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Abstract: Casparian strip integrity factors (CIFs), which are tyrosine-sulfated small peptides,
are crucial genes involved in the formation and regulation of the Casparian strip and play
an important role in the regulation of plant stress response. In order to explore the evolution,
characteristics, role, and function of CIFs in response to continuous cropping obstacles
(CCO:s), the bioinformatics and gene expression analysis of CIF genes in Pogostemon cablin
was carried out by determining the phylogenetic relationship, chromosome location, gene
structure, and RT-qPCR results. Results showed that a total of 12 PatCIF family genes were
identified on 12 different chromosomes. Promoter prediction analysis revealed 16 different
cis-regulatory elements. A systematic evolutionary study of 33 species indicates CIF family
genes originated from Spermatophyta. Collinearity analysis revealed P. cablin shared
19 syntenic genes with Solanum lycopersicum and only 8 with Oryza sativa. Transcriptome
analysis indicated that the expression of PatCIF1-4 and PatGSO1b/1c/1f genes decreased
under p-hydroxybenzoic acid treatment, and further RT-qPCR validation of four PatCIF
genes was consistent with the results. AlphaFold prediction showed a protein interaction
region between PatCIF1-4 mature peptide and PatGSO1b/1c/1f via the LRR domain, which
provides a key binding surface for mature PatCIFs. This study offers a theoretical basis
to investigate the roles of PatCIFs and PatGSO1s in CCOs and their protein interactions
in P. cablin.

Keywords: Pogostemon cablin; Casparian strip; small peptide; stress; Alphafold

1. Introduction

Pogostemon cablin (Blanco) Benth., also called patchouli, is a perennial fragrant herb in
the Lamiaceae family, originating from Southeast Asia [1,2]. It has been widely introduced
and cultivated in many tropical and subtropical regions, including China, the Philippines,
Indonesia, and Thailand [3]. In recent years, P. cablin has been proven to be rich in a variety
of chemical components, including flavonoids, phenylpropanoids, various terpenoids (such
as monoterpenes, sesquiterpenes, diterpenes, etc.), steroids, alkaloids, and fatty acids [4].
Among them, the essential oil (EO) of P. cablin, extracted from P. cablin shoots, is a crucial
aromatic oil vital in the pharmaceutical, food, and cosmetic industries. The EO contains
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several sesquiterpenoids, with P. cablin alcohol as its main active ingredient [5,6]. As
one of China’s Top Ten Southern Medicines, it has multiple pharmacological activities,
such as anti-pathogenic, analgesia, anti-inflammatory, and regulation of gastrointestinal
function [7]. So far, P. cablin research primarily focuses on identifying, extracting, and
purifying medicinal components [8] or other secondary metabolisms [9].

The continuous cropping obstacle (CCO) is the phenomenon of reduced land pro-
ductivity, and hence crop yield and quality, when the same or similar crops are grown
consecutively on the same piece of land even under normal cultivation and management
conditions [10,11]. This phenomenon is a common occurrence in agricultural cultivation
and production processes. Currently, major crops, such as Glycine max [12], Arachis hy-
pogaea [13], Solanum lycopersicum [14,15], and Cucumis sativus [16,17], have obvious problems
of succession disorder. Noticeably, 70% of Chinese herbal medicines seriously suffered from
CCO, such as P. cabin [18], Panax ginseng [19], Rehmannia glutinosa [20], P. notoginseng [21],
P. quinquefolius [22], Atractylodes lancea [23], and Pinellia ternata [24]. For instance, CCOs
seriously affect the yield and quality of P. cablin, limiting its industrial development [25].
Three fundamental causes allegedly causing CCOs of P. cablin are the deterioration of
soil physical and chemical qualities, the accumulation of allelochemicals, and the loss of
microbial community balance [26]. P-Hydroxybenzoic acid (p-HBA) is a key autotoxin that
contributes to the development of P. cablin CCO, among the factors that influence it [27].
However, how does this chemical cause P. cablin CCOs, what kinds of genes play regulatory
roles, and which pathways (signaling) are implicated in this practice? These questions
require further study and in-depth exploration.

The Casparian strip is a specialized cell wall structure that surrounds the radial and
transverse walls of endodermal cells, which contains the polymeric molecules lignin and
suberin [28,29]. As a selective barrier, it effectively screens, blocks, and prevents unwanted
ions or macromolecules from diffusing into the vascular system [30]. Casparian strip
formation and integrity are regulated by multiple genes and signaling pathways, including
CIF 1/2 [31], leucine receptor kinase (GSO1/SGNB3) [32], enhanced suberin 1 (ESB1) [33],
MYB domain protein 36 (MYB36) [34], CASPs [35], GAPLESS [36], and dirigent proteins
(DPs) [29]. Furthermore, the Casparian strip is crucial in mitigating abiotic and biotic
stresses, including those induced by salinity, drought, and temperature fluctuations [37].
As one kind of stress, what is the relationship between the emergence of CCOs and the
integrity of the Casparian strip? Could these Casparian strip-related genes respond to
CCOs and play biological functions? These need further verification.

Small peptides, comprising 2 to 100 amino acid residues, are minuscule molecules
that assume pivotal roles within living organisms. These molecules orchestrate plant
growth, development, and environmental responses through a cascade of intricate signal
transduction pathways. Small peptides are also called plant polypeptide hormones, given
their similarities in function to traditional plant hormones [38]. Currently, known functional
small peptides include CIF, Clavata 3/embryo surrounding region (CLE), Phytosulfokine
(PSK), Inflorescence deficient in abscission (IDA), Plant elicitor peptide 1 (PEP1), and Rapid
alkalinization factor (RALF). Among them, as SGN3/GSO1 and GSO2 ligands, the CIFs are
required for diffusion barrier formation via regulating the formation of the Casparian strip
in plants [39,40], which are extensively connected with various aspects of plant biology,
including development, growth, immunity, and environmental adaptability. Moreover,
five CIF members are expressed in different tissues and exert multiple biological functions
in the Arabidopsis genome [41]. For example, AtTWS1 is responsible for the deposition of
the stratum corneum on epidermal cells and the organization of the intima system [42-44].
Pre-transcriptomic data revealed that P. cablin PatCIF small peptides could respond to
the allelochemical p-HBA, implying that this gene family could be vital in combating the
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challenges of CCOs through its impact on the Casparian strip’s integrity [45]. However,
how many members of the PatCIF family are in P. cablin? Which PatCIF genes could respond
to the autotoxin p-HBA? Which members participate in regulating CCOs, and what are
their signaling pathways? These questions require further investigation.

In this study, a comprehensive screening and identification of 12 members of the PatCIF
family was conducted using bioinformatics technology based on the whole genome data
of P. cablin. Subsequently, a detailed analysis was performed on the protein physicochem-
ical assays, chromosomal localization, cis-acting elements promoter, and characteristics
of evolutionary expression. At the same time, the CIF family of 33 species, including
S. lycopersicum, G. max, and O. sativa, were compared, the possible evolutionary progress
of the CIF family was predicted, and the collinearity relationship between P. cablin and
S. lycopersicum or O. sativa was analyzed. Moreover, in-depth analysis of the transcriptome
data of P. cablin at various phases of p-HBA treatment also helped to select and identify
a total of 12 crucial CIFs and GSO1 candidates engaged in CCOs. AlphaFold predicted
the structure and combination pairing of CIFs and GSO1s. This study provides a crucial
theoretical foundation for further investigation into the functions of the PatCIF gene family
and their involvement in CCOs.

2. Results
2.1. Identification of PatCIF Genes and Their Physicochemical Characteristics

According to the five CIF protein sequences from A. thaliana, 12 potential CIF candidate
genes were identified and screened within the P. cablin genome database through BLASTP
alignment and subsequent deduplication processes. However, in the later transcriptome
analysis, only 4 of the 12 CIF genes were identified to be related to the CCOs of P. cablin.
The physicochemical characteristics of the 12 PatCIF proteins were predicted by the ExPASy
online analysis tool (Table 1). The findings indicated that the amino acid count for the
12 members of the PatCIF family varied between 84 and 118. The gene encoding the fewest
amino acids was PatTWS5, comprising just 84 amino acids, whereas the gene with the
highest count was PatTWS7, consisting of 118 amino acids. The relative molecular mass of
PatCIF protein ranged from 9.27 to 12.81 kDa, encompassing three acidic proteins (pI < 7)
and nine basic proteins (pl > 7). The isoelectric point of 12 CIF proteins ranged from
5.60 to 9.51. The aliphatic index ranged from 58.10 to 99.55. Within the CIF gene family, the
instability index for four CIF genes falls below 40, indicating stable proteins; conversely,
eight CIF genes exhibit an instability index exceeding 40, signifying instability. The average
hydrophilicity of the 12 proteins was below zero, indicating that they were all hydrophilic.

Table 1. PatCIF gene family physicochemical characteristics in P. cablin, including gene ID, amino
acids, molecular weight, pl, instability index, aliphatic index, and GRAVY.

Gene ID Gene Name  Amino Acids Wll/li;ftc(uklla)ra) Theo;le tical Ini:la;el)l:ty Alllrf;l::lc GRAVY
Pat_A01G112600.m1 PatCIF1 89 10.17 6.73 39.54 99.55 —0.20
Pat_B01G091200.m1 PatCIF2 89 10.15 5.60 39.54 99.55 —-0.19
Pat_A02G108200.m1 PatCIF3 87 9.89 6.73 38.49 94.02 —0.34
Pat_B02G081600.m1 PatCIF4 88 9.97 8.01 35.98 94.09 —0.24
Pat_A10G111700.m1  PatTWS1 112 11.88 9.51 42.00 79.20 —0.15
Pat_B09G103800.m1  PatTWS2 112 11.87 9.51 41.71 78.30 —0.16
Pat_A09G128900.m1  PatTWS3 112 11.90 9.51 41.71 80.00 —0.14
Pat_B10G099600.m1  PatTWS4 112 11.89 9.51 43.05 79.20 —0.16
Pat_A19G079100.m1  PatTWS5 84 9.27 8.09 61.47 58.10 —0.88
Pat_A20G075400.m1  PatTWS6 117 12.65 9.05 41.81 75.04 —0.39
Pat_B20G071600.m1  PatTWS7 118 12.81 9.05 43.17 74.41 —0.37
Pat_B19G076300.m1  PatTWS8 116 12.71 9.05 47.58 69.83 —0.44
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The secondary structure of PatCIFs protein was analyzed by SOPMA online software.
The results showed that 10 genes in the PatCIF protein contained four types of structures:
a-helix, 3-turn, random coil, and extended chain, while PatTWS1 and PatTWS5 only had
three types of structures: x-helix, random coil, and extended chain (Table 2). Among them,
o-helix accounted for 9.52~47.19%, extended chain accounted for 4.49~20.54%, p-turn
(except PatTWS1,5) accounted for 3.57~13.48%, and random coil accounted for 42.7~77.38%.
It is worth noting that the «-helix structure appears in all PatCIF proteins, indicating that
the a-helix structure plays an essential role in the function of the PatCIF protein, and the
random coil structure also covers a large proportion of the PatCIF protein.

Table 2. Secondary structure analysis of PatCIF gene family in P. cablin, including Alpha helix,
extended strand, Beta turn, and random oil.

Gene Name Alpha Helix% Extended Strand % Beta Turn% Random Oil%

PatCIF1 47.19 4.49 5.62 42.70
PatCIF2 31.46 11.24 13.48 43.82
PatCIF3 40.23 9.20 5.75 44.83
PatCIF4 44.32 9.09 1.14 45.45
PatTWS1 20.54 14.29 0.00 65.18
PatTWS2 10.71 20.54 3.57 65.18
PatTWS3 14.37 19.38 9.38 56.88
PatTWS4 11.61 19.64 0.89 67.86
PatTWS5 9.52 13.10 0.00 77.38
PatTWS6 20.51 11.97 5.13 62.39
PatTWS7 13.56 20.34 8.47 57.63
PatTWS8 16.38 17.24 3.45 62.93

Through BLASTP of five AtCIF protein sequences in 33 species, homologous sequences
were identified in 29 species (the specific number of pictures is shown in Figure 1). In
lower plants and early terrestrial plants, the corresponding genes were not aligned in the
algae Volvox carteri and Cyanidioschyzon merolae, the bryophyte Physomitrella patens, and
the fern Ceratopteris richardii. Notably, a homologous gene was first identified in Ginkgo
biloba and Picea abies in gymnosperm. In monocotyledonous plants, three homologous
genes were identified in Zingiberales Musa acuminata, and five homologous genes of the CIF
family were identified in Asparagales Phalaenopsis equestris. Four plants were identified in
Poaceae, four homologous genes were recognized in Brachypodium distachyon and O. sativa,
five homologous genes were identified in Zea mays, and thirteen homologous genes were
identified in Triticum aestivum. In angiosperms, 2 homologous genes were identified in basal
angiosperm Amborella trichopoda, 12 CIF family genes were identified in Lamiales P. cablin,
3 homologous genes were identified in Proteales Nelumbo nucifera, and 3 homologous
genes were identified in Solanales Solanum lycoperisum. Three homologous genes were
identified in Sapindales Acer yangbiense. The 10 species were identified in Brassicales, and
4 CIF family genes in Thlaspi arvense and Eutrema Salsugineum, 5 CIF family genes were
identified in Capsella rubella and A. thaliana, 6 homologous genes in B. cretica and Hirschfeldia
incana, 7 in Brassica Rapa, 10 in B. napus, 11 in Sinapis Alba, and 16 in Brassica carinata. In
Salicales, two homologous genes were identified in Salix suchowensis, and three homologous
genes were identified in Populus trichocarpa. Two homologous genes were identified in
Rosales Rosa chinensis. In Fabales, two CIF homologous genes were identified in Medicago
truncatula, four in Arachis hypogaea, and eleven in G. max. Upon investigation, it was
discovered that the Cruciferae family exhibits a relatively high number of CIF gene families,
and the phylogenetic tree analysis showed that the genetic relationship was relatively
close. However, CIF gene homologous sequences were not identified in algae, ferns, and
bryophytes. One CIF homologous sequence was identified in each of the gymnosperm
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spruce and ginkgo leaves, which belonged to the same branch as AtTWS1. It is inferred
from Figure 1 that CIF originated from Spermatophyta, and the widespread existence of
cross-homologous lineages proves that the CIF gene family may have originated before the
separation of gymnosperms and angiosperms.

g Capsella rubella (5)
Eutrema Salsugineum (4) Populus richocarpa(3)

Salix suchowensis (2)

) Glycine max (11)
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Figure 1. The illustrated relationships of the CIF gene family in 33 plant species. The numbers in
parentheses indicate the number of CIF family members in each species. Red denotes the gene family
associated with dicotyledonous plants in angiosperms, purple with monocotyledonous plants, green
with the phylogenetic relationships associated with gymnosperms, and gray with the lower plants.

2.2. Analysis of Gene Characteristics and Chromosome Localization of PatCIF Genes

To further study the structural characteristics of the PatCIF genes, the Motif structure
and gene structure of PatCIFs were visualized by MEME online tool and TBtools software
(Figure 2). The results showed that the number of motifs in each member of the PatCIF
gene family was not the same since PatCIF1—4 had four conserved motifs, PatTWS1—4 and
PatTWS6-8 contained six conserved motifs, and PatTWS5 had only three conserved motifs
(Figure 2a). According to the distribution of these conserved motifs, the PatCIF genes can
be roughly divided into two groups: PatCIFs and PatTWSs. In addition, the members of the
PatCIF gene family encompass two to six exons and one to five introns (Figure 2b).

Within the genome of P. cablin, 12 CIF genes were identified, each located on
distinct chromosomes. By extracting the relevant data from the genome annotation
file and utilizing the Tbtools for visualization, the distribution map of the PatCIFs
and the genetic distance among genes were shown in Figure 3. In detail, PatCIF1-
4 is located on chromosomes 1,33, 2, and 34, respectively. Moreover, PatTWS1—4 is
found on chromosomes 10, 41, 9, and 42, while PatTWS5-8 is located on chromosomes
19, 20, 52, and 51, respectively.
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Figure 2. Conserved motifs (a) and gene structure (b) of PatCIF family members in P. cablin. (a) repre-
sents the exon-intron structure of PatCIF, and (b) shows the non-coding region (UTR) and coding
sequence (CDS).

Pawss &= PaTWS?

Chr41
Chr42
ChrSlA
Chr52

Chrl10
Chr19
Chr20
Chr33
CEl

-PaITWS2

Chr(9

—PatTWs4

-PaTWSi

PaiTiVs3

——ParCIF3

Figure 3. Chromosomal mapping of PatCIFs in P. cablin. The left scale 0-60 Mb represents the size of
the chromosome; from left to right, Chr01 to Chr52 represents the names of 12 chromosomes in the P.
cablin genome. Blue to red represent gene density from low to high, respectively.
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2.3. Analysis of Cis-Acting Elements of the PatCIFs

To further study the PatCIFs-related signal pathways or networks, promoter 2000 base
pairs (bps) upstream were selected and extracted to analyze cis-acting elements. The
results indicated that 16 distinct types of cis-elements were identified within the promoter
region of the PatCIF gene family. Among these elements, the number of light-responsive
elements is the largest, followed by those responsive to abscisic acid, indicating that the
PatCIF gene family shows a significant role in plant photomorphogenesis regulation and
the stress response mediated by abscisic acid (Figure 4). Further analysis revealed that
most PatCIF family members encompass auxin, gibberellin, methyl jasmonate, salicylic
acid, other hormone response elements, and stress-related elements. In addition, some
cis-elements related to the stress response pathway were found, such as anaerobic induction,
low-temperature response, drought induction, and defense and stress response elements.
It is worth noting that the PatCIF gene has a specific drought induction at the MYB binding
site, which may mean that PatCIF can bind to and function with MYB under drought
conditions. In addition, within the similar subcluster of the PatCIF gene family, the cis-
regulatory elements of distinct genes exhibit variations, indicating that distinct PatCIF
genes could assume diverse functions in growth, development, and stress responses. The
findings suggest that the PatCIF gene family likely significantly regulates P. cablin growth
and defense mechanisms.

salicylic acid responsiveness

MeJA-responsiveness

PatTws3 —— HTH7 f —— fr— low-temperature responsiveness
PatTWs1 ™ - —! —— " Jight responsiveness
PatTwss ™ L - —- ™ — endosperm-specific negative expression
PatTws2 —{"——™— ™™ ™ g f abscisic acid responsiveness
PatTWs4 - .- endosperm expression
PatTWs8 o B M o o 0 B M - - drought-inducibility (MYB binding site)
PatTWs7 - - e N - [ anaerobic induction

PatCIF3 — e I s e H meristem expression
PatTWS6 - .- - ™ auxin-responsive element

PatCIF2 ™. . - - - ™ anoxic specific inducibility (enhancer)

PatCIF4 — " — —"— """ = 77 protein binding site

PatCIF1 . i e defense and stress responsiveness

5 ‘ ‘ ‘ ‘ ‘ ‘ : ‘ ‘ 3 [ circadian control
0 200 400 600 800 1000 1200 1400 1600 1800 2000 —

auxin responsiveness

Figure 4. Cis-acting elements of PatCIF family members in P. cablin. Using the 2000 bp promoter
region of the upstream sequence of the PatCIF gene, a range of cis-acting elements formed the right
side of the figure.

2.4. Phylogenetic Analysis of the PatCIF Gene Family

The phylogenetic relationships within the PatCIF gene family were subjected to further
investigation. A phylogenetic tree was constructed for 17 CIF protein sequences from
P. cablin and Arabidopsis using MEGA11 (Figure 5). The findings indicate that 17 members
of the PatCIF and AtCIF can be distinctly categorized into two distinct subclusters, Group
A and Group B, respectively. Group A consisted of one Arabidopsis gene and eight P. cablin
genes, while Group B consisted of four Arabidopsis genes and four P. cablin genes. This
suggests that the CIF genes within the P. cablin and Arabidopsis subcluster likely share a
common ancestor and analogous functions. By comparing the CIF genes of P. cablin and
A. thaliana in Figure 5, it was found that the CIF family may have chromosome doubling
events in the P. cablin genome, resulting in increased PatCIF family genes within P. cablin,
making it more numerous than other members. However, it is surprising that group A
consists of one A. thaliana gene and eight P. cablin genes, all of which exhibit a doubling
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trend. This suggests that, in addition to chromosome doubling, other events may have
influenced the doubling of the A subcluster during the evolution of P. cablin. This event
may have a significant impact on the evolution of the PatCIF family.

PatCIF2
Figure 5. Groups A and B are two sub-clusters of Phylogenetic trees of CIF genes in P. cablin (Pat) and
A. thaliana (At).

2.5. Interspecific Collinearity Analysis of the PatCIF Gene Family

To further explore the evolutionary process of the PatCIF family, the collinearity
analysis among species was performed. The dicotyledonous model plant, S. lycopersicum,
and the monocotyledonous model plant, O. sativa, were chosen for pairwise analysis
from the 29 species with homologous genes identified (Figure 6). The results showed
19 significant linear relationships between the CIF family of P. cablin and S. lycopersicum
(Figure 6). In comparison, there were only eight linear relationships between the CIF
family of P. cablin and O. sativa; it becomes apparent that P. cablin’s evolutionary ties
to dicotyledonous plants are more intimate, which is expected that the collinearity is
better conserved. The chromosomes of Chr10, Chr19, Chr30, Chr41, Chr42, Chr51, and
Chr52 had more orthologous genes, and the collinearity was significantly stronger than
other chromosomes. Seven genes, such as PatTWS1-2 and PatTWS4-8, have at least two
pairs of orthologous genes. These orthologous genes may come from common ancestral
genes and may play similar roles in evolution. This coincides with the results of the
phylogenetic analysis.

Chr14957.1 Chr14968.1 Chr14958.1 Chr4966.1 Chr4967.1 Chrl4959.1 Chr14960.1 Chrld9611 Chrl4964.1 Chrl4965.1 Chrl4962.1 Chrl4963.1
] il

Figure 6. Collinearity analysis of P. cablin with species O. sativa or S. lycopersicum. The gray lines
in the figure identify the collinearity region, while the blue lines indicate the PatCIF homologous
gene pairs.

2.6. PatCIF Genes Expression Analysis

In the previous analysis of cis-acting elements, it was found that the PatCIFs promoter
region has many elements that respond to stress and various plant hormone signals, indi-
cating that PatCIFs genes make a significant contribution to the stress regulation response
mechanism of plants. To further explore the potential response mechanism of P. cablin under
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CCOs and detect the related response genes, CIF and GSO1 genes associated with CCOs
were screened out in the transcriptome data (NCBI Accession Number: PRJNA850618) [45].
The cluster heat map of the transcripts of four CIF genes and eight GSO1 genes was con-
structed (Figure 7). The findings showed that the CIF expression and GSO1 genes in the
roots of P. cablin, in response to p-HBA, can be categorized into two groups: inhibited
p-HBA and promoted expression p-HBA [46]. In the first group, relative to the 0 h, gene
expression was markedly suppressed at 6 h, 12 h, or 24 h. Subsequently, the expression
of certain genes was observed to increase at 48 h or 96 h, suggesting that p-HBA initially
inhibited the expression of these genes, and its inhibition gradually diminished with the
passage of time or p-HBA consumption. Seven genes, including PatCIF1, PatCIF2, PatCIF3,
PatCIF4, PatGSO1b, PatGSO1c, and PatGSOIf, are in this type. In the second group, p-HBA
treatment can stimulate the expression of PatGSO1a, PatGSO1d, PatGSOle, PatGSO1h, and
PatGSO1g compared to the 0 h, albeit with varying response times. In detail, the gene
expression of PatGSO1d was higher at 6 h and then declined. The expression levels of the
genes PatGSO1a, PatGSO1g, and PatGSOle peaked at 12 h. The PatGSO1h gene expression
was substantially down-regulated at 96 h. Remarkably, the genes PatCIF1 and PatCIF2 were
highly expressed before p-HBA treatment and dramatically decreased at 6 h, implying that
p-HBA significantly affects the expression of two key genes and Casparian strip integrity
under CC conditions. The marked variations in the upregulation and downregulation
of these genes could disrupt the normal development of the Casparian strip, compro-
mise the resilience of P. cablin against adversity, and ultimately result in the occurrence of
CCOs. Nevertheless, these genes’ precise functions and mechanisms require additional
experimental validation and thorough investigation.

.. PatGSO1d 2.00
1.50
— PatGSOla 1.00
. PatGSOle 0-50
0.00
—.. .l PatGSOlg -0.50
-1.00
—. PatGSO1h -1.50
-2.00
| Bl Bl o
B W oo
.. PatGSO1b

PatGSOlc

PatCIF3

PatCIF]
PatCIF2

6*‘6’*"?9&90596’*‘
R OAYRSRY
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< <«

Figure 7. Expression of PatCIF and PatGSO1 genes at different times treated by p-HBA. The ruler at
the top right reflects the change in gene expression level, and its color gradually changes from red to
blue, representing the transition from positive to negative.
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Gene Name
AtCIF]
AtCIF2
AtCIF3
AtCIF4
PatCIF1
PatCIF?2
PatCIF3
PatCIF4

2.7. Analysis of Tertiary Structure and Protein Interaction Between PatCIFs and PatGSO1s

To investigate the interaction between PatCIFs and PatGSO1s, four PatCIFs expressed
in the transcriptome were first subjected to multiple sequence alignment with four AtCIF
genes of A. thaliana (Figure 8) [47] based on the similar mature peptide structure. The results
showed the N-terminal of PatCIFs mature peptide contains a conserved DY motif [48,49].
Meanwhile, there is a hydroxyproline motif in the middle and asparagine/histidine in
the C-terminal. Interestingly, the mature peptide sequence of PatCIF1-4 was consistent by
comparison. Subsequently, three downregulated PatGSO1s genes (PatGSO1b, PatGSOlc,
and PatGSOI1f) screened from transcriptome data were selected for further interaction anal-
ysis. AlphaFold3 predicted mature peptide protein sequences in PatGSO1s and PatCIF1-4,
and the model with the highest confidence in the prediction was chosen to construct a
protein interaction map. Combined with NCBI and InterPro domain analysis, the helical
LRR structure was selected for composition analysis (Figure 9). The outer domain of
PatGSO1s contains LRR folded into a super-helical assembly form. It can be seen on the
graph that the structure has about 1.5 helix rotations. This domain provides a key binding
surface for mature PatCIF peptides. The PatGSO1b and 21 amino acids are predicted to
form 11 hydrogen bonds, of which LYS-17 and ASP-683 form two hydrogen bonds. Nine
hydrogen bonds were formed between PatGSOI1c and the mature peptide. The ASP-1 and
ARG-487 formed two hydrogen bonds. PatGSO1f formed six hydrogen bonds, and there
were two hydrogen bonds between ASN-21 and ARG-149, further ensuring the realization
of the interaction function. It is worth noting that the conserved sTyr at the N-terminus
of mature PatCIF interacts with the LRR domain at the N-terminus of PatGSO1b in the
prediction but interacts with the C-terminus of PatGSO1lc and PatGSO1f. It is speculated
that the LRR domain of PatGSO1b is mainly distributed at the N-terminus, while PatGSO1c
and PatGSO1f are primarily distributed at the C-terminus (Figure S1), which in turn affects
the interaction sites. The prediction results verified the signaling pathways of PatCIF and
PatGSO1 to a certain extent, which laid a solid theoretical foundation for the further study
of the biological functions of PatCIF and PatGSO1.

Gene ID Mature PeptideSequence

AT2G16385.1
AT4G34600.1
AT5G04030.1
AT1G28375.1
Pat A01G112600.ml
Pat B01G091200.ml
Pat A02G108200.ml
Pat B02G081600.m1

63-DEIGNNSPSPRLER P --PFKLIPN-83
63-DEIGHSSPKPKLVR P --PFKLIPN-83
45-DEIGSWSPTPKIPRR --SPAPIPH-65
67-DEIGF WNPSPVYGGGFPYPGPVPH-89
68-DEIGNYDPTPALVKP --PFKLIPN-89
63-DEIGNYDPTPALVKP--PFKLIPN-89
66-DEIGNYDPTPALVKP--PFKLIPN-87
67-DEIGNYDPTPALVKP --PFKLIPN-86

Figure 8. Multiple sequence alignments of CIFs in P. cablin and A. thaliana (The conserved sTyr is high-
lighted in red, the hydroxyproline is highlighted in yellow, and the C-terminal asparagine/histidine
is shown in blue).
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Figure 9. PatCIF mature peptide and PatGSO1b, PatGSO1c, PatGSOIf protein interaction prediction
map. (a,ce) is the main view of the binding diagram of PatGSO1b and PatCIF mature peptide,
PatGSOIc and PatCIF mature peptide, PatGSO1f and PatCIF mature peptide; (b,d,f) is the top view
of the binding map of PatGSO1b and PatCIF mature peptide, PatGSOIc and PatCIF mature peptide
binding map, PatGSO1f and PatCIF mature peptide binding map. In (a,c,e), blue is PatGSO1S binding
sticks, yellow is PatCIF mature peptide binding sticks, black font is the name of the binding site,
purple is the binding hydrogen bond, and the number is the length of the binding hydrogen bond.
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2.8. qRT-PCR Validation

In order to further verify the function of PatCIF genes in response to abiotic stress, four
CIF genes (PatCIF1-4) were selected as candidate genes for response to p-HBA according
to the screening results of transcriptome data (Figure 10). The roots of P. cablin seedlings
under 1 mmol/L stress at 0 h, 6 h, and 12 h were detected and analyzed by qRT-PCR. From
Figure 9, it can be seen that under p-HBA stress, all PatCIF genes showed a downward
trend and decreased expression. Among them, PatCIF1 was rapidly downregulated at
6 h, reached the lowest point, and then slowly increased; PatCIF2 was downregulated
at 6 h and 12 h, increased, reached the highest point at 48 h, and decreased. PatCIF3
showed a downward trend and reached the lowest point at 24 h. The PatCIF4 was rapidly
downregulated after treatment and reached the lowest point at 6 h. The downregulation of
these genes shows that p-HBA initially inhibited their expression, and the inhibitory effect
was weakened to varying degrees over time, as well as the consumption of p-HBA. These
results indicate that PatCIFs can respond to p-HBA treatment and may play an important
role in responding to challenges related to CCOs.

PatCIF1 (b) PatCIF2

2.0

=
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=
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Figure 10. Expression levels of PatCIFs genes at 0 h, 6 h, and 12 h under p-HBA treatment. (a) PatCIF1;
(b) PatCIF2; (c) PatCIF3; (d) PatCIF4.
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3. Discussion

As a key gene regulating the barrier in the Casparian strip, CIF affects the absorption
of mineral elements and the integrity of the Casparian strip and regulates tapetum develop-
ment and pollen wall formation [48]. The 12 CIF genes were successfully identified using
bioinformatics analysis. In addition to P. cablin, CIF genes were also found in 29 different
species (Figure 1), indicating that this gene family has a wide distribution and important
functions in the plant kingdom. Via the analysis of these CIF genes, there are relatively more
homologous genes in B. napus, S. Alba, G. max, P. cablin, B. carinata, and T. aestivum since
most of them are tetraploid, and T. aestivum is hexaploid [50]. About 1.1 million years ago,
the genome of P. cablin experienced an LTR-RT insertion event, which may further enrich
the species and number of CIF genes [49]. Genome duplication events, tandem repeats, and
natural selection are likely to shape the diversity of CIF gene families to varying degrees.

This study found that CIF homologous genes in lower and early terrestrial plants were
not found in algae, bryophytes, and ferns. However, one homologous gene was identified in
gymnosperms and expanded on a large scale in angiosperms (Figure 1). Previous research
has indicated that the Casparian strip is present in all vascular plants, encompassing
lycophytes, angiospermes, ferns, and gymnosperms. In contrast, suberin lamellae are found
exclusively in seed plants, which include gymnosperms and angiosperms [51]. Therefore,
it is speculated that the CIF gene may originate together with genes associated with suberin
layer formation; the CIF gene finely regulates the biological function of the Casparian strip,
thereby promoting seed plants to better adapt to the terrestrial environment.

Cis-element analysis revealed that the PatCIF gene family was rich in hormone and
stress response factors (Figure 4). These elements indicate that PatCIFs could be pivotal in
plants” growth, development, and stress response. Studies have shown that in other species,
such as Arabidopsis, the CIF gene is involved in a variety of biological processes, including
maintaining the integrity of the Casparian strip, tapetum development, pollen wall forma-
tion [48], and embryonic epidermis formation [52]. These findings further corroborate the
perspective that PatCIF genes also play a pivotal role in growth, developmental regulation,
and stress response. Notably, in Arabidopsis, AtCIF1/2 is mainly expressed in the root stele.
Under low potassium conditions, K* in the xylem of ciflcif2 mutant is relatively reduced,
indicating that AtCIF1/2 has an essential effect on K* uptake and accumulation in Arabidop-
sis [31]. In addition, the study found that under salt stress, the Casparian strip-related
gene GSOI1 can effectively inhibit the entry of Na* ions into the vascular tissue system
and avoid potential damage to the fragile stem cells in the meristem. This mechanism
of action is achieved by protecting the integrity of the meristem, thereby activating the
50652-5051 module mediated by the receptor-like kinase to ensure that the root system can
still maintain its growth function in harsh environments [32]. The biological function of the
P. cablin PatCIF gene family requires further experimental verification.

The collinearity analysis between P. cablin, O. sativa, and S. lycopersicum found 19 and
8 collinearity relationships between P. cablin and S. lycopersicum or O. sativa, respectively.
These collinearity relationships suggest that the PatCIF family of P. cablin may share some
key gene arrangements and functions with S. lycopersicum and O. sativa during the long
evolutionary process. This sharing may be derived from their common ancestors or
through mechanisms such as horizontal gene transfer during evolution. This finding helps
to understand the evolutionary process of the PatCIF family in P. cablin. It provides a new
perspective for studying the genetic relationship between P. cablin, S. lycopersicum, and
O. sativa. In addition, through transcriptome and qRT-PCR analysis, we observed that
the PatCIF gene showed a downward trend, indicating that p-HBA significantly affected
the expression of CIF key genes under continuous cropping conditions. The significant
downregulation of these gene expressions may interfere with the normal development of
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the Casparian strip, weaken the resistance of P. cablin to adversity, and ultimately lead to
the occurrence of CCOs.

As a kind of traditional medical plant, P. cablin is faced with the problem of CCOs in
production practice, which seriously restricts the sustainable development of its industry.
Due to long-term continuous planting on the same land, CCOs frequently result in alter-
ations to soil physical and chemical properties, shifts in the structure of microorganisms,
exacerbation of soil-borne diseases, and significant allelopathic autotoxicity [53,54]. Previ-
ous research has established that p-HBA is the primary allelochemical responsible for the
CCOs of P. cablin.

In this study, the transcriptome data of p-HBA-treated P. cablin roots were intensely
mined, and 12 potential p-HBA stress-responsive genes, namely PatCIFs and PatGSO1s,
were successfully identified. These genes showed different expression patterns under
p-HBA stress. Among them, PatCIF1—4, PatGSO1b, PatGSOlc, and PatGSOI1f expressions
were downregulated. This alteration in expression could disrupt the typical development
of the Casparian strip, potentially diminishing P. cablin resilience to stress. Further, this
phenomenon could result in the appearance of CCOs and adversely affect the growth and
development of P. cablin. Moreover, this allows the allelochemicals to enter the vascular
bundle via the incomplete Casparian strip and carry out long-distance transportation,
thereby seriously disrupting plant metabolism, affecting plant growth and development,
and ultimately causing CCOs of P. cablin. At the same time, the expression of other
PatGSO1 genes was upregulated, potentially restoring the integrity of the Casparian strip
to some degree and decelerating the penetration of allelochemicals into the plant’s vascular
bundles. The findings offer a novel perspective and potential solution for understanding
the molecular mechanism behind P. cablin’s response to CCOs. Nevertheless, the precise
roles of these candidate genes remain to be studied and confirmed in greater detail.

4. Materials and Methods
4.1. Genome-Wide CIF Identification in P. cablin

A. thaliana genomic data were reliably received from the TAIR (https://www.
arabidopsis.org/), the genome sequence file, protein sequence, and gene structure annota-
tion file for P. cablin from the GSA (https:/ /ngdc.cncb.ac.cn/gsa/, accessed on 14 May 2024)
(accession number: CRA004172) [49]. Five CIF proteins from A. thaliana have extracted
amino acid sequences using TBtools (v2.084) [55]. The G. max, C. richardii genome data
were downloaded from the phytozome website (https://phytozome-next.jgi.doe.gov/),
the wheat genome data were downloaded from the wheat gene network (https://www.
wheatgenome.org/), the Populus trichocarpa, S. lycoperisum, P. patens were downloaded from
the ensemble website, the G. biloba genome was downloaded on the G. biloba gene network
(http://gigadb.org/dataset/100613#, accessed on 14 May 2024), and the genome data of
R. chinensis, A. hypogaea, O. sativa, and other species were downloaded on the NCBI website
(https:/ /www.ncbi.nlm.nih.gov/).

The Arabidopsis CIF gene protein sequence was aligned with the P. cablin protein
data (eV@u® < 1 x 10%) using BLASTP to obtain homologous sequences and then remove
duplicates. The protein sequence of the A. thaliana CIF gene was compared by BLASTP in
the Picea abies gene network (https:/ /plantgenie.org/).

The Expasy website (https:/ /www.expasy.org/) was utilized to predict the amino acid
count and protein molecular weight of CIF family members, employing the SOPMA online
software (https:/ /npsa-prabi.ibcp.fr/, accessed on 14 May 2024) to predict and analyze the
secondary structure of CIF family proteins.
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4.2. Analysis of Gene Characteristics and Chromosomal Localization of the CIF Small
Peptide Family

The position data for UTR, exons, and introns within the CIF family genes was derived
from the P. cablin genome annotation (gff) file, and a structural map of the CIF genes was
generated utilizing TBtools software. The MEME [56] online (http://meme-suite.org/)
was used to analyze the conserved motifs of CIF proteins. The motifs reached a maximum
of 8 in number, with lengths ranging from 6 to 50 amino acids. For visual analysis, TBtools
software was employed.

The genome annotation file for P. cablin provides detailed information on the lengths
of the plant’s 12 chromosomes and the precise locations of all PatCIF genes on these
chromosomes. With position information and distance connections of all P. cablin PatCIF
gene family members on chromosomes highlighted, the TBtools program was used to
visualize the chromosomal location map of the P. cablin PatCIF gene.

4.3. Cis-Elements Analysis of CIF Gene Family Members in P. cablin

The promoter sequences for the PatCIF genes were obtained 2000 bp upstream of the
transcription start site using TBtools. The PlantCARE (http://bioinformatics.psb.ugent.be/
webtools/plantcare/html/, accessed on 16 May 2024) then helped to find the cis-regulatory
elements inside the PatCIF gene’s promoter region and visualized by Tbtools [57].

4.4. CIF Gene Family Members’ Phylogenetic Analysis in P. cablin

The CIF protein sequence of P. cablin and A. thaliana was compared using a muscle
program, and the outcomes of this comparison were employed to predict the optimal model
via ProtTest 3 [58]. MEGA11 software [59], using the maximum likelihood approach, built
the phylogenetic tree of CIF protein in P. cablin and Arabidopsis; the CIF protein sequences
found in 29 species were compared using the Neighbor Joining (N]) technique and then
visualized by ITOL online tool (https:/ /itol.embl.de/, accessed on 15 May 2024).

4.5. CIF Gene Family Members’ Interspecific Collinearity Analysis in P. cablin

The homology of CIF family members of P. cablin, S. lycopersicum, and O. sativa was
analyzed using the MCScanX [60]. Subsequently, TBtools software [55] was used to generate
a collinearity analysis diagram to visually display the genetic relationship of CIF family
members among species.

4.6. PatCIF Gene Family Members” Expression Study in P. cablin

Based on the preceding transcriptomic analysis of P. cablin roots, transcriptomic data
were acquired for P. cablin roots at various time intervals (0 h, 6 h, 12 h, 24 h, 48 h, and 96 h)
following exposure to p-HBA. The raw data mentioned above have been uploaded to the
NCBI (https:/ /www.ncbinlm.nih.gov/) SRA (sequence read file) with the “PRJNA850618”
accession number.

The transcriptomic data pertinent to the CIF gene were obtained from the aforemen-
tioned transcriptome dataset and were initially screened by Microsoft Office 2019’s Excel
software. The data were subsequently processed using TBtools software (v2.084), and the
clustering heat map was generated.

4.7. RNA Extraction, cDNA Synthesis, and qRT-PCR Analysis in P. cablin

To analyze the PatCIFs gene expression pattern, P. cablin seedlings were treated with
1 mmol/L p-HBA stress. RNA extraction follows the instructions provided in the Plant
RNA Extraction Kit (DP452, Tiangen, Beijing, China). The cDNA Synthesis Kit (MR05101,
Monad, Suzhou, China) Reverse transcription of extracted RNA into cDNA. Four CIF
genes were amplified using PerfectStart Green gPCR SuperrMix (AQ601, TransGen, Beijing,
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China). The O h, 6 h, and 12 h cDNA were used as templates, and 185rRNA was used as an
internal reference gene. The primer pairs used for qRT-PCR analysis are shown in Table 3.
Three replicates were set for each sample. After the reaction, the expression levels of four
CIF genes were calculated by the 2~ 22CT method.

Table 3. Primer sequences of PatCIF1—4 utilized in quantitative reverse transcription polymerase
chain reaction (QRT-PCR) experiments.

Gene Name Forward Primer Sequence (5 — 3’)  Reverse Primer Sequence (5 — 3')
PatCIF1 GCTACCAGTGGTGTCAAAGGA AGGTGGCTTAACGAGTGCTG
PatCIF2 AGCTACCAGTGGTGTCAAATGA AGTGCTGGCGTAGGATCATAAT
PatCIF3 CTTCTGAAGGTCGGAGAGTGAAT TGGCGTAGGATCATAATTCCCA
PatCIF4 TTCTTTTGCAGGTCGGAGAGT AGTGCTGGCGTAGGATCATAAT

18S rRNA CCGACCATAAACGATGCCGACC TTTCAGCTTTGCAACCATACTCC

4.8. The Tertiary Protein Structure and Protein Interaction Analysis of the PatCIFs and PatGSO1s
in P. cablin

High-expressed PatCIFs and PatGSO1s were selected for further analysis based on
transcriptome data. The protein sequences of the selected genes were retrieved from the
genome file, and multiple sequence alignments were performed. The tertiary structure
of PatGSO1s and the interaction between PatGSO1s and mature peptides in PatCIFs were
predicted on the AlphaFold Server [61] online website (https://golgi.sandbox.google.
com/). Combined with NCBI Conserved Domains and InterPro domain prediction, the data
were further processed in PyMol (v3.0) software, and the interaction diagram was drawn.

5. Conclusions

P. cablin is a traditional southern medicine, spice, and medicine food homology plant
in China, which holds significant pharmaceutical and commercial value. However, CCOs
often restrict yield and quality. The CIF is a pivotal gene responsible for the development
and maintenance of the Casparian strip, playing a crucial role in plant stress responses. In
this research, the CIF gene family of P. cablin was systematically screened and identified at
the genome-wide level. The characteristics of the family members, such as composition
structure, physical and chemical properties, and evolutionary relationships, were analyzed.
The distribution and evolution of the CIF gene family in different species and its potential
functions in plant growth, development regulation, and stress response were preliminarily
explored. Furthermore, by analyzing the transcriptome data, a series of potential stress
response genes closely related to the CCOs of P. cablin were excavated, and qRT-PCR
experiments verified that the gene expressions of PatCIFs were inhibited under p-HBA
induction. AlphaFold3 predicted the mature peptide CIFs-GSO1s protein interaction of
P. cablin. The results of this study laid a theoretical foundation for further analysis of the
biological function of PatCIFs and their roles in CCOs. They provided a new idea for
solving the problem of CCOs of P. cablin. However, the biological functions of these genes
need further experimental verification. Future studies will focus on verifying the biological
functions of these genes in different development, growth, and stress of P. cablin to reveal
their contribution to species evolution and environmental adaptation.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/1jms26041568 /s1.

Author Contributions: Conceptualization, J.F.,, Y.S.,S.L., Y.L. and X.R.; methodology, ].F,, Y.S. and
M.Z.U.H,; software, J.E, Y.S. and S.L.; validation, J.E, Y.S., S.L. and Y.W,; formal analysis, J.E, Y.S.,S.L.,
Y.L. and X.R,; investigation, J.F.,, ¥.S., S.L., M.Z.U.H., Y.L. and X.R; resources, ].E, Y.S,,S.L., YL, X.R.,
M.Z.U.H. and Y.W.; data curation, J.E,, Y.S., S.L. and M.Z.U.H.; visualization, J.F.,, S.L., M.Z.U.H. and


https://golgi.sandbox.google.com/
https://golgi.sandbox.google.com/
https://www.mdpi.com/article/10.3390/ijms26041568/s1
https://www.mdpi.com/article/10.3390/ijms26041568/s1

Int. J. Mol. Sci. 2025, 26, 1568 17 of 20

Y.S.; writing—original draft preparation, J.F,, Y.S., S.L., Y.L. and X.R.; writing—review and editing,
JE,YS,SL, M.ZUH., YW, YL. and X.R,; supervision, Y.L. and X.R.; project administration, Y.L.
and X.R.; funding acquisition, Y.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was financially supported by the National Natural Science Foundation of China
(No. 82304658), the Hainan Provincial Natural Science Foundation of China (No. 824RC502), Startup
Funding from Hainan University (No. KYQD(ZR)23018), and the Foundation of Key Laboratory of
Tropical Crops Nutrition of Hainan province, Zhanjiang, China (No. 23KLTCNO1).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are openly available in NCBI at
https:/ /www.ncbi.nlm.nih.gov/bioproject/ PRINA850618/, accessed on 11 May 2024, reference
number PRJNA850618.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

He, Y;; Peng, F; Deng, C.; Xiong, L.; Huang, Z.; Zhang, R.; Liu, M.; Peng, C. Building an Octaploid Genome and Transcriptome of
the Medicinal Plant Pogostemon cablin from Lamiales. Sci. Data 2018, 5, 180274. [CrossRef]

Li, Z; Chen, Y,; Li, Y;; Zeng, Y.; Li, W.; Ma, X.; Huang, L.; Shen, Y. Whole-Genome Resequencing Reveals the Diversity of Patchouli
Germplasm. Int. . Mol. Sci. 2023, 24, 10970. [CrossRef]

Wu, Y.-G.; Guo, Q.-S.; He, J.-C.; Lin, Y.-F;; Luo, L.-J.; Liu, G.-D. Genetic Diversity Analysis among and within Populations of
Pogostemon cablin from China with ISSR and SRAP Markers. Biochem. Syst. Ecol. 2010, 38, 63-72. [CrossRef]

Santos, P.V.L.; Jerénimo, L.B.; Ribeiro, W.S.C.; Lopes, G.M.; de Castro Leao Neto, ].H.; da Silva, H.B.O.; da Silva, P1.C.; Silva, R.C,;
da Silva, J.K,; Freitas, ].].S.; et al. Exploring the Impact of Seasonal Variations on the Chemical Composition, Antinociceptive, and
Anti-Inflammatory Properties of Pogostemon heyneanus Benth. Essential Oil. Front. Pharmacol. 2024, 15, 1336878. [CrossRef]
Chen, X.; Wang, X.; Wu, D.; Li, ].; Huang, H.; Wang, X.; Zhan, R.; Chen, L. PatDREB Transcription Factor Activates Patchoulol
Synthase Gene Promoter and Positively Regulates Jasmonate-Induced Patchoulol Biosynthesis. J. Agric. Food Chem. 2022, 70,
7188-7201. [CrossRef] [PubMed]

Huang, H.; Wu, D.; Guo, T.; Zhang, D.; Wang, X.; Zhuang, J.; Zou, X.; Gong, L.; Zhan, R.; Chen, L. The PcbZIP44 Transcription
Factor Inhibits Patchoulol Synthase Gene Expression and Negatively Regulates Patchoulol Biosynthesis in Pogostemon cablin. Ind.
Crops Prod. 2022, 188, 115561. [CrossRef]

Xu, F; Cai, W.,; Ma, T.; Zeng, H.; Kuang, X.; Chen, W.; Liu, B. Traditional Uses, Phytochemistry, Pharmacology, Quality
Control, Industrial Application, Pharmacokinetics and Network Pharmacology of Pogostermon cablin: A Comprehensive Review.
Am. J. Chin. Med. 2022, 50, 691-721. [CrossRef] [PubMed]

Wu, D.; Chen, L.; Zhong, B.; Zhang, Z.; Huang, H.; Gong, L.; Zou, X.; Zhan, R.; Chen, L. PCENO3 Interacts with Patchoulol
Synthase to Positively Affect the Enzymatic Activity and Patchoulol Biosynthesis in Pogostemon cablin. Physiol. Plant 2023,
175, €14055. [CrossRef]

Mo, M.; Lin, W.; Zeeshan Ul Haq, M.; Wang, Y.; Yang, E.; Yu, J.; Xia, P. Exogenous Glutathione (GSH/GSSG) Promoted the
Synthesis of Patchoulol and Pogostone, Main Active Components of Pogostermon cablin (Patchouli). Ind. Crops Prod. 2024,
222,119788. [CrossRef]

Feng, Y.; Zhang, H.; Song, X.; Ge, T.; Zhu, J.; Zhou, C.; Cobb, K.; Yan, X.; Ruan, R.; Cheng, P. Microalgae as a Potential Conditioner
for Continuous Cropping Obstacles for Taro (Colocasia esculenta L. Schott) Production. . Clean. Prod. 2022, 369, 133356. [CrossRef]
Tan, G.; Liu, Y.; Peng, S.; Yin, H.; Meng, D.; Tao, J.; Gu, Y; Li, ].; Yang, S.; Xiao, N.; et al. Soil Potentials to Resist Continuous
Cropping Obstacle: Three Field Cases. Environ. Res. 2021, 200, 111319. [CrossRef] [PubMed]

Song, X.; Huang, L.; Li, Y.; Zhao, C.; Tao, B.; Zhang, W. Characteristics of Soil Fungal Communities in Soybean Rotations. Front.
Plant Sci. 2022, 13, 926731. [CrossRef] [PubMed]

Xu, Y,; Ding, H.; Zhang, G.; Li, Z.; Guo, Q.; Feng, H.; Qin, F,; Dai, L.; Zhang, Z. Green Manure Increases Peanut Production by
Shaping the Rhizosphere Bacterial Community and Regulating Soil Metabolites Under Continuous Peanut Production Systems.
BMC Plant Biol. 2023, 23, 69. [CrossRef] [PubMed]

Xiao, Z.; Lu, C.; Wu, Z,; Li, X;; Ding, K.; Zhu, Z.; Han, R,; Zhao, ]J.; Ge, T,; Li, G.; et al. Continuous Cropping Disorders of
Eggplants (Solanum melongena L.) and Tomatoes (Solanum lycopersicum L.) in Suburban Agriculture: Microbial Structure and
Assembly Processes. Sci. Total Environ. 2024, 909, 168558. [CrossRef] [PubMed]


https://www.ncbi.nlm.nih.gov/bioproject/PRJNA850618/
https://doi.org/10.1038/sdata.2018.274
https://doi.org/10.3390/ijms241310970
https://doi.org/10.1016/j.bse.2009.12.006
https://doi.org/10.3389/fphar.2024.1336878
https://doi.org/10.1021/acs.jafc.2c01660
https://www.ncbi.nlm.nih.gov/pubmed/35654756
https://doi.org/10.1016/j.indcrop.2022.115561
https://doi.org/10.1142/S0192415X22500288
https://www.ncbi.nlm.nih.gov/pubmed/35282804
https://doi.org/10.1111/ppl.14055
https://doi.org/10.1016/j.indcrop.2024.119788
https://doi.org/10.1016/j.jclepro.2022.133356
https://doi.org/10.1016/j.envres.2021.111319
https://www.ncbi.nlm.nih.gov/pubmed/34052246
https://doi.org/10.3389/fpls.2022.926731
https://www.ncbi.nlm.nih.gov/pubmed/35812925
https://doi.org/10.1186/s12870-023-04079-0
https://www.ncbi.nlm.nih.gov/pubmed/36726076
https://doi.org/10.1016/j.scitotenv.2023.168558
https://www.ncbi.nlm.nih.gov/pubmed/37979870

Int. J. Mol. Sci. 2025, 26, 1568 18 of 20

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Cheng, F; Ali, M.; Liu, C.; Deng, R.; Cheng, Z. Garlic Allelochemical Diallyl Disulfide Alleviates Autotoxicity in the Root Exudates
Caused by Long-Term Continuous Cropping of Tomato. . Agric. Food Chem. 2020, 68, 11684-11693. [CrossRef]

Tang, L.; Hamid, Y.; Chen, Z.; Lin, Q.; Shohag, M.].I.; He, Z.; Yang, X. A Phytoremediation Coupled with Agro-Production
Mode Suppresses Fusarium Wilt Disease and Alleviates Cadmium Phytotoxicity of Cucumber (Cucumis sativus L.) in Continuous
Cropping Greenhouse Soil. Chemosphere 2021, 270, 128634. [CrossRef] [PubMed]

Wu, E; Ding, Y.; Nie, Y.; Wang, X.-J.; An, Y.-Q.; Roessner, U.; Walker, R.; Du, B.; Bai, J.-G. Plant Metabolomics Integrated
with Transcriptomics and Rhizospheric Bacterial Community Indicates the Mitigation Effects of Klebsiella Oxytoca P620 on
p-Hydroxybenzoic Acid Stress in Cucumber. J. Hazard. Mater. 2021, 415, 125756. [CrossRef] [PubMed]

Liu, X.; Zeeshan Ul Haq, M; Yu, J.; Liu, Y.; Yang, H.; Cui, H.; Yang, D.; Wu, Y. Identification of the CDPK Gene Family in Patchouli
and Functional Analysis in Response to Continuous Cropping Stress. Front. Plant Sci. 2023, 14, 1300073. [CrossRef] [PubMed]
Wang, R.; Zhou, T.; Wang, Y.; Dong, J.; Bai, Y.; Huang, X.; Chen, C. Exploring the Allelopathic Autotoxicity Mechanism of
Ginsenosides Accumulation under Ginseng Decomposition Based on Integrated Analysis of Transcriptomics and Metabolomics.
Front. Bioeng. Biotechnol. 2024, 12, 1365229. [CrossRef]

Liu, Y; Liu, Y;; Zeng, C.; Wang, J.; Nyimbo, W.J; Jiao, Y.; Wu, L.; Chen, T.; Fang, C.; Lin, W. Intercropping with Achyranthes
bidentata Alleviates Rehmannia glutinosa Consecutive Monoculture Problem by Reestablishing Rhizosphere Microenvironment.
Front. Plant Sci. 2022, 13, 1041561. [CrossRef] [PubMed]

Shang, J.-H.; Li, X.-X; Wang, X.-X.; Zhu, H.-T.; Wang, D.; Yang, C.-R.; Zhang, Y.-]. UPLC-MS2 Combined Molecular Networking
Based Discovery of Nortriterpenoids from Biotransformation of Ginsenosides in Sanqi Rhizosphere Soil. |. Ginseng Res. 2024, 48,
535-542. [CrossRef]

Liu, N.; Shao, C.; Sun, H,; Liu, Z,; Guan, Y.; Wu, L.; Zhang, L.; Pan, X.; Zhang, Z.; Zhang, Y.; et al. Arbuscular Mycorrhizal Fungi
Biofertilizer Improves American Ginseng (Panax quinquefolius L.) Growth under the Continuous Cropping Regime. Geoderma
2020, 363, 114155. [CrossRef]

Wang, M.; Deng, J.; Duan, G.; Chen, L.; Huang, X.; Wang, W.; Gong, L.; Zhang, Y.; Yu, K.; Guo, L. Insights into the Impacts
of Autotoxic Allelochemicals from Rhizosphere of Atractylodes lancea on Soil Microenvironments. Front. Plant Sci. 2023,
14,1136833. [CrossRef]

Li, Z.; Alami, M.M.; Tang, H.; Zhao, ].; Nie, Z.; Hu, ].; Shu, S.; Zhu, D.; Yang, T. Applications of Streptomyces [ingyangensis T. and
Bacillus mucilaginosus A. Improve Soil Health and Mitigate the Continuous Cropping Obstacles for Pinellia ternata (Thunb.) Breit.
Ind. Crops Prod. 2022, 180, 114691. [CrossRef]

Yan, W.; Ye, Z.; Cao, S.; Yao, G.; Yu, J.; Yang, D.; Chen, P,; Zhang, J.; Wu, Y. Transcriptome Analysis of Two Pogostemon cablin
Chemotypes Reveals Genes Related to Patchouli Alcohol Biosynthesis. Peer] 2021, 9, €12025. [CrossRef] [PubMed]

Swamy, M.K,; Sinniah, U.R. A Comprehensive Review on the Phytochemical Constituents and Pharmacological Activi-
ties of Pogostemon cablin Benth.: An Aromatic Medicinal Plant of Industrial Importance. Molecules 2015, 20, 8521-8547.
[CrossRef] [PubMed]

Yan, W.; Liu, X,; Cao, S.; Yu, J.; Zhang, J.; Yao, G.; Yang, H.; Yang, D.; Wu, Y. Molecular Basis of Pogostemon cablin Responding to
Continuous Cropping Obstacles Revealed by Integrated Transcriptomic, miRNA and Metabolomic Analyses. Ind. Crops Prod.
2023, 200, 116862. [CrossRef]

Uddin, N.; Li, X.; Ullah, M.W.; Sethupathy, S.; Ma, K.; Zahoor; Elboughdiri, N.; Khan, K.A.; Zhu, D. Lignin Developmental
Patterns and Casparian Strip as Apoplastic Barriers: A Review. Int. |. Biol. Macromol. 2024, 260, 129595. [CrossRef]

Gao, Y.-Q.; Huang, J.-Q.; Reyt, G.; Song, T.; Love, A.; Tiemessen, D.; Xue, P.-Y.; Wu, W.-K; George, M.W.; Chen, X.-Y,; et al.
A Dirigent Protein Complex Directs Lignin Polymerization and Assembly of the Root Diffusion Barrier. Science 2023, 382,
464-471. [CrossRef]

Yan, W.; Cao, S.; Wu, Y.; Ye, Z,; Zhang, C.; Yao, G.; Yu, J.; Yang, D.; Zhang, ]J. Integrated Analysis of Physiological, mRNA
Sequencing, and miRNA Sequencing Data Reveals a Specific Mechanism for the Response to Continuous Cropping Obstacles in
Pogostemon cablin Roots. Front. Plant Sci. 2022, 13, 853110. [CrossRef]

Nakayama, T.; Shinohara, H.; Tanaka, M.; Baba, K.; Ogawa-Ohnishi, M.; Matsubayashi, Y. A Peptide Hormone Required for
Casparian Strip Diffusion Barrier Formation in Arabidopsis Roots. Science 2017, 355, 284-286. [CrossRef] [PubMed]

Chen, C.; He, G,; Li, J.; Perez-Hormaeche, J.; Becker, T.; Luo, M.; Wallrad, L.; Gao, J.; Li, J.; Pardo, ].M.; et al. A Salt Stress-activated
GSO01-5052-SOS1 Module Protects the Arabidopsis Root Stem Cell Niche by Enhancing Sodium Ion Extrusion. EMBO J. 2023,
42,e113004. [CrossRef] [PubMed]

Zhao, Y.; Qin, X,; Tian, X.; Yang, T.; Deng, R.; Huang, ]J. Effects of Continuous Cropping of Pinellia ternata (Thunb.) Breit. on Soil
Physicochemical Properties, Enzyme Activities, Microbial Communities and Functional Genes. Chem. Biol. Technol. Agric. 2021,
8, 43. [CrossRef]

Kamiya, T.; Borghi, M.; Wang, P.; Danku, ].M.C.; Kalmbach, L.; Hosmani, P.S.; Naseer, S.; Fujiwara, T.; Geldner, N.; Salt, D.E.
The MYB36 Transcription Factor Orchestrates Casparian Strip Formation. Proc. Natl. Acad. Sci. USA 2015, 112, 10533-10538.
[CrossRef] [PubMed]


https://doi.org/10.1021/acs.jafc.0c03894
https://doi.org/10.1016/j.chemosphere.2020.128634
https://www.ncbi.nlm.nih.gov/pubmed/33082004
https://doi.org/10.1016/j.jhazmat.2021.125756
https://www.ncbi.nlm.nih.gov/pubmed/34088210
https://doi.org/10.3389/fpls.2023.1300073
https://www.ncbi.nlm.nih.gov/pubmed/38078089
https://doi.org/10.3389/fbioe.2024.1365229
https://doi.org/10.3389/fpls.2022.1041561
https://www.ncbi.nlm.nih.gov/pubmed/36483951
https://doi.org/10.1016/j.jgr.2024.07.004
https://doi.org/10.1016/j.geoderma.2019.114155
https://doi.org/10.3389/fpls.2023.1136833
https://doi.org/10.1016/j.indcrop.2022.114691
https://doi.org/10.7717/peerj.12025
https://www.ncbi.nlm.nih.gov/pubmed/34527441
https://doi.org/10.3390/molecules20058521
https://www.ncbi.nlm.nih.gov/pubmed/25985355
https://doi.org/10.1016/j.indcrop.2023.116862
https://doi.org/10.1016/j.ijbiomac.2024.129595
https://doi.org/10.1126/science.adi5032
https://doi.org/10.3389/fpls.2022.980745
https://doi.org/10.1126/science.aai9057
https://www.ncbi.nlm.nih.gov/pubmed/28104889
https://doi.org/10.15252/embj.2022113004
https://www.ncbi.nlm.nih.gov/pubmed/37211994
https://doi.org/10.1186/s40538-021-00243-6
https://doi.org/10.1073/pnas.1507691112
https://www.ncbi.nlm.nih.gov/pubmed/26124109

Int. J. Mol. Sci. 2025, 26, 1568 19 of 20

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Wang, Z.; Yamaji, N.; Huang, S.; Zhang, X.; Shi, M; Fu, S; Yang, G.; Ma, J.F; Xia, ]. OsCASP1 is Required for Casparian Strip
Formation at Endodermal Cells of Rice Roots for Selective Uptake of Mineral Elements. Plant Cell 2019, 31, 2636-2648. [CrossRef]
Song, T.; Tian, Y.-Q.; Liu, C.-B.; Gao, Y.-Q.; Wang, Y.-L.; Zhang, ].; Su, Y.; Xu, L.-N.; Han, M.-L,; Salt, D.E.; et al. A New Family of
Proteins Is Required for Tethering of Casparian Strip Membrane Domain and Nutrient Homoeostasis in Rice. Nat. Plants 2023, 9,
1749-1759. [CrossRef] [PubMed]

Cui, B.; Liu, R.; Flowers, T.J.; Song, J. Casparian Bands and Suberin Lamellae: Key Targets for Breeding Salt Tolerant Crops?
Environ. Exp. Bot. 2021, 191, 104600. [CrossRef]

Murphy, E.; Smith, S.; De Smet, I. Small Signaling Peptides in Arabidopsis Development: How Cells Communicate Over a Short
Distance. Plant Cell 2012, 24, 3198-3217. [CrossRef]

Okuda, S.; Fujita, S.; Moretti, A.; Hohmann, U.; Doblas, V.G.; Ma, Y.; Pfister, A.; Brandt, B.; Geldner, N.; Hothorn, M. Molecular
Mechanism for the Recognition of Sequence-Divergent CIF Peptides by the Plant Receptor Kinases GSO1/SGN3 and GSO2. Proc.
Natl. Acad. Sci. USA 2020, 117,2693-2703. [CrossRef]

Doblas, V.G.; Smakowska-Luzan, E.; Fujita, S.; Alassimone, J.; Barberon, M.; Madalinski, M.; Belkhadir, Y.; Geldner, N.
Root Diffusion Barrier Control by a Vasculature-Derived Peptide Binding to the SGN3 Receptor. Science 2017, 355, 280-284.
[CrossRef] [PubMed]

Fujita, S. CASPARIAN STRIP INTEGRITY FACTOR (CIF) Family Peptides—Regulator of Plant Extracellular Barriers. Peptides
2021, 143, 170599. [CrossRef] [PubMed]

Doll, N.M.; Royek, S.; Fujita, S.; Okuda, S.; Chamot, S.; Stintzi, A.; Widiez, T.; Hothorn, M.; Schaller, A.; Geldner, N.; et al.
A Two-Way Molecular Dialogue between Embryo and Endosperm Is Required for Seed Development. Science 2020, 367, 431-435.
[CrossRef] [PubMed]

Zhang, H.; Li, X.; Wang, W.; Li, H,; Cui, Y,; Zhu, Y.; Kui, H.; Yj, J.; Li, J.; Gou, X. SERKs Regulate Embryonic Cuticle Integrity
through the TWS1-GSO1/2 Signaling Pathway in Arabidopsis. New Phytol. 2022, 233, 313-328. [CrossRef]

Royek, S.; Bayer, M.; Pfannstiel, J.; Pleiss, J.; Ingram, G.; Stintzi, A.; Schaller, A. Processing of a Plant Peptide Hormone Precursor
Facilitated by Posttranslational Tyrosine Sulfation. Proc. Natl. Acad. Sci. USA 2022, 119, €2201195119. [CrossRef] [PubMed]
Yan, W.; Cao, S.; Liu, X; Yao, G.; Yu, J.; Zhang, J.; Bian, T.; Yu, W.; Wu, Y. Combined Physiological and Transcriptome
Analysis Revealed the Response Mechanism of Pogostemon cablin Roots to P-Hydroxybenzoic Acid. Front. Plant Sci. 2022,
13, 980745. [CrossRef]

Su, Y.; Zeeshan Ul Haq, M,; Liu, X,; Li, Y;; Yu, J.; Yang, D.; Wu, Y.; Liu, Y. A Genome-Wide Identification and Expression Analysis of
the Casparian Strip Membrane Domain Protein-like Gene Family in Pogostemon cablin in Response to p-HBA-Induced Continuous
Cropping Obstacles. Plants 2023, 12, 3901. [CrossRef] [PubMed]

Zhang, Y.; Zhang, Q.; Zhou, J.; Zou, Q. A Survey on the Algorithm and Development of Multiple Sequence Alignment. Brief.
Bioinform. 2022, 23, bbac069. [CrossRef] [PubMed]

Truskina, J.; Briick, S.; Stintzi, A.; Boeuf, S.; Doll, N.M.; Fujita, S.; Geldner, N.; Schaller, A.; Ingram, G.C. A Peptide-
Mediated, Multilateral Molecular Dialogue for the Coordination of Pollen Wall Formation. Proc. Natl. Acad. Sci. USA
2022, 119, €2201446119. [CrossRef]

Shen, Y.; Li, W.,; Zeng, Y.; Li, Z.; Chen, Y.; Zhang, ]J.; Zhao, H.; Feng, L.; Ma, D.; Mo, X; et al. Chromosome-Level and
Haplotype-Resolved Genome Provides Insight into the Tetraploid Hybrid Origin of Patchouli. Nat. Commun 2022, 13, 3511.
[CrossRef] [PubMed]

Levy, A.A.; Feldman, M. Evolution and Origin of Bread Wheat. Plant Cell 2022, 34, 2549-2567. [CrossRef]

Su, Y,; Feng, T.; Liu, C.-B.; Huang, H.; Wang, Y.-L.; Fu, X.; Han, M.-L.; Zhang, X.; Huang, X.; Wu, J.-C; et al. The Evolutionary
Innovation of Root Suberin Lamellae Contributed to the Rise of Seed Plants. Nat. Plants 2023, 9, 1968-1977. [CrossRef]

Meinke, D.W. Genome-Wide Identification of EMBRYO-DEFECTIVE (EMB) Genes Required for Growth and Development in
Arabidopsis. New Phytol. 2020, 226, 306-325. [CrossRef] [PubMed]

Zeeshan Ul Hag, M.; Yu, J.; Yao, G.; Yang, H.; Iqbal, H.A.; Tahir, H.; Cui, H.; Liu, Y.; Wu, Y. A Systematic Review on the Continuous
Cropping Obstacles and Control Strategies in Medicinal Plants. Int. J. Mol. Sci. 2023, 24, 12470. [CrossRef] [PubMed]

Song, T.; Chen, ].-X,; Shan, L.-M.; Qian, Y.-C.; Chen, M.-X.; Han, ].-G.; Zhu, E-Y. Allelopathy Research on the Continuous Cropping
Problem of Poplar (Populus). Phytochem. Rev. 2024, 23, 1477-1495. [CrossRef]

Chen, C,; Wu, Y,; Li, J.; Wang, X.; Zeng, Z.; Xu, ].; Liu, Y.; Feng, ].; Chen, H.; He, Y,; et al. TBtools-II: A “One for All, All for One”
Bioinformatics Platform for Biological Big-Data Mining. Mol. Plant 2023, 16, 1733-1742. [CrossRef]

Bailey, T.L.; Johnson, J.; Grant, C.E.; Noble, W.S. The MEME Suite. Nucleic Acids Res. 2015, 43, W39-W49. [CrossRef]

Lescot, M.; Déhais, P.; Thijs, G.; Marchal, K.; Moreau, Y.; Van de Peer, Y.; Rouzé, P.; Rombauts, S. PlantCARE, a Database of Plant
Cis-Acting Regulatory Elements and a Portal to Tools for in Silico Analysis of Promoter Sequences. Nucleic Acids Res. 2002, 30,
325-327. [CrossRef] [PubMed]

Darriba, D.; Taboada, G.L.; Doallo, R.; Posada, D. ProtTest 3: Fast Selection of Best-Fit Models of Protein Evolution. Bioinformatics
2011, 27, 1164-1165. [CrossRef]


https://doi.org/10.1105/tpc.19.00296
https://doi.org/10.1038/s41477-023-01503-z
https://www.ncbi.nlm.nih.gov/pubmed/37653341
https://doi.org/10.1016/j.envexpbot.2021.104600
https://doi.org/10.1105/tpc.112.099010
https://doi.org/10.1073/pnas.1911553117
https://doi.org/10.1126/science.aaj1562
https://www.ncbi.nlm.nih.gov/pubmed/28104888
https://doi.org/10.1016/j.peptides.2021.170599
https://www.ncbi.nlm.nih.gov/pubmed/34174383
https://doi.org/10.1126/science.aaz4131
https://www.ncbi.nlm.nih.gov/pubmed/31974252
https://doi.org/10.1111/nph.17775
https://doi.org/10.1073/pnas.2201195119
https://www.ncbi.nlm.nih.gov/pubmed/35412898
https://doi.org/10.3389/fpls.2022.980745
https://doi.org/10.3390/plants12223901
https://www.ncbi.nlm.nih.gov/pubmed/38005798
https://doi.org/10.1093/bib/bbac069
https://www.ncbi.nlm.nih.gov/pubmed/35272347
https://doi.org/10.1073/pnas.2201446119
https://doi.org/10.1038/s41467-022-31121-w
https://www.ncbi.nlm.nih.gov/pubmed/35717499
https://doi.org/10.1093/plcell/koac130
https://doi.org/10.1038/s41477-023-01555-1
https://doi.org/10.1111/nph.16071
https://www.ncbi.nlm.nih.gov/pubmed/31334862
https://doi.org/10.3390/ijms241512470
https://www.ncbi.nlm.nih.gov/pubmed/37569843
https://doi.org/10.1007/s11101-024-09948-6
https://doi.org/10.1016/j.molp.2023.09.010
https://doi.org/10.1093/nar/gkv416
https://doi.org/10.1093/nar/30.1.325
https://www.ncbi.nlm.nih.gov/pubmed/11752327
https://doi.org/10.1093/bioinformatics/btr088

Int. J. Mol. Sci. 2025, 26, 1568 20 of 20

59.

60.

61.

Tamura, K.; Stecher, G.; Kumar, S. MEGA11: Molecular Evolutionary Genetics Analysis Version 11. Mol. Biol. Evol. 2021, 38,
3022-3027. [CrossRef] [PubMed]

Wang, Y.; Tang, H.; Wang, X.; Sun, Y.; Joseph, P.V.; Paterson, A.H. Detection of Colinear Blocks and Synteny and Evolutionary
Analyses Based on Utilization of MCScanX. Nat. Protoc. 2024, 19, 2206-2229. [CrossRef]

Abramson, ].; Adler, J.; Dunger, J.; Evans, R.; Green, T.; Pritzel, A.; Ronneberger, O.; Willmore, L.; Ballard, A.J.; Bambrick, J.; et al.
Accurate Structure Prediction of Biomolecular Interactions with AlphaFold 3. Nature 2024, 630, 493-500. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1093/molbev/msab120
https://www.ncbi.nlm.nih.gov/pubmed/33892491
https://doi.org/10.1038/s41596-024-00968-2
https://doi.org/10.1038/s41586-024-07487-w
https://www.ncbi.nlm.nih.gov/pubmed/38718835

	Introduction 
	Results 
	Identification of PatCIF Genes and Their Physicochemical Characteristics 
	Analysis of Gene Characteristics and Chromosome Localization of PatCIF Genes 
	Analysis of Cis-Acting Elements of the PatCIFs 
	Phylogenetic Analysis of the PatCIF Gene Family 
	Interspecific Collinearity Analysis of the PatCIF Gene Family 
	PatCIF Genes Expression Analysis 
	Analysis of Tertiary Structure and Protein Interaction Between PatCIFs and PatGSO1s 
	qRT-PCR Validation 

	Discussion 
	Materials and Methods 
	Genome-Wide CIF Identification in P. cablin 
	Analysis of Gene Characteristics and Chromosomal Localization of the CIF Small Peptide Family 
	Cis-Elements Analysis of CIF Gene Family Members in P. cablin 
	CIF Gene Family Members’ Phylogenetic Analysis in P. cablin 
	CIF Gene Family Members’ Interspecific Collinearity Analysis in P. cablin 
	PatCIF Gene Family Members’ Expression Study in P. cablin 
	RNA Extraction, cDNA Synthesis, and qRT-PCR Analysis in P. cablin 
	The Tertiary Protein Structure and Protein Interaction Analysis of the PatCIFs and PatGSO1s in P. cablin 

	Conclusions 
	References

