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Abstract: Alfalfa is one of the most important legume forages in the world and contributes greatly
to the improvement of ecosystems, nutrition, and food security. Diseases caused by pathogens and
pests severely restrict the production of alfalfa. Breeding resistant varieties is the most economical
and effective strategy for the control of alfalfa diseases and pests, and the key to breeding resistant
varieties is to identify important resistance genes. Plant innate immunity is the theoretical basis for
identifying resistant genes and breeding resistant varieties. In recent years, the framework of plant
immunity theory has been gradually formed and improved, and considerable progress has been
made in the identification of alfalfa resistance genes and the revelation of the related mechanisms.
In this review, we summarize the basic theory of plant immunity and identify alfalfa resistance
genes to different pathogens and insects and resistance mechanisms. The current situation, problems,
and future prospects of alfalfa resistance research are also discussed. Breeding resistant cultivars
with effective resistance genes, together with other novel plant protection technologies, will greatly
improve alfalfa production.
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1. Introduction

Alfalfa (Medicago sativa) is the world’s most significant perennial legume forage, with
large yields, high digestibility, good palatability, and wide adaptability. Alfalfa is regarded
as “the queen of forages” as it contributes greatly to the improvement of ecosystems,
nutrition, and food security [1]. In recent years, the need for animal products in China has
expanded, and the demand for forage grass has substantially increased. China imported
1.78 million tons of alfalfa hay in 2021 [2,3]. Improving alfalfa yield and quality in China is
a critical issue for food supply security.

Pests and diseases are major threats to alfalfa and cause vast economic losses, which
not only affect the yield and quality of alfalfa but also cause livestock poisoning [4]. The
cultivation of pest-resistant cultivars is the most cost-effective and environmentally friendly
way to manage pests and diseases, and it is also a key strategy for ensuring green agricul-
ture’s long-term growth [5]. The identification of pest and disease resistance genes is critical
for breeding pest-resistant alfalfa lines, whereas plant immunology provides the theoretical
foundation for discovering resistant genes and cultivating resistant plants [6]. Significant
advances in plant immunity have been made over the years, and the framework of plant
immunity theory has been well established [6]. From the perspective of plant immunity,
this paper reviews the identification of resistance genes against pests and diseases (Table 1)
and related molecular mechanisms in alfalfa, as well as the discussions on problems for
breeding resistant plants and the future of integrated pest and disease management.
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Table 1. Disease or insect resistance genes or QTL identified in alfalfa or Medicago truncatula.

Diseases or Pests Pathogens or Insect Gene(s) or QTL Phenotype Donor Species Recipient Plants References

Bacterial wilt Rastonia solanacearum MtQRRS1 Resistant Medicago truncatula M. truncatula [7,8]

Bacterial wilt R. solanacearum AtEFR Resistant Arabidopsis M. truncatula [9]

Bacterial stem blight Pseudomonas syringae Lactoferrin-encoding gene Resistant Human M. sativa [10]

Phytophthora root rot Phytophthora medicaginis MtERF1-1 Resistant M. truncatula M. truncatula [11]

Phytophthora root rot P. medicaginis Fungal β-1,3-glucanase Resistant Trichoderma harzianum M. sativa [12]

Phytophthora root rot P. palmivora MtRAM2 Susceptible M. truncatula M. truncatula [13]

Phytophthora root rot P. palmivora MtRAD1 Susceptible M. truncatula M. truncatula [14]

Oomycete root rot Aphanomyces euteiches F-box protein-encoding gene Resistant M. truncatula M. truncatula [15]

Oomycete root rot A. euteiches Chalcone O-methyltransferase Resistant M. truncatula M. truncatula [16]

Oomycete root rot A. euteiches MtTPS10 Resistant M. truncatula M. truncatula [17]

Oomycete root rot A. euteiches MtLYK9 Resistant M. truncatula M. truncatula [18]

Oomycete root rot A. euteiches MtNF-YA1 Susceptible M. truncatula M. truncatula [19]

Oomycete root rot A. euteiches AER1 Resistant M. truncatula M. truncatula [20]

Downy mildew Hyaloperonospora arabidopsidis MtDef4 Resistant M. truncatula Arabidopsis [21]

Anthracnose Colletotrichum trifolii RCT1 Resistant M. truncatula M. sativa [22,23]

Anthracnose C. trifolii PALM1 Susceptible M. truncatula M. truncatula [24]

Powdery mildew Erysiphe pisi MtREP1 Resistant M. truncatula M. truncatula [25]

Verticillium wilt Verticllium alfalfae MsVR38 Susceptible M. sativa M. sativa [26]

Verticillium wilt V. alfalfae MsVR39 Resistant M. sativa M. sativa [26]

Verticillium wilt V. alfalfae qVW-8C Resistant M. sativa M. sativa [27]

Fungal leaf disease Phoma medicaginis Isoflavone-O-transmethylase Resistant M. sativa M. sativa [28]

Rust Puccinia triticina MtDef4 Resistant M. truncatula Wheat [29]

Fusarium root rot Fusarium oxysporum MtABCG10 Resistant M. truncatula M. truncatula [30]

Rhizoctonia root rot Rhizoctonia solani Isoflavone synthase Resistant M. truncatula M. truncatula [31]

Blue-green aphid Acyrthosiphon kondoi AKR Resistant M. truncatula M. truncatula [32]

Blue-green aphid A. kondoi AIN Resistant M. truncatula M. truncatula [33]

Spotted aphid Therioaphis trifolii TTR Resistant M. truncatula M. truncatula [34]

Pea aphid A. pisum APR Resistant M. truncatula M. truncatula [34]

Beet leaf moth Scrobipalpa ocellatella Bt Resistant Bacillus thuringiensis M. sativa [35]

Thrip Thrip Proteinase inhibitor gene Resistant Manduca sexta M. sativa [36]
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2. Theory of Plant Immunity: Theoretical Basis for Breeding Resistant Plants to
Pathogens and Insects

In the early twentieth century, Biffen discovered the existence of stripe rust resistance
genes in wheat [37]. Flor proposed the “gene-to-gene” hypothesis in the 1940s through
research on flax and flax rust, laying an important genetic foundation for plant disease re-
sistance research [38]. In 1984, the first avirulent gene, AvrA, was cloned from Pseudomonas
syringae [39]. In 1992, the first disease resistance gene, HM1, was cloned from maize [40].
Scientists had first defined the fundamental basis of plant immunity theory by 2006, which
was basically separated into two layers of the innate immune system [6]. Pattern recogni-
tion receptors recognize pathogens, PAMPs (pathogen-associated molecular patterns), or
plant-derived molecular patterns, DAMPs (damage-associated molecular patterns), related
to infection damage, hence triggering plant PTI (pattern-triggered immunity); the second
layer is effector-triggered immunity (ETI), which is initiated by the recognition of pathogen-
secreted effectors with plant intracellular immune receptors, NLRs (nucleotide-binding
domain and leucine-rich repeat receptors) [6]. PTI is a universal but weak resistance that
can prevent the infection of most pathogenic microbes, whereas pathogens evolve effectors
into plant cells, blocking the PTI to defeat the plant’s disease resistance. Plants will evolve
equivalent NLRs to activate ETI in response to pathogenic effectors, whereas pathogens
could escape recognition via effector sequence variation and release novel effectors to
interfere with ETI [5]. In the process of evolution, both pathogens and host plants con-
tinue to co-evolve in this unending fight, conducting an “arms race” with each other [41].
The latest research shows that the two levels of immune pathways in plants are linked
and synergistically trigger the plant immune response, therefore limiting the invasion of
pathogenic microbes [42]. Here in this review, we only list some typical plant immune
receptor studies as examples, since there are several excellent and comprehensive reviews
for the summary of plant immune receptors [43,44].

2.1. Plant Resistance Mediated by Pattern Recognition Receptors on Cell Membranes

PAMPs are a class of conserved molecules in pathogens that include bacterial flagellin,
elongation factor, peptidoglycan, fungal chitin, chitosan oligosaccharide, oomycete elicitin,
and glycosyl hydrolase. Once pathogens attack plants, these PAMPs are recognized by PRR
receptors on the plant cell membrane and rapidly stimulate immune responses, such as the
burst of reactive oxygen species, the influx of calcium ions, and the accumulation of callose,
allowing the plant to resist the invasion of pathogens. As more cell membrane surface
receptors have been identified, it is found that they mainly include transmembrane receptor-
like kinase (RLK) and receptor-like protein (RLP) [43]. The most commonly reported model
receptors include FLS2, Xa21, EFR, CEBiP, etc. [43]. For example, the extracellular domain
of FLS2 recognizes bacterial PAMP flagellin, which interacts with the co-receptor BAK1 to
form a receptor complex that activates plant immune responses [45]. PsXEG1 secreted by
Phytophthora sojae triggers plant immunity in tobacco, and the tobacco receptor-like protein
NbRXEG1 directly binds and recognizes PsXEG1 using its extracellular domain [46]. Since
PsXEG1 homologous proteins are widely present in a variety of pathogenic oomycetes and
fungi, engineering plants with NbRXEG1 is a viable strategy for increasing plant broad-
spectrum resistance to these pathogens [46,47]. Rice LYP4 and LYP6 are pattern recognition
receptors with dual functions, which can recognize bacterial peptidoglycan and fungal
chitin and activate plant immune responses against bacteria and fungi [48]. In addition,
Chinese scholars have identified Bph3, a gene encoding a receptor-like kinase in rice,
which has broad-spectrum and long-lasting resistance to rice planthoppers [49]. Mining
and identifying more novel immune receptors will provide valuable genetic resources for
improving plant resistance and creating new plant materials with broad-spectrum disease
and insect resistance.
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2.2. Plant Resistance Mediated by Intracellular NLR Immune Receptors

Intracellular immune receptors in plants can directly or indirectly recognize the effec-
tors secreted by pathogens and activate ETI, involving important resistance gene resources
for plant disease and insect resistance breeding [6]. Since the first disease resistance gene
HM1 was cloned in 1992 from maize, more than 400 disease and insect resistance genes
have been cloned from different plants. These genes encode different types of disease
and insect resistance proteins, and most of them encode NLR receptor proteins, such as
potato NLR receptors Rpivnt1 and R8 against late blight, rice NLR receptors Bph14 and
Bph9 against planthoppers, etc. [50,51]. NLR proteins are members of signal transduction
ATPases with numerous domains (STAND), including a non-conserved N-terminal domain,
a conserved nucleotide-binding (NB) domain, and a C-terminal LRR (leucine-rich repeat)
domain [52]. The NB domain in plant NLR is thought to be a molecular switch with
ADP- and ATP-bound forms that indicate the “off” and “on” states of NLR signaling [52].
According to their N-terminal domains, NLR receptors can be divided into CC-NB-LRR
and TIR-NB-LRR [52,53]. These NLR receptors mainly recognize the effectors of invading
organisms through multiple mechanistic models, such as “Direct”, “Decoy”, “Guard”, or
“Integrated decoy”, and then specifically initiate downstream immune pathways [52,53].
The number of NLR genes in different plant species ranges from dozens to hundreds,
and there is a high degree of diversity between and within species, forming huge NLR
groups, indicating that the composition of NLR in the genome of different plant species
is evolved independently. Therefore, the genome analysis of plant NLR is important for
understanding the evolution of NLRs, different types of NLR proteins, and for discovering
new NLR genes [53]. Structural biology has been used to study the Arabidopsis NLR
receptor ZAR1, and the results revealed the structural changes of the ZAR1 protein before
and after recognizing effectors and proposed the concept of resistosome [54,55]. The latest
research shows that different types of NLRs could form a calcium-permeable channel to
trigger plant immune signaling [56].

2.3. Plant Immune Signaling

Plant immune response is a complex biological process. After the receptor recognizes
the corresponding ligand or effector, the immune signal needs to be further transmitted,
and finally activate the immune response. This process includes protein phosphoryla-
tion/ubiquitination regulation, the synthesis of reactive oxygen species, the activation of
the MAPK signaling pathway, the expression of defense response genes, the synthesis of
secondary metabolites, etc. [57]. For example, the cytoplasmic receptor-like protein kinase
BIK1 binds to pattern recognition receptors and phosphorylates the downstream compo-
nents, such as the NADPH oxidase RBOHD localized in the cytoplasmic membrane and
the kinase MAP3K3/5 of the MAPK cascade pathway, thereby generating reactive oxygen
species, activating the MAPK pathway, and then activating the immune response [42,58].
In addition, various families of transcription factors have been reported to be involved
in plant immune responses. For example, the Arabidopsis transcription factor WRKY8
regulates the plant immune response to viruses by regulating the expression of key genes
in plant abscisic acid and ethylene signaling pathways [59]. Furthermore, a variety of plant
hormones are also involved in the plant immune response process. For example, salicylic
acid plays a key role in plant defense against biotrophic or hemibiotrophic pathogens,
whereas jasmonic acid signaling is required for plant resistance to necrotrophic pathogens
or insects [60]. Other hormonal signals, including ethylene and auxin, have also been
reported to be involved in plant immune responses [61–63].

Annually, about twenty percent of crop yields are lost due to plant diseases and
pests, which affect food security worldwide [64]. Pathogens constantly evolve to overcome
host resistance. In addition to traditional chemical control strategies, an improved under-
standing of plant immunity should contribute to the development of new crop protection
strategies. Genetic methods to improve crop resistance with plant immune receptors will
provide broad-spectrum disease resistance. Although studies on plant immunity are mostly



Plants 2022, 11, 2008 5 of 13

reported on model plants and staple crops, it will be helpful to identify immune receptors
and immune-related genes of alfalfa to enable new breeding strategies to enhance alfalfa
disease resistance.

3. Main Diseases of Alfalfa and its Disease Resistance Mechanisms
3.1. Main Diseases and Pathogens of Alfalfa

A variety of pathogens infect alfalfa and cause serious diseases, thus affecting the yield
and quality of alfalfa. The pathogens that cause alfalfa disease include oomycetes such as
Phytophthora, Pythium, and Aphanomyces; fungi such as Rhizoctonia, Sclerotinia, rust, powdery
mildew, Verticillium, Fusarium; bacteria such as Pseudomonas, Erwinia, and Agrobacterium
tumefaciens; as well as mosaic viruses, nematodes, and parasitic plants [4,65]. The diverse
population structure of pathogens results in a high cost of disease management and low
disease control efficiency. On the other hand, the co-infection of multiple pathogens in field
conditions further raises the difficulties of disease control [66,67].

3.2. Bacterial Disease Resistance Genes and Mechanisms in Alfalfa

Many bacteria cause alfalfa diseases, mainly including Clavibacter insidiosus, Ralstonia
solanacearum, Pseudomonas syringae pv. syringae, Agrobacterium tumefaciens, etc [68]. The
common symptoms of the bacterial diseases of alfalfa are necrosis and rot, wilting, and
tumors. Under high humidity, the lesions develop water-soaked edges and a gel-like
bacterial snot. Transcriptomics was utilized to investigate how resistant and susceptible
alfalfa cultivars responded to P. syringae. Resistance genes such as homologs of rice Xa21
and soybean Rpg1-b were significantly up-regulated when resistant cultivars were infected
with P. syringae [69]. MtQRRS1 was identified as a QTL that regulates alfalfa resistance to R.
solanacearum in M. truncatula [7]. The 64 kb region of MtQRRS1 sites contains 15 candidate
genes, seven of which are R genes with typical NLR functional domains, and these genes
show sequence polymorphisms in resistant lines, suggesting that variations in these genes
regulate M. truncatula resistance to R. solanacearum [8]. Arabidopsis EFR receptors are
pattern recognition receptors on the cell membrane that could recognize the PAMP EF-Tu
released by pathogenic bacteria, inducing the PTI response. The transgenic expression of
the Arabidopsis EFR receptor in M. truncatula significantly enhanced alfalfa resistance to
bacterial wilt disease [9]. Interestingly, the transgenic expression of the human lactoferrin-
encoding gene in alfalfa dramatically increased the resistance of alfalfa plants to P. syringae
and Clavibacter michiganensis [10].

3.3. Oomycete Disease Resistance Genes and Mechanisms in Alfalfa

Phytophthora spp., Pythium spp., and Aphanomyces spp. are the major oomycete
pathogens of alfalfa [70]. These soil-borne pathogens can infect alfalfa seedlings or mature
plants, especially in soil fields with high humidity or poor drainage. It is difficult to manage
the disease because the oospores of oomycetes could survive in soil or plant residues for
several years [70]. There are few reports on the identification of genes associated with
Phytophthora resistance in alfalfa. The genetic linkage map revealed 3 QTLs in the non-
homologous linkage group that explained 6–15% of the variance, suggesting that there
are at least three resistance genes, two of which enhance the sensitivity of plants [71]. In
addition, the overexpression of MtERF1-1 in Medicago truncatula significantly enhanced
the resistance of plants to P. medicaginis [11]. The transgenic alfalfa that overexpresses the
β-1,3-glucanase gene could significantly reduce the root rot caused by P. medicaginis [12].

A QTL at the top of chromosome 3 in M. truncatula was involved in the resistance
to multiple races of Aphanomyces euteiches [20,72,73]. An F-box protein-encoding gene
was identified as a candidate resistance gene by a genome-wide association analysis
(GWAS) [15]. Interestingly, the sequencing of this gene in 20 resistant or susceptible
lines revealed that the nucleotides of the F-box-encoding gene in the resistant lines were
mutated, possibly generating a nonfunctional F-box gene. This result suggests that the
gene encoding F-box may be a negative regulator of M. truncatula resistance to A. eute-
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iches [15]. In addition, several secondary metabolites may be involved in the resistance
of alfalfa to A. euteiches. For example, a transcriptome and proteome analysis found that
A. euteiches infection significantly induced the up-regulated expression of M. truncatula
genes in the isoflavone biosynthesis pathway, resulting in the synthesis of the phytoalexin
medipterin [74,75]. The expression level of gene-encoding chalcone O-methyltransferase
was significantly induced in the resistant line, and 2′-O-methylisoliquiritigenin catalyzed
by the enzyme could strongly inhibit mycelium growth and zoospores germination [16].
During infection, the sesquiterpene synthase MtTPS10 of M. truncatula was greatly in-
creased, and the sesquiterpenes effectively suppressed the mycelial growth and zoospore
germination [17].

3.4. Fungal Disease Resistance Genes and Mechanisms in Alfalfa

The common fungal diseases of alfalfa are anthracnose, rust, powdery mildew, Fusar-
ium or Rhizoctonia root rot, Verticillium wilt, etc. These fungi infect the roots or aerial
parts of alfalfa throughout the growing season, resulting in significant yield losses [76,77].
The anthracnose of alfalfa, caused by Colletotrichum trifolii, is a destructive disease that
affects alfalfa worldwide. High temperatures and humidity facilitate the incidence and
spread of anthracnose, which is most likely to occur at the end of the summer [78]. When
disease-resistant alfalfa plants were infected with C. trifolii, the expression of genes in-
volved in the phenylpropanoid metabolic pathway was significantly up-regulated, and
more medipterin and sativan were synthesized [79]. The RCT1 gene from M. truncatula
confers broad-spectrum resistance to anthracnose in alfalfa. RCT1 encoded a disease re-
sistance gene of the TIR-NBS-LRR class, and the expression of RCT1 in susceptible plants
significantly increased plant resistance to anthracnose races 1, 2, and 4 [22]. The RCT1 gene
includes five exons, intron 4 is retained due to alternative splicing, and both normal and
alternatively spliced transcripts contribute to resistance [23].

The biotrophic fungus Erysiphe pisi causes powdery mildew in Medicago. In M. trun-
catula, the powdery mildew resistant genotype Jemalong A17 was hybridized with the
susceptible genotype F83005.5. After inoculation with powdery mildew, the hybrid F2
generation showed a 3:1 segregation of the resistant-susceptible phenotype, indicating that
there is a single dominant gene in A17 that mediates resistance to powdery mildew, referred
to as MtREP1 [25]. Further research revealed that MtREP1 encodes a CC-NB-LRR-type NLR
gene. The MtREP1 gene was transferred into susceptible M. truncatula, and the transgenic
plants exhibited resistance to powdery mildew [25]. The MtREP1 gene was shown to be
consistently expressed in the resistant genotype Jemalong A17, but not in the susceptible
genotype F83005.5. There are no polymorphisms in the two sequences except for a 430-bp
deletion in Mtrep1’s 3’UTR region. Further research revealed that epigenetic regulation
determines the expression level of the disease resistance gene in susceptible and resistant
genotypes, determining plant resistance to powdery mildew [25].

The Verticillium wilt of alfalfa is a fungal disease caused by the fungus Verticillium
spp., which is still a quarantined disease in China. GWAS analysis revealed multiple QTLs
related to Verticillium wilt resistance on alfalfa chromosomes 1, 7, and 8 [80]. A molecular
marker on chromosome 8 has been identified as being important in alfalfa resistance to
Verticillium wilt [81]. Subsequent research revealed two linked Verticillium wilt resistance
genes from alfalfa, MsVR38, and MsVR39, both of which belong to the TIR-NBS-LRR
family of NLR genes [26]. MsVR39 positively regulated resistance to Verticillium wilt, while
MsVR38 negatively regulated it [26]. The knockout of MtVR130, which is the homologous
gene of MsVR38 in M. truncatula, significantly increased the resistance to Verticillium wilt
compared to the wild type. M. truncatula that mutated the MsVR39 homolog MtVR140 were
more susceptible to Verticillium infection [26]. When the highly identical TIR-NBS-LRR
pairs are both normally expressed, they are more likely to form heterodimers, preventing
the formation of MsVR39 homodimers and increasing alfalfa susceptibility to Verticillium
wilt [26].
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In M. truncatula, several important disease resistance-related genes against other fungal
pathogens were reported. For example, the overexpression of the ethylene response-related
transcription factor MtERF1-1 or the isoflavone synthase-encoding gene IFS promoted
M. truncatula resistance to Rhizoctonia solani [11,31]. Resistance to Phoma medicaginis was
dramatically increased in transgenic alfalfa overexpressing isoflavone-O-transmethylase
(IOMT) [28]. Furthermore, the heterologous expression of the M. truncatula defensin-related
gene MtDef4 in Arabidopsis and wheat greatly enhanced Arabidopsis resistance to downy
mildew and wheat tolerance to rust [21,29]. Silencing the MtABCG10 gene in M. truncatula
increased its sensitivity to Fusarium oxysporum substantially [30].

4. Main Alfalfa Insect Pests and Related Resistance Mechanisms

Aphids, weevils, thrips, leaf miners, noctuid moths, white butterflies, grubs, and other
alfalfa pests have caused severe losses to alfalfa production. Based on 2017 data, the annual
loss of alfalfa in China caused by insect pests exceeded 140 million US dollars [82]. However,
few studies have been conducted on the interaction between alfalfa and pests, mainly
focusing on M. truncatula resistance to aphids. Four resistance genes have been found in M.
truncatula to mediate the resistance of alfalfa to aphids, namely AKR (Acyrthosiphon kondoi
resistance), AIN (Acyrthosiphon-induced necrosis), APR (Acyrthosiphon pisum resistance),
and TTR (Therioaphis trifolii resistance) [32,33,83–85]. Furthermore, several QTLs that
regulate M. truncatula resistance or tolerance to aphids have been reported [32,86,87]. AKR
and AIN mediate the resistance of M. truncatula to the blue-green aphid (Acyrthosiphon
kondoi Shinji, BGA). AKR is a dominant resistance gene that plays a resistance role in the
phloem and is involved in antixenosis and inducible antibiosis [83]. AIN controls the
allergic necrotic response of M. truncatula to blue-green and pea aphids and significantly
reduces the feeding on alfalfa of both aphids [32,33]. TTR mediates M. truncatula resistance
to alfalfa-spotted aphids, while APR, localized in the NLR gene cluster on chromosome 3,
mediates M. truncatula resistance to pea aphids [34]. Studies on plant resistance to piercing-
sucking mouthpart pests suggest that most of the genes affecting resistance are NLR genes.
For example, plant resistance to potato aphids is mediated by the NLR-like gene Mi1.2 [88],
and resistance to cotton aphids is mediated by the CC-type NLR gene Vat [89]. In terms of
downstream signaling in M. truncatula insect resistance, it was identified that the signaling
of the insect resistance response is dependent on phytohormone signals such as SA, JA,
and ET [90]. For example, the expression of JA synthesis-related genes was significantly
upregulated in resistant cultivars upon aphid infestation [91].

In addition to the resistance genes mentioned above, the gene encoding the insect pro-
tease inhibitor was transferred into alfalfa, and the transgenic plants exhibited a significant
poisoning effect on thrip [36]. Bt crystal protein is an insecticidal insoluble crystal protein
produced by Bacillus thuringiensis during spore germination. The researchers modified 249
of its 630 amino acids in the wild-type Bt gene (cryIC) to make it suitable for expression in
plants, then artificially synthesized the cryIC gene and transferred it into alfalfa. Cry IC
toxin content in transgenic alfalfa leaves ranged from 0.01 to 0.10 percent of total soluble
protein. The leaves of transgenic plants were fed with larvae of the Egyptian sea gray leaf
moth and the beet leaf moth, and the mortality rate of larvae was as high as 100% [35].

5. Problems and Future Directions of Research on Alfalfa Resistance to Pests
and Diseases
5.1. Research Problems in Alfalfa Resistance to Pests and Diseases in China

In recent years, Chinese scholars have made considerable progress in the research of
alfalfa pests and diseases, but the majority of their efforts have focused on the identification
of pathogens in the field, the resistance evaluation of alfalfa varieties, and the screening of
chemical agents. Research on the genetic basis and breeding of alfalfa resistance to disease
and insect pests is still at the primary level. It is critical to establish an efficient and accurate
alfalfa disease and pest resistance evaluation technology platform to systematically screen
and identify pest- and disease-resistant germplasm resources. On the other hand, the
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research on the mechanism of alfalfa resistance to pests and diseases mostly focuses on
the model species M. truncatula. There are few studies on the exploitation of resistance
gene resources of alfalfa germplasms that are widely used, and durable broad-spectrum
resistance gene resources are limited. This is mainly limited by the characteristics of alfalfa,
such as cross-pollination, polyploidy inheritance, and self-incompatibility, which makes
it difficult to mine molecular markers associated with excellent traits, which hinders the
molecular breeding of alfalfa. Meanwhile, the long breeding cycle, imperfect breeding
system, and insufficient capital investment are also important factors restricting alfalfa
resistance breeding in China.

5.2. The Future Development Direction of Alfalfa Resistance Research

Based on the current research status of alfalfa resistance to disease and insect pests
in China, the author believes that the strategic layout can be described by the following
aspects in the future:

5.2.1. Using Genome-wide Association Studies to Explore Alfalfa Resistance Genes

Chinese scholars have currently obtained the genomes of the alfalfa varieties Xinjiang
Daye and Zhongmu No. 1 [92,93]. The further use of genome-wide association studies
(GWAS) to explore the excellent gene resources of alfalfa resistance to disease and insects,
and based on synthetic biology and gene editing technology, will result in fast molecular
breeding of alfalfa that is resistant to pathogens and insects. For example, using GWAS
technology, the maize banded leaf and sheath blight resistance gene ZmFBL41 was success-
fully isolated and identified [94]. Four wheat rust resistance genes were identified quickly
using a combination of association genetics and R-gene enrichment sequencing (AgRenSeq)
technology [95].

5.2.2. Modification of Alfalfa’s Susceptible Genes by Gene-Editing Technology

Genes in plants that can promote pathogen infection can be called susceptibility (S)
genes [96]. Pathogens exploit S genes to facilitate their colonization. The concept of the S
gene is of great significance for breeding resistant plants. Disrupting these S genes may
interfere with the compatibility between pathogens and host, and consequently, provide
broad-spectrum and durable disease resistance. For example, Mildew resistance locus O
(MLO) is a well-characterized S gene in barley [97]. The mutation of MLO confers durable
and broad-spectrum resistance to powdery mildew in various plant species [97,98]. A new
wheat germplasm harboring the Tamlo-R32 mutant allele was obtained using CRISPR-Cas9
technology, which conferred robust disease resistance without undesirable pleiotropic
effects [99]. Rice’s resistance to the brown planthopper can be improved by mutating or
silencing the cytochrome P450 gene CYP71A1, an S gene that can synthesize serotonin
in rice [100]. These studies suggest that modifying S genes will also contribute to the
improvement of alfalfa resistance.

5.2.3. Using Pathogen Effectors as Probes to Explore the Immune Mechanisms of Alfalfa

During infection, pathogens and insects secrete effector proteins into or between plant
cells to interfere with the plant immune system during infection. Focusing on the important
pathogens or insects of alfalfa, identifying the effector proteins secreted during infection,
and analyzing the molecular mechanisms of the effector proteins triggering or inhibiting
host immunity will provide theoretical guidance for the application of the resistant genes.
For example, PsXEG1 is an apoplastic effector secreted by a severe soybean pathogen P.
sojae [47]. PsXEG1 not only promotes pathogenicity through its glycoside hydrolase activity
but also could be recognized as a PAMP-like effector protein by plants [47]. A further study
identified an RLP receptor NbRXEG1 from tobacco that can recognize PsXEG1, which is of
great value for broad-spectrum resistance improvement in plants [46].
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5.2.4. Establish a Theoretical and Technical System of Alfalfa-Microbe/Microbiome
Interaction, and Explore Alfalfa’s Microbial Resources for Pest and Disease Resistance

The interaction between Arabidopsis thaliana and its microbiome has opened up a new
field of plant–microbiome interaction, and it has been found that the plant rhizosphere
microbiome is closely related to plant immunity [101,102]. Studies on the triple interaction
of pathogens, beneficial microorganisms, and plants should be strengthened to clarify the
differences in the molecular response mechanisms of how plants seek advantages and
avoid disadvantages, as well as explore beneficial microbial resources. Using a beneficial
endophytic fungus, Chinese scholars have made significant advances in forage breeding.
A new germplasm of barley with endophytic fungus Epichloë bromicola was generated
by artificially inoculated E. bromicola isolated from wild barley to the cultivated barley
variety, which showed higher biomass and seed yield [103]. These results indicated that
conducting alfalfa microbiome research and mining beneficial microbial resources has
important theoretical value and application potential for alfalfa resistance research.

5.2.5. Application of New Technologies to Control Alfalfa Diseases and Pests

Many new pest and disease control technologies have been developed, providing
more options for the control of alfalfa diseases and pests. For example, based on the theory
of plant immunity, the development of immune inducers that can activate plant immunity
can improve the resistance of plants to pests and diseases in a green and environmentally
friendly manner [104,105]. Small RNAs play an important role in the resistance to fungi,
oomycetes, and animal pathogens, and small RNAs can be transported across the host–
pathogen boundaries. Plant small RNAs are novel “weapons” for the plant to defend
against pathogens. For example, the application of host-induced gene silencing technology
(HIGS) to silence the virulence gene VdH1 of V. dahliae in cotton significantly enhanced the
disease resistance of cotton to V. dahliae [106].

In conclusion, advances in genome sequencing and gene editing will enable us to
explore the enormous arsenal of resistance genes hidden in alfalfa and their potential for
resistance engineering. Moreover, breeding resistant cultivars with effective resistance
genes, together with other novel plant protection technologies, will greatly improve alfalfa
production in the future.

Author Contributions: Conceptualization, B.Y. and Z.G.; writing—original draft preparation, B.Y.;
writing—review and editing, Y.Z. and Z.G.; funding acquisition, Z.G. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (grant
number: 31971766, 32001882).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Shi, S.; Nan, L.; Smith, K. The current status, problems, and prospects of Alfalfa (Medicago sativa L.) breeding in China. Agronomy

2017, 7, 1. [CrossRef]
2. Liu, Z.; Zhou, Q.; Liu, W.; Zhang, J.; Xie, W.; Fang, L.; Wang, Y.; Nan, Z. Some scientific issues of forage breeding in China. Acta

Pratacult. Sin. 2021, 30, 184–193.
3. Jin, J.; Wang, T.; Cheng, Y.; Wang, L.; Zhang, J.; JIing, H.; Chong, K. Current situation and prospect of forage breeding in China.

Bull. Chin. Acad. Sci. 2021, 36, 660–665.
4. Yuan, Q. Advances in alfalfa diseases in China. Plant Prot. 2007, 33, 6–10.
5. Wang, Y.; Tyler, B.M.; Wang, Y. Defense and counterdefense during plant-pathogenic oomycete infection. Annu. Rev. Microbiol.

2019, 73, 667–696. [CrossRef] [PubMed]
6. Jones, J.D.; Dangl, J.L. The plant immune system. Nature 2006, 444, 323–329. [CrossRef] [PubMed]

http://doi.org/10.3390/agronomy7010001
http://doi.org/10.1146/annurev-micro-020518-120022
http://www.ncbi.nlm.nih.gov/pubmed/31226025
http://doi.org/10.1038/nature05286
http://www.ncbi.nlm.nih.gov/pubmed/17108957


Plants 2022, 11, 2008 10 of 13

7. Vailleau, F.; Sartorel, E.; Marie-Françoise, J.; Chardon, F.G.S.; Huguet, T.; Gentzbittel, L.; Petitprez, M. Characterization of the
interaction between the bacterial wilt pathogen Ralstonia solanacearum and the model legume plant Medicago truncatula. Mol. Plant
Microbe Interact. 2007, 20, 159–167. [CrossRef] [PubMed]

8. Ben, C.; Debellé, F.; Berges, H.; Bellec, A.; Jardinaud, M.; Anson, P.; Huguet, T.; Gentzbittel, L.; Vailleau, F. MtQRRS1, an R-locus
required for Medicago truncatula quantitative resistance to Ralstonia solanacearum. New Phytol. 2013, 199, 758–772. [CrossRef]
[PubMed]

9. Pfeilmeier, S.; George, J.; Morel, A.; Roy, S.; Smoker, M.; Stransfeld, L.; Downie, J.A.; Peeters, N.; Malone, J.G.; Zipfel, C. Expression
of the Arabidopsis thaliana immune receptor EFR in Medicago truncatula reduces infection by a root pathogenic bacterium, but not
nitrogen-fixing rhizobial symbiosis. Plant Biotechnol. J. 2019, 17, 569–579. [CrossRef]

10. Stefanova, G.; Slavov, S.; Gecheff, K.; Vlahova, M.; Atanassov, A. Expression of recombinant human lactoferrin in transgenic
alfalfa plants. Biol. Plant. 2013, 57, 457–464. [CrossRef]

11. Anderson, J.P.; Lichtenzveig, J.; Gleason, C.; Oliver, R.P.; Singh, K.B. The B-3 ethylene response factor MtERF1-1 mediates
resistance to a subset of root pathogens in Medicago truncatula without adversely affecting symbiosis with Rhizobia. Plant Physiol.
2011, 154, 861–873. [CrossRef] [PubMed]

12. Tesfaye, M.; Denton, M.D.; Samac, D.A.; Vance, C.P. Transgenic alfalfa secretes a fungal endochitinase protein to the rhizosphere.
Plant Soil. 2005, 269, 233–243. [CrossRef]

13. Wang, E.; Schornack, S.; Marsh, J.F.; Gobbato, E.; Schwessinger, B.; Eastmond, P.; Schultze, M.; Kamoun, S.; Oldroyd, G.E. A
common signaling process that promotes mycorrhizal and oomycete colonization of plants. Curr. Biol. 2012, 22, 2242–2246.
[CrossRef]

14. Rey, T.; Bonhomme, M.; Chatterjee, A.; Gavrin, A.; Toulotte, J.; Yang, W.; Andre, O.; Jacquet, C.; Schornack, S. The Medicago
truncatula GRAS protein RAD1 supports arbuscular mycorrhiza symbiosis and Phytophthora palmivora susceptibility. J. Exp. Bot.
2017, 68, 5871–5881. [CrossRef] [PubMed]

15. Bonhomme, M.; André, O.; Badis, Y.; Ronfort, J.; Burgarella, C.; Chantret, N.; Prosperi, J.M.; Briskine, R.; Mudge, J.; Debéllé,
F. High-density genome-wide association mapping implicates an F-box encoding gene in Medicago truncatula resistance to
Aphanomyces euteiches. New Phytol. 2014, 201, 1328–1342. [CrossRef]

16. Badis, Y.; Bonhomme, M.; Lafitte, C.; Huguet, S.; Balzergue, S.; Dumas, B.; Jacquet, C. Transcriptome analysis highlights
preformed defences and signalling pathways controlled by the prAe1 quantitative trait locus (QTL), conferring partial resistance
to Aphanomyces euteiches in Medicago truncatula. Mol. Plant Pathol. 2015, 16, 973–986. [CrossRef]

17. Yadav, H.; Dreher, D.; Athmer, B.; Porzel, A.; Gavrin, A.; Baldermann, S.; Tissier, A.; Hause, B. Medicago TERPENE SYNTHASE
10 is involved in defense against an oomycete root pathogen. Plant Physiol. 2019, 180, 1598–1613. [CrossRef] [PubMed]

18. Gibelin-Viala, C.; Amblard, E.; Puech-Pages, V.; Bonhomme, M.; Garcia, M.; Bascaules-Bedin, A.; Fliegmann, J.; Wen, J.; Mysore,
K.S.; le Signor, C.; et al. The Medicago truncatula LysM receptor-like kinase LYK9 plays a dual role in immunity and the arbuscular
mycorrhizal symbiosis. New Phytol. 2019, 223, 1516–1529. [CrossRef]

19. Rey, T.; Laporte, P.; Bonhomme, M.; Jardinaud, M.F.; Huguet, S.; Balzergue, S.; Dumas, B.; Niebel, A.; Jacquet, C. MtNF-YA1, A
central transcriptional regulator of symbiotic nodule development, is also a determinant of Medicago truncatula susceptibility
toward a root pathogen. Front. Plant Sci. 2016, 7, 1837. [CrossRef] [PubMed]

20. Pilet-Nayel, M.L.; Prospéri, J.; Hamon, C.; Lesné, A.; Baranger, A. AER1, a major gene conferring resistance to Aphanomyces
euteiches in Medicago truncatula. Phytopathology 2009, 99, 203. [CrossRef] [PubMed]

21. Kaur, J.; Thokala, M.; Robert-Seilaniantz, A.; Zhao, P.; Peyret, H.; Berg, H.; Pandey, S.; Jones, J.; Shah, D. Subcellular targeting
of an evolutionarily conserved plant defensin MtDef4.2 determines the outcome of plant–pathogen interaction in transgenic
Arabidopsis. Mol. Plant Pathol. 2012, 13, 1032–1046. [CrossRef] [PubMed]

22. Yang, S.; Gao, M.; Xu, C.; Gao, J.; Deshpande, S.; Lin, S.; Roe, B.; Zhu, H. Alfalfa benefits from Medicago truncatula: The RCT1
gene from Medicago truncatula confers broad-spectrum resistance to anthracnose in alfalfa. Proc. Natl. Acad. Sci. USA 2008, 105,
12164–12169. [CrossRef] [PubMed]

23. Tang, F.; Yang, S.; Gao, M.; Zhu, H. Alternative splicing is required for RCT1-mediated disease resistance in Medicago truncatula.
Plant Mol. Biol. 2013, 82, 367–374. [CrossRef] [PubMed]

24. Uppalapati, S.R.; Ishiga, Y.; Doraiswamy, V.; Bedair, M.; Mittal, S.; Chen, J.; Nakashima, J.; Tang, Y.; Tadege, M.; Ratet, P.; et al. Loss
of abaxial leaf epicuticular wax in Medicago truncatula irg1/palm1 mutants results in reduced spore differentiation of anthracnose
and nonhost rust pathogens. Plant Cell 2012, 24, 353–370. [CrossRef]

25. Yang, S.; Tang, F.; Caixeta, E.T.; Zhu, H. Epigenetic regulation of a powdery mildew resistance gene in Medicago truncatula. Mol.
Plant 2013, 6, 2000–2003. [CrossRef] [PubMed]

26. Lin, S.; Niu, Y.; Augusto Medina, C.; Yu, L.X. Two linked resistance genes function divergently in defence against Verticillium
Wilt in Alfalfa. Plant Biotechnol. J. 2022, 20, 619. [CrossRef]

27. Yu, L.X.; Zhang, F.; Culma, C.M.; Lin, S.; Niu, Y.; Zhang, T.; Yang, Q.; Smith, M.; Hu, J. Construction of high-density linkage maps
and identification of quantitative trait loci associated with Verticillium wilt resistance in autotetraploid Alfalfa (Medicago sativa L.).
Plant Dis. 2020, 104, 1439–1444. [CrossRef]

28. Dixon, H.; Richard, A. Genetic manipulation of isoflavone 7-O-methyltransferase enhances biosynthesis of 4′-O-methylated
isoflavonoid phytoalexins and disease resistance in Alfalfa. Plant Cell 2000, 12, 1689–1702.

http://doi.org/10.1094/MPMI-20-2-0159
http://www.ncbi.nlm.nih.gov/pubmed/17313167
http://doi.org/10.1111/nph.12299
http://www.ncbi.nlm.nih.gov/pubmed/23638965
http://doi.org/10.1111/pbi.12999
http://doi.org/10.1007/s10535-013-0305-5
http://doi.org/10.1104/pp.110.163949
http://www.ncbi.nlm.nih.gov/pubmed/20713618
http://doi.org/10.1007/s11104-004-0520-0
http://doi.org/10.1016/j.cub.2012.09.043
http://doi.org/10.1093/jxb/erx398
http://www.ncbi.nlm.nih.gov/pubmed/29186498
http://doi.org/10.1111/nph.12611
http://doi.org/10.1111/mpp.12253
http://doi.org/10.1104/pp.19.00278
http://www.ncbi.nlm.nih.gov/pubmed/31015300
http://doi.org/10.1111/nph.15891
http://doi.org/10.3389/fpls.2016.01837
http://www.ncbi.nlm.nih.gov/pubmed/27994614
http://doi.org/10.1094/PHYTO-99-2-0203
http://www.ncbi.nlm.nih.gov/pubmed/19159312
http://doi.org/10.1111/j.1364-3703.2012.00813.x
http://www.ncbi.nlm.nih.gov/pubmed/22776629
http://doi.org/10.1073/pnas.0802518105
http://www.ncbi.nlm.nih.gov/pubmed/18719113
http://doi.org/10.1007/s11103-013-0068-6
http://www.ncbi.nlm.nih.gov/pubmed/23657790
http://doi.org/10.1105/tpc.111.093104
http://doi.org/10.1093/mp/sst106
http://www.ncbi.nlm.nih.gov/pubmed/23770839
http://doi.org/10.1111/pbi.13779
http://doi.org/10.1094/PDIS-08-19-1718-RE


Plants 2022, 11, 2008 11 of 13

29. Kaur, J.; Fellers, J.; Adholeya, A.; Velivelli, S.; El-Mounadi, K.; Nersesian, N.; Clemente, T.; Shah, D. Expression of apoplast-targeted
plant defensin MtDef4.2 confers resistance to leaf rust pathogen Puccinia triticina but does not affect mycorrhizal symbiosis in
transgenic wheat. Transgenic Res. 2017, 26, 37–49. [CrossRef]

30. Banasiak, J.; Biala, W.; Staszków, A.; Swarcewicz, B.; Kepczynska, E.; Figlerowicz, M.; Jasinski, J. A Medicago truncatula ABC
transporter belonging to subfamily G modulates the level of isoflavonoids. J. Exp. Bot. 2013, 64, 1005–1015. [CrossRef]

31. Liu, Y.; Hassan, S.; Kidd, B.N.; Garg, G.; Mathesius, U.; Singh, K.B.; Anderson, J.P. Ethylene signaling is important for isoflavonoid-
mediated resistance to Rhizoctonia solani in roots of Medicago truncatula. Mol. Plant Microbe Interact. 2017, 30, 691–700. [CrossRef]

32. Guo, S.M.; Kamphuis, L.G.; Gao, L.L.; Klingler, J.P.; Lichtenzveig, J.; Edwards, O.; Singh, K.B. Identification of distinct quantitative
trait loci associated with defence against the closely related aphids Acyrthosiphon pisum and A. kondoi in Medicago truncatula. J.
Exp. Bot. 2012, 63, 3913–3922. [CrossRef] [PubMed]

33. Klingler, J.P.; Nair, R.M.; Edwards, O.R.; Singh, K.B. A single gene, AIN, in Medicago truncatula mediates a hypersensitive response
to both bluegreen aphid and pea aphid, but confers resistance only to bluegreen aphid. J. Exp. Bot. 2009, 60, 4115–4127. [CrossRef]
[PubMed]

34. Kamphuis, L.G.; Guo, S.M.; Gao, L.L.; Singh, K.B. Genetic mapping of a major resistance gene to pea aphid (Acyrthosipon pisum)
in the model legume Medicago truncatula. Int. J. Mol. Sci. 2016, 17, 1224. [CrossRef] [PubMed]

35. Strizhov, N.; Keller, M.; Mathur, J.; Koncz-Kálmán, Z.; Bosch, D.; Prudovsky, E.; Schell, J.; Sneh, B.; Koncz, C.; Zilberstein, A. A
synthetic cryIC gene, encoding a Bacillus thuringiensis d endotoxin, confers Spodoptera resistance in alfalfa and tobacco. Proc.
Natl. Acad. Sci. USA 1996, 93, 15012–15017. [CrossRef]

36. Thomas, J.; Wasmann, C.; Echt, C.; Dunn, R.; Bohnert, H.; McCoy, T. Introduction and expression of an insect proteinase inhibitor
in alfalfa (Medicago sativa L.). Plant Cell Rep. 1994, 14, 31–36. [CrossRef] [PubMed]

37. Biffen, R. Mendel’s laws of inheritance and wheat breeding. J. Agric. Sci. 1905, 1, 4–48. [CrossRef]
38. Flor, H. Current status of the gene-for-gene concept. Annu. Rev. Phytopathol. 1971, 9, 275–296. [CrossRef]
39. Staskawicz, B.; Dahlbeck, D.; Keen, N. Cloned avirulence gene of Pseudomonas syringae pv. glycinea determines race-specific

incompatibility on Glycine max (L.) Merr. Proc. Natl. Acad. Sci. USA 1984, 81, 6024–6028. [CrossRef]
40. Johal, G.S.; Briggs, S.P. Reductase activity encoded by the HM1 disease resistance gene in maize. Science 1992, 258, 985–987.

[CrossRef]
41. Zhang, J.; Dong, S.; Wang, W. Plant immunity and sustainable control of pests in China: Advances, opportunities and challenges.

Sci. Sin. Vit. 2019, 49, 1479–1507.
42. Yuan, M.; Jiang, Z.; Bi, G.; Nomura, K.; Liu, M.; Wang, Y.; Cai, B.; Zhou, J.M.; He, S.Y.; Xin, X.F. Pattern-recognition receptors are

required for NLR-mediated plant immunity. Nature 2021, 592, 105–109. [CrossRef] [PubMed]
43. Boutrot, F.; Zipfel, C. Function, discovery, and exploitation of plant pattern recognition receptors for broad-spectrum disease

resistance. Annu. Rev. Phytopathol. 2017, 55, 257–286. [CrossRef] [PubMed]
44. Kapos, P.; Devendrakumar, K.T.; Li, X. Plant NLRs: From discovery to application. Plant Sci. 2019, 279, 3–18. [CrossRef] [PubMed]
45. Sun, Y.; Li, L.; Macho, A.P.; Han, Z.; Hu, Z.; Zipfel, C.; Zhou, J.M.; Chai, J. Structural basis for flg22-induced activation of the

Arabidopsis FLS2-BAK1 immune complex. Science 2013, 342, 624–628. [CrossRef]
46. Wang, Y.; Xu, Y.; Sun, Y.; Wang, H.; Qi, J.; Wan, B.; Ye, W.; Lin, Y.; Shao, Y.; Dong, S.; et al. Leucine-rich repeat receptor-like gene

screen reveals that Nicotiana RXEG1 regulates glycoside hydrolase 12 MAMP detection. Nat. Commun. 2018, 9, 594. [CrossRef]
47. Ma, Z.; Song, T.; Zhu, L.; Ye, W.; Wang, Y.; Shao, Y.; Dong, S.; Zhang, Z.; Dou, D.; Zheng, X.; et al. A Phytophthora sojae glycoside

hydrolase 12 protein is a major virulence factor during soybean infection and is recognized as a PAMP. Plant Cell 2015, 27,
2057–2072. [CrossRef]

48. Liu, B.; Li, J.F.; Ao, Y.; Qu, J.; Li, Z.; Su, J.; Zhang, Y.; Liu, J.; Feng, D.; Qi, K.; et al. Lysin motif-containing proteins LYP4 and LYP6
play dual roles in peptidoglycan and chitin perception in rice innate immunity. Plant Cell 2012, 24, 3406–3419. [CrossRef]

49. Liu, Y.; Wu, H.; Chen, H.; Liu, Y.; He, J.; Kang, H.; Sun, Z.; Pan, G.; Wang, Q.; Hu, J. A gene cluster encoding lectin receptor
kinases confers broad-spectrum and durable insect resistance in rice. Nat. Biotechnol. 2015, 33, 301–305. [CrossRef]

50. Du, B.; Zhang, W.; Liu, B.; Hu, J.; Wei, Z.; Shi, Z.; He, R.; Zhu, L.; Chen, R.; Han, B.; et al. Identification and characterization of
Bph14, a gene conferring resistance to brown planthopper in rice. Proc. Natl. Acad. Sci. USA 2009, 106, 22163–22168. [CrossRef]

51. Zhao, Y.; Huang, J.; Wang, Z.; Jing, S.; Wang, Y.; Ouyang, Y.; Cai, B.; Xin, X.F.; Liu, X.; Zhang, C.; et al. Allelic diversity in an NLR
gene BPH9 enables rice to combat planthopper variation. Proc Natl. Acad. Sci. USA 2016, 113, 12850–12855. [CrossRef] [PubMed]

52. Cui, H.; Tsuda, K.; Parker, J.E. Effector-triggered immunity: From pathogen perception to robust defense. Annu. Rev. Plant Biol.
2015, 66, 487–511. [CrossRef]

53. Adachi, H.; Derevnina, L.; Kamoun, S. NLR singletons, pairs, and networks: Evolution, assembly, and regulation of the
intracellular immunoreceptor circuitry of plants. Curr. Opin. Plant Biol. 2019, 50, 121–131. [CrossRef] [PubMed]

54. Wang, J.; Wang, J.; Hu, M.; Wu, S.; Qi, J.; Wang, G.; Han, Z.; Qi, Y.; Gao, N.; Wang, H.W.; et al. Ligand-triggered allosteric ADP
release primes a plant NLR complex. Science 2019, 364, eaav5868. [CrossRef] [PubMed]

55. Wang, J.; Hu, M.; Wang, J.; Qi, J.; Han, Z.; Wang, G.; Qi, Y.; Wang, H.W.; Zhou, J.M.; Chai, J. Reconstitution and structure of a
plant NLR resistosome conferring immunity. Science 2019, 364, eaav5870. [CrossRef]

56. Bi, G.; Su, M.; Li, N.; Liang, Y.; Dang, S.; Xu, J.; Hu, M.; Wang, J.; Zou, M.; Deng, Y.; et al. The ZAR1 resistosome is a
calcium-permeable channel triggering plant immune signaling. Cell 2021, 184, 3528–3541. [CrossRef] [PubMed]

57. Zhou, J.M.; Zhang, Y. Plant immunity: Danger perception and signaling. Cell 2020, 181, 978–989. [CrossRef] [PubMed]

http://doi.org/10.1007/s11248-016-9978-9
http://doi.org/10.1093/jxb/ers380
http://doi.org/10.1094/MPMI-03-17-0057-R
http://doi.org/10.1093/jxb/ers084
http://www.ncbi.nlm.nih.gov/pubmed/22442407
http://doi.org/10.1093/jxb/erp244
http://www.ncbi.nlm.nih.gov/pubmed/19690018
http://doi.org/10.3390/ijms17081224
http://www.ncbi.nlm.nih.gov/pubmed/27483247
http://doi.org/10.1073/pnas.93.26.15012
http://doi.org/10.1007/BF00233294
http://www.ncbi.nlm.nih.gov/pubmed/24194223
http://doi.org/10.1017/S0021859600000137
http://doi.org/10.1146/annurev.py.09.090171.001423
http://doi.org/10.1073/pnas.81.19.6024
http://doi.org/10.1126/science.1359642
http://doi.org/10.1038/s41586-021-03316-6
http://www.ncbi.nlm.nih.gov/pubmed/33692546
http://doi.org/10.1146/annurev-phyto-080614-120106
http://www.ncbi.nlm.nih.gov/pubmed/28617654
http://doi.org/10.1016/j.plantsci.2018.03.010
http://www.ncbi.nlm.nih.gov/pubmed/30709490
http://doi.org/10.1126/science.1243825
http://doi.org/10.1038/s41467-018-03010-8
http://doi.org/10.1105/tpc.15.00390
http://doi.org/10.1105/tpc.112.102475
http://doi.org/10.1038/nbt.3069
http://doi.org/10.1073/pnas.0912139106
http://doi.org/10.1073/pnas.1614862113
http://www.ncbi.nlm.nih.gov/pubmed/27791169
http://doi.org/10.1146/annurev-arplant-050213-040012
http://doi.org/10.1016/j.pbi.2019.04.007
http://www.ncbi.nlm.nih.gov/pubmed/31154077
http://doi.org/10.1126/science.aav5868
http://www.ncbi.nlm.nih.gov/pubmed/30948526
http://doi.org/10.1126/science.aav5870
http://doi.org/10.1016/j.cell.2021.05.003
http://www.ncbi.nlm.nih.gov/pubmed/33984278
http://doi.org/10.1016/j.cell.2020.04.028
http://www.ncbi.nlm.nih.gov/pubmed/32442407


Plants 2022, 11, 2008 12 of 13

58. Liang, X.; Zhou, J.M. Receptor-like cytoplasmic kinases: Central players in plant receptor kinase-mediated signaling. Annu. Rev.
Plant Biol. 2018, 69, 267–299. [CrossRef]

59. Chen, L.; Zhang, L.; Li, D.; Wang, F.; Yu, D. WRKY8 transcription factor functions in the TMV-cg defense response by mediating
both abscisic acid and ethylene signaling in Arabidopsis. Proc. Natl. Acad. Sci. USA 2013, 110, E1963–E1971. [CrossRef] [PubMed]

60. Robert-Seilaniantz, A.; Grant, M.; Jones, J.D. Hormone crosstalk in plant disease and defense: More than just jasmonate-salicylate
antagonism. Annu. Rev. Phytopathol. 2011, 49, 317–343. [CrossRef]

61. Yuan, H.M.; Liu, W.C.; Lu, Y.T. CATALASE2 coordinates SA-mediated repression of both auxin accumulation and JA biosynthesis
in plant defenses. Cell Host Microbe. 2017, 21, 143–155. [CrossRef] [PubMed]

62. Yang, B.; Wang, Y.; Guo, B.; Jing, M.; Zhou, H.; Li, Y.; Wang, H.; Huang, J.; Wang, Y.; Ye, W.; et al. The Phytophthora sojae RXLR
effector Avh238 destabilizes soybean Type2 GmACSs to suppress ethylene biosynthesis and promote infection. New Phytol. 2019,
222, 425–437. [CrossRef] [PubMed]

63. Lu, J.; Li, J.; Ju, H.; Liu, X.; Erb, M.; Wang, X.; Lou, Y. Contrasting effects of ethylene biosynthesis on induced plant resistance
against a chewing and a piercing-sucking herbivore in rice. Mol. Plant. 2014, 7, 1670–1682. [CrossRef] [PubMed]

64. Oerke, E.C. Crop losses to pests. J. Agric. Sci. 2005, 144, 31–43. [CrossRef]
65. Nan, Z. Fungal diseases of cultivated grasses and forage legumes in loess plateau of eastern gansu provience. Pratacult. Sci. 1990,

7, 30–34.
66. Fang, X.; Zhang, C.; Wang, Z.; Duan, T.; Yu, B.; Jia, X.; Pang, J.; Ma, L.; Wang, Y.; Nan, Z. Co-infection by soil-borne fungal

pathogens alters disease responses among diverse alfalfa varieties. Front. Microbiol. 2021, 12, 664385. [CrossRef]
67. Tollenaere, C.; Susi, H.; Laine, A.L. Evolutionary and epidemiological implications of multiple infection in plants. Trends Plant Sci.

2016, 21, 80–90. [CrossRef]
68. Zhang, Z.; Nan, Z. Research progress on alfalfa bacterial diseases. Acta Pratacult. Sin. 2014, 23, 330–342.
69. Nemchinov, L.G.; Shao, J.; Lee, M.N.; Postnikova, O.A.; Samac, D.A.; Arnold, D.L. Resistant and susceptible responses in alfalfa

(Medicago sativa) to bacterial stem blight caused by Pseudomonas syringae pv. syringae. PLoS ONE 2017, 12, e0189781. [CrossRef]
70. Berg, L.E.; Miller, S.S.; Dornbusch, M.R.; Samac, D.A. Seed rot and damping-off of Alfalfa in minnesota caused by Pythium and

Fusarium species. Plant Dis. 2017, 101, 1860–1867. [CrossRef]
71. Musial, K.; Aitken, M.; Mackie, J. A genetic linkage map in autotetraploid lucerne adapted to northern Australia, and use of the

map to identify DNA markers linked to resistance to Phytophthora medicaginis. Aust. J. Agric. Res. 2005, 56, 333–344. [CrossRef]
72. Djebali, N.; Jauneau, A.; Ameline, C.; Chardon, F.; Mathe, C.; Bottin, A.; Cazaux, M.; Nayel, M.L.; Baranger, A.; Aouani, M. Partial

resistance of Medicago truncatula to Aphanomyces euteiches Is associated with protection of the root stele and is controlled by a
major QTL rich in proteasome-related genes. Mol. Plant-Microbe Interact. 2009, 22, 1043. [CrossRef]

73. Hamon, C.; Alain, B.; Henri, M.; Ronan, L.; Isabelle Le, G.D.G.L.; Caroline, O.; Anne, M.; Marie, P.; Bernard, T.; Delourme, R.; et al.
A complex genetic network involving a broad-spectrum locus and strain-specific loci controls resistance to different pathotypes
of Aphanomyces euteiches in Medicago truncatula. Theor. Appl. Genet. 2010, 120, 955–970. [CrossRef] [PubMed]

74. Rey, T.; Nars, A.; Bonhomme, M.; Bottin, A.; Huguet, S.; Balzergue, S.; Jardinaud, M.F.; Bono, J.J.; Cullimore, J.; Dumas, B. NFP, a
LysM protein controlling Nod factor perception, also intervenes in Medicago truncatula resistance to pathogens. New Phytol. 2013,
198, 875–886. [CrossRef]

75. Colditz, F.; Braun, H.P.; Jacquet, C.; Niehaus, K.; Krajinski, F. Proteomic profiling unravels insights into the molecular background
underlying increased Aphanomyces euteiches-tolerance of Medicago truncatula. Plant Mol. Biol. 2005, 59, 387–406. [CrossRef]
[PubMed]

76. Chen, Y.; Liu, X.; Cui, G.; Xi, Q. Research progress in root rot of alfalfa. Grassl. China 2000, 1, 52–57.
77. Fang, X.; Zhang, C.; Nan, Z. Research advances in Fusarium root rot of alfalfa (Medicago sativa). Acta Pratacult. Sin. 2019, 28, 15.
78. Mackie, J.; Musial, J.; O’Neill, N.; Irwin, J. Pathogenic specialisation within Colletotrichum trifolii in Australia, and lucerne cultivar

reactions to all known Australian pathotypes. Aust. J. Agric. Res. 2003, 54, 829–836. [CrossRef]
79. Saunders, J.A.; O’Neill, N.R. The characterization of defense responses to fungal infection in alfalfa. Bio. Control. 2004, 49, 715–728.

[CrossRef]
80. Mazurier, M.; Sbeiti, A.A.L.; Benameur, S.; Tardin, M.C.; Gentzbittel, L. Genome wide analysis of quantitative disease resistance

against Verticillium wilt in Medicago truncatula. In Proceedings of the 12th International Verticillium Symposium, Ljubljana,
Slovenia, 6 October 2016.

81. Yu, L.X.; Zheng, P.; Zhang, T.; Rodringuez, J.; Main, D. Genotyping-by-sequencing-based genome-wide association studies on
Verticillium wilt resistance in autotetraploid alfalfa (Medicago sativa L.). Mol. Plant Pathol. 2017, 18, 187–194. [CrossRef]

82. McNeill, M.R.; Tu, X.; Altermann, E.; Beilei, W.; Shi, S. Sustainable management of Medicago sativa for future climates: Insect
pests, endophytes and multitrophic interactions in a complex environment. Front. Agron. 2022, 4, 27. [CrossRef]

83. Klingler, J.; Creasy, R.; Gao, L.; Nair, R.M.; Calix, A.S.; Jacob, H.S.; Edwards, O.R.; Singh, K.B. Aphid resistance in Medicago
truncatula involves antixenosis and phloem-specific, inducible antibiosis, and maps to a single locus flanked by NBS-LRR
resistance gene analogs. Plant Physiol. 2005, 137, 1445–1455. [CrossRef]

84. Klingler, J.P.; Edwards, O.R.; Singh, K.B. Independent action and contrasting phenotypes of resistance genes against spotted
alfalfa aphid and bluegreen aphid in Medicago truncatula. New Phytol. 2007, 173, 630–640. [CrossRef]

85. Gao, L.L.; Klingler, J.P.; Anderson, J.P.; Edwards, O.R.; Singh, K.B. Characterization of pea aphid resistance in Medicago truncatula.
Plant Physiol. 2008, 146, 996–1009. [CrossRef] [PubMed]

http://doi.org/10.1146/annurev-arplant-042817-040540
http://doi.org/10.1073/pnas.1221347110
http://www.ncbi.nlm.nih.gov/pubmed/23650359
http://doi.org/10.1146/annurev-phyto-073009-114447
http://doi.org/10.1016/j.chom.2017.01.007
http://www.ncbi.nlm.nih.gov/pubmed/28182949
http://doi.org/10.1111/nph.15581
http://www.ncbi.nlm.nih.gov/pubmed/30394556
http://doi.org/10.1093/mp/ssu085
http://www.ncbi.nlm.nih.gov/pubmed/25064847
http://doi.org/10.1017/S0021859605005708
http://doi.org/10.3389/fmicb.2021.664385
http://doi.org/10.1016/j.tplants.2015.10.014
http://doi.org/10.1371/journal.pone.0189781
http://doi.org/10.1094/PDIS-02-17-0185-RE
http://doi.org/10.1071/AR04317
http://doi.org/10.1094/MPMI-22-9-1043
http://doi.org/10.1007/s00122-009-1224-x
http://www.ncbi.nlm.nih.gov/pubmed/20012740
http://doi.org/10.1111/nph.12198
http://doi.org/10.1007/s11103-005-0184-z
http://www.ncbi.nlm.nih.gov/pubmed/16235107
http://doi.org/10.1071/AR03079
http://doi.org/10.1007/s10526-004-5281-4
http://doi.org/10.1111/mpp.12389
http://doi.org/10.3389/fagro.2022.825087
http://doi.org/10.1104/pp.104.051243
http://doi.org/10.1111/j.1469-8137.2006.01939.x
http://doi.org/10.1104/pp.107.111971
http://www.ncbi.nlm.nih.gov/pubmed/18184733


Plants 2022, 11, 2008 13 of 13

86. Kamphuis, L.G.; Gao, L.; Singh, K.B. Identification and characterization of resistance to cowpea aphid (Aphis craccivora Koch) in
Medicago truncatula. BMC Plant Biol. 2012, 12, 101. [CrossRef] [PubMed]

87. Kamphuis, L.G.; Lichtenzveig, J.; Peng, K.; Guo, S.M.; Klingler, J.P.; Siddique, K.H.; Gao, L.L.; Singh, K.B. Characterization and
genetic dissection of resistance to spotted alfalfa aphid (Therioaphis trifolii) in Medicago truncatula. J. Exp. Bot. 2013, 64, 5157–5172.
[CrossRef] [PubMed]

88. Casteel, C.; Walling, L.; Paine, T. Behavior and biology of the tomato psyllid, Bactericerca cockerelli, in response to the Mi-1.2 gene.
Entomol. Exp. Et Appl. 2006, 121, 67–72. [CrossRef]

89. Dogimont, C.; Chovelon, V.; Pauquet, J.; Boualem, A.; Bendahmane, A. The Vat locus encodes for a CC-NBS-LRR protein that
confers resistance to Aphis gossypii infestation and A. gossypii-mediated virus resistance. Plant J. 2014, 80, 993–1004. [CrossRef]
[PubMed]

90. Zust, T.; Agrawal, A.A. Mechanisms and evolution of plant resistance to aphids. Nat. Plants 2016, 2, 15206. [CrossRef] [PubMed]
91. Gao, L.L.; Anderson, J.P.; Klingler, J.P.; Nair, R.M.; Edwards, O.R.; Singh, K.B. Involvement of the octadecanoid pathway in

bluegreen aphid resistance in Medicago truncatula. Mol. Plant Microbe Interact. 2007, 20, 82–93. [CrossRef] [PubMed]
92. Chen, H.; Zeng, Y.; Yang, Y.; Huang, L.; Tang, B.; Zhang, H.; Hao, F.; Liu, W.; Li, Y.; Liu, Y. Allele-aware chromosome-level genome

assembly and efficient transgene-free genome editing for the autotetraploid cultivated alfalfa. Nat. Commun. 2020, 11, 2494.
[CrossRef] [PubMed]

93. Shen, C.; Du, H.; Chen, Z.; Lu, H.; Zhu, F.; Chen, H.; Meng, X.; Liu, Q.; Liu, P.; Zheng, L. The chromosome-level genome sequence
of the autotetraploid alfalfa and resequencing of core germplasms provide genomic resources for alfalfa research. Mol. Plant 2020,
13, 1250–1261. [CrossRef] [PubMed]

94. Li, N.; Lin, B.; Wang, H.; Li, X.; Yang, F.; Ding, X.; Yan, J.; Chu, Z. Natural variation in ZmFBL41 confers banded leaf and sheath
blight resistance in maize. Nat. Genet. 2019, 51, 1540–1548. [CrossRef] [PubMed]

95. Arora, S.; Steuernagel, B.; Gaurav, K.; Chandramohan, S.; Long, Y.; Matny, O.; Johnson, R.; Enk, J.; Periyannan, S.; Singh, N.; et al.
Resistance gene cloning from a wild crop relative by sequence capture and association genetics. Nat. Biotechnol. 2019, 37, 139–143.
[CrossRef] [PubMed]

96. Schie, C.V.; Takken, F. Susceptibility Genes 101: How to Be a Good Host. Annu. Rev. Phytopathol. 2014, 52, 551–581. [CrossRef]
97. Büschges, R.; Hollricher, K.; Panstruga, R.; Simons, G.; Wolter, M.; Frijters, A.; Van, D.R.; Van, D.; Diergaarde, P.; Groenendijk, J.

The barley Mlo gene: A novel control element of plant pathogen resistance. Cell 1997, 88, 695–705. [CrossRef]
98. Wang, Y.; Cheng, X.; Shan, Q.; Zhang, Y.; Liu, J.; Gao, C.; Qiu, J.L. Simultaneous editing of three homoeoalleles in hexaploid bread

wheat confers heritable resistance to powdery mildew. Nat. Biotechnol. 2014, 32, 947–951. [CrossRef] [PubMed]
99. Li, S.; Lin, D.; Zhang, Y.; Deng, M.; Chen, Y.; Lv, B.; Li, B.; Lei, Y.; Wang, Y.; Zhao, L.; et al. Genome-edited powdery mildew

resistance in wheat without growth penalties. Nature 2022, 602, 455–460. [CrossRef]
100. Lu, H.P.; Luo, T.; Fu, H.W.; Wang, L.; Tan, Y.Y.; Huang, J.Z.; Wang, Q.; Ye, G.Y.; Gatehouse, A.M.R.; Lou, Y.G.; et al. Resistance of

rice to insect pests mediated by suppression of serotonin biosynthesis. Nat. Plants 2018, 4, 338–344. [CrossRef]
101. Mendes, R.; Kruijt, M.; de Bruijn, I.; Dekkers, E.; van der Voort, M.; Schneider, J.H.; Piceno, Y.M.; DeSantis, T.Z.; Andersen,

G.L.; Bakker, P.A.; et al. Deciphering the rhizosphere microbiome for disease-suppressive bacteria. Science 2011, 332, 1097–1100.
[CrossRef]

102. Ma, K.W.; Niu, Y.; Jia, Y.; Ordon, J.; Copeland, C.; Emonet, A.; Geldner, N.; Guan, R.; Stolze, S.C.; Nakagami, H. Coordination of
microbe-host homeostasis by crosstalk with plant innate immunity. Nat. Plants 2021, 7, 814–825. [CrossRef] [PubMed]

103. Li, C.; Wang, Z.; Chen, T.; Nan, Z. Creation of novel barley germplasm using an Epichloë endophyte. Chin. Sci. Bull. 2021, 66,
2608–2617. [CrossRef]

104. Yang, B.; Wang, Y. Application progress of plant immunity inducers. China Plant Prot. 2019, 39, 24–32.
105. Yang, B.; Yang, S.; Zheng, W.; Wang, Y. Plant immunity inducers: From discovery to agricultural application. Stress Biol. 2022, 2, 5.

[CrossRef]
106. Zhang, T.; Zhao, Y.L.; Zhao, J.H.; Wang, S.; Jin, Y.; Chen, Z.Q.; Fang, Y.Y.; Hua, C.L.; Ding, S.W.; Guo, H.S. Cotton plants export

microRNAs to inhibit virulence gene expression in a fungal pathogen. Nat. Plants 2016, 2, 16153. [CrossRef] [PubMed]

http://doi.org/10.1186/1471-2229-12-101
http://www.ncbi.nlm.nih.gov/pubmed/22759788
http://doi.org/10.1093/jxb/ert305
http://www.ncbi.nlm.nih.gov/pubmed/24058162
http://doi.org/10.1111/j.1570-8703.2006.00458.x
http://doi.org/10.1111/tpj.12690
http://www.ncbi.nlm.nih.gov/pubmed/25283874
http://doi.org/10.1038/nplants.2015.206
http://www.ncbi.nlm.nih.gov/pubmed/27250753
http://doi.org/10.1094/MPMI-20-0082
http://www.ncbi.nlm.nih.gov/pubmed/17249425
http://doi.org/10.1038/s41467-020-16338-x
http://www.ncbi.nlm.nih.gov/pubmed/32427850
http://doi.org/10.1016/j.molp.2020.07.003
http://www.ncbi.nlm.nih.gov/pubmed/32673760
http://doi.org/10.1038/s41588-019-0503-y
http://www.ncbi.nlm.nih.gov/pubmed/31570888
http://doi.org/10.1038/s41587-018-0007-9
http://www.ncbi.nlm.nih.gov/pubmed/30718880
http://doi.org/10.1146/annurev-phyto-102313-045854
http://doi.org/10.1016/S0092-8674(00)81912-1
http://doi.org/10.1038/nbt.2969
http://www.ncbi.nlm.nih.gov/pubmed/25038773
http://doi.org/10.1038/s41586-022-04395-9
http://doi.org/10.1038/s41477-018-0152-7
http://doi.org/10.1126/science.1203980
http://doi.org/10.1038/s41477-021-00920-2
http://www.ncbi.nlm.nih.gov/pubmed/34031541
http://doi.org/10.1360/TB-2020-1587
http://doi.org/10.1007/s44154-021-00028-9
http://doi.org/10.1038/nplants.2016.153
http://www.ncbi.nlm.nih.gov/pubmed/27668926

	Introduction 
	Theory of Plant Immunity: Theoretical Basis for Breeding Resistant Plants to Pathogens and Insects 
	Plant Resistance Mediated by Pattern Recognition Receptors on Cell Membranes 
	Plant Resistance Mediated by Intracellular NLR Immune Receptors 
	Plant Immune Signaling 

	Main Diseases of Alfalfa and its Disease Resistance Mechanisms 
	Main Diseases and Pathogens of Alfalfa 
	Bacterial Disease Resistance Genes and Mechanisms in Alfalfa 
	Oomycete Disease Resistance Genes and Mechanisms in Alfalfa 
	Fungal Disease Resistance Genes and Mechanisms in Alfalfa 

	Main Alfalfa Insect Pests and Related Resistance Mechanisms 
	Problems and Future Directions of Research on Alfalfa Resistance to Pests and Diseases 
	Research Problems in Alfalfa Resistance to Pests and Diseases in China 
	The Future Development Direction of Alfalfa Resistance Research 
	Using Genome-wide Association Studies to Explore Alfalfa Resistance Genes 
	Modification of Alfalfa’s Susceptible Genes by Gene-Editing Technology 
	Using Pathogen Effectors as Probes to Explore the Immune Mechanisms of Alfalfa 
	Establish a Theoretical and Technical System of Alfalfa-Microbe/Microbiome Interaction, and Explore Alfalfa’s Microbial Resources for Pest and Disease Resistance 
	Application of New Technologies to Control Alfalfa Diseases and Pests 


	References

