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Article 
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miRNA Expression in Plant-Pathogen Interaction 
Pathway in the Cultivated Population 
Tongxing Zhao, Jing Yang, Lang Yuan, Yuan Luo, Pinzheng Zhang and Tao Xu * 

School of Ecology and Environmental Science, Yunnan University, Kunming 650106, China 
* Correspondence: taoxu@ynu.edu.cn 

Abstract: Lirianthe delavayi has valuable ornamental and medicinal value, is an important economic 
tree, and has a long history of cultivation. As important regulatory molecules, miRNAs are involved 
in important physiological processes, such as the plant stress response, organ morphogenesis, 
hormone secretion, and signaling. In this study, based on miRNA sequencing analysis of wild and 
cultivated Lirianthe delavayi, we explored the differences in posttranscriptional regulation during the 
cultivation of Lirianthe delavayi from the aspect of miRNA molecular regulation. The results revealed 
the following: 1. A total of 365 miRNAs were sequenced and identified, and their first bases had 
obvious uracil (U) base preferences. Among them, 242 miRNAs were classified into 32 miRNA 
families. 2. Analysis of miRNA expression differences revealed that 39 miRNAs had significant 
expression differences between wild and cultivated populations. 3. Bioinformatics target gene 
prediction and target gene enrichment analysis of significantly differentially expressed miRNAs 
revealed that the target genes were significantly enriched in plant‒pathogen interactions, 
sphingolipid metabolism, defense responses, and ADP binding. 4. The plant‒pathogen interaction 
pathway involves seven differentially expressed miRNAs and 30 miRNA‒target gene regulatory 
pairs, which are involved mainly in pathogen signature molecule recognition and binding, signal 
transduction, and the regulation of disease resistance molecules or gene expression. Ath-MIR169g-
p3_2ss7AG19GA, ath-MIR169g-p5_2ss7AG19GA, and ath-miR408-3p_L-3 are expressed only in 
wild population, and it is hypothesized that the domestication process from wild to cultivation 
species may be accompanied by the loss of disease resistance-related miRNAs. This study provides 
a reference for exploring the posttranscriptional-level regulatory mechanisms of adaptive changes 
in Lirianthe delavayi from wild to cultivated. 

Keywords: Lirianthe delavayi; microRNA; plant-pathogen interaction pathway; miRNA-loss 
 

1. Introduction 

Lirianthe delavayi belongs to the Lirianthe family of Magnoliaceae, a dicotyledonous plant class 
of angiosperms. This species has a luxuriant crown, large turquoise leaves, and large, milky-white 
flowers with an aromatic odor, making it a valuable ornamental tree for gardens [1]. The bark and 
flowers can be used as medicine; the bark has the effect of strengthening the spleen and is used for 
treating dyspepsia, chronic gastritis, abdominal pain, diarrhea, etc. The flowers have the effect of 
relieving coughs and are used for treating rhinitis, sinusitis, bronchitis, coughing, etc. [2]. Due to its 
valuable ornamental and medicinal value, Lirianthe delavayi has a long history of cultivation in 
Yunnan Province as an economically important tree [Error! Reference source not found.]. In the 
process of artificial cultivation, excellent traits such as unique flower color and strong flower 
fragrance have become the key and direction of plant selection [Error! Reference source not found.], 
and cultivated populations produce some adaptive changes to adapt to the cultivation environment 
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[4]; however, the related molecular regulatory mechanisms need to be further explored [Error! 
Reference source not found., Error! Reference source not found.]. 

MicroRNAs (miRNAs) are a class of noncoding, endogenous, single-stranded small RNAs with 
regulatory functions that are found in eukaryotes and have a length of approximately 18-25 nt [8]. 
Plant miRNAs usually pair completely or nearly completely with target genes (target mRNAs), 
causing the cutting of target genes and thus regulating gene expression [8,10], thereby exerting a 
negative regulatory role at the posttranscriptional level [10]. As important regulatory molecules, 
miRNAs are involved in a series of important processes in plant life, including the plant stress 
response, organ morphogenesis, hormone secretion, and signal transduction [12–15]. The systematic 
identification of miRNAs in specific species is valuable for understanding their biological properties 
and regulatory networks. The expression of miRNAs in important economic crops, such as tomato 
[16], tobacco [17,18], olive [19], cabbage [20], tea tree [21], ginkgo [22], and Apocynum venetum [23], 
has been reported, and these miRNAs have been shown to play important roles in the regulation and 
improvement of important traits. Despite the increasing number of miRNA reports, information 
related to miRNAs in Lirianthe delavayi is still lacking. 

The study of plant adaptation involves complex gene regulatory mechanisms [23], and the study 
of gene regulation can help to explore the effects of habitat differences (artificial versus natural 
environments) on plant biological processes and metabolic pathways during the cultivation of 
Lirianthe delavayi. Many studies have shown that miRNAs respond significantly to environmental 
stressors such as high salinity, drought and low temperature [23]. Many studies have demonstrated 
that some miRNAs, such as miR156, miR166, miR398, miR482, and miR858, are effective at promoting 
the development of miRNAs by targeting factors such as SQUAMOSA promoter-binding proteins 
[25], HD-zip [26], Cu-Zn superoxide dismutase [27], NBS-LRR [28], R2 R3-MYB [29], transcription 
factors and other functional genes involved in the environmental stress response. These miRNAs are 
thought to play critical roles in plant hormone regulation, signal transduction, plant‒pathogen 
interactions, and metabolic pathways [23]. Ma Yanming has conducted systematic identification and 
analysis of miRNAs in cultivated and wild adzpea and found that the differential expression of 
miRNAs is mainly related to disease resistance and stress resistance pathways [30]. In addition, our 
group reported in previous research that the abundance of pathogenic bacteria in cultivated Lirianthe 
delavayi increased compared with that in wild Lirianthe delavayi [31], suggesting that miRNA, an 
important regulatory molecule at the posttranscriptional level, may play an important regulatory role 
in the interaction between plants and pathogens. In recent years, the continuous updating and 
iteration of sequencing platforms have made large-scale analyses of miRNAs in nonmodel plants a 
reality [Error! Reference source not found.]. In 2016, Xiaojiao Han et al. revealed the miRNA 
regulatory network under cadmium stress in southeastern Sedum through miRNA sequencing 
analyses [33]. Tan Jinhua et al. used a combination of miRNA and mRNA sequencing technologies 
to systematically identify and analyze miRNAs and mRNAs in Apocynum venetum under methyl 
jasmonate stress, revealing that the key regulatory pathways were mainly involved in biological 
processes such as redox homeostasis and phytohormone signaling [23]. Therefore, it is necessary and 
important to explore the potential posttranscriptional regulatory mechanisms of Lirianthe delavayi 
during cultivation via miRNA sequencing analysis and to identify the key functional pathways and 
regulatory networks involved in plant adaptation to different habitats to gain an in-depth 
understanding of the growth and developmental regulatory mechanisms of Lirianthe delavayi. 

In this study, we used miRNA high-throughput sequencing technology and bioinformatics 
methods to systematically identify and analyze miRNAs in Lirianthe delavayi and screened out 
miRNAs that were differentially expressed in cultivated Lirianthe delavayi and wild Lirianthe delavayi. 
Then, the biological functions and key metabolic pathways of the target genes of the differentially 
expressed miRNAs were explored. Under the plant‒pathogen interaction pathway, the gene 
regulatory network and target gene functions of the differentially expressed miRNAs were explored, 
which provides a reference for understanding the molecular mechanism involved in adapting to 
different habitats between wild and cultivated Lirianthe delavayi. 
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2. Materials and Methods 

2.1. Experimental Material 

Samples were collected from wild and cultivated populations of Lirianthe delavayi (N:25°14 
'12.39", E103°11' 52.40") in Majie town, Yiliang County. Four samples were collected, for a total of 8 
samples. Leaf tissue from each sample was taken from the plant during the same period of the 
growing season, and after collection, it was quickly frozen in liquid nitrogen and stored at -80 degrees 
Celsius for further use. 

2.2. Library Construction and Sequencing 

The above eight samples were sent to Hangzhou Lianchuan Biotechnology Co., Ltd., the RNA 
was extracted, and after passing the quality inspection, the small RNA sequencing library was 
prepared by using the TruSeq Small RNA Sample Prep Kit (Illumina, San Diego, USA). After library 
preparation was completed, the constructed library was sequenced using an Illumina HiSeq 
2000/2500, and the sequencing read length was single-ended 50 bp (SE50). 

2.3. miRNA Identification 

The raw sequencing data were counted to obtain the unique sequences of the sequencing data 
and the corresponding number of copies of each unique sequence. Raw sequencing data were first 
removed from 3′ adapters, sequences with sequencing base lengths less than 18 nt were removed, 
and sequences were filtered out if they had 80% A or C or G or T, only A, C and no G, T, or only G, 
T and no A, C, or were sequential nucleotide dimers, trimers, or sequential nucleotide dimers. 
Moreover, we compared and filtered the measured sequences from the mRNA, RFam (including 
rRNA, tRNA, snRNA, snoRNA, etc.) and Repbase (without miRNA) databases, called the filtered 
data valid data, and carried out further miRNA comparison, identification and prediction analyses 
on the valid data. Since there is no reported genome for Camellia sinensis, we used the Camellia 
sinensis genome from the TPIA database as the reference genome (downloaded at 
http://tpia.teaplant.org/web/Download/Genomic_data/CSS_ChrLev_20200506_Genome.fas.gz) and 
used ACGT101-miR to perform miRNA identification on valid data, including comparisons with 
miRNA precursors and mature bodies in the miRBase database, comparisons with the reference 
genome, and predictions of miRN precursors in the genome based on the principle of the 11 hairpin 
structure to identify possible miRNAs. miRNAs were identified and analyzed via the miRBase 
database and reference genome for possible miRNAs. 

2.4. Differential Expression Analysis 

The identification of miRNAs was performed using ACGT101-miR, and the expression level of 
miRNAs in each sample was calculated. In measuring expression, the normal value was used as a 
measure of miRNA expression [33], and thus, the correlation of miRNA expression in samples within 
and between groups and the differences in miRNA expression were assessed. Differential miRNAs 
were screened using the t test with a threshold of P<=0.05. Differential miRNAs were visualized and 
analyzed using an online tool (https://www.omicstudio.cn/tool. ). 

2.5. miRNA Target Gene Prediction and Enrichment Analysis 

For miRNA target gene prediction, transcriptome data of Camellia sinensis were used as a target 
background library, and psRobot (1.2) software was used for prediction with a score <2.5 as a 
threshold [34]. 

The enrichment analysis of target genes included two main steps: GO functional enrichment 
analysis and KEGG pathway functional enrichment analysis, which can determine the most 
important biochemical metabolic pathways and biological functions in which target genes are 
involved [30]. First, all target genes of differentially expressed miRNAs corresponded to each GO 
function or each KEGG pathway, and the number of genes was counted. Then, a hypergeometric test 
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was applied to calculate the p value, and the specific research method used was described in existing 
reports [36]. 

2.6. miRNA-Gene-KEGG Network Regulation and Target Gene Function Analysis 

Pathways that were significantly enriched and of interest were selected for analysis. In this 
study, the plant‒pathogen interaction pathway was selected for analysis, and target genes enriched 
in this pathway and their corresponding miRNAs were mapped and analyzed using Cytoscape 
3.10.1. Based on the KEGG database, the target genes were projected under the plant‒pathogen 
interaction pathway (ko04626) in Arabidopsis thaliana to determine the position of the target genes 
under the pathway. 

3. results 

3.1. Identification of miRNAs of Lirianthe Delavayi 

To explore the regulatory mechanism of miRNA-mediated posttranscriptional regulation in 
cultivated and wild populations of Lirianthe delavayi, we established 8 miRNA libraries and 
conducted high-throughput miRNA sequencing. The original sequence data login number was 
PRJNA1109302. The 3′ adapters and garbage sequences were removed, and sequences with base 
lengths ranging from 18 to 25 nt were retained. A total of 365 miRNAs were identified, including 13 
novel miRNAs (Supplementary Table S1). Analysis of the first base of all the identified miRNAs 
showed that their first bases had an obvious uracil (U) base preference, and this was the highest 
percentage of miRNAs with a sequence length of 21 bp (61.49%) (Figure 1). 

 

Figure 1. Proportion of first base classes of miRNAs of different lengths. 

3.1.1. miRNA Family Analysis of Lirianthe delavayi 

The family analysis of the 365 miRNAs identified in Lirianthe delavayi revealed that 242 miRNAs 
were classified into 32 families. The MIR482 family had the most family members, with 32 family 
members, followed by the MIR167 family, with 20 family members, and a majority of the families 
had 1 to 3 family members (Attached Table 2). A comparison of the distribution of miRNA family 
members in Lirianthe delavayi with the miRNA families of other species included in the miRBase 
database revealed that 19 species, such as Lirianthe delavayi, Arabidopsis thaliana and potato, were 
clustered into one team, and the rest of the species were clustered into another group, with similar 
numbers and distributions of their members in each miRNA family. The number and distribution of 
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21 miRNA families, such as MIR390 and MIR482, were similar across species, and their number and 
distribution were greater than those of other families (Figure 2A). 

Among the 365 miRNAs identified, 29 could not only be compared with the pre-miRNAs of the 
reference species Camellia sinensis but also with precursors that could be further compared with the 
Camellia sinensis genome. Phylogenetic analysis of these 29 miRNAs revealed that the miRNAs of 
the same family were basically clustered together, with five main miRNA families, namely, MIR171, 
MIR156, MIR319, MIR167, and MIR166, and the same family exhibiting more similar sequence 
information (Figure 2B). 

 

Figure 2. (A) Comparison of the number of miRNA family members in Lirianthe delavayi and miRBase 
database species. (B) Phylogenetic analysis was performed on 29 miRNAs that could be compared to 
the reference species precursors (pre-miRNAs) and whose precursors could be compared to the 
reference genome. miRNAs of the same family and clustered together are marked with the same color. 

3.1.2. Chromosomal Localization of Identified miRNAs in Lirianthe delavayi 

Chromosomal localization analysis of miRNAs was performed using the MG2C online program. 
The miRNA precursors were distributed on all 15 chromosomes (Figure 3). Many miRNAs are 
distributed on chromosomes 14, 2, and 3, with 35, 26, and 26 miRNA precursors, respectively. The 
lowest number of miRNAs was distributed on chromosome 9, with 8. The most differentially 
expressed miRNAs were distributed on chromosome 6, with 3, and the rest of the chromosomes were 
distributed with 1 to 2 differentially expressed miRNAs. The novel miRNAs were distributed on 
chromosomes 5, 6, 7, 9, 10, 11, 12, 14, and 15, and chromosome 14 had the highest number of novel 
miRNAs, with 4 (Figure 3). 

A B 
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Figure 3. miRNA chromosome localization map based on the MG2C online program; red indicates 
differentially expressed miRNAs. 

3.2. Differential Expression Analysis of miRNAs in Lirianthe delavayi 

Samples of wild and cultivated Lirianthe delavayi were sequenced, and 365 miRNAs were 
identified and predicted. After the normalization of miRNA expression, a t test was used to screen 
the differentially expressed miRNAs (DEMs) using the threshold of P<=0.05, and 39 miRNAs were 
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screened for significant differences in expression levels (Supplementary Table S1). Among them, 11 
miRNAs were upregulated and 28 miRNAs were downregulated in the wild-type group (YW group) 
(Figure 4A and Figure 4B). For the 39 differentially expressed miRNAs, heatmap clustering analysis 
was performed, and the differentially expressed miRNAs were similarly expressed within their 
respective population (wild and cultivated) groups, with good homogeneity and significant 
differences between groups (Figure 5). 

 

Figure 4. (A) T test of differentially expressed miRNAs. (B) Volcano plot of differentially expressed 
miRNAs; red indicates significant and upregulated differences, blue indicates significant and 
downregulated differences, and gray indicates nonsignificant differences. 

 

Figure 5. Heatmap of significantly different miRNA expression profiles of wild and cultivated 
Lirianthe delavayi. 

3.3. Prediction and Functional Analysis of Target Genes of DEMs in L. delavayi 

3.3.1. Target Gene Prediction of DEMs 

Target gene prediction of significantly differentially expressed miRNAs (DEMs) was performed 
using psRobot (v1.2) [35], and target genes were predicted using a plant-based target penalty scoring 

A B 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 June 2024                   doi:10.20944/preprints202406.1744.v1

https://doi.org/10.20944/preprints202406.1744.v1


 8 

 

strategy (with a default threshold of score ≤ 2.5), resulting in a total of 841 target genes targeted by 39 
differentially expressed miRNAs from wild and cultivated populations of Lirianthe delavayi 
(Supplementary Table S2). 

3.3.2. KEGG Enrichment Analysis 

In organisms, different genes coordinate with each other to exercise their biological functions, 
and pathway-based enrichment analysis can identify the main biological functions exercised by 
miRNA‒mRNA relationship pairs. The 841 target genes of 39 differentially expressed miRNAs were 
annotated and enriched in KEGG pathway units, 292 target genes were finally annotated and 
enriched in 79 pathway units, and the pathways with significant enrichment were screened out by 
applying a hypergeometric test (Figure 6). The first two pathways were significantly enriched: Plant‒
pathogen interaction and Sphingolipid metabolism. 

 
Figure 6. miRNA KEGG enrichment bubble map of wild and cultivated Lirianthe delavayi. 

3.3.3. GO Enrichment Analysis 

GO enrichment analysis can help us understand the main functions and biological processes 
associated with target genes. The basic unit of GO is the term (term, node), and each term corresponds 
to an attribute. First, 841 target genes were mapped to each term in the Gene Ontology database, 
among which 772 target genes were mapped to 989 terms. The number of genes in each term was 
calculated, and a hypergeometric test was applied to determine the significantly enriched GO terms. 
The first three significantly enriched terms were extrinsic component of plasma membrane, defense 
response and ADP binding (Figure 7). 
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Figure 7. GO analysis of significantly differentially expressed miRNAs in wild and cultivated Lirianthe 
delavayi. 

3.4. Analysis of miRNAs and Target Genes Involved in the Plant‒Pathogen Interaction Pathway 

3.4.1. Analysis of DEMs in the Plant‒Pathogen Interaction Pathway 

We explored plant‒pathogen interactions for the pathways that were most highly enriched and 
of interest to us, including ath-miR168a-5p, ath-MIR169g-p3_2ss7AG19GA, ath-MIR169g-
p5_2ss7AG19GA, ath-miR408-3p_L-3, gra-miR482d_R-2, ptc-miR530a_L+1_1ss21TG, and stu-
miR482a-3p_R-2_1ss8TC, which are 7 significantly differentially expressed miRNAs (Table 1). The 
cultivated populations showed upregulation of ath-miR168a-5p and downregulation of the 
remaining six miRNAs relative to the wild populations, and three miRNAs, ath-MIR169g-p3, ath-
MIR169g-p5, and ath-miR408-3p, were not expressed in cultivated Lirianthe delavayi. 

Table 1. differentially expressed miRNAs in Plant‒pathogen interaction. 

miR_name miR_seq up/down 
fold_change 
(KC/YW） 

ath-miR168a-5p 
TCGCTTGGTGCAGGTCGGG

AA up 1.38 

ath-MIR169g-
p3_2ss7AG19GA CATGATGATGATGATTACA down -inf 

ath-MIR169g-
p5_2ss7AG19GA 

CATGATGATGATGATTACA down -inf 

ath-miR408-3p_L-3 CACTGCCTCTTCCCTGGC down -inf 
stu-miR482a-3p_R-2_1ss8TC TTTCCAACTCCACCCATTCC down -2.40 

gra-miR482d_R-2 TTTCCTATGCCCCCCATTCC down -1.98 

ptc-miR530a_L+1_1ss21TG 
CTGCATTTGCACCTGCACC

TG down -2.16 
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3.4.2. Analysis of DEMs and Target Gene Function and Regulation in the Plant‒Pathogen 
Interaction Pathway 

The seven miRNAs and their target genes involved in the plant‒pathogen interaction pathway 
were analyzed, and the following neural network diagram was drawn (Figure 8). From the network 
diagram, we can see the pairing of the 7 miRNAs with the target genes, and a total of 30 miRNA‒
target gene regulatory pairs were obtained (Figure 8, Supplementary Table S3). A miRNA can 
regulate multiple target genes, and the same target gene may be targeted by multiple miRNAs, such 
as CERK1, At4g27190, and other target genes regulated by multiple miRNAs. In the plant‒pathogen 
pathway, ath-miR168a-5p only targets RAR1, and ath-miR408-3p_L-3 only targets RPP13 (Figure 8). 

Based on the KEGG database, the target genes involved in the plant‒pathogen interaction 
pathway were projected onto the Arabidopsis pathway map (Figure 9) to explore the specific life 
activities in which the target genes are involved. CERK1, CNGCs, CDPK (CPK26), RPM1 (RPM1, 
RPP13), RPS2 (RPS2, At4g27190, SUMM2, At5g63020, At4g27220, At1g50180, At1g61180), RAR1, 
WRKY33, and other target genes in the plant‒pathogen interaction pathway are shown at specific 
locations (Figure 9). Ptc-miR530a_L+1_1ss21TG targets CNGC, which mainly serves as a carrier of 
calcium ions across the cell membrane, transporting them from the extracellular membrane to the 
intracellular cytoplasm; ath-MIR169g-p3_2ss7AG19GA and ath-MIR169g-p5_2ss7AG19GA target 
and regulate CERK1, a target gene that acts as a pattern recognition receptor molecule on the cell 
surface and stimulates an immune response by recognizing characteristic molecules (PAMPs) of 
pathogenic bacteria; ath-MIR169g-p3_2ss7AG19GA and ath-MIR169g-p5_2ss7AG19GA also target 
and regulate the plant calcium-dependent protein kinase CDPK, which is capable of calcium-signal 
activation and modulates downstream immune responses by binding to substrates and amplifying 
pathogen-stimulated signals; ath-MIR169g-p5_2ss7AG19GA targets and regulates WRKY33, which, 
as a transcriptional regulator, receives MAPK signals and participates in the regulation of the 
expression of resistance genes, thus contributing to resistance to pathogen attack; and RPM1 and 
RPS2, which are plant disease resistance genes. 

 
Figure 8. miRNA-gene-KEGG network diagram. 
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Figure 9. Location and functional analysis of the miRNA target gene pathway network. 

4. Discussion 

4.1. Identification and Survey of miRNAs of L. delavayi 

In this study, miRNA sequencing was carried out on cultivated and wild Lirianthe delavayi, and 
365 miRNAs were identified, including 13 novel miRNAs whose first bases had obvious uracil (U) 
base preferences, which was consistent with the findings of Fairview azalea [36]. These miRNAs were 
categorized into 32 families, and the MIR482 family had the greatest number of family members with 
32 family members, followed by the MIR167 family with 20 family members, and most families had 
1~3 family members. The number and distribution of members of Lirianthe delavayi in each miRNA 
family were similar to those in 19 other species, including Arabidopsis thaliana, and the number 
distribution pattern in each miRNA family was most similar to that in potato (Figure 2A). The number 
and distribution of miRNA members in 21 miRNA families, such as MIR390 and MIR482, were 
similar in each species, and the number of members was greater than those in other families (Figure 
2A). 

The miRNAs of Lirianthe delavayi were found on all chromosomes; chromosome 14 had the 
highest number of miRNAs (35), and chromosome 9 had the lowest number of miRNAs (8) (Figure 
3). This phenomenon is the same as the lowest number of miRNAs distributed on chromosome 9 of 
Apocynum venetum [2336]. The novel miRNAs were distributed on chromosomes 5, 6, 7, 9, 10, 11, 12, 
14, and 15, and chromosome 14 had the greatest number of novel miRNAs (4) (Figure 3). 

4.1. Major Regulatory Pathways of DEMs during the Cultivation of L. delavayi 

Thirty-nine miRNAs that were significantly differentially expressed in wild and cultivated 
Lirianthe delavayi were screened from the 365 miRNAs that were initially identified, and 841 target 
genes of these 39 miRNAs were predicted. The target gene enrichment results showed that the target 
genes regulated by the differentially expressed miRNAs were mainly involved in the regulation of 
plant‒pathogen interactions, sphingolipid metabolism, defense responses, and ADP binding. Plant 
sphingolipids and their metabolites are active lipid molecules with signal transduction roles that not 
only regulate cell growth, differentiation and proliferation but also play important roles in plant 
disease prevention and resistance [3836]. Plant defense responses are a series of coping strategies 
adopted by plants when faced with external threats, such as pest and disease infestation, changes in 
the physical environment, or competition with other plants, and these responses help plants enhance 

CERK1（CERK1） 

CNGCs（CNGC） 

CDPK（CPK26）

ath-MIR169g-p3_2ss7AG19GA 

ath-MIR169g-p3_2ss7AG19GA 

ptc-miR530a_L+1_1ss21TG 
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their adaptability, competitiveness, and resistance to disease [39,4036]. ADP binding plays diverse 
roles in organisms, ranging from energy transfer to kinase activity regulation, which maintain normal 
cellular function and organismal homeostasis [40–4236]. This implies that wild and cultivated 
populations of L. delavayi may have adapted to their environment during cultivation by influencing 
these important biological processes. 

4.1. Regulation of DEMs and Their Target Genes in the Plant‒Pathogen Interaction Pathway 

We performed functional enrichment analysis of target genes for DEMs in wild and cultivated 
L. delavayi and found that the target genes were significantly enriched in the plant‒pathogen 
interaction pathway associated with disease and stress resistance. Using this pathway, we obtained 
a total of 30 miRNA‒target gene regulatory pairs (Figure 8), which were mainly involved in pathogen 
signature molecule binding and recognition, signal transduction, and regulation of the expression of 
disease resistance molecules or genes (Figure 9). Ptc-miR530a_L+1_1ss21TG targets the calcium ion 
carrier CNGC to regulate the through-mode transport of calcium ions, thereby participating in 
calcium signaling [4436]. Ath-MIR169g-p3_2ss7AG19GA regulates the plant calcium-dependent 
protein kinase CDPK, which amplifies pathogen-stimulated signals to drive downstream immune 
responses [4536], and this miRNA also regulates the transcriptional regulator WRKY33, which is 
involved in the regulation of resistance gene expression [4536]. In addition, ath-MIR169g-
p3_2ss7AG19GA also targets CERK1, which recognizes characteristic molecules (PAMPs) of 
pathogens on the cell surface, thereby triggering an immune response [4636]. RPM1 and RPS2 are 
regulated as plant disease resistance genes by the majority of the candidate miRNAs (Figure 8), and 
their encoded proteins are both capable of interacting with RIN4 proteins, recognizing effector 
molecules (PAMPs) released by pathogens and triggering a series of signal transduction processes 
that activate plant body defense response mechanisms, including the expression of disease resistance 
genes, the production of disease resistance substances, and cell apoptosis [47–5036]. Ath-miR168a-5p 
targets the RAR1 protein-encoding gene, which is able to bind to the proteins of the two disease 
resistance genes mentioned above, enhancing their disease resistance activity and transducing the 
disease resistance signals they produce, triggering a defense response in the plant [51,5236]. 

Previous studies have shown that many species have undergone considerable genome evolution 
during domestication and that the transition from wild to cultivated species is accompanied not only 
by the loss of disease resistance genes [5336] but also by the loss of disease-resistant miRNAs [3036]. 
Under the plant‒pathogen interaction pathway, ath-MIR169g-p3_2ss7AG19GA, ath-MIR169g-
p5_2ss7AG19GA, and ath-miR408-3p_L-3 were expressed only in the wild population and not in the 
cultivated Lirianthe delavayi population, and we speculated that these three miRNAs might be missing 
during the cultivation process, which is in accordance with a previous report [3036] (Ma Yenming, 
2016). Plant domestication has long been oriented toward artificially selected superior traits, either to 
increase nutrient content, improve edible palatability, or obtain better ornamental qualities, and this 
process is often accompanied by a significant reduction in genetic diversity [5436], a decrease in 
nucleotide diversity, and the loss of a large number of genotypes [5536]. In addition, the intensive 
use of anthelmintic and antimicrobial drugs during domestication creates a favorable growing 
environment for cultivated plants, and favorable conditions reduce the need for plant resistance, 
coupled with the effects of reduced genetic diversity [55,5736], which ultimately results in the loss of 
resistance genes and resistance miRNAs [58,5936] (Gepts, 2004; Purugganan et al., 2009). The target 
gene functions of missing miRNAs were explored, and ath-MIR169g-p3_2ss7AG19GA and ath-
MIR169g-p5_2ss7AG19GA are homologous miRNAs that regulate mostly the same target genes, such 
as transcriptional regulators (WRKY23, WRKY24, WRKY33, and WRKY35), the pattern recognition 
receptor molecule CERK1, the plant calcium-dependent protein kinase CPK26, and RPS2 (SUMM2 
and At4g27190). These target genes mainly play roles in recognizing pathogen signature proteins 
[4636], signaling [4536], and regulating the transcription of disease resistance genes [4536]. Ath-
miR408-3p_L-3 targets RPP13, which mainly recognizes and binds antibodies that trigger defense 
responses [60]. 
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5. Conclusions 

The study of miRNAs can help to explore the adaptation mechanism of Lirianthe delavayi in the 
face of habitat differences (artificial versus natural environment) during cultivation. Through miRNA 
sequencing analysis of wild and cultivated Lirianthe delavayi, 365 miRNAs were identified, including 
13 novel miRNAs, of which 39 miRNAs were significantly differentially expressed. The target genes 
of the significantly differentially expressed miRNAs were significantly enriched in plant‒pathogen 
interactions, sphingolipid metabolism, defense responses, and ADP binding for these biological 
functions, suggesting that wild and cultivated populations of Lirianthe delavayi may adapt to the 
environment during cultivation by influencing these important biological processes. The plant‒
pathogen interaction pathway involves seven differentially expressed miRNAs and 30 miRNA‒
target gene regulatory pairs, which are mainly involved in pathogen signature molecule recognition 
and binding, signal transduction, and regulation of the expression of disease-resistant molecules or 
genes. In addition, three significant differential miRNAs (ath-MIR169g-p3_2ss7AG19GA, ath-
MIR169g-p5_2ss7AG19GA, and ath-miR408-3p_L-3) were expressed only in wild Lirianthe delavayi, 
and it was hypothesized that the domestication process from wild to cultivated species might be 
accompanied by the loss of disease resistance-related miRNAs. This study provides a reference for 
exploring the posttranscriptional regulatory mechanism of adaptive changes in Lirianthe delavayi 
during domestication. 
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