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Hao-Han Ning1, Shu-Fen Li1,3 and Wu-Jun Gao1

1College of Life Sciences, Henan Normal University, Xinxiang, China, 2School of Biological
Engineering, Xinxiang University, Xinxiang, China, 3Henan Engineering Technology Research Center
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Garden asparagus (Asparagus officinalis), a prominent horticultural crop

recognized as the “king of vegetables” in the international market, is usually

threatened by severe disease challenges that hinder its sustainable cultivation.

Nucleotide-binding leucine-rich repeat receptors (NLRs) are key components of

plant immune systems, yet their specific role and evolutionary patterns in A.

officinalis and its related species remain poorly characterized. In this study, we

conducted a comprehensive analysis of NLR gene distribution patterns, structural

features, phylogenetic characterization, and evolutionary dynamics across A.

officinalis and two phylogenetically related species, Asparagus kiusianus and

Asparagus setaceus, and conducted expression studies after Phomopsis asparagi

infection in A. officinalis. Our findings demonstrate that NLR genes in all three

species display chromosomal clustering patterns. Phylogenetic reconstruction

and N-terminal domain classification categorized these NLRs into three distinct

subfamilies, with their promoters containing numerous cis-elements responsive

to defense signals and phytohormones. Comparative genomic analysis revealed

a marked contraction of the NLR genes from the wild species to the

domesticated A. officinalis, with gene counts of 63, 47, and 27 NLR genes

identified in A. setaceus, A. kiusianus, and A. officinalis, respectively.

Orthologous gene analysis identified 16 conserved NLR gene pairs between A.

setaceus and A. officinalis, which are likely the NLR genes preserved during the

domestication process of A. officinalis. Pathogen inoculation assays revealed

distinct phenotypic responses: A. officinalis was susceptible, while A. setaceus

remained asymptomatic. Notably, the majority of preserved NLR genes in A.

officinalis demonstrated either unchanged or downregulated expression

following fungal challenge, indicating a potential functional impairment in

disease resistance mechanisms. In conclusion, our findings suggest that the

increased disease susceptibility of domesticated A. officinalis is driven by both the

contraction of NLR gene repertoire and the functional reduced or inconsistent
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induction of retained NLR genes—potentially a consequence of artificial

selection favoring yield and quality. This study provides important insights into

the evolutionary dynamics of NLR genes within the Asparagus genus and may

contribute to future efforts aimed at disease-resistant breeding in A. officinalis.
KEYWORDS

garden asparagus, NLR gene family, evolution, disease resistance, genome-wide
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Introduction

Garden asparagus (Asparagus officinalis), a prominent

horticultural crop, is esteemed as the “king of vegetables” and

ranks among the world’s top ten vegetable crops in the

international market due to its high nutritional and health benefits

(Harkess et al., 2017). However, in commercial cultivation, its growth

and development are severely affected by fungal diseases such as

brown spot, leaf blight, and stem blight (Sun et al., 2024). The close

wild relatives often harbor abundant resistance resources. Previous

studies have demonstrated that the disease resistance of wild

asparagus species Asparagus kiusianus is superior to that of garden

asparagus. Furthermore, A. kiusianus can hybridize with A. officinalis

to produce fertile offspring, with the hybrid progeny demonstrating

significantly enhanced resistance to asparagus stem blight (Ito et al.,

2011; Abdelrahman et al., 2017). These wild species represent

valuable genetic resources for resistance breeding, yet comparative

analyses of resistance (R) genes across the genomes of these species

remain insufficient. Currently, within the Asparagus genus, the

genomes of A. officinalis, Asparagus setaceus, and A. kiusianus have

been sequenced, providing a foundational dataset for systematic

comparisons of their resistance genes.

Plants possess an extensive repertoire of R genes that confer

protection against diverse pathogens. The most prominent class of

R genes encodes nucleotide-binding leucine-rich repeat receptors

(NLRs), which are characterized by three conserved domains: an N-

terminal domain, a central nucleotide-binding site (NBS) domain,

and a C-terminal leucine-rich repeat (LRR) region (Eitas and Dangl,

2010; Lee and Yeom, 2015). Based on their N-terminal domains,

NLRs are classified into distinct subfamilies: CNLs (containing CC

domains), TNLs (with TIR domains), and RNLs (featuring RPW8

domains) (Shao et al., 2016; Jubic et al., 2019). Although full-length

NLRs contain all three domains, truncated variants lacking specific

domains (e.g., NL, CN, RN, TN, or N) retain their functional

classification (Steele et al., 2019). The central NB-ARC domain

contains conserved motifs, including the P-loop, GLPL, MHD, and

Kinase 2, which are critical for immune function (Steele et al., 2019).

Comparative genomic analyses across various plant species

have identified NLRs as the most variable gene family, likely due

to pathogen-driven selection pressures (Seo et al., 2016), For

example, within the Poaceae family, Oropetium thomaeum
02
harbors several dozen NLRs, whereas Triticum aestivum contains

over two thousand (Liu et al., 2021). Typically, CNLs and TNLs

exhibit more rapid expansion compared to RNLs, with the former

often reaching hundreds per genome, in contrast to the single-digit

counts observed for RNL (Shao et al., 2016; Neupane et al., 2018;

Xue et al., 2019). The precise regulation of NLR expression is

crucial, as dysregulation can lead to autoimmunity, thereby

adversely affecting plant growth and yield (van Wersch et al., 2020).

In this study, we performed a comprehensive genome-wide

identification and comparative analysis of NLR genes in the

genomes of A. officinalis, A. kiusianus, and A. setaceus. By

integrating phylogenetic, evolutionary, transcriptomic, and

functional analyses of the NLR family, we elucidate the molecular

determinants that contribute to disease susceptibility in cultivated

A. officinalis and provide a foundation for future resistance

breeding programs.
Materials and methods

Genome-wide identification, classification,
and localization analysis of NLR genes

The genomic and annotation data of A. officinalis were

generated by our laboratory (unpublished results, BUSCO

assessment using the embryophyta_odb10 database shows that

the completeness of genome assembly and gene annotation is

97.5% and 98.1%, respectively.). For comparative analyses, we

obtained genomic resources for A. kiusianus from Plant

GARDEN (https://plantgarden.jp) (No:DRA012987) (Shirasawa

et al., 2022) and for A. setaceus from Dryad Digital Repository

(https://doi.org/10.5061/dryad.1c59zw3rm) (Li et al., 2020).

We employed a dual approach for comprehensive NLR

identification. First, Hidden Markov Model (HMM) searches were

performed using the conserved NB-ARC domain (Pfam: PF00931) as

query. Second, local BLASTp analyses (BLAST+ v2.0) were conducted

against reference NLR protein sequences from Arabidopsis thaliana,

Oryza sativa, andAllium sativum, applying a stringent E-value cutoff of

1e-10. Candidate sequences identified through both methods were

extracted using TBtools (Chen et al., 2020) and subsequently validated

through domain architecture analysis.
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Protein domains were characterized using InterProScan (Jones

et al., 2014) and NCBI’s Batch CD-Search, with sequences

containing the NB-ARC domain (E-value ≤ 1e-5) retained as bona

fide NLR genes. Final classification was performed by querying the

Pfam (http://pfam.xfam.org/) and PRGdb 4.0 (http://prgdb.org/

prgdb4/plants/?id=590262) databases (Mistry et al., 2021), with

genes categorized based on their complete domain architecture

and chromosomal distribution.

The chromosomal distribution of NLR family members was

determined using TBtools v2.136 (Chen et al., 2020), with gene

positional information extracted from genome annotations and

subsequently visualized through chromosomal mapping (van

Wersch et al., 2020).

Sub-cellular localization of the identified NLRs was determined

using WoLF PSORT (https://wolfpsort.hgc.jp/) (Horton et al., 2007;

Hu et al., 2015). The results were visualized using Python scripts to

generate a subcellular localization heatmap.
Motif and conserved domain analysis of
NLR genes

To characterize the domain architecture of the NBS gene family,

conserved motifs within NBS domains were predicted using MEME

suite (https://meme-suite.org/meme/tools/meme) (Bailey et al.,

2015). The analysis was performed with the motif number set to

10 while maintaining default parameters as previously established

(Nepal et al., 2017). Resulting motif distributions were visualized

using TBtools, and gene structures were subsequently analyzed

through GSDS 2.0 (Gene Structure Display Server).
Prediction of cis-acting regulatory
elements

The PlantCARE (http://bioinformatics.psb.ugent.be/webtools/

plantcare/html/) (Lescot et al., 2002) was utilized to analyze the

cis-acting regulatory elements of the NBS-LRR gene’s promoter

sequence (2000 bp genome sequence upstream of the initial codon

ATG). Their distribution and heat map were plotted using TBtools.
Phylogenetic analysis of NBS encoding
genes in A. officinalis and its closely related
species

The protein sequences of candidate NLR genes from A.

officinalis and its closely related species were consolidated into a

single file, and multiple sequence alignment was performed using

Clustal Omega (Sievers and Higgins, 2018) to generate the aligned

file. The phylogenetic tree was constructed by using the maximum

likelihood method based on the JTT matrix-based model

implemented in MEGA (Yang, 2007). The tree with the highest

log likelihood was selected, the nodes were selected, and the nodes

were tested 1000 times by Bootstrap analysis.
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Cluster analysis of A. officinalis NLRs

Adjacent NLR pairs separated by ≤ 8 genes were retrieved from

the genomes of all three species, and their relative orientations

(head-to-head, head-to-tail, or tail-to-tail) were determined with

BEDTools. Statistical significance was evaluated by c² tests against
random expectations (10–000 permutations).
Orthogroup analysis of the NLR gene
family between A. officinalis and A.
setaceus

For comparison, we used OrthoFinder v2.2.7 (Emms and Kelly,

2019) to cluster orthologous genes of NLR from A. officinalis and A.

setaceus by sequence similarity, the BLAST bit scores were

normalized based on gene length and phylogenetic distance.
Collinearity analysis

“One Step MCScanX” from Tbtools (Chen et al., 2020) was used

to perform comparisons across species (A. officinalis, A. kiusianus,

and A. setaceus) as well as among common NLR genes and its

upstream/downstream genes between A. officinalis, and A. setaceus

to obtain gene pairs and analyze collinear blocks. Non-synonymous

(ka) and synonymous (ks) substitution of the paired NLR genes

were calculated using Ka Ks_Calculator 2.0 (Wang et al., 2010).

Gene duplication events were approximately dated according to the

eq. T =Ks/2l (l=6.5×10-9) (Yu et al., 2005). For A. setaceus and A.

officinalis, NLRs duplication events were detected by MCScanX

(Wang et al., 2012), and visualized via Advanced Circos software

in TBtools.
RNA-seq analysis

The comparative transcriptome data generated in a previous

study (Abdelrahman et al., 2017) were download from NCBI

BioProject (ht tps : / /www.ncbi .n lm.nih .gov/bioproject /

PRJNA591696). Clean reads were mapped to reference A.

officinalis genome using Salmon (Patro et al., 2017). The FPKM

(fragments per kilobase of exon per million reads mapped) and

differentially expressed genes were calculated using DESeq2 (Love

et al., 2014). Genes with P < 0.05 and log2 |fold-changes| >1 were

considered as DEGs.
Plant materials, pathogen inoculation and
NLR gene expression analysis

A. officinalis plants were cultivated and subjected to fungal

inoculation following established protocols (Sun et al., 2024).

Control plants received sterile distilled water treatment under

identical environmental conditions. Stem tissues were harvested
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at 1-, 2-, and 3-days post-inoculation (dpi) for molecular analyses.

Validation of NLR genes expression was performed using reverse

transcription quantitative polymerase chain reaction (RT–qPCR).

Total RNA was isolated from collected tissues using the RNA

Isolation Kit (Vazyme, RC113-01), followed by cDNA synthesis.

Quantitative reverse transcription PCR was performed using 2× M5

HiPer SYBR Premix EsTaq (Thermo Fisher Scientific, MF787-02)

on a LightCycler480 System (Roche). The EF1a gene served as the

endogenous reference for normalization, with relative expression

levels calculated via the 2−DDCt method. Data in the graph are

presented as mean ± standard deviation (n = 3 biological replicates).

The DCt value for each biological replicate was derived from the

mean of its three technical replicates, and the standard deviation

was incorporated into the error calculation of the final relative

expression values following error propagation rules. Statistical

significance (P < 0.01) was determined by one-way analysis of

variance (ANOVA) followed by Tukey’s post-hoc test, with different

letters denoting significant differences. Primer sequences are

provided in Supplementary Table S1.
Results

Identification and characterization of the
NLR gene family in the genomes of A.
officinalis, A. kiusianus, and A. setaceus

A comprehensive genome-wide analysis and manual curation

of NLR genes were conducted in the genomes of A. officinalis, A.

kiusianus and A. setaceus. Candidate loci were initially retrieved

using HMMSEARCH against the NB-ARC Pfam model PF00931,

followed by reciprocal BLASTp and domain verification to

eliminate false positives. This process resulted in the confident

annotation of 27, 47, and 63 NLR genes in A. officinalis, A. kiusianus

and A. setaceus, respectively. Based on the presence or absence of

canonical N-terminal (CC/RPW8) and C-terminal (LRR) domains,

these NBS-encoding genes were categorized into three subfamilies

and six classes: (i) CNL subfamily—CC-NBS-LRR (CNL) and CC-

NBS (CN); (ii) RNL subfamily—RPW8-NBS-LRR (RNL) and

RPW8-NBS (RN); and (iii) NL subfamily—NBS-LRR (NL) and

NBS-only (N) (Figure 1A). Consistent with the absence of TNL

genes in monocots (Guo et al., 2025), no TIR-NBS-LRR members

were detected in our analysis. Among the annotated genes, only

those containing both the NBS and LRR domains were considered

complete NLRs, yielding 22, 36 and 47 loci in A. officinalis, A.

kiusianus, and A. setaceus, respectively. The most pronounced

variation was observed within the NL subfamily, whose

membership increased progressively across the three species (10,

24 and 42 genes, respectively). This pattern suggests recurrent loss

of N-terminal domains (CC or RPW8) following duplication events,

with A. setaceus exhibiting the most extensive truncation since its

divergence from the other taxa. Collectively, these data highlight the

dynamic evolution of NLR genes and reveal species-specific

distribution patterns within three species.
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Chromosomal distribution of NLRs in A.
officinalis, A. kiusianus and A. setaceus

To understand the chromosomal distribution of the NLR genes,

we generated detailed chromosomal maps of the NLR genes and

named according to their locations from top to bottom on the

chromosomes (Supplementary Table S2). The NLR genes are

unevenly distributed across the 10 chromosomes (Figures 1B–D).

Chromosomes 9 and 10 of A. officinalis lack NLR genes, whereas all

chromosomes of A. kiusianus and A. setaceus carry NLR genes.

RNL genes are distributed on specific chromosomes. For instance,

RNL genes are located on chromosome 4 in A. officinalis, and A.

kiusianus, and chromosomes 1 and 8 in A. setaceus. The NLR genes

showed preferential clustering at chromosomal termini, with

pronounced aggregation in specific genomic regions, potentially

reflecting evolutionary selection pressures in these species.

The result of subcellular localization showed that nuclear-

localized NLRs predominated (56% and 49% respectively),

exceeding cytoplasmic localization (41% and 39%) in A. officinalis

and A. kiusianus. Conversely, A. setaceus showed an inverse pattern

with 43% cytoplasmic and 31% nuclear localization (Supplementary

Figure S1). These findings align with emerging evidence that

dynamic nucleo-cytoplasmic partitioning of NLR proteins

facilitates activation of distinct defense signaling pathways in

different cellular compartments (Tameling and Baulcombe, 2007;

Wang et al., 2023).
Conserved domains analysis of NLRs

Domain analysis using InterProScan and NCBI Batch CD-

Search identified four characteristic domains in the NLR

repertoire: RX-CC-like (CC), NB-ARC, LRR, and RPW8

(Figure 2). While all candidate genes from A. officinalis and its

related species contained the NB-ARC domain. Among them, with

50 (36.8%) typical proteins showing intact domains, and the rest

(86) lacking at least one important domain. 106 genes (77.9% of the

total) possessed the LRR domain, 47 genes (34.6%) contained the

CC domain, and 13 genes (9.6%) harbored the RPW8 domain.

Additionally, 87 genes (63.5%) lacked an N-terminal domain. Most

NLR genes in A. officinalis and its closely related species contain

long coding sequences (CDS), while a minority are formed by the

splicing of short CDSs.
Conserved motif analysis of NLRs

To elucidate the structural characteristics of NLR proteins, we

used MEME (https://meme-suite.org/meme/tools/tomtom) to

predict conserved motifs in the amino acid sequences of

candidate NLR genes from A. officinalis and its closely related

species. A total of 10 conserved motifs were identified (Figure 3A).

Visualization results revealed that three types of NLR proteins

(CNL, RNL, and NL) have a relatively consistent variety of motifs
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within their respective types, indicating that these motifs have

conserved functions within each type. The variety of motifs

ranges from 2 to 10, which likely reflects the functional diversity

of these types of proteins. Motif 7, located at the N-terminus, was

present in all CNL and RNL proteins, suggesting structural

similarity in their N-terminal domains. However, only a subset of

NL-type members retained Motif 7, possibly due to incomplete loss

of the N-terminal domain during evolution (Figure 3B).
Promoter cis-element analysis of NLRs in
A. officinalis, A. kiusianus, and A. setaceus

The cis-elements in the promoter sequences of NLR genes were

predicted using PLANTCARE database. The results showed that

five kinds of the disease resistance-related cis-acting elements

identified in the three species, which indicated that NLR might

participate in stress triggered signaling pathways. The elements

contained two kinds of plant-hormone-related elements, MeJA-

responsive elements (TGACG-motif and CGTCA-motif) and SA-
Frontiers in Plant Science 05
responsive element (TCA-element), among them, the MeJA-

responsive cis-elements were the most abundant across all three

NLR classes. On the other hand, other important cis-elements also

existed in these promoters, responsive to biotic and abiotic stresses,

such as defense/stress-responsive element (TC-rich repeats),

drought-inducible MYB binding site (MBS), flavonoid

biosynthesis-related MYB binding site (MBSI). Among the total

disease resistance-related cis-acting elements, plant hormone

elements accounted for 80.8%, stress response elements accounted

for 5.5%. However, no significant differences in the number and

distribution of promoter elements between different subfamilies

were found (Supplementary Figure S2).
Phylogenetic analysis of NLRs in
A. officinalis, A. kiusianus, and A. setaceus

To clarify the evolutionary relationships of the NLRs in three

species, we used IQ-TREE (v. 2.2.0) to construct a maximum likelihood

(ML) evolutionary tree based on the Nucleotide binding domain (NB-
FIGURE 1

NLR genes number, classification and localization in the chromosomes of A. officinalis, A. kiusianus, and A. setaceus. (A) NLR genes number and
classification. (B) NLR genes localization in the chromosomes of A. officinalis. (C) NLR genes localization in the chromosomes of A. kiusianus.
(D) NLR genes localization in the chromosomes of A. setaceus. CNL-type, RNL-type, and NL-type genes are labeled red, green, and blue,
respectively.
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ARC). The phylogenetic tree divided the NLR proteins into two distinct

groups (Figure 4A). Based on subfamily identification, it is evident that

a subset of NL-type genes occupies distinct branches, with the majority

classified as NL-type and a minority as N-type. Approximately 45.9%

of the genes belong to the CNL clade, which encompasses diverse NLR

genes, suggesting potential tandem duplication events and loss of N-

terminal domains during evolution. Notably, some CNL-type genes

exhibit species-specific clustering patterns. For instance, genes derived

fromA. officinalis andA. kiusianus form separate monophyletic groups

within certain branches, indicating independent expansion histories

within their respective genomes. The CNL clade further includes RNL

(RPW8-NLR-like) genes, which are present in limited numbers and

form a relatively independent subclade in the phylogenetic tree. This

observation aligns with established reports that RNL represents a

distinct subclade of CNLs (Jubic et al., 2019), demonstrating its high

evolutionary conservation within the asparagus genus. Additionally, 19

NL-type genes are distributed within the CNL clade. To investigate the

underlying reasons, we constructed a phylogenetic tree using the
Frontiers in Plant Science 06
sequences of the LRR domain, and some NL and CNL genes still

clustered together (Supplementary Figure S3). This indicates that their

core modules are homologous. The NL genes that cluster with CNL in

the phylogenetic tree evolved from ancestral CNL genes through the

loss of the N-terminal CC domain. Essentially, they represent a

“degenerate” form of CNL. However, due to the high homology of

their core NB-ARC and LRR domains with ancestral CNL, they cluster

closely in the phylogenetic tree. Convergent evolution and long-branch

attraction may also be contributing factors.

Recent studies have revealed that disease resistance in plants can

depend on the cooperative function of two adjacent NLR genes

(Okuyama et al., 2011; Cesari et al., 2013). To assess the prevalence of

this genetic feature, we identified 81 instances of adjacent NLR gene pairs

across the three species: 4 inA. officinalis, 32 inA. kiusianus, and 45 inA.

setaceus. Of these, 82.7% are arranged in a head-to-tail orientation

(Supplementary Table S3). Figure 4B illustrates the arrangement of

NLR pairs on chromosome 6, where the genes are predominantly

organized in a head-to-tail orientation (chi-squared test, P = 0.003).
FIGURE 2

The domain pattern and exon-intron structure of NLR genes in (A) A. officinalis, (B) A. kiusianus, (C) A. setaceus.
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Natural and artificial selection may have
driven the contraction of NLR family
members in A. officinalis

In order to further clarify the origin and evolution, we

constructed the collinearity of the NLR genes in the A. officinalis,

A. kiusianus, and A. setaceus (Figure 5A). Syntenic pairs,

particularly those of CNL and NL types, are widely distributed

across the chromosomes of A. officinalis, A. kiusianus, and A.
Frontiers in Plant Science 07
setaceus, indicating that these genes exhibit conserved genomic

arrangements among different species. The CNL type shows

abundant highlighted connections, with multiple cross-

chromosomal syntenic pairs, suggesting that CNL genes have

evolved conservatively in A. officinalis and its related species. RNL

genes are fewer in number but also display cross-chromosomal

conservation, implying that RNL may have diverged earlier in

phylogeny. The synteny of NL genes is more scattered, reflecting

that NL-type genes have undergone more duplication,
FIGURE 3

The conserved motifs of NLR gene family members (A) and the distribution of these conserved motifs (B).
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translocation, or rearrangement during evolution. Partial CNL and

NL genes are missing in the syntenic blocks of A. officinalis,

suggesting possible gene loss events.

To investigate the duplication events of NLR genes in A.

officinalis and A. setaceus, we used the MCScanX tool to categorize

their duplication types. The results showed that no NLR gene pairs

attributable to recent whole-genome duplication (WGD) events were

detected in A. officinalis, nor were any typical high-density NLR

tandem clusters identified. In contrast, in the related species A.

setaceus, we found two NLR gene pairs that likely originated from

an ancient WGD event (Supplementary Figure S4).
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Our findings revealed a distinctive contraction of NLRs in A.

officinalis. To further identify which NLR genes in A. officinalis were

retained from evolutionarily distant A. setaceus, we selected shared

NLR gene pairs between A. officinalis, and A. setaceus for synteny

analysis of their flanking 10–20 genes. The results demonstrated that

only 16 NLR genes resides within a homologous block due to strong

conservation of its neighboring genes (Figure 5B). We used the

formula T = Ks/2l to evaluate approximate dates of 16 duplicated

genes (DEs). The dates of shared DEs of NLR genes varied from 7.17

to 30.31 million years ago (Mya) in A. officinalis and A. setaceus

(Supplementary Table S4). Then we analyzed the Ka, Ks, and Ka/Ks
FIGURE 4

Diversity of NLR genes in three species. (A) Phylogenetic analysis of NLR genes from A. officinalis, A. kiusianus, and A. setaceus. (B) High prevalence
of head-to-tail configured pairs of R genes within an orthologous region across 3 species of Asparagus. This complex cluster on chromosome 6
consists of genes from the “CNL” and “NL” families. Purple boxes outline the coupled gene pairs, and yellow lines connect homologous genes
(BLASTP ≥ 80%, coverage ≥ 80%). Region shown corresponds to 6: 14, 003, 822-14, 080, 510 on the A. officinalis.
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values of the above-mentioned collinear gene pairs. We found that

the Ka/Ks ratios of most collinear gene pairs were less than 1

(Supplementary Figure S5), implying these NLRs underwent

negative selection in the process of A. officinalis evolution.
Fungal resistance and A. officinalis retained
NLR expression pattern in response to
Phomopsis asparagi

To assess the resistance of A. officinalis and A. setaceus to

pathogenic fungi, we performed artificial inoculation with P.

asparagi and monitored disease progression systematically. At 3

dpi, necrosis appeared in the centers of lesions on A. officinalis; by

11 dpi, most lesions had coalesced; and by 19 dpi, visible stem

wilting was evident (Figure 6A). In contrast, A. setaceus exhibited

no conspicuous symptoms at the inoculation site up to 19 dpi

(Figure 6B). In the transcriptome data of A. officinalis treated with

P. asparagi, 15 retained NLR genes showed expression: 1 gene

(Aof07053) was up-regulated at 1 dpi, and another (Aof07990) at 2

dpi; three genes (Aof28500, Aof31150, Aof11395) was down-

regulated at 1 dpi, and two (Aof31150, Aof11395) at 2 dpi; while

the remaining genes showed no significant differences between the

treatment and control groups (Figure 6C). To assess the expression

dynamics of retained NLR genes in response to P. asparagi

infection, we performed a time-course RT-qPCR analysis at 0, 1,
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2, and 3 dpi. Upon pathogen challenge, the transcript levels of the

15 NLR genes were monitored: 11 genes showed no significant

difference compared with the mock controls; 3 genes were down-

regulated at 1 dpi; 2 genes were down-regulated at 2 dpi; 1 genes

were down-regulated at 3 dpi and only 1 genes were up-regulated at

1 dpi, and another gene was up-regulated at 2 dpi (Figure 6D). The

expression data of these genes revealed patterns consistent with the

transcriptome data.
Discussion

In this study, we first systematically characterized the abundance,

classification and characterization of NLR genes in A. officinalis and

its related species. Most NLR genes are distributed in distinct clusters

along the chromosomes, with only a few presents as singleton loci.

The identified NLRs were classified into three subfamilies, consistent

with previous reports (Guo et al., 2025). In Oryza, NLR genes are

positionally clustered, with homogeneous pairs arranged in either

head-to-tail or head-to-head orientation (Stein et al., 2018). Our

analyses reveal analogous head-to-tail pairs in three species

suggesting that this evolutionary strategy is conserved across

different monocot lineages and represents an important mechanism

for forming complex disease-resistance systems. CNL, RNL and NL

proteins were simultaneously localized to both the nucleus and the

cytoplasm. Pathogen recognition and resistance responses occur in
FIGURE 5

Contraction events of NLR genes in A. officinalis. (A) Collinearity analyses of NLR genes between A. officinalis, A. kiusianus, and A. setaceus, the blue
lines indicate CNL, the purple lines indicate RNL, while the green lines indicate NL. (B) Collinearity analyses of orthologous genes (green block) and
their neighboring gene pairs (blue block) between A. officinalis and A. setaceus.
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the cytoplasm (Heidrich et al., 2011; Qi and Innes, 2013), indicating

that these NLR genes may contribute to pathogen resistance. Most

plant immune responses are accompanied by the release of
Frontiers in Plant Science 10
phytohormones (Liang and Zhou, 2018). Cis-element analysis of

promoters from A. officinalis and its close relatives revealed a

significant enrichment of hormone-responsive elements related to
frontiersin.or
FIGURE 6

Stem blight resistance of A. officinalis and A. setaceus and expression analysis of asparagus NLR genes at different infection stages. (A). P. asparagi
infection A. officinalis, (B). P. asparagi infection A. setaceus, (C). Transcriptional profile analysis A. officinalis retained NLR during infection plants 1 and
2 dpi with P. asparagi and control (0 dpi). Different colors represent the relative expression levels of genes (mean of n = 3 biological replicates), the
scale bar on the right was marked according to the Log2 (foldchange), and scaled from −1 (green, down-regulated) to +1 (purple, up-regulated);
white indicates no change. (D). qRT-PCR validation of fifteen NLR genes. Bars depict mean relative expression ± SE (n = 3 biological replicates).
Asterisks denote significant difference. (Tukey’s HSD, P ≤ 0.01). Scale bar in inset: 5 mm.
g
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SA, ABA and MeJA, it indicated that the A. officinalis and its related

species NLR family of genes may be participating in the regulation of

phytohormone response.

Although comparative analysis shows that NLR genes were very

comparable among these three species in terms of number,

chromosomal distribution and domain, but the total number of

NLR genes showed a significant increasing trend from the cultivated

species (A. officinalis) to the wild species (A. kiusianus) and further

to A. setaceus. The question of whether resistant cultivars possess

more NLRs than susceptible ones remain debated (Jupe et al., 2012;

Thatcher et al., 2023). The disease-resistant variety A. kiusianus

possesses a significantly greater total number of NLR genes

compared to the susceptible cultivar A. officinalis, suggesting that

a higher number of NLRs may contribute to disease resistance in

wild species asparagus.

Our findings revealed a distinctive contraction of the NLR gene

family in A. officinalis, NLR contraction in cultivated asparagus is

consistent with a broader trend observed across monocots. In

cultivated barley, a recent pan-NLRome study reported a 12-18%

reduction in NLR counts relative to wild progenitors; the lost NLRs

are primarily concentrated in chromosomal regions associated with

yield and quality selection during domestication (Feng et al., 2025).

There are fewer NLR genes in maize than in other Poaceae (Hufford

et al., 2021). In cultivated rice, during high-yield and quality

breeding, linkage drag has caused the co-elimination of several

major blast-resistance R genes (e.g., Piz-t and Pigm) from breeding

populations, resulting in a widespread absence of these resistance

loci in elite high-yielding lines (Xiao et al., 2021). Whereas WGD

and TD have been major drivers of NLR gene family expansions in

various plant lineages, such as Oryza and Arabidopsis (Stein et al.,

2018; Van deWeyer et al., 2019), our analyses found no evidence for

recent WGD events or large-scale TD contributing to NLR

proliferation in A. officinalis. Instead, the expansion of the NLR

family in this species appears to rely primarily on alternative

mechanisms, such as dispersed duplications or transposon-

mediated replication. Furthermore, the lack of retained NLR

copies derived from WGD or TD suggests that A. officinalis may

have undergone strong selective sweeps or persistent purifying

selection, effectively eliminated redundant gene duplicates while

maintained a ‘lean’ but highly effective immune receptor repertoire.

This evolutionary pattern may reflect an adaptation to specific

ecological pressures or pathogen environments. Balancing growth

and defense against pests and pathogens are critical for plants to

maintain high productivity. Insufficient defense responses result in

severe yield losses, but excessive constitutive or inducible defense

responses inhibit plant growth and development, also decreasing

yields (Sun et al., 2025). The need to balance growth and defense has

likely been a driving force during the evolution and domestication

of plants (Zhang et al., 2020). For example, during the

domestication of cultivated soybean (Glycine max) from its wild

progenitor (Glycine soja), human-mediated selection led to the

development of improved cultivars characterized by enhanced

growth capacity and larger seeds, as well as notable advancements

in yield and quality. Nevertheless, these advantages were

accompanied by a reduced ability to endure environmental
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stresses (Zhou et al., 2015). NLR gene family contraction in A.

officinalis, which might be related to the artificial domestication and

environmental adaptation of A. officinalis, potentially reflecting a

trade-off between growth and defense.

To validate the hypotheses derived from these genomic studies,

we further identified NLR orthologous genes in A. officinalis and A.

setaceus, the flanking genes of orthologous gene pairs exhibited

strong synteny. Purifying selection plays a critical role in

eliminating disadvantageous mutations, thereby maintaining the

stability and functionality of essential genes (Van de Weyer et al.,

2019), this was reflected in our study, where the Ka/Ks ratio of

duplicated NLR gene pairs was less than 1 indicating the retained

gene functions are highly conserved and may be essential for the

basic survival and reproduction of organisms. We also investigated

the physiological functions of the retained NLR genes in A.

officinalis. After fungal infection, A. officinalis showed distinct

stem blight symptoms on the stem surface from 3 dpi, while A.

setaceus exhibited no symptoms even at 19 dpi. The expression

levels of most NLR genes in A. officinalis either remained

unchanged or were downregulated, suggesting that these genes

have may not be effectively mobilized during the compatible

interaction with P. asparagi. These findings provide valuable

information that could aid future studies of the physiological

mechanisms of NLR in A. officinalis disease resistance. Future

work will aim to establish a stable genetic transformation system

for A. officinalis to directly test the necessity and sufficiency of

specific NLR genes in disease resistance and to unequivocally

determine the impact of domestication on their signaling functions.

In conclusion, this study represents the first comprehensive

elucidation of the distribution patterns and evolutionary

characteristics of NLR genes in A. officinalis and its closely related

species. The heightened susceptibility of A. officinalis to pathogens

may be attributed to the contraction of its NLR gene repertoire and

the ineffectiveness of the retained NLR genes in mounting robust

immune responses. The reduction of NLR genes is likely associated

with the prioritization of quality and yield enhancement as primary

breeding objectives during artificial selection in A. officinalis. This

study offers valuable insights for breeding programs focused on

enhancing disease resistance in the important vegetable crop

garden asparagus.
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