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Abstract

The NBS-LRR gene family plays a central role in plant immune responses; however, its
characterization in Psidium guajava, a crop of global socioeconomic relevance, remains
unexplored. In this study, 279 NBS-LRR genes were identified and classified into
subclasses (CNL, TNL, RNL, and others) based on conserved domains. Comprehensive
analyses were conducted to investigate gene structure, protein properties, subcellular
localization, chromosomal distribution, conserved motifs, and domain organization.
Phylogenetic analyses were conducted using full-length NBS-LRR protein sequences
from P. guajava, Arabidopsis thaliana, and functionally validated nematode resistance
genes revealed that several P. guajava proteins clustered with known nematode resistance
genes. Notably, orthologs of Mi-1, Gpa2, and Grol-4 were identified, suggesting their
potential role in nematode resistance. Furthermore, microsatellite analysis detected 25
SSRs within NBS-LRR protein-coding sequences, including two NBS-LRR genes,
orthologous to Mi-1, CaMi, Hero, and Gpa2 and Crel and Cre3, respectively, containing
microsatellite motifs. Variant calling analysis revealed a broad distribution of SNPs
across the Psidium guajava genome, with NBS-LRR genes showing a high frequency of
missense and synonymous variants, suggesting regions potentially associated with
adaptation and pathogen resistance. These findings provide novel insights into the genetic
basis of disease resistance in P. guajava and its interactions with pathogens. This study

represents a significant step toward understanding the molecular mechanisms of pathogen
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resistance in P. guajava, with implications for sustainable crop protection and

productivity.

Keywords: Biotic agents. Bioinformatics. Guava. Plant resistance. SSR.

Highlights

e A total of 279 NBS-LRR genes were identified in Psidium guajava.
e Orthology between NBS-LRR proteins of guava and resistance proteins.
o Twenty-five SSR motifs were found within NBS-LRR gene sequences.

e Insights into P. guajava-pathogen interactions and candidate resistance genes.
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1. Introduction

Plants face constant challenges from pests and pathogens (Coll et al. 2011).
Through coevolution, they have developed complex and highly effective defense
mechanisms, while pathogens have evolved strategies to overcome these defenses
(Ramirez-Zavaleta et al. 2022). To counter biotic stress from pathogens, plants activate
multiple defense mechanisms, primarily through two major systems: pathogen-triggered

immunity (PTI) and effector-triggered immunity (ETI) (Gouveia et al. 2017).

Pathogen-triggered immunity (PTI) is initiated when pathogen- or microbe-

associated molecular patterns (PAMPs or MAMPs) are recognized by pattern recognition
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receptors (PRRs) on the surface of plant cells (Macho and Zipfel 2014; Gouveia et al.
2017). This recognition triggers a signaling cascade that reprograms gene expression and
activates the production of specific defense molecules. PTI provides a rapid, broad-
spectrum immune response against a wide range of pathogens (Hogenhout et al. 2009;

Roux et al. 2014; Bigeard et al. 2015; Gouveia et al. 2017).

Effector-triggered immunity (ETI), in contrast, is mediated by the intracellular
nucleotide-binding and leucine-rich repeat (NBS-LRR) receptors recognize specific
pathogen effectors, either directly or indirectly (Jones and Dangl 2006; Tsuda and
Katagiri 2010; Gouveia et al. 2017). This response often results in hypersensitivity
reactions (HR), the production of reactive oxygen species (ROS), and salicylic acid (SA),
as well as the expression of genes related to defense (Win et al. 2012; Gouveia et al.
2017). Although PTI and ETI share some downstream responses, they differ in timing
and intensity. Together, these pathways orchestrate a robust transcriptional
reprogramming that enhances plant defense (Ramirez-Zavaleta et al. 2022). In summary,
the recognition of pathogens by PRRs and NBS-LRR contributes to the upregulation of
genes involved in plant defense (Ramirez-Zavaleta et al. 2022). Notably, the NBS-LRR
gene family plays a central role in ETI, making its members strong candidates for the

identification of resistance genes.

NBS-LRR proteins are key components of ETI and are characterized by a modular
structure composed of conserved domains. The N-terminal region typically contains
either a Toll/interleukin-1 receptor (TIR) or a coiled-coil (CC) domain, both of which are
involved in downstream signaling. The central region includes a nucleotide-binding site
(NBS), also referred to as the NB-ARC domain, which possesses ATPase activity. The
C-terminal region consists of leucine-rich repeats (LRRs), responsible for the recognition
of pathogen-derived signals and, in some cases, may also participate in signaling (Inturrisi
et al. 2020). Domain NBS and LRR have, respectively, ATPase activity and pathogen
recognition (Inturrisi et al. 2020). These individual domains act together to provide

effective immune responses against pathogens and pests (Bentham et al. 2020).

NBS-LRR proteins are generally classified into two major subgroups based on their
N-terminal domains: TIR-NBS-LRR (TNL) proteins, which contain Toll/interleukin-1
receptor (TIR) domain, and non-TIR-NBS-LRR proteins, which contain a coiled-coil
(CC), resistance to powdery mildew8 (RPWS), or another domain type (Meyers et al.
2003a; Xiao et al. 2010; Collier et al. 2011; Zhong et al. 2022). In addition to these
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canonical forms, several atypical NBS-LRR proteins - characterized by truncated, fused,
or rearranged domains - also play roles in plant immunity. These variant forms, have led
to new classifications within this family: truncated NBS-LRR, atypical NBS-LRR and
NBS-LRR with atypical assembly (Liu et al. 2015; Kapos et al. 2019).

The NBS-LRR gene family has been identified and characterized in various plant
species, including both model organisms and economically important crops. For instance,
it comprises 200 genes in Arabidopsis thaliana (Brassicaceae) (Meyers et al. 2003a), 535
in Oryza sativa (Poaceae) (Zhou et al. 2004), 438 in Solanum tuberosum (Solanaceae)
(Jupe et al. 2012; Lozano et al. 2012), 355 in Gossypium raimondii (Malvaceae) (Wei et
al. 2013), 228 in Manihot esculenta (Euphorbiaceae) (Lozano et al. 2015), and up to 2000
in Triticum species (Poaceae) (Gu et al. 2015). Other examples include 1,487 genes in
Raphanus sativus (Brassicaceae) (Wang et al. 2017), 98 in Musa acuminata (Musaceae)
(Chang et al. 2020), 167 in Dioscorea rotundata (Dioscoreaceae) (Zhang et al. 2020b),
289 in Brassica juncea (Brassicaceae) (Inturrisi et al. 2020), and 1,487 in Eucalyptus spp.
(Myrtaceae) (Christie et al. 2016). Despite their relevance, the NBS-LRR gene family has
not yet been studied in guava (Psidium guajava), highlighting a critical knowledge gap

and an opportunity to explore potential resistance gene candidates.

P. guajava (Myrtaceae) holds significant economic value due to its high vitamin C
content, which makes it valuable for the food industry, particularly in sweets, jams, and
juices (Feng et al. 2021). Beyond its nutritional value, various parts of the plant exhibit
notable medicinal properties, including anti-inflammatory, antiviral, and antimutagenic
effects (Naseer et al. 2018). Brazil ranks as the sixth-largest guava producer worldwide,
with an estimated annual production of 2.1 million tons in recent years (TRIDGE 2025).
In 2023, guava production in Brazil generated approximately 1.31 billion reais in
production value (IBGE 2020). However, guava production faces significant challenges
from both abiotic and biotic stresses. Among the major biotic threats are anthracnose
caused by Colletotrichum gloeosporioides (Nascimento et al. 2020), rust disease caused
by Puccinia psidii (Ribeiro and Pommer 2002), bacterial blight caused by Erwinia psidii
(Hermenegildo et al. 2019), and infestations by root-knot nematodes (Meloidogyne spp.)
infestations (Rahaman Khan et al. 2022).

Root-knot nematodes, especially Meloidogyne species, represent a major threat,

causing the formation of galls, which lead to substantial economic losses. These
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nematodes are responsible for global crop losses estimated in billions of dollars annually
(Sikandar et al. 2020). Currently, control strategies rely predominantly on chemical
treatments, raising significant environmental concerns (Chen et al. 2007). Resistance
genes against root-knot nematodes have been identified in several crops, most of which
belong to the NBS-LRR gene family. Notable examples include Mi-/.2 in tomato
(Milligan et al. 1998), Hero A4 in potato (Bakker et al. 2006), Ma in plum (Claverie et al.
2011), and Me genes in pepper (Djian-Caporalino et al. 2001). These genes provide

valuable references for the identification of candidate resistance genes in guava.

The emergence of DNA-based molecular markers has transformed the study of
genetic diversity in cultivated plants, enabling faster and more accurate analyses. Among
these markers, microsatellites — or SSRs (Simple Sequence Repeats) — stand out due to
their codominant nature, multiallelic characteristics, and wide distribution across the
genome, making them highly informative for genetic investigations (Savadi et al. 2021).
SSRs exhibit high levels of polymorphism and have been extensively employed in studies
of genetic diversity, genetic map construction, and marker-assisted breeding programs
(Varshney et al. 2007). When located in genomic regions associated with functionally
important genes, such as those from the NBS-LRR family, SSRs can reflect genetic
variations related to pathogen resistance, and serve as strategic tools for assisted selection,
as has been demonstrated in several crops (Quinton-Tulloch and Agronomy, Steele 2021;

Bashir et al. 2022; Zhao et al. 2024; Alizadeh-Moghaddam et al. 2024).

Understanding the genetic and molecular mechanisms underlying guava's defense
response to pathogens is essential. This study focuses on the identification and
characterization of candidate NBS-LRR genes potentially involved in resistance to
nematodes and other pathogens in P. guajava. Such advancements would support
sustainable agricultural practices and help address food security challenges by producing
more resilient crop varieties (Bentham et al. 2020). In this study, we present the first
identification, characterization, and classification of NBS-LRR genes in P. guajava,
along with phylogenetic, conserved motif, and microsatellite marker analyses, providing

a foundation for future resistance gene discovery and breeding efforts.



149

150
151

152
153
154
155
156
157
158
159
160

161
162
163
164
165

166
167
168
169
170
171
172
173
174

175

176

177
178

2. Materials and methods

2.1. Annotation, in silico characterization, and classification of NBS-LRR genes in

P. guajava

NBS-LRR genes in P. guajava were identified using the RGAugury pipeline (Li et
al. 2016) applied to the P. guajava genome assembly GCA 016432845.1 (Feng et al.
2021). The presence of the characteristic NBS domain (PF00931) and additional domains
was confirmed using PFAM v31.0 (Finn et al. 2014). These domains included TIR
(PF01582), RX-N (PF18052), RPWS8 (PF05659), and LRR (PF00560, PF07723,
PF07725, and PF12799). The coiled-coil CC domain was validated through the Coils
(Lupas et al. 1991) and Marcoil (Delorenzi and Speed 2002) programs, applying a 90%
probability threshold. Further confirmation was performed via InterProScan (Mitchell et

al. 2019) and the Conserved Domain Database CDD at NCBI (Lu et al. 2020).

The identified NBS-LRR genes were categorized to their domain architectures into
four groups: typical NBS-LRR (with CC or TIR, NBS, and LRR domains), truncated
NBS-LRR (missing CC or TIR domains), atypical NBS-LRR (featuring domains like
Ank2, PGG, HMA, or Rx N), and those with non-standard domain assembly, where
domain order differs from typical NBS-LRR gene family members (Liu et al. 2015).

To characterize the NBS-LRR proteins, we used ExPASy’s compute pI/Mw tool to
calculate amino acid sequence length, theoretical isoelectric point (pl), and molecular
weight (kDa) (Artimo, P., Jonnalagedda, M., Arnold, K., Baratin, D., Csardi, G., De
Castro, E., ... & Stockinger 2012). Chromosomal localization and nucleotide sequences,
along with their base-pair lengths, were extracted from the P. guajava genome annotation
file (.gff) (Feng et al. 2021). The distribution of NBS-LRR genes across chromosomes
was visualized using Gene2Chrom v2.0 (Jiangtao et al. 2015). Subcellular localization
predictions for the NBS-LRR proteins were performed with WoLF PSORT (Horton et al.
2007).

2.2. Phylogenetic analysis

Complete NBS-LRR protein sequences from Arabidopsis thaliana (Meyers et al.

2003a) as well as functionally characterized nematode-resistance genes identified in
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various plant species (Vos et al. 1998; Van Der Vossen et al. 2000; Ernst et al. 2002; De
Majnik et al. 2003; Paal et al. 2004; Chen et al. 2007; Xiao et al. 2010; Claverie et al.
2011; Saucet et al. 2016) were aligned with P. guajava NBS-LRR proteins using MAFFT
(Katoh et al. 2002) with Blosum62 and 20 threads. The resulting alignments were used to
construct a maximum-likelihood (ML) phylogenetic tree in IQ-TREE with 1000
bootstraps replicates (Nguyen and Evolution, Schmidt 2015), and the tree was visualized

and edited using iTOL (Letunic and Bork 2021).

Reference sequences of nematode-resistant NBS-LRR proteins were obtained from
the literature and databases, including NCBI (https://www.ncbi.nlm.nih.gov/) and the
Plant Resistance Genes database (PRGdb) (http://prgdb.org).

2.3. Structural analysis of conserved motifs

Based on the phylogenetic analysis, proteins that clustered with known nematode-
resistance proteins were selected for structural analysis of conserved motifs. The MEME
Suite (https://meme-suite.org/meme/tools/meme) (Timothy L. Bailey et al. 2009) was
used to predict conserved motifs, using the following parameters: any number of
repetitions, a maximum of 20 motifs, and optimal motif length between 6 and 200 amino
acid residues. To further characterize these motifs, they were compared with those
previously described in Arabidopsis thaliana (Meyers et al. 2003a) and Olea europaea
(Bettaieb and Bouktila 2020).

2.4. Identification of microsatellite markers in NBS-LRR Genes of P. guajava.

Genotypic data previously generated by Grossi et al. (2021) were used, obtained
through DArTseq™ technology (Diversity Arrays Technology, Canberra, Australia). In
the original study, DNA from 61 samples belonging to Psidium guajava genotypes
(Supplementary Material 7) was extracted from leaves using the CTAB method (Doyle
1990) and subsequently sent to Diversity Arrays Technology for genomic library
construction, sequencing on the Illumina HiSeq2500 platform, and identification of SNP
markers (Kilian et al. 2012; Sansaloni et al. 2020). The sequences were processed using
the proprietary DArTsoft-seql14 pipeline, and only markers with a call rate > 0.7 and
reproducibility > 0.95 were retained (Grossi et al. 2021).
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Based on these genotypic data, the microsatellite analyses described in this study

were performed.

MISA, a well-established PERLS5-script tool for the identification of MIcroSAtellite
markers in DNA sequences (Beier et al. 2017), was used with default parameters to
analyze the coding sequences of P. guajava. The output was processed using an R script
that incorporated the following packages: xIsx (https://github.com/colearendt/xlIsx), dplyr
(https://github.com/tidyverse/dplyr), showtext (https://github.com/yixuan/showtext),
forcats (https://github.com/tidyverse/forcats), and ggplot2 (https://github.com/tidyverse/)

to generate Figure 9.
2.5. Variant calling in NBS-LRR genes
2.5.1. Processing of raw reads

Initially, the reads were trimmed using Trimmomatic SE (Bolger et al. 2014) to
remove adapters with a maximum mismatch of 2, a quality score cutoff of 30, and 10
removal attempts. Additionally, initial and final bases with a quality score below 20 were
removed, sequences were trimmed when the average quality within a 4-base window
dropped below 20 and reads shorter than 50 nucleotides were discarded. Subsequently,
they were deduplicated using fastp (Chen et al. 2018) excluding bases with a quality score
below 20 and discarding reads shorter than 50 nucleotides. Read quality was assessed

using FastQC (Andrews 2010) and MultiQC (Ewels et al. 2016).
2.5.2. Mapping reads to the reference genome

BWA-MEM2 (Li and Durbin 2009; Vasimuddin et al. 2019) was used to index the
reference genome of Psidium guajava (Feng et al. 2021) from the NCBI
(GCA _016432845.1). The processed reads were aligned and mapped to the reference
genome using BWA-MEM2. The resulting SAM file was converted to BAM format using
SAMtools (Li and Durbin 2009; Danecek et al. 2021). Using Picard (Broad Institute
2019), BAM files were sorted based on read position, filtered to remove redundant reads,

and annotated to identify read groups for variant calling.

2.5.3.Variant Calling and Annotation
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The processed BAM files were piled up to generate coverage and depth profiles for each
genomic position and, based on these profiles, identify genomic variants using BCFtools
(L1 2011; Danecek et al. 2021). Descriptive statistics of the generated VCF files were
calculated using RTG-tools (Cleary et al. 2015). Variants were classified as either InDels
or SNPs using VCFtools (Danecek et al. 2021). To ensure variant quality, SNPs were
subjected to rigorous filtering criteria, including: the presence of the alternative allele in
at least one sample, detection of the SNP in at least 90% of the samples, and a minimum
Phred quality score of 20 — also using VCFtools. The quality of filtered variants was
assessed using the VcfR package (Knaus and Griinwald 2017). Variant impact was
annotated using SnpEff (Cingolani et al. 2012) with a GFF genomic annotation file
predicted by Augustus (Stanke et al. 2004), using the Arabidopsis thaliana genome as the
reference.The data was processed in R (R Core Team 2024b) v. 4.4.1, within R Studio
(Posit Team 2024) v. 2024.12.0+467, using the packages patchwork (Pedersen 2025),
showtext (Qiu 2024) e tidyverse (Wickham et al. 2019).

3. Results
3.1.Identification and Classification of NBS-LRR Genes in Psidium guajava.

A total of 279 NBS-LRR genes were identified in the P. guajava genome. Most of
the predicted proteins (246) were classified as “Disease Resistance Protein, Plants”
(IPR044974), while the remaining proteins were distributed across seven additional
protein families (Table S1). Key conserved domains detected included NBS (PF00931),
TIR (PF01582), RX-N (PF18052), RPW8 (PF05659), and various LRR domains
(PF00560, PF07723, PF07725, PF12799). Based on the presence and combination of
these domains, the proteins were categorized into ten subclasses: TIR-NBS-LRR (TNL),
TIR-NBS (TN), CC-NBS-LRR (CNL), CC-NBS (CN), X-NBS-LRR (XNL), X-NBS
(XN), RPW8-NBS-LRR (RNL), RPW8-NBS (RN), NBS-LRR (NL), and NBS (N)
(Figure 1; Supplementary Material 1 (Table 3).
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Figure 1. Subclassification of the 279 proteins encoded by the NBS-LR family genes in

Psidium guajava.

Further, the proteins were grouped into three categories: typical NBS-LRRs (17
CNL, 90 TNL, and 3 RNL), truncated forms (100 proteins with partial domain

composition), and proteins with atypical domain assemblies, which included additional

domains such as FolB_dom, CHASE, AP2, and more (Table 1).

Table 1. Classification of NBS-LRR proteins in Psidium guajava

NBS-LRR of
Typical . . TruncatedNBS-
Subclass NBS-LRR Atypical NBS-LRR atypical LRR
mounts
X-CC-NB-
LRR (23), X-
CNL CC-NB- FolCBC-cli\cIE;I(J}{)RE C- CC-NB-NB- i
(45) LRR (17) ~ ’ LRR (2), X-X-
NB-NB-LRR-AP2 (1) CC-TIR-NB-
NB-LRR (1)
CC-NB (6), X-
CC-NB (3), X-
CN (12) - X'CC'N(PI’ ;CHASE - CC-NB-NB (1),
X-CC-TIR-NB
(D
CC-TIR-NB-LRR- TIR-CC-NB-
HSF _DNA-bd (1), LRR (9), CC-
(]E{“) ITII{IEIEE?)_) CC-TIR-NB-LRR- TIR-TIR-NB- -
Oleasin (1), TIR-NB-  NB-LRR (1),

LRR-

TIR-NB-NB-
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CMP _dCMP dom  LRR (5), TIR-
(1), TIR-NBS-LRR-  TIR-NB-LRR
Prot_kinase dom (2), (3), TIR-TIR-
TIR-NB-LRR- NB-NB-LRR
VQ motif (1), TIR-  (3), TIR-TIR-
TIR-NB-LRR-C JID  TIR-NB-NB-
(1) LRR (1), TIR-
TIR-TIR-NB-
NB-NB-LRR
(1), X-CC-
TIR-NB-LRR
€]
TIR-NB-Jacalin- TIR-NB (26),
TN (30) - like lectin_dom (2), - TIR-TIR-NB-NB
TIR-NB-Trbl (1) (1)
X-NB-LRR-
DUF2431 (1)
XNL X-NB-LRR- X-NB-NB-
(17) Pyridoxal-dependent LRR (1) X-NB-LRR (14)
decarboxylase
conserved domain (1)
X-NB-NB-
XN (3) - Pribosyltran-Hsp70 - X-NB (2)
(1)
RNLG) "R ) : : :
RN (1) - - - RPWS8-NB (1)
BED Zinc finger-NB-
LRR (1)
NL (28) - NB-LRR- Heavy- NB-LRR (25)

metal-associated NB-NB-LRR (1)

domain (1)

TIR (Toll interleukin-1 receptor domain): Toll interleukin-1 receptor domain; CC (coiled
coil domain): coiled coil domain; LRR (leucine-rich repeat domain): leucine-rich repeat
domain; NB (nucleotide-binding ATPase domain): nucleotide-binding or hydrolysis
domain; X: uncharacterized domain (in this study, corresponding to the Rx N domain);
RPWS (Resistance to Powdery Mildew 8): resistance to powdery mildew domain; HMA
(Heavy-metal-associated domain): heavy-metal-associated domain; Ank2 (ankyrin-B for
broadly expressed): ankyrin B domain; PGG: undefined function domain. The number in
parentheses indicates the quantity of proteins with these domain compositions listed in

the table. Source: Adapted from Liu et al., 2015.

The characterization of NBS-LRR genes and their encoded proteins, including the

number of amino acids (aa), protein molecular weight (kDa), theoretical isoelectric point
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(pD), coding sequence length in base pairs (bp), subcellular localization, chromosomal
location, and the presence, sizes, and positions of domains, is provided in the
Supplementary Material 1 (Table 1). The corresponding coding sequences (CDS) and
their translated amino acid sequences are provided in Supplementary Material 4 and 5,

respectively.

As shown in Figure 2 and Supplementary Material 1 (Table 2), the amino acid
sequences ranged from 86 (evm.model.ctg40.162) to 2,988 (evm.model.ctg17.321), with
the greatest variation observed in the CNL subclass and the least in the RN, RNL, and
XN subclasses. Molecular weights ranged from 9.72 kDa (evm.model.ctg40.162) to
337.30 kDa (evm.model.ctg17.321), again showing the highest variation in the CNL
subclass and the smallest in the RN, RNL, and XN subclasses. Theoretical isoelectric
points ranged from 4.47 pl (evm.model.ctg14.1138) to 9.38 pl (evm.model.ctg20.539),
with a wide range of variation across subclasses except for RN, RNL, and XN. Coding
sequence lengths in base pairs varied from 364 bp (evm.model.ctg40.162) to 118,706 bp
(evm.model.ctg13.1522), showing the greatest variation in the TNL, CNL, and TN

subclasses and the least in RN.
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Figure 2. Chemical and structural characteristics of NBS-LRR proteins in guava. The y-
axes represent the variables analyzed: Protein length (a.a.) (boxplot A), Molecular weight
(kDa) (boxplot B), Isoelectric point (pI) (boxplot C), and Gene size (bp) (boxplot D),
while the x-axis represents the subclasses of the NBS-LRR gene family (CN, CNL, N,
NL, RN, RNL, TN, TNL, XN, and XNL). Colored bar charts display the average variation
of each characteristic of NBS-LRR proteins within each subclass. All plots were

generated using the R software.

Subcellular localization analysis revealed that most NBS-LRR proteins were

nuclear, with subclass-specific distributions across other organelles (Table 2). Subcellular
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localization predictions placed most proteins in the nucleus, reflecting its likely role in

transcriptional regulation and pathogen recognition.

Table 2. Predicted subcellular localization of NBS-LRR proteins in guava. The number
of proteins of each subclass is indicated, along with the total number of NBS-LRR

proteins predicted in each organelle.

Total
Organelle TNL TN CNL CN RNL RN NL N XNL XN NBS-
LRR
Cytoplasm 21 7 5 6 1 1 7 10 3 1 62
Chloroplast 27 11 10 3 5 3 4 1 64
Plasma 10 2 2 15
membrane
Mitochondria 2 1 1 3
Nucleus 57 10 25 1 2 16 6 8 1 126
Peroxisome 3 2 1 1 7
Endoplasmic
; 1 1
reticulus
Vacuole 1 1

Chromosomal mapping showed genes were unevenly distributed, with the highest
density on chromosomes 3 (61 genes) and 8 (56 genes), and fewer genes on chromosomes

1 (5 genes) and 9 (7 genes) (Figure 3; Supplementary Material 1 — Table 1).
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Figure 3. Chromosomal mapping (A) and graphical representation of the location (B) of
NBS-LRR genes in Psidium guajava. Genes highlighted in red correspond to TIR-NBS-
LRR subgroup members.

3.2.Phylogenetic relationships reveal evolutionary proximity and orthology between

NBS-LRR proteins of guava and resistance proteins.

To investigate evolutionary relationships and potential orthology, a phylogenetic
tree was constructed using the full-length NBS-LRR protein sequences from P. guajava,
A. thaliana, and functionally characterized nematode resistance (R) proteins (Figure 4-

A).

Three main clades were identified: the first separating the evm.model.ctg32.602
(TN) protein, the second separating the evm.model.ctg10.132 (CN) protein, and the third
grouping the remaining proteins into multiple clades. The third branch is subdivided into
two subgroups. The first subgroup includes proteins from the RN and RNL subclasses,
along with most CN, CNL, XNL, and XN proteins. The second subgroup predominantly
contains TN and TNL proteins. Below, the primary and significant clades formed are

listed.

The AAP44390.1 protein (subclass: TNL, encoding gene: Grol-4, host: Solanum
tuberosum, pathogen: Globodera rostochiensis) (Paal et al. 2004) clustered with the

guava protein evm.model.ctg40.285 (typical TNL) (Figure 4-B).

Proteins AAC97933.1 (subclass: CNL, encoding gene: Mi-1, host: Solanum
lycopersicum, pathogens: Meloidogyne javanica, Meloidogyne incognita, and
Meloidogyne arenaria) (Vos et al. 1998), ABE68835.1 (subclass: NL, encoding gene:
CaMi, host: Capsicum annuum, pathogen: M. incognita) (Chen et al. 2007), CAD29729.1
(subclass: CNL, encoding gene: Hero, host: S. lycopersicum, pathogens: Globodera.
pallida and G. rostochiensis) (Ernst et al. 2002), and AAF04603.1 (subclass: CNL,
encoding gene: Gpa?, host: S. lycopersicum, pathogen: G. pallida) (Van Der Vossen et
al. 2000) formed a clade with the guava proteins evm.model.ctgl5.1201 (XNL),
evm.model.ctg9.85 (CNL), evm.model.ctg40.1964 (XNL), evm.model.ctg40.1963



349
350

351
352
353
354
355
356
357
358
359

360
361
362
363
364
365

366
367
368
369
370
371

372
373
374
375

17

(CNL), evm.model.ctg40.2149 (NL), evm.model.ctgl3.1155 (NL),
evm.model.ctg40.2154 (NL), and evm.model.ctg40.2144 (N) (Figure 4-C).

Proteins CAD12795.1 (subclass: NL, encoding gene: Cre3, host: Triticum,
pathogen: Heterodera avenae) (De Majnik et al. 2003) and AAM94164.1 (subclass: NL,
encoding gene: Crel, host: Triticum, pathogen: H. avenae) (De Majnik et al. 2003)
clustered with guava proteins evm.model.ctgl7.337 (CNL), evm.model.ctgl17.339 (CN),
evm.model.ctg17.297 (XNL), evm.model.ctgl7.321 (CNL), evm.model.ctgl5.1416
(CNL), evm.model.ctg15.1452 (XNL), evm.model.ctgl5.1388 (XNL),
evm.model.ctgl5.544 (XNL), evm.model.ctg13.687.1 (CNL), evm.model.ctg40.637
(CN), evm.model.ctg6.91 (XNL), and with Arabidopsis proteins AT3G14460 (CNL) and
AT3G14470 (CNL) (Figure 4-D).

The protein ADP37705 (subclass: TNL, encoding gene: Rpm?2, host: Prunus
sogdiana, pathogen: M. incognita) (Xiao et al. 2010) and the Arabidopsis protein
AT3G07040 (CNL) clustered with guava proteins evm.model.ctgl4.669 (CNL),
evm.model.ctg14.668 (XNL), evm.model.ctg37.422 (CNL), evm.model.ctg26.350
(XNL), evm.model.ctg26.353 (XNL), evm.model.ctg26.351 (XNL), evm.model.ctg32.23
(XNL), evm.model.ctg32.22 (CNL), and evm.model.ctg32.144 (CNL) (Figure 4-C).

The main clades of interest in this study are those comprising both nematode
resistance proteins and guava proteins, suggesting evolutionary proximity and orthology.
These results highlight promising candidate proteins for further investigation of plant
disease resistance mechanisms. Moreover, the placement of Arabidopsis proteins within
these clades reinforces the classification of guava NBS-LRR proteins based on conserved

motifs.

Conversely, the CAR94518.1 protein (subclass: TNL, encoding gene: Ma, host:
Prunus spp., pathogen: Meloidogyne spp.) (Claverie et al. 2011; Saucet et al. 2016)
showed significant divergence from the protein sequences analyzed in the phylogeny

(Figure 4-B).
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Figure 4. Phylogenetic analysis of NBS-LRR proteins from Psidium guajava,
Arabidopsis thaliana, and nematode resistance genes. (A) Phylogenetic tree constructed
from complete NBS-LRR protein sequences from Psidium guajava (279 sequences),
Arabidopsis thaliana (154 sequences), and the proteins encoded by nematode resistance
genes Mi-1 (AAC97933.1), Gpa2 (AAF04603.1), Cre3 (CADI12795.1), Crel
(AAM94164.1), Grol-4 (AAP44390.1), Hero (CAD29729.1), Ma (CAR94518.1), Rpm?2
(ADP37705.1), and CaMi (ABE68835.1). Nematode resistance proteins are indicated by
red asterisks. Bootstrap values and protein subclasses (color-coded) are detailed in the
legend. The phylogeny was generated using IQ-TREE v1.6.12 with the maximum
likelihood method and edited in iTOL. Panels B-D show highlighted clades within the
phylogeny of P. guajava NBS-LRR proteins, 4. thaliana proteins, and nematode

resistance proteins.
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3.3. Conserved Motifs Associated with Resistance Functions.

To investigate whether the NBS-LRR proteins forming phylogenetic clades with
nematode resistance proteins share conserved motifs, amino acid sequences were
analyzed using the MEME program, focusing on the NBS, TIR, and CC domains. A total
of twenty putative conserved motifs were detected in each group of genes. To aid motif
prediction, previously described motif sequences from Arabidopsis thaliana (Meyers et
al. 2003a) and Olea europaea (Bettaieb and Bouktila 2020) were used for comparison
(Supplementary Material 1 — Table 4).

The NBS-LRR proteins evm.model.ctgd0.285 (TNL) from P. guajava and
AAP44390.1 (TNL, Grol-4 gene), which confers resistance to Globodera rostochiensis,
and formed the first highlighted clade, both exhibited conserved motifs including the P-

loop and kinase-3 motifs (Figure 5).

. Motif 11
. Motif 4
. Motif 5
Motif 10
430 - — —
Motif 7
Motif 2
Motif 8
B otz
w38y —
. Motif 1
. Motif 9
. Motif 13
5 3 . Motig 16
b b3 o (3 200 100z o
. Motif 6
. Motif 19
Motifs consensus:
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2. OLEALAGEREWFGDGSRIITTKDEHLLKKIEVEDIYRMEELNNDESLOLFKWHAFGKNRPKEEFEDLSKZIIFHSDGIPLALEVLGSFLLGRGODEW . Motif 17
3. HDURDMGWEIIREEAPDDPGKCSRLWKREDICPVLERNLGTEENEGISLNLPEEEEVKFGGEAFMRMNALRFLKFANAHLCGGCEFFPDELRWICWHGE
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8 IFLDIACFFVGKDKDFWKILEGCGFCPEIGIKVLMEKC i
9. LPNLKRLSLENCTSLVEISQS . Motif 15
10. HWIWKFH
11 YANVRWC Motif 12
12. FEWCG .
13 VCAGTAIGOJP Motif 18
14. COHCRK. .
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16. DCNISDGGI
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18 TRYDDT

19, WSWGETR

20. DLDLRKNNFF

Figure 5. Twenty conserved motifs identified in the nematode resistance protein
AAP44390.1 (TNL, Grol-4 gene) conferring resistance to G. rostochiensis and the NBS-
LRR protein evm.model.ctg40.285 (TNL) from P. guajava.
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The NBS-LRR proteins evm.model.ctgl4.669 (CNL), evm.model.ctg14.668
(XNL), evm.model.ctg37.422 (CNL), evm.model.ctg26.350 (XNL),
evm.model.ctg26.353 (XNL), evm.model.ctg26.351 (XNL), evm.model.ctg32.23 (XNL),
evm.model.ctg32.22 (CNL), and evm.model.ctg32.144 (CNL) from P. guajava, as well
as ADP37705 (TNL, Rpm?2 gene) conferring resistance to M. incognita, which formed
the second highlighted clade, exhibited conserved motifs such as RNBS-A, Kinase-2,
Kinase-3, L5, L6, P-loop, and C1 (Figure 6).

ADP37705.1 —I—l»
evmmodel.ﬂgm.ﬁﬁg.' ' I-'l—' I&'
wmnencoscs (@1 NS B
s A L TRT B
)
f B o
evm.model.cig26.350 — -
- . ot 15
e 2 TR =
= - o
e @R N OBHI @
I | & i
evm.model ctg32.23 1 = | -
1 " | (=]
5 =
evm.model c1932.22 . l % J
8 J
i U
evm.model.clg32.144 i i
5

3
] 300 600 a0 1200 1500 1900 2100

Mot 4

£
2

£
g

Mont 29

waonr 5

|
-

o
!

Matifs consensus:

1. LOQGAPLRRFPVQIVDLYHLKYLSLRGTKVSTIPTSIGKLONLETLDLKHTLVTELPVEITKLOKLRHLLVYRYE

2. GREVISVWGMGGLGKTTLVKOVYDDPAVKKHFTYHAWITLSRSYKIEELLRDMLDOQJAREIKKPVPPGADTM

3. ELVRRSLRAEIDGNDRLKNLKKVLSLSFN DLPYYLKSCFLHLSVFPEDHUIEHRRLIRLWVAEGFVEEKEGKTLEEVAEDY
4. GRLZALPHWLPKLHSLAKLHLRWSRLKEDPLVSLONLPNLYHLELLOVYEGETLCFKPRGFKKLKILGLDNFEELRFVEVEEGAMPCLEKLICQRCKLLE
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6. MAESAVTYLLTKLAQFVENEVQLLTGGREEALAVRGEFERIKAFLRVADSLEEGDDEVKYWVKQLREVAYDIEDALDEFSLLLAHDHGH
7. GFKALREIGALQSLOKLCYIEADDERSKIIMRELGKLTQLRRLGILKLKKEDGRELC

8. PSGIEHLTKLKVLELFDMPDELIEKLKPEEQDEDYQKVAHIPELYYGYWRDGGWDVQ

5. LKELLNRSLIQVAETTSDGRVKYCRIHDLLRENTSKSRDONFAAIADEQTAVWPDRVRRLSIHNSLOAAQON
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14. EDENDLQHLSSPPQLLORIY
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Figure 6. Twenty conserved motifs of the ADP37705 protein (TNL, Rpm?2 gene)
conferring resistance to M. incognita and the NBS-LRR proteins evm.model.ctg14.669
(CNL), evm.model.ctg14.668 (XNL), evm.model.ctg37.422 (CNL),
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evm.model.ctg26.350 (XNL), evm.model.ctg26.353 (XNL), evm.model.ctg26.351
(XNL),  evm.model.ctg32.23 (XNL), evm.model.ctg32.22  (CNL), and
evm.model.ctg32.144 (CNL) from P. guajava.

Meanwhile, the NBS-LRR proteins evm.model.ctg15.1201  (XNL),
evm.model.ctg9.85 (CNL), evm.model.ctg40.1964 (XNL), evm.model.ctg40.1963
(CNL), evm.model.ctg40.2149 (NL), evm.model.ctgl13.1155 (NL),
evm.model.ctg40.2154 (NL), and evm.model.ctg40.2144 (N) from P. guajava;
AAC97933.1 (CNL, Mi-1 gene) conferring resistance to Meloidogyne spp.; ABE68835.1
(CNL, CaMi gene) conferring resistance to M. incognita; CAD29729.1 (CNL, Hero gene)
conferring resistance to G. pallida and G. rostochiensis; and AAF04603.1 (CNL, Gpa2
gene) conferring resistance to G. pallida, which formed the third highlighted clade,
exhibited conserved motifs, including P-loop, RNBS-A, Kinase-2, Kinase-3, GLPL, and
MHDV (Figure 7).
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8 MDADESILIAKDTKLENLRILGELLISYSKDTMNIFKRFPNLOVLOFELKESWDYSTEQHWFPKLDCLTELETLCVGFKSSNTNHCGSSVATNRPWIDFHF
5. ICFNEIGDILNFQIHDLVHDFCLIKARKENLFDRIRSSAPSDLLPRQITIDYDEEEEHFGLNFYVMFDSNKKRHSGKHLYSLGINGDQLDDSVSDAFHLRH
10 IVPTELEVMHICYTMLKASTSAEVGRFIKKLLETSPDILREYIIQLQFHMLTVIPPSTLGARNIHVMMEFLLLILSDMPKDFIHHDKLFDLLAHVGTLTR
11. PEDVAETCILELVERNLIDVVRWKPDGSPKSC

12. ARDIEDLLRSLTAKRDYSLLRVLDLEGVYKPMLPEVLGKLLLL

13. CPAELLDIGKEIAEKCKGSPLAISLIGG

14. SLLPLNLRVLTLSMSELKEDPMPQLGKL

15, IWARVLDVAYEAKDVIDSIIVRDNGLLHLIFSLPITIKKIKLIKEEISALDENIPKDRGLIVVMSPKKPVERKSLSTDKIIVGFEEETHLILRKLTSGPA

16. SPMLNVLRKLTNLKKLGLTCHPKAVKEVTECISYLTKLOSLKLRSRDLFGOPSDLELSDMRGLTSLSNLYLLG

17. MEKRKDIEEANNSLVLFSALSKDIANVLIFLENEENQKALDKDQVEKLKLKMAFICTYWVQLSYSDFEQFEDIMTRNRQEV

18. EPPLIMVNDSLLNEICMLNHLRYLRIRTQVKYLPFSFSNLWNLESLFVSNKGSILVLLPRILDLVKLRVLSVGACSFFD

19. QECGKLEEIPPSFGDIYSLKFIKIVKSPQLEDSALKIKKYAEDMRGGNELQILGQ

20. AMIQGFFSTRDRPSEGKEWLGRLLRAMHEAEDFIDKFNLREARGRREALHVVTRPAAELISKCKLWRDLSNLVSKMQELCZDOY

Figura 7. Twenty conserved motifs were identified in the AAC97933.1 protein (CNL,
Mi-1 gene) conferring resistance to Meloidogyne spp.;, ABE68835.1 protein (CNL, CaMi
gene) conferring resistance to M. incognita; CAD29729.1 protein (CNL, Hero gene)
conferring resistance to G. pallida and G. rostochiensis; AAF04603.1 protein (CNL,
Gpa2 gene) conferring resistance to G. pallida; and the NBS-LRR proteins
evm.model.ctgl5.1201 (XNL), evm.model.ctg9.85 (CNL), evm.model.ctg40.1964
(XNL), evm.model.ctg40.1963 (CNL), evm.model.ctg40.2149 (NL),
evm.model.ctg13.1155 (NL), evm.model.ctg40.2154 (NL), and evm.model.ctg40.2144
(N) from P. guajava.
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Finally, the NBS-LRR proteins evm.model.ctg17.337 (CNL),
evm.model.ctgl7.339 (CN), evm.model.ctg17.297 (XNL), evm.model.ctgl17.321 (CNL),
evm.model.ctg15.1416 (CNL), evm.model.ctgl5.1452 (XNL), evm.model.ctgl15.1388
(XNL), evm.model.ctgl5.544 (XNL), evm.model.ctg13.687.1 (CNL),
evm.model.ctg40.637 (CN), evm.model.ctg6.91 (XNL) from P. guajava; Arabidopsis
thaliana proteins AT3G14460 (CNL) and AT3G14470 (CNL); CAD12795.1 (NL, Cre3
gene) and AAM94164.1 (NL, Crel gene) conferring resistance to H. avenae, which
formed the fourth highlighted clade, exhibited conserved motifs including P-loop,
Kinase-2, Kinase-3, GLPL, and RNBS-D (Figure 8).
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Figure 8. Twenty conserved motifs of the CAD12795.1 protein (NL, Cre3 gene) and
AAM94164.1 protein (NL, Crel gene) conferring resistance to H. avenae, and the NBS-
LRR  proteins evm.model.ctgl7.337 (CNL), evm.model.ctgl7.339 (CN),
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evm.model.ctgl7.297 (XNL), evm.model.ctgl7.321 (CNL), evm.model.ctgl5.1416
(CNL), evm.model.ctg15.1452 (XNL), evm.model.ctg15.1388 (XNL),
evm.model.ctg15.544 (XNL), evm.model.ctgl3.687.1 (CNL), evm.model.ctg40.637
(CN), and evm.model.ctg6.91 (XNL) from P. guajava, along with Arabidopsis thaliana
proteins AT3G14460 (CNL) and AT3G14470 (CNL).

The NBS domain was the most conserved region among P. guajava, A. thaliana,
O. europaea, and functionally characterized nematode resistance (R) proteins,
predominantly exhibiting conserved motifs such as Kinase-2, GLPL, MHDV, Kinase-3,
RNBS-A, L5, L6, and P-loop (Supplementary Material 1 — Table 4).

3.4. Microsatellite marker analysis.

In summary, 25 microsatellites were found among the 279 NBS-LRR protein
sequences of P. guajava analyzed (Figure 9; Supplementary Materials 2 and 6, Tables 1-
7). Of these, 23 are simple SSRs; two sequences contain more than one SSR, with one
classified as a compound SSR due to the proximity of motif regions being less than or
equal to 100 nucleotides. Among the SSRs, nine (36%) are monomers, five (20%) are
dimers, and eleven (44%) are trimers. Eight SSRs are repeated 6 times, five are repeated
10 times, and four are repeated 5 times. The most frequent repeat counts are six, ten, and

five, respectively.
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Figure 9. Microsatellite marker analysis in NBS-LRR proteins of Psidium guajava. A.
Venn diagram illustrating the identification of 25 microsatellites (SSRs) among the 279
NBS-LRR protein sequences analyzed. (Legend: pink — none; green — simple; yellow —n
(simple) > 1; blue — compound.) B. Distribution of SSR types: 9 monomers (blue), 5
dimers (yellow), and 11 trimers (pink). C. Frequency chart showing the number of SSR

motif repeats.

Among the 25 microsatellites analyzed, 19 were detected within complete genes,
predominantly belonging to the TNL subclass. Except for two proteins, these were
classified into a gene family by InterProScan as members of the “Disease resistance
protein, plants” family (IPR044974)”. Noteworthy examples include a microsatellite
identified in the protein evm.model.ctgl3.1155, which is orthologous to the resistance
proteins encoded by the Mi-1 (CNL), CaMi (NL), Hero (CNL), and Gpa2 (CNL) genes;
and another microsatellite detected in the protein evm.model.ctg15.1452, orthologous to
resistance proteins encoded by the Cre3 (NL) and Crel (NL) genes and the Arabidopsis
resistance proteins AT3G14460 (CNL) and AT3G14470 (CNL). Additionally, a
microsatellite was identified in the protein evm.model.ctg10.132, which occupies an

isolated position on the second branch of the phylogeny.

3.5.Variant calling analysis

NBS SNPs

IMPACT

© Modifier
5) Low
©))  Moderate
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Figure 10. SNP distribution in Psidium guajava. Most variants were modifiers in non-
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coding regions, while NBS-LRR genes showed enrichment in synonymous and missense

SNPs

The variant calling analysis identified a diverse distribution of SNPs across the P.
guajava genome, both in the full dataset and in the subset corresponding to NBS-LRR
genes. For all SNPs, the majority of variants were classified as modifiers, predominantly
located in intergenic, intragenic, and upstream regions, with a smaller fraction of coding
variants such as synonymous and missense substitutions. The moderate- and high-impact
categories were mainly represented by missense, stop-gained, and splice-region variants,
which are more likely to alter protein function. In contrast, when focusing on NBS-LRR
genes, a distinct profile was observed: the variants were concentrated in missense and
synonymous categories, suggesting that these resistance-related genes are hotspots of
both functional and potentially adaptive variation. The predominance of moderate-impact
(missense) SNPs in NBS-LRR genes may reflect selective pressure maintaining
functional diversity within this gene family, consistent with their role in pathogen

recognition and defense response in plants.
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4. Discussion

Chemical treatments remain the predominant strategy for disease control in crop
production (Chen et al. 2007). However, the indiscriminate use of these compounds has
contributed to environmental degradation and the emergence of more resistant pathogen
strains. In contrast, the development of disease-resistant varieties remains underexplored
in guava cultivation. The genome-wide identification of NBS-LRR genes presents a
promising avenue for the discovery of functional resistance (R) genes through high-
throughput screening approaches. NBS-LRR proteins play a central role in plant immune
responses (Sharma et al. 2017; Chang et al. 2020) mediating defense signaling against a
wide array of pathogens (Meyers et al. 2003a; Zhou et al. 2004; Jupe et al. 2012; Lozano
etal. 2012; Wei et al. 2013; Gu et al. 2015; Lozano et al. 2015; Christie et al. 2016; Wang
et al. 2017; Zhang et al. 2020a; Chang et al. 2020; Inturrisi et al. 2020). Furthermore, the
NBS-LRR gene family constitutes the largest group of characterized resistance genes
(Hammond-Kosack and Jones 1997; Sagi et al. 2017) and is considered one of the most
significant R gene families (Jorgensen and Emerson 2009; Saha et al. 2013; Hwang et al.

2014; Shi et al. 2018).
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In this study, NBS-LRR genes were identified and characterized for the first time
in the guava genome, which spans 443.76 Mb and contains 25,601 protein-coding genes.
These genes represent approximately 1.09% of the genome's protein-coding sequences.
Previous studies have reported an expected frequency of 0.6% to 1.76% for NBS
sequences across several plant genomes, placing the frequency observed in guava within
this range (Porter et al. 2009; Lozano et al. 2015). However, many plant species exhibit
NBS gene frequencies outside this range, such as approximately 0.5% in Arabidopsis
thaliana (Meyers et al. 2003a), 0.58% in Glycine max (soybean) (Kang et al. 2012), 2.2%
in Coffea canephora (coffee) (Denoeud 2014), 0.9% in Manihot esculenta (cassava)
(Lozano et al. 2015), 0.43% in Cicer arietinum (chickpea) (Sagi et al. 2017), 0.67% in
Helianthus annuus (sunflower) (Neupane et al. 2018), 0.58% to 0.75% in Brassica
species (Inturrisi et al. 2020), and 0.5% in Olea europaea (olive) (Bettaieb and Bouktila
2020). Such variations may result from differences in genome annotation quality,
identification criteria, prediction tools, and filtering thresholds (Inturrisi et al. 2020).
Additionally, genome size (Bettaieb and Bouktila 2020), the dynamic evolutionary
history of NBS-LRR genes (Gu et al. 2015), and the necessity for adaptation against
diverse pathogens (Kapos et al. 2019) may contribute to the expansion or contraction of
these gene subfamilies. Genetic mechanisms such as whole-genome duplications, tandem
gene duplications, and segmental duplications likely contribute to these patterns (Sharma

etal. 2017).

The analysis of conserved domains allowed the classification of guava NBS-LRR
genes into subclasses, with a higher proportion of TIR (TNL and TN) subclasses (54.1%)
compared to non-TIR subclasses (CNL, CN, XNL, XN, RNL, RN, NL, and N) (45.87%).
This distribution is comparable to that observed in Eucalyptus grandis, with 43.4% TIR
and 16.1% complete non-TIR genes (Christie et al. 2016), Malus x domestica, with
69.92% TIR and 30.08% non-TIR genes (Arya et al. 2014), and Arabidopsis thaliana,
with 70.05% TIR and 29.95% non-TIR genes (Meyers et al. 2003a). The predominance
of TIR-type genes suggests their significant role in resistance mechanisms against
pathogens common to these species (Leister 2004) and indicates a more recent TIR

expansion, potentially driven by tandem duplications events (Christie et al. 2016).
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However, this pattern is reversed in some woody and herbaceous species, such as
Gossypium hirsutum (Shi et al. 2018) and Olea europaea (Bettaieb and Bouktila 2020).
Some studies propose that TIR-type genes preceded the emergence of non-TIR genes,
suggesting that dicot NBS-LRR genes may have evolved from ancestral TIR forms
(Sharma et al. 2017; Bettaieb and Bouktila 2020). In contrast, other evidence indicates
that CNL genes represent the most ancient and diverse lineage within the NBS-LRR
family (Wang et al. 2020). The TIR subclass is predominantly associated with dicot
species and is rarely identified in monocots and magnoliids (Tarr and Alexander 2009;
Bettaieb and Bouktila 2020). Additionally, Lozano et al. (2015) reported that most CNL
genes in grasses lack homologs in dicots, highlighting significant divergent evolution of
NBS-LRR genes between monocots and dicots, and furthermore, the rapid evolution of
these genes is also evident among different cultivars of the same species under varying

biotic stress conditions.

Approximately 60.57% of the NBS-LRR proteins identified in guava are classified
as non-canonical, including truncated NBS-LRRs, NBS-LRRs with atypical domains, and
those with atypical assemblies. Truncated NBS-LRR genes have been reported in several
plant species, likely arising from partial deletions of redundant NBS-LRR genes (Wang
et al. 2020). Such truncations may also result from pseudogenization driven by the rapid
evolution of the NBS-LRR gene family (Lozano et al. 2015). Truncated genes have been
shown to function cooperatively with full-length NBS-LRRs. For instance, in Arabidopsis
thaliana, the tandem NBS-LRR genes RPP2A (TIR-NBS, truncated) and RPP2B (full-
length) are both required to confer resistance to Peronospora parasitica (Sinapidou et al.

2004; Sagi et al. 2017).
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In addition to the CC, TIR, NBS, LRR, and RPWS8 domains of powdery mildew
resistance proteins (PF05659), atypical structural domains were detected in 18 predicted
NBS-LRR proteins (6.45%). Similar findings have been reported in other species, such
as Olea europaea (Bettaieb and Bouktila 2020). The identification of such domains is
essential for refining the classification of proteins in this gene family and for elucidating
their roles in signal transduction during plant resistance to biotic stress. The fusion of
NBS-LRR domains with additional domains is believed to enhance pathogen effector
detection and recognition (Sarris et al. 2015), providing functional versatility and
plasticity to this gene family (Bettaieb and Bouktila 2020). Genes with atypical
assemblies have also been identified in other genomes, such as Brassica juncea, where
they may play roles in plant immunity. Further investigations are needed to clarify their

involvement in plant resistance mechanisms (Inturrisi et al. 2020).

The chemical and structural characteristics of NBS-LRR genes and their encoded
proteins in guava exhibited substantial variation. Similar patterns have been reported in
studies of NBS genes from cucumber (Cucumis sativus L.) (Zhang et al. 2022), banana
(Musa spp.) (Chelliah et al. 2023), grapevine (Vitis vinifera) (Goyal et al. 2020), cabbage
(Brassica pekinensis) (Liu et al. 2021), and mungbean (Vigna radiata L.) (Purwar et al.
2023). Subcellular localization predictions indicated that NBS-LRR proteins could be
distributed across multiple organelles, with most proteins located in the nucleus (45.16%),
chloroplast (22.94%), and cytoplasm (22.22%). This distribution is consistent with
findings in sunflower (Neupane et al. 2018), kiwifruit (Actinidia chinensis) (Wang et al.
2020), and cucumber (Zhang et al. 2022). The predominant nuclear localization reflects
the role of these proteins in transcriptional regulation and pathogen recognition, while
their functional versatility may be influenced by their specific chemical and structural

attributes (Zhang et al. 2022).
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Chromosomal mapping revealed a higher density of genes on chromosomes 3, 5,
and 8, which harbor 51 TIR genes (33.77% of guava TIR genes), 23 TIR genes (15.23%),
and 36 TIR genes (23.84%), respectively, accounting for 72.84% of the total TIR genes
in the species. Clusters of this subclass were also observed on these chromosomes.
Previous studies have shown that NBS-LRR genes typically form tightly linked clusters
with high sequence homology (Lozano et al. 2015; Neupane et al. 2018; Wang et al.
2020), likely resulting from duplications, including whole-genome and tandem
duplications (Wang et al. 2020). These findings suggest that gene duplications on
chromosomes 3, 5, and 8 are more prevalent in guava compared to other chromosomes.
In addition to duplications, evolutionary events affecting NBS-LRR genes, such as
unequal crossing-over, insertion/deletion, and gene conversion, may increase mutation
rates and gene density on specific chromosomes, as observed in radish (Raphanus sativus
L.) (Ma et al. 2021) and cucumber. Such genomic dynamics are likely to enhance the

plant's ability to defend against diverse pathogens in nature (Zhang et al. 2022).

The phylogenetic analysis revealed a clear evolutionary divergence between the
TIR and non-TIR subclasses, in agreement with previous studies (Meyers et al. 2003a;
Lozano et al. 2015; Sagi et al. 2017). Notably, the RNL and RN subclasses, except for
the RNL protein evm.model.ctg9.2026, formed a distinct subclade within the CNL clade,
suggesting functional divergence of the RPW8 domain from typical CNL genes (Collier
et al. 2011; Sagi et al. 2017). Clades of complete and partial NBS-LRR proteins, located
on the same chromosomes, were observed, indicating potential recent gene duplications
to expand the resistance gene repertoire in guava, similar to findings in Eucalyptus
grandis (Christie et al. 2016). However, clustering analysis is needed to confirm these
patterns. Some phylogenetic clusters included exclusively P. guajava proteins, while
others comprised proteins from P. guajava, Arabidopsis, and other resistance genes,
suggesting shared evolutionary origins and sequence homology. Furthermore, both
phylogenetic relationships and conserved motif analyses corroborated the classification

into TNL, TN, CNL, CN, RNL, RN, XNL, XN, NL, and N subclasses.
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Notably, 29 guava NBS-LRR proteins showed orthology to nematode resistance
proteins. Among them, the TNL protein evm.model.ctg40.285 clustered closely with the
TNL protein R AAP44390.1, encoded by the Grol-4 gene in S. tuberosum, conferring
resistance to G. rostochiensis. Both proteins share similar sequence lengths (1066 and
1136 amino acids, respectively) and conserved motifs such as P-loop and kinase-3. This
suggests that evm.model.ctg40.285 may be encoded by a resistance gene locus in guava,

similar to the Grol-4 locus in potatoes, where all members belong to the TNL subclass.

Furthermore, clusters of highly homologous resistance genes may provide defense
against multiple pathogens (Van Der Vossen et al. 2000). Eight guava NBS-LRR proteins
(2 XNL, 2 CNL, 3 NL, and 1 N) were orthologous to nematode resistance proteins from
other species, including AAC97933.1 (CNL) (Mi-1) from S. lycopersicum, ABE68835.1
(CNL) (CaMi) from C. annuum, CAD29729.1 (CNL) (Hero) from S. lycopersicum, and
AAF04603.1 (CNL) (Gpa2), conferring resistance to several nematodes. These proteins
shared 20 conserved motifs, including RNBS-A, kinase-2, kinase-3, L5, L6, P-loop, and
C1. Additionally, eleven NBS-LRR proteins (4 CNL, 2 CN, and 5 XNL) showed
orthology to the resistance proteins R CAD12795.1 (Cre3) and AAM94164.1 (Crel)
from Triticum sp., conferring resistance to H. avenuae, with shared motifs such as P-loop,

RNBS-A, kinase-2, kinase-3, GLPL, and MHDV.

Finally, nine guava NBS-LRR proteins (4 CNL and 5 XNL) were found to be
orthologous to ADP37705 (TNL), encoded by Rpm2 in P. sogdiana, conferring resistance
to M. incognita. These proteins exhibited 20 conserved motifs, including P-loop, kinase-
2, kinase-3, GLPL, and RNBS-D. Homologous genes can be classified as orthologs -
genes diverging through speciation that generally retain similar functions - and paralogs
- genes diverging through duplication that often acquire novel functions (Fitch 1970;
Tatusov et al. 1997). This distinction facilitates the functional characterization of new
resistance genes (R genes) in P. guajava when analyzed alongside well-characterized

NBS-LRR genes.

The conserved motif analysis of NBS-LRR proteins, as highlighted in the
phylogenetic analysis, revealed significant amino acid sequence similarity. The NBS
domain, a region of up to 300 amino acids, consists of eight conserved motifs: P-loop
(phosphate-binding loop), GLPL (Gly-Leu-Pro-Leu, also known as kinase 3), RNBS-A,
RNBS-B, RNBS-C, RNBS-D, kinase 2, and MHDV (Met-His-Asp-Val). Although the
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degree of conservation of these motifs varies across plant species (Meyers et al. 2003a;
Zhang et al. 2022), the NBS domain remains the most conserved region among domains
encoded by disease resistance genes in plants (Arya et al. 2014). A known distinction
exists in the conserved motifs between TNL and CNL classes, with different patterns

depending on whether they belong to the TIR or non-TIR groups (Arya et al. 2014).

Our analyses corroborate these findings, detecting conserved motifs such as GLPL,
kinase 2, kinase, P-loop, RNBS-A, and RNBS-B within the NBS domains of non-TIR
NBS-LRR genes. Conversely, the P-loop motif was consistently conserved in the NBS
domains of TIR NBS-LRR genes across P. guajava, A. thaliana (Meyers et al. 2003a),
and O. europaea (Bettaieb and Bouktila 2020). However, a notable difference was
observed in the MHDV motif. In P. guajava and O. europaea, valine (V) is replaced by
leucine (L), resulting in the motif MHDL, a variation also reported in M. domestica (Arya
et al. 2014). In contrast, the LRR and CC domains of P. guajava NBS-LRR genes showed
lower motif conservation. In the LRR domain, only L5 and L6 motifs were observed,

consistent with findings in O. europaea.

Microsatellites located within functionally relevant genes, such as those from the
NBS-LRR family, may serve as indicators of genetic variability linked to pathogen
resistance. In this study, 25 SSRs were identified among 279 NBS-LRR protein sequences
from Psidium guajava. The majority of SSRs were simple type repeats, with a
predominance of trinucleotide motifs (44%), followed by mononucleotide (36%) and
dinucleotide (20%) motifs. The most common repeat numbers were 6, 10, and 5,
suggesting the presence of recurring and potentially functional patterns in these

sequences.

Nineteen of the 25 SSRs were located within full-length genes, predominantly
belonging to the TNL subclass, which is frequently associated with resistance against
biotrophic pathogens in dicots(Meyers et al. 2003b; Sela et al. 2012). Most of these SSR-
containing genes were annotated as belonging to the "Disease resistance protein, plants"
family (IPR044974), reinforcing the possible role of these repetitive elements in

regulating immune responses in P. guajava.

Notably, two SSRs were found in genes orthologous to well-characterized

nematode resistance genes. One SSR was located in the protein evm.model.ctg13.1155,
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orthologous to Mi-1, CaMi, Hero, and Gpa?2, all known to confer resistance against
Meloidogyne and Globodera species (Milligan et al. 1998; Van Der Vossen et al. 2000;
Ernst et al. 2002). The second SSR was found in evm.model.ctg15.1452, orthologous to
Crel and Cre3, which confer resistance to Heterodera in Beta vulgaris (De Majnik et al.

2003).

The presence of SSRs in orthologs of well-established resistance loci highlights
their potential as functional markers. These SSRs could be valuable in marker-assisted
selection (MAS) for guava breeding programs (Arabzai, Muhammad Gul; Gul 2021),
particularly considering the impact of plant-parasitic nematodes on yield (Sikandar et al.
2020). Moreover, these markers can be applied in intraspecific diversity studies, QTL
mapping for resistance traits, and even in gene editing strategies aimed at introducing or

enhancing resistance (Collard et al. 2005; Kalia et al. 2011).

In summary, the SSRs identified within NBS-LRR genes of P. guajava represent a
valuable source of molecular markers for genetic studies and breeding. Their localization
within orthologs of classic nematode resistance genes highlights promising targets for

future functional validation.

The genome-wide variant analysis in Psidium guajava—showing mostly modifier
SNPs in intergenic/upstream regions and a smaller fraction of coding (synonymous and
missense) changes—matches patterns reported for Myrtaceae where non-coding variation
predominates but functionally relevant variants occur at resistance loci (Soewarto et al.
2019; Fernandes Santos et al. 2022). Predicted moderate- and high-impact effects
(missense, stop-gained, splice-region) are consistent with the SnpEff-based annotations
and with previous Myrtaceae studies that identify NBS-LRR clusters as hotspots of
nonsynonymous variation linked to pathogen response (Fernandes Santos et al. 2022).
Focusing on NBS-LRR genes, the observed enrichment for missense and synonymous
SNPs suggests balancing/ diversifying selection maintaining recognition diversity — a
pattern described for Eucalyptus and other Myrtaceae and supported by the comparative
and transcriptome variant analyses in the attached papers (Soewarto et al. 2019;

Fernandes Santos et al. 2022).



726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758

35

5. Conclusions

This study provides novel insights into the NBS-LRR gene family, the key group involved
in plant disease resistance, within Psidium guajava, a crop of significant global
socioeconomic importance. Additionally, orthologs of nematode resistance genes were
identified, providing foundational information to enhance our understanding of P.
guajava-nematode interactions and potentially identifying candidate resistance genes.
Microsatellite analysis revealed SSRs in NBS-LRR proteins, including two genes
orthologous to well-characterized nematode resistance genes, which may serve as
promising molecular markers for future breeding programs. Variant calling analysis
indicate that NBS-LRR genes are hotspots of functional variation, possibly under
selective pressure, reinforcing their role in maintaining diversity and defense response in
P. guajava. These resources are valuable for advancing the functional exploration of these

genes and ultimately uncovering their roles in defending against various pathogens.
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