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Embryogenic and regenerable tissue cultures are widely used in plant transformation. To dissect the molecular mechanism of
embryogenesis, we used inbred line A188 as the material; the immature embryo of kernels (15 day after pollination, 15DAP) was
isolated and cultured in inducing medium and subjected to RNA-Seq. The results revealed that 5,076 differentially expressed genes
(DEGs) were involved in morphological and histological changes and endogenous indole-3-acetic acid (IAA) alteration.
Functional analysis showed that the DEGs were related to metabolic pathways and biosynthesis of secondary metabolites. In
particular, ARF16 and ARF8 genes of auxin response factors (ARF) were upregulated from EC to IDC and EC to IRC. Meanwhile,
BBM2, SERK1, and SERK2 genes of the embryogenic pathway were upregulated, and WIP2 and ESR genes of the wound-inducible
were upregulated from EC to IDC and EC to IRC. These changes can improve conversion efficiency from EC to IRC, which is

important for elucidating the underlying molecular mechanisms of callus formation.

1. Introduction

Maize is the main feed and food crop in the world and is very
important for humans and livestock. In recent years, maize
has changed from a single food crop and feed crop to a cash
crop and industrial raw material. The genetic improvement
of food crops, including conventional technology and bio-
technology, is important for the needs of 8.3 billion people
[1, 2]. Currently, most of the maize genetic engineering
systems still greatly depend on callus induction from young
embryos (called embryonic callus), which is the prerequisite
for the genetic transformation of maize inbred lines [3]. The
genetic transformation of maize mainly depends on the in
vitro callus formation of young embryos, which is the
process of plant cells to regain totipotency and is an im-
portant process of plant cell fate transformation. Callus
induction from young embryos is strongly genotype-de-
pendent; only specific genotypes have embryogenic com-
petence in tissue culture and are able to develop callus [4].
The study shows that the callus induction rate of maize is

related to the genotype of maize. Many maize inbred lines
barely induce callus formation or the callus induction rate is
very low [5-7]. Therefore, this genotype-dependent culture
limits the application of crop improvement [8].

Callus formation is an important factor affecting maize
genetic transformation efficiency, and the regulatory molecular
mechanisms of embryogenesis remain unclear. It is commonly
believed that embryogenesis mainly involves lots of cell
reprogramming and signal activation [9, 10]. The efficiency of
embryogenesis dedifferentiation is a quantitative trait, which is
controlled by additive gene effects. Pan et al. mapped five
QTLs (quantitative trait loci) on chromosomes 1, 3, 7, and 8
by composite interval mapping, which explained 5.25-23.4%
of the phenotypic variation [11, 12].

Inbred line A188 has been widely used in genetic im-
provement due to its high embryogenic efficiency and re-
generation ability [13-17]. To reveal the molecular
mechanisms of callus induced and/or regeneration, imma-
ture embryo of A188 was cultured in the initiation and
regeneration medium, and the transcriptome on callus (at
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different states) of the A188 was analyzed by RNA-se-
quencing (RNA-Seq). We expect to find key genes of embryo-
derived embryonic callus and provide a foundation for crop
tissue culture.

2. Materials and Methods

2.1. Plant Material and Tissue Culture. The maize inbred line
A188 was grown in an experimental field at the Huazhong
Agricultural University (Wuhan, China). Ears were harvested
at the 15™ DAP (days after pollination), and the immature
embryo was isolated and cultured in N6 medium (Table S1) at
28°C for 60 days [18, 19]. Callus can be divided into three types
according to the characteristics of color, hardness, and gran-
ulation. The callus, with bright color and similar dryness, was
embryogenic. The callus without complete dedifferentiation
showed that most radicles and buds were present, and there
were no small granular thin-wall callus cells. The other kind of
callus was dark brown and could not be cultured in bands. The
embryogenic callus was selected for further culture, and a large
number of embryogenic calluses were transferred to the dif-
ferentiation medium for differentiation. The culture conditions
were 28°C and 16/8 h photoperiod, and regeneration seedlings
were obtained after 30 days.

2.2. RNA-Seq Library Construction and Sequencing. Total
RNA was isolated from callus after morphological classifi-
cation using a plant RNA kit (OMEGA) [20]. RNA quality was
checked by the Bioanalyzer (2100, Agilent Technologies, Palo
Alto, CA, USA). The mRNA was enriched using oligo (dT)
magnetic beads [21]. The target mRNA was reversely transcribed
to cDNA, phosphorylated at the 5 end, adhered to “A” base at
the 3’ end, and ligated with adapters [22, 23]. The products were
amplified by two specific primers and prepared using the
Nlumina TruSeq Stranded Total RNA HT Library Preparation
Kit (Ilumina). Transcriptional sequencing was performed on
the Illumina HiSeqTM 2500 by Shanghai OE Biotech Co., Ltd.

2.3. Sequencing Analysis and Differential Expression Analysis.
The B73 reference genomic and annotated files were used as
the database [24]. The software HTSEQ-count was used to
the reads of each gene [25, 26], and the software Cuftlinks
was used to calculate the FPKM (fragments per kilobase per
million mapped fragments) values [27].

The reads containing ploy-N and the low-quality reads of
raw data were removed using Trimmomatic [28, 29]. The
resulting clean reads were mapped to the B73 reference
genome [26]. DEGs were identified using the DESeq
according to the following criteria-fold change >2 and
corrected P value < 0.05 [30-36]. All DEGs were mapped to
each term in the gene ontology database (http://www.
geneontology.org/), and Gene Ontology (GO) enrichment
analysis was performed using WEGO 2.0 [37-39]. Pathway
enrichment analysis of DEGs was performed using the
Kyoto Encyclopedia of Genes and Genomes (KEGG) da-
tabase (http://www.genome.jp/kegg/) [40]. The GO terms
and pathways with P value < 0.05 and FDR<0.01 were
considered to be significantly enriched in DEGs [23].
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2.4. Real-Time PCR Validation. Eight DEGs were selected
for qQRT-PCR verification. The primers were designed using
Primer Premier 5.0. Total RNA was reversely transcribed
into ¢cDNA using a ¢cDNA synthesis kit (Thermo Fisher
Science). The qRT-PCR was performed using the CFX96
Real-time system [41, 42], according to the method used by
Petersen [43], and actin was used as the internal reference.
The standard error among the three biological replicates was
calculated.

2.5. Accession Numbers. The raw data of RNA-Seq have been
submitted to https://ngdc.cncb.ac.cn/:PRJCA009242. Tem-
porary Submission ID: subPRO013562; PRJCA009242 rec-
ords will be accessible upon publication on the indicated
release date.

3. Results

3.1. Callus Culture and Phenotype Identification.
According to transformation of morphological feature, after
three cycles of induction culture, callus was produced in
most of the immature embryo, and callus obtained can be
divided into three categories, according to the morpho-
logical characteristics (Figure 1). A part of the callus which
only expanded, accompanied by a large number of non-
removable root bud structures, was named incomplete de-
differentiation callus (IDC). However, in the materials that
produced callus, two kinds of callus exist simultaneously:
callus that was yellow, loose, and small granular, and the
other was the browning dead, which cannot be further
cultured, which were named embryonic callus (EC) and
browning dead callus (BDC), respectively. Regeneration
plants were redifferentiated from the embryogenic callus,
and incipient callus was produced. After 10 days of re-
generation, incipient redifferentiation callus (IRC) was
produced on the regeneration medium.

3.2. Statistical of Transcriptome Data. Thirty calluses with
the same growth state were selected from each material, and
RNA was extracted after mixing. The callus in each state was
repeated twice. A total of eight libraries was established from
four turntable callus for transcriptome sequencing analysis.
Overall, 32.76 G of data was obtained in total, with Q30 bases
distributed in 91.96-92.35%, and the average GC content
was 54.41% (Table S2). The genome alignment ratio of each
sample was 88.80-90.23%; after removing the low-quality
tags, 35066073 (84.84%), 34749515 (83.76%), 34788501
(84.58%), 35596745 (86.45%), 35315481 (85.46%), 35923796
(86.50%), 35012769 (84.70%), and 35563113 (83.11%) clean
tags were left. According to the comparison between the
sequences and the exons of the reference genome,
60.78-62.77% of the sequences were completely compared
to the exons, and 20.44-24.01% of the single-ended forces
were compared to the exons. Reads mapped in proper pairs
showed 78.70% (EC-1), 77.47% (EC-2), 77.60% (IDC-1),
79.91% (IDC-2), 78.82% (BDC-1), 80.25% (BDC-2), 78.08%
(IRC-1), and 76.16% (IRC-2), separately.
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F1GURE 1: Morphological stages of callus genesis in maize from immature embryos. (a) Embryonic callus (EC) that were yellow, loose, and
small granular. (b) Callus, which only expanded (IDC), accompanied by a large number of nonremovable root bud structures. (c) Browning
dead callus (BDC), which cannot be further cultured. (d) Incipient redifferentiation callus (IRC) produced on the regeneration medium.
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FIGURE 2: Gene expression changes in different states callus. (a) Boxplot of gene expression level. The x-coordinate is the sample name; the y-
coordinate is logl0 (FPKM +1). Gene expressions of each sample are shown in table under the boxplot. (b) Heat map of correlation
coeflicient between samples. (c) Principal component analysis for normalized reads for all 8 samples.

3.3. Gene Expression Level Analysis among Different State
Callus. According to the differences in gene expression
number and gene expression value distribution in samples
(Figure 2(a)), the expression value (FPKM) was divided into
four intervals (Table S3). There are 10,630 genes with more
than 0.5-1(FPKM), 1,701 genes with 1-10 (FPKM), and
14,499 genes with FPKM>10 in EC1. Meanwhile, in EC2,
there were 10,409 genes with expression levels between 0.5
and 1, 1,768 genes with expression levels between 1 and 10,
and 15,342 genes with expression levels greater than 10,
using the FPKM value as the standard. In IDC callus, the
number of genes in the expression range FPKM <0.5,
0.5 < FPKM <1, 1 < FPKM <10, and FPKM>10 was 9516 and
9441, 11123 and 10328, 1835 and 1847, and 14457 and 15315,
respectively. The number of genes expressed in BDC callus
was between 8662 and 9639 (FPKM <0.5), 10582 and 9856
(0.5 < FPKM <1), 1984 and 1767 (1 < FPKM <10), and 15703
and 15669 (FPKM=>10), respectively. In the differentiated
callus (IRC), with the FPKM value as parameter, 9831 and
8996 genes were expressed at less than 0.5, respectively, in
the two groups of materials. There were 11094 genes and

11852 genes with 0.5-1 expression levels in the two groups of
materials, respectively. The number of genes with expression
levels between 1 and 10 (FPKM) was between 1797 and 1835,
respectively. The number of genes with expression levels
greater than or equal to 10 (FPKM) was between 14209 and
14284, respectively, in two replicates.

The function of highest expressed genes involves serine-
type endopeptidase inhibitor activity, RNA binding, ATP
binding, polysaccharide catabolic process, and DNA bind-
ing. scil is annotated as a response to wounding by-product
subtilisin-chymotrypsin inhibitor homolog 1. Another gene
related to plant defense that was among the highest expressed
genes was LOC100283098, which was with an FPKM value of
11648.33 at BDC, which decreased over 2-fold to IDC (5769.86)
and IRC (5122.97), respectively. The highest expressed was
about 4-fold to EC with an FPKM value of 2387.30. Finally, we
obtained 28,076, 28,113, 27,776, and 28,707 unique labels for
four states of callus, EC, IDC, BDC, and IRC, respectively.

Meanwhile, transcripts in the different samples were
analyzed to perform a correlation analysis (Figure 2(b)). The
correlation coefficients between two replicates of the same
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material were 0.8649 (EC 1 vs EC 2), 0.6561 (IDC 1 vs IDC 2),
0.8044 (BDC 1 vs BDC 2), and 0.5973 (IRC 1 vs IRC 2),
respectively. The PCA results of the 8 samples showed a clear
separation between the different stages of callus (Figure 2(c)).
Additionally, the replicates of each treatment clustered
together.

The trend of gene expression, the stability, and data
reliability of transcriptome analysis by correlation analysis
and PCA analysis were analyzed. Correlation analysis results
also showed a similar trend, that is, there was a significant
correlation between the same type of tissue samples, while
the correlation between different tissues decreased, which
was consistent with research expectations and consistent
with the basis of this study. Finally, PCA analysis also
showed a trend consistent with correlation analysis, with
significant clustering among other materials except IDC. In
general, the consistent results of the above three analyses
indicated that the RNA-Seq data of all samples were credible
and the differences between materials were significant,
which was suitable for expression analysis of callus in dif-
ferent states.

3.4. Identification of Differentially Expressed Genes (DEGs).
The number of DEGs between each pair of compared groups
was analyzed using NOISeq [44, 45]. Venn diagrams show
genes expressed consistently and differentially between re-
peats of different materials (Figure 3). As shown in the
figure, the two groups of materials with the most DEGs were
IRC and BDC, with 10,562 genes. EC and BDC followed,
each with 5896 DEGs. The third largest group was 4077
DEGs in EC and IDC. Then, EC and IRC were with 2,313
DEGs. The least difference was expressed between IDC and

BDC (960). The number of DEGs between different groups
was 4077 genes between IDC and EC, 5896 genes between
BDC and EC, 960 genes between BDC and IDC, and 2313
genes between IRC and EC.

3.5. Functional Analysis of DEGs of Callus Induction.
DEGs were analyzed by Geno Ontology (GO) functional
classification in IDC and BDC. These DEGs were grouped
into the categories of BP (biological process, 23 GOs), CC
(cellular component, 20 GOs), and MF (molecular function,
21 GOs) (Figure 4). For induced callus of different states,
1341 upregulated genes (Figure 4(a)) in IDC were signifi-
cantly enriched in 49 ontologies and 1603 downregulated
genes (Figure 4(a)) were significantly enriched in 52 on-
tologies (Figure 4(d)). The most abundant ontologies include
biological regulation (GO:0065007), cellular process (GO:
0009987), metabolic process (GO:0008152), and regulation
of biological process (GO:0050791), single-organism process
(GO:0044702), and binding (GO:0005488). Compared
with EC, significantly enriched genes in BDC included 2118
upregulated genes and 2210 downregulated genes
(Figure 4(b)), including 51 ontologies and 52 ontologies
(Figure 4(d)), respectively. Ontology with a large number of
enriched genes was highly consistent with EC vs IDC. Genes
significantly differentially expressed between IDC and
BDC were enriched in 47 ontologies and 50 ontologies
(Figure 4(c) and Figure 4(d)). However, the number of
enriched genes was significantly less than that between IDC
and BDC and EC, respectively. The largest ontologies of the
gene enrichment include the cellular process (GO:0009987),
metabolic process (GO:0008152), and single-organism
process (GO:0044702).
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F1GURE 4: Identification of DEGs and Gene Ontology analysis among callus in different induction states. (a) Identification of DEGs between
EC and IDC. The volcano plot presents the expression of the DEGs in different treatments, the red dots represent upregulated genes, and the
green dots represent downregulated genes. (b) Identification of DEGs between EC and BDC. (c) Identification of DEGs between IDC and
BDC. (d) Heat map of the gene numbers enriched of the DEGs in differential Gene Ontology. The color depth of the module represents the
size of the contained genes. The darker the red, the more upregulated genes are enriched. The darker the green, the more downregulated

genes are enriched.
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FiGure 5: Functional analysis of DEGs among callus in different induction states. (a) Venn diagram of DEGs in three different states of
callus. (b) KEGG analysis of DEGs between EC and IDC. The bubble map shows the KEGG enriched pathway. The larger the bubble, the
more the genes; the darker the bubble color, the higher the Q-value of the DEGs. (c¢) KEGG analysis of DEGs between EC and BDC.

(d) KEGG analysis of DEGs between IDC and BDC.

Overlap of DEGs in tissues under three different induced
states is shown in Figure 5(a). There are 3002 overlaps of
DEGs between EC vs IDC and EC vs BDC and 410 overlaps
between EC vs IDC and IDC vs BDC. There were 787 genes
that overlapped between EC vs BDC and IDC vs BDC. There
were 343 DEGs in all three tissue materials. The expression
levels of 343 genes are shown in Figure 5(e) and varied in
different materials. In general, most of the genes maintained
a low expression level in EC, and there was a certain
upregulated expression level in IDC, while most of the genes
in BDC showed a significant upregulated expression trend.
Pathway analysis showed that DEGs were annotated into 20
KEGG pathways for each group comparison shown in
Figures 5(b)-5(d). Pathways with the highest enrichment in
EC vs IDC have plant hormone signal transduction, phe-
nylpropanoid biosynthesis, starch and sucrose metabolism,
and glycolysis gluconeogenesis. Between EC and BDC, path-
ways with the highest enrichment are glutathione metabolism

and oxidative phosphorylation. Phenylpropanoid biosynthesis
and glutathione metabolism are the most enriched pathways in
IDC vs BDC.

3.6. Functional Analysis of DEGs of Callus Regeneration.
A total of 2313 DEGs was identified between the EC and IRC
tissues. GO classification analysis was related to BP, CC, and
MF (Figure 6). Cellular process (GO:0009987), metabolic
process (GO:0008152), single-organism process (GO:
0044702), response to stimulus (GO:0051869), and biolog-
ical regulation (GO:0065007) were the top five classes in the
BP. Cells (GO:0005623), cell parts (GO:0044464), organelles
(G0O:0043226), and membranes (GO:0016020) were the top
four classes in the CC. Binding (GO:0005488) and catalytic
activity (GO:0003824) were the top two classes in MF.
Pathway analysis showed that DEGs were annotated into 20
pathways (Figure 6). The plant hormone signal transduction



Journal of Chemistry

Gene Ontology Classification (MT1-vs-MT4
30 4 ECvsIDC 8y ( ) B,
100 589
1143
25 ﬁ
S o =
co 10 58 3
= 14 £
20 - % E
g
s £ P
=2 g 1 5 o)
s S &
A 15 4 8 11
% &
g Il [ i I
< ; 01 i 0
1047 1
541 :
! .
04
T T T T
-10 -5 0 5 F
log, fold change Biological Process Cellular Component Molecular Function
Normal = Up
e Down = Down
o UP
(a) (b)
zma04712: Circadian rtythm - plant . zma04712: Circadian rtythm - plant .
zma04075: Plant hormone signal transduction ) #ma04016: MAPK signaling pathway - plant 1~ @
2ma03440: Homologous recombination ° 2ma00941: Flavonoid biosynthesis
ma03430: Mismatch repair o Zma00940: Phenylpropanoid biosynthesis | @
2ma03420: Nucleotide excision repair . 2ma00910: Nitrogen metabolism *
Jma03410: Bae excsion repair . 1 2ma00906: Carotenoid biosynthesis 1
pualue S ’ pralue
2ma03030: DNA replication " Zma00860: Porphyrin and chlorophyll metabolism . on
. . 0.10 2ma00730: Thiamine metabolism
2ma00950: Isoquinoline alkaloid biosynthesis 2ma00710: Carbon fixation in photosynthetic 0.03
N 0.02
2ma00940: Phenylpropanoid biosynthesis ° 0.05 organisms @ 00
2ma00630: Glyoxylate and dicarboxylate - 0.01
2ma00562: Inositol phosphate metabolism {  « | metabolism
) 2ma00592: alpha-Linolenic acid metabolism .
2ma00500: Starch and sucrose metabolism ° Number Number
00591 Linolenic acid metabol .
2ma00360: Phenylalanine metabolism 8 s o inolemieacidmerbotism & L0
® 2ma00364: Glycerophospholipid metabolism | @ & 2
2ma00350: Tyrosine metabolism . P ! ®
2ma00500: Starch and sucrose metabolism
2ma00330: Arginine and proline metabolism ® 2 ® w
® Zma00402: Benzoxazinoid biosynthesis .
2ma00270: Cysteine and methionine metabolism
2ma00250: Alanine, aspartate and glutamate
2ma00260: Glycine, serine and threonine . metabolism
metabolism > §
2ma00250: Alanine, aspartate and glutamate 2ma00220: Arginine biosynthesis
metabolism 2ma00196: Photosynthesis — antenna proteins °
2ma00240: Pyrimidine metabolism .
2ma00195: Photosynthesis °
zma00052: Galactose metabolism L]
ma00030: Pentose phosphate pathway | »
zma00051: Fructose and mannose metabolism
5 10
2 3 4 5 6

Enrichment Score

(©

Enrichment Score

(d)

FIGURE 6: Statistics of functional analysis of DEGs between EC and IRC. (a) The volcano plot presenting the expression of the DEGs between
EC and IRC. (b) Histogram of GO for significant clustering of DEGs in three processes. (c) KEGG analysis of upregulated gene between EC
and IRC. (d) KEGG analysis of downregulated gene between EC and IRC.

and starch and sucrose metabolism were the top pathways of
upregulated genes, and photosynthesis and carbon fixation
in photosynthetic organisms were the down pathways of
upregulated genes. For the GO analysis and KEGG en-
richment, similar classes and trends were detected for newly
detected transcripts.

3.7.qRT-PCR Validation. qRT-PCR was performed in order
to verify the expression profile obtained by transcriptome
analysis (Figure 7). A total of eight DEGs, reported to be
related to callus induction, was compared with qRT-PCR
and transcriptomes in the study. Overall, six DEGs showed
the same trend in transcriptomes and qRT-PCR. The co-
incidence rate of RNA-Seq and qRT-PCR was 88.89%, in-
dicating that RNA-Seq had high accuracy and the identified
pathways and candidate genes were reliable.

4. Discussion

Maize is one of the most important crops in the world and
plays an important role in agricultural production and
economic life. From the establishment of DNA recombina-
tion technology in the 1970s to the emergence of the world’s
first transgenic plant-transgenic tobacco in 1983, the devel-
opment of plant transgenic technology is changing rapidly
[46]. With the development of the somatic cell regeneration
system of corn and the development of transgenic technology
[47, 48], based on the technology of genetically modified
maize, genetic improvement technology has made a huge
breakthrough, breaking reproductive isolation between
species and directional import of the exogenous gene into the
maize genome, so as to overcome the genetic improvement of
specific traits the plight of insufficient resources [49-53]. At
the same time, maize transgenic technology is still in the stage
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of development and improvement, especially the overall
domestic maize transgenic technology, which is still relatively
backward, with difficult transformation operation, low
transformation efficiency, limited source of transformed
recipient materials, and less independently developed carrier
system, which have a great impact on and limit the research
and application of maize transgenic [49, 54, 55]. The estab-
lishment of a suitable transformation receptor system is a key
link in maize genetic transformation. Effective somatic cell
reproduction and regeneration system is one of the pre-
conditions for plant genetic transformation, which is related
to whether suitable transformation receptor materials can be
provided and whether normal transgenic plants can be
successfully regenerated after transformation. The estab-
lishment of a suitable transformation receptor system is a key
link in maize genetic transformation [56, 57]. Effective so-
matic cell reproduction and regeneration system is one of the
preconditions for plant genetic transformation, which is
related to whether suitable transformation receptor materials
can be provided and whether normal transgenic plants can be
successfully regenerated after transformation [58-61].
Embryonic callus is induced by explants and can be
regenerated by organogenesis and embryogenesis. Callus is a
mass of parenchymal cells which can divide and proliferate

continuously under hormone stimulation [62-65]. Embry-
onic callus can be cultured on a large scale in vitro, and it can
divide continuously and remain undifferentiated in the
proper medium under dark culture conditions. Studies have
shown that induction of maize embryogenic callus is sig-
nificantly limited by genotype, as well as affected by explant
type, culture conditions, and exogenous hormones [8, 66].
The analysis of genetic mechanisms controlling embryonic
callus cells is very important for understanding basic pro-
cesses involved in plant tissue culture [67]. The research on
the induction ability of embryonic callus has gradually
become one of the focuses of researchers; embryogenesis-
related genes have been authenticated in Arabidopsis [68].
To expound the molecular mechanism of somatic em-
bryogenesis in maize, a large number of forward or reverse
genetic studies have been carried out [69-71]. Previous
studies showed that the callus induction ability of maize
immature embryos was controlled by quantitative trait
genes, and a series of QTLs loci were also identified in
different maize populations [72].

RNA-Seq analyses are important for gene expression
levels between different conditions [73]. In this study,
transcriptome analysis was used to analyze the differential
expression of callus in different induction states. The
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number of DEGs between EC and IDC was 4077, 5896 DEGs
between EC and BDC, and then EC and IRC, with 2,313
DEGs. In general, DEGs in EC and IDC are mainly con-
centrated in cell composition and biological processes, while
DEGs in EC and BDC are mainly concentrated on the bi-
ological process, cellular process, and secondary metabolic
process. In EC and IRC, DEGs are mainly concentrated on
the biological processes, metabolic processes, and energy
metabolism.

Embryogenesis is affected by many regulatory factors in
maize. Auxin plays an important role in callus formation
induced by embryogenesis [74] and activates the expression
of downstream transcription factors, by mediating ARFs
(auxin response factors) and inducing E2Fa (E2F tran-
scription factor) to promote the formation of callus [75].
ARF16 was upregulated from EC to IDC and ARF8 was
upregulated from EC to IRC in our study. Meanwhile, baby
boom (BBM), SERKI, and SERK2 involved in the em-
bryogenic pathway. Our results demonstrated that BBM2,
SERK1, and SERK2 were upregulated from EC to IDC and
EC to IRC. Mechanical damage has been recognized as a
common stimulus of callus induction. WIP2 and ESR were
described as one of the wound-inducible genes, which were
upregulated from EC to IDC and EC to IRC. These changes
can improve conversion efficiency from EC to IRC, although
the functions of these genes need to be further studied
(Figure 8), which are important for elucidating the under-
lying molecular mechanisms of callus formation.

5. Conclusion

In this study, transcriptome analysis was used to analyze the
differential expression of callus in different induction states.

DEGs in EC and IDC are mainly concentrated in cell
composition and biological process, while DEGs in EC and
BDC are mainly concentrated on the biological process,
cellular process, and secondary metabolic process. In EC and
IRC, DEGs are mainly concentrated on the biological
processes, metabolic processes, and energy metabolism. In
particular, ARFI16 was upregulated from EC to IDC and
ARF8 was upregulated from EC to IRC. BBM2, SERK1, and
SERK2 were upregulated from EC to IDC and EC to IRC.
These changes can improve conversion efficiency from EC to
IRC, which is important for elucidating the underlying
molecular mechanisms of callus formation [76].
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The repellent and contact effects of Plectranthus tomentosa extracts of leaf and stem tissue on different stages of Tetranychus
kanzawai were tested using the leaf-dip and insect-dip methods, and the constituents of the Plectranthus tomentosa extract were
also determined. It was found that the repellent effect on Tetranychus kanzawai female adults has reached up to 84.43% after
60 min, with significant mortality of Tetranychus kanzawai at all growth stages. Sixty-nine components of the extract were
identified by gas chromatography-mass spectrometry, of which limonene, followed by terpinolene, were present at the highest
concentration. This research demonstrated that Plectranthus tomentosa has strong repellent and contact effects against Tetra-
nychus kanzawai, offering potential natural strategies for the environmentally protective control of Tetranychus kanzawai in tea
gardens and providing the foundation for the biomimetic synthesis of pesticides.

1. Introduction

» « » «

In the era of “green food,” “green agriculture,” “sustainable
agriculture,” and integrated pest management (IPM), en-
vironmental standards of pesticides are becoming more and
more stringent. Extracting substances with insecticidal ac-
tivity from plants or directly processing them into new
botanical pesticides and using them as leading compounds
to synthesize new, safer, and more efficient pesticides have
become hot topics of research.

Tetranychus kanzawai is one of the major pest mites that
harm tea trees, strawberries, and vegetables, exploring pol-
lution-free control methods to control the pest and is nec-
essary to produce relevant green agricultural products.
Botanical acaricides are of great interest recently, as they
represent an important method for pollution-free control of
mites. Grange and Ahmed have reported about 2400 species of
plants with pest control activity early in 1988 [1]. Until now,
the most studied acaricidal plants mainly belong to the
Daphneaceae, Meliaceae, Solanaceae, Leguminosae, and
Compositae families. Huang et al. screened acetone extracts of
121 species of plants in 51 families and 94 genera collected
from Qinling Mountains and Inner Mongolia for aphidicidal

and acaricidal activities [2]. Huo screened 117 species of plants
in northwest China for acaricidal activity and found that
acetone extracts of 71 species had good acaricidal activity
against Tetranychina harti [3]. Jia et al. studied the biological
activity of extracts of 8 indoor plants against Tetranychus
cinnabarinus [4]. Liang et al. and Zhang et al. studied acari-
cidal substances of Stellera chamaejasme L. and found that
daphnetin, daphnetin, squalene, f-sitosterol, and scopo-
lactone were the key constituents responsible for the acaricidal
activity [5-8]. Zhao et al. studied the components in volatile oil
of hops and their acaricidal activity [9]. Zhou et al. studied the
biological activity and mode of action of scoparone on dif-
ferent mite states of Tetranychus cinnabarinus [10]. Hu et al.
studied the synergistic effect of abamectin and plant essential
oils to kill Tetranychus cinnabarinus [11]. Onder et al. had
proved that the essential oils of Micromeria fruticosa L., Nepeta
racemosa L., and Origanum vulgare L. had biological activity
against Tetranychus urticae Koch and Bemisia tabaci Genn
[12]. Cavalcanti et al. measured the acaricidal effect of 20
chemical components in the plant essential oil of Lippia
sidoides chain, and the results showed that thymol and car-
vacrol had a fumigation effect on Tetranychus urticae Koch
[13]. Zou et al. found curcumin 2,4-dinitrophenylhydrazine
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derivative showed a good control eftect on Tetranychus cin-
nabarinus [14]. As for Plectranthus tomentosa, Zhao et al. and
Meng et al. had explored the bacteriostatic effect of Plec-
tranthus tomentosa [15, 16], and Xiong et al. had identified its
volatile components [17]; however, there is no research study
about the insecticidal or acaricidal activity of Plectranthus
tomentosa. On the other hand, research on pollution-free
control of Tetranychus kanzawai had been focused on
predatory natural enemies of mites [18-22], while botanical
pesticides for this pest have not been well studied.

In this study, the repellent and contact effect of Plec-
tranthus tomentosa on Tetranychus kanzawai and the
constituents of Plectranthus tomentosa extract were deter-
mined by GC-MS to provide references for the development
of botanical acaricide and methods for pollution-free control
of tea garden mites.

2. Materials and Methods

2.1. Sources of Test Insect and Plant. Tetranychus kanzawai
was collected from the tea gardens in Huachu town, Puding
County, Anshun City, Guizhou Province, and has been bred
with strawberry leaves in the laboratory of Anshun College
for more than three generations before use. After that, the
adults, larvae, and eggs of Tetranychus kanzawai were
produced according to the method introduced by IRAC
(Insecticidal Resistance Action Committee, 2000). Fresh
strawberry leaves were collected, washed, briefly dried, and
placed in a humidified dish padded with a wet sponge and
plastic wrap, with the petioles wrapped with wet cotton.
Thirty female adult mites were released to the area with a #0
soft brush, and the dish was placed in the insect breeding
room to allow the mites to lay eggs for 12 h; then, the adult
mites were removed. The worms hatched from the eggs on
the leaves were in the same worm state, so adult mites,
larvae, and eggs at the same growth stage can be produced.

Plectranthus tomentosa was collected from the green-
house of Anshun Academy of Agricultural Sciences. The
plant was artificially propagated and cultivated to about
10 cm in height in Anshun College. The flesh stems and leaves
were harvested and shattered with a multifunction food
blender into a paste. The filtrate was centrifuged at 4000 rpm

(number of test mites in the control area — number of test mites in the tjuice — soaked area)
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TaBLE 1: Repellent rate of Plectranthus tomentosa fresh juice on
Tetranychus kanzawai.

Time (min) Repellent rate (%) (mean + SE)*
5 72.23 +5.08°
30 81.10+1.91%°
60 84.43+1.96*

*Different lowercase letters in the same column revealed that the difference
is significant with p <0.05.

for 5min at 20°C, and the Plectranthus tomentosa fresh juice
was collected and stored in the refrigerator until use. While,
the fully dried branches and leaves of Plectranthus tomentosa
were pulverized into powder and filtered with an 80-mesh
sieve. Fifty grams of the dry powder and 500 mL of acetone
were added to a conical flask and irradiated with a microwave
oven at 400 W power for 50 s. The mixture was filtered to get
the solution, and the residue was reextracted twice with the
same method. The filtrates were combined and concentrated
under reduced pressure with a rotary evaporator at 40°C till
the organic solvent was completely evaporated, and the
extract was stored at 4°C for later use.

2.2. Experimental Method

2.2.1. Repelling Effect on Female Adult Mites of Tetranychus
kanzawai Fresh Juice. The repellent effect of Plectranthus
tomentosa fresh juice on Tetranychus kanzawai was tested by
using the leaf-dipping method. Briefly, filter paper with a
diameter of 9 cm was cutin halfalong the midline, one half was
soaked in 10mL 10% Plectranthus tomentosa fresh juice di-
luted with pure water, and the other half was soaked in 10 mL
pure water served as a control. Both halves were naturally
dried, stuck together along the cut with transparent tape, and
fixed to the bottom of a clear Petri dish (9.0 cm x 2.0 cm) with
double-sided tape. Vaseline was applied around the filter
paper to prevent the adult mites from escaping. Thirty adult
female mites were placed at the junction of the juice-soaked
area and the control area. After 15, 30, and 60 min, the dis-
tribution of female adult mites on the two sides was recorded,
and the repellent rate was calculated.

Repellent rate =

2.2.2. The Contact Effect of the Extract of Plectranthus
tomentosa on Tetranychus kanzawai. The contact effect of
the extract of Plectranthus tomentosa on Tetranychus kan-
zawai was determined using the insect-dipping method.
Briefly, the Plectranthus tomentosa extract was dissolved and
diluted with 0.1% Tween-80 aqueous solution to prepare
1000, 100, and 50 mg/mL concentrations. Thirty adult mites
at the same growth stage on the same tea leave were im-
mersed into the extract solution for 5s and then naturally
dried and put back into the humidified dish in an incubator

x 100%. (1)

number of test mites in the control area

with 25+ 1°C, 60%-80% humidity, and a 16/8 light/dark
cycle. For adult and larvae mites, the total number and death
number were recorded to calculate the survival rate, and the
hatching rate was calculated for eggs. Three duplicates were
set for each test, and a 0.1% Tween-80 aqueous solution
served as a control.

2.2.3. Determination of the Constituents in Plectranthus
tomentosa Extract. Plectranthus tomentosa extract was
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TaBLE 2: The contact effect of Plectranthus tomentosa extract on Tetranychus kanzawai.

Mortality rate (%) (mean + SE)*

Concentration (mg/mL) Female adult Larval E

24h 48h 24h 48h 88
1000 61.11+1.93 66.67 +3.34" 64.44 +1.93" 66.67 +3.34" 7222 +2.09°
100 65.56 +1.93 67.78 +1.92° 66.67 +3.33° 70.00 +3.33 77.78 +2.09°
50 77.77 £ 5.09° 83.33 £3.34° 82.22 +5.09° 86.67 +3.34" 85.56 + 1.92%
*Different lowercase letters in the same column revealed the significant difference with p <0.05.

TasLE 3: Composition and relative contents of Plectranthus tomentosa extract.
Retention Molecular Relative
No. . Compound name .
time weight content
1 7.41 Limonene 136 34.69
2 7.62 2 (3H)-Furanone, 5-ethenyldihydro-5-methyl- 126 0.08
3 8.63 Bicyclo [3.1.0] hexan-2-ol, 2-methyl-5-(1-methylethyl)-, (1.alpha., 2.beta., 5.alpha.)- 154 0.13
4 9.02 trans-p-Mentha-2,8-dienol 152 0.51
5 9.28 cis-p-Mentha-2,8-dien-1-ol 152 0.17
6 9.37 Bicyclo [3.1.1] heptan-3-ol, 6,6-dimethyl-2-methylene- 152 0.04
7 9.89 Bicyclo [3.3.0] oct-2-en-7-one, 6-methyl- 136 0.16
8 10.02 Benzene, 1,3-dimethyl-5-(1-methylethyl)- 148 0.06
9 10.27 Terpineol 154 0.14
10 10.59 7-Methyl-1,2,3,5,8,8a-hexahydronaphthalene 148 0.06
11 10.78 trans-Carveol 152 0.14
12 10.95 cis-p-Mentha-1 (7), 8-dien-2-ol 152 0.52
13 11.28 D-carvone 150 0.07
14 11.82 1,7-Octadiene-3,6-diol, 2,6-dimethyl- 170 0.73
15 12.15 Bornyl acetate 196 2.20
16 12.31 (1S, 2R, 4R, 7R)-4-Isopropyl-7-methyl-3,8-dioxatricyclo [5.1.0.02, 4] octane 168 0.08
17 12.42 Cyclohexasiloxane, dodecamethyl- 444 0.21
18 12.59 alpha.-Cubebene 204 1.07
19 13.00 Terpinolene 136 8.66
20 13.33 alpha.-Copaene 204 0.77
21 13.62 Bicyclosesquiphellandrene 204 4.10
22 13.83 Methyl eugenol 178 1.12
23 14.29 Caryophyllene 204 1.13
24 14.64 alpha.-Guaiene 204 0.08
25 14.94 Valerena-4,7 (11)-diene 204 0.07
26 15.44 Alloaromadendrene 204 0.49
27 16.01 Benzene, 1-(1,5-dimethyl-4-hexenyl)-4-methyl- 202 0.09
)8 1618 (3R, 3aR,3bR,4S,7R,7aR)-4-Isopropyl-3,7-dimethyloctahydro-1h-cyclopenta [1, 3] 222 077
cyclopropa [1,2] benzen-3-ol
29 16.37 trans-Calamenene 202 0.12
30 16.48 Pacifigorgiol 222 0.12
31 17.30 (1aR, 4S, 7R, 7a$, 7bR)-1,1,4,7-Tetramethyl-1a,2,3,4,6,7,7a,7b-octahydro-1h- 220 0.08
cyclopropale]azulen-4-ol

32 18.13 (-)-Spathulenol 220 1.09
33 18.36 (-)-Globulol 222 1.36
34 18.97 a R,2R,4S,6S,7S,88)-8—Isopropyl—1—meth}(r)ll—?:—methylenetricyclo [4.4.0.02,7]decan-4- 220 035
35 19.72 Ledol 222 0.76
36 20.02 Muurola-4,10 (14)-dien-1.beta.-ol 220 0.22
37 2031 2-Naphthalenemethanol, decahydro-.alpha.,.alpha.,4a-trimethyl-8-methylene-, [2R- 222 0.52

(2.alpha.,4a.alpha.,8a.beta.)]-
38 20.44 (IR, 4S)-4-Isopropyl-1,6-dimethyl-1,2,3,4-tetrahydronaphthalen-1-ol 218 0.60
1 (2H)-Naphthalenone, octahydro-4a, 8a-dimethyl-7-(1-methylethyl)-, [4aR-

3 20.52 (4a.alpha., 7.beta., 8a.alpha.)]- 222 3.28

40 20.81 (IR, 7S, E)-7-Isopropyl-4,10-dimethylenecyclodec-5-enol 220 0.60

4 21.00 (E)-3-((4S, 7R, 7aR)-3,7-Dimethyl-2,4,5,6,7,7a-hexahydro-1h-inden-4-yl)-2- 218 1.29
methylacrylaldehyde

42 21.58 (-)-Aristolene 204 0.86
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TaBLE 3: Continued.
Retention Molecular Relative
No. . Compound name .
time weight content
43 21.83 Cycloheptane, 4-methylene-1-methyl-2-(2-methyl-1-propen-1-yl)-1-vinyl- 204 0.06
44 22.82 Megastigma-4, 6 (Z),8 (E)-triene 176 0.09
45 22.98 2-Pentadecanone, 6,10,14-trimethyl- 268 0.72
46 23.34 Biphenylene, 1,2,3,6,7,8,8a,8b-octahydro-4,5-dimethyl- 188 0.83
47 23.79 Phthalic acid, 7-bromoheptyl butyl ester 398 1.60
48 23.90 1H-Indene-4-acetic acid, 6-(1,1-dimethylethyl)-2,3-dihydro-1,1-dimethyl- 260 0.39
49 24.45 7-Isopropyl-1,1,4a-trimethyl-1,2,3,4,4a,9,10,10a-octahydrophenanthrene 270 0.06
50 25.74 Hexadecane, 2,6,10,14-tetramethyl- 282 0.21
51 26.10 Octadecane 254 2.23
52 26.50 Heptadecane 240 2.83
53 26.83 Docosane 310 0.20
54 27.65 1-(2-Methoxyphenyl)-2,5-dihydro-1H-pyrrole-2,5-dione 203 1.29
55 27.82 2-Hydroxy-3,4-tetramethylene-6-methoxy quinoline 229 0.06
56 27.90 Hentriacontane 437 1.92
57 28.19 Ferruginol 286 0.29
58 28.47 3-Bromobenzyl alcohol, TMS derivative 258 0.89
59 28.69 Tetracosane 338 0.48
60 2919 1-Phenanthrenemethanol, 1,2,3,4,4a,9,10,10a-octahydro-1,4a-dimethyl-7-(1- 38 018
methylethyl)-

61 30.10 Aristolene epoxide 220 0.08
62 30.86 (2Z, 4E)-3,7,11-Trimethyl-2,4,10-dodecatriene 206 0.07
63 32.18 Davana ether 234 0.05
64 32.74 Heneicosane 296 4.17
65 33.29 Nonadecane, 9-methyl- 282 0.48
66 33.72 9,10-Dihydrodeoxynivalenol 298 0.05
67 34.15 Heptacosane 380 2.83
68 34.61 Octacosane 394 0.69
69 35.27 Triacontane 422 0.69

redissolved with 2 mL n-hexane and filtered with a 0.22 ym
organic filter. The constituents in Plectranthus tomentosa
extract were analyzed using a gas chromatography-mass
spectrometer (Agilent GC-MS 7890B 5977A, Agilent
Technologies, Palo Alto, CA).

2.3. Statistical Analysis. SPSS 24.0 was used for the statistical
analysis of the data. The data of parallel tests were expressed
by mean * standard error (X+SE), and Duncan’s new
complex range test was used for multiple comparisons.

3. Results and Discussion

3.1. Repellent Effect Test of Plectranthus tomentosa Fresh Juice
on Tetranychus kanzawai. The results of the repellent effect of
the Plectranthus tomentosa fresh juice on the female adults of
Tetranychus kanzawai are given in Table 1. As given in Ta-
ble 1, Plectranthus tomentosa fresh juice showed a good re-
pellent effect on female Tetranychus kanzawai. The repellent
rate reached 70% early at 15 min and was up to 84% at 60 min.
The difference in repellent rate was not statistically significant
between 15 min and 30 min or between 30 min and 60 min,
but was statistically significant between 15 min and 60 min.

3.2. Contact Effect of Plectranthus tomentosa Extract on
Tetranychus kanzawai. The contact effect of Plectranthus
tomentosa extract on Tetranychus kanzawai at different

growth stages is given in Table 2. As given in Table 2,
Plectranthus tomentosa extract at 50 mg/mL killed 77.77%
and 83.33% of the female adults at 24 and 48 h, respectively;
the mortality rate was significantly higher than that at either
1000 mg/mL or 100 mg/mL. Meanwhile, Table 2 provides
that extract at 50 mg/mL revealed the strongest contact effect
on the larval of Tetranychus kanzawai, with the mortality
rate of 82.22% and 86.67%, respectively, which were sig-
nificantly higher than that at either 1000 mg/mL or 100 mg/
mL. In addition, Table 2 provides that the extract at 50 mg/
mL showed the strongest effect, killing 85.56% of the eggs,
which was significantly higher than that at either 1000 mg/
mL or 100 mg/mL, although the two latter concentrations
still achieved greater than 72% egg mortality.

3.3. Determination of Chemical Constituents in the Extract.
The chemical constituents in the extract were determined
using GC-MS and the results are given in Table 3 and
Figure 1. Table 3 and Figure 1 show that a total of 69
constituents were identified in the extract, accounting for
93.03% of the total mass. The extract contained 14 alkanes,
14 alkenes, 23 alcohols, 6 aldehydes, 1 ketone, 1 acid, 2 esters,
1 ether, and 7 aromatic hydrocarbons accounting for
17.08%, 52.28%, 10.06%, 5.60%, 1.29%, 0.39%, 3.8%, 0.05%,
and 2.48% of the total volatile components, respectively.
Limonene was the most abundant single constituent (34.69%
of the total), followed by terpinolene (8.66%). It had been
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reported previously that limonene was also the key con-
stituent responsible for the repellent effect of P. tomentosa
[23], whereas the constituents responsible for the antibiosis
effect were not identified.

4. Conclusion

The current research has demonstrated significant repellent
and contact effects of Plectranthus tomentosa extract on
Tetranychus kanzawai, with the level of control increasing
with time, suggesting that intercropping Plectranthus
tomentosa with tea bushes in commercial tea gardens may
help control Tetranychus kanzawai, as may an acaricide-like
extract from Plectranthus tomentosa. Such strategies may
play a major role in the future in achieving pollution-free
prevention and control of mites (possibly also mites other
than Tetranychus kanzawai) in tea gardens, providing ref-
erences for the large-scale planting of insecticidal plants and
the biomimetic synthesis of pesticides.
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Kiwifruit (Actinidia spp.) postharvest decay is common in China, which can cause serious economic losses to kiwifruit industry. In
order to further clarify the pathogen of kiwifruit rot disease in Guizhou Province, the rotten fruits of kiwifruit (cultivar “Jinyan”)
were collected, and the pathogenic fungi were identified by isolation and purification, pathogenicity test, morphological
characteristics, and analysis of IDNA-ITS sequences. The results showed that the pathogenic fungi of kiwifruit rot disease were
Diaporthe phaseolorum and Fusarium tricinctum. Meanwhile, the results showed that all the tested agents had a certain inhibitory
effect on Diaporthe phaseolorum and Fusarium tricinctum. Among them, 33.5% quinolone SC had the best inhibitory effect on
Diaporthe phaseolorum with an ECs, value of 9.67 mg/L, and 25% fludioxonil SC had the best inhibitory effect on Fusarium
tridentatus with the ECs, value of 13.13 mg/L. The results will provide a reference for the control of kiwifruit rot disease.

1. Introduction

Kiwifruit (Actinidia spp.) has soft meat, sour and sweet taste,
rich in vitamin C, sugars, and a variety of essential amino
acids for human body. It has a high nutritional and eco-
nomic value and is deeply loved by consumers, which is
known as “super fruit” and “king of fruit.” Kiwifruit is native
to China, and more than 30 countries have engaged in large
scale and industrialized artificial cultivation of kiwifruit
industry. In 2020, the planting area of kiwifruit in China was
about 193000 hectares and the output was about 2.291
million tons, accounting for more than 68% and 50% of the
world, respectively [1]. Guizhou Province is located in the
west of China, and its geographical and climatic conditions
are suitable for the growth of kiwifruit and have been one of
the main kiwifruit planting areas in China. By 2020, the
cultivated area has reached 4.51 x 10*hm? [2].

In recently years, with the rapid expansion of the ki-
wifruit planting area, the problem of rot disease has become
increasingly prominent [3-5]. At present, postharvest rot
disease of kiwifruit occurs widely around the world, causing
serious economic losses during fruit storage, transportation,
and sales [6, 7]. Kiwifruit rot disease mainly occurs in the

postharvest period and storage stage of the fruit. Its main
symptoms are the formation of round or oval brown lesions
on the peel, a water-stained ring on the edge of the lesion,
and the color of the flesh of the lesion. It is milky white, and
the pulp at the junction between disease and health is water-
stained, often forming perforated rot. In severe cases, the
whole fruit rots completely [8, 9]. The pathogenic micro-
organism of kiwifruit rot is rich in diversity. At present, the
pathogenic microorganism that have been reported are
mainly Botryosphaeria dothidea [10, 11], Phomopsis spp.
[12, 13], and Pestalotiopsis spp. [7, 10]. Alternaria alternata,
Plectosphaerella cucumerina, Neofusicoccum parvum, Pho-
mopsis spp., and Fusarium oxysporum have been reported as
pathogens of kiwifruit rot in Guizhou Province, China
[10, 14-17]. However, research studies on rot disease of
Guizhou kiwifruit are basically concentrated on “Guichang”
kiwifruit and “Hongyang” kiwifruit varieties, and there are
few reports on Guizhou “Jinyan” kiwifruit varieties.

2. Materials and Methods

2.1. Isolation and Purification of the Pathogens. The rotten
kiwifruit was collected from Gubao town (106.525230°E,
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26.852491°N), Maijia town (106.626288°E, 26.711823°N), and
Machang town (106.223953°E, 26.447156°N) in Guizhou
Province, China. A total of 290 samples were collected,
packaged in a clean ziplock bag, and then taken back to the
laboratory store in a 4°C refrigerator for pathogen isolation.
The kiwifruit is first rinsed with tap water and then dried.
The infected tissues (0.5 % 0.5 cm size) were soaked in 75%
alcohol for about 30, rinsed with sterile water 3 s, and then
plated the tissues on the PDA plates. After that, the PDA
plates were maintained in a constant temperature incubator
at 26°C without light. After culturing for 3 days, all the
strains were cultured three times on the new PDA plates
using a single spore technique to ensure purity. Finally, the
purified strains were stored at 4°C for further use.

2.2. Pathogenicity Test. Pathogenicity tests were performed
by inoculating the fungus on the puncture site of the surface
of healthy and nearly mature kiwifruits, and the kiwifruits
were incubated in an incubator in a 26°C constant tem-
perature incubator with a humidity of 60% and a photo-
period of 14L:10D. The surface of healthy and nearly
mature kiwifruits inoculated with sterile water served as a
control. After 12 days of inoculation, some symptoms have
been observed on the surface. The causal fungus in the
infected kiwifruit surface was reisolated on the PDA plate as
described above. The characteristics of the reisolated fungus
were used to compare with its original culture.

2.3.  Morphological —and  Molecular  Identification.
Individual colony was inoculated on the PDA plate and
maintained in a constant temperature incubator at 26°C
without light for 8 days. Then, the morphology was iden-
tified by both eyes and an inverted microscopy (ECLIPSE
Ni-E, Nikon Corporation, Japan). The total DNA of the
tested strain was extracted with the Ezup column fungal
genomic DNA extraction kit (B518259-0050, Sangon Cor-
poration Shanghai, China), and the IDNA-ITS sequence was
amplified by primers ITS1 (5-TCCGTAGGTGAACCTG
CGG-3') and ITS4 (5'-TCCTCCGCTTATTGATATGC-3').
The total reaction volume is 25 uL: 12.5uL 2xEs Taq Mix,
1uL each primer, 1uL DNA, and 9.5uL ddH,O. The po-
lymerase chain reaction (PCR) reaction conditions were
predenaturation at 94°C for 5 min, 35 cycles of 94°C for 30s,
56°C for 1 min, 72°C for 1 min, and final extension at 72°C for
7 min. After amplification, the PCR product was sequenced
at Sangon Corporation (Shanghai, China) and searched for
sequence similarity with the National Center of Biotech-
nology Information (NCBI) database.

2.4. In Vitro Antifungal Activity Test. The in vitro antifungal
activities of 11 kinds of fungicides, 33.5% quinolone SC
(Shanghai Hulian biopharmaceutical Co., Ltd., China), 250 g/
L propiconazole EC (Shandong Xinxing pesticide Co., Ltd.,
China), 25% myclobutanil EC (Zhejiang Yifan Biotechnology
Group Co., Ltd., China), 25% fludioxonil SC (Jiangsu Syn-
genta Nantong crop protection Co., Ltd., China), 0.3% eu-
genol AP (Jiangsu Nantong Shenyu green Pharmaceutical
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Co., Ltd., China), 80% ethylicin EC (Henan Kebang Chemical
Co., Ltd., China), 100 g/L cyazofamid SC (Henan Guangnong
pesticide factory, China), 1% Osthol AP (Inner Mongolia
Qingyuanbao Biological Technology Co., Ltd., China) 25%
cupric-ammonium complexion (Henan Anyang Guofeng
Pesticide Co., Ltd., China), 430 g/L tebuconazole SC (Jiangsu
Renxin Crop Protection Technology Co., Ltd., China), and
80% zineb WP (Shandong Xinxing Pesticide Co., Ltd., China)
and 5 kinds of essential oils (patchouli essential oil
(Guangzhou Biotechnology Co., Ltd., China), fennel essential
oil (Beijing Maosi Trading Co., Ltd.), garlic essential oil
(Beijing Maosi Trading Co., Ltd.), clove essential oil (Beijing
Maosi Trading Co., Ltd.), and benzoin essence oil (Beijing
Maosi Trading Co., Ltd.) were tested [18]. The inhibition rates
I (%) are calculated by the following formula, where C (cm)
and T (cm) represent the fungi diameters of the CK and
treated PDA plates, respectively. Meanwhile, the ECs, values
of 11 kinds of fungicides and 5 kinds of plant essential oils
against Diaporthe phaseolorum and Fusarium tricinctum
were calculated with the SPSS 19.0 software.
(C-T)

Inhibition rate, I (%) = € _04) x 100. (1)

3. Result

3.1. Morphological Identification. The hyphae of strain F1 are
flufty and white in the early stage of growth. The center of the
hyphae appears yellowish-brown, and the edges are white on
the 3™ day. On the 8th day, the diameter of the colony is
overgrown in the Petri dish. The hypha on the front is dark
gray (Figure 1(a)), the back of the PDA medium is dark
brown (Figure 1(b)), and the hyphae are transparent with
many branches and segments (Figure 1(c)).

The hyphae of strain F2 are flufty, appearing white at the
initial stage of growth, with irregular edges and slow growth.
On the 3rd day, the mycelium produces pink pigment. Then, on
the 10th day, the diameter of the colony grows over the Petri
dish, and the color of the bottom of the medium gradually
changes to rose red on the front (Figure 1(d)), with yellow on
the back (Figure 1(e)) and many hyphae branches (Figure 1(f)).

3.2. ITS Sequence Identification. The sequences of F1 and F2
strains were uploaded to NCBI to obtain the GenBank
numbers of ON566024 and ON566025. Phylogenetic trees of
the ITS sequence were constructed based on the N-J and M-L
methods, as shown in Figure 2, and the strain F1 was classified
as Diaporthe phaseolorum with the similarity of 99% and 85%,
respectively. Meanwhile, Figure 3 shows that the strain F2 was
classified as Fusarium tricinctum with bootstrap values of
both 100% ((N-J method) and (M-L method)).

3.3. Pathogenicity Determination. Pathogenicity was deter-
mined by the stab inoculation method, and the results are
shown in Figure 4. Figure 4 shows that the Diaporthe
phaseolorum (strain F1) and Fusarium tricinctum (strain F2)
can cause kiwifruit rot. Among them, the diameter of ki-
wifruit rot disease caused by F1 was 3.93 cm (Figure 4(b)),
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FIGURE 1: Morphological characteristics of F1 and F2 strains. (a)-(c) The front, back, and hyphal morphology of F1 colonies, respectively;
(d)-(f) The front, back, and hyphal morphology of F2 colonies, respectively.
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(d) (e)

®

FIGURE 4: The symptoms of F1 and F2 strains in the pathogenicity test. (a)-(b) The pathogenicity test by F1 strain. (c) CK group for strain FI1.

(d)-(e) Pathogenicity test by F2 strain. (f) CK group for strain F2.

and F2 caused kiwifruit rot disease with a diameter of
4.25 cm (Figure 4(e)). The diseased kiwifruit was reisolated,
and the strains with the same morphological characteristics
as the original inoculated strains were obtained, which met
the requirements of Koch’s law.

3.4. In Vitro Antifungal Activity. It can be seen from Table 1
that the test fungicides and plant essential oils revealed
different degrees of inhibition on the growth of Diaporthe
phaseolorum and Fusarium tricinctum. Especially, 33.5%
quinolone SC showed the best inhibitory effect against
Diaporthe phaseolorum with the ECsy value of 9.67 mg/L;
meanwhile, 25% fludioxonil SC had an ECs, value of
13.13 mg/L against Fusarium tricinctum, which were even
better than those of other fungicides and plant essential oils.

4. Discussion

Postharvest rot disease of kiwifruit occurs globally, which
has a significant impact on the quality and flavor of kiwifruit.

TasLE 1: The ECs, values of the test fungicides and plant essential
oils against Diaporthe phaseolorum and Fusarium tricinctum.

ECSO (mg/L)

Treatment Diaporthe Fusarium
phaseolorum tricinctum
33.5% quinolone SC 9.67 34.53
250 g/L propiconazole EC 12.55 59.71
25% myclobutanil EC 16.54 13.66
25% fludioxonil SC 18.54 13.13
0.3% eugenol AP 48.81 111.32
80% ethylicin EC 85.10 82.55
100 g/L cyzzofamid SC 91.66 30.83
430 g/L tebuconazole SC 103.78 58.89
80% zineb 106.27 642.17
1% osthol AP 215.36 15.52
25% cupric-ammonium 43073 49.04
complexion
Patchouli essential oil 115.00 122.89
Fennel essential oil 131.48 109.57
Garlic essential oil 156.11 101.74
Clove essential oil 163.87 132.96
Benzoin essence oil 163.96 136.67
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At present, it has caused significant economic losses to the
kiwifruit industry. Therefore, the identification of pathogens
of kiwifruit postharvest rot disease is of great significance for
industrial development. In this study, 2 pathogens classified
as Diaporthe phaseolorum and Fusarium tricinctum were
obtained from the rotten fruits of kiwifruit (cultivar “Jin-
yan”) which were collected from Guizhou Province, China.
Diaporthe phaseolorum has a higher separation rate, and the
asexual form of the fungus is Phomopsis spp. [19]. Phomopsis
spp. has also been reported many times in other varieties in
Guizhou Province, for example, “Guichang” kiwifruit
[12, 20] and “Hongyang” kiwifruit [21]. Our results showed
that the main pathogen of kiwifruit (cultivar “Jinyan”) rot
disease in Guizhou Province was related to other strains. In
addition, Phomopsis spp. was an important pathogen of
kiwifruit rot disease in other regions, such as “Xuxiang”
kiwifruit in Hubei and Shaanxi [22], “Jinyu” kiwifruit in
Hubei, and “Golden” kiwifruit in Wuhan. The “Jinmei”
kiwifruit [23] detected Phomopsis spp. as an important
pathogen. It indicated that Phomopsis spp. was an important
pathogen of kiwifruit rot disease among different strains and
regions, and it caused harm to various strains of kiwifruit in
the whole country.

Fusarium tricinctum is the first pathogenic fungus found
in the identification of kiwifruit rot disease pathogens in
Guizhou Province. This pathogen has not been found to
infect kiwifruit in previous studies. Fusarium is widely
distributed in nature and is one of the most important
phytopathogens discovered so far [24]. It can cause a variety
of plants and their fruits to rot. Among them, Fusarium
tricinctum can cause apple moldy heart disease [25], garlic
root rot [26], lily Fusarium wilt [27], and potato dry rot [28].
Yang et al. [29] found that there were significant differences
in the pathogenicity and severity of Fusarium in different
provinces and between different places in the same province.
Because Fusarium tricinctum are more harmful to fruits and
fruit trees and have a wide range of damage; they should be
paid attention to in field prevention and control.

In recent years, the prevention and treatment of ki-
wifruit fruit rot disease gradually attracted the attention
of the world kiwifruit industry. In this study, the in vitro
inhibitory effects of 16 kinds of fungicides and plant
essential oils against Diaporthe phaseolorum and Fusa-
rium tricinctum were determined. The results showed that
all the tested agents had a certain inhibitory effect on the
four pathogenic fungi. Among them, 33.5% quinolone SC
had the best inhibitory effect on Diaporthe phaseolorum
and 25% fludioxonil SC had the best inhibitory effect on
Fusarium tricinctum. At present, there are many
screening studies on the prevention and control of ki-
wifruit rot disease. The commonly used agents are mainly
carbendazim, tebuconazole, prohydan, flusilazole, ben-
omyl, and thiophanate-methyl. Previous studies have
shown that ethylicin could significantly inhibit the my-
celial growth of P. macrospore, Botryotinia fuckeliana,
Botryosphaeria dothidea, and Fusarium proliferatum [30].
42.4% azole ether-fluranil SC, 40% flusilazole EC, and
other three kinds of fungicides had a significant inhibi-
tory effect on Pestalotiopsis gracilis [31]. Curcumin has a

significant inhibitory effect on the growth of Diaporthe
phaseolorum mycelium [32]. But serious pesticide residue
problems will come with the long-term use of pesticides
[33], for example, pesticide residues are the main bot-
tleneck for my country’s kiwifruit export volume and
price increase [34]. Therefore, there is an urgent need for
research and development to find alternatives to pesti-
cides [35]. To sum up, the optimal control agents for
various pathogens are different; this may be related to
kiwifruit varieties and local geographic climate. Based on
the results of the abovementioned in vitro screening of
fungicides against kiwifruit rot pathogens, the field
control effect tests of 33.5% quinolone SC and 25% flu-
dioxonil SC against kiwifruit rot disease can be carried
out in our next work, so as to provide an effective pre-
vention and control method of kiwifruit rot disease in
Guizhou Province.

5. Conclusion

In conclusion, our results showed that Diaporthe phaseo-
lorum and Fusarium tricinctum were the pathogenic fungi of
kiwifruit (cultivar “Jinyan”) rot disease in Guizhou Province.
Meanwhile, 33.5% quinolone SC had the best inhibitory
effect on Diaporthe phaseolorum and 25% fludioxonil SC had
the best inhibitory effect on Fusarium tricinctum. Our study
could provide a theoretical basis for the effective control
method of kiwifruit rot disease in Guizhou Province.
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Anthracnose, caused by Colletotrichum gloeosporioides, is highly harmful for walnut production in the world. To better control this
disease, the inhibitory effects of 3 fungicides against Colletotrichum gloeosporioides were determined, and the results showed that
prochloraz had better inhibitory activity. Through comparative metabolomics analysis, 311 metabolites might be associated with
the walnut peel response to Colletotrichum gloeosporioides under prochloraz treatment. Furthermore, we supposed that the
phenylpropanoid pathway might be induced by prochloraz to resist Colletotrichum gloeosporioides infection. In conclusion, the
upregulated metabolites in the phenylpropanoid pathway might be related to synthesize lignin to further form a cell wall against

Colletotrichum gloeosporioides infection.

1. Introduction

Colletotrichum gloeosporioides (C. gloeosporioides) is a plant
pathogen highly harmful for many genus plants [1-3]. It can
cause anthracnose disease which is a crucial constraint to
walnut production in many areas in the world and results in
significant yield and economic losses [4, 5]. Some reports
demonstrated that some fungicides can inhibit anthracnose
disease caused by C. gloeosporioides [6, 7], and prochloraz is
a good fungicide to control diseases, which can inhibit the
ergosterol synthesis of pathogen. However, there was a
difference pathogenicity from different isolates. It should
consider that the pathogenicity of the genus Colletotrichum
from different sources [8] and these strains isolates from
different plant or place had different fungicides sensitivities
too [1, 2]. Therefore, any differences in fungicide sensitivities
of isolates causing walnut anthracnose remain unknown [9].
Walnut anthracnose caused walnut production economy
loss in Guizhou province every year, and the main pathogen
is C. gloeosporioides, in which fungicide fit for this strain on
walnut is unknown. It is known that prochloraz can inhibit
the ergosterol synthesis of pathogen, but how it effects
metabolic changes of walnut peels is unknown. This study
was conducted to compare the control effect on

C. gloeosporioides of walnut and analyze metabolomics of
walnut peel against C. gloeosporioides under prochloraz
treatment.

2. Materials and Methods

2.1. Experimental Materials. The C. gloeosporioides was
isolated from walnut orchard in Qingzhen City and iden-
tified by Guizhou Academy of Forestry. 45% prochloraz EW
was purchased from Hunan Xinchangshan Agricultural
Development Co., Ltd. (Hunan, China); 50% fluazinam EC
was purchased from Mengzhou Nonghuize Biological
Technology Co., Ltd. (Henan, China); 80% ethylicin SC was
purchased from Shandong Zouping pesticide Co., Ltd.
(Shandong, China). The walnut peel was collected from
walnut orchard located at Qingzhen City, Guizhou, China
(106.276520N, 26.643765E, altitude 1294.77 m).

2.2. Antifungal Activity Test. The effects of three fungicides
on the mycelial growth were detected according to the
method described by Hua et al. with slight modifications
[10]. The fungicides (200, 100, 50, 25, 12.5, and 6.25 mg/L)
were prepared using sterile water. The C. gloeosporioides
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mycelial disks (5 mm in diameter) taken from one-week-old
cultures of C. gloeosporioides were placed at the center of
Petri dishes (90 mm in diameter) containing 20 mL of PDA
amended with different concentrations of fungicides. A
control experiment was carried out by adding the corre-
sponding volume of sterile water into PDA. Colony diam-
eters were measured after incubation for 7 days at 25°C. Each
treatment composed of three replicates. The inhibition rates
of fungicides on the colony growth of C. gloeosporioides were
calculated. The data were presented as the mean + SD and
analyzed to detect significant differences by ANOVA with
SPSS version 24.0 software.

2.3. Fungicides Control Efficiency against C. gloeosporioides in
the Field. Three fungicides were used to control
C. gloeosporioides on walnut in Qingzhen City, Guizhou,
China (106.276520N, 26.643765E, altitude 1294.77 m). These
fungicides were sprayed on 10 walnut trees that were 10
years old; the application time was April 20, May 20, and
June 20, 2021, respectively. The drug concentration of
fungicides was 1 g/L and water served as blank control (CK).
Randomly surveyed one branch from the east, south, north,
and west of the trees and counted the area of fruit disease
spots on each branch on April 19 and July 20, 2021. At least
20 fruits were surveyed with each tree; each treatment
composed of 10 trees. The disease index was calculated
according to the disease level. The disease grades were
classified as follows. Grade I: no disease spots on the fruit,
assigned a value of 0. Grade II: disease spots were less than
10% of the fruit area, assigned a value of 1. Grade III: disease
spots were between 10% and 30% of the fruit area, assigned a
value of 2. Grade IV: disease spots are between 30% and 50%
of the fruit area, assigned a value of 3. Grade V: disease spots
are more than 50% of the entire fruit area, assigned a value of
4. Incidence rate=(number of diseased branches/total
number of fruits under investigation) x 100; disease index-
= (D (disease gradesxnumber of fruits in each grade)/
(highest disease gradextotal number of investigated
fruits)) x 100. Control effect (%)= (1—(disease index after
treating—disease index before treating)/control experiment
disease index change)x 100. All data were calculated by
Excel 2007.

2.4. Metabolomics Analysis. The walnut peels were col-
lected on July 20, 2021. Choose infected fruits with the
same symptoms to test. Untargeted metabolomics was
used to analysis of the different metabolites of walnut peel
between blank control (yunxinl, yunxin2, and yunxin3
named CK) and prochloraz treatment (yunxin4, yunxin5,
and yunxin6 named PT). The freeze-dried sample was
crushed, and 50 mg of powder was extracted overnight at
4°C with 1 mL of methanol-acetonitrile water (2:2:1). In
addition, quality control (QC) samples were made by
mixing the extracts of each sample. The sample extracts
were tested by using a Waters Acquity I-Class PLUS/Xevo
G2-XS QT of system. The analytical conditions were as
follows: column, Waters Acquity UPLC HSS T3 (1.8 ym,
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2.1mmx 100 mm). The following gradient profile was
used: 0-2min, 98% A; 2-11 min, 2%-98% B; 11-13 min,
98% B; and 13-15min, 2%-98% A. The flow rate was
0.2 mL/min, and the injection volume for each sample was
10 uL. The column temperature was maintained at 40°C,
and the sample temperature was 10°C. The injection
volume was 3 uL. The effluent was alternatively connected
to an Xevo G2-XS QTOF mass spectrometer. Applied a
high-resolution tandem mass spectrometer Xevo G2-XS
QTOF (Waters, USA), equipped with an ESI Turbo ion-
spray interface, operating in positive and negative ion
modes, and controlled by Analyst MassLynx V4.2. The ESI
source operation parameters were as follows: ion source,
turbo spray; source temperature, 150°C; ion spray voltage,
2000 V (positive ion mode)/-1500 V (negative ion mode);
the sampling cone voltage was set at 30 V; reverse blowing
flow rate 50 L/h; and the flow rate of desolvation gas is
800 L/h.

The identification is based on the Progenesis QI software
according to the sample type using online databases such as
METLIN and self-compiled database (Biomarker, Beijing,
China), and the mass deviation of fragment ion identifi-
cation was within 100 yg/L. Compounds were identified
based on second-level mass spectrum and retention time.
Quantitative analysis was carried out in the MRM mode. The
corresponding relative metabolite contents were expressed
as chromatographic peak area integrals. The data were
statistically analyzed and plotted using SPSS Statistics ver-
sion 20.0 (SPSS Inc., Chicago, IL, USA). A principal com-
ponent analysis (PCA) was performed in R package (version
3.5.0). Orthogonal partial least-squares discriminant anal-
ysis (OPLS-DA) was conducted by MetaboAnalystR package
(versionl.0.1), and the variable importance in projection
(VIP) value was generated. Differentially accumulated
metabolites (DAMs) were screened by VIP > 1, P < 0.05, and
|fold change|>1. The functions of DAMs were further
annotated using the KEGG compound database to deter-
mine the metabolic pathways that are most highly correlated
with the resistance of walnut peel under prochloraz treat-
ment against C. gloeosporioides.

3. Results and Discussion

3.1. The In Vitro Antifungal Activity Test. Table 1 provides
that 45% prochloraz EW had the best in vitro inhibitory
effect on the mycelial growth, with the ECs, value of
0.067 ug/mL; it was similarly reported by Ding et al. [7, 11].
The 80% ethylicin SC had the lowest inhibitory effect against
C. gloeosporioides (ECso = 31.62 ug/mL), which is consistent
with Shi et al. report [12].

3.2.  Control Efficiency of 3 Fungicides against
C. gloeosporioides in the Field. Three fungicides were used to
control C. gloeosporioides in the field, and the results are
given in Table 2. The 45% prochloraz EC had the best control
efficiency with 73.28%, 50% fluazinam EC had the control
efficiency with 60.34%, and 80% ethylicin SC had the control
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TaBLE 1: The in vitro inhibitory effect of 3 fungicides.

Treatment Concentration (ug/mL) Colony diameter (cm) Inhibition rate (%) ECsp (ug/mL)
200 0.50+0.00 100.00 £ 12.51
100 0.65+0.05 97.34 +£6.57
50 0.77 £0.07 95.27 £5.92
0,
45% prochloraz EW 25 0.89 £ 0.06 93.08 + 12.82 0.067
12.5 0.95+0.05 92.01 +£4.53
6.25 1.18 +£0.09 87.87+4.18
200 0.73+0.07 95.95+6.19
100 1.13+0.14 88.76 £ 5.27
. 50 1.70+0.10 78.70 £ 3.09
0,
50% fluazinam EC 25 2324011 67.75+ 2.40 12.76
12.5 3.38+0.09 48.82 +1.10
6.25 4.25+0.13 33.43+1.23
200 1.20+0.08 87.57 £2.57
100 2.37+0.12 66.86 +1.92
.. 50 2.98+0.13 55.92+1.69
0,
80% ethylicin SC 25 3.78+0.07 41.72+0.83 31.62
12.5 4,38 +0.07 31.07+0.75
6.25 4.78 +0.09 23.96 +£0.86
CK — 6.13+0.20 —
TaBLE 2: Control efficiency of 3 fungicides against C. gloeosporioides in the field.
Fungicides Total branches Disease branches Disease branch rate (%) Disease index (%) Prevention and control effect (%)
45% prochloraz EW 40 30 75 15.50 73.28
50% fluazinam EC 40 36 90 23.00 60.34
80% ethylicin SC 40 40 100 38.00 34.48
CK 40 40 100 58.00

efficiency with 34.48%. The control efficiency test in the field
was consistent with the indoor toxicity test.

The 45% prochloraz EC and 50% fluazinam EC had a
better control effect in the field, prochloraz often mixed with
other fungicides to obtain better efliciency in the field
[13, 14], and fluazinam showed a better inhibition against
mycelial growth, but it was unstable and affected by the
environment in the field experiment [15]. The ethylicin was
the biopesticides; it can inhibit Botrytis cinerea eftectively but
have a little effect on Colletotrichum spp. [16].

3.3. Metabolome Analysis Resistance of Walnut under Pro-
chloraz Treatment against C. gloeosporioides. Untargeted
metabolomics was performed on samples taken from CK
and PT walnut peel after treating on the 30th dpi. A total of
1256 metabolites were obtained in all samples, as presented
in the heatmap visualization, which showed distinct hier-
archical clustering of samples by different treatment of
walnut peel (Figure 1, Table S1). In the PCA plot, CK and PT
were divided into two parts by PCAL; it showed different
metabolites under two treatments (Figure 2). Based on the
quantitative analyses of all detected metabolites (Table S2)
and the fold change threshold, a total of 311 DAMs were
obtained for the comparison of CK versus PT, of which 68
metabolites were downregulated and 243 metabolites were
upregulated in PT. A heatmap of DAM confirmed the

significant differences in the metabolome of CK and PT
walnut peels following C. gloeosporioides infection
(Figure 1(b)) [17].

KEGG pathway analysis showed that DAMs were mainly
enriched in the following 4 pathways: “biosynthesis of
various secondary metabolites,” “phenylpropanoid biosyn-
thesis,” “folate biosynthesis,” and “Biosynthesis of unsatu-
rated fatty acids” (Figure 3). Of these, metabolites involved
in the pathways of “phenylpropanoid biosynthesis” showed
the highest accumulation.

3.4. DAMs Analysis Dominated Resistance of Walnut under
Prochloraz against C. gloeosporioides. All the number of
DAMs enriched in the KEGG pathway were 51. Compared
DAMs in CK with PT were mainly enriched in the phe-
nylpropanoid pathway. The phenylpropanoid pathway is a
well-known metabolite pathway that plays important roles
in the plant disease resistance pathway [18]. There were 7
compounds of DAMs in the phenylpropanoid pathway had
been detected, and they were all upregulated (Figure 4). The
phenylpropanoid KEGG pathway is shown in Figure 5
(Figure S1); sinapic acid, caffeoyl quinic acid, caffeic acid,
5-hydroxyconiferyl alcohol, sinapyl alcohol, ferulic acid, and
scopoletin were upregulated in this pathway. These com-
pounds can further synthesize scopoline, sinapoyl malate,
syringin, and syringyl lignin.
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FIGURE 1: (a) Heatmap visualization of metabolites. (b) Heatmap of DAMs. The content of each metabolite was normalized with complete
linkage hierarchical clustering. Each example was visualized in a single column, and each metabolite is represented by a single row. Red
indicates high abundance, whereas low relative metabolites are shown in green.
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families, and it exhibits refined regulatory mechanisms at the
transcriptional level [19]. The phenylpropanoid is serving as
a starting point for the production of many other important
compounds, such as flavonoids, coumarins, and lignans
[20]; it can regulate downstream metabolite synthesis to
respond to pathogen infection. When a pathogen infected
plants, the microbe-associated molecular pattern (MAMP)-
triggered immunity (PTI) activates a basal defense response,
such as the biosynthesis of antimicrobial secondary me-
tabolites or cell wall lignifications, protease inhibitor ex-
pression, and hormone biosynthesis [21, 22], and the lignin

metabolism in plants regulated defense response that in-
duced by pathogen [23]. According to this research, the
content of sinapic acid, caffeoyl quinic acid, caffeic acid, 5-
hydroxyconiferyl alcohol, sinapyl alcohol, ferulic acid, and
scopoletin increased after treating and may lead to the
content of lignin increase to resistant plant pathogen. As
known to all, lignin plays an important role in the com-
position of plant cell walls [24-26]; therefore, prochloraz
treatment may induce the synthesis of lignin in the cell wall
to resist C. gloeosporioides infection expected, inhibiting the
synthesis of ergosterol of pathogen.
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4. Conclusions

In conclusion, 45% prochloraz EW had the best in vitro and in
vivo bioactivities against C. gloeosporioides with the ECs, values
and control efficiency of 0.067 ug/mL and 73.28%, respectively.
Meanwhile, metabolome analysis showed that the phenyl-
propanoid pathway may be induced by prochloraz to increase
the metabolites of lignin to resist C. gloeosporioides infection.
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Kiwifruit is an important economic crop in the world today with a high nutritional value. It can cause huge damage by causing
kiwifruit rot disease; however, at present, the control methods for this disease are limited. In this study, the rotten fruits of kiwifruit
(Cultivar “Jinyan”) were collected from Pujiang city (Sichuan province), Xixia city, (Henan province), Zhouzhi (Shaanxi
province), Meixian city (Shaanxi province), and Bijie (Guizhou province), China, and the pathogenic fungi were identified by
isolation and purification, pathogenicity test, morphological characteristics, and analysis of ribosomal DNA internal transcribed
spacer (tDNA-ITS) sequences. The results showed that the pathogenic fungi of kiwifruit rot disease were Botryosphaeria dothidea
and Dothiorella gregaria. Meanwhile, the in vitro antifungal activity of 11 kinds of fungicides and 5 kinds of plant essential oils
against B. dothidea and D. gregaria were determined and the results showed that all the tested fungicides and plant essential oils
had a certain inhibitory effect on B. dothidea and D. gregaria. Among them, propiconazole had the best inhibitory effect on
B. dothidea with an ECs, value of 4.10 mg/L, and quinolinone had the best inhibitory effect on D. gregaria with the ECs, value of
10.05 mg/L. Moreover, the pesticides and essential oils have practical application values for prevention and treatment of fruit rot

diseases pathogens.

1. Introduction

Kiwifruit (Actinidia spp.) is rich in nutrients [1, 2], and it is
one of the wild fruit trees that have been domesticated and
cultivated 100 years ago [3-5]. The first record of it seem
appears to be in the Book of “Shijing” before AD 1000-500
[1], while the definitive first record is in a poem written by
Censen. However, the taxonomic studies, that is, to dis-
tinguish between varieties and species were still in 1984 [6].
Although it is an indigenous fruit in China [7, 8], its large-
scale cultivation only started in 1978 [5], while the com-
mercial cultivation in New Zealand began in 1930 [9].
However, because of its origin, even if it started late, China is
still the largest producer of kiwifruit in the world along with
New Zealand and Italy [10], and China is also the region with
the highest kiwifruit diversity [11]. According to statistics,
there are more than 60 species of Actinidia spp. in the world,
with China as the center, the distribution involves latitude

500N to the equator, from cold temperate or arctic to
tropical and many other countries [11-14]. As of 2019, a
total of 23 countries in the world are planting kiwifruit, with
a total harvest area of about 270,000 hm?, and accounting for
67.92% (182,000 hm?) in China [10]. In China, 40% of the
kiwifruit grown in China is green pulp, followed by yellow
pulp (30%) and red pulp (30%). The yellow pulp kiwifruit
is mainly “Jinyan,” “Jintao,” “Jinyuan,” “Huayou,” “Jinmei,”
etc. [10]. “Jinyan” kiwifruit was crossed with Actinidia
chinensis as the female parent and Actinidia eriantha as the
male parent by the Wuhan Botanical Garden of the Chinese
Academy of Sciences in 1984 [15]. It is a kind of the kiwifruit
with the characteristics of high yield, beautiful and tidy fruit,
smooth skin, less hairy, high content of ascorbic acid in fruit,
good quality, and good storage resistance [16, 17]. It has
been promoted and planted in various regions of China,
including Yunnan [17], Jiangxi [16], Sichuan [18], and
Guizhou [19].

» « » <« » <«
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The fruit rot disease can harm many fruits, such as, apple
[20], sweet pepper [21], watermelon [22], areca nut [23],
tomato [24], etc. It is also one of the main diseases of ki-
wifruit after the near-ripening stage. The damaged kiwifruit
will form lesions during severe periods and emit an alcohol
smell, making it inedible. The fungi of Botryosphaeraceae
(Ascomycota: Dothideomycetes) degrade and passivate
pollutants are a type of fungi with great potential in envi-
ronmental remediation [25, 26]. But at present, its harms
outweigh its benefits. This type of fungus generally para-
sitizes or grows in the fruits, roots, stems, and leaves of
plants, causing a variety of plant diseases [27-29].
Botryosphaeria dothidea belong to Botryosphaeraceae. It is
currently recognized by domestic and foreign scholars as the
main pathogen causing the kiwifruit fruit rot disease [30, 31].
It is distributed in many countries and regions: New Zealand
[32-34], Iran [35], Japan [36], Chile [37], Italy [38], United
States [39], South Korea [40, 41], and China [42-45]. In
addition to infecting kiwifruit and causing fruit rot disease,
this fungus can also cause other diseases [46-49]. With the
increasingly serious damage of the fruit rot disease, the
prevention and control of fruit rot disease has gradually
attracted the attention of the world. For example: 11%
metalaxyl-M-fludioxonil-azoxystrobin, 43% Tebuconazole,
Atailin, Carbendazim, and Bacillus polymyxa, cuminalde-
hyde, geraniol, and B-citronellol have a good inhibitory
effect on B. dothidea [50-54]. However, there are fewer
repots about the rot disease in kiwifruit (Cultivar “Jinyan”)
[55].

In order to avoid the development of related fungal
resistance and ensure the diversity of fungicides, research
studies on other fungicides for fruit rot disease pathogens
and new fungicides of botanical origin are necessary.
Therefore, in this study, the rotten fruits of kiwifruit
(Cultivar “Jinyan”) were collected and the pathogenic fungi
were identified. Meanwhile, the in vitro antifungal activity of
11 kinds of fungicides and 5 kinds of plant essential oils
against B. dothidea and D. gregaria was determined.

2. Materials and Methods

2.1. Pathogen Identification and Pathogenicity Test. The
rotten kiwifruit was collected from Pujiang city (Sichuan
province), Xixia city, (Henan province), Zhouzhi (Shaanxi
province), Meixian city (Shaanxi province), and Bijie
(Guizhou province), China (Figure 1), and packaged in a
clean Ziplock bag, then was taken back to the Guizhou
Engineering Research Center for Mountain Featured Fruits
and Products, Guizhou Light Industry Technical College,
and stored at 4°C.

The kiwifruits are first rinsed with tap water and ul-
trapure water 3 times, respectively, and then ventilated for
30 min to dry. The infected tissues (1 x 1 x 0.5 cm size) were
soaked in 75% alcohol for about 30s, rinsed with sterile
water 3 s, and then the tissues were plated on the PDA plates.
After that, the PDA plates were maintained in a constant
temperature incubator at 26°C without light. After 3 days, all
the strains were cultured on the new PDA plates using a
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single spore technique to ensure purity. Finally, the purified
strains were stored at 4°C for further use.

Pathogenicity determination of pathogenic fungus was
performed according to Koch’s law. The healthy and near-
ripe kiwifruits (Cultivar “Jinyan”) were soaked in 75% al-
cohol for 60 s, washed with sterile water 2-3 times, and then
placed on the filter papers for 15s to absorb moisture. A
sterile inoculation needle was used to pierce the middle
epidermis of the cleaned kiwifruits to form a 0.2 mm wound,
and a 0.5 cm sterile punch was used to make a fungus cake,
and the mycelial surface of the fungus cake was attached to
the wound. The sterile distilled water served as a negative
control. Each treatment was repeated three times. After that,
the kiwifruits were incubated in a 26°C constant temperature
incubator with a humidity of 60% and a photoperiod of 12L:
12D. The surface of healthy and nearly mature kiwifruits
inoculated with sterile water served as a control. After 7 days
of inoculation, some symptoms have been observed on the
surface. The causal fungus in the infected kiwifruit surface
was re-isolated on the PDA plate as described above. The
characteristics of the re-isolated fungus was used to compare
with its original culture. The pathogenic fungi separation
rate and the disease severity index (DSI) of Koch’s test were
calculated according to the following formulas. In the for-
mulas, 0, 1, 3, 5, and 7 represent different disease levels (0: no
disease; 1:0% < disease plaque size < 10%; 3:10% < disease
plaque size <25%; 5:25% < disease plaque size <50%; 7:
50% < disease plaque size), and A, B, C, D, and E represent
the number of seedlings within each disease severity levels
[56].

Separationrate (%)

_ Number of separate pathogenic fungikiwifruits

>

Total number of test kiwifruits

0A+1B+3C+5D+7E
DSI =<( MR )>><100.

4(A+B+C+D+E)
(1)

2.2.  Morphological —and  Molecular  Identification.
Individual colony was inoculated on the PDA plate and
maintained in a constant temperature incubator at 26°C
without light for 8 days. Then, the morphology was iden-
tified by both eye and an inverted microscopy (ECLIPSE Ni-
E, Nikon Corporation, Japan).

The fungus DNA extraction was performed using the
DP336 kit (Beijing Tsingke Biotechnology Co., Ltd. Chengdu
Branch (BT)), and the steps were referred to the kit’s in-
structions. The extracted DNA is amplified by PCR reaction
to obtain the target gene fragment. The reaction system:
12.5 uL 2xEs Taq Mix (BT), 1 yL forward primer (ITS1: 5'-
TCCGTAGGTGAACCTGCGG-3'), 1uL reward primer
(ITS4: 5'-TCCTCCGCTTATTGATATGC-3') [57], 1uL
DNA, and 9.5 uL ddH,O. Reaction conditions were as fol-
lows: pre-denaturation at 94°C for 5min, 35 cycles (dena-
turation at 94°C for 30s, annealing at 56°C for 1min,
extension at 72°C for 1 min), extension at 72°C for 7 min, and
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FIGURE 1: Distribution map of kiwifruit sample collection points.

stored at 4°C. The amplified products were sequenced by
Applied Biosystems (3730XL) equipment.Viewing and cal-
ibration of sequences were performed in BioEdit (version
7.0.9.0) to obtain high-quality sequences. The obtained high-
quality sequences were aligned and identified in the NCBI
(https://www.ncbi.nlm.nih.gov/). Moreover, the sequences
were upload to the Genbank database to obtain the accession
numbers of ON566021 and ON566022.

2.3. Phylogenetic Tree Construction. Referring to the research
of Zheng et al. [47], Tiarosporella graminis (Genbank:
KC769962.1) was selected as the outgroup comparison.
High-quality sequences were aligned by MAFFT (version
7.149b) [58]. The aligned sequences were edited in gBlocks
(version 0.91b) software to obtain conserved sequences [59].
The ML tree of all sequences was reconstructed in MEGA
(version 7.0.26), and the base substitution model used
GTR+ G +1 clade support was estimated by bootstrap an-
alyses with 1,000 replicates [60].

2.4. In Vitro Antifungal Activity Test. In this study, 11 kinds
of fungicides and 5 kinds of plant essential oils (Table 1)
against B. dothidea and D. gregaria were determined
according to the reported method [53]. The inhibition rates I
(%) are calculated after 7 days by the following formula,
where C (cm) and T (cm) represent the fungi diameters of
the CK and treated PDA plates, respectively. Meanwhile, the

ECs, values of 11 kinds of fungicides and 5 kinds of plant
essential oils against B. dothidea and D. gregaria were cal-
culated with SPSS 19.0 software.

Inhibition Rate I (%) = (@) % 100. (2)

3. Result

3.1. Pathogenicity Determination. Figure 2 shows that the
strain F1 and strain F4 can cause kiwifruit rot disease.
Moreover, 7 days after the pathogenicity test, the pathogenic
rates of F1 and F4 strains are both 100%, and the DSI is
10.7% (Table 2). Therefore, the F1 and F4 strains are the
pathogens of kiwifruit rot disease. The diseased kiwifruit was
re-isolated, and the strains with the same morphological
characteristics as the original inoculated strains were ob-
tained, which met the requirements of Koch’s law.

3.2. Morphological Identification and Sequence Identification.
Figure 3(a) shows that the hyphae of strain F1 were initially
transparent and grew in an irregular circular shape with a
fast growth rate. The color gradually changed to white and
oft-white with time and began to appear light gray on the 3rd
day (Figures 3(a) and 3(c)). In the later stage of observation,
the color of the hyphae was dark green and the hyphae
branched more and intertwined with each other
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TasLE 1: List of 11 kinds of fungicides and 5 kinds of plant essential oils.

Names

Source

33.5% quinolinone SC
250 g/L propiconazole EC
25% myclobutanil EC
25% bromothalonil WP
3% zhongshengmycin WP
80% ethylicin EC

100 g/L cyazofamid SC
10% polyoxin WP

1% osthol AP

0.3% eugenol AP

20% triazolone EC

75% chlorothalonil WP
66% dithianon WG
Patchouli essential oil
Ylang-ylang essential oil
Garlic essential oil
Cedarwood essential oil

Shanghai hulian biological pharmaceutical co., Ltd
Shandong xinxing pesticide co. Ltd
Zhejiang yifan biotechnology group co., Ltd
Jiangsu tuoqiu agrochemical co. Ltd
Fujian kaili bio-product co., Ltd
Henan kebang chemical co, Ltd
Henan guangnong pesticide factory
Shanghai hulian biological pharmaceutical co., Ltd
Inner Mongolia gingyuanbao biological technology co., Ltd
Jiangsu nantong shenyu green medicine co., Ltd
Chonggqing yiershuangfeng technology co., Ltd
Shandong luobang biopesticides co. Ltd
Jiangxi heyi chemical co., Ltd
Beijing maosi trading co., Ltd
Beijing maosi trading co., Ltd
Beijing maosi trading co., Ltd
Beijing maosi trading co., Ltd

(d) (e) ()

FIGURE 2: The symptoms of F1 and F4 strains in pathogenicity test. (a) and (d): Natural occurrence characteristics of kiwifruit fruit rot
disease, (b) and (e): pathogenicity test CK group, (c) and (f): pathogenicity test characteristics; (a)-(c) F1 strain. (d)-(f) F4 strain. Scale bar:

10 mm.

(Figures 3(a) and 3(c)). Its morphology was consistent with  gray on the 4™ day. On the 8" day, the diameter of the
the descriptions of Liang and Ferguson [6] and He et al. [61]. fungus covered the petri dish (diameter=90mm)

Figure 3(d) shows that the hyphae of strain F4 were felt- (Figure 3(e)). Figure 3(d) shows that the hyphae had more
like and the hyphae were gray in the early stage of growth.  branches, thinner hyphae, and vigorous hyphae growth. As
The hyphae were pale yellow-green and the center was dark  the growth days increased, the hyphae were dark gray in the
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TABLE 2: Separation rate of pathogenic fungi of kiwifruit fruit rot and pathogenic rate and DSI of pathogenicity test.

Strain Separation rate (%) Pathogenic rate (%) DSI (%)

F1 50 100 10.7

F4 5 100 10.7

Data statistics after seven days of pathogenicity test.

(d)

®

F1Gure 3: Morphological characteristics of pathogenic fungus of kiwifruit fruit rot disease. (a) and (d) observe surface of colony (front), (c)
and (f) observe surface of colony (back), (b) and (e) mycelial morphology. (a)-(c) F1 strain. (d)-(f) F4 strain. Scale bar: 100 nm.

middle, white at the edges, and black at the bottom of the
medium (Figure 3(f)). The morphology is basically con-
sistent with the descriptions of Saccardo [62] and Zhao and
Huang [63].

The phylogenetic tree was constructed using the MEGA
7.0 based on the ITS sequence and the results shown in
Figure 4. As shown in Figure 4, the F1 and F4 strains were
classified as Botryosphaeria dothidea and Dothiorella gre-
garia, respectively.

3.3. In Vitro Antifungal Activity. It can be seen from Table 3,
the test fungicides and plant essential oils revealed different
degrees of inhibition on the growth of B. dothidea and
D. gregaria. Especially, quinolinone showed the best in-
hibitory effect against D. gregaria with the EC5, value of
10.05 mg/L; meanwhile, propiconazole had an ECs, value of
4.10 mg/L against B. dothidea, which was even better than
those of other fungicides and plant essential oils.

4. Discussion

Since the first report of kiwifruit fruit rot in 1985 [64], it has
been studied by various scholars one after another. At

present, a variety of pathogens have been found, such as
B. dothidea, Botryotinia fuckeliana, Alternaria alternata,
Cylindrocarpon candidum, etc [33, 43, 64, 65]. However,
D. gregaria is the first report that can cause fruit rot in
kiwifruit. It was previously reported as the causative agent of
poplar canker [66, 67], jujube fruit shrink disease [68, 69],
jujube fruit black rot disease [70], cedar dieback disease
[71, 72], citrus [73]. In previous studies, there are fewer
control methods for this fungus: the combination of 20.67%
Wanxing EC+68.75% Yibao dispersible granules+72%
streptomycin soluble powder had a good control effect on
the fungus, and the field control effect on jujube shrinkage
fruit disease reached 86.9% [68]. Among the substances
screened in this study, quinolinone has the lowest ECs,
value, reaching 10.05mg/L, such that the agent should be
able to achieve a good effect in the field control of rhesus
monkey fruit rot.

Among the agents we screened against B. dothidea,
propiconazole has the best effect, and its ECs, reached
4.10 mg/L after 7 days, so propiconazole is recommended as
an effective control agent for kiwifruit fruit rot caused by
B. dothidea. Besides, the antifungal effect of monoterpenes
on B. dothidea showed that cuminaldehyde had the best
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Figure 4: ML Phylogenetic tree based on ITS-rDNA gene sequence of kiwifruit fruit rot disease pathogen. Posterior probabilities from 1,000
bootstraps inferences are given node dates. The out group is Tiarosporella graminis.

TaBLE 3: The ECs, values of the test fungicides and plant essential oils against Botryosphaeria dothidea and Dothiorella gregaria.

Dothiorella gregaria

Botryosphaeria dothidea

Treatment
Regression equation ECs (mg/L) Regression equation ECso (mg/L)

Quinolinone Y=3.9521+1.0456 X 10.05 Y=2.8548+0.9647 X 167.40
Propiconazole Y=3.8706+1.1022 X 10.58 Y=4.4247+0.9394 X 4.10
Cyazofamid Y=3.7769+0.9738 X 18.03 Y=3.1692+1.0047 X 66.40
Myclobutanil Y=3.6815+1.0232 X 19.44 Y=3.9907+1.1013 X 8.25
Bromothalonil Y=3.4510+0.9517 X 42.43 Y=3.6706+1.0776 X 17.12
Eugenol Y=2.9490+1.2041 X 50.51 Y=3.2386+1.1044 X 39.34
Zhongshengmycin Y=2.8882+1.0207 X 117.24 Y=3.5394+1.0988 X 21.35
Osthol Y=2.5885+1.1629 X 118.52 Y=2.7987+1.4142 X 36.02
Polyoxin Y=2.7142+1.0970 X 121.27 Y=2.4053+1.2884 X 103.25
Ethylicin Y=2.5530+1.1350 X 143.22 Y=21970+1.4658 X 81.72
Chlorothalonil Y=2.7630+0.8777 X 353.73 Y=3.5119 + 0.8690 X 51.57
Triazolone Y=1.9850+1.1435 X 433.08 Y=2.8361+1.0914 X 96.10
Dithianon Y=1.4391+1.2688 X 640.33 Y=1.1043 +1.4664 X 453.47
Patchouli essential oil Y=2.6529+1.1907 X 93.56 Y=2.7897 +1.0509 X 126.84
Cedarwood essential oil Y=2.7182+1.1448 X 98.43 Y=2.7233+1.0809 X 127.73
Garlic essential oil Y=24979+1.2248 X 110.37 Y=3.0058 +1.0010 X 98.21
Ylang-ylang essential oil Y=2.3641+1.2185 X 145.65 Y=2.9745+1.0192 X 97.14

effect with the ECsy of 105.2 mg/L [54]; however, the bio-
activity was lower than that of ylang-ylang essential oil
reported in our present study (ECso = 97.14 mg/L). Although
there are many studies on plant essential oils or their volatile
substances to control pests [74-78], the current application
needs to be accelerated to provide new pesticides for
comprehensive pest control.

5. Conclusion

In conclusion, our results showed that B. dothidea and
D. gregaria were the pathogenic fungi of kiwifruit (Cultivar
“Jinyan”) rot disease in China. Meanwhile, quinolone and
propiconazole revealed the best inhibitory effect on
D. gregaria and B. dothidea, respectively. Our study could

provide a theoretical basis for the effective control method of
kiwifruit rot disease in China.
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The degradation modes and characteristics of different pesticides were introduced. In addition, this paper also describes the
degradation mechanism of different pesticides, classifies, and summarizes the methods of degradation products identification. For
the sake of human life health and better biological environment, we should have a familiar knowledge of the natural degradation of
pesticides and understand the photo-hydrolysis and its influencing factors (temperature, pH, light, etc.). Through the degradation
mechanism and influencing factors, the degradation time could be accelerated and it also provides a theoretical basis and basic
support for the treatment of pesticide residues in the future.

1. Introduction

Pesticide, as a chemical synthetic substance or a natural
substance from the other bionts, used to prevent, destroy or
control diseases, insects, grasses, and other harmful or-
ganisms that endanger agriculture, forestry plants and their
products, and purposefully regulate the growth and devel-
opment of plants and insects. As an important agricultural
means of production, the primarily function of pesticides is
to ensure crop yield, quality, and safety. They are divided
into several major types depending on their control objects,
such as insecticide, fungicide, acaricide, herbicide, nemati-
cide, and plant growth regulator. The development and
application of pesticides had played a very important role in
promoting the harvest of agricultural food crops. However,
excessive dependence on pesticides and irrational use of
pesticides had a certain negative impact on agricultural
production. With the mass production and widespread use
of pesticides, the application of pesticides inevitably causes
residues and pollution in the environment and has caused a

widespread concern in countries around the world [1-4].
Pesticides must be residual when used, these residues will
have incalculable implications for food, the environment,
biomes, and even humans. The ecological effects of pesticide
residues and the fate of these residues in the environment are
urgently needed to be solved for both the scientific com-
munity and the general public. Therefore, it is necessary for
us to explore the photolysis, hydrolysis mechanism, and
identification method of pesticide degradation mode to
provide a theoretical basis and technical support for mul-
titudinous pesticide detection technology and residue so-
lution in the future.

There are many reasons for causing and affecting pes-
ticide residues. The properties of pesticides, environmental
factors, and the application methods of pesticides are the
main factors affecting pesticide residues. The pollution of
pesticides to the water environment mainly come from (I)
direct application to the water environment; (II) migration
of pesticides applied to the farmland with rainwater or ir-
rigation water; (III) discharge of wastewater from pesticide
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production and processing enterprises; (IV) during the use
of pesticides, the droplets, or dust particles migrating with
the wind and settle into the water body and the cleaning of
the application tools and instruments. For example, some
pesticides were found in the water environment with ex-
tensive agricultural activity [5, 6]. Furthermore, many
pesticides were found in urban streams [7], lakes [8-11],
underground water [12], and rivers [13-16]. After the
pesticides were applied, some of them adhered to the plant
body, or part infiltrated into the body of the plant, and the
other part was scattered on the soil or evaporates, dissipates
into the air, or flows into the lake with rainwater and
farmland drainage, thereby polluting the water body. Pes-
ticide residues mainly enter the human body through the
atmosphere, water, soil and food, and cause various chronic
or acute diseases.

Both photolysis and hydrolysis are important ways in the
degradation of pesticides in the environment. Hydrolysis is a
hydrolysis reaction of pesticides because there are chemical
structures in the pesticide molecules that can be hydrolyzed,
such as ester bonds, ether bonds, amide bonds, cyano group,
and acyl chloride group. Photolysis of pesticides is a process
in which a pesticide molecule gets light radiation energy, and
light energy is converted into a molecular bond of the
compound to break the bond and generate an internal re-
action. Pesticide molecules must absorb a certain wavelength
of light energy in an excited state in order to carry out a
photochemical reaction. Due to the structural properties of
the pesticide itself, most pesticides are very sensitive to
photolysis. In the past few decades, a large number of studies
have been conducted on the photolysis of pesticides and the
effects of organic and inorganic constituents in natural
world on the degradation of pesticides in water [17-33].

In this paper, the literature on pesticide degradation in
recent years is reviewed, the degradation methods of pho-
tolysis and hydrolysis are introduced, the degradation
mechanism of pesticides is discussed, and the identification
methods of degradation products are summarized. Finally,
this review provides some useful data and recommendations
for future research that will be urgently needed to inform
pesticide users, developers, and governmental regulators as
well as will have a more thorough reference point from
which the future of these widely applied pesticides can be
determined.

2. Types and Characteristics of Pesticides

Pesticides are divided into several major types depending on
their control objects, such as insecticides, fungicides, acar-
icides, herbicides, nematicides, and plant growth regulators.
Insecticides were agents that control the chemical or bio-
logical sources of insects. Insecticides could control insects
which may be due to killing the insect or otherwise pre-
venting it from engaging in a considered destructive be-
havior. Historically, humans have had long experience using
pesticides [34, 35]. Compared with insecticides, fungicides
have a short development history. It was not until 1807 that
the first practical chemical used for disease control, the first
fungicide, was discovered [36, 37]. In recent years, the
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development of Strobilurin fungicides was remarkable. The
mechanism of action was to block electron transmission,
inhibit mitochondrial respiration, and inhibit fungal growth
[38]. Ammoniacides have been developed due to the eco-
nomic losses caused by the rampant reproduction of her-
bivorous mites affecting fruits, cotton, and vegetables.
Today, to achieve the goal of drug resistance, most of the new
acaricides can be classified as mitochondrial respiratory
inhibitors, growth inhibitors, and neurotoxins [39, 40].
Herbicides act on large numbers of metabolic functions and
energy transfer sites in plant cells [41]. The first commercial
synthetic herbicide was created in the 1940s [42]. Herbicides
are divided into three categories: the first, biochemical
pathways and physiological processes related to photosyn-
thesis; the second, inhibit bioconstruction or assemble into
biopolymers; and the third, other modes of action [43]. Plant
parasitic nematodes cause huge economic losses to agri-
culture around the world annually [44]. Compounds con-
trolling nematodes began synthesis only in the 19th century
[45, 46]. Plant hormones play regulatory roles in growth and
development, while synthetic chemicals with similar phys-
iological activities, or compounds capable of otherwise
modifying plant growth, are called plant growth regulators
[47]. Plant growth regulators play a mainly active regulatory
role in plant development and affect the balance of plant
body hormones generally [48].

3. Pesticide Degradation Mode

The degradation mode of pesticides in the environment is
divided into biological degradation and nonbiological
degradation. Nonbiological degradation is also divided into
hydrolysis and photolysis.

3.1. Hydrolysis. Hydrolysis reactions are important pro-
cesses when many pesticides are degraded. Because of ad-
sorption catalytic reactions, pesticide hydrolysis is faster in
soil than in soil-free systems. This is more significant for the
degradation of chlorotriazine herbicides and organophos-
phate insecticides [49]. We take organophosphorus insec-
ticides as an example. Its hydrolysis reaction can occur by
homogenization machine production. Water and hydroxide
ions participate as nucleophiles in bimolecular nucleophilic
replacement reactions. Iron and aluminum oxides as well as
different clays can increase the hydrolysis rates by providing
the surface positions of the nucleophiles and the hydrolysis
reactions. Despite much speculation about the hydrolysis
mechanisms, there is still uncertainty [50, 51].

3.2. Photolysis. The light-induced chemical reactions of
pesticides on the surface of the atmosphere, water bodies, or
objects (e.g., plants and soil) are an important non-
biodegradation pathway of pesticides and has a significant
impact on pesticide residues, efficacy, toxicity, and the en-
vironment. Photocatalytic degradation is a relatively cheap
and effective degradation method and has good potential
[52-55]. Photodegradation requires absorption of light
energy and only pesticides that absorbed light above 285 nm
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could be decomposed by natural sunlight. Therefore, pho-
tocatalytic degradation experiments are usually carried out
under high intensity light. Pesticides absorbed light radia-
tion and produced hydroxyl, superoxide, and ozone radicals,
which ultimately lead to degradation products. Photo-
catalytic degradation reactions might be isomerization,
substitution, or oxidation. The reaction type is affected by
the physical properties of pesticides, environmental factors,
reactants, and so on [56, 57]. Photocatalytic degradation
reactions generally required photocatalysts. The ideal ma-
terial for photocatalysts should have high photoactivity,
photocorrosion resistance, chemical inertia, low cost, and
low environmental toxicity in the near ultraviolet and visible
regions of the electromagnetic spectrum [58]. Titanium
dioxide and zinc oxide were the main catalysts in photo-
catalytic reaction experiments [59-62]. However, recent
research using semiconductors as catalysts has emerged [63].

3.3. Biodegradation. Biodegradation has the advantages of
efficiency, economy, flexibility, wide range of degradation
objects, stable degradation ability, and no secondary pollution
to the environment [64]. The main reactions involved in
microbial degradation include hydrolysis, oxidation, alkyl-
ation, and dealkylation [65]. Biodegradation might be thought
of as the transformation of a complex substance into one or
more simpler substances by biological machinery, through the
production of enzymes that broke a chemical bond, and the
degradation of large compounds into small ones, rendering
them inactive. In addition to degrading enzymes, biodegra-
dation could also be influenced by environmental factors,
including the soil type, water content, temperature, and pH
[66-68]. The role of oxygen in pesticide biodegradation was
complex; for example, as an oxygenase substrate involved in
biodegradation reactions. If oxygen was sufficient, the end
products of degradation will be carbon dioxide, water, sulfate,
nitrate, phosphate, chloride ions, etc. If oxygen was insuffi-
cient, anoxic conditions can stimulate the activity of potential
anaerobic microorganisms, which may directly or indirectly
affect the transformation of pesticides [69].

3.4. Factors Affecting the Degradation. The factors affecting
pesticide degradation in the water environment and soil
were generally related to the nature of soil and water itself,
such as water soil pH, temperature, soil water content, soil
organic matter content, and different soil types (the actual
essence was related to the organic matter content) [70, 71].
Some influencing factors were related to the nature of the
pesticide itself; for example, the effectiveness of pesticides on
soil pests was also the main factor affecting the pesticide
degradation in the soil. There were other environmental
factors, such as other soil phenomena (adsorption) and
environmental exposure of nontarget organisms [72].

4. Pesticide Degradation Mechanism

4.1. Insecticide. In the study of nonbiodegradation of in-
secticides in nature (soil or water), the experimenter will
explore the consistency of hydrolyzed photolysis products

through comparative experiments and will compare the
effects of natural light and man-made radiation sources on
photolysis. The main photolysis mechanism of insecticide
was ester group breaking (Figure 1(a)) [73, 74]. However, the
photolysis pathway of pesticides was not only the breaking of
the ester group. There were many kinds of pesticides with
different components. Some pesticides have only one deg-
radation pathway, some have two, and some even have a
variety of degradation pathways. For example, the photolysis
of the organophosphorus insecticides-ethyl parathion,
methyl parathion, and phenylthiophosphorus in water and
soil was found to include oxidation, hydrolysis, isomeriza-
tion, and reduction (Figures 1(b)-1(d)) [75]. Pesticide hy-
drolysis was also the same. In the experiment of hydrolysis of
chlorpyrifos (0,0-diethyl-O-(3,5,6-trichloro-2-pyridyl)
phosphorothioate), nucleophilic attack was done by water of
ethoxy carbon degradation products (Figures 1(e) and 1(f))
[76]. The effect of environmental factors on the photolysis
and hydrolysis of pesticides was also a subject worthy of
study. It was found that three insecticides were stable under
acidic conditions. Dealkylation occurred in a neutral me-
dium. In the alkaline medium, the ether bond broke to form
phenol derivatives and dialkyl phosphoric acid
(Figures 1(g)-1()) [77].

4.2. Fungicide. Like insecticides, the degradation pathways
of fungicides were diverse. When the main degradation
reaction occurs, it will be accompanied by parallel reactions.
For example, the main photoproducts of azoxystrobin
tungicides were produced by ether bond breaking. The
secondary photolysis products might be due to demethy-
lation. Photoisomerization and cleavage of acrylate double
bonds were parallel pathways of degradation (Figures 2(a)-
2(e)) [78]. For the degradation of fungicides, the researchers
also considered the influence of environmental factors on
the reaction. For example, the common humus in soil, acid-
base environment, and the effect of micellar medium on
degradation. The research showed that humus as the oxidant
extracts electrons or hydrogen atoms from bactericides to
form oxidation products. In the acidic environment, the
disulfide bond and carbon-nitrogen bond in bactericide
were destroyed, and there will be byproducts in the absence
of metal tin ions. In nonionic micelles, the loss of the ethyl
ester group and the opening of a dihydrocarbon ring will be
inhibited. In the alkaline hydrolysis of benzoic acid and
benzyl fungicides, the degradation mechanism was inferred
to be a carboxyl fracture (Figures 2(f)-2(k)) [79-82].

4.3. Acaricide. For acaricides with a relatively complex
structure, its degradation pathway also has many routes. For
example, the photolysis pathway of abamectin, an acaricide
composed of two colorless homologs with the same mac-
rolide structure included oxygenation, demethylation, and
isomerization (Figures 3(a) and 3(b)) [83]. In order to
understand the degradation of acaricides under different
conditions, the experimenters will design the degradation of
acaricide under different light conditions in different so-
lutions to master the possible different degradation
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FIGURE 1: Main photolysis mechanism of insecticides.

mechanisms. For example, in the study of photolysis of non-
naphthoquine, it was found that the degradation mechanism
was the cleavage of ether bond between quinazoline and the
phenyl ring system, the oxidation of a tert-butyl substituent
and the oxidation of the heterocyclic part of a quinazoline
ring (Figures 3(c)-3(e)) [84]. Even if the possible degra-
dation mechanism was mastered, the renewal of acaricides
was changing with each passing day. This means that it is
very important to study the degradation of the new
mechanism. In the study of a new benzoyl acetamide
acaricide cyflumetofen (CYF), it was found that the elec-
trophilic group carbon atoms on the CYF were found to be
easily damaged by a nucleophilic attack, producing a hy-
drolysate 1. When the carbon-carbon single bond breaks, it
binds with an amino group to produce hydrolysate 2
(Figures 3(f) and 3(g)) [85].

4.4. Herbicide. In the study of herbicide degradation,
photolysis and hydrolysis were also studied by changing the
light. It was found that Sulfuron could cause the sulfonyl
group to fall off under neutral and alkaline conditions.
Photooxidation and photoisomerization were the main re-
actions of triketone herbicides (Figure 4(a)) [86, 87]. Of
course, herbicides were mostly organic, and their degra-
dation reactions were complex and changeable, and there
were many degradation products. There were nine photol-
ysis products of ketene herbicides. It was conceivable that
there were many photolysis pathways, including isomeri-
zation and cracking of the oxime ether bond, cracking of
dechlorinated isopropyl group, sulfoxide, and oxidative

cracking of the dechlorinated epoxy group (Figures 4(b) and
4(c)) [88]. Water molecules play an indispensable role in the
hydrolysis of herbicides. They often attack compounds as
nucleophiles, as do other types of pesticides. For example,
the hydrolysis of sulfonyl herbicides. The hydrolysis
mechanism was similar to the nucleophilic substitution
reaction in which water molecules attack carbon groups
from the aryl or heterocyclic side (Figure 4(d)) [89].

4.5. Nematicide. The most of degradation products detected
in the degradation of nematicides were sulfoxides and
sulfones because sulfur ions or methyl groups would un-
dergo oxidative desulfurization and sulfur oxidation. The
degradation of amine (4-methylisopropyl phosphoramide)
nematicide and thiazole phosphorus were taken as an ex-
ample (Figure 5) [90, 91]. It has also been shown above that
titanium dioxide often participates in photolysis as a pho-
tocatalyst. The photolysis of fenamiphos nematicide has two
steps under the action of catalyst, the first was oxidation and
the second was mineralization [92].

4.6. Plant Growth Regulator. Photoisomerization often oc-
curs under photolysis and plant growth regulators are no
exception. The photolysis mechanism of gibberellin A3
derivatives was photoinduced aromatization of a ring
(Figures 6(a) and 6(b)) [93]. Generally, the degradation of
plant growth regulators is also needed to be considered as
the influence of environmental factors. In the study of the
degradation of methyl phosphonate (MPN), the effects of
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different environmental factors on its degradation were
compared. It was found that the degradation mechanism was
that electron transfer produces free radicals, reacts with
oxygen to form peroxy radicals, and finally decomposes into

hydroxyl radicals to attack methyl in MPN (Figure 6(c))
[94]. The degradation of plant growth regulators also in-
volved many ways. For example, the photolysis pathway of
malehydrazine included carbon-carbon double bond
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transfer site, ketone group, and amino group cleavage
(Figure 6(d)) [95].

5. Identification Methods

In recent years, the methods and techniques for quantitative
and qualitative analysis of pesticides were constantly
updated. The critical methods and techniques were very
useful for the residue analysis of pesticides and the identi-
fication of degradation products, degradation mechanism,
and reaction pathway of the pesticides. Many technologies,
such as gas chromatography-mass spectrometry (GC-MS/
MS) [96-98], liquid chromatography-mass spectrometry
(HPLC-MS/MS) [99-102], ultraperformance liquid chro-
matography-quadrupole-time-of-flight mass spectrometry
(UPLC-Q-TOF-MS) [103-109], ultraperformance liquid
chromatography-orbitrap mass spectrometry (UPLC-
Orbitrap MS/MS) [110-114], and high-resolution mass
spectrometry (UPLC-HRMS) [115-117] were used to sep-
arate the degradation products and identify the structure of
products. So far, the high-resolution mass spectrometry
combined with UPLC is increasingly used in the qualitative
screening and degradation mechanism of pesticide metab-
olites, for its high-resolution ensures high sensitivity, ac-
curacy, and high specificity required for complex sample
analysis. Through these techniques, the degradation
mechanisms and reaction pathways of many pesticides in the
environment were identified. Pesticide may undergo phys-
ical and chemical processes in the soil. Therefore, a com-
bination of physical and chemical unit processes was
required and actually employed to ensure the removal of

pesticide residues and byproducts from the environment.
The mode and mechanism of chemical degradation were
closely related to the molecular structure of pesticides.
Generally, pesticides with functional groups such as hal-
oalkyl, amide, amine, carbamate, epoxy, cyano, phosphate,
and sulfate were easily hydrolyzed.

5.1. High-Performance Liquid Chromatography.
High-performance liquid chromatography (HPLC) used a
liquid as the mobile phase and high pressure infusion sys-
tem. Single solvent or mixed solvent with different polarities
and buffer were pumped into the chromatographic column.
After being separated in the column, the sample was de-
tected by the detector. High-performance liquid chroma-
tography was used to study the degradation rate of
fenpyroximate in apples, oranges, and grapes. The classical
QuEChERS method was used for pretreatment. The C;g
column was used for separation and HPLC-PDA was used
for detection [118].

5.2. Liquid Chromatography-Mass Spectrometry. Liquid
chromatography-mass spectrometry (LC-MS). Pesticide
residues were mainly detected by liquid chromatography
tandem mass spectrometry, high performance liquid chro-
matography tandem mass spectrometry, and ultrahigh liq-
uid chromatography tandem mass spectrometry.

Of course, in the experiment, the experimental method
was not single and unchanging. There will be different
methods in sample extraction, such as ultrasonic extraction,



solid phase extraction, and so on. For example, ultrasonic
extraction and HPLC-APCI-MS were used to determine
antifouling pesticides and their degradation products in the
sea. Solid phase extraction combined with liquid chroma-
tography-mass spectrometry was used to determine ben-
zophenone, carbazine, and their degradation products in
water samples [119, 120]. However, overly complex exper-
imental methods will consume a lot of human, material, and
financial resources. Liquid chromatography tandem mass
spectrometry was used to determine pesticides and their
degradation products [121, 122]. With the development of
science and technology, the identification and determination
experiments of pesticides were constantly innovated. In the
experiment of studying the photo-hydrolysis and degrada-
tion products of neonicotine insecticides, the absorbance of
each neonicotine was determined by spectrophotometer,
and the reaction products were determined by UPLC-MS/
MS. There are also technologies such as ultrahigh liquid
chromatography time of flight mass spectrometry (UPLC-
Q-TOF-MS) and high-resolution mass spectrometry
(UPLC-HRMS) to separate degradation products and
identify the structure of products [123-125].

5.3. Gas Chromatography and Gas Chromatography-Mass
Spectrometry. Gas chromatography was a chromatographic
separation and analysis method using a gas as mobile phase.
The vaporized sample was carried into the column by the
carrier gas. The molecular forces of each component were
different and the outflow time was different, so that the
components were separated from each other. In pesticide
degradation experiments, solid phase microextraction was
often used to treat samples, regardless of the final detection
method. This was the case in the experiment of studying the
degradation residues of amitraz, which was treated by solid-
phase microextraction and detected by gas chromatography
ion trap detector (GC-ITD) [126].

In terms of gas chromatography-mass spectrometry,
mass spectrometry has a unique ability to identify unknown
compounds with extremely high sensitivity, making GC-MS
one of the most powerful tools for separating and detecting
complex compounds. Sometimes, the toxicity of degradation
products will also be determined in the experiment because
it is impossible to distinguish whether the degradation
products of pesticides are still toxic. For example, the dis-
appearance of methyl organophosphorus, toxic phosphorus,
and malathion in aqueous solution and the formation of
photodegradation products were detected by gas chroma-
tography-mass spectrometry (GC-MS). The toxicity was
determined by FIA-ache-TLS bioassay [127].

5.4. Other Methods. Isotope labeling was a method to un-
derstand the detailed process of chemical reactions by
tracing compounds labeled by tracer elements. Carbon el-
ements were used as tracer elements in pesticide degradation
product recognition. Pesticide degradation research
methods using carbon 13 and carbon 14 isotope markers
have emerged and have gradually been widely used. This
technique could be readily seen in studies of the degradation
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pathways and the identification of the degradation products
of multiple pesticides [128, 129].

6. Concluding Remarks

Mentioned in this article are the different types of pesticide
and its effects on human health and biological environment.
Not only that, but also for pesticide degradation model,
different kinds of pesticide degradation mechanisms and
methods to identify degraded products are mentioned.

In today’s world, the widespread use of pesticides and
pesticide residues did become a hot topic. For the health of
human life and better biological environment, degradation
of pesticide in nature should be familiar with the cognitive
method and understand the photolysis hydrolysis and
influencing factors (temperature, pH, light, etc.). Through
the degradation mechanism and influencing factors, the
degradation time could be accelerated, and the theoretical
basis and basic support for pesticide residues could be
provided in the future. In this paper, the biodegradation of
pesticides was not described too much, mainly focusing on
the photolysis and hydrolysis of pesticides. However, in
recent years, there were more and more research studies on
the biodegradation of pesticides. In the future development,
the biodegradation of pesticides is also crucial to the de-
velopment of pesticide degradation residues.

The identification method of pesticide degradation
products was also mentioned in this paper. Through con-
sulting data, the author found that high-performance liquid
chromatography-mass spectrometry was mostly used in
research experiments, mainly because of its advantages of
high efficiency, high sensitivity, and wide application. With
the development of technology, identification methods
would be gradually updated, including UPLC-Q-TOF-MS
and ultraperformance liquid chromatography-orbitrap mass
spectrometry (UPLC-Orbitrap MS/MS).
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Helicoverpa assulta (Guenée), a moth species belonging to the Noctuidae (Lepidoptera) family, is a destructive agricultural pest
that infests multiple cash crops. To assess differences in the gene expression profiles of different tissues in H. assulta, we analyzed
the transcriptomes of two tissue types (midgut and hemocytes) using the Illumina Hiseq 2000 platform, on the basis of which we
obtained 52076750 and 53404200 high-quality clean reads, respectively. De novo assembly yielded 46146 and 33707 unigenes from
the midgut and hemocytes, respectively. After screening, we identified 23726 unigenes differentially expressed between the midgut
and hemocytes. Taking the midgut as the control, we detected 7448 and 16278 unigenes that were up- and downregulated in
hemocytes, respectively. Gene Ontology functional annotation divided the differentially expressed unigenes (DEUs) into three
categories (biological process, cellular component, and molecular function) and 51 branches, whereas the Kyoto Encyclopedia of
Genes and Genomes metabolic pathway annotation assigned the DEUs to six categories, mapping these to 258 pathways. In
addition, we detected 224918 single-nucleotide polymorphic sites. Our findings based on transcriptome sequencing, data as-
sembly, and functional gene annotation of two different tissues in H. assulta will provide a valuable reference for further ex-

cavation and study of functional genes in H. assulta.

1. Introduction

The moth species Helicoverpa assulta, belonging to the
family Noctuidae (Lepidoptera), is an important polypha-
gous pest of agricultural crops, causing potentially wide-
spread damage and immeasurable economic losses. The
larvae generally feed on the buds, flowers, and fruits of crop
plants, and consume tender stems and leaf buds, with fruit
decay being the primary source of yield reductions.
H. assulta is widely distributed in numerous Asian countries,
wherein addition to tobacco and pepper [1, 2], its hosts
include tomato, pumpkin, cowpea, cabbage, and cauliflower.
Currently, the control of H. assulta is primarily based on
applying chemical insecticides, which pollute the environ-
ment and disrupt ecosystem balance to varying extents.
Consequently, it is particularly desirable to identify less
environmentally damaging prevention and control mea-
sures. In this regard, recent developments in high-

throughput sequencing technology have witnessed the ap-
plication of transcriptome sequencing technology to the
study of insects. For example, the molecular mechanisms
associated with pesticide detoxification by Spodoptera fru-
giperda have been studied based on second-generation se-
quencing technology [3], and transcriptome sequencing has
been used to solve the problem of sex identification in
Helicoverpa armigera [4]. Similarly, transcriptome se-
quencing has been used to study differences in the ex-
pression of different tissues of Agrotis ipsilon to reveal the
mechanisms underlying wing development [5]. In contrast,
Ilumina sequencing has been used to characterize differ-
ences in gene alterations, signal pathways, and gene ex-
pression patterns associated with the infection of rice by
Nilaparvata lugens and Chilo suppressalis [6]. To date,
transcriptome sequencing-based studies on H. assulta have
primarily focused on the following aspects: gender-related
olfactory  system  differentiation [7],  functional
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characterization of chemosensory genes [8], and host se-
lection and adaptation [9]. However, the accumulated bi-
ological information resources for H. assulta are main
comparatively limited. To augment these resources, we
adopted a high-throughput transcriptome sequencing ap-
proach to analyze the transcriptomes of two types of tissues
in H. assulta, namely, those of the midgut and hemocytes.
Based on Trinity software assembly, functional database
annotation, analysis of differential gene expression, and
single-nucleotide polymorphism (SNP) site screening, we
performed a comprehensive molecular genetic character-
ization of H. assulta. The information thus obtained will
provide a valuable basis for further study of functional genes
and differential gene expression in H. assulta and contribute
to augmenting its biological information databases. More-
over, gaining new insights into genetic mechanisms un-
derlying the responses of H. assulta may contribute to
developing novel strategies for controlling and preventing
this important agricultural pest.

2. Materials and Methods

2.1. Acquisition of Insect Tissues and Extraction of RNA.
Midgut and hemocyte material was obtained from fourth-
instar larvae of H. assulta raised in our laboratory. The larvae
were placed on ice and decapitated using scissors. Midguts
were extracted from the head-less bodies and immediately
immersed in liquid nitrogen for preservation. Having ex-
cised the larval gastropods, hemocytes were collected into
precooled Eppendorf tubes. Total RNA was extracted from
the two tissue types using TriZol reagent according to the
manufacturer’s instructions. The purity and integrity of the
isolated RNA were determined using an Agilent 2100 Bio-
analyzer and 1% agarose gel electrophoresis, respectively,
and samples of the qualified preparations were used as
templates for transcriptome sequencing.

2.2. Construction of cDNA Libraries and RNA Sequencing.
To isolate poly-A mRNAs from total RNA, we used Oligo
(dT) magnetic beads. The mRNA was randomly denatured
at 94°C for 5 min to obtain small fragments of approximately
200bp in size, and these mRNA fragments were used as
templates for synthesizing first-strand cDNA using random
hexamer primers. Subsequent synthesis of second-strand
cDNA was performed using a mixture of dNTPs, DNA
polymerase I, and buffer solution. The purified double-
stranded cDNA thus obtained was then subjected to ter-
minal repair, followed by the addition of poly-A tails and the
ligation of sequencing adapters. Finally, cDNA libraries were
constructed for each type by enriching the amplified
products and subsequently sequenced using the Illumina
HiseqTM 2000 platform.

2.3. De Novo Assembly and Functional Annotation. Prior to
sequence assembly, the raw reads were cleaned by removing
low-quality reads (those with a quality value of less than 20),
adaptor reads, and reads containing N (ambiguous) bases
using Filter software. The clean reads were then de novo
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assembled into unigenes using Trinity software [10, 11], for
which we calculated Q20 values and GC and N contents.
Clean reads with a certain overlap length are initially
combined to generate longer fragment contigs. Thereafter,
we mapped the read data to contigs based on peer-to-peer
mapping, thereby enabling us to determine contigs from the
same transcriptome and inter-contig distances. Finally, the
contigs were assembled into sequences that could be ex-
tended no further at either end. These sequences were de-
fined as single unigenes. The unigene sequences thus
obtained were functionally annotated based on searches of
the Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) databases using BlastX software.

2.4. Identification of Differentially Expressed Unigenes
(DEUs). The expression of single unigene was normalized
using the fragments per kb per million fragments (FPKM)
method [12]. Differential expression levels were analyzed
based on false detection rate (FDR) [13], with FDR <0.001
and | log2 ratio |>1 being used as thresholds values for
determining the significance of differential gene expression.
Based on GO database searches, we performed functional
classification annotation and enrichment analysis of dif-
ferentially expressed unigenes (DEUs) in different tissues,
with a P value of <0.05 used as a threshold indicating the
DEU enrichment. In addition, based on a significant en-
richment of KEGG pathways, we identified the main bio-
chemical, metabolic, and signal transduction pathways
associated with these DEUs.

3. Results

3.1. Transcriptome Assembly. By sequencing the tran-
scriptomes of two different tissues from H. assulta, we obtained
52076750 and 53404200 clean reads for midgut and hemocytes
tissues, respectively, with respective Q20 and GC content values
of 98.71% and 98.64% and 46.09% and 49.13%, indicating that
the amount and quality of transcriptome sequencing data were
high. These read fragments were accordingly used for subse-
quent transcriptome assembly (Table 1).

As a consequence of assembly, we obtained 46146 midgut
unigenes, among which 27717 were of lengths between 200 and
500 bp, accounting for 60.06% of the total unigenes. Moreover,
1905 of these had lengths exceeding 3000 bp, accounting for
4.13% of the total (Figure 1). Comparatively, 33707 unigenes
were obtained for hemocytes, among which 20827 were be-
tween 200 and 500bp and 4318 had lengths ranging from
1000-2000 bp, accounting for 61.79% and 12.81% of the total
unigenes, respectively (Figure 2). The sequence datasets de-
scribed in this manuscript have been deposited in the National
Center for Biotechnology Information Sequence Read Archive
(https://www.ncbi.nlm.nih.gov/sra) under accession number
PRJNA789178.

3.2. Analysis of Differentially Expressed Unigenes. A com-
parative analysis of the differential expression in the midgut
and hemocyte unigenes revealed altered expression profiles
for 23726 unigenes, among which 7448 were upregulated
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TaBLE 1: Summary of transcriptome sequencing for different
Helicoverpa assulta tissues.

Parameter Midgut Hemocyte
Total raw reads 54 622916 57 007 970
Total clean reads 52 076750 53 404 200
Total clean nucleotides 4686907500 4 806 378 000
Q20/% 98.71 98.64
N/% 0 0
GC/% 46.09 49.13
Total length of contig (nt) 30 338 537 22 561 513
Mean size of contig (nt) 393 352
Total length of unigene (nt) 35741 176 22 561 814
Mean size of unigene (nt) 775 669
Number of contigs 77 182 64 112
Number of unigenes 46 146 33 707

N50 of contig (nt) 787 696
N50 of unigene (nt) 1 494 1140

4.13%

= 200-500 bp
® 500-1000 bp
= 1000-2000 bp

2000-3000 bp
= >3000 bp

FIGURE 1: Size distribution of the lengths of Helicoverpa assulta
midgut unigenes.

and 16278 were downregulated in hemocytes compared with
those in the midgut (Figure 3). For example, the expression
levels of cytochrome P450 and cathepsin in hemocytes were
higher than those in the midgut. In contrast, those of car-
boxypeptidase inhibitor and disintegrin metalloproteinase
were higher in the midgut than in hemocytes.

3.3. Gene Ontology (GO) Annotation of DEUs. GO functional
annotation classified midgut and hemocytes unigenes into the
three primary GO categories, namely, biological process, cellular
component, and molecular function, among which the anno-
tated proteins were found to be mainly grouped into the fol-
lowing subcategories: cellular process (3871), cell (2849), cell part
(2848), binding (2975), and catalytic activity (2872) (Figure 4).

3.4. KEGG Pathway Analysis of Differentially Expressed
Unigenes. We identified 9270 DEUs that were functionally
annotated with respect to KEGG pathways based on

3.94% 2:27%

= 200-500 bp
= 500-1000 bp
= 1000-2000 bp

2000-3000 bp
= >3000 bp

FIGURE 2: Size distribution of the lengths of Helicoverpa assulta
hemocyte unigenes.

Expression Level Mg vs Hc

log10 (He FPKM)
1

log10 (Mg FPKM)
FDR < 0.001 AND |[log2Ratio| > 1
B up-regulated genes

B down-regulated
B Not DEGs

F1GURE 3: Comparison of unigene expression between the midgut
and hemocytes of Helicoverpa assulta. The differentially expressed
unigenes are shown in red and green, whereas those shown in blue
were not differentially expressed between midgut and hemocytes.
Red and green represent the rising and declining expression, re-
spectively. With respect to expression profiles, midgut and he-
mocyte genes are considered the control and treatment groups,
respectively.

enrichment analysis. Among the six KEGG categories, or-
ganismal systems, metabolism, human diseases, genetic
information processing, environmental information pro-
cessing, and cellular processes, DEUs were mapped to 258
pathways, with bile secretion, metabolic pathways, amoe-
biasis, RNA transport, neuroactive ligand-receptor inter-
action, and regulation of actin cytoskeleton, having the
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FIGURE 4: Gene Ontology (GO) classification of Helicoverpa assulta unigenes.

respective highest representations (Figure 5). Among these,
1988, 1331, 829, and 1580 DEUs were annotated to meta-
bolic, signal, immune, and infectious disease pathways,
respectively. Moreover, 1541, 605, 146, and 733 unique
DEUs were, respectively, annotated to these four pathways
(Figure 6). The category immune pathway comprises two
pathway types, namely, immune system and immune dis-
ease, to which 77.8% and 8% of DEUs were annotated,
respectively (Figure 7).

3.5. Analysis of Single-Nucleotide Polymorphisms. Our
analysis of SNPs revealed 224918 polymorphic sites of six
types (A-G, C-T, A-C, A-T, C-G, and G-T), among which
types A-G and C-T accounted for the highest proportion
(64.6%) of all markers, with the remaining four types having
similar smaller proportions. Furthermore, we identified base
transitions as being more common than transversions.
Comparative tissue analysis indicated a larger number of
SNPs in hemocytes than in midgut tissues. For each tissue
type, the proportions of the SNP types and transition/
transversion were similar to those of the total SNPs (Table 2).

4. Discussion

Based on our transcriptome sequencing of two different
tissue types (midgut and hemocytes) from larvae of the
H. assulta moth, we identified a large number of genes
differentially expressed between these two tissues, with
differences in the expression profiles of 23726 unigenes
(7448 up- and 16278 downregulated in hemocytes compared
with those in the midgut) being detected. For example, genes

encoding cytochrome P450 and cathepsin were upregulated,
whereas carboxypeptidase inhibitor and disintegrin metal-
loproteinase were downregulated. In insects, the cytochrome
P450 enzyme system serves as a vital metabolic enzyme
system, which plays functional roles in detoxifying and
metabolizing exogenous chemicals, including plant sec-
ondary metabolites and pesticides. By enhancing P450 gene
expression and enzyme activity, insects can regulate their
defense state, thereby bolstering resistance to toxic com-
pounds or adverse environmental conditions [14-16]. Dis-
integrin metalloproteinases play roles in cell proliferation,
migration, and invasion [17]. In contrast, carboxypeptidase
inhibitors inhibit carboxypeptidase activity in the insect
intestine [18]. Furthermore, metallocarboxypeptidases are
crucial enzymes involved in food digestion and ab-
sorption in the digestive tracts of insects. They may also
play important roles in insect metamorphosis, devel-
opment, disease resistance, and immunity. For example,
upregulated expression of five midgut metal-
locarboxypeptidase genes in response to pathogen in-
fection was observed within 24 h of infecting silkworm
larvae with Bombyx mori nuclear polyhedrosis virus
[19, 20]. In addition, cathepsin has been established to
play a significant role in regulating the fecundity and
pathogen response of insects [21].

Although we could functionally annotate many of the
identified DEUs with reference to the GO and KEGG da-
tabases, many genes remain unannotated. We speculate that
this could be attributable to an insufficient sequence length
and lack of sequence information for comparable species,
thereby precluding annotation via homologous sequence
alignment.
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Cell cycle ] 153 (1.65%)
Adherens junction [__] 167 (1.81%)
Phagosome 173 (1.87%)
Lysosome [___] 207 (2.24%)
Tight junction _____] 217 (2.35%)
Endocytosis 1 234 (2.53%)
Focaladhesion [ 375 (4.05%)
Regulation of actin cytoskel ] 400(4.32%)

Calcium signaling pathway [ 176 (1.90%)
ECM-receptor interaction [N 177 (1.91%)
ABC transporters 208 (2.25%)
MAPK signaling pathway - 227 (2.45%)
Neuroactive ligand-receptor interaction [N 272 (2.94%)
Ribosome biogenesis in eukaryotes ] 145 (1.57%)
Protein p ing in endoplasmic reticulum [ 181 (1.96%)
RNA polymerase C__1 193 (2.09%)
Ubiquitin mediated proteolysis ] 204 (2.21%)
mRNA surveillance pathway ] 260 (2.81%)
Spliceosome 311 (3.36%)
RNA transport [ 7] 352(3.81%)
Toxoplasmosis [ 154 (1.66%)
Salmonella infection [ 158 (1.71%)
Alzheimer’s disease [N 169 (1.83%)
HTLV-I infection [N 193 (2.09%)
Transcriptional misregulation in cancer [N 201 (2.17%)
Herpes simplex infection (I 216 (2.34%)
Hypertrophic cardiomyopathy (HCM) [N 217 (2.35%)
Dilated cardiomyopathy [N 227 (2.45%)
Influenza A [N 244 (2.64%)
Huntington’s disease [N 246 (2.66%)
Vibrio cholerac infection NN 290 (3.14%)
Epstein-Barr virus infection N 32(3.56%)
Pathways in cancer [N 348 (3.76%)
Amoebiasis [N 368 (3.98%)
Galactose metabolism [N 143 (1.55%)
Metabolic pathways
Starch and sucrose metabolism [N 160 (1.73%)
Pyrimidine metabolism (RN 263 (2.84%)
Purine metabolism [ 340 (3.68%)
Gastric acid secretion [N 143 (1.55%)
diated oocyte i 143 (1.55%)
T cell receptor signaling pathway [N 169 (1.83%)
Insulin signaling pathway [ 173 (1.87%)
Axon guidance [N 180 (1.95%)
Chemokine signaling pathway [N 185 (2.00%)
Protein digestion and absorption [ 193 (2.09%)
Fc gamma R-mediated phagocytosis [N 202 (2.18%)
Pancreatic secretion [ 245 (2.65%)
Vascular smooth muscle contraction [N 262 (2.83%)
Bile secretion [N 296 (3.20%)
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FiGure 5: List of KEGG pathways.

Infect_diseases

733
(17.8%)

Immune

Metabolism
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(14.7%)

FIGURE 6: A Venn diagram depicting the results of KEGG pathway analysis.

Based on our KEGG analysis of the transcriptomes of ~ immune pathways, 92% were associated with immune
different tissues in H. assulta, we annotated 9270 DEUs to  system pathways, whereas 22.2% were involved in immune
KEGG pathways (metabolic, signal, immune, and infectious ~ disease pathways. In this regard, the hemolymph system of
disease pathways), among which the largest number were  insects facilitates the transport of nutrients and metabolic
assigned to metabolic pathways, followed by infectious  wastes as well as plays functional roles in cellular immune
disease pathways, with immune pathways having the fewest ~ regulation [22, 23]. Insects are characterized by an innate
annotations. Furthermore, among the genes annotated to  mode of immunity, comprising humoral and cellular
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FIGURE 7: Venn diagram depicting the results of KEGG immune
pathway analysis.

TaBLE 2: Distribution of different single-nucleotide polymorphism
types between the different tissues.

Type Mg Hc Total

Transition

A-G 27.268 44,618 71.886
C-T 27.993 45.495 73.488
Transversion

A-C 6.981 10.966 17.947
A-T 10.509 16.405 26.914
C-G 6.140 10.656 16.796
G-T 6.826 11.061 17.887
Total 85.717 139.201 224918

mechanisms, in which hemocytes are mainly involved in
targeting invasive pathogens via phagocytosis, nodules and
coating.

Our findings regarding the differential expression of
genes in two different tissue types in H. assulta, along with
the identification of several SNPs, will provide a valuable
scientific basis for further studies examining the growth and
development, life metabolism, defense, and pesticide resis-
tance mechanisms of H. assulta. Moreover, they will con-
tribute to the further excavation and characterization of
functional genes in H. assulta.

5. Conclusion

High-throughput sequencing is an effective approach for
obtaining gene resources for nonmodel organisms. In this
study, we used this technique to sequence the transcriptomes
of the midgut and hemocytes of H. assulta larvae. We ob-
tained the total unigenes associated with these two tissue
types, many of which were successfully annotated based on
reference to the GO and KEGG databases. These data will
accordingly augment the resources of insect gene databases.
We also identified and characterized several SNP sites,
thereby significantly contributing to the future development
of molecular markers for H. assulta. Moreover, our findings
will provide a valuable reference source for the further
excavation, development, and utilization of functional genes
in H. assulta.
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The oriental armyworm (OAW), Mythimna separata (Walker) (Lepidoptera: Noctuidae), is an important pest in China and causes
serious economic losses in corn. The anthranilic diamide, chlorantraniliprole (CHL), has been widely used as a seed treatment to
control corn pests; however, no information is available on the efficacy of this insecticide as a seed treatment for OAW. In this
study, the efficacy of seed treatment with CHL alone and CHL combined with the neonicotinoid insecticide clothianidin
(CHL + CLO) was evaluated for controlling OAW larvae in the laboratory and field conditions. Pot experiments demonstrated
that seed treatment with CHL and CHL + CLO (both 240 g a.i. 100kg ™" seeds) resulted in >79% mortality of OAW larvae and a
damage rate <20% in corn at 14 days after seed emergence (DAE). Similar to results obtained in pots, the residual toxicity of CHL
and CHL + CLO to OAW larvae in the field declined with DAE and larval development. The control efficacy of field plots treated
with CHL and CHL + CLO was >70% within 14 DAE, which was significantly higher than CLO alone. These results suggest that
CHL and CHL + CLO as seed treatments could effectively reduce OAW larval infestation in corn. This study validates the

effectiveness of corn seed treatment for OAW as an alternative to conventional foliar applications.

1. Introduction

The oriental armyworm (OAW), Mpythimna separata
(Walker) (Lepidoptera: Noctuidae), is a polyphagous pest on
various crops in Asia and Australia [1-3]. In China, OAW
has a long history and occurs throughout the country. OAW
larvae feed on multiple grain crops, including corn, wheat,
and rice [3, 4]. In corn, larvae feed on leaves and strip them
to the midrib, which reduces yield [5, 6]. Damage occurs as a
result of adult moth migration, and there are four or more
migration events per year in China [3]. Approximately 20
OAW outbreaks occurred from 1950 to 2014 [7], the area
was affected, and the amount of damage was staggering. For
example, the OAW occurrence area in corn was about
7.00x 10" hm” in 2013, and the estimated yield losses were
approximately 9.92 x 10° tons [7].

For many years, the management of OAW relied on
spraying chemical insecticides [8-10]; however, M. separata
has developed resistance to several conventional insecticides,
including lambda-cyhalothrin, chlorfenapyr, phoxim, and

chlorpyrifos [11-13]. A further study showed that lambda-
cyhalothrin significantly stimulated reproduction of OAW
moths, thus promoting population growth in the field [4].
Furthermore, the biological characteristics of OAW, espe-
cially larval feeding inside the corn whorl, hinder control by
spraying foliage. Therefore, the management of OAW re-
quires novel pesticides with a more precise application
strategy.

Chlorantraniliprole (CHL) is an anthranilic diamide
insecticide that targets insect ryanodine receptors (RyRs)
channels and affects the functioning of calcium channels
[14]. This insecticide can control a wide range of sucking and
chewing insects and is particularly effective against lepi-
dopteran pests, including Spodoptera frugiperda [15, 16],
Helicoverpa zea [17], Mythimna unipuncta [18], Spodoptera
exigua [19], and Athetis lepigone [20].

Treatment of seeds with insecticides facilitates the pre-
cise targeting of pests [21]. In China, chlorantraniliprole has
been widely used as a seed treatment to control corn pests,
including Agrotis ipsilon, Pleonomus canaliculatus, and
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Anomala corpulenta [21, 22]; however, no information is
available on the efficacy of chlorantraniliprole as a seed
treatment for controlling OAW larvae. In this study, we
evaluate the efficacy of seed treatments with CHL alone and
in combination with neonicotinoid insecticide clothia-
nidin (CHL + CLO). We examined the effects of CHL and
CHL + CLO on mortality of OAW larvae and determined
residual toxicity of the insecticides to OAW in the lab-
oratory. Finally, we evaluated the effect of these insecti-
cides on corn growth and efficacy for controlling OAW in
the field.

2. Materials and Methods

2.1. Insect Rearing. M. separata was originally collected in
June 2014 from infested corn fields in Qianxi City (27.00°N,
106.03°E), China. Insects were maintained at the Institute of
Plant Protection, the Guizhou Academy of Agricultural
Sciences. Larvae were reared on a diet of corn leaves at 25°C
under a 16:8h light:dark photoperiod as described pre-
viously [23]. Second, third, and fourth instar larvae were
used in this study.

2.2. Seed Treatments. Seeds of corn cv. Jinyu 818 (non-
transgenic) were provided by Guizhou Jinlong Technology
Co., Ltd. Seeds were treated with recommended rates
(Table 1) of CHL, CHL+ CLO, and CLO as described
previously [21]; untreated seeds were used as a control. Fifty
treated seeds per treatment were sown in plastic pots
(30x20x 20 cm) containing a mixture of sand/clay/organic
matter (4:4:2) in a climate-controlled room at 25°C, 70%
RH with a 14:10h (L: D) photoperiod. Water was provided
during seed emergence and growth, as necessary.

2.3. Pot Experiments. Laboratory assays were conducted in
April 2020. At 3,7, 14, 21, and 28 d after seedling emergence
(DAE), 20 newly molted 3" instar larvae of M. separata larvae
were transferred to corn plants. To prevent escape, corn plants
and larvae were placed in nylon cages (60 x 60 x 60 cm). Each
cage was considered as one replication, and each treatment
included four replications. After 3d, the number of dead
OAW larvae and the proportion of corn plants damaged by
OAW larvae (defined as the damage rate) were recorded.
Plants were considered damaged if the feeding spot caused by
FAW larvae was found on corn leaves. Larvae were con-
sidered dead if they failed to move when stimulated with a
moist brush.

2.4. Residual Toxicity of Insecticides to OAW. Seeds were
planted in fields located at the Guizhou Academy of Agri-
cultural Sciences (26.48°N, 106.65°E) on 23 May 2020; the
treatment area was 20 m”. Plants were watered as needed and
fertilized with a controlled release fertilizer. To prevent
feeding by other insects, pots were caged with a nylon net
after seedling emergence. Residual toxicity was measured on
treated corn plants collected at 3, 7, 14, 21, and 28 DAE.
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Twenty newly molted 2™, 3™, and 4™ instar larvae were
collected, transferred to plastic containers (diameter, 12 cm;
height, 6 cm), and starved for 2 h prior to experiments. The
larvae were fed on insecticide-treated corn leaves at each
sampling date. Larval mortality was evaluated after three
days, and larvae were considered dead if they were unable to
move when stimulated with a moist brush. Each treatment
was replicated four times.

2.5. Field Experiments. Field studies were conducted in
Luodian County (25.62°N, 106.63°E) in 2021. Sixteen plots
were arranged in a randomized, complete block design with
four treatments and four replications. Treated corn seeds
were sown on June 3, 2021, and a controlled release fertilizer
was applied. Each plot was 30 m” (5 x 6 m) and consisted of
10 rows separated by 60cm of uncultivated ground. The
emergence rate of corn seeds was recorded by counting the
number of emerged plants in each plot at 7 DAE, and plant
height was determined by measuring random plants (n = 20)
in each plot at 14 DAE. Each treatment included four
replications.

The density of M. separata larvae in the field was gen-
erally low; therefore, the efficacy of insecticidal formulations
was also evaluated by inoculating field-grown corn with
larvae reared in the laboratory. A single newly molted 3"
instar larva was inoculated into corn whorls at 7 and 14
DAE, respectively, and fifty individuals were included in
each plot. The plot was caged with nylon netting to prevent
escape. Each plot was considered as on replication, and each
treatment included four replications. The damage rate of
corn and the number of survived larvae were recorded 3d
after inoculation.

2.6. Statistical Analysis. The damage rate of corn, corrected
mortality, and control efficacy were calculated as follows:

Damage rate (%)
_ number of corn with OAW damage 100 (1)
~ total number of investigated corn plants ’
Corrected mortality (%)
_ mortality in treatment — mortality in control 100
B 100 — mortality in control ’
(2)
Control efficacy (%)
_ #OAW in control plot — #OAW in treated plot « 100
B #OAW in control plot '
(3)

Variables evaluated include the damage rate of corn,
corrected mortality of larvae, seed emergence rate, plant
height, and control efficacy of insecticides. One-way ANOVA
was used to determine the statistical difference among
treatments at each sampling date, followed by Tukey’s test.
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TaBLE 1: Insecticides and dosages used in this study.

Treatment Insecticide Dose (g a.i.100kg ™" corn seed) Producer

CHL Chlorantraniliprole CHL 240 DuPont Crop Protection (USA)

CHL + CLO Chlorantraniliprole + clothianidin CHL 60 + CLO 180 Guangdong Kairuifeng Technology Co., Ltd. (China)
CLO Clothianidin CLO 120 Hebei Lishijie Technology Co., Ltd. (China)

CK Control — —

Results were considered significant at P < 0.05. All statistical
analyses were performed using DPS v. 17.0 software [24].

3. Results

3.1. Efficacy of CHL and CHL + CLO Seed Treatments for
OAW Larvae in Pot Experiments. Overall, the corrected
mortality of OAW larvae fed on corn plants treated with
CHL and CHL + CLO declined with increasing days of seed
emergence (Figure 1(a)). At 3 and 7 DAE, OAW mortality in
CHL and CHL + CLO treatments exceeded 90%, which was
significantly higher than mortality in CLO treatment. Be-
ginning at 14 DAE, OAW in CHL and CHL + CLO treat-
ments began to decline and was 79.74% and 79.55%,
respectively; at 21 DAE, mortality in CHL and CHL + CLO
treatments was below 60% but remained higher than CLO.
At 28 DAE, OAW mortality in CHL, CHL + CLO, and CLO
treatments was below 30.00% with no significant difference
among three treatments.

The percentage of corn plants damaged by OAW in the
untreated control was about 80% and remained stable and
high throughout the experiment (Figure 1(b)). From 3 to 14
DAE, damage rates in CHL and CHL +CLO treatments
ranged from 11.00 to 17.10%, respectively, and values in the
CLO treatment ranged from 49.00 to 63.50%. All damage
rates were lower than the control at each sampling date.
Beginning at 21 DAE, damage rates in CHL and CHL + CLO
treatments increased but remained lower than the CLO
treatment and untreated control. Damage rates of corn
plants in CLO and control treatments were not significantly
different at 21 and 28 DAE (Figure 1(b)).

3.2. Determination of Residual Insecticide Toxicity. The re-
sidual toxicity of CHL and CHL+ CLO treatments to
M. separata gradually declined with the number of da!s after
seed emergence (Figure 2). Mortality of 2"¢ and 3™ instar
larvae in CHL and CHL + CLO treatments exceeded 67%
when OAW fed on plants at 3-14 DAE. Although there was
no significant difference in mortality rates between CHL and
CHL + CLO treatments, they were, generally, higher than
mortality in CLO treatment. As corn plants grew, mortality
in CHL and CHL + CLO treatments decreased; for example,
mortality of 2™ and 3™ instar larvae was below 50% be-
ginning at 21 DAE (Figures 2(a) and 2(b)). Furthermore,
OAW mortaligf declined as larvae developed; for example,
mortality of 2@ and 3" instar larvae in CHL and CHL + CLO
treatments ranged from 82.35 to 89.24% at 3-7 DAE, but was
only 70.01-73.16% in 4™ instar larvae for the same time
period (Figure 2(c)). Similarly, CHL and CHL + CLO treat-
ments resulted in over 67% mortality in the 2" and 3™ instar

larvae at 14 DAE and declined to less than 48% in 4" instar
larvae (Figures 2(a)-2(c)).

3.3. Efficacy of CHL and CHL + CLO Seed Treatments for
OAW Larvae in the Field. The emergence rates of corn
seeds were above 90% in the four treatments, and no sig-
nificant differences were observed among treatments (Table 2).
At 14 DAE, corn plants in plots treated with CHL + CLO and
CLO were significantly taller than in plots treated with CHL
and CK treatments. The percentage of corn seedlings with
OAW damage in CHL and CHL+CLO treatments was
below 20% at both 7 and 14 DAE, and these values were
significantly lower than CLO and CK treatments. At 7 DAE,
control efficacy of CHL and CHL + CLO treatments was
86.59% and 84.91%, respectively, and was significant than
CLO treatment (36.87%). At 14 DAE, control efficacy of
CHL (72.14%) and CHL+ CLO (74.56%) decreased but
remained higher than CLO treatment (34.91%).

4. Discussion

Insecticide resistance is a challenge in integrated pest
management [25]. Although seed treatments with insecti-
cides are excellent choices for pest control, the efficacy of
seed treatments for OWA has not been previously reported.
Our study clearly shows that seed treatments with CHL and
CHL + CLO can reduce OAW-mediated damage to corn
plants and can result in control levels exceeding 70% up to 14
DAE. These results indicate that CHL alone or in combi-
nation with CLO can effectively control early stage OAW
larvae on corn seedlings and has relatively good persistence.

Insecticide treatments can effectively reduce feeding in-
juries inflicted by insects [18]. The percentage of corn plants
with OAW damage in CHL and CHL + CLO treatments was
less than 20% up to 14 DAE and was significantly lower than
damage in CLO and CK treatments. These results are con-
sistent with a prior study conducted on seed treatments for
M. unipuncta [18]. Prior studies have shown that CHL can
result in rapid feeding cessation of several insect species;
for example, the lepidopteran species, Plutella xylostella,
Trichoplusia ni, and H. zea, stopped feeding within 30 min
after exposure to plants grown from CHL-treated seed
[26]. The damage rate in CHL-treated plants was reduced
by 50-99% [18,26]. Similarly, Coptotermes gestroi feeding
stopped within five minutes after exposure to CHL-
treated plant materials [27]. In our study, CHL treatment
alone or in combination with CLO reduced the damage
rate caused by OAW larval feeding.

In previous studies, CHL showed a systemic insecticidal
activity against various pests when applied as a seed
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TaBLE 2: Control efficiency and growth indices of corn seedlings treated with CHL, CHL + CLO, and CLO in the field*.

7 DAE 14 DAE
Concentration (g Emergence  Plant height  Damage rate Control Damage rate Control
Treatment  a.i.100kg™" corn seed) rate (%) (cm) (%) efficacy (%) (%) efficacy (%)
CHL 240 91.62+£233*  59.22+3.90° 11.62+152° 86.59+2.04* 16.84+1.50° 72.19+2.02°
CHL + CLO 240 90.38 +0.97° 69.30+0.81° 12.76 +1.93° 84.91 +2.30° 1515+ 1.75°  70.56 +2.44°
CLO 120 9247+156%  68.91+0.25° 39.29+337° 36.87+334° 43.36+2.90° 34.91+2.46"
CK — 90.89+1.64°  56.61+0.68° 73.16+4.74° — 71.50 +2.98% —

*CHL, chlorantraniliprole; CHL + CLO, chlorantraniliprole + clothianidin; CLO, clothianidin; CK, untreated control. Data are analyzed using one-way
ANOVA followed by Tukey’s test, and different lowercase letters indicated significance at P < 0.05.



Journal of Chemistry

treatment. For example, seed treatment with CHL at 25 ug
a.i. seed ™" resulted in 90.4% suppression of immature water
weevils approximately 25 d after flooding [28]. A corn seed
treated with CHL at 2g a.i. kg ' provided 76.02% control
efficacy against A. ipsilon larvae at 19 DAE [21]. Similarly,
Pes et al. found that CHL applied at 45 g a.i. per 60,000 corn
seeds significantly reduced infestation by S. frugiperda larvae
up to 30d after planting [15]. The current study indicated
that seed treatments with CHL and CHL+CLO caused
systemic insecticidal activity against OAW larvae. High
mortality rates (70%) were observed up to 14 DAE and began
to decline thereafter, suggesting that the efficacy declined due
to the dilution of active in%redients. Furthermore, the control
efficacy decreased in the 4™ instar larval stage, which suggests
that insecticide concentrations were insufficient to kill older
larval instars.

Interestingly, CHL and CHL + CLO treatments showed
similar efficacy for controlling OAW larvae, although the
concentration of CHL in the CHL+ CLO treatment was
lower than the concentration of CHL alone. In this respect,
our results were similar to those reported previously [18],
where CHL and CHL + THI (thiamethoxam) had
similar efficacy in reducing foliar injury to corn by
M. unipuncta [18]. Our results suggests that CHL and CLO
function synergistically when combined, although the un-
derlying mechanism is unclear and warrants a further study.
Potential synergism could reduce both the amount and cost of
pesticide applications and may delay the onset of insecticide
resistance.

In recent years, the subterranean pests A. ipsilon, Proxenus
lepigone, P. canaliculatus, and A. corpulenta caused serious
damage to corn seedlings in China, and diamide insecticides
have been used to manage these pests as seed treatments
[21, 22, 29]. Neonicotinoid insecticides, such as CLO, are
considered effective for controlling aphids and thrips on
various crops [30-32]. Thus, the use of CHL and CHL + CLO
as seed treatments can control both OWA and other target
pests on corn. Furthermore, seed treatment reduces insecti-
cide exposure to nontarget organisms and has fewer side
effects to nontargets residing on corn plants and in soil.
Finally, we found that treating a corn seed with CHL + CLO
promotes corn growth, which is consistent with previous
studies [21, 33].

5. Conclusion

In summary, our results indicate that CHL and CHL + CLO
seed treatments effectively control OAW larvae on corn
seedlings up to 14 DAE. The OAW-induced damage rate
was low in both CHL and CHL+ CLO treatments as
compared to the untreated control. Thus, the use of CHL
and CHL + CLO as seed treatments offers potential alter-
natives to conventional foliar sprays in the management of
OAW on corn.
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In this study, the pathogenic fungus of stem spot disease of pitaya (Hylocereus spp.) stems was identified by isolation and
purification, pathogenicity test, morphological characteristics, and analysis of rDNA-ITS sequences. The results turned out that
the rDNA-ITS sequences of the H1 strain showed 100% of identity with Botryosphaeria dothidea, indicating that the pathogenic
fungus of stem spot disease of pitaya stems was Botryosphaeria dothidea. Meanwhile, the H1 strain was then used as a reference
strain to screen some commercial fungicides. The bioassay test results indicated that prochloraz had an obvious inhibitory effect
on Botryosphaeria dothidea with the ECs, value of 0.0798 ug/mL. Our study could provide a theoretical basis for the effective

control method of stem spot disease of pitaya.

1. Introduction

Pitaya (Hylocereus spp.), a famous fruit in tropical and
subtropical regions of Central America, has been planted in
Hainan, Guangdong, Guizhou, Guangxi, Yunnan, Fujian,
and other regions, and has become one of the important
sources of farmers’ income in southern China. However,
since cultivation and further domestication on commercial
plantations, some symptoms of decay and spots have been
observed in stems and fruits [1-4]. Meanwhile, the yields
could be diminished due to such decay and spot diseases,
which may induce economic losses reach 44% [1, 5]. For
these reasons, since 1990s, some studies on stem spot disease
and the crop protection had been initiated [6, 7]. Hong et al.
reported that the stem rot on Wilford Swallowwort was
caused by Stemphylium lycopersici in Korea [8]. Meanwhile,
Edwards et al. found that Fusarium agapanthi sp. nov. was a
novel bikaverin- and fusarubin-producing leaf and stem spot
pathogen of Agapanthus praecox (African lily) from Aus-
tralia and Italy [9]. Moreover, in 2008, Culbreath et al.
showed that the incidence of stem rot for all penthiopyrad
treatments was usually less than that of tebuconazole or
azoxystrobin [10].

The aim of this work was to identify the pathogenic
fungus of stem spot disease of pitaya stems and then screen
some commercial fungicides on the pathogenic fungus to
provide a theoretical basis for the effective control method of
stem spot disease of pitaya stems.

2. Materials and Methods

2.1. Fungus Isolation and Purification. Pitaya stems with the
symptoms of spots collected from Luodian county, Guizhou
Province, China, were sterilized using sterile 75% ethanol
and sterile distilled water for three times, excised the infected
tissues with a sterile scalpel, plated the infected tissues on the
sterile potato dextrose agar (PDA) plates, and then incu-
bated the PDA plates in a sterile incubator at 28°C for 3 days.
All isolations were cultured twice on a new PDA plate using
a single spore technique to ensure purity [11]. Then, the pure
cultures were maintained in a 4°C refrigerator for further
use.

2.2.  Morphological —and  Molecular  Identification.
Individual colony was inoculated on the PDA plate in a
sterile incubator (28°C) for 7 days, and the morphology was
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Botryosphaeria dothidea (KC702793.1)
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Botryosphaeria dothidea (KT189498.1)

F1GURE 1: Morphology of H1 isolate cultures on PDA: (a) Observe surface of colony (front), (b) observe surface of colony (back), (c) microstructure

of conidia, and (d) phylogenetic analysis based on sequence analysis.

identified by both eye and a Model EX30 inverted mi-
croscopy (Ningbo Shunyu Tech. Co. Ltd., Zhejiang, China)
[12]. Approximately, 100 mg fungal mycelia were collected
to extract DNA using a TTANamp fungal DNA kit (Tiangen-
Biotech Co. Ltd., Beijing, China) [13-15]. Polymerase chain
reactions (PCRs) were conducted using a Premix Taq ver. 2.0
plus dye kit (Takara, Dalian, China) according to the
manufacturer’s instructions with the universal primer ITS1
and ITS4 [16-18] and the following amplification program:
98°C for 5 min; 30 cycles of 95°C for 355, 55°C for 35s and
72°C for 40's; 72°C for 8 min. After that, the PCR products
were sequenced at Sangon Corporation (Shanghai, China)
and searched for sequence similarity with the NCBI data-
base. The phylogenetic tree was constructed using the
MEGA 7.0 software [19-21].

2.3. Pathogenicity Test. Pathogenicity tests were performed
by injecting the 1.0 x 10° conidia/L conidial suspension on
the surface of the pitaya stems, and the pitaya stems were
incubated in an incubator at 28°C with 95% relative hu-
midity for 14 days [22]. Pitaya stems inoculated with sterile
water served as a control. After 14 days of inoculation, some
symptoms of spots have been observed in stems. The causal
fungus in the infected pitaya stems was reisolated on the
PDA plates as described above. The characteristics of the
reisolated fungus was used to compare with its original
culture.

2.4. Laboratory Fungicides Screening. The in vitro antifungal
activity of thiophanate-methyl (content: 99%), difenoco-
nazole (content: 99%), pyraclostrobin (content: 98%), and
prochloraz (content: 99%), which were mainly registered to
control stem spot disease, against Botryosphaeria dothidea

was tested according to the reported method [23, 24]. Each
drug (5.0 mg) was dissolved in 1 mL DMSO, 9 mL Tween 20
aqueous solution (0.1%), 90 mL PDA medium, and poured
into 6 sterilized dishes to prepare PDA plates. Mycelia dishes
(0.4 cm diameter) were inoculated on the middle of PDA
plates and fostered in an incubator at 28°C. After the mycelia
diameter of control group (CK) reached 6-7 cm, the inhi-
bition rates I (%) are calculated by the following formula,
where C (cm) and T (cm) represent the fungi diameters of
the CK and treated PDA plates, respectively. Meanwhile, the
ECs, values of thiophanate-methyl, difenoconazole, pyr-
aclostrobin, and prochloraz against Botryosphaeria dothidea
were calculated with the SPSS 19.0 software (SPSS Inc., IL,
USA).

(C-T1)

——x 100.
(C—04)"

Inhibition rate I (%) = (1)

3. Results and Discussion

3.1. Fungal Isolation and Identification. Figure 1 showed that
the fungal strain HI1 appearance was white in front
(Figure 1(a)) and claybank in back (Figure 1(b)). The conidia
(Figure 1(c)) were fusiform and septate, with the length and
width ranging of 18.00-30.00 ym and 4.00-11.00 ym, re-
spectively. Meanwhile, based on the ITS sequences and
phylogenetic analysis, as shown in Figure 1(d), the fungal
strain H1 isolated from rotting pitaya stems was classified as
Botryosphaeria dothidea (accession no. MN689841.1) with
the similarity of 100%.

3.2. Pathogenicity Test. After 14 days of pathogenicity test,
the symptoms of the stem disease (Figure 2) caused by H1
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(a)

FIGURE 2: The symptoms of HI strain in the pathogenicity test. (a) CK group; (b) treatment group.

TaBLE 1: The ECsq values of 5 fungicides against Botryosphaeria
dothidea.

Fungicides Toxicity regression equation ECESL()‘M ¢/
Thiobacillam- y=0.857x+10.638 0.2640
methyl

Difenoconazole y=0.761x+10.136 0.1795
Pyraclostrobin y=0.851x+10.127 0.9466
Prochloraz y=1212x+13.606 0.0798

strain were consistent with the initial symptoms appeared on
the collected pitaya stems, and the strains isolated again had
the same culture characteristics as the original strain,
proving that the obtained strain was the pathogen of stem
spot disease.

3.3. In Vitro Antifungal Activity. The antifungal activity
against Botryosphaeria dothidea of thiophanate-methyl,
difenoconazole, pyraclostrobin, and prochloraz were de-
termined and listed in Table 1. The results showed that the
ECs values of four fungicides were in descending order as
follows: prochloraz < difenoconazole < thiobacillam-meth-
yl < pyraclostrobin, indicating that prochloraz had the best
inhibitory effect on Botryosphaeria dothidea with an ECs,
value of 0.0798 ug/mL.

4. Conclusion

In conclusion, our study demonstrated that the pathogen
causing the stem disease of pitaya stems in Guizhou was
Botryosphaeria dothidea. Bioassay results showed that
prochloraz had the best in vitro inhibitory effect on
Botryosphaeria dothidea. Our study could provide a theo-
retical basis for choosing the effective pesticide for con-
trolling the stem spot disease of pitaya.
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This study aims to produce novel derivatives of karaya gum using chemical modification and then apply them for active packaging
with cinnamaldehyde as the main active component. Native karaya gum (NKG) was hydrolyzed using sodium hydroxide to yield
hydrolyzed karaya gum (HKG), which then was oxidized using sodium periodate to yield hydrolyzed-oxidized karaya gum
(HOKG). For comparison, NKG was also directly oxidized using sodium periodate to produce oxidized karaya gum (OKG).
FTIR spectra confirmed the removal of acetyl groups after alkaline hydrolysis and the formation of carbonyl groups with
subsequent formation of hemiacetal and acetal structures after periodate oxidation. The alkaline hydrolysis and the periodate
oxidation resulted in opposite effects on the hydrophilicity of the gum: hydrolysis increased solubility, moisture uptake, and
viscosity, while periodate oxidation decreased these properties. We then produced films from corn starch and these gums (5%
w/w gum/starch) and properties of the films were studied. Hydrolysis of KG resulted in higher tensile strength, higher
transparency but lower puncture strength and antifungal activity against of the films, while periodate oxidation exerted the
opposite effects. The incorporation of 5% cinnamaldehyde (w/w of starch) exerted strong antifungal and antibacterial effects
on the films against Colletotrichum gloeosporioides and Escherichia coli, which are useful in active packaging. The active
packages based on the novel derivatives of KG can find applications in the agricultural, food, and pharmaceutical industries.

1. Introduction and by 1 — 2-bonds to the galacturonic part. Neutral sugars

rhamnose and galactose compose 55-60% of NKG, while

Karaya gum is produced from Sterculia trees in the form of
dried tears. Native karaya gum (NKG) is a natural branched,
partially acetylated rhamnogalacturonan-type polysaccha-
ride with molecular masses of 9-16 MDa [1]. Its main struc-
ture is made of a-D-galacturonic acid and a-L-rhamnose
units bonded alternately by 1—2 and 1—4 linkages
(Figure 1). There are two types of sidechains on the main
structure: (i) B-D-glucuronic acid sidechains linked by
1 — 3-bonds to the galacturonic acid and (ii) -D-galactose
sidechains linked by 1—4-bonds to the rhamnose part

galacturonic and glucuronic acid sugars compose 37-40%,
and acetyl groups—about 8% [2]. NKG exists in the form
of calcium and magnesium salts of the sugar acids. The ace-
tyl groups and the 2+ cations make NKG insoluble and
highly swellable in water [1]. Alkaline hydrolysis using
ammonia or alkali metal hydroxides is a simple way to
remove the acetyl groups and precipitate the 2+ cations to
increase the solubility of KG and widen its applications [3].
The structure of NKG and hydrolyzed karaya gum (HKG)
is presented in Figure 1.
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Periodate oxidation is a popular method in structural
carbohydrate chemistry. In this method, the periodate ion selec-
tively oxidizes 1,2-dihydroxyl groups to paired aldehyde groups
without significant side reactions. Sodium periodate NalO, is
the most common reagent and has been used to oxidize several
polysaccharides such as starch [4, 5], cellulose [6, 7], alginate [8,
9], chitosan [10, 11], and hyaluronic acid [12, 13]. The dialde-
hyde derivatives of these polysaccharides are commonly used
as a crosslinker with other polymers in films and gels. To the
best of our knowledge, there was no study using periodate to
oxidize karaya gum. Therefore, we used the periodate oxidation
to modify the structure of NKG and HKG to convert the vicinal
hydroxyl groups to carbonyl groups and obtained oxidized
karaya gum (OKG) and hydrolyzed-oxidized karaya gum
(HOKG), respectively (Figure 1). Compared to the instinct
carboxyl and hydroxyl groups in KG and HKG, the carbonyl
groups can participate in more chemical reactions, such as
nucleophile addition with a wide range of nucleophiles, oxida-
tion-reduction, and bisulphite reaction. Therefore, OKG and
HOKG can be potential intermediates to several derivatives
of KG.

This study intended to produce novel derivatives of KG
and apply them in active food packaging. Active packaging is
a growing research interest in producing packages that have
active functions such as antibacterial, antifungal, and antioxi-
dant activities by releasing active components to protect and
prolong the shelf life of the packaged food [14]. The active
components should be natural, such as essential oils, plant
extracts, or compounds isolated from them. Cinnamaldehyde
is a yellowish oil extracted from cinnamon oils and is com-
monly used to give a cinnamon flavour to food, cosmetics,
medicines, and perfumes [15]. Cinnamaldehyde inhibits bac-
terial growth [16], molds [15], and insects [17] by inhibiting
ATPase synthesis [18] and cell wall biosyntheses [19] and
altering cell wall structure and integrity [20]. Cinnamaldehyde
has been incorporated into several natural polymeric films
from natural sources such as starch [21], gliadin [22], soy pro-
tein isolate [23], and synthetic polymers [24, 25] for antifungal
and antibacterial applications.

In this study, after producing hydrolyzed and oxidized
KG and incorporating them into starch films, we also added
5% cinnamaldehyde and tested the antibacterial, antifungal,
and antioxidant properties of the composite films.

2. Experimental Methods

2.1. Chemicals and Materials. Karaya gum and corn starch were
purchased from Xuan Hong Ltd. (Vietnam). Analytical-grade
chemicals including NaOH, HCl, NalO,, NH,OH.HCl, and
cinnamaldehyde were purchased from Xilong Ltd. (China),
95% ethanol from Chemsol (Vietnam).

2.2. Alkaline Hydrolysis of Karaya Gum. HKG was prepared
according to a published procedure [3]. Two grams of NKG
were left swelling in 100 mL of distilled water for 24h. The
swelled gum was hydrolyzed and solubilized by adding
33.3mL of 1M NaOH solution and stirring the mixture for
30min. The excess NaOH was then neutralized using 1 M
HCI solution until the suspension pH reached approximately

3. To precipitate NKG, 95% ethanol was added to the solution
with a 3:1v/v ratio. The precipitated gum was collected using
a stirring rod, washed twice using 75% ethanol, dried at 50°C
for 24 h, and ground to powder.

2.3. Periodate Oxidation of NKG and HKG. Dialdehyde
derivatives of NKG and HKG were prepared based on a
method for carboxymethyl cellulose [26]. Each type of gum
(1g) was stirred in 20 mL of distilled water for 24h. Then,
2mL of 0.11 g/mL NalO, solution was added, and the pH
was adjusted to 3 using 1 M HCI solution. The mixture was
stirred for 4 h at room temperature in the dark. The oxidized
product was precipitated by adding 95% ethanol with a
3:1v/v ratio. The filtered precipitate was then washed using
75% ethanol until the washing water did not change the
color of a solution containing KI and soluble starch. The
filtered solid was dried at 50°C for 8 h, ground to powder,
and stored for further uses.

2.4. Characterization of Gum Powders

2.4.1. Content of Carbonyl Groups [5]. Each oxidized gum
powder (0.2 g) was dispersed in 25 mL of 0.25 M NH,OH.HCl
solution (pH =5.0) by stirring for 15min. The mixture was
then heated in a water bath at 50°C under stirring and contin-
uously titrated with a standard 0.100M NaOH solution to
maintain the solution pH at 5.0. The same procedure was con-
ducted for the NKG as the control.

The mass percentage (%) of carbonyl groups in the oxi-
dized gum was calculated using the following formula:

29%x0.1x(V,=V,)
0.2 x 1000

%CHO =

x100=14.5x (V,-V,),
(1)

where V and V_ (mL) were the volumes of the standard

0.100 NaOH solution used to titrate the oxidized gum and
the NKG control, respectively.

2.4.2. FTIR Spectra. The dried gum powders were pressed on
an attenuated total reflection (ATR) support of an FT/
IR—4700 spectrophotometer (Jasco, Japan). The spectra
were 1scanned from 400 to 4000cm™ with a resolution of
2cm .

2.4.3. Solubility. An excess amount of each gum was stirred
for 24h in 100 mL of distilled water for complete solubiliza-
tion. The mixture was then centrifuged at 3000 rpm for
15min. The clear supernatant was poured on a Petri dish,
weighed, and dried at 105°C for 24 h to obtain the dissolved
gum portion. The procedure was triplicated for each gum.
The solubility was calculated using the following formula:

§9% = solid 100, 2)

Mo In

where mg, was the mass of clear supernatant, and mg;4
was the mass of remaining solid after complete drying of
the supernatant.



2.4.4. Relative Viscosity. The relative viscosity of gum solu-
tions (concentrations from 0.025 to 0.100g/L) was deter-
mined with an Ostwald viscosimeter (@ =0.3mm) and
using distilled water as the reference.

2.4.5. Moisture Uptake. Each dried gum powder was spread
on a Petri dish and put in a closed container with 75% rela-
tive humidity (by a saturated NaCl solution put inside). The
mass of the Petri dish with gum was recorded every hour for
2 days to calculate the moisture of the gum over time.

2.5. Film Preparation. Starch-gum films were prepared based
on a published procedure [27]. A dispersion containing 0.1g
of gum and 20 mL water was prepared and left for 24 h. Two
grams of corn starch, 0.6g glycerol, and a predetermined
amount of cinnamaldehyde were dispersed in 40 mL of dis-
tilled water. The mixture was heated to 95°C and kept for
20min for complete gelatinization of starch. The swelled
gum dispersion was then added to the gelatinized starch
solution. This film-forming mixture was stirred for 10 min
and then poured into Petri dishes and left 48 h for drying
at room temperature. The dried films were then peeled off
the Petri dishes and conditioned in a vessel containing a sat-
urated NaCl solution (75% relative humidity) at least 48 h
before film characterizations.

2.6. Film Characterization. The thickness of each film was
measured at 10 positions using a digital caliper (Mitutoyo,
Japan) with an accuracy of 0.01 mm.

2.6.1. Texture Analysis. Puncture and tensile tests for the
films were conducted using a CT3 Texture Analyzer (Brook-
field, USA) according to a published study [28]. For punc-
ture tests, each film was cut to 40 x40mm strips and
conditioned in the 75% RH container for at least 48 h before
the test. Each strip was gripped and punctured perpendicu-
larly using a 4.0mm probe with a 1.0mm/s speed until
completely penetrated (Figure 2(a)).

The puncturing penetration stress (MPa) was calculated
using the following formula:

P=

, (3)

|

where F is the maximum resistance force (N), and A=
12.56 mm? is the contact area between the film and the pen-
etration probe.

For tensile tests, the films were cut to 120 x 15 mm strips
and glued and wrapped around the 17.8 mm probes at an
initial distance of 45mm (Figure 2(b)). The upper probe
was then moved upward at a 1.0 mm/s speed until the film
is completely broken.

The tensile strength of the films (N/mm?) was calculated
using the following formula:

P=

5 (@

where F was the maximum resistance force (N), and S was
the initial cross-section area (mm?).

Journal of Chemistry

2.6.2. Moisture, Water Uptake, and Solubility of Films. The
moisture, water uptake, and solubility of the films were
determined based on a published procedure with minor
modifications [29]. The films were cut into 30 x 30 mm
pieces, weighed (m,), dried at 105°C for 24 h, and weighed
again (m;). The dried films were then immersed in 20 mL
of distilled water for 24h, dried using a filter paper, and
weighed (m,). The films were subsequently dried at 105°C
for 24h and weighed again (m;). The moisture content
(MC, %), water uptake (WU, %), and solubility in water
(S, %) were calculated using the following formulae:

MC= "0~ 100 (%),
Mg
wu="2""5 100 (%), (5)
13
s="1"" 2100 (%).
my

Water vapor permeability (WVP) of films was deter-
mined according to method ASTM E-96.

2.6.3. Antibacterial and Antifungal Activities. Antibacterial
and antifungal activities of the films were evaluated based on
the disc diffusion method [30]. The bacteria Escherichia coli
and the mold Colletotrichum gloeosporioides were supplied
by the Vietnam Type Culture Collection. The culture medium
contained 2% agar and 2% nutrient broth. For antifungal tests,
the antibiotic chloramphenicol (8 ppm) was used to inhibit the
growth of bacteria. The medium was autoclaved, left cooling,
and then poured into Petri dishes. When the medium was
cooled to room temperature, 100 4L of the microorganism
suspension (5 log cfu/mL of E. coli or mycelia of C. gloeospor-
ioides) was spread onto the medium surface. The films were
cut into 10 mm diameter circles and put on the dry contami-
nated agar surface. The growth of microorganisms was then
observed every 4, 48, and 52h.

2.7. Statistical Analysis. All experiments were triplicated, and
the results were analyzed with the one-way analysis of variance
(ANOVA) using SPSS software. The differences between
mean values were evaluated using Ducan’s multiple range test
with a 95% significance level.

3. Results and Discussion

3.1. Characterization of Native and Modified Karaya
Gum Powders

3.1.1. Carbonyl Content. The carbonyl contents in OKG
(5.12+£0.44%) and HOKG (4.01 £0.33%) determined by
titration with hydroxylamine were significantly different
(p < 0.05). HOKG had a lower free carbonyl content probably
because it had a higher content of hydroxyl groups, hence,
more readily reacted with carbonyl groups to form hemiacetal
and acetal groups and could not react with hydroxylamine [31].
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TaBLE 1: Some characteristic peaks in FTIR spectra of the KG types.

Wavenumber (cm™) 3282-3394

1725, 1244 1375
Bond

885, 887
Carbonyl/ester C=0O Methyl C-H

(Hemi)acetal C-O

-OH

3.1.2. FTIR Spectra. The FTIR spectra of the four KG types  in KG structure and the absorbed moisture (Figure 3). This
are presented in Figure 3, and their major peaks are listed ~ peak for oxidized KG was significantly lower, indicating a
in Table 1. low content of hydroxyl in its structure. The reason for this

The broad peaks at 3282-3394cm™ in FTIR spectra of  low hydroxyl content is the peroxidation that converted the
the native and modified KG characterize hydroxyl groups  turned adjacent hydroxyl groups to carbonyl groups, which
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FIGURE 4: Solubility (a) and moisture uptake (b) of KG powders.

could further react with other hydroxyl groups in the KG
backbone to form hemiacetal and acetal.

The peaks of C=0 bond at 1725cm™ and 1244cm™ and
methyl C-H at 1375 cm™" groups, which were present in NKG
spectrum, disappeared in the spectrum of HKG due to the
removal of acetyl groups by alkaline hydrolysis [3]. After peri-
odate oxidation of HKG, the 1725cm™ peak appeared again in
the spectrum of OKG and HOKG due to the formation of car-
bonyl groups [32]. Moreover, the intensity of this 1725cm™
peak was significantly lower for HOKG because HOKG has
more hydroxyl groups due to the hydrolysis step, thus, facilitat-
ing the formation of hemiacetal and acetal groups and lowering
the number of free carbonyl groups. The peaks of hemiacetal
groups were at 885 cm’' for OKG and 887 cm™* for HOKG [26].

3.1.3. Solubility, Moisture Uptake, and Relative Viscosity.
Because of the presence of acetyl groups and Mg”*/Ca*" cat-
ions in the structure, NKG has a low aqueous solubility of
0.018% (Figure 4(a)), which is closed to a reported value of
0.02% [3]. After alkaline hydrolysis that replaced the hydro-
phobic acetyl groups with the hydrophylic hydroxyl ones
and 2+ cations with Na*, the solubility of HKG increased
10-fold compared to NKG [26]. OKG has a lower solubility
(0.011%) compared to NKG because some hydroxyl groups
were converted to the carbonyl groups. Interestingly, HOKG
has a solubility comparable with that of NKG and significantly
lower than that of HKG. This result indicates that the conver-
sion of hydroxyl to carbonyl groups and the formation of
hemiacetal and acetal strongly decreased the hydroxyl content
and hence lowered the solubility of the gum.

The order of moisture uptake by the gum powders was
HKG > >NKG > HOKG > OKG (Figure 4(b)), which is the
same as the order of the aqueous solubility. The explanation
of this order remained the same with that for solubility
because these two properties are determined by hydrophilicity.
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FIGURE 5: Relative viscosity of KG solutions at room temperature.

The order of relative viscosity of KG samples was HKG
> >NKG > HOKG > OKG (Figure 5). This order is the same
as the order of aqueous solubility. HKG solution has a high
viscosity due to the high content of hydroxyl groups, which
increased the hydrogen bonds between its molecules in solu-
tion. This result is in line with another report that the viscosity
of KG solution increased with higher concentration, lower
temperature, and higher deacetylation degree [33].

3.2. Properties of Starch Films Incorporated with Native and
Modified KG

3.2.1. Puncture and Tensile Strength. Table 2 shows that
starch films containing 5% KG had puncture strengths
increasing in the order HKG < NKG < HOKG < OKG and
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TaBLE 2: Results of puncture and tensile tests of the films.

Starch film with  Elongation at puncture (%)

Puncture strength (N/mm?)

Elongation-at-break (%)  Tensile strength (N/mm?)

NKG 53.29 + 3.02%° 0.316 + 0.005° 36.64 + 0.46° 3.00 +0.19°¢
HKG 47.72 + 1.47° 0.279 +0.008¢ 49.45 + 1.66° 3.55+0.31°

OKG 66.67 +1.78° 0.411 +0.025% 19.47 + 0.078 2.60 + 0.24%
HOKG 50.51 + 0.80° 0.372 +0.011° 32.65 +0.56° 2.84 +0.41°%

Results are expressed as mean + standard deviation (n = 3). Means with different superscripts in a column are significantly different (p < 0.05).

TaBLE 3: Results of moisture, water uptake, solubility, and moisture permeability of the films.

Starch film with Moisture content (%) Water uptake (%)

Solubility (%) Moisture permeability (x10™° g/Pa.m.s)

NKG 21.72 £0.54° 124.80 +0.77°
HKG 24.90 +0.80* 151.77 +2.26%
OKG 18.53 +0.66° 104.73 + 3.56°
HOKG 20.15 + 0.38° 119.32 + 2.64°

19.62 +1.04° 1.736 + 0.066%°
21.44 +0.24% 1.882 + 0.054°
16.78 +0.51¢ 1.589 +0.037°¢
18.06 + 0.70° 1.670 +0.061°

Results are expressed as mean + standard deviation (n = 3). Means with different superscripts in a column are significantly different (p < 0.05).

elongation at break decreasing in the same order. This result
means that alkaline hydrolysis plasticized, while periodate
oxidation hardened the films. The reason of plasticizing
effect of alkaline hydrolysis was possibly the removal of
metallic cations crosslinking ~-COO™ groups in the KG back-
bones. Moreover, hydrophilic hydroxyl groups released after
hydrolysis of KG attracted more moisture that acted as a
plasticizer. The plasticizing effect of alkaline hydrolysis was
also observed in another study, in which deacetylation of
xanthan gum increased deceased the strength and increase
the elongation-at-break of its films [34].

The hardening effect of periodate oxidation on the films
was due to the formation of carbonyl groups in KG mole-
cules that can form hemiacetal and acetal crosslinks with
hydroxyl groups in the molecules of starch and KG [35].
The crosslinking of carbonyl groups was also observed in
collagen films incorporated with glutaraldehyde [36] and
eggwhite films incorporated with oxidized starch [37].

Table 2 shows that the puncture strength and tensile
strength of the films were inversely related to their EB: films
with lower tensile strength/puncture strength had higher EB.

It is interesting to note that the alkaline hydrolysis and
periodate oxidation oppositely affected the puncture and
tensile strengths of the films: alkaline hydrolysis increased
the tensile strength but lowered the puncture strength, while
periodate oxidation decreased the tensile strength but
increased the puncture strength. These results showed that
the action mode of KG along the films in tensile tests was
different from the action in the perpendicular direction in
the puncture tests.

3.2.2. Hydrophilicity. Table 3 shows that moisture content,
moisture permeability water uptake, and solubility of the
films incorporated with KG had the same trend: HKG >
NKG > HOKG > OKG. These three properties are related
with the hydrophilicity of the films. Alkaline hydrolysis of
KG produced more hydrophilic hydroxyl groups and hence
increased the hydrophilicity of the films [3]. Oppositely, per-
iodate oxidation converted hydroxyl groups to less hydro-
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FIGURE 6: UV-vis spectra of starch-KG films.

philic carbonyl groups, which further produced hemiacetal
and acetal with other hydroxyl groups [5]. Therefore, peri-
odate oxidation significantly reduced the hydrophilicity of
the OKG and HOKG films. Our results are consistent with
other studies on dialdehyde starch-gelatin films [38] and
dialdehyde carboxymethyl cellulose-gelatin films.

3.2.3. UV-Vis Spectra and Transparency. UV-vis spectroscopy
helps evaluate the visible transparency and UV barrier properties
of films, which are important for food packaging applications.
Figure 6 shows that the order of transparency of the films is
the same in three regions (UV, visible, and IR): HKG > NKG
>HOKG > OKG. This result indicates that hydrolysis
enhanced but periodate oxidation lowered the film transparency.

Films containing OKG and HKG showed a strong
absorption peak at 270 nm while the peak was weak for films
containing NKG and HKG. This peak is due to the
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absorption of the —-C=0 bond in the aldehyde and ester
groups in KG, which was also observed in gelatin films
incorporated with dialdehyde CMC [26]. The strong absorp-
tion of starch films incorporated with OKG and HOKG can
protect the packaged products from UV radiation.

It is interesting to note that when incorporated with 5%
cinnamaldehyde, all the four films transmitted slightly more
IR and visible radiation, but more strongly absorbed UV
light (Figure 7) because the carbonyl group in aldehydes
was reported to absorb radiations near 280 nm [39]. There-
fore, the incorporation of cinnamaldehyde can enhance the
protective effect of the films against UV- light.

3.2.4. Antifungal Activity. Figure 8 shows that C. gloeospor-
ioides grew quickly on the Petri dishes with films not contain-
ing cinnamaldehyde. Except for OKG, the fungi grew on the
surface of starch-KG films. However, the incorporation of
5% cinnamaldehyde significantly inhibited the growth of C.
gloeosporioides. Several studies have shown the antifungal
activity of cinnamaldehyde against several fungi such as
Colletotrichum gloeosporioides, Rhizoctonia solani, Fusarium
solani, and Ganoderma austral [22, 40]. The mechanism of
the antifungal activity is related to the decrease of plasma
membrane ATPase activity and ergosterol, a vital component
of the fungal cell wall [41].

Based on the degree of invasion of fungi on the film surface,
the antifungal activity of KG types is HKG < NKG < HOKG
< OKG. Interestingly, the starch film with HKG (Figure...)
facilitated the growth and spore production of C. gloeosporioides
after even one day. The fact that the fungi strongly developed
even outside the film indicates that HKG with high solubility
diftused to the agar and promoted the growth of C. gloeospor-
ioides. On the opposite side, the fungi grew normally outside
the film with OKG but almost could not invade the film after
3 days (Figure 8). This result indicates that OKG can inhibit
by direct contact with fungal cells possibly due to the carbonyl
groups that can interact with the fungal cell wall.

3.2.5. Antibacterial Activity. Figure 9 shows that after 4 days
E.coli grew fully on the agar and the films without cinnamalde-
hyde. Although KG has a slight antibacterial and enzyme deg-
radation activity [42], its content in the films (3.7% on a dry
basis) was too low to be effective. The incorporation of 5% cin-
namaldehyde in the films resulted in an inhibition zone
around each film from day 1 (images not shown), and the
diameters of the inhibition zones did not change afterwards.
The antibacterial action of cinnamaldehyde is known to
be dose-dependent and can differ for different bacteria. At
low concentrations, cinnamaldehyde interacts and damages
the bacterial cell walls while at high concentrations, it can
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diffuse into the cell and denature proteins in important
enzymes in the cytoplasm, leading to cell death [43, 44].

4. Conclusion

This is the first report on periodate oxidation with and without
alkaline hydrolysis to chemically modify karaya gum (KG)
and develop new products from it. The hydrolysis increases
while periodate oxidation decreases the hydrophilicity of KG.
The carbonyl groups formed by periodate oxidation can give
KG the possibility to be further modified by redox reactions

or coupling with functional groups such as hydroxyl and
amine. The modified KG can be blended with different bio-
polymers and active components to be used as packaging
materials in the food and pharmaceutical industries.
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The soft rot in pitaya (Hylocereus spp.) stems seriously affected the harvest of pitaya fruits, but the dynamic change characteristics
of bacterial community in pitaya stems during soft rot stages had not been revealed. In this study, we analyzed the bacterial
community composition of different soft rot stages and visualized functional annotations of the core bacterial community in
five soft rot periods via the Illumina high-throughput sequencing technology, MetaCoMET online network platform, and
FAPROTAX database. The results showed that the dominant bacteria in healthy and diseased pitaya stems were Proteobacteria
and Firmicutes. Pseudomonas, Enterobacter, Sphingomonas, and Sphingobacterium were the core bacteria microbiomes during
the infection stages. Meanwhile, the ecological function analysis results showed that the Enterobacter and Pseudomonas
bacteria may play an important role in causing soft rot of pitaya stems. Therefore, the results shown in this paper could

provide a useful reference for the study on microecological mechanism of soft rot of pitaya stems.

1. Introduction

Pitaya (Hylocereus spp.) is often planted in tropical and sub-
tropical regions and has high economic and nutritional
value. Hainan Province in China began to grow pitaya in
the late 1990s, followed by Fujian, Guangdong, Guangxi,
Guizhou, Yunnan, and other southern provinces (regions)
began to large-scale introduction. In recently years, Guizhou
Province is one of the major pitaya producing areas in
China, and pitaya in Luodian County has become a national
geographic landmark product.

At present, pitaya yield is threatened by many diseases;
among which, soft rot is one of the main diseases. Various
studies showed that a variety of fungi could produce soft
rot on pitaya fruits, for example, Scytalidium dimidiatum,
Fusarium spp., F. dimerum, Gilbertella persicaria, and F.
oxysporum [1-6]. If the pitaya stem is infected by F. semitec-
tum, F. oxysporum, F. moniliforme, and other Fusarium
fungi, it will show symptoms of tissue softening, ulceration,

and depression at the stem ridge [2, 7]. Bipolaris was a plant
pathogenic fungus with strong distribution in the world,
which could cause soft rot in cacti plants, for example, fruit
rot of pitaya and stem rot of cactus [8, 9]. In addition, Liang
et al. showed that B. cactivora could harm the stem of pitaya
under natural conditions, which was the first report on the
harm of stem rot of this fungus at home and abroad [10].
However, there are few reports about the bacterial dis-
eases of pitaya. Yuan et al. found that Erwinia sp. could
make the nodes of pitaya stems infected with soft rot in
western Guangdong Province [11]. Sang et al. also con-
firmed that the soft rot of pitaya stem was mainly caused
by Erwenella [12]. Meanwhile, Masyahit et al. [13] first sam-
pled the pitaya stems of soft rot from 11 sample areas in
Malaysia and found that Enterobacter cloacae could cause
soft rot and yellow-brown of pitaya stems. Lin et al. [14] iso-
lated the endogenous bacteria in pitaya seedlings, and the
identification results showed that Enterobacter bacteria
induced typical soft rot symptoms in pitaya plants. In
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TaBLE 1: Statistics of sequencing date and alpha diversity index in different soft rot stages.

Samples Raw reads Effective reads Numbers Coverage (%) Simpson index Shannon index Sobsindex Ace index Chaol index

CK 36580 36024 56 99.953
B-1 41511 40771 56 99.968
B-2 41016 40002 80 99.955
B-3 36948 35749 139 99.964
B-4 38898 36044 185 99.989

0.627 0.705 49 67.360 68.429
0.690 0.632 50 68.989 57.800
0.546 0.897 70 86.786 82.750
0.566 1.130 121 127.709 128.091
0.090 3.287 152 153.213 152.667

addition to Erwenella and Enterobacter, Zhang et al. [15]
found that Paenibacillus polymyxa could also cause soft rot
in the stem of pitaya. When plant stems are affected by soft
rot pathogens, this type of disease will further spread and
eventually affect the fruit yield [16]. However, the change
characteristics of endogenous bacterial community during
soft rot of pitaya stem are not clear.

In this study, we analyzed the bacterial community com-
position in the pitaya stem tissue in different soft rot stages
by the Illumina high-throughput sequencing technology
and annotated the core bacterial microbiome to provide the-
oretical guidance for the prediction of pitaya soft rot disease
in different soft rot stages.

2. Materials and Methods

2.1. Sample Collection. In July 2019, the stems of pitaya
(variety “Purple Red Dragon”) in five different soft rot stages
were sampled from Luodian County, Guizhou Province,
China. According to the methods of Masyahit et al. [13],
the soft rot disease grade of pitaya stem was divided into five
grades, which were normal (CK), early soft rot grade (B-1),
middle soft rot grade (B-2), middle and late soft rot grade
(B-3), and late soft rot grade (B-4), respectively. Three stems
were collected at each period. The samples were encapsu-
lated in sterile ziplock bags, stored in ice bags, and trans-
ported to the laboratory for further processing. Tissue
blocks with a size of 5mm x 5 mm were cut at the junction
of the disease with a sterile scalpel, 3 tissue blocks were cut
from each stem, and 9 tissue blocks were mixed evenly in
each period. According to the treatment method of Xu
et al. [17], tissue blocks in each period were disinfected: first
soaked in 75% alcohol for 40s, then soaked in 5% sodium
hypochlorite solution for 1min, and finally washed with
sterile water for 4 times. The dried tissue was encapsulated
in a sterile ziplock bag and stored in a -80°C refrigerator.

2.2. DNA Extraction, PCR Amplification, and Sequencing.
Under aseptic conditions, plant tissue blocks were ground
into a fine powder with liquid nitrogen. Approximately,
50 mg tissue powder was taken at each onset stage, and total
microbial genomic DNA was extracted according to the
instructions in the E.Z.N.A.® SoiL DNA Kit (Omega Bio-
Tek, Norcross, GA, USA). According to the method of Wei
et al. [18], the V3-V4 region of bacterial 16S rDNA was
amplified by ABI Gene Amp®9700 (ABI, CA, USA). Poly-
merase chain reaction (PCR) reaction system is as follows:
0.4 uL of TransStart Fastpfu DNA Polymerase (2.5U-u/L),
4 uL of Fastpfu Buffer, 2 uL of dNTPs (2.5 mol/L), 0.8 L of

forward and reverse primers of 338F (5umol/L) and 806R
(5umol/L), 0.2 uL of BSA (0.8 yg-u/L), 10 uL of DNA tem-
plate (1ng/uL), and 20 uL of ddH,O. PCR reaction proce-
dure is as follows: predenaturation at 95°C for 3 min;
denaturation at 98°C for 30s, 55°C for 30s, 72°C for 455, a
total of 30 cycles; extended at 72°C for 10min [19, 20].
PCR products were detected by 1% agarose gel electrophore-
sis and sequenced using the Illumina Miseq platform.

2.3. Data Analysis. In order to obtain effective Tags data, the
sequence of each sample was splicing and quality optimiza-
tion (Tags interception, filtering, and chimeric removal) by
referring to the processing method of Robert [21]. The
UPARSE software was used to cluster the 97% nonrepeating
sequences (excluding single sequences) into operational tax-
onomic units (OTUs). Mothur method was used to compare
OTUs with species in SSU rRNA database. Finally, « diver-
sity analysis was performed on the obtained data.

The species abundance of each sample was counted at
the taxonomic level of phylum and genus, and the bacterial
communities of samples in each period were analyzed by
using the Origin Pro 2018C software. The distribution dif-
ferences of OTUs in different soft decay stages were analyzed
by Venn diagram. At the genus level, the species annotation
and abundance of each sample were analyzed. The top 26
groups with relative abundance were selected, and the
changes of dominant bacterial groups in samples at different
soft rot stages were analyzed by heat map.

Core microbiome is a key component of Holobionts,
which is of great significance for the study of symbiotic
and pathogenic microorganisms [22]. OTUs were uploaded
to the MetaCoMET platform (http://probes.pw.usda.gov/
MetaCoMETT). The membership definition method was
used to obtain the core bacterial microbiomes of different
soft decay stages.

FAPROTAX is a kind of database collected for culturable
bacteria and is often used to predict the ecological function
of the microbiome. The database has included more than
4600 culturable bacteria, including more than 80 functional
groups and 7600 functional annotations, which can be
applied to predict the ecological function of culturable bacte-
ria [23]. Through the FAPROTAX database, the OTU func-
tion of the core bacterial microbiome in different soft decay
stages was predicted.

3. Results

3.1. Sequence Data. As shown in Table 1, a total of 178,745
valid sequences and 516 OUTs were obtained, with an
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average of 103 OUT's per sample. Sequencing results showed
that the coverage rate of each sample was above 99%, which
could accurately reflect the real situation of the bacterial
community of the sample [24]. According to the sobs index
differences shown in Table 1, bacterial abundance in differ-
ent onset periods was B-4 >B-3>B-2>B-1> CK, indicating
that the abundance and diversity of bacteria in stem tissue
of pitaya changed with the progression of disease degree.
Meanwhile, based on Simpson and Shannon indexes in
Table 1, Simpson index was the lowest (0.090), and Shannon
index was the highest (3.42) in B-4 stage (late onset), indicat-
ing that the bacterial community gradually tended to diver-
sify during the soft rot of pitaya stem tissue. In addition,
Shannon-Wiener index can reflect the relationship between
species diversity and sequencing amount [25, 26]. As can
be seen from Figure 1, Shannon-Wiener index curve
becomes flatter with the increase of sample sequence num-
ber, indicating that the data depth of this experiment can
fully reflect the microbial information in the sequenced sam-
ples. Analysis of OTUs of samples in 5 periods (Figure 2)
revealed that 2, 4, 5, 20, and 34 endemic OTUs (Figure 2)
were shared by the five samples of CK, B-1, B-2, B-3,
and B-4, respectively.

3.2. Composition of Bacterial Community in Different Soft
Rot Stages. As shown in Figure 3, except Proteobacteria
and Firmicutes, Proteobacteria and Firmicutes have always
been at the level of dominant phyla, while bacteria at other
phyla levels have undergone great changes. From CK to B-
4, Proteobacteria accounted for more than 70%, which was
the dominant flora in the whole pathological process
(>1%). Firmicutes were the dominant bacteria next to Pro-
teobacteria; the abundance of Firmicutes was more than

2% in all periods. From B-2 to B-4, the abundance of
Actinobacteria and Bacteroidetes showed an increasing
trend and gradually established a dominant position in
B-3 and B-4. Verrucomicrobia belonged to the dominant
group in B-1 and B-2 stages, but with the development
of disease (B-3 to B-4 stage), it gradually changed to non-
dominant group (<1%).

As shown in Figure 4, a total of 116 genera of bacteria
were detected in five samples. In the CK group, Pseudomo-
nas was the main dominant groups accounting for 93.75%.
From B-1 to B-4, Pseudomonas, Enterobacter, Sphingomo-
nas, and Sphingobacterium were the dominant genera
accounting for more than 2%. The bacterial community
structure became more complex, and the species diversity
became richer when the soft rot disease of pitaya stem was
aggravated.

3.3. Dynamic Analysis of Bacterial Community in Different
Soft Rot Stages. As shown in Figure 5, in the CK group,
Pseudomonas of Bacteroidetes and Enterococcus of Firmi-
cutes were obviously dominant. From B-1 to B-2, the
abundance of Pseudomonas, Enterobacter, Sphingosphinx,
and Sphingosphinx showed an increasing trend. With the
soft rot grade rising to B-3 stage, Sphingosphinx of Bacter-
oides and Enterobacter of Firmicutes were the dominant
genera. In B-4 stage, Pseudomonas, Sphingomonas, Methy-
lobacterium, Rhizobium, Devosia, Kineococcus, Enterobac-
ter, and Aureimonas had obvious dominant characteristics.

3.4. Core Bacterial Group and Functional Analysis during
Soft Decay Period. MetaCoMET analysis of data sets from
B-1 to B-4, as shown in Figure 6, showed that there were five
core bacterial microbiomes at the genus level, namely,
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FIGURE 2: Analysis of OTUs from different soft rot process with Venn diagram.
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Pseudomonas, Sphingomonas, Enterobacter, and Sphingobac-
terium. Meanwhile, Figure 7 showed that the main functional
groups of the core bacterial groups in the different soft rot
periods were chemoheterotrophy, aerobic chemoheterotro-
phy, animal parasites or symbiotics symbionts, and plant
pathogens, among which chemoheterotrophs and oxidative
functional groups dominated. This suggested that microbes
needed to break down organic matter in the stem tissue to

obtain a supply of nutrients. In the whole soft rot process,
Pseudomonas played an important role in chemoheterotro-
phy, heterotrophy, animal parasitism, and symbiosis. It is
noteworthy that, combined with the change process of species
abundance, the change of species abundance of Enterobacter
was synchronized with the change of plant pathogenic func-
tional groups. With the increase of species abundance, the role
of Enterobacter in plant pathogenic functional groups became
more and more prominent. Therefore, the Enterobacter
sequenced in this study may be a class of important plant
pathogens, with certain functional potential for the occurrence
of soft rot diseases.

4. Discussion

Microbial invasion is often the main cause of fruit and veg-
etable quality degradation. In natural ecosystems, the quality
of fruit and vegetable crops is affected by soft rot pathogens
from planting, harvesting to storage. Bruises, cuts, and insect
bites of plants can increase the advantages of microbial col-
onization [27]. At present, there are few reports on the
change of bacterial community in pitaya stem tissue during
soft rot. Therefore, exploring and revealing the relationship
between bacteria and stem soft rot can provide important
reference value for the maintenance of pitaya fruit quality
and disease prediction.

The occurrence of soft rot in pitaya stem changed the
composition and distribution of bacterial community in
stem tissue. Alpha diversity analysis showed that bacterial
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community richness and diversity in stem tissues gradually
increased with the deepening of the degree of soft rot dis-
ease. Welington et al. [28] believed that the healthy plants
could only be colonized by a few dominant microorganisms,
while the diseased plants without obvious diseases could
recruit more community richness. This study also found a
similar phenomenon: Pseudomonas and Enterococcus were
the dominant bacteria in the stem tissue of the healthy
pitaya. In the early stage of soft rot, there were not only
Pseudomonas bacteria but also abundant Enterobacter and
Sphingomonas. At the end of soft rot, the abundance and
diversity of bacteria in stem tissue reached the maximum.
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FiGure 7: Changes of the functional groups of the core bacterial microbiota at different soft rot stages.

The distribution differences of OTUs in different soft rot
stages indicated that there was a transient succession process
in the bacterial community in the stem tissue of pitaya at
different soft rot stages: the bacterial community structure
was most complex when the bacterial community in the
stem tissue succeeded to the end of soft rot. It can be seen
that plants are a complex microecosystem, in which bacterial
communities occupy a certain ecological niche and con-
stantly compete with each other for nutrients and water in
host tissues [29].

MetaCoMET analysis and FAPROTAX functional anal-
ysis showed that the functional groups of the core bacterial
groups in the five soft decay stages were mainly dominated
by chemoheterotrophic and oxidation-requiring functional
groups. These results suggested that microorganisms need
to decompose organic matter in the stem tissue to obtain
a supply of nutrients. It should be noted that Pseudomonas
and Enterobacter may play an important role in the occur-
rence of pitaya stem soft rot disease by analyzing the
changes of bacterial community composition and the func-
tional changes of core bacterial group. In healthy pitaya
stem tissue, Pseudomonas was the dominant bacterium with
the highest species abundance, accounting for 93.75%.
However, with the aggravation of soft rot, the species abun-
dance of Pseudomonas decreased gradually and reached the
lowest value (26.8%) at the end of soft rot. Studies had
showed that after inoculation with Pseudomonas, the fruit
quality of grape and cotton can be well maintained and
improved [30]. Based on this research significance, Pseudo-
monas bacteria can be used as an important indicator for
the prediction of soft rot in pitaya in subsequent studies.

In the early stage of soft rot disease, Enterobacter began
to colonize in the stem tissue, and its species abundance

increased to the maximum (13.79%) in the late stage of soft
rot disease. FAPROTAX functional analysis showed that
Enterobacter played an increasingly important role in plant
pathogenic functional groups with the increase of species
abundance. Enterobacter was a common human pathogen
in Enterobacteriaceae, which could often activate pectinase
regulation pathway and cause the occurrence of plant soft
rot. At present, Enterobacter cloacae, Enterobacter nimipres-
suralis, and Enterobacter pyrinus could cause soft rot in
plants [14]. In recent years, studies on the harm of Entero-
bacter bacteria to fruits, vegetables, and other plants had
been reported. Masyahit et al. [13] first found that Entero-
bacter cloacae could cause bacterial soft rot in stem segments
of pitaya fruit and causes the disease in 36% of pitaya fruit.
Lin et al. [14] first discovered Enterobacter bacteria in pitaya
stems from Taiwan, China. According to morphological
characteristics, molecular identification, pathogenicity deter-
mination, and other methods, the bacteria causing the soft
rot of pitaya stem was Enterobacter group. Oniha and
Egwari [16] isolated Enterobacter spp. bacteria that could
cause soft rot from the fruit and stem of Carica papaya L.
In addition to the harmful effects of Enterobacter bacteria
on fruits, researchers had observed the symptoms of decay
in cucumbers, carrots, cabbage, and onions inoculated with
Enterobacter spp. [31]. The Enterobacter bacteria obtained
in this test may play an important role in the occurrence
of soft rot of pitaya stem, but whether it has the above soft
rot pathogenic ability is not clear and needs to be isolated
and identified. It is worth discussing that studying the
change characteristics of bacterial community in plants can
not only provide help for predicting plant diseases but also
reveal the role of dominant microorganisms in orchard
ecosystem.
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5. Conclusion

In conclusion, the dominant bacterial genera with the stem
samples of healthy pitaya were Pseudomonas and Enterococcus.
From the initial infection stage to the late infection stage, the
dominant bacteria in pitaya stems were Pseudomonas, Entero-
bacter, Sphingomonas, and Sphingobacterium. At the terminal
stage, the bacterial genera with dominance in soft rot pitaya
stems were Pseudomonas, Sphingomonas, Sphingobacterium,
Microbacterium, Methylobacterium, Rhizobium, Devosia, Kineo-
coccus, Enterobacter, and Aureimonas, of which Pseudomonas,
Enterobacter, Sphingomonas, and Sphingobacterium were the
core microbiota of bacteria during the stages of infection. Mean-
while, the functional groups of these core microbiomes were
chemoheterotrophy, aerobic chemoheterotrophy, animal para-
sites or symbionts, and plant pathogen. The Enterobacter and
Pseudomonas bacteria may play an important role in causing
soft rot disease of pitaya stems.
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In this study, a series of benzimidazole derivatives bearing thioether and carbamate moieties have been synthesized and evaluated
for their in vitro antifungal activity against Cytospora mandshurica, Thanatephorus cucumeris, Botrytis cinerea, Verticillium daliae,
Phytophthora infestans, and Gibberella zeae by the mycelium growth rate method. The result of bioassay demonstrated that most
of the compounds had certain antifungal activity. Especially, compound E11 revealed better antifungal activity against Verticillium
daliae and Phytophthora infestans at 50 ug/mL, with the inhibition rates of 70% and 75%, respectively, than those of albendazole
(38% and 61%, respectively). To the best of our knowledge, it is the first study on the synthesis and antifungal activity of
benzimidazole derivatives containing thioether and carbamate moieties.

1. Introduction

In several decades, the fungal diseases are caused by fungal
pathogens, leading to severe losses to agriculture and horticul-
ture crop production worldwide and constitute an emerging
threat to the global food security [1-5]. Among the drugs to
treat fungal infection, benzimidazole derivatives as potent and
safe antifungal agents have attracted more and more attention
for a long time [6-8]. Carbendazol, Benomyl, Thiabendazole,
efc., have been widely used in antifungal therapy. However,
the extensive use of those antifungal drugs has led to the resis-
tance to drug treatment. Therefore, development of new benz-
imidazole drugs for antifungal treatment is pressing need.
Benzimidazole derivatives have received much attention
in synthesis and bioassay investigations as a result of their
extremely important role in medicinal chemistry and agro-
chemicals [9-12]. Many investigations on the structures and
bioactivities of benzimidazole compounds have been carried
out. In 2006, Madkour et al. synthesized a series of 2-
substituent benzimidazole derivatives, and these compounds
demonstrated good inhibitory effect against Botrytis cinerea
and Fusarium solani [13]. In 2010, Mobinikhaledi et al. inves-

tigated 2-substituted benzimidazole derivatives through the
mycelium growth rate method test in vitro, and the result indi-
cated that most compounds displayed good inhibitory effect
antifungal bioactivities [14]. In 2012, Zhang et al. found a
series of novel 1H-benzimidazol-1-yl acetates and 1H-benzi-
midazol-1-yl propionates containing 1H-1,2,4-triazole moiety.
The antifungal activities of the target compounds against
Botrytis cinerea and Sclerotinia sclerotiorum were evaluated
by mycelial growth rate method. All the target compounds
exhibited higher activities against Botrytis cinerea, with the E
Cs, values of 7.96-21.74mg/mL, than that of carbendazim
[15]. In 2013, Bai et al. found that 2-chloromethyl-1H-benz-
imidazole derivatives showed strong growth inhibition of
Cytospora sp., Colletotrichum gloeosporioides, Botrytis cinerea,
Alternaria solani, and Fusarium solani [16].1In 2016, a series of
novel N-alkylated benzimidazole derivatives were synthesized
and bioassay results showed that the target compounds
revealed excellent antifungal activity against Bacillus subtilis
and Bacillus proteus [17].

Herein, inspired by those description facts above and in
connection of our work on benzimidazole derivatives, using
albendazole as the lead compound, we design and synthesize
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ScHEME 1: Synthetic pathway for the target compounds.

a series of benzimidazole derivatives containing thioether and
carbamate moieties and evaluated for their in vitro antifungal
activity against Cytospora mandshurica (C. mandshurica),
Thanatephorus cucumeris (T. cucumeris), Botrytis cinerea (B.
cinerea), Verticillium daliae (V. daliae), Phytophthora infestans
(P. infestans), and Gibberella zeae (G. zeae).

2. Materials and Methods

2.1. Synthesis. Melting points were determined using an XT-4
binocular microscope (Beijing Tech Instrument Co., China)
and left uncorrected. The "H and '>C NMR spectra (solvent
DMSO-d,) were measured with a JEOL-ECX 500 NMR spec-
trometer operating at room temperature with using TMS as an
internal standard. The course of the reactions was monitored
by thin-layer chromatography analysis on silica gel GF254.
All solvents were freshly distilled or purified according to stan-
dard procedures. All reagents were purchased from Accela
ChemBio Co., Ltd (Shanghai, China).

2.2. Preparation Procedure of Intermediate D. A mixture of 2-
amino benzimidazole (0.01 mol), diethyl carbonate (10 mL),
and EtONa (0.02 mol) was stirred in ethyl acetate (20mL),
and the reaction was reacted at 90°C and monitored by TLC.
After complication of the reaction, the resulting mixture was
filtrated and washed with ethyl acetate and dried under
vacuum to get intermediate B.

A mixture of intermediate B (0.01 mol) and sulfonic acid
chloride (5mL) was stirred in ethylene dichloride (20 mL),
and the reaction was reacted for 0.5h at 0°C and then reacted
for 3h at 60°C and monitored by TLC. After complication of
the reaction, the resulting mixture was washed with alcohol,
filtrated, and dried under vacuum to get intermediate C.

A mixture of intermediate C (0.01 mol) and Fe (0.02 mol)
was stirred in a mixture of HCl (5mL), HCOOH (5mL), and
H,O (10mL). The reactions were reacted for 10h at 60°C.
Then, the pH values of the reaction mixture were regulated

TasLE 1: Effect of different reaction condition on the yields of
intermediate C.

Entry Solvent Temp (°C) Time (h) Yield (%)
1 Ethyl acetate 0 8 10

2 DMF 0 8 0

3 CH,CN 0 8 <10

4 Acetone 0 8 <10

5 THEF 0 8 <10

6 CH,Cl, 0 3 100

TaBLE 2: Effect of different reaction condition on the yields of
intermediate D.

. Molar .
Entry Reduction Acid T(Egl)p T(llrlr)le equivalent Y(Lzl)d
(C:reduction)

1 Zn HCl 60 8 1:4 -

2 Mg HCl 60 8 1:4 -

3 Fe HCl 60 8 1:4 27
4 Fe HCI 20 8 1:4 13
5 Fe  H,S0, 60 8 1:4 18
6 Fe HNO; 60 8 1:4 12

to 4-5 by 5% NaOH, solid precipitation, and filtration and
dried under vacuum to obtain intermediate D.

2.3. Preparation Procedure of the Target Compounds EI-E15.
A mixture of intermediate D (0.01 mol), K,CO; (0.02 mol),
and RX (0.012 mol) was stirred in DMF (20mL). The reac-
tions were reacted for 5h at room temperature. Then, the
residue was filtered, dried under vacuum, and recrystallized
from ethanol to get the target compounds E1-E15.
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TaBLE 3: The in vitro antifungal activity of the target compounds against C. mandshurica, T. cucumeris, B. cinerea, V. daliae, P. infestans,

and G. zeae at 50 ug/mL.

Compounds

Inhibition rate (%)

T. cucumeris V. daliae P. infestans G. zeae C. mandshurica

El 17+1.5 39+£0.7 3£22 25+1.4 26+1.9
E2 19+3.2 19+2.5 0.00 4£1.6 34+1.4
E3 23+£1.0 0 1+£0.0 10+3.0 18+1.0
E4 42+1.0 12+0.9 27+0.3 28+29 9+3.1
E5 7+0.7 5+0.9 8+1.8 12+5.5 29+3.1
E6 6+0.8 8§+14 24+3.0 9+0.6 23+0.9
E7 17+2.5 13+1.8 7+1.1 20+2.5 10+1.4
E8 10+ 0.6 14+4.0 14+3.1 20+2.8 16+£2.3
E9 15+2.6 9+£0.9 2+£0.0 4+0.7 1+1.3
E10 215 19+ 1.5 709 19+£3.1 30+£1.9
Ell 9+£2.8 70£0.1 75+0.8 12+0.6 11+2.7
E12 3+8.9 36+1.2 22+1.4 0 8+£23
E13 14+2.8 43+2.5 0.00 3£1.7 2+2.8
E14 17+1.1 0 3+£10 0 0

E15 41+2.9 69+3.3 22+3.4 15+0.7 44+1.8
Albendazole 61+1.3 38+0.1 61+2.4 32+1.4 32+1.4

2.4. Bioactivity Assay. All the target compounds E1-E15 were
evaluated for their in vitro antifungal activity against C.
mandshurica, T. cucumeris, B. cinerea, V. daliae, P. infestans,
and G. zeae by the growth rate method in comparison with
albendazole at 50 ug/mL [18]. Each treatment was repeated
3 times. Inhibition rate I (%) is calculated by the following
formula, where C represents the diameter of control group
(not treated with compound) and T represents the diameter
of treatment group.

1oy = =D

R 100. (1)

3. Results and Discussion

3.1. Chemistry. Using 2-amino benzimidazole as the starting
material, as shown in Scheme 1, a series of novel benzimidazole
derivatives bearing thioether and carbamate moieties were syn-
thesized with the yields of 16.7%-36.4%. Their structures were
characterized by nuclear magnetic resonance ("H NMR and
3C NMR), and the physical characteristics "H NMR, and "*C
NMR data for all the target compounds E1-E15 can be found
in the Supplemental Materials (available here).

High product yield, good molar equivalent, suitable reac-
tion temperature, and short reaction time encouraged us to
apply previously reported methods under the optimized reac-
tion conditions with the aim of expanding their applications in
synthesis and medicine field. Thus, we used the synthesis of
intermediates C and D as the model reactions with some mod-
ifications about the reaction solvent, reaction reduction and
acid, reaction temperature and time, and molar equivalent of

intermediate C:reduction. As shown in Table 1, the highest
yield (100%) of intermediate C was obtained when the reac-
tion solvent, reaction temperature, and reaction time were
CH,Cl,, 0°C, and 3 h, respectively. Meanwhile, Table 2 shows
that the highest yield (27.4%) of intermediate D was obtained
when the reduction, acid, and reaction temperature were Fe,
HCI, and 60°C, respectively, at a reaction time of 8h and a
molar equivalent of intermediate C: reduction of 1:4.

3.2. Antifungal Activity Test. The results of the preliminary
bioassays, as listed in Table 3, indicated that most of the com-
pounds had certain in vitro antifungal activity against C. man-
dshurica, T. cucumeris, B. cinerea, V. daliae, P. infestans, and
G. zeae at 50 ug/mL. Table 3 shows that compounds E11 and
E15 showed better in vitro antifungal activity against V. daliae,
with the inhibition rates of 70% and 69%, respectively, than
albendazole (38%). Meanwhile, compound E11 showed supe-
rior in vitro antifungal activity against P. infestans (75%) to
albendazole (61%). In addition, compound E15 showed good
in vitro antifungal activity against C. mandshurica (44%),
which were superior to albendazole (32%).

4. Conclusion

In this study, 15 new benzimidazole derivatives bearing
thioether and carbamate moieties were synthesized. Bioassay
results showed some of the target compounds revealed supe-
rior antifungal activity to that of albendazole. It was demon-
strated that the benzimidazole derivatives bearing thioether
and carbamate moieties can be used to develop potential
agrochemicals.
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The purposes of this study were to explore the systemic properties of vanisulfane in tobacco plant and to provide a reference for
the rational use of vanisulfane in the field. After the tobacco plants were treated by hydroponics and foliar spraying, the contents
of vanisulfane in root and stem leaf were detected by high-performance liquid chromatography tandem high-resolution mass
spectrometry (UPLC-HRMS), and the position of vanisulfane in root and stem leaf was real-time observed through
fluorescence two-photon confocal microscope. UPLC-HRMS results showed that the contents of vanisulfane in root and stem
leaf gradually increased with the extension of processing time, and after 12 h treatment, the contents of vanisulfane in root and
stem leaf reached the maximum levels of 31.95 and 0.215 mg/kg, respectively. In addition, fluorescence two-photon confocal
microscope results showed that vanisulfane could observe in the root and stem leaf. These results showed that vanisulfane had
excellent upward and downward of systemic in tobacco plants, which is helpful to guide a reference for the rational use of

vanisulfane in the field.

1. Introduction

Vanisulfane, 2,2 -(((4-((4-chlorobenzyl)oxy)-3-methoxyphe-
nyl) methylene) bis-(2-hydroxyethyl) dithioacetal (Figure 1),
is a novel antiviral agent that exhibits pronounced protection
and curative activities against cucumber mosaic virus (CMV)
with the half-maximal effective concentration (EC,) values
of 186.2 and 206.3 ug/mL, respectively, which are superior to
those of the commercial agents, such as ribavirin (766.5 and
858.2 ug/mL, respectively), dufulin (465.4 and 471.2 ug/mL,
respectively), and ningnanmycin (405.3 and 426.1 yg/mL,
respectively) [1]. Vanisulfane, whose CAS registry number
and patent number are 2088490-79-1 and CN106467478A,
was developed as a new dithioacetal class of antiviral agent.
The patent of vanisulfane (CN106467478A) has been granted
by the State Intellectual Property Office, the People’s Republic
of China in March 2017.

In the last decades, many studies have reported the fluo-
rescent label detection of other drugs [2-5]. Because farmers
lack the means to carry out in situ assessment of leaf cover in
real-time, they often overuse pesticides in order to prevent
pests due to insufficient leaf coverage. In order to replace
the excessive use of pesticides, a fluorescence method has
been developed that can be quickly evaluated and used in
the field to detect pesticides on plant leaves [6]. Ivy leaves
were selected to study the fluorescence method for quickly
assessing the coverage of pesticides and to overcome the
matrix effects related to plant fluorescence emission and
physiologicalspectral interferences. The results showed that
fluorescent labeling agents in nano- and microcrystallites
forms can be used to overcome matrix effects. By studying
the characteristics of fluorescence quenching/enhancement,
spectral shifts, and fluorescence lifetimes, it can be found
that these spectral features are adequate for mapping the
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pesticides on plant surfaces to assess their coverage [7].
Compared to other fluorophores, development of quantum
dot (QD) based excellent and unique optical properties
and have high fluorescence quantum vyields has gained
momentum in recent years. Their applications as fluorescent
probes in the detection of pesticides in different media
(including water, fruits, and vegetables) were studied. The
low detection limits reported demonstrate the potential use
of these methods as alternatives to expensive and time-
consuming conventional techniques [8]. The fluorescence
analysis method for detecting three organophosphorus pes-
ticides using magnetic-assisted FAM-aptamer as probes
was studied. The results showed that choosing 37°C and
150 min as the best combination temperature and time,
respectively, the developed method exhibited a higher selec-
tivity for organophosphorus pesticides (OPs) whose apta-
mers had the common sequence and trueness of the MA-
FA method [9]. Many studies have shown that naringenin
is a key signaling molecule in the control of root nodulation,
a prerequisite for the plant nitrogen fixation. In this experi-
ment, the appropriate positions of fluorescent labeling were
found at the six chemically available positions of the flavo-
none core of naringenin. Fluorescence labeling was used to
detect the bindings of naringenin to nod-D after its entry
into Rhizobium cells. In the corresponding fluorescence
imaging experiments, it was observed that the entry of nar-
ingin into living Rhizobium cells was clear [10]. Methods
with fluorescent labels have the potential to achieve the
low limits of detection (LOD) imposed by legislation when
interferences resulting from the sample matrix are reduced.
In heterogeneous test formats, the background fluorescence
inherent to real samples is reduced by means of a physical
separation step shows that it is feasible to detect and accu-
rately determine pesticides in low-limit real environmental
samples [11]. Obviously, literature studies have shown that
fluorescent labeling plays an important role in drug detec-
tion [12-14].

In addition, there is no literature report on the systemic
conduction of vanisulfane in plants. Therefore, we investi-
gated the systemic transmission of other drugs in plants as
a reference [15-17]. The present investigation indicates that
lignin is the most important sorbent responsible for the
adsorption of pesticides in the apoplast. The adsorption of
five labeled systemic fungicides and one herbicide, on ligins
(stems of pepper plants and cotton plants, 120 and 90 days
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old, were used for lignin preparations) from three kinds of
plant stems and on other components of plant tissue, was
investigated. The dual character of carbendazim-lignin bind-
ing is further corroborated adsorption of systemic fungicides
by plant tissues by its decreased adsorption on lignin in the
presence of mineral salts, on the one hand, and its increased
binding to methylated cellulose on the other hand [18]. With
the advent of industrialization, a variety of used chemicals
and their derivatives will eventually enter the soil and pose
a threat to plants. Some papers focus on the plant uptake
capacity of various contaminants of emerging concern
(CEC) in soil, such as pesticides [19-21] and pharmaceutical
[22, 23]. The results of some researchers indicated that the
bioaccumulation of CEC in roots was higher than that in
shoots. In addition, various plant species, pollutant types,
and microbial interactions will affect the overall absorption
[24]. The root pathway and seed pathway of maize seedlings
during the growth and development process were studied.
Experiments showed that the absorption and transportation
of pesticides by these two pathways occurred at the same
time. Compared with seeds, the root system has a stronger
ability to absorb and transport pesticides. It has a greater
contribution to the absorption and transport behavior of
the coating agent [25]. The study using nanoparticle-
immersed paper imprinting mass spectrometry imaging
technology immersed in nanoparticles revealed the carrier-
mediated systemic and transmission mechanism of modified
chlorantraniliprole in plants. The results showed that the
modified chlorantraniliprole was applied after foliar applica-
tion. It has two-way conductivity in cabbage plants, and
when the concentration of chlorantraniliprole in the phloem
is too high, it can be transmitted to the xylem and then
migrate to the leaves through the xylem [26].

To the best of our knowledge, there were only some
researches on its synthesis, bioactivity, and the application
methods of vanisulfane residues [27-29]. However, the fluo-
rescent label detection and systemic conduction of vanisul-
fane in plants have not been reported yet. The fluorescent
label detection and systemic conduction of vanisulfane was
of great significance to the current situation in the field
and scientific medication. Fluorescent labeling was a key
technology, which was widely used in biological processes
of cell and biochemistry. The two photon confocal technol-
ogy undertakes the real-time observation and determination
of the fluorescent molecular position. It can visually display
the conduction of drugs in plants. In view of these consider-
ations, this experiment took tobacco plants as the experi-
mental object, using UPLC-HRMS [30] and fluorescent
dual-light sub-confocal real-time imaging technology [10,
31, 32] to carry out the systemic conduction study of vani-
sulfane in the plant.

The purpose was to accurately and intuitively study the
internal absorption and conduction performance of vanisul-
fane on tobacco plants, so as to provide a certain reference
for the scientific and rational mode of administration of
vanisulfane in the field. The objectives of the present study
are as follows: (I) to synthesize fluorescent-labeled vanisul-
fane and compare the activity difference between vanisulfane
and fluorescent-labeled vanisulfane, (II) to quantitative and
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TaBLE 1: Experiments of adding and recovering vanisulfane in tobacco root, stem leaf.

Recovery rate (%), RSD,* (%) (n

5)

b o _
Sample Add level (mg/kg) First day Second day Third day RSDg” (%) (n=15)
0.0005 102.12 1.34 99.98 3.22 101.03 2.56 2.23
0.0010 77.93 1.89 80.21 3.78 81.11 3.56 2.37
Tobacco root and stem leaf
0.0100 86.69 5.05 85.55 3.45 84.32 3.41 4.32
0.1000 82.10 1.60 83.29 3.21 80.23 241 1.92

Note: “intraday coefficient of variation; "intraday coefficient of variation.

qualitative analysis vanisulfane in tobacco by UPLC-HRMS,
and (III) to real-time imaging of vanisulfane in tobacco by
fluorescent two-photon confocal.

2. Materials and Methods

2.1. Reagents and Instruments. Vanisulfane standard sample
(99.6% purity) was provided by the Key Laboratory of
Green Pesticide and Agricultural Bioengineering, Guizhou
University (Guiyang, China). Methanol and acetonitrile
(chromatographic grade) were purchased from Tedia High
Purity Solvents (Darmstadt, Germany). Sodium chloride
(analytical purity) was purchased from LookChem (Beijing,
China), anhydrous sodium sulfate (analytical purity) was
purchased from Jinshan Chemical Reagent Co. (Chengdu,
China). Distilled water was obtained from Watsons Co.
Ltd. (Dongguan, China).

Thermo Scientific UltiMate 3000 high-performance lig-
uid chromatography and Thermo Scientific Q Exactive
high-resolution mass spectrometer were purchased from
Thermo Fisher Scientific, Inc. (Waltham, USA). BUCHI R-
210 rotary evaporator was purchased from BUCHI Labor-
technik AG (Flawil, Switzerland). ALC-210.4 Electronic Bal-
ance was purchased from Sartorius (Darmstadt, Germany).
MTV-100 Multitube Vortex Mixer was purchased from
Hangzhou Allsheng Instruments Co., Ltd. (Hangzhou,
China). TGL-20B centrifuge was purchased from Shanghai
Anting Scientific Instrument Factory (Shanghai, China).
KQ-100B Ultrasonic cleaner was purchased from Kunshan
Ultrasonic Instruments Co., Ltd (Kunshan, China). Fluores-
cent Two-photon Confocal microscope Olympus FV 3000
was purchased from Olympus (Olympus, Japan).

2.2. The Absorption and Conduction of Vanisulfane in Tobacco

2.2.1. Internal Suction and Upward Conduction Test
(Hydroponic  Method). Vanisulfane aqueous solution
(100mL) with the concentration of 100 mg/L was added to
250 mL Erlenmeyer flask. The tobacco seedlings at the 3-4 leaf
stage were dug out with roots and then washed away the soil
with water. After that, the tobacco seedlings were inserted into
a triangular flask for cultivation in a greenhouse (18-25°C)
under natural light. The stems and leaves were cut off at 4, 8,
12, 24, 36, 48, 72, and 96 h, respectively, and then stored at
-20°C for later test use.

2.2.2. Inward Suction Downward Conduction Test (Spray
Method). Vanisulfane aqueous solution (100 mg/L) was uni-
formly sprayed on the leaf surface of the 3-4 leaf stage
tobacco seedlings. Then, the leaf surface was sprayed with
fresh-keeping film to prevent pollution. The plant samples
were cultivated in a greenhouse (18-25°C) under natural
light. The roots were cut and rinsed at 4, 8, 12, 24, 36, 48,
72, 96, and 120 h, respectively, and stored at -20°C for later
test use.

2.3. Qualitative Analysis of Vanisulfane by UPLC-HRMS
2.3.1. Instrumental Method

(1) Liquid Condition. UPLC separations were obtained using
a Thermo scientific Hypersll Gold C8 1.9 ym (2.1 x 100 mm)
operating at 40°C in the isocratic elution mode. The mobile
phase was component A (60% water with 0.1% formic acid):
component D (40% acetonitrile). The flow rate was 0.3 mL/
min, and the sample injection volume was 2 uL.
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FIGURE 3: Systemic inhalation of vanisulfane in tobacco, conducts downward (a) and upward (b).

(2) Mass Spectrum Condition. ESI; negative ion mode; aux gas
heater temperature at 300°C; capillary temperature at 300°C;
and spray voltage at 3.0kV, sheath gas, sweep gas, and auxil-
iary gas flow rates at 30, 3, and 10 a.u., respectively. Qualitative
and quantitative ion: [M + HCOO™], 459.07083 m/z.

2.3.2. Extraction Method of Vanisulfane from Tobacco Roots,
Stems, and Leaves. In the experiment, 5g of fresh tobacco
(including roots, stems, and leaves) was accurately weighed
into 50 mL centrifuge tubes, and vanisulfane standard sam-
ples were added to make the additive levels in tobacco are
0.0005, 0.01, 0.1, and 1 mg/kg, respectively. After the solvent
evaporates, acetonitrile (20mL), NaCl (2 g), and anhydrous
Na,SO, (3g) were added to the centrifuge tubes. The
homogenate was extracted for 3 minutes and centrifuged at
6000 r/min for 5 minutes. After that, 10 mL of the superna-
tant was sucked out and spin-dried. The dried sample was
dissolved in 1 mL of methanol, and the content was deter-
mined by UPLC-HRMS. The additive recovery experiment
was carried out for 3 consecutive days, and 6 parallels were
performed for each additive level.

2.4. Synthesis of Fluorescent Labels of Vanisulfane. In order
to further prove the law of internal absorption and conduc-
tion of vanisulfane in plants, the fluorescent-labeled of vani-
sulfane (Figure 2) was synthesized. Using rhodamine B as
raw material, 1-ethyl-3-(3-dimethylaminopropyl) carbodii-
mide hydrochloride (EDCI, 0.55g), rhodamine B (0.92g),
1-hydroxybenzotriazole (HOBt, 0.32 g), and tetrahydrofuran
(20mL) were added into a 50 mL three mouth flask and
refluxed at 60°C for 0.5h. After that, vanisulfane (1g) dis-
solved in 10 mL tetrahydrofuran was slowly added and stir-
red at 60°C. After completion of reaction, the vanisulfane
with fluorescent label was purified by column chromatogra-
phy (Vethylacetate : Vdichloromethane : Vmethanol =2 :
5:1) and characterized the structure by 'H NMR, '3C
NMR, and HRMS. The 'H NMR, ’CNMR, and HRMS data
are shown below. 'H NMR (500 MHz, CDCl,, ppm) & 8.26
(d, J=7.5Hz, 1H), 7.72 (dd, J = 11.9, 7.2 Hz, 2H), 7.28 (d,
J=13.0Hz, 3H), 7.23 (d, J=7.2Hz, 1H), 7.07-6.91 (m,
4H), 6.88-6.63 (m, 6H), 5.09-4.87 (m, 3H), 4.13-4.03 (m,
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FIGURE 4: Fluorescence intensity of vanisulfane fluorescent label
compounds in different solvents.

TaBLE 2: The anti-CMV activity of vanisulfane and vanisulfane
with fluorescent label.

Compound name Curative activity (%) Protection activity (%)
Vanisulfane 50.53 +£6.12 51.42+5.32

Vanisulfane with
fluorescent label

51.23 +4.12 53.12+6.45

2H), 3.86-3.16 (m, 14H), 2.72-2.44 (m, 4H), 1.25 (t, ] =

6.7 Hz, 12H); >C NMR (125 MHz, CDCl,, ppm) & 165.00,
15855, 157.86, 157.84, 155.63, 155.57, 149.79, 147.65,
135.70, 133.76, 133.64, 133.44, 133.06, 131.65, 131.36,
131.32, 130.54, 13021, 130.07, 128.77, 128.74, 120.12,
118.17, 11438, 114.27, 113.81, 113.61, 113.59, 111.49,
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(d)

®

F1GUrE 5: Fluorescence imaging of vanisulfane in tobacco plants ((a) the bright field of the cross-section of the stem; (b) the fluorescence
field of the cross-section of the stem; (c) the fluorescence field of the vertical section of the root; (d) the fluorescence field of the vertical
section of the stem; (e) fluorescence field of leaf vein cross-section; (f) fluorescence field of leaf vein vertical section).

96.56, 96.54, 70.44, 64.33, 61.58, 56.18, 53.26, 46.19, 46.17,
35.16, 31.03, 12.73; HRMS (ESI) theoretical value: m/z C,;,
H;,O4N,CIS, =839.29498, measured value: m/z 839.29431,
mass error, -0.79988 ppm (Shown in Supplementary Mate-
rials (available here).

2.5. Bioactivity Test of Vanisulfane with Fluorescent Label.
Whether the CMV activity of vanisulfane after fluorescent
labeling has changed remains to be determined. Therefore,
the CMV activities of vanisulfane and vanisulfane with fluo-
rescent label were determined and compared in this experi-
ment. The curative and protection activity against CMV of
the vanisulfane with fluorescent label at the concentration
of 500 mg/L was tested by the half-leaf dead spot method
[1]. Methods: vanisulfane and vanisulfane with fluorescent
label were accurately weighed 2mg, respectively. The
weighed samples were dissolved in 20 yL N,N-dimethylfor-
mamide (DMF), and 4mL of 1% Tween water was added
to prepare the compound to a concentration of 500 yg/mL.
The anti-CMV activity of the compound was tested by the
half-leaf dead spot method.

2.6. Real-Time Observation of Fluorescent Labels in Tobacco.
The excitation and emission wavelength of the synthesized
vanisulfane fluorescent label were measured. The detection
wavelength of the two-photon confocal was set according
to the measured excitation and emission wavelengths.
According to the method of 2.2.1.,, the obtained tobacco
plants were sliced, and the treated slices were observed

under two-photon confocal microscope. The sampling time
of fluorescence real-time imaging was the same as that of
the hydroponic method.

3. Results and Discussion

3.1. Accuracy and Precision. According to the extraction
method of vanisulfane in tobacco in 2.3.2, the experiments
were carried out with different concentrations of vanisul-
fane, each with 5 mass concentrations in parallel, and the
extraction was added for three consecutive days. As shown
in Table 1, the recovery rate was 77.93-102.12%, and the
coefficient of variation RSD was 1.34-5.05%. The experimen-
tal results showed that the accuracy and precision of the
extraction method meet the requirements of pesticide resi-
due analysis and detection [33].

3.2. The Quantitative Detection of Vanisulfane by UPLC-
HRMS. The quantitative detection of the content of vanisul-
fane in tobacco at different times was carried out through
design experiments using UPLC-HRMS. Figure 3(a) indi-
cated that vanisulfane can be absorbed and transmitted
downward to the root, and the conduction is slow. The con-
tent of vanisulfane in the sample reaches the maximum
value of 0.215mg/kg after 72h of treatment. After that, the
content gradually decreased with the extension of sampling
time. At the end of sampling at 120 h, the content of vanisul-
fane in the sample was 0.022mg/kg. It can be seen from
Figure 3(b) that vanisulfane can be sucked inward and
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FiGure 6: High-resolution mass spectrum of vanisulfane after the fluorescent label ((a) total ion chromatogram TIC; (b) mass range graph;
(c) mass range graph).

uploaded to the stems and leaves. With the extension of  be transported up and down in plants [34-37]. It can be
treatment time, the content gradually increases. After 12h  known that vanisulfane was a systemic agricultural antiplant
of treatment, the content of vanisulfane in the sample virus agent.

reaches the maximum, which was 31.95mg/kg. With the

extension of sampling time, the content gradually decreased. 33 Real-Time Fluorescence Two-Photon Confocal

At the end of 96 h, the content of vanisulfane in the sample ., aging of Vanisulfane in Tobacco

was 3.85mg/kg. According to the experimental data, vani-

sulfane can be conducted in tobacco, the process of down-  3.3.1. Wavelength Determination of Vanisulfane Fluorescent
ward conduction is slower than that of upward conduction, Label. The excitation and emission wavelengths of vanisulfane
and the content is also lower. Many systemic pesticides can ~ with fluorescent label were determined by FLUOROMAX-4
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spectrofluorometer. The excitation wavelength was 568 nm,
and the emission wavelength was 583 nm. The fluorescence
intensity of vanisulfane fluorescent label compounds was dif-
ferent in different solvents. The determination results were
shown in Figure 4. According to the measured excitation
and emission wavelengths, the detection wavelength of the
two-photon confocal was set 1165 nm.

3.3.2. Verification of the CMV Activity of Vanisulfane with
Fluorescent Label. As shown in Table 2, the curative and pro-
tection activities against CMV of vanisulfane with fluorescent
label were 51.23% and 53.12%, respectively, which were equal
to those of vanisulfane (50.53% and 51.42%, respectively),
demonstrating that there was no significant effect on the
anti-CMV activity after connecting the fluorescent label.

3.3.3. Real-Time Imaging of Vanisulfane with Fluorescent
Label in Tobacco. It can be seen from the results of two-
photon confocal imaging Figure 5 that the fluorescence of
fluorescent-labeled vanisulfane can be clearly observed in
the root, stem leaf vein of tobacco in real-time. The excita-
tion wavelength of two-photon was 1165 nm when the exci-
tation wavelength of real-time imaging was 568 nm.
Rhodamine B was selected as the fluorophore to avoid the
interference of plant fluorescence [38, 39], such as the coin-
cidence of chlorophyll fluorescence (the excitation wave-
length of chlorophyll was 439, and the excitation
wavelength of two-photon was 915nm). Figures 5(a) and
5(b) were comparison diagrams of tobacco stem cross-
sections under bright field and fluorescent field positioning
after partial magnification, and the fluorescent substance
can be observed intuitively. The large number of fluorescent
clusters was found in the xylem of tobacco root, which was
transmitted along the xylem conduit (Figure 5(c)). The ves-
sel of the plant can be clearly seen in the vertical section of
the stem of tobacco, and the fluorescent substances were
transmitted to all parts of the plant along the vessel
(Figure 5(d)). In Figure 5(e), the fluorescence conduction
can be clearly seen from the cross-section of the leaf vein.
Figure 5(f) was shown that the presence of fluorescence
can also be clearly seen on the leaf veins of tobacco.
Through two-photon confocal imaging, vanisulfane
labeled with fluorescent can observe its internal absorption
conduction in tobacco in real-time, which further verifies that
vanisulfane has internal absorption conductivity in tobacco,
which was consistent with the qualitative and quantitative
results of high-resolution mass spectrometry. Both fluores-
cence two-photon confocal and UPLC-HRMS showed that
vanisulfane had endothermic conductivity in tobacco plants.

3.34. Qualitative Determination of Vanisulfane with
Fluorescent Label in Tobacco. Whether vanisulfane after
being attached with a fluorescent tag was conducted in
tobacco plants in addition to observing the conduction of
fluorescence with two-photon confocal, whether vanisulfane
after being fluorescently tagged was changed in plants
remains to be determined. We therefore developed a high-
resolution mass spectrometric qualitative assay of fluores-
cently tagged vanisulfane in tobacco (Figure 6).

Experimentally determined qualitatively by high-
resolution mass spectrometry of the conducted fluorescently
tagged vanisulfane in tobacco, mass range 839.29498 m/z
peak pattern was able to be extracted in the total ion chro-
matogram (TIC), from which it was observed that the theo-
retical mass spectrum of fluorescently tagged vanisulfane
had a peak at 839.29498 m/z, found 839.29364 m/z, which
was -1.59983 ppm from the theoretical value, and was accu-
rate in the 3ppm range. The results of the experiment
proved that the vanisulfane following the attached fluores-
cent tags was conducted in tobacco plants in vivo, but not
the conduction of fluorescein itself in tobacco.

4. Conclusion

In this paper, the UPLC-HRMS technology was used to
qualitatively and quantitatively analyze the internal absorp-
tion and conduction content of vanisulfane in tobacco plants
after two treatments: hydroponics and foliar spraying. The
properties of vanisulfane systemic upward and downward
conduction in tobacco have been studied. The results
showed that vanisulfane had good internal and upward con-
ductance in tobacco plants. In addition, through fluorescent
labeling of vanisulfane, using fluorescent two-photon confo-
cal real-time imaging technology, we observed that vanisul-
fane can absorb and conduct in tobacco plants in real-
time. The results can provide some reference for the scien-
tific and rational drug use of vanisulfane in the field.
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A series of novel thiochroman-4-one derivatives incorporating carboxamide and 1, 3, 4-thiadiazole thioether moieties were
synthesized. Bioassay results indicated that the EC5, values of compound 6-chloro-N-(5-(methylthio)-1, 3, 4-thiadiazol-2-yl)-4-
oxothiochromane-2-carboxamide (5a) against Xanthomonas oryzae pv. Oryzae (Xoo) and Xanthomonas axonopodis pv. Citri
(Xac) were 24 and 30 ug/mL, respectively, which were even better than those of bismerthiazol and thiadiazole copper. Meanwhile,
compound 6-methyl-4-oxo-N-(5-(propylthio)-1, 3, 4-thiadiazol-2-yl)thiochromane-2-carboxamide (5m) showed a better an-
tifungal activity against Botrytis cinerea (B. cinerea), with an inhibition rate of 69%, than carbendazim. As far as we know, this is
the first report on the antibacterial and antifungal activities of this series of novel thiochroman-4-one derivatives incorporating

carboxamide and 1, 3, 4-thiadiazole thioether moieties.

1. Introduction

Global food safety/security will remain a worldwide concern
for the next 50 years and beyond. Bacterial and fungal
diseases of plants have been an enormous impact on the food
safety/security at various stages of the food chain from
primary production to consumption and have presented
serious threats in agricultural production and caused
enormous economic losses each year worldwide [1]. Al-
though pesticide application has been a conventional
methodology used in plant protection, frequent use of
conventional chemical pesticides has resulted in problems in
resistance to bacteria and fungi populations, environmental
contamination, and human health [2]. With the improve-
ment of human living standards and human health, the
demand for high-quality agricultural products as foods
makes it necessary to limit the use of conventional chemical
pesticides and challenges the control of plant bacterial and
fungal diseases [3]. Therefore, the current paradigm of

relying almost exclusively on conventional chemical pesti-
cides for bacterial and fungal diseases of plants control may
need to be reconsidered.

Natural product pesticides of using innate disease-re-
sistant plants against resist pests and diseases is an inno-
vative stratagem in sustainable agricultural development
because these pesticides are safer than the conventional
chemical pesticides due to their low toxicity to natural
enemies, humans, and other mammals [4-7]. Therefore,
natural products can either be used directly in bacterial and
fungal control or develop novel synthetic analogs with fa-
vorable biological properties. Thiochroman-4-one, an im-
portant natural product which is widely found in many
plants, showed extensive bioactivities, including antifungal
[8], herbicidal [9], insecticidal [10], and antibacterial [11-14]
properties. In our previous study, we disclosed a series of
novel thiochroman-4-one derivatives (Figure 1) which
showed moderate to good antibacterial and antifungal ac-
tivities [11-14].


mailto:pl19890627@126.com
mailto:smtan@gzu.edu.cn
https://orcid.org/0000-0003-4881-126X
https://orcid.org/0000-0001-7276-6337
https://orcid.org/0000-0002-8929-2673
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/5354088

2 Journal of Chemistry
]$3 RB R3
O ~
II\I o
Rl
HN _
0=5=0 N
S COOR, R |
HN _ :
N
R, S COOR,
s COOR,
(a) (b) (©
5 o
O _ R,
I
R, u
N
N (6]
N
S R,
(€]
R

(d)

(e)

FIGURE 1: Structures of the target compounds reported in our previous work.

The carboxamide moiety, an important functional group
in pesticide chemistry, had attracted more and more at-
tention to the researchers due to its broad spectrum of
pesticidal bioactivities, for example, antibacterial [15, 16],
antifungal [17, 18], antiviral [19-21], insecticidal [22, 23],
and herbicidal [24] properties. Over the past few decades,
many new pesticides containing carboxamide moiety, such
as fluxapyroxad, penflufen, and isoflucypram, had been
developed. Meanwhile, 1, 3, 4-thiadiazole thioether unit had
played an important role in the field of agricultural chem-
istry, including antibacterial [16, 25], antifungal [26, 27],
antiviral [28-31], insecticidal [32], and herbicidal [33]
properties.

In view of these facts mentioned above, we aim to replace
the benzene ring with a 1, 3, 4-thiadiazole thioether group
(Figure 2) to build a series of novel thiochroman-4-one
derivatives incorporating carboxamide and 1, 3, 4-thiadia-
zole thioether moieties, and then their in vitro antibacterial
activity against Xanthomonas oryzae pv. Oryzae (Xoo) and
Xanthomonas axonopodis pv. Citri (Xac) as well as anti-
fungal activity against Verticillium dahliae (V. dahliae),
Botrytis cinerea (B. cinerea), and Fusarium oxysporum
(F. oxysporum) were determined.

2. Materials and Methods

2.1. Preparation Procedure of the Target Compounds 5a-50.
As shown in Scheme 1, the key intermediates 2 and 4 were
prepared according to our previously reported literature
[11-14, 16].

Intermediate 2 (0.022 mol), intermediate 4 (0.02 mol), 1-
(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochlo-
ride (EDCI, 0.03mol), dimethylaminopyridine (DMAP,
0.0002 mol), and N, N-dimethylformamide (DMF, 50 mL)
were added to a 50 mL three-necked round-bottomed flask
and then reacted overnight at room temperature. Upon
completion, the reaction mixture was quenched by pouring
into 100 mL distilled water. The residues were recrystallized
from methanol to give the pure target compounds 5a-50.
The structures of the target compounds were characterized
using a DRX-400 'H and "°C nuclear magnetic resonance
(NMR; Bruker, Rheinstetten, Germany) and a Waters Xevo
G2-S QTOF high-resolution mass spectrum (HRMS; Wa-
ters, MA, USA).

2.2. Bioactivity Evaluation. The antibacterial activity against
Xoo and Xac and the antifungal activity against B. cinerea,
V. dahliae, and F. oxysporum of the target compounds were
determined according to the reported methods [34, 35].
Meanwhile, the EC5, values of some of the target com-
pounds against Xoo and Xac were also evaluated and cal-
culated using SPSS 17.0 software.

3. Results and Discussion

3.1. Chemistry. Using different substituted thiols and 2-
amino-5-mercapto-1, 3, 4-thiadiazole as the starting mate-
rials, as shown in Scheme 1, a series of novel thiochroman-4-
one derivatives incorporating carboxamide and 1, 3, 4-
thiadiazole thioether moieties were synthesized. The physical
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ScHEME 1: Synthetic route of the target compounds 5a-50.

characteristics, "H NMR, '*C NMR, and HRMS data for all
the target compounds are shown as follows. The '"H NMR,
3C NMR, and HRMS spectra for all the target compounds
can be found in the Supplementary Materials (available
here).

Data for compound 6-chloro-N-(5-(methylthio)-1, 3, 4-
thiadiazol-2-yl)-4-oxothiochromane-2-carboxamide  (5a).
White solid; mp 228-230°C; yield 67%; "H NMR (400 MHz,
DMSO-dg, ppm) 9:12.99 (s, 1H, CONH), 7.90 (d, ] = 4.0 Hz,
1H, Ph-H), 7.55 (dd, J1=4.0Hz, J2=16.0 Hz, 1H, Ph-H),
7.39 (d, J=8.0 Hz, 1H, Ph-H), 4.46 (t, ] =4.0 Hz, 1H, SCH),
3.23 (qd, J1=4.0Hz, J2=16.0Hz, 2H, CH,), 2.68 (s, 3H,
CH;); C NMR (100 MHz, DMSO-ds, ppm) &: 191.17,
169.58, 161.60, 158.42, 136.53, 133.80, 130.88, 129.91, 127.22,
41.12, 40.41, 16.48; HRMS (ESI) [M+Na]® caled. for
Cy3H,(CIN30,S3: 369.95509, found 369.95619.

Data for compound 6-chloro-N-(5-(ethylthio)-1, 3, 4-
thiadiazol-2-yl)-4-oxothiochromane-2-carboxamide  (5b).
White solid; mp 236-237°C; yield 60%; "H NMR (400 MHz,
DMSO-dg, ppm) 8: 13.00 (s, 1H, CONH), 7.90 (d, ] =4.0 Hz,
1H, Ph-H), 7.55 (dd, J1 =4.0 Hz, J2 = 8.0 Hz, 1H, Ph-H), 7.39
(d, J=8.0Hz, 1H, Ph-H), 447 (t, J=4.0Hz, 1H, SCH),
3.31-3.15 (m 4H, CH,, CH,CH,), 1.31 (t, J=8.0 Hz, 3H,
CH,CHj;); >C NMR (100 MHz, DMSO-dg, ppm) 8: 191.16,
169.61, 159.86, 158.74, 136.52, 133.80, 131.77, 130.89, 129.91,
127.22, 41.10, 40.41, 28.59, 15.17; HRMS (ESI) [M + Na]*
caled. for C4H;,CIN;O,S5: 383.97074, found 383.97183.

Data for compound 6-chloro-4-oxo-N-(5-(propylthio)-
1, 3, 4-thiadiazol-2-yl)thiochromane-2-carboxamide (5c).
White solid; mp 191-193°C; yield 58%; '"H NMR (400 MHz,
DMSO-dg, ppm) d: 13.00 (s, 1H, CONH), 7.90 (d, ] =4.0 Hz,
1H, Ph-H), 7.55 (dd, J1 =4.0 Hz, J2 = 8.0 Hz, 1H, Ph-H), 7.39



(d, J=8.0Hz, 1H, Ph-H), 4.46 (t, J=4.0Hz, 1H, SCH),
3.31-3.14 (m, 4H, CH,, CH,CH,CH3), 1.71-1.62 (m, 2H,
CH,CH,CH3), 0.95 (t, J=8.0Hz, 3H, CH,CH,CH;); *C
NMR (100 MHz, DMSO-dg, ppm) &: 191.19, 169.68, 159.96,
158.88, 136.59, 133.80, 131.78, 130.86, 129.91, 127.22 41.17,
40.41, 36.03, 22.86, 13.37; HRMS (ESI) [M-H]" calcd. for
C15H14C1N30283: 39798639, fOund 397.98782.

Data for compound N-(5-(benzylthio)-1, 3, 4-thiadiazol-
2-yl)-6-chloro-4-oxothiochromane-2-carboxamide (5d).
White solid; mp 234-235°C; yield 69%; '"H NMR (400 MHz,
DMSO-dg, ppm) &: 13.00 (s, 1H, CONH), 7.90 (d, J = 4.0 Hz,
1H, Ph-H), 7.55 (dd, J1=4.0Hz, J2=8.0Hz, 1H, Ph-H),
7.44-7.38 (m, 3H, Ph-H), 7.13 (t, ] =8.0 Hz, 2H, Ph-H), 4.47
(d, J=4.0Hz, 3H, SCH, PhCH,), 3.23 (qd, J1=4.0Hz,
J2=16.0Hz, 2H, CH,); *C NMR (100 MHz, DMSO-d,,
ppm) &: 191.19, 163.16, 160.74, 159.26, 159.03, 136.54,
133.81, 133.45, 133.43, 131.76, 131.47, 131.39, 130.89, 129.91,
127.23, 11591, 115.70, 41.17, 40.41, 37.13; HRMS (ESI)
[M+Na]* caled. for CyoH;4CIN;0,S5: 465.98289, found
465.99061.

Data for compound 6-chloro-N-(5-((4-fluorobenzyl)
thio)-1, 3, 4-thiadiazol-2-yl)-4-oxothiochromane-2-carbox-
amide (5e). White solid; mp 220-222°C; yield 62%; 'H NMR
(400 MHz, DMSO-dg, ppm) 8:12.99 (s, 1H, CONH), 7.90 (d,
J=4.0 Hz, 1H, Ph-H), 7.55 (dd, J1=4.0 Hz, J2 =8.0 Hz, 1H,
Ph-H), 7.43-7.38 (m, 3H, Ph-H), 7.16-7.11 (m, 2H, Ph-H),
4.46 (d, J=8.0Hz, 3H, SCH, PhCH,), 3.22 (qd, J1=4.0Hz,
J2=16.0Hz, 2H, CH,); >*C NMR (100 MHz, DMSO-d,
ppm) &: 191.19, 169.63, 161.95 (d, J=242.0Hz), 159.05,
136.53, 133.82, 133.45 (d, ] =3.0 Hz), 131.76, 131.48, 131.39,
130.89, 129.92, 127.23, 115.86 (d, J=5.0 Hz), 41.13, 40.41,
37.12; HRMS (ESI) [1\/I-H]+ calcd. for C19H13C1FN3OZS3I
463.97697, found 463.97829.

Data for compound 6-fluoro-N-(5-(methylthio)-1, 3, 4-
thiadiazol-2-yl)-4-oxothiochromane-2-carboxamide  (5f).
White solid; mp 220-222°C; yield 62%; "H NMR (400 MHz,
DMSO-dg, ppm) &: 12.98 (s, 1H, CONH), 7.69 (d, J = 8.0 Hz,
1H, Ph-H), 7.41 (d, ] = 4.0 Hz, 2H, Ph-H), 4.45 (s, 1H, SCH),
3.23 (qd, J1=4.0Hz, J2=16.0Hz, 2H, CH,), 2.68 (s, 3H,
CH,;); >C NMR (100 MHz, DMSO-dg, ppm) &: 191.37,
169.63, 161.81, 161.56, 158.91 (d, ] =95.0 Hz), 133.13, 132.11,
132.05, 130.14 (d, J=7.0Hz), 121.83 (d, ] =23.0 Hz), 113.98
(d, J=23.0Hz), 41.13, 40.40, 16.47; HRMS (ESI) [M-H]"
caled. for C3H;(FN30,S5: 353.98464, found 353.98612.

Data for compound N-(5-(ethylthio)-1, 3, 4-thiadiazol-
2-yl)-6-fluoro-4-oxothiochromane-2-carboxamide (5g).
White solid; mp 261-262°C; yield 76%; '"H NMR (400 MHz,
DMSO-dg, ppm) 8: 12.98 (s, 1H, CONH), 7.70-7.67 (m, 1H,
Ph-H), 7.41 (dd, J1 =4.0 Hz, J2=8.0 Hz, 2H, Ph-H), 4.45 (t,
J=4.0 Hz, 1H, SCH), 3.30-3.15 (m, 4H, CH,, CH,CH3), 1.30
(t,] =4.0 Hz, 3H, CH,CHj;); ">C NMR (100 MHz, DMSO-d,
ppm) & 196.11, 17439, 17291, 165.57 (d, J=198.0 Hz),
164.13, 163.53, 137.88, 137.86, 136.82 (d, J=6.0 Hz), 134.91
(d,J=7.0Hz), 126.61 (d, ] =23.0Hz), 118.73 (d,J=17.0 Hz),
45.85, 40.41, 33.34, 19.93; HRMS (ESI) [M + Na]* calcd. for
C14H12FN3OZS3: 39199678, found 391.99632.

Data for compound 6-fluoro-4-oxo-N-(5-(propylthio)-
1, 3, 4-thiadiazol-2-yl)thiochromane-2-carboxamide (5h).
White solid; mp 226-228°C; yield 70%; "H NMR (400 MHz,
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DMSO-dg, ppm) d: 12.98 (s, 1H, CONH), 7.69 (d, ] = 8.0 Hz,
1H, Ph-H), 7.41 (t, ] = 4.0 Hz, 2H, Ph-H), 4.44 (t, = 4.0 Hz,
1H, SCH), 3.30-3.14 (m, 4H, CH,, CH,CH,CH,), 1.67 (m,
2H, CH, CH,CH,CH)), 095 (t J=80Hz, 3H,
CH,CH,CH,;); >C NMR (100 MHz, DMSO-ds, ppm) &:
191.37, 169.67, 160.91 (d, J=179.0 Hz), 159.38, 133.14 (d,
J=3.0Hz), 132.06 (d, J=6.0Hz), 130.15 (d, J=8.0 Hz),
121.97, 121.74, 114.09, 113.86, 41.10, 40.41, 36.02, 22.85,
13.36; HRMS (ESI) [M-H]" caled. for Ci5H4FN;0,S5:
382.01594, found 382.01732.

Data for compound N-(5-(benzylthio)-1, 3, 4-thiadiazol-
2-yl)-6-fluoro-4-oxothiochromane-2-carboxamide (51).
White solid; mp 212-214°C; yield 73%; 'H NMR (400 MHz,
DMSO-dg, ppm) &: 12.99 (s, 1H, CONH), 7.69 (d, J = 8.0 Hz,
1H, Ph-H), 7.41-7.23 (m, 7H, Ph-H), 4.44 (t, ] =4.0 Hz, 3H,
SCH, PhCH,), 3.22 (qd, J1 =4.0 Hz, J2 =16.0 Hz, 2H, CH,);
C NMR (100 MHz, DMSO-dg, ppm) &: 191.40, 169.66,
160.60 (d, J=243.0Hz), 159.24, 159.12, 137.05, 133.14,
132.08, 130.16 (d, J=7.0 Hz), 129.38, 129.01, 128.04, 121.86
(d, J=23.0Hz), 113.99 (d, ] =22.0Hz), 41.14, 40.40, 38.01;
HRMS (ESI) [l\/I-H]Jr calcd. for C19H14FN302S3Z 430.01594,
found 430.01700.

Data for compound 6-fluoro-N-(5-((4-fluorobenzyl)
thio)-1, 3, 4-thiadiazol-2-yl)-4-oxothiochromane-2-carbox-
amide (5j). White solid; mp 225-227°C; yield 70%; 'H NMR
(400 MHz, DMSO-dg, ppm) 6:12.98 (s, 1H, CONH), 7.68 (d,
J=8.0Hz, 1H, Ph-H), 7.42 (dd, J1 =4.0 Hz, J2=8.0 Hz, 4H,
Ph-H), 7.13 (t, J = 8.0 Hz, 2H, Ph-H), 4.44 (t, ] = 4.0 Hz, 3H,
SCH, PhCHS,), 3.22 (qd, J1 =4.0 Hz, J2=16.0 Hz, 2H, CH.,);
3C NMR (100 MHz, DMSO-dg, ppm) &: 191.19, 169.63,
161.95 (d, J=242.0Hz), 159.05, 136.53, 133.82, 133.45 (d,
J=3.0Hz), 131.76, 131.48, 131.39, 130.89, 129.92, 127.23,
115.81 (d, J = 22.0 Hz), 41.13, 40.41, 34.12; HRMS (ESI) [M-
H]+ caled. for C19H13F2N3OZS3Z 448.00652, found
448.00777.

Data for compound 6-methyl-N-(5-(methylthio)-1, 3,
4-thiadiazol-2-yl)-4-oxothiochromane-2-carboxamide
(5k). White solid; mp 269-270°C; yield 79%; 'H NMR
(400 MHz, DMSO-dg, ppm) 6: 12.94 (s, 1H, CONH), 7.79
(s, 1H, Ph-H), 7.30 (dd, J1 = 4.0 Hz, ]2 = 8.0 Hz, 1H, Ph-H),
7.20 (d, ] =8.0 Hz, 1H, Ph-H), 4.41 (t, ] = 4.0 Hz, 1H, SCH),
3.17 (qd, J1=4.0Hz, J2=16.0Hz, 2H, CH,); 2.67 (s, 3H,
CH3), 2.29 (s, 3H, CH3); '*C NMR (100 MHz, DMSO-d,,
ppm) 6: 192.17, 169.72, 161.46, 158.44, 135.61, 135.03,
134.10, 130.34, 128.29, 127.68, 41.19, 40.41, 20.83, 16.47;
HRMS (ESI) [M-H]" calcd. for C;4H;5N50,S5: 350.00971,
found 350.01051.

Data for compound N-(5-(ethylthio)-1, 3, 4-thiadiazol-
2-yl)-6-methyl-4-oxothiochromane-2-carboxamide (5D).
White solid; mp 227-228°C; yield 76%; '"H NMR (400 MHz,
DMSO-dg, ppm) 8:12.97 (s, 1H, CONH), 7.80 (s, 1H, Ph-H),
730 (dd, J1=4.0Hz, J2=8.0Hz, 1H, Ph-H), 7.20 (d,
J=8.0Hz, 1H, Ph-H), 4.42 (t, ] =4.0 Hz, 1H, SCH), 3.25-3.11
(m, 4H, CH,, CH,CH3), 2.30 (s, 3H, CH3), 1.31 (t, ] = 8.0 Hz,
3H, CH,CH;); >C NMR (100 MHz, DMSO-ds, ppm) &:
192.16, 169.77, 159.70, 158.84, 135.60, 135.03, 134.11, 130.33,
128.29, 127.67, 41.20, 40.41, 28.59, 20.83, 15.18; HRMS (ESI)
[M-H]* caled. for C;sH;sN;0,S;: 364.02536, found
364.02620.
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Data for compound 6-methyl-4-oxo-N-(5-(propylthio)-
1, 3, 4-thiadiazol-2-yl)thiochromane-2-carboxamide (5m).
White solid; mp 198-200°C; yield 72%; '"H NMR (400 MHz,
DMSO-dg, ppm) d: 13.00 (s, 1H, CONH), 7.90 (d, ] =4.0 Hz,
1H, Ph-H), 7.39 (d, ] = 8.0 Hz, 1H, Ph-H), 4.46 (t, ] =4.0 Hz,
1H, SCH), 3.31-3.14 (m, 4H, CH,, CH,CH,CH,), 2.29 (s,
3H, CHs), 1.69-1.64 (m, 2H, CH,CH,CH,), 0.95 (t,
J =8.0 Hz, 3H, CH,CH,CHj,); *C NMR (100 MHz, DMSO-
de, ppm) &: 191.19, 169.68, 159.96, 158.88, 136.59, 133.80,
131.78, 130.86, 129.91, 127.22, 41.17, 40.41, 39.57, 36.03,
22.86, 13.37; HRMS (ESI) [M-H]* «caled. for
C,sH,4CIN;0,S5: 397.98639, found 397.98782.

Data for compound N-(5-(benzylthio)-1, 3, 4-thiadiazol-
2-yl)-6-methyl-4-oxothiochromane-2-carboxamide  (5n).
White solid; mp 224-226°C; yield 76%; "H NMR (400 MHz,
DMSO-dg, ppm) 8:12.94 (s, 1H, CONH), 7.79 (s, 1H, Ph-H),
7.43-7.11 (m, 7H, Ph-H), 4.45 (s, 2H, PhCH,), 4.41 (s, 1H,
SCH), 3.17 (qd, J1 =4.0 Hz, J2=16.0 Hz, 2H, CH,), 2.29 (s,
3H, CHs); °C NMR (100 MHz, DMSO-dg, ppm) &: 192.19,
169.80, 159.13, 158.92, 137.07, 135.62, 134.11, 133.48, 131.39,
130.32, 129.37, 129.02, 128.31, 128.04, 127.68, 115.92, 115.70,
41.23, 38.02, 37.14, 20.83; HRMS (ESI) [M + Na]* calcd. for
C20H17N3OZS3Z 450.03751, found 450.03614.

Data for compound N-(5-((4-fluorobenzyl)thio)-1, 3, 4-
thiadiazol-2-yl)-6-methyl-4-oxothiochromane-2-carbox-
amide (5°). White solid; mp 230-232°C; yield 76%; '"H NMR
(400 MHz, DMSO-dg, ppm) 6: 12.97 (s, 1H, CONH), 7.79 (s,
1H, Ph-H), 7.38 (dd, J1=8.0Hz, J2=16.0Hz, 4H, Ph-H),
7.30 (d, ] = 8.0 Hz, 1H, Ph-H), 7.20 (d, ] = 8.0 Hz, 1H, Ph-H),
445 (s, 2H, PhCH,), 4.41 (t, J=4.0 Hz, 1H, SCH), 3.17 (qd,
J1=4.0Hz, J2=16.0 Hz, 2H, CH,), 2.29 (s, 3H, CH;); °C
NMR (100 MHz, DMSO-dg, ppm) &: 192.19, 169.80, 159.04
(d, J=50.0Hz), 136.42, 135.61, 135.05, 134.11, 132.60,
131.23, 128.96, 128.30, 127.68, 41.21, 37.13, 20.83; HRMS
(ESI) [M+Nal]" caled. for C,oH;6FN;O,S5: 468.09808,
found 468.09825.

3.2. Bioassay Activity Test. As shown in Table 1, compounds
5a-5g displayed 74-100% and 60-94% in vitro antibacterial
activity against Xoo at 200 and 100 yg/mL, respectively,
which were better than those of bismerthiazol and thia-
diazole copper. Meanwhile, compounds 5a-5h revealed
60-90% and 48-78% in vitro antibacterial activity against
Xac at 200 and 100 ug/mL, respectively, which were better
than those of bismerthiazol and thiadiazole copper. Ta-
ble 2 shows that the ECs, values of compounds 5a, 5b, 5¢,
5f, and 5g against Xoo and Xac were 24-54 and 30-61 ug/
mL. In particular, compound 6-chloro-N-(5-(methyl-
thio)-1, 3, 4-thiadiazol-2-yl)-4-oxothiochromane-2-car-
boxamide (5a) had the lowest ECs, values against Xoo
(24 yg/mL) and Xac (30 ug/mL) than bismerthiazol and
thiadiazole copper. The structure-activity relationship
(SAR) analysis was analyzed on the basis of the anti-
bacterial activity values shown in Tables 1 and 2. First,
compared with the same substituent at R; substituent
groups, the presence of the -Cl group at R, substituent
group showed better in vitro antibacterial activity in the

TaBLE 1: Preliminary antibacterial activity of the target compounds
against Xoo and Xac at 200 and 100 pg/mL.

Inhibition rate (%)

Compounds Xoo Xac

200 yg/mL 100 ug/mL 200 yg/mL 100 ug/mL
5a 100+2.13  94+1.25 90+0.28 78 +1.01
5b 92+1.14 78 +2.07 86 +2.22 70+ 1.27
5¢ 81+2.19 70 +1.64 74 +2.08 61 +£2.21
5d 60+ 1.95 44 +1.47 51+1.18 40+1.27
5e 64 +1.54 50+1.99 57+3.12 45+2.19
5f 90+ 1.17 75+ 1.54 80+2.21 61 +1.31
5g 74 +1.41 60+2.17 68+1.14 54+1.29
5h 68 +1.54 54 +0.59 60+1.24 48 +2.20
5i 51+1.19 38+1.02 47 +1.14 31+2.01
5j 54 +2.08 41 +1.28 51+1.98 39+1.52
5k 45 +2.21 32+1.59 40+1.21 30+2.06
51 37+1.27 28+2.28 32+0.98 20+0.94
5m 30+1.08 20+2.21 25+1.26 14 +2.19
5n 24+1.26 16 +1.21 16+1.24 8+1.54
50 28+1.11 18+1.24 21 +1.59 12+2.20
Bismerthiazol 70 +0.89 52+1.62 57 +5.56 35+6.76
Thiadiazole ¢y 521 451265 354431 152211
copper

TaBLE 2: The ECs, values of some of the target compounds against
Xoo and Xac.

ECso (ug/mL)

Compounds
Xoo Xac

5a 24+2.25 30+2.18
5b 32+1.65 40+2.49
5¢ 45+2.05 51 +2.65
5f 26+1.54 35+2.65
5g 54+1.94 61 +2.27
Bismerthiazol 84+2.89 145+2.65
Thiadiazole copper 109 +3.01 230+2.46

order of 5a> 5f and 5b > 5g. Second, compared with the
same substituent at R, substituent group, the -CH; at R,
substituent group could cause an increase in the anti-
bacterial activity followed the order 5a>5b and 5f> 5g.
The preliminary antifungal activity results at 50 yg/mL
(Table 3) showed that compound 5m displayed a favorable
antifungal activity (69%) than carbendazim against
B. cinerea. Meanwhile, compound 6-methyl-4-oxo-N-(5-
(propylthio)-1, 3, 4-thiadiazol-2-yl)thiochromane-2-car-
boxamide (5m) revealed the best antifungal activity against
V. dahliae (54%) and F. oxysporum (40%), and it was still
lower than that of carbendazim. The SAR analysis was
analyzed on the basis of the antifungal activity values
shown in Table 3. First, compared with the same substit-
uent at R; substituent groups, the presence of the -CHj;
group at the R, substituent group showed better in vitro
antifungal activity in the order of 5m>5h and 51> 5g.
Second, compared with the same substituent at the R,
substituent group, the -CH,CH,CHj at the R; substituent
group could cause an increase in the antifungal activity
following the order 5m > 51> 5k and 5h > 5g > 5f.



TaBLE 3: The antifungal activity of the target compounds 5a-50
against B. cinerea, V. dahliae, and F. oxysporum at 50 ug/mL.

Inhibition rate (%)

Compounds B. cinerea V. dahliae F. oxysporum
5a 0 0 2+1.01
5b 17 +£3.26 8§+1.21 5+1.65
5¢c 21+1.14 15+2.96 12+1.26
5d 0 2+1.32 0

5e 0 0 0

5f 0 0 0

5g 48 +4.02 24+1.69 16+2.21
5h 55+1.29 36+2.95 26+1.54
51 0 0 0

5i 0 0 0

5k 0 12+£1.56 0

51 61 +1.23 45+1.95 32+1.65
5m 69 +£2.24 54+1.25 40+£1.65
5n 0 0 0

50 9+1.94 6+2.67

Carbendazim 57 +2.19 79+3.18 100

4. Conclusion

In conclusion, a total of 15 novel thiochroman-4-one de-
rivatives incorporating carboxamide and 1, 3, 4-thiadiazole
thioether moieties were synthesized. Bioassay results showed
that compound 6-chloro-N-(5-(methylthio)-1, 3, 4-thiadia-
zol-2-yl)-4-oxothiochromane-2-carboxamide (5a) revealed
the best antibacterial activity against Xoo and Xac. Meanwhile,
6-methyl-4-oxo-N-(5-(propylthio)-1, 3, 4-thiadiazol-2-yl)
thiochromane-2-carboxamide (5m) showed a better anti-
fungal activity against B. cinerea. This study demonstrated
that this series of thiochroman-4-one derivatives incorpo-
rating carboxamide and 1, 3, 4-thiadiazole thioether moieties
can be used to develop potential agrochemicals.
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Structural optimization based on natural products is an important and effective way to discover new green pesticides. Here, two
series of amide derivatives based on sinapic acid and mycophenolic acid were designed in combination with the fungicidal natural
product piperlongumine and synthesized by preparing the carboxylic acid into acyl chloride and then reacting with the cor-
responding aromatic amines, respectively. The resulting structures were successively characterized by "H NMR, "> C NMR, and
HRMS. The crystal structures of molecules I-4 and II-5 were analyzed for structure validation. The in vitro inhibitory activity
indicated that most of the target products exhibited fungicidal activity equivalent to or even better than fluopyram against
Physalospora piricola. The in vivo fungicidal activity demonstrated that the compounds I-5 and II-4 displayed almost the same
preventative activity as carbendazim and fluopyram at 200 ug mL™". The TEM observation revealed that the fungicidal activity of
the target molecules against Physalospora piricola may be due to the influence on the mitochondria in the cell structure. These
results will provide valuable theoretical guidance for developing the new green fungicides.

1. Introduction

Agrochemicals are important production materials for ag-
ricultural production, and their development plays an im-
portant role in ensuring national food security, agricultural
product quality, ecological environment safety, and public
health [1]. However, the continuous application of tradi-
tional chemical fungicides has produced many negative
effects including ecological environment pollution, patho-
gen resistance, and poison for beneficial insects and mi-
croorganisms [2, 3]. Therefore, the development of efficient,
safe, low residual, and environmentally friendly green

fungicides has become the inevitable trend for pesticide
innovation [4, 5].

The discovery of lead compounds and the exploration of
mechanism of action are the key to the development and
innovation of fungicides. Structural optimization based on
natural products has become an effective way to develop new
green fungicides, which has important guiding significance
for practicing new development concepts and promoting
green development of agrochemicals [6-11]. For example,
coumoxystrobin was successfully developed based on nat-
ural products strobilurin and coumarin (Figure 1) [12].
Moreover, natural product strobilurin = A-derived
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FIGURE 1: Methoxyacrylate fungicides and coumoxystrobin successfully developed based on natural product strobilurin A.

methoxyacrylate fungicides have occupied the top position
in the market sales of fungicides [6].

Mycophenolic acid (MPA) was discovered by Gosio in
1893 in a strain of Penicillium fungus and was found to
possess broad biological activity such as antifungal, antiviral,
anticancer, and antipsoriasis properties [13, 14]. Sinapic acid
is widely distributed in the plants and belongs to hydrox-
ycinnamic acid. Furthermore, commercial fungicides
dimethomorph, pyrimorph, and flumorph were successively
developed based on natural product cinnamic acid (Fig-
ure 2) [15-18]. In this project, combined with the structure
of fungicidal natural product piperlongumine [19, 20], two
series of amide compounds based on natural products
sinapic acid and mycophenolic acid were designed, syn-
thesized, and evaluated their fungicidal activity against the
common agricultural pathogens (Figure 3).

2. Experimental Materials and Methods

2.1. Materials and Equipment. The materials and reagents
used in the organic synthesis reactions were of analytical
grade and purchased from Energy Chemical and Bide
Pharmatech Ltd. Melting points were measured on a X-5
binocular microscope (Yuhua Co., Ltd., China). "H NMR
and >C NMR were provided on a AVANCE NEO-500 MHz
spectrometer (Bruker, Germany). HRMS was recorded on a
Xevo G2-XS QTof spectrometer (Waters, USA). X-ray
crystal structure was determined on a D8 Venture diffrac-
tometer (Bruker, Germany). The purification of target
compounds was performed by the column chromatography
on silica gel (200-300 mesh).

2.2. Preparation of  the Target ~ Molecules.
(E)-2,6-dimethoxy-4-(3-0x0-3-(phenylamino)prop-1-en-1-
yl)phenyl acetate (I-1) was synthesized as follows. Thionyl
chloride (2.38 g, 20.0 mmol) was added dropwise to a
mixture of (E)-3-(4-acetoxy-3,5-dimethoxyphenyl) acrylic
acid (1.06 g, 4.0 mmol) and DMF (3drops) in DCM (20 mL).
The reaction was stirred for 6h at room temperature and
concentrated in vacuo to sufficiently remove the solvent and
excess thionyl chloride. The resulting acyl chloride was

immediately dissolved in anhydrous DCM (3 mL) and then
added dropwise at room temperature to a mixture of aniline
(0.45 g, 4.8 mmol) and trimethylamine (0.81 g, 8.0 mmol) in
anhydrous DCM (25 mL). The reaction was stirred overnight
and poured into a mixture of DCM and water (150 mL, v/
v=1/1). The DCM layer was separated by extraction and
washed successively with dilute hydrochloric acid and po-
tassium carbonate aqueous solution. The obtained solution
was dried over anhydrous sodium sulfate, filtered, and
concentrated. The provided residue was purified by silica gel
chromatography using petroleum ether/ethyl acetate (v/
v=1/1) as eluent to provide I-1 (yield 68%). Molecules I-
2-1-5 and II-1-1II-5 were prepared similarly.
(E)-2,6-dimethoxy-4-(3-0x0-3-(phenylamino)prop-1-
en-1-yl)phenyl acetate (I-1):white solid, yield 68%, m.p.
125-127°C. "H NMR (500 MHz, CDCl;) & 7.67 (s, 1H, NH),
7.63-7.57 (m, 3H, Ph-H, and CH), 7.34 (t, ] = 7.9 Hz, 2H, Ph-
H), 7.12 (t, ] = 7.4 Hz, 1H, Ph-H), 6.68 (s, 2H, Ph-H), 6.39 (d,
J=15.4Hz, 1H, CH), 3.78 (s, 6H, (OCHs),), 2.37 (s, 3H,
COCH3;). *C NMR (126 MHz, CDCl;) § 169.0, 163.8, 152.3,
141.7, 138.2, 133.2, 130.1, 129.1, 124.4, 121.4, 119.8, 104.7,
56.2, 20.5. Found, m/z: 342.1333 [M+H]". C;oH;NOs.
Calculated, m/z: 342.1336.
(E)-2,6-dimethoxy-4-(3-o0x0-3-((2-(trifluoromethyl)
phenyl)amino)prop-1-en-1-yl)phenyl acetate (I-2): white
solid, yield 60%, m.p. 143-145°C. 'H NMR (500 MHz,
CDCl3) d 8.37 (d, J=7.9Hz, 1H, Ph-H), 7.68 (d, J=15.4 Hz,
1H, CH), 7.66-7.57 (m, 3H, NH, and Ph-H), 7.27-7.24 (m,
1H, Ph-H), 6.80 (s, 2H, Ph-H), 6.47 (d, J=15.4 Hz, 1H, CH),
3.87 (s, 6H, (OCH3),), 2.36 (s, 3H, COCH;). >*C NMR
(126 MHz, CDCl3) 6 168.6, 163.8, 152.5, 143.2, 135.4, 135.4,
133.0, 132.6, 130.4, 126.1 (q, Jc.r=5.4Hz), 124.5, 1244,
124.2 (q, Jc.r=273.4Hz), 120.5, 104.7, 56.3, 20.5. Found, m/
z: 4101208 [M+H]'. Cy0H;oF3NOs. Calculated, m/z:
410.1210.
(E)-4-(3-((2,3-dichlorophenyl)amino)-3-oxoprop-1-en-
1-yl)-2,6-dimethoxyphenyl acetate (I-3):white solid, yield
64%, m.p. 114-116°C. 'H NMR (500 MHz, CDCl;) 8 8.49
(dd, J=7.5, 2.2 Hz, 1H, Ph-H), 7.89 (s, 1H, NH), 7.67 (d,
J=15.4Hz, 1H, CH), 7.27-7.23 (m, 2H, Ph-H), 6.78 (s, 2H,
Ph-H), 6.53 (d, J=15.4Hz, 1H, CH), 3.86 (s, 6H, (OCH3),),
2.36 (s, 3H, COCH3). >C NMR (126 MHz, CDCl3) & 168.6,
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163.7, 152.4, 143.2, 136.4, 132.8, 132.6, 130.4, 127.9, 125.3,
121.2, 120.6, 119.6, 104.7, 56.2, 20.5. Found, m/z: 410.0555
[M+H]+. C19H18C12N05. Calculated, m/z: 410.0557.
(E)-2,6-dimethoxy-4-(3-((2-methoxy-5-methylphenyl)
amino)-3-oxoprop-1-en-1-yl)phenyl acetate (I-4): white
solid, yield 72%, m.p. 153-155°C. '"H NMR (500 MHz,
CDCly) 8 8.35 (s, 1H, NH), 7.93 (s, 1H, Ph-H), 7.65 (d,
J=15.4Hz, 1H, CH), 6.86 (dd, =82, 1.4 Hz, 1H, Ph-H),
6.80-6.78 (m, 3H, Ph-H), 6.52 (d, J=15.4 Hz, 1H, CH), 3.89
(s, 3H, OCH,), 3.87 (s, 6H, (OCHs),), 2.35 (s, 3H, COCHs),
2.33 (s, 3H, Ph-CH,;). *C NMR (126 MHz, CDCl;) 8 168.6,
163.4, 152.4, 145.9, 141.6, 133.2, 130.8, 130.1, 127.5, 124.1,
121.7, 120.7, 109.8, 104.6, 56.2, 55.9, 21.0, 20.5. Found, m/z:
386.1594 [M+H]". C,;H,4,NQg. Calculated, m/z: 386.1598.
(E)-4-(3-((3-isopropoxyphenyl)amino)-3-oxoprop-1-
en-1-yl)-2,6-dimethoxyphenyl acetate (I-5): white solid,

yield 68%, m.p. 122-124°C. '"H NMR (500 MHz, CDCl3)
7.61 (d, J=15.4Hz, 1H, CH), 7.51 (s, 1H, Ph-H), 7.41 (s, 1H,
NH), 7.21 (t, J=8.1Hz, 1H, Ph-H), 7.03 (d, J=7.8 Hz, 1H,
Ph-H), 6.71 (s, 2H, Ph-H), 6.67 (dd, J=8.2, 1.8 Hz, 1H, Ph-
H), 6.40 (d, J=15.4Hz, 1H, CH), 4.57 (hept, J=6.1 Hz, 1H,
C_H(CH3)2), 3.81 (S, 6H, (OCH322), 2.36 (S, 3H, COCH3),
1.34 (d, J=6.1Hz, 6H, CH(CH;),). >’C NMR (126 MHz,
CDCl;) 6 168.9, 163.7, 158.6, 152.3, 149.3, 141.9, 139.3, 133.1,
130.1, 129.7, 121.3, 112.3, 111.8, 104.6, 70.0, 56.2, 22.1, 20.5.
Found, m/z: 400.1753 [M+H]". C,,H,,NOg. Calculated, m/z:
400.1755.
(E)-6-methoxy-7-methyl-5-(3-methyl-6-0x0-6-(phenyl-
amino)hex-2-en-1-yl)-3-oxo-1,3-dihydroisobenzofuran-4-
yl acetate (II-1) : white solid, yield 66%, m.p. 160-162°C. 'H
NMR (500 MHz, CDCl;) & 7.53 (s, 1H, NH), 7.33 (d,
J=7.8Hz, 2H, Ph-H), 7.18 (t, ]=7.9 Hz, 2H, Ph-H), 7.01 (t,



J=7.4Hz, 1H, Ph-H), 5.15 (t, J=6.9 Hz, 1H, CH), 5.01 (s,
2H, OCH,Ph), 3.70 (s, 3H, OCH,), 3.35 (d, J=7.1 Hz, 2H,
PhCH,), 2.40 (s, 3H, COCH3), 2.38-2.35 (m, 4H, CH,CH,),
2.06 (s, 3H, Ph-CH,), 1.81 (s, 3H, CH;). ">*C NMR (126 MHz,
CDCl3) § 170.9,169.9, 168.4, 162.6, 146.1, 145.5, 138.1, 134.6,
129.2,128.5,123.7,123.0, 122.5,119.6, 113.2, 68.4, 61.2, 36.1,
34.4, 23.5, 20.8, 16.8, 11.7. Found, m/z: 438.1907 [M+H]".
C,5H,5NOg. Calculated, m/z: 438.1911.
(E)-6-methoxy-7-methyl-5-(3-methyl-6-o0x0-6-((2-(tri-
fluoromethyl)phenyl) amino)hex-2-en-1-yl)-3-oxo-1,3-
dihydroisobenzofuran-4-yl acetate (II-2): white solid, yield
70%, m.p. 93-95°C. "H NMR (500 MHz, CDCl3) & 8.09 (d,
J=7.6Hz, 1H, Ph-H), 7.58 (d, J=7.8 Hz, 1H, Ph-H), 7.51 (t,
J=7.8Hz, 1H, Ph-H), 7.38 (s, 1H, NH), 7.21 (t, J=7.6 Hz,
1H, Ph-H), 5.19 (t, J=6.4Hz, 1H, CH), 5.11 (s, 2H,
OCH,Ph), 3.77 (s, 3H, OCHj;), 3.36 (d, J=6.8Hz, 2H,
PhCH,), 2.51-2.44 (m, 2H, CH,), 2.41 (t, J=7.4Hz, 2H,
CH,), 2.37 (s, 3H, COCHs), 2.19 (s, 3H, Ph-CH3), 1.83 (s,
3H, CH;). >C NMR (126 MHz, CDCl;) § 170.9, 169.0, 168.2,
162.6, 146.2, 145.9, 135.2, 134.3, 132.8, 129.1, 126.0 (q, Jc.
r=5.4Hz),125.1,124.8, 124.5, 122.9, 122.8, 113.5, 68.3, 61.2,
36.1, 34.7, 23.6, 20.5, 16.3, 11.8. Found, m/z: 506.1781
[M+H]". C,6H,;F3NOg. Calculated, m/z: 506.1785.
(E)-5-(6-((2,3-dichlorophenyl)amino)-3-methyl-6-oxo-
hex-2-en-1-yl)-6-methoxy-7-methyl-3-oxo-1,3-dihy-
droisobenzofuran-4-yl acetate (II-3): white solid, yield 67%,
m.p. 149-151°C. "H NMR (500 MHz, CDCl;) & 8.24 (dd,
J=6.5,2.9 Hz, 1H, Ph-H), 7.67 (s, 1H, NH), 7.18 (s, 1H, Ph-
H), 7.17 (dd, 1H, J=8.5, 3.5Hz, Ph-H), 5.20 (td, J=6.9,
1.1 Hz, 1H, CH), 5.12 (s, 2H, OCH,Ph), 3.74 (s, 3H, OCH,),
3.36 (d, J=6.8 Hz, 2H, PhCH,), 2.51 (t, J= 7.6 Hz, 2H, CH,),
2.42 (t, J=7.4Hz, 2H, CH,), 2.39 (s, 3H, COCH3), 2.16 (s,
3H, Ph-CH;), 1.84 (s, 3H, CH;). >*C NMR (126 MHz,
CDCl;) 6 170.8, 169.1, 168.2, 162.6, 146.2, 145.9, 136.2,
134.2, 132.6, 129.0, 127.7, 125.1, 122.9, 119.7, 113.5, 68.3,
61.1, 36.2, 34.6, 23.6, 20.6, 16.5, 11.8. Found, m/z: 506.1129
[M+H]+. C25H26C12N06. Calculated, m/Z: 506.1132.
(E)-6-methoxy-5-(6-((2-methoxy-5-methylphenyl)
amino)-3-methyl-6-oxohex-2-en-1-yl)-7-methyl-3-oxo-1,3-
dihydroisobenzofuran-4-yl acetate (II-4): white solid, yield
74%, m.p. 113-115°C. "H NMR (500 MHz, CDCl) § 8.14 (s,
1H,NH), 7.69 (s, 1H, Ph-H), 6.79 (dd, ] = 8.2, 1.1 Hz, 1H, Ph-
H), 6.71 (d, J=8.3Hz, 1H, Ph-H), 5.16 (t, J=6.4Hz, 1H,
CH), 5.10 (s, 2H, OCH,Ph), 3.81 (s, 3H, OCH3), 3.76 (s, 3H,
OCH3), 3.35 (d, J=6.8 Hz, 2H, PhCH,), 2.46-2.38 (m, 4H,
CH,CH,), 2.37 (s, 3H, COCH3), 2.27 (s, 3H, Ph-CH3), 2.17
(s, 3H, Ph-CH;), 1.83 (s, 3H, CHs). ’C NMR (126 MHz,
CDCl;) 6 170.5, 169.0, 168.3, 162.6, 146.1, 145.9, 145.7,
134.7, 130.4, 129.2, 127.3, 123.6, 122.9, 122.3, 120.4, 113.4,
109.6, 68.3, 61.2, 55.7, 36.4, 34.8, 23.6, 20.9, 20.5, 16.5, 11.8.
Found, m/z: 506.1129 [M+H]". C,,H;,NO,. Calculated, m/z:
506.1132.
(E)-5-(6-((3-isopropoxyphenyl)amino)-3-methyl-6-
oxohex-2-en-1-yl)-6-methoxy-7-methyl-3-oxo-1,3-dihy-
droisobenzofuran-4-yl acetate (II-5): white solid, yield 58%,
m.p. 89-91°C. '"H NMR (500 MHz, CDCl;) 8 7.45 (s, 1H,
NH), 7.12 (s, 1H, Ph-H), 7.05 (t, J=8.1 Hz, 1H, Ph-H), 6.75
(dd, J=8.0, 0.9 Hz, 1H, Ph-H), 6.56 (dd, /=8.2, 1.8 Hz, 1H,
Ph-H), 5.15 (t, J=6.9 Hz, 1H, CH), 5.05 (s, 2H, OCH,Ph),
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4.48 (dt,J=12.1,6.1 Hz, 1H, OCH), 3.71 (s, 3H, OCH3;), 3.35
(d, J=7.1 Hz, 2H, PhCH,), 2.41 (s, 3H, COCHs), 2.40-2.31
(m, 4H, CH,CHS,), 2.08 (s, 3H, Ph-CHs), 1.81 (s, 3H, CHs),
130 (d, J=6.1Hz, 6H, CH(CH,),). *C NMR (126 MHz,
CDCl3) 6 170.9, 169.8, 168.4, 162.5, 158.2, 146.2, 145.6,
139.2, 134.6, 129.2, 129.1, 123.0, 122.5, 113.2, 111.8, 111.6,
107.1, 70.0, 68.4, 61.2, 36.2, 34.4, 23.5, 22.0, 20.8, 16.8, 11.7.
Found, m/z: 496.2326 [M+H]". C,5H3,NO,. Calculated, m/
z: 496.2330.

2.3. X-Ray Crystal Structure Determination. The crystals of
the target compounds I-4 and II-5 were cultivated from a
mixed solvent of methanol, ethyl acetate, and n-hexane,
respectively. All measurements were made on a Bruker D8
Venture  diffractometer ~ with  Mo-Ka  radiation
(A=0.71073 A). The crystal data of the compound I-4 were
collected at 298 K, and the colorless crystal is of monoclinic
system, space group C 2/c, with a=28.208 (3), b=11.1670
(12), c=14.0948 (14) A, a=90°", f=114.242 (4), y=90’,
V=4048.3 (7) A3 Z=8, F(000)=1712, density (calcu-
lated) =1.324 g/cm3, and linear absorption coefficient
0.100mm™". All of the non-H atoms were refined aniso-
tropically by full-matrix least-squares to give the final
R=0.0493 and wR=0.1153 (w=1/[0*(F,”)+(0.0465P)
% +2.2020P], where P=(F,”>+2F.>)/3) with S=1.064 using
the SHELXL program. The crystal data of the compound II-5
were collected at 298(2) K, and the colorless crystal is of
monoclinic system, space group P2;/n, with a =15.3461 (16),
b=10.3766 (11), c=16.0494 (17) A, a=90°, f=95.683 (2)’,
y=90°, V=25432 (5) A%, Z=4, F(000)=1056, density
(calculated) = 1.294 g/cm?, and linear absorption coefficient
0.093mm™". All of the non-H atoms were refined aniso-
tropically by full-matrix least-squares to give the final
R=0.0625 and wR=0.1565 (w=1/[c*(F,%) +(0.0001P)
*+0.9874P], where P = (F,” +2F.)/3) with S=1.044 using
the SHELXL program. The crystal structures were solved by
direct methods with SHELXS-2014/6 program.

2.4. Fungicidal Activity Measurement. With fluopyram and
carbendazim as positive controls, the mycelial growth in-
hibition method was used to determine the in vitro inhib-
itory activities of the target compounds against common
agricultural pathogens according to the previously reported
procedures [21, 22], and each treatment was repeated at least
three times. The tested pathogens include Rhizoctonia solani
(RS), Gibberella zeae (GZ), Botrytis cinerea (BC), Phys-
alospora piricola (PP), Cercospora circumscissa Sacc. (CS),
Colletotrichum capsici (CC), Alternaria kikuchiana Tanaka
(AK), and Alternaria sp. (AS). The in vivo fungicidal activity
of compounds I-5 and II-4 against Physalospora piricola was
performed on apples referring to literature methods [23].
The target molecule (5.0mg) was dissolved in dimethyl
sulfoxide (30 yL) and diluted with 0.1% Tween-80 aqueous
solution to provide the test stock solution (200 ug-mL™"),
which was sprayed with the same volume on healthy apples.
Subsequently, the fungi cake containing Physalospora pir-
icola with a diameter of 7mm was inoculated. After culti-
vation at 25°C for 5days, the average lesion area was
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ScHEME 1: The synthetic procedures for the target molecules I and II.

measured to calculate the preventative activity. Each in vivo
fungicidal activity screening was carried out for at least five
repeats.

2.5. Transmission Electron Microscope (TEM) Investigation.
Physalospora piricola hyphae were obtained by incubation in
PDB medium at 25°C for 72h and centrifugation at
7000 rpm for 3 min, which were then resuspended in PDB
medium to treat with compounds I-5 and II-4 (200 ug
.mL™") for 24 h, respectively. Subsequently, the treated hy-
phae were provided by centrifugation and fixed with 2.5%
glutaraldehyde. The ultrastructure observation of the hyphae
treated with compounds I-5 and II-4 (200 ug-mL™") was
performed by Shiyanjia Lab on a TEM according to the
standard procedures.

3. Results and Discussion

3.1. Organic Synthesis. Herein, the important intermediates
and target molecules I-1-I-5 and II-1-II-5 were provided
referring to the reported procedures (Scheme 1). In the
preparation of target compound I-1-I-5, the phenolic hy-
droxyl group in sinapic acid was firstly reacted with acetic
anhydride to produce (E)-3-(4-acetoxy-3,5-dimethox-
yphenyl)acrylic acid [24], which was further reacted with
thionyl chloride under the catalyzed condition of DMF (3

drops) to provide (E)-3-(4-acetoxy-3,5-dimethoxyphenyl)
acrylic chloride. Finally, the target compound I-1-I-5 was
synthesized by reacting the acyl chloride 2 with the corre-
sponding aromatic amines, respectively. In addition, the
condensing reagents such as EDCI-HOBt, HATU-DIEA, or
TBTU-DIEA were also taken to explore the condensation of
the carboxylic acid 1 and substituted aromatic amines;
however, the yields of the products were low. The target
compound II-1-II-5 was obtained according to the same
steps described above. Subsequently, the obtained structures
were identified and characterized by 'H NMR, *C NMR,
and HRMS.

3.2. Crystal Structure Analysis. The crystal structure analysis
is beneficial in investigating the physical and chemical
properties of the molecules. In this study, several crystal
structure characteristics were also illustrated through the
crystal structures and packing of molecules I-4 and II-5
(Figure 4, CCDC numbers 2095769 and 2095768). The se-
lected bond lengths and angles are presented in Table 1, and
the selected dihedral angles are shown in Table 2. From the
data, the sum of bond angles C(4)-C(3)-H(3), C(2)-C(3)-
C(4), and C(2)-C(3)-H(3) in compound I-4 was 360°, in-
dicating the sp® hybridization state of atom C(3). Similarly,
the atoms C(2) in I-4 and C(17) in II-5 also adopted sp”
hybridization state. The torsion angle of C(8)-C(7)-O(3)-
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FIGURE 4: Crystal structures of I-4 (a) and II-5 (b), and crystal packing of I-4 (c) and II-5 (d).
TaBLE 1: Selected bond lengths (A) and bond angles (°) for the compounds I-4 and II-5.
Compound I-4 Compound II-5
Bond Dist.(A) Bond Dist.(A)
C(1)=0(Q1) 1.209(3) C(1)=0(2) 1.193(4)
C(1)-N(1) 1.332(3) C(1)-0(1) 1.339(4)
C(11)=0(4) 1.182(3) C(3)-0(3) 1.385(4)
C(11)-0(3) 1.327(3) C(9) = 0(4) 1.175(5)
C(2)=C(3) 1.309(3) C(9)-0(3) 1.354(4)
C(8)-0(5) 1.351(3) C(13) = 0(6) 1.200(4)
C(15)-0(6) 1.351(3) C(13)-N(1) 1.339(4)
C(4)=C(5) 1.376(3) C(5)-0(5) 1.367(4)
C(1)-C(2) 1.456(3) N(1)-C(20) 1.390(4)
C(3)-C(4) 1.444(3) C(4)=C(5) 1.394(4)
C(4)=C(9) 1.378(3) C(22)-0(7) 1.364(3)
C(14)=C(@15) 1.383(3) C@16)=CQ17) 1.285(4)
C(14)=C(19) 1.369(3) C(17)-C(18) 1.482(4)
C(18)-C(21) 1.484 (4) C(15)-C(16) 1.478(5)
Bond angles ©) Bond angles ©)
C(1)-C(2)-C(3) 121.6(2) 0O(1)-C(1)-C(2) 108.4(3)
C(2)-C(3)-C(4) 127.0(2) 0(2)-C(1)-C(2) 130.1(3)
C(4)-C(5)-C(6) 120.2(2) C(1)-C(2)-C(7) 108.1(3)
C(14)-C(15)-C(16) 119.3(3) C(16)-C(17)-C(18) 129.0(3)
0(3)-C(11)-0(4) 122.6(2) C(15)-C(16)-C(17) 122.4(3)
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TaBLE 1: Continued.
Compound I-4 Compound II-5
Bond Dist.(A) Bond Dist.(A)
O1)-C(1)-NQ1) 122.9(2) 0(6)-C(13)-N(1) 123.7(3)
O(1)-C(1)-C(2) 122.1(2) C(13)-N(1)-C(20) 129.6(3)
N@1)-C(1)-C(2) 114.9(2) C(20)-C(21)-C(22) 120.9(3)
C(8)-0(5)-C(13) 117.7(2) C(2)-C(3)-C(4) 120.7(3)
C(6)-0(2)-C(10) 117.7(2) C(4)-C(18)-C(17) 114.2(3)
C(15)-0(6)-C(20) 119.2(2) C(5)-0(5)-C(11) 115.1(3)
C(3)-C(4)-C(5) 121.7(2) C(22)-0(7)-C(26) 120.4(3)

TaBLE 2: Selected dihedral angles (°) for the compounds I-4 and II-5.

Compounds Groups Dihedral angles (*)
I-4 Benzene ring {C(4)-C(9)} Benzene ring {C(14)-C(19)} 6.505 (76)
1-4 Benzene ring {C(4)-C(9)} Ester group {C(11) =0(4)} 88.750 (188)
1-4 Benzene ring {C(4)-C(9)} Amide group {C(1)-N(1)} 12.563 (176)
1-4 Benzene ring {C(14)-C(19)} Ester group {C(11) =O(4)} 82.625 (197)
1-4 Benzene ring {C(14)-C(19)} Amide group {C(1)-N(1)} 19.106 (166)
I1-5 Benzene ring {C(2)-C(7)} Benzene ring {C(20)-C(25)} 84911 (77)
I1-5 Benzene ring {C(2)-C(7)} Ester group {C(1)=0(2)} 0.106 (338)
I1-5 Benzene ring {C(2)-C(7)} Ester group {C(9) =0(4)} 74.962 (214)
11-5 Benzene ring {C(2)-C(7)} Amide group {C(13)-N(1)} 89.604 (240)
11-5 Benzene ring {C(20)-C(25)} Ester group {C(1) =0(2)} 84.918 (219)
1I-5 Benzene ring {C(20)-C(25)} Ester group {C(9) =0(4)} 73.317 (318)
11-5 Benzene ring {C(20)-C(25)} Amide group {C(13)-N(1)} 12.284 (211)

C(11) in compound I-4 was —92.8(3)", revealing that the
plane of ester group was clearly vertical with the adjacent
benzene ring. In compound II-5, the ester group plane
consisted of O(1)-C(1)-O(2) was coplanar with the adjacent
benzene ring, resulting in the existing conjugation effect
between these two planes. However, the ester group plane
composed of O(3)-C(9)-O(4) and the adjacent benzene ring
were apparently nonplanar, with a dihedral angle of
74.830(111)". The dihedral angle between the two benzene
rings in compound I-4 was 6.505(75)°, indicating that these
two benzene rings were approximately coplanar. However,
the two benzene rings in compound II-5 were nearly ver-
tical, with a dihedral angles of 84.911(77)°. In addition, the
amide plane was almost coplanar with the two benzene rings
in compound I-4, with the dihedral angles of 13.111(183)"
and 19.106(159)°, respectively. In compound II-5, the di-
hedral angle between the amide plane and the benzene ring
consisted of C(20)-C(25) was 12.284(189)°, while the amide
plane and the benzene ring consisted of C(2)-C(3) were
obviously vertical with the dihedral angle of 89.604(238)".
From the crystal packing, the m-7 interactions occurred
between the benzene rings of the adjacent molecules, which
strengthen the integration of the crystal molecules
(Figures 4(c) and 4(d)).

3.3. Fungicidal Inhibitory Activity. The in vitro inhibitory
activities of the target compounds against the common
agricultural pathogens were investigated, and the results are
shown in Table 3. From the data, most of the target

compounds exhibited weak-to-moderate fungicidal activity
against Gibberella zeae, Rhizoctonia solani, Botrytis cinerea,
Cercospora circumscissa Sacc, Alternaria kikuchiana Tanaka,
Colletotrichum capsici, and Alternaria sp. However, all
compounds showed moderate-to-good fungicidal activity
against Physalospora piricola, even better than fluopyram.
For example, compounds I-1, I-4, and I-5 exhibited higher
inhibitory activity than fluopyram, with the inhibitory rates
0f 76.2%, 73.3%, and 73.5%, respectively. It can be concluded
that the compounds I-1-I-5 and II-1-II-5 displayed high
selectivity for the fungicidal activity against Physalospora
piricola. In terms of the relationship between the structures
and the initial inhibitory activity, the structural modification
had different effects on the inhibitory activities of target
compounds against the different pathogens. For example,
compared with the electron-withdrawing trifluoromethyl
and chlorine groups, the introduction of the electron-do-
nating methyl, methoxy, or isopropoxy group at the benzene
ring was beneficial to improving the fungicidal activity of I-4
and I-5 against Physalospora piricola. For instance, the in-
hibition rates of compounds I-4 and I-5 were 73.3% and
73.5%, respectively, which were apparently higher than those
of compounds I-2 and I-3. However, this structural mod-
ification had no significant effects on the inhibitory activity
of the compounds II-2-1I-5 against Physalospora piricola.
To further investigate the fungicidal activity of the target
compounds against Physalospora piricola, the ECs, values
were measured and the results are exhibited in Table 4. It
could be found that most of the target compounds exhibited
fungicidal activity equivalent to or even better than
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TaBLE 3: In vitro inhibitory activity of the target compounds at 50 ug-mL™".
Inhibition rate (%)
Compounds
GZ RS BC CS PP AK CC AS
I-1 129+0.28"*  7.0+£0.61*" 247+0.25 36.5+0.59** 76.2+0.66"* 27.9+0.34 14.5+0.81"" 17.2+0.46""
I-2 11.8+0.51**  7.4+0.41*" 222+0.50  19.7+£0.51** 53.9+0.83**  31.0+0.43 1.7+0.64"" 121+0.77
I-3 29.9+0.32"*  32+030"" 4.2+0.55"* 20.1+0.81"" 54.8+0.79"*  29.1+0.67 7.5+0.71"*  16.2+0.35""
I-4 41.7+0.42*  2.7+013*" 222+0.32  225+0.60"" 73.3+0.85"" 385+0.32"" 10.1+0.61"" 20.1+0.46""
I-5 24.6+0.55"" 83+0.31** 14.0+0.51** 243+0.65"" 73.5+0.56"" 34.4+0.34"* 55+0.71"" 16.5+0.55""
II-1 361+0.38"*  9.4+0.61"" 23.6+0.26 173+£0.51"" 452+0.11"" 31.1+£0.34 8.8+£0.59"" 15.8+0.46""
I1-2 28.2+0.57** 21.9+0.52** 2744025 23.0£0.60"* 559+0.39*" 28.5+0.24 33+0.81"* 16.5+0.35""
I1-3 16.8+0.48"* 19.0+0.31"* 24.4+0.25 19.7+0.51"* 553+0.59"* 256+0.83 13.7+£0.71"" 26.9+0.54""
I1-4 359+£0.38"" 19.5+£0.57** 20.1+£0.51"* 14.1+0.40*" 57.2+£0.39"* 41.1+0.67** 3.3+0.30"" 25.9+0.58""
II-5 19.8+0.30"" 24.8+0.44™ 13.8+0.76"" 19.5+0.56"" 56.1+0.43"* 18.8+0.49"" 5.6+0.38"" 10.3+0.47""
Fluopyram 100 56.6+0.31*" 100.0** 85.5+0.51"* 53.2+0.73"" 100"~ 60.1£0.31*" 100**
Carbendazim 100 100 24.6+0.74 27.8+0.47 100 27.1+0.34 100 12.4+£0.49

GZ, Gibberella zeae; RS, Rhizoctonia solani; BC, Botrytis cinerea; CS, Cercospora circumscissa Sacc.; PP, Physalospora piricola; AK, Alternaria
kikuchiana Tanaka; CC, Colletotrichum capsici; AS, Alternaria sp. Asterisk (*) means significant differences among different treatments.
*, significant at the p <0.05 level, and **, significant at the p<0.01 level compared with carbendazim.

TaBLE 4: Medium effective concentration (ECsj, ug-mL ") values of the target compounds against Physalospora piricola.

Compounds Regression equation Correlation coeflicient (r) ECs0 (95% confidence interval)
I-1 y=126x+3.35 0.9918 20.4 (17.7-23.7) **
I-2 y=1.00x+3.51 0.9903 30.7 (26.2-36.0) **
1-3 y=152x+2.81 0.9911 27.3 (23.5-31.7) **
I-4 y=183x+2.33 0.9908 28.6 (24.6-33.3) **
I-5 y=127x+3.42 0.9876 17.4 (14.4-21.0) **
II-1 y=178x+1.67 0.9824 74.2 (54.1-101.7) **
II-2 y=1.90x+1.83 0.9993 46.9 (44.8-49.2) **
1I-3 y=110x+3.44 0.9835 25.7 (20.9-31.5) **
1I-4 y=154x+2.88 0.9919 23.9 (20.8-27.6) **
1I-5 y=2.46x+1.41 0.9823 28.8 (23.2-35.7) **
Fluopyram y=107x+3.42 0.9951 30.4 (27.2-34.0) **
Carbendazim <3.125

Asterisk (*) means significant differences among different treatments. *, significant at the p < 0.05 level, and **, significant at the p < 0.01 level compared with

carbendazim.
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FIGURE 5: In vivo fungicidal activity of compounds I-5 and II-4 against Physalospora piricola-infected apples at 200 yg-mL ™"

fluopyram, with the ECs, values of compounds I-1, I-5, and
-4 to 204ugmL™", 17.4ugml™", and 23.9ugmL”’,

respectively.

Subsequently, the in vivo fungicidal activity of sinapic
amide I-5 and mycophenolic amide II-4 against

Physalospora  piricola was
200 ug-mL~", and the results are displayed in Figure 5. From

performed on apples at

the data, the compounds I-5 and II-4 exhibited almost the

same preventative activity as carbendazim and fluopyram at
200 ug-mL~", with the inhibition rates of carbendazim,
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FiGgure 6: TEM investigation of Physalospora piricola hyphae treated with I-5 and I1-4. CW: cell wall; PM: plasma membrane; N: nucleus; V:

vacuole; M: mitochondria; ER: endoplasmic reticulum.

fluopyram, I-5, and II-4 to 90.8%, 86.9%, 87.6%, and 91.1%,
respectively.

3.4. TEM Observation. To further explore the effects of
molecules I-5 and II-4 on the hyphae, the ultrastructure of
Physalospora piricola hyphae treated with distilled water,
compounds I-5 and II-4 (200 ug-mL™"), was observed on a
TEM, and the results are illustrated in Figure 6. From the data,
the cell wall and plasma membrane of the cell structures in the
control and tested groups were normal, and mitochondria
could be clearly observed in the control group. However, the
mitochondria in the cell structure treated with I-5 and II-4
were blurred or even disappeared. Based on this, it could be
speculated that the fungicidal activity of the target compounds
against Physalospora piricola may be due to the influence of I-
1-1-5 and II-1-1II-5 on the mitochondria in the cell structure.

4. Conclusion

In summary, two series of sinapic acid-derived and myco-
phenolic acid-derived amide derivatives were designed and
synthesized. The obtained structures were characterized by 'H
NMR, "*C NMR, HRMS, and X-ray crystal diffraction. The in
vitro and in vivo fungicidal activity screening indicated that
compared with other tested pathogens, most of the target
compounds exhibited excellent fungicidal activity against
Physalospora piricola, of which the compounds I-5 and II-4
displayed almost the same preventative activity as carben-
dazim and fluopyram at 200 ug-mL™". The TEM observation
further revealed that the fungicidal activity of the target
compounds against Physalospora piricola may be due to the
influence on the mitochondria in the cell structure.
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In order to breed virus-free plantlets of the kiwifruit cultivar “Guichang,” which belongs to Actinidia deliciosa, in this study, stem
segments with buds were used as explants, the establishment of a tissue culture rapid propagation system was carried out, and then
the virus status of tissue culture plantlets was detected via the real-time reverse transcription-polymerase chain reaction
(RT-qPCR) method. The tissue culture rapid propagation system proved that the contamination and browning rates could be
controlled below 20% and the survival rate could be exceeded by 70% when the single bud stem segment of “Guichang” kiwifruit
was sterilized with 70% alcohol for 30-60s and 15% NaClO for 15 min, respectively. Meanwhile, we screened the hormone
concentration to get better results, and the appropriate medium for adventitious bud induction was MS + 6-BA (1.0mg/L) + IBA
(0.2 mg/L); for proliferation, it was MS + 6-BA (1.0 mg/L) + IBA (0.1 mg/L); and for rooting, it was 1/2 MS + IBA (0.3 mg/L), and
the efficiency of induction, proliferation, and rooting could reach 74.07%, 79.63%, and 85.18%, respectively. In addition, the
RT-qPCR results demonstrated that the infection rate of 9 viruses: apple stem grooving virus (ASGV), cucumber mosaic virus
(CMV), Actinidia virus X (AVX), cucumber necrosis virus (CNV), ribgrass mosaic virus (RMV), citrus leaf blotch virus (CLBV),
Actinidia virus B (AcVB), Pelargonium zonate spot virus (PZSV), and cherry leaf roll virus (CLRV) in the “Guichang” kiwifruit
tissue culture plantlets was 0. This study could lay a foundation for the production of “Guichang” kiwifruit tissue culture seedlings,
and the medium formula provided in this study was useful for the industrial rapid propagation of “Guichang” plantlets.

1. Introduction

Kiwifruit (Actinidia spp.), an important and economically
substantial fruit in China, has long been known as “the king
of fruits” because of its high vitamin C content and balanced
nutritional composition of minerals and other health-pro-
moting metabolites [1, 2]. Kiwifruit cultivar “Guichang”
(Actinidia deliciosa var. deliciosa), one excellent cultivar with
the characteristics of excellent quality, beautiful appearance,
strong resistance, and high yields from wild resources, de-
veloped by the Institute of Fruit Science, Guizhou Academy
of Agricultural Sciences in 1979, has become the main
cultivar in Guizhou province [3]. By 2018, the cultivation
area of “Guichang” kiwifruit in Guizhou was nearly 16,000
hectares.

As most species of Actinidia are dioecious and have a
long juvenile period, it is difficult to identify the gender of
young plants [4, 5]. Due to the limited number of branches,
the traditional cutting and grafting methods make it difficult
to cultivate large numbers of plantlets in a short time.
Therefore, the tissue culture had gradually become the main
method to produce numerous plantlets rapidly, which had
the advantages of stable inheritance, maintaining good traits,
no time and space restrictions, and a high reproduction
coeflicient. Since the 1970s, tissue culture rapid propagation
has become an important breeding method. Recently, more
and more research studies on the establishment of kiwifruit
rapid propagation systems have been performed [6-9].
However, in the process of in vitro rapid propagation of
kiwifruit, serious browning and diseases of explants in
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primary culture have become a major obstacle [10, 11]. In
recent years, some literature has reported that many viruses,
including apple stem grooving virus (ASGV), cucumber
mosaic virus (CMV), Actinidia virus X (AVX), cucumber
necrosis virus (CNV), ribgrass mosaic virus (RMV), Actinidia
virus B (AcVB), Actinidia virus A (AcVA), Actinidia virus 1
(AcV-1), alfalfa mosaic virus (AMV), cherry leaf roll virus
(CLRV), tomato necrotic spot associated virus (ITNSaV),
tomato zonate spot virus (TZSV), Pelargonium zonate spot
virus (PZSV), citrus leaf blotch virus (CLBV), Actinidia
chlorotic ringspot-associated virus (AcCRaV), turnip vein
clearing virus (TVCV), and Actinidia seed-borne latent virus
(ASbLV), can infect kiwifruit plants through pollen, grafting,
or artificial inoculation [12-19]. Once infected, viruses cause
a detrimental effect on the growth and development of
kiwifruit plants, and the fruits will be deformed and the
yields will be reduced, with huge economic loss. However,
the traditional cutting and grafting methods had a good
chance of spreading viruses to the other branches and thus
expanding the spread of viral diseases. Therefore, it is urgent
to develop the rapid propagation technology of “Guichang”
kiwifruit.

In order to breed virus-free plantlets of “Guichang”
kiwifruit, in this study, the establishment of a tissue culture
rapid propagation system was carried out, and then detected
the virus status via the real-time reverse transcription-po-
lymerase chain reaction (RT-qPCR) method. To our
knowledge, this is the first report on the rapid production of
“Guichang” kiwifruit tissue culture plantlets. This study
provides scientific guidance for large-scale factory produc-
tion and boosts the healthy development of the kiwifruit
industry in China.

2. Materials and Methods

2.1. Experimental Materials. The materials were taken from
the kiwifruit demonstration area (north latitude: 26.816339,
east longitude: 106.492149) of Gubao township, Xiuwen
county, Guizhou province, China, in June 2015. Plants with
robust growth and good comprehensive performance were
selected as the sampled parent plants. New shoots were
removed from the tops with the base semilignified, and leaf
blades that had not fully developed were used as explants for
in vitro culture. The young leaves of the parent plant were
hydropically cultured to accelerate budding, and the young
leaves cultured by tissue culture were taken as test materials
for virus detection.

2.2. Sterilization of the Explants. For sterilization of the
explants, the petioles, which were removed from the leaves,
were cut into 5-6cm long pieces, rinsed with tap water
several times, soaked in detergent water for 30 min, and
rinsed with tap water for 1-2h. Then, the explants were
soaked with 70% alcohol for 10, 30, and 60s, respectively,
and soaked with 15% sodium hypochlorite (NaClO) for 10,
15, and 20 min, respectively. After that, the explants were
washed with sterile water 3—-4 times, sucked dry with sterile
paper, cut into 1.5-2.0 cm segments with a single bud, and
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inoculated on Murashige and Skoog (MS) culture medium
without adding hormones. After 20 days of inoculation with
an illumination intensity of 2000 Lx and at 25°C with a light/
dark cycle of 16/8h, the contamination, browning, and
survival rates were calculated as the following equations:

Contamination rate (%)= (number of browning
explants/number of inoculated explants) x 100

Browning rate (%)= (number of contaminated
explants/number of inoculated explants) x 100

Survival rate (%) = (number of the survival explants/
number of inoculated explants) x 100

2.3. Proliferation Culture. The disinfected explants were
inoculated on the MS culture medium with 6-benzyl ami-
nopurine (6-BA, 0mg/L)+indolebutyric acid (IBA,
0.2mg/L), 6-BA (0.5mg/L) + IBA (0.2 mg/L), 6-BA (1.0 mg/
L) +1IBA (0.2mg/L), 6-BA (1.5mg/L) + IBA (0.2 mg/L), and
6-BA (2.0mg/L) +IBA (0.2mg/L), respectively. The in-
ducement rate of the axillary buds was calculated after 30
days of inoculation with an illumination intensity of 2000 Lx,
a temperature of 25°C, and light/dark cycles of 16/8 h: in-
ducement rate (%)= (number of explants in axillary bud
germination/number of inoculated explants) x 100.

For subculture, the sterile new single shoots that grow on
the primary culture medium were cut into 0.5-1.0 cm long
stem segments and then inoculated on the proliferation MS
culture medium with 6-BA (0 mg/L) + IBA (0.1 mg/L), 6-BA
(0.5mg/L)+IBA  (0.1mg/L), 6-BA (1.0mg/L)+IBA
(0.1 mg/L), 6-BA (1.5mg/L)+IBA (0.1 mg/L), and 6-BA
(2.0 mg/L) + IBA (0.1 mg/L), respectively. The growth of tube
plantlets was observed, and the proliferation coefficients
were calculated after 30 days of inoculation with an illu-
mination intensity of 2000 Lx, a temperature of 25°C, and
light/dark cycles of 16/8 h.

Proliferation rate (%)= (number of regeneration
buds/number of inoculated buds) x 100

Proliferation coeflicients =number of regeneration
buds/number of inoculated buds

2.4. Rooting and Transplantation Culture. The sterile new
single shoots produced by adventitious buds were cut into
0.5-1.0 cm long stem segments and then inoculated on the
rooting culture medium (1/2 MS culture medium) with 0.1,
0.3, 0.5, and 0.7 mg/L of IBA, respectively. The rooting rate
and root number were counted after 30 days of inoculation
with an illumination intensity of 2000 Lx, a temperature of
25°C, and light/dark cycles of 16/8h: rooting rate
(%) = (number of rooting explants/number of inoculated
explants) x 100.

Tissue culture plantlets, with a height of more than 4 cm,
3-5 leaves, and more than 3 roots, were selected and placed
into the greenhouse (23-25°C and 90% relative humidity
(RH)) to harden the plantlets for 7 days, then the plantlets
were transplanted into the paper cups with the matrix
containing perlite, vermiculite, and peat (1:1:2, v/v) and
then transferred the paper cups into the greenhouse with



Journal of Chemistry

natural lighting, a temperature of 23-25°C, and RH to reduce
the gradient from 90% to indoor humidity. Meanwhile, the
plantlets were regularly irrigated with the 1/8 MS nutrient
solution and a pesticide, such as carbendazim, that prevents
young plants from rotting. The plantlets were grown for
about 30 days, and then the survival rate was calculated using
the following equation: survival rate (%)= (number of the
transplanting survival/number of transplanting explants) x
100.

2.5. RNA Extraction and RT-qPCR Detection. A total of 9
kinds of viruses, including ASGV, CMV, AVX, CNV, RMV,
CLBV, AcVB, PZSV, and CLRV, were detected via the
RT-qPCR method [18, 19]. The RNA of the “Guichang”
kiwifruit leaves was extracted using the total RNA extraction
kit (Qiagen, Hilden, Germany). The purity (OD,450/OD,g0)
and concentration of the extracted RNA were detected by an
ultraviolet spectrophotometer (Beckman Instruments, Inc.,
Fullerton, CA). RNA was reverse-transcribed using a cONA
kit (TaKaRa, Dalian, China) according to the manufacturer’s
instructions. The primers used for RT-qPCR amplification
are listed in Table 1. The RT-qPCR amplification was carried
out according to the method reported by Huang et al. [2].
After that, the electrophoresis of the RT-qPCR products was
performed with a 1.2% agarose gel (Bio Tech Corporation,
Beijing, China).

2.6. Statistical Analysis. SPSS17.0 (SPSS Inc., Chicago, USA)
was used for statistical analysis. Statistical analysis was
conducted by ANOVA with software SPSS 17.0 (SPSS Inc.,
Chicago, USA). Different lowercase letters indicate a sig-
nificant difference (p<0.05) among different treatment
groups.

3. Results

3.1. Sterilization of the Explants. Table 2 shows that, with the
prolonged sterilization time of 70% alcohol and 15% NaClO,
the contamination rate of explants gradually decreased while
the browning rate gradually increased, and the survival rate
increased first and then decreased. Meanwhile, Table 2
shows that the contamination and browning rates could
be controlled below 20% and the survival rate could be
exceeded by 70% when the single bud stem segments of
“Guichang” kiwifruit were sterilized with 70% alcohol for
30-60s and 15% NaClO for 15 min, respectively.

3.2. Induction, Proliferation, and Rooting Culture. As shown
in Table 3, with the increase of 6-BA concentration, the
germination rate of axillary buds first increased and then
decreased; especially, using MS+6-BA (1.0mg/L) + IBA
(0.2mg/L) as the induction medium, the inducement rate
reached 74.07% and the plantlets were robust with almost no
callus at the base.

Table 4 shows that all the tested concentrations of 6-BA
could enhance the proliferation rate; especially, using
MS +6-BA (1.0 mg/L) + IBA (0.1 mg/L) as the proliferation

medium, the proliferation rate and proliferation coefficient
reached the highest values of 79.63% and 5.06, respectively.
Meanwhile, the plants were robust with green leaves and
longer internodes.

Table 5 shows that all the tested concentrations of IBA
could enhance the rooting rate, especially taking 1/2
MS +IBA (0.3 mg/L) as the optimum rooting medium, the
rooting rate and average rooting number were 85.18% and
4.90, respectively, and the rooting number was 2-6 with
more and longer fibrous roots and basically no callus. After
that, the tissue culture plantlets with a height of more than
4 cm, 3-5 leaves, and more than 3 roots were selected and
placed into the greenhouse. The survival rate exceeded 90%.

3.3. Virus Detection. A total of 9 kinds of viruses in tissue
culture plantlets, including ASGV, CMV, AVX, CNV,RMV,
CLBV, AcVB, PZSV, and CLRV, were detected via the
RT-qPCR method, and the results (Figure 1) demonstrated
that the infection rate of 9 kinds of viruses in tissue culture
plantlets was 0. Therefore, the in vitro tissue culture rapid
propagation system established in this study could obtain the
virus-free plantlets of “Guichang” kiwifruit.

4. Discussion

China is the major source of wild kiwifruit and the world’s
largest producer and planting area [20]. It has an important
significance to study the rapid propagation technology of
kiwifruit, which is helpful to promote its development. In the
sterilization process of in vitro rapid propagation, many
scholars used alcohol and mercury chloride as the dis-
infecting agents, while only a few scholars used alcohol and
NacClO [20, 21]. In this study, the single bud stem segment of
the “Guichang” kiwifruit was disinfected with 70% alcohol
and 15% NaClO, and the results showed that the contam-
ination and browning rates could be controlled below 20%
and the survival rate could be exceeded by 70% when the
single bud stem segment of the Guichang kiwifruit was
sterilized with 70% alcohol for 30-60s and 15% NaClO for
15 min, respectively.

There are many reports on the combination of plant
growth regulators in different stages of tissue culture of
kiwifruit, and the selection of appropriate auxin types and
concentrations is the key role of plant tissue culture. A
previous study found that there are some differences in the
morphology of tissue culture plantlets induced by different
auxin combinations [21]. Yu et al. [22] and Long et al. [23]
successfully established the kiwifruit stem culture using
MS +6-BA (1.0 mg/L) + naphthylacetic acid (NAA, 0.1 mg/
L) medium. It was also found that different concentrations of
plant growth regulators could affect the growth and
browning of kiwifruit, and the auxin IBA could delay the
synthesis of polyphenols and reduce browning [24-26].
Based on the results of previous literature, this experiment
studied the effects of IBA at different concentrations on the
induction and proliferation of “Guichang” kiwifruit stem
segments. As for the effective buds and proliferation
coefficients induced in the first generation, when using
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TaBLE 1: Primers used for RT-qPCR amplification of 9 viruses.

No. Virus Primers Primer sequence (5'-3') Product size (bp)
1 ASGV F CCTGAATTGAAAACCTTTGCTGCCACTT 456

R TAGAAAAACCACACTAACCCGGAAATGC

F CTTTCTCATGGATGCTTCTC
2 MV R GCCGTAAGCTGGATGGAC 855
3 AVX F AAGTCCGCAACACCTACCTG 175

R GGACAGACGATAGCAGCCTT

F AAGGGTAAGGATGGTGAGGA
4 CNV R TTTGGTAGGTTGTGGAGTGC 287

F AGACAGCAATTCTCAAACTTGT
> RMV R CGGTCGCATCATCAACAC 223

F AGCCATAGTTGAACCATTCCTC
6 CLBV R GCAGATCATTCACCACATGC 425
7 ACVE F AATTCGGACCACTCCTGAGGC 529

R CTCATTCTCCAMCCRCARAAGAG

F GATAAATTCAGAGCTCTCGG
8 PZSV R ATCTCTGCAGATTGTGTTCC 297

F TGGCGACCGTGTAACGGCA
? CLRV R GTCGGAAAGATTACGTAAAAGG 416

TaBLE 2: Comparison of sterilization effects of different disinfection treatments.
Disinfection L . .
Treatment . Contamination rate (%)* Browning rate (%)* Survival rate (%)*
70% alcohol (s) 15% NaClO (min)

1 10 74.07a 7.41c 18.52¢
2 10 15 46.30b 22.22bc 31.48bcde
3 20 25.93cde 44.44a 29.63de
4 10 40.74bc 11.11¢c 48.15bcd
5 30 15 14.81def 9.30c 75.93a
6 20 11.11ef 29.63b 59.26ab
7 10 29.63cd 18.52bc 51.85bc
8 60 15 9.30f 18.52bc 72.22a
9 20 7.41f 53.70a 38.89bcde

* Different lowercase letters indicate a significant difference (p <0.05 among different treatment groups.

TaBLE 3: Effect of different concentrations of 6-BA on inducing axillary bud sprouting.

Concentration

Treatment (mg/L) Inducement rate (%)* Growth conditions

6-BA IBA
1 0 0.2 25.93¢ Plantlets robust, no callus at the base
2 0.5 0.2 42.59bc Plantlets robust, almost no callus at the base
3 1.0 0.2 74.07a Plantlets robust, almost no callus at the base
4 1.5 0.2 53.70ab Plantlets robust, a few small clusters of calluses at the base
5 2.0 0.2 42.59¢ Plantlets robust, small clusters of calluses at the base

* Different lowercase letters indicate a significant difference (p <0.05) among different treatment groups.

MS+6-BA (1.0mg/L)+IBA (0.2mg/L) as the optimum
induction medium, the inducement rate was 74.07% and the
plantlets were almost robust with no callus at the base
(Figure 2(a)). Meanwhile, using MS + 6-BA (1.0 mg/L) + IBA
(0.1 mg/L) as the optimum proliferation medium, the pro-
liferation rate reached 79.63%, the proliferation coefficient
was greater than 5, and the plants were robust with green
leaves and longer internodes (Figure 2(b)). MS medium is an
important substrate for plant tissue culture, and the selection
of an appropriate medium type is crucial to the success or

failure of plant tissue culture [27]. Regarding the root culture
of kiwifruit, a large body of literature showed that 1/2 MS
medium with a low salt content is more conducive to the
rooting of kiwifruit tissue culture plantlets [28]. Meanwhile,
the use of auxins in MS medium for in vitro rooting stage has
also been reported by many other researchers [29]. In ad-
dition, it has also been reported that IBA induced lateral
rooting better than TAA and NAA [20]. In this study, using
1/2 MS +1BA (0.3 mg/L) as the optimum rooting medium,
the rooting rate and average rooting number reached 85.18%
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TasLE 5: Effect of different concentrations of IAA on rooting of culture plantlets.

Treatment

IBA concentration (mg/

Rooting rate

Average rooting

Rooting situation

L) (%)* number*
1 0 42.59¢ 3.35d 2-5 roots, a small amount of fibrous root, and no callus
2 0.1 81.48ab 4.13bc 2-5 roots, more fibrous roots, and no callus
3 03 85.18a 490a 2-6 roots, more and longer fibrous roots, and basically
no callus
4 0.5 85.18a 4.48ab 2-6 roots, few fibrous roots, and small callus at base
5 0.7 62.96b 3.78cd 2-5 roots, no fibrous roots, and few calluses at base

* Different lowercase letters indicate a significant difference (p <0.05) among different treatment groups.

Line 1 Line 2 Line 3 Line 4
- -

FIGURE 1: The electrophoresis results of the RT-qPCR products.

and 4.90, respectively, and the rooting number was 2-6 with
more and longer fibrous roots and basically no callus
(Figure 2(c)). After that, the tissue culture plantlets were
transplanted into the greenhouse, and the survival rate
exceeded 90% (Figure 2(d)).

Virus disease is a kind of disease with a long incubation
period and a great production so hidden trouble. In recent
years, many works of literature have reported that kiwifruit
virus diseases, especially the pathogenic viruses CLRV and
PZSV, which can be spread through pollen, grafting, or
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(c)

(d)

FIGURE 2: The rapid in vitro propagation of “Guichang” kiwifruit by tissue culture techniques. (a) Induction culture, (b) proliferation

culture, (c) rooting culture, and (d) transplantation culture.

mechanical inoculation, are common in preserved kiwifruit
germplasm resources and cultivated kiwifruit plants [30, 31].
Meanwhile, during the cultivation and promotion of
“Guichang” kiwifruit for several decades, the virus disease in
the main “Guichang” kiwifruit producing areas seriously
affected the fruit appearance and commodity value, causing
huge economic losses to the kiwifruit industry. In this study,
a total of 9 kinds of viruses, including ASGV, CMV, AVX,
CNV, RMV, CLBV, AcVB, PZSV, and CLRYV, in tissue
culture plantlets were detected via the RT-qPCR method,
and the results demonstrated that the infection rate of 9

kinds of viruses in tissue culture plantlets was 0. Therefore,
this study could lay the foundation for the production of
breed virus-free plantlets of “Guichang” kiwifruit.

5. Conclusions

In this study, the establishment of a tissue culture rapid
propagation system of “Guichang” kiwifruit was carried out
and then detected virus status via the RT-qPCR method. The
tissue culture rapid propagation system proved that
MS +6-BA (1.0 mg/L) + IBA (0.2 mg/L), MS + 6-BA (1.0 mg/



L) +IBA (0.1 mg/L), and 1/2 MS +IBA (0.3 mg/L) were the
optimal induction, proliferation, and rooting mediums,
respectively. In addition, the RT-qPCR results demonstrated
that the infection rate of ASGV, CMV, AVX, CNV, RMV,
CLBV, AcVB, PZSV, and CLRV in the tissue culture
plantlets was 0. This study could lay the foundation for the
production of “Guichang” kiwifruit tissue culture plantlets
and the industrial rapid propagation of plantlets.
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Cadmium (Cd) pollution in paddy soil is an increasingly serious issue in rice production. It has been reported that there is a higher
or lower grain Cd accumulation in the rice cultivars Yuzhenxiang (YZX) or Xiangwanxian 12 (XWX), respectively. To better
manage the Cd pollution problem, the genes that might play vital roles in governing the difference in root Cd responses between
these two rice cultivars were examined. In this study, the results of RNA sequencing (RNA-seq) showed that there were 341 and
161 differentially expressed genes in the roots of YZX and XWX after Cd exposure, respectively. Among these genes, 7 genes, such
as 0s06g0196300 (Os]_019618), Os07g0570700 (Os]_24808), ADI1, GDCSH, HSFB2C, PEX11-4, and CLPBI, possessed higher
degree nodes with each other, through interaction analysis by the STRING (search tool for the retrieval of interacting genes/
proteins) software, suggesting that they might play vital roles in Cd response. Based on GO enrichment analysis, 41 differently
expressed genes after Cd treatment in YZX or XWX were identified to be related to Cd response. Through comparative
transcriptomic analysis, 257 genes might be associated with the root Cd response difference between YZX and XWX. Fur-
thermore, we supposed that ADI1, CFBP1, PEX11-4, Os]J_019618, OsJ_24808, GDCSH, CLPBI, LAC6, and WNK3 might be
implicated in Cd response based on the combined analysis of RT-qPCR, interaction, and GO annotation analysis. In conclusion,
the numerous genes that might be related to Cd stress response and root Cd response difference between YZX and XWX at the
booting stage may be of benefit for the development of rice varieties with low Cd consumption.

1. Introduction

Rice (Oryza sativa L.) is the primary source of calorie intake in
plenty of countries, including China, and the staple food of over
half of the world’s population [1, 2]. To meet the food demand
of increasing world populations, it is imperative to improve the
rice yield [3]. However, the sustainability and productivity of
the rice production system are constantly threatened by
multiple factors, such as environmental pollution, climate
change, and excessive use of pesticides and fertilizers [2].

Heavy metal pollution is the predominant type in all soil
contaminants, and cadmium (Cd) contamination ranks the
first among heavy metal contaminants in China [4, 5]. Cd
contamination, mainly caused by mining, e-waste, and
overuse of nitrogen and phosphate fertilizers, has been
found in large-scale agricultural soil in China [6, 7]. Cd is
readily absorbed by rice plants and easily transferred to food
chains [8]. Moreover, it is often accumulated in rice grains
and human bodies due to its long half-life of up to 25-30
years [8, 9]. Excessive Cd exposure not only can inhibit the
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growth of rice plants but also can decrease the quality/
nutrients/yields of rice grains [7]. Additionally, the intake of
Cd-contaminated rice can markedly increase the risks of
multiple diseases, such as cancer, osteoporosis, and liver/
kidney injury, as well as nervous system diseases [9-11]. To
reduce the potential harm of Cd on human health, it is
imperative to screen out the genes that play vital roles in Cd
response in rice plants [7].

It has been reported that there is a notable difference in
Cd content in the grains of different rice cultivars, which
might be caused by the genotypic and environmental
diversities among rice cultivars [12, 13]. More specifically,
rice Cd concentration is closely associated with heading
time, soil pH, mutation/dysregulation/diversity of mul-
tiple genes, or quantitative trait locus related to Cd re-
sponse (absorption, translocation, and accumulation)
among different rice subspecies and cultivars [12, 13].
Over the past decades, high-throughput RNA sequencing
(RNA-seq) in combination with function annotation/
enrichment and bioinformatics prediction analysis has
been widely used to decipher or speculate the essential
genes/biological processes/pathways under different
conditions at the transcriptomic level and gain a deep and
comprehensive understanding of molecular basis un-
derlying the phenotypic/biological differences in plants
including rice [14-16].

In this study, RNA-seq-based transcriptomic analysis of
root samples of YZX and XWX with or without Cd treat-
ment at the booting stage was performed to identify key
genes in root Cd response in Yuzhenxiang (YZX, a high Cd
accumulation rice cultivar) and Xiangwanxian 12 (XWX, a
low Cd accumulation rice cultivar) and genes associated with
root Cd accumulation difference between YZX and XWX.
RNA-seq results showed that 341 and 161 transcripts were
differentially expressed in the roots of YZX or XWX rice
after Cd treatment. Moreover, the protein-protein interac-
tion (PPI) networks of dysregulated transcripts in response
to Cd exposure in YZX or XWX were established by the
STRING database and 7 genes that might play vital roles in
the response to Cd pollution were screened out based on the
node degrees of proteins in the PPI networks. Additionally,
41 transcripts that function as crucial players in Cd response
were filtered out based on GO annotation analysis. Fur-
thermore, 257 transcripts that might be associated with the
difference in root Cd response between YZX or XWX were
screened out by comparative transcriptomic analysis. Also,
we further examined the expression patterns of 10 genes
(ferredoxin-1  (ADI1), fructose-1,  6-bisphosphatase
(CFBP1), glycine cleavage system H protein (GDCSH),
laccase-6 (LAC6), peroxiredoxin Q (Os06g0196300), ribo-
some-recycling factor (Os07g0570700), peroxisomal mem-
brane protein 11-4 (PEX11-4), probable serine/threonine-
protein kinase WNK3, chaperone protein CLPBI, and heat
stress transcription factor B-2c¢ (HSFB2C)) by RT-qPCR
assay and filtered some key genes related to Cd stimulation
based on RNA-seq/RT-qPCR/interaction/GO enrichment/
GO annotation analysis together with previous study
outcomes.
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2. Materials and Methods

2.1. Plant Materials and Treatment. Two Indica rice cultivars
(i.e., YZX and XWX) were cultivated in the LT-36VL cli-
matic growth chamber (Percival, Perry, IA, USA) at the
Hunan Agricultural Biotechnology Research Institute
(Changsha, China). In the preliminary tests, YZX and XWX
rice at 4 different growth phases (i.e., seedling, tillering,
booting, and grain-filling stages) were cultivated in a hy-
droponic system containing 2 mg/L of Cd under low-tem-
perature (15-20°C), moderate-temperature (22-27°C), and
high-temperature (30-35°C) condition for 48h. Cd con-
centration was determined according to the instructions in
the Chinese National Standard GB 5009.15-2014.

2.2. RNA Sequencing. In the RNA-seq and real-time
quantitative reverse transcription PCR (RT-qPCR) valida-
tion experiments, YZX and XWX rice were grown at
22-27°C (moderate temperature) in the hydroponic system
with or without 2 mg/L of Cd exposure for 48 h. Next, rice
root samples were collected. The samples were divided into 4
groups: AMD group (YZX group with Cd treatment), AMK
group (YZX group without Cd treatment), BMD group
(XWX group with Cd addition), and BMK group (XWX
group without Cd exposure). Each group contains 3 root
samples.

RNA was extracted from the root samples using the
TRIzol reagent (Thermo Scientific, Waltham, MA, USA)
according to the protocols of the manufacturer. The con-
centration, purity, and quality of RNA were examined by
NanoDrop 2000 spectrophotometer (Thermo Scientific).
RNA sequencing was carried out as previously described
[17]. The cDNA library was constructed using the TruSeq
RNA sample preparation kit (Illumina, San Diego, CA, USA)
following the protocols of the manufacturer. The mRNA
with poly-A structure was enriched by Poly-T oligo-attached
magnetic beads (Illumina). The cDNA library was sequenced
using the PE150 strategy by Biomarker Technologies Co.,
Ltd. (Beijing, China). Raw sequencing data were processed
and filtered into high-quality clean data. Next, the clean data
were aligned to the reference genome of Oryza sativa
L. subsp. Indica using HISAT2 and then assembled and
quantified using StringTie. The genome version used in the
sequence assembly was ASM465vl. (http://plants.ensembl.
org/Oryza_indica/Info/Index).

2.3. Differential Expression Analysis. Differential expression
analysis was performed using the DESeq R package. Genes
were defined to be differentially expressed at the fold change
>2 and FDR <0.01.

2.4. Gene Enrichment Analysis. KEGG enrichment analysis
was performed using the KOBAS3 database (http://kobas.
cbi.pku.edu.cn/kobas3/genelist/). P <0.05 represented that
the terms were significantly enriched.
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2.5. Interaction Network Construction. The interaction
networks of gene-coding proteins were constructed by the
STRING database (https://www.string-db.org/).

2.6. RT-qPCR Assay. RNA was reversely transcribed into
first-strand ¢cDNA without genomic DNA contamination
using TransScript One-Step gDNA Removal and ¢cDNA
Synthesis SuperMix (TransGen Biotech Co., Ltd, Beijing,
China). Briefly, RNA was coincubated with Oligo (dT) 18
primer for 5min at 65°C and then immediately placed on an
ice bath for 2min. Then, the reaction mixture was coin-
cubated with TS Reaction Mix, TransScript RT/RI Enzyme
Mix, and gDNA Remover at 42°C for 30min and then
terminated at 85°C for 5 min. Next, cDNA was amplified and
quantified using the ChamQ Universal SYBR qPCR Master
Mix (Vazyme Biotech Co., Ltd., Nanjing, China) and specific
quantitative primers under the following thermocycling
conditions: 95°C for 3 min, 40 cycles of 95°C for 10, and
60°C for 30s. 18sRNA served as the housekeeping gene to
normalize the expression of other genes. RT-qPCR was
performed on Roche LightCycler 480 II Real-Time PCR
Detection System (Basel, Sweden). The quantitative primer
sequences are presented in Table 1. The RNA samples in the
RT-qPCR assay were identical to those used in RNA-seq
experiments.

2.7. Statistical Analysis. Data analysis was performed using
GraphPad Prism 7 software (GraphPad Software, Inc., San
Diego, CA, USA). Results were displayed as mean + standard
deviation. The difference among groups was examined using
one-way ANOVA and Dunnett post hoc test. Statistically
significant differences were set at P <0.05.

2.8. Accession Numbers. The raw data of RNA-seq reads
were deposited in the National Center for Biotechnology
Information (NCBI) database under the accession number
(Submission  ID:  SUB10609471,  BioProject  ID:
PRJNA777353). Biosample accessions were as follows:

SAMN22851327, SAMN22851328, SAMN22851329,
SAMN22851330, SAMN22851331, SAMN22851332,
SAMN22851333, SAMN22851334, SAMN22851335,

SAMN22851336, SAMN22851337, and SAMN22851338.

3. Results

3.1. Cd Accumulation Difference in the Roots of YZX and XWX
at Four Different Growth Stages. Previous studies have re-
ported that there is a higher Cd accumulation in the first
node under panicle, panicle node, and grains of YZX cultivar
compared to XWX cultivar [16, 18]. We supposed that the
difference in grain Cd accumulation in these two rice cul-
tivars might be caused by the discrepancy of root Cd ab-
sorptive ability. Moreover, root Cd uptake capacity has been
found to be varied at different growth temperatures and
growth stages in rice [19-21]. To identify the optimal
conditions under which the difference of Cd concentration
in the roots of YZX and XWX was the most prominent, the

concentrations of Cd in the roots of these two rice cultivars
at the seedling/tillering/booting/grain-filling stage under
low/moderate/high temperature and 2mg/L of Cd stress
were measured. Results showed that there was a noticeable
difference in root Cd content at the booting stage when these
two rice cultivars were cultured under the moderate-tem-
perature condition (Figure 1). Hence, YZX and XWX rice
were cultivated at moderate temperature and 2 mg/L of Cd
stress for 48 h to explore the gene expression alterations in
response to Cd treatment in the following experiments.

3.2. Identification of Differentially Expressed Transcripts after
Cd Treatment in YZX and XWX. In this study, RNA-seq
technology was used to identify Cd response-related tran-
scripts in YZX and XWX and investigate genes that might
play vital roles in governing the difference in root Cd ac-
cumulation between YZX and XWX. The statistics infor-
mation of clean data after filtration of RNA-seq raw data is
shown in Table 2. The GC content of clean data was ap-
proximately 50% (Table 2). Moreover, more than 94% of
bases have a recognition accuracy of over 99.9% in the clean
data (Table 2). Differential expression analysis showed that
341 transcripts were differentially expressed (206 down-
regulated and 135 upregulated) in the AMD vs. AMK group
(Supplementary Figure 1(a) and Supplementary Table 1).
Also, 75 downregulated transcripts and 86 upregulated
transcripts were identified in the BMD vs. BMK group
(Supplementary Figure 1(b) and Supplementary Table 2).

Moreover, 18 dysregulated transcripts (ie.,
BGIOSGA022091, BGIOSGA007908, BGIOSGA007302,
BGIOSGA029201, BGIOSGA022060, BGIOSGA023662,
BGIOSGA026675, BGIOSGA001422, BGIOSGA025476,
BGIOSGA030712, BGIOSGA004724, BGIOSGA018872,
BGIOSGA010590, BGIOSGA001025, BGIOSGA016478,
BGIOSGA020263, BGIOSGA001117, and BGIOSGA
000917) in the AMD vs. AMK group and 6 dysregulated
transcripts  (i.e., BGIOSGA004809, BGIOSGA030712,

BGIOSGA034657, BGIOSGA012380, BGIOSGA018872, and
BGIOSGA020584) in the BMD vs. BMK group were
identified to be involved in inorganic ion transport and
metabolism based on COG_class and KOG _class annotation
analyses in Supplementary Tables 1 and 2. These transcripts
might play vital roles in governing the difference in root Cd
accumulation in YZX and XWX.

3.3. Construction of PPI Networks of Dysregulated Genes in the
AMD vs. AMK and BMD vs. BMK Groups. Next, the STRING
database was used to investigate the relationships of proteins
encoded by the abovementioned differentially expressed
genes. The interaction networks of the dysregulated genes in
the AMD vs. AMK group are presented in Supplementary
Figure 2(a) and Supplementary Table 3. Similarly, the in-
teraction relationships of the differentially expressed genes
in the BMD vs. BMK group are shown in Supplementary
Figure 2(b) and Supplementary Table 4. Additionally, the
node degree (number of interacted proteins) of each protein
in the PPI network of Supplementary Figures 2(a) and 2(b)
was analyzed and is displayed in Supplementary Tables 5 and
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TaBLE 1: Quantitative primer sequences of 10 interested genes.
Gene 1D Primer name Primer (5'-3")
18s TRNA 18s rRNA-F1 CTACGTCCCTGCCCTTTCTACA
18s rRNA-R1 ACACTTCACCGGACCATTCAA
BGIOSGAD29403 HSFBIC 11 ACCITCCGGCGGTGTATATC
BGIOSGADISS29 PEXI 141 TGCCAGTGAGCTGTTCAGTA
BGIOSGADI7714 CLpp R ACGAGGTGTATCTCGTCGAT
BGIOSGADIS634 N 11 TGCAAATGCTGCTCCTCITC
BGIOSGA33278 GDCSH-RY AGAGOCTAGTGAGEGTCTC
BGIOSGAOD48SS CrbpiR AGGCTGTAACACGTCCTOAR
BGIOSGA27798 ADIIRI AGCATAGGGACGACGACATT
BGIOSGAN4A07 [AcoRi GOACTGTCACGTTGTATGGC
BGIOSGAG25975 Ox7E0570700 R4 CGCATGCTCAATACTGCTC
BGIOSGAL2I74 Oseg0196300 . GGAGGATCTTOAGAGTCICG
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FI1GURE 1: Cd accumulation difference in the roots of YZX and XWX at 4 different growth stages under different temperatures and the same
Cd stress. YZX and XWX rice at different growth stages (i.e., seedling, tillering, booting, and grain-filling stages) were cultured for 48 h under
different temperatures (low temperature (15-20°C), moderate temperature (22-27°C), or high temperature (30-35°C)) and 2 mg/L of Cd
stress. Next, Cd concentrations in the roots of these two rice cultivars were determined.

6, respectively. Genes with greater node degrees might play
central roles in the response to Cd. Among genes with higher
node degrees, 7 genes (Os06g0196300 (Os]J_019618),
0s07g0570700 (Os]_24808), ADI1, GDCSH, HSFB2C,
PEX11-4, and CLPB1) were screened out for further

RT-qPCR validation. Moreover, interaction analysis of
dysregulated genes in the AMD vs. AMK group revealed that
there was a complex interaction among Os]_019618,
OsJ_24808, ADI1, GDCSH, and PEX11-4. For instance,
Os]_019618 could interact with Os]_24808, ADI1, GDCSH,
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TaBLE 2: The statistics information of clean data.
Sample no. Clean reads Clean bases GC content (%) % >Q30
AMD-1 28,320,921 8,469,123,354 52.51 94.89
AMD-2 24,166,384 7,224,223,020 52.62 95.04
AMD-3 23,919,699 7,147,482,544 52.16 95.05
AMK-1 25,675,783 7,673,764,994 52.99 94.99
AMK-2 24,904,107 7,449,500,706 51.75 95.23
AMK-3 23,973,697 7,172,841,032 52.79 94.77
BMD-1 30,635,040 9,159,932,340 53.28 96.41
BMD-2 21,090,058 6,311,270,668 51.64 94.84
BMD-3 23,708,848 7,088,906,522 51.67 94.81
BMK-1 25,223,039 7,541,950,044 52.28 94.88
BMK-2 37,274,481 11,138,840,832 53.13 96.36
BMK-3 27,498,859 8,216,506,798 52.49 96.44

Notes. Clean reads: the total number of paired-end reads in clean data; clean bases: the total number of bases in clean data; GC content: the percentages of G
and C bases in clean data; >Q30%: the percentage of bases with the quality value>30 (base identification accuracy >99.9%).

or PEX11-4 (Supplementary Tables 3 and 5). ADII could
interact with OsJ_019618, GDCSH, or PEX11-4 (Supple-
mentary Tables 3 and 5). Moreover, there was a potential
interaction between Os]_24808 and Os]_019618 or GDCSH
(Supplementary Tables 3 and 5).

3.4. Comparative Analysis of Cd-Responsive Genes in XWX
and YZX. GO annotation analysis of the 341 differentially
expressed transcripts in the AMD vs. AMK group showed
that 37 transcripts were involved in the response to Cd
(Supplementary Table 7). Moreover, 23 of the 161 differ-
entially expressed transcripts in the BMD vs. BMK group
were identified to be implicated in Cd response based on GO
annotation analysis of dysregulated transcripts in the BMD
vs. BMK group (Supplementary Table 8). Among these Cd-
responsive transcripts, 19 common elements were found in
AMD vs. AMK and BMD vs. BMK groups (Figure 2(a) and
Supplementary Table 9). These common transcripts had the
same alteration trends in the AMD vs. AMK and BMD vs.
BMK groups (Supplementary Table 9). And 18 or 4 tran-
scripts were found to be differentially expressed only in the
AMD vs. AMK group or BMD vs. BMK group, respectively
(Figure 2(a) and Supplementary Table 9). These 22 tran-
scripts might have crucial roles in regulating the difference
in root Cd accumulation between YZX and XWX at the
booting stage. Additionally, we noticed that 43 transcripts
were differentially expressed only in the BMD vs. BMK
group, but not notably altered in the AMD vs. AMK group
(Supplementary Table 10). Also, 214 transcripts were found
to be markedly upregulated or downregulated in the AMD
vs. AMK group, whereas the difference in the expression of
these 214 transcripts was not significant in the BMD vs. BMK
group (Supplementary Table 11). The 257 transcripts in
Supplementary Tables 10 and 11 are integrated into Sup-
plementary Table 12. We believed that these transcripts
might also be related to the difference in root Cd accu-
mulation between XWX and YZX. Also, transcripts with
notably different upregulated or downregulated ratios in the
BMD vs. BMK and AMD vs. AMK groups might be im-
plicated in root Cd accumulation difference between two
rice cultivars, which were not analyzed in our project. KEGG

enrichment analysis showed that the transcripts in
Supplementary Table 12 mainly participated in the regula-
tion of metabolic pathways, biosynthesis of secondary me-
tabolites, carbon fixation in photosynthetic organisms,
carbon metabolism, glutathione metabolism, fructose and
mannose metabolism, glycolysis/gluconeogenesis, starch
and sucrose metabolism, and glycerophospholipid meta-
bolism (Supplementary Table 13 and Figure 2(b)). For in-
stance, 23, 16, 5, 7, or 5 differentially expressed genes were
significantly enriched in KEGG pathways related to meta-
bolism, biosynthesis of secondary metabolites, carbon fix-
ation in photosynthetic organisms, carbon metabolism, or
glutathione metabolism, respectively (Supplementary Ta-
ble 13). The top 20 KEGG pathways are shown in
Figure 2(b).

3.5. Expression Analysis of 10 Interested Genes by RT-qPCR
Assay. Next, 10 genes including the 7 abovementioned
genes with greater node degrees in the PPI networks, 1
interested gene (LAC6), and 2 genes related to heavy metal
stress tolerance (WNK3 and CFBP1) (detailed information
is shown in the Discussion section) were selected for further
RT-qPCR validation. RT-qPCR results showed that the
expression levels of ADI1, CFBP1, GDCSH, LACS,
050680196300, Os07g0570700, PEX11-4, and WNK3 were
notably downregulated in both AMD vs. AMK and BMD vs.
BMK groups (Figure 3(a), 3(b), 3(d), and 3(f)-3(j)). CLPB1
and HSFB2C were highly expressed in the AMD vs. AMK
group, but not notably changed in the BMD vs. BMK group
(Figures 3(c) and 3(e)). Comparative analysis of RT-qPCR
and RNA-seq outcomes disclosed that the alteration trends
of these 10 genes were consistent in response to Cd treat-
ment in YZX and XWX rice cultivars, although some dif-
ferences were not statistically significant (Figures 3(a)-3(j)).

3.6. Interaction and Enrichment Analysis of These 10 Genes.
The relationships of these 10 genes were further deciphered
by PPI analysis via the STRING database. Results suggested
that 7 gene-encoded proteins (ADI1, CFBP1, PEX11-4,
Os]_019618, OsJ_24808, GDCSH, and CLPB1) could form a
potential regulatory network (Figure 4). The interaction
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analysis of these 10 proteins is shown in sheet 1 of Sup-
plementary Table 14. Moreover, GO enrichment analysis
revealed that 7 genes (LAC6, CFBP1, Os]_019618, WNK3,
Os]_24808, ADI1, and GDCSH) were enriched in the
metabolic process (Supplementary Table 14, sheet 2). Ad-
ditionally, 6 genes (LAC6, CFBP1, CLPB1, WNK3,
Os]_24808, and ADI1) had a potential ion binding activity
(Supplementary Table 14, sheet 3). Furthermore, annotation
analysis revealed that 3 genes (LAC6, Os]_019618, and
PEX11-4) were involved in the regulation of the response to
oxidative stress (Supplementary Table 14, sheet 4).

3.7. Correlation Analysis of These 10 Genes and Cd Response.
As shown in Supplementary Table 5, Os]_019618,
OsJ_24808, ADI1, GDCSH, PEX11-4, CLPBI, and HSFB2C
could interact with 59, 44, 36, 29, 17, 6, and 6 genes in the
interaction network of dysregulated genes in the AMD vs.
AMK group, respectively. And CLPB1, PEXI11-4, and
HSFB2C could interact with 6, 5, and 3 genes in the BMD vs.
BMK group, respectively (Supplementary Table 6). To ex-
plore the association of these genes and Cd response, Venn
analysis of genes that could interact with the 10 above-
mentioned genes and GO-annotated Cd-related genes in
Supplementary Tables 7 and 8 was performed. Results
showed that Os]_019618 could interact with 4 genes related
to the Cd response (i.e., APX2, HCF136, GLN2, and ALDP).
ADII could interact with 2 Cd-related genes (i.e., ALDP and
GLN2). Os]_24808, GDCSH, or CLPBI1 could interact with

Cd-responsive gene TPI, GLN2, or HSP17.4, respectively.
These data further suggested the close association of these
genes and Cd response.

4. Discussion

Rice is a big reservoir of potentially toxic heavy metals in
paddy soil-rice systems [22, 23]. The contamination of heavy
metals in soil not only influences rice growth and grain yields
but also seriously threatens the health of animals and humans
that consume rice [22-24]. In this study, genes related to Cd
response and root Cd content difference between YZX and
XWX were further examined in the roots of these two rice
cultivars with different grain Cd accumulation.

Both RT-qPCR and RNA-seq outcomes suggested that
10 genes (ie., PEX11-4, CLPB1, HSFB2C, LAC6, CFBPI,
Os]_019618, WNK3, Os]_24808, ADI1, and GDCSH) might
play vital roles in the response to Cd in both YZX and XWX.
Moreover, interaction analysis suggested that 7 genes (ADI1,
CFBP1, PEX11-4, Os]J_019618, Os]J_24808, GDCSH, and
CLPB1) could form a potential regulatory network in rice.
Additionally, OsJ_019618 could interact with 4 GO-anno-
tated genes related to Cd response (i.e., APX2, HCF136,
ALDP, and GLN2). Moreover, there was a potential inter-
action between ADI1 and GO-annotated Cd-related gene
ALDP or GLN2. Os]_24808, CLPB1, or GDCSH could in-
teract with GO-annotated Cd-responsive gene TPI,
HSP17.4, or GLN2, respectively. Furthermore, APX2
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F1Gure 3: Comparative analysis of RT-qPCR and RNA-seq outcomes of expression patterns of 10 interested genes (i.e., PEX11-4 (a), WNK3
(b), CLPB1 (c), GDCSH (d), HSFB2C (e), LAC6 (f), Os06g0196300 (g), Os07g0570700 (h), ADI1 (i), and CFBP1 (j)) in roots of XWX and

YZX.

[25, 26], HCF136 [27], ALDP [28], TPI [29, 30], and
HSP17.4 [31] have been found to be implicated in Cd re-
sponse. ADI1 has also been reported to be related to Cd
stress in Agaricus brasiliensis [32]. Cd exposure could lead to
the increase of CLPB expression level and delay of cell di-
vision in Escherichia coli [33, 34]. Additionally, our analysis
revealed that 6 genes (LAC6, CFBP1, CLPBI, WNK3,
Os]_24808, and ADI1) had a potential ion binding activity.
Probable serine/threonine-protein kinase WNK3 belongs to
the WNK family, which plays vital roles in plant growth and
development and stress responses [35, 36]. A recent study
showed that WNK9 (a member of the WNK family)
overexpression could improve arsenite (a heavy mental)
tolerance in transgenic Arabidopsis [37]. Furthermore,
annotation analysis revealed that 3 genes (LACS,
OsJ_019618, and PEX11-4) were related to oxidative stress.

Oxidative stress has been found to be closely linked with Cd
tolerance and Cd-induced injury and toxicity [38-40]. For
instance, molybdenum could relieve Cd-induced toxicity
and potentiate Cd tolerance by restricting Cd uptake, re-
ducing oxidative stress, and improving antioxidant defense
responses [41]. These data suggested that these genes might
function as crucial players in the response to Cd stress.
Cao et al. showed that 706 transcripts were specially
expressed in the roots of the mutant Indica rice (Icd1 group),
which had an extremely low Cd accumulation in root and
shoot under Cd exposure [42]. Moreover, 987 transcripts were
specially expressed in the roots of wild-type rice (WT group)
under Cd exposure [42]. These transcripts might be implicated
in the difference in Cd accumulation in wild-type and mutant-
type Icdl rice. Combined with our data and Cao’s outcomes,
we found that 4 transcripts (BGIOSGA004865 (CFBP1),
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PEX11-4 could interact with CFBP1 (FBP1), ADI1, and Os06g0196300 (Os]_019618). There was a potential interaction between CFBP1
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interact with PEX11-4/CFBP1 (FBP1)/GDCSH/Os06g0196300 (Os]J_019618). CLPBI could interact with Os06g0196300 (OsJ_019618).

BGIOSGA017856 (Os05g0480200), BGIOSGA031509
(GSTUS6), and BGIOSGA033278 (GDCSH)) that were specially
expressed in the Icd1 group were differentially expressed in the
AMD vs. AMK group. Also, 11 transcripts (BGIOSGA000239

(SPS1), BGIOSGA000945 (LEA14), BGIOSGA001233
(ABCG36), BGIOSGA005931 (YSL2), BGIOSGA006919
(SAT1), BGIOSGA007802 (CKX6), BGIOSGA011045

(HSP17.4), BGIOSGAO014421 (AOXI1B), BGIOSGA021670
(OPR1), BGIOSGA033315 (GSTUS6), and BGIOSGA033325
(GSTU6)) or 6 transcripts (BGIOSGA000239 (SPS1),
BGIOSGA006919 (SAT1), BGIOSGA009154 (HSP18.6),
BGIOSGAO011045 (HSP17.4), BGIOSGA021670 (OPR1), and
BGIOSGA033325 (GSTUS)) that were specially expressed in
the WT group were differentially expressed in the AMD vs.
AMK or BMD vs. BMK group, respectively. Among these
genes, 2 genes (GSTUG6 and HSP17.4) were annotated to be
involved in Cd response by the GO database. Moreover,
GSTUES6 has been found to be notably upregulated in roots of
rice under Cd stress [43]. HSP17.4 expression was markedly
increased in Arabidopsis thaliana roots after Cd exposure [31].
SPS1 was notably downregulated in response to Cd exposure in
Chlorella sorokiniana [44]. ABCG36 (PDRY) expression was
markedly increased in the roots of rice after a short exposure to
Cd [45, 46]. ABCG36 knockout promoted root Cd accumu-
lation and potentiated Cd sensitivity in rice [45]. The YSL2
expression level was noticeably increased in the root and shoot
of rice in response to Cd stress and YSL2 might be related to Cd
uptake transport [47, 48]. These transcripts might play vital
roles in the response to Cd stress in rice.

5. Conclusion

Taken together, a host of Cd response-related transcripts were
identified in the roots of YZX and XWX at the booting stage.
Some transcripts that might be associated with the difference in
the root Cd-responsive ability of these two rice cultivars were
screened out. Moreover, our data suggested that ADI1, CFBP1,
PEX11-4, Os]_019618, Os]_24808, GDCSH, CLPBI1, and
WNK3 might play vital roles in regulating Cd response and Cd
tolerance. An in-depth insight into the genetic and molecular
mechanisms underlying root Cd stress response difference in
YZX and XWX at the booting stage might contribute to the
development of new strategies that can improve rice yield and
reduce Cd harm to rice and humans.
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1. Introduction

Copyright © 2021 Shangdu Zhang et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

This study focused on cadmium (Cd) uptake by two rice varieties, Yuzhenxiang (YZX) and Xiangwanxian 12 (XWX), which differ
in their capacity to accumulate Cd, i.e., XWX > YZX. Treatments with three different gradients of soil Cd concentrations showed
that with the increase in soil Cd concentration gradient, the Cd content in each rice plant organ also increased, i.e., Cd-3 > Cd-
2> Cd-1. The trend in the Cd content of each organ was such that the farther the organ from the root, the lower its Cd content, i.e.,
root > stem and sheath > leaf > grain. We observed that for all four growth stages, the booting stage is the key stage in terms of Cd
absorption, where the highest levels of accumulation are observed, that is, booting stage > full heading stage > tillering stage-
> maturity stage. Of the two cultivars, XWX had higher SOD, POD, and CAT activities but lower MDA content. In contaminated
soils, SOD, POD, and CAT activities increased gradually with the increase in Cd concentration, while MDA content decreased,
which indicated that the low Cd variety XWX had an advantage over the high Cd variety YZX. Through the comparative analysis
of photosynthetic physiology, it was found that the low-Cd-accumulating rice variety XWX appeared more tolerant to Cd, while
the high-Cd-accumulating rice YZX was more sensitive. Therefore, the low Cd rice variety XWX was more suitable for planting
safe rice in Cd-polluted paddy fields.

Protection and the Ministry of Land and Resources in 2014
[2], the above-standard rate of heavy metal pollution in
China’s cultivated soil reached 19.4%. Cd is the number one

Rice (Oryza sativa L.) is the main food crop in China, with
more than half of the population consuming rice as their
staple food. The rapid development following industriali-
zation in China has not only provided huge economic
benefits but also caused a large amount of environmental
pollution, including numerous types of heavy metals that
have entered into the agricultural soil. Heavy metal pollution
in agricultural soil mainly includes cadmium (Cd), chro-
mium (Cr), mercury (Hg), lead (Pb), and nickel (Ni) [1].
According to the National Soil Pollution Investigation
Bulletin jointly published by the Ministry of Environmental

contaminant in heavy metal pollution, and the threshold rate
beyond which the standard is exceeded is 7.0%. Cd is a toxic
heavy metal element with strong biological activity and is a
nonessential element for plants, whose growth and devel-
opment are hindered by excessive accumulation [3]. Cd can
be transferred from rice to the human body through the food
chain, thus causing harm to human health [4].

Following the occurrence of Cd stress, plants will activate
evolved self-protection defense mechanisms, such as in-
creasing the activity of superoxide dismutase (SOD),


mailto:lybai@hunaas.cn
https://orcid.org/0000-0001-5029-6151
https://orcid.org/0000-0002-4318-030X
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/6238893

peroxidase (POD), catalase (CAT), and other antioxidant
enzymes and reducing the accumulation of membrane lipid
malondialdehyde (MDA). These mechanisms can effectively
reduce the damage to plants caused by Cd stress [5-7].

Cd stress will inhibit plant photosynthesis, and the
degree of inhibition is related to plant species, growth pe-
riod, environmental conditions, Cd stress concentration,
time, and many other factors. The inhibition of plant
photosynthesis by heavy metals is due to their effects on
electron transport in the process of photosynthesis and in
destroying chloroplast integrity [8]. Cd stress damages plant
photosynthesis mainly through disruption of physiological
processes such as photosynthesis rate (Photo, Pn), stomatal
conductance (Gs), intercellular CO, concentration (Ci), and
transpiration rate (Trmmol, Tr) [9].

A low concentration of Cd in soil generally has no effect
on rice yield, given that rice has a high capacity for Cd
adsorption; when the soil Cd content is higher, however, Cd
stresses affect rice plant physiological and biochemical
metabolism, causing a series of changes in these charac-
teristics, which induces disorders in cell metabolism and
ultimately inhibits rice growth and development. In studies
of medium and high concentrations of Cd pollution stress,
there are currently few reports describing the character-
ization of Cd content, antioxidant enzyme activity, and
photosynthesis parameters in various organs of rice. In order
to provide a theoretical basis for the breeding of new Cd-
tolerant rice varieties, this study took Yuzhenxiang (YZX)
and Xiangwanxian 12 (XWX) as the research objects, based
on their different patterns of Cd accumulation, and analyzed
their physiological and biochemical characteristics under
treatment with different concentrations of soil Cd, so as to
provide a theoretical basis for the breeding of new Cd-
tolerant rice varieties.

2. Materials and Methods
2.1. Materials

2.1.1. Experimental Material. The experimental materials
were the high-Cd-accumulating variety YZX and the low-
Cd-accumulating variety XWX, which are the result of se-
lection by predecessors over many years and many points of
pot cultivation and field verification [10]. The two rice va-
rieties were bred and provided by Hunan Rice Research
Institute and were suitable for the double cropping of late
rice in the rice growing area of Hunan Province, with a
growth period of 115+ 2d.

2.1.2. Summary of the Test Site. The experiment was con-
ducted in the Spring Science Research Base of the Hunan
Academy of Agricultural Sciences—the breeding and
identification base of rice varieties with low Cd accumula-
tion (113°26'57"E, 28°29'36"N) in Chunhua Town,
Changsha County, Changsha City. The experimental site is
located in a typical section of the middle subtropical region,
with an average annual temperature of 17.2°C and an average
annual rainfall of 1361 mm, belonging to the double-crop-
ping rice production area.
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In this experiment, the pool planting identification area of
the breeding and identification base of rice varieties with low
Cd accumulation was selected, and the irrigation and drainage
design was adopted to control the uniformity of factors such as
soil Cd content, pH, and water content in the tank, and the
high-precision soil moisture, pH, and temperature monitoring
system and remote control system were matched.

2.1.3. Test Treatment and Method. The two tested rice vari-
eties were sown on June 13, 2018, and two grain seedlings were
transplanted on July 1, 2018. Six rows were planted in each plot,
with 14 stumps for each row. The spacing between plants and
rows was 17x20cm, with a protection row set between.
Samples were taken at the tillering (August 4, 2018), booting
(August 16, 2018), full heading (September 14, 2018), and
maturity stages (September 20, 2018) of rice. The pool iden-
tification area contains natural Cd concentration-treated soil,
and according to the Cd concentration, the soil was divided
into Cd-1, Cd-2, and Cd-3 gradients. Fertilizer management:
no basal fertilizer, urea (60kg/ha), and potassium chloride
(30kg/ha) were applied for tillering. Water management:
flooding in the early stage, moist irrigation after heading, dry
soil naturally in the week before harvest, and other manage-
ment aspects are the same as in the field. In the above four
growth stages of rice, the Cd content in roots, stem sheath,
leaves, and grains was measured. The photosynthetic param-
eters, Pn, Gs, Ci, and Tr, of the top leaves were measured. The
activity of the antioxidant enzymes SOD, POD, and CAT and
the content of MDA were measured in the top leaves.

2.2. Determination Items and Methods

2.2.1. Soil Physical and Chemical Properties Detection.
The soil of 0-20 cm in the tillage layer of the paddy field was
taken before rice transplantation, and the physical and
chemical indexes were detected. The soil was air-dried to
remove rock and animal and plant residues, then crushed
through a 100-target sieve, and sealed for use. The method was
repeated three times for each sample. Soil physical and
chemical indexes and determination methods are as follows:
Soil total Cd (ST-Cd) was determined by atomic spectro-
photometry [11], and soil effective Cd (SE-Cd) was determined
by atomic absorption spectrometry [12]. Total nitrogen (TN)
was determined using the Kjeldahl method [13], available
nitrogen (AN) was determined by the alkali-hydrolytic dif-
fusion method [14], and total phosphorus (TP) was determined
by the perchloric acid-sulfuric acid method [15]. Available
phosphorus (AP) was determined by spectrophotometry [16],
and total potassium (TK) was determined by sodium hy-
droxide melting [17]. Available potassium (AK) was deter-
mined by flame spectrophotometry [18], and pH was
determined using the potentiometric method [19]. Soil organic
matter (SOM) was determined by REDOX colorimetry [20].

Soil samples were taken from rice fields of Cd-1, Cd-2, and
Cd-3, each with different Cd concentrations, for the charac-
terization of physical and chemical indicators. Samples were
taken from each tested variety area of each treatment, for which
there were three replicates. These results are shown in Table 1.
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TaBLE 1: Physical and chemical properties of soil samples.

. Soil treatment
Test item

Cd-1 Cd-2 Cd-3
ST-Cd (mg/kg)  0.16+0.00c 0.56 + 0.00b 0.89 +0.00a
SE-Cd (mg/kg)  0.05+0.00c 0.27 +0.00b 0.53+0.00a
TN (g/kg) 0.85+0.02¢c 1.55+0.02b 1.69 £0.01a
AN (mg/kg) 71.33+0.88b 118.67+0.88a 118.33+1.20a
TP (g/kg) 0.35+0.01c 0.45+0.01b 0.49+£0.01a
AP (mg/kg) 4.30+0.06¢ 6.47 £0.09a 5.37+0.03b
TK (g/kg) 11.80+0.15b  11.87+0.09b  13.40+0.10a
AK (mg/kg) 40.67+1.20b  33.67+1.20c  51.33+0.88a
pH 6.54 +0.00b 7.03+0.01a 6.09+0.01c
SOM (g/kg) 11.17+£0.03c  27.17+0.09a  25.80+0.12b

Note. The data in the table are mean + standard error. ST-Cd, soil total Cd;
SE-Cd, soil effective Cd; TN, total nitrogen; AN, available nitrogen; TP, total
phosphorus; AP, available phosphorus; TK, total potassium; AK, available
potassium; SOM, soil organic matter.

2.2.2. Determination of Cd Content in Rice. After the rice
plants were cleaned, they were washed with deionized water,
and the water on the surface was absorbed using absorbent
paper. The roots, stems and sheathing, leaves, and rice were
decomposed into paper bags and numbered, then placed
into the oven at 110°C for 30 minutes, and dried at 80°C until
the weight was constant. The root system, stem sheath,
leaves, and husked rice (husked using a huller with a
polyurethane roller to prevent metal contamination) were
pulverized and screened over a 100-point sieve before being
stored in a dryer. Cd content in the samples was determined
by ICP-OES and repeated three times [21].

2.2.3. Antioxidant Enzyme Index Determination. At the
tillering, booting, full heading, and maturity stages of rice,
the upper leaves were taken in the field, wrapped with tin foil
paper and numbered, and then placed in the liquid nitrogen
tank for snap-freezing. After returning to the laboratory,
liquid nitrogen was added for grinding, weighing (ap-
proximately 0.2g per serving), and tube loading (2mL
centrifuge tube); then, the samples were numbered and
placed in the refrigerator at —80°C for reserve.

The SOD, POD, and CAT activities and MDA content
were measured using the corresponding kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China).

2.2.4. Determination of Photosynthetic Index. At the same
time as the determination of antioxidant enzymes, the LI-
6400 portable photosynthetic system analyzer was used to
determine the top leaves of rice in the four growth periods
from 09:00 to 11:00 in the morning on sunny days. The
determination of Pn, Gs, Ci, and Tr was repeated three times,
and the average value was taken. The light intensity was set to

1000 ymol-m~*s~", and the gas flow rate was 600 ymol-s~".

2.3. Data Processing. The data obtained were statistically
analyzed using Microsoft Excel 2007 software, an OVA was
analyzed using DPS software, and the significance test of
mean was conducted using Duncan’s new complex range

method (P <0.05). Origin 7.5 and Adobe Illustrator CS5
were used for illustrations.

3. Results

3.1. Effects of Cd Stress on Antioxidant Enzymes of Rice.
Under different Cd concentrations, the activity of antioxi-
dant enzymes (SOD, POD, and CAT) and MDA content in
the leaves of the two tested rice varieties at different growth
stages are shown in Table 2.

3.1.1. Comparison of Responses between Different Rice
Varieties. The results show that the SOD activity of YZX was
significantly lower than that of XWX, accounting for 66.7%,
and the difference was significant except in the full heading
stage Cd-2 and mature stage Cd-3 (accounting for 16.7%).
There was no significant difference in POD activity between
YZX and XWX at the booting, full heading, and maturity
stages in Cd-1 treatment. However, the POD activity of YZX
was significantly lower than that of XWX at the tillering
stage. Under Cd-2 treatment, the POD activity of XWX was
significantly higher than that of YZX at the tillering, full
heading, and maturity stages, but there was no significant
difference between the POD activity of XWX and YZX at the
booting stage. In Cd-3 treatment, the POD activity of XWX
was significantly higher than that of YZX in all four growth
stages. The comparison of CAT activity showed the same,
and the CAT activity in YZX was mostly significantly lower
than that of XWX. The MDA content of YZX was signifi-
cantly higher than that of XWX for most stages and
treatments. There was no significant difference in MDA
content between the full heading stage in Cd-1 treatment
and maturity stage in Cd-2 and Cd-3 treatments.

3.1.2. Comparison of Responses to Different Concentrations of
Cd Pollution in Soils. There were significant differences in
SOD, POD, and CAT activities between the two rice varieties
grown in soils with different Cd concentrations, which also
showed similar trends of increasing with the increase in Cd
concentration, that is, Cd-3 > Cd-2 > Cd-1. The MDA con-
tent was significantly different, though it showed a similar
but opposite trend of decreasing with the increase in Cd
pollution concentration, that is, Cd-1 > Cd-2 > Cd-3.

3.1.3. Comparison of Responses according to Different Growth
Stages. There was no significant difference in SOD activity
between the two rice varieties at different growth stages, but
the enzyme activity fluctuated significantly between different
rice varieties under different soil Cd concentrations. The
highest values of SOD activity for Cd-1 and Cd-2 were ob-
served at the booting stage, and the highest values for Cd-3
were at the full heading stage. With prolongation of the
growth period, the POD activity showed an obvious de-
creasing trend, that is, tillering stage >booting stage > full
heading stage > maturity stage, but the significance of the
difference varied by rice variety and soil Cd concentration.
There were significant differences in CAT activity, but the
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enzyme activity fluctuated significantly between different soil
Cd treatments and varieties, and no obvious trend was found.
The variation trend in CAT values for the two tested varieties
was consistent in Cd-1 and Cd-2, with the value peaking at the
full heading stage and then decreasing. CAT values in Cd-3
showed a gradual upward trend with the extension of the
growth period, with the highest value at the maturity stage.
The trend of MDA content was opposite to that of POD
activity, both of which showed an obvious trend of increasing
with the prolongation of growth period, that is, tillering
stage < booting stage < full heading stage < maturity stage.

3.2. Changes of Photosynthetic Parameters in Cd Environment.
Through data processing, it was found that there were
significant differences among the photosynthetic parameters
Pn, Gs, Ci, and Tr of leaves according to differing Cd
concentration pollution treatments, rice variety, and growth
and development stages (Table 3).

3.2.1. Comparison of Photosynthetic Parameters at Different
Growth Stages. For Pn, there was a significant effect on Pn
between the two varieties. For Gs, there were no obvious
trends or significant differences observed. For Ci, after the
tillering stage of growth, the effects of both varieties on Ci
were consistent. For Tr, in the Cd-1 and Cd-3 treatments,
there was a significant difference in the performance of the
two varieties in terms of Tr, while there was no significant
difference in the Tr of the two varieties in the Cd-2 treatment
(Table 3).

3.2.2. Comparison of Photosynthetic Parameters for the
Treatment of Different Cd Soils. The Pn and Gs values of the
two tested varieties were significantly affected by different
Cd soil treatments, and there was an obvious trend in the
change. The values for Cd-2 were the highest, while the
values for Cd-1 and Cd-3 were lower. In other words, the Pn
was higher in Cd-2 than in the other Cd soil treatments at
different growth stages, and the Pn of Cd-1 and Cd-3 varied
greatly with the change in growth stage. The Ci values
differed significantly with different Cd treatments, but the
trends were not consistent between YZX and XWX. In most
growth periods, the effects of Cd soil treatment on Tr were
consistent in both varieties. With the increase in the Cd
concentration in soil, all Tr values were increased, i.e., Cd-
3>Cd-2>Cd-1.

3.2.3. Comparison among Four Growth Stages. Pn variation
trend: No significant effect on Pn was found for the tillering
stage of both cultivars, but a significant effect on Pn was
observed at booting, full heading, and maturity stages.
Hence, the Pn value was significantly affected by different
growth stages, and there was an obvious trend in the change.
Under Cd-1 and Cd-3 treatments, the two varieties showed a
gradual decrease in Pn with the extension of the growth
period. However, the lowest Pn value was observed for Cd-2
at the booting stage, which then gradually increased, and in
each case, the Pn value was higher under Cd-2 than the

corresponding Cd-1 and Cd-3 for each growth stage. The
variation trend in Gs was as follows: The Gs value gradually
decreased with the extension of the growth stage, that is,
tillering stage > booting stage > full heading stage > maturity
stage. The effects of Cd-1 and Cd-3 on Gs were consistent;
there was no significant difference between the tillering and
booting stages, but their effects were significantly greater
than those of the full heading and mature stages. At Cd-2,
the Gs value at tillering stage was significantly higher than
that at the other growth stages, and there was no significant
difference between the booting and full heading stages, but
the value was significantly higher than that at maturity stage.
For example, Cd-2 and Cd-3 had the same effect on Gs in
XWX, and there was no significant difference among the
tillering, booting, and full heading stages, but the effect was
significantly greater than that at the maturity stage. At Cd-2,
the Gs value at the tillering stage was significantly higher
than that at the other growth stages, and there was no
significant difference between the booting and full heading
stages, but it was significantly higher than that at the ma-
turity stage. Ci variation trend: The Ci value of Cd-1 de-
creased gradually with the growth period, reaching the
lowest value at the full heading stage and then eventually
rose again. The Ci values of Cd-2 and Cd-3 decreased
gradually with the extension of the growth period. The
change trend of Tr was as follows: booting stage > full
heading stage > tillering stage > maturity stage. The differ-
ence between the two varieties was that the lowest value was
different; that is, the lowest value of Cd-1 appeared at the full
heading stage, while the lowest value of Cd-2 and Cd-3
appeared at the booting stage.

3.3. Cd Uptake Trend of Two Rice Varieties in Cd-Contami-
nated Fields. Through data processing, it was found that
there were significant differences in Cd content among
different Cd concentration pollution treatments, genotypes
of rice varieties, and organs (root system, stem sheath, and
leaf) at different growth and development stages (Table 4).

3.3.1. Determination of Cd Content in Roots, Stems, Sheaths,
and Leaves of Rice. The Cd content in the root system, stem
sheath, leaf, and brown rice of YZX was higher than that of
XWX (Table 4). The Cd content was significantly affected by
different soil concentrations of Cd, and there was an obvious
trend in change. The Cd content in the root system, stem
sheath, leaf, and brown rice of both YZX and XWX increased
with the increase in the Cd concentration in soil, that is, Cd-
3>Cd-2>Cd-1.

The Cd content in roots, stem sheaths, and leaves was
significantly affected by different concentrations of Cd,
which increased with the increase in Cd concentration, that
is, booting stage>full heading stage > tillering stage-
> maturity stage.

3.3.2. Determination of Cd Content in Rice Grains. The Cd
content in the grains of the two tested varieties increased
with the increase in soil Cd concentration (Table 5), that is,
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TaBLE 5: Cd content in grain under soil treatment with different Cd
concentrations.

Cd content (mg/kg)

Rice organs Soil treatment

YZX XWX
Cd-1 0.02 +0.00c 0.01+0.00b
Grain Cd-2 0.04+0.01b  0.02+0.00b**
Cd-3 0.12 +0.00a 0.10+0.01a"
Average 0.06 0.04

Note. Different letters indicated significant differences among soil Cd
treatments. *The differences among varieties at the level of 0.05, and **a
significant difference at 0.01 level.

Cd-1<Cd-2 < Cd-3 (Figure 1), and there were significant dif-
ferences between YZX and XWX under three different soil Cd
concentrations. Under the Cd concentration of each soil, the Cd
content in the grains of YZX was higher than that of XWX but
was lower than 0.2 mg/kg in all cases; that is, they did not exceed
the threshold value for Cd content in food set by the National
Food Safety Standard for Limits of Pollutants in Food [22].

Under the same soil Cd concentration, the Cd content in
the grains of YZX was higher than that of XWX, and there
was a significant difference. The average values of Cd in the
three soils were 0.06 and 0.04 mg/kg, respectively. Com-
paratively, the low Cd accumulation in XWX in terms of the
Cd content in rice grains is favorable to that of YZX.
Therefore, the higher the initial Cd content in soil, the higher
the Cd content in rice grains.

4., Discussion

4.1. Effects of Cd Pollution on Antioxidant Enzyme Indices of
Rice

4.1.1. SOD Activity. The SOD activities in leaves for YZX
and XWX differed according to variety, Cd concentration,
and treatment time. The SOD activity of XWX was signif-
icantly higher than that of YZX (66.7%), which indicates that
the capacity of XWX to respond to Cd stress is higher than
that of YZX. In each growth period, the SOD activity in-
creased with the increase in Cd concentration, and the
differences among different Cd treatments were significant
and consistent in trend.

With the increase in the soil Cd concentration, the SOD
activity of rice leaves firstly increased and then decreased;
that is, the key growth period of rice leaves was the re-
productive growth period, and the SOD activity was more
sensitive to Cd at this time. These results indicated that the
protective system of antioxidant enzymes was activated
when the concentration of Cd in the environment reached a
certain threshold. The change pattern of the enzyme showed
an initial increase followed by a decrease, which indicates
that the enzyme has a greater potential to allow tolerance of
Cd stress, which is consistent with the research results on the
entire regeneration forests [23].

4.1.2. POD Activity. POD is an important antioxidant en-
zyme in plants that can degrade H,O, in plants and allow
them to avoid damage [24]. In this experiment, with the
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FIGURE 1: Variation trend of Cd content in seeds at maturity stage.

increase in the Cd pollution concentration, the changes in
POD and SOD activities of YZX and XWX were consistent
in trend. This is mainly due to the fact that in the life course
of rice, the enzymes of the antioxidant system are affected by
external factors, such as heavy metal Cd and the internal
metabolic process of plant aging [25].

Both varieties tested POD vigor, as the extension of the
growth period showed a significantly smaller tendency,
namely, the tillering stage > booting stage > full panicle stage
of maturity; POD plays a clearly defined free radical role in
rice, and the effect of POD activity decreased with the de-
crease in the mean antioxidant protection ability; this may be
due to the level of Cd stress under the condition of active
oxygen free radicals. In other words, the capacity of the
enzyme to handle Cd stress was reached.

4.1.3. CAT Activity. When plants are stressed by heavy
metals, CAT activity increases, indicating that CAT can
enhance plant resistance [26]. In this experiment, the CAT
activity of XWX was higher than that of YZX, and the
situation was similar regarding POD activity. With the in-
crease in Cd pollution concentration, CAT activity in-
creased, which is consistent with previous research results
[27].

The CAT activity of YZX and XWX showed a significant
difference at different growth stages under the same soil Cd
concentration, and the biggest decrease was observed at the
full heading stage, indicating that Cd stress had a great
influence on the CAT activity of YZX and XWX under the
conditions tested in this experiment. The two varieties
showed an increasing trend with the growth period of the
two cultivars, and there were significant differences among
the growth periods. This indicates that Cd stress changes
greatly as the aging of the plant affects their metabolism.
With the extension of the growth period, the adaptability of
rice to Cd is enhanced, the antioxidant protection ability is
enhanced, and the difference in CAT activity is gradually
reduced.
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4.1.4. MDA Content. MDA can change the fluidity and
permeability of the cell membrane, and its content can
reflect the degree of damage to the plant membrane system
and indicate the ability of the plant to resist stress [28]. In
this experiment, the MDA content of YZX and XWX in-
creased with the increase in soil Cd concentration and the
prolongation of treatment time (i.e., growth process). The
accumulation of MDA indicated that rice was experiencing
stress due to H,O,, O*"-, OH., and other reactive oxygen
radicals, which cause the peroxidation of rice leaf cell
membranes [29].

It can be seen from the above results that the growth of
rice is affected under soil Cd pollution, and the trend is
consistent between the varieties. The MDA content in rice
leaves increases significantly, and with the increase in soil
Cd concentration, the increase in MDA becomes more
obvious [30]. Hence, in response to the increase in soil Cd
concentration in this experiment, the activities of SOD,
POD, and CAT showed a gradual upward trend, while the
MDA concentration showed an opposite or downward
trend [31]. There were significant differences in the ac-
tivities of antioxidant enzymes in different rice varieties
under the same and different soil Cd concentrations. It
was found that the activities of SOD, POD, and CAT
decreased with the increase in Cd concentration in soil.

4.2. Effects of Cd Stress on Photosynthetic Parameters of Rice

4.2.1. Comparison of Photosynthetic Parameters between
Varieties. The Pn, Gs, Ci, and Tr of XWX were higher than
those of YZX, and the Pn, Gs, and Ci decreased gradually
with the prolongation of the growth period; only Tr was the
lowest at the full heading stage and then eventually rose
again. The results of this experiment showed that between
the two rice varieties with different Cd tolerance, XWX had a
lower variation range of photosynthetic parameters than
YZX. Comparatively, XWX had a stronger tolerance to Cd in
the soil than YZX [32], which could protect itself from
environmental damage.

4.2.2. Comparison of Photosynthetic Parameters with Dif-
ferent Cd Concentrations. The Pn, Gs, Ci, and Tr of different
varieties were highest in Cd-2, followed by Cd-3, and the
lowest in Cd-1, that is, Cd-2 > Cd-3 > Cd-1. In addition, Pn,
Gs, and Ci decreased gradually with the prolongation of the
growth period, and Tr was the lowest at the full heading stage
and then eventually rose again.

Previous studies have shown that Cd stress in rice
seedlings leads to decreased photosynthetic parameters
(such as photosynthetic rate, transpiration rate, and
stomatal conductance) in leaves. The Tr of rice photo-
synthesis is negatively correlated to Cd concentration, i.e.,
the higher the Cd concentration, the lower the Tr [33]. In
this experiment, the Pn and Gs of YZX and XWX had a
promoting effect on the photosynthesis of rice plants
under the low-concentration treatment. When the Cd
concentration increases to a certain threshold, the pho-
tosynthetic rate peaks and then gradually declines [34].

The change trends were the same for both varieties. The Tr
value of XWX was higher than that of YZX, but the
difference was not significant, indicating that for XWX in
a certain period, the transpiration of water per unit leaf
area was slightly higher than that of YZX, so as to cope
with the damage caused by Cd pollution to the plants.
Throughout the entire rice growth period, Pn and Gs
present a decreasing trend with increases in the soil Cd
concentration, and the research results of Chen [35] and
also of Xiao [36], which show that stomatal openness
affects the efficiency of gas exchange, support our results
in the rice heading stage. In contrast to Pn and Gs, Ci first
decreased and then increased, which was different from
the results of Wang et al. [37] and James [38] that indi-
cated the rise and fall of Pn were caused by nonstomatal
restriction. This may be due to the restriction of RuBP
carboxylation, photosynthetic activity, and inorganic
phosphorus, which hinders CO, utilization [39]; this is
consistent with the research results of Zhang et al. [40]. In
general, there was a positive correlation among Pn, Gs, and Tr
and a negative correlation with Ci. At the same time, the high
concentration of Cd inhibited Pn and Gs, both of which
decreased simultaneously, while Ci and Tr increased, indi-
cating that nonstomatal limiting factors led to a decrease in Tr.

4.2.3. Trend in the Variation of Photosynthetic Parameters
among Different Growth Stages. The four indexes of Pn, Gs,
Ci, and Tr of both varieties showed the following values in
four growth stages: tillering stage>booting stage > full
heading stage > maturity stage. Both Pn and Gs showed that
Cd-2 was higher than Cd-1 and Cd-3, presenting a “pyra-
mid” trend. Ci decreased with the increase in soil Cd
concentration, while Tr and Ci showed the opposite trend;
that is, they increased with the increase in soil Cd
concentration.

4.3. Cd Uptake by Two Rice Varieties in Cd-Contaminated Rice
Fields

4.3.1. Comparison of Cd Accumulation between Two Rice
Varieties. Studies [41] have shown that, under the same Cd
stress, different rice varieties have different performances in
Cd absorption, accumulation, and distribution in paddy soil
due to interspecific (different species and genera) and in-
traspecific (different varieties or varieties) differences. For
the same growth period of the same rice organs under the
same Cd soil concentration, most of the experimental
treatments showed that the Cd content of YZX was sig-
nificantly higher than that of XWX; only a small number of
experimental treatments showed no significant difference
between the two varieties, namely, only the organs (root,
stem sheath, and leaf) of Cd-1 at the maturity stage. There
was no significant difference in the Cd content in the roots of
rice varieties at the Cd-2 tillering and Cd-3 booting stages (a
total of five treatments, accounting for 13.89% of the total
treatments), but the Cd content in YZX was significantly
higher than that in XWX. Relatively, YZX absorbs Cd more
easily than XWX.
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4.3.2. Comparison of Cd Accumulation under Three Cd
Concentration Gradients. The Cd content of rice increased
significantly with the increase in the soil Cd concentration
for the same growth period and the same rice variety in the
same rice organ. Taking the tillering stage as an example, the
root Cd content of Cd-3 was (2.05 mg/kg) > Cd-2 (1.29 mg/
kg) > Cd-1 (1.03 mg/kg), and the Cd content of Cd-3 was
significantly higher than that of Cd-1 and Cd-2, but there
was no significant difference between Cd-1 and Cd-2. When
reaching the booting stage, the root Cd content of Cd-3 was
(4.86 mg/kg) > Cd-2 (2.10 mg/kg) > Cd-1 (1.54 mg/kg), and
there were significant differences among different treat-
ments. Therefore, the higher the original Cd content in the
soil, the more the Cd absorbed by rice.

4.3.3. Change Trend in Cd Accumulation among Different
Growth Periods. The accumulation of Cd differs greatly
depending on the growth stages of rice. Zhao et al. [42]
examined the whole growth period and found that the Cd
uptake trend of different organs of different varieties was
inconsistent at each growth period. The Cd content in the
roots, stems, and leaves of rice at the booting stage was
significantly higher than that at the other growth stages,
while the Cd content in various organs of rice at other
growth stages fluctuated. The average Cd content of three
kinds of soil at different growth stages was as follows:
booting stage (1.69 mg/kg) > full heading stage (0.94 mg/
kg) > tillering stage (0.80 mg/kg) > maturity stage (0.50 mg/
kg); in XWX, booting stage (1.04 mg/kg) > full heading
stage (0.58 mg/kg) =tillering stage (0.58 mg/kg) > maturity
stage (0.30 mg/kg). Therefore, the booting stage is the key
stage in rice, where Cd absorption is highest. However,
fluctuation was observed in both the root and leaf, and no
obvious trend was found. In XWX, there was no correlation
with the growth stage, but the highest Cd content was found
in all organs at the booting stage (average value was
1.05 mg/kg). Peng et al. [43] used hydroponic experiments
to add exogenous Cd at different growth stages of rice, and
the results showed that Cd exposure at the booting and
heading stages contributed significantly to Cd accumula-
tion in rice. Under the condition of high Cd, Tang et al. [44]
found that the biomass of rice with high Cd accumulation
increased gradually with the extension of the growth pe-
riod, and there was a positive correlation between Cd
accumulation in shoots of rice with high Cd accumulation
and the whole plant, and the Cd accumulation rate in the
shoots and the whole plant reached the maximum at the
filling stage.

4.3.4. Analysis of Cd Accumulation in Different Rice Organs.
As the most important nutrient-acquiring organ, the rice
root absorbs and accumulates minerals and other nutrient
elements while introducing Cd into the system. Its ability to
introduce Cd into the system depends on the Cd content in
the environment and the transport efficiency of metal ion
channels in the root system [45-48]. Ju et al. [49] found that
nutrient elements in roots, stems, and leaves enter grains via
the cob, and the final Cd content in grains is determined by
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the Cd concentration in the cob, which is highly positively
correlated [50]. In this experiment, the Cd content in the
roots of rice was significantly higher than that in stems,
sheaths, and leaves under the same soil Cd concentration for
the same variety and growth period. The Cd content of the
stem sheath was significantly higher than that of the leaf in
most experimental treatments. Taking the tillering stage as
an example, the average Cd contents in different organs of
three soils under the Cd concentration were as follows: root
(1.46 mg/kg), stem sheath (0.71 mg/kg), and leaf (0.25mg/
kg). Therefore, the root system of rice is the most important
organ to absorb Cd. The Cd content in all organs of the rice
plant is highest in the root system, followed by the stem and
sheath leaves, and the least in the grain, that is, root > stem
and sheath > leaf > grain, which is consistent with the pre-
vious research results of screening varieties or breeding
intermediate materials with low Cd absorption or low ac-
cumulation in the grain by artificially adding Cd [51-54].
The Cd content of YZX was higher than that of XWX but was
lower than 0.2mg/kg in all cases and does not exceed the
levels specified in the safety standard for Cd intake in food.

5. Conclusions

The activity of SOD, POD, and CAT of XWX was higher than
that of YZX, but the content of MDA was the opposite. SOD,
POD, and CAT all increased with the increase in Cd con-
centration, while the MDA content decreased in the three
contaminated soils with different Cd concentrations.
Through the comparative analysis of photosynthetic phys-
iology, it was found that the low-Cd-accumulating rice,
XWX, was more tolerant to Cd in the Cd-polluted soil, while
the high-Cd-accumulating rice, YZX, was more sensitive.
The Cd absorption trend of the two tested varieties was
consistent: the booting stage is the key stage of Cd ab-
sorption of all four growth stages, in which Cd levels peak.
Under different soil Cd concentrations, the Cd content in all
organs of rice plants increased with the increase in soil Cd
concentrations. The trend in Cd content for all organs is that
the farther away they are from the root, the lower the Cd
content.
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In this study, the physiological response of the annual branches of three varieties of pitaya (Xianmi, Fulong, and Zihonglong) in
cold stress was investigated using a multivariate statistical method. Physiological change results showed that cold stress could
decrease the moisture and chlorophyll contents, on the contrary, increase the relative electric conductivity, the contents of
malonadehyde, soluble protein, soluble sugar, and free proline, and enhance the enzyme activities of peroxidase, superoxide
dismutase, and catalase. Meanwhile, a comparative proteomic approach was also conducted to clarify the cold resistance-related
proteins and pathways in annual pitaya branches. Proteomics results concluded that the cold tolerance of annual pitaya branches
could be improved by modulating autophagy. Therefore, we hypothesized that an increased autophagy ability may be an im-
portant characteristic of the annual pitaya branches in response to cold stress conditions. Our results provide a good under-
standing of the physiological responses and molecular mechanisms of the annual pitaya branches in response to cold stress.

1. Introduction

Pitaya (Hylocereus spp.), a member of the family Cactaceae,
is a perennial climbing cactus plant which is rich in an-
thocyanins, betanin, and plant albumin [1, 2]. Because of the
ability of pitaya to resist prolonged drought, it is considered
to have a high potential for agricultural development, es-
pecially in the drought areas [3, 4]. Therefore, pitaya has
been a thriving fruit and large-scale commercial cultivation
in the karst regions of southwest China, such as Guangxi,
Yunnan, and Guizhou provinces, which are frequently ex-
posed to severe drought stress. However, low temperature is
also found to be the most important environmental factor
which can limit the development of pitaya production [5].
Literature has reported that most pitaya cultivars can tol-
erate 0°C, which may lead the pitaya fruits and its young
buds, shoots, and even some mature branches to death [6].
The lower the temperature with the longer the duration, the
more serious the effect on the pitaya yield and quality [7].

Meanwhile, literature has reported that cold stress
(classified as chilling (0 to 15°C) or freezing (<0°C) stress)

can affect agricultural production [8]. When exposed to low
temperature, to adapt to the cold stress, plants require
physiological response and cold resistance to survive, which
is known as ‘cold acclimation’ [9]. In the past few years,
significant progress in many plants, such as pitaya fruit [7],
cassava [10, 11], alfalfa [12], petunia seedlings [13], castor
seeds [14], rice [15], and grape [16], has been made in
understanding the molecular mechanisms under cold stress.

In recent years, literatures reported that the moisture
content, chlorophyll content, relative electric conductivity
(REC), malonadehyde (MDA) content, soluble sugar con-
tent, soluble protein content, free proline content, catalase
(CAT) activity, peroxidase (POD) activity, and superoxide
dismutase (SOD) activity can be used as the indices to
identify the cold resistance [11, 17-21]. Different pitaya
varieties have different adaptabilities to the cold resistance,
and the cold resistance among different pitaya varieties
could be determined by the multi-index comprehensive
evaluation [22]. Meanwhile, in the past few years, the
comparative proteomic approach has been become a
promising tool that is crucial for plants’ stress response
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[23-27]. However, to date, our understanding of cold stress
mechanisms in pitaya branch is limited.

In this study, the annual branches of three varieties of
pitaya (Xianmi (XM), Fulong (FL), and Zihonglong (ZHL))
were selected, and a multivariate statistical method and a
comparative proteomic approach were used to investigate
the tolerance to cold stress of the annual pitaya branches.

2. Materials and Methods

2.1. Plant Material, Growth Condition, and Cold Treatments.
The annual branches of three varieties of pitaya (XM, FL, and
ZHL) with basically the same cultivation management mea-
sures and similar growth potential (approximately 50 cm length
and 10 cm width without fruits and flowers) were selected from
the pitaya demonstration garden of Luodian experimental
station of Guizhou Fruit Institute in Dec. 2020. The branches
are required to be complete and smooth, with no obvious
disease spots on the surface and no obvious mechanical injury
or freezing damage. The annual branches of three varieties of
pitayas were transferred to a chamber for pretreatment for
1 day at 25°C. After that, the temperature of the chamber was
dropped to 0°C with the gradient of 5 “C/h for cold treatment
with light/dark cycles of 16/8h. The annual branches were
exposed to 0°C for 0, 1, 3, 5, and 7 days, respectively, and then
frozen at —80°C. The branches in the chamber maintained at
25°C for 7 days were used as negative controls (CK).

2.2. Physiological Response Analyses. To analyze the physio-
logical responses of the annual pitaya branches under cold
stress, the REC, the contents of moisture, chlorophyll, MDA,
soluble protein, soluble sugar, and free proline, and the enzyme
activities of POD, SOD, and CAT were measured in this study.

2.2.1. Moisture Content Determination. The moisture con-
tents of the annual branches of the three varieties of pitayas
were determined according to AOAC official method 934.06
and calculated using formula (1).

Moisture content (%) = M x 100. (1)

a

In this formula, m, and my, are the qualities of samples
before and after drying at 70°C, respectively [28].

2.2.2. Chlorophyll Content Determination. The chlorophyll
contents of the annual branches of the three varieties of
pitaya were determined by a reported method with some
modifications [29]. Each test sample (50 mg) was placed in a
5 mL precooling mixture solution with 85% acetone and 85%
ethanol (v/v=1/1) to be homogenized and incubated in a
chamber for 0.5h at 25°C. Then, the supernatant was ob-
tained by centrifuging at 6,500 g for 15 min. The ODgg3 and
ODg45 values of the supernatant were monitored by using a
Multiskan Sky 1530 microplate reader (Thermo Scientific,
Poland). The contents of chlorophyll a (C,), chlorophyll b
(Gp), and total chlorophyll (C;) were calculated using the
following equations:
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C,(mg/L) = 0.01270Dgg; — 0.002690D,,5,  (2)
C, (mg/L) = 0.02290Dg,; — 0.004680D;, (3

C,(mg/L) =C, +C,. (4)

2.2.3. REC Determination. The REC was determined
according to Wang’s method [30]. Each test sample (2 g) was
placed in 30 mL distilled water at room temperature for 3h
to determine the value of electrical conductivity (EC,). After
that, the test sample was boiled for about 20 min and then
quenched to room temperature to determine the EC, value.
EC, value was the electrical conductivity value of the dis-
tilled water. REC was calculated using the following
equation:

(EC, —EG,) x 100 (5)

REC(%) = ——= .
(%) =8¢, =5C,)

2.2.4. Determination of the Contents of Soluble Protein,
Soluble Sugar, Free Proline, and MDA. The soluble sugar
contents were identified according to Solarbio kits (Solarbio,
Beijing, China). Coomassie brilliant blue G250 was used to
measure the content of soluble protein [31]. The contents of
free proline and MDA were measured using the proline and
MDA content determination kits (Nanjing Jiancheng Bio-
engineering Institute, Nanjing, China).

2.2.5. Determination of the Enzyme Activities of CAT, SOD,
and POD. The enzyme activities of CAT, SOD, and POD
were measured with the corresponding enzyme assay re-

agent kits (Suzhou Comin Bioengineering Institute, Suzhou,
China).

2.2.6. Fuzzy Synthetic Evaluation. The cold resistance
abilities of the annual branches of the three varieties of pitaya
were evaluated using the fuzzy mathematics method [32].
The positive subordinate function values, such as REC, the
contents of MDA, soluble protein, soluble sugar, and free
proline, and the activities of SOD, POD, and CAT, were
calculated as equation (6); meanwhile, the negative subor-
dinate function values, such as moisture and chlorophyll
contents, were calculated as equation (7):

(Xij - Xmin)

f(XU) ) (Xmax - Xmin)) (6)
Xi' - Xmin
)1~ e 7

where f (Xj)) is the value of the i pitaya variety of the j item,
X is the value of the i pitaya variety of the j item, and X«
and X,,;, are the maximum and minimum values of the j
item, respectively.
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2.3. Recovery Growth of Annual Pitaya Branches after Cold
Treatment. In order to investigate the recovery growth of
the annual pitaya branches after cold treatment at 0°C for 7
days, we transplanted the precooling treated annual pitaya
branches into the greenhouse with the temperature in-
creased from 0 to 25°C by 5°C/h, light/dark cycles of 16/8 h,
and 90% relative humidity. The survival rate and germi-
nation rate were counted after 60 days.

2.4. Proteomics Analysis

2.4.1. Protein Extraction and LC-MS/MS Analysis. The an-
nual branches of the three varieties of pitaya, preexposed to
0°C for 7 days, were used as the test samples for proteomics
analysis. In each experiment, about 1.5g fine powder
samples were suspended in a 10mL precooling acetone
solution containing 0.15% trichloroacetic acid, 10% poly-
vinylpyrrolidone, and 0.07% fS-mercaptoethanol. The solu-
tion was stored at ~20°C overnight and centrifuged at 8,000 g
and 4°C for 30 min. The precipitate was washed using 10 mL
precooled acetone three times and then dissolved in 5 mL of
precooled protein extraction buffer (40 mM dithiothreitol,
0.1 M KCl, 0.7 M sucrose, 50 mM EDTA, and 0.5 M Tris-HCI
(pH 7.5)). The protein solution was collected by centrifu-
gation at 12,000g and 4°C for 15min. The polypeptide,
digested to polypeptide with trypsin at 37°C overnight, was
dissolved in 50 uL of HPLC-grade H,O containing 0.1%
formic acid and detected using an AB SCIEX Triple TOF
5600 mass spectrometer (Foster City, CA, USA). The pa-
rameters of MS were set according to the manufacturer’s
recommendations.

2.4.2. Sequence Database Searching and Bioinformatics
Analysis. MS/MS spectra (Wiff. files) were analyzed and
quantified using the MaxQuant software and searched
against the Cactaceae proteome by the reported methods
[33, 34]. The raw data were uploaded in iPorX (http://www.
iprox.org) with the accession number of IPX0001296003.
The differentially expressed proteins (DEPs) (the expression
level > 2-fold and p value < 0.01) at the Gene Ontology (GO)
term, named cellular components (CC), biological processes
(BP), and molecular function (MF), were calculated. Then,
the pathway enrichment of DEPs was identified from the
Kyoto Encyclopedia of Genes and Genomes (KEGG)
database.

2.5. Statistical Analysis. GraphPad Prism 5 software
(GraphPad Software, Inc., San Diego, CA, USA) was used to
analyze the significant difference at p <0.05.

3. Results and Discussion

3.1. Physiological Changes with Cold Treatment. Low tem-
perature can affect the growth and development of many
plants, especially originating from tropical and subtropical
origins. Due to the time and region of domestication, dif-
ferent varieties of pitaya have different cold resistance.
Therefore, in this study, the annual branches of the three

varieties of pitaya were selected and the physiological re-
sponses on the cold resistance abilities of annual pitaya
branches were investigated. The dynamic changes results of
moisture and chlorophyll contents in cold stress are listed in
Figure 1. Figure 1 shows that compared with the control
group (0day), the moisture content (Figure 1(a)) and
chlorophyll content (Figure 1(b)) of the annual branches of
the three varieties of pitaya have a tendency to decrease from
1 to 7 days under the cold treatment. In the previous study,
the relationship between plant moisture content and cold
resistance under low temperature was studied, and the re-
sults revealed that the cold resistance was positively cor-
related with the moisture content [35]. In this study, we
found that the cold resistance could decrease the moisture
content in annual pitaya branches which are in accord with
the previous report [35]. Meanwhile, previous studies
showed that the chlorophyll content, which is closely related
to photosynthesis, has been proved to be an effective pa-
rameter for evaluating plant cold resistance [36-39]. In this
study, our results showed that cold stress could significantly
decrease the chlorophyll contents in the annual branches of
the three varieties of pitaya, which are in accord with the
previous reports [40, 41].

Compared with the control group (0 day), the REC
(Figure 2(a)) and MDA content (Figure 2(b)) of the annual
pitaya branches were increased under cold stress from 0 to
7 days. Overall, with the time extension of cold treatment
from 0 to 7 days, the REC and MDA contents of ZHL were
consistently lower than those of FL and XM. REC, which was
used to research the cytoplasmic membrane damage, is a
physiological parameter for evaluating plant cold resistance
[42, 43]. In the previous study, Wang et al. [44] and Li et al.
[45] found that the REC of corn seedling and tea leaf could
increase under cold stress. In our study, we found that the
REC of the annual pitaya branches increases under cold
stress, proving that cold stress can increase the membrane
permeability of the annual pitaya branches. MDA, an im-
portant physiological and biochemical index, can reduce the
content of antioxidants to inhibit the activity of cell pro-
tective enzymes and accelerate the process of membrane
lipid peroxidation [46]. Yin et al. [47] found that the low-
temperature stress had a little effect on the content of MDA
in cassava in the early period, but with the extension of stress
time, large amounts of MDA were accumulated due to severe
peroxidation of membrane lipids. Therefore, determination
of MDA content and its dynamics in a plant can reflect the
strength of cold resistance of the plant to low-temperature
stress. This study results demonstrated that cold stress can
increase the MDA content in annual pitaya branches.
Similar results were also obtained in the previous studies
about cassava [48], maize [49], peach [50], pineapple [51],
tomato [52], and rapeseed [53].

Compared with the control group (0 day), the contents
of soluble protein (Figure 3(a)), soluble sugar (Figure 3(b)),
and free proline (Figure 3(c)) of the annual pitaya branches
were enhanced with the extension of the cold stress time
from 0 to 7days. Soluble protein can increase the water
content in the cell to reduce the cold injury [54]. In the
present study, we demonstrated that the soluble protein
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content and cold resistance revealed a positive correlation,
and similar results were also obtained by Wallis et al. [55].
Meanwhile, soluble sugar is an important osmotic substance
in plant cells, and it can increase the content of intracellular
solute. The increase of soluble sugar content is beneficial to
the increase of osmotic pressure, thus enhancing the water
retention ability of plant cells [55]. This study showed that
the soluble sugar content in annual pitaya branches could
increase to again be conducive to cold stress.

With the extension time of cold treatment from 0 to
7 days, the antioxidant enzyme activities, including SOD,
POD, and CAT, exhibited an increasing trend under cold
stress (Figure 4). In the rise trend, the SOD, POD, and CAT
activities of ZHL were consistently higher than those of FL
and XM. Antioxidant enzymes had an important role in
protecting the membrane system for maintaining the normal
physiological activities of plants [56]. SOD is a key factor in
eliminating reactive oxygen species (ROS) to decrease the
ability to minimize oxidative damage under cold stress [57].

Meanwhile, POD can induce the salicylic acid (SA) pathway
to promote cell-wall reinforcement, thus activating the
systemic acquired resistance (SAR) to cold stress [58, 59]. In
addition, CAT can protect plant cells from oxidative damage
under cold stress by catalyzing H,O, to decompose to water
and oxygen [60]. Therefore, our results demonstrated that
cold stress may improve cold resistance of plants in the form
of antioxidant enzymes.

The cold resistance abilities of the annual branches of
the three varieties of pitaya were evaluated using the fuzzy
mathematics method, and the results are shown in Table 1.
The higher cold resistance abilities have higher value of
synthetic evaluation values [61]. Table 1 shows that the
synthetic evaluations of cold resistance indicator of the
annual branches of XM, FL, and FHL were 0.495, 0.515,
and 0.545, respectively, demonstrating that the cold re-
sistance abilities of the annual branches of the three va-
rieties of pitaya were ranked in the order of
ZHL > FL > XM.
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3.2. Recovery Growth of Annual Pitaya Branches after Cold
Treatment. After 60 days of recovery growth, the results, as
shown in Table 2, showed that ZHL had the best survival rate
(45.25%) and germination rate (39.16%), followed by FL
(35.16% and 31.58%, respectively) and XM (26.62% and 21.49%,
respectively), showing that the cold resistance abilities of the
annual branches of the three varieties of pitaya were in the order
of ZHL >FL>XM.

3.3. Label-Free Proteomics Analysis. The proteomics tech-
nique was used to analyze the cold stress responses of the
annual branches of the three varieties of pitaya. A total of 2798
proteins were identified in the annual branches of the three
varieties of pitaya, and the results are listed in Table S1, of which
1900, 2099, and 2023 proteins were identified in the annual
branches of ZHL, FL, and XM, respectively. Meanwhile, the
box plot (Figure 5(a)) and normal distribution (Figure 5(b)) of
the protein expression of the three varieties of pitaya indicated
that compared with FL and XM, ZHL had the highest protein
expression abundance.

As shown in Figure 6(a) and Table S1, the numbers of
identified proteins of ZHL vs. XM showing up- and
downregulation were 699 and 450, respectively.
Figure 6(b) and Table S1 show that the up- and down-
regulated proteins of ZHL vs. FL were 494 and 784,
respectively. Figure 6(c) and Table S1 also show that the
up- and downregulated proteins of FL vs. XM were 492
and 390, respectively. Meanwhile, to clarify the cold
resistance ability-related proteins in the annual branches
of the three varieties of pitaya, the numbers of in turn up-
(mode=1) and downregulated (mode=-1) expression
proteins were also investigated, and the results are listed
in Figure 7 and Table S2. As shown in Figure 7 and Table
S2, the numbers of in turn up- and downregulated

expression proteins in XM, FL, and ZHL were 479 and
261, respectively.

The functions of the in turn up- and downregulated ex-
pression proteins were annotated by GO analysis and further
classified into the categories of MF, CC, and BP. GO term
enrichment analysis of the in turn up- and downregulated
expression proteins revealed that main CC involved ribosome
(GO:0005840), cytoplasm (GO:0005737), membrane (GO:
0016020), mitochondrion (GO:0005739), and chloroplast (GO:
0009507); main BP involved translation (GO:0006412), car-
bohydrate metabolism (GO:0005975), small-molecule meta-
bolism (GO:0044281), response to stress (GO:0006950), and
transport (GO:0006810); and main MF involved structural
molecule activity (GO:0005198), lyase activity (GO:0016829),
rRNA binding (GO:0019843), oxidoreductase activity (GO:
0016491), and ligase activity (GO:0016874). Meanwhile, KEGG
analysis results, shown in Table S3, showed that the in turn up-
and downregulated expression proteins identified in XM, FL,
and ZHL were mainly related to autophagy (path:ko04138),
carbon fixation pathways in prokaryotes (path:ko00720), fluid
shear stress and atherosclerosis (path:ko05418), Epstein—Barr
virus infection (path:ko05169), and biosynthesis of amino acids
(path:ko01230). It is worth noting that the pathway with the
highest enrichment was autophagy (path:ko04138). Autophagy,
a major process of protein degradation, can recycle nutrient
contents to remove the damaged proteins when exposed to the
environmental stress conditions [62, 63]. Recent studies had
divulged that autophagy is extremely important in environ-
mental stress and plant development [64-69]. Therefore, our
results demonstrated that autophagy may play a key role in
response to cold stress in annual pitaya branches, and we
concluded that the pitaya branches could be improve tolerance
to cold stress by modulating autophagy to clean up the damaged
cellular structures caused by cold stress conditions for recycling
of nutrients.
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TaBLE 2: The survival rate and germination rate of the annual branches of the three varieties of pitaya.

Pitaya varieties Survival rate (%)* Germination rate (%)*
ZHL 4525+ 3.65A 39.16+2.65A
FL 35.16 £2.95B 31.58 +4.16B
XM 26.62+5.26C 21.49+1.98C

“Experiments were repeated three times. Different uppercase letters indicate the values of survival rate and germination rate with a significant difference
among different pitaya varieties at p <0.05.
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FIGURE 6: Volcano plot of the relative protein abundance changes in the annual branches of the three varieties of pitaya. (a) ZHL vs. XM, (b)
ZHL vs. FL, and (c) FL vs. XM. The green and red dots are the up- and downregulated DEPs, respectively.
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FIGURE 7: The in turn up- (a) and downregulated (b) expression proteins in the annual branches of the three varieties of pitaya.

4. Conclusions

In conclusion, the physiological and proteome dynamic
changes in the annual branches of the three varieties of
pitaya were investigated using a multivariate statistical
method and a comparative proteomic approach, respec-
tively. Physiological response results showed that the con-
tents of moisture and chlorophyll decreased, in contrast with
the REC and the contents of MDA, soluble protein, soluble
sugar, and free proline increased, and the enzyme activities
of SOD, POD, and CAT enhanced in annual pitaya branches
under cold stress. Meanwhile, proteomic analysis results
concluded that the pitaya branches could improve tolerance
to cold stress by modulating autophagy. In addition, the

physiological and proteome dynamic changes results
demonstrated that the cold resistance of the annual branches
of the three varieties of pitaya should be in the order of
FHL > FL > XM which are in accord with the cold resistance
ability in agricultural production under the natural envi-
ronment condition. Our results provide a better under-
standing of how the annual pitaya branches respond and
survive under low temperatures.
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