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Abstract

:

The molecular mechanisms underpinning apple root resistance to infection by Pythium ultimum have not been carefully investigated until recently. A panoramic and high-resolution picture of genome-wide transcriptional networks regulating the defense activation in apple roots was obtained recently from a comprehensive transcriptome analysis. Among the most notable transcriptome changes are the upregulation of phenylpropanoid and flavonoid biosynthesis, transportation of secondary metabolites, and laccase-directed lignin formation. However, assessing cellular responses and anatomical changes in young roots of apple as a woody species of the Rosacea family remains challenging. Taking advantage of the autofluorescence of lignin and the specific staining by Wiesner reagent, the feasibility of using microscopy to detect lignin deposition in apple roots was evaluated. The preliminary results indicated that a combination of brightfield and fluorescence images may provide the opportunity to reveal the location and degree of lignification in sectioned roots. The procedure represents a proof-of-concept of using fluorescence microscopy to examine cellular features relevant to apple root resistance traits. The ability to detect subtle phenotypic variations, such as lignin deposition patterns, is critically needed to bridge the gap between genomic data and macro-level plant resistance phenotypes and to further identify the resistance mechanisms of apple root.
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1. Introduction


The molecular regulation of resistance in apple roots to infection from Pythium ultimum has been the subject in our recent research [1,2,3,4,5,6,7,8,9]. With the goal of gene discovery and developing molecular tools for breeding in resistance to apple replant disease (ARD), three consecutive transcriptome analyses uncovered key candidate genes in specific pathways during defense activation in apple root to infection from P. ultimum [1,2,3,10]. Among the most notable transcriptome changes are the consistent upregulation of genes in the phenylpropanoid and flavonoid biosynthesis pathways, transportation of secondary metabolites, and laccase-directed lignin formation [1,2,3]. At the same time, an elite panel of apple rootstock genotypes with contrasting resistance responses to P. ultimum infection has been identified through a systematic phenotyping effort among the progenies of an apple rootstock cross population [5,7,8]. The resistance responses were primarily defined by the genotype-specific plant survival rate and certain microscopic features of tissue necrosis progression. The detailed resistance phenotypes at the anatomical, cellular, and biochemical levels have not been carefully investigated. The capability of detecting subtle cellular changes in apple roots during infection is essential to validate the transcriptome data, associating specific candidate genes with resistance phenotypes, and elucidating the underpinned resistance mechanisms.



Plant defense against invading pathogens is ultimately chemical warfare in nature. Plants are capable of producing a wide variety of antimicrobial secondary metabolites with extreme structural diversity [11,12]. The most widespread groups of secondary metabolites include phenols, terpenoids and alkaloids [13,14,15]. Both preformed antimicrobial compounds (phytoanticipins) and infection-induced antimicrobial metabolites (phytoalexins) have long been associated with plant resistance to fungal, oomycete, and bacterial pathogens [11,16]. Most of these compounds are small molecules and their effective doses can be as low as 10−5–10−4 M [11,12,16]. Between primary and secondary metabolism, there are tradeoffs between available energy, enzymes and metabolic precursors, as well as the transport and storage of the generated secondary metabolites [13]. The outcome of plant–pathogen interactions may depend crucially on the plant’s ability to produce specific secondary metabolites, at proper timing and concentrations, upon pathogenic challenge [17,18].



As an extension to the general phenypropanoid pathway, laccase-directed lignification appeared to be a crucial factor contributing to apple root resistance to P. ultimum infection [1,2,3]. The role of laccase-directed lignin biosynthesis and resulting cell wall fortification to plant disease resistance has been proposed for several decades in different pathosystems [18,19]. More recently, transcriptome and proteome data have verified the direct connection between laccase gene expression and lignification processes in relation to genotype-specific resistance levels in several crops [20,21,22,23,24]. Accumulating evidence indicates that the lignified cell wall serves as a physical barrier against invading phytopathogens as well as other environmental stresses [24,25,26,27]. Our transcriptome data strongly suggested that the upregulated phenylpropanoid pathway, monolignol transportation, and laccase directed lignin biosynthesis constitute a major defense mechanism in apple root to P. ultimum infection [1,2,3,28]. However, an effective and direct detection method for assessing the timing, intensity, and genotype-specific patterns of lignin deposition in apple roots is still lacking.



Lignins are heteropolymers that are covalently associated with polysaccharides in plant cell walls [19,29]. Lignin biosynthesis is the result of oxidative polymerization of three p-hydroxycinnamyl (p-coumaryl, -coniferyl and -sinapyl) alcohols, and is mediated by both laccases and peroxidases [30]. These monolignols are biosynthesized downstream of the general phenylpropanoid pathway [20,30]. The lignification process, including monolignol transport to the apoplast and subsequent oxidation by laccases and/or peroxidases, is crucial for multiple aspects of plant physiology, such as strengthening the plant cell wall and disease resistance [30,31,32,33]. As lignification is a non-reversible process, the pathways of monolignol biosynthesis, polymerization, and lignin deposition are tightly regulated during development and response to stress conditions [25,34,35]. However, in the path system between apple roots and P. ultimum, the role of pathogen-induced lignification and its contribution to resistance have not been studied until recently [1,28]. A specific and straightforward method to detect anatomical and biochemical changes, such as cell wall fortification, is crucially needed to evaluate and dissect resistance traits of apple roots.



Many molecules in plant tissues are autofluorescent, and the two most studied molecules are chlorophyll (orange/red fluorescence) and lignin (blue/green fluorescence) [36,37]. Structural components in lignin molecules, such as phenolic rings and conjugated double bonds, are the important organic fluorophores [36,37]. While lignin can be stained for brightfield observation, its autofluorescent nature offers the advantages of label-free imaging. Therefore, its autofluorescence may be exploited for a quick and fixation-free method to assess the lignin deposition in apple roots during P. ultimum infection. Such specific and in-depth phenotype data at cellular and subcellular levels are pivotal to associate transcriptomic data and macro-level plant resistance phenotypes and to validate the functional roles of specific candidate genes implicated in apple root resistance.




2. Results and Discussion


2.1. The Feasibility of Detecting Lignin Deposition Patterns through Autofluorescence


Based on previous transcriptome data, the biosynthesis and transport of secondary metabolites, including monolignols, are clearly the crucial components in apple root defense response to P. ultimum infection [1,2,3]. To validate transcriptome data and unravel resistance mechanisms of apple roots, procedures for detecting the anatomical, cellular, or biochemical changes associated with defense activation are critically needed. In the current study, both brightfield and fluorescence microscope observations were explored to assess the feasibility of detecting lignin deposition (Figure 1). Figure 1A is the brightfield image of hand-sectioned root tissue without Wiesner staining. Figure 1B is the brightfield image of a root section with lignin-specific staining by Wiesner reagent, showing a typical red-color ring outside vascular bundles. The reddish color visible in the cell walls of the outer layer of the cortex tissue (red arrows) is likely the increased deposition of lignin, suggesting a defense response. Two images in the lower half of Figure 1 show the auto-fluorescence of apple root sections. The bottom left panel (Figure 1C) shows a root section without Wiesner staining, exhibiting a high fluorescence intensity outside vascular bundles, within vascular bundles, and along the epidermis. Figure 1D shows the fluorescence image of a section that was stained with Wiesner reagent. The quenched fluorescence signal circling the stele specifically verified the identity of lignin, though the reduced intensity of fluorescence is not readily visible along the outer layer of the cortex under the epidermis. Combining images of brightfield and fluorescence, with assistance from specific staining (such as Wiesner for lignin), it appeared feasible to locate the lignin deposition in young apple root tissue.



The use of fluorescence to probe biological phenomena has been rapidly expanding in cellular and molecular biology more recently [36,38]. Fluorescence is observed when visible light is emitted from a sample that has previously absorbed electromagnetic radiation (i.e., the sample becomes “excited”) with higher energy and shorter wavelengths [38]. Fluorescence microscopy has improved significantly in recent years, and a wide range of synthesized compounds (fluorophores) are available, which allow for the simultaneous imaging of different cellular, subcellular, or molecular components [38]. The more innate form of fluorescence is arguably the intrinsic fluorescence of autofluorescent compounds. Both groups of compounds contain ring structures (aromatic molecules) with pi bonds that require the lower excited energy and the longer wavelength of the exciting light. The autofluorescent natures of these phenolic compounds present an opportunity for their easy and direct detection. Lignin, the natural polymer of coniferyl, sinapyl, or p-coumaryl alcohol, is abundant primarily in woody plant tissues, but can be induced in other sclerenchymatous tissues under certain conditions, such as a defense reaction to pathogen infection [36,37,38]. As a proof of concept, this study attempted to exploit lignin autofluorescence and the lignin-staining properties of the Wiesner reagent to test the feasibility of detecting lignin deposition in apple root tissues. The findings from the current study should set a baseline for a further improved procedure, which can eventually distinguish the subtle variations of lignin deposition patterns during infection or between treatments.




2.2. Upregulated Phenylpropanoid and Flavonoid Biosynthesis Pathways Due to P. ultimum Infection


The primary reason for developing this method of detecting lignin detection is for the systematic observation of upregulated phenylpropanoid and flavonoid biosynthesis, as well as lignin formation in apple root during defense response to infection from P. ultimum. With the advent of revolutionary NextGen sequencing technologies and improved bioinformatic analysis, it is relatively easy to generate huge datasets of genome-wide expression profiling and to identify candidate genes for a targeted biological process [39]. Specific to the pathosystem of apple root infected by P. ultimum, three consecutive transcriptome analyses have provided us with a high-resolution view of the genome-wide transcriptional response [1,2,3,10,40]. Among the most visible transcriptome changes in apple roots during P. ultimum infection are the differentially expressed genes (DEGs) identified, which are mapped to phenylpropanoid and flavonoid biosynthesis pathways [1,2,3]. Table 1 shows the top ten most enriched pathways based on the KEGG pathway analysis. It is probably expected that the transition to the defense mode required activated primary metabolism, such as carbohydrate and protein metabolism, for preparing energy and metabolic precursors. However, the elevated biosynthetic activities in phenylpropanoid and flavonoid biosynthesis pathways represent the specific response to P. ultimum infection in order to produce antimicrobial phenolic compounds. Similar to the overall trend of transcriptome changes due to P. ultimum infection [3], the numbers of DEGs mapped to these two pathways peaked at 48 hpi (hours post inoculation). In addition, “phenylalanine, tyrosine and tryptophan biosynthesis” and “phenylalanine metabolism” were also listed among the top ten most enriched pathways, which have a strong connection to phenylpropanoid and flavonoid biosynthesis pathways through supplying metabolic precursors. Therefore, phenolic compounds from these pathways appear to play a critical role in defense activation towards P. ultimum infection in apple roots.



The identities of these mapped genes are shown in Table 2, which include enzymes functioning at multiple steps in these two biosynthesis pathways [3]. All these identified genes were shown to be upregulated at the critical timepoint of 48 hpi. Most of these genes showed a two to eight-fold increase in transcript abundance relative to mock-inoculated controls. Two genes, MDP0000175949 and MDP0000315857, both encoding beta-glucosidase [EC:3.2.1.21], demonstrated an 85-fold or more increase in transcript abundance due to P. ultimum infection. Notably, five identified members from the same gene family encoding “peroxidase” were mapped to the phenylpropanoid pathway. MDP0000225698 and MDP0000576346, encoding trans-cinnamate 4-monooxygenase [EC:1.14.13.11], were mapped to both phenylpropanoid and flavonoid biosynthesis pathways. The fact that all identified genes showed upregulated expression at 48 hpi strongly suggested the essential role of these pathways to apple root resistance towards P. ultimum infection.



The secondary metabolites from these pathways can function as phytoalexins or lead to cellular alteration, such as cell wall lignification. Individual genes encoding key enzymes in the phenylpropanoid biosynthesis pathway, such as PAL and CAD, are uniformly upregulated in apple roots upon P. ultimum infection [2,3]. Monolignols, including p-coumaryl, -coniferyl and -sinapyl alcohols, are synthesized through the phenylpropanoid pathway [33,42]. Members of several TF (transcription factor) families, such as MYBs, NACs and MYCs, were actively regulated both transcriptionally and post-transcriptionally in response to P. ultimum infection [1,40]. Additionally, transporter-encoding genes, such as those for the ABC transporter or MATE family members, exhibited a quicker, stronger, and more consistent upregulation in the root of a resistant apple rootstock genotype as compared to the chaotic and inconsistent regulation in susceptible genotypes [2]. Overall, transcriptome analysis indicated that the biosynthesis and transport of these phenolic compounds, as well as lignin biosynthesis per se, actively participate in apple root defense activation. Our working hypothesis is that the swiftness and intensity of induced lignin deposition, as well as the accumulation of other antimicrobial phenolic compounds, play a key role in impeding the invasion of P. ultimum and lead to the resistance response in apple root [8]. Testing this hypothesis demands detailed phenotypic analysis such as the extent of cell wall lignification following pathogen infection. However, there are multiple barriers to detect cellular and biochemical changes in apple root cells during defense activation.




2.3. Contrasting Regulation Patterns of Apple MATE Gene Expression between Apple Rootstock Genotypes


Plant cells, like the cells of most organisms, are capable of removing potentially toxic compounds, including those produced endogenously, such as phenolics, flavonoids, and phytoalexins, from the cytoplasm by either sequestering them in vacuoles or transporting them to the cell wall [43]. Plant MATE (multidrug and toxic compound extrusion) genes encode proteins that function as transporters of these secondary metabolites [44,45]. Multiple MATE genes were identified from transcriptome profiling between a resistant and a susceptible genotype during the defense activation in apple roots [2], which showed the contrasting regulation patterns between the resistant genotype G.935 and the susceptible genotype B.9 during P. ultimum infection (Figure 1). In the root of a resistant G.935, a consistent upregulated pattern for all four identified MATE genes was observed at three timepoints (blue, orange and green bars, respectively), and no downregulated MATE genes were identified (Figure 2A). The expression features in a resistant genotype indicated an early and continuing pattern of elevated expression of MATE genes in response to P. ultimum infection. However, a very chaotic and complicated regulation scenario of nine MATE genes was uncovered in the root of a susceptible genotype B.9 (Figure 2B). First, none of the MATE genes were identified at the earlier stage of defense activation at 24 h post inoculation (hpi). Second, at 48 hpi (orange bars), a chaotic and inconsistent regulation of a dozen MATE genes was observed, i.e., four MATE genes were upregulated and five other members were downregulated. In the later stage, at 72 hpi (green bars), five MATE genes were upregulated and one was downregulated. More interestingly, the same set of MATE genes, which were consistently upregulated since 24 hpi in the root of the resistant G.935, were eventually upregulated at 72 hpi in B.9. Overall, the contrasting expression profiles of MATE genes strongly suggested their crucial impact on the outcome of the interaction between apple root and P. ultimum.




2.4. Epigenetic Regulation of Secondary Metabolism and Lignin Formation in Apple Roots in Response to P. ultimum Infection


In addition to the uncovered regulation at the transcriptional level, microRNA directed post-transcriptional control on phenylpropanoid and flavonoid biosynthesis, as well as lignin biosynthesis, were demonstrated by microRNA profiling and degradome sequencing [1]. Table 3 shows the specific genes encoding two transcription factor families and specific laccase genes were regulated by microRNA directed degradation of corresponding transcripts at 48 hpi [1]. The regulatory roles of NAC and MYB transcription factors on secondary metabolism have been well documented [46,47,48], though the relationships between individual TFs and specific genes remain largely unclear. During the infection of apple root by P. ultimum, multiple members of MYB and NAC transcription factors were targeted by members of microRNA (miR) families (Table 3). Three laccase genes, laccase 3, 5 and 7, were the targets of members of the miR397b. These findings added evidence to the notion that the upregulated phenylpropanoid biosynthesis pathway and subsequent lignin biosynthesis could crucially contribute to apple root resistance towards infection from P. ultimum.



The hidden nature of root systems and the small stature of individual young root branches represent the first tier of difficulties for direct, detailed, and consistent examination of defense responses. Heterogeneity in root development and differentiation stages, even between root branches within one root system, presents another challenge for the accurate and/or comparative evaluation of specific responses between genotypes and treatments [49]. A more practically unique barrier is likely the fact that apple reproduction is self-incompatible, and the apple genome has high-level heterozygosity [50,51]. As a result, seed germination will not produce genetically identical, or true to type, apple plants. For this challenge, a laborious tissue culture-based micropropagation procedure has to be implemented to continuously supply the genetically uniform apple plants for repeated infection assays and more reliable phenotypic analysis [7,8]. Limited root tissue mass from these young apple plants poses a challenge when using other biochemical methodologies, such as metabolomic analysis. In addition, given the fast-growing nature of P. ultimum, it is difficult, if not impossible, to perform a controlled or localized inoculation such as on a specific site of a single root branch. Finally, the low concentration of particular defense metabolites and their specialized distribution patterns present a further hinderance to quantitative analysis. Therefore, it is highly desirable to develop a simple and straightforward method for the instantaneous detection of specific secondary metabolites, such as lignin or other antimicrobial phenolic compounds, in apple roots. For these reasons, we tried to combine fluorescence microscopy and chemical staining to assess the anatomical and biochemical changes associated with apple root resistance to P. ultimum infection.



Systematic and in-depth examination of phenotypic features of apple root defense responses, as compared to massive sequencing information, remains a bottleneck for bridging the gap between genomics data and macro-scale or whole-plant resistance traits. The ability to detect subtle phenotypic variation is a prerequisite for reliably associating specific candidate genes or pathways with the trait of interest. To the best of our knowledge, there is no previous report on using autofluorescence detection as a tool to investigate the cellular changes in young apple roots during interaction with a necrotrophic pathogen. Autofluorescence offers advantages as a method of detecting cellular and subcellular changes. Once the method is established, target metabolites can be detected relatively easily and quickly without introducing artifacts from extensive tissue treatment and/or biochemical procedures. The potentially scaled-up procedure may allow for the detection of phenotypic variation across developmental stages, between genotypes and treatments, even with minimal tissue availability. With a standardized sampling strategy and consistency in sectioning, the resulting microscopy images may allow us to distinguish more subtle lignification patterns under various conditions.



Multiple improvements are required before the quantification of fluorescence intensity from obtained fluorescent images is realistic. Taking the apple root resistance to infection from P. ultimum as an example, the selection of roots with a identical physiological status and/or differentiation stage is extremely challenging if not impossible. This is partly because root growth and differentiation are a continuing process with high plasticity in response to surrounding conditions. The equivalent timing of pathogen exposure on selected root segments (between tested plants) is difficult to control, and yet it can be a source of variation in the lignification level and fluorescence intensity. Additionally, the uniformity or consistency in the thickness of tissue sections within or between selected root segments will almost certainly influence the captured fluorescence intensity. In addition to all of these variables, the degree of lignin fluorescence can also depend on structural variation within the molecule, as well as on the linkages between lignin and carbohydrates [36]. Therefore, the current report is simply a proof-of-concept that takes advantage of auto-fluorescent lignin and its specific staining using Wiesner reagent. Considerable improvements at multiple steps are required to develop a more ideal procedure to investigate the subtle phenotypic variation in lignin deposition during defense activation. Such a novel approach should greatly facilitate the elucidation of the role of cell wall lignification in young and miniature apple roots during defense activation against invading necrotrophic pathogens.





3. Materials and Methods


3.1. Preparation of Apple Plants by Tissue Culture


Tissue culture-based micro-propagation procedures were used to obtain individual apple plants for infection assays and tissue collection as described previously [5]. A micro-propagation process was carried out to generate apple plants with root tissues and to synchronize the developmental stages of both genotypes. A four-week period of root induction in tissue culture medium was followed by one week of root acclimation in soil in a growth chamber. Roots were then ready for P. ultimum inoculation. To minimize transplanting, shock pots were placed within a 10 × 20-inch flat tray and were covered by a transparent 7″ Vented Humidity Dome (Greenhouse Megastore, Danville, IL, USA). All the plant groups were watered identically every other day.




3.2. Wiesner Staining of Lignin and Microscope Images of Sectioned Apple Root Tissue


The Wiesner (phloroglucinol-HCl) staining [52] of hand-sectioned apple root tissues was used to detect the lignin deposition patterns for brightfield imagery. Root sections 80 to 100 μm thick were made by hand using Personna #74-0002. The tissue sections were kept in 4 °C water before staining. At least three plants were used for the selected genotype. For better comparability, the root segments were sectioned using segments at a similar position of 1 cm from the root tip between selected root branches; the resulting root tissue sections represent similar or comparable stages in terms of development and differentiation. Sections were visualized and documented using an Echo Revolve fluorescence Microscope (Discovery Echo, San Diego, CA, USA). The microscope was equipped with a 470/40 excitation filter, 525/50 emission filter, and 495 dichroic mirrors.





4. Conclusions


Tissue lignification has been hypothesized to be an important mechanism of plant disease resistance [18,19]. Our transcriptomic data clearly indicated that upregulated phenylpropanoid synthesis, lignin monomer transportation, and laccase-directed lignin formation may significantly contribute to apple root resistance traits to P. ultimum infection [1,2,3]. However, investigating relevant phenotypic changes at cellular and anatomical levels in young apple roots remains considerably challenging due to existing unique barriers, as discussed earlier. The capability of detecting autofluorescent lignin should provide a new perspective for examining cell wall lignification. This study aimed to explore the feasibility of tracking lignin deposition in young apple roots by comparing brightfield and fluorescence imagery. The microscopic observation method should provide much-needed, real-time cellular features for their connection to the apple root resistance responses. Further improvement in the procedures is needed, such as better standardization on root section quality, root developmental stage, and timing of the infection process. The location and intensity of lignin-originated fluorescence could be exploited to uncover the patterns of its deposition between rootstock genotypes, under various treatments, and at different timepoints during infection.
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Figure 1. Brightfield and fluorescent images of hand-cut sections of apple roots. Apple roots were sectioned using a segment of a selected branch one cm behind the root tip. Both brightfield and fluorescent images were captured using an Echo Revolve microscope (ECHO Discovery, San Diego, CA, USA). Magnification of 200×, Scale bar = 80 nm. (A) is the brightfield image of hand-sectioned root tissue without Wiesner staining. (B) is the brightfield image of a root section with lignin-specific staining by Wiesner reagent, showing a typical red-colored ring outside vascular bundles. (C) shows a root section without Wiesner staining, exhibiting a high fluorescence intensity outside vascular bundles, within vascular bundles, and along the epidermis. (D) shows the fluorescence image of a section that was stained with Wiesner reagent. 
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Figure 2. The regulation pattern of apple MATE genes in roots during P. ultimum infection. (A) The induction trend of identified MATE genes in a resistant genotype of G.935; (B) the regulation pattern of identified MATE genes in a susceptible genotype of B.9. Values on the X axis represents the direction and intensity of the regulation of identified MATE genes; individual MATE genes are shown on the Y. Bars of three colors represent the three time points at 24 hpi (blue), 48 hpi (orange) and 72 hpi (green). The normalized transcript abundance was compared between values from P. ultimum inoculated tissues and those from mock inoculated tissues at the same timepoint within a genotype. Gene ID was identified according to apple genome 3.01a. 
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Table 1. The top ten most enriched pathways due to the Pythium ultimum infection of apple roots.
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	Pathways with Mostly Enriched DEGs
	24 hpi
	48 hpi
	72 hpi
	96 hpi





	1.
	Biosynthesis of amino acids
	18
	56
	40
	30



	2.
	Carbon metabolism
	0
	44
	34
	21



	3.
	Glycolysis/Gluconeogenesis
	0
	38
	25
	0



	4.
	Phenylpropanoid biosynthesis
	0
	25
	21
	19



	5.
	Flavonoid biosynthesis
	8
	17
	17
	14



	6.
	Methane metabolism
	5
	19
	15
	10



	7.
	Cyanoamino acid metabolism
	6
	14
	14
	12



	8.
	Pyruvate metabolism
	0
	26
	20
	0



	9.
	Phenylalanine, tyrosine and tryptophan biosynthesis
	6
	15
	13
	8



	10.
	Phenylalanine metabolism
	0
	15
	12
	15







Values are the numbers of differentially expressed genes (or DEGs) identified at various timepoints (hour post inoculation or hpi) after pathogen inoculation. DEGs were identified using the criteria of the two-fold change of transcript abundance by comparing the normalized transcript abundance levels between mock inoculation control and P. ultimum infected apple roots at each timepoint. The genes were assigned to their biologically relevant pathways using the KEGG (Kyoto Encyclopedia of Genes and Genomes, http://www.kegg.jp/) pathway database through the KEGG Automated Annotation Server (KAAS) [Kanehisa et al, 2000]. The analysis of the significant KEGG pathway terms was identified with a p-value < 0.05. hpi (hours post inoculation).
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Table 2. Identified genes with annotated function in phenylpropanoid and flavonoid biosynthesis.
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Gene ID

	
KEGG

	
Annotated Function

	
FC at 48 hpi






	
Phenylpropanoid Biosynthesis (ko00940)

	




	
MDP0000668828

	
K10775

	
phenylalanine ammonia-lyase [EC:4.3.1.24]

	
3.1




	
MDP0000175949

	
K01188

	
beta-glucosidase [EC:3.2.1.21]

	
85.8




	
MDP0000315857

	

	

	
99.1




	
MDP0000293578

	
K01904

	
4-coumarate—CoA ligase [EC:6.2.1.12]

	
2.6




	
MDP0000225698

	
K00487

	
trans-cinnamate 4-monooxygenase [EC:1.14.13.11]

	
2.6




	
MDP0000576346

	

	
4.6




	
MDP0000376347

	
K12355

	
coniferyl-aldehyde dehydrogenase [EC:1.2.1.68]

	
7.6




	
MDP0000438458

	

	

	
5.1




	
MDP0000123993

	
K00083

	
cinnamyl-alcohol dehydrogenase [EC:1.1.1.195]

	
5.2




	
MDP0000233961

	

	

	
5.1




	
MDP0000488361

	

	

	
2.3




	
MDP0000509183

	
K00430

	
peroxidase [EC:1.11.1.7]

	
5.4




	
MDP0000215414

	

	

	
2.7




	
MDP0000233961

	

	

	
4.2




	
MDP0000818140

	
K12356

	
coniferyl-alcohol glucosyltransferase [EC:2.4.1.111]

	
4.3




	
MDP0000160216

	
K13065

	
shikimate O-hydroxycinnamoyl transferase [EC:2.3.1.133]

	
4.6




	
MDP0000630030

	
K09755

	
ferulate-5-hydroxylase [EC:1.14.-.-]

	
7.5




	
Flavonoid biosynthesis (ko00941)

	




	
MDP0000686666

	
K00660

	
chalcone synthase [EC:2.3.1.74]

	
3.4




	
MDP0000686661

	

	

	
2.9




	
MDP0000274127

	
K01859

	
chalcone isomerase [EC:5.5.1.6]

	
2.7




	
MDP0000759336

	

	

	
2.2




	
MDP0000239947

	
K00475

	
naringenin 3-dioxygenase [EC:1.14.11.9]

	
2.2




	
MDP0000166375

	

	

	
2.4




	
MDP0000225698

	
K00487

	
trans-cinnamate 4-monooxygenase [EC:1.14.13.11]

	
2.6




	
MDP0000576346

	

	

	
4.6




	
MDP0000127185

	
K05280

	
flavonoid 3′-monooxygenase [EC:1.14.13.21]

	
2.4




	
MDP0000286933

	

	

	
2.3




	
MDP0000788934

	
K05277

	
leucoanthocyanidin dioxygenase [EC:1.14.11.19]

	
2.3




	
MDP0000225491

	
K13081

	
leucoanthocyanidin reductase [EC:1.17.1.3]

	
4.5








DEGs were identified using the criteria of a two-fold change in transcript abundance by comparing the normalized transcript abundance levels between mock inoculation control and P. ultimum infected apple roots at 48 hpi. The genes were assigned to their biologically relevant pathways using the KEGG (Kyoto Encyclopedia of Genes and Genomes, http://www.kegg.jp/) pathway database through the KEGG Automated Annotation Server (KAAS) [41]. The analysis of significant KEGG pathway terms was identified with a p-value < 0.05.
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Table 3. Transcription factors in secondary metabolism and laccases genes targeted by microRNAs.
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Transcription Factors and Lignin Formation

being Targeted by microRNA Degradation

	
Example of

Target Genes

	
Involved miRNA

Family Members






	
NAC domain-containing protein

	
HF09293

	




	
HF24823

	
miR164 (a, d, h)




	
HF22809

	




	
Transcription factor GAMYB

	
HF16566

	
miR319 (a, c, f)




	
Transcription factor MYB101

	
HF03499

	




	
Transcription repressor MYB4

	
HF00466

	




	
Transcription factor MYB26

	
HF08482

	




	
Transcription factor MYB3

	
HF13279

	




	
Transcription factor MYB15

	
HF16086

	




	
Transcription factor MYB44

	
HF21717

	
miR858




	
Transcription factor MYB1

	
HF24028

	




	
Transcription factor MYB102

	
HF29485

	




	
Transcription factor MYB7

	
HF05712

	




	
Transcription factor GAMYB

	
HF17403

	
miR159 (a–c)




	
Laccase-3

	
HF40034

	




	
Laccase-5

	
HF23917

	




	
Laccase-7

	
HF26400

	
miR397 (b)
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