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Transcriptome analysis of sugarcane i

reveals rapid defense response of SES208
to Xanthomonas albilineans in early infection
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Abstract

Background Diseases are the major factor affecting the quality and yield of sugarcane during its growth and devel-
opment. However, our knowledge about the factors regulating disease responses remain limited. The present study
focuses on identifying genes regulating transcriptional mechanisms responsible for resistance to leaf scald caused by
Xanthomonas albilineans in S. spontaneum and S. officinarum.

Results After inoculation of the two sugarcane varieties SES208 (S. spontaneum) and LA Purple (S. officinarum) with
Xanthomonas albilineans, SES208 exhibited significantly greater resistance to leaf scald caused by X. albilineans than
did LA Purple. Using transcriptome analysis, we identified a total of 4323 and 1755 differentially expressed genes
(DEGS) in inoculated samples of SES208 and LA Purple, respectively. Significantly, 262 DEGs were specifically identified
in SES208 that were enriched for KEGG pathway terms such as plant-pathogen interaction, MAPK signaling pathway,
and plant hormone signal transduction. Furthermore, we built a transcriptional regulatory co-expression network that
specifically identified 16 and 25 hub genes in SES208 that were enriched for putative functions in plant-pathogen
interactions, MAPK signaling, and plant hormone signal transduction. All of these essential genes might be signifi-
cantly involved in resistance-regulating responses in SES208 after X. albilineans inoculation. In addition, we found
allele-specific expression in SES208 that was associated with the resistance phenotype of SES208 when infected by X.
albilineans. After infection with X albilineans, a great number of DEGs associated with the KEGG pathways ‘phenylpro-
panoid biosynthesis'and flavonoid biosynthesis'exhibited significant expression changes in SES208 compared to LA
Purple that might contribute to superior leaf scald resistance in SES208.

Conclusions We provided the first systematical transcriptome map that the higher resistance of SES208 is associated
with and elicited by the rapid activation of multiple clusters of defense response genes after infection by X. albilineans
and not merely due to changes in the expression of genes generically associated with stress resistance. These results
will serve as the foundation for further understanding of the molecular mechanisms of resistance against X. albilineans
in S. spontaneum.
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Very high yields of sucrose make Saccharum officinarum
and other sugarcane species among the most important
crops as the largest sources of sugar and biofuel feed-
stocks from warm climates around the world [1, 2]. In
the past few decades, sugarcane has been used not only
to generate sugars for food but also to develop poten-
tially sustainable processes to shift the global energy mix
toward cleaner and renewable resources [3]. Current cul-
tivated sugarcane hybrids were derived from interspe-
cific crosses between several parental species including
S. barberi, S. sinense, S. officinarum, and wild accessions
of S. spontaneum and S. robustum that resulted in com-
plex autopolyploids with 2n=100-130 chromosomes [4,
5]. The growth and productivity of sugarcane can be very
adversely impacted by biotic stress caused by microor-
ganisms and also by abiotic stresses [6]. Researchers have
taken several decades to breed cultivated varieties for
high sucrose yield and disease resistance. In particular,
the high sucrose content of modern sugarcane cultivars
was derived from S. officinarum, which exhibits poor dis-
ease resistance, while their disease resistance was derived
from its relative S. spontaneum, which exhibits low sugar
content. S. spontaneum is a key contributor of outstand-
ing traits such as tolerance to environmental stress and
ratoon capacity and was therefore used during a program
of backcrossing to S. officinarum, referred to as nobi-
lization [7]. Thus, considering the genetic background
of sugarcane, analysis of the mechanisms of its parental
responses to pathogenic bacteria has become necessary.
We therefore consider the S. officinarum cultivar LA Pur-
ple and the S. spontaneum cultivar SES208 ideal materials
for genetic research into high sugar content and disease
resistance traits.

As one of the main diseases of sugarcane (Saccha-
rum spp. hybrids), leaf scald can cause the death of the
entire sugarcane plant. Due to the potential for leaf
scald to cause severe economic losses, this disease has
severely restricted the cultivation of susceptible sugar-
cane varieties [8]. Leaf scald was first recognized as a
disease caused by an organism in the Proteobacteria,
Xanthomonas albilineans. Symptoms of infection with
this pathogen in sugarcane have allowed the progres-
sion of this disease to be classified into three different
stages including incubation period, chronic period, and
acute period [9]. X. albilineans colonizes the plant vas-
cular system and parenchyma cells [10] and leads to the
inhibition of chloroplast development and disruption
of photosynthesis [11], followed by “scalding” of stalks
and stalk death. A hypersensitive response (HR) is
induced early during infection with X. albilineans. This
pathogen-induced HR is thought to reduce infiltration
and spread of the pathogen through local cell death at
the site of infection [12, 13].
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During their evolution, plants have established an
immune system against pathogen infection [14]. Plants
live in environments that also host some microorganisms
that, as pathogens, can adversely affect their growth and
development. To avoid infection by pathogens in their
environments, plants respond via an innate immune
system [15]. Plants first recognize molecules originating
from both pathogenic and non-pathogenic microbes and
then respond to virulence factors from pathogens. The
primary immune response in plants, known as PAMP-
triggered immunity (PTI), involves the recognition of
conserved microbial features. PTI is initiated by the per-
ception of pathogens at the cell surface and pathogens
that cross the host plasma membrane, which are recog-
nized according to their pathogen-associated molecu-
lar patterns (PAMPs) [16]. The hypersensitive response
(HR) is the hallmark response of effector-triggered
immunity, or ETI, which is initiated directly or indi-
rectly when effectors from pathogens are recognized by
NLRs, which are receptors containing nucleotide-binding
domains and leucine-rich repeats [15]. Crosstalk between
PTI and ETI involves mitogen-activated protein kinase
(MAPK) signaling [17] and results in massive accumu-
lation of active oxygen within a short time [18]. A sub-
stantial influx of Ca®* [19] and the biosynthesis of plant
hormones, including salicylic acid (SA), abscisic acid
(ABA), ethylene (ET), and jasmonic acid (JA) also occurs
[20]. The beta-hydroxy phenolic compound SA is known
as a defense-related hormone that mediates systemic
acquired resistance (SAR) [13]. In 1979, aspirin (acetyl-
SA) was first reported to increase the resistance of a
susceptible tobacco line to infection with TMV (tobacco
mosaic virus) [21]. Further, JA- and SA-induced systemic
resistance (ISR) can reprogram plant induction mecha-
nisms to alleviate stresses [22]. Plant secondary metabo-
lites, which can be expressed constitutively or in response
to pathogens, mediate interactions between plants and
microbes in particular [23]. Studies conducted on the
activities of these metabolites during disease resistance in
plants have shown that many metabolites including phe-
nylpropanoids, terpenoid quinones, and flavonoids can
potentially combat plant pathogens [23, 24].

Several studies of plants infected with X.albilineans
have been carried out in species such as rice [25, 26],
elephant grass [27], and wheat [28], and shown that the
expression of some genes involved in pathways control-
ling the biosynthesis and activity of ethylene, jasmonic
acid, or secondary metabolites respond to inoculation
with this pathogen. Although transcripts of more than
5000 genes with altered expression were previously
revealed in an analysis comparing the transcriptomes
of sugarcane cultivars that are resistant or susceptible
to leaf scald after infection with X. albilineans [29], the
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cellular mechanisms of resistance to this pathogen in
sugarcane are still unknown. The first global sugarcane
proteome dataset revealed that seven candidate genes
associated with “photosynthesis’, “glycolytic process’,
“glycosylation process’, “plant innate immune system’
“plant cytochrome P450” and “non-specific lipid trans-
fer proteins” are expressed in response to X. albilineans
inoculation in SES208 [30]. However, although some
infected plants do not display external symptoms, espe-
cially under conditions unsuitable for the pathogen, the
reasons for such latent progression through infection
phases are not known [9]. Therefore, a qualitative PCR
assay was established to detect X. albilineans infection,
exclude the presence of other pathogens, and moni-
tor epidemics and evaluate resistance in the field [31].
Despite such progress, the mechanisms of the molecu-
lar responses of modern sugarcane cultivars to infection
with X.albilineans are still unclear.

To analyze the origins of X. albilineans resistance in
modern sugarcane varieties from a cross between S. spon-
taneum exhibiting disease resistance and S. officinarum
exhibiting high sugar and biomass yields, the leaf scald
resistance of these two parental species was compared. In
the present study, we used RNA-Seq and weighted gene
correlation network analysis (WGCNA) to compare the
transcriptomes of the representative sugarcane cultivars
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SES208 (Saccharum spontaneum, 2n = 64) and LA Pur-
ple (Saccharum officinarum, 2n = 80) during their genetic
responses to infection with X. albilineans. Our analysis
identified transcripts of DEGs associated with X. albi-
lineans resistance that will be of great significance for
improving our understanding of X. albilineans resistance
in sugarcane.

Results

Differences in responses of sugarcane cultivars LA purple
and SES208 to inoculation with X. albilineans

To investigate the differences in resistance to leaf scald
caused by X. albilineans between the sugarcane cultivars
SES208 (S. spontaneum), a disease-resistant variety, and
LA Purple (S. officinarum), a disease-susceptible vari-
ety, we experimentally inoculated plants with X. albilin-
eans. We observed the phenotypic differences between
inoculated and uninoculated plants of these two species
and collected leaf tissue samples at 24 hpi (hpi: hours
post inoculation), 48hpi, and 72 hpi for subsequent
RNA extraction. Plants of SES208 and LA Purple exhib-
ited different responses to inoculation with X. albilin-
eans. Although there were no leaf scald symptoms on
SES208 plants after infection, there were thin streaks on
the leaves. LA Purple plants exhibited symptoms of leaf
scald at 72 hpi infection (Fig. 1a), thus confirming the
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Fig. 1 a Leaf scald symptoms observed in sugarcane varieties SES208 and LA Purple after inoculation with Xanthomonas albilineans. Pencil line
streak (red arrow). b Box diagram of gene expression (log10(FPKM+1)). ¢ The numbers of differentially expressed genes (DEGs) with increased or
decreased transcript abundance in SES208 and LA Purple (JFDR| > 2,p-value< 0.005). d Venn diagrams of DEGs in SES208 and LA Purple, respectively.
SES: SES208; LA: LA Purple. 0 h: uninfected plants; 24 h, 48h, and 72 h represent 24, 48, and 72 hours post inoculation of sugarcane with X. albilineans,

respectively
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differences between LA Purple and SES208 in resistance
to leaf scald caused by X. albilineans.

Identification of DEGs and core conserved DEGs in resistant
and susceptible sugarcane cultivars in response

to inoculation with X. albilineans

Global gene expression profiles in leaves of SES208 (S.
spontaneum) and LA Purple (S. officinarum) inoculated
with X. albilineans and uninoculated control plants
were analyzed at 24 hpi, 48hpi, and 72 hpi. In general,
global gene expression in SES208 was higher than that
in LA Purple (Fig. 1b). Transcriptome comparisons
at each time point were made within each of the cul-
tivars. Compared to time point 0, at 24 hpi, transcripts
of 1480 DEGs were more abundant and 939 DEGs were
less abundant in leaves of SES208 while transcripts of
104 DEGs were more abundant and 182 DEGs were less
abundant in leaves of LA-Purple (Fig. 1c). Trends in the
number of genes with increased transcript abundance
and those with decreased transcript abundance were
similar between 0 and 72 hpi in LA Purple but differed
during this time period in SES208 (Fig. 1c). Between 0
and 48hpi, SES208 showed 735 genes with increased
transcript abundance and 1538 genes with decreased
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transcript abundance (Fig. 1c). The number of genes
with increased transcript abundance in SES208 was sig-
nificantly greater than that in LA Purple (Fig. 1c). The
highest number of genes with increased transcript abun-
dance in SES208 occurred at 24 hpi, but in LA Purple
occurred at 72 hpi (Fig. 1c). The highest number of DEGs
with decreased transcript abundance occurred at 48 hpi
in leaves of SES208 and at 72 hpi in leaves of LA Purple
(Fig. 1c). A total of 4323 DEGs were expressed in leaves
of SES208 in response to X. albilineans, nearly twice the
number of DEGs in LA Purple in response to this patho-
gen (Fig. 1d). The expression of 975, 646, and 714 DEGs
specifically changed at 24, 48, and 72 hpi, respectively,
in SES208, while the expression of 70, 158, and 1053
DEGs specifically changed in LA Purple at 24, 48, and
72 hpi, respectively (Fig. 1d). These results indicate that
the transcript expression of more genes in SES208 than
in LA Purple changed rapidly during infection with X.
albilineans.

Further, we annotated the genes encoding TFs
among the DEGs responding to inoculation with
X. albilineans in LA Purple and SES208. We identified
genes representing a total of 23 TF families in both
cultivars, and found that more TF families exhibited
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Fig. 2 Transcription factors (TFs) encoded by DEGs in sugarcane varieties SES208 and LA Purple after inoculation with Xanthomonas albilineans.

a The number of TFs encoded by DEGs. b Heat map of TF expression after inoculation with X. albilineans. Expression values were calculated as the
relative expression of genes (log2 Fold Change from — 2 to + 2). SES: SES208; LA: LA Purple. O h: uninfected plants; 24 h, 48 h, and 72 h represent 24,
48, and 72 hours post inoculation of sugarcane with X. albilineans, respectively
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changed transcript expression in SES208 than in LA
Purple (Fig. 2a). It is worth noting that gene families
encoding WRKY, NAC, MYB, ERF, and bHLH were
significantly overrepresented among DEGs in SES208
inoculated with X. albilineans. All DEGs encoding
TFs showed higher expression in SES208 than in LA
Purple except for three genes encoding ERF, MYB,
and WRKY, respectively (Fig. 2b). The transcript
abundances of 15 genes encoding MYBs, 17 encoding
NACs, 8 encoding ERFs, and 8 encoding WRKYs sig-
nificantly increased, while the transcript abundances
of 12 genes encoding bHLHs and 12 encoding ERFs
significantly decreased in SES208 compared to LA
Purple after inoculation with X. albilineans (Fig. 2b),
suggesting that members of these TF families might be
involved in the regulation of responses to this pathogen
in sugarcane.
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GO term and KEGG pathway enrichment analysis of DEGs
responding to inoculation with X. albilineans in SES208

and LA purple

To further analyze the possible functions of DEGs during
X. albilineans infection in LA Purple and SES208 sugar-
cane, KEGG and GO analyses were performed. A total of
6098 DEGs in SES208 and LA Purple were significantly
enriched in 119 KEGG pathways (Fig. 3a). By cross-com-
parison of all DEGs between SES208 and LA Purple, we
found that these two cultivars shared 715 DEGs across
the comparison, while 3804 showed specifically changed
expression in SES208 and 1579 DEGs showed specifi-
cally changed expression in LA Purple (Fig. 3a). We also
found that the overall expression of DEGs responding
to X. albilineans was higher in SES208 than in LA Pur-
ple (Fig. 3b). KEGG analysis was performed on the core
DEGs and cultivar-specific DEGs in SES208 and LA
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Metabolic pathways 528 7164 2.24E-15 1.23E-13 ko01100

3804 1579 Flavonoid biosynthesis 37 159 1.40E-13 5.13E-12 ko00941

MAPK signaling pathway - plant 58 358 5.01E-13 1.37E-11 ko04016

Phenylalanine metabolism 39 183 6.23E-13 1.37E-11  ko00360

C Phenylpropanoid biosynthesis 95 773 8.67E-13 1.59E-11  ko00940

Plant-pathogen interaction 124 1143 1.80E-12 2.82E-11 k004626

Starch and sucrose metabolism 7 558 1.67E-10 2.29E-09 ko00500

Specific DEGs in  Linoleic acid metabolism 18 56 9.83E-10 1.20E-08 k000591

SES208 Cysteine and methionine metabolism 49 356 9.76E-09 1.07E-07 k000270

Stilbenoid, diarylheptanoid and gingerol biosynthesis 20 85 4.65E-08 4.65E-07 ko00945

alpha-Linolenic acid metabolism 30 177 7.85E-08 7.20E-07 ko00592

Plant hormone signal transduction 80 772 1.53E-07 1.30E-06 ko04075

b Ubiquinone and other terpenoid-quinone biosynthesis 28 171 4.41E-07 3.47E-06 ko00130

2 Isoquinoline alkaloid biosynthesis 19 89 5.13E-07 3.76E-06 ko00950

Tyrosine metabolism 27 169 1.16E-06 7.97E-06 ko00350

1 Biosynthesis of secondary metabolites 149 4114 5.29E-08 5.44E-06 ko01110

Alanine, aspartate and glutamate metabolism 17 186 3.38E-06 1.71E-04 ko00250

0 Photosynthesis 15 152 4.98E-06 1.71E-04 ko00195

d Monoterpenoid biosynthesis 8 54 4.68E-05 1.21E-03 ko00902

-1 Metabolic pathways 213 7164 0.000102 2.10E-03 ko01100

Circadian rhythm - plant 13 166 0.00023 3.94E-03 ko04712

2 Specific DEGs in Flavonoi‘d biosynthes\g . 12 159 0.000553 8.14E-03 ko00941

LA Purple Terpenoid backbone biosynthesis 12 173 0.001163 1.50E-02 ko00900

Phenylpropanoid biosynthesis 33 773 0.001419 1.62E-02 ko00940

Porphyrin and chlorophyll metabolism 1 169 0.003029 3.12E-02 ko00860

Phenylalanine metabolism 11 183 0.005518 4.81E-02 ko00360

Metabolic pathways 175 7164 9.90E-22 7.53E-20 ko01100

Biosynthesis of secondary metabolites 123 4114 2.04E-19 7.75E-18 ko01110

Flavonoid biosynthesis 25 159 3.57E-19 9.04E-18 ko00941

Circadian rhythm - plant 14 166 1.13E-07 2.15E-06 ko04712

Flavone and flavonol biosynthesis 7 31 2.15E-07 3.27E-06 ko00944

e Phenylpropanoid biosynthesis 25 773 0.000117 1.48E-03 ko00940

Porphyrin and chlorophyll metabolism 10 169 0.000158 1.53E-03 ko00860

Amino sugar and nucleotide sugar metabolism 17 432 0.000161 1.53E-03 k000520

Common DEGs  Stilbenoid, diarylheptanoid and gingerol biosynthesis 7 85 0.00021  1.77E-03 ko00945

between SES208 and and di i 218 0.001175 8.77E-03 ko00630

LA Purple Phenylalanine metabolism 183 0.00127  8.77E-03 ko00360

1
9
alpha-Linolenic acid metabolism 8 177 0.003926 2.49E-02 ko00592
Thiamine metabolism 5 77 0.004847 2.80E-02 ko00730
Photosynthesis - antenna proteins 4 49 0.005161 2.80E-02 ko00196
Isoquinoline alkaloid biosynthesis 5 89 0.008879 4.50E-02 ko00950

yos3s
Uyzs3s
Ugys3as
yz/s3s
yov
Urev
usyvi
yzLvi

Fig. 3 Analysis of differential gene expression in sugarcane varieties SES208 and LA Purple after inoculation with Xanthomonas albilineans. a Venn
diagrams of DEGs between SES208 with LA Purple. b Heat map of conserved core DEGs expressed in common between SES208 with LA Purple
after inoculation with Xanthomonas albilineans. c-e Numbers of DEGs in major KEGG pathways after inoculation with Xanthomonas albilineans. c
Specific DEGs in SES208. The red font represents the pathway specifically enriched in SES208; The blue font indicates that the number of DEGs in
the enriched pathway in SES208 is greater than that in LA Purple. d Specific DEGs in LA Purple. e DEGs expressed in common between SES208 and
LA Purple. Expression values were calculated as relative expression of genes (log2 Fold Change from — 2 to + 2). SES: SES208; LA: LA Purple. Oh:
uninfected plants; 24 h, 48 h, and 72 h represent 24, 48, and 72 hours post inoculation of sugarcane with X. albilineans, respectively
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Purple. In SES208, we found that 3804 cultivar-specific
DEGs were enriched in 110 pathways, particularly in
plant-pathogen interaction (Fig. 3c). Notably, 58, 124,
80, and 28 genes were significantly enriched for path-
ways including MAPK signaling, plant-pathogen inter-
actions, plant hormone-mediated signal transduction,
and the biosynthesis of ubiquinone and other terpenoid
quinones, respectively. Another 95, 71, 39, and 37 DEGs
were mainly concentrated in functions such as the bio-
synthesis of phenylpropanoids, metabolism of starch and
sucrose, metabolism of phenylalanine, and the biosynthe-
sis of flavonoids, respectively (Fig. 3c). In LA Purple, 1579
cultivar-specific DEGs were also significantly enriched
for terms in metabolic pathways and the biosynthesis of
secondary metabolites (Fig. 3d). A total of 715 DEGs in
common between SES208 and LA Purple were enriched
in 76 pathways and 298 DEGs were enriched for terms
related to metabolic pathways and secondary metabolite
biosynthesis (Fig. 3e). Our GO term enrichment analysis
showed that, compared to LA Purple, DEGs in SES208
were significantly enriched for terms in the biological
processes domain including those related to responses to
stresses or plant hormones (Additional file 1).

WGCNA analysis of coexpressed gene modules responding
to inoculation with X. albilineans in SES208 and LA purple

To identify the key regulatory genes related to X. albi-
lineans resistance in SES208 and LA Purple, a WGCNA
was performed. A total of 6098 DEGs in SES208 and LA
Purple were chosen for constructing the network, and
of the 18 modules with correlated expression detected
by WGCNA, seven had correlation coefficients higher
than 0.7 (p<0.001) (Fig. 4a). DEGs in SES208 enriched
in the MEblack module (r=0.83) and the MEdarkolive-
green module (r=0.87) were involved in plant hormone
signaling, MAPK signaling, plant-pathogen interactions,
biosynthesis of terpenoid quinones, metabolism of starch
and sucrose, and phenylpropanoid biosynthesis (Addi-
tional file 2). These genes were then chosen to construct
coexpression networks to identify candidate regulatory
genes that respond to X. albilineans in SES208. Our co-
expression network indicated 16 and 25 hub genes in the
MEblack module and the MEdarkolivegreen module,
respectively (Fig. 4b, c). These hub genes are enriched for
putative functions in plant-pathogen interactions, MAPK

(See figure on next page.)
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signaling, and plant hormone signal transduction, all of
which might be involved in regulating the responses of
sugarcane to infection with X. albilineans (Fig. 4b, c).

Allelic analysis of DEGs that respond to inoculation with X.
albilineans in SES208 and LA purple

Allelic diversity including ASE (allele-specific expression)
may be assessed in diploid or polyploid plants. ASE can
lead to dramatic changes in gene expression profiles [32].
To identify ASE of defense response genes in sugarcane,
we analyzed 345 DEGs from SES208 and LA Purple sug-
arcane that were identified in response to X. albilineans
by KEGG pathway enrichment analysis (Fig. 5). Accord-
ing to the allele table https://www.life.illinois.edu/ming/
downloads/Spontaneum_genome/Saccharum%20spont%
20alleleTable-Jan%202019.csv [4], all of these 345 DEGs
have one to four alleles and include dispersed duplicated
genes and tandem duplicated genes. These 345 DEGs
include a total of 281 differentially expressed alleles, 57
dispersed duplicated genes, and 7 tandem duplicated
genes (Fig. 5). Many of the DEGs that might be involved
in plant-pathogen interactions, MAPK signaling, and
plant hormone signal transduction exhibited decreased
transcript abundance after X. albilineans infection,
indicating that the expression of these DEGs was likely
negatively regulated in response to pathogen invasion
(Fig. 5a). However, the transcript abundances of most
DEGs in metabolic pathways increased, indicating that
the expression of these DEGs was likely positively regu-
lated in response to pathogen invasion (Fig. 5b).

Of these 345 DEGs, 21 exhibited expression of one spe-
cific allele (Fig. 5). We also examined the expression of
differentially expressed alleles of DEGs with two, three,
or four alleles in response to X. albilineans, and found
that 64.86, 49.02, and 30.61% of the haplotypes were dif-
ferentially expressed among these multi-allelic DEGs,
respectively, indicating an allelic dominance effect in
these two cultivars responding to X. albilineans treat-
ment (Fig. 5; Additional file 3). After analyzing their tran-
script expression in SES208, we found that 85 out of 281
DEGs exhibited ASE, 42 out of these 85 DEGs expressed
alleles with increased transcript abundance, and 43 out
of these 85 DEGs exhibited decreased transcript abun-
dance for one differentially expressed allele at 24 hpi
(Additional file 4). It is noteworthy that we identified 62

Fig. 4 Weighted gene co-expression network analysis (WGCNA) of sugarcane varieties SES208 and LA Purple after inoculation with Xanthomonas
albilineans. a Heat map of the correlation between WGCNA modules in SES208 and LA Purple. SES: SES208; LA: LA Purple. The left lane indicates

18 modules. The right lane indicates the module-trait correlation from — 1 to 1. 0 h: uninfected plants; 24 h, 48 h, and 72 h represent 24, 48,

and 72 hours post inoculation of sugarcane with X. albilineans, respectively. b The co-expression networks in SES208 in MEblack module. ¢ The
co-expression networks in SES208 in MEdarkolivegreen module. Light blue: plant pathogen interaction; Purple: MAPK signaling pathway; Red: plant
hormone signal transduction; Orange: terpenoid quinone biosynthesis; Green: phenylpropanoid biosynthesis; Pink:starch and sucrose metabolism.

The blue font indicates hub genes
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respectively

genes with two differentially expressed alleles, 93 genes
with three differentially expressed alleles, and 44 genes
with four differentially expressed alleles (Addition file 3).
The transcript abundances of alleles of about 37.2% of the
genes with two to four alleles were strictly up-regulated
at 24 hpi in response to X.albilineans in SES208 (Addi-
tional file 4). Thus, our results indicate that ASE is asso-
ciated with resistance to infection by X. albilineans in
SES208. Further, we discovered that the genes exhibit-
ing ASE showed similar expression patterns in response
to X. albilineans in SES208 (Additional file 4). Further,
19 DEGs showed increased transcript abundances and
38 DEGs showed decreased transcript abundances at 24
hpi in dispersed duplicated DEGs (Additional file 5). The
transcript abundances of five tandem duplicated DEGs

showed decreased transcript abundances at 24 hpi and
two tandem duplicated DEG showed increased transcript
abundances at 48hpi in SES208 during X. albilineans
infection (Additional file 5). These results indicated the
expression of these alleles, dispersed duplicated genes,
and tandem duplicated genes showed significant and
consistent responses to infection with X. albilineans.

Potential functions of major metabolic pathways to X.
albilineans infection in sugarcane

Our KEGG analysis of DEGs responding to inocula-
tion with X. albilineans infection identified a total of
165 DEGs between SES208 and LA Purple that might
participate in the biosynthesis of terpenoid quinones,
phenylpropanoids, and flavonoids, or the metabolism
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of starch and sucrose or phenylalanine, among which
122 of 165 DEGs exhibited high transcript abundances
and 43 out of 165 DEGs exhibited low transcript abun-
dances in SES208 compared to LA Purple at 24 hpi in
response to X. albilineans infection (Fig. 5b).

The transcript abundances of DEGs encoding the key
enzymes involved in flavonoid biosynthesis, phenyla-
lanine metabolism, and terpenoid quinone biosynthe-
sis were mainly increased in SES208 compared to LA
Purple in response to X. albilineans infection and the
alleles of these DEGs showed the same expression pat-
terns (Fig. 5b). Of the DEGs putatively involved in the
phenylpropanoid biosynthesis pathway, the transcript
abundances of 81% were increased at 24 hpi or 48 hpi
in SES208 but were less highly expressed in LA Pur-
ple (Fig. 5b). The transcripts of all alleles of the beta-
glucosidase(BglX) and Bright Trichomes 1 (BRTI)
genes, which are both essential in phenylpropanoid
synthesis, increased significantly after infection with
X. albilineans in SES208 but not in LA Purple (Fig. 5B;
Additional file 6). The CYP450 family is involved in the
synthesis and metabolism of phenylpropanoids [33] and
one of its members, CYP73, also showed increased tran-
script expression after 24 hpi in SES208 (Fig. 5B; Addi-
tional file 7). The CYP75 gene family plays an important
role in flavonoid biosynthesis in plants [34]. Members
of the CYP 98 family catalyze the 3-hydroxylation step
in the phenylpropanoid pathway (add reference). Inter-
estingly, all alleles of these two genes showed increased
transcript abundance after 24 hpi in SES208 (Fig. 5B),
indicating that their expression responds positively to
infection with X. albilineans in SES208. However, the
expression of these two genes showed little change in
LA Purple (Fig. 5B), which could be consistent with the
stronger resistance of SES208 than LA Purple to infec-
tion with X.albilineans.

DEGs associated with starch and sucrose metabo-
lism pathways showed differential expression trends in
SES208 and LA Purple after X. albilineans infection. For
example, glucan endo-1,3-beta-glucosidase 4 (GN4) and
glucose-1-phosphate adenylyltransferase (glgC) exhib-
ited increased transcript expression in SES208 at 24 hpi
(Additional file 7). However, glycogenin (GYG1) exhib-
ited decreased transcript expression at 24 hpi (Addi-
tional file 6). The transcript abundances of otsB, which
encodes trehalose 6-phosphate phosphatase, sharply
decreased for five of eight alleles at 24 hpi in response
to X. albilineans infection. The dynamic changes in the
expression of the above DEGs in the starch and sucrose
metabolism pathway might provide evidence of a direct
relationship between higher X. albilineans resistance
and lower biomass in SES208.
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Potential functions of the MAPK signaling pathway

and plant-pathogen interaction pathway during X.
albilineans infection

Based on the above results, we identified candidate
genes from the plant-pathogen interaction and MAPK
signaling pathways whose expression responds to X.
albilineans infection. In PTI, respiratory burst oxidase
homologues (RBOHs) are a major source of reactive
oxygen species (ROS) during plant-microbe interactions
[35, 36]. We found that the Rboh gene exhibited signifi-
cantly increased expression in response to inoculation
with X. albilineans in SES208 (Fig. 6a). Further, tran-
script expression of the catalasel/ascorbate peroxidasel
(CAT1/APXI) genes related to cell death and H,O, pro-
duction increased, which might induce MAPK signaling
to protect plant cells from oxidative stress and death.
In the early stages of X. albilineans infection of sugar-
cane, the transcript expression of SSMEKK, SsMKK, and
SsMPK decreased (Fig. 6b). The transcript expression
of SsSWRKY22 and SsWRKY33, TF-encoding core genes
with two and three alleles, respectively, decreased sharply
in response to infection with X. albilineans, suggesting
that the decreased expression of these genes could be an
important aspect of the sugarcane response to X. albilin-
eans (Fig. 5a; Fig. 6b). The expression of genes encoding
cyclic nucleotide gated channels (CNGCs) that are nor-
mally involved in the regulation of Ca’' channels and
stomata increased in SES208, while the expression of
CNGCs showed no response in LA Purple (Fig. 6a). The
expression of the majority of genes encoding CDPK and
CML, except for Sspon.03G0026290-3P in SES208, dra-
matically decreased at 24 hpi (Fig. 6a).

The transcript abundance of the ethylene receptor
ripening inhibitor (RIN) gene decreased in SES208 but
not in LA Purple (Fig. 6a). The disease resistance genes
RPM1I (RESISTANCE TO P. SYRINGAE PV MACULI-
COLA 1) and RPS2 (RIBOSOMAL PROTEIN S2), which
exhibit ASE, decrease in transcript expression after X.
albilineans infection in SES208. In contrast, downstream
resistance genes involved in R gene-mediated plant dis-
ease resistance responses showed significantly decreased
expression (Fig. 6a). Further, the 3-ketoacyl-CoA syn-
thase (KCS) genes involved in the synthesis of ultra-long-
chain fatty acids increased sharply at 24 hpi (Fig. 6a).
These results indicate that differential expression of genes
involved in the PTI and ETI signaling pathways is likely
essential for X. albilineans response in SES208.

Potential functions of plant hormone signal transduction
in resistance to X. albilineans infection

The plant hormones SA, JA, ET, and ABA act in pathways
that protect plants against infection with pathogens [37].
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NPR1-LIKE PROTEIN 3 (NPR3) is an important regula-
tor of plant SAR signaling, and we found that the tran-
script expression of the NPR3 genes decreased sharply
in SES208 and LA Purple at 24 hpi (Fig. 6¢c; Additional
file 7). In SES208, the transglutaminase (TGA) gene
downstream of the SA pathway exhibited significantly
increased transcript expression that peaked at 48hpi in
SES208, but showed a slight decrease at 24 hpi in LA

Purple (Fig. 6¢; Additional file 7). The transcript abun-
dance of the downstream gene PRI (pathogenesis-related
protein 1), a core R gene with ASE, increased in both
SES208 and LA Purple in response to X. albilineans
infection (Fig. 6¢). The JAZ (jasmonate ZIM domain)
gene functions during the regulation of responses involv-
ing the plant hormone JA [38]. At 48hpi and 72 hpi, the
transcript abundances of JAZ genes were significantly
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increased in SES208 (Fig. 6¢). All four alleles of MYC2
showed decreased expression at 24 hpi in SES208 (Fig. 5a;
Fig. 6¢; Additional file 7).

In the ethylene signal transduction pathway, response
to antagonist 1 (RAN1) helps ethylene receptor (ETR)
to interact with ethylene [39]. After X. albilineans infec-
tion, the expression of ETR decreased in LA Purple, but
increased in SES208 (Fig. 6c). Transcript expression
of the EBFI1 (EIN3-BINDING F BOX PROTEIN 1) gene
decreased significantly in SES208, but there was no obvi-
ous change in the transcript abundance of this gene in
LA Purple (Fig. 6¢; Fig.8). The expression of ETHYLENE-
INSENSITIVE3 (EIN3) was likely inhibited by EBFI in
SES208 while the expression of ETHYLENE RESPONSE
FACTOR (ERF) genes increased in both SES208 and
LA Purple (Fig. 6c). Transcripts encoding PYL (pyrl-
like), an ABA receptor that is involved in the sensing
and transduction of ABA signals [40] were expressed at
lower levels after infection in SES208. However, genes
encoding type 2C protein phosphatases (PP2C) were all
expressed at higher levels at 24 hpi, and the downstream
genes encoding SnRK2 (class III SNF-1-related protein
kinase 2) exhibited increased expression of two genes and
decreased expression of two other genes after inoculation
of SES208 with X. albilineans (Additional file 7). Further,
the expression of genes encoding abscisic acid-respon-
sive TFs (ABF) increased and their transcripts exhibited
increased abundance at 24 hpi in SES208 (Fig. 6¢).

Discussion

Analysis of sugarcane cultivars transcriptomes during X.
albilineans infection

We constructed 24 ¢cDNA libraries to elucidate genetic
responses that are triggered by X. albilineans infection in
the sugarcane species S. spontaneum and S. officinarum.
Comparative transcriptome and functional enrichment
analyses of SES208 and LA Purple revealed sharp X. albi-
lineans infection-induced gene expression changes in
SES208 compared to LA Purple. These changes involved
genes in key plant defense pathways such as plant-path-
ogen interaction, MAPK signaling, and plant hormone
function pathways in addition to metabolic pathways for
flavonoid, phenylpropanoid, and terpenoid quinone bio-
synthesis as well as for phenylalanine, starch, and sucrose
metabolism.

Polyploidy results in changes in cellular structure,
function [41, 42], and allelic diversity [43] that result in
dramatic changes in gene expression profiles [44, 45],
such as ASE [32]. Here, we identified a total of 345 DEGs
involved in X. albilineans resistance in SES208 (Fig. 5).
The hub DEGs identified were candidates that might be
crucial for responses to X. albilineans infection in sug-
arcane. Among these 345 DEGs, 85 exhibited ASE while
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196 showed balanced allelic expression (Additional file 4).
We suggest that ASE in SES208 is largely a genotype-spe-
cific phenomenon and might be common in some indi-
vidual wild species. Notably, the expression patterns of
genes with multiple alleles were similar, which indicates
that these alleles might act synergistically in resistance
to X. albilineans. We predict that the genes showing ASE
in SES208 reflect the breeding history of sugarcane, and
might have undergone greater selection pressure. Fur-
thermore, the occurrence of ASE among these defense
genes might be associated with traits inherited from
wild genotypes as discussed previously [46]. The higher
frequency of ASE in defense-responsive genes is con-
sistent with observations in wheat, in which many such
genes exhibit homologous gene expression bias in plants
attacked by pathogenic fungi [47]. Sugarcane hybridiza-
tion and breeding have long focused mainly on selection
for disease resistance and cultivars thus vary widely in
their response to pathogen infection.

Transcriptional regulation is an important aspect of
gene expression regulation in plants that controls many
crucial biological processes via gene regulatory networks
[48, 49]. Transcripts encoding five types of TFs includ-
ing WRKY, NAC, MYB, ERE, and bHLH were enriched
in SES208 in response to X. albilineans infection, which
suggests that these TFs could be directly or indirectly
involved in resistance to X. albilineans. Previous studies
have indicated that WRKY TFs can interact with recep-
tors for PTI and become involved in MAPK signaling to
activate or regulate gene expression [50]. The decreased
transcript expression of SsWRKYs in SES208 indicates
that these genes might be involved in some regulatory
responses during defense to X. albilineans (Fig. 2; Fig.8).
NAC TFs ANAC019 and ANACO055 might be involved
in plant defense responses mediated by JA and in regu-
lation of the expression of the JA-induced defense genes
VSP1 and LOX2 [51]. R2R3-MYB TFs such as AtMYB96
[50] and OsMYB4 [52] could increase P. syringae resist-
ance and increase the expression of PR protein-encoding
genes in Arabidopsis and rice, respectively. The tran-
script expression of about 90% of the SSNACs and all of
the SsMYBs in SES208 increased, suggesting that these
TFs might activate gene expression during resistance to
X. albilineans (Fig. 2). ERF19 plays a role with NINJA
in ERF19-mediated regulation of Arabidopsis innate
immunity [53]. SSERF genes show ASE and all increase
in transcript abundance in SES208, suggesting that they
might activate gene expression to enhance resistance to
X. albilineans (Fig. 2). The bHLH transcription factor
GmPIBI increases soybean resistance to P. sojae infection
by inhibiting the expression of GmSPODI [54]. Further,
the bHLH TF HBI1 negatively regulates some aspects of
disease defense responses in Arabidopsis [55]. However,



Ma et al. BMC Plant Biology (2023) 23:52

the transcript abundances of about 85% of SsbHLHs actu-
ally decreased in SES208, suggesting that the expression
of the bHLH TFs themselves might be regulated nega-
tively during responses to X. albilineans in sugarcane.
This might also indicate that increased or decreased tran-
script expression of genes encoding different classes of
TFs affect various resistance responses to X. albilineans
in SES208 (Fig. 2).

Plant-pathogen interaction pathway responsive X.
albilineans infection in sugarcane

Plant immunity requires the action of multiple recep-
tors and ligands to provide adequate protection against
pathogen attack. In the early stage of oxidative burst
when plants are infected by pathogenic microorgan-
isms, they sense PAMPs, abiotic stress, and extracellu-
lar signals through surface-localized PRRs [56]. Flagellin
receptor FLS2 can recognize bacterial proteins [57] and
elevate ROS production [58]. APX1 is a key factor in
removing ROS produced in response to stresses and dis-
ease progression in plants [59]. In addition, CAT can also
decompose H,O, to generate O,, and trigger benzoic acid
synthesis for generation of SA, leading to the elaboration
of a systemic defense response (Fig. 7). CAT activity in
transgenic tobacco can result in serious HR and effec-
tively control bacterial infection [60, 61]. The expression
of the SsCATI1 gene decreased continuously at 24 hpi
upon X. albilineans infection (Fig. 8), and the transcript
abundance of two SsAPXI genes increased at 24 hpi in
SES208 (Fig. 6a). These results demonstrate that SSWRKY
genes might negatively regulate the expression of SsPR1
and plants might mainly rely on SsAPXI to generate
H,0, in early stages of infection and then rely on SsCATI
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activated by the MAPK signaling pathway during later
stages. CEBiP and CERK act as LysM-RP and LysM-RK
proteins, respectively, and are also regarded as PRRs [62].
Interestingly, the response of CEBiP to the pathogen in
SES208 and LA Purple was similar to that of OsLYP4 and
OsLYP6 in response to X. oryzae pv. oryzae (PGNy,,), X.
oryzae pv. oryzaecola (PGNy,.), and Pseudomonas syrin-
gae pv. tomato (Pto) DC3000 (PGNp,,) in rice. OsLYP4
and OsLYP6 are normally complexed but can dissociate
and when complexed with OsCERK can sense bacterial
peptidoglycan (PGN). The susceptibility of transgenic
plants was positively correlated with the transcript abun-
dances of OsLYP4 and OsLYP6 genes [63]. At 24 hpi, the
transcript abundance of CEBIP is lower in SES208 and
higher in LA Purple (Additional file 7).

As a cation channel protein, CNGC can participate in
the regulation of Ca>" influx to prevent pathogen inva-
sion [64]. In SES208, the expression of CNGS transcripts
showed an increasing trend. If CNGS participates in X.
albilineans resistance in SES208, it might act to open
calcium channels, promote Ca’>" influx, and activate
intracellular disease resistance genes (Fig. 6a; Additional
file 7). Calcium-dependent protein kinases (CDPKs)
can be activated by Ca®" [65] and overexpression of the
CPK4 gene in tobacco could enhance the transcription of
SAR-related genes, lead to HR, and improve the broad-
spectrum disease resistance of plants [66]. In addition,
the increase in calcium can directly or through CaM/
CML, result in the phosphorylation or dephosphoryla-
tion of TFs [67]. In the early stages of infection in sugar-
cane, metabolites from pathogenic bacteria might inhibit
the binding of SsSCML and SsCDPK to calcium ions,
resulting in decreased expression of SsSCML and SsCDPK
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Fig. 7 Hypothetical model of the molecular mechanism of the response to X. albilineans in sugarcane
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transcripts (Additional file 7). Expression of SsRboh tran-
scripts increases, which might enhance production of
reactive oxygen species (H,O,) (Fig. 6a). The processes
above constitute our proposed model for a pathogen-
associated molecular PTI response that might occur dur-
ing the response of SES208 against pathogens.

When a pathogen suppresses or acts on PTI by secret-
ing effector proteins into the host, R proteins can sense
or recognize the effector protein, thereby triggering ETI
[15]. During the ETI response, effectors (Avirulence, Avr)
activate the expression of numerous genes encoding dis-
ease-resistance proteins that specifically recognize the
effector and allow a resistance response [15]. The RPM1
protein can recognize the RIN4 protein that becomes
phosphorylated due to the presence of the effectors
AvrRPM1 and AvrB, which in turn results in the HR [68].
The RPS2 gene that functions in disease resistance in
Arabidopsis was used to identify a virulence gene avrRpt2
and to select the mutants with altered resistance to Pseu-
domonas syringae, a bacterial plant pathogen [69]. In
SES208, the transcript abundances of SsRIN4, SsRPM1,
SsRPS2, and genes encoding R proteins significantly
decreased within 0-24 hpi (Fig. 6a). It is possible that
when plants are strongly attacked by pathogenic organ-
isms, these genes cannot be expressed quickly enough
to resist invasion by pathogens. The expression of these
genes responds relatively weakly to pathogen invasion
and a slight HR occurs. The protein encoded by XopD
from X. campestris pv. campestris strain B100 targets the
MYB30 TF in Arabidopsis that activates plant defense
and cell death induced by bacteria [70]. In our analysis
of TFs, we observed increased transcript expression for
15 genes encoding MYB TFs (Fig. 2; Fig. 6a). Transcript
abundances of MYB genes and KSC both increased in
SES208 (Fig. 6a), which suggest that MYBs might act as
positive regulators of KCS to activate SES208 defenses
against X. albilineans infection.

Possible roles of plant hormone-mediated signal
transduction genes responsive to X. albilineans infection

in sugarcane

Both PTI and ETI can cause increased biosynthesis
of SA and defense phytohormones that mediate SAR
(Fig. 7) [71]. The SA receptor NPR3 is known to promote
the degradation of the transcriptional repressor JAZ,
thereby activating JA synthesis and inducing JA-respon-
sive gene expression to allow plants to resist pathogens
[72]. In SES208, the expression of Sspon.01G0024890-
2C (SsNPR3) decreased, which suggests that defense
responses in SES208 might not depend on this signal-
ing pathway (Fig. 6¢; Additional file 7). MYC2 is a posi-
tive regulator in the JA signal pathway [73]. At O hpi,
the abundances of MYC2 and JAZ transcripts were
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significantly higher in SES208 than in LA Purple (Fig. 8),
but the expression of both these genes decreased in
response to X. albilineans in SES208 (Fig. 6¢; Additional
file 7), suggesting that JAZ might interact with MYC to
inhibit the transcription of JA-responsive genes. During
infection of plants with viruses or other pathogens, HR
responses are triggered by Avr/R protein interactions
that can result in changes in the levels of disease defense-
related hormones including ET, JA, NO, SA, and in the
accumulation of ROS via MAPK signaling (Fig. 7) [74].

Some studies have shown that ABA can also have posi-
tive or negative regulatory effects during plant immunity
[75, 76]. In our study, we regarded the SsPYL and SsPP2C
genes as putative negative and positive regulators of
responses to X. albilineans infection (Fig. 6¢; Additional
file 7). Therefore, we hypothesize that several members of
the MAPK family might be activated directly or indirectly
by the ABA core signaling pathway during response to
X. albilineans infection (Fig. 7) [77]. The above results
suggest that ETI and ABA might play necessary roles in
response to X. albilineans infection in SES208.

Major metabolic pathways responsive to X. albilineans
infection in sugarcane

Studies of different plant metabolites have shown the
potential defensive activity of these compounds against
plant pathogens [24]. The phenylpropanoid pathway is
involved in the production of flavonoids, lignans, phyto-
alexins, phenolic acids, coumarins, and stilbene, which
are directly and indirectly involved in plant develop-
ment and disease responses [78]. Thus, altered levels of
JA, SA, and secondary metabolites might influence HR
and other disease resistance-related processes (Fig. 7)
[79]. We found that the transcript expression of essen-
tial genes Bg/X and BRT1 encoding important enzymes
in the phenylpropanoid biosynthesis pathway increased
in SES208 during X. albilineans infection, which might
have contributed to the defense of plants against this
pathogen (Additional file 7). As important phenylpropa-
noid compounds, flavonoids and their derivatives have
been shown to act as antimicrobial and signaling mol-
ecules during plant defense responses [80]. Enhanced
levels of flavonoids in cotton suppress plant invasion
by the fungal pathogen Verticillium dahliae [81]. The
expression of flavonoid biosynthesis-related enzymes
such as chalcone synthase (CHS), 5-O-(4-coumaroyl)-
D-quinate 3’-monooxygenase (CYP98A/C3’H), flavo-
noid 3’-monooxygenase (CYP75B1) encoded by SsCHS,
SsCYP98A, and SsCYP75B1, respectively, increased in
SES208 after X. albilineans infection (Fig. 5b; Additional
file 7), suggesting that increased flavonoid synthesis
might be part of the defense response against X. albilin-
eans infection in this sugarcane cultivar.
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In maize, terpenoids represent another class of metab-
olites with disease defense functions in plants. Therefore,
the higher expression of important genes in the terpe-
noid biosynthetic pathway and the increased accumula-
tion of terpenoids have both been correlated with disease
resistance [82, 83]. The transcript expression of four
genes encoding 4-hydroxyphenylpyruvate dioxygenase
(HPD) increased in SES208 after X. albilineans infection
(Fig. 5b; Additional file 7), suggesting that the synthesis
of terpenoids might aid defense against X. albilineans
infection in SES208. Interestingly, many plant hormones,
including cytokinins, ABA, and gibberellins are derived
from terpenoids (Fig. 7) [84, 85].

During various metabolic processes, TFs can regulate
the transcript abundances of genes that encode the regu-
latory proteins and structural enzymes that participate in
the biosynthesis of secondary metabolites. Six major TF
families including AP2/ERF, bHLH, MYB, NAC, WRKY,
and bZIP are involved in the metabolism of terpenoids in
plants [86], and the MYB-bHLH-WD40 complex regu-
lates flavonoids bio-synthesis in plants [87, 88](Fig.7).
Overall, the expression of DEGs encoding TFs and
enzymes involved in primary and secondary metabolism
and hormone signaling was more rapidly and strongly
induced in SES208 than in LA Purple after inoculation
with X. albilineans. Increased expression of transcripts
related to the accumulation of metabolites also sig-
nificantly increased in SES208, which is consistent with
some previous findings that altered metabolite abun-
dances can be associated with greater disease resistance
in plants [89, 90]. These results suggest avenues for future
research related to the effects of metabolic changes on
the resistance of sugarcane to X. albilineans.

Conclusions

Infection with Xanthomonas albilineans can have
destructive consequences for the vascular system of
sugarcane plants. So far, the mechanisms by which sug-
arcane plants defend themselves against pathogens post
inoculation have been unclear. Therefore, research into
and cloning of resistance genes and breeding resistant
varieties should provide effective methods for prevent-
ing infection with X. albilineans. The present study com-
pared transcriptome profiles in the sugarcane cultivars
SES208 and LA Purple before and after X. albilineans
infection, revealing the apparent activation of an immune
response to X. albilineans infection in SES208 but not in
LA Purple. Genes showing changes in expression during
X. albilineans infection were annotated with functions
including plant-pathogen interactions, MAPK signaling,
plant hormone signal transduction, and flavonoid and
phenylpropanoid biosynthesis. The expression of many
genes often associated with activated disease resistance
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decreased sharply after infection with X. albilineans in
SES208, suggesting that its defense mechanisms are wor-
thy of further study. Further, the involvement of putative
core resistance genes that exhibit ASE was observed less
frequently than that of multi-allelic genes with balanced
allele expression, suggesting that the expression of genes
with balanced allelic expression might allow synergis-
tic maintenance of this resistance phenotype, especially
as the existence of genes exhibiting ASE in S. saccharum
appears to be a largely genotype-specific phenomenon.
In conclusion, the results of the present study provide
useful knowledge for the improvement of resistance to
X. albilineans in sugarcane and provide new insights into
sugarcane responses against X. albilineans infection.

Methods

Sample collection and X. albilineans inoculation

For the present study, seedings of the sugarcane cul-
tivars SES208 and LA Purple were grown in a standard
greenhouse at the Center for Genomics and Biotech-
nology in Fujian Province with a 16-h light (28°C) and
8-h dark (28°C) cycle. A single colony of X. albilineans
strain Xa-FJ1 was suspended in 1mL of XAS liquid
medium [91] and cultured at 28°C with constant shak-
ing at 200rpm for 48 h. Then we added 1 pL of the latter
culture to 40 mL of fresh XAS liquid medium and incu-
bated at 28°C for approximately 10h. The bacterial sus-
pension was diluted to 108 CEFU/mL for plant inoculation.
The leaves of twenty-day-old seedlings of SES208 and LA
Purple with 3-5 leaves were inoculated with X. albilin-
eans by cutting the leaf blades at mid-length with sterile
scissors dipped in the bacterial suspension. Five control
plants were treated in a similar way, but the bacterial sus-
pension was replaced by sterile liquid medium XAS [29].
Leaf samples were collected from the two cultivars at Oh
post inoculation (hpi) hpi (named APO hpi and LAO hpi), 24
hpi (named AP24 hpi and LA24 hpi), 48hpi (named AP48
hpi and LA48 hpi) and 72 hpi (named AP72 hpi and LA72
hpi). Three biological and three technical replicates were col-
lected for all treatments, immediately frozen in liquid nitro-
gen, and then stored at —80°C prior to RNA extraction.

RNA extraction and library construction

Total RNA was extracted using the TRIzol® kit (Invit-
rogen, Carlsbad, CA, USA). The integrity and quality of
RNA were assessed using 1.0% agar gel electrophore-
sis and the NanoDrop 2000 (Thermo Fisher Scientific,
USA). An NEBNext® Ultra™ RNA Library Prep Kit for
Ilumina® was used to construct the RNA-Seq libraries.
The sample library concentrations were evaluated using
the Qubit® 2.0 fluorimeter with the Qubit dsDNA HS
Assay Kit before sending to Novogene (City, Country) for
sequencing on the Illumina NovaSeq 6000 System.
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Differential gene expression analysis, weighted correlation
network analysis (WGCNA), and function enrichment analysis
The assembly and annotation of the sugarcane AP85-441
genome was downloaded from Ray Ming’s laboratory at
(http://www.life.illinois.edu/ming/downloads/Spont
aneum_genome/) [92]. We conducted quantitative analysis
of RNA-Seq data using Trinity Transcript Quantification.
For detailed methods, please refer to the website: https://
github.com/trinityrnaseq/trinityranseq/wiki/Trinity-Trans
cript-Quantification. The default comparison software
Bowtie2 [93] and then RSEM [94] were used to calculate
TPM (Transcripts Per Kilobase Million) values, and genes
with an adjusted p-value <0.001 (|log,(fold change)|>2)
found using edgeR [95] were considered as DEGs.

Differentially expressed TFs were predicted using the
PlantTFDB  website  (http://planttfdb.cbi.pku.edu.cn/
prediction.php). Then WGCNA analysis was performed
using the WGCNA (v1.70-3, https://horvath.genet
ics.ucla.edu/html/CoexpressionNetwork/Rpackages/
WGCNA/) package to find clusters (modules) of genes
with highly correlated expression [96].

GO (Gene ontology) enrichment analysis [97] and
KEGG (Kyoto Encyclopedia of Genes and Genomes)
pathway enrichment analysis [98] of the DEGs was per-
formed using the EggNOG (v5.0) Database (http://eggno
g5.embl.de/#/app/home) and OmicShare online tools
(https://www.omicshare.com/).

Quantitative real-time PCR analysis

Each cDNA sample was synthesized using a Prime Script
RT Reagent Kit (TaKaRa) and diluted with nuclease-free
water to a concentration of 200 ng/pl. Primers to amplify
genes chosen for quantitative real-time PCR (qRT-PCR)
were designed by IDT (https://sg.idtdna.com/pages)
(Additional file 8). Each qRT-PCR was conducted in a
12.5ul reaction system with the following components:
6.25uL SYBR Premix Ex Tagll (2 x), 0.5pL 0.4uM for-
ward primer, 0.5pL 0.4 puM reverse primer, 0.5 uL diluted
¢DNA, and 4.75puL ddH20O. Each qRT-PCR amplification
was conducted on a Bio-Rad CFX96 Real Time PCR Sys-
tem (Bio-Rad, USA) with the following thermal cycling
procedure: 95°C for 3min, 40cycles of 95°C for 10s,
55°C for 30s. The temperature was increased by 0.5°C
every 5s and the melting curve was generated from 65°C
to 95°C. The transcript expression of each gene we ana-
lyzed was detected in three biological and three technical
replications. The eukaryotic elongation factor 1a (eEF-1a)
gene was used as an internal control for normalizing the
expression data [99]. Relative gene expression was calcu-
lated using the 278ACT method [100].
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