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A newly identified glycosyltransferase e
AsRCOM provides resistance to purple curl
leaf disease in agave

Zhiwei Lu'?*" Xiaowan Hou*', Zhi Ke', Yanmei Zhang', ZiPing Yang' and Wenzhao Zhou'"

Abstract

Background Purple curl leaf disease brings a significant threat to the development of agave industry, the underlying
mechanism of disease-resistant Agave sisalana. hybrid 11648 (A. H11648R) is still unknown.

Results To excavate the crucial disease-resistant genes against purple curl leaf disease, we performed an

RNA-seq analysis for AH11648R and A.H11648 during different stages of purple curl leaf disease. The DEGs
(differentially expressed genes) were mainly enriched in linolenic acid metabolism, starch and sucrose mechanism,
phenylpropanoid biosynthesis, hypersensitive response (HR) and systemic acquired resistance. Further analysis
suggested that eight candidate genes (4'OMT2, ACLY, NCS1, GTE10, SMO2, FLS2, SQET and RCOM) identified by
WGCNA (weighted gene co-expression network analysis) may mediate the resistance to agave purple curl disease
by participating the biosynthesis of benzylisoquinoline alkaloids, steroid, sterols and flavonoids, and the regulation
of plant innate immunity and systemic acquired resistance. After gPCR verification, we found that AsSRCOM, coding
a glycosyltransferase and relevant to the regulation of plant innate immunity and systemic acquired resistance, may
be the most critical disease-resistant gene. Finally, the overexpression of AsSRCOM gene in agave could significantly
enhance the resistance to purple curl disease with abundant reactive oxygen species (ROS) accumulations.

Conclusions Integrative RNA-seq analysis found that HR may be an important pathway affecting the resistance to
purple curl leaf disease in agave, and identified glycosyltransferase ASRCOM as the crucial gene that could significantly
enhance the resistance to purple curl leaf disease in agave, with obvious ROS accumulations.
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Background

Growing primarily in semi-arid regions, Agave sisalana.
hybrid 11648 (A. H11648) is a globally cultivated plant
known for its tough natural fibers [1]. Besides its use in
producing natural fibers, A. H11648 could also be utilized
for alcoholic beverages [2], nutraceuticals [3], and nano-
cellulose [4], making it a highly valuable crop. Despite its
widely valuable usage, A. H11648 also faces a number of
challenges due to its susceptibility to various biotic and
abiotic stresses, such as cold temperatures [5], root rot
disease [6], high temperatures [7], low rainfall [8], low
aboveground biomass coverage [9] and agave purple curl
leaf disease [10]. Among these various stresses, agave
purple curl leaf disease poses a significant threat to the
agave industry as it severely damages the plant’s leaves
which are the primary source of its natural fibers and will
cause a sharp reduction in leaves production by more
than 30% in severe cases [11].

Agave purple curl leaf disease is spread through Dys-
micoccus neobrevipes and has become a significant con-
straint on the healthy development of agave industry.
When D. neobrevipes infects the leaves with its pierc-
ing-sucking mouthparts, the phytoplasma that it carries
enters into the plant, leading to agave purple curl leaf dis-
ease and severe damage to plant leaves [10]. Once agave
purple curl leaf disease was found on a few plants in
one plantation, it almost spread to the whole plantation
within approximately two months [12]. Although pesti-
cide application is currently the most effective solution
for preventing the disease, it is not sustainable or advis-
able due to environmental and economic price. In our
previous researches, the disease-resistant (A. H11648R)
plants for agave purple curl leaf disease were found in
A. H11648 gardens that had suffered from this disease
for many consecutive years. Then, planting A. H11648R
agave is the more prevalent solution. However, the abil-
ity of A. H11648R agave against purple curl leaf disease
weakens over time. Therefore, it is very urgent and criti-
cal to elucidate the underlying mechanism of A. H11648R
agave against purple curl leaf disease and excavate the
pivotal disease-resistant genes to cultivate stable disease-
resistant cultivars.

Currently, research on plant defense mechanisms
against phytoplasma primarily focuses on three areas.
The first area involves the external application of plant
resistance elicitors, such as benzothiadiazole (BTH)
which could significantly reduce the infection of phyto-
plasma by inducing systemic acquired resistance [13].
The second area is the study of phytoplasma effector pro-
teins, which are secreted by phytoplasma and could affect
the growth and development of plants [14, 15]. Lastly, it is
research on disease-resistant genes, which enable plants
to inhibit the symptoms resulting from phytoplasma
infection [16]. Among these three areas, transcriptome
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sequencing (RNA-seq) has been proved as an effective
data mining method and performed to identify a series
of crucial phytoplasma effector proteins and resistance
genes in a variety of plants. For instance, combined tran-
scriptome and metabolome analysis of Nerium indicum
L. found that the genes enriched in MAPK-signaling
(plant), plant-pathogen interaction, plant-hormone signal
transduction, phenylpropanoid and flavonoid biosynthe-
sis, linoleic acid and a-linoleic acid metabolism path-
ways may play an important role in defensing against the
phytoplasma infection [17]. Comparative transcriptome
analysis showed that Calmodulin-like (CML) genes and
cinnamoyl-CoA reductase-like SNL6 gene may be the
key genes against phytoplasma infection in Indian jujube
‘Cuimi’ [18]. The Mu-GsSRK gene identified by transcrip-
tome and DNA methylome could enhance transgenic
plant resistance to the phytoplasma in mulberry [19]. The
major latex protein-like 329 gene identified by transcrip-
tome and proteome analysis demonstrated enhanced
plant resistance to phytoplasma through altering flavo-
noid content in mulberry [20]. Until now, the relevant
studies on agave purple curl leaf disease are very rare and
its resistant mechanism to phytoplasma is still unknown.
Therefore, RNA-seq could be an excellent strategy to
decipher the underlying mechanism of disease-resistant
agave against purple curl leaf disease and helpful for
breeding stable and disease-resistant agave cultivars.

In this study, we conducted a transcriptome profile
analysis for the disease-susceptible A. H11648 and its dis-
ease-resistant mutant A. H11648R during different pro-
cesses of purple curl leaf disease. Our analysis revealed
that the systemic acquired resistance accompanied with
hypersensitive response (HR) may be the primary con-
tributor to increase the resistance to purple curl leaf dis-
ease in agave. Moreover, we identified ASRCOM as the
potential resistant gene by weighted gene co-expression
network analysis (WGCNA), and its overexpression in
agave could significantly increase the resistance to purple
curl leaf disease. This study provides a comprehensive
understanding of the resistance to purple curl leaf disease
in agave and could be helpful for the development of new
disease-resistant and stable agave germplasm.

Results

RNA-seq profiles of A. H11648 and A. H11648R plants
during different processes of agave purple curl leaf disease
In this study, RNA-seq analysis was conducted to better
understand the mechanism of agave purple curl leaf dis-
ease infection during different stages of the disease. Two
agave materials were selected for experimental treat-
ment: A. H11648R and A. H11648 plants for purple curl
leaf disease (Fig. 1A). A. H11648 showed yellow blade
tips at 60 d, and blackened and died blade tips at 90 d,
while A. H11648R showed no obvious disease symptoms
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throughout the infection stages (Fig. 1A). The leaves from
three stages in purple curl leaf disease were selected for
RNA-seq analysis, which were early (0 day, without inoc-
ulation, control), mild (60 day post inoculation, where
the blade tips of the A. H11648 agave showed obvious
yellow spots) and severe (90 day post inoculation, where
the blade tips of the A. H11648 agave turned black and
died, and the neighboring leaf was sampled). Three bio-
logical replicates were conducted, and the A. H11648R
agave showed no symptoms of disease throughout all the
D. neobrevipes infection stages.

A total of 18 RNA-seq libraries were constructed, com-
prising of 6 samples which each included 3 replications,
resulting in a total of 43,825,614 to 55,003,390 raw reads
and 41,657,756 to 52,397,778 high-quality clean reads per
library (Table 1). The coverage of mapped reads ranged
from 79.22 to 81.64%. The Q30 values, which are an
important measure of RNA-seq quality, were all above
95.57% in all 18 libraries. Furthermore, the GC content of
clean reads ranged from 48.85 to 51.1%. In summary, our
RNA-seq data was high quality and reliable.

Furthermore, the principal components analysis
(PCA) was performed based on the gene expression data
obtained from fragments per kilobase of exon per million
fragments mapped reads (FPKM). The results revealed
that the 18 samples were divided into five subgroups.
CK-1 and T-1 were classified into one subgroup, while
CK-2, CK-3, T-2, and T-3 were classified into a distinct
subgroup, respectively (Fig. 1B). These findings were

Table 1 RNA-seq data and quality statistics
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consistent with the sample characteristics and indicated
that A. H11648R and A. H11648 agave exhibit diverse
transcriptional expression patterns during different
stages of agave purple curl leaf disease.

To obtain the accurate differentially expressed genes
(DEGs) among different samples (Suppl. Table 1), the
cutoff of adjusted p-value <0.05 was used in this research.
A total of 547 (95 up-regulated and 451 down-regulated)
DEGs were identified in CK-1-vs-T-1; 4,137 (1,782 up-
regulated and 2,355 down-regulated) DEGs were identi-
fied in CK-2-vs-T-2; and 22,712 (14,786 up-regulated and
7,926 down-regulated) DEGs were identified in CK-3-vs-
T-3 (Fig. 1C). The pairwise group CK-3-vs-T-3 had the
greatest number of DEGs out of all three pairwise groups,
which also was the time point possessing the most appar-
ent phenotype of purple curl leaf disease in all three time
points. In general, a total of 175, 1,182, and 19,657 DEGs
were identified in CK-1-vs-T-1, CK-2-vs-T-2, and CK-
3-vs-T-3, respectively. Moreover, 210 DEGs were simul-
taneously identified in all three pairwise groups, and 241,
341 and 2,924 DEGs were identified between CK-1-vs-
T-1 and CK-2-vs-T-2, CK-1-vs-T-1 and CK-3-vs-T-3,
CK-2-vs-T-2 and CK-3-vs-T-3, respectively (Fig. 1D). The
above results suggested that the number of DEGs in CK-
vs-T pairwise groups gradually increased along with the
extended infection time, which indicated that the under-
lying molecular immune reactions between A. H11648R
and A. H11648 plants may emerge a significant diver-
gence over time.

Group Sample Raw Reads Clean Reads Reads mapped Uniquely mapped Q30(%) GC
(%)
CK-1 F-0d-1 46,443,554 44,672,212 35,592,816 (79.68%) 32,858,032 (73.55%) 96.01 49.5
F-0d-2 53,547,046 51,323,162 41,166,389 (80.21%) 38,037,214 (74.11%) 96.13 49.72
F-0d-3 53,244,944 50,900,044 40,769,516 (80.1%) 37,597,965 (73.87%) 96 5043
CK-2 F-60d-1 55,003,390 52,397,778 42,392,273 (80.9%) 39,074,338 (74.57%) 95.81 511
F-60d-2 53,662,486 51,534,668 1,654,526 (80.83%) 38,368,608 (74.45%) 95.73 51.04
F-60d-3 44,069,444 41,657,756 33,315,257 (79.97%) 30,794,743 (73.92%) 96.08 494
CK-3 F-90d-1 43,825,614 42,008,900 33,394,803 (79.49%) 30,691,294 (73.06%) 97.26 50.55
F-90d-2 44,505,308 42,235,724 33,458,257 (79.22%) 30,837,405 (73.01%) 9732 49.99
F-90d-3 44,440,586 42,179,482 33,625,177 (79.72%) 30,882,685 (73.22%) 97.27 50.98
T-1 R-0d-1 54,207,458 51,101,074 40,533,140 (79.32%) 37,377,399 (73.14%) 95.88 50.51
R-0d-2 48,960,136 46,566,070 37,363,341 (80.24%) 34,517,113 (74.13%) 96.01 5041
R-0d-3 51,126,222 48,034,202 38,550,276 (80.26%) 35,535,753 (73.98%) 95.83 51
T2 R-60d-1 45,701,684 43,500,854 34,724,779 (79.83%) 32,122,366 (73.84%) 96.09 4923
R-60d-2 51,962,560 50,173,584 40,098,233 (79.92%) 36,963,972 (73.67%) 96.2 48.85
R-60d-3 51,055,130 48,607,804 38,985,544 (80.2%) 35,898,290 (73.85%) 95.99 50.39
T3 R-90d-1 47,490,600 45,701,340 37,311,088 (81.64%) 34,339,621 (75.14%) 95.57 4942
R-90d-2 49,831,608 47,201,864 38,430,060 (81.42%) 35,480,538 (75.17%) 95.81 49.69
R-90d-3 48,235,984 46,319,870 37,798,365 (81.6%) 34,779,277 (75.09%) 96.05 49.65

The rows in the dataset represent distinct samples. ‘F-0d-1', ‘F-0d-2’, and ‘F-0d-3’ indicate three biological replicates of A. H11648 agave sampled on day 0. ‘F-60d-
1, 'F-60d-2', and ‘F-60d-3’, as well as ‘F-90d-1’, ‘F-90d-2’, and ‘F-90d-3’, represent the three biological replicates of A. H11648 plants sampled on day 60 and day 90,
respectively. Likewise, ‘R-0d-1’, ‘R-0d-2’, ‘R-0d-3’, ‘R-60d-1’, ‘R-60d-2’, ‘R-60d-3’, and ‘R-90d-1’, 'R-90d-2, and ‘R-90d-3’ represent the three biological replicates of A.

H11648R plants sampled on day 0, day 60, and day 90, respectively
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Fig. 1 Phenotypes of the A. H11648 and A. H11648R under the infection of purple curl leaf disease in agave and its RNA-seq results during different
processes of purple curl leaf disease in agave. (A) The field phenotypes of A. H11648 and A. H11648R agave. The blade tips of A. H11648 and A. H11648R
were sampled at 0 d (without D. neobrevipes, control), 60 d and 90 d after agave purple curl leaf disease infection. The sampled position is marked with
red circles. (B) The principal components analysis of 18 samples based on the fragments per kilobase of exon per million mapped reads (FPKM). Group
‘CK-1"indicates three biological replicates (‘F-0d-1; ‘F-0d-2; and ‘F-0d-3') sampled on day 0 in A. H11648 agave. Group ‘CK-2" indicates three biological
replicates ('F-60d-1;'F-60d-2; and 'F-60d-3') sampled on day 60 in A. H11648 agave. Group ‘CK-3'indicates three biological replicates ('F-90d-1; 'F-90d-2,
and 'F-90d-3') sampled on day 90 in A. H11648 agave. Likewise, group ‘T-1" (R-0d-1,'R-0d-2; 'R-0d-3"), group 'T-2' (R-60d-1, ‘R-60d-2;, 'R-60d-3'), and group
‘T-3'('R-90d-1;'R-90d-2, and 'R-90d-3') represent the three biological replicates of A. H11648R plants sampled on day 0, day 60, and day 90, respectively.
(C) The differentially expressed genes (DEGs) statistics among different samples. “CK" represents A. H11648 plants and “T" represents A. H11648R plants.
“1","2"and "3" represent samples at 0 d, 60 d and 90 d after agave purple curl leaf disease infection, respectively. (D) The venn diagram of DEGs among

different comparable groups

Pathway enrichment analysis of DEGs among different
pairwise groups

To gain a better understanding of the mechanism of the
resistance to purple curl leaf disease in agave, we fur-
ther analyzed the differentially expressed genes (DEGs)
among different pairwise groups based on the KEGG and
Gene Ontology (GO) databases, expecting to identify the
pathways that are significantly relevant to agave disease
resistance. In CK1 vs. T1 pairwise group, we found that
the DEGs were mainly enriched into the pathways of
limonene and pinene degradation, alpha-linolenic acid
metabolism, starch and sucrose mechanism, and phen-
ylpropanoid biosynthesis (Fig. 2A). In the CK2 vs. T2

pairwise group, the DEGs were mainly enriched into the
pathways of plant hormone signal transduction, alpha-
linolenic acid metabolism, starch and sucrose mecha-
nism, flavonoid biosynthesis, and phenylpropanoid
biosynthesis (Fig. 2B). In the CK3 vs. T3 pairwise group,
the DEGs were mainly enriched into the pathways of
alpha-linolenic acid metabolism, flavonoid biosynthesis,
phenylpropanoid biosynthesis, and starch and sucrose
metabolism (Fig. 2C). Furthermore, GO enrichment
analysis for the common DEGs among these three com-
parable groups were performed. The results showed that
the processes of systemic acquired resistance, pectin
catabolic process, polysaccharide catabolic process, cell
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Fig. 2 KEGG and GO enrichment analysis for the RNA-seq data during different stages of purple curl leaf disease in agave. The top 20 KEGG enriched path-
ways are presented for each pairwise group analysis: (A) CK-1-vs-T-1, (B) CK-2-vs-T-2, and (C) CK-3-vs-T-3. (D) The GO enriched pathways for the common
DEGs among these three comparable groups.“CK"represents A. H11648 plants, and “T"represents A. H11648R plants. The numbers“1,2,"and “3" represent
samples taken at 0 d, 60 d and 90 d after agave purple curl leaf disease infection, respectively. The “RichFactor” represents the ratio of the number of DEGs
to the total number of agave genes in the pathway. Thus, a higher “RichFactor” indicates a higher degree of enrichment. Qvalue represents the Pvalue
corrected by FDR (False Discovery Rate). Enriched GO pathway for the DEGs was defined as significantly enriched pathway when its Qvalue <0.05. The

smaller the Qvalue, the more significant the pathway

wall modification, carbohydrate catabolic process, galac-
turonan metabolic process, innate immune response,
and defense response to bacterium were significantly
enriched (Fig. 2D). Because pectin, polysaccharide, car-
bohydrate, and galacturonan are all important compo-
nents of the plant cell wall, we speculated that plant cell
wall modification and systemic acquired resistance may
play an important role in regulating the resistance to
agave purple curl leaf disease.

To strengthen our understanding for the above KEGG
and GO enrichment analysis, a comparison between the
agave and other species were conducted for the cata-
logues enriched by KEGG and GO enrichment analy-
sis on phytoplasma resistance in plants. The results
suggested that the catalogues enriched in both agave and
other species include pentose and glucuronate intercon-
versions, phenylpropanoid biosynthesis, sphingolipid
metabolism, starch and sucrose metabolism, flavonoid
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biosynthesis, alpha-linolenic acid metabolism and other
163 catalogues (Suppl. Table 2). Considering that the
number of DEGs at 60 d and 90 d after purple curl leaf
disease infection was very high, we chosen 55 represen-
tative DEGs at both 60 d and 90 d after purple curl leaf
disease infection, which all occupied the top sixty at the
absolute value of FPKM (Fragments per Kilobase Mil-
lion). The heatmap of these representative genes sug-
gested that the down-regulated genes in A. H11648R
plants were involved in the oxidation of phenols, the bio-
synthesis of fructan, anthocyanin and phenylpropanoid,
the modification of cell walls, hypersensitive reaction,
ROS metabolism, abiotic and biotic stresses, the degra-
dation of damaged protein under stress conditions, the
establishment of auxin gradients, the reinforcement of
the plant cell wall and wounding or pathogen challenge,
cell size determination and promoting both cambium
activity and phloem specification (Fig. 3). The up-regu-
lated genes in A. H11648R plants were involved in heavy-
betal-binding protein, starch breakdown, the control
of intracellular Na* and K* homeostasis, microtubule-
associated protein, RNA silencing pathway, phytochrome
B pathway, the biosynthesis of coenzyme A, GA and
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the maturation of mRNAs, the oxidative degradation of
abscisic acid, microtubule-associated protein, develop-
ment, pre-mRNA splicing, regulatory subunit of pyro-
phosphate-frutose, inorganic phosphate transportion,
cytokinesis, nucleotide excision repair of damaged DNA
and hydrolyzing glycosides and monolignol glucosides
(Fig. 3). The above results provided a series of candidate
genes and its relevant functions which may be involved in
the regulation of agave resistance against purple curl leaf
disease.

The important function of hypersensitive response (HR) in
regulating the resistance to agave purple curl disease

To further clarify the underlying mechanism of the resis-
tance to purple curl leaf disease in agave, we conducted
a KEGG enrichment analysis on the common DEGs in
the three pairwise groups (CK-1-vs-T-1, CK-2-vs-T-2
and CK-3-vs-T-3). The results of the enrichment analysis
were similar to the previous enrichment results (Fig. 4A).
Interestingly, the plant-pathogen interaction pathway
was significantly enriched, in which pathogen/microbe-
associated molecular patterns (PAMP/MAMP) immunity
were triggered (Fig. 4B). Besides, Ca®* signal and reactive

Unigene ID Description Function 1.50
| ] Unigene0043052 PREDICTED: polyphenol oxidase, chloroplastic Catalyzes the oxidation of mono- and o-diphenols to o-diquinones.
[ [ Unigene0031937 fructan:fructan 1-fructosyltransferase Involved in fructan biosynthesis 1.00
[ Unigene0009375 anthocyanidin synthase Involved in anthocyanin biosynthesis 050
I [ Unigene0032315 PREDICTED: pectinesterase-like Acts in the modification of cell walls -
[ Unigene0008746 PREDICTED: endochitinase EP3-like Probably involved in hypersensitive reaction 0.00
Unigene0019492 PREDICTED: chalcone synthase 3 Involved in the biosynthesis of phenylpropanoid )
[ Unigene0029269 AWPM-19-like family protein Unknown function 0.50
[ Unigene0046078 BTB/POZ and TAZ domain-containing protein 2-like Unknown function :
Unigene0002406 peroxidase 12-like Involved in ROS metabolism -1.00
Unigene0030773 PREDICTED: protein DETOXIFICATION 33-like Unknown function
Unigene0022466 cationic peroxidase 1-like Involved in abiotic and biotic stresses -1.50
Unigene0033131 protein ODORANT1-like Unknown function
I Unigene0000524 heat shock protein 70-2 for 1 of protein under stress conditions
I Unigene0038353 Acyl-CoA desaturase Unknown function
[ Unigene0028393 heavy metal-associated isoprenylated plant protein 23-like Heavy-metal-binding protein
I Unigene0002130 heat shock protein 70-2 ible for ) of protein under stress conditions
I Unigene0047538 heat shock protein 70-2 for 1 of protein under stress conditions
Unigene0014019 PREDICTED: protein indeterminate-domain 9 Involved in the 1t of auxin gradients through the of auxin biosynthesis and transport
I ] Unigene0027446 ribulose bisphosphate carboxylase small chain clone 512-like  Unknown function
[ Unigene0026169 polygalacturonase-like Involved in cell size determination
Unigene0030386 flavonoid 3',5methyltransferase-like isoform X1 Involved in the reinforcement of the plant cell wall and wounding or pathogen challenge
I Unigene0045099 PREDICTED: acidic endochitinase Defense against chitin-containing fungal pathogens
Unigene0015726 anthocyanidin synthase Involved in anthocyanin biosynthesis
Unigene0008158 PREDICTED: dof zinc finger protein DOF5.6-like isoform X1 Unknown function
Unigene0047135 sucrose:sucrose 1-fructosyltransferase Unknown function
I I Unigene0041616 sucrose synthase 7-like isoform X2 Unknown function
| | ] Unigene0000347 peroxidase 4-like Involved in ROS metabolism
I [ Unigene0063183 PREDICTED: dof zinc finger protein DOFS.6-like Promotes both cambium activity and phloem specification
[ | [ ] Unigene0009781 PREDICTED: homeobox-leucine zipper protein HAT9-like Unknown function
I Unigene0032478 heat shock protein 70-2 ible for 1 of protein under stress conditions
I Unigene0005849 PREDICTED: suppressor of disruption of TFIIS Unknown function
[ ] Unigene0023643 heavy metal-associated isoprenylated plant protein 30 Heavy-metal-binding protein
I Unigene0033497 probable inactive beta-glucosidase 14 Facilitates or regulates starch breakdown
I Unigene0016866 Retrovirus-related Pol in from 1 TNT 1-94  Unknown function
| ] Unigene0003945 anaphase-promoting complex subunit cdc20-like protein Unknown function
[ ] Unigene0036386 CBL-interacting protein kinase 32 isoform X3 Involved in the control of intracellular Na+ and K+ homeostasis
1 Unigene0039845 65-kDa microtubule-associated protein 6-like Microtubule-associated protein
[ ] Unigene0028675 protein argonaute 16-like Involved in the RNA silencing pathway
[ Unigene0002311 transcription factor PIF4-like isoform X2 Transcription factor acting negatively in the phytochrome B signaling pathway
I Unigene0025245 G patch domain-containing protein 4 isoform X2 Unknown function
I Unigene0003807 PREDICTED: pt eine sfera Involved in coenzyme A biosynthesis
[ Unigene0023175 gibberellin 2-beta-dioxygenase 8-like isoform X1 Involved in GA biosynthesis
[ | Unigene0042529 protei RNase P 1, cf i like Involved in the maturation of mMRNAs
] Unigene0004876 abscisic acid 8-hydroxylase 3 Involved in the oxidative degradation of abscisic acid
[ ] Unigene0039844 65-kDa microtubule-associated protein 6-like Microtubule-associated protein
I Unigene0034058 PREDICTED: ethylene-responsive transcription factor ERF091 Binds to the GCC-box pathogenesis-related promoter element
I Unigene0034134 transcription factor TCP13-like Plays a pivotal role in the control of plants development
I Unigene0042970 pre-mRNA-processing protein 40A isoform X4 Involved in pre-mRNA splicing
[ ] Unigene0050212 pyrophosp! fructose 6 1-phosphotransferase  Regulatory subunit of pyrophosphate--fructose
I | Unigene0048329 phosphate transporter PHO1-3 May transport inorganic phosphate
[ | Unigene0050769 IST protein Involved in cytokinesis, nuclear envelope reassembly and endosomal tubulation
[ Unigene0023966 PREDICTED: probable nucleolar protein 5-2 Unknown function
I Unigene0037340 DNA-directed RNA polymerase | subunit rpat Catalyzes the transcription of DNA into RNA
[ Unigene0046308 PREDICTED: beta-glucosidase 18 isoform X2 Hydrolyzes glycosides and monolignol glucosides
[ Unigene0016676 DNA repair protein UVH3 Involved in nucleotide excision repair (NER) of damaged DNA
& & &
< ol < ol

Fig. 3 Heatmap for the crucial DEGs enriched by KEGG and GO analysis of all three stages in purple curl leaf disease. “F" represents A. H11648 plants,
“R"represents A. H11648R plants.“60d" and “90d" represent samples taken at 60 d and 90 d after purple curl leaf disease infection in agave, respectively
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Fig. 4 KEGG enrichment analysis of the common DEGs between the A. H11648R and A. H11648 plants during different stages of purple curl leaf disease.
(A) The top twenty KEGG enrichment analysis of the common DEGs among the three pairwise groups (CK-1-vs-T-1, CK-2-vs-T-2, and CK-3-vs-T-3) during
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The smaller the Pvalue, the more significant the pathway. (B) The plant-pathogen interaction pathway significantly enriched among the common DEGs
between the A. H11648R and A. H11648 plants during different stages of purple curl leaf disease. (C) Heatmap for DEGs related to HR. “F" represents A.
H11648 plants, “R"represents A. H11648R plants.“0d"“60d" and “90d" represent samples taken at 0 d, 60 d and 90 d after purple curl leaf disease infection
in agave, respectively
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oxygen species (ROS) burst are triggered, leading to
hypersensitive response (HR) and cell wall reinforcement,
and bacterial secretion system is also triggered by affect-
ing RIN4 and then results in HR (Fig. 4B). Consistent
with these findings, the heatmap analysis of HR-related
genes showed that most of these genes exhibited sig-
nificant expression between A. H11648 and A. H11648R
agave, such as LOX (lipoxygenase), PR4 (wound-induced
basic protein) and NPRI (pathogenesis-related protein 1)
genes (Fig. 4C). Taken together, we speculated that the
resistance of A. H11648R against purple curl leaf disease
may be regulated by HR in agave.

Weighted gene co-expression network analysis (WGCNA)
of DEGs and gPCR analysis

Although we identified 55 representative DEGs in pre-
vious section, the vital disease-resistant genes are still
unknown. To identify the crucial genes against purple
curl disease in A. H11648, a weighted gene co-expres-
sion network analysis (WGCNA) was conducted. The
results showed that the DEGs between A. H11648R and
A. H11648 plants during different processes of purple
curl leaf disease were divided into 14 modules based on
their expression patterns (Suppl. Table 3). The bisque4
and lavenderblush2 modules were selected to build net-
work analysis maps with Cytoscape software to identify
hub genes against purple curl leaf disease, from which
the DEGs were mostly up-regulated in A. H11648R
compared to A. H11648 plants. Then, eight hub genes,
five in the bisque4 module and three in the lavender-
blush2 module, were found to be significantly related to
the resistance to purple curl leaf disease in A. H11648.
In the bisque4 module (Fig. 5A), the hub genes were as
follow: 4'OMT2 ((S)-coclaurine N-methyl transferase
isoformX1, 4OMT?2) is involved in the biosynthesis of
benzylisoquinoline alkaloids and possesses insecticidal
and bacteriostatic functions [21, 22]; ACLY (ATP-citrate
synthase alpha chain protein, ACLY) is involved in the
biosynthesis of flavonoids [23]; NCSI (S-norcoclaurine
synthasel-like, NCS1) is involved in the biosynthesis of
the common precursor of all benzylisoquinoline alkaloids
[24]; GTEIO (transcription factor GTE10-like) is a nega-
tive regulator of the environmental stress response of the
ABA pathway in plants [25]; and SMO2 (methyl sterol
monooxygenase 2-2-like) is involved in sterols biosynthe-
sis and related the metabolism of alkaloids, flavonoids,
and sterols [26]. In the lavenderblush2 module (Fig. 5B),
the hub genes were as follow: FLS2 (LRR receptor-like
serine/threonine-protein kinase FLS2) is a potent elicitor
of the defense response to pathogen-associated molecu-
lar patterns (PAMPs) [27]; SQEI (squalene epoxidase)
is involved in steroid biosynthesis [28]; and RCOM (gly-
cosyltransferase family 92 protein RCOM-like) may be
responsible for the regulation of plant innate immunity
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and systemic acquired resistance, the phenylpropanoid
metabolism, regulating the resistance to disease in plants
[29-32].

To further investigate the function of these hub genes
in regulating the resistance to purple curl leaf disease in
A. H11648, qPCR was performed with the samples from
leaves of A. H11648R and A. H11648 at 0 d, 30 d, 60 d,
and 90 d after the infection of purple curl leaf disease.
The results revealed that AsSRCOM gene possess a very
high gene expression level along with the whole disease
processes in A. H11648R compared to A. H11648 plants
(Fig. 5C). Considering that RCOM may play an impor-
tant role in the regulation of plant innate immunity and
systemic acquired resistance [29-32] and the process of
HR may participate the resistance to purple curl leaf dis-
ease in agave (Fig. 4), we speculated that AsSRCOM gene
may be the most critical hub gene in regulating the resis-
tance to purple curl leaf disease in agave.

Functional analysis of AsSRCOM in agave

To confirm our hypothesis that AsSRCOM is the key gene
responsible for the resistance to purple curl leaf dis-
ease in agave, we created the ASRCOM overexpression
(AsRCOM-OE) plants in A. H11648 mediated by Agro-
bacterium tumefaciens EHA105. The results of qPCR
verification for the AsSRCOM-OE plants found that the
expression level of ASRCOM genes in ASRCOM-OE #1
and AsRCOM-OE #2 transgenic lines were significantly
higher than that in the recipient A.H11648 (Supple. Fig-
ure 1), which were selected for the subsequent func-
tional verification. Then, the resistance of AsSRCOM-OE
plants against agave purple curl disease was detected.
The results revealed that the resistance of AsSRCOM-OE
plants against purple curl leaf disease was significantly
higher than that in A. H11648 (Fig. 6A).

Furthermore, physiological index analyses were con-
ducted between AsRCOM-OE plants and A. H11648
at various stages of purple curl leaf disease in agave
(Fig. 6B). The results showed that the H,0O, contents in
AsRCOM-OE plants increased by 33.4% and 55.8% at
60 d and 90 d after infected with purple curl leaf dis-
ease compared to that in A. H11648, respectively. Addi-
tionally, the superoxide anion contents in AsSRCOM-OE
plants increased by 18.1% and 25.6% at 60 d and 90 d
after infected with purple curl leaf disease compared to
that in A. H11648, respectively. The rates of ROS produc-
tion in ASRCOM-OE plants also increased by 37% and
36.7% at 60 d and 90 d after infected with purple curl leaf
disease compared to that in A. H11648, respectively. In
contrast, the proline (PRO) contents in AsRCOM-OE
plants decreased by 28.8% and 32.7% at 60 d and 90 d
after infected with purple curl leaf disease compared to
that in A. H11648, respectively. No significant differences
were observed in these indexes at 0d (control) between
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Fig.5 Weighted gene co-expression network analysis of differentially expressed genes (DEGs) and gPCR analysis for the hub genes identified by WGCNA
analysis. (A) The hub genes identified in the bisque4 module by WGCNA analysis. (B) The hub genes identified in the lavenderblush2 module by WGCNA
analysis. (C) The relative expression levels of hub genes identified by WGCNA at different stages of agave purple curl leaf disease. “R" represents the A.
H11648R plants, “S" represents the A. H11648 plants. Each experiment was performed with three biological replicates. Vertical bars represent +the stan-
dard error of the mean (n=3, n represents the biological replicates). *P<0.05, **P<0.01 and ***P<0.001 (One-way ANOVA analysis of variance with Dun-

nett's multiple comparison test), NS represents no significance

ASRCOM-OE plants and A. H11648. These results
suggested that the AsRCOM gene could significantly
enhance the resistance to purple curl leaf disease in agave
and the ROS contents in AsSRCOM-OE plants were obvi-
ously higher than that in A. H11648 during the different
stages of purple curl leaf disease in agave.

Discussion

Recently, agave purple curl leaf disease has emerged as a
major threat to the healthy development of agave indus-
try [11]. Our research has identified a natural mutant
from agave H.11,648, which exhibits remarkable resis-
tance to the purple curl leaf disease. However, the under-
lying mechanism of this natural mutant in increased
resistance is still unknown. Elucidating this mechanism
and excavating the key resistant genes will be helpful for
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cultivating stable disease-resistant cultivar in agave. As
an effective data mining method, RNA-seq analysis has
been used to identify lots of powerfully stress-resistant
genes [33, 34].

Therefore, to better understand the underlying mecha-
nism of A. H11648R agave in enhancing the resistance to
purple curl leaf disease, we conducted an RNA-seq analy-
sis between A. H11648R and A. H11648 during different
stages of purple curl leaf disease (Fig. 1). According to
the KEGG and GO enrichment analysis results (Fig. 2), a
series of common processes were shared with the RNA-
seq results in other species, such as systemic acquired
resistance, linoleic acid metabolism, pectin catabolic pro-
cess and so on. Among these processes, we found that
there were twenty representative candidate genes (Fig. 3)
were also reported in regulating the resistance against
phytoplasma in grapevine [35], mulberry [19], Paulownia
fortunei [36], tomato [37], apple [38], coconut [39], and
Mexican lime tree [40]. And there were thirty-five agave-
specific genes that may play an important role in regulat-
ing the resistance against purple curl leaf disease in agave,
including fructan 1-fructosyltransferase, protein inde-
terminate-domain 9, flavonoid 3;5’-methyltransferase-
like isoform X1, protein argonaute 16-like, abscisic acid
8-hydroxylase 3, DNA repair protein UVH3 and so on
(Fig. 3). These agave-specific genes are mainly involved in
nucleotide excision repair of damaged DNA [41], the oxi-
dative degradation of abscisic acid [42], the RNA silenc-
ing pathway [43], the reinforcement of the plant cell wall
and wound or pathogen challenge [44], the establishment
of auxin gradients [45] and the biosynthesis of fructan
[46], which suggested that the processes of DNA repair,
ABA and auxin signal pathway, the RNA silencing path-
way and the reinforcement of plant cell wall may occupy
a vital position in response to phytoplasma infection in
agave. Besides, there were thirteen catalogues that were
enriched only in agave compared to that in other species,
which included non-homologous end-joining, caffeine
metabolism, proteasome, glycosphingolipid biosynthe-
sis-ganglio series, glycosphingolipid biosynthesis-globo
series, thiamine metabolism, lipoic acid metabolism,
glycosylphosphatidylinositol (GPI) -anchor biosynthesis,
base excision repair, sulfur relay system, N-Glycan bio-
synthesis, detoxification, and transcription factor activity,
protein binding (Suppl. Table 2). These catalogues exhib-
ited the specificity of agave compared to other species
during responding to phytoplasma infection.

Furthermore, as an important tool for excavating the
central hub genes in multiple metabolism processes
[47-49], WGCNA were conducted in order to decipher
the pivotal genes relevant to the resistance to purple curl
disease in agave. A total of eight hub genes were identi-
fied (Fig. 5), most of which are essential in increasing
the resistance to insects and diseases in plants [18—29].
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Except for the GTE10 and FLS2 genes, almost all of these
genes are relevant to the metabolism of alkaloids, a kind
of antibacterial compounds [50, 51], which suggest that
alkaloids may be an effective external admixture for the
defense against agave purple curl leaf disease. The results
of qPCR analysis found that the AsRCOM gene may be
the most crucial gene among all the hub genes identified
by WGCNA analysis (Fig. 5C). We also found that the
overexpression of ASRCOM gene in A. H11648 could sig-
nificantly increase the resistance to agave purple curl leaf
disease with large amounts of ROS accumulation com-
pared to the recipient A. H11648 (Fig. 6). This finding is
consistent with the previous researches that the glycosyl-
transferase could obviously enhance the plant immunity
against biotic stresses [26—29] and ROS accumulation
was an important defense responses in plants [52, 53].
Besides, reports showed that enhanced ROS produc-
tion has been implicated in the hypersensitive response
and plant defense signals in plants [54, 55], which further
confirmed that HR may play an important role in regu-
lating the resistance to purple curl leaf disease in agave.
Similarly, the results of RNA-seq analysis also showed
that HR may play a vital role in the interaction between
plants and pathogenic bacteria in sugarcane, Brassica
napus, Saccharum, rice, grapevine, Populus and sand
pear [56—62]. Together, our research showed that the
AsRCOM gene may regulate the resistance to purple curl
leaf disease through HR pathway.

The present study has some limitations. The in-depth
molecular mechanisms of AsRCOM-OE plants in
enhancing the resistance to purple curl leaf disease in
agave need to be excavated, including the signal regula-
tion network, the effect of ASRCOM gene on the cellular
and organic structures, the potential interactive protein
or transcription factor of ASRCOM. Subsequently, the
problem that whether the ASRCOM gene is related to HR
should be verified. In addition, the mutants of AsSRCOM
gene mediated by CRISPR/Cas9 system in agave need to
be created to supplement the function of AsSRCOM gene
in agave.

Conclusion

By RNA-seq analysis, we discovered that systemic
acquired resistance accompanied with HR may have a
crucial function in controlling resistance to purple curl
leaf disease in agave. Additionally, we found the AsR-
COM protein of glycosyltransferase family identified
by WGCNA analysis could substantially enhance the
resistance to purple curl leaf disease in agave. Together,
our researches provide a profound understanding for
the mechanisms of A. H11648R in enhancing the resis-
tance to purple curl leaf disease and a series of important
genetic resources for breeding disease-resistant cultivar
in agave.
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Methods

Plant materials and samples

Disease-susceptible A. H11648 and its natural mutant
disease-resistant A. H11648R screened from disease-
susceptible A. H11648 continuously infected with agave
purple curl disease for many years were used as experi-
mental materials. Agave purple curl leaf disease was
induced by cultured D. neobrevipes. During the pro-
cess of infection with D. neobrevipes, D. neobrevipes
were artificial cultured with fresh agave leaves (Updated
every three days) as food sources under the condition of
26 °C, 16 h/8 h light/dark photoperiod. Then, 80 live D.
neobrevipes were separated from agave leaves by flick-
ing the leaves slowly, and initially inoculated to A.H11648
and A.H11648R plants all with no D. neobrevipes infec-
tion, respectively. Subsequently, insect nets were used to
exclude A.H11648 and A.H11648R plants from wild D.
neobrevipes or other insects until the end of the experi-
ment. Besides, A.H11648 and A.H11648R plants with no
inoculation of D. neobrevipes were set as control to con-
firm that the disease performances were just caused by
purple curl leaf disease. Agave blade tips were sampled
at 0 d, 60 d, and 90 d post-infection (Fig. 1A), in which
the sample at 0 d (On the day of D. neobrevipes inocu-
lation, but without inoculation) was chosen as control.
Blade tips were sampled for RNA-seq analysis with three
biological replicates at each timepoint. All samples were
collected and immediately stored at -80 °C for RNA
extraction and RNA-seq analysis.

RNA extraction and Illlumina sequencing

Total RNA was extracted from the sampled blade tips
using the TRIzol reagent (Aidlab, Beijing, China) accord-
ing to the manufacturer’s protocol. The concentra-
tion of total RNA in each sample was measured using a
NanoDrop microvolume spectrophotometer (Thermo
Scientific NanoDrop Products, Waltham, MA, USA).
RNA samples were treated to remove genomic DNA
contamination and cDNA was synthesized using a one-
step reverse transcription kit (Transgen, Beijing, China).
c¢DNA library construction and sequencing were com-
pleted by Guangzhou Genedenovo, Guangzhou, China.
The Illumina HiSeq2500 platform (Illumina, San Diego,
CA, America) was used for RNA-seq with 6 GB clean,
paired-end data.

RNA-seq analysis

The quality of the raw RNA-seq data was evaluated using
FastQC v0.11.2 [63]. Reads with low quality (N con-
tent>5%, low-quality bases>30% (quality<29)) were
removed, and higher quality reads were trimmed to
eliminate adapters with Trimmomatic (v0.36.5) [64]. The
high-quality reads were then assembled using Trinity
v2.4.0  (https://github.com/trinityrnaseq/trinityrnaseq/
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wiki) to generate a unigene library. BlastX (https://blast.
ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastx&PAGE
TYPE=BlastSearch&LINKLOC=blasthome) was used
with multiple online databases, including Eggnog (http://
eggnogdb.embl.de/#/app/emapper), Uniprot (https://
www.uniprot.org/), GO (http://wegolgenomics.org.cn/
cgi-bin/wego/index.pl), Pfam (http://pfam.xfam.org/),
Clusters of Orthologous Groups (COGs, https://www.
ncbi.nlm.nih.gov/research/cog), TMhmm, (https://ser-
vices.healthtech.dtu.dk/service.php? TMHMM-2.0),
and KEGG (http://www.genome.jp/kegg/kegg2.html)
[65-67], to annotate the assembled unigene transcripts
with an E-value cut-off of 107°. DEGs were identified
using the following criteria: FDR<0.01 and |log2 ratio| >
1 (FDR indicating the false discovery rate and log2 ratio
representing log2 of fold change for the RPKM of up/
down-regulation). Heatmap analysis of the DEGs in the
RNA-seq data was performed using TBtools [68], based
on the RPKM (reads per kilobase per million mapped
reads). GO enrichment analysis with the identified DEGs
was conducted in R-Studio (v3.3.0) with the ggplot2
package (v3.3.5, https://ggplot2.tidyverse.org/). The GO
term categories, such as molecular function, were con-
firmed with a p-value cut-off of <0.05, hypergeometric
distribution, and Bonferroni correction.

Weighted gene co-expression network analysis (WGCNA)
of DEGs

The WGCNA R package (v1.70-3) [69] was utilized to
perform a weighted gene co-expression network analy-
sis (WGCNA) using normalized expression values of the
DEGs. A range of powers from 1 to 20 were tested for
network threshold, and the resulting network was visual-
ized using Cytoscape (v3.9.1, https://cytoscape.org/).

qPCR verification for the hub genes and its function
analysis in agave
In the RNA extraction and real-time quantitative RT-
PCR (qRT-PCR) experiments, the TransGen RNA extrac-
tion kit (Transgen, Beijing, China) was utilized to extract
total RNA from agave leaves following the manufactur-
er’s instructions. The first cDNA strand was synthesized
using the TransGen RT SuperMix (Transgen, Beijing,
China) kit. The primers for qRT-PCR experiments and
subsequent transgenic detection primers were stored in
Suppl. Tables 4, with actin gene serving as an internal
reference. The qRT-PCR was conducted using the Trans-
Gen SYBR® Green PCR kit (Transgen, Beijing, China)
in accordance with the manufacturer’s instructions.
Three biological replicates were carried out for each
experiment.

The A.H11648 was selected as recipient to transform
with the pCAMBIA1302-AsRCOM plasmid and pCAM-
BIA1302 empty vector using Agrobacterium tumefaciens
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strain EHA105. Shoot apex explants were chosen for cal-
lus culture in agave. Then the callus were transformed
with the relative vectors. After selective cultivation with
hygromycin, PCR detection and transplanting to the
field, positive transgenic agave seedlings and its recipient
A.H11648 that all were three months old were planted in
the same area covered with insect nets to exclude them
from wild D. neobrevipes or other insects until the end of
the experiment. Then, 80 live D. neobrevipes were sepa-
rated from agave leaves by flicking the leaves slowly, and
inoculated to AsRCOM overexpression and A.H11648
plants all with no D. neobrevipes infection, respec-
tively. The phenotype of these plants were observed and
recorded to evaluate their resistance against purple curl
leaf disease every seven days in agave.

Physiological and biochemical indexes analysis

The physiological and biochemical indexes analysis was
performed as described previously [70]. The H,O, con-
tents, ROS production rates, superoxide anion contents,
and PRO contents were measured in accordance with the
kit instructions (COMIN, Suzhou, China). The leaves of
the AsSRCOM-OE and the recipient agave during differ-
ent stages of purple curl leaf disease were sampled and
performed for the above physiological and biochemical
indexes analysis. Three biological replicates were con-
ducted for each experiments.

Statistical analysis

All data were analyzed using GraphPad Prism 7 software.
The statistical comparisons were performed using One-
way ANOVA analysis of variance with Dunnett’s multiple
comparison test. Differences were considered significant
when the P-value was less than 0.05. All experiments
were conducted with three biological replicates.
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