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Abstract

unigene assembly with cDNA sequences.

Background: Canker disease caused by Neoscytalidium dimidiatum is the most serious disease that attacks the
pitaya industry. One pathogenic fungus, referred to as ND8, was isolated from the wild-type red-fleshed pitaya
(Hylocereus polyrhizus) of Hainan Province. In the early stages of this disease, stems show little spots and a loss of
green color. These spots then gradually spread until the stems became rotten due to infection by various strains.
Canker disease caused by Neoscytalidium dimidiatum poses a significant threat to pitaya commercial plantations
with the growth of stems and the yields, quality of pitaya fruits. However, a lack of transcriptomic and genomic
information hinders our understanding of the molecular mechanisms underlying the pitaya defense response.

Results: We investigated the host responses of red-fleshed pitaya (H. polyrhizus) cultivars against N. dimidiatum
using lllumina RNA-Seq technology. Significant expression profiles of 23 defense-related genes were further
analyzed by gRT-PCR. The total read length based on RNA-Seq was 25,010,007, mean length was 744, the N50 was
1206, and the guanine-cytosine content was 44.48%. Our investigation evaluated 33,584 unigenes, of which 6209
(18.49%) and 27,375 (81.51%) were contigs and singlets, respectively. These unigenes shared a similarity of 16.62%
with Vitis vinifera, 7.48% with Theobroma cacao, 6.6% with Nelumbo nucifera and 5.35% with Jatropha curcas. The
assembled unigenes were annotated into non-redundant (NR, 25161 unigenes), Kyoto Encyclopedia of Genes

and Genomes (KEGG, 17895 unigenes), Clusters of Orthologous Groups (COG, 10475 unigenes), InterPro (19,045
unigenes), and Swiss-Prot public protein databases (16,458 unigenes). In addition, 24 differentially expressed
genes, which were mainly associated with plant pathology pathways, were analyzed in-depth.

Conclusions: This study provides a basis for further in-depth research on the protein function of the annotated
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Background

Pitaya, also known as dragon fruit, is an important trop-
ical and subtropical fruit tree. At present, there are two
known species of pitaya: the red-fleshed pitaya (Hylocer-
eus polyrhizus) and the white-fleshed pitaya (Hylocereus
undatus). However, the most cultivated and commercial-
ized species is the red-fleshed pitaya with its red pulp
and pericarp (H. polyrhizus) that is enriched with antho-
cyanins [1, 2]. Pitaya belongs to the Cactaceae and its
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native tropical zone is Latin America, which includes
Mexico, and Central and South America [3]. Currently,
it is also extensively grown throughout tropical and
subtropical regions worldwide [4], especially in Asian
countries, such as Malaysia, Vietnam, Thailand, Philippines
and China. Presently, the main areas of pitaya cultivation
(especially the red dragon fruits) include the Hainan,
Guangxi, Guangdong, Yunnan, Fujian and Taiwan prov-
inces of China.

Pitaya has been proven to be very adaptable to
environmental conditions and disease pressures. How-
ever, the rapid spread of stem canker, a disease caused
by Neoscytalidium dimidiatum among red-fleshed pitaya
(H. polyrhizus), has become a serious threat to some
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commercial plantations (Fig. 1). The disease was first re-
ported in Taiwan province of China, and features a dis-
tinctive canker on stems and fruits, and quickly spread to
most commercial cultivation areas [5]. Shortly thereafter,
it was discovered and reported in Guangdong Province of
China, Malaysia, Israel, and Florida with similar character-
istics [6—10]. Various studies have reported the incidence
of canker disease caused by Neoscytalidium dimidiatum
and have provided basic information relating to the iden-
tity and isolation of pathogenic strains.

Generally, two main recognition systems are associ-
ated with the response to an attack by the microorgan-
ism. One system recognizes the pathogen-associated
molecular patterns (PAMPs) via pattern-recognition re-
ceptors (PRRs), which are localized on the membrane
and activate an innate immune response, or more specif-
ically PAMP-triggered immunity (PTI) [11]. The PAMPs
are structural molecules, such as bacterial peptidoglycan
and flagellin, oomycete glucans, lipopolysaccharide
harpin, xylanase and chitin [12, 13]. In contrast, PRRs
are cell surface-localized receptors, most of which are
receptor-like kinases (RLKs) or receptor-like proteins
(RLPs). The RLKs contain extracellular, transmembrane,
and cytoplasmic kinase domains, whereas the RLPs lack
the kinase domain [14]. A burst of reactive oxygen spe-
cies (ROS) is a typical reaction in early cellular PTI
events; activation of the mitogen-activated protein kin-
ase (MAPK) cascade and expression of immune-related
genes are also associated with such events [15]. The
second system is mediated by intracellular immune re-
ceptors, which directly or indirectly recognize virulence
effectors of pathogens that are secreted within host cells,
thereby inducing effector-triggered immunity (ETI). In
the second system, pathogen effectors are recognized by
intracellular receptors, which are referred to as resist-
ance (R) proteins, and mainly include leucine-rich
repeats (LRR) or the LRR-like family, toll/interleukin-1-
receptor (TIR), and serine/threonine kinases (S/TK) to
activate the ETI response [14, 16]. Compared with PTI,
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the activation of ETI by receptors localized to the nu-
cleus appears to be more directly associated with tran-
scriptional regulation of the expression of defense genes
[17]. However, some ambiguous theories exist regarding
PTI and ETI, as it also appears that both can be robust
or weak, depending on the interaction, defense signaling
pathways, receptors and environmental conditions [13].

The RNA-Sequencing (RNA-Seq) technique is an
excellent method that permits quick and extensive com-
prehension of the transcriptional level of genes in a var-
iety of plant species using next-generation sequencing
technologies [18]. Here, to investigate the genes associ-
ated with the defense response of pitaya to canker dis-
ease caused by Neoscytalidium dimidiatum in PTI and
ETI systems, we used RNA-Seq technology to monitor
the transcriptomic profiles of red-fleshed pitaya (H. poly-
rhizus) in response to fungal invasion. A comparison
was made between normal and diseased stem tissuses
during transcriptomic analysis, and the significant differ-
entially expressed genes (DEGs) were analyzed in detail.
These DEGs were annotated in public protein databases,
suggesting that they may play important roles in PTI
and ETI systems in response to the invasion of Neoscyta-
lidium dimidiatum. The aim of the present study was to
identify the key genes that encode steps in the plant
pathological pathways of pitaya. This article provides a
solid basis for a better understanding of the transcrip-
tomic response of the red-fleshed pitaya (H. polyrhizus)
to canker disease.

Results

Sequencing, de novo assembly and annotation

Healthy and diseased stem tissues of red-fleshed pitaya
(H. polyrhizus) (Fig. 2) were collected from the orchard
of Ledong County, Hainan Province. Three normal sam-
ples (N1, N2, and N3), and three diseased samples (D1,
D2, and D3), were used for transcriptional sequencing.
However, N1 and D2 examples were abandoned because
the results were not consistent. The unigenes assembled

pitaya plantation

Fig. 1 The impact of the canker disease on the pitaya stems and fruits. a Diseased stems in pitaya plantation; b Diseased fruits in
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Fig. 2 Pitaya tissues used for de novo transcriptomic analysis.
a Normal stems; b Diseased stems

from the four remaining samples were then merged. In
total, we evaluated 33,584 unigenes, of which 6209
(18.49%) and 27,375 (81.51%) were contigs and singlets,
respectively. The total read length was 25,010,007, mean
length was 744bp, the N50 was 1206, and the
guanine-cytosine (GC) content was 44.48%, based on
RNA-Seq. The range of the unigene lengths in the four
samples was 497-702 bp. Details relating to the assem-
bled information from each sample and the merged re-
sults are shown in Table 1. In total, 1608 DEGs, with a
fold change >2.00 or a fold change <0.5, and a false dis-
covery rate (FDR) <0.001, were monitored. On average,
the number of unigenes from D samples was 45.7%
higher than other samples, reflecting a significant in-
crease in the number of sequences resulting from fungal
infection.

Owing to the lack of a reference genome for H. poly-
rhizus, the assembled unigenes were blast searched into
the Non-redundant (NR), Kyoto Encyclopedia of Genes
and Genomes (KEGG), Clusters of Orthologous Groups

Table 1 Results of assembled samples

Sample Total number  Total length  Mean length  N50  GC%
N2 17227 9167524 532 686 4507
N3 13331 6633532 497 610 4543
D1 25583 16144615 631 920 4512
D3 30702 21582053 702 1081 4448
All-Unigene 33584 25010007 744 1206 44.66

GC: guanine-cytosine

(COQG), InterPro, and SwissProt public protein databases
using search tools. The species with the greatest number
of H. polyrhizus unigenes were Vitis vinifera (16.62%),
Theobroma cacao (7.48%), Nelumbo nucifera (6.6%), and
Jatropha curcas (5.35%), as shown in Fig. 3. Creation of
a Venn diagram (Fig. 4), showed that there were 7305
unigenes annotated in all databases, 25,161 unigenes an-
notated in the NR database, 17,895 unigenes annotated
in the KEGG database, 10,475 unigenes annotated in the
COG database, 19,045 unigenes annotated in the Inter-
Pro database, and 16,458 Unigenes annotated in the
SwissProt database. These findings provide a basis for
further in-depth research on protein function of the an-
notated unigenes, which were assembled with ¢cDNA
sequences.

Gene ontology (GO) functional annotation of DEGs

Based on GO functional annotation, approximately 1608
DEGs were classified into three essential categories,
namely biological process, cellular component, and mo-
lecular function. The unigenes we identified covered a
wide range of functional GO categories. Of the 1608
DEGs classified, most were associated with catalytic ac-
tivity (173 DEGs, 10.75%), binding (134 DEGs, 8.33%),
and transporter (30 DEGs, 1.87%) aspects of molecular
function. The biological processes were associated with
cellular processes (160 DEGs, 9.95%), metabolic pro-
cesses (157 DEGs, 9.76%), and single-organism processes
(124 DEGs, 7.71%). The cellular component processes
were mainly associated with the membrane (134 DEGs,
8.33%), cell (107 DEGs, 6.65%), membrane part (106
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Fig. 3 Species distribution of all unigenes. The x-axis shows the species of annotated unigenes while the y-axis shows the number of unigenes
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DEGs, 6.59%), and cell part (104 DEGs, 6.47%) aspects
(Fig. 5). Analysis of the GO terms of pitaya transcripts
showed that these genes might have been associated
with kinases (catalytic activity) and receptors (cellular
and metabolic processes, and the membrane).

DEGs associated with plant-pathogen interactions

Twenty-four DEGs were associated with plant-pathogen
interaction pathways; of these, 23 were up-regulated and
one was down-regulated. These unigenes play different
roles in the plant-pathogen interaction pathways. Unige-
nel3603_All and Unigenell517_All were annotated in
the cyclic nucleotide-gated channel (CNGC) family, which
mediates Ca?* influx from cellular stores in plants [19].
The CNGCs are reportedly Ca®*-permeable channels that
interact with the ubiquitous Ca** sensor calmodulin, and
play important roles in the response to plant hormones,
biotic and abiotic stresses, and plant immunity [20-22].
Unigenel2122_All, Unigenel6412_All, and CL2472.Conti-
g2_All were annotated in the calcium-dependent protein
kinase family (CDPK). The CDPKs are crucial sensors of
changes in calcium concentration and play multiple roles
in plant development and growth, abscisic acid (ABA)--
mediated processes, jasmonic acid (JA) biosynthesis, plant
tolerance to stress, and plant fungal stimuli interaction
[23-28]. The CDPKs are phosphorylated by phosphatase
and participate in the hypersensitive response (HR).
Furthermore, another calcium-related gene, Unige-
ne7838_All, was annotated in two types of Ca2"-sensing

proteins, calmodulin and calmodulin-like (CaM/CML)
(Fig. 6). The CaM/CML protein family plays complex and
versatile roles in modulating cellular responses to various
stimuli, particularly biotic stresses in grapevine [29]. The
ROS produced by respiratory burst oxidase homologs
are associated with multiple signal transduction path-
ways in diverse biological processes in plants [30]. In
our research, an up-regulated Unigene (13565_All) was
annotated in the respiratory burst oxidase homologs
(Rboh) membrane-bound enzyme family, which is also
known as the NADPH oxidases [31]. In tomato plants,
Rboh activity and H,O, signaling are important compo-
nents of melatonin-induced stress tolerance [32]. This
unigene may therefore encode the most critical enzyme of
pitaya associated with ROS production under conditions
of Neoscytalidium dimidiatum infection.

A plant-pathogen interaction pathway (Fig. 6) showed
that the flagellin-sensing 2 (FLS2) family was significantly
up-regulated, and included Unigenel3867_All, Unige-
ne9087_All, CL1260.Contig2_All, Unigenel3234_All, Uni-
gene24332_All, and Unigenel5298_All. Furthermore,
FLS2 is a well-known PRR kinase that recognizes a con-
served 22 amino acid N-terminal sequence of the bacterial
flagellin protein (flg22) [33]. Previous research has shown
that FLS2 contains three domains, which include an extra-
cellular LRR domain, a transmembrane domain and a
cytoplasmic kinase domain [34]. The FLS2 receptor
complex is directly coupled with Arabidopsis heterotri-
meric G proteins to regulate immune signaling via both
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pre-activation and post-activation mechanisms [35]. Our
transcriptome data showed that LRR receptor-like serine/
threonine-protein kinases (LRR-RLKSs) were differentially
expressed and included Unigene13867_All, CL1043.Conti-
gl_All, and Unigene9087_All. The LRR-RLKs play pivotal
roles in plant growth, development, cellular signal trans-
duction, brassinosteroid (BR) and ABA signal pathways,
and responses to biotic and abiotic stresses [36]. The uni-
genes we detected that were associated with FLS2 may
play important roles in the HR and defense-related gene
induction in response to fungal infection.

Moreover, three LRR classes of plant disease resistance
genes PRS [37] (Unigene8050_All, Unigenel5133_All,
and Unigenel4674_All); a resistance PBS gene (Unige-
ne24332_All) that encodes a serine/threonine-protein
kinase [38]; a pto-interacting protein gene PTI (Unige-
ne24688_All) that encodes a serine/threonine kinase
[39]; and a receptor for the fungal elicitor ethylene-indu-
cing xylanase (EIX) that binds with EIX to induce the
HR in tobacco and tomato [40] (Unigene24332_All),
were significantly up-regulated in pathogen interaction
pathways. These DEGs may participate in the HR,

defense-related gene induction or programmed cell
death (Fig. 6). The expression profiles of DEGs in four
samples asociated with plant-pathogen interactions are
presented in the pheatmap show in Fig. 7, and in
Table 2.

Predicted expression of transcription factors (TFs)

Transcription factors (TFs) are proteins that, when in con-
tact with RNA polymerase, can confirm a transcription
initiation complex and participate in the transcription ini-
tiation process. Generally, a TF contains a transcriptional
activation/repression domain and a transcriptional bind-
ing domain [41]. As a regulator, a TF regulates the expres-
sion of genes downstream of a pathway by binding with
DNA sequences either by itself or by interacting with
other TFs or proteins. TFs are associated with the signifi-
cant mechanisms of the regulation of disease resistance
genes and receptors for cellular localization and activation,
as well as DNA binding and transcription activities [42].
In the merged data of all samples in the present study, a
total of 832 transcription factors were predicted, and the
majority of the TF families were categorized as MYB (95,
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Fig. 5 Gene Ontology (GO) annotation of differentially expressed genes (DEGs). The x-axis shows the number of genes while the y-axis shows
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11.42%); MYB-related (77, 9.25%); APETALA2/ethylene-r-
esponsive element binding protein (AP2-EREBP, 64,
7.69%); C3H (56, 6.73%); WRKY (52, 6.25%); bHLH (42,
5.05%); NAC (37, 4.45%); and GRAS (34, 4.09%), among
others (Fig. 8).

The TFs make essential contributions to the processes
of growth, development, flowering, and biotic and abi-
otic stresses in the plant. For instance, the family of
MYB factors include the conserved MYB DNA-binding
domain and appears to be involved in the regulation of
the cell cycle in animals, plants and other higher eukary-
otes [43]. The AP2-EREBP genes contained the AP2
family, RAV (related to ABI3/MP) family, and ERF
(ethylene response factor) family, based on the number
of AP2 domains and sequence similarity [44]. The
AP2-EREBP gene reportedly plays roles in controlling
flower and seed developmental processes, regulatory net-
works in response to hormones, pathogen attacks and
environmental signals [45, 46]. Moreover, NAC TFs

reportedly also take part in the plant-pathogen interac-
tions of Arabidopsis, potato, maize, and wheat in
response to wounding or pathogen attack as a transcrip-
tional regulator [47]. In our plant pathology interaction
pathways, WRKYs (Unigene9452_All, Unigene2169_All,
Unigenel4674_All, Unigene2538_All, and Unigenel65
08_All) were significantly and differentially expressed.
The WRKY proteins can interact with themselves,
VQ-domain proteins, chromatin remodeling proteins,
calmodulin-like proteins or some essential MAP kinases
[48]. The unigenes identified in the present study may
act as downstream products of the MAPK pathway to
activate the expression of defense-related genes, or
recognize the fungal effector, which may result in the in-
duction of defense-related genes or programmed cell
death (Fig. 6). The differentially expressed TFs under in-
vestigation may play essential roles in growth, develop-
ment, leaf senescence and responses to biotic and
abiotic stimuli.
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Programmed cell death

gRT-PCR verification

To validate the RNA-Seq data, 23 unigenes (Table 3)
that were significantly expressed, most of which were as-
sociated with phytopathology, were selected for
additional qRT-PCR analysis. These unigenes included
one ethylene-responsive TF (Unigenel2062_All); two
LRR receptor-like serine/threonine-protein kinases
(Unigene13867_All and Unigene9087_All); one salicylic
acid-binding protein (CL2401.Contig2_All); two CDPK-
related kinases (Unigenel2122_All and Unigenel6
412_All); three disease resistance proteins (Unigene23
29_All, Unigene8050_All, and Unigenel5133_All); two
RLPs (Unigene24332_All and Unigenel5298_All); four
WRKY TFs (Unigene9452_All, Unigene2169_All, Unige-
ne2538_All, and Unigenel6508_All); one auxin response
factor (Unigene27293_All); one NADPH-related protein

(Unigene24688_All); one lipoxygenase protein (CL16
13.Contig2_All); and five differentially expressed pro-
teins (CL2068.Contig2_All, CL1097.Contigl_All, CL181
3.Contigl_All, Unigene2331_All, and Unigene9233_All).
These genes were either significantly up- or down-regu-
lated in diseased tissues. The results of the qRT-PCR
assay showed that 20 of the 23 genes selected for
qRT-PCR (three biological replicates) conformed to the
RNA-Seq data, with an accuracy of 87%. These results
(Fig. 9) indicated that the RNA-Seq findings were both
stable and reliable.

Discussion

The cultivation of pitaya is an emerging industry with a
bright future and high commercial value, especially for
red-fleshed pitaya (H. polyrhizus). However, canker
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CL173.Contig3_All 36.4 kDa proline-rich protein-like

Unigene22686_All Proline-rich protein 4

Unigene22063_All Glycine-rich cell wall structural protein

Unigene17468_All Calmodulin—binding transcription activator protein with CG-1 and Ankyrin domains isoform 2
Unigene21002_All Auxin transport protein BIG

Unigene18464_All Signal peptidase complex catalytic subunit SEC11A-like

"Unigene15018_All Xylem serine proteinase 1 precursor, putative " 0
Unigene14356_All Natural resistance—associated macrophage protein 3

Unigene18881_All Putative disease resistance RPP13-like protein 1 -0.5
Unigene18153_All Callose synthase 10

Unigene13745_All G-type lectin S-receptor-like serine/threonine-protein kinase B120-like
Unigene17448_All Probable L-type lectin-domain containing receptor kinase S.5
Unigene2538_All WRKY DNA-binding protein 75

Unigene17838_All Superkiller viralicidic activity 2-like 2

CL1681.Contig1_All lysM domain receptor-like kinase 3

Unigene2445_All Putative zinc finger protein At1g68190

"Unigene784_All Serine/threonine protein kinase, putative isoform 9"

Unigene18554_All Serine/threonine—protein kinase At5g01020 isoform X2
Unigene15133_All NB-ARC domain-containing disease resistance-like protein isoform 2
CL2401.Contig2_All Salicylic acid-binding protein 2-like

Unigene9452_All Probable WRKY transcription factor 50-like isoform X1

Unigene15298_All Receptor like protein 33

CL94.Contig1_All Two—component response regulator ARR9

Unigene24332_All Receptor-like protein 12

"Unigene27293_All Auxin response factor, putative "

"Unigene27320_All Receptor like protein 6, putative"

"CL383.Contig3_All Xylem serine proteinase 1 precursor, putative"

Unigene25774_All Receptor-like protein 12

Unigene25953_All Pentatricopeptide repeat-containing protein At1g62350-like
Unigene25739_All Serine/threonine—protein kinase SAPK1-like

Unigene3601_All Ring finger family protein

Unigene10612_All Ethylene response factor 11

Unigene2006_All Auxin—-induced protein 6B-like

CL431.Contig1_All Serine/threonine-protein phosphatase PP1 isozyme 2
CL217.Contig1_All Putative Cdc2-related protein kinase CRK2

CL199.Contig1_All CLK4-associating serine/arginine rich protein

Unigene24897_All Glycine-rich protein A3

Unigene24759_All Serine/threonine protein kinase B-raf-like isoform X3

Unigene2169_All WRKY transcription factor 22

Unigene3595_All COL1

Unigene1203_All Receptor-like kinase

"Unigene1165_All Receptor-like protein kinase-related family protein, putative"
Unigene10458_All Protein NRT1/ PTR family 5.6-like

Unigene6629_All Defensin Tm-AMP-D1.2

Unigene12062_All Ethylene-responsive transcription factor ABR1

CL1672.Contig1_All Glycine-rich protein 2-like

"Unigene6436_All Kinase interacting (KIP1-like) family protein, putative"

Unigene13867_All Probable LRR receptor-like serine/threonine—protein kinase At3g47570-like
CL10.Contig3_All G-type lectin S-receptor-like serine/threonine—protein kinase At1g34300
CL1043.Contig1_All Leucine-rich repeat receptor-like serine/threonine-protein kinase BAM1
Unigene12636_All Plant intracellular Ras—group-related LRR protein 9-like
Unigene8050_All Disease resistance protein At4g27190-like

Unigene26870_All G-type lectin S-receptor-like serine/threonine—protein kinase At1g11330-like
Unigene2329_All Disease resistance protein RGA4

Unigene16508_All WRKY transcription factor 1

"CL383.Contig4_All Xylem serine proteinase 1 precursor, putative"

CL1634.Contig2_All Protein aspartic protease in guard cell 1-like

Unigene21130_All Rho GTPase-activating protein 7-like isoform X5

Unigene16412_All Calcium-dependent protein kinase 20-like

CL649.Contig2_All Receptor-like protein kinase HSL1

Unigene10779_All Wall-associated receptor kinase-like 20

Unigene3824_All Serine/threonine—-protein kinase fray2

Unigene1864_All Callose synthase12-like

Unigene3805_All Probable serine incorporator—like

Unigene2525_All 40S ribosomal protein SA-like isoform X1

Unigene9087_All LRR receptor-like serine/threonine—protein kinase GSO1-like
Unigene12122_All CDPK-related kinase 3 isoform X2

Unigene10171_All Probable tyrosine—protein phosphatase At1g05000-like isoform 1
Unigene670_All Proline-rich receptor-like protein kinase PERK2
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Fig. 7 Heatmap of differentially expressed genes (DEGs) related to the defense response. Red indicates up-regulated expression, whereas green
indicates down-regulated expression

disease caused by Neoscytalidium dimidiatum presents
the most devastating attacks on pitaya plantations at
present [9]. The most efficient solution to prevent this
disease is to cut off the infected tissues and bury them
in soil away from the plantation. In addition, molecular
breeding is the best way to acquire disease-resistant cul-
tivars; however, this is not easily done with pitaya. More-
over, additional tasks need to be completed to verify
which cultivar is the most resistant among a variety of
pitaya species.

Plant immunity is a complicated process that is effected
mainly in response to extracellular or intracellular recep-
tors that recognize PAMPs or effectors in PTI and ETI

systems [13, 14]. The defense response mechanisms and
roles of the receptors have been previously reported in
Arabidopsis, tomato, and rice, among others [34, 35, 37,
39, 40, 49, 50], but has been scarcely described in pitaya.
In our transcriptome results, higher expression levels of
unigenes were detected in H. polyrhizus and 24 DEGs
associated with the plant-pathogen interaction pathway.
Most of these genes are signal receptors, protein kinases,
and TFs, which may play critical roles in the plant-patho-
gen interaction networks.

Calcium acts as an important conserved second messen-
ger in plant immune and stress responses [51]. Calcium is
sensed by Ca®*-binding proteins in signaling networks,
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Table 2 Expression profiles of unigenes associated with plant pathological interactions
Unigene family ~ Unigene ID Down/up KO N-Expression  D-Expression  Annotation
regulation  number
CDPK Unigene12122_All Up K13412 001 1.565 CDPK-related kinase 3 isoform X2
Unigene16412_All Up K13412 001 127 calcium-dependent protein kinase 20-like
CL2472.Contig2_All  Down K13412 91992 7415 unnamed protein product
Rboh Unigene13565_All Up K13447 001 0.95 hypothetical protein CISIN_1g002711mg
CNGCs Unigene13603_All Up K05391 0.01 135 putative potassium channel protein Kmt1p
Unigene11517_All Up K05391 0.01 1.05 Cyclic nucleotide-binding transporter 1 isoform 8
CaM/CML Unigene7838_All Up K13448  0.01 1.32 uncharacterized protein LOC100248601
FLS2 Unigene13867_All Up K13420 001 1.84 probable LRR receptor-like serine/threonine-protein
kinase
Unigene9087_All Up K13420  0.01 1.75 LRR receptor-like serine/threonine-protein
kinase GSO1-like
CL1260.Contig2_All  Up K13420 001 1.64 hypothetical protein POPTR_0016502970g
Unigene13234_All Up K13420 001 1485 uncharacterized protein LOC103419002
Unigene24332_All Up K13420 001 1.065 Receptor-like protein 12
Unigene15298_All Up K13420 001 0.955 Receptor-like protein 33
WRKY25/33 Unigene9452_All Up K13424 001 1.25 WRKY transcription factor 50-like isoform X1
WRKY22/29 Unigene2169_All Up K13425 001 1.355 WRKY transcription factor 22
EIX1/2 Unigene24332_All Up K13466  0.01 1.065 Receptor-like protein 12
RPS2 Unigene8050_All Up K13459 001 1455 disease resistance protein At4g27190-like
Unigene15133_All Up K13459 001 0.96 NB-ARC domain-containing disease resistance-like
protein
PBS1 Unigene5397_All Up K13430 001 1.215 hypothetical protein JCGZ_18014
PTI Unigene24688_All Up K13436 001 1435 NADPH: quinone oxidoreductase-like
RRST-R Unigene14674_All Up K16225  0.01 1.395 unnamed protein product
WRKY1/2 Unigene14674_All Up K18835 001 1.395 unnamed protein product
Unigene2538_All Up K18835  0.065 363 WRKY DNA-binding protein 75
Unigene9452_All Up K18834 001 125 WRKY transcription factor 50-like isoform X1
Unigene16508_All Up K18834 001 1.065 WRKY transcription factor 1

including calmodulin (CaM), calmodulin-like (CML),
CDPKs, and calcineurin B-like proteins [19, 52]. The
CNGCs are calmodulin-permeable cation transport chan-
nels that have the potential to integrate signals from cyclic
nucleotide and Ca** signaling pathways [53]. In our tran-
scriptome analysis, seven unigenes (Table 2) related to Ca*
" levels and signaling pathways were annotated and
showed significant changes in expression levels in diseased
red-fleshed pitaya. These genes included two CNGCs re-
lated genes (Unigenel3603_All and Unigenell517_All);
one CaM/CML (Unigene7838_All); three CDPK genes
(Unigene12122_All, Unigenel6412_All, and CL2472.Con-
tig2); and one Rboh family gene (Unigenel3565_All).
These genes act as receptors or kinases in the HR, cell
wall reinforcement, and stomatal closure (Fig. 6).
Pathogenesis-related (PR) proteins comprise one of
the major sources of plant-derived allergens, and are
generally induced by various types of pathogens, such as

viruses, bacteria and fungi [54]. In pepper, PR4b report-
edly interacts with LRR proteins and PR4c, as a plasma
membrane-localized cysteine protease inhibitor, to
trigger cell death and the defense signaling response
[55, 56]. In the present study, we also monitored four
differentially expressed PR homologous proteins, which
were annotated in the SwissProt and InterPro public pro-
tein databases. Among these four proteins, two were
up-regulated (Unigene9313_All and Unigenel1745_All),
and the other two were down-regulated (CL1813.Conti-
gl All and CL1271.Contig2_All). Further work, involving
protein function verification and genetic transformation,
is now being carried out to investigate their roles in the re-
sponse to the fungal infection of H. polyrhizus.

A total of 832 TFs were monitored in the present
study. The TF proteins are key factors in the regulatory
networks that control development, metabolism, and the
responses to biotic and abiotic stresses in numerous
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plant species. In our RNA-Seq data, MYB and MYB-re-
lated family genes comprised the largest group, which
accounted for 20.67%. A MYB domain protein, COL-
ORED1 (C1), which is associated with anthocyanin syn-
thesis, was first identified in maize [57]. The MYB TF
family is a major player in drought and cold responses
[58, 59], the phenylpropanoid metabolic pathway [60],
and JA and ABA signal transduction pathways [61, 62].
The NAC TFs comprise a large protein family, with 138
putative NAC genes in Arabidopsis, as listed in the Plant
Transcription Factor Database (PlantTFDB, http://
planttfdb.cbi.pku.edu.cn/) [63]. However, 37 (4.45%) pu-
tative NAC genes in H. polyrhizus were identified based
on our RNA-Seq data. The NAC family of genes have a
highly conserved N-terminal DNA-binding domain and
a variable C-terminal domain. The NAC TFs participate
in the response to drought, salinity, and/or low tempera-
tures and regulate JA-signaled defense responses in vari-
ous plants [64, 65]. In addition, 52 WRKY superfamily
TF genes were monitored in the present study and five
unigenes (Unigene 9452_All, Unigene 14674 _All,

Unigene 2538_All, Unigene 2169_All, and Unigene 165
08_All) were differentially expressed upstream in red
pitaya. The WRKY genes are quite common in plants,
which contain a conserved N-terminal sequence of
WRKYGQK, along with a Zn finger-like motif (C2H2
type or C2HC type) [66]. The trend in qRT-PCR expres-
sion levels of four WRKY unigenes (Unigene 9452 All,
Unigene 2169_All, Unigene 16508_All, and Unigene
2538_All) were consistent with the RNA-Seq data
(Fig. 10 and Table 3). The Unigene 14674_All was an
unnamed protein product, which was annotated to both
WRKY and RRSI-R gene families. Pathway results sug-
gested that the five differentially expressed WRKY uni-
genes were important candidate genes of H. polyrhizus
involved in plant pathology interactions (Fig. 6).

Conclusions

Our findings may pave a fundamental step to a better
understanding of the defense responses of pitaya. We
have provided hypotheses for the functions of the genes
identified, according to public protein annotation
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Fig. 9 Validation of gene expression by quantitative real-time
polymerase chain reaction (GRT-PCR). Gene expression levels were
measured by gRT-PCR and compared with RNA-Seq results.
Histograms represent the fold changes of genes (D3/N3) by gRT-
PCR, whereas line charts represent gene expression according to the
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reads (FPKM) of D/FPKM of N) in RNA-Seq. All genes selected for
gRT-PCR analysis were analyzed in three biological replicates. Bars
represent the + SEACT of three experiments. Details of the genes
selected for gRT-PCR are provided in Table 3

databases. However, specific details of the roles of these
genes in pitaya defense responses pose a relevant and in-
teresting challenge. Thus, further research is now re-
quired to clarify how significant DEGs regulate pitaya
defense processes via genetic transformation, when in-
fected by Neoscytalidium dimidiatum.

At present, transgenic research is the best method with
which to clarify the functions of a gene. However, this is
difficult to achieve in tropical and subtropical non-model
plants. Three major difficulties are associated with trans-
genic research in pitaya. Firstly, there have been problems
associated with the establishment of a tissue culture sys-
tem. Secondly, we need to consider the stability of the tis-
sue culture system and the resolution of issues if stability
is unfavorable. Finally, the period required to screen a
disease-resistant cultivar is relatively long. Nevertheless, in
spite of the difficulties faced in the study of non-model
plants, transgenic Cavendish bananas with resistance to
Fusarium wilt tropical race 4 were reported recently fol-
lowing a 3-year field trial [67]. That was a major break-
through for the banana industry and could also imply a
brighter future for the pitaya industry. Thus, the problems
associated with transgenic pitaya should be solved eventu-
ally with further broad-scale research.

Methods

Plant materials and culture conditions

Healthy and diseased stem tissues of red-fleshed pitaya
(H. polyrhizus) were collected from the orchard of
Ledong County, Hainan Province. These plants had been
growing for approximately five years in a plantation
under natural conditions. Fungal spores were isolated
from diseased tissues, and morphological and molecular
analyses were conducted to determine the species of
Neoscytalidium dimidiatum 8 (NDS8). The article about
isolation of ND8 has been published in Australasian
Plant Pathology [68]. The collected stem tissues were di-
vided into two groups with similar characteristics in trip-
licate within each group. The stems were cut into pieces
and immediately frozen in liquid nitrogen. The three
replicates of the normal group were named N1, N2, and
N3, whereas the three replicates of the diseased group
were named D1, D2, and D3. Three biological replicates,
each consisting of four stem cutting bases, were frozen
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in liquid nitrogen and stored at —80°C until further
analysis. Sample tissues were transferred to Shenzhen
BGI Tech Company (Shenzhen, China) for transcriptome
de novo assembly and sequencing using an Illumina
HiSeq system.

Total RNA extraction

Tissues (100 mg) were placed into a precooled mortar to
be ground into a powder with liquid nitrogen. The
ground stem powder was collected into a precooled 2
mL microcentrifuge tube containing 2 mL RNase-free
cetyltrimethylammonium bromide (CTAB) extracting
solution, which contained 0.1% diethyl pyrocarbonate
(DEPC), 2.5% CTAB, 1.4M NaCl, 20mM EDTA, 100
mM Tris-HCl (pH 8.0), and 4% polyvinylpyrrolidone
(PVP). The tubes were then placed in a water bath at 65
°C for 30 min to induce cell lysis, and centrifuged at
13,000 rpm for 5 min at 25-28 °C. The residue was dis-
carded, and the supernatant was transferred into a clean
2mL microcentrifuge tube. Trichloromethane (1 mL)
was added to the supernatant solution, mixed lightly,
and centrifuged at 13000 rpm for 15min at 4°C. The
supernatant was then transferred into a clean 2 mL
microcentrifuge tube, and this procedure was repeated
once more. Subsequently, 8 M lithium chloride was
added with RNase-free water to 0.6 volume of the super-
natant and left overnight. The mixture was centrifuged
for 30 min at 13000 rpm and 4°C to obtain an RNA

precipitate. RNase-free ethyl alcohol (75%) was used to
wash the RNA precipitate twice. Finally, RNA was dis-
solved in RNase-free ddH,O and stored at — 80 °C until
further use.

Construction of the cDNA library and de novo RNA-Seq
Poly (A) mRNA from the total RNA was enriched by
poly-T oligo-attached magnetic beads (Invitrogen,
Thermo Fisher Scientific, CN), according to the manu-
facturer’s protocol. Purified mRNA was then divided into
short fragments by mixing with fragmentation buffer.
First strand ¢cDNA was synthesized using a random
hexamer primer. Buffer, dNTPs, RNase H, and DNA
polymerase I were then added to the fragmented mRNA
templates to synthesize second-strand cDNA. The
double-stranded ¢cDNA was purified using magnetic
beads. End repair, and the addition of 3'-end single
nucleotide A (adenine), were then performed. Finally,
sequencing adaptors were ligated to the fragments,
which were enriched by PCR amplification. During the
quality control step, a 2100 Bioanalyzer (Agilent, Santa
Clara, CA, USA) and a StepOnePlus Real-Time PCR
System (Applied Biosystems Inc., Foster City, CA, USA)
were used to qualify and quantify sequences for the
sample libraries. The constructed library products were
finally prepared for sequencing using a HiSeq 2000
system (Illumina, San Diego, CA, USA) at the Beijing
Genomics Institute (BGI).
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Table 3 Gene expression in normal (N) and diseased (D) tissues based on gRT-PCR

Unigene N-Expression D-Expression Log2 fold Up/down r Annotation
change (D/N) egulation

Unigene12062_All 0.175 7.605 5442 Up Ethylene - responsive transcription factor ABR1

Unigene13867_All 0.01 1.84 7.524 Up probable LRR receptor-like serine / threonine-protein
kinase At3g47570 - like

CL2401.Contig2_All 0.01 1.65 7.366 Up Salicylic acid-binding protein 2-like

Unigene12122_All 0.01 1.565 7.290 Up CDPK-related kinase 3 isoform X2

Unigene16412_All 0.01 1.27 6.989 Up Calcium-dependent protein kinase 20-like

Unigene2329_All 0.01 0.98 6.615 Up Disease resistance protein RGA4

Unigene9087_All 0.01 1.75 7451 Up LRR receptor-like serine/threonine-protein Kinase
GSO1-like

Unigene24332_All 0.01 1.065 6.735 Up Receptor-like protein 12

Unigene15298_All 0.01 0.955 6.577 Up Receptor-like protein 33

Unigene9452_All 0.01 1.25 6.966 Up probable WRKY transcription factor 50-like isoform X1

Unigene2169_All 0.01 1.355 7.082 Up WRKY transcription factor 22

Unigene27293_All 0.01 0.945 6.562 Up Auxin response factor, putative

Unigene8050_All 0.01 1455 7.185 Up Disease resistance protein At4g27190-like

Unigene15133_All 0.01 0.96 6.585 Up NB-ARC domain-containing disease resistance-like
protein isoform 2

Unigene2538_All 0.065 363 5.803 Up WRKY DNA-binding protein 75

Unigene16508_All 0.01 1.065 6.735 Up WRKY transcription factor 1

Unigene24688_All 0.01 1435 7.165 Up NADPH: quinone oxidoreductase-like

CL1613.Contig2_All 17.795 041 -5440 Down Lipoxygenase homology domain - containing
protein 1 - like

CL2068.Contig2_All 11.83 0315 -5.231 Down Organ-specific protein S2-like

CL1097.Contig1_All 11.045 0.16 -6.109 Down Hypothetical protein POPTR_0001531970g

CL1813.Contig1_All 249 0.01 -7.960 Down Pathogenesis-related protein Bet v | family

Unigene2331_All 0.95 0.01 -6.570 Down Beta - glucosidase 46 isoform X3

Unigene9233_All 1.21 0.01 -6.919 Down Pherophorin-dz1 protein

Filtering of raw reads and the assembly of clean reads
Before any further analysis could be conducted, we needed
to consider quality control of the data. In addition,
low-quality sequences were filtered out of the raw data to
reduce data noise. We defined “dirty” raw reads as those
that contained adapter sequence, high levels of unknown
bases, and low-quality reads. These needed to be removed
before data analysis. Filtering steps were as follows: 1)
Reads with adapters were removed; 2) reads in which un-
known bases were more than 10% were removed; and 3)
low-quality reads were removed (the percentage of
low-quality bases is usually over 50% in a read, and we de-
fined a low-quality base to be one with a sequencing qual-
ity of no more than 5). After filtering, the remaining reads
were referred to as “clean reads” and used for downstream
bioinformatics analysis. Clean data were obtained and
stored in the FASTQ format after filtering.

Clean reads were assembled using the Trinity paired-end
assembly method [69]. The assembled clean reads, also re-
ferred to as transcripts, were clustered and this eliminated

any redundancy in obtaining unigenes using the TIGR Gene
Indices clustering tools (TGICL) [70]. For the study of
multi-samples, the previous step using the TGICL for down-
stream analysis of the unigenes was repeated. The processed
unigenes were referred to as “All-Unigenes.” All-Unigenes
were divided into two parts; one part included clusters of a
few unigenes with more than 70 similarities among them
(starting with “CL,” followed by the gene family ID); and the
other included singletons (starting with “Unigene”). The
clean data arising from high-throughput sequencing (RNA-
Seq) results, and the processed files, have been submitted to
the Gene Expression Omnibus (GEO) database at the
GenBank website with accession number GSE119976.
The process of preliminary bioinformatics analysis was
performed according to the flow diagram in Fig. 10.

Functional annotation and the detection of differentially
expressed unigenes

After assembly, H. polyrhizus pitaya All unigenes (contigs
and singletons) were functionally aligned to the public
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protein databases, NR, GO, KEGG, COG, InterPro, and
SwissProt. All unigenes were annotated according to their
sequence similarity to previously annotated genes in these
public databases. The phyper function of R software
(https://www.r-project.org) was used for enrichment ana-
lysis, according to the results of GO and KEGG pathway
gene annotations in functional analyses. The p-value was
corrected by the FDR. We considered that unigenes with
a FDR <0.01 were significantly expressed in the GO and
KEGG pathways. Moreover, NOIseq [71] and PassionDis
[72] methods were used to test DEGs. A fold change
>2.00 or fold change <0.5, with a Probability >0.8 in
NOlIseq, and fold change >2.00 or fold change <0.5, with a
FDR < 0.001 in PassionDis of unigenes were used to define
DEGs in the normal and diseased libraries. According to
the results of the DEGs test, the pheatmap function of R
software was used for hierarchical clustering analysis.

Verification of DEGs by quantitative reverse transcription
PCR (qRT-PCR)

To investigate the stability and accuracy of RNA-Seq, 23
DEGs that were possibly associated with plant pathology,
were selected for real-time quantitative RT-PCR (qRT-
PCR). Total RNA extraction was performed as described
in previous steps. Following treatment with DNase I
(Thermo Fisher Scientific, USA), first strand cDNA syn-
thesis was conducted according to the manufacturer’s pro-
tocols using the PrimeScript™ 1st strand ¢cDNA synthesis
kit (code No0.6210A, Takara, Japan). qRT-PCR was per-
formed using a 20-puL reaction system, containing 10 pL of
SYBR® Premix Ex TaqlI (Tli RNase Plus) (2x), 2 uL. cDNA
templates, 0.8 uL PCR forward primer (10pM), 0.8 uL
PCR reverse primer (10 uM), 0.4 pL ROX reference Dye II
(50%) and 6 pL of nuclease-free water. The qRT-PCR as-
says (three technical replicates) were carried out using a
7500 Applied Biosystems qRT-PCR System (Life Tech,
USA). The primers of all genes selected for qRT-PCR were
designed using Primer Premier 6 software (www.premier-
biosoft.com). The pitaya ubiquitin gene (U/BQ) was used
as an internal reference control for data normalization.
The primers for UBQ were as follows: F: 5'-TGAATCA
TCCGACACCA-3’; and R: 5'-TCCTCTTCTTAGCACC
ACC-3’ [73]. Reactions were carried out under the follow-
ing conditions: 50 °C for 2 min, 95 °C for 10 min, followed
by 40 cycles at 95 °C for 155, and 60 °C for 1 min. Output
data were generated using the Applied Biosystems 7500
software version 2.0.6 (ABI, America). All reactions were
performed with two independent biological replicates, and
the expression levels calculated for each sample were
based on three technical replicates. The 22T method
was used for qRT-PCR data analysis, in which PCr ety =
CT (target, test) ~ CT (reference, check) ACT (calibrator) = CT (target,
calibrator) ~ CT (reference, calibrator); and AA(:T:A(:T (test) ~
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ACT (calibrator) The expression ratio of the experimental
and control groups was 24T,
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