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Abstract

Bacterial stem and root rot (BSRR) in sweetpotato caused by Dickeya dadantii is one of the ten major diseases

of sweetpotatoes in China. However, the molecular mechanism underlying the resistance of sweetpotato to D.
dadantii remains unclear. This study adopted a resistance identification assay that conformed Guangshu87 (GS87)
as BSRR-resistant and Xinxiang (XX) as susceptible. Compared to XX, GS87 effectively prevented the invasion and dis-
semination of D. dadantii in planta. An RNA sequencing (RNA-seq) analysis identified 54,844 expressed unigenes
between GS87 and XX at four different stages. Further, it revealed that GS87 was more able to regulate the expres-
sions of more unigenes after the inoculation with D. dadantii, including resistance (R) and transcription factors (TF)
genes. Moreover, content measurements of disease resistance-related phytohormones showed that both jasmonic
acids (JAs) and salicylic acids (SAs) accumulated in D. dadantii-inoculated sweetpotatoes, and JAs may negatively
regulate sweetpotato resistance against D. dadantii and accumulated faster than SAs. Meanwhile, determinations

of ROS production rate and relevant enzymatic/non-enzymatic activity highlighted the vital roles of reactive oxygen
species (ROS) and superoxide dismutase (SOD) in confering GS87 resistance against D. dadantii. Additionally, several
hub genes with high connectivity were highlighted through Protein—Protein interaction (PPI) network analysis. In
summary, the findings in this study contribute to the understanding of the different responses of resistant and sus-
ceptible sweetpotato cultivars to D. dadantii infection, and it also provide the first insight into the relevant candidate
genes and phytohormones involved in the resistance of sweetpotato to D. dadantii.
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Background

Sweetpotato (I[pomoea batatas (L.) Lam) is an impor-
tant crop plant with extensive adaptability and abundant
nutriments, ranking eighth in the global annual produc-
tion (https://www.fao.org/home/en). China is the big-
gest global sweetpotato producer and is indispensable
in ensuring food security worldwide. However, several
diseases have severely limited the sweetpotato produc-
tion in China. For instance, bacterial stem and root rot
(BSRR) of sweetpotato caused by Dickeya dadantii (for-
mer synonyms: Erwinia chrysanthemi or Pectobacterium
chrysanthemi) is among the ten major sweetpotato dis-
eases in China. Severe BSRR infection causes 50—100%
yield losses and quality degradation in sweetpotato [1].
The first BSRR record in China was from several sweet-
potato plantations in Guangdong, a southern province. In
fact, this disease occurs more commonly and seriously in
southern than in northern China as the south is warmer,
more humid, and conducive to BSRR [2].

D. dadantii is a broad-spectrum plant necrotrophic
enterobacterium that infects through wounds or natural
openings in planta, causing typical soft rot symptoms by
secreting enzymes, effectors, and other virulence factors
that degrade plant cell walls [1, 3, 4]. The dicotyledon-
ous model plant Arabidopsis thaliana is susceptible to D.
dadantii, and studies of A. thaliana-D. dadantii patho-
system have been conducted extensively. For example,
iron homeostasis is critical for regulating Arabidopsis
defense against D. dadantii and is closely connected with
the plant cell wall integrity, and D. dadantii development
is limited effectively in iron-deficient Arabidopsis plants
[5, 6]. Moreover, AtFER1 (as ferritin) and AtNRAMP3/4
(as iron transporters) have been proven to be involved in
A. thaliana resistance against D. dadantii [7, 8].

Plants have developed a sophisticated innate immune
system involving two levels of immunity: pattern-trig-
gered immunity (PTI) and effector-triggered immunity
(ETI) for protection from pathogen attacks [9]. As the
first guard line, PTI is mediated by plant membrane-
localized pattern-recognition receptors (PRRs) cooper-
ated with the co-receptors through the recognition of
pathogen-associated molecular patterns (PAMPs) or
damage-associated molecular patterns (DAMPs). Con-
sequently, PTI triggers specific downstream immune
responses, including phyhormones metabolism, reactive
oxygen species (ROS) burst, cascade signaling pathways
of mitogen-activated protein kinases (MAPKs), and gene
expression regulation. Leucine-rich repeat receptor-like
kinases (LRR-RLKs) are the biggest RLKs subfamily in
plants and play important roles in regulating PTI. For
instance, two typical Arabidopsis LRR-RLKs, FLAGEL-
LIN SENSITIVE2 (FLS2) and Elongation factor Thermo
unstable (EF-Tu) receptor (EFR), perceive the bacterial
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flagellin (flg22) and EF-Tu, respectively, thus trigger-
ing the downstream immunity response [10, 11]. When
the pathogens overcome PTI, a more intense defense
response—ETI is triggered. In ETI, the intracellular
resistance (R) proteins recognize the pathogen effectors
also through phyhormones metabolism, ROS burst, and
cascade pathways of MAPKs to inhibit pathogen intru-
sions [12, 13]. Most reported R proteins contain nucleo-
tide binding site-LRR (NBS-LRR or NLR) domains, such
as PigmR and Pm21, which conferred broad-spectrum
resistances for crops [14—17]. Whether PTI and ETI
function independently or interact mutually against
pathogen attacks remains unclear. Until recently, stud-
ies demonstrated that PTI and ETI in Arabidopsis inter-
act synergistically when challenged with Pseudomonas
syringae [18, 19]. Specifically, PTI membrane recep-
tors are essential for activating ETI, which potentiates
PTI responses. More evidence demonstrated that PTI
and ETI integrity and interaction ensure comprehensive
immunity in plants [20-22].

To further elucidate the intricate dynamics of plant-
pathogen interactions, it is crucial to examine the role
of phytohormones in modulating these responses. Jas-
monic acid (JA) and salicylic acid (SA) are two classi-
cal biotic stress-relevant phytohormones that were
involved in plant disease resistance against D. dadan-
tii. However, the roles of JA- and SA-mediated path-
ways on plant resistance could be antagonistic or
synergistic [13, 23-26]. JA exerts chemoattraction for
D. dadantii to assist this bacterium to invade into the
host, and it also induces the expressions of a few patho-
genesis-associated genes in D. dadantii. Moreover, an
Arabidopsis asol mutant with JA synthesis deficiency
was more resistant to D. dadantii than the wild type.
Hence, the role of JA in helping plants to resist against
D. dadantii remains controversial. JA was synthesized
from an important precursor—12-oxo-phytodienoic
acid (OPDA) through sequential catalyses governed
by several key enzymes, including lipoxygenase (LOX),
allene oxide synthase (AOS) and allene oxide cyclase
(AOC). After being released from the peroxisome into
the cytosol, JA is further derived into methyl JA (MeJA)
and other amino acid conjugates like jasmonoyl-iso-
leucine (JA-Ile) and jasmonoyl-phenalanine (JA-Phe)
[27, 28]. The most known bioactive JA-derivative, JA-
Ile, can ubiquitinate jasmonate ZIM-domain (JAZ)
proteins with the assistance of coronatine insensitivel
(COI1) proteins, thus removing the repressions of MYC
transcription factors (TFs) and triggering the tran-
scriptional reprogramming of downstream JA-respon-
sive genes. Unlike JA, which mediates plant resistance
against necrotrophs, SA regulates plant defense
responses towards biotrophs or hemibiotrophs [29].
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Pathogenic infection may trigger the biosynthesis and
modification of SA by a cascade of enzymes, and then
SA and its methylated product, MeSA, carry immune
signal from the infection site to the unwounded tissues.
This reaction enables plants to establish a systemic
acquired resistance (SAR), followed by a series of plant
defense responses, including the accumulation of ROS
while inhibiting JA biosynthesis [13, 30]. Fagard et al.
[25] showed that the JA rather than the SA pathway
contributes to the Arabidopsis counterattack against D.
dadantii, although the bacterial infection enhances the
expressions of several marker genes in the JA and SA
pathways.

Fundamental studies and applications of the sweetpo-
tato-D. dadantii system in the past few decades include
analyses of pathogenicity divergence and genetic diver-
sity of D. dadantii populations, establishments of BSRR-
disease resistance assessment systems, and screenings for
resistant and susceptible materials [31-33]. These efforts
can advance the molecular breeding of BSRR-resistant
sweetpotato cultivar. Introducing R genes into disease-
susceptible plants is an economically effective strategy
for breeding disease-resistant plants. For instance, appli-
cations of the broad-spectrum R gene Rpi-vntl.1 effec-
tively stifled potato late-blight (the most devastating
and notorious potato disease worldwide) [34, 35]. Sm,
an NBS-LRR gene from wild tomato, confers significant
resistance against gray leaf spot disease for the tomato
cultivar Motelle [36]. However, there is no report on a
BSRR-resistance gene in sweetpotato so far, let alone
the interpretation of the relevant genes function or the
molecular mechanisms. Unlike other crop plants, identi-
fying genes in sweetpotato by using traditional positional
cloning methods is challenging since the sweetpotato
has a highly heterozygous genome and strong self-/
cross-incompatibility [37, 38]. Thus, RNA sequencing
(RNA-seq) technology is appropriate to overcome these
limitations and enable high-throughput analysis of mas-
sive functional genes regulating yield, quality, and stress
tolerance in sweetpotato [39-42]. In current study, the
disease developments of two elite sweetpotatoes, Guang-
shu 87 and Xinxiang were analyzed followed by RNA-
seq, phytohormone detection, and ROS and relevant
antioxidants determinations. This study confirmed the
resistance differences between GS87 and XX against D.
dadantii and identified key genes and phytohormones
that respond to sweetpotato resistance against BSRR.
Furthermore, GS87 activated ROS production more rap-
idly and superoxide dismutase (SOD) enzyme may play a
dominant role in regulating GS87 resistance to D. dadan-
tii in contrast to XX. In conclusion, this study provides
novel gene resources for molecular resistance breeding
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of sweetpotato and a fundamental mechanism for BSRR
disease management.

Methods

Bacterial strain and inocula preparation

The D. dadantii strain Ech36 used in this study was
isolated from a BSRR-infected sweetpotato plant. The
streak-culture of strain Ech36 on NA medium was incu-
bated in darkness at 30 “C for 36 h. Next, a single fresh
bacterial colony was mixed with 400 uL of NA liquid
medium and cultured overnight at 30 ‘C with shaking at
200 rpm. The bacterial suspension was transferred into a
flask containing 10 mL of NA liquid medium and incu-
bated overnight at 30 ‘C with shaking (200 rpm). Then,
3 mL of the overnight culture was diluted with 50 mL
of NA liquid medium to adjust the initial ODg,, to 0.15,
which was subsequently incubated at 30 °C for 4 h with
shaking (200 rpm) to reach the final ODg,,=1 (approxi-
mately 10° cfu/mL) [43]. Then the inoculum was diluted
to 10® cfu /mL and 107 cfu /mL using NA liquid medium.

Plant materials and bacterial inoculation

Two elite sweetpotato cultivars, GS87 and XX, were
planted at the Baiyun experimental station of Guangdong
Academy of Agricultural Sciences, Guangzhou, China.
Next, 25 cm-long stems with 6 leaves were trimmed from
healthy sweetpotato plants and cultivated in sterile water
for 4 days to facilitate the formation and growth of adven-
titious roots. The ends of newly grown plants were cut
carefully to make fresh wounds (without damaging roots)
and inoculated immediately with 50 mL of inoculum of
10® cfu/mL and 107 cfu /mL for 30 min, respectively, and
then they were rinsed with sterile water. Control plants
(CK) were inoculated with 50 mL of NA liquid medium.
All the inoculated plants were incubated in sterile water
for a week at 30 'C and 90% relative humidity under
a 13-h light/11-h dark cycle. Afterward, the length of
longitudinal lesions along the stems and the number of
symptomatic leaves were measured to determine the dis-
ease index.

Paraffin sectioning

The 1 cm-long samples were harvested from the basal
stems of plants inoculated with strain Ech36 and fixed in
formalin-acetic acid-alcohol solution overnight to better
recognize the tissue structure damages after D. dadan-
tii infection. The sectioning process was conducted as
described previously with minor modifications [44].
Finally, 10 um-thick longitudinal sections of samples
were sliced by a microtome (Thermo Fisher Scientific,
MA, USA) and observed with an optical microscope
(Carl Zeiss, Oberkochen, Germany).
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Sample collection

Healthy sweetpotato plants with adventitious roots
were inoculated with 10 cfu/mL bacterial inoculum
for 30 min as described in Plant materials and bacte-
rial inoculation. Afterwards, the 1 cm-long basal stems
of the inoculated plants were harvested at 0, 18, and
30 h post inoculation (hpi), immediately frozen in liq-
uid nitrogen, and stored at —80 “C prior to analyses of
RNA-seq, phytohormone content, ROS levels, enzy-
matic/non-enzymatic assays, and qRT-PCR. CK was
treated in NA liquid medium for 30 min. Each treat-
ment contained three biological replicates.

RNA-seq and data analysis

Total RNA was extracted from the samples using the
E.Z.N.A. Plant RNA Kit (Omega Bio-Tek, GA, USA)
following the manufacturer’s instructions. The cDNA
library was constructed, and the fragments were
ligated with adapters as described by Li et al. [45] and
sequenced on the Illumina NovaSeq 6000 (Illumina,
CA, USA) at Gene Denovo Biotechnology Co. (Guang-
zhou, China). The raw reads containing adapters and
low-quality sequences (with>10% N bases or 50% of
the bases having <20 quality score) were filtered using
fastp v0.18.0 [46] to ensure the accuracy of the RNA-
seq results. The resultant clean reads were sequentially
subjected to analysis of bases composition and de novo
assembly using the Trinity software package [47].

The BLASTx tool (http://www.ncbi.nlm.nih.gov/
BLAST/) was used for basic annotation of unigenes
(E-value threshold of 1le-5) in Nr, Swiss-Prot, KEGG,
and COG/KOG databases. GO enrichment was per-
formed based on the Nr annotation from the Blast2GO
software [48]. Advanced annotations for protein
domain and function were conducted in the Pfam and
SAMRT databases using Pfam_Scan (ftp://ftp.sanger.
ac.uk/pub/databases/Pfam/Tools/) and HMMER serv-
ers (http://hmmer.org/), respectively. Further, predic-
tions of R proteins and TFs were performed against
the PRGdb and Plant TFdb databases using Blastp
search. RSEM [49] was applied to qualify and normal-
ize the unigene expression as FPKM. Gene differential
expression between two groups was determined using
the DESeq2 software [50]. The criterion for defining
DEGs with statistically significant differences in group
comparisons is |absolute log, fold-change (log,FC)>1
and FDR<0.05|. PCA was performed using R pack-
age (http://www.r-project.org/) to establish sample
correlations.

The interacting relationship among proteins encoded
by the DEGs acquired in RNA-seq was analyzed using the
STRING database (https://cn.string-db.org/). However,
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the resulting interaction pairs were numerous. Thus,
the interaction pairs with>500 combined scores were
retrieved for further study.

Measurements of phytohormones and data analysis

Here, 1 cm-long stem samples were ground into a fine
powder under liquid nitrogen before measuring SA, JA,
and their derivatives. Next, the phytohormones were
extracted and concentrated using previous protocols [51,
52]. Briefly, 50 mg of the stem powder was mixed with
1 mL of methanol/water/formic acid (15:4:1, V/V/V)
and 10 uL of an internal standard solution (100 ng/mL)
and vortexed for 10 min. The solution was centrifuged at
12,000 rpm for 5 min at 4 C; its supernatant was trans-
ferred to a new microcentrifuge tube, dried using nitro-
gen purging, reconstituted in 100 pL of 80% methanol
(V/V), and filtrated using a 0.22 pum membrane filter. The
qualitative and quantitative analysis of phytohormones
in the samples were then conducted using Analyst 1.6.3
and MultiQuant 3.0.3 softwares upon an ExionLC" AD
ultra-performance liquid chromatography-electrospray
tandem QTRAP® 6500+ mass spectrometry (UPLC-
ESI-MS/MS, SCIEX, MA, USA) system at MetWare
Biotechnology Co. Ltd. (Wuhan, China). The R pack-
age pheatmap was used for hierarchical cluster analysis
(HCA) of the samples. Statistically significant differences
in the phytohormone contents were determined by the
threshold |absolute log,FC>1 and P-value<1]|.

Determinations of ROS levels and relevant enzymes/
non-enzymes activity

ROS levels, enzymes (SOD, CAT, and APX) and non-
enzymes (AsA and GSH) activity were tested respectively
using detection kits following the manufacturer’s instruc-
tions (Suzhou Comin, Suzhou,China). Statistics was
analyzed using Analysis of variance (ANOVA) methods
upon the GraphPad Prism 8 software (https://www.graph
pad.com/).

gRT-PCR (quantitative Real-Time PCR) analysis

The RNA extracted from the 1 cm-long basal stems were
used for qRT-PCR analysis. The first-strand cDNA was
produced from 500 ng of the extracted RNA using the
FastKing gDNA Dispelling RT SuperMix kit (TTANGEN,
Beijing, China) and diluted 10 times before qRT-PCR.
The primers (Table S1) were designed for amplifying the
non-conserved sequences of the unigene coding regions
using Primer3Plus (https://www.primer3plus.com/index.
html). Next, the qRT-PCR was conducted using diluted
c¢DNA as the template in 10 pL of the SsoFast EvaGreen
Supermix (Bio-Rad, CA, USA) on a CFX96 Touch real-
time PCR detection system (Bio-Rad, USA). Each set
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was repeated three times. The constitutive sweetpo-
tato f-actin gene (GenBank accession no. AY905538)
was chosen as the internal reference, and the unigene
expression was measured using the 2724 method [53].
Differences between gene expression levels were deter-
mined using the two-tailed Student’s ¢-test, and the linear
regression model was built using the GraphPad Prism 8
software (https://www.graphpad.com/).

Results

Differential resistibility and pathogenicity of D. dadantii

in sweetpotato cultivars

Compared to CK-XX, D. dadantii-infected stems of
XX developed water-soaked brown symptoms rap-
idly within one day either at 107 or at 10® cfu/mL, and
the lesions spread along the stems to the top during the
next few days (Fig. 1A). Besides, the leaves of the inocu-
lated XX plants gradually became chlorotic and wilted,
resulting in plant death (Fig. 1A, C). Different inocu-
lum concentrations caused insignificant differences in
the average length of the rotten XX stems (unpublished

3 dpi

A 1 dpi

GS87
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data). However, a higher concentration significantly
increased the disease severity on the leaves and roots of
the inoculated XX plants; most leaves became chloro-
tic, wilted, and abscised without new leaf development,
and the roots decayed (Fig. 1C). D. dadantii caused simi-
lar concentration effects on GS87 plants under the same
conditions, but the overall disease severity was milder
than for XX plants (Fig. 1A—C). Despite the minor rot-
ten stem, the GS87 plants inoculated at 107 and 108 cfu/
mL of D. dadantii were mostly as normal as CK-87 dur-
ing the seven days post-inoculation (dpi). Furthermore,
the average length of longitudinal rotten stems at 10’
and 10® cfu/mL was not significantly different, save for
the one or two chlorotic leaves observed at 10® cfu/mL
(Fig. 1A—C). All the results above indicated that a higher
D. dadantii concentration promote more invasion of
sweetpotato. The disease evaluation results revealed that
10® cfu/mL is appropriate for the following studies, and
GS87 and XX were identified as resistant and highly sus-
ceptible to D. dadantii, respectively.

Qm DOABG 6 AaBIBRO| cowcu-m“I GG |

107 cfu/mL 10% cfu/mL

C

107 cfu/mL

10 cfu/mL

107 cfu/mL 108 cfu/mL

b__CE cfu/mL CK

10® cfu

Fig. 1 Symptom developments in GS87 and XX plants inoculated with D. dadantii strain E36. A Disease developments in GS87 and XX plants one
week after inoculation with 107 cfu/mL and 10® cfu/mL. B Cross sections of the inoculated stems at 7 dpi. Bars=0.5 cm. C Whole plants and local
enlargements of stems and adventitious roots at 7 dpi. Bars=10 cm. D Histological analysis showed the stem architectures in cross sections at 7 dpi
after inoculation with 108 cfu/mL. Bars= 100 um. CK plants were inoculated with an NA liquid medium
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The histological results showed that the cell structure
of GS87 stems inoculated with 10® cfu/mL of D. dadantii
roughly remained normal with intact epidermis, cortex,
and vascular bundles in contrast with CK-87. However,
the parenchyma cells of the pith of inoculated GS87
were partially and slightly degraded, comparable to the
tiny light-brown lesions observed in the cross-section of
infected stems (Fig. 1B, D). Contrarily, the D. dadantii-
inoculated XX stems decomposed severely with loosened
and fragmentary parenchyma cells in the broken epider-
mis, cortex, and pith (Fig. 1D). These severe injuries in
XX weakened its mechanical support for stems and dam-
aged the absorption, storage, and transportation of water
and nutrients, leading to plant maceration and lethality.
Intriguingly, the xylem and phloem tissues of the inocu-
lated GS87 and XX stems kept a relatively integrated
composition similar to CK. Altogether, GS87 developed a
stronger defense strategy to prohibit D. dadantii invasion
and dissemination compared to XX.

Table 1 Quality assessment of RNA-seq data
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A large number of genes were functionally identified

in RNA-seq and analyzed

The RNA-seq analysis generated 960.99 million high-
quality clean reads consisting of 142.58 Gb clean bases
with 92.37-93.53% Q30 and 45.67-47.97% GC con-
tents, and each sample had a relatively low unknown
base (N) content (Table 1). This data is similar to another
RNA-seq-based study of sweetpotato saccharification
mechanism®®. Accordingly, de novo assembly yielded
54,844 unigenes, including 2,604 R genes and 1,517
transcription factor (TF) genes (after deleting unigenes
mapped to the bacterial transcriptome) with an N50
of 1,711 bp and an average unigene length of 1,214 bp
(Fig. 2A). GS87 and XX samples had 52,774 (including
2,520 R genes and 1,507 TF genes) and 45,385 (includ-
ing 2,405 R genes and 1,403 TF genes) unigenes, respec-
tively (unpublished data). Of 54,844 unigenes, 72.26%
were functionally annotated in Nr, GO, KEGG, KOG,
and SwissProt databases (Fig. 2B). Most Nr-annotated
unigenes were aligned to the genomes of I triloba and I
nil, two wild relatives of cultivated sweetpotato (Fig. 2C).

Sample Rawreads Clean reads (%) Raw bases (bp) Clean bases (bp) Q20 (%)* Q30(%)* N (%)P GC content (%)
CK-GS87-1 43,114924 42,951,518 (99.62%) 6,467,238,600 6,395,389,296 9742 92.89 61,750 (0.00%)  45.90
CK-GS87-2 36,879,782 36,752,492 (99.65%) 5,531,967,300 5/473,859,184 97.59 93.25 55467 (0.00%)  45.88
CK-GS87-3 43,008,784 42,862,430 (99.66%) 6,451,317,600 6,392,419,919 97.51 93.05 61,976 (0.00%) 4592
T0-GS87-1 36,391,086 36,264,542 (99.65%) 5,458,662,900 5/403,918,078 97.62 93.28 53,816 (0.00%)  45.79
T0-GS87-2 36,122,112 35,986,806 (99.63%) 5,418,316,800 5,359,328,453 97.72 9348 52,333 (0.00%)  45.89
T0-GS87-3 56,593,696 56,380,228 (99.62%) 8,489,054,400 8,415,741,169 97.59 93.03 100,395 (0.00%) 45.91
T18-GS87-1 38,768,196 38,517,124 (99.35%) 5,815,229,400 5,735,936,202 9761 93.29 56,506 (0.00%)  46.78
T18-GS87-2 42,014,168 41,715,254 (99.29%) 6,302,125,200 6,212,025,055 97.38 92.75 61,194 (0.00%)  46.75
T18-GS87-3 40,547,828 40,356,808 (99.53%)  6,082,174,200 6,011,710,657 97.22 9237 58,554 (0.00%)  46.07
T30-GS87-1 10,758,112 10,668,618 (99.17%) 1,613,716,800 1,588,339,234 97.78 93.53 12,509 (0.00%)  46.67
T30-GS87-2 6,989,218 6,948,076 (99.41%)  1,048,382,700 1,035,599,680 97.55 93.16 9,880 (0.00%) 4643
T30-GS87-3 21,210,984 21,061,104 (99.29%) 3,181,647,600 3,137,285,694 9749 92.95 31,182 (0.00%) 46.33
CK-XX-1 44,562,922 44,405,210 (99.65%) 6,684,438,300 6,607,465,046 97.66 9335 58,734 (0.00%) 4567
CK-XX-2 45,092,216 44,933,498 (99.65%)  6,763,832,400 6,699,461,852 9743 92.90 63,353 (0.00%)  45.89
CK-XX-3 46,015,234 45,856,814 (99.66%) 6,902,285,100 6,835,834,650 97.46 92.92 67,132 (0.00%)  45.84
TO-XX-1 42,266,740 ,130,070 (99.68%)  6,340,011,000 6,282,012,599 97.57 93.11 60,722 (0.00%)  46.07
TO-XX-2 44,319,074 44,176,452 (99.68%) 6,647,861,100 6,581,362,528 9749 93.00 64,607 (0.00%)  46.02
TO-XX-3 53,988,786 53,808,906 (99.67%) 8,098,317,900 8,032,722,347 97.52 93.07 78,884 (0.00%)  46.05
T18-XX-1 44,720,934 44,550,410 (99.62%)  6,708,140,100 6,630,661,698 97.49 93.06 65,353 (0.00%)  46.26
T18-XX-2 49,942,008 49,740,896 (99.60%) 7,491,301,200 7,407,888,880 97.53 93.10 72,033 (0.00%)  46.45
T18-XX-3 44,820,040 44,626,308 (99.57%)  6,723,006,000 6,632,432,101 97.55 93.17 65,223 (0.00%)  46.21
T30-XX-1 42,620,586 42,441,138 (99.58%) 6,393,087,900 6,321,825,263 97.60 93.30 60,808 (0.00%)  46.20
T30-XX-2 49,055,330 48,825,962 (99.53%)  7,358,299,500 7,271,071,351 97.61 9331 1,380 (0.00%)  47.97
T30-XX-3 41,183,068 41,021,230 (99.61%)  6,177,460,200 6,112,173,464 97.48 93.04 59,443 (0.00%) 4633
Total 960,985,828 956,981,894 144,147,874,200  142,576,464,400 - - - -

?The ratio of clean bases having quality score over 20 and 30 to all clean bases
b The ratio of data with unknown (N) bases to all clean bases
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Furthermore, 28,731 unigenes were classified into three
GO terms (level 1), of which 487 unigenes were involved
in the immune system process (level 2) (Table S2). Most
of the annotated unigenes enriched the KEGG pathways
of “Metabolic pathways” (ko01100, 4092), “Biosynthesis
of secondary metabolites” (ko01110, 2266) and “Ribo-
some” (ko03010, 1574), suggesting that the sweetpotato
defense against D. dadantii is an energy-cost process.
Additionally, three disease-resistant-relevant pathways—
“Plant-pathogen interaction (ko04626, 509)”, “Plant hor-
mone signal transduction (ko04075, 365)” and “MAPK
signaling pathway-plant (ko04016, 314)” ranked among
the top 20 KEGG pathways. Overall, the KOG classi-
fications were consistent with the KEGG enrichment
(Table S3 and S4).

The principal component analysis (PCA) model
showed a small dispersion of the biological replicates of
each sweetpotato sample, and all samples were distrib-
uted in the four quadrants of two principal components
(Fig. 2D). The 0 hpi and CK samples were distinguished
from those at 18 and 30 hpi in the first principal com-
ponent (PC1, 47.3%), indicating that sweetpotato plants
respond differently to short- and long-term inoculation
with D. dadantii. Besides, GS87 and XX plants showed
various responses to the D. dadantii attack, as their cor-
responding samples were divided into PC2 (24.6%). qRT-
PCR using specific primers showed that the expression
profiles of nine unigenes were generally consistent with
those in the RNA-seq (Fig. S1). Collectively, the results
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of the PCA model and qRT-PCR demonstrated that the
RNA-seq data was reliable.

Key differentially expressed genes (DEGs) encoding R
proteins and TFs were uncovered

The number of DEGs increased over the treatment time
in CK-GS87 vs T0-GS87, CK-GS87 vs T18-GS87, and
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CK-GS87 vs T30-GS87 comparisons (CK-GS87 as con-
trol). More unigenes were down-regulated in D. dadan-
tii-inoculated GS87 samples (T0-GS87, T18-GS87,
T30-GS87) compared to CK-GS87. A similar trend was
observed in XX comparisons (CK-XX vs T0-XX, CK-XX
vs T18-XX, and CK-XX vs T30-XX) (Fig. 3A). The
GS87 comparisons had more DEGs (34,287) than XX
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B Down-regulated
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Fig. 3 Analysis of DEGs between GS87 and XX at different time points. A Distribution of DEGs at different time points. XX samples were used

as control groups in the four distinct comparisons. B Venn diagram showing DEGs at 0, 18, and 30 hpi with CK as a control in the same sweetpotato
cultivar (left, GS87, right, XX). C Top 20 KEGG pathways enriched by 5,692 common DEGs in the GS87 comparisons (left) and 3,599 common DEGs
in the XX comparisons (right). Gene ratio indicated the number of unigenes enriched in specific KEGG pathway divided by the total number of all

unigenes annotated in the KEGG database
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comparisons (17,989), implying that GS87 manipulated
more genes (especially R genes) transcriptionally for
defense against D. dadantii infection (Fig. 3A, Table S5
and S6). Moreover, 5,692 common DEGs from GS87
comparisons shared the same top 20 KEGG pathways
with 3,599 common DEGs from XX comparisons, includ-
ing three disease resistance-related pathways “Plant hor-
mone signal transduction (ko04075)", “MAPK signaling
pathway-plant (ko04016)” and “Plant-pathogen interac-
tion (ko04626)’, but the numbers of DEGs in these path-
ways differed (Fig. 3C).

Furthermore, 2,294 shared DEGs were obtained
from the overlap of the the Venn diagram of T0-XX
vs T0-GS87, T18-XX vs T18-GS87, and T30-XX vs
T30-GS87 comparisons (XX samples as controls)
(Fig. 4A). Thus, these shared DEGs may be core genes
regulating sweetpotato resistance to D. dadantii. This
result prompted a more detailed analysis of 2,294 shared
DEGs. First, functional annotation analysis showed that
over 86% of these shared DEGs enriched 55 GO terms at
level 2, and the three most enriched terms are “metabolic
process” (848), “cellular process” (833), and “catalytic
activity (809)” (Fig. S2). Additionally, 451 and 1,015 DEGs
were annotated through KEGG and KOG databases,
respectively (Fig. S2). The majority of the DEGs enriched
the pathways of metabolisms, transcription, translation
and signal transduction, implying that the sweetpotato
made a global response to defend against D. dadantii.
The putative protein sequences of 2,294 shared DEGs
were aligned to PRGdb and plant TFdb databases, iden-
tifying 126 R genes and 73 TF genes (Table S7 and S8).
The heatmap showed clear divisions in the gene expres-
sions between GS87 and XX (Fig. 4B and C). Moreo-
ver, only eight R genes and three TF genes significantly
enriched seven KEGG pathways, including “Plant-path-
ogen interaction (ko04626), “MAPK signaling pathway-
plant (ko04016)’, and “Plant hormone signal transduction
(ko04075)” as the three highly abundant pathways. Addi-
tionally, most of the 11 DEGs were highly expressed in
inoculated GS87 samples than inoculated XX samples
(Fig. 4D). These results suggested that the 11 genes and
the relevant pathways may be important for regulating
sweetpotato resistance to BSRR.

(See figure on next page.)
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Furthermore, more than half of 126 R genes increased
their expressions in XX relative to GS87 (Fig. 4B), sug-
gesting that these genes may negatively respond to the D.
dadantii hazard. The PRGdb 4.0 and SMART database
searches indicated that these 126 R proteins were func-
tionally divided into 11 distinct families based on the
presence of specific disease resistance-relevant domains.
Kinase, LRR, and NBS were the most frequent R pro-
tein domains (Fig. 4), suggesting that the corresponding
domains confer host resistance against pathogens. Com-
pared to XX samples, most DEGs encoding PRRs (includ-
ing RLPs and RLKs) exhibited a reducing expression level
in GS87 samples (Fig. 4G). Moreover, 37 DEGs com-
prised six NBS-LRR gene families, including N (NBS, 15),
NL (NBS-LRR, 11), CN (CC-NBS, 2), CNL (CC-NBS-
LRR, 2), TN (TIR-NBS, 2), and TNL (TIR-NBS-LRR,
5) (Fig. 4E, F). Over 50% of the NBS-LRR genes showed
higher expression levels in GS87 than XX. Additionally,
73 TF DEGs were classified into 26 families, including
one WRKY family with six members (Fig. 4H). Three of
the WRKY unigenes (unigene0008905, unigene0011674,
and unigene0091051) had higher expression levels in
GS87 than XX. After excluding unigene0019573 (with
an incomplete WRKY domain), the amino acid sequence
alignment showed that the other five WRKY proteins
shared a core domain characterized by highly con-
served WRKYGQK residue and a common variant of
WRKYGKK.

Jasmonic Acids (JAs) and Salicylic Acids (SAs) exhibited
diverse dynamic response patterns

The qualitative and quantitative analysis of phytohor-
mones in the sweetpotato samples showed a high sen-
sitivity and accuracy in detecting JAs and SAs (Fig. S3
and S4).The levels of JA, methyl JA (MeJA), jasmonoyl-
isoleucine (JA-Ile), jasmonoyl-phenalanine (JA-Phe),
and jasmonoyl-valine (JA-Val) significantly peaked at 0
hpi (except OPDA) and then decreased gradually in the
lowermost stem of GS87 and XX plants post-inocula-
tion (Fig. 5A). Furthermore, the content of salicylic acid
2-O-b-D-glucose (SAG, a primary SA glucose conjugate
mainly distributed in the vacuole) reduced significantly
in the middle and later stage. Conversely, the SA content

Fig.4 Analysis of the 2,294 DEGs shared by GS87 and XX comparisons at 0, 18, and 30 hpi. A Venn diagram showing the numbers of DEGs

from GS87 and XX comparisons at 0, 18, and 30 hpi. XX samples were used as controls at each time point. B and C Expression heatmaps

of the shared DEGs encoding 126 R proteins and 73 TFs. D Expression heatmap of 11 DEGs enriched in seven KEGG pathways. ND, not detectable.

E Schematic structure of 126 R proteins within 11 families based on the disease resistance-related domain type. L, leucine-rich repeat receptor (LRR);
K, kinase; RLP, receptor-like protein with transmembrane (TM) domain; RLK, receptor-like kinase with TM domain; N, nucleotide binding site (NBS);
NL, NBS-LRR; CN, coiled-coil (CC)-NBS; CNL, CC-NBS-LRR; T, Toll/interleukin receptor (TIR); TN, TIR-NBS; TNL, TIR-NBS-LRR. F and G Clustering analysis
of 37 R genes containing the NBS domain and 21 PRR (including RLP and RLK) genes based on log,FC values. H Clustering analysis of six WRKY genes
within TF family log,FC values (top) and multiple amino acid sequence alignments of the core domain in the six WRKY proteins (bottom)
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Fig.5 Analysis of JA, SA, and their corresponding derivatives. A Histograms of phytohormone contents. OPDA, 12-oxo-phytodienoic acid; JA,
jasmonic acid; JA-Phe, jasmonoyl-phenalanine; JA-lle, jasmonoyl-isoleucine; JA-Val, jasmonoyl-valine; MeJA, methyl jasmonate; SAG, salicylic acid
2-O-B-D-glucose; SA, salicylic acid. B Expression patterns of JA- and SA-relevant unigenes in GS87 and XX. LOX, lipoxygenase, AOS, allene oxide
synthase, AOC, allene oxide cyclase, ICS1, isochorismate synthase 1. C Unigene expression comparisons between GS87 and XX. Dark red and dark blue
rectangles represent significantly up-regulated and down-regulated unigenes with FDR values of < 0.05 between groups. Light red and light blue
rectangles represent up-regulated and down-regulated unigenes with FDR values of > 0.05 between groups

declined slightly and rose dramatically in the medium

Further, the study revealed that key genes involved in
term before decreasing at the final time-point (Fig. 5A).  JA and SA biosynthesis and signal transduction pathways
Altogether, the JA content accumulated more quickly in  against D. dadantii. For JA pathway, the expressions of
both cultivars over the course of time than SA did. four MYC2 unigenes (Unigene0045201, Unigene0006281,
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Unigene0070901, and Unigene0016054) and several other
unigenes (i.e., Unigene0065373 (AOS), Unigene0126619
(AOCQ), and Unigene0097723 (COI1)) were immediately
up-regulated in GS87 and XX at 0 hpi, but they decreased
over the time course compared to CK. The expression
patterns of the abovementioned genes matched with the
reduced content of JA and its derivatives at the same time
point (Fig. 5A, B). Furthermore, unigene0003157 (LOX2)
exhibited a distinct content pattern, which first reduced
and later rose. Four other JA-relative WRKY-encoding
unigenes were differentially expressed in GS87 and XX.
In general, D. dadantii inoculation down-regulated the
expression of most SA-relevant genes in GS87 and XX.
However, most of the SA-related unigenes mentioned in
this study were not statistically different between GS87
and XX, unlike the JA-related unigenes (Fig. 5C).

ROS and the relevant antioxidants of sweetpotato
responded to D. dadantii infection

In consideration of the important role of ROS in plant
disease resistance, ROS production rate, which reflects
ROS content, in GS87 and XX after inoculation with
D. dadantii were detected. The results showed that,
compared to CK-GS87, ROS production rate in GS87
remained unchanged statistically at 0 hpi until GS87 dra-
matically increased ROS production rate at 18 hpi and
then decreased it at 30 hpi. However, XX had a more
delayed ROS production — ROS content peak appeared
at 30 hpi (Fig. 6). Furthermore, no significant difference
in ROS production rate at CK and 0 hpi between GS87
and XX were observed. These results indicated that GS87
was able to produce ROS more rapidly than XX. Sub-
sequently, five ROS-relevant antioxidants were further
analyzed. First of all, it was interesting that there was no
obvious difference in SOD enzyme activities between
infected XX at 0, 18, 30 hpi and CK-XX. For GS87, SOD
enzyme activity remained a similar and low level at 0 and
18 hpi compared to CK-87,whereas it was statistically
increased at 30 hpi, which may result from ROS burst.
Additionally, except that SOD enzyme activity at 30 hpi
in GS87was greater than that in XX, catalase (CAT) and
ascorbate peroxidase (APX) enzyme activity, and ascor-
bic acid (AsA) and glutathione (GSH) contents in GS87
were lower than those in XX. These results implied that
SOD in GS87 may play a dominate role in eliminating
ROS in comparison to XX.

Subsequently, the dynamic expressed patterns of sev-
eral key DEGs relevant to the biosynthesis or signal
transduction of ROS and other antioxidants were ana-
lyzed based on the RNA-seq (Fig. 6). Unigene000088
(RBOHC as an ROS producer) and Unigene0126112
(MEDS8 as an SA enhancer) were significantly induced
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in infected GS87 than XX, and Unigene0126112
(MEDS) exhibited later responses. In additional, the
expression levels of Unigene0111041 encoding SOD
at all treatment in GS87 were up-regulated compared
to those in XX. The expressions of two CAT-encoding
unigenes, Unigene0081843 and Unigene0094858, were
also induced by D. dadantii attack, of which in GS87
were lower than those in XX. In consistent with the
APX enzyme activity, AsA and GSH contents, all APXs
and GPXs-encoding genes were down-regulated in
GS87 compared to XX.

Hub proteins were focused through Protein—Protein
interaction (PPI) network
After removing the interacting protein pairs with com-
bined scores of <500, a PPI network consisting of 2,338
proteins (including 429 R proteins and 180 TFs) was
generated using 10,627 interacting protein pairs (Fig.
S5). All four treatments shared 57 strictly hub R pro-
teins, and the remaining 26 were detected at 0, 18, and
30 hpi. Furthermore, the R proteins were correlated
to diverse TFs, such as WRKYs, bZIPs, and bHLHs.
In some cases, an individual R protein interacted with
more than one TF, and vice versa. The number of R pro-
teins and TFs at O hpi exceeded those in the CK plants,
but the numbers reduced at 18 and 30 hpi; meanwhile,
the number of non-TFs or non-R proteins increased.
These dynamic changes reflected a tradeoff of the
sweetpotato disease resistance and growth, considering
that the defense signals had been passed to the down-
stream proteins. In conclusion, these results demon-
strated that sweetpotato rapidly builds a tremendous
protein interaction network and increases the number
of R proteins to deal with D. dadantii attack.
Furthermore, 180 proteins (R, TFs, JA-/SA-pathway-
related proteins, and their corresponding interactors)
generated a small-scale PPI network shared by GS87
and XX at 0, 18, and 30 hpi (Fig. 7). The small PPI net-
work composed of 349 protein interaction pairs with
two sub-networks. The dominant one had 158 pro-
teins connected with others directly or indirectly, and
another contained 22 proteins with low interconnec-
tivity and being independent from the main network,
probably due to the elimination of protein interac-
tions with <500 combined score. In the network, Uni-
gene0060932 from RLK family and Unigene0129146
encoding acetyl-CoA carboxylase 1 (ACCase 1) showed
the strongest connectivity degree since they directly
linked with 45 other proteins, respectively (Table S5,
S6 and S7). Thus, the two proteins may have crucial
roles in response to BSRR. Unigene0129146 (ACCase
1) showed an interesting phenomenon by connecting
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and down-regulated unigenes with FDR values of > 0.05 between groups



Xie et al. BMC Plant Biology ~ (2024) 24:1082 Page 14 of 19
(]
9
[ J ° o
[} [ ] [ J
o« TP 2
¢ o
[ ] ) ® Unigene0056578 @ @
L ) o
= o )
Unigene0129146 ® @
Unigene0060932 ° @ ® ®
® ® ®
o [ AN ] L
{
® () 3 b [
[ ] ¢ (] o
L ] [ ¢
[
. Unigene0110950 [} o
o Unigene0064677
[ J PY )
; Q
"Jnigene0000306 ® ®
[ J ° ] P ® [ J ([ J ([ ]
@ [ ] [ ] [ ]
o
nigene0003157
Unigene0065373 @ Unigent0073389 @
Unigene0092258 ..

° AN

Fig. 7 Protein—Protein interaction (PPI) network analysis. Green dot, R protein; pink dot, TF; dark dot, protein involved in the JA pathway;

yellow dot, protein involved in the SA pathway; blue dot, protein other than those mentioned above. The color shades and widths of the lines
connecting any two proteins are positively correlated with the combined score of the interacting pairs. The dot size represents the protein
connectivity. Unigene0060932, RLK protein; Unigene0056578, thiamine pyrophosphokinase 1-like (TPK1) protein; Unigene0129146, acetyl-CoA
carboxylase 1 (ACCase 1) protein; Unigene0000306, MYC2; Unigene0003157, lipoxygenase2 (LOX2); Unigene0065373, allene oxide synthase (AOS);
Unigene0110950, glycerol-3-phosphate dehydrogenase3 (GPD3); Unigene0073389, probable LRR receptor-like serine/threonine-protein kinase;
Unigene0092258, MYB20; Unigene0064677, pathogenesis-related protein 1 (PR1)

directly to almost all R proteins, as did unigene0056578
(thiamin pyrophosphokinase 1, TPK1). In addition,
unigene0110950  (glycerol-3-phosphate  dehydroge-
nase3, GPD3) was another hub protein that formed a
bridge between TFs and R proteins or other proteins.
Unigene0000306 (MYC2) had a relatively high linkage
with other proteins, including unigene0003157 (LOX2)
and unigene0065373 (AOS).

Discussion

Retardation of D. dadantii infection made GS87 more
resistant than XX

GS87 is an elite high-yield sweetpotato cultivar widely
planted in southern China and is multi-resistant to

BSRR, bacterial wilt, and Fusarium wilt. In contrast, XX
is another elite cultivar with good taste but susceptible
to BSRR. Thus, GS87 and XX are valuable germplasms
for studying the molecular mechanism of sweetpotato
resistance against BSRR, and the response of GS87 and
XX to BSRR is considered for designing and adopt-
ing appropriate inoculation methods to reduce disease
escape or tolerance resulting from below-threshold
inoculation concentrations. In this study, GS87 and
XX were inoculated with D. dadantii (the causal
agent of BSRR) at concentrations of 10’ cfu/mL and
10® cfu/mL. GS87 was more resistant to D. dadantii at
107 cfu/mL and 10® cfu/mL than XX, where D. dadan-
tii caused severe disease with increasing inoculum



Xie et al. BMC Plant Biology =~ (2024) 24:1082

concentrations. The results implied that 10 cfu/mL of
the inoculum can distinguish resistance levels of sweet-
potato plants to BSRR. Hence, the following experi-
ments were performed using 10° cfu/mL.

The plant cell wall is the first guard line against phy-
topathogen intrusions. As one of the most crucial com-
ponents of plant cell walls, pectin is closely involved in
plant immunity [54, 55]. For survival and reproduction,
phytopathogens have various strategies for penetrating
plant cell walls. For example, D. dadantii secreted plant
cell wall-degrading enzymes (especially pectinases) to
counteract the pectic-based defense responses from
host plants [56]. In this study, microscopic analysis
showed a highly intact structure in the stems of GS87
infected with 10® cfu/mL of D. dadantii, a sharp con-
trast to the bacteria-inoculated XX plants, which
exhibited severe cell decomposition and disorganiza-
tion in the epidermis, cortex, and pith. However, the
vascular bundles of GS87 and XX stayed robust. The
above findings are similar to the previous observations
of D. dadantii infection in A. thaliana leaves, where the
bacteria thrived in the decomposed parenchyma cells
at the symptomatic regions or colonized intercellular
spaces and cell walls around the macerated areas. How-
ever, the bacterium was undetectable in the vascular
tissues with no observable symptoms [25]. The pectin
and lignin contents and corresponding regulator genes
should be determined in further studies to understand
better why D. dadantii caused different responses
between GS87 and XX.

Several R proteins and TFs are involved in resistance

to BSRR

RNA-seq is an easy tool for high-throughput analysis
of gene expressions at the transcription level [57]. Over
55,000 literatures about RNA-seq from the past ten years
can be retrieved from NCBI PubMed sub-database, indi-
cating the wide application and significance of this tech-
nology. For sweetpotatoes, RNA-seq has been used to
study gene expression patterns in different developmen-
tal stages and organs, the mechanisms of plant resistance
to biotic and abiotic stress, and the regulation of qual-
ity [38, 41, 45, 58]. However, most RNA-seq studies of
the D. dadantii-A. thaliana pathosystem were focused
on D. dadantii rather than the host [4, 59-61]. Thus,
advancing the understanding of plant resistance mecha-
nisms against D. dadantii is of great significance. This
study generated 54,844 expressed unigenes using a de no
RNA-seq methods to investigate the transcription pro-
files of GS87 and XX plants challenged with D. dadan-
tii. Though the number of up-/down-regulated genes in
GS87 and XX increased over the time course, GS87 had
more DEGs (including R genes and TF genes) at each
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time-point than XX. Altogether, GS87 and XX differ in
their defense responses against D. dadantii, and GS87
deployed more genes from an early stage to increasingly
induce its resistance.

A total of 2,294 DEGs were shared in three compari-
sons between GS87 and XX (T0-XX vs TO-GS87, T18-XX
vs T18-GS87, T30-XX vs T30-GS87). Most DEGs-encod-
ing proteins functionally enriched metabolic pathways,
indicating that the immune response was an energy-
and metabolic substance-cost process. Among the 2,294
DEGs, 126 R genes and 73 TF genes were annotated.
Moreover, over 50% of the R genes were up-regulated in
D. dadantii-challenged GS87 than XX, suggesting the
ETI rather than the PTI system was mainly induced in
GS87. This study provides the first insight into the global
transcriptional responses of sweetpotatoes of differ-
ent resistance after D. dadantii infection. Furthermore,
it advances the understanding of the molecular mecha-
nisms of sweetpotato defenses against D. dadantii.

Phytohormones, ROS, and relevant antioxidants are
important for regulating resistance to D. dadantii

in sweetpotatoes

Jasmonic acid and SA are vital phytohormones in plant
immune reactions. Previous studies showed that JA per-
formed a more dominant role in regulating the patho-
genicity of D. dadantii [23, 25]. This study determined
the contents of JA, SA, and their corresponding deriva-
tives in D. dadantii-challenged GS87 and XX plants
based on the uPLC-MS/MS platform. The contents of
JA and its derivatives in GS87 and XX increased quickly
and dramatically after infection with D. dadantii and
were reduced over time. This phenomenon was con-
sistent with the rapid expression of JA biosynthesis and
signal transduction genes at the initial stage, indicating
that both cultivars launch a quick JA-based response
to D. dadantii. Surprisingly, the contents of JA and its
derivatives (OPDA, MeJA, and JA-Phe) were not sig-
nificantly different between GS87 and XX, except that
JA-Ile and JA-Val levels were substantially higher in XX
than in GS87. These results agree with the previous find-
ings that JA has a chemoattractant effect on D. dadantii
and assists the bacteria in penetrating through wounded
plant stems [23]. Similarly, Taurino et al. [62] revealed a
rapid induction of JA and JA-Ile contents in potato leaves
caused by D. dadantii at the earliest time, followed by
a continual reduction at the later stages. However, the
potato StAOS1/2 transgenic plants deficient in JA biosyn-
thesis showed a weak resistance to D. dadantii, suggest-
ing a complicated regulatory role of JAs. In fact, many
researchers have demonstrated that phytopathogens of
various species have evolved various strategies to activate
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or repress JA biosynthesis and signaling transduction
pathways for pathogenesis [63-67].

In terms of the SA pathway, the content patterns of SA
and SAG differed from those of JAs. A delayed SA accu-
mulation peaked at the final stages, and the content of
SAG was constantly reducing over time, suggesting that
SAG is converted to SA after infection by D. dadantii.
In this regard, D. dadantii triggered the SA pathway in
sweetpotato as in the previous Arabidopsis-D. dadan-
tii study, which also discovered that SA was not likely
involved in defense against the bacterial, although the
abundance of the PRI gene increased after bacterial
inoculation [25]. In this study, the contents of JAs (except
OPDA) and SA in GS87 and XX increased after D.
dadantii inoculation. However, GS87 had lower contents
of JA-Ile, JA-Val, SA, and SAG than XX at some time
points, indicating that these four phytohormones may
negatively regulate sweetpotato resistance to D. dadantii.
Moreover, the expression trends of some genes involved
in JA and SA biosynthesis and signal transduction path-
ways did not closely follow the changes in JAs and SAs
content, implying that JAs and SAs contents in planta
were correlated with other factors.

ROS burst in plants is an important sign for plant
defense system activation when facing pathogen attacks,
and its connections with JA and SA and functions of
defense against pathogens were widely studied before.
Myers et al. [68] demonstrated that JA hindered activated
ROS wave in Arabidopsis responses to local wounding or
strong light stress, while SA had the opposite effect. In
this study, ROS was produced more quickly and earlier
in GS87 than XX, and ROS burst pattern of GS87 seem
to keep pace with SA level change mode. SOD, CAT, and
APX are important enzymes in scavenging ROS, and
AsA-GSH cycle was responsible for reducing H,O, to
H,O via APX, in which APX enzyme activity was nega-
tively related to AsA content [69]. In this study, the dif-
ference in boosting SOD enzyme activity as well as in
increasing ROS between GS87 and XX may play a key
role in confering them different disease-resistance to D.
dadantii, as the CAT and APX enzyme ability of GS87
were lower than those of XX. Accordingly, a contrary
relationship between APX and AsA (or GSH) in GS87
and XX was observed in either GS87 and XX after path-
ogenic infection. It was possible that GS87 may adopt
other strategies like allocating more metabolic resources
to other defense mechanisms rather than relying on CAT
or APX.

Significant hub proteins uncovered in the PPl network may
be utilized in the resistance study

Three hub proteins, Unigene0060932 (RLK), Uni-
gene0056578 (TPK1), and Unigene0129146 (ACCase 1),
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were highly connected with other proteins in the PPI net-
work, suggesting their vital functions in regulating resist-
ance to D. dadantii. Previous studies showed that TPK1
is the key enzyme responsible for the thiamine (namely
vitamin B1) pyrophosphorylation to thiamine pyrophos-
phate (TPP) in the cytosol. Thiamine reportedly induces
plant disease resistance through an SA-dependent path-
way [70, 71]. Futhermore, TPP serves as a coenzyme that
assists the production of acetyl-CoA, and ACCase 1 is
a restriction enzyme involved in fatty acid biosynthesis
and participates in the first step of acetyl-CoA catalysis
into malonyl-CoA [72]; hence there is an indirect link
between Unigene0056578 (TPK1) and Unigene0129146
(ACCase 1). Moreover, malonyl-CoA is a biosynthesis
substrate of fatty acids and many secondary metabo-
lites, including flavonoid, which are involved in defence
against pathogens [73]. A previous study in common
bean showed that ACCase accumulation after pathogen
infection and JA application induces defense [74]. Unex-
pectedly, the average level of Unigene0129146 in GS87
was 2.5 times lower than XX at 0, 18, and 30 hpi. Moreo-
ver, the fragments per kilobase of transcript per million
mapped fragments (FPKM) values were low in both cul-
tivars (unpublished data), hence the role of ACCase in
regulating R proteins in sweetpotato remains unclear.

Conclusions

This study analyzed the comparative time-series RNA-
seq profiles and plant disease-relevant phytohormones
patterns in resistant (GS87) and susceptible (XX) sweet-
potato cultivars challenged by D. dadantii (the causal
agent of BSSR). First, D. dadantii-challenged GS87
maintains a stable resistance and overcomes BSRR infec-
tion even at higher inoculum concentrations by retain-
ing a highly intact structure in the stem and regulating
more genes (especially R genes) than XX. Moreover, the
JAs and SAs of sweetpotato are involved in response to
D. dadantii infection, and they may have potentially
negative effects on sweetpotato resistance to D. dadan-
tii. Lastly, ROS and SOD play vital roles in confering
GS87 resistance against D. dadantii. In sum, these find-
ings advance the understanding of molecular differences
between sweetpotatoes with variant resistance to D.
dadantii and provide core R genes and other hub DEGs
as candidates for molecular BSSR-resistance breeding.
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tograms (TICs) of each replicates of GS87 and XX. Fig. S4. The regression
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