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Abstract 

Background  B3 genes encode transcription factors that play key roles in plant growth and development. However, 
the specific B3 genes involved in the seed development of Akebia trifoliata remain unexplored.

Results  A total of 72 AktB3 genes were identified and classified into five subfamilies (ARF, LAV, RAV, HSI, and REM) 
based on phylogenetic analysis. These 72 AktB3 genes were unevenly distributed across 16 chromosomes. Collinear 
analysis indicated that segmental duplication has played a significant role in the evolution of AktB3 genes, and under-
went purification selection. Expression profiling across seed development stages revealed that seven AktB3 genes, 
particularly from the LAV subfamily (AktABI3, AktFUS3, AktLEC2), were up-regulated at 70 days after flowering (DAF). 
Notably, the expression of oleosin exhibited a strong positive correlation with LAV subfamily genes, highlighting their 
potential roles as hub genes in lipid metabolism and seed development. Yeast two-hybrid (Y2H) and yeast one-hybrid 
(Y1H) experiments confirmed that AktFUS3-1, AktFUS3-2, and AktLEC2 form protein complexes and individually bind 
to the AktOLE1 promoter, thereby regulating downstream gene expression. These results provide direct evidence 
of the cooperative role these transcription factors play in controlling lipid metabolism, particularly related to oleosin 
proteins. Additionally, miRNA sequencing across three seed developmental stages identified 591 miRNAs and 1,673 
target gene pairs. A total of 23 AktB3 genes were predicted to be targets of 20 miRNAs, with 11 miRNAs specifically 
targeting the ARF subfamily genes. Particularly, miR160-x, miR160-z, and miR167-z were predicted to target ARF 
subfamily genes, potentially influencing seed development. Moreover, the miRNA-B3 regulatory modules, especially 
involving ARF genes and miR160/167, require further study to clarify their roles in seed development.

Conclusions  These findings contribute valuable resources for future functional studies of the molecular regulatory 
networks governing seed development in A. trifoliata.
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Background
Akebia trifoliata (Thunb.) Koidz. (family Akebia Decne.) 
is rich in oil and has various significant medicinal proper-
ties [1]. The fruit turns purple upon ripening, has a sweet 
taste, and is rich in nutrients. It also has a diverse array of 
bioactive compounds, including saponins and oleanolic 
acid, and antibacterial, anti-inflammatory, antioxidant, 
and anticancer properties [2, 3]. Akebia trifoliata (abbre-
viated as A. trifoliata) seeds have received increased 
attention from oil crop researchers because of their high 
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oil content (48.8%) [4]. The oil is rich in vitamins that 
provide various human health benefits; it is also a raw 
material for both food and various industrial oils. Chemi-
cal analysis of Akebia trifoliata seed oil has revealed that 
77.832% and 22.169% of the fatty acids are unsaturated 
and saturated, respectively [5]. The fatty acid composi-
tion, especially the high proportions of oleic acid (42.4%), 
palmitic acid (21.7%), and linoleic acid (30.5%), contrib-
utes to its nutritional value and significant potential for 
industrial applications [6].

The development of seeds is controlled by a complex 
regulatory network in which transcription factors play 
a crucial role. The B3 superfamily of genes is a plant-
specific transcription factor family that includes several 
major gene families, such as LAV (LEAFY COTYLE-
DON2 [LEC2]-ABSCISIC ACID INSENSITIVE3 [ABI3] 
- VAL), ARF (AUXIN RESPONSE FACTOR), RAV 
(RELATED TO ABI3 and VP1), and REM (REPRODUC-
TIVE MERISTEM) [7–9]. These transcription factors 
possess a B3 domain, which consists of 110 amino acids 
and is derived from the third basic domain found in the 
VIVIPAROUS1 (VP1) gene in maize [10]. Members of the 
B3 superfamily are widely expressed in plants and have 
DNA-binding activity [11]. In Arabidopsis and rice, the 
LAV family can be further divided into the LEC2-ABI3 
subgroup and the VAL subgroup [12]. The LEC2-ABI3 
subgroup comprises LEC2, ABI3, and FUSCA3 (FUS3), 
while the VAL subgroup includes VAL1, VAL2, and 
VAL3, also known as HSI2 (HIGH-LEVEL EXPRESSION 
OF SUGAR-INDUCIBLE GENE 2), HSL1 (HSI2- LIKE 
1), and HSL2 (HSI2-LIKE2), respectively [13].

The B3 transcription factor plays a vital role in the 
development and metabolic regulation of plant seeds. In 
particular, members of the LAV family, including LEC1, 
LEC2, FUS3, and ABI3, play a key role in different stages 
of seed development. LEC1 and LEC2 primarily contrib-
ute to maintaining embryogenesis and early cotyledon 
formation [14, 15], while FUS3 plays a critical role in reg-
ulating the storage of reserves in different regions of the 
embryo [16]. These genes, along with ABI3, collectively 
regulate the maturation process during the late stages of 
embryonic development [15, 17]. Moreover, LEC1 and 
FUS3 are essential in the regulation of lipid synthesis. 
Overexpression of LEC1 can upregulate genes involved 
in glycolysis and lipid accumulation, significantly increas-
ing fatty acid and lipid content in transgenic plants [18]. 
FUS3 can rapidly induce the expression of fatty acid 
biosynthesis genes, thereby regulating lipid content in 
seeds [19]. Auxin response factors play a critical role in 
regulating plant metabolism. For instance, studies have 
shown that SlARF4, an auxin response factor, is essen-
tial for controlling sugar metabolism during tomato fruit 
development [20]. Downregulation of SlARF4 not only 

results in a dark green phenotype and increased chloro-
plast number in fruits but also leads to starch accumu-
lation and enhanced photosynthetic efficiency at early 
stages of fruit development. Similarly, overexpression 
of SlARF6A in tomatoes increases chlorophyll content 
in fruits and leaves, enhances photosynthesis rates, and 
boosts the accumulation of soluble sugars and starch, 
whereas downregulation of SlARF6A produces opposite 
phenotypes [21]. In addition, ARF3 and ARF6 in bamboo 
directly regulate lignin biosynthesis genes, influencing 
lignin synthesis in bamboo [22]. In Nicotiana tabacum 
L., overexpression of NtARF6 inhibits nicotine biosyn-
thesis [23].

MicroRNAs (miRNAs), a class of non-coding RNA 
molecules, regulate gene expression by binding to com-
plementary target mRNA sequences [24, 25]. miRNAs 
play a key role in regulating diverse physiological pro-
cesses across various plant organs, including roots [26], 
stems [27], leaves [28, 29], flowers [29], and seeds [30]. 
Studies have demonstrated that specific miRNAs can 
regulate seed size, shape, and development by precisely 
targeting and regulating genes involved in plant hor-
mone signaling pathways, including auxin, gibberellin, 
and brassinolide [31, 32]. For example, certain miRNAs 
target auxin-responsive factors to regulate embryonic 
differentiation and seed formation [33]. Besides directly 
affecting seed size and morphology, previous studies have 
also shown that miRNAs influence lipid accumulation by 
regulating the expression of key genes in plant metabolic 
pathways, such as lipid metabolism pathways. For exam-
ple, in Arabidopsis, miRNA159 has been identified to 
target genes involved in the biosynthesis of lipids, which 
affects the seed oil content [34]. miRNAs play a key role 
in the embryogenesis of sea buckthorn seeds and pro-
mote efficient oil accumulation [35]. The overexpression 
of miR5179 in oil palm results in the down-regulation of 
NDT1 (NAD transporter 1) expression, which promotes 
lipid accumulation in oil palm seeds [36]. Additionally, 
miRNAs and their target genes play significant roles 
in regulating plant growth and development, respond-
ing to environmental stress, and synthesizing metabo-
lites. In Arabidopsis, the miR160-ARF10/16/17 module 
plays a crucial role in the interaction between auxin, 
light, gibberellins (GA), and brassinosteroids (BR) dur-
ing hypocotyl elongation [37]. In rice, reduced expression 
of ARF18 leads to decreased seed set, seed width, and 
weight, as well as significantly reduced starch accumu-
lation [38]. Moreover, miR160 is closely associated with 
plant responses to various stress conditions. Overex-
pression of miR160 increases cotton’s sensitivity to heat 
stress, lowers ARF10/17 mRNA levels, by activating the 
auxin response that leads to anther indehiscence [39]. 
miRNAs also play critical roles in metabolite regulation. 
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Overexpression of miR160a, by targeting ARF10/16/17, 
reduces GH3-like gene levels in Salvia miltiorrhiza hairy 
roots, thereby negatively regulating tanshinone biosyn-
thesis [40]. The miR160-ARF10/16 pathway also regu-
lates the biosynthesis of terpene indole alkaloids [41]. 
Studies have shown that miR160h-ARF18 may regulate 
anthocyanin accumulation in poplar [42].

B3 transcription factors have been identified in various 
plant species, including Arabidopsis [7], rice [7], castor 
[43], olive [44], apricot [45], soybean [46], hemp [47], and 
pineapple [48]. However, whole-genome analyses of B3 
superfamily genes in A. trifoliata are lacking. In recent 
years, advancements in high-throughput sequencing 
technology have made whole-genome analysis a power-
ful tool for studying plant gene function and regulatory 
networks. Identification of B3 gene family members 
through whole-genome analysis can provide insights 
into the composition and diversity of this gene family in 
A. trifoliata. Additionally, miRNAs are key regulators of 
gene expression in plants that bind specifically to target 
mRNAs to alter their stability and translation efficiency. 
Therefore, by identifying the members of the B3 gene 
family and their roles in seed development and metabo-
lite synthesis, as well as the targeting regulatory effects 
of miRNAs on AktB3 genes, we can enhance our under-
standing of the regulatory mechanisms governing the 
expression of this gene family.

Results
Identification and phylogenetic analysis of AktB3 genes
A total of 72 B3 candidate genes were identified in the 
genome of A. trifoliata via hmmsearch and SMART anal-
ysis (Supplementary Table S1), and these were referred to 
as AktARF1–AktARF27, AktREM1_ AktREM26, AktHSI1-
AktHSI5, AktLAV1-AktLAV4 and AktRAV1- AktRAV10 
according to their respective subgroups. The length of 
these 72 B3 proteins ranged from 145 (AktRAV6) to 1,154 
(AktARF24) amino acid residues, and their molecular 
weights ranged from 16,342.6 Da (AktRAV6) to 129,032.65 
Da (AktARF24). All the predicted B3 proteins were hydro-
philic with isoelectric point values ranging from 5.22 to 
9.67. Subcellular localization prediction indicated that 
most of these proteins were localized to the nucleus (66), 
and a smaller fraction was located in the cytoplasm (5) 
and chloroplasts (1).

The evolutionary relationships among AktB3 proteins 
were investigated by constructing a phylogenetic tree 
using 72 AktB3 and 118 B3 proteins from Arabidopsis. 
Five distinct subfamilies (REM, ARF, LAV, HSI, and RAV) 
of 72 B3 proteins were identified (Fig.  1). Among these 
subfamilies, the ARF branch had the highest number of 
genes (27 members), followed by REM (26), LAV (4), HSI 
(5), and RAV (10).

Analysis of the structure and conserved motifs of AktB3 
genes
We conducted a comprehensive analysis of the struc-
ture of AktB3 genes and found that the 72 AktB3 genes 
were classified into five distinct subclasses (Fig.  2A). 
Approximately 81% of ARF subclass members had 
between 11 and 15 exons, and RAV subclass members 
had between 1 and 2 exons. HSI subclass members had 
12 to 13 exons, and REM subclass members had 1 to 
8 exons. LAV subclass members had 6 exons. A total 
of 38 AktB3s had both upstream 5’-UTRs and down-
stream 3’-UTRs. We also identified 10 motifs within 
these AktB3 sequences; motif 1 and motif 2 were highly 
conserved B3 domains across all analyzed sequences. 
The presence of B3 domains was consistently observed 
in all AktB3s, and high similarity was observed among 
motifs within subclasses. Specifically, ARF subfam-
ily members had motif 1, along with motifs 2, 3, 5, 7, 
8, and 10. Similarly for the HSI, LAV, and RAV gene 
subsets, motif 2 and motif 7 were present in addition to 
unique motifs specific to each subclass. Furthermore, 
the majority of REM members exhibit multiple motif 2, 
whereas AktREM24 displays five motif 2.

Multiple sequence alignment of the conserved domains 
of AktB3 was performed, and genes within the same 
subclass had similar domains (Supplementary Table S2). 
Analysis of conserved domains demonstrated that the 
AktB3 domain comprised seven β chains (β1–β7), with 
two short α-helices located between β chains 2 and 3 
as well as between β chains 5 and 6 (Fig. 2B). Addition-
ally, AktB3 encompasses key DNA contact regions 
R1–R3 (Fig.  2B). Most amino acid residues were highly 
conserved in the RAV, ARF, HSI, and LAV subclasses; 
however, significant variability in amino acid residues 
was observed in REM members.

Chromosomal localization and gene duplication analysis 
of AktB3 genes
AktB3 genes were unevenly distributed across 16 chro-
mosomes (Chr01–Chr16) (Fig.  3). Chromosome 6 had 
the highest number of AktB3 genes (10 genes), followed 
by chromosomes 3 and 4, which each had nine AktB3 
genes. Additionally, chromosomes 2, 8, 11, 12, 13, 14, and 
16 had two AktB3 genes.

We identified collinearity and potential replication 
events of AktB3 genes using the MCScanX method. A 
total of 28 pairs of large replicated fragments were iden-
tified, and AktB3 collinearity blocks were located on 16 
chromosomes (Fig.  4). The evolutionary history of the 
AktB3 genes was assessed by evaluating Ka (nonsynony-
mous) and Ks (synonymous) values. We calculated Ka/
Ks values for 28 pairs of AktB3 genes, all of which were 
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less than 1 (Supplementary Table S3), indicating that they 
have experienced purifying selection.

We identified 45 collinear gene pairs in A. trifoliata and 
A. thaliana, and the most collinear blocks were identi-
fied in the A. trifoliata chromosomes Chr03/Chr05 and 
A. thaliana chromosomes AtChr01/AtChr02/AtChr03 
(Fig. 5, Supplementary Table S4). A total of 30 collinear 
gene pairs in A. trifoliata and rice were revealed. In A. tri-
foliata, the collinear blocks were predominantly located 
on chromosomes Chr03/Chr09/Chr10/Chr14; in rice, 
they were mainly found on OsChr01/OsChr04/OsChr06/
OsChr07/OsChr11. No collinear blocks were observed 
on chromosome OsChr12. A total of 22 collinear gene 

pairs in A. trifoliata and grape were identified, and these 
were primarily located in Chr01/Chr03/Chr04/Chr10 in 
A. trifoliata and VvChr01/VvChr03/VvChr06/VvChr07/
VvChr08/VvChr010/VvChr015/VvChr018 in grape. No 
collinear blocks were observed in VvChr04/VvChr05/
VvChr09/VvCh12r16. The number of collinear gene pairs 
was highest in Arabidopsis B3, indicating a close genetic 
relationship.

Cis‑acting element analysis of AktB3 gene
An analysis of the cis-acting element of AktB3s revealed 
numerous CAAT-box and TATA-box elements, as well 
as elements involved in the response to phytohormones, 

Fig. 1  Phylogenetic analysis of B3 superfamily members in A. trifoliata (Akt) and Arabidopsis thaliana (AT). A total of 115 members from AT and 72 
members from Akt were used for phylogenetic analysis. Areas with different colors correspond to different subfamilies
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Fig. 2  Phylogenetic relationships, protein structure, gene structure, and conserved domains of the AktB3 superfamily. A Fig. 2A(a) shows 
the adjacency tree constructed from the ARF, LAV, RAV, HSI, and REM subfamilies. Figure 2A (b) shows the structure of B3 proteins, with colors 
representing motifs. Figure 2A(c) shows the structure of B3 genes, with exons in green, UTR regions in yellow, and black solid lines between colors 
representing introns. B Fig. 2B(a) shows the positions of amino acids on the x-axis and the frequency of each amino acid at a specific position 
on the y-axis. Different colors are used to represent different types of amino acids. Figure 2B(b) shows the analysis of the conservation of AktB3 
amino acid residues. The depth of color indicates the degree of conservation. Darker colors correspond to more conserved amino acids 
or nucleotides at that position in the sequence
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plant growth and development, and abiotic stress (Fig. 6). 
Twelve elements were identified within the phytohor-
mone response category, and the number of abscisic acid 
(ABRE), auxin (AuxRR-core, TGA-element), salicylic 

acid (TCA-element), and methyl jasmonate (CGTCA-
motif, TGACG-motif ) responsive elements was 286, 15, 
59, and 328, respectively. In the plant growth and devel-
opment category, nine elements were identified. The 

Fig. 3  Chromosomal localization analysis of AktB3 superfamily members. Chr indicates the chromosome number. Red indicates segmentally 
duplicated genes. Perl 5, version 18, subversion 4 (v 5.18.4) was used for plotting

Fig. 4  Collinearity analysis of AktB3 genes. The purple lines indicate collinear pairs of AktB3
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number of elements associated with endosperm expres-
sion (GCN4_motif ), protein metabolism (O2-site), and 
phloem expression (CAT-box), seed-specific AT-rich 
sequences, and RY-elements was 46, 72, 28, 5, and 5, 
respectively. Additionally, 29 abiotic stress-responsive 
elements were identified, and these were predominantly 
Box 4 and G-box elements.

Expression analysis of AktB3 genes during seed 
development
To investigate the expression patterns of AktB3 genes dur-
ing seed development, transcriptome analyses were per-
formed on seeds from three developmental stages (30 DAF, 
50 DAF, and 70 DAF) (Fig. 7A, Supplementary Table S5). 
According to the transcriptome data, 29 differentially 
expressed AktB3 genes were identified; the expression of 
seven (AktRAV3, AktLAV1, AktARF14, AktLAV2, AktLAV3, 
AktLAV4, and AktARF22) was significantly up-regulated, 
and the expression of 22 (AktARF1, AktREM1, AktARF3, 
AktREM3, AktREM4, AktREM5, AktARF8, AktREM6, 
AktREM7, AktREM10, AktARF10, AktARF12, AktARF13, 
AktREM12, AktREM16, AktREM17, AktARF15, AktARF17, 
AktREM23, AktREM25, AktARF21, and AktARF24) was 
significantly down-regulated (Fig.  7A). The expression 
of AktLAV2 was highest at 70 DAF, and the expression of 
AktARF15 peaked at 30 DAF (Fig. 7A). Fifteen AktB3 genes 
were selected to validate the transcriptome data using 

reverse transcription quantitative PCR (RT-qPCR), which 
indicated that the expression patterns inferred from qRT-
PCR and RNA-seq were consistent (Fig. 7B).

Co‑expression network of LAV family members and genes 
related to lipid synthesis
The LAV family members (LEC2, ABI3, and FUS3) play 
a crucial role in regulating lipid synthesis [19, 49]. The 
aim of this analysis is to investigate the regulatory rela-
tionships between the LAV family genes—AktLAV1 
(also named AktLEC2), AktLAV2 (also named AktABI3), 
AktLAV3 (also named AktFUS3-1), and AktLAV4 (also 
named AktFUS3-2)—and lipid synthesis-related genes 
during seed development. Within our seed RNA-seq 
database, 66 lipid-related genes were identified across 
three developmental stages. At 50 DAF, the expres-
sion of 17 of these genes was up-regulated; at 70 DAF, 
the expression of 14 of these genes was up-regulated 
(Fig. 8A). The expression levels of LAV subfamily genes 
were high at both 50 DAF and 70 DAF (Fig.  7). A co-
expression network was constructed for LAV subfam-
ily and lipid-related genes with Pearson correlation 
coefficients greater than 0.9 (Fig.  8B, Supplementary 
Table S6). All four LAV subfamily genes were included 
in the co-expression network. The five genes with the 
highest expression at 70 DAF—mikado.Chr08G1103 
(OLE16), mikado.Chr12G81 (SAD), mikado.Chr16G803 

Fig. 5  Collinearity analysis of AktB3 and B3 superfamily members in A. trifoliata, A. thaliana, O. sativa, and V. vinifera. Gray lines indicate all pairs 
of replicated fragments. Red lines indicate pairs of replicated AktB3 fragments
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(FAD2), mikado.Chr03G1790 (PDH), and MSTRG.8619 
(ACCase)—were prominent in the network. These 
results indicate that LAV family members are closely 
associated with lipid synthesis genes during key stages 
of seed development. This co-expression network lays 
a foundation for further functional studies and helps 
clarify the specific roles of LAV family members in lipid 
metabolism.

The interaction between the AktFUS3, AktLEC2, 
and the AktOLE1 promoter
We conducted yeast experiments to investigate the inter-
actions between the transcription factors AktFUS3-1, 
AktFUS3-2, and AktLEC2 with the promoter of the 
AktOLE1 gene in Akebia trifoliata (Fig. 9). The yeast two-
hybrid results showed that all combinations grew nor-
mally on SD-LW plates, indicating successful plasmid 

Fig. 6  Prediction of cis-acting elements in the AktB3 promoter sequences before ATG start codon, which was 2.0 kb
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transformation (Fig. 9A). The pGADT7 + AktFUS3-1-pG-
BKT7 and pGADT7 + AktFUS3-2-pGBKT7 transfor-
mants did not grow on SD-ALWH or SD-ALWH + x-α-gal 
plates, indicating that neither AktFUS3-1 nor AktFUS3-2 
exhibited self-activation (Fig.  9A). In the experimental 
group, the AktLEC2-pGADT7 + AktFUS3-1-pGBKT7 
and AktLEC2-pGADT7 + AktFUS3-2-pGBKT7 transfor-
mants grew normally on SD-ALWH plates and turned 
blue on SD-ALWH + x-α-gal plates, confirming interac-
tions between AktLEC2 and both AktFUS3-1 and Akt-
FUS3-2 (Fig. 9A).

The yeast one-hybrid results showed that all Y187 
strains co-transformed with pHIS2 and pGADT7 plas-
mids grew successfully on SD-LW plates, indicating suc-
cessful transformation (Fig. 9B). In the self-activation test, 
the pGADT7 + AktOLE1-1-pHIS2 transformants showed 
inhibited growth on SD-LWH plates containing 30 mM 
3AT, indicating no self-activation (Fig.  9B). Interaction 
tests showed that the AktFUS3-1-AD/AktOLE1-1-pHIS2, 

AktFUS3-2-AD/AktOLE1-1-pHIS2, and AktLEC2-
AD/AktOLE1-1-pHIS2 transformants all grew normally 
on SD-LWH plates containing 30 mM 3AT, indicating 
interactions between these pairs (Fig.  9B). The positive 
control (pGAD-53/pHIS2-p53) grew normally on 3AT 
plates, as it could activate the HIS3 reporter gene, while 
the negative control, unable to activate HIS3, showed 
inhibited growth on the same plates (Fig. 9B). Therefore, 
the experiment demonstrated that AktFUS3-1, Akt-
FUS3-2, and AktLEC2 interact with the AktOLE1-1 pro-
moter in the yeast system.

Identification and analysis of miRNAs targeting AktB3 
genes during seed development
Considering the potential regulatory role of miRNAs in 
gene expression, particularly in lipid metabolism and 
seed development, we analyzed the miRNA expression 
profile associated with AktB3 to further elucidate its reg-
ulatory network and contribution to seed development 

Fig. 7  Expression of AktB3 genes and qRT-PCR validation during seed development. A Heatmap of AktB3 genes expression based on FPKM values. 
B qRT-PCR validation of the expression patterns of 15 AktB3 genes. Error bars indicate standard errors (SE) based on three replicates. *P < 0.05; 
**P < 0.01, Student’s t-test
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[50, 51]. To enhance our understanding of miRNA 
libraries at various stages of seed development, miRNA 
sequencing was performed on nine seed samples across 
three developmental stages (30 DAF, 50 DAF, and 70 
DAF), and three biological replicates were performed for 
each sample. Quality and yield assessments of the con-
structed libraries were conducted using the Agilent 2100 
and ABI StepOnePlus Real-Time PCR System (Life Tech-
nologies) prior to sequencing. Following the removal of 
adapters and low-quality reads, a total of 152,401,986 
clean reads were generated, which yielded 139,680,762 
(91.53%) high-quality clean tags for subsequent analysis 
(Supplementary Table  S7). The distribution of clean tag 
lengths is shown in Supplementary Table S7. The number 
of 24-bp tags was 54,816,191 (39.24%), and the number of 
21-bp tags was 30,144,959 (21.58%). A total of 591 miR-
NAs were identified, including 308 known and 283 new 
miRNAs (Supplementary Table S7).

A total of 1,673 target gene pairs were identified by 
predictive analyses of target genes for all miRNAs. 
A total of 23 AktB3 genes were potential targets for 
20 miRNAs (Fig.  10A, Supplementary Table  S8). The 
ARF subfamily was targeted by 11 miRNAs, including 
miR159-x, miR160-x, miR160-z, miR167-z, miR1854-x, 

miR5234-z, miR5262-z, miR8029-z as well as novel-
m0115-5p, novel-m0159-3p and novel-m0228-5p. The 
REM subfamily was targeted by 5 miRNAs: miR3509-
y, miR5290-z, miR6196-z, miR8029-z and miR9751-
z. The HSI subfamily was targeted by miR1873-z and 
novel-m01395p. The RAV subfamily was targeted by 
miR2931-z and miR5021-z; while the LAV subfam-
ily was targeted by miR1219-z. To identify potential 
miRNA–mRNA pairs during the development of A. 
trifoliata seeds, miRNAs with TPM values exceed-
ing 1 were selected, and an expression heatmap 
was constructed. The expression of seven miRNAs 
(miR167-z, miR5262-z, novel-mo228-5p, miR5021-
z, miR9751-z, miR1854-x, and miR159-x) was up-
regulated at 70 DAF, and the expression of eight 
miRNAs (miR160-x, miR160-z, miR6196-z, miR2931-z, 
miR5234-z, miR5290-z, novel-m0139-5p, and novel-
m0159-3p) was down-regulated (Fig.  10B). Pearson 
correlation coefficients between miRNA and AktB3 
genes expression levels were determined. A total of 
26 miRNA–mRNA pairs were significantly negatively 
correlated according to the following criteria: |r|>0.9 
and p < 0.05 (Fig.  10C, Supplementary Table  S8). Spe-
cifically, six ARF subfamily members were significantly 

Fig. 8  Co-expression network of AktB3 superfamily genes and genes related to the lipid synthesis pathway. A Expression heatmap based on FPKM 
for genes related to lipid synthesis identified by RNA-seq. B Co-expression network of AktB3 and genes related to lipid synthesis with Pearson 
correlation coefficients greater than 0.9
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negatively correlated with miR167-z, miR160-x, and 
novel-m0228-5p; seven REM subfamily members were 
significantly negatively correlated with miR167-z and 
novel-m0228-5p, and two HSI subfamily members 
were significantly negatively correlated with miR160-z 
and novel-m0159-3p. Additionally, two LAV subfam-
ily members were negatively correlated with miR160-z. 
GO functional enrichment analysis of these 26 AktB3 
genes indicated that AktB3 family members might be 
involved in various biological pathways and processes 
within plants, including responses to acidic chemicals, 
reproductive processes, metabolism of nucleotide com-
pounds, transcription of DNA templates, biosynthesis 
of sesquiterpenes and sesquiterpenoids, metabolism of 
organic aromatic and nitrogen compounds, and biosyn-
thetic processes (Supplementary Table S8). These genes 
are likely involved in photoperiodicity, auxin and gib-
berellin metabolism and biosynthesis, and responses to 
endogenous and hormonal stimuli. These genes might 
also regulate processes related to plant growth factor 
responses (ARF), mediate responses to various stimuli, 
including sucrose and lipids, and promote embryonic 
and post-embryonic development, flower development, 
and vernalization. This indicates that B3 gene family 

members could play important roles in plant growth, 
development, and environmental adaptation.

Co‑expression network analysis reveals synergistic 
regulation of seed development and metabolites 
by miRNAs and AktB3 genes
By conducting a correlation analysis of 23 miRNAs, 20 
AktB3 genes, and 104 differential abundant metabolites, 
we constructed a co-expression network (Supplemen-
tary Table  S9). The results reveal that these miRNAs 
and AktB3 genes synergistically regulate seed develop-
ment and various metabolites (Fig.  11A). In this net-
work, miR160-x serves as a central node, capable of 
regulating the expression of multiple genes, includ-
ing AktARF3, AktARF11, AktREM23, AktARF23, and 
AktARF25. These genes show significant correlations 
with metabolites such as Hmmp004534 (Hederagenin-
O-Hexoside-O-Hexoside-O-Pentoside), Hmmp006650 
(saponin A), mws0836 (Procyanidin B1), mws1333 
(Melibiose), pmb0854 (LysoPC 18:3), pmb0865 (LysoPC 
18:3(2n isomer)), pmb2444 (MAG(18:3)isomer1), 
pme1210 (L-Methionine), pmn001705 (3,24-Dihy-
droxy-17,21-semiacetal-12(13)oleanolic fruit) and etc. 
Additionally, miR160-z regulates AktHSI1, AktREM17, 

Fig. 9  Yeast two-hybrid and yeast one-hybrid experiments were used to validate the interactions between AktFUS3-1, AktFUS3-2, AktLEC2, 
and the AktOLE1 promoter. A The yeast two-hybrid assay confirmed the interaction between AktFUS3 and AktLEC2. B The yeast one-hybrid assay 
also validated the interaction between AktFUS3, AktLEC2, and the AktOLE1 promoter
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AktARF17, AktARF24, and AktARF27, which are signifi-
cantly correlated with metabolites such as Hmmp006650 
(saponin A), mws0044 (Taxifolin), mws0470, pme0519 
(Sucrose), pmp001213 (LysoPC 16:0(2n isomer), and 
pmb0665 (Luteolin 8-C-hexosyl-O-hexoside). Fur-
thermore, miR167-z regulates AktARF3, AktARF11, 
AktREM23, and AktARF25, showing significant correla-
tions with metabolites like mws0836 (Procyanidin B1), 
mws1333 (Melibiose), pmb0854 (LysoPC 18:3), pmb2444 
(MAG(18:3)isomer1), pmp001213 (Phenylalanine) and 
etc. These findings provide valuable insights, deepening 

our understanding of the role of miRNAs in regulating 
seed development in plants.

To explore the functions of the 20 AktB3 genes within 
the co-expression network, we constructed a protein-
protein interaction network based on homologous B3 
genes from Arabidopsis. In this network, 13 AktB3 genes 
were involved in interactions (Fig. 11B). Notably, 9 AktB3 
genes, along with 14 IAA genes and ARF9 and AFB2, 
formed the largest subnetwork, with these AktB3 genes 
occupying key node positions. Gene Ontology (GO) 
enrichment analysis predicted a diversity of functions for 

Fig. 10  Identification of miRNAs and targets AktB3 genes involved in seed development. A Prediction of miRNAs targeting AktB3 genes. A Sankey 
plot was constructed according to the targeting relationships. B The expression heatmap of miRNA targeting AktB3 genes was plotted using a TPM 
value > 1. (C) A co-expression network for AktB3 genes and miRNAs was generated using pairs with |r| >0.9 and p < 0.05
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these genes. The analysis indicated that, in terms of cel-
lular components, these genes are primarily localized in 
the nucleus. In the function category, they are involved in 
DNA-binding transcription factor activity, DNA binding, 
transcription cis-regulatory region binding, sequence-
specific DNA binding, identical protein binding, and 

miRNA binding. In the process category, these genes are 
implicated in the regulation of cellular processes, sys-
tem development, multicellular organism development, 
post-embryonic development, plant organ development, 
root development, shoot system development, reproduc-
tive structure development, fruit development, cellular 

Fig. 11  Co-expression network analysis of AktB3 genes, miRNA and differential abundant metabolites. A A co-expression network analysis for AktB3 
genes, miRNA and differential abundant metabolites was generated using pairs with |r| >0.9 and p < 0.05. Yellow lines represent positive correlations, 
while blue lines represent negative correlations. B Protein interaction network analysis of AktB3 proteins in the co-expression network
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processes, flower development, somatic embryogenesis, 
phyllome development, gravitropism, root cap develop-
ment, and leaf development (Supplementary Table S10).

Discussion
B3 superfamily members play key regulatory roles in 
plants, especially in seed development, lipid synthesis 
pathways, and hormonal signaling during the responses 
to abiotic stress. In our study, a whole-genome analysis 
led to the identification of 72 AktB3 genes. A. trifoliata 
possesses fewer B3 genes than Arabidopsis (118) [7], 
rice (91) [7], and Camelina sativa (87) [52] and more B3 
genes than pineapple (57) [48] and cannabis (65) [47]; the 
number of B3 genes in A. trifoliata and pecan (75) was 
similar [53]. Variability in the number of B3 genes among 
plant species highlights their diversity and evolution 
within plant genomes. This variation likely reflects differ-
ences in adaptive strategies and the biological features of 
B3 superfamily genes.

In angiosperms, most ARF, LAV, HSI, and RAV sub-
family members are structurally conserved [54]. Our 
phylogenetic analysis categorized the 72 AktB3 genes 
into five subgroups (ARF, REM, LAV, HSI, and RAV), 
with each containing the characteristic B3 domain. A. 
trifoliata contains 27 ARF members, and 16 contain B3, 
AUX/IAA, and Aux_resp domains, which suggests that 
B3 and Aux_resp domains are evolutionarily conserved; 
this is consistent with the results of a study of pineap-
ple [48]. Four RAV members (AktRAV10, AktRAV4, 
AktRAV5, AktRAV8) also had the AP2 domain. The num-
ber of B3 domains in REM and LAV subfamily mem-
bers ranged from three to five, which indicates that the 
functional diversity of these subfamilies is high. Phyloge-
netic analysis revealed structural and sequence similari-
ties among members of different subfamilies. Analysis of 
introns and exons is important for clarifying the evolu-
tion of gene families. More than half of the introns were 
absent in RAV subfamily genes, and this has also been 
observed in pecan [53], suggesting that similar selection 
pressures have resulted in similarity in gene structure in 
A. trifoliata and pecan despite their distinct genetic back-
grounds and evolutionary histories. Multiple sequence 
alignments showed that all AktB3 genes contain the DNA 
contact regions R1–R3, and these regions are relatively 
conserved across the ARF, LAV, HSI, and RAV subfami-
lies. However, substantial variability in the amino acid 
residues within the DNA contact regions was observed 
among REM subfamily members. Similar patterns have 
been observed in castor bean and Arabidopsis, suggest-
ing that different plant B3 subfamilies might have similar 
binding specificities [7, 43].

Gene duplication analysis showed that the ARF, 
HSI, REM, and RAV subfamilies have 18, 3, 3, and 3 

duplicated gene pairs, respectively. No gene duplica-
tions were detected in the LAV subfamily, and this is 
consistent with the results of a previous study of grapes 
[55]. LAV subfamily members are likely highly con-
served in trifoliate orange. Collinear gene pairs were 
identified between A. trifoliata and Arabidopsis, rice, 
and grape (45, 32, and 22, respectively). This suggests 
that A. trifoliata and Arabidopsis B3 members might 
share a common ancestor; this will facilitate future 
studies of the evolution and function of B3 genes.

RNA-seq analysis of A. trifoliata seeds at various 
developmental stages revealed that the expression 
of genes from five ARF, four LAV, two RAV, two HSI, 
and two REM subfamilies was up-regulated at 70 DAF. 
AktARF14 and AktARF22, homologs of Arabidopsis 
ARF1, have been demonstrated to significantly affect 
cell plate formation, Golgi apparatus maintenance, and 
plant growth in Arabidopsis [56]. AktARF7, a homolog 
of Arabidopsis ARF8, is related to ARF8.1, an Arabi-
dopsis splice variant that regulates pollen cell wall for-
mation [57]. The PpIAA5-ARF8 module governs the 
regulation of peach fruit ripening and softening [58]. In 
grapes, the expression of RAV and REM in both seed-
less and seeded varieties indicates that these subfami-
lies might contribute to seed development or sterility 
[55].

Four LAV genes in A. trifoliata—AktLAV1 (homolog 
of LEC2), AktLAV2 (homolog of ABI3), AktLAV3 
(homolog of FUS3), and AktLAV4 (homolog of FUS3)—
were highly expressed during the rapid lipid accumula-
tion stage of seed development, and they were strongly 
positively correlated with 16 lipid-related genes. Our 
studies revealed that AktLAV1 (AktLEC2), AktLAV3 (Akt-
FUS3-1), AktLAV4 (AktFUS3-2) and AktLAV2 (AktABI3) 
are co-expressed with three lipid protein-related genes 
(OLE1, OLE16). ABI3 has been shown to significantly 
up-regulate oleosin proteins, including OLEOSINS and 
CALEOSINS, which activates lipid accumulation [59]. 
FUS3 mutations result in decreases in the oil content in 
canola [59]. Two adjacent RY elements are required in 
the promoter of LEC2 for OLEOSIN expression to be 
effectively activated [60]. The yeast two-hybrid experi-
ment indicates that AktFUS3 may form a complex with 
AktLEC2, working together to regulate the expression of 
specific genes. The yeast one-hybrid experiment revealed 
that AktFUS3 can independently bind to specific DNA 
sequences, either activating or repressing target gene 
expression. This binding may enhance or modulate reg-
ulatory activity through interaction with AktLEC2. As 
B3-type transcription factors, the interaction between 
AktFUS3 and AktLEC2 may directly regulate the Oleosin 
gene (AktOLE1) or other lipid metabolism-related genes, 
affecting oil synthesis and storage in plants.
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We developed small RNA libraries for various stages 
of seed development and performed predictions of 
miRNA target genes. A total of 34 miRNA-AktB3 target 
gene pairs were identified, including miRNA-ARF pairs 
such as miR159-ARF7, miR160-ARF10, miR160-ARF16, 
miR160-ARF17, miR167-ARF6, and miR167-ARF8. Our 
studies revealed significant negative correlations of cer-
tain ARF subfamily members—AktARF25 (homolog 
of ARF10), AktARF6 (homolog of ARF18), AktARF11 
(homolog of ARF17), AktARF21 (homolog of ARF3), 
AktARF3 (homolog of ARF7), and AktARF22 (homolog of 
ARF1)—with miR167-z, miR160-x, and novel-m0228-5p. 
These findings enhance our understanding of the regu-
latory interactions within the ARF subfamily during 
seed development. Previous research has demonstrated 
that miRNA-mediated auxin response factors—ARF10, 
ARF16, and ARF17—play key roles in regulating mul-
tiple facets of plant growth and development [61]. For 
example, miRNAs can modulate integument growth by 
targeting ARFs, and the suppression of miRNA160 leads 
to reduced seed size in cotton [62]. miR160 is thought 
to control somatic embryogenesis by targeting ARF10/
ARF16 within the auxin biosynthesis pathway regulated 
by LEC2 [63]. The targets of xso-miR160d and xso-
miR167a in Xanthoceras sorbifolium were identified as 
XsARF6 and XsARF16, respectively. This microRNA-ARF 
module may play a crucial role in regulating the develop-
ment of Xanthoceras sorbifolium pistil [64]. miR167 also 
shows a similar regulatory pattern, targeting ARF6 and 
ARF8. miR167a, as a maternal effect gene, participates 
in embryo and seed development. The novel miR167a-
OsARF6-OsAUX3 module regulates grain length and 
weight in rice [65]. In rice, miR167d influences flower 
opening and stigma size by regulating ARF6, ARF12, 
ARF17, and ARF25 [66]. In Akebia trifoliata, miR167 is 
upregulated at 70 DAF, while its target ARF genes are 
downregulated, indicating that the miR167-ARF6 mod-
ule might mediate seed size and development. Hence, our 
research findings demonstrate that miR167-z, miR160-x, 
and miR160-z can target ARF to regulate normal seed 
growth and embryo development in A. trifoliata.

By constructing a co-expression network, we explored 
the synergistic regulatory mechanisms between miR-
NAs and AktB3 genes, which collectively regulate vari-
ous metabolites during seed development. In this study, 
miR160-x, miR160-z, and miR167-z emerged as core 
regulatory nodes in the co-expression network. These 
miRNAs directly target specific members of the AktB3 
gene family, such as AktARF3 (homolog of Arabi-
dopsis ARF19), AktARF11 (homolog of Arabidopsis 
ARF17), AktARF23 (homolog of Arabidopsis ARF18), 
and AktARF25 (homolog of Arabidopsis ARF10), to 
regulate their expression. Studies have shown that the 

miRNA160–ARF17–HYPONASTIC LEAVES 1 module is 
crucial for drought resistance in apple (Malus domestica) 
[67]. In the somatic embryogenesis of leaf cells, miR160 
interacts with ARF18 target sites to negatively regulate 
their expression [68]. Therefore, the miR160-ARF17 
module in Akebia trifoliata is likely associated with 
drought resistance, while the miR160-ARF18 module 
may be involved in somatic embryogenesis. Furthermore, 
the regulatory interactions between miRNAs and AktB3 
genes have a significant impact on related metabolic 
pathways and biological functions. In this study, spe-
cific AktB3 genes like AktARF2 (homolog of Arabidopsis 
ARF2) and AktARF17 (homolog of Arabidopsis ARF18) 
showed a high correlation with compounds like taxifo-
lin and procyanidin B2. Research indicates that ARF2 
acts as a positive regulator, finely tuning the spatial and 
temporal accumulation of flavonols and proanthocyani-
dins in Arabidopsis [69]. Moreover, the miR160h-ARF18 
module may also regulate anthocyanin biosynthesis in 
poplar [42]. Therefore, the miR160-z-ARF18 module may 
be involved in the synthesis of procyanidin in Akebia tri-
foliata. In soybean, the miR160a-GmARF16-GmMYC2 
module regulates proline synthesis, reducing damage 
from osmotic stress and maintaining salt stress tolerance 
[70]. The increased proline content in Akebia trifoliata 
seeds may be crucially regulated by the miR160-ARF16 
module in response to environmental stress. In summary, 
miRNAs and their target genes play significant roles in 
regulating plant growth and development, responding 
to environmental stresses, and synthesizing metabolites. 
However, the specific functions and mechanisms of these 
miRNA-mediated regulatory pathways require further 
investigation to be fully elucidated.

Conclusions
In this study, we identified 72 members of the B3 super-
family in Akebia trifoliata and found that certain genes 
play pivotal roles in seed development and lipid metabo-
lism. Notably, genes from the LAV subfamily—AktABI3, 
AktFUS3-1, AktFUS3-2, and AktLEC2—emerged as 
potential hub genes regulating seed oil accumulation, 
as their expression was highly correlated with key lipid-
related genes (AktOLE1, AktOLE16) during critical 
stages of seed maturation. Moreover, the Y2H and Y1H 
experiments confirmed that AktFUS3-1, AktFUS3-2, 
and AktLEC2 form protein complexes and directly inter-
act with the AktOLE1 promoter, regulating downstream 
gene expression. Additionally, miR160-x, miR160-z, and 
miR167-z were predicted to target ARF subfamily genes 
and may play a crucial role in seed development. Further 
research is needed to explore the regulatory roles of ARF 
genes and the miR160/167 gene modules in seed develop-
ment to gain a deeper understanding of their functions.
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Methods
Plant material
Field surveys and sample collection were carried out 
from May to July 2019 at the Guizhou University Teach-
ing Experimental Field in Huaxi District, Guiyang City, 
Guizhou Province (26°41’04.35"N, 106°68’36.51"E). The 
plant material of Akebia trifoliata (Thunb.) koidz. was 
identified by Prof. Zhao Zhi, who is the corresponding 
author of this paper and affiliated with Guizhou Uni-
versity. This Akebia trifoliata was “mutong No. S1”. We 
collected seeds of Akebia trifoliata from the Teaching 
Experimental Farm of Guizhou University and stored 
them at a temperature of 4 °C in our laboratory. The trees 
were marked on the day of full bloom (April 20, 2019). 
Samples were collected from A. trifoliata at three devel-
opmental stages: 30 DAF, 50 DAF, and 70 DAF. Fruit 
peels and pulps were removed, and three biological rep-
licates were performed for each stage. The seed samples 
were immediately frozen in liquid nitrogen and stored at 
-80 °C until transcriptomic and small RNA-seq analyses.

Identification of B3 gene family members in A. trifoliata
The B3 protein sequences of Arabidopsis were obtained 
from the Arabidopsis Information Resource (https://​
plants.​ensem​bl.​org/​Arabi​dopsis_​thali​ana/​Info/​Index). 
These sequences were used as queries in the Arabidopsis 
Genome Database (TAIR, https://​www.​arabi​dopsis.​org/). 
The Hidden Markov Model (HMM) matrix for the B3 
domain (PF02362) was obtained from Pfam (http://​pfam.​
xfam.​org/​famil​y0029. B3 gene family members in trifoli-
ate orange were predicted using the hmmsearch tool with 
the following parameters: --domE 1e-10 –notextw. The 
NCBI-CDD (https://​www.​ncbi.​nlm.​nih.​gov/​cdd/) and 
SMART (http://​smart.​embl-​heide​lberg.​de/) online tools 
were used to authenticate the B3 genes, identify false 
positives, and predict the conserved structural domains 
of the B3 proteins.

Chromosomal localization and duplication analysis of B3 
Gene Family members
The chromosomal locations of B3 genes on chromo-
somes were determined using gene annotation data, 
and they were mapped using Map Gene2Chromosome 
V2 (http://​mg2c.​iask.​in/​mg2c_​v2.0/). Advanced Circos 
within TBtools was used to perform both intraspecific 
and interspecific collinearity analyses. The selection pres-
sures acting on the B3 gene family in A. trifoliata were 
identified using PAL2NAL (http://​www.​bork.​embl.​de/​
pal2n​al/).

BLAST searches were performed using whole-
genome data for A. trifoliata obtained from the NGDC 
(https://​ngdc.​cncb.​ac.​cn/; Bioproject: PRJCA012651). 

Genomic sequences of Arabidopsis thaliana, Oryza 
sativa, and Vitis vinifera were obtained from Ensembl 
(https://​plants.​ensem​bl.​org/​index.​html). A local 
BLAST database was established to facilitate com-
parisons between the A. trifoliata genome and these 
three genomes. Intergenomic collinearity was analyzed 
using MCScanX, and the results were visualized using 
TBtools.

Analysis of the structure, phylogenetic relationships, 
and cis‑acting elements of B3 gene family members
The basic physicochemical properties of B3 family pro-
teins were analyzed using ExPASy software (https://​web.​
expasy.​org/​protp​aram/). The subcellular localization was 
predicted using WoLF PSORT (https://​wolfp​sort.​hgc.​
jp/). Multiple sequence alignment of AktB3 and AtB3 
proteins was performed using MEGA 7.0. The phyloge-
netic tree was constructed using the neighbor-joining 
method with 1,000 bootstrap replicates; other parame-
ters were set to their default values. The phylogenetic tree 
was visualized using Evolview (https://​www.​evolg​enius.​
info/​evolv​iew/).

Gene structures were delineated and visualized using 
TBtools (v. 1.0987663) and the Gff annotation file data. 
Perl scripts were used to extract sequences 2,000-bp 
upstream from B3 transcription start sites for analysis, 
and cis-acting elements were screened using the tools in 
PlantCARE (http://​bioin​forma​tics.​psb.​ugent.​be/​webto​
ols/​plant​care/​html/).

Transcriptome analysis and qRT‑PCR validation of AktB3 
genes
Primers for qRT-PCR were designed using Primer 5.0 
software. Total RNA was extracted using the cetyltri-
methylammonium bromide (CTAB) method, and RG19 
(histone h3) was used as the internal reference gene. 
The iScript™ gDNA Clear cDNA Synthesis Kit was used 
to generate first-strand cDNA from 16 µL of gDNA on 
ice; the mixture was incubated at 25 °C for 5 min and 75 
°C for 5 min to degrade gDNA. This was followed by the 
preparation of a 20 µL reverse transcription mix, which 
was incubated at 25 °C for 5 min, 46 °C for 20 min, and 
95 °C for 5 min. qPCR was performed on an ABI Quant-
Studio 6 Flex Real-Time PCR System using SYBR Premix 
EX Taq. The reaction mixture included 10 µL of 2× qPCR 
Mix, 0.5 µL of each primer, 0.5 µL of cDNA, and 8.5 µL 
of ddH2O. The amplification protocol was set to 95 °C for 
300 s, followed by 40 cycles of 95 °C for 10 s and 60 °C 
for 30 s. Relative gene expression was calculated using 
the 2-ΔΔCT method, and 30 DAF served as the reference 
point.
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The yeast two‑hybrid assay was used to determine 
the interaction between AktFUS3 and AktLEC2
AktFUS3-1 and AktFUS3-2 were cloned into the 
pGBKT7 vector using NdeI and NotI restriction 
enzymes. Similarly, the gene AktLEC2 was cloned into 
the pGADT7 vector using NdeI and XhoI enzymes for 
subsequent functional studies or protein expression. 
Competent Y2H gold cells were prepared, and various 
combinations of pGADT7 and pGBKT7 plasmids were 
co-transformed into Y2H gold yeast strains, including 
self-activation control, experimental, positive control, 
and negative control groups. The transformants were 
first screened on SD-LW plates (lacking leucine and 
tryptophan) to confirm successful co-transformation 
of the plasmids. Colonies were then transferred to SD-
ALWH plates (lacking leucine, tryptophan, histidine, 
and adenine) and SD-ALWH plates supplemented with 
x-α-gal for further screening and analysis. The expres-
sion of the HIS3, ADE2, and MEL1 reporter genes was 
monitored to assess the growth of the strains and the 
x-α-gal color reaction, determining the presence of 
self-activation and interactions.

Yeast one‑hybrid assays were used to verify 
the interactions between AktFUS3‑1, AktFUS3‑2, AktLEC2, 
and the AktOLE1‑1 promoter
AktFUS3-1 was cloned into the pGAD-T7 vector 
using NdeI and XhoI restriction enzymes for subse-
quent functional studies or protein expression. Simi-
larly, AktFUS3-2 was cloned into the pGAD-T7 vector 
using NdeI and BamHI enzymes for the same pur-
poses. The target gene AktOLE1-1 promoter was cloned 
into the pHIS2 vector using EcoRI and MluI restric-
tion sites, with ligation performed by T4 DNA ligase. 
The plasmid was amplified in Top10 cells and selected 
using kanamycin resistance. The resulting recombi-
nant plasmid containing the target gene AktOLE1-1 
was used for yeast one-hybrid assays. Plasmid com-
binations (AktFUS3-1-pGADT7/AktOLE1-1-pHIS2, 
AktFUS3-2-pGADT7/AktOLE1-1-pHIS2, AktLEC2-
pGADT7/AktOLE1-1-pHIS2, pGADT7/AktOLE1-1-
pHis2) were co-transformed into Y187 yeast strains. 
The transformed yeast cells were cultured in YPDA liq-
uid medium, followed by centrifugation, resuspension, 
and washing. The transformation was performed using 
a solution of 50% PEG3350, LiAc, and plasmid DNA. 
The transformed cells were plated on SD-LW selective 
media to isolate transformants. Colonies were then 
transferred to SD-LWH plates with varying concentra-
tions of 3AT (30 mM, 40 mM, and 50 mM) to observe 
their growth in the presence of 3AT.

Sequencing and identification of snRNAs
After total RNA was extracted using the Trizol reagent 
kit (Invitrogen, Carlsbad, CA, USA), RNA molecules 
ranging in size from 18 to 30 nt were enriched by poly-
acrylamide gel electrophoresis (PAGE). The 3′ adapt-
ers were added, and the 36–48 nt RNAs were enriched. 
The 5′ adapters were then ligated to the RNAs as well. 
The ligation products were reverse-transcribed by PCR 
amplification, and PCR products ranging from 140 to 160 
bp in size were enriched to generate a cDNA library and 
sequenced using Illumina HiSeq Xten by Gene Denovo 
Biotechnology Co. (Guangzhou, China).

All the clean tags were aligned against small RNAs in 
the GenBank database (Release 209.0) and Rfam database 
(Release 11.0) to identify and remove rRNAs, scRNAs, 
snoRNAs, snRNAs, and tRNAs. All the clean tags were 
also aligned against the reference genome. Those mapped 
to exons or introns might be fragments derived from 
mRNA degradation; these tags were thus removed. The 
tags mapped to repeat sequences were also removed.

Searches of the clean tags against the miRBase database 
(Release 22) were performed to identify known miRNAs 
(exist miRNAs). To date, the miRNA sequences of some 
species are not included in the miRBase database. For 
these species, the alignment of miRNAs with other spe-
cies was an effective approach for identifying the known 
miRNAs. All of the unannotated tags were aligned to the 
reference genome. The novel miRNA candidates were 
identified according to their genome positions and hair-
pin structures predicted by mirdeep2 software.

Functional annotation, small RNA expression profiles, 
and target prediction
Total miRNA comprised exist miRNA, known miRNA, 
and novel miRNA based on their expression patterns 
in each sample, and the miRNA expression level was 
calculated and normalized to transcripts per million 
(TPM). Analysis of the differential expression of miR-
NAs between groups and samples was performed using 
edgeR software. We identified significant differentially 
expressed miRNAs using the following criteria: fold 
change ≥ 2 and P-value < 0.05.

Based on the exist miRNA, known miRNA, and novel 
miRNA sequences, the candidate target genes were pre-
dicted using PatMatch (Version 1.2) software.

miRNA target network analysis and protein‑protein 
interaction network analysis of AktB3
Pearson correlation coefficients (PCC) were used to 
evaluate the correlations between miRNA and target 
gene expressions, as well as between target genes and 
metabolite expressions. Pairs with a PCC greater than 
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0.9 or less than − 0.9 and a p-value less than 0.05 were 
identified as co-expressed miRNA-target gene pairs. 
The miRNA-target network was then constructed and 
visualized using Cytoscape software (v3.6.0). The pro-
tein interaction network was constructed using the 
STRING database ( https://​cn.​string-​db.​org/ ). The 
metabolic data is derived from published articles [71].
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