for respective over-
expression. The results indicated that the callus activity 
of the overexpression lines was greater than that of the 
wild type, suggesting that ARFs expression may influence 
or participate in the somatic embryogenesis process of 
Liriodendron. Utilizing the GFP fluorescence reporting 
system, we determined that LcARF1 expression was pre-
sent in the globular embryo, torpedo embryo and coty-
ledon embryo of Liriodendron. Moreover, we observed 
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that LcARF1 was mainly concentrated in the lower end 
of the embryo morphology. These findings suggest that 
ARF1 actively participates in the somatic embryogen-
esis of Liriodendron and may potentially regulate root 
development.

In summary, according to previous research reports, 
ARFs have some essential functions in the process of 
somatic embryogenesis [65]. These results provide 
new clues for studying ARF genes involved in somatic 
embryogenesis. Therefore, LcARFs are worthy of further 
revealing their regulatory mechanism through molecu-
lar biology experiments. In the future, these impor-
tant somatic embryogenesis regulatory genes will help 
improve the efficiency of the asexual reproduction of L. 
chinense, thereby increasing the reproductive ability of L. 
chinense and increasing the yield of trees.

Conclusions
This study comprehensively identified the Liriodendron 
chinense ARF gene family. 20 LcARFs gene structures, 
conserved motifs, phylogeny, cis-acting elements, and 
protein interaction predictions were analyzed. Then, 
expression levels of LcARFs in different tissues and 
somatic embryogenesis were analyzed by RNA-seq and 
qRT-PCR simultaneously. We confirmed that the expres-
sion of LcARFs was tissue-specific and participated in 
the somatic embryogenesis process in Liriodendron. 
Furthermore, our study demonstrated that overexpress-
ing LcARF1/2a/5 enhances the activity of the callus, and 
we also established the involvement of LcARF1 in the 
somatic embryogenesis process. The finding that ARFs 
expression plays a crucial role in the somatic embryo-
genesis of Liriodendron is an important step forward 
in understanding the breeding process of this species. 
These results have laid a strong foundation for the opti-
mization of somatic embryogenesis conditions and the 
improvement of somatic embryo yields, ultimately meet-
ing the needs of horticultural greening and industrial 
production.

Materials and methods
Datasets and sequence retrieval
The complete genome, transcript/protein sequences, and 
genome feature file of L. chinense were downloaded from 
https://​db.​cngb.​org/​search/​proje​ct/​CNP00​00815/ [4]. All 
ARF proteins of Arabidopsis thaliana were obtained from 
the Plant Transcription Factor Database (http://​plant​tfdb.​
gao-​lab.​org/). An ARF Hidden Markov profile (B3 DNA 
binding (Pfam 02362), Auxin_Resp (Pfam 06507) and 
AUX_IAA (Pfam 02309)) was retrieved from the Pfam 
website (http://​pfam.​xfam.​org), and the protein sequences 
in the L. chinense genome were identified using HMMER 
(v.3.0.1b) and BLASTP. All identified ARFs were further 

validated by a conserved domain search using the con-
servative Domains Database (CDD; https://​www.​ncbi.​
nlm.​nih.​gov/​Struc​ture/​cdd/​wrpsb.​cgi) and PFAM (http://​
pfam.​xfam.​org/) databases, whose E value cut of < 1E-5, 
consequently, the redundant and partial sequences were 
removed manually [66].

Sequence analysis
For the gene structure illustration, we utilized the GFF3 
file of the L. chinense genome and images were imple-
mented by TBtools software [67]. The motifs analysis of 
ARF protein was performed by the Multiple Em of Motif 
Elicitation (MEME Suite) and then demonstrated by 
TBtools software. For each gene of ARF, the several phys-
icochemical properties (i.e., molecular weight (MW), 
isoelectronic points (PIs), and others) were intended by 
ExPASY PROTPARAM tools (http://​web.​expasy.​org/​
protp​aram/ ). Subcellular localization was analyzed by 
PlantmPLoc website (http://​www.​csbio.​sjtu.​edu.​cn/​bio-
inf/​plant- multi/ ) [68, 69]. The ARF promoter sequences 
(i.e., selected as 2000 bp) were initially imported in 
Generic File Format (GFF) from the L. chinense genome. 
After that various cis-regulatory elements for each pro-
moter sequence were identified by the PlantCARE data-
base (http://​bioin​forma​tics.​psb.​ugent.​be/​webto​ols/​plant​
care/​html/ ). The L. chinense genomic database was uti-
lized for the chromosomal locations of ARF genes and 
was mapped based on available information. Protein-
protein interaction (PPI) analyses of the LcARF family 
were performed on the STRING website (http://​www.​
string-​db.​org ) to predict protein interactions. Moreover, 
we use Cytoscape (3.8.2) software to draw predicted pro-
tein network interaction maps.

Phylogenetic analysis
Multiple sequence alignment (MSA) of ARF full-length 
proteins with FASTA format was done using MUSCLE 
(v3.8.31) set the following parameters: the maximum 
number of iterations was 1 with ‘-maxiters 1’ , and find 
diagonals with ‘-diags -sv -distance1 kbit20_3’. The 
trimmed MSA file was generated with trimAl (v1.4) set to 
‘automated1’ mode and then used to construct the ARF 
phylogenetic tree. The Bayesian phylogenetic tree was 
constructed using the BEAST software (v2.6.6), by input-
ting the trimmed file in FASTA format with BEAUti 2 
program [70].

Somatic embryogenesis successive stages and various 
tissue transcriptomes of L. chinense
The immature embryos of L. chinense were used to 
induce embryogenic callus. After expanded culture on 
M13 (3/4MS + 30 g/L sucrose + 2 mg/L 2.4-D + 0.2 
mg/L 6-BA) liquid medium, single cells were obtained 
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by screening with a 400-mesh sieve and placed on 
3/4MS (40 g/L sucrose + 0.8 g/L agar) medium to induce 
somatic embryogenesis. Embryogenic callus and five suc-
cessive stages of somatic embryogenesis, i.e., globular 
embryo, heart-shaped embryo, torpedo embryo, early 
cotyledon embryo and cotyledon embryo, were col-
lected and used for transcriptome sequencing. We used 
the transcriptomes of various tissues, i.e., shoot, leaf, 
bud, stigma, stamen, sepal, and petal. Among them, the 
induction of somatic embryogenesis was repeated three 
test cycles and callus and embryo samples were collected. 
Tissue samples were taken from 30-year-old L. chinense 
planted in Nanjing Forestry University. RNA-seq was 
used to sequence the RNA samples of tissues and somatic 
embryos, and then our genome sequence was used as a 
reference to draw clean readings. Trimmomatic (v0.36) 
was used to remove adaptors, poly- (A) tails, and low-
quality reads from the original Illumina sequencing data. 
These clean reads were then matched to the SMRT long 
read reference sequence, and the number of matched 
reads for each reference sequence was calculated using 
RSEM (v1.3.0) to quantify the transcripts. The FPKM 
values of all mapped LcARFs are shown in Table S4  to 
calculate the transcript abundance of LcARF genes. The 
transcriptome data of this study have not been published.

RNA extraction and qRT‑PCR analysis
We collected samples of shoot, leaf, bud, stigma, sta-
men, sepal, petal and six embryonic development stages 
(callus, globular embryo, heart-shaped embryo, torpedo 
embryo, early cotyledon embryo, cotyledon embryo) of L. 
chinense. Tissue samples were taken from the adult trees 
of L. chinense in Nanjing Forestry University (Nanjing, 
China). Total RNA extraction was performed using a 
FastPure Total RNA Isolation Kit from Vazyme (Nanjing, 
China) (RC401) corporation. In this study, we set three 
biological replicates for each group of samples, and three 
technical replicates for each biological replicate [70]. 
All primers for qRT-PCR were designed by Primer3.0 
and are listed in Table S5. All experiments were run on 
96-well plates. All data generated from qRT-PCR were 
calculated by the 2−△△CT formula. ACT97 was selected 
as the internal reference gene, one-way analysis of vari-
ance was performed using IBM SPSS Statistics 26, and 
GraphPad Prism 9 was used to draw the histogram.

Subcellular localization
Using the predicted CDS sequences, we designed prim-
ers to clone the CDS sequences of six LcARF genes 
(LcARF1/2a/5/9/16a/17a) utilizing L. chinense cDNA 
as a template. Following this, we proceeded to clone the 
full-length coding sequences of ARFs, excluding stop 
codons, into the green fluorescent protein (GFP) vector 

(pCAMBIA1302) for subcellular localization. The vec-
tor construction and primer information are detailed in 
the Table S5. The recombinant plasmid and the vector 
with nuclear localization signal (35S::H2B::Mcherry) 
were transiently transformed into protoplasts of Liri-
odendron callus by PEG-mediated transformation [71]. 
After overnight incubation at 23 °C in the dark, a Zeiss 
LSM 480 fluorescence confocal microscopy for detect-
ing GFP and M cherry signal.

Obtaining genetically modified Liriodendron
To obtain transgenic Liriodendron callus, we first 
selected Liriodendron callus with a good growth 
state (fine particles, uniform size, light yellow color) 
as the experimental material. Then, we used the 
plant binary expression vectors (35S::LcARF1::GFP, 
35S::LcARF2a::GFP, 35S::LcARF5::GFP ) constructed 
in 4.6 and introduced the vector into callus cells by 
Agrobacterium-mediated transformation [8]. Through 
this process, transgenic lines were obtained. We used 
ACT97 as an internal reference gene, and used qRT-
PCR experiments to screen transgenic lines with over-
expression of the target gene. The specific primers used 
in the experiment are listed in Table S5.

Detection of callus activity of transgenic lines
The callus from the transgenic lines was carefully rinsed 
with phosphate buffer (0.1M, pH = 8.0) and placed 
onto a slide. The cell morphology was observed under 
an inverted microscope. Using the ImageJ software, 
the cells’ length and width were measured, and the 
cell aspect ratio was calculated. At least 100 cells were 
measured randomly for each line. Acetic acid magenta 
and Evans blue staining were used to assess callus cell 
activity further. Acetic acid magenta is capable of stain-
ing chromosomes or chromatin into a shade of pur-
plish-red, facilitating the observation of cell mitosis. In 
an acidic environment, the carboxyl group of magenta 
acetate can become charged, allowing it to polarly bind 
to structural components such as chromosomes and 
nuclei, thereby staining them. Typically, darker staining 
indicates higher cell viability. On the other hand, Evans 
blue is capable of binding to proteins to form Evans 
blue protein complexes, which cannot penetrate nor-
mal cell membranes. However, when cells are damaged, 
Evans blue can penetrate the membrane and bind to 
proteins, turning them blue. Thus, deeper staining indi-
cates more damaged cells. The calli from the transgenic 
lines were treated with stains and washed thrice with 
PBS after 10 min. The stained calli were then observed 
using a stereomicroscope.
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Induction and observation of somatic embryogenesis
Suspension cultured calluses were screened using 150-
mesh and 400-mesh sieves. The single cells on the 400 
mesh sieve were rinsed with 3/4MS liquid medium and 
placed on 3/4MS medium supplemented with agar (0.8 
g/L) to induce somatic embryogenesis [5]. The globular 
embryos, torpedo embryos and cotyledon embryos of 
the experimental group (pLcARF1::GFP) and the con-
trol group (35S::GFP) were selected to observe the dis-
tribution of GFP fluorescence signals in embryos.
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