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ARTICLE INFO ABSTRACT

Keywords: The global wheat production faces significant challenges due to major rust-causing fungi, namely
Wheat Puccinia striiformis f. sp. tritici, P. triticina, and P. graminis f. sp. tritici, responsible for stripe, leaf,
Rust

and stem rust diseases, respectively. The evolutionary relationship between wheat (host) and
Puccinia (pathogen) renders existing wheat resistance ineffective over time. The most viable so-
lution to this issue lies in the development of new resistant wheat varieties. However, achieving
this requires a comprehensive understanding of wheat’s defense mechanisms against ever-
evolving pathogens. Transcriptomics emerges as a powerful tool for analyzing gene activity at
the molecular level. Over the last decade, this technique has transformed our comprehension of
the wheat-rust interaction. Transcriptomics has unveiled a compelling "biphasic model" of gene
expression in wheat infected with rust fungi, delineating two distinct phases of defense activation.
Moreover, it has illuminated the intricate signaling pathways, hormonal interactions, and diverse
defense mechanisms employed by wheat. These mechanisms encompass the oxidative burst,
reinforcement of cell walls, and controlled cessation of photosynthesis, all aimed at combatting
the invading pathogen. However, the utility of transcriptomics extends beyond elucidating de-
fense strategies; it enables the identification of novel genes linked to resistance or susceptibility.
By unraveling the functions of these genes, researchers can uncover new avenues for breeding
resistant wheat varieties, arming wheat with the molecular arsenal necessary to prevail in the
ongoing battle against rust fungi. This review represents a pioneering effort in exploring tran-
scriptomic techniques and accumulated data to present a comprehensive overview of the wheat-
Puccinia interaction at the system-wide level.

Resistance
Transcriptomics
Wheat-puccinia interaction

1. Introduction

In wheat Puccinia striiformis f. sp. tritici (Pst), Puccinia triticina (Pt) and Puccinia graminis f. sp. tritici (Pgt) are the major rust pathogens
causing stripe (yellow), leaf (brown) and stem (black) rust, respectively and responsible for frequent and substantial yield losses in
wheat globally [1-3]. All the three rust fungi are obligate parasites, which can cause up to 60 percent loss in yield for leaf or stripe rust
and up to 100 per cent loss for stem rust [4,5]. Wheat being a major staple food crop worldwide, consumed by 30 % of the global
population [6]. It is a vital source of nutrition for humankind and world most traded crop in terms of both quantity of land required and
quality of protein and calories, accounting for almost 20 % of the world total energy intake [7]. Since wheat was among the first crops
to be domesticated, it has undergone over 10,000 years of selection and breeding advancements [8]. Even with a lengthy history of
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breeding and agronomic practices, there are still many scientific and technological obstacles in breeding rust resistant wheat cultivars
in the way of meeting the need for efficient wheat production.

Plant resistance (R) genes and complementing pathogen avirulence (Avr) genes interact gene for gene to govern resistance. A
hypersensitive response (localised form of programmed cell death) and systemic acquired resistance (activating defence responses in
uninfected parts) are the host-resistant reactions that are triggered as a result of Avr-R interactions. Genetic resistance has been
identified as the most practical, cost-effective, long-term solution for reducing wheat rust outbreaks among the available techniques.
But wheat cultivars frequently lose their intrinsic resistance to rust after just three to five years of field usage due to high genetic
diversity of Puccinia that forms multiple races with varied degrees of pathogenicity [9] and this enhanced virulence undermines
already-existing plant resistance [10]. Therefore, it is crucial to comprehend the wheat defence response mechanism against the rust
pathogen in order to produce innovative resistant cultivars by artificial breeding. Plants, unlike animals, lack an adaptive immune
system. However, they have evolved a sophisticated defense system to combat pathogen infection. This defense system relies on a
complex interplay between genes and their products. When a plant detects a pathogen, a cascade of signalling events is triggered.
These signaling events lead to the upregulation of a large number of genes. The upregulated genes encode proteins that play a variety of
roles in plant defense, including: pattern recognition receptors (PRRs), signal transduction proteins, pathogenesis-related (PR) pro-
teins, transcription factors (TFs) and hormone biosynthesis genes [11].

These intricate interactions between wheat and Puccinia cannot be fully understood by the conventional biochemical and genetic
experimental approaches. A potent method for identifying differentially expressed genes (DEGs) connected to virulence factors and
regulatory processes that drive fungal disease as well as the host defence systems to repel the invasion is to monitor infection-linked
transcriptome modifications [12]. One of the earliest approaches was microarray technology to quantify transcript abundance. The
arrival of RNA sequencing (RNA-Seq) using next generation sequencing techniques transformed gene expression studies [13]. Over the
past ten years, transcriptome approaches have been increasingly valuable in unlocking the fundamental puzzles surrounding the
wheat-rust interaction. Currently, transcriptomics is experiencing a golden age as researchers use it to effectively study interactions
between plants and pathogens all over the world [12]. Hence, this review is devoted to summarise the system level information that
transcriptomics revealed about the wheat-Puccinia relationship.

2. Wheat-Puccinia interactions
2.1. Puccinia as a fungal pathogen
Puccinia infection starts when uredospore comes in contact with a film of water (Fig. 1A), absorb water, engorge (Fig. 1B) and

develop germ tubes (Fig. 1C) [14]. Thigmotropic response regulates the formation of germ tubes, which grows on the leaf surface until
a stoma is encountered for penetration [15]. At the stomatal aperture, protoplasm flows in the direction of the tip to create an

Fig. 1. Schematic representation of infection process Puccinia infection on wheat. A) The dikaryotic uredospore lands on the wheat leaf surface. B)
The spore enlarges by absorbing dew on the leaf surface C) Later, germinates to produce a germination tube and elongates to reach stomatal
aperture. D) Near stomata, the tip of the germination tube enlarges to form an appressorium. E) It enters the leaf interior by forming infection thread
through the stoma F) Then, it differentiates into a substomatal vesicle. G) From there, it forms primary infection hyphae and proliferate inter-
cellularly and forms haustorial mother cell which penetrates mesophyll cell wall to form the haustorium.
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appressorium that covers the opening (Fig. 1D) [14]. A penetration peg starting from the appressorium pushes via stoma (Fig. 1E).
Then, the fungus develops a substomatal vesicle in intercellular space and an infection hypha begins to grow inward from the sub-
stomatal vesicle towards the mesophyll cells (Fig. 1F) [16]. A septum arises behind the tip to separate the haustorial mother cell upon
contact with a mesophyll cell. As seen in Fig. 1G, host cell penetration begins with the establishment of a penetration peg within the
host and the haustorial mother cell. This is followed by the formation of a haustorium (fungal feeding structure) inside the host cell.
Further, an extra-haustorial membrane (host plasma membrane derivative) firmly envelops the haustorium that keeps the haustoria
isolated from the host cytoplasm even after the host cell wall is damaged [17]. The extra-haustorial membrane is believed to be the
interface where the fungal modification of host cell metabolism to establish and maintain parasitic relationship with host [18,19].

2.2. Wheat as a host plant

In turn, host plants have evolved sophisticated defense mechanisms to combat pathogen invasion, including blocking the pathogen
entry and activating various defense responses [20]. This defense mechanism can produce cytoplasmic, cellular, or histological
structures and biochemical responses. The plant immune response consists of two arms that activate the induced defence:
PAMP-triggered immunity (PTI) and effector-triggered immunity (ETI) [21]. In PTI, pathogen-associated molecular patterns (PAMPs)
are recognised by cell membrane-based pattern recognition receptors (PRRs) [22]. Conversely, ETI acts within the cytoplasm, where
the effector molecule is identified by the host plant cell R gene protein. This recognition sets off signalling pathways that cause the host
cell to develop hypersensitive response (HR) and initiates systemic acquired resistance (SAR) [23]. Furthermore, SAR induces several
signalling pathways including mitogen activated protein kinase (MAPK), calcium dependent protein kinase (CDPK), salicylic acid (SA),
jasmonic acid (JA), ethylene, abscisic acid (ABA) which elicit various plant defense-related mechanisms such as oxidative burst with
rapid increase in reactive oxygen species (ROS) and reactive nitrogen species (RNS) production that results in HR, cell wall fortification
by lignin and callose deposition and release of various defense-related phenolics such as phytoalexin, phenolic metabolism enzymes
and PR proteins [11]. The synchronistic nature between host and pathogen side by side suggests that both have been evolving together.

3. Transcriptomics for wheat crop development

Quantifying the level of gene expression under various experimental settings and identifying variations in the expression of
transcripts, including mRNAs, small RNAs and non-coding RNAs are the primary goals of transcriptomics. It can be classified into three
primary kinds based on the methodologies employed to identify multiple gene transcriptional changes: hybridization-based,
sequencing-based, and polymerase chain reaction (PCR)-based techniques. Among the earliest approaches, differential displayed-
reverse transcriptase PCR (DD-RTPCR) and cDNA amplified fragment length polymorphism (cDNA-AFLP) were used to quantify the
transcript abundance. The introduction of microarray technology revolutionised the field of gene expression investigations, but it was
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Fig. 2. Schematic representation of steps involved in transcriptomic studies by RNA Seq.
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later surpassed by RNA sequencing (RNA-Seq) whose experimental methodology is shown in Fig. 2. Apart from the enhanced sensi-
tivity, exploration of novel transcripts, non-coding RNA and alternative splicing studies made possible by high-throughput sequencing.
Simultaneous investigation on host and pathogen transcriptome research is now possible because of the introduction of dual RNA-Seq.
Recently, single-cell RNA-Seq has enabled sensitive and accurate transcriptional profiling at single-cell and single-nucleotide reso-
lution, revolutionising transcriptome analysis. The advantages and disadvantages associated with these techniques were summarised
in Table 1.

In the last decade, transcriptome techniques emerged and played a significant role in unlocking the fundamental secrets of wheat-
rust interaction. Among these [24], conducted a gene expression profiling study using DD-RT PCR to determine the wheat resistance
mechanism against yellow rust, where they cloned and sequenced 39 bands that were differently expressed out of 60 bands and
quantitative real-time PCR (qRT-PCR) further validates those genes expression. Similarly, Jha [25] used DD-PCR to unravel the genetic
mechanism of Lr28-based resistance to leaf rust in wheat. A similar kind of study by Wang et al. [26] used cDNA-AFLP technique that
identified 2437 transcript-derived fragments (TDFs) with altered expression patterns in resistant wheat cultivar against Pst. Initially,
the application of cDNA-AFLP was limited in wheat transcriptome analysis. However, with the introduction of an Affymetrix wheat
gene chip, this technique is now a potent tool for analysing the wheat transcriptome. Recently, a comparative transcriptomic study
using wheat gene chip in yellow rust inoculated near isogenic lines (NIL) for Yr5 identified 61 HR-specific transcripts, 54 basal defense
transcripts and 19 biotrophic interaction specific transcripts to be induced in an incompatible interaction [27]. Similar to this, Fofana
et al. [28] used cDNA microarray to study time-frame-based gene expression profiling of Pt infected wheat, demonstrating variations in
defence pathways in Lrl NILs. In case of next-generation sequencing (NGS) platforms, Illumina technology is gaining popularity for
transcriptome studies due to its power of vast read depth and pair read technology. Deep sequence coverage has a significant role in
gene discovery and gene expression analysis [29]. Liu et al. [30] reported a significant change in the differentially expressed genes
(DEGs) in wheat inoculated with Pst using Illumina HiSeq platform and found to have 13892 DEGs at 24 h post-inoculation (hpi),
10195 DEGs at 48 hpi and 12268 DEGs at 72 hpi compared to 0 hpi. More recently, with a focus on the small RNA fraction from wheat
plants infected with the wheat stem rust fungus, Mueth and Hulbert [31] conducted dual host-pathogen small RNA sequencing where
they created small RNA libraries from infected and mock-infected plant tissue and sequenced using Ion Torrent platform.

4. Insights from transcriptomic research in wheat

Generally, infective uredospores germinate on wheat leaf surface during the invasion phase, forming a germ tube within 12 hpi
[43]. After the germ tube penetrates the stoma, a substomatal vesicle is produced within 8-12 hpi, and by 16 hpi, infection hyphae and
haustorial development have taken place in both compatible and incompatible interactions [44]. However, there were significant
variations in fungal growth and development in susceptible and resistant cultivars after fungal penetration (16-24 hpi). The host
tissues of susceptible cultivars were quickly colonized by Puccinia intercellularly, and a large number of haustoria developed in the
neighbouring host cells. In contrast to the compatible interaction, the incompatible relationship resulted in a considerable decrease in
the quantity of haustoria and the density of intercellular hyphae, as well as hypersensitive cell death in the host cells [45]. Hence, the
resistance to rust in wheat is reported to be post-haustorial [26,46]. However, fungal pathogen pre-penetration induction of
defense-related transcripts were also reported [47,48]. Further, the transcriptomic studies revealed that the response of wheat plant
soon after Puccinia infection in compatible and incompatible interactions differ quantitatively but not qualitatively up to the point of
penetration [49]. Accordingly, Wang et al. [26] demonstrated that in Suwon 11 (wheat cv.) challenged with either Pst-CYR23
(avirulent) or Pst-CYR31 (virulent), a significant fraction of TDFs (63 %) were shared in both interactions and were categorised as basal
defense-related genes in a comparative gene expressions study. 51 genes that are often activated in both compatible and incompatible
interactions between wheat and Pst were also identified by Ref. [27]. In case of NILs differing in the presence of resistant genes showed
minor differences at early infection stages. However, in contrast to susceptible lines, the resistant lines displayed induction of many
defense response-related genes [50]. Greater levels of defence readiness prior to pathogen infection are suggested by the higher basal
level of transcripts, especially those implicated in pathogen detection, downstream signalling and defence mechanisms in NILs with or
without resistant genes. This may be essential to "R" gene-mediated resistance. According to reports, these variations in the baseline
expression of defense-related genes support the resistance mediated by Sr24 [50], Yr10 [51] and Lrl [52] genes against Pgt, Pst, and Pt
infection, respectively.

4.1. Understanding molecular signalling pathways in wheat-Puccinia interactions

4.1.1. Early signalling pathways

MAPKs are among the many protein kinases that have been connected to the signal transduction pathways that control defensive
reactions upon pathogen recognition [53]. MAPKs are present in nucleus, cytoplasm and cell membranes which regulate various
biological functions by phosphorylating specific molecules viz. transcription factors, other kinases, regulates cell proliferation, dif-
ferentiation, apoptosis and immune responses. In eukaryotes they direct many of stimuli like osmotic stress, pathogen infection, heat
shock, cell survival, apoptosis etc [54,55]. The MKP1 gene transcripts that interacts with 20 distinct MAPKs were stimulated during the
wheat-Puccinia interactions [26] and this cascade further modulates the expression of WRKY transcription factors that mediates plant
immunity against rust pathogen [56]. Gene ontology of the interaction-derived transcriptomic data revealed upregulation of MAPK
signalling against Pst [30]. Further, the higher expression levels of these genes during incompatible interactions (Lr28-mediated)
compared to compatible interactions at early infection stage (12-24 hpi) revealed their importance in early pathogen detection and
signalling to activate defense mechanisms against Puccinia [57], which was also supported by Dorostkar et al. [58] in Sr24-mediated
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Table 1
Comparison of various techniques in transcriptions studies.
Technique Methodology Advantages Disadvantages References
1 PCR-based methods
la  Differential o It involves PCR amplification of o Rapidity, simplicity, and e Rare transcripts are not [32]
Displayed-Reverse cDNAs using a set of oligonucleotide sensitivity. identified.
Transcriptase PCR primers. e Able to discern up-regulated e False positive results during
(DD-RTPCR) e One is short and arbitrary in and down-regulated genes in band elution.
sequence, annealing at varied places multiple samples. e Contamination from the
in relation to the first primer, while e Requires relatively minute adjacent bands results in
the other is linked to the poly-A tail quantities of starting overlapping expression
of mRNAs. material. patterns.
e Cloning, sequencing and e Prior information of the
characterization of differentially genome is not necessary.
expressed bands.
1b  Quantitative Real- SYBR Green fluorescent dye: e Rapidity, simplicity, and e A limited number of biological [33]
time PCR (qRT-PCR) o It attaches itself to double-stranded sensitivity. samples can be examined
DNA, allowing for the measurement e Overcoming limitations e Requirement of the nominal
of the PCR amplicons that remain associated with conventional amount of starting material
after each amplification cycle. reverse transcriptase-PCR
e The amount of beginning template
has a positive correlation with the
cycle at which PCR enters log-linear
amplification.
TagmanTM system:
e In this technique, three
oligonucleotides are utilized to
enumerate each sequence.
e Two sequences are the primers, and
the third (probe) is designed to
hybridize specific to the amplified
sequence.
1c  cDNA Amplified e It involves digestion by two e Enables a quick search of all e Since each primer combination [34]
Fragment Length restriction enzymes followed by genome polymorphisms. results in a large number of
Polymorphism ligation with adaptors. e Does not need the creation of bands with varying intensities,
(cDNA-AFLP) e Then, a mix of short oligonucleotide probes or previous sequence the analysis must choose a
primers extends restriction information. specific set of bands.
fragments are extended by PCR
amplification.
e Consequently, amplified restriction
fragments will only be those whose
restriction site nucleotide sequence
coincides with the primer selective
nucleotide sequence.
2 Hybridization methods
2a  Suppression o After hybridising the driver (normal e Need for small amounts of e Only two samples can be [35]
Subtractive c¢DNA) and tester (differentially sample materials. evaluated in one assay
Hybridization (SSH) expressed transcript) cDNAs, the o Excellent success rate in
hybrid sequences are eliminated. identifying rare genes.
e As a result, the genes represented by e Greater specificity.
the remaining unhybridized cDNAs
are expressed in the tester but not in
the driving mRNA and are further
enriched by PCR.
2b  Microarray analysis Oligo microarray: e Array specificity and e Restricted to species with [36]
o Either oligonucleotides or PCR- reproducibility. genome sequence information
amplified cDNA microarrays are e Rapid technique, provides o Relatively low throughput and
printed robotically on a glass slide. the information for thousands costly and not used in
Subsequently, the labelled cDNA of genes at a time quantitative analysis
populations with distinct fluoro-
chromes are hybridised
simultaneously.
Affymetrix gene chip microarrays:
e Gene chip microarrays are
hybridised using chip with only DNA
sequence. And uses in-situ oligonu-
cleotide synthesis or
photolithography.
3 Sequencing-based methods

(continued on next page)
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Table 1 (continued)

Technique Methodology Advantages Disadvantages References
3a  Large-scale cDNA e EST is a unique, unedited, short, e No necessity of prior e Exorbitant for sequencing of [37]
sequencing/ single sequence produced from the 5’ sequence information of the whole cDNA libraries of an
Expressed sequence or 3’ end of ¢cDNA libraries that have transcripts. organism
tag (EST) been randomly chosen from target e Consistently finds hundreds
cells. of new genes encoding
o These DNA sequences solely codes proteins.
for gene coding region.
3b  Serial Analyses of o Here, the two linker fragments with e Extremely sensitive for e Error may occur, when two [38]
Gene Expression Type IIS restriction endonuclease identifying new genes distinct genes share the same
(SAGE) recognition sequence and primer without known sequence tag or when a single gene is
binding sites were ligated to information and transcripts alternatively spliced and has
restriction-digested cDNAs with low abundance. distinct tags at the 3’ ends.
e Following PCR amplification, these o A fraction of mRNAs may be lost
two sets of cDNAs are ligated to due to lack of enzyme
create a "ditag" with linkers on both recognition site.
ends, which is subsequently
concatenated, cloned, and
sequenced.
3¢ Ultra-High e Transcriptomic studies using next- o Highly effective in cutting e High price required [39,401]
Throughput RNA generation sequencing technologies down the time needed to [29]
Sequencing (UHTS) like Roche 454, Illumina, and ABI analyse several samples.
SOLiD (Sequencing by Oligo Liga- o Identification of low-
tion and Detection) at the nucleotide abundance genes, alternative
level. Also known as RNA-Seq. splice transcripts, and novel
genes
3d  Dual RNA Sequencing e Dual RNA sequencing makes use of e Simultaneously capture e Pathogen mRNA usually [41]
next generation sequencing enabled genome-wide transcriptional constitutes a small portion of an
RNA-Seq techniques that simulta- changes of both pathogen and infected cell RNA sample that
neously capture genome-wide tran- host at the same point of time results in poor sequence
scriptional changes of infecting recovery.
pathogen and host cells
3e Single Cell RNA o Single-cell RNA offers a greater e Makes it possible to e Does not reveal the stage at [42]

Sequencing resolution of the interactions, accurately identify and
enabling an examination of the measure transcript isoforms.
makeup of the host cells and how o To assess gene expression
they react to infection. even when there is little RNA
present, as in the case of

single cells.

which the pathogen is infecting
host cells.

resistance against stem rust in wheat. However, in later stages (>72 hpi) there will be downregulation of these genes due to the excess
effectors secreted by Puccinia at late infection stages, which interrupts MAPK signalling and was evident by the suppression of
resistance response in wheat cv. FLW29 against Pst [59].

Apart from MAPK, plants possess an extensive array of Ca®" sensors, including CDPKs, calmodulins (CMLs) and calcineurin B-like
protein (CBLs), which are crucial for PTI and ETI processes [60-62]. Among them, CDPKs are thought to be vital promoters of plant
innate defence responses [63]. In reaction to pathogen infection, CDPKs can detect changes in cytosolic Ca®* levels and phosphorylate
their target proteins. The expression of genes associated to defense is caused by these phosphorylated proteins by connecting
downstream signalling pathways. Accordingly, Mir et al. [59] hypothesised the seedling stage stripe rust resistance as a result of
elevated CDPK gene expression. These transcripts encode CDPK that phosphorylates the plasma membrane NADPH oxidase which
controls the generation of ROS resulting in a resistant phenotype during Pst infection [59]. In addition to CDPK, genes encoding
calcium sensor proteins, such as CMLs and CBLs, were shown to exhibit differential expression across NILs after Puccinia infection [59].
By raising Ca" concentrations in the cytosol, CML contributes to the wheat-Puccinia interaction as they regulate cellular signalling
cascades, cell wall strengthening and HR [64]. Moreover, calcium influx triggers MAPK cascades, which encourage stomatal closure to
prevent pathogen entrance into leaves [65]. In this context, Dorostkar et al. [58] reported the upregulation of gene encoding EF
domain protein which is involved in CML pathway in resistant wheat cultivar (AT349) challenged with Pt. Furthermore, the previously
stated DEG may be involved in the recognition of pathogen based on its relationship with the C-type lectin receptor signalling pathway.
Since p-Glucan is a dominant polysaccharide found in the fungal cell wall [66], this route is responsible for initiating the defensive
response. As a component of the signalling cascade, this gene has been linked to CML, which in turn may drive cell differentiation and
shield it from the leaf rust infection. Additionally, the integration of this gene with the MAPK signalling pathway is accomplished by
CML4, which activates MAPK and promotes the negative control of ROS buildup while preserving cell homeostasis [58].

4.1.2. Hormonal signal transduction

SA is essential for plant immunity including SAR and local defence against Puccinia [51,67] as evident by the greater endogenous
levels of SA in resistant cultivars than susceptible ones [68]. SA specifically acts as a pre-activated defense response and the related
genes like phenylalanine ammonia-lyase (PAL) encoding genes that are involved in SA biosynthesis were upregulated even at 0 hpi in
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resistant cultivars [51]. Further, SA receptor NPR1 and SA-activated PR genes encoding PR proteins PR1, PR2, and PR5 [69], also
exhibited a similar transcription profile to PAL in Yrl0-mediated resistance against Pst [51]. Similar kind of increased PAL gene
expression was reported in Sr24-mediated resistance against Pgt [50]. Additionally, in susceptible genotypes to leaf rust, DEGs
implicated in SA-mediated signal transduction were dramatically knocked down, showing their significance in displaying rust resis-
tance [58]. Interestingly, Puccinia-induced SA signalling showed an antagonistic action on JA signalling in wheat [51]. In contrast to
SA biosynthesis genes, the genes encoding jasmonate resistant protein 1 (JAR1), fatty acid desaturase (FAD), allene oxide cyclase
(AOC) and lipoxygenase (LOX) that are crucial in JA biosynthesis were neither up-regulated nor down-regulated and showed similar
kind of expression in resistant and susceptible reactions in wheat-Puccinia interaction [51]. However, there were reports of overex-
pressed JA-related genes like plant defensins (PDF1.2), ethylene responsive factor (ERF), PR5 and PR10 in inoculated resistant cul-
tivars [58,59] but, the magnitude of transcriptional peak was not great as SA-induced PR genes [51]. Hence, SA-mediated defence
system is the primary signalling pathway against Puccinia, despite the upregulation of JA-responsive genes. Furthermore, recent in-
vestigations by Mir et al. [59] reported null expression of auxin-related genes with upregulated SA pathways at early infection stages
during Pst infection where the auxin and SA pathways also operate in an antagonistic manner with one another during plant defense
[70].

In addition, ethylene can also stimulate the production of defensive compounds and promote the activity of other defense hormones
like JA and SA. In this line, Liu et al. [30] found the down-regulated DEGs in cysteine and methionine metabolism that were related to
ethylene pathways and suggested that the mechanism of susceptibility of wheat cv. CY12 to Pst as the effect of ethylene pathway
suppression as shown in Fig. 3. It was also found that the RNA helicase involved in ethylene-influenced gene expression [71] was
specifically induced in resistant reaction against Pst [26] and Pt [58]. Similarly, another ethylene-responsive gene encoding EFR
proteins was highly expressed at 72 hpi in resistant wheat cultivar challenged with Pst [72] and Pgt [50], indicating ethylene
involvement in the defense mechanism against rust. More interestingly, ABA that found to provide a positive signal in defense re-
sponses against other pathogens, such as P. irregular [73] have a negative influence on resistance to rust pathogen. In this context,
Wang et al. [26] reported the upregulation of gene encoding phosphatase type 2C protein that acts as a negative regulator of ABA
responses in resistant genotype against Pst. Similarly, Ton et al. [74] also observed, ABA enhancing vulnerability to rust pathogen by
undermining SA-dependent defense in wheat. Thus, an interplay between SA, JA and ET signalling pathways is a crucial element to
refine the defense activation against rust pathogen.
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4.2. Identification of genes involved in wheat defense mechanisms

4.2.1. Positive feedback of ROS and RNS

Plant cells that participate in the HR release an enormous amount of reactive oxygen species (ROS) like hydroxyl radicals, hydrogen
peroxide and superoxide anions which contribute to an oxidative burst [75]. Similarly, it has been demonstrated that reactive nitrogen
species (RNS) such as nitrous oxide (N20O) and nitric oxide (NO) also contribute to plant defence mechanisms against disease caused by
biotrophic pathogens and influence HR as well as primary defence [76]. In the studies involving transcriptomic profiling showed the
upregulation peroxidase and peroxisomal membrane protein encoding genes at 12 and 24 hpi, respectively, that are essential for ROS
production [77,78] in a resistant wheat cv. Suwon11 against Pst-CY23 [26]. At the later stage of infection (48 hpi), the transcript level
of plasma membrane-localized NADPH oxidases was significantly up-regulated in the Yr10-mediated resistance pathway, suggesting
the cruciality of these enzymes in ROS generation and enhanced wheat resistance to rust [51,79,80]. Similarly, in response to Pst, HyO2
accumulation was detected in host guard cells as early as 6-8 hpi [81] and also observed in wheat mesophyll and stoma cells in the
later stage of infection in resistance interaction with rust [68]. Also, Singh et al. [82] and Vishwakarma et al. [50] reported ROS
production as major defense mechanism in Lr28 and Sr24-mediated defense mechanism against leaf and stem rust respectively.
Regarding RNS, NO serves as a crucial signalling compound in controlling uredospore germination during wheat-rust interaction and
requires NO synthase activity for endogenous NO production in resistant plants [83]. By using RT-PCR investigations, Wu et al. [51]
discovered higher nitric oxide synthase 1 enzyme transcript levels in the resistant reaction against Pst-CYR32 at four distinct time
periods (24, 48, 72, and 120 hpi). The NO works synergistically with ROS and balance of NO and ROS levels can affect wheat resistance
to rust [83]. Additionally, NO can activate SA-dependent gene expression [84].

4.2.2. HR as hallmark of resistance

The perception of rust fungus by wheat will result in a programmed cell death bought by oxidative burst and other defense related
compounds in order to limit and combat the Puccinia infection in resistant cultivars [85]. The transcriptomic analysis of relative
defense gene expression in the incompatible reaction revealed rich diversity in HR-specific transcripts that are involved in both basal
and R gene-mediated immunity that differentiates them from susceptible ones [27]. The induction of genes encoding peroxidase
enzyme triggers subsequent NADPH oxidase-mediated ROS production [86] which contributes to the hypersensitive phenotype in the
resistant reaction against Puccinia [27]. Further, the nucleases and chromosome condensation factors were involved in the apoptosis of
neighbouring cells that were adjacent to the first dying cells in the HR by endo-nucleolytic cleavage and chromosome condensation.
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The transcripts of these genes were enhanced in Yr5-mediated resistance to Pst [27]. Additionally, during an incompatible interaction,
the oxidative burst induced HR-specific structural proteins (proline-rich) of the primary cell wall were involved in cell wall
strengthening [87,88] and these proteins were reported to be successful in limiting Pst penetration [27]. Also, Vishwakarma et al. [50]
reported the upregulation of genes encoding phosphoinositide specific phospholipase and lipoxygenase which are involved in HR
signalling in Sr24-mediated resistance against Pgt.

4.2.3. Cell wall reinforcement as an active resistance mechanism

In order to provide a physical barrier that limits pathogen infection, lignin tends to accumulate at the locations of pathogen in-
vasion. This compound can strengthen cell wall and give mechanical strength [89]. Additionally, it stops the pathogen from obtaining
nutrients and water from the plant, which limits the pathogen ability to proliferate and spread [90]. An essential enzyme involved in
the production of lignin is caffeineyl-CoA O-methyltransferases (Fig. 4). It is particularly crucial in the formation of plant cell wall
ferulic esters, which are essential for reinforcing the cell wall during the induced disease resistance response. Incompatible interactions
with Pst [26] and Pgt [50] have been shown to trigger the genes encoding this enzyme at 24 hpi and peak at 48 hpi. There have also
been reports of induction of other lignin biosynthesis genes, such as genes encoding dirigent-like proteins and cinnamonyl alcohol
dehydrogenase (CAD) in the incompatible relationship compared to compatible interaction [27]. Further, Liu et al. [30] reported the
loss of resistance and successful invasion of Pst in susceptible wheat cv. CY12 with down-regulated DEGs in the phenylpropanoid
metabolism pathway, which led to a decrease in lignin biosynthesis. In addition to lignification, the resistant plants defend against rust
fungal entry by modification of plant cell wall by the deposition of callose [91]. Callose is a polysaccharide present in the specialized
cell walls. Thickenings of cell wall is seen at site of pathogen infection and forms a physical barrier to avoid pathogen invasion [92]. In
one study, there found an enhanced expression of gene encoding callose synthase 12 in resistant genotype than the susceptible ge-
notype against Pt [93].

4.2.4. Reduced photosynthesis as an indirect resistance mechanism
Photosynthesis supplies the raw materials and energy required for a wide variety of physiological metabolic activities and is
intricately connected to plant defence response [94]. According to studies [95,96], photosynthesis could play a role in wheat defence
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Fig. 5. Schematic representation of various signalling pathways and resistance mechanisms in wheat in response to Puccinia infection. During
infection process, the pathogen is sensed by the pattern recognition receptors (PRR) or recognised by R proteins. It activates early signalling
pathways involving mitogen associated protein kinases (MAPK) and Calcium dependent protein kinases (CDPK). MAPK enhances defense related
transcription factors (TF) while the CDPKs enhances reactive oxygen (ROS) species production which in turn enhances reactive nitrogen (RNS)
species production. The signal transduction results in enhancement of secondary signal molecules like salicylic acid (SA), ethylene (ET) and down
regulation or no change in the genes involved in jasmonic acid (JA) and abscisic acid (ABA) production. Also, reduced photosynthesis and
developmental process in response to Puccinia infection.
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reaction against rust pathogen. The effector proteins produced by Puccinia have the ability to decrease photosynthesis and prevent the
generation of ROS produced from chloroplasts in susceptible genotypes [97] whereas, resistant wheat genotypes can proactively adjust
photosynthetic changes to minimise pathogen infection [98]. Early in the defense reaction to Puccinia, wheat plants seem to turn off
photosynthesis locally by reducing gene expression related with photosynthesis. This reduction was brought about by a change in the
host metabolism in addition to the removal of the green, photosynthetic leaf area during HR. The research by Hao et al. [99] made this
conclusion quite clear when it was reported that no enrichments of photosynthesis were found at 24 or 48 hpi, but the genes encoding
photosynthesis II assembly, light harvesting system and photosynthetic electron transport in photosystem I were enriched at 120 hpi.
Therefore, it has been documented that photosynthesis influences the defense mechanisms elicited by Puccinia infection in wheat
plants. Similarly, Liu et al. [30] found that the DEGs involved in photosynthesis and carbon fixation pathways were down-regulated in

Table 2

List of candidate DEGs identified through qRT-PCR in wheat-rust interaction.
Candidate genes Peak (hpi) Cultivar Regulation Pathogen Role
UDP-glucosyltransferase 24 S + Pst Flavonoid biosynthesis [30]
Tricetin 3',4',5"-O-trimethyltransferase 24 S + Pst Methylation of tricetin [30]
Ferredoxin 24 S + Pst Redox regulation [30]
30S Ribosomal protein S17 168 S + Pst Protein synthesis [30]
Chalcone synthase 2-like protein 168 S + Pst Flavonoid biosynthesis [30]
Metallothionein 0,72 S + Pst Ton homeostasis [30]
SRG1- like protein 24 S + Pst Nitric oxide bioactivity [30]
GDSL esterase/lipase 72 S + Pst Lipolytic activity [30]
Trypsin inhibitor 120 S + Pst Inhibition of protease activity [51]
4-Hydroxyphenylpyruvate dioxygenase 120 S + Pst Tyrosine metabolism [51]
Nitric oxide synthase 1 120 R + Pst Oxidative burst [51]
WRKY transcription factor 72 R + Pst Activation of defense genes [51]
Thiopurine S-methyltransferase 24, 48 R + Pst Alters redox capacity of cells [51]
Ferritin 72 R + Pst Ton homeostasis [51]
Leucine Rich Repeat family protein 12 R + Pst Pathogen recognition [26]
CBL-interacting protein kinase 12 R + Pst Ca-dependent signalling [26]
Serine/threonine Kinase 12 R + Pst Pathogen recognition [26]
Ethylene-responsive RNA helicase 12 R + Pst ET-dependent signalling [26]
Protein phosphatase type 2C 12 R + Pst Negative regulator of ABA [26]
Caffeoyl-CoA O-methyltransferases 48 R + Pst Lignin biosynthesis [26]
Peroxidase 12, 24 R - Pst ROS scavenging [26]
Peroxisomal membrane protein 12, 24 R - Pst ROS scavenging [26]
Wheat PR-5-like protein gene 24, 48 R + Pst Antifungal PR protein [26]
MKP1 12 R + Pst Signalling pathway [26]
ABC transporter C 10 36 R + Pt Stress responsive [93]
Callose synthase 12 24 R + Pt Cell wall strengthening [93]
Coatomer alpha subunit 16 R + Pt Vesicular trafficking [93]
Cysteine-rich RLK 10 8,16 R + Pt Pathogen recognition [93]
Disease resistance protein RPM1 72 R + bt Effector recognition [93]
E3 ubiquitin-protein ligase UPL6 24 R + Pt Post-transcriptional modification [93]
LRR-RLK EFR 48 R + Pt Pathogen recognition [93]
MAP kinase 24 R + Pt Signalling pathway [93]
Potassium transporter 18 24 R + Pt Signalling/Cellular homeostasis [93]
Receptor-like protein kinase 24 R + Pt Pathogen recognition [93]
Wall-associated kinase 4-like 20 R + Pt Pathogen recognition [93]
Cell division cycle 5 like protein 16, 36 S + Pt Pre-RNA processing factor [93]
Molybdenum cofactor sulfurase 16 S + Pt Enhance enzymatic activity [93]
Calmodulin transcription activator 48 S + Pt Signalling pathway [93]
Beta-fructofuranosidase 48 R + Pst Hydrolyse p-glucans [99]
Thaumatin-like protein 24 R + Pst Pathogenesis related protein [99]
Beta-1,3-glucanase 24 R + Pst Hydrolyse p-glucans [99]
Cell wall-associated hydrolase 24 R + Pst Fungal wall degradation [99]
Class I chitinase 24 R + Pst Hydrolyse chitin [99]
Glutathione S-transferase 2 24 R + Pst Detoxification [99]
root peroxidase 48 R + Pst ROS production [99]
Ribonuclease 1 24, 48,120 R - Pst Pathogenesis related proteins [99]
3-beta-hydroxysteroid-dehydrogenase 24,120 R —+ Pst Plant growth and development [99]
lipoxygenase 1 120 R + Pst Cell wall strengthening [99]
Thiol methyltransferase 2 24 R - Pst Methylation of glucosinolates [99]
ATP synthase subunit alpha 24, 48,120 R - Pst Energy generation [99]
Protein WIR1A 48 R + Pst Defense-related protein [99]
Pathogenesis-related 5 24 R + Pst Pathogenesis related protein [99]
NAD(P)H oxidoreductase 1 48 R + Pst Metabolic activity [99]
Pathogenesis-related protein 1 24 R + Pst Pathogenesis related protein [99]
Class III peroxidase 24 R + Pst Pathogenesis related protein [99]
Peroxidase 12 24 R + Pst Pathogenesis related protein [99]

Where, hpi-hours post inoculation; S- susceptible; R-resistant; + upregulated; - downregulated.
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wheat (CY12) after being inoculated with Pst-CYR34 at 18 and 48 hpi. The downregulated DEGs include genes encoding ribulose-1,
5-bisphosphate carboxylase-oxygenase, photosystem I and II proteins, photosynthetic electron transport, F-type ATPase,
photosynthesis-associated protein (D1), cytochrome B6-F complex, nicotinamide adenine dinucleotide phosphate dehydrogenase and
chlorophyll A-B binding proteins [30,58]. However, the specific effects of wheat rust on PS I and PS II are still unknown. Furthermore,
the R-genes were also anticipated to exert their resistance effect by modifying photosynthesis which was well documented in Y736,
Lr28 and Sr24 mediated resistance against stripe, leaf and stem rust respectively [50,58,100]. The various signalling pathways and
resistance mechanisms in wheat in response to Puccinia infection is summarised in Fig. 5.

5. Differential gene expression analysis

The post-infectional changes in the wheat is dynamic and differs qualitatively and quantitatively with time after infection in order
to combat Puccinia infection. Baseline evidence to this is revealed by the infection-monitored gene expression profiling which showed
the transcriptomic reprogramming (upregulated or downregulated) in wheat plants upon infection by all three kinds of rust [50,51,58,
101]. The time frame-based analysis of transcript accumulation in resistant and susceptible cultivars showed a biphasic response in
wheat against Puccinia. In which, a transcriptional peak was observed at an early stage of 12-24 hpi [27,50] reflecting the activation of
defense response against Puccinia at early infection stage. After this peak, there will be a sharp decline (48-72 hpi) in the transcripts
that were differentially expressed earlier [26,102], followed by another increase from 72 to 168 hpi [30]. The rust fungi produce a
large number of proteins from the haustoria into the extra-haustorial matrix during establishment in host, of which a portion of
proteins were further carried into the host cell [103]. These proteins presumably allow pathogen to get nutrients and avoid host
defense in order to infect host cells [104] and also believed that will rewire the host defense mechanisms in the plant cytoplasm which
appeared as decreased host response/DEGs at 48-72 hpi [26] but sustained defense response with co-ordinated modulation of gene
expression at late stages [50]. A similar kind of upward peak was observed by Liu et al. [30] at 24 hpi and 72 hpi with downward peak
at 48 hpi and 160 hpi against Pst race CYR34. Several other studies were also shown similar pattern of transcript accumulation at early
and late infection stages against Pt [52] and Pgt [50]. The list of some important candidate genes identified and validated through
qRT-PCR were listed in Table 2 by different studies.

5.1. Functional analysis of the DEGs

Gene Ontology (GO) categorization was employed to classify the functions of the predicted coding sequences (CDS) based on gene
product characteristics within three primary domains: biological processes, molecular functions and cellular components. Within the
biological process domain, cellular processes emerged as the most prominent group in Puccinia-infected wheat samples. Other notable
DEGs in infected samples were associated with metabolic and signaling processes. For the cellular component domain, the largest
groups were identified in the cytoplasm, membrane and organelle categories [72,93,102]. Meanwhile, DEGs linked to molecular
functions exhibited significant activity in ion binding, organic cyclic compound binding, heterocyclic compound binding, catalytic
functions, electron carrier activity, nucleic acid-binding transcription factor activity, transporter activity, and structural molecule
activity, specifically within rust-infected samples [72,93,105]. Further analysis using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway highlighted an enrichment of genes involved in carbohydrate metabolism, signal transduction, and energy meta-
bolism. Particularly, genes associated with the phenylpropanoid biosynthesis pathway were markedly enriched during both the early
and late stages of infection [72]. Secondary metabolites, such as salicylic acid (SA), lignins, flavonoids, phytoalexins, and coumarins
are products of the phenylpropanoid pathway that are essential in systemic plant resistance. Activation of this pathway has been
implicated in plant defense responses against rust pathogens [106]. Additional pathways involved in plant stress responses, such as
phenylalanine, thiamine, glutathione, and purine metabolism, also exhibited differential expression of enzymes like phosphatase,
kinase, and adenyl pyrophosphatase. These pathways support enhanced responses in plants combating rust pathogen [72].

5.2. Upregulated genes in response to Puccinia infection

The defense system in plants involves complex interplay between genes and their products. The signalling events triggered due to
pathogen detection led to the upregulation of a large number of genes. The upregulated genes encode proteins including: PRRs, signal
transduction proteins, pathogenesis-related (PR) proteins, transcription factors, hormone biosynthesis genes and many other proteins
intended to fight against plant pathogens were identified in wheat-Puccinia interaction from transcriptomic studies as described in
above sections. Defense-related enzymes like protease, peptidase, endopeptidase and hydrolase were upregulated in incompatible
interactions and activation of genes encoding their negative regulators causes susceptibility of plants to rust pathogen [50]. Similarly,
the transcripts of wheat gene corresponding to a PR-5-like protein strongly accumulated at early infection stage (24-48hpi) in the
resistant cultivars compared to the susceptible ones, indicating their broader role in wheat resistance to rust [26]. Several other PR
proteins, including chitinase, thaumatin-like protein and beta-1,3-glucanase reported to be HR-specific, were also upregulated during
Puccinia infection [27]. Secondary metabolites like flavonoids, betalins and indole alkaloids which are involved in HR, oxygen
scavenging and signal transduction, respectively were involved in wheat resistance and the gene involved in their biosynthesis were
upregulated in wheat [59].

Additionally, disease resistance (R) genes that encode different types of R proteins including receptor like kinases (RLK) and re-
ceptor like proteins (RLP) were upregulated in wheat in response to rust infection [59,107] and most of the upregulated R genes
comprised of protein kinases and leucine rich repeats (LRR) receptors like STPK [108]. RLP genes, such as RPP (resistance to
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Peronospora parasitica protein) 8 and RPP13, have been shown to express themselves more relative to resistant cultivars than sus-
ceptible cultivars after Pst infection [59]. In accordance with McDowell et al. [109], these RLPs offer disease resistance by indirectly
interacting with avirulence protein, which in turn triggers HR. Moreover, during wheat-rust interaction, a number of R genes from the
RLK family have been discovered. Among them, G-type lectin S-receptor-like protein kinases and cysteine-rich receptor-like protein
kinases exhibited the highest levels of upregulation [59]. Although, RLKs are linked to cell membranes and facilitating signal trans-
mission [110], Mir et al. [59] have shown the downregulation of wall-associated kinase genes in resistant cultivars in response to Pst
infection. Interestingly, contrasting in wheat-Pt interaction [58].

5.3. Downregulated genes associated with susceptibility

Susceptibility and resistance are two sides of the same coin. S-genes, or genes coding for effector targets, are known to operate as
susceptibility factors or negative defense regulators in diseases. According to Eckardt (2002), recessive resistance results from the
disruption of dominant genes known as S-genes. It has been demonstrated that effectors activate the proteins encoded by S-genes,
leading to effector-triggered susceptibility. Recently, Wang et al. [79,111] discovered susceptible genes encoding TaPsIPK1 (a
receptor-like cytoplasmic kinase) and TaWRKY19 that found to be downregulated in resistant cultivars and knocking out this gene
conferred broad-spectrum resistance to Pst. Furthermore, the genes encoding cell division cycle 5 like protein were speculated as S
gene in wheat-rust interaction as their expression positively corelates with susceptibility to Pt [93] and Pst [112]. Additionally, re-
ported that calmodulin binding transcription activator (CAMTA) was found to have low expression in resistant genotype and also
showed that mutation of CAMTA genes leads to upregulation of 99 genes out of which 32 genes reported to have role in defense.
Similar results obtained by Manjunatha [93], where CAMTA was down regulated in resistant NIL and up regulated in their corre-
sponding susceptible NIL, hence categorised as susceptible genes that enable the Pt growth in the wheat during the compatible re-
action. These susceptible genes will facilitate in selection for resistance by focusing on eliminating these genes harbouring or favouring
pathogen in the host which supported disease susceptibility.

6. Regulatory mechanisms
6.1. Transcription factors regulating defense responses in wheat

TFs like WRKY, GRAS, BHLH, FAR1, ERF, MYB and NAC are reported to be crucial in plant response to pathogen infection [113].
Among them, WRKY TFs are a diverse collection of transcription factors peculiar to plants that include a WRKY DNA-binding domain.
These factors are favourably controlled by MAPK signalling and aid in plant immune reaction [114]. Seven WRKY genes, TaWRKY34,
TaWRKY46, TaWRKY47, TaWRKY64, TaWRKY70, TaWRKY76, and TaWRKY146, were shown to be elevated in a resistant wheat
cultivar during the Pst infection [59]. As they cause SA synthesis that initiates signalling pathways and stimulates host defence
mechanism, these WRKY TFs have been linked to wheat resistance to Puccinia [115]. Wang et al. [116] have observed a similar type of
constructive control of WRKY70 in rust resistance. Furthermore, it is known how important WRKY?70 is for resistance to rust because
silencing it made wheat seedlings more vulnerable to Pst infection [117]. Further interaction of WRKY70 TF with WRKY64 and
WRKY53 enabled them to confer broad-spectrum defence response [118]. Also, the plant TF WRKY18 that coordinates the expression
of cysteine-rich kinase-10 were also upregulated during incompatible reaction [119]. Furthermore, TFs are reported to influence
defense pathways (JA/SA) and modulates plant reaction from susceptibility to resistance in coordination with defense genes [120,
121]. In accordance with this Dorostkar et al. [58] identified BHLH encoding TF as a key regulator in resistant genotype against Pt.
Similarly, zf-RVT TF that act as potential effector decoys [122] and HSF TF, involved in sulphur compound biosynthesis (phy-
toanticipin or phytoalexin) were upregulated against rust pathogen [58]. In addition, differential modulation of TFs including MADS
box, MYB2, AP2, BZIP, ERF, RAV, NAC, FAR1, NF-YB, MYC4 and multiple WRKY in response to rust pathogen has been reported by
several workers [27,52,123,124].

6.2. Epigenetic regulation of gene expression during Puccinia infection

Epigenetic regulation in host-pathogen interaction involves modifications on DNA or chromatin (DNA packaging proteins) that
affect gene expression without altering the DNA sequence itself. These modifications can activate or silence genes, influencing a plant
response to disease. The increase of transcripts of genes expressing histone H1 linked to chromatin assembly and disassembly suggested
chromatin remodelling as a useful strategy to regulate gene transcription and modulate defense reaction against Puccinia [58]. Ac-
cording to Alvarez et al. [125], histone H1 attaches to the nucleosome core, shields the linker DNA between nucleosomes which
compacts the chromatin and results in secondary chromatin structures that lowers its expression. More interestingly, in the inoculated
resistant cultivar, there was reduced cellular transcription linked to the Rb-EF2 complex due to the downregulation of the genes
encoding retinoblastoma protein (Rb) that regulates the cell cycle [126]. Therefore, it is hypothesised that resistant genotypes choose
to delay cell division and the S phase in order to preserve cell energy against the rust fungi. Additionally, the cell cycle pathway-related
gene encoding Rb-associated protein A domain was also down-regulated. In particular, DEGs that control the metabolism of nitrogen
compounds, RNA and nucleobase-containing compounds ultimately regulate cellular transcription in resistant cultivars upon infection
[58].
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7. Discussion and conclusion

Wheat researchers have identified numerous quantitative trait loci (QTLs) that influence resistance to various rust diseases caused
by Pt, Pgt and Pst. Studies on gene expression analysis have provided insights into how these QTLs might defend against rust. However,
comparing results from different studies is challenging due to variations in genotypes, pathogen strain, technical procedure involved
(artificial inoculation method, time of sampling, duration of intervals between sampling and number of samples), experimental setup
during expression and expression data analysis. Additionally, many QTLs with smaller effects on rust resistance have not been studied
in detail, possibly due to their subtle impact or lack of suitable resources (NILs). New approaches like expressed QTL (eQTL) analysis
are being developed to combine gene expression data with QTL mapping. This helps to locate chromosomal regions having genes that
influence wheat resistance against rust. A recent eQTL study identified a novel rust resistance QTL (Sr24) on chromosome 3E of
tetraploid wheat [50]. Further investigation, including isolating the genes underlying these QTLs, is necessary to understand how they
function. Interestingly, durum wheat varieties tend to be more resistant to leaf rust compared to hexaploid bread wheat. While
transcriptomic studies on durum wheat are limited, these wheats share many resistance-related QTLs with bread wheats. Recent
success in transferring resistance genes Sr13 and Sr9 from bread wheat to durum wheat opens doors for further research using
transcriptomics to understand how these QTLs function in the durum background [127].

Traditionally, most research has focused on understanding how wheat resists these pathogens. However, an alternative approach is
to investigate what makes wheat susceptible to rust infection. Disabling these susceptibility genes using mutation or gene editing
techniques (CRISPR/Cas9) could offer new strategies for disease resistance. However, this requires a deeper understanding of both the
wheat defense mechanisms and the pathogen virulence factors. Despite being one of the most studied plant-microbe interactions, only
a handful of candidate resistance genes identified through transcriptomics have been functionally validated in wheat. This is partly due
to the limitations of genetic transformation techniques in many wheat research labs. Virus-induced gene silencing (VIGS) offers a
promising alternative for analysing gene function [51]. Additionally, isolating wheat mutants lacking susceptibility genes could
provide valuable resistant germplasm for breeding programs. However, the complex polyploid nature of the wheat genome presents
challenges. Mutations in a single sub-genome (A, B, or D) might not always produce a noticeable effect [128], and most transcriptome
studies cannot distinguish between expression changes in all three copies of a gene (homoeologous) present in the polyploid wheat.
The large and intricate wheat genome also presents hurdles for some types of genetic studies [129].

In conclusion, our understanding of this economically significant plant-microbe interaction has been progressed because of gene
expression profiling. As a result, transcriptomics is a well-developed platform for figuring out how plants and pathogens interact.
Through transcriptome profiling, we are able to identify the key metabolic and signalling pathways that are altered during the
interaction between wheat and rust in the wheat plant, indicating the distinction between resistance and susceptibility reactions which
will be a valuable asset in wheat resistance breeding program.

8. Future directions
8.1. Utilization of identified S genes in breeding programme

Plant disease susceptibility can be better understood molecularly, and this knowledge may be employed to creating plants resistant
to a wide range of diseases. The field is quickly progressing in determining the plant components that pathogen effectors target and
delineating the mechanisms governing plant disease susceptibility. By utilising cutting-edge molecular technologies, research in this
area will add to comprehension of the wheat-Puccinia relationship and the development of rust-resistant cultivars.

8.2. Integration of multi-omics approaches

Even though RNA-seq techniques show the relative abundance of various mRNAs inside a cell, but the expression level of the
proteins that these mRNAs code for is not directly correlated with the degree of mRNA expression. The translation-initiation char-
acteristics of the mRNA sequence have a significant impact on the quantity of protein molecules that can be synthesised using a
particular mRNA molecule as a template. Hence, by considering expressed genes (Transcriptomics), proteins (Proteomics), metabolites
(Metabolomics) etc. together, we gain a deeper understanding of how cells function in resistant and diseased condition.

8.3. Validation of candidate genes for breeding resistant wheat varieties

Validating candidate genes is a crucial step in developing wheat varieties resistant to rust disease. Since, candidate genes identified
through initial methods like QTL mapping (Quantitative Trait Loci) or homology may not directly cause resistance. Validation ensures
the genes play a functional role. Further, validated genes allow development of DNA markers for marker assisted selection, which helps
breeders to select desirable traits more efficiently during breeding programs. It involves techniques like over-expression or knock-out
of the candidate gene in wheat plants can directly assess its impact on resistance or by comparing the candidate gene sequence between
resistant and susceptible varieties can reveal variations potentially linked to resistance.
8.4. Beyond conventional breeding

Transcriptomic data has significant potential to inform and optimize genome-editing approaches, particularly CRISPR/Cas9, to
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develop rust-resistant wheat varieties with precision. Genes identified through transcriptomic studies as central to immune signaling,
metabolic pathways, and structural defense responses could serve as prime candidates for CRISPR-based editing.
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