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“Learn your theories well but put them aside 

when you confront the mystery of the living soul.” 

Carl Jung 
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ABSTRACT 

 

Xanthomonas arboricola pv. juglandis 417 (Xaj417) is the causal agent of walnut 

bacterial blight, the most significant above-ground disease of walnuts (Juglans regia L.). 

Walnut producers have registered losses of up to 40% in local production annually. 

Disease management uses copper-based pesticides which induce pathogen resistance 

despite being harmful for the environment. Our aim was to evaluate the genome content 

of the pathogen, dissect the host-pathogen response to define determinants that regulate 

the host susceptibility and assess the mutation effect of a conserved secreted protein 

among plant-associated Xanthomonadaceae. Our study focused on Xaj417 to understand 

the proteo-genomics attributes to colonize its host. We investigated the genome sequence 

and proteome of this plant pathogen by performing a comparative analysis with other 

sequenced Xaj and inoculating walnut fruits with Xaj417. The comparison of 32 Xaj 

genomes revealed that the adaptive evolution generated by intensive spray application to 

control bacterial diseases possibly led to selection of resistant bacteria and emergence of 

pathogenic strains (Chapter I). The results revealed that bacterial virulence and copper 

resistance emerged by the acquisition of specific sets of pathogenesis-related genes 

commonly transferred among the members of the Xanthomonas genus on mobile genetic 

elements. This was evidenced for the reference strain Xaj417, a copper-resistant 

Californian isolate, that acquired a new copper resistance cassette by HGT associated 

with a new transposon family in Xanthomonas (TnXaj417). The expansion of mobile 

genetic elements in the most virulent strains influence the repertoire of virulence effectors 

and adaptation strategies shaping the evolution of pathogenic strains. On Chapter II, we 

dissected this pathosystem using tandem mass tag quantitative proteomics. This is the 

first proteome study of this pathosystem examining the molecular responses during the 

disease development by comparing the proteomes of infected fruit hulls to healthy tissue. 

Xaj proteins detected in infected tissues demonstrated its ability to adapt to the host 

microenvironment, limiting iron availability, coping with copper toxicity, and 

maintaining energy and intermediary metabolism. Finally, on Chapter III the secreted 

monofunctional chorismate mutase mutant (XajCM) was created in Xaj417 and showed 

increased virulence in walnut nuts. The bacterial morphology was characterized and 
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changes in the protein profile of the mutant in planta were tested. The proteomic results 

suggested intense degradation processes, oxidative stress, and general arrest of the 

biosynthetic metabolism in infected nuts. Overall, this study offers new insights into the 

emergence of virulence, adaptation, and tolerance to disease management strategies used 

in orchard ecosystems. It also provides knowledge into molecular mechanisms 

highlighting potential molecular tools for early detection and disease control strategies. 

Keywords: Xanthomonas, Walnut Blight, phytopathogens, comparative genomics, 

proteomics, adaptation, persistence. 
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RESUMO 

 

Xanthomonas arboricola pv. juglandis 417 (Xaj417) é o agente causal da praga bacteriana 

da noz, a doença aérea mais significativa das nozes (Juglans regia L.). Os produtores de 

nozes registram perdas de até 40% na produção local anualmente. Além disso, pesticidas 

à base de cobre usados no controle da doença induzem resistência a patógenos e são 

prejudiciais ao meio ambiente. Nosso objetivo foi avaliar o conteúdo do genoma do 

patógeno, dissecar a resposta patógeno-hospedeiro para definir determinantes que 

regulam a suscetibilidade do hospedeiro e avaliar o efeito de mutação de uma proteína 

secretada conservada entre bactérias da família Xanthomonadaceae associadas a plantas. 

Nosso estudo se concentrou em Xaj417 para entender os atributos proteo-genômicos para 

colonizar seu hospedeiro. Nós investigamos o genoma e proteoma deste patógeno vegetal 

realizando uma análise genômica comparativa com outros isolados de Xaj e através da 

inoculação de nozes com Xaj417. A comparação de 32 genomas Xaj revelou que a 

evolução adaptativa gerada pela aplicação intensiva de spray para controlar doenças 

bacterianas possivelmente levou à seleção de bactérias resistentes e ao surgimento de 

cepas patogênicas (Capítulo I). Os resultados revelaram que a virulência bacteriana e a 

resistência ao cobre surgiram pela aquisição de conjuntos específicos de genes 

relacionados à patogênese comumente transferidos entre os membros do gênero 

Xanthomonas em elementos genéticos móveis. Isso foi evidenciado para a cepa de 

referência Xaj417, um isolado californiano resistente ao cobre, que adquiriu um novo 

cassete de resistência ao cobre por HGT associado a uma nova família de transposon em 

Xanthomonas (TnXaj417). A expansão de elementos genéticos móveis nas cepas mais 

virulentas influencia o repertório de efetores de virulência e as estratégias de adaptação 

que moldam a evolução das cepas patogênicas. No Capítulo II, dissecamos esse 

patossistema usando proteômica quantitativa de etiqueta de massa em tandem (TMT). 

Este é o primeiro estudo de proteoma deste patossistema examinando as respostas 

moleculares durante o desenvolvimento da doença, comparando os proteomas de nozes 

infectadas com tecidos saudáveis. As proteínas de Xaj detectadas em tecidos infectados 

demonstram sua capacidade de se adaptar ao microambiente do hospedeiro, limitando a 

disponibilidade de ferro, enfrentando a toxicidade do cobre e mantendo a energia e o 
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metabolismo intermediário. Finalmente, no Capítulo III, o mutante monofuncional da 

proteína secretada corismato mutase (XajCM) foi criado em Xaj417 e mostra maior 

virulência em nozes. A morfologia bacteriana foi caracterizada e as alterações no perfil 

proteico do mutante in planta foram testadas. Os resultados proteômicos sugerem 

processos de degradação intensos, estresse oxidativo e bloqueio do metabolismo 

biossintético em nozes infectadas. Esse trabalho oferece novos esclarecimentos sobre o 

surgimento de virulência, adaptação e tolerância às estratégias de gerenciamento de 

doenças usadas em ecossistemas de pomar, fornecendo informações sobre os mecanismos 

moleculares e destacando ferramentas moleculares potenciais para estratégias de detecção 

precoce e controle de doenças. 

Palavras-chave: Xanthomonas, ferrugem das nogueiras, fitopatógenos, genômica 

comparativa, proteômica, adaptação, persistência. 
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INTRODUCTION 

 

1. Plant-pathogen interactions 

Plant evolution consists of interactions between epiphytic, symbionts and 

pathogenic organisms [1-3]. Plants are continuously evolving mechanisms to detect and 

respond to pathogenic microorganisms over time [4]. On the other hand, microbes have 

developed mechanisms to enter plant tissue either by leaves, stems or even by roots, a 

process that happens through natural openings or injuries [5]. In contrast, some microbes 

are transported by an insect vector [6]. Plant’s cell wall is a rigid barrier composed by 

cellulose associated with a complex matrix of proteins and polysaccharide [7] that restrict 

the invasion and spread of these microorganisms once inside the plant cell. However, 

microbes can secrete a repertoire of hydrolytic enzymes favoring its spread and 

colonization inside plants [8, 9]. For example, cellulases, polygalacturonases, xylanases, 

lipases/esterases, cellobiosidases and pectate lyases [10, 11]. The by-products of this 

catalysis are not only used as an energy source by the microorganisms but also, they 

simultaneously trigger a counter-defense response in plants called detecting damage-

associated molecular patterns (DAMPs) [12]. This response culminates in the production 

of chemicals with antimicrobial activity such as phytoalexins [13]. Together with DAMP, 

plants can also defensively respond to the presence of microbes through pathogen-

associated molecular patterns (PAMPs) triggering the production of antimicrobial 

chemicals [14, 15]. PAMP receptors can recognize structural molecules from microbes 

such as lipopolysaccharide, peptidoglycan, proteins that compose flagellum and EF-Tu 

[16]. 

The PAMP-triggered immunity (PTI) is activated by both PAMP and DAMP 

recognition. As a counter-defense, adapted microorganisms secrete a range of effector 

proteins that can modulate PTI components and induce virulence [14]. During this 

coevolutionary process, a more specific defense was developed to recognize these 

microbe effectors through an array of nucleotide-binding leucine-rich-repeat proteins and 

induce effector-triggered immunity (ETI). ETI has often been associated with a localized 

cell death termed the hypersensitive response which functions to restrict the spread of this 
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more progressive stage of microbial attack leading to resistance [17, 18]. This 

demonstrates a minor portion of this coevolutionary perspective correlation between 

plants and microorganisms. 

Despite the inducible defense composed of DAMP, PAMP, ETI and PTI, plants 

also have a constitutive defense composed of the structural defense (trichomes and 

cuticle), preformed secondary metabolites, inhibitory enzymes such as antimicrobial 

proteins, and antimicrobial compounds. Phenolic compounds are natural products part of 

secondary metabolites that play a major role in the induction of resistance in plants. These 

compounds are found combined with mono‐ and polysaccharides, linked to one or more 

phenolic groups, or can occur as derivatives, such as ester or methyl esters [19]. One of 

the major groups of phenolics is phenolic acids, which include hydroxycinnamic acids 

and hydroxybenzoic acids. Besides phenolic acids, there are other well-investigated 

phenolic groups, such as quinones, hydroxybenzaldehydes, flavonoids, and chalcones 

[20]. 

2. Xanthomonadaceae phytopathogens with focus on Xanthomonas species 

Phytopathogens from the Xanthomonadaceae family are considered a threat to 

agriculture worldwide. It includes Xylella fastidiosa that causes diseases in several 

economically important crops such as almonds, coffee, citrus, olives, and in California is 

a major threat for grapevine industry due to Pierce Disease and also Xanthomonas species 

that affect the production of rice, tomatoes, citrus and walnut industry due to Walnut 

Blight. Xylella is a xylem-limited pathogen transferred by an insect vector while 

Xanthomonas can enter plant tissue through hydathodes and stomata. The leaf surface 

during the epiphytic development of Xanthomonas might correspond to an oligotrophic 

environment. 

Xanthomonas cause a variety of diseases in economically important 

monocotyledonous and dicotyledonous crops worldwide [21, 22]. The ability to invade, 

adapt and multiply in plant tissue is driven by secretion of virulence factors and degrative 

enzymes through bacterial protein secretion systems. In addition, the secretory systems 

could also be required to take advantage of an environmental niche by competing with 
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nearby microorganisms. To transport proteins across the cytoplasmic membrane, the 

general secretion (Sec) and twin-arginine translocation (Tat) pathways are the most highly 

conserved mechanisms of protein secretion [23]. The Sec pathway primarily translocates 

proteins in their unfolded state either to the periplasm or inner membrane. Once in the 

periplasm, some proteins can be transported across the outer membrane by type II 

secretory system (T2SS) and T5SS. In contrast, proteins folded and modified in the 

cytoplasm are primarily secreted by the Tat pathway. For example, certain proteins cannot 

be secreted unfolded as they contain post-translational modifications such as redox 

factors, as a result, they must be folded and modified in the cytoplasm before secretion. 

Xanthomonas possess at least six secretory systems responsible for the secretion 

of proteins to extracellular space or translocation of proteins and/or DNA directly into the 

host cell cytosol [5]. T1SS transport unfolded proteins through the Sec pathway across 

both inner and outer membranes including digestive enzymes, toxins, and adhesins, while 

T2SS transport folded proteins from the periplasm into the extracellular environment 

either by Sec or Tat pathway. Proteins secreted by T2SS have a broad range of biological 

functions being generally enzymes such as proteases, lipases, phosphatases and several 

proteins that process carbohydrates [24]. T3SS is a highly conserved protein secretion 

system whose structural components are encoded by a cluster of hypersensitive response 

and pathogenicity (hrp) genes [25]. T3SS secretes unfolded proteins named type III 

effectors (T3e) directly inside host cells. The signal peptide located within the N-terminal 

of the substrate is not cleaved during secretion as it occurs for T1SS and T2SS [23]. Once 

inside the host cells, T3e modulate host defense signaling pathways and induce disease 

by interfering with host cell functions [26-28]. In many plant-pathogenic bacteria, it has 

been established that T3e can be recognized by host proteins activating plant defenses in 

some interactions and suppress host defense mechanisms in others, thus limiting and 

enlarging the pathogen’s host range [5, 26-29]. Comparative sequence analysis of T3e 

from Xanthomonas demonstrates that they are divided into conserved protein families 

such as members of YopJ/AvrRxv, a family of predicted cysteine proteases, and members 

of the AvrBs3/PthA transcription factors family from Xanthomonas, also designated 

transcription activator-like effectors (TALEs). TALEs have a nuclear localization signal 
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and modulate host gene expression by direct interaction with the promoter region of 

specific genes in the host [30, 31]. 

T4SS are ancestrally related to bacterial DNA conjugation systems and can secrete 

a variety of substrates ranging from single proteins to protein-protein and DNA-protein 

complexes [32]. The secreted substrates can target a ride range of cells including other 

bacteria and eukaryotic cells. Similar to T3SS, it can also span an additional host cell 

membrane to direct transfer of substrates into the cytoplasm of recipient cells. Secretion 

by T5SS occurs in the outer membrane, thus proteins need to be translocated in an 

unfolded state by Sec apparatus into the periplasm. These proteins or groups of proteins 

carry a -barrel domain that inserts into the outer membrane and forms a channel to 

transport itself or a separate protein such as toxins and receptor-binding proteins. Besides, 

T5SS can be separated into three classes: autotransporter secretion, two-partner secretion 

and chaperone-usher secretion (a periplasmic chaperone that facilitates folding before 

secretion). Finally, T6SS translocate proteins into a variety of recipient cells similarly to 

T4SS but is also capable of transporting effector proteins from one bacterium to another 

in a contact-dependent manner that might play a role in bacterial communication [33]. 

3. Diseases related to Xanthomonas arboricola pathotypes 

Xanthomonas arboricola strains are mainly pathogens of fruit trees responsible 

for emerging diseases in Europe [34-39]. It comprises seven pathogens with different 

hosts: X. arboricola pv. pruni, X. arboricola pv. corylina, X. arboricola pv. juglandis, X. 

arboricola pv. populi, X. arboricola pv. poisetticola, X. arboricola pv. celebensis, and X. 

arboricola pv. fragariae that infects respectively stone fruits, hazelnut, Persian walnut, 

poplar, poinsettia, banana, and strawberry [39-41]. The pathovars pruni (Xapr), corylina 

(Xaco), and juglandis (Xaj) are the most closely related although they present defined 

groups according to their phytopathogenic specialization [38, 39, 42]. Bacterial spot of 

stone fruit caused by Xapr and bacterial blight of halzelnuts (Xaco) are important 

emerging diseases in several European countries listed under the European and 

Mediterranean Plant Protection Organization (EPPO) A2 list of pests recommended for 

regulation as quarantine pests (A2 pests are locally present in the EPPO region) – [37, 43, 

44]. Likewise, the causal agent of walnut blight (Xaj) is one of the most serious diseases 
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of Persian (English) walnut in all walnut growing areas [45] and it is broadly distributed 

worldwide according to EPPO ( 

Figure 1). 

 

Figure 1. Xaj distribution by the EPPO Global Database (last updated 2019-05-23). 

The host range of the different pathovars of X. arboricola is restricted to one or a 

few host plants reflecting a close adaptation to the host [35, 39]. Several molecular 

mechanisms associated with evolution and adaptation of Xanthomonas to diverse 

environments and host plants were identified by comparative genomics. For example, the 

acquisition of virulence-associated genes by horizontal gene transfer, the occurrence of 

accessory and mobile genetic elements (integrons, plasmids, phages, and transposons), 

and spontaneous mutations. 

Complete genome sequences are available for several Xanthomonas strains such 

as X. axonopodis, X. campestris, X. oryzae, X. albilineans, X. fuscans, X. vasicola, X. 

hortorum, X. perforans, and X. gardneri, different from X. arboricola strains that had the 

first draft genome assembly published by Caballero et al 2013 [46], and nowadays have 

only two complete genomes available at NCBI database. As a consequence, little is 

known about the genetic basis of host specificities in X. arboricola and what led to the 

emergence of new diseases within this species. Advances in genome sequencing will 
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benefit elucidation of the molecular basis of the interaction between X. arboricola and 

their hosts. 

• Bacterial Walnut Blight 

Walnut Blight is a bacterial disease that reduces the productivity of walnut 

orchards and negatively influences the quality of the nuts, especially in wet years and on 

early leafing varieties. Walnut Blight is caused by Xanthomonas arboricola pv. juglandis 

(Xaj) a gammaproteobacterium which attacks various tissues of English walnut including 

catkins, female flowers, fruit, green shoots, buds, and leaves. The major cause of 

economic loss is the disease development in the fruits after flowering. The optimum 

temperature for growth of the bacteria is 28 to 32°C, but lesions on immature fruit 

generally do not occur below 12°C or above 25°C [47]. The incidence of disease increases 

with increased duration of wetness within this temperature range [47, 48]. One of the 

challenges of controlling the bacterial spread is the extended period of host susceptibility. 

The pathogen survives from one year to the next in twig lesions, living and dead buds, 

and diseased fruit that remain on the tree [49]. However, the biology of the host-pathogen 

interactions and the underlying factors that mediate virulence or increased susceptibility 

and/or resistance of the host plant have not been characterized yet. This lack of knowledge 

leads to nonspecific and non-effective measures of disease control in the field. 

Disease control is achieved through preventive spraying with copper bactericides, 

but efficacy is often very limited [50-52]. Applications of intensive copper treatments 

over many years in commercial orchards have resulted in the accumulation of copper in 

soils, with subsequent negative environmental impact. Moreover, improving disease 

prediction using temperature modeling like XanthoCast (www.agtelemetry.com) that can 

predict disease and that can be used to calculate disease risk has been used to improve the 

timing of sprays based on tree phenology [53]. The inability to always apply sprays at 

optimum times remains a major challenge for walnut growers. However, a primary 

concern is increased resistance to copper-based biocide in natural populations of Xaj in 

California increasing reliability on ethylene bis-dithiocarbamate (EDBC) fungicides for 

control, which negatively affects the environment. An immediate and long-term concern 

http://www.agtelemetry.com/
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is the viability of the continued registration of these compounds due to their toxicity and 

their impact on the environment and natural ecosystems. 

• Disease cycle of Xaj 

Within the dormant bud, the inner leaf tissue and flowers are pathogen-free. As 

buds open in the spring and young shoots emerge, walnut blight bacteria can move onto 

walnut flowers and developing nuts, presumably by rain splash, causing infection. 

Infection occurs when rainfall, heavy dew or otherwise wet conditions transport blight 

bacteria to developing tissue. Occasionally, under conditions particularly favorable for 

the disease such as the occurrence of frequent rainfall, additional secondary infections 

may result from inoculum formed by earlier infections of the walnuts in the spring. The 

disease cycle is complete when bacteria over-winter again in the dormant buds ( 

Figure 2). The probability of infection depends upon how much pathogen exists 

on individual buds and environmental conditions favoring bacterial spread and infection. 

 

Figure 2. Walnut Blight disease cycle. As the shoot grows through the infected dormant buds (A), bacteria 
are water transported and infect developing shoots (B), leaves (D), nuts (E) and flowers (C). Infection 
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occurs when rainfall, heavy dew or otherwise wet conditions transport blight bacteria to developing tissue. 
Disease epidemics result in the high bacterial population in developing buds and subsequently high 
inoculum for the following year. (F) Walnut Blight symptoms in a nut infected with Xaj417. 

4. Phylogenomics and secondary metabolites of Juglans regia 

Walnuts are among the most produced nuts in the world together with almonds, 

hazelnuts, pistachios, and cashew nuts. Walnuts are a well-known economically 

important crop for the edible nuts, high-quality wood, and medicinal use, with a 

distribution from tropical to temperate zones and from Asia to Europe and the Americas 

[54]. The family Juglandaceae comprises 60 species of trees that produce edible and oil-

rich nuts such as walnuts and pecans [55]. This family is further divided into eight genera. 

Walnuts are deciduous trees belonging to the genus Juglans, which consists of about 22 

species, all wind-pollinated and diploid [56, 57]. The species that produce the common, 

Persian or English walnut is Juglans regia L. This species is found primarily in temperate 

areas and cultivated commercially in the United States, western South America, Asia, and 

central and southern Europe [58]. Walnut fruit is composed of a green husk surrounding 

the shell of the walnut containing the kernel. The oil composition of J. regia kernel is rich 

in polyunsaturated fatty acids (PUFA) such as linoleic (n-3) and linolenic (n-6) acids 

different from other nuts that contain a high level of monounsaturated fatty acids [59]. 

The kernel is an edible seed forming 42-60% of the weight of the mature nut and 

predominantly composed of linoleic, oleic and linolenic acid together with many essential 

amino acids, carbohydrates, vitamins, and minerals. The pellicle, a protective brown skin 

that surrounds the kernel is located inside the fruit shell and it is only 5% of the fruit 

weight, although it is rich in antioxidant phenolic compounds to protect the kernel against 

oxidation [58, 60, 61]. According Colaric et al 2005 [58], the walnut pellicle is the most 

important source of walnut phenolics. Also, the flavor slightly astringent of walnut fruit 

has been associated with the presence of phenolic compounds [62]. Zhang et al 2009 [63] 

isolated, identified and evaluated the antioxidant activities of seven phenolic compounds 

from kernels of J. regia (pyrogallol, p-hydroxybenzoic acid, vanillic acid, ethyl gallate, 

protocatechuic acid, gallic acid and 3,4,8,9,10-pentahydroxydibenzo[b,d]pyran-6-one) 

suggesting that the protective effects of polyphenols present in fruits may be attributed to 

their antioxidant activities. 
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The biosynthesis of nonstructural polyphenols that could play a role in pathogen 

resistance was also studied in J. regia, [58, 64, 65]. Through shikimic acid and aromatic 

amino acid pathways, precursors of a broad range of secondary metabolites including 

phenolic compounds are generated. In J. regia, a major group of polyphenols is the 

hydrolyzable tannins. Polyphenol oxidase (PPO) is responsible for catalyzing the 

oxidation of phenolic compounds including tannins into highly reactive quinones. 

Originally only a single PPO gene (JrPPO1) was observed in walnut [66]. However, a 

second gene (JrPPO2) was reported using the genome sequence information and is 

preferentially expressed in callus tissue [67]. PPO may be involved in pellicle darkening 

and silencing the responsible gene could lead to the development of walnuts with lighter 

pellicle color, an important commercial trait [68]. 

Plant breeding has always impacted food production and played a vital role in 

improving human nutrition [69]. However, this has also increased homogeneity within 

the crops, contributing to increased genetic vulnerability to biotic and abiotic stresses 

[70]. The morphological characteristics of walnuts were widely studied by the producing 

countries from the Middle East especially the USA and France that are responsible for 

important cultivar releases such as Chandler and Franquette respectively. The walnut 

cultivar Chandler was created from the UC Davis Breeding Program by Eugene F. Serr 

and Harold I. Forde. This cultivar was patented and released to the market by UC Davis 

in 1979 and nowadays is the most planted walnut worldwide. Chandler is highly fruitful 

on lateral buds, has fewer pest problems, and it is extremely vigorous. Furthermore, it 

needs to be pruned to avoid branches with less than a 45-degree angle. 

• Walnut phenology 

Walnut is a deciduous monoecious and dichogamous tree with separate male 

(catkin) and female (pistillate) flowers. In California, walnuts flower in late spring, from 

April through early May and pollen is wind-dispersed. Different cultivars vary 

considerably in mean flowering times while pollen dispersal and pistillate flower 

receptivity occur on the same tree at different times. Therefore, the nut production is 

improved by planting at least two cultivars with overlapping pollen dispersal and female 

flower receptivity. Nuts mature throughout the summer and are harvested in the fall from 
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mid-September through early November. In walnut, buds enter dormancy from mid-

August to early October and under temperate climate conditions while chilling 

requirements necessary for breaking dormancy are normally met by early January [71]. 

Besides, budburst dates vary according to genotype and climatic conditions, for example, 

under French climate conditions, leafing occurs between mid-March and early June [71]. 

Walnuts grow best in deep, well-drained, fertile soil. Due to its deep roots, orchard 

locations should have at least 5-6 feet of permeable soil. The English walnut has limited 

tolerance to low temperatures in winter and thrives in a moderate, temperate climate. 

Early fall frosts or severe winter freezing can destroy entire branches resulting in 

substantial damage. Besides, cold temperatures can severely damage the structure of 

young trees if the scaffolds are killed by cold temperatures as well as late spring frosts 

that can reduce fruit set by damaging flowers or young nuts. 

5. Genomics and proteomics to develop control strategies to plant diseases 

Plants are infected by a wide range of pathogens such as fungi, bacteria, virus, 

nematodes, etc. resulting in crop damages and losses of billions of dollars every year [72]. 

While pathogens evolved a repertoire of effector proteins to invade and colonize plant 

tissue, plants developed receptors and intracellular proteins that function as a surveillance 

system to detect pathogen signatures on the cell surface and effector proteins inside plant 

cell activating immune responses. The identification of the molecular players involved in 

this complex interaction in individual pathosystems is crucial to understand pathogenesis 

and mechanisms for plant disease resistance. Thus, this knowledge aid development of 

efficient crop improvement and strategies to reduce crop losses. 

A deep understanding of plant-pathogen interaction is becoming possible due to 

recent advances in “omics” technologies. Proteomic studies on plant-pathogen interaction 

have gained momentum since early 21st century with the availability of genome 

information of model pathosystems [73, 74]. The advances in mass spectrometry (MS) 

and high throughput DNA sequence technologies are revolutionizing biochemistry and 

allowing a broader view of the interaction between plant and pathogens. Recently, the 

term proteo-genomics have been used by researchers to describe the integrated 
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application of proteomics with genomics [73]. This application is still not explored in its 

full potential in most crops. However, the existence of complete genome database for 

comparison of plant and pathogen proteome reduce the complexity of protein analysis 

and identification of individual proteins. 

Whole genome sequencing has become a common practice in biology to address 

different topics in medicine, agriculture, and biotechnology research. The number of 

sequenced genomes of horticultural plant species increased considerably in the past 

decade due to advances in sequencing and assembling technologies [75]. Plant genomes 

are highly diverse and complex often with a high degree of heterozygosity and a high 

ploidy due to complex evolutionary history and domestication. From the pathogen side, 

a number of fungi and bacterial genomes have been completely sequenced and published 

online [76-78]. Among bacterial pathogens, Pseudomonas and Xanthomonas are the 

genus with the greatest amount of genome information [79, 80]. Pathogens usually has 

smaller genomes compared to their hosts. Therefore, for most pathosystems the lack of 

information of the plant genome that limits the progress in studying plant pathogen-

interaction. Walnut Blight is among the few pathosystems with complete genome 

sequences available for both host (Juglans regia) and pathogen (Xanthomonas arboricola 

pv. juglandis 417) [81, 82]. 

6. Objective 

The objective of this study is to identify both host and pathogen factors closely 

associated with the development of Walnut Blight by comparing sequenced genomes 

available in the NCBI database belonging to X. arboricola pv. juglandis pathotype and 

perform proteomic analysis, aiming to identify a set of proteins that could justify a 

specificity in phytopathogenic lifestyle and be used as a biotechnological target for 

disease control in several economic important crops. The specific objectives are: 

• Evaluate the genome content of the pathogen to discover pathogenic attributes 

related to the development of Walnut Blight: 

− Conduct bioinformatic analysis of the genome sequence of the Walnut Blight 

pathogen Xanthomonas arboricola pv. juglandis strain 417 (Xaj417) and 
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compare its genome to other sequenced X. arboricola pv. juglandis 

pathotypes. 

• Dissect the host-pathogen response to define determinants that regulate the host 

susceptibility to Walnut Blight: 

− Quantitative proteomic analysis of Juglans regia inoculated with Xaj417 

wildtype (WT) and mock-inoculated using Tandem Mass Tagging. 

• Assess XajCM mutation effect: 

− Analysis of the mutation effect of a gene related to virulence induction. 

− Morphological characterization by using the scanning electron microscope. 

− Quantitative proteomic analysis of Juglans regia inoculated with Xaj417 

wildtype (WT) and XajCM using Tandem Mass Tagging. 

To improve the description of the results and following the thesis writing resolutions 

of the Graduate Program in Biotechnology at UFOP, the methodologies sections, results 

and discussion were divided in chapters according to the scientific manuscripts elaborated 

from this work, as described below: 

• Chapter I – Comparative genomics involving 32 X. arboricola pv. juglandis 

strains. 

• Chapter II – Proteomics of Juglans regia inoculated with Xaj417. 

• Chapter III – Proteomics to assess XajCM mutation effect.  
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METHODOLOGY 

 

To summarize the objective and the methodological steps involved in the work, a 
flowchart is shown in Figure 3. 

 

 

Figure 3. Flowchart describing methodological steps used in this work. Specific objectives are shown in 
the second line and corresponding activities in the third line. 
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CHAPTER I – COMPARATIVE GENOMICS INVOLVING 32 XAJ 

STRAINS 

 

A comparative genomic analysis of Xanthomonas arboricola pv. juglandis strains 

reveal hallmarks of mobile genetic elements in the adaptation and accelerated 

evolution of virulence 

Renata de A. B. Assis, Alessandro M. Varani, Cintia H. D. Sagawa, José S. L. Patané, 

João Carlos Setubal, Guillermo Uceda-Campos, Aline Maria da Silva, Paulo A. Zaini, 

Nalvo F. Almeida, Leandro Marcio Moreira*, Abhaya M. Dandekar* 

* Corresponding authors 

ABSTRACT 

Xanthomonas arboricola pv. juglandis (Xaj) is the most significant aboveground walnut 

bacterial pathogen. Disease management uses copper-based pesticides which induce 

pathogen resistance. We examined the genetic repertoire associated with adaptation and 

virulence evolution in Xaj. Comparative genomics of 32 Xaj strains reveal the possible 

acquisition and propagation of virulence factors via insertion sequences (IS). Fine-scale 

annotation revealed a Tn3 transposon (TnXaj417) encoding copper resistance genes 

acquired by horizontal gene transfer and associated with adaptation and tolerance to 

metal-based pesticides commonly used to manage pathogens in orchard ecosystems. 

Phylogenomic analysis reveals IS involvement in acquisition and diversification of type 

III effector proteins ranging from two to eight in non-pathogenic strains, 16 to 20 in 

pathogenic strains, besides six other putative effectors with a reduced identity degree 

found mostly among pathogenic strains. Yersiniabactin, xopK, xopAI, and antibiotic 

resistance genes are also located near ISs or inside genomic islands and structures 

resembling composite transposons. 

Keywords: T3SS effectors, copper resistance, lateral gene transfer, mobile genetic 

elements, replicative transposition, genome evolution 

This paper was published at Genomics Journal on June 3rd, 2021.



Genomics 113 (2021) 2513–2525

Available online 3 June 2021
0888-7543/© 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Original Article 

A comparative genomic analysis of Xanthomonas arboricola pv. juglandis 
strains reveal hallmarks of mobile genetic elements in the adaptation and 
accelerated evolution of virulence 

Renata A.B. Assis a,b, Alessandro M. Varani c, Cintia H.D. Sagawa b, José S.L. Patané d, 
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A B S T R A C T   

Xanthomonas arboricola pv. juglandis (Xaj) is the most significant aboveground walnut bacterial pathogen. Disease 
management uses copper-based pesticides which induce pathogen resistance. We examined the genetic reper-
toire associated with adaptation and virulence evolution in Xaj. Comparative genomics of 32 Xaj strains reveal 
the possible acquisition and propagation of virulence factors via insertion sequences (IS). Fine-scale annotation 
revealed a Tn3 transposon (TnXaj417) encoding copper resistance genes acquired by horizontal gene transfer and 
associated with adaptation and tolerance to metal-based pesticides commonly used to manage pathogens in 
orchard ecosystems. Phylogenomic analysis reveals IS involvement in acquisition and diversification of type III 
effector proteins ranging from two to eight in non-pathogenic strains, 16 to 20 in pathogenic strains, besides six 
other putative effectors with a reduced identity degree found mostly among pathogenic strains. Yersiniabactin, 
xopK, xopAI, and antibiotic resistance genes are also located near ISs or inside genomic islands and structures 
resembling composite transposons.   

1. Introduction 

Walnut blight (WB) is a bacterial disease that reduces walnut orchard 
productivity and negatively influences the quality of the harvested nuts, 
especially in wet years and on early-leafing varieties [1]. This disease is 
caused by Xanthomonas arboricola pv. juglandis (Xaj), a gamma 

proteobacterium that attacks various tissues of English walnuts, 
including catkins, pistillate flowers, fruit, green shoots, vegetative buds, 
and leaves [2]. Diseased fruits are the primary cause of economic loss. 
The pathogen overwinters in twig lesions, buds, and diseased fruit that 
remain on the tree [3]. 

Disease management in both conventional and organic orchards 
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requires preventive sprays of copper pesticides to protect green tissue. 
However, this extensive application has led to soil contamination and 
the emergence of copper-resistant strains [4,5]. Expanding resistance to 
copper-based biocides in natural populations of Xaj increases reliance on 
ethylene bis-dithiocarbamate (EDBC) fungicides as a complement for 
disease control, negatively affecting the environment [6]. Due to their 
toxicity and impact on natural ecosystems, the viability of these com-
pounds’ continued registration is of immediate and long-term concern 
for growers. Intensive copper use led to the selection of resistant strains 
such as X. arboricola pv. juglandis 417 (Xaj417), isolated from a blighted 
cv. Chandler walnut fruit in Chico, California [2]. Previous studies 
determined that copper resistance in Xaj is conferred by copLAB and 
copABCD genes present on the chromosome or a plasmid [7,8]. Selection 
of resistant strains of other Xanthomonas species has also been reported 
under the same management strategy [8,9]. Copper resistance was first 
observed in xanthomonads in 1994 in Argentina, in X. citri pv. citri (Xcc), 
and later on the French islands of Réunion and Martinique [10,11]. 
These initial reports were followed by characterization of a trans-
missible plasmid in Xcc carrying a copper resistance operon as passenger 
genes on mobile genetic elements (MGEs) similar to Tn3-like trans-
posons, known to mediate the transfer antibiotic resistance [12–14]. 
Together, these findings indicate that lateral gene transfer as a key 
mechanism by which resistance to copper is rapidly acquired within the 
Xanthomonadaceae family [15]. 

In addition to copper resistance, comparative genomics has revealed 
several molecular mechanisms associated with the accelerated evolution 
and adaptation of genus Xanthomonas to diverse agricultural environ-
ments and host plants, such as proteins associated with the Type III 
secretion system (T3SS) [16,17]. T3SS is a highly conserved protein 
secretion system with structural components encoded by a cluster of 
hypersensitive response and pathogenicity (hrp) genes [18]. T3SS injects 
unfolded proteins referred to as Type III effectors (T3e) directly inside 
host cells. Once inside host cells, T3e disrupt host defense signaling 
pathways and induce disease by interfering with host cellular functions 
[19–21]. In many plant-pathogenic bacteria, T3e can be recognized by 
host proteins, activating plant defenses in some interactions and sup-
pressing host defense responses in others, thus limiting or enlarging the 
pathogen’s host range and pathogenic responses [19–23]. 

Xanthomonas genomes contain many different MGEs, such as inser-
tion sequences (ISs), transposons (Tn), Genomic Islands (GIs) and plas-
mids [24]. These can be associated with dissemination of T3e and 
virulence factors [25,26], promoting genetic variation and shaping the 
genome structure of different strains. For instance, previous studies 
demonstrated that Xanthomonas genomes may carry GIs related to 
pathogenicity and primary metabolism [27]. GIs have an important role 
in bacterial fitness and evolution, since they carries accessory genes 
promoting genome expansion and rearrangements, contributing to mi-
crobial adaptation to new environments and emergence of pathogenic 
strains [28]. Although the complete genomes of other Xanthomonas 
pathovars were comparatively analyzed previously [29–33], these an-
alyses were restricted to just a few X. arboricola strains such as patho-
types X. arboricola pv. juglandis and X. arboricola pv. pruni [34,35]. 
Studies comparing and classifying the genetic diversity within 
X. arboricola used a multilocus sequence analysis (MLSA) approach. This 
type of analysis is limited in its scope as only a few housekeeping genes 
are used (fyuA, gyrB, rpoD, atpD, dnaK, efp and glnA) [7,36,37] instead of 
the whole genome. Although useful to group closely related strains, this 
approach lacks the resolution achieved by using complete genome se-
quences to analyze T3e genes. Here we present a genome-wide com-
parison of 32 Xaj strains with publicly available sequences, including 
pathogenic and non-pathogenic strains, to verify the role of horizontal 
gene transfer on Xaj genomes’ evolution. This analysis enabled us to 
identify genes responsible for the accelerated adaptation to copper- 
based disease management and evolution of virulence focusing on 
Xaj417 as the model genome. 

2. Results 

2.1. Genomic and phylogenomic profile 

Thirty-two Xaj genomes were used in this study (Supplementary 
Table S1). Using bioinformatics and comparative genomics and anno-
tation approaches, we could not detect plasmids in any of the 32 
analyzed genomes (Supplementary Table S1). The comparison of all 
genomes revealed a core genome of 3080 genes (Fig. 1A). A total of 
134,871 accessory genes shared between a minimum of two and a 
maximum of 31 genomes. Unique protein-coding genes ranged from 
nine to 240 genes per strain, with the least-virulent strains presenting 
the highest number of unique genes. Functional analysis of these unique 
genes revealed that genes encoding insertion sequence (ISs) trans-
posases are more common among the more virulent genomes. In the less- 
virulent genomes, genes encoding proteins without predicted function 
are more frequent (Fig. 1B). Most of the exclusive genes are classified as 
pseudogenes due to the presence of a frameshift or a point mutation. 
Finally, the phylogenetic tree based on the core genome of 3080 
orthologous groups (Fig. 1C) showed that most branches have high 
bootstrap values, excepting branches containing some Chilean strains 
(CFSAN033078–83, CFSAN033085, CFSAN033087, and 
CFSAN033088). Also, this phylogenetic tree separates pathogenic from 
non-pathogenic or low-virulence strains. Global analysis of gene orga-
nization, GC% and GC skew content using the copper-resistant strain 
Xaj417 genome as a reference revealed 23 possible atypical regions that 
may represent genomic islands (Fig. 2 and Supplementary Table S2). 
One of these atypical regions illustrates a prophage insertion (GI-3) and 
another region, GI-19, is characterized as a Tn3-like transposable 
element (TnXaj417) carrying the copper resistance operon. Interest-
ingly, most of these atypical regions are found exclusively on Xaj417. 
The prophage insertion is an additional copy of the Type IV secretion 
system (T4SS) within a genomic island in Xaj417 shared with the two 
Chilean strains from the same clade (GI-3, Supplementary Table S2). 

2.2. Expansion of insertion sequences (IS) and genomic islands (GIs) in 
pathogenic strains 

The Xaj genomes are composed, on average, by 0.8% of IS elements. 
Interestingly, while pathogenic strains retain more IS copies, repre-
senting up to 2.6%, in the non-pathogenic strains, the IS copies span up 
to 0.8% of each genome (Supplementary Table S3). Analysis of IS 
composition among the Xaj genomes revealed that IS3_gr_IS407 is the 
only family present in all 32 genomes (Fig. 3). Pathogenic strains 
showed IS enrichment, mostly from the IS4, IS5 and ISL3 families. These 
strains have a core of eight IS families (IS3_gr_IS51/gr_IS407, 
IS4_gr_IS10/gr_IS4, IS5_gr_IS427/gr_IS5, ISL3 and IS110) that are 
distributed among 17 different sub-families, compared to three IS fam-
ilies on average in non-pathogenic strains (Fig. 3). Our reference strain 
(Xaj417) has eight IS families, two of which are shared only with two 
other Xaj strains each: IS3_gr_IS150 is present in strains CFBP7179 and 
7653 while Tn3 is also present in CFSAN033079 and CFBP1022. These 
IS and GIs carry many virulence and adaptation factors present within or 
adjacent to them, contributing significantly to Xaj genome evolution. 

2.3. Type III effectome analysis among Xaj genomes 

A presence/absence analysis based on tBlastn searches of 63 T3e 
(Supplementary Table S4) was carried out to understand their evolution 
in different Xaj lineages and the distribution of T3e among them 
(Fig. 4A). While the 22 most virulent genomes contain between 16 and 
20 T3e, 10 of the non-pathogenic strains (including 424, a less-virulent 
strain) contained only two to eight effectors. Six of these strains lack 
genes from the T3SS apparatus and hpaB, which is an exit control protein 
by this pilus structure [38]. 

The most virulent strains shared sixteen T3e genes: xopAZ, xopR, 
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xopAW, avrBs2, hpaA, hrpW, xopF1, xopM, xopZ1, avrXccA2, xopL, xopK, 
xopN, xopQ, xopX and xopV (Fig. 4A). The xopAI gene was identified in 
the American Xaj417, the Chinese DW3F3, the French CFBP7179 and 12 
of the 14 Chilean strains (excluding CFSAN033080 and CFSAN033088). 
The xopG2, xopH1, and xopC1 genes were found only in four Chilean 
strains (J303, CFSAN033086, CFSAN033077, and CFSAN033081) and 
two Portuguese strains (CPBF1521 and CPBF427), which together form 
a clade separated from all other strains investigated. Finally, xopB was 
identified only in the French CFBP7179 strain among the most virulent 
strains, compared to xopAZ and xopR, which were present in all 32 
strains analyzed. Among non-pathogenic strains, the avrBs2 gene is 

exclusive to the French strains, which form a single clade (CFBP7651, 
1022, 7652, 7634, and 7629). The hpaA, hrpW, xopF1 and xopM genes 
were identified only in three French strains (CFBP7651, 1022 and 7652) 
and the Portuguese strain CPBF424, which in turn is the only pathogenic 
strain clustered among the non-virulent strains to have the xopZ1 gene. 

The presence/absence analysis of these genes, compared to the dis-
tribution of Xaj genomes in the phylogenetic profile, revealed two sig-
nificant expansions of the effector protein repertoire (Fig. 4A). The first 
expansion occurred in the pathogenic clade, with the acquisition of 
genes xopZ1, avrXccA2, xopL, xopK, xopN, xopQ, xopX, xopV and xopAI, 
and the second, with the acquisition of xopG2, xopH1, and xopC1 genes 

Fig. 1. Comparative analysis of 32 Xaj genomes. (A) Flower plot representing the protein-coding genes shared among Xaj genomes. The orthologous groups shared 
among all strains (core genome) are indicated in the center. The yellow halo represents the number of accessory genes. The numbers close to the strain codes 
represent each genome’s unique genes (a single copy is shown in black and paralogs in blue). The degree of virulence of each strain is indicated by gray for less and 
red for more virulent. (B) Stacked bar graph showing the functional annotation percentage of unique genes and pseudogenes (Ѱ). Total unique genes in each genome 
are shown on top. (C) The rooted phylogenetic tree using X. hortorum pv. gardneri JS749–3 as the outgroup is based on the core genome alignments. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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in the genomes that form the clade represented by strains J303, 
CFSAN033086, CFSAN033077, CFSAN033081, CPBF1521, and 
CPBF427. We also confirmed that all Xaj genomes lack transcription 
activator-like effectors (TALEs), as previously noted for the reference 
strain Xaj417 [39]. 

In addition to the effectors described above with E-value ≤1e-50, 
manual curation of the protein sequences identified five other putative 
effectors: avrXccA1, xopAH, xopAL1, xopAY and xopG1 (Fig. 4A), mostly 
present in pathogenic strains. A detailed analysis of the alignment, 
conservation degree of the sequence and region of insertion into the 
genome was performed (Fig. 4B). A small portion of the AvrXccA1 
carboxy-terminal region showed 87% identity with an avirulence pro-
tein (AKJ12_19725) annotated as a pseudogene in all strains except 
Xaj417, CFBP1022, and CFBP7645. In contrast, the amino-terminal re-
gion showed low identity with hypothetical protein AKJ12_RS08330. 
XopAH showed a 29% identity with a protein annotated as AvrB3 
(WP_016902298.1), while XopAL1 showed 39% identity with the 
carboxy-terminal region of a protein annotated as T3e 

(AKJ12_RS23955) and flanked by IS1403 and IS5 family transposases. 
The XopAY carboxy-terminal region showed an identity of 45 and 52%, 
respectively, with two hypothetical proteins (WP_026064526.1 and 
WP_126750867.1), whose genes are arranged in tandem next to XopQ 
(AKJ12_05475). This gene is located upstream of a hypothetical protein, 
AKJ12_RS22130, that showed 37% identity with XopG1, which in turn is 
flanked by IS1403. 

These five effectors identified by manual curation reveal similarities 
with known T3e, but with low amino acid sequence identity (27 to 
52%), indicating that they may be new effectors in Xaj (Fig. 4B). Among 
the non-pathogenic strains, only three have hrp/hrc genes encoding the 
T3SS apparatus (CFBP1022, 7651 and 7652) and eight conserved T3e 
(xopAZ, xopR, xopAW, avrBs2, hpaA, hrpW, xopF1 and xopM) [34]. The 
other six non-pathogenic strains lack the T3SS apparatus and have a 
maximum of five T3e, validating other studies [40–54]. We propose here 
a representative model of the T3e from pathogenic and non-pathogenic 
Xaj strains (Fig. 5). 

Fig. 2. Circular visualization of predicted genomic islands in the Xaj417 genome (accession number CP012251) based on comparative genome analysis with 31 other 
Xanthomonas arboricola pv. juglandis strains. The 23 candidate genomic islands are represented, including one prophage insertion (GI-3) and the Tn3-like element 
TnXaj417 (GI-19). The genome coordinates and details about each GI are described in Supplementary Table S2. Gray segments on the outer tracks represent zones of 
DNA sequence identity >80% among all strains analyzed. 
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2.4. Copper resistance locus 

Genes related to copper homeostasis, including copL, copA, copB, 
copM, copC, copD and copF, formed an operon structure identified in 
pathogenic strains Xaj417 and CFSAN033079 (Fig. 6). As previously 
verified in other Xanthomonas species [55,56], this copper resistance 
operon is integrated as passenger genes within a Tn3 family transposon. 
This new element carries a copy of tRNA-Ile and is inserted, disrupting a 
transmembrane protein. It also generates a target site duplication (TSD) 

of zero and five nucleotides in Xaj417 and CFSAN033079, respectively. 
Named as TnXaj417 and TnXajCFSAN033079, both elements exhibit 
typical Tn3 family features, including the GnGGG motif at the tips of the 
inverted repeats (IRs), a transposase (TnpA), and two recombination 
genes: a tyrosine recombinase (TnpT) and a helper protein (TnpS) 
expressed divergently, with the potential resolution site located down-
stream of tnpT. Interestingly, TnXaj417 exhibits a toxin-antitoxin mod-
ule that might regulate transposition of the element, while 
TnXajCFSAN033079 lacks one copy of the copL gene and has additional 

Fig. 3. Analysis of insertion sequence composition among Xaj genomes using the ISsaga tool. The phylogenomic tree is represented on the left side. IS expansion 
followed T3e expansion in pathogenic strains. 
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passenger genes related to resistance-nodulation-division (RND) family 
transporters, which might be involved with the efflux of heavy metals 
(Fig. 6A). 

Both TnXaj417 and TnXajCFSAN033079 were registered at the 
TnCentral database (https://tncentral.proteininformationresource.or 
g/) [83]. Two genes present in these transposons and encoding for 
copper-binding proteins (copA and copB) and copL, a metal-binding 

regulatory protein, are duplicated in another genomic region. In 
contrast with the transposon copies, these other copies are present in all 
32 strains (Fig. 6B). The amino acid sequence of the CopA copy within 
TnXaj417 is very different (only 73% similarity) from the other copy in 
the Xaj417 chromosome, although the predicted protein structure is 
conserved (Fig. 6C). For CopB, the amino acid sequence has 64% simi-
larity and 51% identity between the chromosomal and TnXaj417 copies. 

Fig. 4. Effectome of Xaj. (A) Cladogram representing the phylogenetic organization of the Xaj strains presented in Fig. 1C, where red lines denote pathogenic and 
black lines non-pathogenic strains. For each genome, information about symptom severity in the host (indicated by the number of *) is shown. Colored squares 
represent the presence of effectors in the matrix: blue squares represent effectors with E-value ≤1e-50; beige squares represent effectors identified by manual curation 
with E-value ≤1e-10; brown squares represent the hpaB gene that codes for a protein that controls secretion through T3SS; and black squares represent the T3SS 
apparatus cluster. The total number of effectors by genome (colored columns on the right side) or representativeness in the genomes (colored columns on the bottom) 
are colour-coded: green represents more abundant and red less abundant. The reference strain Xaj417 is highlighted in purple. (B) T3e with E-value ≤1e-10 were 
manually curated and considered to be putative effectors, according to protein sequence alignment, degree of identity, and genomic location. C: C-terminal; Ψ: a 
pseudogene with premature stop codon or frameshift; and NI: non-identified. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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We hypothesize that these transposon copies are the result of HGT, as 
suggested by a synteny analysis (Supplementary Fig. S1). 

2.5. Other virulence and adaptation-associated genes 

The presence/absence of genes associated with secretory systems 
and metabolic pathways deemed essential to adaptation and virulence in 
other Xanthomonas spp. were determined for the 32 Xaj strains, using 
Xaj417 as a reference genome (Fig. 7). All 32 strains have 72 to 82 TonB- 
dependent receptors (TBDR), Sec and Tat secretion pathways, and the 
secretory systems T1SS, T2SS, T4SS, but not T6SS. In addition, only 
strains from the clade containing Xaj417 have, among T1SS genes, an 
exclusive copy of hemolysin coding gene WP_053045432.1, among the 
other common copies. All 32 strains have two distinct clusters that code 
for the T2SS apparatus and genes for flagellum, quorum sensing (rpf) 
and xanthomonadin (gum). The non-pathogenic strains lack a large gene 
cluster associated with flagellum formation. In addition, pectate lyase, 
cellulose biosynthesis, amino acid transport permease and lipopolysac-
charide (LPS) hypervariable region are present in all pathogenic strains 
and absent in non-pathogenic strains, excepting members of the clade 
containing CFBP7651, 1022, 7652, 7634 and 7629. Among the non- 
pathogenic strains that have these genes, only strain 7651 lacks the 
LPS hypervariable region. Finally, transfer (Tra) conjugative genes are 
present in all strains from the first two high-virulence clades in the 
phylogenetic tree, which contain all 14 Chilean strains, CPBF 1521–427, 
Xaj417, CFBP7179 and DW3F3 (Fig. 7). 

2.6. Non-ribosomal peptide synthetases (NRPS)/polyketide synthases 
(PKS) 

Five clusters responsible for the synthesis of xanthomonadin I, xan-
thoferrin siderophore, and three NRPS/PKS were identified (Supple-
mentary Fig. S2). The first NRPS/PKS (region 4 in Supplementary 
Fig. S2), identified through antiSMASH [57], is a hybrid NRPS/PKS 
responsible for yersiniabactin synthesis located in a genomic island. The 
other two NRPS-predicted clusters show no similarity with any known 
cluster from the antiSMASH database, suggesting that these NRPS may 
be found exclusively in the Xaj417 genome (regions 1 and 6 from Sup-
plementary Fig. S2). One of them contains Gramicidin S synthase, 
identified by IslandViewer [58], in a genomic island that might have 
been acquired by HGT (region 1 in Supplementary Fig. S2). This cluster 
is located in region 6 from Alien Hunter, according to Orthologsorter 

(http://jau.facom.ufms.br/arboricola3/), one of the largest HGT regions 
of the Xaj417 genome. 

IS and transposable elements are directly implicated in the emer-
gence of Xaj417 virulence and pathogenicity. Two of the previously 
mentioned T3e (XopK and XopAI), a copper resistance locus and the 
polyketide synthase (PKS) encoding yersiniabactin are located near ISs 
or inside structures resembling a composite transposon and GIs in the 
Xaj417 genome (Fig. 8). XopK is located close to a cluster of ISs 
encompassing many genes related to synthesis of the antibiotic clav-
ulanic acid and fungicide nikkomycin (Fig. 8A). XopAI is surrounded by 
ISs, forming a composite-like transposon between ISXac3 (Fig. 8B). Also, 
a classic GI structure, carrying ISXcd1/ISXca1 composite transposons 
encoding a tyrosine recombinase and the yersiniabactin gene cluster, is 
inserted into a tRNA-Arg (Fig. 8C). 

2.7. Estimated trees for nine genes associated with IS 

Using Xaj417 sequences as a reference, we built individual phylo-
genetic analyses for both copies of copA and copB and for the antibiotic- 
resistance gene cluster from the IS3_gr_IS407 family that encodes for 
synthesis of the antibiotic clavulanic acid and the fungicide nikkomycin. 
This cluster is composed of five genes: clavaminate synthase, sulfo-
transferase, aminotransferase, SanC and ATPase (Fig. 8A). Gene trees 
had between 85 and 2598 tips (Supplementary Table S5). 

3. Discussion 

Comparative genomics of closely related bacteria is a powerful 
approach to gain an insight into the emergence and evolution of path-
ogenesis [16,30,35]. By examining complete gene sets within genomes 
from both pathogenic and non-pathogenic isolates, an unbiased phylo-
genetic tree can be drawn providing insights for specific genetic loci 
[34,35,40]. We compared the gene repertoires of 32 Xanthomonas 
arboricola pv. juglandis genomes to better understand the plant-pathogen 
interactions that lead to walnut bacterial blight. For over a century, 
management of xanthomonad diseases have relied on intensive use of 
copper-based pesticides. While successfully suppressing disease devel-
opment, these chemicals accumulate in the soil, posing risks to human, 
plant, and environmental health. There are increasing reports of copper- 
resistant strains in these pathosystems, exacerbating the need for new 
management strategies. Intensifying copper use is problematic, given 
increasing regulatory oversight constraints of residue levels imposed by 

Fig. 5. Comparative distribution of T3e in pathogenic and non-pathogenic Xaj strains. Effectors with E-value ≤1e-50 are colored in blue and effectors identified by 
manual curation with E-value ≤1e-10 are colored in beige. Effectors in purple are only found in the Chilean strains J303, CFSAN033086, CFSAN033077 and 
CFSAN033081, and in two Portuguese strains, CPBF1521 and CPBF427, which together form a clade separated from all other strains investigated. PecA: pectate 
lyase. Created with BioRender.com. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the marketplace. 
X. arboricola strains comprise pathogens of fruit trees. The pathovars 

pruni, corylina and juglandis are the most closely related although they 
present defined groups according to their phytopathogenic specializa-
tion [59–61]. Although little is known about the genetic and metabolic 
basis of host specificities in X. arboricola and what led to the emergence 
of new diseases within this species, the pathogenic strains among 

different pathovars are closely related to each other despite host speci-
ficity similar to what is shown in this study. The bacterial isolates 
comprising our dataset are representative of Xaj genomes from distinct 
continents and include both pathogenic and non-pathogenic strains, 
some of which are copper-resistant. Among pathogenic strains, Xaj417 
and CFBP2528 are the causal agent of WB in California and New Zealand 
respectively, while CFBP7179 and CFBP8253 are responsible for walnut 

Fig. 6. Copper resistance operon. (A) Copper resistance Tn identified in Xaj417 and in the Chilean strain CFSAN033079. TnXaj417 exhibits typical Tn3 family 
features, including a transposase and two recombination genes, with the potential resolution site located between the recombination genes. Genes in the transposon 
with a black dot represent singleton genes in Xaj417. (B) Molecular mechanism of copper-resistance in Xaj417 and CFSAN033079, compared to copLAB present in all 
strains. The genes from TnXaj417 and TnXajCFSAN033079 are represented on the left and the copies present in all strains on the right side. Xaj417 has a metal/ 
formaldehyde-sensitive transcriptional repressor, four-helix bundle copper-binding proteins, a copper amine oxidase, toxin-antitoxin system HigA and DmeF and 
a hypothetical protein. CFSAN033079 presents inside the Tn element a set of genes related to the RND family of transporters and a single copy of copL. CopA, CopB, 
CopC and CopM are copper-binding proteins, CopD is a transmembrane transporter protein, CopL is a metal-binding regulatory protein and CopF is a putative copper- 
transporting p-type ATPase. DmeF: CDF family Co(II)/Ni(II) efflux transporter; SecC: zinc chelation protein; CAO: copper-amine oxidase; DBP: DNA-binding protein; 
NTF2: nuclear transport factor 2 family; and FrmR: metal/formaldehyde-sensitive transcriptional repressor. Created with BioRender.com. (C) Alignment between 
copA found in all strains and the second copy of copA found in strains Xaj417 and CFSAN033079. 

R.A.B. Assis et al.                                                                                                                                                                                                                               

http://BioRender.com


Genomics 113 (2021) 2513–2525

2521

vertical oozing canker (VOC) in France. Symptoms in walnut leaves and 
fruits are similar to classical bacterial WB, but VOC causes vertical 
cankers on trunks and branches [34,41]. The other strains responsible 
for WB disease were isolated from infected walnut trees in southern 
Chile (14) or Portugal (3), one isolated from blighted immature fruit in 
China, and NCPPB1447 (missing isolation source). Strain CPBF1521 was 
isolated from symptomatic leaves of an ornamental walnut in a public 
site in Portugal [42], together with strains CPBF424 and CPBF367, 
recently classified as X. euroxanthea based on MLSA, average nucleotide 
identity (ANI) and digital DNA–DNA hybridization [37]. 

The phylogenetic tree topology of the strains revealed the emergence 
of the pathogenicity of Xaj genomes, following the virulence pattern 

described in the literature (Fig. 4) [34,35]. Interestingly, no TALE 
sequence was found in any of the Xaj strains. This is consistent with 
reports that activation of sugar transport is not essential to induce 
virulence in this pathosystem, as described previously for Xaj417 and we 
now expand to include other Xaj strains. Moreover, 81 TBDR were 
identified in the Xaj417 genome, which may be associated with 
specialization to use plant carbohydrates and other available bio-
molecules [62]. Although the number of TBDR is similar among all 
strains, the ability to scavenge plant-derived carbohydrates instead of 
TALE effectors may play a key role in Xaj during its interaction with host 
plants. There may also be an assimilation of secondary metabolites 
through TBDRs, including phenolic compounds, that could impair the 

Fig. 7. Presence/absence matrix of genes associated with adaptation and virulence in Xanthomonas species. The matrix organization considered the distribution of 
genomes in the phylogeny of Fig. 1C. a: absence of a large gene cluster associated with flagellum formation; *: absence of a gene in the cluster; and Ψ: gene with 
premature stop codon or frameshift. 
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defense response and favor disease development. 
The pathogenic strains possess a larger repertoire of IS, prophages, 

and GIs than non-pathogenic strains, corroborating previous results [34] 
and reinforcing the importance of MGEs in the evolution of pathogenic 
strains in X. arboricola (Fig. 1B). In addition, although the pathogenic 
strains have less unique genes, they have more transposases what could 
be explained by spread of adaptive genes through microbial populations 
via recombination without eliminating genome-wide diversity [63]. 
Least-virulent strains having a larger number of unique genes is what 
would be expected under a scenario of hitchhiking effect [64,65], which 
may have been the case once a strain acquired the copper-resistant genes 
by HGT. Within this scenario, it is likely that such a genome would 
rapidly increase its frequency compared to the remaining ones in the 
same population due to positive selection. This would, in turn, lead to a 
lower frequency of all other population variants. The end result would 
be a much lower frequency of genomes with different unique genes in 
the new genomic pool, than in the original population prior to the HGT 
event. Furthermore, increase in transposable elements is also associated 
with lineages experiencing positive selection [63]. Another indicative of 
the intensity of positive selection acting on the genomes bearing copper- 
resistant genes is the presence of more pseudogenes in non-pathogenic 
genomes. This is in agreement with a scenario of recent accelerated 
genome reduction [63,66], possibly as an arms race for faster replication 
rates which would also aid in faster spreading [66]. 

Phylogenomic analyses support the parallel evolution of most viru-
lent strains as they form a paraphyletic group, associated with T3e 
repertoire expansion and exclusive IS propagation, mostly from the IS4, 
IS5, and ISL3 families (Fig. 3). Interestingly, xopK (located in tandem 

with antibiotic-resistance genes), xopAI, a new copper resistant operon, 
and PKS-related yersiniabactin are located near ISs or inside composite- 
like transposon structures and GIs. These arrangements exemplify the 
potential impact of IS and GIs on evolution of the Xaj417 genome 
(Fig. 8). XopK is located close to a cluster of ISs containing five genes 
related to antibiotic synthesis (Fig. 8A). Clavulanic acid is an antibiotic 
effective against bacteria and nikkomycin is a fungicide that acts as a 
strong competitive inhibitor of chitin synthetases in fungi and insects 
[67]. In addition, XopAI is in a region under evolutionary pressure, 
surrounded by an IS forming a composite-like transposon between 
ISXac3. This composite transposon is formed by two inverted repeats 
from two separate transposons moving together as one unit and carrying 
the DNA between them (Fig. 8B). 

Fine-scale annotation reveals that the copper resistance operon is 
integrated as passenger genes of a new Tn3 family transposon, found 
exclusively in Xaj417 and the Chilean CFSAN033079 strain (Fig. 6A). 
Detailed analysis of these lateral transfer islands revealed the presence 
of important genes that may be associated with adaptation, virulence, 
and tolerance to metals such as copper. The similarity between the 
Chilean and Californian strains is not restricted to the Tn3 region, as 
they form a clade in the phylogenetic tree built with all 3080 genes of 
the known Xaj core genome (Fig. 1A). Given the geographic isolation of 
these strains, it is tempting to speculate whether a pathogenic strain was 
carried from one site to another in infected plant material, as such 
extensive convergent evolution would be highly unlikely. 

Synteny analysis of the chromosomal and transposed copA and copB 
genes shows that the evolutionary history of each pair is different sug-
gesting that the transposon copies may be the result of recent HGT. The 

Fig. 8. Genes located near ISs or inside composite-like transposon structures. (A) XopK is located close to a cluster of ISs from the IS3_gr_IS407 family associated with 
antibiotic and fungicide synthesis genes. (B) XopAI is surrounded by ISXac3, forming a composite transposon between ISXac3. (C) Genomic Island (GI) that codes for 
a non-ribosomal peptide synthetase named yersiniabactin. The GI carries a putative composite transposon structure formed by ISXcd1 and ISXca1, both from the same 
IS family (IS3_gr_IS407) and is inserted into a tRNA-Arg, generating a target site duplication (TSD). 
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chromosomal copies were found in more than 50 other Xanthomonas 
genomes with the same genomic neighborhood. Moreover, genomes 
other than Xanthomonas showed up only when gene sequence similarity 
was considerably decreased starting with Xylella followed by a Steno-
trophomonas genome. In contrast, the transposon copies were found only 
in four other Xanthomonas genomes, with the fifth being a Steno-
trophomonas strain, followed by several Pseudomonas genomes. In 
addition, the genomic neighborhood of copA and copB is different in 
these other genomes; the only conservation is of the pair itself. In other 
words, the operon architecture of the transposon copies (Fig. 6A) is 
unique to Xaj417 and to CFSAN033079 with respect to genomes avail-
able at the Integrated Microbial Genomes Resource [68] as of February 
2021, adding evidence for the key contribution of this operon to the 
pathogenicity of the Xaj417 and CFSAN033079 strains. Analysis of the 
Xaj417 genome also revealed secondary metabolite biosynthesis gene 
clusters such as the PKS-related siderophore yersiniabactin, and gram-
icidin S synthase. 

Here we performed the first comparative analysis of available 
sequenced genomes of Xaj and described the secreted effectome and 
repertoire of genes related to copper tolerance within this genetically 
diverse group. Sympatric populations may affect genetic dynamics in the 
emergence of new strains, since pathogenic and non-pathogenic strains 
are found together on walnut buds [69]. Our analysis also detected 
important differences among non-virulent strains in which different 
subsets of the full virulence complement are represented, such as genes 
for LPS variability and flagellum assembly. Knowledge of the dynamics 
of virulence determinants within orchard ecosystems can lead to new 
therapies by developing drugs targeting these pathogen effectors or 
transgenic plants expressing the host interaction partners, leading to 
broad-spectrum resistance. These findings also aid development of new 
molecules to use as antibiotics to potentially reduce dependence on 
copper-based biocides. 

4. Conclusion 

Plant pathogenic bacteria cause devastating losses to growers 
worldwide and many can adapt to new hosts or management strategies 
with outbreaks of hypervirulent strains. The emergence of new strains is 
favored in the “open laboratory” of the orchard ecosystem, in which new 
plant material frequently arrives from nurseries and local microbiota 
constantly exchange genetic material. Here we showed how mobile 
genetic elements shape X. arboricola pv. juglandis genomes and 
contribute to the evolution of this bacterial group. The genome com-
parisons detailed pathogen-specific multigene signatures near MGEs. 
Among the many molecular functions hitchhiking on these MGEs are 
common virulence strategies such as secreted proteases and pectinases 
and more adaptive systems such as T3e. The gene shuffling and 
expanding capabilities of this bacterial group also include acquisition of 
an additional copper-resistance cluster that enables this pathogen to 
survive current copper-based management used in walnut orchards. 
Through the action of MGEs, these new features can be incorporated into 
the bacterial genome and spread quickly across local orchard pop-
ulations. Understanding the characteristics and dynamics of these 
drivers of diversity will improve monitoring systems for emergent dis-
eases and inform target-specific therapeutics. 

5. Material and methods 

5.1. Genome selections 

Thirty-two genomes of Xaj available in the NCBI database as of April 
2020 were used for comparative genomic analysis (Supplementary 
Table S1). Xaj417 was used as the reference in all analyses since its 
complete genome sequence is deposited in NCBI. 

5.2. Protein family’s prediction 

A platform was developed to analyze Xaj genomes from the NCBI 
database to identify target proteins associated with WB development to 
inform new strategies to combat plant disease. Using the Orthologsorter 
tool [70] available at restricted access domain http://jau.facom.ufms. 
br/arboricola3/, analysis of the presence or absence of each protein 
family among all 32 genomes allowed us to identify unique, flexible, and 
conserved protein families that are shared by a subset of bacterial 
strains. 

5.3. Estimating the phylogenomic tree 

The phylogenomic profile generated using Orthologsorter was pre-
dicted based on the conserved protein families shared by all 32 strains. 
First OrthoMCL found all shared protein families. Families with exactly 
one protein from each genome were aligned using MUSCLE [71] and 
concatenated. After removal of non-informative columns using GBlocks 
[72] (columns that may not be conserved, including columns with too 
many gaps, or that may be saturated by multiple substitutions), the tree 
was generated using RaxML [73] with the PROTCAT model, rapid 
bootstrapping with 100 replicates and maximum likelihood search. 

5.4. Type III effectome prediction 

A set of 63 type III effectors from the Xanthomonas Resource website 
(http://www.xanthomonas.org/tools.html) was analyzed by protein- 
nucleotide six-frame translation (tBlastn) searches [74] with E-value 
≤1e-50 against the set of 32 Xaj genomes. For homologous genes not 
identified in the automated analysis, an additional search approach was 
performed. The protein fasta sequences of the 63 type III effectors were 
analyzed manually in the Blast search tool of Orthologsorter, a local 
database containing all proteins from the 32 genomes. Sequences with E- 
value ≤1e-10 were considered putative effectors, and the genomic re-
gion was examined for signs and signatures that could strengthen the 
hypothesis of new effector sequences. Additionally, all known TALEs 
and their sequences listed at The Xanthomonas Resource (http://www.js 
tacs.de/downloads/All_TALE_DNA_sequences.fasta) were downloaded 
and a nucleotide Blast (Blastn) search was performed using all 516 
known TALEs as the query and all 32 Xaj genomes as the database. 

5.5. Genome map and genomic islands prediction 

The Xaj417 genome map was constructed using Artemis DNAPlotter 
and BRIG [75,76]. Genomic islands, phage regions and horizontally 
transferred regions were predicted as described [28]. Identification and 
analysis of insertion sequences were carried out with the ISsaga tool 
[77]. 

5.6. Gene tree estimation of nine genes associated with IS 

To estimate which taxon was the probable source of putative HGTs, 
we conducted individual phylogenetic analyses for nine genes: two copA 
copies, two copB copies, clavaminate synthase, sulfotransferase, 
aminotransferase, SanC and ATPase (Figs. 6 and 8A). An online tBlastn 
search in GenBank was done for each Xaj417 query’s protein sequence, 
up to the limit of at most 1000 genomes as subjects (allowing more than 
one hit per genome, hence a hit set >1000 could be retrieved), or while a 
subject’s E-value was lower than 0.05, whichever was reached first. 
After retrieving all hits, individual gene multiple alignments were per-
formed in Muscle [71], with default parameters. Subsequently, TrimAl 
[78] was used to discard alignment sites with defined amino acid states 
in fewer than four sequences (the minimum number of taxa needed for 
phylogenetic informativeness), meaning all other sequences had gaps in 
that site position. Phylogenetic searches were done in IQTree v1.6.12 
using the GTR + I + G evolutionary model [79,80]. Rooting was done in 
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MAD [81]. Finally, the topology was checked in FigTree [82] to locate 
the sister-group to the clade where Xaj417 belonged. 

5.7. Synteny analysis 

Using as query each of the copA copies in the Xaj417 genome, we 
obtained the genomic neighborhoods of these genes at the Integrated 
Microbial Genomes Resource [68], using the bidirectional best hit cri-
terion for determining orthologs. 

5.8. Metabolic profile 

AntiSMASH [57] was used to analyze secondary metabolite biosyn-
thesis gene clusters and IslandViewer [58] was used to predict genomic 
islands in Xaj417. 
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[32] J.S.L. Patané, et al., Origin and diversification of Xanthomonas citri subsp. citri 
pathotypes revealed by inclusive phylogenomic, dating, and biogeographic 
analyses, BMC Genomics 20 (2019) 700. 

[33] N.P. Fonseca, et al., Analyses of seven new genomes of Xanthomonas citri pv. 
aurantifolii Strains, causative agents of Citrus Canker B and C, show a reduced 
repertoire of pathogenicity-related genes, Front. Microbiol. 10 (2019). 

R.A.B. Assis et al.                                                                                                                                                                                                                               

https://doi.org/10.1016/j.ygeno.2021.06.003
https://doi.org/10.1016/j.ygeno.2021.06.003
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0005
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0005
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0010
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0010
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0010
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0015
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0015
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0020
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0020
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0020
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0025
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0025
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0030
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0030
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0035
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0035
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0035
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0040
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0040
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0040
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0040
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0045
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0045
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0045
https://apsjournals.apsnet.org/doi/full/10.1094/PDIS-02-16-0170-PDN
https://apsjournals.apsnet.org/doi/full/10.1094/PDIS-02-16-0170-PDN
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0055
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0055
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0055
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0060
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0060
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0065
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0065
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0065
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0070
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0070
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0075
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0075
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0075
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0080
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0080
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0080
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0085
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0085
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0090
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0090
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0090
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0095
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0095
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0095
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0100
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0100
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0100
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0105
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0105
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0110
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0110
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0115
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0115
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0115
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0120
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0120
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0125
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0125
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0125
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0130
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0130
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0130
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0135
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0135
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0135
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0140
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0140
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0140
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0145
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0145
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0145
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0150
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0150
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0150
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0155
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0155
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0155
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0160
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0160
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0160
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0165
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0165
http://refhub.elsevier.com/S0888-7543(21)00219-6/rf0165


Genomics 113 (2021) 2513–2525

2525

[34] S. Cesbron, et al., Comparative genomics of pathogenic and nonpathogenic strains 
of Xanthomonas arboricola unveil molecular and evolutionary events linked to 
pathoadaptation, Front. Plant Sci. 6 (2015). 

[35] J. Garita-Cambronero, A. Palacio-Bielsa, M.M. López, J. Cubero, Comparative 
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Abstract: The interaction between the plant host, walnut (Juglans regia; Jr), and a deadly pathogen
(Xanthomonas arboricola pv. juglandis 417; Xaj) can lead to walnut bacterial blight (WB), which depletes
walnut productivity by degrading the nut quality. Here, we dissect this pathosystem using tandem
mass tag quantitative proteomics. Walnut hull tissues inoculated with Xaj were compared to
mock-inoculated tissues, and 3972 proteins were identified, of which 3296 are from Jr and 676 from
Xaj. Proteins with di↵erential abundance include oxidoreductases, proteases, and enzymes involved
in energy metabolism and amino acid interconversion pathways. Defense responses and plant
hormone biosynthesis were also increased. Xaj proteins detected in infected tissues demonstrate its
ability to adapt to the host microenvironment, limiting iron availability, coping with copper toxicity,
and maintaining energy and intermediary metabolism. Secreted proteases and extracellular secretion
apparatus such as type IV pilus for twitching motility and type III secretion e↵ectors indicate putative
factors recognized by the host. Taken together, these results suggest intense degradation processes,
oxidative stress, and general arrest of the biosynthetic metabolism in infected nuts. Our results
provide insights into molecular mechanisms and highlight potential molecular tools for early detection
and disease control strategies.

Keywords: Xanthomonas; walnut blight; fruit; proteomics; disease susceptibility; adaptation;
LC-MS/MS; virulence

1. Introduction

Walnut (Juglans regia) is an economically important specialty crop, providing edible nuts,
high-quality wood, and medicinal uses, with a distribution ranging from tropical to temperate
zones in Asia, Europe, and the Americas [1–3]. It is among the most-produced nuts in the world,
together with almonds, hazelnuts, pistachios, and cashews [4]. Walnuts are an excellent source of
plant-based protein, fiber, magnesium, polyphenols, and ↵-linolenic acid, a plant-derived omega-3
fatty acid [5,6]. The regular consumption of walnuts has been linked to positive health outcomes,
including improved cognitive function, reduced cancer, diabetes, and weight control, as well as heart,
gut, and reproductive health [7–14], as part of the “Mediterranean diet” [15,16]. The increasing demand
for walnuts has supported the robust growth in global nut production [4], rea�rming the increasing
importance of the walnut industry.
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Walnut bacterial blight (WB) is a bacterial disease that reduces the productivity of walnut orchards
in California and worldwide [17]. This disease decreases the quality, especially in wet years and
in early-leafing varieties. Walnut blight is caused by Xanthomonas arboricola pv. juglandis (Xaj),
a gamma-proteobacterium that attacks various tissues of English (Persian) walnuts, including catkins,
female flowers, fruit, green shoots, buds, and leaves [18]. The primary cause of economic loss is disease
development in the fruits after flowering. One of the challenges of controlling the bacterial spread is the
extended period of host susceptibility. The pathogen can survive in infected trees in twig lesions, buds,
and diseased fruits year after year [19]. The biology of the host-pathogen interactions and the underlying
molecular mechanisms that mediate the virulence, increased susceptibility, and/or resistance of the host
plant have not been characterized. This lack of knowledge leads to broad-spectrum and ine↵ective
measures of disease control in the field. Current control strategies spray orchards with copper-based
biocides in combination with EBDC (ethylene bis-dithiocarbamate) fungicides and time the applications
with disease-prediction modeling, such as XanthoCast [20,21]. The inability to predict the disease at
asymptomatic stages remains a major challenge for walnut growers. However, an increasing resistance
to copper-based biocides in natural Xaj populations and an increasing dependence on EDBC fungicides
for control trigger both immediate and long-term concerns regarding the viability of the continued
registration of these compounds, due to their accumulation in the environment and toxicity [22].

Copper-based biocides are e↵ective in many pathosystems involving Xanthomonas spp., although
some Xaj isolates are especially resistant [23,24]. Some pathosystems such as the bacterial blight of
rice, bacterial spot, and black rot diseases have been studied in molecular detail, revealing specific
plant-microbe protein interactions [25–29]. These include, for example, production by the host
of pathogenesis-related (PR) proteins triggered by detection of pathogen- or damage-associated
molecular patterns (PAMPs and DAMPs, respectively) [30,31]. Another layer of responses involves
e↵ector-triggered immunity (ETI) upon the detection of type III e↵ectors secreted into plant cells by the
bacterium, capable of altering the host gene expression and disease progression [32]. Similar strategies
are also employed by Xanthomonas pathogens in stone and fruit trees, exemplified by citrus bacterial
canker disease caused by Xanthomonas citri [33]. Despite these similarities, there are also significant
di↵erences such as the adoption of transcription activator-like (TAL) e↵ectors to alter host responses by
some, but not all, Xanthomonas species [34]. Hence, the need to study each pathosystem in molecular
detail, so common and disease-specific themes can be identified and characterized more precisely.
In WB, a distinctive symptom on fruits is the intensely dark pigmentation of the hull tissues that
progresses to the edible parts, until the kernel is damaged [17]. Polyphenol oxidases (PPOs), which are
copper-containing enzymes, have been implicated in the synthesis of these pigments, which include
tannins and melanins [35–37], and have attracted further interest in their role in plant health [38].

Defining the molecular markers that can assist molecular breeding or gene-editing approaches
is a necessary step to accelerate breeding e↵orts for tree crops. WB is among the few pathosystems
in which complete genome sequences of both the host and pathogen are available as a valuable
reference [39,40], contributing to the molecular phenotyping of the disease process. To provide an
in-depth assessment of the molecular responses and interactions between the host and pathogen
leading to WB, we performed a comparative proteomic analysis of symptomatic vs. healthy fruit
tissues. By combining state-of-the-art LC-MS/MS and data analysis methods for peptide identification,
the major molecular functions and biological processes a↵ected by WB were determined, as were the
individual proteins and protein families with di↵erential abundance. These molecular networks deepen
our understanding of the role of specific proteins and protein classes in plant-pathogen interactions
and reveal details of the disease mechanisms behind WB. This can potentially lead to more targeted
and sustainable therapies to protect walnut production against diseases like WB.

2. Results

Controlled Xaj inoculations of walnut fruits closely replicated the typical WB phenotype in the
disease symptom development (Figure 1a). The symptom development was quantified and compared
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to the mock inoculations (Figure S1), followed by microscopy of the exocarp (hull) to determine how
the infection a↵ects the surface and cell wall structures of the external-facing and internal layers below
the surface of the exocarp (Figure 1b,c).
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Figure 1. Walnut blight symptoms in walnut fruits. Samples were inoculated with 1 ⇥ 108 bacterial
cells/mL in a solution of MgCl2 and incubated in a box to maintain high humidity at room temperature
for ten days under a 12-h light/dark cycle. (a) Walnut hull symptom development after seven days.
(b) Scanning electron micrograph of the external and (c) internal-facing exocarp tissues (250⇥) after ten
days. S: stomata and T: trichome.

The proteomic analysis identified host and pathogen-derived proteins associated with WB disease
in an unbiased manner. The proteome of six Jr hulls infected with Xaj were combined into three
pools (two samples per pool) compared to the same number of samples from the mock-inoculated Jr
hulls. We cultivated Xaj cells in vitro and inoculated walnut fruits collected from a healthy orchard.
Proteins from the infected walnut fruits collected at seven days post-inoculation were compared to
mock-inoculated fruits and followed the proteomics workflow shown (Figure 2a). The hull tissue
(exocarp) cell morphology was analyzed (Figure 2b). The relative abundance of the detected proteins
was compared between the infected and mock samples. After quality-control filtering, 3972 proteins
were identified considering a minimum of two mapped peptides (1% peptide spectrum match (PSM)
and false discovery rate (FDR)) that contained ten decoy proteins. The final dataset (Figure 2c)
comprised 3296 proteins for Jr (Table S1) and 676 proteins for Xaj (Table S2).

2.1. Quantitative Proteomic Analysis of Juglans regia in Response to Walnut Blight

For an unbiased analysis of the proteomic results, the six samples were clustered using
principal component analysis (PCA) on the 3296 identified Jr proteins. The two main components
explained 91.8% (PC1 83.5% and PC2 8.3%) of the variation between the infected and mock
samples, forming two distinct tight clusters according to the sample group (Figure 3a). The heatmap
visualization of the proteomic data also showed distinct segregation between the infected and
mock-inoculated groups (Figure S2a). The supervised partial least squares-discriminant analysis
(PLS-DA) measured the variable importance in projection (VIP) score and estimated the importance
of each protein in the PLS model (Figure S2b,c), increasing the relevant biomarker discovery
that best explains the di↵erence between the two sample groups. This analysis allowed the
identification of the top 20 proteins responsible for group discrimination (Figure 3b). All 20 proteins
were more abundant in the infected samples than in the mock-inoculated control (Table S3).
They are associated with plant defense, such as putative EG45-like domain-containing proteins
(Jr08_05430|109018768 and Jr11_07700|108992001), considered plant natriuretic peptides (PNP);
chitinases (Jr06_19610|109012912, Jr07_21670|108980762, and Jr12_13520|108980790); Kunitz trypsin
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inhibitors (Jr02_20270|109011731 and Jr02_20290|109011765); pathogenesis-related proteins PR2 and
PR5 (Jr05_14480|109011271, Jr04_22500|109013108, and Jr06_13250_family|109013532); the germin-like
protein subfamily (Jr16_18600|109008986); and MLP-like protein (Jr13_22970|108994024), which were
more abundant in the proteome of the infected material (Figure 2b).
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Figure 2. Overview of sample processing. (a) Sample preparation and proteomics workflow:
(1) inoculations were started by plating Xaj cells in YEP plates and cultivating overnight. Cells were
transferred to YEP liquid media and cultured to reach 1 ⇥ 108 cells/mL after wash and resuspension
in MgCl2. (2) The experimental design of nut inoculations and pool formations used for proteomics
(Pools 1 to 3) and scanning electron microscopy (Pool 4). (3) The proteomics pipeline used for three
pools of each sample type. (b) Depiction of the hull material used for microscopy and proteomics.
(c) Total proteins identified for Jr and Xaj. TMT: tandem mass tag and PAW: proteomic analysis
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Figure 3. Juglans regia proteome analysis comparing the infected and mock-inoculated samples.
(a) Principle component analysis (PCA) plot with distinct groups and samples. (b) Top 20 proteins
contributing to the variance between the observed partial least squares-discriminant analysis (PLS-DA)
(Figure S2a) with high variable importance in projection (VIP) scores (Table S3), with colored boxes
indicating the relative abundance (greater: red and reduced: blue) of the corresponding protein detected
in infected (Inf.) and mock-inoculated (M) tissues.

Ratio log2 fold-change (log2 FC) analysis of the detected proteins in infected and mock samples
(Figure 4a) showed 1537 proteins with FDR  0.01 (high confidence), 322 with FDR  0.05 (medium),
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187 with FDR  0.1 (low), and 1250 not significantly di↵erent (no confidence) than the mock-inoculated
control. The protein abundance ranged from 3.29 to 8.68 (log10 scale) and log2 FC from �3.26 to
4.95 (Figure 4a). The total number of significantly di↵erentially abundant proteins between the two
groups was 2046 (FDR  0.1), of which 1040 were increased (log2 FC > 0) and 1006 were decreased
(log2 FC < 0) in the infected samples. An analysis of statistical significance (volcano plot) of the detected
proteins showed 411 (log2 FC � 1) increased proteins (right side, Figure 4b), of which 129 were at
least four times more abundant (log2 FC � 2) than in mock-inoculated nuts, considering a FDR  0.05.
The total of the decreased proteins in the infected tissue was lower, with 272 log2 FC  �1, of which
only 38 decreased more than four-fold (log2 FC  �2) (left side, Figure 4b).Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 6 of 23 
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Figure 4. Juglans regia proteome in response to Xaj 417 infection showing 3296 detected proteins.
(a) Ratio-abundance plot. (b) Volcano plot analysis of walnut hull infected with Xaj compared to the
mock-inoculated hull. Colored dots show false discovery rate (FDR) confidence levels (red for high:
FDR  0.01, green for med: FDR  0.05, blue for low: FDR  0.1, and grey for no: FDR > 0.1).

2.2. Quantitative Proteomic Analysis of Xanthomonas arboricola pv. juglandis in Walnut Hulls

An analysis of WB symptomatic tissue revealed 676 Xaj proteins. Protein abundances from the
three replicates representing six nuts were averaged and ranked from the most to the least abundant
(Table S2). Due to the number of replicates, the proteins that were not detected in all three pools
(117) were removed; some could have biological relevance, such as lipase, chitinase, hemolysin-like,
and the copper homeostasis protein CutC. The 20 most abundant di↵erential proteins were determined
(Table 1). The most abundant are the OmpA-OmpF, and the list includes well-known PAMPs Ef-Tu
and Ax21, GroEL, GroES, glucose dehydrogenase, tetratricopeptide repeat protein, peptidylprolyl
isomerase, VirK-like, siderophore, TonB-dependent receptor, glutamine synthetase, ATP synthase,



Int. J. Mol. Sci. 2020, 21, 7453 6 of 21

succinyl-CoA synthetase, DNA-binding protein, malate dehydrogenase, peroxiredoxin, cold-shock
protein, and a hypothetical protein AKJ12_RS21505 (Table 1).

Table 1. Top 20 most abundant Xaj 417 proteins in infected walnut hulls. SP: signal peptide.

GenBank ID Locus Xaj417 Description SignalP
BUSCA

Prediction

Rank

Abundance

AKU49410.1 AKJ12_RS06245 OOP family OmpA-OmpF porin OTHER Cytoplasm 1
AKU49462.1 AKJ12_RS14455 Elongation factor Tu OTHER Cytoplasm 2
AKU49820.1 AKJ12_RS08545 Molecular chaperone GroEL OTHER Cytoplasm 3
AKU51588.1 AKJ12_RS18640 Ax21 family protein OTHER Cytoplasm 4
AKU50680.1 AKJ12_RS13495 Siderophore SP(Sec/SPI) SP-Extracellular space 5
AKU49415.1 AKJ12_RS06280 Malate dehydrogenase OTHER Cytoplasm 6
AKU51241.1 AKJ12_RS16600 Glucose dehydrogenase OTHER Cytoplasm 7
AKU48616.1 AKJ12_RS01595 30S ribosomal protein S1 OTHER Cytoplasm 8
AKU51756.1 AKJ12_RS19625 Tetratricopeptide repeat protein OTHER Cytoplasm 9
AKU51362.1 AKJ12_RS17320 VirK-like protein OTHER Cytoplasm 10
AKU50394.1 AKJ12_RS11890 TonB-dependent receptor SP(Sec/SPI) SP-Extracellular space 11
AKU52070.1 AKJ12_RS21505 Hypothetical protein OTHER OM-Beta Strand 12
AKU51605.1 AKJ12_RS18740 Glutamine synthetase OTHER PM-Alpha Helix 13
AKU49821.1 AKJ12_RS08550 Molecular chaperone GroES OTHER Cytoplasm 14
AKU50456.1 AKJ12_RS12245 Peroxiredoxin OTHER PM-Alpha Helix 15

AKU51052.1 AKJ12_RS15520 ATP F0F1 synthase subunit
alpha OTHER PM-Alpha Helix 16

AKU50723.1 AKJ12_RS16695 Succinyl-CoA synthetase
subunit alpha OTHER Cytoplasm 17

AKU49376.1 AKJ12_RS06020 DNA-binding protein HU OTHER Cytoplasm 18
AKU49010.1 AKJ12_RS03895 Cold-shock protein SP(Sec/SPI) SP-Extracellular space 19
AKU50240.1 AKJ12_RS10980 Peptidylprolyl isomerase OTHER Cytoplasm 20

A functional analysis of the detected proteins shows a high frequency of TonB-dependent outer
membrane receptors (32), ATP-binding cassette (ABC) transporters (11), iron uptake and storage systems
(7), phosphate uptake systems (3), copper resistance (3), chaperones (5), osmo and redox regulators (17),
ribosomal proteins (41), and energy metabolism, such as glycolysis and tricarboxylic acid cycle enzymes
(Table S2). Along with the 20 most abundant proteins, it is important to highlight the type III e↵ectors:
HopQ (XopQ); XopN; and XopX (AKJ12_RS14220, AKJ12_RS11690, and AKJ12_RS08540) and 67 type
II e↵ectors: secreted chorismate mutase (AKJ12_RS15500); three asparaginases (AKJ12_RS06635,
AKJ12_RS18355, and AKJ12_RS13110); four peptidyl-prolyl isomerases (AKJ12_RS10980,
AKJ12_RS11150, AKJ12_RS06285, and AKJ12_RS11525); beta-glucosidase (AKJ12_RS16605); cell wall
degradation proteins such as two polygalacturonases (AKJ12_RS07840 and AKJ12_RS01955), a cellulase
(AKJ12_RS14810), two serine proteases (AKJ12_RS11910 and AKJ12_RS21510); proteases/peptidases
(33); two esterases (AKJ12_RS20070 and AKJ12_RS13810); endoglucanase (AKJ12_RS08070);
two phospholipases (AKJ12_RS07015 and AKJ12_RS03905); five phosphatases (AKJ12_RS09730,
AKJ12_RS09895, AKJ12_RS11635, AKJ12_RS05780, and AKJ12_RS13650); alpha-xylosidase
(AKJ12_RS09825); xylose isomerase (AKJ12_RS20500); four hydrolases (AKJ12_RS18195,
AKJ12_RS14795, AKJ12_RS12205, and AKJ12_RS12930); four aminopeptidases (AKJ12_RS15095,
AKJ12_RS13855, AKJ12_RS05625, and AKJ12_RS04085); and biotin carboxylase (AKJ12_RS08585).
In addition, we highlighted argininosuccinate synthase (AKJ12_RS01860); lytic murein transglucosylase
(AKJ12_RS06545); two copper-binding proteins located adjacent to each other in the Xaj genome;
and a copper chaperone (AKJ12_RS00535, AKJ12_RS00530, and AKJ12_RS05060). Some less-described
virulence factors that were also detected include VirK-like proteins (AKJ12_RS17315 and
AKJ12_RS17320), a single-stranded DNA binding protein (AKJ12_RS12195), a DNA-binding
ferritin-like protein (AKJ12_RS16595), an organic hydroperoxide resistance protein (AKJ12_RS18180),
and an isochorismatase (AKJ12_RS00070). In addition, 41 hypothetical proteins (among them, 15 with
a secretion signal peptide; Table S4) were also identified in the Xaj proteome.

2.3. Gene Ontology Annotation and Enrichment Analysis

Among the 411 Jr proteins considered with greater abundance in infected hulls (log2 FC > 1
and FDR  0.05), 329 could be mapped to gene ontology (GO) terms as biological processes,
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molecular functions, cellular components, protein classes, and pathways using Protein ANalysis
THrough Evolutionary Relationships (PANTHER) overrepresentation Fisher’s exact test with FDR
correction (Table S5). Based on a fold-enrichment analysis and FDR test (<0.05), we highlighted
four of the 21 specific biological processes of particular interest: monosaccharide metabolic process
(GO:0005996), alpha-amino acid metabolic process (GO:1901605), small molecule catabolic process
(GO:0044282), and organonitrogen compound catabolic process (GO:1901565). The 25 molecular
functions overrepresented include copper ion binding (GO:0005507), carbohydrate kinase activity
(GO:0019200), lipase activity (GO:0016298), endopeptidase activity (GO:0004175), and oxidoreductase
activity (GO:0016491), among other catabolic functions. The main cellular components a↵ected
included the cell wall (GO:0005618) and cytosol (GO:0005829). Among the 10 PANTHER protein classes
significantly represented are nucleotidyltransferase (PC00174), oxidoreductase (PC00176), protease
(PC00190), and the metabolite interconversion enzyme (PC00262). Only two PANTHER pathways were
significantly overrepresented: phenylethylamine degradation (P02766) involved in energy metabolism
and represented by three amine oxidases and vitamin B6 metabolism (P02787) involved in amino acid
interconversion and represented by three pyridoxal reductases.

An analysis of the 272 Jr proteins with reduced abundance in the infected tissues (log2 FC < �1
and FDR  0.05) resulted in 237 mapped proteins (Table S6) overrepresented in biological processes
such as chromatin silencing (GO:0006342), ribosomal large subunit biogenesis (GO:0042273), and the
monosaccharide metabolic process (GO:0005996), among 61 other classified terms, suggesting an
arrest in the biosynthesis and channeling of the carbon and energy sources toward the degradation
pathways. Eight molecular functions decreased during infection, including the structural constituents
of the ribosome (GO:0003735), RNA binding (GO:0003723), and oxidoreductase activity (GO:0016491).
The cellular components most negatively a↵ected among the 29 terms included the ribosomal subunit
(GO:0044391), chloroplast (GO:0009507), and cytosol (GO:0005829). The eight PANTHER protein
classes highlighted included histone (PC00118), the ribosomal protein (PC00202), and dehydrogenase
(PC00092). No specific pathway was statistically overrepresented in the protein set with the reduced
abundance in symptomatic tissues.

The gene ontology terms annotated on 540 proteins of 676 in the Xaj proteome detected in planta
were mapped, and the functional enrichment analysis highlighted the general trends observed (Table S7).
The 56 biological processes included ribonucleoprotein complex assembly (GO:0022618) and the
organonitrogen compound biosynthetic process (GO:1901566), among others. Enriched terms related
to molecular function included the structural constituent of ribosome (GO:0003735), organic cyclic
compound binding (GO:0097159), and oxidoreductase activity (GO:0016491), among 12 terms, and those
related to cellular components include 29 significant terms among the ribonucleoprotein complex
(GO:1990904) and cell outer membrane (GO:0009279). Eleven PANTHER protein classes were
overrepresented and included ribosomal protein (PC00202), peroxidase (PC00180), lyase (PC00144),
dehydrogenase (PC00092), and oxidoreductase (PC00176).

2.4. Subcellular Localization

Among the significantly increased (411) and decreased (272) Jr proteins, most were predicted to
target the nucleus (179), chloroplast (173), cytoplasm (117), or extracellular space (86), according to the
subcellular prediction software BUSCA [41] (Tables S8 and S9). Most nucleus proteins increased (92),
while most chloroplast proteins decreased (101) (Figure 5a). Among the Xaj proteins (676), most were
located in the cytoplasm (444), the plasma membrane (132), or the outer membrane (6), and 94 had
a signal peptide for secretion to the outer membrane (5) or extracellular space (89), according to BUSCA
(Figure 5b).
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2.5. Plant Defense Response to Walnut Bacterial Blight Disease

Ninety-one proteins from the proteome of Jr infected tissue are associated with plant defense
(Table 2). Most are members of families with several copies (Table S10) and significantly increased during
infection: plant natriuretic peptides (EG45-like domain-containing protein—PNP), Kunitz trypsin
inhibitors (KTI), germin-like proteins (GLP), osmotin-like proteins (OLP), patatin-like protein (PLP),
and pathogenesis-related proteins (PR1 and PR5). In addition, two proteins essential for ethylene
biosynthesis, S-adenosylmethionine synthase (SAM) and 1-aminocyclopropane-1-carboxylate oxidase
(ACC), increased significantly during Xaj infection.

Table 2. J. regia proteins associated with the defense response (complete table in the Supplemental
Materials, Table S10).

Protein Family Code Copies
Ave. Ratio log2

(Inf./Mock)
Direction Ave. FDR

EG45-like domain-containing protein PNP 3 4.07 up 1.05 ⇥ 10�26

Kunitz trypsin inhibitor KTI 3 4.05 up 2.30 ⇥ 10�15

Pathogenesis-related 5 PR5 3 3.46 up 9.96 ⇥ 10�22

Osmotin-like protein OLP 3 2.89 up 9.72 ⇥ 10�19

S-adenosylmethionine synthase SAM 4 2.04 up 2.71 ⇥ 10�13

Major latex like-protein MLP 15 1.87 up 3.92 ⇥ 10�3

Patatin-like protein PLP 4 1.84 up 1.08 ⇥ 10�4

1,3-beta-glucosidase PR2 11 1.71 up 6.14 ⇥ 10�2

Germin-like protein GLP 10 1.69 up 8.26 ⇥ 10�3

GDSL esterase/lipase GDSL 14 1.14 up 1.23 ⇥ 10�1

Pathogenesis-related 1 PR1 1 1.14 up 3.67 ⇥ 10�7

Chalcone synthase CHS 5 0.99 up 5.96 ⇥ 10�3

1-aminocyclopropane-1-carboxylate oxidase ACC 9 0.69 up 9.48 ⇥ 10�2

Non-specific lipid-transfer protein nsLPT 6 �0.46 down 2.09 ⇥ 10�2

There was also increased the abundance of proteins involved in the shikimate pathway
and the biosynthesis of phenylpropanoids (Table S11), which synthesized precursors for the
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production of phytohormone salicylic acid (SA). Thus, we highlighted the significant increase of
shikimate dehydrogenase (Jr07_19410), chorismate mutase 1 (Jr12_22090_family), and to phenylalanine
ammonia-lyase 2 (Jr12_21910_p1_family). Polyphenol oxidases also increased, particularly JrPPO2
(Jr03_06810), with a log2 FC of 3.6 (FDR < 0.01), and JrPPO1 (Jr03_06780), with a log2 FC of
0.28 (FDR < 0.05). Twenty-one peroxidases increased with infection (FDR < 0.05).

3. Discussion

Walnut bacterial blight is the most serious above-ground bacterial disease of this tree crop, as the
pathogen targets nut tissues, devastating the productivity and quality of walnut orchards. This is
the first study that examines the molecular responses during the disease development by comparing
the proteomes of infected fruit hulls to healthy tissue. This study was leveraged by the complete
genome sequences from the pathogen and the recently published chromosome-scale reference walnut
genome [40] to more accurately predict the contribution of the specific plant or pathogen-derived
proteins and determine their role in WB disease. The degradation of plant tissues in infected fruits,
shown by the scanning electron microscopic analysis, can now be interpreted from a proteomic
perspective, as formed by the plant-pathogen interaction. Describing the contributions and interplay
of thousands of individual proteins is no trivial task; however, the proteome data identifies major
contributors that deserve further discussion and characterization.

From the plant host perspective, chitinases and GLPs were among the top 20 proteins identified by
PLS-DA as the best at di↵erentiating infected from mock-inoculated samples. An increased abundance
of germin-like proteins (GLPs) in WB could be contributing to increased basal defense mechanisms,
which are conserved in many plants and involve enzymatic activities like superoxide dismutase (SOD),
oxalate oxidase, and polyphenol oxidase (PPO) [42]. Our results show that the host responses detected
in WB are conserved in other Xanthomonas pathosystems, in which chitinases and GLPs in tolerant
rice seedlings are prominent features. They potentially increase the plant resistance or tolerance
to stress, as in the proteome of rice leaf blight, caused by Xanthomonas oryzae pv. oryzae (Xoo) [43].
The presence of high levels of PPO activity in the hulls of Jr is consistent with its role in producing
reactive quinones [44] and regulating the production of phenylpropanoid biosynthesis and cell death
control [38]. Based on our proteomic data, we previously showed that Jr PPOs were di↵erentially
expressed during infection, contributing to its role in the defense response [34].

It is important to mention the reduced abundance of translational machinery during infection,
which may be a defense mechanism against infection [45]. The large increase in plant natriuretic
peptides (PNPs) during WB is potentially linked to their role in plant homeostasis, where they work
as signal molecules secreted in the apoplast during infection. PNP-dependent responses include
tissue-specific modifications dependent on cation transport, changes in photosynthesis and respiration
rates, and stomatal conductance during stress [46,47]. Xanthomonas axonopodis pv. citri (Xac) uses
a PNP-like protein to modify host homeostasis [48]. Xac PNP shares significant sequence similarity
and the same domain composition with plant PNPs but has no homologs in other bacteria. However,
Xaj 417 does not have the PNP homolog from Xac or any protein similar to the three PNPs identified in
the Jr proteome.

Among the increased proteins from the host, we highlighted the defense proteins associated
with phytohormone biosynthesis, including salicylic acid (SA), jasmonic acid (JA), and ethylene.
These proteins are associated with either the induction or repression of these hormones [49–51]. SA is
involved in basal resistance or systemic acquired resistance (SAR) by inducing the expression of
pathogenesis-related (PR) genes [52]. The proteome of infected Jr showed a significant increase in
important SAR induction markers, including the PR1, PR2, PR3, and PR5 proteins, mostly predicted to be
located in the extracellular space. The biosynthesis of SA depends on the conversion of phenylalanine to
trans cinnamic acid by phenylalanine ammonia-lyase 2 (PAL). This is a key enzyme of plant metabolism,
catalyzing the first reaction in biosynthesis from L-phenylalanine of a wide variety of natural products
based on the phenylpropane skeleton. The GO analysis showed enrichment of the phenylethylamine
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degradation pathway. The abundance of many proteins involved in phenylpropanoid biosynthesis
increased during infection to boost the immune response and fight the bacterial infection. However,
due to the observed symptoms, this increase was insu�cient to combat the Xaj virulence factors.
Intriguingly, a gene located in a genomic island encodes an isochorismatase (AKJ12_00070) that
may suppress salicylate-mediated innate immunity in plants by the diverting of the plant salicylate
metabolism and converting of SA into catechol. The borders of this genomic island (comprising
AKJ12_RS00015-AKJ12_RS00145) is flanked by an integrase and a transposase, indicating its acquisition
through horizontal gene transfer. An isochorismatase secreted by Phytophthora sojae and Verticillium
dahliae is required for full pathogenesis [53]. Moreover, they lack known signal peptides, although they
show characteristics that lead to an unconventional secretion that could be a novel mechanism for
delivering e↵ectors and may play an important role in host-pathogen interactions [54]. Zhu and
collaborators showed that isochorismatase from V. dahliae is a virulence factor that interferes with
salicylate and jasmonate defense signaling [54]. A depiction of the interplay of all these molecular
responses on the host side is presented (Figure 6).Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 12 of 23 

 

 
Figure 6. Walnut bacterial blight plant response following Xaj 417 infection. Copies of proteins from 
the same family detected in proteomics are represented. ACC: 1-aminocyclopropane-1-carboxylate 
oxidase, CHS: chalcone synthase, GDSL: GDSL lipase/esterases, GLP: germin-like proteins, KTI: 
Kunitz trypsin inhibitor, MLP: major latex proteins, nsLTP: plant nonspecific lipid-transfer protein, 
OLP: osmotin-like protein (PR5-like), PLP: patatin-like protein, PNP: plant natriuretic peptides, PR1: 
pathogenesis-related 1, PR2: glucan endo-1,3-beta-glucosidase, PR5: pathogenesis-related 5, SAM: S-
adenosylmethionine synthase, JA: jasmonic acid, SA: salicylic acid, and ROS: reactive oxygen species. 
Created with BioRender.com. 

Six hundred and seventy-six proteins, which comprise ~16.2% of the Xaj genome, were identified 
in the infected walnut proteome. The most abundant was OmpA-OmpF, a porin associated with 
evasion of the host defense [55]. It is well-conserved among Xanthomonadaceae species, and its 
sequence is 70% identical to Xylella fastiodiosa’s MopB sequence, a protein associated with sensitivity 
to oxidative stress [56,57] and required for the pathogenicity of Xanthomonas campestris pv. campestris, 
the causal agent of black rot in crucifers [58]. It was possible to identify Xaj proteins related to evasion 
of the host defense, protection against oxidative stress, adaptation and virulence, and PAMPs such 
as Ef-Tu and Ax21: extracellular proteins capable of triggering host immune responses during an 
infection. These PAMPs are conserved in nonpathogenic Xaj strains [59]. The Xaj 417 molecular 
strategies detected in infected walnuts leading to WB are summarized (Figure 7). Extracellular 
proteins such as Ef-Tu and Ax21 were among the most abundant proteins, along with others involved 
with chemotaxis (CheY) and type IV pilus function (PilT, PilQ, PilB, PilG, PilM, and PilZ). A cellulase, 
a murein-degrading enzyme, two polygalacturonases, and proteases/peptidases are also abundant in 
infected tissue, with 39 peptidases and proteases being the most prominent. 

Figure 6. Walnut bacterial blight plant response following Xaj 417 infection. Copies of proteins from the
same family detected in proteomics are represented. ACC: 1-aminocyclopropane-1-carboxylate oxidase,
CHS: chalcone synthase, GDSL: GDSL lipase/esterases, GLP: germin-like proteins, KTI: Kunitz trypsin
inhibitor, MLP: major latex proteins, nsLTP: plant nonspecific lipid-transfer protein, OLP: osmotin-like
protein (PR5-like), PLP: patatin-like protein, PNP: plant natriuretic peptides, PR1: pathogenesis-related
1, PR2: glucan endo-1,3-beta-glucosidase, PR5: pathogenesis-related 5, SAM: S-adenosylmethionine
synthase, JA: jasmonic acid, SA: salicylic acid, and ROS: reactive oxygen species. Created with
BioRender.com.

Six hundred and seventy-six proteins, which comprise ~16.2% of the Xaj genome, were identified
in the infected walnut proteome. The most abundant was OmpA-OmpF, a porin associated with
evasion of the host defense [55]. It is well-conserved among Xanthomonadaceae species, and its
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sequence is 70% identical to Xylella fastiodiosa’s MopB sequence, a protein associated with sensitivity to
oxidative stress [56,57] and required for the pathogenicity of Xanthomonas campestris pv. campestris,
the causal agent of black rot in crucifers [58]. It was possible to identify Xaj proteins related to evasion
of the host defense, protection against oxidative stress, adaptation and virulence, and PAMPs such
as Ef-Tu and Ax21: extracellular proteins capable of triggering host immune responses during an
infection. These PAMPs are conserved in nonpathogenic Xaj strains [59]. The Xaj 417 molecular
strategies detected in infected walnuts leading to WB are summarized (Figure 7). Extracellular proteins
such as Ef-Tu and Ax21 were among the most abundant proteins, along with others involved with
chemotaxis (CheY) and type IV pilus function (PilT, PilQ, PilB, PilG, PilM, and PilZ). A cellulase,
a murein-degrading enzyme, two polygalacturonases, and proteases/peptidases are also abundant in
infected tissue, with 39 peptidases and proteases being the most prominent.
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Figure 7. Role of Xaj 417 proteins in disease development. OM: outer membrane, IM: inner
membrane, P: periplasm, SSB: single-stranded DNA binding, PPIases: peptidyl-prolyl isomerases,
AspG: asparaginase, B-glu: beta-glucosidase, MltA: murein-degrading enzyme, PG: polygalacturonase,
ArgG: argininosuccinate synthase, CM: secreted chorismate mutase, Clp: proteases, CelA: cellulase,
IHL: isochorismatase-like hydrolases, CheY: chemotaxis, NTR: nitrate transporter, Dps: DNA-binding
ferritin-like, Trx: thioredoxin, Grx: glutaredoxin, SOD: superoxide dismutase, Gst: glutathione
transferase, Prx: peroxiredoxin, and GPx: glutathione peroxidase. Created with BioRender.com.

Important components of the interaction network leading to WB include type II secreted proteins
found in the Xaj proteome: polygalacturonases, cellulase, serine proteases, proteases/peptidases,
esterases, endoglucanase, phospholipases, phosphatases, alpha-xylosidase, xylose isomerase,
hydrolases, aminopeptidases, and biotin carboxylase [60,61]. The type II secreted proteins are
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well-characterized in Xanthomonas spp. [62–64], and many of these proteins are cell wall-degrading
enzymes that contribute to bacterial virulence, translocate virulence factors into the plant cells,
and facilitate the acquisition of nutrients [65,66]. In addition to type II e↵ectors, Xaj also employs
type III e↵ectors, some of which were detected in infected tissues. These include HopQ (XopQ),
XopN, and XopX, which suppress the host immune responses [67,68]. In Xoo, XopN is a virulence
factor that interacts with two rice proteins, a zinc finger protein 2 (OsVOZ2), and a XopNKXO85
binding protein (OsXNP) [69], which also decreases in the Jr proteome as thiamine thiazole synthase
(Jr09_15000|108993518). In addition, XopN may suppress PTI in tomatoes [70]. Here, we confirmed
that these three type III e↵ectors, which are absent in nonpathogenic X. arboricola pv. juglandis
strains (unpublished), are expressed in tissues developing WB. An analysis of Xaj proteins associated
with metabolic activities revealed that glycolysis and the tricarboxylic acid cycle are fully activated.
Likewise, it was possible to identify at least 17 proteins associated with adaptation to oxidative stress,
which corroborates the plant’s ability to produce reactive oxygen species as a primary plant defense
mechanism (Figure 8). In addition, the identification of proteins associated with di↵erent secretory
systems, the type IV pilus structure, and the ability to internalize metabolites and ions from plant
tissue denotes Xaj’s ability to adapt to the adverse conditions imposed by the host, which characterizes
Xaj as a well-adapted and versatile pathogen.
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enzymes represent bacterial proteins identified in the Xaj proteome. Fer: ferritin, Bfr: bacterioferritin,
Dps: DNA-binding proteins/ferretins, Ohr: organic hydroperoxide resistance protein, Trx: thioredoxin,
Kat: catalase, SOD: superoxide dismutase, Prx: peroxiredoxin, Gpx: glutathione peroxidase,
Grx: glutaredoxin, Gst: glutathione transferase.

Xaj 417 is a copper-resistant strain isolated from a diseased tree in California [39], where the
intensive use of copper sprays over a century led to the evolution of copper-resistant strains.
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The presence of copper resistance proteins from the same genomic region indicates that this bacterium
may have acquired this cluster through horizontal gene transfer, as suggested for other copper-
resistant Xanthomonas species [59,71–73]. Among the copper-binding proteins, a copper chaperone
was also identified in this study. This class of proteins is responsible for delivering copper ions to
copper-binding proteins [74]. The copper ion-binding function was also enriched in the Jr proteome of
the infected tissue. Among the adaptive mechanisms and virulence induction, lipopolysaccharide
(LPS) modulation stands out as a mechanism to evade host recognition and activation of the plant
defense, in addition to the previously mentioned type II and III e↵ectors. None of the 21 Jr SWEET
transporters identified by [34] were identified in this study, which corroborates the lack of TALEs in
Xaj 417 and lack of activation of Jr SWEET under infection with Xaj 417 [34].

Still, in the theme of host immune evasion, our results confirmed that Xaj employs a secreted
chorismate mutase as an important component of its pathobiology. A computational analysis found
that the encoding gene is a characteristic of plant-associated Xanthomonadaceae (Xanthomonas and
Xylella spp.) [63], and we now demonstrated its expression in planta. Chorismate mutase is a key
enzyme in the shikimate pathway responsible for aromatic amino acid synthesis. Several pathogenic
bacteria code for a secreted chorismate mutase, a type II e↵ector that may be associated with a decreasing
SA production in the host by displacing the pathway to aromatic amino acids [63,75]. Although the role
of this secreted chorismate mutase in virulence is unknown, Xoo knockout mutants are hypervirulent
to rice [76]. Another interesting protein is argininosuccinate synthase (ArgG). Arginine is an essential
amino acid for bacterial metabolism and can be either provided by the host or synthesized by bacterial
cells. The inactivation of ArgG in Xoo a↵ected the bacterial growth, and symptoms in leaves of rice
inoculated with the mutant were less symptomatic [77]. In the secretome study of a hypervirulent
mutant strain of Xylella fastidiosa lacking the protease PrtA, the most upregulated proteins were ArgG
and ArgH [78]. These proteins are involved in arginine biosynthesis and nitrogen metabolism.

Finally, VirK-like proteins (another characteristic of plant-associated Xanthomonadaceae) were
highly abundant in diseased tissues, but their precise role remains elusive. Another protein
worth noting is AKJ12_RS13340. Although of unknown function, this protein is a member of
a functionally diverse superfamily containing proteases, lipases, peroxidases, esterases, epoxide
hydrolases, and dehalogenases. This specific protein has only been found in members of X. arboricola.
Another uncharacterized protein that deserves further investigation is AKJ12_RS15060, a YadA
domain-containing protein, and a member of the homotrimeric adhesin XadA family [79]. As reported,
most proteins identified in the Jr proteome during infection reveal their responses as a result of the
attack induced by Xaj. This pathogen proves highly versatile by activating a repertoire of proteins
that induce damage to the plant structure at the same time that it defends itself from the chemical
attacks of its host. This is the first time that the molecular interaction in this pathosystem was revealed,
with potential pathways and target proteins for the improvement of J. regia resistance to WB and
identifying new Xaj proteins that could be targeted for rational drug development, thereby decreasing
cupric management.

4. Materials and Methods

4.1. Plant Material and Nut Inoculations with Xanthomonas Arboricola pv. Juglandis 417

Eight nuts from Juglans regia cultivar Chandler were collected randomly from Hutchinson Field
at the University of California, Davis, in July 2019. Nuts were washed with distilled (DI) water to
remove dust and dried with clean tissue paper. Bacterial culture of Xaj 417 was grown on a YEP plate
for two days previous to the inoculation. A small chunk of cells was transferred to a 50-mL Falcon tube
with 20-mL YEP (two replicates) and grown overnight at 27 �C in a shaker at 200 rpm. Cultures were
centrifuged for 10 min at 4000⇥ g to remove culture medium. The supernatant was discarded, and the
pellet was washed with 15-mL inoculation solution (5-mM MgCl2 with 0.1% BREAK-THRU surfactant).
The OD600 was measured and cultures were centrifuged under the same conditions, and the pellet was
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washed with 10 mL of the same solution. After the second wash, the volumes from the two replicates
were mixed to increase the number of cells. OD600 was adjusted to 108 cells/mL in 245-mL inoculation
solution. For inoculation, the nuts were submitted to vacuum in the bacterial solution for 1 min (30 s of
vacuum on and 30 s under pressure), positioned to dry on a tissue paper, then placed over a grid in
two humidity boxes under a 12-h light cycle. The development of symptoms was tracked over ten
days, but the material was collected at the seventh day for proteomic and at the tenth for microscopic
analyses. Symptoms were measured by quantifying the dark spot area on the surface of each fruit
using ImageJ 1.50i [80].

4.2. Scanning Electron Microscopy

Walnut hull (exocarp) discs were fixed overnight in 0.1-M sodium phosphate bu↵er with 2.5%
glutaraldehyde and 2% paraformaldehyde. Tissues were rinsed three times in 0.1M NaH2PO4 for
10 min and dehydrated in increasing concentrations of ethanol (EtOH) for 10 min each (30, 50, 70, 95,
and 100% EtOH). Dehydration with 95% and 100% EtOH was repeated three times. Samples were
dried using Tousimis 931 GL Super Critical Autosamdri, mounted onto aluminum stubs and coated
with gold using Pelco Auto Sputter Coater SC-7. Micrographs were produced on a Thermo Fisher
Quattro S Environmental operating at 15 kV at the UC Davis Advanced Materials Characterization
and Testing laboratory (AMCaT).

4.3. Protein Extraction and Quantification

Protein extraction was performed based on a previously described phenol extraction protocol [81]
with modifications. The exocarp was removed from the whole fruit. Pools were made from the material
of two fruits (one from each box), frozen immediately with liquid nitrogen, and stored at �80 �C.
Frozen plant tissue was ground to a fine powder with a mortar and pestle in liquid nitrogen. About one
gram of the fine frozen powder was suspended in 3-mL extraction bu↵er (500-mM Tris-HCl, 50-mM
EDTA, 700-mM sucrose, 100-mM KCl, 2% �-mercaptoethanol, 1-mM PMSF, and SigmaFAST™ protease
inhibitor cocktail). The suspension was homogenized and incubated on ice under shaking at 100 rpm
for 10 min. An equal volume of Tris-bu↵ered phenol, pH 7.0, was added and homogenized on a shaker
at 100 rpm at room temperature for 10 min. The samples were centrifuged at 5500⇥ g for 10 min at
4 �C, and the upper phenol phase was carefully recovered and poured into a new tube. This phenol
phase was used for re-extraction in 3 mL extraction bu↵er, followed by homogenization for 3 min,
vortexing, and centrifugation at the same configuration used previously for phase separation. The new
phenol phase was carefully recovered and poured into a new tube. Proteins were precipitated using
four volumes of cooled precipitation solution (100-mM ammonium acetate in methanol) overnight at
�20 �C, followed by centrifugation at 5500⇥ g for 10 min at 4 �C. Protein pellets were washed three
times with 1-mL cooled precipitation solution and one time with 300-µL cooled acetone. The pellet
was dried 1 h in the hood and 1 min under vacuum. Proteins were solubilized with 150-µL urea bu↵er
(6-M urea and 50-mM triethylammonium bicarbonate). For protein quantification, 10 µL was used
for a 1:10 dilution to determine the protein concentration using the Pierce™ BCA Protein Assay Kit
(Thermo Fisher Scientific, Waltham, MA, USA) using bovine serum albumin (BSA) as a standard.

4.4. Protein Digestion, Tandem Mass Tag Labeling, and Mass-Spectrometry

The following steps were carried out with 100-µg crude protein extract from each sample. Samples
were reduced with dithiothreitol (DTT) to a final concentration of 5 mM and incubated at 37 �C for
30 min at 1000 rpm. Alkalization was done with iodoacetamide (IAA) to a final concentration of
15 mM, and the samples were incubated for 30 min at 1000 rpm at room temperature in the dark.
The quenching step was done using 20 µL of 200-mM DTT incubated at room temperature for 10 min.
Three µg of Lys-C protease was added to each sample, and they were incubated at 30 �C for two
hours at 1000 rpm, followed by dilution with 550 µL of 50-mM triethylammonium bicarbonate (TEAB).
Digestion was done with 2-µg trypsin at 1000 rpm at 37 �C for 2 h, followed by the addition of 2-µg
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trypsin, and continued the incubation overnight at 37 �C and 1000 rpm. The sample volume was
reduced to 50 µL using a speed vacuum concentrator for three hours. Samples were acidified with 10%
trifluoroacetic acid (TFA) and cleaned up with a Macrospin Column C18.

The tryptic extracts from di↵erent samples were labeled using the tandem mass tag (TMT) system
TMT10plex™ Label Reagent Set (Thermo Fisher Scientific, Waltham, MA, USA) and resuspended
according to the manufacturer’s instructions. Two reference pools were made using equal volumes
of each sample for the LC-MS/MS. All samples were fractionated using the Pierce™ High pH
Reversed-Phase Peptide Fractionation Kit (Thermo Fisher Scientific, Waltham, MA, USA) and submitted
to the UC Davis Proteomics Core Facility for LC-MS/MS analysis.

4.5. Proteomic Analysis Workflow Pipeline and Statistical Analysis

This experiment was part of a broad study of 16 samples that included nuts inoculated with
wild-type Xaj 417 and nuts inoculated with three other mutant bacterial strains that will be discussed
in later publications. Mock-inoculated and non-inoculated nuts were used as negative controls of
the plant response to the pathogen. The Thermo binary instrument files were processed with MS
Convert from the Proteowizard toolkit [82] and Python scripts from the PAW (proteomic analysis
workflow) pipeline [83] to create MS2 format files [84] for database searching and to extract the reporter
ion peak heights from individual MS3 scans. Database searching used Comet (version 2016.01 rev.
3) [85] with the PAW pipeline for peptide spectrum match (PSM) validation using the target/decoy
method [86]. Search parameters included: parent ion monoisotopic mass tolerance 1.25 Da, fragment
ion monoisotopic mass tolerance 1.0005 Da, trypsin cleavage with up to two missed cleavages, variable
oxidation of Met residues, fixed alkylation of Cys residues, and fixed TMT reagent masses (+229.1620 Da)
at peptide N-terminus and Lys residues. The protein database was a combination of Juglans regia
(41,103 sequences downloaded from NCBI assembly GCF_001411555.2) and Xanthomonas arboricola pv.
juglandis 417 (4178 sequences downloaded from NCBI RefSeq NZ_CP012251.1). Common contaminants
(179 sequences) and sequence-reversed decoys were also appended. PSMs were filtered to a 1% false
discovery rate (FDR) and mapped to proteins using basic parsimony rules. Protein identifications
required at least two distinct PSMs per protein per TMT plex. An additional extended parsimony
protein grouping step was used to combine highly homologous proteins into the final list of identified
proteins. Shared or unique peptide status was defined in the context of the final protein list. Reporter ion
intensities from PSMs associated with unique peptides were summed into protein total intensity values.
Protein intensities within each TMT plex and between plexes were normalized using the internal
reference scaling (IRS) method [87]. Di↵erential expression testing was done in Jupyter notebooks (https:
//jupyter.org/) using an R kernel and the Bioconductor package edgeR [88]. Data after IRS was processed
by using the trimmed mean of M-values compositional normalization [88], experiment-wide trended
variance, pairwise exact test, and Benjamini-Hochberg multiple testing corrections. The normalized
abundance data was uploaded to MetaboAnalyst 4.0 (http://www.metaboanalyst.ca) for principal
component analysis (PCA), heatmap, and partial least squares-discriminant analysis (PLS-DA) to
identify proteins contributing to the discrimination between di↵erent treatments. The variables were
mean-centered and divided by the standard deviation of each for data scaling; then, the leave-one-out
cross-validation (LOOCV) method was performed to evaluate the quality of the resulting statistical
models by considering the diagnostic measures R2 and Q2.

4.6. Protein Functional Analyses

Gene ontology (GO) analysis was performed with the PANTHER classification system version
14 [89], using Xanthomonas campestris pv. campestris strain ATCC 33913 (taxid:190485) orthologs for Xaj
proteins and Arabidopsis thaliana orthologs for Jr proteins. Fisher’s exact test was performed to assign
statistical overrepresentation using FDR and p-values <0.05. GO terms were mapped for the functional
enrichment analysis using PANTHER.

https://jupyter.org/
https://jupyter.org/
http://www.metaboanalyst.ca
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Annotation information for the identified walnut proteins was added from Juglans regia
(Chandler v2.0, [40], shorturl.at/mqBM1) and Arabidopsis thaliana orthologs (UniProt Swiss-Prot
records, 15,814 sequences, 2018.10 release) determined using PAW_BLAST scripts (https://github.
com/pwilmart/PAW_BLAST) and an annotation script (https://github.com/pwilmart/annotations).
The Xanthomonas arboricola pv. juglandis strain 417 (Xaj 417) genome sequence and annotation data are
deposited at DDBJ/EMBL/GenBank under the accession number CP012251 [39].

The subcellular localization for Jr proteins was predicted by BUSCA [41] and, for Xaj
proteins, also SignalP [90] and Phobius [91]. Metabolic pathways were based on KEGG pathways
information [92].

5. Conclusions

A thorough understanding of the mechanisms driving the evolution of plant-pathogen interactions
is essential to understand bacterial susceptibility and plant resistance. The first proteome study of Jr
infected with Xaj, a high genetic diversity group among Xanthomonas, provided insights into the disease
development in this pathosystem. Plant natriuretic peptides (PNPs) were abundant in the walnut hulls
during Xaj infection. Many defense proteins increased, including pathogenesis-related and oxidative
stress response proteins and those critical for the biosynthesis of key phytohormones (SA, JA, ET,
and ABA) against stresses. On the other hand, Xaj proteins detected in infected tissues demonstrated
the remarkable ability of this bacterium to adapt to the host microenvironment, adjusting to a limited
iron availability and redox conditions, coping with copper toxicity (sprayed to reduce walnut blight),
and maintaining the energy and intermediary metabolism and ribosomal function. The secreted
proteases and other extracellular appendages such as type IV pilus for twitching motility, type III
secretion machinery, and some of its e↵ectors also gave hints of putative factors recognized by the
plant host. The results reinforced the importance of type II secreted proteins in disease development,
in contrast to other Xanthomonas pathogens well-known for manipulating host responses by secreting
TALE e↵ectors.

Supplementary Materials: The supplementary materials can be found at http://www.mdpi.com/1422-0067/21/20/
7453/s1. Figure S1. Walnut blight symptoms in fruits. Figure S2. Jr protein abundance of sample groups. Table S1.
Complete Juglans regia proteome of diseased and mock samples and annotations. Table S2. Proteome of 676
proteins of Xanthomonas arboricola pv. juglandis 417. Table S3. Complete list of PLS-DA - VIP scores for Juglans regia.
Table S4. Hypothetical proteins from Xaj identified in infected walnuts. Table S5. PANTHER Overrepresentation
Test of 411 proteins with increased abundance. Gene ontology analysis of Biological Process, Molecular Function,
Cellular Component, PANTHER Class, and PANTHER pathway. Table S6. PANTHER Overrepresentation Test of
272 proteins with reduced abundance. Gene ontology analysis of Biological Process, Molecular Function, Cellular
Component, PANTHER Class, and PANTHER pathway. Table S7. PANTHER Overrepresentation Test of 676
proteins of Xaj with increased abundance. Gene ontology analysis of Biological Process, Molecular Function,
Cellular Component, PANTHER Class, and PANTHER pathway. Table S8. 411 proteins with log2 FC � 1 and
FDR < 0.05 (high and med) comparing walnuts inoculated with Xaj with mock. Values shown are normalized
protein abundance. Table S9. 272 proteins with log2 FC  �1 and FDR < 0.05 (high and med) comparing walnuts
inoculated with Xaj with mock. Table S10. Juglans regia proteins associated with defense response. Table S11:
Shikimate and phenylpropanoid biosynthesis proteins.
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analysis revealed 3296 Jr proteins (five decreased and ten increased with FDR ≤ 0.05) 

and 676 Xaj417 proteins (235 increased in XajCM with FDR ≤ 0.05). Interestingly, the 

most abundant protein in Xaj was a polygalacturonase, while in Jr it was a 

polygalacturonase inhibitor. These results suggest that this secreted chorismate mutase 

may be an important virulence suppressor gene that regulates Xaj417 virulence response, 

allowing for improved bacterial survival in the plant tissues. 



29 
 

Keywords: Xanthomonas, Juglans regia, walnut blight, secreted chorismate mutase, 

TMT-plex, proteome, hypervirulence 

This paper was published at International Journal of Molecular Sciences on the Topical 

Collection "Microbial Virulence Factor".  



 International Journal of 

Molecular Sciences

Article

A Secreted Chorismate Mutase from Xanthomonas arboricola
pv. juglandis Attenuates Virulence and Walnut
Blight Symptoms

Renata de A. B. Assis 1,2,† , Cíntia H. D. Sagawa 1,†,‡, Paulo A. Zaini 1, Houston J. Saxe 1 , Phillip A. Wilmarth 3,
Brett S. Phinney 4 , Michelle Salemi 4, Leandro M. Moreira 2,* and Abhaya M. Dandekar 1,*

!"#!$%&'(!
!"#$%&'

Citation: Assis, R.d.A.B.; Sagawa,

C.H.D.; Zaini, P.A.; Saxe, H.J.;

Wilmarth, P.A.; Phinney, B.S.; Salemi,

M.; Moreira, L.M.; Dandekar, A.M. A

Secreted Chorismate Mutase from

Xanthomonas arboricola pv. juglandis

Attenuates Virulence and Walnut

Blight Symptoms. Int. J. Mol. Sci.

2021, 22, 10374. https://doi.org/

10.3390/ijms221910374

Academic Editor: Jorge H. Leitão

Received: 1 September 2021

Accepted: 22 September 2021

Published: 26 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Plant Sciences, University of California, Davis, CA 95616, USA;
redab@ucdavis.edu (R.d.A.B.A.); chdsagawa@ucdavis.edu (C.H.D.S.); pazaini@ucdavis.edu (P.A.Z.);
hsaxe@ucdavis.edu (H.J.S.)

2 Departamento de Ciências Biológicas, Instituto de Ciências Exatas e Biológicas,
Núcleo de Pesquisas em Ciências Biológicas, Universidade Federal de Ouro Preto,
Ouro Preto 35400-000, MG, Brazil

3 Proteomics Shared Resource, Oregon Health and Science University, Portland, OR 97239, USA;
wilmarth@ohsu.edu

4 Proteomics Core Facility, University of California, Davis, CA 95616, USA; bsphinney@ucdavis.edu (B.S.P.);
msalemi@ucdavis.edu (M.S.)

* Correspondence: lmmorei@gmail.com (L.M.M.); amdandekar@ucdavis.edu (A.M.D.)
† These authors contributed equally to this work.
‡ Present address: Department of Molecular, Cellular and Developmental Biology, Yale University,

260 Whitney Avenue, New Haven, CT 06520, USA.

Abstract: Walnut blight is a significant above-ground disease of walnuts caused by Xanthomonas
arboricola pv. juglandis (Xaj). The secreted form of chorismate mutase (CM), a key enzyme of the
shikimate pathway regulating plant immunity, is highly conserved between plant-associated beta
and gamma proteobacteria including phytopathogens belonging to the Xanthomonadaceae family.
To define its role in walnut blight disease, a dysfunctional mutant of chorismate mutase was created
in a copper resistant strain Xaj417 (XajCM). Infections of immature walnut Juglans regia (Jr) fruit with
XajCM were hypervirulent compared with infections with the wildtype Xaj417 strain. The in vitro
growth rate, size and cellular morphology were similar between the wild-type and XajCM mutant
strains, however the quantification of bacterial cells by dPCR within walnut hull tissues showed
a 27% increase in XajCM seven days post-infection. To define the mechanism of hypervirulence,
proteome analysis was conducted to compare walnut hull tissues inoculated with the wild type
to those inoculated with the XajCM mutant strain. Proteome analysis revealed 3296 Jr proteins
(five decreased and ten increased with FDR  0.05) and 676 Xaj417 proteins (235 increased in XajCM
with FDR  0.05). Interestingly, the most abundant protein in Xaj was a polygalacturonase, while in
Jr it was a polygalacturonase inhibitor. These results suggest that this secreted chorismate mutase
may be an important virulence suppressor gene that regulates Xaj417 virulence response, allowing
for improved bacterial survival in the plant tissues.

Keywords: Xanthomonas; Juglans regia; walnut blight; secreted chorismate mutase; TMT-plex;
proteome; hypervirulence

1. Introduction
Chorismate is the common intermediate for the production of primary and secondary

compounds such as aromatic amino acids, vitamins, and phytohormones such as salicylic
acid (SA). Chorismate mutase (CM) is responsible for the conversion of chorismate to
prephenate (Figure 1). In plants, salicylic acid (SA) stimulates the systemic plant immune
response to pathogens, and it is produced from the precursor chorismate via isochorismate
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synthase. In bacteria, SA is an intermediate in the biosynthesis of siderophores to scavenge
iron [1]. Interestingly, the shikimate pathway is present in bacteria, fungi, algae, and plants
but not in animals [2]. Plants and microorganisms share enzymes from the shikimate path-
way responsible for the synthesis of vitamins, aromatic amino acids and other secondary
metabolites [2]. In addition, bacteria have an enzyme responsible for the conversion of
chorismate to 4-hydroxybenzoate and can produce SA either by a bifunctional SA synthase
enzyme or by two separate enzymes: isochorismate synthase (conserved in plants) and
isochorismate pyruvate lyase (only found in bacteria) [1].

The chorismate mutase enzyme catalyzes a key reaction in the shikimate pathway
involved in the biogenesis of amino acids such as tyrosine and phenylalanine (Figure 1).
Plants have at least two chorismate mutase enzymes present in different cellular locations.
Allosteric regulation is a characteristic feature of plastidic chorismate mutases, whereas
cytosolic plant chorismate mutases lack this feature [3]. Under stress, conversion to
isochorismate is favored to produce SA. Phytopathogens from the Xanthomonadaceae
family have two enzymes that share a chorismate mutase domain (Figure 1A). These
enzymes belong to two different protein families [4]. PheA (chorismate mutase/prephenate
dehydratase) is responsible for aromatic amino acid synthesis for bacteria metabolism,
while CM is secreted [4]. The introduction of CM into plants may possibly interfere with
this pathway and limit the availability of chorismate that can be converted to salicylic
acid, altering the plant defense response during the early phases of infection. In Ustilago
maydis, Cmu1 is homologous to CM and spreads to neighboring cells redirecting the host
metabolome through metabolic priming [5]. The increased flow of chorismate from plastid
to the cytosol lowers available substrate for SA biosynthesis in plastids. The removal
of CM in the causal agent of rice leaf blight Xanthomonas oryzae pv. oryzae resulted in
bacterial hypervirulence in rice [6]. These studies suggested the crucial role of CM in
controlling bacterial virulence, however, the mechanisms involved in the plant response
are still unknown.
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Figure 1. (A) Bacterial PheA and CM domain composition. (B) Shikimate pathway in 
phytopathogens and plants. Red: plant enzymes. Purple: bacterial enzymes. PheA: prephenate 
dehydratase; Trp: tryptophan; PP: phenylpyruvate; Phe: phenylalanine; Tyr: tyrosine; CMs: 
secreted chorismate mutase; AS: anthranilate synthase; ICS: isochorismate synthase; CM1: 
plastidic chorismate mutase; CM2: cytosolic chorismate mutase; pCAT: plastidial cationic amino 
acid transporter [7]; EDS5: enhanced disease susceptibility 5 [8]; PAL: phenylalanine ammonia-
lyase; 4HPP: 4-phenylpyruvate. In this model the bacterial secreted CM augments prephenate 
synthesis, while consuming precursors of salicylic acid, thus dampening plant immunity. Created 
in BioRender.com with information from Djamei et al. 2011, Qian et al. 2019, and Lefevere et al. 
2020 [5,7,8]. 

Xaj is the causal agent of walnut blight (WB), a relevant disease that affects walnut 
production worldwide. In California, the overuse of copper pesticides to control the 
spread of the disease has led to the emergence of copper-resistant strains such as Xaj417 
[9,10]. A detailed comparative genomics study using Xaj417 as a reference demonstrated 
that this strain acquired a new copper resistance cassette by lateral gene transfer, 
associated with a new transposon family in Xanthomonas [10]. This study also showed that 
an expansion of mobile genetic elements (MGE) among these pathogenic strains also 
influenced the repertoire of virulence factors and thus adaptation strategies. MGE 

Figure 1. (A) Bacterial PheA and CM domain composition. (B) Shikimate pathway in phytopathogens
and plants. Red: plant enzymes. Purple: bacterial enzymes. PheA: prephenate dehydratase; Trp:
tryptophan; PP: phenylpyruvate; Phe: phenylalanine; Tyr: tyrosine; CMs: secreted chorismate mutase;
AS: anthranilate synthase; ICS: isochorismate synthase; CM1: plastidic chorismate mutase; CM2:
cytosolic chorismate mutase; pCAT: plastidial cationic amino acid transporter [7]; EDS5: enhanced
disease susceptibility 5 [8]; PAL: phenylalanine ammonia-lyase; 4HPP: 4-phenylpyruvate. In this
model the bacterial secreted CM augments prephenate synthesis, while consuming precursors of
salicylic acid, thus dampening plant immunity. Created in BioRender.com with information from
Djamei et al., 2011, Qian et al., 2019 and Lefevere et al., 2020 [5,7,8].

Xaj is the causal agent of walnut blight (WB), a relevant disease that affects walnut
production worldwide. In California, the overuse of copper pesticides to control the spread
of the disease has led to the emergence of copper-resistant strains such as Xaj417 [9,10]. A
detailed comparative genomics study using Xaj417 as a reference demonstrated that this
strain acquired a new copper resistance cassette by lateral gene transfer, associated with
a new transposon family in Xanthomonas [10]. This study also showed that an expansion
of mobile genetic elements (MGE) among these pathogenic strains also influenced the
repertoire of virulence factors and thus adaptation strategies. MGE enrichment in Xaj
pathogenic strains may be correlated with the horizontal dissemination of virulence factors
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shaping the genome structure of different strains. The absence of Transcription Activator-
like Effectors (TALEs) in Xaj strains suggests a distinct mechanism of virulence induction
and modulation of plant responses [11]. We dissected this pathosystem using tandem
mass tag quantitative proteomics, demonstrating the expression of CM and other type II
secretion effectors during WB [12], and now we will expand our analysis to understand the
specific role of CM during infection. We hypothesize that CM modulates the plant immune
system by decreasing SA production while increasing aromatic amino acid production and
iron sequestration via the production of siderophores. Our aim was to assess the effect of a
dysfunctional mutation in the conserved secreted CM protein in the copper-resistant strain
Xaj417 of the plant-associated Xanthomonadaceae [4].

2. Results
Xaj417 has two different genes with distinct domain composition and regulation that

share a chorismate mutase domain (Figure 1) [4]. PheA has three domains responsible for
the conversion of chorismate to phenylalanine and tyrosine that is allosterically regulated
by the concentration of these amino acids. CM is non-allosteric, has a signal peptide, and
a domain responsible for the conversion of chorismate to prephenate. We generated a
dysfunctional mutation in XajCM by inserting a functional kanamycin resistance gene
into the active site region of the gene encoding this enzyme. We confirmed the bacterial
mutation by growth in antibiotic selection media, PCR and DNA sequencing (Figure S1).

2.1. Analysis of the Mutation Effect of XajCM on Bacterial Growth and Cell Morphology
The quantification of the bacterial growth in vitro showed that the mutation displayed

a normal growth rate in rich media (Figure 2A). However, we observed changes in the
bacteria morphology between XajCM mutant and WT strains. The XajCM mutant showed
similar size and shape compared to Xaj WT but showed a peculiar linear organization
forming a chain of individual cells similar to streptobacilli (Figure 2B,C).
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Walnut hulls were inoculated with XajCM mutant and Xaj WT, incubated at room
temperature with controlled light, and plant response was evaluated for 7 to 10 days.
Although inoculated with the same initial concentration of cells, we observed different
growth rates in planta by quantifying the total number of bacterial cells in infected walnut
tissue 7 days after inoculation. XajCM showed an increase of 27% compared to WT
(Figure 2D,E). Inoculations of walnut fruits with XajCM showed a greater percentage of
symptoms in hull tissues (Figure 2D). The infected walnut fruit were incubated in a 12 h
light/dark cycle to simulate field conditions. The side of the walnut fruit facing the light
showed fewer symptoms in all treatments as compared to the side facing away (Figure S2).

2.2. Proteomic Analysis of XajCM in the Walnut Hull
To identify host proteins associated with blight disease susceptibility, we conducted a

proteomic analysis of walnut hull tissues inoculated with Xaj WT and the mutant strain
XajCM, respectively. The proteins were detected based upon their abundance in the tissue
extract and the TMT labeling enabled the estimation of the relative abundance of individual
proteins during infection and disease development [13,14]. Pooled samples of hull tissue
inoculated with XajCM, Xaj WT, and mock were collected, and total protein concentrations
were adjusted to 1 µg/µL. A total of 3972 (3296 Jr and 676 Xaj417) proteins at a minimum
of two peptides at a 5% False Discovery Rate (FDR) and a maximum of ten decoys were
detected (Tables S1 and S2).

Partial least squares-discriminant analysis (PLS-DA) evaluates the Variable Impor-
tance in Projection (VIP) score to estimate the importance of each variable in the projection
used in a PLS model, and is often used for variable selection. Important proteins responsi-
ble for group discrimination in Xaj417 and J. regia in response to infection were identified
by PLS-DA (Figures S3–S6). Among the 676 Xaj proteins identified, 251 with VIP higher
than 1 were increased in the XajCM in comparison with Xaj WT. In addition, 826 J. re-
gia proteins with VIP higher than 1 were identified among the total of 3296 Jr proteins.
Compared with Xaj WT, 668 proteins were increased in XajCM (235 with FDR  0.05, and
433 with FDR > 0.05)—Figure 3 and Table S3. Only eight Xaj proteins were decreased
(FDR > 0.05), including the secreted chorismate mutase, further confirming that the ex-
pression of this enzyme is indeed knocked out in the mutant strain (Figure S1C). The
differentially abundant proteins with FDR  0.05 in Jr and Xaj were highlighted in the
volcano plot (Figure 3A–R). Protein abundance levels were compared between plants
inoculated with the WT and XajCM mutant. The volcano plot analysis of J. regia proteins
showed that the EG45-like domain-containing protein was the most decreased protein
during infection of XajCM (Figure 3A) together with glucan-1,3-beta-glucosidase and ferre-
doxin (Figure 3B–C). Prediction of protein–protein interactions using STRING showed
that EG45-like protein from Arabidopsis (AT2G18660.1) may interact with glucan-1,3-beta-
glucosidase [15]. The inhibitor-like protein polygalacturonase was identified as the most
abundant protein in J. regia (Figure 3D) and endo-polygalacturonase as the most abun-
dant in Xaj (Figure 3P) during infection. The other proteins that increased in Jr with
FDR  0.05 were a cysteine rich-repeat secretory protein 38, germin-like protein subfamily
1 members 7 and 13, 1,2-dihydroxy-3-keto-5-methylthiopentene dioxygenase 3, and a late
embryogenesis abundant protein (Figure 3E–I). The 35 top proteins identified by PLS-DA
in Xaj417 include OmpW (Figure 3K), polygalacturonase, XopX, isochorismatase, five TonB-
dependent receptors—TBDR (AKJ12_RS14110/RS14490/RS14670/RS06190/RS07080), and
five hypothetical proteins (AKJ12_RS14105/RS21575/RS07070/RS18130/RS01945). Finally,
other proteins increased among Xaj proteins with FDR  0.05 were a keto-acid reductoiso-
merase, 3-ketoacyl-ACP reductase, 5-adenosyl-L-homocysteine hydrolase, and a peptidase
C1 (Figure 3M–R).
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Among the hypothetical proteins, 14 have FDR  0.05 and were increased in the
mutant (Table 1). AKJ12_14105 is homologous to XAC3365 and interacts with D-amino
oxidase producing ammonia and hydrogen peroxide as byproducts, as well as acetyl-
CoA hydrolase, histidine kinase, TBDR, nuclease, beta-galactosidase, and beta-xylosidase.
AKJ12_21575 is homologous to XAC3966, a membrane lipoprotein [16]. According to
STRING, this protein interacts with T2SS protein GspL, cellulase, glycosyltransferase,
aklaviketone reductase, and 2-keto-4-pentenoate hydratase. AKJ12_07070 is a secreted
protein homologous to XAC0825. This protein shows co-occurrence with a peptidase,
peptidoglycan-binding protein, endonuclease, ribonuclease, hemin and sugar transport
proteins. AKJ12_16480 is a secreted protein homologous to XAC3844 located in the same
genomic region as lysM, a peptidoglycan-binding protein, and queF, a NADPH-dependent
reductase.

Table 1. Differentially abundant hypothetical proteins in XajCM compared to Xaj417.

Protein
Name/Locus

Xaj417
VIP Score Homology SignalP BUSCA log2 FC

(CM/WT) Direction p-Value FDR Candidate

hypothetical
protein

AKJ12_14105
6 XAC3365 OTHER Cytoplasm 1.48 up 0.000000 0.000071 high

hypothetical
protein

AKJ12_21575
17 XAC3966 OTHER Cytoplasm 1.22 up 0.000018 0.001228 high

hypothetical
protein

AKJ12_07070
23 XAC0825 SP (Sec/SPI)

SP-
Extracellular

space
1.11 up 0.000001 0.000126 high

hypothetical
protein

AKJ12_18130
32 XAC0292 OTHER Cytoplasm 1.06 up 0.000000 0.000021 high

hypothetical
protein

AKJ12_01945
33 Endopeptidase

(XAC2370) SP (Sec/SPI) SP-OM-Beta
Strand 1.15 up 0.000000 0.000007 high

hypothetical
protein

AKJ12_04530
40 Omp

(XAC1347) OTHER Cytoplasm 1.07 up 0.000025 0.001457 high

hypothetical
protein

AKJ12_19795
71 Omp1 LIPO

(Sec/SPII)

SP-
Extracellular

space
0.96 up 0.000264 0.007913 high

hypothetical
protein

AKJ12_01700
74 IA64_08630 SP (Sec/SPI)

SP-
Extracellular

space
0.90 up 0.000000 0.000010 high

hypothetical
protein

AKJ12_15755
97 PXO_03051 OTHER PM-Alpha

Helix 0.83 up 0.002633 0.043419 med

hypothetical
protein

AKJ12_16480
184 XAC3844 OTHER PM-Alpha

Helix 0.73 up 0.000347 0.009915 high

hypothetical
protein

AKJ12_09885
237 XAC1761 LIPO

(Sec/SPII)
SP-OM-Beta

Strand 0.67 up 0.000476 0.012267 med

hypothetical
protein

AKJ12_17400
280 RaiA

(XAC0419) OTHER Cytoplasm 0.70 up 0.001134 0.024155 med

hypothetical
protein

AKJ12_14465
437 XAC3439 SP (Sec/SPI)

SP-
Extracellular

space
0.52 up 0.001445 0.028278 med

hypothetical
protein

AKJ12_07680
474 ElpS

(XAC0692) OTHER Cytoplasm 0.51 up 0.002401 0.040406 med

2.3. Functional Enrichment Analysis
We performed an enrichment analysis by gene ontology (GO) to further identify rele-

vant biological processes associated with chorismate mutase in the Xaj417 strain and the
plant response to the mutant in walnut fruit. The analysis of the 534 increased proteins in
XajCM revealed processes significantly associated (FDR  0.05) with ribosomal small unit
assembly, regulation of cellular component organization, and organonitrogen compound
catabolism (Table S4). Table 2 shows the main biological processes based on fold-enrichment
(FE). In this analysis, besides ribosomal small subunit assembly, leucine biosynthetic pro-
cess and gluconeogenesis were also highly enriched in the mutant (FE > 6). Other relevant
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biological processes increased in the mutant were arginine metabolic processes, response to
oxidative stress, tricarboxylic acid cycle (TCA), and siderophore transmembrane transport.
These results were also reflected in the GO-term analysis of the molecular functions, com-
plete cellular components, PANTHER pathways, and protein classes. The most significant
GO-terms for molecular function in the mutant compared with XajWT were oxidoreductase
activity, acting on a sulfur group of donors, NAD, and ATP binding functions. rRNA bind-
ing and structural constituent of ribosome was also a function with high fold-enrichment.
The cellular component analysis showed GO-terms associated with TCA enzyme complex.
GO-terms associated with PANTHER pathways showed leucine biosynthesis as signifi-
cant and with the highest FE. There were eight significant protein classes associated with
transcription, translation and oxidation–reduction reactions.

Table 2. GO biological process and molecular function for increased Xaj protein abundance in Xaj CM/WT (FDR  0.05).
FE: fold enrichment. Complete table with GO-terms is available in the supplementary material (Table S4).

GO Biological Process Xcc
(4126)

Input
(534)

Input
(Expected)

Input
(Over/Under) FE Raw p-Value FDR

regulation of cellular
component organization

(GO:0051128) 8 6 1.04 + 5.79 2.94 ⇥ 10�3 4.64 ⇥ 10�2

organonitrogen
compound catabolic

process (GO:1901565) 91 24 11.78 + 2.04 2.79 ⇥ 10�3 4.46 ⇥ 10�2

DNA metabolic process
(GO:0006259) 188 10 24.33 - 0.41 2.77 ⇥ 10�3 4.46 ⇥ 10�2

purine nucleoside
bisphosphate metabolic
process (GO:0034032) 22 10 2.85 + 3.51 2.22 ⇥ 10�3 3.74 ⇥ 10�2

gluconeogenesis
(GO:0006094) 7 6 0.91 + 6.62 1.86 ⇥ 10�3 3.24 ⇥ 10�2

response to oxidative
stress (GO:0006979) 31 13 4.01 + 3.24 9.10 ⇥ 10�4 1.85 ⇥ 10�2

glycolytic process
(GO:0006096) 16 10 2.07 + 4.83 3.45 ⇥ 10�4 7.82 ⇥ 10�3

leucine biosynthetic
process (GO:0009098) 5 5 0.65 + 7.73 2.99 ⇥ 10�3 4.67 ⇥ 10�2

tricarboxylic acid cycle
(GO:0006099) 20 14 2.59 + 5.41 8.93 ⇥ 10�6 3.08 ⇥ 10�4

siderophore
transmembrane

transport (GO:0044718) 35 19 4.53 + 4.19 3.75 ⇥ 10�6 1.38 ⇥ 10�4

GO molecular function Xcc
(4126)

Input
(534)

Input
(expected)

Input
(over/under) FE Raw p-value FDR

oxidoreductase activity,
acting on a sulfur group
of donors (GO:0016668) 12 8 1.55 + 5.15 1.01 ⇥ 10�3 4.56 ⇥ 10�2

oxidoreductase activity,
acting on the CH-OH

group of donors
(GO:0016616) 47 21 6.08 + 3.45 1.23 ⇥ 10�5 8.32 ⇥ 10�4

siderophore uptake
transmembrane

transporter activity
(GO:0015344) 34 19 4.4 + 4.32 2.71 ⇥ 10�6 2.10 ⇥ 10�4
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A similar functional enrichment analysis was performed in the proteome comparison
of walnut (Jr) fruit inoculated with either CM mutant or the Xaj417 WT, but only the set of
proteins that were differentially abundant that either increased or decreased were analyzed.
The polygalacturonase inhibitor 1 protein (PGIP) was the most abundant protein in the
mutant. A total of five proteins were significantly decreased in the walnut tissues inoculated
with CM mutant (Table 3). The most decreased protein in response to CM compared to WT
was a plant natriuretic peptide, an EG45-like domain containing protein 2. This protein
was associated with the GO-term biological process systemic acquired resistance (SAR).
Molecular functions included GO-terms associated with metal ion binding, including
zinc and copper. Conversely, there were ten proteins that were significantly increased
in Jr inoculated with the mutant. GO-terms for biological processes showed that half
of them were associated with defense response, two with response to abscisic acid, two
carbohydrate metabolic processes, and one associated with hydrolase activity and osmotic
stress. Molecular functions also included metal binding and polygalacturonase inhibitor
activity. In the categories of GO-terms for cellular components, most of the proteins, that
both decreased or increased, were associated with apoplast or extracellular compartments.

Table 3. Differentially abundant proteins in Jr with FDR  0.05.

Protein Name Log2 FC
(CM/WT) Direction p-Value FDR Candidate GO: Biological

Process
GO: Cellular
Component

GO: Molecular
Function

KW:
Ligand

PGIP 2.520 up 0.000000 0.000000 high Defense response Extracellular
region (EC)

Polygalacturonase
inhibitor activity na

Cysteine-rich repeat
secretory protein 38 0.770 up 0.000000 0.000002 high Response to

abscisic acid
Extracellular
region (EC) na na

Germin-like protein
subfamily 1 member 7 1.446 up 0.000001 0.000114 high Defense response Apoplast; cell

wall

Mg ion binding;
nutrient reservoir

activity

Mg-Metal-
binding

Germin-like protein
subfamily 1 member

13
0.673 up 0.000218 0.006936 high Defense response Apoplast; cell

wall

Mg ion binding;
nutrient reservoir

activity

Mg-Metal-
binding

Late embryogenesis
abundant protein

At1g64065
0.506 up 0.000330 0.009552 high Abiotic stress

Integral
component of

membrane
na na

Probable glucan endo-
1,3-beta-glucosidase

At4g16260
0.477 up 0.000360 0.010207 med

Carbohydrate
metabolic

process; defense
response

Anchored
component of

PM; EC

Hydrolase
activity;

polysaccharide
binding

na

1,2-dihydroxy-3-keto-
5-methylthiopentene

dioxygenase 3
1.672 up 0.001201 0.024840 med Methionine

metabolic process
Cytoplasm;

nucleus Iron ion binding Fe-Metal-
binding

Alcohol
dehydrogenase

class-P (AtADH)
0.585 up 0.001429 0.028188 med

Response to
hypoxia, abscisic

acid, estradiol,
hydrogen

peroxide, and
osmotic stress

Cytosol; plasma
membrane

NAD activity;
nucleotide and

zinc ion binding

Metal-
binding

Beta-
hexosaminidase 1 0.327 up 0.002061 0.036378 med Carbohydrate

metabolic process Cytosol; vacuole
Beta-N-

acetylhexosaminidase
activity

na

Molybdenum cofactor
sulfurase (MCS; MOS;

MoCo sulfurase)
0.456 up 0.002370 0.040231 med

ABA
biosynthesis;

auxin-signaling
pathway; defense

response;
stomatal

movement

Intracellular

Molybdenum ion
binding;

selenocysteine
lyase

Pyridoxal
phosphate

EG45-like domain
containing protein 2 �1.155 down 0.000041 0.002101 high SAR Apoplast; cell

wall na na

Ferredoxin-2,
chloroplastic (AtFd2) �0.633 down 0.000389 0.010674 med

Photosynthetic
electron

transport chain
Chloroplast Metal ion

binding
Metal-

binding

NADPH-dependent
alkenal/one

oxidoreductase,
chloroplastic (AtAOR)

�0.389 down 0.001066 0.023011 med
Oxidation-
reduction
process

Apoplast;
chloroplast;
thylakoid

Enone reductase
activity; zinc ion

binding
NAD

Probable glucan endo-
1,3-beta-glucosidase

BG1
�0.674 down 0.002270 0.038983 med

Carbohydrate
metabolic

process; defense
response

Anchored
component of

PM; EC

Hydrolase
activity;

polysaccharide
binding

na
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3. Discussion
WB affects walnut productivity worldwide due to the endemic presence of Xaj in

orchards [17]. The intense use of copper-based pesticides to prevent disease incidence has
led to development of copper-resistant strains such as Xaj417 isolated in California [9]. The
availability of the complete genome sequence of both host and pathogen in this pathosystem
has enabled a deep profiling of the molecular players involved in disease development. A
comparative proteomic analysis of symptomatic vs. healthy walnut fruit tissues identified
67 type II effectors including chorismate mutase confirming its expression during infection
in planta [12]. Chorismate mutase is a key enzyme in the shikimate pathway responsible
for aromatic amino acid synthesis [18]. This enzyme was also identified as one of the
seven unique conserved secreted virulence factors involved in immune dysfunction in
plant pathogenic Xanthomonadaceae [4]. Although the role of the secreted chorismate
mutase in virulence is unknown, Xoo knockout mutants were shown to be hypervirulent
in rice [6]. In this work, we describe the use of a secreted CM knockout mutant of Xaj417
(AKJ12_RS15475 – XajCM) to define its role in blight disease development.

Proteomic analysis by LC/MS-MS of walnut hulls inoculated with Xaj WT or XajCM
revealed that all differentially abundant proteins found in mutant-inoculated samples were
increased. The mutation in XajCM resulted in a hypervirulent phenotype and coloniza-
tion advantage in planta suggesting that CM could be an evolutive gain to propagate the
pathogen and regulate virulence. According to the Pathogen–Host Interaction database
(PHI-database), there are 29 Xanthomonas genes described so far that result in a hyper-
virulent phenotype when knocked out (Table S5). Disruption of virulence suppressor
genes increases pathogen virulence [19]. The presence of a gene that negatively regulates
virulence might favor host survival and thus transmission to susceptible hosts offering
an evolutive adaptation. In a broader sense, the conservation of a system that negatively
regulates virulence implies a counter adaptive consequence for loss-of-function mutations.

Curiously, most of the J. regia protein levels were not affected by inoculation with
XajCM compared to Xaj WT, suggesting that the host responds similarly to both (Figure 3A).
Among the 3296 Jr proteins detected, only ten are significantly increased in XajCM inoc-
ulations, including PGIP as the most abundant and two germin-like proteins, while five
are decreased compared with XajWT inoculations (Table 3). Germin-like proteins play
an important role in the regulation of defense in Gossypium hirsutum plants [20]. The
overexpression of these proteins in Arabidopsis or their silencing in cotton resulted in the
activation or suppression of jasmonic acid-mediated signaling, respectively. Similarly, in
our study, all 15 Jr differentially abundant proteins in the XajCM mutant inoculations are
associated with stress and defense responses (Table 3). Two of the five down-regulated
proteins are secreted and associated with SAR and defense responses (EG45 and BG1),
while the other three are located in the chloroplast regulating NADPH production leading
to a decrease in ROS response (Figure 4). In Arabidopsis, the EG45-like domain-containing
protein AT4G30380 encodes a PNP-A (Plant Natriuretic Peptide A), a class of systemically
mobile molecules distantly related to expansins. PNP-A is secreted into the extracellular
space and co-expression analyses using microarray data suggest that PNP-A may func-
tion as a component of plant defense response, SAR in particular, and could be classified
as a newly identified PR protein [21]. EG45-like protein may also interact with glucan-
1,3-beta-glucosidase according to STRING. In contrast, the increased abundance of PGIP
demonstrates a plant defense mechanism against cell wall degradation that favors bacterial
colonization. Constitutive expression of PGIP confers resistance against phytopathogens
and may also aid in defense against herbivorous beetles [22–24]. These studies support our
proteomic analyses that show PGIP as the most abundant protein during XajCM infection
of walnut hull tissues. Other proteins that increased during infection were cysteine-rich
repeat secretory protein 38, late embryogenesis abundant protein (LEA), probable glucan
endo-1,3-beta-glucosidase, 1,2-dihydroxy-3-keto-5-methylthiopentene dioxygenase 3, al-
cohol dehydrogenase class-P (ADH), beta hexosaminidase 1, and molybdenum cofactor
sulfurase (Figure 4). In pea, LEA functions as a mitochondrial membrane protectant against
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protein aggregation due to desiccation or osmotic stresses associated with low temperature.
LEA proteins are particularly protective of mitochondrial membranes against dehydration
damage [25]. ADH is involved in cold stress regulation in sugarcane and it plays a critical
role in hypoxic stress tolerance [26,27].
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Figure 4. Model of Xanthomonas arboricola pv. juglandis (Xaj) and Juglans regia (Jr) interactome. Xaj (oval shape) and Jr
(rectangular shape) proteins. Proteins with increased abundance are shown in red and yellow to represent proteins from Jr
and Xaj respectively. Jr decreased proteins are represented in blue rectangles. EG45: EG45-like domain containing protein,
BG1: probable glucan endo-1,3-beta-glucosidase, NDA: NADPH-dependent alkenal/one oxidoreductase (AtAOR), FDX:
ferredoxin-2, CCP12-3: Calvin cycle protein CP12-3, TBDT: TonB-dependent transporter, PG: polygalacturonase, PGIP:
polygalacturonase-inhibitor, GE-1,3-BG: probable glucan endo-1,3-beta-glucosidase At4g16260, CRRSP38: cysteine-rich
repeat secretory protein 38, 14-3-3: 14-3-3-like protein, TS: thiamine synthetase, MCS: molybdenum cofactor sulfurase, LEA:
late embryogenesis abundant proteins. ADH1: alcohol dehydrogenase class-P. This figure was created in BioRender.com
(accessed on 1 September 2021).

Among the differentially abundant proteins in the host plant, we highlighted the
14-3-3 protein family composed of highly conserved dimeric proteins that recognize a
well-defined phosphorylated motif regulating several cellular processes, ranging from
metabolism to transport, growth, development, and stress response [28]. 14-3-3 proteins
and the FHA domain-containing proteins are the only phospho-binding regulators iden-
tified so far in plants [29]. Many studies show differential regulation of 14-3-3 proteins
in response to pathogen recognition and their interaction with known regulators of plant
immunity and as targets of pathogen effectors [30–32]. The Jr genome codes for 20 proteins
from the 14-3-3 protein family. Among Jr proteins identified in the proteome, 13 belong
to this protein family, three being increased and ten being decreased in the interaction
with XajCM mutant. Two tomato 14-3-3 proteins (TFT1 and TFT4) were shown to be
targeted by the effectors XopN and XopQ, respectively, promoting virulence by suppress-
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ing PTI and ETI respectively [33–35]. Interestingly, their homologs in Jr (Jr07_04760_p1
and Jr10_04970_p1) have, respectively, decreased and increased abundance in the mutant
while the effector XopN is not differentially abundant and XopQ is increased in XajCM
(Figure 4). PTI activation constitutes the first layer of plant defense to avoid pathogen
colonization, resisting a broad range of pathogens by recognition of conserved pathogen
structures, while ETI is a more robust and faster pathogen-specific defense response. Our
results show the importance of the increased expression of XopQ targeting the Jr TFT4
homolog (Jr10_04970_p1) to promote virulence by suppressing ETI. In rice, XopQ inter-
acts in yeast and in planta with two rice 14-3-3 proteins, Gf14f and Gf14g, and the 14-3-3
protein GF14e negatively affects cell death and disease resistance [31–34]. Its homolog
in Jr (Jr12_02590_p1) is increased upon interaction with the mutant compared to the WT
bacteria, possibly leading to increased disease susceptibility. As a result, this gene could
be a promising target for gene silencing approaches for disease resistance in walnuts.
GF14e-silenced rice plants showed high levels of resistance to a virulent strain of Xoo and
a necrotrophic fungal pathogen Rhizoctonia solani [31].

From the pathogen’s perspective, a total of 676 proteins, approximately 16.2% of the
Xaj genome, were identified in the infected walnut proteome. All differentially abundant
proteins in the Xaj CM mutant were increased. Polygalacturonase, one of the first enzymes
to be secreted by pathogens during infection, was the most abundant protein in XajCM.
Polygalacturonan is a component of the pectin fiber network that comprises plant cell
walls. By secreting endo-polygalacturonase, Xaj can degrade the cell wall fibers allowing
access to internal plant tissues and perhaps internalization into the bacterial cell through
TBDR for their use as a carbon source. Among the 236 proteins that increased in the
mutant with FDR  0.05 (Table S3) it is important to highlight 14 hypothetical proteins
(Table 1), 17 TBDR, isochorismatase, and 21 degrading enzymes including peptidases,
polygalacturonases, hydrolase, endoglucanase, serine protease, enolase, esterase and cellu-
lase. Serine protease facilitates penetration and efficient dissemination [36]. Under stress,
the production of SA from isochorismate is favored in plants [3]. In contrast, Xaj secretes
isochorismatase as a counter defense mechanism. Iron uptake receptors, transporters and
siderophores such as ferritin and enterobactin are among the 60 most abundant proteins
(AKJ12_RS14135/RS07080/RS15375/RS13500/RS16595).

Intriguingly, ferredoxin is a siderophore produced to sequester iron in competition
with strategies evolved in the host organism, such as nutritional immunity, as well as to
compete with other microorganism members of the microbiome associated with the plant
host [37]. The Tol-Pal system proteins YbgF, TolB and TolC were also increased in the
XajCM mutant. In Gram-negative bacteria, this energized system has interlinked roles
in cell division by coordinating the restructuring of peptidoglycan at division sites and
stabilizing the connection between the outer membrane and underlying cell wall [38].
In Xylella, Tol-Pal genes are overexpressed during biofilm formation [39]. Finally, XopQ
and XopX are increased in the XajCM mutant, and XopN is not differentially abundant
(FDR = 0.66). In rice, XopQ-XopX interact in planta and co-expression induces rice immune
responses by interaction with 14-3-3 proteins GF14d and GF14e [40]. The homologs in Jr
are Jr01_07220_p1 (+1) and Jr10_04970_p1 and are differentially abundant in interaction
with the mutant as well (Figure 4).

The secretome analysis of Xanthomonas citri revealed chorismate mutase as a potential
virulence factor [41]. Our results demonstrated that although the plant response is similar,
with only 15 differentially abundant proteins compared to inoculations with the wild type
phytopathogen, XajCM presents increased abundance of most of the proteins identified.
GO analysis of the 534 increased proteins in XajCM infected tissues revealed processes
significantly associated (FDR  0.05) with breakdown of organonitrogen compounds
and regulation of cellular component organization which may alter membrane integrity
resulting in abnormal cell membranes which could explain changes in XajCM cellular
organization observed in the cell culture microscopy (Figure 1B). Enrichment in biologi-
cal processes such as leucine biosynthetic process, gluconeogenesis, arginine metabolic
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processes, response to oxidative stress, TCA, and siderophore transmembrane transport
corroborates the results obtained by proteomics and phenotyping. In Xoo, biosynthesis
of amino acids such as leucine and arginine are essential to its pathogenicity. In addition,
leucine could stimulate virulence-related responses and regulate Xoo pathogenicity [42].
GO-terms associated with PANTHER pathways showed leucine biosynthesis with the
highest FE.

Finally, the 14 hypothetical proteins increased (FDR  0.05) in tissues infected with
the mutant (Table 1) are homologs of proteins associated with virulence and adaptation.
AKJ12_18130 is homologous to XAC0292. This protein is in the same genomic region as
hprB which plays an important role in motility and biofilm formation in Xanthomonas [43].
AKJ12_01945 is a secreted protein homologous to XAC2370, an endopeptidase that contains
a plant inducible promoter (PIP)-box suggesting its role as a hrp regulon candidate. In
addition, mutation in this gene induces hypersensitive response (HR) in grapefruit and
tomato [44]. AKJ12_04530 is homologous to an outer membrane protein required for
virulence during infection and is involved in copper homeostasis and hrp gene expression
in Xanthomonas [45]. AKJ12_19795 is a secreted protein annotated as Omp1 in X. citri, and
its absence reduces chemotaxis, biofilm and virulence [46]. AKJ12_01700 is a secreted
protein homologous to IA64_08630 from X. arboricola pv. celebensis, which may interact with
glutamine cyclotransferase, a protein known to be co-expressed and interact with proteins
belonging to the DEAD box helicase family such as RhlB and DeaD involved in ribosome
biogenesis, mRNA degradation and translation initiation [47]. AKJ12_15755 is located close
to a gene that codes for a Na+/H+ antiporter known to interact with glutathione-regulated
potassium-efflux system protein KefB, and a multidrug ABC transporter ATP-binding
protein [48]. AKJ12_09885 is a putative secreted lipoprotein homologous to XAC1761 and
interacts with proteins from the outer membrane protein assembly complex BamABCDE,
which is involved in the assembly and insertion of beta-barrel proteins into the outer
membrane [49]. This protein also was characterized as one of the most abundant proteins
in outer membrane vesicles of X. citri [50] and it is secreted only by the hrpB4 mutant grown
in XAM1 medium [41]. AKJ12_17400 is homologous to XAC0419, annotated as HPF/RaiA
family ribosome-associated protein in X. arboricola, a stress-response protein that binds the
ribosomal subunit interface and arrests translation by interfering with aminoacyl-tRNA
binding to the ribosomal A site [51]. This ribosome-associated inhibitor protein stabilizes
bacterial ribosomes under stress, stationary phase, and normal growth conditions and may
be correlated with T3SS [51]. AKJ12_14465 is a secreted protein homologous to XAC3439,
a protein regulated by diffusible signal factor (DSF)/rpf genes [52]. The gene coding this
protein is in the same genomic region as hppA, a proton pump that utilizes the energy of
pyrophosphate hydrolysis as the driving force for proton movement across the membrane
to generate a proton motive force. AKJ12_07680 is homologous to the lipoprotein ElpS, a
protein involved in the mobilization of inorganic phosphate [53]. This protein interacts
with T2SS, three TBDR, and GuaA and GuaB from the guaAB operon involved in purine
salvage pathways for synthesis of DNA and RNA from the host environment [54].

Taken together, our proteomic results corroborate chorismate mutase as a possible
Xanthomonas virulence suppressor protein. XajCM adapts to the host microenvironment,
sequestering iron, responding to redox conditions, increasing energy production and
intermediary metabolism. In addition, understanding the molecular mechanisms and
biological markers for disease resistance and susceptibility in both host and pathogen
could lead to promising approaches for gene silencing or overexpression for disease
resistance in walnuts, as exemplified for Jr GF14e homolog and PGIP, respectively. The
results presented contribute to a deeper understanding of the role of secreted proteins and
their contribution to underlying mechanisms leading to walnut blight disease that could
lead to the identification of novel targets for therapy, including genome editing that could
lead to the development of broad-spectrum resistance.



Int. J. Mol. Sci. 2021, 22, 10374 14 of 19

4. Materials and Methods
4.1. Generation of the XajCM Mutant

To disrupt monofunctional chorismate mutase (AKJ12_RS15475), a mutagenesis cas-
sette was synthesized (GenScript, NJ US) by inserting a kanamycin resistance gene (Tn903
aminoglycoside transferase) within XajCM’s lysine residue at the coding region amino acid
position 163, a predicted residue for the catalytic triad. The flanking homology region of
this cassette consisted of the entire open reading frame of AKJ12_RS15475 (163bp at 50 and
407 bp at 30). The synthesized mutagenesis cassette (pUC57-XajCM_KanR) was electropo-
rated into Xanthomonas arboricola pv. Juglandis 417 wildtype (Xaj WT) competent cells grown
in the NYGA medium as previously described [26]. Transformant double crossover events
were confirmed via gel electrophoresis and sequencing using oligonucleotide primers,
Fwd: ATGACCCGCACGATCGATG and Rev: TCAGTGGCAGAAATCGCCCA, designed
to anneal to the 50 and 30 regions of the AKJ12_RS15475 (Figure S1). The verification of PCR
amplicons was established by applying 8 µL of the PCR product in 0.8% (w/v) agarose gel.

4.2. Scanning Electron Microscopy
Morphological characterization was performed by using the Quattro environmen-

tal electron microscope (Thermo Fisher Scientific, Bedford, MA, USA) at the UC Davis
Tupper Hall Electron Microscopy Lab Facility and UC Davis Kemper Hall Advanced
Materials Characterization and Testing laboratory (AMCaT) operating at 20 kV. Cells
were fixed overnight in 0.1 M sodium phosphate buffer with 2.5% glutaraldehyde and
2% paraformaldehyde. Subsequently, cells were centrifuged and then resuspended and
rinsed in 0.1 M NaH2PO4. Then, a 12 mm glass coverslip was prepared by adding a few
drops of aqueous 0.1% polylysine solution. After one hour, the polylysine was removed
and the sample was added to the coverslip and let sit for one hour. Afterward, the solution
was removed, the coverslip was rinsed in 0.1 M NaH2PO4, and dehydrated in increasing
concentrations of EtOH for 10 min each (30% EtOH, 50% EtOH, 70% EtOH, 95% EtOH,
100% EtOH). Dehydration with 95 and 100% EtOH was repeated three times. Samples
were dried using Tousimis 931 GL Super Critical Autosamdri, mounted onto aluminum
stubs, and coated with gold using Pelco Auto Sputter Coater SC-7.

4.3. Growth Curve, Bacterial Inoculation and Plant Material
Xaj WT and XajCM were grown in YEP, transferred to liquid media, adjusted to an

OD of 0.1 and measured at 600 nm in a total volume of 10 mL. Cultures were incubated
in a 28 �C shaker at 220 rpm. Growth was monitored at regular intervals by OD600 mea-
surements and by plating out for viable counts for 18 h. For inoculation of walnut fruit,
Xaj WT and XajCM were grown in YEP plates for two days and cultured in 20 mL of
YEP media overnight by shaking at 200 rpm [55]. Kanamycin at 50 µg/mL was used for
selection of the mutant in plates and for liquid cultures. Eight nuts per treatment were
collected from a Chandler tree at the Hutchison field (Davis, CA, USA) and washed with
distilled (DI) water before inoculation. Cultures were centrifuged for 10 min at 4000⇥ g,
the supernatant was discarded, and the pellet washed with 15 mL of 5 mM MgCl2 with
0.1% Break-Thru S 240 (Evonik Industries, Essen, Germany). The OD600 was measured,
the cultures were centrifuged under the same conditions and the pellet was washed with
10 mL of 5 mM MgCl2 with 0.1% Break-Thru. After the second wash, the volumes from the
two replicates were mixed. OD600 was measured and then adjusted to 1 ⇥ 108 bacterial
cells/mL in 245 mL of 5 mM MgCl2 with 0.1% Break-Thru. For inoculation, walnut fruits
were submitted to vacuum in a 1 ⇥ 108 bacterial solution for 1 min (30 s vacuum on and
30 s under pressure) and placed to air dry on tissue paper before they were placed in
two humidity boxes containing eight nuts per treatment each, under controlled light as
previously described [12]. The development of symptoms was monitored for ten days and
then samples were collected for proteomics and microscopy. The samples that were used
for proteomics and for microscopic analysis were harvested on day 7- and day 10-post-
inoculation (dpi), respectively. For proteomics, the samples were divided into three pools
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(technical replicates) containing epidermal peels of hull tissues obtained from two walnut
fruit, one from each humidity box.

4.4. Sample Preparation for Proteomic Analysis
Peeled hull tissues from inoculated nuts were pooled. Every two walnut nuts provided

material for one biological replicate with a total of three biological replicates per inoculation
(Mock, Xaj WT and XajCM). The proteomic analysis of these tissues was performed in an
identical manner to that described (Mock and Xaj WT) previously [12]. Protein extraction,
quantification, digestion (trypsin), acidification, clean up, and labeling were performed
at the UC Davis Proteomics Core Facility and fractionated using the Pierce™ High pH
Reversed-Phase Peptide Fractionation Kit (Thermo Fisher Scientific) for LC-MS/MS anal-
ysis. Tandem mass tag (TMT) system TMT10plex™ Label Reagent Set (Thermo Fisher
Scientific) was used for pooling samples together according to the manufacturer protocol.

4.5. Xaj417 Cell Count by Digital PCR (dPCR)
All assays involving cell count of Xaj 417 by dPCR were carried out following the

protocols described by Sagawa, 2021 [56]. DNA was extracted with the DNeasy Plant
Mini™ Kit (Qiagen, Germantown, MD, US). Reactions were loaded into a QIAcuity 8.5 K
96-well Nanoplate (250021) and loaded onto a QIAcuity 4-plate 5-plex instrument. The
DNA marker and probes used were XAJ1 (KU577316.1) as previously described [57] and
the reporter TET fluorescein dye at the 50 end and the quencher Iowa Black FQ at the 30

end. The internal ZEN quencher was used in addition to the 30 quencher Iowa Black FQ.

4.6. Data Analysis and Raw Data Processing
Proteomic data files were analyzed using MS Convert from the Proteowizard toolkit [58]

and Python scripts from the PAW (proteomic analysis workflow) pipeline [59] as previously
described [12]. The protein database combined proteins from Xanthomonas arboricola pv.
juglandis 417 (4178 sequences downloaded from NCBI RefSeq NZ_CP012251.1) and Juglans
regia (41,103 sequences downloaded from NCBI assembly GCF_001411555.2).

4.7. Quantification and Statistical Analysis
The scored abundance data was uploaded to MetaboAnalyst 4.0

(http://www.metaboanalyst.ca (accessed on 1 September 2021)) for principal compo-
nent analysis (PCA) and partial least squares-discriminant analysis (PLS-DA) to identify
proteins contributing to the discrimination between different treatments, as shown in
Figures S3–S6. The variables were mean-centered and divided by the standard deviation
of each for data scaling, and the Leave One Out Cross-Validation (LOOCV) method was
performed to evaluate the quality of the resulting statistical models by considering the
diagnostic measures R2 and Q2 [60]. PLS-DA measures the Variable Importance in Pro-
jection (VIP) score to estimate the importance of each variable in the projection used in
a PLS model and is often used for variable selection. All assays involving quantification
and statistical analysis were performed following the protocols described by Sagawa et al.,
2021 [56].

4.8. Functional Enrichment, Protein Subcellular Localization, and Metabolic Pathways Analysis
The PANTHER classification system was used to perform protein functional and

gene ontology (GO)-term enrichment analysis [61]. Xanthomonas campestris pv. campestris
strain ATCC 33913 (taxid:190485) orthologs for Xaj proteins and Vitis vinifera orthologs
for Jr proteins were used in the PANTHER Overrepresentation Test (Released 20200728).
Differentially abundant proteins were determined based on fold change (FC) � 2 and
FDR  0.05. Subcellular localization of Xaj and Jr proteins were predicted by BUSCA [62],
SignalP [63] and Phobius [64]. KEGG pathways [65] were used to identify the metabolic
pathways associated with significant proteins. Protein–protein interaction prediction was
done using STRING [66] and reannotation of hypothetical proteins using BLAST [67].

http://www.metaboanalyst.ca


Int. J. Mol. Sci. 2021, 22, 10374 16 of 19

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms221910374/s1.

Author Contributions: Conceptualization, R.d.A.B.A., C.H.D.S., P.A.Z., L.M.M. and A.M.D.; data
curation, R.d.A.B.A., C.H.D.S. and B.S.P.; sample preparation for proteome analysis, R.d.A.B.A.,
C.H.D.S. and M.S.; formal analysis, P.A.W. and B.S.P.; funding acquisition, P.A.Z. and A.M.D.;
investigation, R.d.A.B.A., C.H.D.S.; methodology, R.d.A.B.A., C.H.D.S., P.A.Z. and A.M.D.; project
administration, R.d.A.B.A., C.H.D.S.; resources, L.M.M. and A.M.D.; supervision, P.A.Z., L.M.M.
and A.M.D.; visualization, R.d.A.B.A., C.H.D.S., H.J.S.; writing original draft, R.d.A.B.A., C.H.D.S.;
and writing review and editing, R.d.A.B.A., C.H.D.S., P.A.Z., H.J.S., P.A.W., B.S.P., M.S., L.M.M. and
A.M.D. All authors have read and agreed to the published version of the manuscript.

Funding: The California Walnut Board funded this research. C.H.D.S. and R.A.B.A. received Re-
search Fellowship Awards from Sciences Without Borders Program and Coordination for the Improve-
ment of Higher-Level Personnel (Coordenação de Aperfeiçoamento de Pessoal de Nível Superior—
CAPES/Brazil), grant No. 99999.013202/2013-08, and the BIGA Project, CFP 51/2013, process
3385/2013, respectively. LC-MS was supported by a NIH shared instrumentation grant S10OD021801.
P.A.W. was funded in part by NIH grant P30EY10572. L.M.M. has a research fellowship from CNPq
and UFOP grants.

Data Availability Statement: The data that support the findings of this study are openly available,
all normalized data used for interpretation of results is available as supplementary material and raw
data is available upon reasonable request to authors.

Acknowledgments: The authors thank Andrew Thron at the Advanced Characterization and Testing
Laboratory (AMCaT), and Bradley Shibata at the UC Davis Biological Electron Microscopy Facility
for technical assistance. The authors also thank Yotam Blech-Hermoni, Melody Wilkinson, and Robyn
Selva at Qiagen Inc. for their kind contribution of reagents, instruments, and expertise for dPCR
analysis.

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

References
1. Macaulay, K.M.; Heath, G.A.; Ciulli, A.; Murphy, A.M.; Abell, C.; Carr, J.P.; Smith, A.G. The Biochemical Properties of the Two

Arabidopsis Thaliana Isochorismate Synthases. Biochem. J. 2017, 474, 1579–1590. [CrossRef]
2. Yokoo, S.; Inoue, S.; Suzuki, N.; Amakawa, N.; Matsui, H.; Nakagami, H.; Takahashi, A.; Arai, R.; Katou, S. Comparative Analysis

of Plant Isochorismate Synthases Reveals Structural Mechanisms Underlying Their Distinct Biochemical Properties. Biosci. Rep.
2018, 38, BSR20171457. [CrossRef] [PubMed]

3. Kroll, K.; Holland, C.K.; Starks, C.M.; Jez, J.M. Evolution of Allosteric Regulation in Chorismate Mutases from Early Plants.
Biochem. J. 2017, 474, 3705–3717. [CrossRef] [PubMed]

4. Assis, R.A.B.; Polloni, L.C.; Patané, J.S.L.; Thakur, S.; Felestrino, É.B.; Diaz-Caballero, J.; Digiampietri, L.A.; Goulart, L.R.;
Almeida, N.F.; Nascimento, R.; et al. Identification and Analysis of Seven Effector Protein Families with Different Adaptive and
Evolutionary Histories in Plant-Associated Members of the Xanthomonadaceae. Sci. Rep. 2017, 7, 16133. [CrossRef] [PubMed]

5. Djamei, A.; Schipper, K.; Rabe, F.; Ghosh, A.; Vincon, V.; Kahnt, J.; Osorio, S.; Tohge, T.; Fernie, A.R.; Feussner, I.; et al. Metabolic
Priming by a Secreted Fungal Effector. Nature 2011, 478, 395–398. [CrossRef]

6. Degrassi, G.; Devescovi, G.; Bigirimana, J.; Venturi, V. Xanthomonas Oryzae Pv. Oryzae XKK.12 Contains an AroQ� Chorismate
Mutase That Is Involved in Rice Virulence. Phytopathology 2010, 100, 262–270. [CrossRef]

7. Qian, Y.; Lynch, J.H.; Guo, L.; Rhodes, D.; Morgan, J.A.; Dudareva, N. Completion of the Cytosolic Post-Chorismate Phenylalanine
Biosynthetic Pathway in Plants. Nat. Commun. 2019, 10, 15. [CrossRef]

8. Lefevere, H.; Bauters, L.; Gheysen, G. Salicylic Acid Biosynthesis in Plants. Front. Plant Sci. 2020, 11, 338. [CrossRef]
9. Pereira, U.P.; Gouran, H.; Nascimento, R.; Adaskaveg, J.E.; Goulart, L.R.; Dandekar, A.M. Complete Genome Sequence of

Xanthomonas Arboricola Pv. Juglandis 417, a Copper-Resistant Strain Isolated from Juglans Regia L. Genome Announc. 2015, 3,
e01126-15. [CrossRef]

10. Assis, R.A.B.; Varani, A.M.; Sagawa, C.H.D.; Patané, J.S.L.; Setubal, J.C.; Uceda-Campos, G.; da Silva, A.M.; Zaini, P.A.; Almeida,
N.F.; Moreira, L.M.; et al. A Comparative Genomic Analysis of Xanthomonas Arboricola Pv. Juglandis Strains Reveal Hallmarks
of Mobile Genetic Elements in the Adaptation and Accelerated Evolution of Virulence. Genomics 2021, 113, 2513–2525. [CrossRef]

11. Jiang, S.; Balan, B.; Assis, R.d.A.B.; Sagawa, C.H.D.; Wan, X.; Han, S.; Wang, L.; Zhang, L.; Zaini, P.A.; Walawage, S.L.; et al.
Genome-Wide Profiling and Phylogenetic Analysis of the SWEET Sugar Transporter Gene Family in Walnut and Their Lack of
Responsiveness to Xanthomonas Arboricola Pv. Juglandis Infection. Int. J. Mol. Sci. 2020, 21, 1251. [CrossRef]

12. Sagawa, H.D.; Assis, R.d.A.B.; Zaini, P.A.; Wilmarth, P.A.; Phinney, B.S.; Moreira, L.M.; Dandekar, A.M. Proteome Analysis of
Walnut Bacterial Blight Disease. Int. J. Mol. Sci. 2020, 21, 7453. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms221910374/s1
https://www.mdpi.com/article/10.3390/ijms221910374/s1
http://doi.org/10.1042/BCJ20161069
http://doi.org/10.1042/BSR20171457
http://www.ncbi.nlm.nih.gov/pubmed/29436485
http://doi.org/10.1042/BCJ20170549
http://www.ncbi.nlm.nih.gov/pubmed/28963347
http://doi.org/10.1038/s41598-017-16325-1
http://www.ncbi.nlm.nih.gov/pubmed/29170530
http://doi.org/10.1038/nature10454
http://doi.org/10.1094/PHYTO-100-3-0262
http://doi.org/10.1038/s41467-018-07969-2
http://doi.org/10.3389/fpls.2020.00338
http://doi.org/10.1128/genomeA.01126-15
http://doi.org/10.1016/j.ygeno.2021.06.003
http://doi.org/10.3390/ijms21041251
http://doi.org/10.3390/ijms21207453


Int. J. Mol. Sci. 2021, 22, 10374 17 of 19

13. Chakraborty, S.; Britton, M.; Martínez-García, P.J.; Dandekar, A.M. Deep RNA-Seq Profile Reveals Biodiversity, Plant–Microbe
Interactions and a Large Family of NBS-LRR Resistance Genes in Walnut (Juglans Regia) Tissues. AMB Express 2016, 6, 12.
[CrossRef]

14. Gouran, H.; Gillespie, H.; Nascimento, R.; Chakraborty, S.; Zaini, P.A.; Jacobson, A.; Phinney, B.S.; Dolan, D.; Durbin-Johnson,
B.P.; Antonova, E.S.; et al. The Secreted Protease PrtA Controls Cell Growth, Biofilm Formation and Pathogenicity in Xylella
Fastidiosa. Sci. Rep. 2016, 6, 31098. [CrossRef]

15. Trentin, A.R.; Pivato, M.; Mehdi, S.M.M.; Barnabas, L.E.; Giaretta, S.; Fabrega-Prats, M.; Prasad, D.; Arrigoni, G.; Masi, A.
Proteome Readjustments in the Apoplastic Space of Arabidopsis Thaliana Ggt1 Mutant Leaves Exposed to UV-B Radiation. Front.
Plant Sci. 2015, 6, 128. [CrossRef]

16. Moreira, L.M.; Soares, M.R.; Facincani, A.P.; Ferreira, C.B.; Ferreira, R.M.; Ferro, M.I.T.; Gozzo, F.C.; Felestrino, É.B.; Assis, R.d.A.B.;
Garcia, C.C.M.; et al. Proteomics-Based Identification of Differentially Abundant Proteins Reveals Adaptation Mechanisms of
Xanthomonas Citri Subsp. Citri during Citrus Sinensis Infection. BMC Microbiol. 2017, 17, 155. [CrossRef]

17. Lindow, S.; Olson, W.; Buckner, R. Colonization of dormant walnut buds by Xanthomonas arboricola pv. juglandis is predictive of
subsequent disease. Phytopathology 2014, 104, 1163–1174. [PubMed]

18. Hamberger, B.; Ehlting, J.; Barbazuk, B.; Douglas, C.J. Chapter Four-Comparative Genomics of The Shikimate Pathway in
Arabidopsis, Populus Trichocarpa and Oryza Sativa: Shikimate Pathway Gene Family Structure and Identification of Candidates
for Missing Links in Phenylalanine Biosynthesis. In Recent Advances in Phytochemistry; Romeo, J.T., Ed.; Integrative Plant
Biochemistry; Elsevier: Amsterdam, The Netherlands, 2006; Volume 40, pp. 85–113.

19. Bliven, K.A.; Maurelli, A.T. Antivirulence Genes: Insights into Pathogen Evolution through Gene Loss. Infect. Immun. 2012, 80,
4061–4070. [CrossRef] [PubMed]

20. Pei, Y.; Li, X.; Zhu, Y.; Ge, X.; Sun, Y.; Liu, N.; Jia, Y.; Li, F.; Hou, Y. GhABP19, a Novel Germin-Like Protein From Gossypium
Hirsutum, Plays an Important Role in the Regulation of Resistance to Verticillium and Fusarium Wilt Pathogens. Front. Plant Sci.
2019, 10, 583. [CrossRef] [PubMed]

21. Yang, C.-Y.; Hsu, F.-C.; Li, J.-P.; Wang, N.-N.; Shih, M.-C. The AP2/ERF Transcription Factor AtERF73/HRE1 Modulates Ethylene
Responses during Hypoxia in Arabidopsis. Plant Physiol. 2011, 156, 202–212. [CrossRef]

22. Agüero, C.B.; Uratsu, S.L.; Greve, C.; Powell, A.L.T.; Labavitch, J.M.; Meredith, C.P.; Dandekar, A.M. Evaluation of Tolerance to
Pierce’s Disease and Botrytis in Transgenic Plants of Vitis Vinifera L. Expressing the Pear PGIP Gene. Mol. Plant Pathol. 2005, 6,
43–51. [CrossRef]

23. Dandekar, A.M.; Jacobson, A.; Ibáñez, A.M.; Gouran, H.; Dolan, D.L.; Agüero, C.B.; Uratsu, S.L.; Just, R.; Zaini, P.A. Trans-Graft
Protection Against Pierce’s Disease Mediated by Transgenic Grapevine Rootstocks. Front. Plant Sci. 2019, 10, 84. [CrossRef]
[PubMed]

24. Haeger, W.; Henning, J.; Heckel, D.G.; Pauchet, Y.; Kirsch, R. Direct Evidence for a New Mode of Plant Defense against Insects via
a Novel Polygalacturonase-Inhibiting Protein Expression Strategy. J. Biol. Chem. 2020, 295, 11833–11844. [CrossRef] [PubMed]

25. Tolleter, D.; Hincha, D.K.; Macherel, D. A Mitochondrial Late Embryogenesis Abundant Protein Stabilizes Model Membranes in
the Dry State. Biochim. Biophys. Acta (BBA)-Biomembr. 2010, 1798, 1926–1933. [CrossRef] [PubMed]

26. Su, W.; Ren, Y.; Wang, D.; Su, Y.; Feng, J.; Zhang, C.; Tang, H.; Xu, L.; Muhammad, K.; Que, Y. The Alcohol Dehydrogenase Gene
Family in Sugarcane and Its Involvement in Cold Stress Regulation. BMC Genom. 2020, 21, 521. [CrossRef] [PubMed]

27. Yang, C.-Y. Hydrogen Peroxide Controls Transcriptional Responses of ERF73/HRE1 and ADH1 via Modulation of Ethylene
Signaling during Hypoxic Stress. Planta 2014, 239, 877–885. [CrossRef]

28. Camoni, L.; Visconti, S.; Aducci, P.; Marra, M. 14-3-3 Proteins in Plant Hormone Signaling: Doing Several Things at Once. Front.
Plant Sci. 2018, 9, 297. [CrossRef] [PubMed]

29. Chevalier, D.; Morris, E.R.; Walker, J.C. 14-3-3 and FHA Domains Mediate Phosphoprotein Interactions. Annu. Rev. Plant Biol.
2009, 60, 67–91. [CrossRef]

30. Campo, S.; Peris-Peris, C.; Montesinos, L.; Peñas, G.; Messeguer, J.; San Segundo, B. Expression of the Maize ZmGF14-6 Gene in
Rice Confers Tolerance to Drought Stress While Enhancing Susceptibility to Pathogen Infection. J. Exp. Bot. 2012, 63, 983–999.
[CrossRef]

31. Manosalva, P.M.; Bruce, M.; Leach, J.E. Rice 14-3-3 Protein (GF14e) Negatively Affects Cell Death and Disease Resistance. Plant. J.
2011, 68, 777–787. [CrossRef]

32. Chen, F.; Li, Q.; Sun, L.; He, Z. The Rice 14-3-3 Gene Family and Its Involvement in Responses to Biotic and Abiotic Stress. DNA
Res. 2006, 13, 53–63. [CrossRef] [PubMed]

33. Kim, J.-G.; Li, X.; Roden, J.A.; Taylor, K.W.; Aakre, C.D.; Su, B.; Lalonde, S.; Kirik, A.; Chen, Y.; Baranage, G.; et al. Xanthomonas
T3S Effector XopN Suppresses PAMP-Triggered Immunity and Interacts with a Tomato Atypical Receptor-Like Kinase and TFT1.
Plant. Cell 2009, 21, 1305–1323. [CrossRef] [PubMed]

34. Teper, D.; Salomon, D.; Sunitha, S.; Kim, J.-G.; Mudgett, M.B.; Sessa, G. Xanthomonas Euvesicatoria Type III Effector XopQ
Interacts with Tomato and Pepper 14-3-3 Isoforms to Suppress Effector-Triggered Immunity. Plant J. 2014, 77, 297–309. [CrossRef]
[PubMed]

35. Lozano-Durán, R.; Robatzek, S. 14-3-3 Proteins in Plant-Pathogen Interactions. Mol. Plant-Microbe Interact. 2015, 28, 511–518.
[CrossRef]

http://doi.org/10.1186/s13568-016-0182-3
http://doi.org/10.1038/srep31098
http://doi.org/10.3389/fpls.2015.00128
http://doi.org/10.1186/s12866-017-1063-x
http://www.ncbi.nlm.nih.gov/pubmed/25338268
http://doi.org/10.1128/IAI.00740-12
http://www.ncbi.nlm.nih.gov/pubmed/23045475
http://doi.org/10.3389/fpls.2019.00583
http://www.ncbi.nlm.nih.gov/pubmed/31134119
http://doi.org/10.1104/pp.111.172486
http://doi.org/10.1111/j.1364-3703.2004.00262.x
http://doi.org/10.3389/fpls.2019.00084
http://www.ncbi.nlm.nih.gov/pubmed/30787937
http://doi.org/10.1074/jbc.RA120.014027
http://www.ncbi.nlm.nih.gov/pubmed/32611768
http://doi.org/10.1016/j.bbamem.2010.06.029
http://www.ncbi.nlm.nih.gov/pubmed/20637181
http://doi.org/10.1186/s12864-020-06929-9
http://www.ncbi.nlm.nih.gov/pubmed/32727370
http://doi.org/10.1007/s00425-013-2020-z
http://doi.org/10.3389/fpls.2018.00297
http://www.ncbi.nlm.nih.gov/pubmed/29593761
http://doi.org/10.1146/annurev.arplant.59.032607.092844
http://doi.org/10.1093/jxb/err328
http://doi.org/10.1111/j.1365-313X.2011.04728.x
http://doi.org/10.1093/dnares/dsl001
http://www.ncbi.nlm.nih.gov/pubmed/16766513
http://doi.org/10.1105/tpc.108.063123
http://www.ncbi.nlm.nih.gov/pubmed/19366901
http://doi.org/10.1111/tpj.12391
http://www.ncbi.nlm.nih.gov/pubmed/24279912
http://doi.org/10.1094/MPMI-10-14-0322-CR


Int. J. Mol. Sci. 2021, 22, 10374 18 of 19

36. Figaj, D.; Ambroziak, P.; Przepiora, T.; Skorko-Glonek, J. The Role of Proteases in the Virulence of Plant Pathogenic Bacteria. Int. J.
Mol. Sci. 2019, 20, 672. [CrossRef]

37. Hood, M.I.; Skaar, E.P. Nutritional Immunity: Transition Metals at the Pathogen–Host Interface. Nat. Rev. Microbiol. 2012, 10,
525–537. [CrossRef]

38. Szczepaniak, J.; Press, C.; Kleanthous, C. The Multifarious Roles of Tol-Pal in Gram-Negative Bacteria. FEMS Microbiol. Rev. 2020,
44, 490–506. [CrossRef]

39. Santos, C.A.; Janissen, R.; Toledo, M.A.S.; Beloti, L.L.; Azzoni, A.R.; Cotta, M.A.; Souza, A.P. Characterization of the TolB-Pal
Trans-Envelope Complex from Xylella Fastidiosa Reveals a Dynamic and Coordinated Protein Expression Profile during the
Biofilm Development Process. Biochim. Biophys. Acta 2015, 1854, 1372–1381. [CrossRef]

40. Deb, S.; Ghosh, P.; Patel, H.K.; Sonti, R.V. Interaction of the Xanthomonas Effectors XopQ and XopX Results in Induction of Rice
Immune Responses. Plant J. 2020, 104, 332–350. [CrossRef]

41. Ferreira, R.M.; Moreira, L.M.; Ferro, J.A.; Soares, M.R.R.; Laia, M.L.; Varani, A.M.; de Oliveira, J.C.F.; Ferro, M.I.T. Unravelling
Potential Virulence Factor Candidates in Xanthomonas Citri. Subsp. Citri by Secretome Analysis. PeerJ 2016, 4, e1734. [CrossRef]

42. Li, T.; Zhan, Z.; Lin, Y.; Lin, M.; Xie, Q.; Chen, Y.; He, C.; Tao, J.; Li, C. Biosynthesis of Amino Acids in Xanthomonas Oryzae Pv.
Oryzae Is Essential to Its Pathogenicity. Microorganisms 2019, 7, 693. [CrossRef]

43. Granato, L.M.; Picchi, S.C.; de Oliveira Andrade, M.; Takita, M.A.; de Souza, A.A.; Wang, N.; Machado, M.A. The ATP-Dependent
RNA Helicase HrpB Plays an Important Role in Motility and Biofilm Formation in Xanthomonas Citri Subsp. Citri. BMC Microbiol.
2016, 16, 55. [CrossRef]

44. Figueiredo, J.F.L.; Minsavage, G.V.; Graham, J.H.; White, F.F.; Jones, J.B. Mutational Analysis of Type III Effector Genes from
Xanthomonas Citri Subsp. Citri. Eur. J. Plant Pathol. 2011, 130, 339–347. [CrossRef]

45. Fan, X.; Guo, J.; Zhou, Y.; Zhuo, T.; Hu, X.; Zou, H. The ColRS-Regulated Membrane Protein Gene XAC1347 Is Involved in Copper
Homeostasis and Hrp Gene Expression in Xanthomonas Citri Subsp. Citri. Front. Microbiol. 2018, 9, 1171. [CrossRef]

46. Malamud, F.; Homem, R.A.; Conforte, V.P.; Yaryura, P.M.; Castagnaro, A.P.; Marano, M.R.; do Amaral, A.M.; Vojnov, A.A.
Identification and Characterization of Biofilm Formation-Defective Mutants of Xanthomonas Citri Subsp. Citri. Microbiology 2013,
159, 1911–1919. [CrossRef] [PubMed]

47. Linder, P.; Jankowsky, E. From Unwinding to Clamping—The DEAD Box RNA Helicase Family. Nat. Rev. Mol. Cell Biol. 2011, 12,
505–516. [CrossRef] [PubMed]

48. Sze, H.; Chanroj, S. Plant Endomembrane Dynamics: Studies of K+/H+ Antiporters Provide Insights on the Effects of PH and Ion
Homeostasis. Plant Physiol. 2018, 177, 875–895. [CrossRef] [PubMed]

49. Iadanza, M.G.; Higgins, A.J.; Schiffrin, B.; Calabrese, A.N.; Brockwell, D.J.; Ashcroft, A.E.; Radford, S.E.; Ranson, N.A. Lateral
Opening in the Intact �-Barrel Assembly Machinery Captured by Cryo-EM. Nat. Commun. 2016, 7, 12865. [CrossRef]

50. Araujo, G.G.; Conforte, M.M.; da Purificação, A.D.; Todeschini, I.; Llontop, E.E.; Angeli, C.B.; Inague, A.; Yoshinaga, M.Y.; de
Souza, R.F.; Papai, R.; et al. Resource Sharing by Outer Membrane Vesicles from a Citrus Pathogen. BioRxiv 2021. [CrossRef]

51. Fattori, J.; Prando, A.; Assis, L.H.P.; Aparicio, R.; Tasic, L. Structural Insights on Two Hypothetical Secretion Chaperones from
Xanthomonas Axonopodis Pv. Citri. Protein J. 2011, 30, 324–333. [CrossRef] [PubMed]

52. Li, L.; Li, J.; Zhang, Y.; Wang, N. Diffusible Signal Factor (DSF)-Mediated Quorum Sensing Modulates Expression of Diverse
Traits in Xanthomonas Citri and Responses of Citrus Plants to Promote Disease. BMC Genom. 2019, 20, 55. [CrossRef]

53. Alvarez-Martinez, C.E.; Sgro, G.G.; Araujo, G.G.; Paiva, M.R.N.; Matsuyama, B.Y.; Guzzo, C.R.; Andrade, M.O.; Farah, C.S. Secrete
or Perish: The Role of Secretion Systems in Xanthomonas Biology. Comput. Struct. Biotechnol. J. 2021, 19, 279–302. [CrossRef]

54. Jewett, M.W.; Lawrence, K.A.; Bestor, A.; Byram, R.; Gherardini, F.; Rosa, P.A. GuaA and GuaB Are Essential for Borrelia
Burgdorferi Survival in the Tick-Mouse Infection Cycle. J. Bacteriol. 2009, 191, 6231–6241. [CrossRef]

55. Shi, Q.; Febres, V.J.; Jones, J.B.; Moore, G.A. A Survey of FLS2 Genes from Multiple Citrus Species Identifies Candidates for
Enhancing Disease Resistance to Xanthomonas Citri Ssp. Citri. Hortic. Res. 2016, 3, 16022. [CrossRef]

56. Sagawa, C.H.D.; Assis, R.A.B.; Zaini, P.A.; Saxe, H.; Wilmarth, P.A.; Salemi, M.; Phinney, B.S.; Dandekar, A.M. De novo arginine
synthesis is required for full virulence of Xanthomonas arboricola pv. juglandis during walnut bacterial blght disease. Phyto Pathol.
2021. (Accepted under revision).

57. Fernandes, C.; Albuquerque, P.; Sousa, R.; Cruz, L.; Tavares, F. Multiple DNA Markers for Identification of Xanthomonas
Arboricola Pv. Juglandis Isolates and Its Direct Detection in Plant Samples. Plant Dis. 2017, 101, 858–865. [CrossRef] [PubMed]

58. Chambers, M.C.; Maclean, B.; Burke, R.; Amodei, D.; Ruderman, D.L.; Neumann, S.; Gatto, L.; Fischer, B.; Pratt, B.; Egertson, J.;
et al. A Cross-Platform Toolkit for Mass Spectrometry and Proteomics. Nat. Biotechnol. 2012, 30, 918–920. [CrossRef] [PubMed]

59. Wilmarth, P.A.; Riviere, M.A.; David, L.L. Techniques for Accurate Protein Identification in Shotgun Proteomic Studies of Human,
Mouse, Bovine, and Chicken Lenses. J. Ocul. Biol. Dis. Inform. 2009, 2, 223–234. [CrossRef] [PubMed]

60. Westerhuis, J.A.; Hoefsloot, H.C.J.; Smit, S.; Vis, D.J.; Smilde, A.K.; van Velzen, E.J.J.; van Duijnhoven, J.P.M.; van Dorsten, F.A.
Assessment of PLSDA Cross Validation. Metabolomics 2008, 4, 81–89. [CrossRef]

61. Mi, H.; Muruganujan, A.; Ebert, D.; Huang, X.; Thomas, P.D. PANTHER Version 14: More Genomes, a New PANTHER GO-Slim
and Improvements in Enrichment Analysis Tools. Nucleic Acids Res. 2019, 47, D419–D426. [CrossRef] [PubMed]

62. Savojardo, C.; Martelli, P.L.; Fariselli, P.; Profiti, G.; Casadio, R. BUSCA: An Integrative Web Server to Predict Subcellular
Localization of Proteins. Nucleic Acids Res. 2018, 46, W459–W466. [CrossRef]

http://doi.org/10.3390/ijms20030672
http://doi.org/10.1038/nrmicro2836
http://doi.org/10.1093/femsre/fuaa018
http://doi.org/10.1016/j.bbapap.2015.05.018
http://doi.org/10.1111/tpj.14924
http://doi.org/10.7717/peerj.1734
http://doi.org/10.3390/microorganisms7120693
http://doi.org/10.1186/s12866-016-0655-1
http://doi.org/10.1007/s10658-011-9757-7
http://doi.org/10.3389/fmicb.2018.01171
http://doi.org/10.1099/mic.0.064709-0
http://www.ncbi.nlm.nih.gov/pubmed/23813675
http://doi.org/10.1038/nrm3154
http://www.ncbi.nlm.nih.gov/pubmed/21779027
http://doi.org/10.1104/pp.18.00142
http://www.ncbi.nlm.nih.gov/pubmed/29691301
http://doi.org/10.1038/ncomms12865
http://doi.org/10.1101/2021.04.26.441564
http://doi.org/10.1007/s10930-011-9335-z
http://www.ncbi.nlm.nih.gov/pubmed/21626158
http://doi.org/10.1186/s12864-018-5384-4
http://doi.org/10.1016/j.csbj.2020.12.020
http://doi.org/10.1128/JB.00450-09
http://doi.org/10.1038/hortres.2016.22
http://doi.org/10.1094/PDIS-10-16-1481-RE
http://www.ncbi.nlm.nih.gov/pubmed/30682925
http://doi.org/10.1038/nbt.2377
http://www.ncbi.nlm.nih.gov/pubmed/23051804
http://doi.org/10.1007/s12177-009-9042-6
http://www.ncbi.nlm.nih.gov/pubmed/20157357
http://doi.org/10.1007/s11306-007-0099-6
http://doi.org/10.1093/nar/gky1038
http://www.ncbi.nlm.nih.gov/pubmed/30407594
http://doi.org/10.1093/nar/gky320


Int. J. Mol. Sci. 2021, 22, 10374 19 of 19

63. Almagro Armenteros, J.J.; Tsirigos, K.D.; Sønderby, C.K.; Petersen, T.N.; Winther, O.; Brunak, S.; von Heijne, G.; Nielsen, H.
SignalP 5.0 Improves Signal Peptide Predictions Using Deep Neural Networks. Nat. Biotechnol. 2019, 37, 420–423. [CrossRef]

64. Käll, L.; Krogh, A.; Sonnhammer, E.L.L. A Combined Transmembrane Topology and Signal Peptide Prediction Method. J. Mol.
Biol. 2004, 338, 1027–1036. [CrossRef]

65. Kanehisa, M.; Goto, S. KEGG: Kyoto Encyclopedia of Genes and Genomes. Nucleic Acids Res. 2000, 28, 27–30. [CrossRef]
[PubMed]

66. Szklarczyk, D.; Gable, A.L.; Nastou, K.C.; Lyon, D.; Kirsch, R.; Pyysalo, S.; Doncheva, N.T.; Legeay, M.; Fang, T.; Bork, P.; et al.
The STRING Database in 2021: Customizable Protein-Protein Networks, and Functional Characterization of User-Uploaded
Gene/Measurement Sets. Nucleic Acids Res. 2021, 49, D605–D612. [CrossRef]

67. Camacho, C.; Coulouris, G.; Avagyan, V.; Ma, N.; Papadopoulos, J.; Bealer, K.; Madden, T.L. BLAST+: Architecture and
Applications. BMC Bioinform. 2009, 10, 421. [CrossRef]

http://doi.org/10.1038/s41587-019-0036-z
http://doi.org/10.1016/j.jmb.2004.03.016
http://doi.org/10.1093/nar/28.1.27
http://www.ncbi.nlm.nih.gov/pubmed/10592173
http://doi.org/10.1093/nar/gkaa1074
http://doi.org/10.1186/1471-2105-10-421


30 
 

CONCLUSION 
 

Elucidation of mechanisms driving the evolution of plan-microbe interactions is 

essential to define pathways responsible for bacterial susceptibility or plant resistance. 

Overall, our results provide new insights into the emergence of virulence, adaptation, and 

tolerance to disease management strategies used in orchard ecosystems. The results 

presented contribute to a deeper understanding of the role of secreted proteins and gene 

clusters and help to unveil the disease mechanism behind Walnut Blight that could lead 

to a new therapy such as genome editing of gene promoters leading to broad-spectrum 

resistance. Our study revealed that: 

• Bacterial virulence and copper resistance emerged by the acquisition of specific 

sets of pathogenesis-related genes commonly transferred among the members of 

the Xanthomonas genus on mobile genetic elements. 

• Resistance to copper is acquired by Xanthomonadaceae via lateral gene transfer. 

• Orchard management to limit bacterial diseases selects for more pathogenic 

strains. 

• Strain Xaj417 acquired a copper resistance cassette from other bacterial species. 

• Mobile genetic elements expand virulence effector repertoire in pathogenic 

strains. 

• IS enrichment is correlated with dissemination of T3e and virulence factors. 

• The absence of TALEs in X. arboricola pv. juglandis suggests another infection 

mechanism leading to walnut blight disease. 

• Xaj417 adapts to limiting iron availability, redox conditions and has a coping 

mechanism against copper toxicity. 

• Host response includes an increase in proteins associated with phytohormone 

biosynthesis, protease inhibitors, PR, and SAR activation. 

• Pathogen virulence is mediated by type II effectors that are important components 

of the interaction network leading to WB. 

• The type III effector XopN may downregulate the expression of Jr thiamine 

thiazole synthase. 

• Secretion of isochorismatase to suppresses SA-mediated immunity. 
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ACHIEVEMENTS 

 

The results obtained deepens the comprehension of plant-pathogen interaction 

seeking to contribute to biotechnological development. The functional study of some 

proteins or gene clusters identified in this work could aid the establishment of new 

strategies to combat plant diseases. The opportunity of participating in a scholarship 

program during my doctorate at UC Davis was crucial for developing my skills on 

network, communication, English proeficiency, and technical training in high technology 

equipments. 

1. The scientific productions resulting from the doctorate consist of: 

• A comparative genomic analysis of Xaj strains published at Genomics Journal 

on June 3rd, 2021 (Chapter I). 

• The proteome analysis of Walnut Bacterial Blight Disease published at 

International Journal of Molecular Sciences on October 9th, 2020 (Chapter II). 

• Functional disruption of secreted chorismate mutase and proteome comparing 

Xaj417 WT and XajCM mutant submitted to IJMS (Chapter III). 

2. Expand network and collaborations in a laboratory with international members 

from Italy, Pakistan, China, India, etc.: 

• Jiang, S.; Balan, B.; Assis, R.A.B.; Sagawa, C.H.D.; Wan, X.; Han, S.; Wang, 

L.; Zhang, L.; Zaini, P.A.; Walawage, S.L.; Jacobson, A.; Lee, S.H.; Moreira, 

L.M.; Leslie, C.A.; Dandekar, A.M. Genome-Wide Profiling and 

Phylogenetic Analysis of the SWEET Sugar Transporter Gene Family in 

Walnut and Their Lack of Responsiveness to Xanthomonas 

arboricola pv. juglandis Infection. Int. J. Mol. Sci. 2020, 21, 1251. 

https://doi.org/10.3390/ijms21041251 

• Helena Duarte Sagawa, C.; Zaini, P.A.; de A. B. Assis, R.; Saxe, H.; Salemi, 

M.; Jacobson, A.; Wilmarth, P.A.; Phinney, B.S.; M. Dandekar, A. Deep 

Learning Neural Network Prediction Method Improves Proteome Profiling of 

Vascular Sap of Grapevines during Pierce’s Disease 

Development. Biology 2020, 9, 261. https://doi.org/10.3390/biology9090261 
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3. Conferences: 

• 6th Xanthomonas Genomics Conference XGC 2018 & 2nd Annual Annual 

EuroXanth Conference at Halle, Germany. 

• Oral presentation at UC Davis Host-Microbe Interactions Retreat in 2018. 

• Oral presentation at the 53rd California Walnut Research Conference in 2021: 

opportunity to lead a project in collaboration with farmer advisors from UCD 

to test a new product to combact Walnut Blight in the field and quantify Xaj 

in infected tissue using dPCR. 

• Poster selected for presentation on October 23rd, 2021 at Nature Conference 

on Plant Microbiome “Harnessing the Plant Microbiome” hosted by UC 

Davis (See Appendix). 

• UC Davis Student Award for the poster “A proteo-genomics dissection of the 

Walnut-Xanthomonas arboricola pv. juglandis interactome” presented at 

Nature Conference hosted by UC Davis. 

4. Academic writing, seminars and collaborations: 

• Annual reports and proposals for California Walnut Board since 2017 

(available at https://walnuts.org/walnut-industry/reports/). 

• Seminars at the Departments of Plant Sciences, Plant Biology, Biotechnology, 

and Plant Pathologyat UC Davis. 

• Collaboration in studying the roles of biological semiconductors and function 

of TonB-dependent receptors in Xanthomonas with Dr. Raymond C. 

Valentine, developer of Roundup-resistance in crops 

(https://www.biologicalsemiconductor.com/home). 

5. Trainings: 

• Digital PCR training on June 2021 with Sim Winitz, Field Application Expert, 

QIAGEN Foundation Northwest. 

• Scanning Electron Microscopy at Biological Electron Microscopy Facility and 

Advanced Materials Characterization and Testing laboratory (AMCaT). 

• Proteome analysis at the UC Davis Proteome Facility. 

  

https://www.biologicalsemiconductor.com/home
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APPLICATIONS 

 

 This study reveals how the orchard macro and/or micro-environments aid in 

pathogen virulence adaptation and the development of resistance to disease management. 

The proteogenomic analysis provides a deep insight into disease mechanisms highlighting 

potential targets for disease detection and therapy such as: 

• Potential biomarkers for early diagnosis of copper resistance development. 

• Potential therapeutic strategies that can be deployed using genome editing: 

- Over-expression of poligalacturonase inhibitor in walnuts to increase 
resistance to walnut blight. 

- Knocking down or out the expression of one of the 14-3-3 proteins 
encoded in the walnut genome that induces disease susceptibility via 
RNA-mediated silencing or by a CRISPR-Cas9 KO. 
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