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Abstract: Wheat has a large and diverse repertoire of NLRs involved in disease resistance, with over
1,500 NLRs detected in some studies. These NLR genes occur as singletons or clusters containing
copies of NLRs from different phylogenetic clades. The number of NLRs and cluster size can differ
drastically among ecotypes and cultivars. Primarily, duplication has led to the evolution and diver-
sification of NLR genes. Among the various mechanisms, whole genome duplication (WGD) is the
most intense and leading cause, contributing to the complex evolutionary history and abundant
gene set of hexaploid wheat. Tandem duplication or recombination is another major mechanism of
NLR gene expansion in wheat. The diversity and divergence of duplicate NLR genes are responsible
for the broad-spectrum resistance of most plant species with limited R genes. Understanding the
mechanisms underlying the rapid evolution and diversification of wheat NLR genes will help im-
prove disease resistance in crops. The present review focuses on the diversity and divergence of
duplicate NLR genes and their contribution to wheat disease resistance. Moreover, we provide an
overview of disease resistance-associated gene duplication and the underlying strategies in wheat.

Keywords: Wheat; Nucleotide-binding leucine-rich repeat; NLR genes; Gene duplication; Disease
resistance

1. Introduction

Polyploid crops, such as wheat, triticale, oats, sweet potato, and peanuts, play a vital
role in ensuring food security. Among these, the tetraploid durum wheat (pasta wheat,
Triticum durum; 2n = 4x = 28), and the hexaploid bread wheat (Triticum aestivum; 2n = 6x =
42) are adaptable to various environmental conditions and, therefore, the most widely
cultivated [1]. The production of wheat worldwide in 2021 was recorded to be as high as
781 million tons (FaoStat; http://www fao.org/faostat/en/#home). However, in spite of the
high production, wheat and other crops are often threatened by abiotic and biotic stressors
that significantly reduce their yield and quality. Specifically, diseases caused by patho-
genic bacteria, viruses, fungi, and oomycetes have resulted in significant crop losses, af-
fecting food security worldwide [2]. As in other plants, wheat resists pathogens via their
multilayered innate immune responses: one mediated by pattern recognition receptor
(PRR) on the cell surface and the other mediated by nucleotide-binding leucine-rich repeat
(NLR) intracellularly [3,4]. Typically, plants sense pathogens via the immune receptors
that detect the pathogen-derived molecules and initiate diverse defense responses inter-
connected to form a signaling network [5]. These PRRs, which are in the form of receptor-
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like proteins (RLPs) or receptor-like kinases (RKs), detect conserved pathogen-associated
molecular patterns (PAMPs) and activate pattern-triggered immunity (PTI) to instigate
defensive responses against non-adapted pathogens. Besides, the residual PTI provides
basal resistance to the adapted pathogens [4]. Therefore, PTI is categorized as a non-race-
specific resistance. Researchers have found new PRR candidates in Triticeae but are less
studied.

In order to overcome the impenetrable blockade of the first layer of the immune sys-
tem, pathogenic organisms secrete a class of small molecules into plant cells called effec-
tors. Effectors of these pathogens subsequently interfere with PTI by hindering PRR trans-
lation, inhibiting the activity of PRRs and their complexes, affecting the transmission of
MAPK and its downstream signals, and impacting vesicle transport and callose deposi-
tion [6-8]. In this way, pathogenic bacteria can successfully infect. However, plant cells
will not surrender easily. Faced with this situation, plants will urgently activate the next
immune layer. The NLR receptor within the cell can indirectly or directly spot the effector,
causing the plant to initiate a second immune response, which is called ETI (effector-trig-
gered immunity), the effector recognized by the NLR protein is called avirulent (Avr) pro-
tein [9]. The ETI is more intense than P11 and is usually accompanied by programmed cell
death (PCD). This hypersensitive response (HR) is crucial for plant resistance to biotrophic
pathogens. Besides, the downstream immune response activated by ETI is similar to PTI
but with greater intensity and longer duration [4]. Previous studies have found significant
differences in recognition mechanisms and early signal transduction between PTI and
ETI. Therefore, traditionally, people believe that PTI and ETI are independent systems
[10,11]. However, recent researchers have found that multiple mutants of PRRs and their
co-receptors in Arabidopsis have significantly lost plant ETI immune resistance triggered
by multiple effector factors, suggesting that PRRs and their co-receptors are critical in ac-
tivating NLRs [12]. PRRs and NLRs work together to enable plants to resist infection by
most pathogens. However, pathogenic organisms will never surrender easily. They will
continue to invent "new weapons" (effectors) to overcome the existing immune system
and successfully infect plant cells. Similarly, plants will evolve new immune receptors to
deal with the continuous and varied attacks of pathogenic bacteria.

2. NLR gene structure and categories

Typically, the structure of NLR consists of three parts, including a variable N-termi-
nal domain, a conserved, central nucleotide-binding adapter domain (NB-ARC) domain,
and a C-terminal leucine-rich repeat (LRR) domain. Here, the central adaptor domain is
shared among the NLRs, apoptotic protease activating factor 1 (Apafl), cerium R genes,
and Caenorhabditis elegans cell death protein 4 (CED4). In contrast, the variable N-terminal
domain is divided into two categories based on their protein sequence and similarity to
known proteins: TIR (Toll interleukin-1 receiver) and CC (cooled coil). The NLR genes are
classified into sub-groups depending on their domain architecture, including NBS, TN,
TNL, CN, NL, and CNL (Figure 1) [13]. Some studies have indicated that NLRs with a
deletion of the domain at the N-terminus cannot elicit plant immunity, while its expres-
sion alone is sufficient to induce HR responses [14]. Therefore, this domain of NLR is be-
lieved to stimulate and transmit immune signals downstream. In addition, both TIR and
CC domains, which can oligomerize, are considered essential for NLR activation. In fact,
when the effector is recognized, the entire NLR protein can oligomerize, such as RPP1 in
Arabidopsis [15] and N protein in tobacco [16]. The N-terminal TIR and CC domains may
be crucial for NLR oligomerization and activation.

NB-ARGC, the relatively large domain of NLR, includes three subdomains: the NB, the
ARC1, and the ARC2 subdomains. Among these, NB represents nucleotide binding, and
ARC is named because this domain appears in Apaf-1, R, and CED-4 proteins. The NB-
ARC domain is considered an ATPase domain due to its ability to bind with, exchange,
or hydrolyze ADP or ATP nucleotides [17]. The NLR protein changes its state/form de-
pending on the binding of the NB-ARC domain to different nucleotides. Generally, the


https://doi.org/10.20944/preprints202306.1693.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 June 2023 doi:10.20944/preprints202306.1693.v1

NLR protein combined with ADP is in a closed or inactive state, and the combination with
ATP promotes a conformational change of the NLR protein, turning it into an open or
activated state. After NLR activation, it will transmit signals downstream to activate the
plant's immune system. Effector recognition by NLR (directly or indirectly) will promote
NB-ARC to release ADP and bind ATP. Besides, this binding feature acts as a "molecular
switch" model of NLR in plant immunity [18]. The properties of the NB-ARC domain and
its binding with different nucleotides form the structural basis of this "molecular switch"
model. LRR is named for the presence of multiple tandem leucine-rich repeats in this do-
main. LRR domains regulate the activity of NLRs through intramolecular or intermolecu-
lar interactions. Research has demonstrated that LRR domains negatively influence the
activity of NLRs. The absence of the LRR domains due to deletion in the NLR proteins
RPS2, RPS5, and RPP1A activated the immune response in Arabidopsis. Similarly, trun-
cating LRRs in the potato R-protein ‘Rx” enhanced the HR response. Further studies found
that the LRR of Rx may inhibit the activity of Rx by interacting with NB-ARC [19]. How-
ever, other studies have shown that LRR can also positively regulate the activity of NLR.
Self-activating mutations in potato Rx lead to HR responses without pathogenic bacteria,
whereas deletion of its LRRs suppressed HR responses [20].

In wheat, several NLR genes have been genetically defined, supporting disease-re-
sistance breeding [13]. Several studies have recently highlighted the identified NLR and
avirulence (Avr) genes, specifically the architecture of novel ones, revealing the genetic
basis and mechanism underlying the evolution of disease resistance in wheat [13,21].
These discoveries are significant because they provide valuable insights into the mecha-
nisms underlying plant-pathogen coevolution and the evolution of resistance. Identifying
NLR and Avr genes offers great potential in developing effective strategies for breeding
disease resistance in wheat. Using these genes in breeding programs will enhance disease
resistance, reduce pesticide use, and increase crop productivity. Moreover, understanding
the genetic basis and mechanisms underlying disease resistance can offer important infor-
mation on the evolution of plant-pathogen interactions.

3. Gene duplication for crop improvement

The genome of bread wheat is one of the largest and most complex ones of all culti-
vated plant species’ this complexity originated as a result of two rounds of historical
whole genome duplication events [22] and recent small-scale duplications [14]. Gene du-
plication provides “raw genetic material” for the evolution of genes and gene functions to
improve crops; it is also a key factor driving the evolution, domestication, and diversifi-
cation of species [15]. Additionally, gene duplication can also provide a buffer against
mutations and genetic drift, resulting in the loss of important functional genes. Scientists
have deciphered numerous large, complex, and highly repetitive genomes of various spe-
cies of the Triticeae tribe [1,16,23-27]. Comparing the available genome sequences and
functional genomic data of plants, we have gained immense knowledge of how genes are
duplicated, how these duplicated genes gain novel roles, and their ultimate impact on
genome evolution [28,29]. Among the various events or mechanisms, the duplication of
the whole genome or an entire chromosome is the most extensive form of gene duplication
[29]. Among these, whole genome duplication (WGD or polyploidization) is an extreme
mechanism that benefited from the complex evolutionary history; hexaploid wheat has
suddenly acquired a huge genome and abundant gene set due to the hybridization event
it experienced [30,31]. Then, hexaploid wheat took over its tetraploid progenitor and
spread worldwide (Figure 2A). About 55% of the bread wheat homologous genes exhibit
1:1:1 correspondence across the three homologous sub-genomes, and another 15% possess
a minimum of one gene copy in at least one of the sub-genomes [8]. Tandem duplication
or recombination is the event when two or more genes after duplication are positioned
adjacent to each other on the same chromosome [29,32,33]. And it is likely a major mech-
anism of NLR gene expansion to form NLR gene clusters in wheat (Figure 2B). Addition-
ally, researchers found a recent burst of gene duplications in all sequenced species of the
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Triticeae tribe. Detailed analysis of the features of the gene duplication and their flanking
sequences suggested the role of transposable elements (TE) in causing this recent event
[14]. In contrast to local tandem duplication, replicative transposition by TEs forms dis-
persed duplicates [34] (Figure 2C).

4. Diversity and divergence of NLR genes for disease resistance

Earlier research suggested great variation in the number of NLRs among the closely
associated species [35], and the number is not related to the size of the genome or the level
of ploidy [36]. However, more than 1,500 NLRs have been detected by analyzing the tran-
scriptional and physical organization of the intracellular immune receptor repertory in
bread wheat [37]. More than 2,000 NLRs have been identified using the fully annotated
reference genome of bread wheat [25]. Several studies have identified 5,905 (98% identity)
to 7,780 (100% identity) unique NLR signatures in the genomes of different wheat lines,
emphasizing the complexity and size of immune receptor repertory guiding disease re-
sistance [1]. This may also demonstrate the relationship between NLR number and ge-
nome size and between NLR number and ploidy level. Generally, the NLR loci exist as
singletons (isolated genes) or clusters (tightly linked, related genes) [38]. Occasionally,
the gene clusters include NBS-LRR gene copies from different phylogenetic clades [39].
NLRs usually exhibit consistent clustering [40]. In bread wheat, numerous NLRs are
found grouped at the distal end of all chromosome arms and often co-localize with known
disease-resistance loci [25]. In such an arrangement, the gene products act together to trig-
ger immunity, providing coregulatory benefits.

In plants, the NLR proteins are abundant and old [41]. Gene duplications, followed
by point mutation-induced DNA-sequence divergence and deletion and duplication of
intragenic DNA repeats encoding blocks of leucine-rich elements, led to the origin of R-
gene polymorphisms. Further, recombination uses this variation between related genes to
alter the gene sequences [42]. Due to the diversity and abundance of pathogens in different
environments, plants face dynamic selection pressure from habitat pathogens during their
evolution, which results in the inability to maintain stable distribution of NLR genes be-
tween and even within species [10]]. It has been found in research on different angio-
sperms that significant pathogen infection pressure has driven the expansion of NLR
genes [43-45]. In the study of wild emmer wheat, it was found that changes in the NLR
gene appeared to be rapid within the species [46]. Due to differences in the abundance of
pathogenic bacteria in habitats, the population of wild wheat differentiated, with wild
wheat growing in areas where powdery mildew was prevalent, evolving resistance to
powdery mildew. As stated earlier, the clusters (medium and large) may vary greatly in
their size among the ecotypes and cultivated varieties, indicating potential local adapta-
bility [47,48]. For clusters containing highly homologous NLRs from a single family with
few inversions, direct duplication of gene probably resulted in the original clustering; sub-
sequently, increased rates of unequal crossing-over (UCO) during meiosis probably pro-
vided the material for rapid evolution and increased diversity in immune sensors, thereby
expanding the cluster. Under different pressures, these clusters rapidly contract or ex-
pand, which explains the large variations in cluster patterns between ecotypes. However,
the abundance of NLR genes is not solely beneficial; the more NLR genes plants maintain,
the more health costs they incur [49]. Under no or less pathogen selection pressure, vari-
ous plant species have exhibited contraction of NLR genes [50,51], leading to significant
variations in the number and diversity of NLR genes between or within species. Gene
recombination is crucial for NLR diversification. Current evidence shows that the uncon-
ventional recombination (illegitimate recombination) between NLR genes is the main way
to change the number of repeats of the LRR domain, which can cause a rapid increase or
decrease in the repeat number of the LRR, further increasing the potential of NLR to rec-
ognize different effectors [24]. In addition, if the NLR gene recombines with other genes
(such as WRKY, NAC), it can cause the fusion of the domains of other genes to NLR, fur-
ther enriching the diversity of NLR structure and function (Figure 2B). For example, a


https://doi.org/10.20944/preprints202306.1693.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 June 2023 doi:10.20944/preprints202306.1693.v1

WRKY domain is attached to the Arabidopsis NLR gene RRS1 at the C-terminus. Further
research found that this gene fusion phenomenon is very common in plant NLR genes. In
addition, some gene recombination events can also cause the loss of the NLR domain,
resulting in truncated NLR (truncated NLR). Truncated NLRs are also ubiquitous in var-
ious plants and also play very important roles in plant immunity. Interestingly, although
the domains of truncated NLRs are incomplete, they can also perform similar functions to
intact NLRs: they can directly or indirectly recognize effectors and induce plant immunity
[14]. Taken together, gene duplication of NLRs provided diversity to cope with the infec-
tion of thousands of evolving pathogenic bacteria.

5. Duplicated NLR genes are important for wheat disease resistance

The duplication of NLR genes has several evolutionary implications. First, duplica-
tion can result in new functions of the existing genes by accumulating mutations. This
change can lead to the evolution of new features and specificities of resistance, allowing
plants to respond to a wider range of pathogen types [52]. Second, duplication can result
in redundancy, where multiple copies of the same gene perform the same function. This
redundancy can provide a buffer against loss-of-function mutations, ensuring the mainte-
nance of a functional immune response [53]. Third, duplication can lead to sub-function-
alization, where the duplicated genes acquire distinct functions through the partitioning
of the original gene's functions [54]. This process can result in the evolution of more com-
plex immune responses, allowing plants to respond to a wider range of pathogen types.

Many studies have proven that the duplicated NLR genes contributed to wheat dis-
ease resistance. Researchers have isolated three major genes associated with yellow rust
resistance in bread wheat (Y15, Y17, and YrSP), each with distinct recognition specificity.
These resistance genes belong to an R gene cluster on the wheat chromosome 2B encoding
NLR proteins [55]. Previously, the Lr42 leaf rust R gene was transferred into bread wheat
from the wild relative Ae. tauschii, where the [r42 allele, four homologs of, and four partial
fragments of the gene were grouped as a cluster within an 871 kb region. We speculate
that Lr42 could have originated from an early locus, which expanded or maintained the
copy number in other wheat species and barley. Typically, L¥42 has an NLR structure and
the “"MAEAVVGQLVVTLGEALAKEA’ homologous domain, similar to the MADA
“MA(D/E)AxVSFxVXKLxxLLxxEx” motif of the known NLRs associated with rust re-
sistance in wheat. These features suggest that Lr42 is a singleton or a helper NLR but not
a sensor [56]. The wheat progenitor Ae. tauschii has the NLR YrAS52388 associated with Pst
resistance on the 4DS chromosome. YrAS2388R, the Pst-resistant allele, has duplicate 3'-
untranslated regions [57]. In synthetic hexaploid wheat, a mutation in the YrAS2388R al-
lele disrupted Pst resistance, while the YrAS2388R-overexpressing transgenics were re-
sistant to 11 races in common wheat and one in barley [57]. Additionally, the Lr21 leaf rust
resistance gene was introgressed from Ae. tauschii using a synthetic wheat species. De-
tailed analysis of the nucleotide sequence showed that the functional Lr21 allele is a chi-
mera of H1 and H2, two nonfunctional haplotypes of [r21 [38,58]. On the other hand, the
bread wheat has only inactive [r21 alleles; nevertheless, an active R gene could be recon-
structed in vitro by intramolecular recombination of the two haplotypes.

Head-to-head or bidirectional gene pairs are common in eukaryotes and often in-
clude genes that are transcribed at similar rates; this specific property indicates the pres-
ence of common regulatory areas in the gene pairs [59]. Although there are few reports on
wheat, research on other species can provide insights. In Arabidopsis thaliana, the head-
to-head cluster SOC3-CHS1-TN2 NLR has been observed to have co-expression and gene
product interaction, and microarray data for other bidirectional gene pairs of NLR in A.
thaliana supports the proposal of shared regulatory regions [60]. Further experimental ev-
idence is needed to establish this as a common trend for bidirectionally arranged NLRs;
however, this justifies the genomic pattern. The bidirectional gene pairs encoding NLRs
with integrated decoy domains may exhibit distinct behavior compared to clusters de-
rived from closely associated NLRs. Furthermore, this pattern accounts for the broad-
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spectrum resistance observed in numerous plant species with limited NLR genes [40]. The
origin of these paired NLRs, which are often highly differentiated or not from the same
phylogenetic cluster, where they initially came together through random evolutionary ac-
cidents, letting them resist certain pathogen pressures. The selection for joint regulation
could also justify the persistence of these evolutionarily differentiated pairs in plant ge-
nomes [61].

6. Mechanism of NLR gene duplication for disease resistance

Meta-analysis of 314 cloned resistance (R) genes revealed that most genes encode in-
tracellular or cell surface receptors. These R genes encode proteins to induce or increase
disease resistance (R) via nine distinct mechanisms. The mechanisms involve either direct
or indirect recognition of pathogenic molecules on the cell surface with receptor-like pro-
teins, leucine-rich repeat receptors, nucleotide-binding, or via integrated domains; they
also perceive transcription activator-like effectors (TALEs) by activating the executor
genes or lose susceptibility through passive or active mechanisms or host reprogramming
[62]. Researchers have elucidated the molecular mechanisms underlying the functions of
a few R genes. However, elucidating the mechanisms in detail is necessary for engineering
and adopting novel R genes [62]. The recognition of pathogen-derived Avr proteins by
NLR proteins is a critical component of gene-for-gene or active defense, mostly occurring
through the leucine-rich repeat (LRR) domain of the NLR proteins. In this process, the
LRR domain specifically recognizes pathogen effectors, allowing the plant to initiate an
effective defense response against the attacking pathogens. However, an interruption in
disease resistance may occur due to mutations in Avr proteins, which consequently allows
the pathogens to escape R protein-mediated molecular recognition [63]. This evasion
mechanism enables pathogens to overcome the defense response of the plant, resulting in
infection and disease incidenceand further spread. Understanding the basis of this phe-
nomenon is essential for designing durable resistance strategies in crop plants.

Previously reported NLR resistance proteins to have various additional domains,
called integrated domains (IDs), that may confer novel functions or modulate NLR activ-
ity [64]. IDs can be derived from other immune-related proteins, such as kinases or tran-
scription factors, and regulate the activation of receptors and signaling of the downstream
components. Understanding the origin, evolution, and function of NLRs and IDs is crucial
for elucidating plant immunity's molecular mechanisms and developing novel crop im-
provement strategies [21,65,66]. For example, the Arabidopsis resistance protein RRS1 has
a WRKY domain, and the rice blast resistance protein RGA5 has a RATX1 domain, both
at the C-terminus; the wheat Yr7, Yr5, and YrSP stripe rust resistance proteins have BED
domains at the N-terminus. Besides, the YrU1 protein contains the ANK domain at the N-
terminus and WRKY domain at the C-terminus [55,67,68]. Genes with additional domains
seem occasionally. We propose a hypothesis that such genes are likely to originate from
duplication events in the genome, such as tandem duplication and transposon-mediated
duplication; this will improve our understanding of the evolution of the NLR genes with
integrated domains (Figure 3). NLR proteins can function together to trigger plant im-
munity and are classified into two: NLR pairs and sensor/helper NLRs [61]. NLR pairs are
encoded next to each other in the same orientation and share a promoter. Paired NLRs
tend to form complexes needed for immunity. Typically, one NLR has a decoy domain
and acts as the sensor, interacting with pathogens. The other is a canonical NLR that trans-
duces signals to activate immunity. NLRs with decoy domains are common in flowering
plants, likely formed through ectopic recombination and transposition [11]. The other way
NLRs interact is as a sensor or a helper. Among these NLRs, the helper presumably acts
downstream of the sensor in immunity. Unlike the typical adjacent NLR pairs, the helper-
sensor NRLs do not physically interact. On the contrary, they are usually not encoded at
the same locus. However, the mechanism via which the sensors transmit signals to the
helpers remains elusive [61].
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Studies have almost established that the products of larger NLR gene clusters act
together in inducing immunity [40]. A good example is Rpsll in soybean, providing
broad-spectrum resistance to the oomycete pathogen Phytophthora sojae. In the genome,
the giant NLR gene is positioned in a region carrying a large NLR gene cluster resulting
from numerous unequal recombinations [69]. In wheat, several studies also reported that
NLR clusters contributed to disease resistance. In the hexaploid wheat germplasm, Pm3a-
j, a large multi-allelic series of ten resistance alleles, each with distinct race specificity,
accounted for the Pm3 powdery mildew resistance [21]. Scientists have identified Pm3 al-
leles in cultivars worldwide. After cloning Pm3b, the first allele [70], the remaining alleles
were isolated by PCR and identified as a single gene’s true alleles in a cluster of Pm3-like
genes [6,71]. Here, the alleles Pm3j, Pm3h, and Pm3i were identical to Pm3b, Pm3d, and
Pm3c, respectively. These results enrich our understanding of the resistance mechanism
of NLR gene clusters induced by gene replication in wheat. Moreover, NLR clusters could
lead to improved pathogen recognition via homo- and heterodimerization/oligomeriza-
tion of the NLRs encoded by the same cluster [40].

Most NLRs occur as singletons. A study showed that the Sr35 gene encodes an NLR
receptor that, after recognizing AVRSr35, an Avr protein, conferred near-immunity to
Ug99, the causal agent of wheat blast and stem rust [74,75]. This report supports that in-
teraction between an effector and NLR confers immunity, based on the Avr-R gene-for-
gene interaction model, and helps rapidly control pandemics in bread wheat [76]. One
study using a cryo-electron microscopic structure demonstrated the complex interaction
between S5r35 and the AvrSr35 effector of the stem rust pathogen of wheat [77]. The effec-
tor directly binds to the Sr35’s LRRs and forms a pentameric complex called the Sr35 re-
sistosome. These novel insights into the complex structural interaction helped us generate
novel variants of NLRs of barley and wheat that identify AvrSr35 [77].

7. Future perspectives

Over the years, our knowledge about the molecular mechanisms governing the func-
tion of NLR genes has improved. This progress has been largely driven by the advance-
ment of molecular biology techniques and the availability of high-quality genome se-
quences for both plants and pathogens. The elucidation of these molecular mechanisms
will be critical for the rational design and deployment of novel R genes that can impart
long-lasting and broad-spectrum resistance against diverse pathogens [78]. One of the key
challenges in engineering and deploying novel R genes is to identify the most effective R
gene combinations that can provide durable resistance against various pathogens. For
this, we need to have a complete idea of the molecular basis of R gene function and the
co-evolutionary dynamics between pathogens and host plants [62]. Furthermore, the de-
velopment of R gene-based resistance strategies should be complemented by implement-
ing integrated pest management approaches that can minimize the selection pressure on
pathogens and reduce the likelihood of resistance breakdown. Understanding the molec-
ular underpinnings of R gene function is critical for modifying and deploying novel R
genes that can offer long-lasting and broad-spectrum resistance against various plant
pathogens [79]. As our knowledge of these mechanisms continues to grow, it holds great
promise for the development of innovative strategies to enhance crop protection and im-
prove global food security.

In bread wheat, speciation and domestication occurred remarkably compared to
other crops, as reported in [80]. Bread wheat evolved due to the effect of duplications in
genes, particularly via WGD, during both speciation and domestication processes. De-
spite the diversity bottleneck that newly formed allopolyploids experienced, bread wheat
differs significantly from its diploid progenitors, which formed much earlier than bread
wheat [81]. Compared with the diploid progenitors, bread wheat exhibits broad morpho-
logical variation, occupies more diverse ecological habitats, and is spread over a larger
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area [82]. Recent studies have delivered new insights into the occurrence and conse-
quences of genomic changes induced by gene duplication, particularly whole genome du-
plication. Despite these advances, there remain many opportunities for novel discoveries
in gene duplication and wheat disease resistance research. Addressing the following chal-
lenges will be crucial to advancing this field: (1) identifying novel R genes; (2) the role and
mechanism via which abiotic and/or biotic factors regulate and manipulate these R genes;
(3) comprehending the various mechanisms of gene replication; (4) understanding how
gene duplication affects NLR cluster size and NLR number; (5) understanding how gene
duplication regulates the abundance and sequence variability of NLRs, and (6) exploring
the relationship between gene duplication and potentially neo-functionalized genes.
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Figure 1. Sub-groups of NLR genes based on domain structures.
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ploidy. (B) Tandem duplication through unequal recombination between similar alleles to form a
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gene cluster. (C) Transposon-mediated duplication of a gene associated with transposable elements
(TE repeats) via replicative transposition to form dispersed duplicates.
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