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Abstract: Grafting is the most important means of breeding peach, plum, apricot, and other fruit trees, and the selecti-
on of the rootstock is crucial to the quality of the grafting and the yield of the products. The traditional commonly used
peach rootstock is susceptible to root-knot nematode infections, resulting in a decreased yield, while a variety of cherry
plum rootstocks, Mirabolano 29C, is resistant to root-knot nematode. In this study, root-knot nematode infection expe-
riments on seedlings of traditional peach rootstocks and Mirabolano 29C confirmed that Mirabolano 29C was indeed
more resistant to root-knot nematodes. At the same time, we compared the roots of the root-knot nematode uninfected
and infected Mirabolano 29C by transcriptome sequencing and found 3 176 differentially expressed genes. A further
functional enrichment analysis of these genes found that the secondary metabolites, phenylpropane and flavonoids, may
be responsible for the high resistance of Mirabolano 29C to root-knot nematodes. These results can provide a reference
value for the disease resistance breeding of rootstocks.
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Grafting is an ancient method that has commonly
been applied in agriculture for thousands of years
and it has many advantages (Notaguchi et al. 2020;
Guo et al. 2017; Thomas & Frank 2019). For example,
plants often show higher abiotic and biotic resist-
ance after grafting compared with their parents and
they can even live in a new environment (King et al.
2008; Melnyk & Meyerowitz 2015; Guo et al. 2017).
In addition, grafting is also used to improve the yield
in agriculture and to change the branch structure
(Thomas & Frank 2019). Nowadays, it is an effective
way to propagate many fruit trees with an economic
and nutrient value like the peach (Prunus persica L.),
plum (Prunus salicina Lindl.), and apricot (Prunus
armeniaca) by grafting (Notaguchi et al. 2020).

The rootstock is an important part of the grafting
of fruit trees. Thus, the types of rootstocks, their
physiological activities, and their ability to resist
stress, are the factors that we need to consider when
choosing rootstocks. Currently, pests, especially root-
knot nematodes, are thought to be one of the main
factors affecting the agricultural yield and quality
(Dodds & Rathjen 2010; Xu et al. 2019; Forghani &
Hajihassani 2020). Reducing the losses from root-knot
nematodes through some pesticides is effective, but
this practice is not supported as it will undoubtedly
put huge pressure on the environment (Xu et al. 2017).
Therefore, it is an effective way to breed rootstocks
that are more resistant to pests and diseases.

Peaches, plums, apricots and other stone fruit agri-
cultural products are widely loved by people for their
rich nutritional value, sweet and refreshing taste and
great economic value (Faust et al. 1998; Byrne et al.
2012; Birwal et al. 2017). Grafting is the main way
of propagation, so the selection of rootstocks is very
important. The rootstock of peaches, as the common
rootstock for grafting, are susceptible to root-knot
nematode infections (Lu et al. 1998). When root-
knot nematodes infect a plant, many root galls form
on the main root and lateral roots of the plant, which
seriously affect the transport of nutrients and cause
poor plant growth and development, causing great
losses to production (Opperman et al. 1994). Mirab-
olano 29C (Prunus cerasifara) is a rootstock native
to the United States of America and is used for drupe
fruit trees, such as plums and apricots, in Europe and
the United States of America. It has strong resistance
to root-knot nematodes. However, there is no report
on the molecular level of its resistance to root-knot
nematodes. In this study, we compared the resistance
of the peach rootstock and Mirabolano 29C to root-
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knot nematodes and explored the potential reasons
that Mirabolano 29C shows resistance to root-knot
nematodes by transcriptome sequencing. The ob-
tained results provide a theoretical basis for research
on rootstock resistance to nematodes and diseases.

MATERIAL AND METHODS

Preparation and treatment of plant materials.
Seeds of cherry plums (Mirabolano 29C) (Prunus
cerasifara) and peaches (Amygdalus persica (L.)
Batsch) were sown to grow normally in soil free
of root-knot nematodes (Meloidogyne incognita,
(GH-1)). One year later, 30 well-growing cherry plum
and peach plants were selected for the subsequent
experiments. Half of the seedlings of each material
were transplanted into a root-knot nematode-rich
(second instar larvae, about 500 nematodes/100 g)
soil. A mixture of lateral and fibrous roots of Mirab-
olano 29C grown normally and treated with nematodes
for three days was taken for transcriptome sequencing.
Three biological replicates of each group were used.
In addition, fifteen days later, the nematode infesta-
tion of the roots of both materials was compared.

Total RNA extraction, RNA-Seq library prepara-
tion and sequencing. TRIzol (Rio et al. 2010; Zhang
et al. 2010) was used for RNA extraction. The mRNA
from three organs (three replicates) was purified
from the total RNA using oligo (dT) magnetic beads
for sequencing (Young et al. 2010; Patterson et al.
2019; Rao et al. 2020). A DNA probe was digested
with DNase I after hybridisation with rRNA to ob-
tain purified RNA. A fragmentation buffer was then
used to turn the RNA into small fragments. Random
N6 primers were used to synthesise the first-strand
¢DNA, which was then followed by a second-strand
c¢DNA synthesis. The ends of the double cDNA were
repaired; the 5' ends were phosphorylated, and the
3'ends were A-tailed to form cohesive ends (Beijing
Genomics Institute, Shenzhen, China). Then, the
cDNA was ligated to the sequencing adapters. The
ligation products were amplified using polymerase
chain reaction (PCR) to build a cDNA library which
was sequenced on the DNBSEQ-T7 platform (Beijing
Genomics Institute, Shenzhen, China). The raw RNA
sequence data were submitted to the National Center
for Biotechnology Information (NCBI) Sequence
Read Archive with accession number PRJNA809767.

Transcript annotation and novel transcript pre-
diction. To obtain clean reads after the RNA-seq,
raw reads containing sequencing adapters with more
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than a 5% unknown base or more than a 20% low-
quality base were removed using SOAPnuke software
(Ver. 2.1.0) (Chen et al. 2018). STAR (Ver. 2.7.6a)
was used to map the clean reads to the reference
genome of Mirabolano 29C (https://www.rosaceae.
org/Analysis/9450778) from the GDR (Genome Da-
tabase for Rosaceae). To predict the potential novel
transcripts, StringTie (Ver. 1.2.4) was used to align
each sample to the genome, redundantly removing
and filtering out transcripts that overlap with known
transcripts to obtain a new set of transcripts, and
the Coding Potential Calculator (CPC) was used
to predict the coding capacity of the new transcripts
(Pertea et al. 2016).

Differential expression analysis and functional
enrichment. RSEM (Ver. 1.2.30) (Li & Dewey 2011)
was used to estimate the expression values for
each sample, and the read counts were normalised
using the fragment per kilo-base of transcript per
million fragments mapped (FPKM). The R pack-
age DESeq2 (Ver. 1.28.1) was used to perform the
differential expression analysis on the read-count
data (Love et al. 2014). Genes with |log, (fold
change)| > 1 and Benjamini-Hochberg (B & H)
corrected false discovery rate (FDR) < 0.05 were
considered differentially expressed genes (DEGs).
For a visual comparison of each sample, the R pack-
age ggplot2 (Ver. 3.3.0) was used to construct
a volcanic map (Wickham 2011). The DEGs were
subjected to a gene ontology (GO) (Ashburner
et al. 2000) functional enrichment analysis and
a Kyoto Encyclopedia of Genes and Genomes
(KEGGQG) (Kanehisa et al. 2004) analysis using the

Treated with nematodes

R package clusterProfiler for functional annota-
tion (Ver. 3.16.1) (Yu et al. 2012). The GO terms
and KEGG pathways with P < 0.05 were defined
as significantly enriched in DEGs.

RESULTS

Comparison of two rootstocks. As shown in Fig-
ure 1, when treated with nematodes, the root system
of the peach was infected and there was obvious
swelling. However, the roots of Mirabolano 29C
showed no difference between the group grown
under non-infected conditions and that treated with
nematodes. In this part, we can suggest that the
roots of Mirabolano 29C have stronger resistance
to nematodes than the peach. Thus, to discover the
reason, we performed a transcriptome analysis on two
groups (CK and treated with nematodes) of the Mi-
rabolano 29C roots.

Sequencing and mapping. Six different raw data
of the Mirabolano 29C samples (three CK: root with-
out nematode treatment; three CT: root with nema-
tode treatment) were generated by next-generation
sequencing. After filtering the raw data, clean reads
ranging from 47 650 524 to 98 110 150 were generated
(Table 1). The RNA sequence mapping revealed that
92.83-94.90% of the clean reads could be mapped
onto the reference genome, with most of them being
uniquely mapped (Table 2). In addition, 14 468 novo
transcripts were predicted (Table S1 in the Electronic
Supplementary Material (ESM)).

Differentially expressed genes and function en-
richment. To reveal the differences between CK and

(B)

Treated with nematodes

Figure 1. Mirabolano 29C roots treated with root-knot nematodes for 15 days (A left), Mirabolano 29C roots under

normal growth conditions (CK) (A right), peach roots treated with root-knot nematodes for 15 days (B left), peach roots

under normal growth conditions (CK) (B right)
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Table 1. Summary of the RNA-Seq data and quality of sequencing

Clean data ratio Clean data Q20 Clean data Q30 GC content
Sample Raw data Clean data
(%)

CK-1 63 090 204 62 054 888 98.36 96.31 89.44 46.40
CK-2 99 873 796 98 110 150 98.23 96.03 88.76 47.71
CK-3 91 699 272 90 164 324 98.33 96.10 88.98 46.73
CT1-1 48 455 606 47 650 524 98.34 96.03 88.73 46.09
CT1-2 79 436 312 78 433 388 98.74 95.59 87.47 46.33
CT1-3 91 964 394 90 711 424 98.64 95.76 87.87 46.02

Q20 - the percentage of bases with a Phred value > 20; Q30 — the percentage of bases with a Phred value > 30; GC content —the

percentage of nitrogenous bases in a DNA or RNA molecule that are either guanine (G) or cytosine (C)

Table 2. Six transcriptome samples mapped to the Genome

Sample Total clean reads Mapped reads Uniquely mapped reads Unmapped reads
CK-1 62 054 888 58 889 540 (94.90%) 52 164 068 (84.06%) 3165 348 (5.10%)
CK-2 98 110 150 92 956 474 (94.75%) 68 431 316 (69.75%) 5153 676 (5.25%)
CK-3 90 164 324 85 240 046 (94.54%) 71 275 066 (79.05%) 4924 278 (5.46%)
CT1-1 47 650 524 44,908 100 (94.24%) 40 753 590 (85.53%) 2 742 424 (5.76%)
CT1-2 78 433 388 72 809 996 (92.83%) 65 783 294 (83.87%) 5623392 (7.17%)
CT1-3 90 711 424 85 337 328 (94.08%) 77 339 892 (85.26%) 5374 096 (5.92%)

CT, we performed a comparative analysis of the six
samples. The DEGs were determined at a threshold
of |log, (fold change)| > 1 and FDR < 0.05. There
were 3 176 genes that differentially expressed when
comparing the CT to CK group (Table S2 in the ESM),
with 987 up-regulated and 2 189 down-regulated
genes (Figure 2).

The biological processes, cell components, and
molecular functions connected with these DEGs
are intuitively reflected by the enrichment of the
GO terms of the different genes. The DEGs found
in each group were subjected to a GO analysis, and
the enriched GO terms were recorded (Table S3
in ESM). For example, DEGs were significantly en-
riched into cellulose biosynthetic process, cellular
glucan metabolic process, xyloglucan metabolic
process, and cell wall biogenesis. The top enriched
20 terms are shown in Figure 3.

The DEGs were also processed through a KEGG
pathway analysis, which is a different way of catego-
rising the gene activity that focuses on biochemical
pathways. Figure 4 depicts the top 20 KEGG pathway
enrichment analyses while there were nine path-
ways that the DEGs insignificantly enriched, which
were phenylpropanoid biosynthesis, diterpenoid
biosynthesis, carotenoid biosynthesis, galactose
metabolism, glutathione metabolism, ABC trans-
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porters, pentose and glucuronate interconversions,
flavonoid biosynthesis, and zeatin biosynthesis (Ta-
ble S4 in the ESM).

e Up DEG: 987
® NotDEG: 17184
e Down DEG: 2189
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Figure 2. Volcano plots of the differentially expressed genes
(DEQG) between the roots with the nematode treatment
(CT) and roots without the nematode treatment (CK) group
FDR - false discovery rate; the blue and red dots represent
genes that are significantly down-regulated and up-regulated
in the CT relative to the CK group, respectively
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(A) GO BP enrichment (CK vs CT)

Figure 3. The top enriched 20 gene ontology
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DISCUSSION

Compared with roots of peach and Mirabolano 29C

after a 60-day treatment of root-knot

nematodes,

we found that there was no difference between the
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roots that were grown in normal conditions and
those treated with nematodes. This can suggest that
Mirabolano 29C does show resistance to root-knot
nematodes. However, when faced with nematodes,
the roots of the peach appeared swollen and grey,
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Figure 4. The top enriched 20 Kyoto Encyclopedia of Ge-
nes and Genomes (KEGG) pathways of the differentially
expressed genes

CK - root without nematode treatment; CT — root with

nematode treatment

and the fibrous roots were reduced. The results indi-
cated that Mirabolano 29C indeed showed stronger
resistance to root-knot nematodes. Transcriptome
sequencing is a very simple, but effective, way that can
give us some clues why Mirabolano 29C has stronger
resistance, or which genes increase its resistance.
In this study, we tried to explore some key genes
that may play important roles in root-knot nematodes
resistance of Mirabolano 29C. After comparing the
RNA-seq results of two groups (grown under normal
conditions and treated with nematodes for 60 days),
3 176 genes were differentially expressed and there
were less up-regulation genes than the down-regula-
tion genes. Through the KEGG enrichment analysis,
the DEGs were found to be significantly enriched
into the “Phenylpropanoid biosynthesis” pathway.
In the evolution of plants, secondary metabolites are
considered to play a key role in the defence against
pathogen invasions, and phenylpropane is a major
player (Weisshaar & Jenkins 1998; Vogt 2010; Bauters
et al. 2021). For example, a study in rice (Oryza sa-
tiva L.) showed that the phenylpropanoid pathway will
stimulate the systemic defence activation by cationic
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chitosan oligomers with anionic pectin oligomers
COS-OGA against root-knot nematodes (Singh et al.
2019). Another crucial secondary metabolite is plant
flavonoids which will be induced during a nematode
infection in the plant roots which play a role in the
defence responses against a variety of microorganisms
(Schmid et al. 1990; Lu et al. 2017; Hamamouch et al.
2020). In addition, glutathione metabolism was also
considered to have contributions to plant resistance
against root-knot nematodes (Meher et al. 2011).
In our study, DEGs were significantly enriched into
the flavonoid biosynthesis and glutathione metabo-
lism pathways. These results indicate that the genes
that may improve the root resistance to root-knot
nematodes quickly responding to the environmental
stress leading to a tolerance to root-knot nematodes
in Mirabolano 29C.

The phenylpropanoid pathway is also responsi-
ble for the biosynthesis of some related polymers,
including lignin (Vogt 2010). Furthermore, lignin,
which has been proven to provide resistance against
pathogens, is a plant biopolymer that presents in the
cell walls (Fagerstedt et al. 2010). When the cell wall
is damaged, the lignin deposition can reinforce it to
maintain functional integrity (Denness et al. 2011).
In this study, we can find that the DEGs were enriched
into the cell wall biogenesis. The cell wall of plants
is a complex and dynamic structure. Its functional
integrity will be monitored and maintained constantly
during a plant’s development and its interactions with
the environment (Denness et al. 2011). Thus, we can
speculate that the cell wall damage due to root-knot
nematode infestation may be reduced due to the lignin
synthesis in the phenylpropane pathway. Of course,
the anti-root knot nematode effect of Mirabolano 29C
is not a single regulatory pathway and may involve
the joint action of many molecules. For example,
in the GO enrichment analysis, we found that the
DEGs were also enriched in other signalling pathways
closely related to the stress response, such as the
response to oxidative stress, defence response, and
trehalose biosynthetic process. These results can
provide a theoretical reference for the selection
and breeding of rootstocks for disease and insect
resistance.

CONCLUSION

In this study, peach seedlings and plum (Mirab-
olano 29C) seedlings grown for 1 year under normal
conditions were simultaneously infected with root-
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knot nematodes for 60 days and compared with roots
under normal growth for 60 days. It was found that
the root system of Mirabolano 29C showed no sig-
nificant difference between the nematode-treated
and untreated conditions. However, the roots of the
commonly used peach rootstocks showed multiple
swellings and reduced fibrous roots after infestation
with nematodes. This proves that Mirabolano 29C
is more resistant to a root-knot nematode infection.
Next, we compared the root systems of the root-knot
nematode-treated and normally grown Mirabolano
29C by transcriptome sequencing and found that
more than 3 000 differentially expressed genes were
generated between the two groups. These differen-
tially expressed genes were enriched into the phenyl-
propanoid biosynthesis and flavonoid biosynthesis
pathways. These results suggest that phenylpropane
and flavonoids may play a key role in the resistance
of Mirabolano 29C to root-knot nematodes, but
how they regulate the nematode resistance of plants
still needs to be further explored. This study is the
first to report the information related to root-knot
nematode resistance of rootstocks, which can provide
an important reference value for root-knot nematode
resistance and disease resistance breeding of other
rootstocks.

Data availability. The sequencing reads were deposited
in the Sequence Read Archive (SRA) of the GenBank (htt-
ps://www.ncbi.nlm.nih.gov/genbank) under the BioProject
No. PRJNA809767.
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