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Pogostemon cablin (patchouli) is a commercially important medicinal and industrial crop 
grown worldwide for its medicinal and aromatic properties. Patchoulol and pogostone, 
derived from the essential oil of patchouli, are considered valuable components in the 
cosmetic and pharmaceutical industries. Due to its high application value in the clinic and 
industry, the demand for patchouli is constantly growing. Unfortunately, patchouli cultivation 
has suffered due to severe continuous cropping obstacles, resulting in a significant decline 
in yield and quality. Moreover, the physiological and transcriptional changes in patchouli 
in response to continuous cropping obstacles remain unclear. This has greatly restricted 
the development of the patchouli industry. To explore the mechanism underlying the rapid 
response of patchouli roots to continuous cropping stress, integrated analysis of the 
transcriptome and miRNA profiles of patchouli roots under continuous and noncontinuous 
cropping conditions in different growth periods was conducted using RNA sequencing 
(RNA-seq) and miRNA-seq and complemented with physiological data. The physiological 
and biochemical results showed that continuous cropping significantly inhibited root 
growth, decreased root activity, and increased the activity of antioxidant enzymes 
(superoxide dismutase, peroxidase, and catalase) and the levels of osmoregulators 
(malondialdehyde, soluble protein, soluble sugar, and proline). Subsequently, we found 
4,238, 3,494, and 7,290 upregulated and 4,176, 3,202, and 8,599 downregulated 
differentially expressed genes (DEGs) in the three growth periods of continuously cropped 
patchouli, many of which were associated with primary carbon and nitrogen metabolism, 
defense responses, secondary metabolite biosynthesis, and transcription factors. Based 
on miRNA-seq, 927 known miRNAs and 130 novel miRNAs were identified, among which 
67 differentially expressed miRNAs (DEMIs) belonging to 24 miRNA families were induced 
or repressed by continuous cropping. By combining transcriptome and miRNA profiling, 
we obtained 47 miRNA-target gene pairs, consisting of 18 DEMIs and 43 DEGs, that 
likely play important roles in the continuous cropping response of patchouli. The information 
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provided in this study will contribute to clarifying the intricate mechanism underlying the 
patchouli response to continuous cropping obstacles. In addition, the candidate miRNAs 
and genes can provide a new strategy for breeding continuous cropping-tolerant patchouli.

Keywords: Pogostemon cablin (patchouli), root, continuous cropping obstacles, miRNA, mRNA, response 
mechanism

INTRODUCTION

Pogostemon cablin (Blanco) Benth (patchouli), a commercially 
important medicinal and industrial crop, is a perennial aromatic 
herbaceous species belonging to the Lamiaceae (Labiatae) family. 
It is native to South and Southeast Asia and was brought to 
China as early as during or possibly before the Liang Dynasty 
for perfume and medicinal purposes (Wu et  al., 2007). Dried 
aerial parts of patchouli (Pogostemonis Herba, also known as 
“Guanghuoxiang”) have been widely used in traditional Chinese 
medicine for their ability to stimulate appetite, stop vomiting, 
eliminate dampness with aromatics, and clear summer heat 
(China Pharmacopoeia Committee, 2015). In India, the plant 
is included in the preparations of Ayurvedic treatments such 
as Rasa, Guna, and Virya (Kumara and Sinniah, 2015). In China, 
Japan, and Malaysia, it is used to treat colds, headaches, nausea, 
vomiting, diarrhea, abdominal pain, and insect and snake bites 
(Chakrapani et  al., 2013). Additionally, patchouli oil, extracted 
from the dried aerial parts of the plant, contains high amounts 
of patchouli alcohol (patchoulol, PA) and pogostone (dhelwangin, 
PO) and is an important ingredient in the perfume industry, 
where it is used as a base to provide long-lasting properties to 
scents (Zhang J. et al., 2018). Because of its aromatic properties, 
patchouli oil is also widely used in aromatherapy to mitigate 
depression and anxiety, calm nerves and improve sexual interest 
(Swamy and Sinniah, 2016). Patchouli is reported to be  one of 
the 20 essential oil-producing plants that are traded on a regular 
basis on the global market and has enormous economic potential 
(Singh et  al., 2015). As a result of their clinical and industrial 
importance, patchouli plants are well known throughout the 
world. Despite the fact that the species has been widely cultivated 
in tropical and subtropical Asian countries such as India, Malaysia, 
China, and the Philippines, the global market demand for 
patchouli has not been met (Swamy and Sinniah, 2016). According 
to Lawrence (2009), the annual global patchouli herb production 
for essential oil is estimated to be  approximately 1,200 tons, 
but the global patchouli demand is 1,600 tons of oil per year 
(Swamy et  al., 2015).

Patchouli is currently grown primarily in southern China, 
with the primary patchouli-growing districts being Guangdong 
Province and Hainan Province. According to the different 
growing regions in China, patchouli cultivars are classified as 
P. cablin Nanxiang (NX, grown in Hainan), P. cablin Paixiang 
(PX, grown in Guangzhou), P. cablin Zhanxiang (ZNX, grown 
in Zhanjiang), or P. cablin Zhaoxiang (ZX, grown in Zhaoqing; 
Wu et  al., 2010). Our long-term investigations have revealed 
that the planting areas of PX and ZX had decreased drastically 
because of city development, cultivated land compression, and 
species retrogression. Unfortunately, although NX and ZNX 

have larger cultivation areas, there are obvious obstacles 
associated with continuous cropping (Xu et  al., 2015; Zhang 
J. et al., 2018; Zeng et  al., 2020). The patchouli root system 
deteriorates, turns brown, and decays as a result of continuous 
cropping, and the leaves become weak, yellow, and withered, 
exposing the plant to serious diseases, resulting in a significant 
decrease in yield and quality (He et al., 2018). In commercially 
standardized cultivation, most farmers sidestep the problem 
by rotating crops or leaving areas uncultivated (Li et al., 2020). 
Both of these methods can decrease the yield of patchouli. 
Furthermore, some farmers tend to increase fertilizer  
inputs and pesticide use to enhance crop yield, leading to an 
exacerbated soil environment with excessive pesticide residues 
(Xu et  al., 2015).

Continuous cropping refers to crops being farmed in the 
same field year after year, resulting in lower crop yields, quality 
deterioration, poor growth, and disease aggravation even under 
normal cultivation management measures; these problems are 
also known as soil sickness, replant disease, and consecutive 
monoculture problems (He et  al., 2019; Li et  al., 2019). These 
problems are typically observed in agricultural crops, especially 
medicinal plants, such as Panax ginseng (Tong et  al., 2021), 
Panax notoginseng (Tan et al., 2017), Rehmannia glutinosa  
(Li M. et al., 2017; Zhang et al., 2020), Lepidium meyeni (Wang 
et  al., 2019), and Andrographis paniculata (Li et  al., 2020), 
severely hindering the production, and quality of crops. A 
number of studies on related continuous cropping obstacles 
have suggested that allelopathic autotoxicity, aggravation of 
soil-borne diseases, increase in nematode abundance, 
deterioration of soil physicochemical properties, and imbalance 
of soil nutrients are the main causes underlying the continuous 
cropping obstacles (Zhang et al., 2020). Presently, some scholars 
have conducted studies on the continuous cropping obstacles 
of patchouli, but the underlying mechanism remains unclear 
(Xu et  al., 2015; Zhang J. et al., 2018).

The continuous cropping obstacles are a complex form of 
stress that severely hinders the sustainable development of 
medicinal plant resources. Previous studies have shown that 
miRNAs regulate almost all life processes in plants, such as 
growth and development (Zhang et  al., 2017), metabolism 
(Zhao et  al., 2020), hormone signaling (Liu and El-Kassaby, 
2017), and the stress response (Burkhardt and Day, 2016; Chen 
et al., 2020). Plants can induce the expression of certain miRNAs 
under various stresses, and these miRNAs can act on stress-
related target genes, allowing plants to adapt to stress 
physiologically (Pagano et al., 2021). For instance, overexpression 
of miR408 in transgenic chickpea significantly increased drought 
tolerance (Hajyzadeh et  al., 2015). In the germination and 
seedling phases, a rice dh mutant with osa-miR171c 
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overexpression showed a significant reduction in salt tolerance 
(Yang et al., 2017). The negative-regulatory effects of miR4243-x 
and novel-m064-5p on the shikimate O-hydroxycinnamoyl 
transferase (HCT) and sucrose-phosphate synthase (SPS) genes, 
respectively, were involved in the response of potato to alkali 
stress (Kang et al., 2021). Rapid advancements in next-generation 
high-throughput sequencing (HTS) technology and analytic 
tools have enabled the identification of conserved and new 
miRNAs in medicinal plants in recent decades (Ye et  al., 2020; 
Gutiérrez-García et  al., 2022). China is one of the countries 
with the most abundant germplasm resources of medicinal 
plants in the world, but with the intensification of research, 
the demand for such resources is also increasing (Huang, 2011). 
The yield of wild medicinal plants is generally low and is 
easily affected by the external environment (Chen et al., 2016). 
Therefore, studying miRNAs related to the stress response in 
medicinal plants is critical. Yang et  al. (2011) and Li et  al. 
(2013) compared miRNAs and their mRNA targets in R. glutinosa 
between noncontinuous cropping and continuous cropping 
conditions and suggested that the miRNAs were likely involved 
in the continuous cropping obstacles. Zhang H. et al. (2016)   
identified 31 miRNAs from 14 miRNA families, including one 
novel miRNA responding to Salvia miltiorrhiza during 
continuous cropping.

Plant miRNAs regulate gene expression at the posttranscriptional 
level based on the principle of sequence complementarity via 
two major mechanisms: target mRNA cleavage and translation 
repression (Yu et  al., 2017). Elucidation of the miRNA-mRNA 
regulatory networks present under various biotic and abiotic 
stresses can initially reveal the role of miRNAs in the gene 
network regulating plant stress resistance. The use of integrated 
miRNA-mRNA analysis to study stress response in medicinal 
plants (Jung et  al., 2018; Chen et  al., 2020; Yang et  al., 2021) 
has significantly increased our understanding of the mechanisms 
of stress response in medicinal plants. In this study, 
we  simultaneously profiled mRNA and miRNA expression in 
the roots at the three growth stages of patchouli under both 
continuous cropping and noncontinuous cropping by HTS 
technology and further performed an integrated analysis of 
mRNA and miRNA expression to identify target genes regulated 
by specific miRNAs and to construct a gene expression regulatory 
network for patchouli roots under continuous cropping, aiming 
to reveal the molecular mechanisms associated with the continuous 
cropping response. To the best of our knowledge, this is the 
first report on integrated analysis of mRNA sequencing (RNA-
seq) and miRNA sequencing (miRNA-seq) data for patchouli 
and thus offers deeper insight into the molecular response 
mechanisms of patchouli roots under continuous cropping. 
Furthermore, we  explored the impact of continuous cropping 
on some physiological and biochemical traits of patchouli roots. 
In this study, we  used transcriptomics and physio-biochemical 
characterization to explore the molecular and physio-biochemical 
response mechanisms of patchouli roots under continuous 
cropping. These results will help to improve the continuous 
cropping tolerance of patchouli and provide a theoretical basis 
for further overcoming continuous cropping-related problems 
in plants.

MATERIALS AND METHODS

Plant Materials and Continuous Cropping 
Treatment
The experimental material in this study was P. cablin NX, a 
high-PA-accumulating cultivar that was strongly affected by 
continuous cropping obstacles (Xu et  al., 2015; Zhang J. et  al., 
2018). The branches of patchouli with robust growth and no 
plant diseases and insect pests were selected for cutting 
propagation. After 30 days of cutting, the cutting seedlings with 
good root growth and uniform plant growth were selected 
and transplanted to land where patchouli had not been planted 
in the past 10 years (1st-year plant, FP) and to land where 
the same crop had been grown the previous year (2nd-year 
plant, SP); the planting cycle was 9 months. All other management 
measures were identical for both treatments, and the two 
planting areas were next to each other. According to variations 
in plant size, color, and biomass, patchouli growth and 
development can be  split into four main phases: slow growth 
period (0–120 days, S1), fast-growth period (120–180 days, S2), 
ripe period (180–210 days, S3), and fully ripe period 
(210–270 days, S4; Chen et al., 2014). In the fast-growth period, 
ripe period, and fully ripe period of patchouli growth, fresh 
root samples were obtained from five independent plants and 
combined as one biological repetition. In each phase, there 
were three biological duplicates for each treatment, yielding a 
total of 18 root samples (FP_S2, FP_S3, FP_S4, SP_S2, SP_S3, 
and SP_S4, each with three biological replicates). After promptly 
washing all the root samples with sterile water, they were 
frozen in liquid nitrogen and stored in a −80°C freezer until 
needed. We  used identical cultivation and sample collection 
procedures for physiological, biochemical, and sequencing  
analyses.

Determination of Physiological and 
Biochemical Traits
The root samples of the FP and SP patchouli in the S2, S3, 
and S4 periods were used to measure root activity, antioxidant 
metabolism, and osmoregulatory substance levels. The 
malondialdehyde (MDA) content, soluble sugar (SS) content, 
soluble protein (SPr) content, proline (Pro) content, superoxide 
dismutase (SOD) activity, peroxidase (POD) activity, and catalase 
(CAT) activity were investigated with assay kits (MDA-2-Y, 
KT-2-Y, KMSP-2-W, PRO-2-Y, SOD-2-W, POD-2-Y, and 
CAT-2-W) from Suzhou Keming Biotechnology Co. Ltd. (Suzhou, 
China) according to the manufacturer’s protocols. The 
triphenyltetrazolium chloride (TTC) reduction method was 
used to determine root activity (Chen et  al., 2018).

RNA Isolation, Library Construction, and 
Sequencing
The total RNA of patchouli roots was extracted following the 
manufacturer’s procedure using the mirVana miRNA Isolation 
Kit (Ambion, AM1561). Next, following the manufacturer’s 
recommendations, 18 mRNA libraries were created using the 
TruSeq Stranded mRNA LTSample Prep Kit (Illumina, San 
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Diego, CA, United  States). In addition, 1  mg of total RNA 
was pipetted from each sample to construct the small-RNA 
(sRNA) library using the TruSeq Small-RNA Sample Prep Kit 
(Cat. No. RS-200-0012; Illumina, United  States) according to 
the manufacturer’s instructions. Finally, transcriptome and sRNA 
sequencing were carried out on an Illumina HiSeq X Ten 
platform by OE Biotech Co., Ltd. (Shanghai, China).

Expression Analysis of mRNAs
First, we used Trimmomatic to cope with raw data (raw reads) 
in fastq format (Bolger et  al., 2014). Subsequently, clean reads 
were obtained by removing the adapter sequence, reads containing 
Poly-N sequence, and low-quality reads. HISAT2 (Kim et  al., 
2015) was used to align the clean reads to the patchoul reference 
genome (PRJNA471952, He et  al., 2018). Htseq count (Anders 
et  al., 2015) was used to estimate the read counts per gene, 
and the fragments per kilobase per million mapped reads 
(FPKM, Trapnell et  al., 2010) value per gene was calculated 
using cufflinks. The DESeq R package (Anders and Huber, 
2012) was used to perform differential expression analysis 
between groups using read counts. The thresholds for significant 
differential expression were set at a |log2 Fold Change| ≥1 
and value of p ≤ 0.05. To demonstrate the expression patterns 
of genes in different groups and samples, hierarchical cluster 
analysis of differentially expressed genes (DEGs) was carried 
out. To further assess the biological functions of these DEGs, 
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) enrichment analysis on these DEGs were 
carried out using the GOseq R package (Young et  al., 2010) 
and KOBAS 2.0.12 software (Mao et  al., 2005), respectively.

Expression Analysis of miRNAs
Base calling was used to convert the basic reads to sequence 
data (also known as raw data/reads). Low-quality reads, reads 
containing poly (A), and contaminated reads were deleted, 
and reads less than 15 nt and greater than 41 nt were filtered 
out from the original data to obtain clean reads. The length 
distribution of clean reads was statistically analyzed to initially 
assess the distribution of sRNAs in the samples. Clean reads 
were aligned to the reference genome of patchouli (PRJNA471952, 
He et  al., 2018), and the percentage of reads mapped to the 
genome was calculated. Noncoding RNAs were annotated as 
rRNAs, tRNAs, Cis-regs, small nuclear RNAs (snRNAs), other 
Rfam RNAs, repeats, and so on. These RNAs were aligned 
and then searched against the Rfam v.10.11 (Sam et  al., 2003) 
and GenBank databases2 using BLAST (Altschul et  al., 1990). 
Alignment was performed against the miRBase V22 database3 
to identify known miRNAs (Griffiths-Jones et  al., 2008) and 
analyze known miRNA expression patterns in different samples. 
Then, mirdeep2 (Friedländer et  al., 2012) was used to analyze 
the unannotated reads for prediction of novel miRNAs. Based 
on the hairpin secondary structure of miRNA precursors, 

1 http://www.sanger.ac.uk/software/Rfam
2 http://www.ncbi.nlm.nih.gov/genbank/
3 http://www.mirbase.org/

we  combined the miRBase database results to identify the 
corresponding miRNA star sequences and mature miRNA 
sequences. The transcripts per kilobase per million mapped 
reads (TPM) value was used to compute and standardize the 
expression levels of all identified miRNAs, as described elsewhere 
(Zhang X. et al., 2018; Zhu et al., 2020). Differential expression 
analysis of the 18 samples was performed using the DEGseq 
R program based on read counts. miRNAs that had a value 
of p< 0.05 and a |log2(fold change)| more than one were 
considered significantly differentially expressed. In addition, 
Targetfinder (Fahlgren and Carrington, 2010) was used to 
predict miRNA targets in plants. Based on the hypergeometric 
distribution, R was used to perform GO enrichment and KEGG 
pathway enrichment analyses of differentially expressed miRNA 
(DEMI) target genes. The miRNAs and their target genes were 
statistically analyzed, and Cytoscape was used to create a 
miRNA-mRNA network.

Validation of DEG and DEMI Expression by 
qRT-PCR
To verify the authenticity of the sequencing data, 18 DEGs 
and seven DEMIs were randomly selected for quantitative real-
time PCR (qRT-PCR) analysis. Additionally, six pairs of miRNA-
mRNA were selected for qRT-PCR analysis. The qRT-PCR 
primers for DEG and DEMI analysis were synthesized using 
Primer Premier 5.0 (Premier Biosoft International, Palo Alto, 
CA, United  States) and are listed in Supplementary Table  1. 
Total RNA was extracted and purified using the previously 
described methods. For DEG quantification, the total RNA 
served as a template to synthesize cDNA using MonScript™ 
RTIII All-in-One Mix with dsDNase (Monad Biotech Co., Ltd., 
Shanghai, China). Then, RT-PCR was performed with MonAmp™ 
ChemoHS qPCR Mix (Monad Biotech Co., Ltd., Shanghai, 
China). In brief, qRT-PCR was performed in a total volume 
of 20 μl, containing 10 μl of MonAmp™ ChemoHS qPCR Mix, 
0.4 μl each of the forward and reverse primers, 8.7 μl of sterile 
double-distilled H2O (sddH2O), and 0.5 μl of cDNA. The reference 
18S ribosomal RNA (18S rRNA) gene was used as an internal 
control (Yan et al., 2021a). For DEMI quantification, miRNA 
molecules were polyadenylated and reverse transcribed to cDNA 
using the miRcute Plus miRNA First-Strand cDNA Kit 
(TIANGEN, Beijing, China). qRT-PCR analysis was conducted 
using the miRcute Plus miRNA qPCR Kit (SYBR Green, 
TIANGEN, Beijing, China) with reverse adaptor primers  
(10 μM). U6 small nuclear RNA (U6 snRNA) was used as a 
reference gene. qRT-PCR for the selected mRNAs or miRNAs 
was performed on a Roche LightCycler®96 system (Roche, 
Switzerland), and each experiment included three technical 
replicates to ensure reproducibility. The relative levels of DEGs 
or DEMIs were computed using the 2−ΔΔCt method (Livak and 
Schmittgen, 2001).

Statistical Analysis
All physiological and biochemical data are expressed as the 
mean ± SD of three independent biological replicates. Data 
processing and analysis were performed using SPSS 20 
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(International Business Machines Inc., United  States) and 
Microsoft Excel 2010 (Microsoft Corp., United  States).

RESULTS

Phenotypic and Physiological Responses 
to Continuous Cropping Obstacles
The growth and development of patchouli were severely inhibited 
under continuous cropping stress, as evidenced by the lower 
below- and aboveground biomass in continuous cropping 
patchouli compared to plants grown normally (Figure  1). The 
morphology of patchouli roots changed with increasing 
continuous cropping duration. In the S1 period, no significant 
difference was found in the morphology and physiology of 
the below- and aboveground parts of the SP and FP patchouli 
plants. However, the phenotype of the below- and aboveground 
parts of SP patchouli exhibited inconsistent changes in the S2 
period. During this period, the root growth of SP patchouli 
began to be  inhibited, but the growth of the aboveground 
part was not inhibited. In accordance with the phenotypic 
changes of patchouli roots, the root activity decreased, and 
the antioxidant enzyme (POD, SOD, and CAT) activity and 
the levels of osmoregulatory substances (MDA, SP, SS, and 
Pro) increased during this period in SP patchouli (Table  1). 

After the S2 period, the morphology and physiology of the 
below- and aboveground parts of SP and FP patchouli began 
to change significantly. The root growth of SP patchouli was 
significantly inhibited, the roots became increasingly shorter, 
and the color became darker. In particular, in the S4 period, 
a few roots began to brown and rot. Moreover, the root activity 
decreased significantly, and the activity of antioxidant enzymes 
and the levels of osmoregulatory substances increased 
significantly. These results showed that the period during which 
continuous cropping obstacles were most likely to cause damage 
was the fast-growth period. Therefore, we  next performed 
RNA-seq and miRNA-seq on the root samples of SP and FP 
patchouli plants in the S2, S3, and S4 periods to explore the 
mechanism underlying the rapid response of patchouli roots 
to continuous cropping stress.

Differential Expression in the 
Transcriptome in Response to Continuous 
Cropping
To explore the influence of continuous cropping on gene 
expression in different growth periods of patchouli, we performed 
RNA-seq analysis during three growth periods (S2, S3, and 
S4) of FP and SP patchouli plants. A total of 18 cDNA libraries 
were constructed and sequenced, and the raw and clean reads 
are presented in Supplementary Table  2. According to our 
sequencing results, the raw data size of the 18 samples ranged 
from 7.09 GBases to 7.76 GBases, with a total of 133.14 GBases. 
Approximately 121.95 GBase clean bases (ranging from 6.42 
GBases to 7.17 GBases in each sample) were obtained after 
removing the adaptor sequences, low-quality reads, and reads 
containing more than 5% N bases. The average Q30 base and 
GC percentages were 94.30% and 45.55%, respectively. The 
transcriptome characteristics of 18 samples were compared 
intuitively using a correlation heat map and cluster dendrogram 
(Supplementary Figure  1). As shown, the SP and FP samples 
in the same growth period were clustered together, indicating 
that there was no significant difference in gene expression 
between these samples. In addition, the Pearson’s correlation 
coefficient (R value) of three biological replicates for each 
sample was greater than 90%, indicating high consistency 
between replicates.

The expression level in each sample was assessed based on 
the overall discrete expression level (Supplementary Figure 2). 
To reveal the transcriptional responses of patchouli roots to 
continuous cropping stress, we  compared the transcriptional 
profiles of FP and SP in three different growth periods of 
patchouli development and identified DEGs in each period. 
The number of DEGs in each comparison group is shown in 
Figure  2B. Compared with FP, 8414, 6,696, and 15,889 DEGs 
were detected under continuous cropping in S2, S3, and S4, 
respectively. The highest number of DEGs was observed in 
the S4 period, 2.37-fold higher than that in the S3 period. 
There were 4,238, 3,494, and 7,290 upregulated and 4,176, 
3,202, and 8,599 downregulated DEGs in S2, S3 and S4, 
respectively (Figures  2C,D). In these three periods, the 
downregulated DEGs accounted for approximately 51.54% of 

FIGURE 1 | Comparison of the phenotypes of SP and FP patchouli at four 
growth stage. S1: slow growth period (60 days), S2: fast-growth period 
(150 days), S3: ripe period (195 days), and S4: fully ripe period (255 days).
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the total, indicating that continuous cropping inhibited the 
expression of a greater number of genes. The number of DEGs 
showing overlaps and specific responses under continuous 
cropping stress in different growth periods is visualized in 
Figure  2A. The Venn plot shows that 204 DEGs overlapped 
among the three comparisons. Eighteen and eight genes were 
continuously upregulated and downregulated, respectively, in 
the three periods. The overlap between SP_S2 vs. FP_S2 and 
SP_S4 vs. FP_S4 was the largest (1,105 DEGs). The overlap 
between SP_S2 vs. FP_S2 and SP_S3 vs. FP_S3 and that between 
SP_S3 vs. FP_S3 and SP_S4 vs. FP_S4 had 611 and 667 DEGs, 
respectively. These results indicated that each stage had unique 
and independent defense mechanisms to respond to continuous 
cropping stress.

Enrichment Analysis of the DEGs
To analyze the functions of these genes in the response to 
continuous cropping in different growth periods of patchouli, 
we  performed GO enrichment analysis of the DEGs (5,636  in 
S2, 4,363  in S3, and 10,829  in S4) identified in this study. 
Most of the DEGs were mainly enriched in the cell, cell part, 
and organelle terms in cellular component and in the cellular 
process, metabolic process, response to stimulus in biological 
process, binding, catalytic activity, and transporter activity terms 
in molecular function (Supplementary Figure  3). Moreover, 
824, 820, and 952 GO terms were significantly enriched (value 
of p < 0.05) in SP_S2 vs. FP_S2, SP_S3 vs. FP_S3, and SP_S4 
vs. FP_S4, respectively. There were 77 common significantly 
enriched GO terms in the above three pairwise comparisons, 
including 35 biological process terms, 4 cellular component 
terms, and 38 molecular function terms. Among them, the 
top  5 GO terms with the highest number of DEGs were 
“extracellular region” (GO:0005576), “aspartic-type endopeptidase 
activity” (GO:0004190), “cell wall” (GO:0005618), “apoplast” 
(GO:0048046), and “carbohydrate metabolic process” 
(GO:0005975). The 30 most significant terms in the GO 
enrichment analysis of DEGs are shown in Supplementary  
Figure  4. The top  3 significantly enriched GO terms of 
upregulated DEGs in S2 were “(−)-exo alpha bergamotene 
biosynthetic process” (GO:1901940), “farnesyl diphosphate 
catabolic process” (GO:0045339), and “sesquiterpene synthase 
activity” (GO:0010334). The top  3 significantly enriched GO 

terms of downregulated DEGs in S2 were “response to hydrogen 
peroxide” (GO:0042542), “protein complex oligomerization” 
(GO:0051259), and “water channel activity” (GO:0015250). 
“FAD binding” (GO:0071949), “(−)-exo-alpha-bergamotene 
biosynthetic process,” “farnesyl diphosphate catabolic process,” 
and “plant-type secondary cell wall biogenesis” (GO:0009834), 
“cellulose biosynthetic process” (GO:0030244), and “cellulose 
synthase activity” (GO:0016759) were the top  3 significantly 
enriched GO terms of upregulated DEGs in S3 and S4, 
respectively. “Oligopeptide transport” (GO:0006857), “inositol-
3-phosphate synthase activity” (GO:0004512), “all-trans-beta-
apo-10′-carotenal cleavage oxygenase activity” (GO:0102251), 
“RNA secondary structure unwinding” (GO:0010501), 
“chloroplast stromal thylakoid” (GO:0009533), and “methionyl 
glutamyl tRNA synthetase complex” (GO:0017102) were the 
top  3 significantly enriched GO terms of downregulated DEGs 
in S3 and S4, respectively.

To further assess the biological functions of these DEGs 
in patchouli under continuous cropping stress, we performed 
KEGG pathway analysis of the DEGs in SP and FP in the 
same growth period. A total of 127, 123, and 128 pathways 
were categorized by pairwise comparison of the enrichment 
analysis results for KEGG pathways in SP_S2 vs. FP_S2, 
SP_S3 vs. FP_S3, and SP_S4 vs. FP_S4, respectively. Among 
them, 25, 15, and 45 pathways were significantly enriched 
(value of p < 0.05) in SP_S2 vs. FP_S2, SP_S3 vs. FP_S3, 
and SP_S4 vs. FP_S4, respectively. The top 20 enriched KEGG 
pathways for each comparison are shown in Supplementary  
Figure  5. In the S2 period, the most enriched pathway for 
upregulated DEGs was plant-pathogen interaction (ko04626), 
in which 57 upregulated DEGs were enriched in it. In the 
plant-pathogen interaction pathway, genes encoding calmodulin 
and related proteins, Ca2+/calmodulin-dependent protein 
kinase, calcium-dependent protein kinase, and calmodulin-
like protein were significantly upregulated in continuous 
cropping patchouli, followed by protein processing in 
endoplasmic reticulum (ko04141) pathway, with 56 upregulated 
differential genes enriched. Among them, the genes  
encoding E3 ubiquitin-protein ligase and dolichyl-
diphosphooligosaccharide-protein glycosyltransferase were 
significantly upregulated in continuous cropping patchouli. 
Many upregulated DEGs were enriched in plant hormone 

TABLE 1 | Physiological responses of patchouli roots under continuous cropping stress.

Sample POD (U/g, FW) SOD (U/g, FW) CAT (μmol/
min/g, FW)

MDA (nmol/g, 
FW)

Pro (μg/g, FW) SS (mg/g, 
FW)

SPr (mg/g, 
FW)

Root activity 
(μg/g/h, FW)

FP_S1 10463.94 ± 617.63D,a 218.48 ± 20.55A,a 3.25 ± 0.25C,a 12.83 ± 1.16B,a 14.15 ± 0.25C,a 6.29 ± 0.16D,a 0.6 ± 0.07B,a 85.41 ± 12.2A,a

SP_S1 12806.8 ± 749.15D,b 377.24 ± 14.38C,b 3.75 ± 0.42B,a 12.83 ± 0.57A,B,a 14.54 ± 0.58B,a 6.92 ± 0.09C,b 0.64 ± 0.12A,a 88.97 ± 6.96A,a

FP_S2 3520.34 ± 144.29A,a 270.73 ± 20.82B,a 2.69 ± 0.31B,a 9.75 ± 0.83A,a 10.36 ± 0.44B,a 2.3 ± 0.26A,a 0.45 ± 0.05A,a 99.15 ± 4.91A,b

SP_S2 4322.68 ± 87.94A,b 271.84 ± 14.35A,a 2.76 ± 0.14A,a 11.18 ± 1.55A,a 12.27 ± 0.26A,b 4.63 ± 0.14A,b 0.67 ± 0.02A,b 92.87 ± 2.02A,a

FP_S3 5670.5 ± 205.93B,a 195.23 ± 14.36A,a 1.75 ± 0.02A,a 11.42 ± 0.95B,a 9.14 ± 0.63A,a 3.91 ± 0.17C,a 0.52 ± 0.03A,B,a 150.93 ± 9.51B,c

SP_S3 6709.75 ± 190.82B,b 274.32 ± 21.11A,b 2.7 ± 0.25A,b 12.27 ± 1.71A,a 11.64 ± 0.19A,b 4.73 ± 0.15A,b 0.58 ± 0.01A,a 102.42 ± 11.65A,b

FP_S4 9186.25 ± 311.8C,a 205.29 ± 12.92A,a 3.39 ± 0.15C,a 12.31 ± 0.33B,a 10.31 ± 0.39B,a 3.43 ± 0.24B,a 0.59 ± 0.03B,a 225.79 ± 16.51B,d

SP_S4 10449.73 ± 276.53C,b 320.88 ± 16.56B,b 4.89 ± 0.36C,b 15.24 ± 1.06B,b 16.26 ± 1.26C,b 5.96 ± 0.09B,b 0.68 ± 0.02A,b 152.62 ± 16.02A,c

All data are presented as means ± SE from three independent experimental replicates. Different capital letters indicate significantly different at p < 0.05 between different periods of 
the same treatment, different lowercase letters indicate significantly different at p < 0.05 between different treatments at the same period. POD, peroxidase; SOD, superoxide 
dismutase; CAT, catalase; MDA, malondialdehyde; Pro, proline; SS, soluble sugar; and SPr, soluble protein.
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signal transduction (ko04075) and glycolysis/gluconeogenesis 
(ko00010) pathways, such as genes encoding ethylene receptor, 
serine/threonine-protein kinase, abscisic acid receptor, auxin 
response factor, and alcohol dehydrogenase. The most enriched 
pathway for downregulated DEGs was protein processing in 

endoplasmic reticulum (ko04141), such as 46 genes encoding 
heat shock proteins and 4 genes encoding molecular chaperones. 
Additionally, many downregulated DEGs were enriched in 
galactose metabolism (ko00052), Spliceosome (ko03040), 
isoquinoline alkaloid biosynthesis (ko00950), and inositol 
phosphate metabolism (ko00562), such as encoding galactinol-
sucrose galactosyltransferase, stachyose synthase, splicing 
factor, serine/arginine-rich splicing factor, polyphenol oxidase, 
and phosphatidylinositol 4-phosphate 5-kinase. During the 
S3 period, many upregulated DEGs were mainly enriched 
in the mRNA surveillance pathway (ko03015), such as genes 
encoding cleavage stimulating factor and serine/threonine-
protein phosphatase. Additionally, many upregulated DEGs 
were enriched in glycerolipid metabolism (ko00561), alanine, 
aspartate and glutamate metabolism (ko00250), glutathione 
metabolism (ko00480), and spliceosome (ko03040), such as 
genes encoding alpha-galactosidase, diacylglycerol kinase, 
asparagine synthase, glutathione S-transferase, ATP-dependent 
RNA helicase, and splicing factor. The downregulated  
DEGs were mainly enriched in starch and sucrose  
metabolism (ko00500) and inositol phosphate metabolism 
(ko00562) pathways, such as encoding glucose-1-phosphate 
adenylyltransferase, isoamylase, sucrose-phosphate synthase, 
myo-inositol-1-phosphate synthase, phosphatidylinositol— 
3-phosphatase, and phosphoinositide phosphatase. In the S4 
period, the significantly upregulated DEGs were mainly 
enriched in protein processing in endoplasmic reticulum 
(ko04141), which contained many genes such as those encoding 
heat shock cognate protein, luminal-binding protein, 
oligosaccharyltransferase, and calreticulin, followed by plant-
pathogen interaction (ko04626) and spliceosome (ko03040), 
which contained genes such as those encoding 3-ketoacyl-CoA 
synthase, calcium-binding protein, serine/threonine-protein 
kinase, very-long-chain 3-oxoacyl-CoA synthase, DEAD-box 
ATP-dependent RNA helicase, heterogeneous nuclear 
ribonucleoprotein, mediator of RNA polymerase II transcription 
subunit 35-like protein, serine/arginine-rich splicing factor, 
and other genes. Additionally, many upregulated DEGs were 
significantly enriched in plant hormone signal transduction 
(ko04075), MAPK signaling pathway—plant (ko04016), cysteine 
and methionine metabolism (ko00270), and phenylpropanoid 
biosynthesis (ko00940), which contained genes such as those 
encoding auxin response factor, transcription Factor TGA, 
mitogen-activated protein kinase, leucine-rich receptor- 
like protein kinase, 5-methyltetrahydropteroyltriglutamate-
homocysteine methyltransferase, S-adenosylmethionine 
synthase, peroxidase, and phenylalanine ammonia-lyase. The 
most significant pathway enriched for downregulated DEGs 
was glycolysis/gluconeogenesis (ko00010), which contained 
genes such as those encoding pyruvate decarboxylase, pyruvate 
kinase, thiamine pyrophosphate-requiring enzyme, and 
fructose-biphosphate aldolase. Many downregulated DEGs 
were also enriched in plant-pathogen interaction (ko04626) 
and starch and sucrose metabolism (ko00500), which contained 
genes such as encoding respiratory burst oxidase homolog 
protein, calcium-dependent protein kinase, apoptotic ATPase, 
glucose-1-phosphate adenylyltransferase, sucrose-phosphate 

A B

C D

FIGURE 2 | Expression profile of differentially expressed genes (DEGs) at 
three periods of patchouli roots under continuous cropping stress. 
(A) Numbers of DEGs. (B) Venn diagram of the number of DEGs at each 
periods under continuous cropping stress. (C) Volcano plot. Each point in the 
volcano plot represents a gene, the green points represent downregulated 
genes, the red points represent upregulated genes, and the gray points 
represent unchanged genes. (D) Hierarchical clustering analysis of all DEGs. 
Different columns in the figure represent different samples, and different rows 
represent different genes. Colors from blue to red indicate gene expression 
from low to high, respectively.
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synthase, sucrose synthase, and trehalose-6-phosphate synthase. 
Additionally, many genes, including those encoding serine/
threonine-protein kinase, shaggy-related protein kinase, 
receptor-like protein kinase, and mitogen-activated protein 
kinase, were significantly activated in continuous cropping 
patchouli. By contrast, genes encoding ABC transporter, beta-
glucosidase, and tripeptidyl-peptidase II were significantly 
inhibited in the roots of continuous cropping patchouli.

Differentially Expressed TFs
From 28,208 DEGs, a total of 1,417 DEGs encoding transcription 
factor (TF) family proteins, including ARF, AP, ATHB, bHLH, 
MYB, ERF, bZIP, HSF, SCL, LBD, SPL, TCP, NAC, and WRKY 
TFs, were identified in patchouli roots under continuous cropping 
stress (Table  2). These TFs were classified into 59 different 
TF families. The top five TF families containing the greatest 
number of TFs were the AP2/ERF-ERF, MYB, bHLH, bZIP, 
and WRKY families, including 143, 102, 90, 84, and 83 TFs, 
respectively. Most of the DEGs encoding AP2/ERF-ERF and 
bHLH TFs were upregulated, while most of the DEGs encoding 
bZIP, MYB-related, HSF, GARP-G2-like, and HB-HD-ZIP TFs 
were downregulated.

Construction and Sequencing of sRNA 
Libraries
Eighteen sRNA libraries from the three growth periods of 
FP and SP patchouli roots were constructed. Sequencing 
results (Supplementary Table  3) showed that 22.41–39.09 
million raw reads, with a total of 615.1 million raw reads, 
were obtained for each of the 18 libraries. After deleting 
low-quality reads, reads containing poly (A), contaminated 
reads, and reads less than 15 nt and greater than 41 nt in 
size, 519.63 million (ranging from 19.57 to 32.79 million in 
each library) clean reads were obtained from the 18 libraries. 
The length distribution of the sRNAs showed that the most 
abundant class of sRNAs was 21-nt sRNAs, followed by 24-nt 
sRNAs (Supplementary Figure  6A). These sRNAs were 
categorized and annotated to miRNAs, tRNAs, rRNAs, Cis- 
regs, snRNAs, repeat regions, and transcript sequences 
(Supplementary Figure  6B). The annotation results showed 
that 0.47%–0.83% of the sRNAs were annotated to the  
previously identified miRNAs, while 85.91%–91.16% of sRNAs 
were not annotated. The large number of unannotated sRNAs 
indicated that additional miRNAs remained to be  identified 
in patchouli.

TABLE 2 | Transcription factor families that were greatly respond to continuous cropping.

TF families SP_S2 vs. FP_S2 SP_S3 vs. FP_S3 SP_S4 vs. FP_S4

Up Down Up Down Up Down

AP2/ERF-ERF 20 11 7 5 63 37
MYB 18 13 11 6 23 31
bHLH 11 16 10 4 31 18
bZIP 3 10 7 10 16 38
WRKY 18 3 3 6 17 36
MYB-related 7 21 10 8 10 19
NAC 11 5 3 2 13 35
Trihelix 12 1 5 7 8 28
GRAS 4 5 2 1 22 15
HSF 4 12 5 2 6 18
C3H 8 8 2 3 14 12
GARP-G2-like 5 7 2 8 10 14
C2H2 5 7 4 2 18 10
HB-HD-ZIP 2 12 2 3 8 15
B3 9 6 5 5 3 14
B3-ARF 2 7 5 4 17 2
LOB 7 2 2 2 10 12
C2C2-Dof 0 11 1 1 12 10
SBP 3 6 5 3 5 11
FAR1 3 10 6 2 3 6
Tify 3 3 5 2 7 6
C2C2-GATA 3 1 1 2 8 9
TCP 2 2 0 2 10 8
MADS-MIKC 3 2 4 3 1 7
HB-other 6 5 1 4 2 2
AP2/ERF-AP2 0 2 2 1 9 4
TUB 2 2 1 1 1 8
C2C2-CO-like 0 4 0 1 5 3
AP2/ERF-RAV 3 3 2 1 0 3
BES1 2 3 2 1 2 1
Others 20 21 14 16 37 38
Total 196 221 129 118 391 470
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Identification of Known and Novel miRNAs
We identified 1,057 miRNAs in the three growth periods of 
FP and SP patchouli roots, including 927 known miRNAs 
and 130 new miRNAs (Supplementary Table  4). Among 
them, 870 miRNAs were identified in the three growth periods 
of FP patchouli roots, including 743 known miRNAs and 
127 new miRNAs, and 858 miRNAs were identified in the 
three growth periods of SP patchouli roots, including 739 
known miRNAs and 119 new miRNAs. There were 671 
miRNAs shared by FP and SP (Supplementary Figure  6C). 
One hundred and ninety-nine miRNAs were unique to FP, 
and 187 miRNAs were unique to SP. The length distribution 
of 1,057 miRNAs ranged from 18 to 26 nt, and the 21-nt 
miRNAs were the most abundant, followed by the 22-nt 
and 20-nt miRNAs (Supplementary Figure  6D). Most of 
the identified patchouli miRNAs showed significant similarities 
with several known miRNAs in other plant species. For 
instance, 83, 70, and 63 of the miRNAs identified were 
significantly similar to known miRNAs in Arabidopsis lyrata, 
Glycine max, and Oryza sativa, respectively (Supplementary  
Figure  7A). Based on sequence homology, 747 (70.67%) of 
the 1,057 identified miRNAs were identified to belong to 
112 miRNA families (Supplementary Table  5). The top  10 
miRNA families with the greatest number of miRNA members 
were MIR159, MIR166, MIR156, MIR171, MIR172, MIR396, 
MIR167, MIR164, MIR395, and MIR160 (Supplementary  
Figure  7B). Among them, MIR159, MIR166, MIR156, and 
MIR171 contained more than 50 miRNAs each. Among these 
miRNAs identified in patchouli, 28 miRNA families (including 
MIR162, MIR163, MIR1862, and MIR1023) and three novel 
miRNAs were expressed in only SP patchouli, and 27 miRNA 
families (including MIR2118, MIR7486, MIR1027, and 
MIR1510) were expressed in only FP patchouli. There was 
a significant difference between miRNA expression levels in 
the sRNA libraries of SP and FP, indicating the need to 
explore the relationship between patchouli miRNAs and 
continuous cropping obstacles.

Identification of Continuous 
Cropping-Responsive miRNAs in Patchouli
The TPM density distribution of novel and conserved miRNAs 
in the 18 libraries is shown in Supplementary Figure  8. To 
understand the miRNA regulatory mechanism under continuous 
cropping obstacles, the DEMIs were identified by the DESeq 
R package. Based on the thresholds of value of p < 0.05 and 
|log2(fold change)| >1, we  identified 24 (12 downregulated 
and 12 upregulated), 29 (11 downregulated and 18 upregulated), 
and 17 (12 downregulated and 5 upregulated) DEMIs in SP_S2 
vs. FP_S2, SP_S3 vs. FP_S3, and SP_S4 vs. FP_S4, respectively 
(Figure  3; Supplementary Table  6). A total of 24 miRNA 
families were identified in these DEMIs. The top  10 DEMIs 
with the highest expression levels belonged to 6 families: 
MIR159, MIR168, MIR166, MIR164, MIR403, and MIR167. 
The most highly upregulated and downregulated miRNAs were 
aly-miR166a-3p and lja-miR166-3p, respectively, and both were 
members of the MIR166 family. In addition, two families 

(MIR159 and MIR167) were found to be differentially expressed 
in both comparison groups.

Identification and Analysis of 
miRNA-Target Genes
miRNAs cannot directly encode proteins and can participate 
in biological functions only by regulating the expression of 
target genes. To understand the potential biological functions 
of the identified DEMIs, we  predicted the target genes of 
miRNAs. Among the 67 DEMIs, 26 DEMIs had 1,318 predicted 
target genes, and each DEMI regulated 53.12 target genes on 
average (Supplementary Table  7). A total of 714, 922, and 
108 genes were targeted by nine (two novel and seven known), 
12 (one novel and 11 known), and five (two novel and three 
known) DEMIs, respectively, in the three comparison groups. 
Two DEMIs (novel68_mature and peu-miR2916) had only one 
predicted target gene, and the remaining DEMIs had multiple 
predicted target genes. A homology search of these target genes 
showed that many of them were homologous to genes encoding 
stress-related TFs, including SPB-like proteins (SPLs), APETALA2 
(AP2), MYB domain proteins (MYBs), teosinte branched1/
cincinnata/proliferating cell factors (TCPs), auxin response factor 
(ARF) family proteins, and homeodomain-leucine zipper proteins 
(HD-ZIPs). In addition, some target genes encoded important 
enzymes or functional proteins playing a role in a variety of 
metabolic pathways, such as argonautes (AGOs), ubiquitin-
protein ligases (UBCs), laccases (LACs), diacylglycerol kinases 
(DGKs), lectin receptor kinases (LecRKs), peroxisome biogenesis 
factor (PEX1), and copper-transporting ATPases (Cu-ATPases).

To determine the potential biological functions of the predicted 
target genes during the continuous cropping process, GO enrichment 
analysis was performed. There were 149, 172, and 36 significantly 
enriched GO terms in SP_S2 vs. FP_S2, SP_S3 vs. FP_S3, and 
SP_S4 vs. FP_S4, respectively. In the S2 stage, the most significantly 
enriched GO terms were “lipid binding” (GO:0008289), “lignin 
catabolic process” (GO:0046274), and “hydroquinone: oxygen 
oxidoreductase activity” (GO:0052716). In the S3 stage, the most 
significantly enriched GO terms were “positive regulation of 
development, heterochronic” (GO:0045962), “positive regulation 
of nucleic acid-templated transcription” (GO:1903508), and “AP-1 
adaptor complex” (GO:0030121). In the S4 stage, the most 
significantly enriched GO terms were “copper-exporting ATPase 
activity” (GO:0004008), “electron transfer activity” (GO:0009055), 
and “copper ion transmembrane transporter activity” (GO:0005375). 
There were 4 common significantly enriched GO terms in the 
above three pairwise comparisons, including “sequence-specific 
DNA binding” (GO:0043565), “DNA repair” (GO:0006281), 
“transcription regulatory region DNA binding” (GO:0044212), and 
“cell differentiation” (GO:0030154). The 30 most significant terms 
in the GO enrichment analysis of the predicted target genes are 
shown in Supplementary Figure  9.

To learn more about how miRNAs and target genes are 
regulated during continuous cropping, KEGG annotation was 
performed on all DEMI target genes (Supplementary  
Figure  10). In SP_S2 vs. FP_S2, “Riboflavin metabolism” 
(ko00740) and “Purine metabolism” (ko00230) contained the 
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greatest number of target genes, followed by “Glycerolipid 
metabolism” (ko00561), “Phosphatidylinositol signaling system” 
(ko04070), and “Glycerophospholipid metabolism” (ko00564). 
In SP_S3 vs. FP_S3, “Peroxisome” (ko04146) contained the 
greatest number of target genes, followed by “Spliceosome” 
(ko03040) and “Amino sugar and nucleotide sugar metabolism” 
(ko00520). There were only two pathways in SP_ S4 vs. FP_ 
S4 that were significantly enriched as: “MAPK signaling pathway - 
plant” (ko04016) and “ubiquitin mediated proteolysis” (ko04120).

Combined Expression Analysis of miRNAs 
and Their Target Genes
To explore the regulatory relationship between miRNAs and 
genes under continuous cropping conditions, we  constructed 
a regulatory network diagram of DEMIs and DEGs (Figure  4). 
Eighteen DEMIs negatively regulated the expression of 43 target 
genes (DEGs). A single miRNA can regulate multiple target 
genes, as shown in Figure  4, while a single target gene can 
also be  targeted by multiple miRNAs. In the S2 stage, five 
DEMIs negatively regulated the expression of 14 target genes, 
including 2 upregulated and 12 downregulated DEGs (Figure 4A). 
Ten DEMIs negatively regulated the expression of 23 target 
genes, and 3 DEMIs negatively regulated the expression of 6 
target genes in the S3 (Figure  4B) and S4 (Figure  4C) stages. 
Homologous annotation of these 43 target genes revealed that 
they play significant roles in functions such as defense response, 
protein transport, root growth, signal transduction, and RNA 
synthesis (Figure  5; Supplementary Table  8). Among the 47 
miRNA-mRNA pairs, eight pairs negatively regulate genes 
encoding TFs. For example, aly-mir172e-3p and gma-mir172k 

negatively regulate the expression of the AP2 gene, gma-mir172k 
and bdi-mir159a-3p negatively regulate the expression of the 
AP2-1 gene, ama-mir156 and csi-mir156e-5p negatively regulate 
the expression of the SPL3 gene, and osa-mir159f negatively 
regulates the expression of two GAMYB genes. These results 
indicated that these negative-regulatory miRNA-mRNA interaction 
pairs were involved in key biological processes such as signal 
transduction, plant development, and stress response.

Validation of Gene Expression by qRT-PCR
Quantitative real-time PCR was used to validate the expression 
of 18 randomly selected DEGs and seven DEMIs in all 18 
samples. qRT-PCR analysis of most of the samples showed 
that the expression trends of DEGs (Figure  6) and DEMIs 
(Figure  7) were similar to those observed by HTS. These 
findings show that the results of HTS and qRT-PCR were 
very similar. Additionally, to further verify the reliability of 
these miRNA-mRNA pairs related to continuous cropping 
response, six pairs of miRNA-mRNA were selected for qRT-PCR 
analysis (osa-miR159f-MSTRG.97625.2, novel17_mature-MSTRG. 
83027.3, gma-miR172k-MSTRG.90185.1, novel17_star-MSTRG. 
45166. 2, aly-miR172e-3p-MSTRG.38549.4, and ama-miR156-
MSTRG.111696.3). The expression of these miRNAs was significantly 
negatively correlated with the expression of their corresponding 
target genes (Figure  8).

DISCUSSION

Continuous cropping obstacles have become a crucial factor 
restricting the improvement of yield and quality of many 

A B

FIGURE 3 | The expression profile of differentially expressed miRNAs (DEMIs) at different growth periods of patchouli roots under continuous cropping stress. 
(A) Hierarchical clustering analysis of DEMIs. (B) The number and characteristics of DEMIs among different groups.
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medicinal crops (Zhang et  al., 2020). Approximately, 70% of 
medicinal plants using roots or rhizomes as medicine have 
different degrees of continuous cropping disorder obstacles in 
the cultivation process (Zhang and Lin, 2009). Therefore, 
studying the response mechanism of crops under continuous 
cropping in detail is critical. The crop response to continuous 
cropping is complex and involves multiple pathways. The rapid 
development of next-generation sequencing technology has 
facilitated the study of complex molecular mechanisms of the 

crop response to continuous cropping. In this study, the dynamic 
expression patterns of miRNA and mRNA in the roots of 
continuous cropping and noncontinuous cropping patchouli 
at different growth periods were evaluated to reveal the response 
mechanism of patchouli roots to continuous cropping obstacles. 
Patchouli continuous cropping could significantly inhibit the 
growth and development of roots, inhibiting the growth of 
plants and reducing the yield. Additionally, under continuous 
cropping stress, patchouli roots activate or start the expression 

A B

C

FIGURE 4 | Potential miRNA and mRNA regulatory network of patchouli in response to continuous cropping obstacle. (A) SP_S2 vs. FP_S2; (B) SP_S3 vs. FP_S3; 
and (C) SP_S4 vs. FP_S4.
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of cell specific miRNA, change the expression program of 
normal genes, cause the adjustment and response of the 
intracellular core metabolic pathway, and lead to poor growth 
and even death of plants. These findings shed fresh light on 
the patchouli continuous cropping response mechanism. Next, 
we will focus on the crucial results obtained in this experiment.

Continuous Cropping Significantly 
Changes the Physiological and 
Biochemical Characteristics of Patchouli 
Roots
Many studies have shown that continuous cropping has effects 
on plant morphological, physiological, biochemical, and molecular 
characteristics (He et  al., 2019; Wang et  al., 2020). During the 
patchouli planting process, we observed root browning, branch 
reduction, and low root activity under continuous cropping. 
This phenomenon led directly to a decline in the ability of 
patchouli roots to absorb nutrients and water under continuous 

cropping, thereby reducing crop yield and quality. Furthermore, 
studies have revealed that continuous cropping aggravates the 
degree of cell membrane lipid peroxidation, enhances or inhibits 
the activities of the plant protective enzymes POD, SOD, and 
CAT, increases the level of MDA, and damages the normal 
structure and function of the membrane (Zhang et  al., 2010, 
2011; Dong et  al., 2018). In this study, we  examined the 
influence of continuous cropping on some physiological and 
biochemical characteristics of patchouli. MDA is one of the 
peroxidation products produced by intracellular reactive oxygen 
species (ROS) attacking the membrane lipid system, and its 
level is often used to evaluate the degree of membrane lipid 
peroxidation and cell injury (Ma et  al., 2015). Compared with 
FP, SP had a higher MDA content, suggesting a higher level 
of continuous cropping-induced lipid peroxidation in patchouli 
roots. In response to the exacerbation of membrane lipid 
peroxidation and cell membrane damage caused by ROS 
accumulation, plants have developed a set of cellular enzymatic 
defense systems consisting of POD, SOD, and CAT (Wang 

FIGURE 5 | Overview of miRNAs and genes regulation patterns in the patchouli response to continuous cropping. The red letters are upregulated genes or 
miRNAs, and the blue letters are downregulated genes or miRNAs. “⊥” stands for suppression.
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FIGURE 6 | Quantitative real-time PCR (qRT-PCR) analysis of DEGs. The error bar represents the error values of three biological replicates.

FIGURE 7 | Quantitative real-time PCR analysis of DEMIs. The error bar represents the error values of three biological replicates.
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et al., 2004). These systems play an important role in eliminating 
intracellular ROS and maintaining the dynamic balance of 
ROS. In this study, continuous cropping significantly enhanced 
the activities of POD, SOD, and CAT in patchouli roots. The 
results suggested that short-term continuous cropping would 
prompt plants to initiate protective enzyme systems to defend 
against and scavenge free radicals and protect cells from oxidative 
damage, which is similar to previous findings in A. paniculata 
(Li J. et al., 2017). Soluble sugars and soluble proteins are 
important osmoregulatory substances that are closely related 
to the degree of injury and resistance of plants under stress 
(Yang et al., 2020). Free proline is considered to be a compatible 
penetrant that contributes to crop resistance to osmotic stress. 
Under stress conditions, the mass ratio of proline in plant 
cells greatly increases, thereby reducing cell osmotic potential, 
helping cells absorb water, and preventing dehydration of the 
protoplasm and protein molecules (Bao et  al., 2020). In this 
study, it was found that continuous cropping increased the 

levels of osmoregulatory substances (Pro, SS, and SPr). Our 
results were in accordance with previous studies on cotton 
(Zhang Y. et al., 2016), which also reported that the content 
of osmoregulatory substances increased significantly under 
continuous cropping conditions. The phenotypic and physiological 
characteristics showed that continuous cropping caused serious 
harm to the growth and development of patchouli.

Transcriptomic Differences in Patchouli in 
Response to Continuous Cropping 
Obstacles
Continuous cropping obstacles are a common disadvantage of 
modern agricultural practices, especially for medicinal crops 
(Wu and Lin, 2020). Continuous cropping has become a key 
factor restricting the quality and development of medicinal 
crops. Many studies have shown that soil properties, rhizosphere 
microbial community structure, and allelopathy are the main 

FIGURE 8 | Quantitative real-time PCR validation of six identified key miRNA-mRNA interaction pairs for patchouli in response to continuous cropping. Six identified 
key miRNA-mRNA interaction pairs are osa-miR159f-MSTRG.97625.2, novel17_mature-MSTRG.83027.3, gma-miR172k-MSTRG.90185.1, novel17_star-
MSTRG.45166.2, aly-miR172e-3p-MSTRG.38549.4, and ama-miR156-MSTRG.111696.3. The error bar represents the error values of three biological replicates.
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causes of continuous cropping obstacles (Xin et  al., 2019;  
Zhang et al., 2020). The first step to understanding the mechanism 
underlying the development of continuous cropping obstacles 
is to determine how plants perceive the harmful signals produced 
by continuous cropping (Li M. et al., 2017). Recent advances 
in genome sequencing, assembly, and annotation have facilitated 
research on many crop traits, including stress tolerance. To 
cope with different environmental stress conditions, plants exhibit 
specific changes in gene expression, metabolism, and physiology. 
It is helpful to identify stress-responsive genes by comparing 
gene expression differences between normal and stressed plants. 
Continuous cropping obstacles actually represent a kind of 
stress. The use of HTS technology to analyze the molecular 
mechanisms of medicinal crops in response to continuous 
cropping has attracted the attention of an increasing number 
of researchers. For example, Dong et  al. (2018) analyzed the 
transcriptome and proteome of Nelumbo nucifera under 
continuous cropping to research the potential molecular 
mechanism underlying the response to continuous cropping. 
He et  al. (2019) found 762 DEGs in the leaves of Codonopsis 
tangshen under continuous cropping using the RNA-seq method, 
and these DEGs were mainly involved in the “tyrosine degradation 
I,” “glycogen synthesis,” “phenylalanine and tyrosine catabolism,” 
“signal transduction,” and “immune system” metabolic pathways. 
Li et  al. (2019) identified, through transcriptome sequencing, 
6,193 unigenes that were significantly differentially expressed 
in A. paniculata after succession cropping. Yang et  al. (2013) 
constructed a transcriptome library of R. glutinosa roots and 
found a set of key genes responding to replanting-related disease 
using RNA-seq and digital gene expression profiling (DGE) 
technology. These studies provide research insight and approaches 
to further elucidate the molecular mechanisms by which plants 
respond to continuous cropping obstacles.

In the present study, we  observed that continuous cropping 
severely endangers the growth and development of patchouli. 
This study revealed a difference in gene expression in response 
to continuous cropping in patchouli. Eighteen root cDNA 
libraries for the three growth periods of FP and SP patchouli 
plants were constructed and sequenced using the Illumina 
HiSeq X Ten platform. Compared with FP and SP in the 
same period, a total of 28,208 DEGs were identified in the 
three periods. The number of DEGs increased with increasing 
growth period duration, and the greatest number of DEGs 
was observed in the S4 period, indicating that more complex 
molecular mechanisms occurred in the late period of continuous 
cropping and that transcriptional regulation during this period 
was more complex. This is consistent with our physiological 
analysis results showing obvious differences in root morphology 
and various physiological indexes in the late growth period 
of SP compared with FP. GO enrichment analysis of DEGs 
showed that the DEGs were mainly enriched in cell, cell parts, 
organelles, cell processes, metabolic processes, response to 
stimuli, binding, catalytic activity, and transporter activity. 
However, the significantly enriched GO terms differed among 
periods, indicating that the response mechanisms to continuous 
cropping differed among periods. Likewise, the significantly 
enriched pathways also differed among periods. DEGs are 

mainly enriched in Metabolism, Genetic Information Processing, 
and Environmental Information Processing.

In S2 period, the upregulated DEGs after continuous cropping 
were mainly significantly enriched in plant-pathogen interaction, 
plant hormone signal transduction, glycolysis/gluconeogenesis, 
and protein processing in endoplasmic reticulum pathways. 
Genes encoding Ca2+/calmodulin-dependent protein kinase 
(CCaMK), E3 ubiquitin-protein ligase, ethylene receptor, serine/
threonine-protein kinase, and abscisic acid receptor were 
significantly upregulated in these pathways. As a decoder of 
Ca2+ signaling, CCaMK is involved in plant responses to abiotic 
stress (Chen et  al., 2021). Previous studies have shown that 
rice CCaMK OsDMI3 is a positive regulator of ABA responses, 
including seed germination, root growth, antioxidant defense, 
and tolerance to water and oxidative stress (Shi et  al., 2012, 
2014; Ni et  al., 2019). In the present study, CCaMK, MAPK, 
and abscisic acid receptor were significantly upregulated in 
patchouli root after continuous cropping. Similarly, genes 
encoding Ca2+ signaling, MAPK and ethylene signaling, and 
chromatin modification were all specifically upregulated in 
continuous cropping R. glutinosa (Yang et  al., 2015; Gu et  al., 
2020). From these findings, we  speculate that the Ca2+ signal 
in the root of patchouli is rapidly activated after continuous 
cropping and acts on the upstream of MAPK to activate the 
antioxidant defense system in the ABA signal to resist continuous 
stress. By contrast, downregulated DEGs were mainly enriched 
in protein processing in endoplasmic reticulum, galactose 
metabolism, and spliceosome. Among these pathways, some 
genes encoding heat shock protein, stachyose synthase, and 
serine/arginine-rich splicing factor were significantly 
downregulated in continuous cropping patchouli. During the 
S3 period, some genes in the mRNA surveillance pathway, 
glycerolipid metabolism pathway, alanine, aspartate, and 
glutamate metabolism, and glutathione pathway were significantly 
upregulated in continuous patchouli root, such as genes encoding 
serine/threonine-protein phosphatase and diacylglycerol kinase. 
Many studies have confirmed that diacylglycerol kinase can 
play a critical role in plant growth and development and stress 
tolerance through the phosphatidic acid (PA) signaling pathway 
(Kue Foka et  al., 2020). By contrast, some genes, such as those 
encoding glucose-1-phosphate adenylyltransferase, isoamylase, 
sucrose-phosphate synthase, myo-inositol-1-phosphate synthase, 
phosphatidylinositol-3-phosphatase, and phosphoinositide 
phosphatase, were significantly downregulated in continuous 
cropping patchouli. This finding indicates that continuous 
cropping stress may inhibit the expression of genes related to 
energy synthesis in the roots of patchouli, inhibiting the growth 
and development of the roots of patchouli. In the S4 period, 
we  found that genes encoding heat shock cognate protein, 
calcium-binding protein, serine/threonine-protein kinase, and 
mitogen-activated protein kinase were significantly upregulated. 
With the extension of continuous cropping time, the related 
genes involved in the MAPK (mitogen-activated protein kinase) 
cascade signaling pathway in the roots of SP were gradually 
activated, particularly MPK9 and MPK18. The MAPK cascade 
pathway has been proven to play an essential role in the signal 
transduction of biotic and abiotic stresses and during plant 
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development (Xu and Zhang, 2015; Sözen et  al., 2020). 
Additionally, no significant difference was found in the expression 
of ethylene synthesis-related genes in the early stage of continuous 
cropping. However, with the increased stress time, the expression 
in the roots of continuous cropping patchouli was significantly 
higher than that of noncontinuous cropping. This finding is 
consistent with the results detected in the root transcriptome 
of R. glutinosa (Yang et  al., 2015). Studies have demonstrated 
that activation of ethylene signaling leads to excessive 
accumulation of ethylene, which inhibits root growth and 
accelerates plant senescence (Iqbal et al., 2017). Generally, after 
patchouli root was subjected to continuous cropping stress, 
the stress signal was sensed and transmitted through the Ca2+ 
signal and MAPK signal in the cell to activate the plant stress 
resistance process. This response in turn induces the synthesis 
of ethylene, which accelerates the aging process and cell death. 
These phenomena block core metabolic pathways in patchouli, 
disrupting the program of gene regulation and enabling genes 
that should not normally be  turned on.

Additionally, patchouli is a valuable medicinal plant rich 
in patchouli alcohol and pogostone. The continuous cropping 
of patchouli would result in a decreased content of patchouli 
essential oil and patchouli alcohol (He et  al., 2017). In plants, 
patchouli alcohol comes from C5 unit isopentenyl diphosphate 
(IPP), which is through cytosolic mevalonate (MVA) and plastic 
2-C Methyl-d-erythritol-4-phosphate (MEP) pathways (Yan et 
al., 2021a). Then, IPP generates dimethyl propylene pyrophosphate 
(DMAPP) under the action of isopentenyl pyrophosphate 
isomerase (IPI). IPP and DMAPP generated from the MVA 
or MEP pathway are catalyzed by farnesyl diphosphate synthase 
(FPS) to form farnesyl pyrophosphate (FPP) with a C15 skeleton, 
which is the common synthetic substrate of PA and other 
sesquiterpenoids. Finally, FPP is cycled by a different 
sesquiterpene synthase (TPS) to form different sesquiterpene 
carbon skeletons and then modified to form sesquiterpene with 
variable structures and functions. Previous studies have shown 
that 3-hydroxy-3-methylglutaryl coenzyme A reductase 
(HMGCR) and IPI are key rate-limiting enzymes of the MVA 
pathway and positively regulate the synthesis of patchouli alcohol 
(Zhang et al., 2019; Yan et al., 2021b). 1-Deoxy-D-xylulose-
5-phosphate synthase (DXS), IPI (E)-4-hydroxy-3-methylbut-
2-enyl-diphosphate synthase (IspG), and 4-hydroxy-3-methylbut-
2-enyl-diphosphate reductase (IspH) have been reported to 
be key rate-limiting enzymes of the MEP pathway (Li Q. et al., 
2017). On SP_S2-vs-FP_S2, five IspH genes were differentially 
expressed in the roots of FP and SP patchouli, and all were 
significantly downregulated in the roots of continuous cropping 
patchouli. One IPI gene was significantly upregulated in the 
roots of continuous cropping patchouli and one DXS gene 
was downregulated in the roots of continuous cropping patchouli. 
On SP_S3-vs-FP_S3, four IspH (two upregulated and two 
downregulated), one IspG (downregulated), and one DXS gene 
(upregulated) were differentially expressed in FP and SP patchouli 
roots. On SP_S4-vs-FP_S4, we  found that eight HMGCR genes 
(five downregulated and three upregulated), one DXS 
(downregulated), one IspH (downregulated), and one IPI 
(downregulated) were differentially expressed in the roots of 

FP and SP patchouli. Furthermore, studies have shown that 
1-deoxy-d-xylulose 5-phosphate reductoisomeras (DXR) is 
negatively correlated with the synthesis of patchouli alcohol 
(Ouyang et  al., 2016). Three DXR genes were found to 
be  differentially expressed in the three comparison groups, of 
which two were significantly upregulated and one was 
downregulated in continuous cropping patchouli. The results 
showed that the genes significantly related to the biosynthesis 
of patchouli alcohol in the roots of continuous cropping patchouli 
was inhibited, resulting in the decrease of patchouli alcohol 
accumulation in continuous cropping patchouli. After continuous 
cropping of medicinal plants such as A. paniculata (Li et  al., 
2019), R. glutinosa (Wu et  al., 2015), and Pseudostellariae 
heterophylla (Chen et  al., 2017), the active ingredients also 
decreased significantly.

Unfortunately, due to the specificity of plant species and 
the limitations of available databases, there remain many DEGs 
that have not been annotated and enriched. However, 
we  demonstrated for the first time that continuous cropping 
induced/inhibited the expression of some patchouli genes, which 
may enrich the transcriptome data of plants. This study could 
also provide clear ideas for the response of other plant species 
to continuous cropping.

TFs Involved in the Response to 
Continuous Cropping Obstacles
TFs have been confirmed to be  involved in the regulation of 
various stress responses in plants. When plants are under stress, 
the genes encoding TFs display a rapid early response to the 
stress, and then, these early-response TFs drive changes in 
the expression of additional genes later in the stress response 
(Zhang et al., 2021). In this study, continuous cropping induced 
differential expression of genes encoding TFs. A total of 1,417 
of 28,208 DEGs encoded TF family proteins. Among them, 
most of the DEGs encoding AP2/ERF-ERF and bHLH TFs 
were upregulated, whereas most of the DEGs encoding bZIP, 
MYB-related, HSF, GARP-G2-like, and HB-HD-ZIP TFs were 
downregulated. The AP2/ERF TF family is widely distributed 
in plants and is related to plant primary and secondary metabolic 
regulation, growth, and development, as well as responses to 
environmental stimuli. The AP2/ERF TF family contains four 
major subfamilies, namely, the AP2, RAV, DREB, and ERF 
subfamilies. Many ERF genes confer tolerance to a variety of 
biotic stresses when expressed ectopically in different kinds of 
plants. For instance, some ERFs activate the transcription of 
basic defense-related genes, pathogenesis-related (PR) genes, 
osmotin, chitinase, and β-1,3-glucanase (Licausi et  al., 2013). 
Overexpression of CBF3 in Arabidopsis can induce the expression 
of genes encoding key enzymes for proline synthesis and 
promote proline synthesis, and the increase in the content of 
free proline can enhance cold tolerance in plants (Gilmour 
et  al., 2000). Drought and heat can induce DREB2 gene 
expression, which in turn positively regulates downstream 
drought or heat stress-responsive genes (Lata and Prasad, 2011). 
In addition to directly regulating the response to biotic and 
abiotic stresses, AP2/ERFs can participate in the stress response 
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through hormone signal transduction and hormone-mediated 
pathways (Xie et  al., 2019). ERF71 can directly regulate the 
transcription of the lignin biosynthetic genes CCR1, ccr10, 
and C4H to induce radial root growth, alter root architecture, 
and improve drought tolerance (Lee et  al., 2017; Li et  al., 
2018). In this study, we also identified DREB3, ERF071, RAP2-2, 
and CRF2, encoding AP2/ERF TFs, as being significantly 
differentially expressed in SP and FP. Consequently, we presumed 
that AP2/ERF TFs respond to continuous cropping stress via 
two stress-responsive modes, which are dependent on or 
independent of the hormonal signaling pathway.

WRKY TFs constitute one of the largest TF families in 
higher plants. This family plays a key role in the plant response 
to biotic and abiotic stimuli by regulating the plant hormone 
signal transduction pathway (Jiang et  al., 2017). It has been 
reported that WRKY51 is a negative regulator of ethylene 
synthesis, which inhibits the formation of root hairs and 
adventitious roots (Hu et al., 2018). In this study, transcription 
profile analysis showed that two genes encoding WRKY51 were 
significantly upregulated in SP_S2, indicating that WRKY51 
may inhibit ethylene synthesis and thus inhibit the root growth 
of patchouli under continuous cropping conditions. Wrky22 
and WRKY33 also participate in the stress-induced defense 
response through the mitogen-activated protein kinase (MAPK) 
signaling pathway (Jiang et  al., 2017). The transcription profile 
analysis in this study showed that nine genes encoding WRKY33 
and 1 gene encoding WRKY22 were significantly downregulated 
in SP_S4, indicating that WRKY33 and WRKY22 may reduce 
the resistance of patchouli under continuous cropping conditions 
by inhibiting the MAPK pathway. Furthermore, Wang et  al. 
(2015) identified 15 differentially expressed MYB genes (13 of 
which were significantly downregulated) involved in the response 
of R. glutinosa to continuous cropping. Likewise, we also found 
that 50 MYB genes were significantly downregulated in the 
three periods of continuous cropping. Recent research has 
indicated that numerous bZIP genes participate in biotic and 
abiotic stress responses in various plant species (Alves et  al., 
2013; Golldack et  al., 2014). Similarly, bHLH TFs have also 
been reported to be  involved in a variety of plant biotic and 
abiotic stress responses (Sun et  al., 2018). In this study, 
we  identified 90 DEGs encoding bZIPs and 84 DEGs encoding 
bHLHs from patchouli. Most genes encoding bHLHs were 
upregulated under continuous cropping stress, while most genes 
encoding bZIPs were downregulated under continuous cropping 
stress. These results suggest that TFs such as AP2/ERF, bZIP, 
bHLH, MYB, and WRKY TFs play an important role in the 
continuous cropping response of patchouli.

Patchouli miRNAs Participate in 
Regulating the Response to Continuous 
Cropping Obstacles
Stress response-related transcriptome reprogramming also 
involves upregulation or downregulation of miRNAs, which 
leads to posttranscriptional gene silencing (Zhang et al., 2021). 
Plants induce the expression of specific miRNAs in response 
to different stresses, and it has been confirmed that certain 

miRNAs play important regulatory roles in plant adaptation 
to stress conditions. To identify miRNAs involved in specific 
responses to continuous cropping in R. glutinosa, Yang et  al. 
(2011) determined the differential expression profile of miRNAs 
between FP and SP R. glutinosa by using HTS technology and 
preliminarily screened 32 miRNA families involved in the 
response to continuous cropping. Zhang H. et al. (2016) identified 
39 DEMIs in FP and SP S. miltiorrhiza roots, and qRT-PCR 
experiments showed that five miRNAs negatively regulated the 
expression levels of seven target genes related to root development 
or stress responses. In this study, a total of 927 known miRNAs 
and 130 novel miRNAs were identified in the three growth 
periods of FP and SP patchouli roots, 747 of which belonged 
to 112 miRNA families. Among these miRNA families, MIR159, 
MIR166, MIR156, and MIR171 contained more than 50 miRNAs 
each. Of particular interest are the 28 families that were present 
in only SP. Some of these factors may therefore be  involved 
in replanting-related disease.

In addition, we  identified 67 significant DEMIs belonging 
to 24 miRNA families in three periods of SP and FP patchouli. 
MIR159 and MIR167 were differentially expressed in the three 
periods. The MIR167 family is one of the highly conserved 
miRNA families in plants and participates in regulating plant 
vegetative and reproductive organ development, flowering time, 
and stress responses, primarily by targeting ARF6, ARF8, and 
IAR3 (Liu et  al., 2021). MIR159 activates gibberellin 
(GA)-responsive genes by negatively regulating GAMYB or 
GAMYB-like TFs (Achard et  al., 2004). Many studies have 
shown that the MIR159-GAMYB-mediated regulatory module 
participates in the plant stress response (Medina et  al., 2017; 
Gao et  al., 2022). Therefore, we  inferred that the MIR167-ARF 
and MIR159-GAMYB pathways played critical roles in the 
patchouli root response to continuous cropping. Target prediction 
and annotation indicated that these miRNAs played a role by 
regulating specific stress-responsive genes, such as genes encoding 
SPL, ARF, LAC, TCP, MYB, AP2, and HD-ZIP proteins. For 
example, MIR167 and MIR172 target ARF6, which is a positive 
regulator of adventitious rooting. In the S2 period, with an 
increase in the expression of MIR167 and MIR172 in patchouli 
under continuous cropping, the expression of ARF6 was positively 
regulated to promote adventitious rooting in response to the 
effect of continuous cropping stress on the root growth. Studies 
have shown that the miR156-SPLs regulation mode plays an 
important role in the biosynthesis of patchouli alcohol 
(Yu Z. et al., 2015). At the S3 stage, five miR156 were differentially 
expressed, of which three were upregulated in the roots of 
continuous cropping patchouli. On the contrary, three SPLs 
genes were significantly downregulated in continuous cropping 
patchouli. They may inhibit the biosynthesis of patchouli alcohol 
in continuous cropping patchouli. The MIR319/TCP pathways 
play critical roles in cell proliferation, leaf and flower shape, 
stem branching, and the biosynthesis and transport of JA and 
auxin, as well as in plant responses to abiotic stresses (Fang 
et  al., 2021). LAC, a type of polyphenol oxidase that is widely 
present in higher plants, is a target gene of MIR397 and is 
mainly involved in lignin synthesis (Xu et  al., 2019). Lignin 
in plants is the main component of secondary cell wall thickening 
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and secondary growth. Lignin biosynthesis is not only the key 
adaptation for plant survival and water transport but also the 
key adaptation for plant defense. RNA-seq and miRNA-seq 
showed that the LAC gene was significantly upregulated and 
osa-miR397b was significantly downregulated in the roots of 
continuously cropped patchouli during the S2 and S3 periods. 
Upregulated expression of LAC accelerates the accumulation 
of lignin in roots and enables plant cell walls to resist the 
mechanical pressure of pathogen invasion. Further functional 
analysis showed that these target genes were mainly related 
to signal transduction, metabolism of cofactors and vitamins, 
nucleotide metabolism, carbohydrate metabolism, transport and 
catabolism, and transcription under continuous cropping  
obstacles.

Potential miRNA Regulatory Network of 
Patchouli in Response to Continuous 
Cropping Obstacles
Plant miRNAs can respond to stress by targeting the negative 
regulation of specific target genes. Comprehensive analysis of 
miRNA and gene expression profiles will allow more accurate 
analysis of the interactions or regulatory mechanisms between 
miRNAs and mRNAs under stress conditions, thereby offering 
new perspectives for the study of stress resistance mechanisms 
in plants (Funikov and Zatcepina, 2017). In this study, joint 
analysis of miRNAs and mRNAs identified 47 miRNA-mRNA 
pairs involved in the response of patchouli to continuous 
cropping obstacles and allowed the construction of a regulatory 
network for these interactions. Based on homologous queries 
of these miRNAs, corresponding target genes found that these 
miRNA-mRNA pairs are involved in different aspects, most 
significantly the defense response, protein transport, root growth, 
signal transduction, and RNA synthesis. These findings suggested 
that these identified miRNA-mRNA pairs were the key miRNA-
mRNA pairs related to the patchouli continuous cropping  
response.

MiR172 plays a role in the biotic stress response and root 
development through negative regulation of its target encoding 
the TF AP2 (Nova-Franco et  al., 2015). In the current study, 
the expression of MIR172 was upregulated in the S2 period 
(downregulated in the S3 period), while that of its target 
encoding the AP2 TF was reversed, showing that MIR172 
may be involved in root development under continuous cropping 
conditions. MIR156 targets the SPL TF; overexpression of this 
TF leads to increased lateral root production in Arabidopsis 
thaliana; however, when the MIR156 levels are increased, lateral 
root production decreases (Yu N. et al., 2015). Furthermore, 
Kim et  al. (2012) showed that the miR156-SPL3 module in 
Arabidopsis regulates flowering in response to ambient 
temperature through FLOWERING LOCUS T. In this study, 
the expression of csi-miR156e-5p and ama-miR156 was 
downregulated, while that of the target gene encoding SPL 
was upregulated, suggesting that the MIR156-SPL regulatory 
module might promote the shift to reproductive growth under 
continuous cropping conditions. The pleiotropic effect of this 
response would be  a reduction in vegetative and root growth. 

MIR159 negatively regulates the expression of GAMYB genes 
at the posttranscriptional level and may play critical roles in 
patchouli root development under continuous cropping 
conditions. In addition to the key TFs, the negative-regulatory 
modules were composed of numerous genes encoding essential 
enzymes or functional proteins, and miRNAs were also thought 
to play crucial roles in the continuous cropping obstacle response. 
The receptor-like kinases GASSHO1 (GSO1) and GSO2 together 
regulate root growth in Arabidopsis by controlling cell division 
and cell fate specification (Racolta et  al., 2014). We  found 
that the target mRNAs from novel17_ star-MSTRG.28322.1 
pairs were homologous with GSO1, indicating that the gene 
might have a conserved regulatory role in the root growth of 
patchouli and the corresponding miRNAs were the key miRNAs 
for controlling growth. Novel17_star also negatively regulates 
a gene homologous to the encoding nucleobase-ascorbate 
transporter 7 (NAT7). Apple MdNAT7 may transport xanthine 
and uric acid to help scavenge ROS more effectively under 
salt stress (Sun et al., 2021). UGT86A1 (UDP glycosyltransferase 
86A1) is a member of the glycosyltransferase (GT) family. 
GTs respond to various plant stresses by combining with various 
plant hormones and other metabolites. Liu et  al. (2019) found 
that UGT86A1 and UGT88A1  in Vitis pseudoeticulata were 
significantly upregulated after inoculated into Plasmapara viticola. 
In this study, continuous cropping inhibited the expression of 
MIR5067 and upregulated the expression of its target gene 
UGT86A1 in the S2 period. MIR158 was activated in continuous 
cropping patchouli in the S3 period, inhibiting the expression 
of the genes PEX1 (encoding peroxisome biogenesis protein) 
and At5g64460 (encoding phosphoglycate mutase like protein), 
which are related to the defense response, resulting in the 
decline of stress resistance of continuous cropping patchouli. 
Additionally, we  found that MIR172 negatively regulates 
At4g27290 encoding G-type lectin s-receptor-like serine/
threonine-protein kinase, and MIR408d negatively regulates 
PAA2 encoding copper-transporting ATPase. These findings 
suggested that these miRNAs regulated the patchouli continuous 
cropping response through signal transduction pathways.

To further verify the reliability of these miRNA-mRNA pairs 
related to the continuous cropping response of patchouli, six 
miRNA-mRNA pairs involved in the defense response, protein 
transport, root growth, signal transduction, and flowering 
regulation were analyzed by qRT PCR. The expression of these 
miRNAs was significantly negatively correlated with their 
corresponding target genes. The above results show that these 
identified miRNA-mRNA pairs can be used as candidate miRNA-
mRNA pairs in the patchouli continuous cropping response. 
Additionally, the combination of small RNA and transcriptome 
analysis is an effective method to identify key miRNAs in the 
patchouli continuous cropping response.

CONCLUSION

This study is the first attempt to integrate the expression data 
of miRNA and mRNA to explore the response mechanism of 
patchouli root to continuous cropping during the formation 
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of continuous cropping obstacles of patchouli. A total of 67 
DEMIs and 28,208 DEGs were identified by RNA-seq. Through 
combined mRNA-miRNA analysis, 47 miRNA-target gene pairs 
related to defense responses, protein transport, root growth, 
signal transduction, RNA synthesis, and flowering regulation 
were identified. When patchouli was subjected to continuous 
cropping stress, the MAPK cascade signal and calcium ion 
signal in patchouli were activated, activating the expression 
of a series of downstream early-response genes. Phosphorylation 
of these early-response genes, such as those encoding Serine/
threonine-protein kinase and/or receptor-like protein kinase, 
mediates programmed cell death and metabolic disorders and 
other pathological phenomena, disrupting the expression and 
function of normal genes, and resulting in poor plant growth 
and even death. During this period, continuous cropping also 
activated the expression of many specific miRNAs related to 
stress response and signal transduction, changed the expression 
program of genes related to normal plant growth and 
development, and caused the adjustment and response of core 
metabolic pathways.
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