Differential blight tolerance of English boxwood associated with phyllosphere endophyte abundance, microbiota core and networks
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Abstract
[bookmark: _Hlk101422159]A recent study with representative samples showed that differential blight tolerance of English boxwood correlated with the ratio of cultured foliar bacterial and fungal endophytes. Here, we expanded to include ninety samples from the tolerant (T), moderately tolerant (M) and susceptible (S) plants and analyzed their endophytic communities using a culture-independent microbial DNA amplicon barcoding method to further explore the association between the tolerance and the phytobiomes. There were no significant differences in community diversity among the tolerant T, M and S plants. However, relative abundance of bacterial genera was higher in T than in S samples. Furthermore, three and four unique core bacterial and fungal taxa were present in the T and S endophyte communities, respectively. Moreover, T and S microbial networks differed in the degree and betweenness centralities although they were similar. Specifically, the T-network had fewer but more highly connected bacterial hubs and more bacterium-associated clusters than the S-network, implicating greater contribution of the bacterial community to the tolerance. Collectively, bacterial abundance, core microbiota and network structure of the endophytic community may be the attributes of the English boxwood blight tolerance which can be reserved by vegetative propagation as demonstrated in tolerant mother and daughter plants. 

Introduction
[bookmark: _Hlk94019862]Endophytes have recently received substantial attention in plant microbiome research due to their role as hidden actors in plant immune responses against biotic and abiotic stresses and potential applications in promoting plant health and productivity (Afzal et al. 2019;  Compant et al. 2019;  Khare et al. 2018;  Oukala et al. 2021). Yet, most studies have focused on individual endophytes instead of the entire endophytic community due to the difficulties in community-scale isolation and cultivation. Although such individuals may possess beneficial traits, they cannot be used to predict the attribute of the community assemblages (Trivedi et al. 2020). For instance, among eight isolates identified from a blight symptom reversed boxwood leaf following infection by Calonectria pseudonaviculata (Cps), only two, Burkholderia sp. SSG and Pseudomonas lactis SW had significant antagonistic activities (Kong 2019;  Kong and Hong 2020a). SSG strongly suppressed boxwood blight and was a plant growth promoter and defense inducer (Kong and Hong 2020b;  Kong et al. 2022), but it was least abundant among the eight isolates. SW was most abundant but only moderately effective against boxwood blight. More importantly, the remaining isolates were weak or non-suppressors of Cps (Kong 2019;  Kong and Hong 2020a) and together they only account for a tiny portion of the culturable leaf endophyte community of origin, not to mention the entire endophyte community (Kong et al. 2021). How these isolates from the same leaf may have interacted to contribute to the blight symptom reversion at the inoculation site is unclear. 
[bookmark: _Hlk101357986]Microbiomes have been considered as an extension of the host genomes playing important roles in the plant immune system (Khare et al. 2018;  Turner et al. 2013). Manipulation of phyllosphere microbiome has been used successfully in altering disease susceptibility (Berg and Koskella 2018;  Chaudhry et al. 2020). However, endophytic microorganisms as communities, are not well understood especially in how they affect plant resistance against diseases. The advent of next-generation sequencing technology (NGS), metagenomics, and metatranscriptomics has led great progress in understanding interactions between endophytes and their plant hosts (Kaul et al. 2016;  Wagner et al. 2020). With Oxford Nanopore sequencing technology (ONT), we have learned the differential tolerance of English boxwood was associated with the composition of culturable endophytes (Kong et al. 2021).
English boxwood (Buxus sempervirens ‘Suffruticosa’) is an iconic landscape plant that is highly susceptible to Cps (Ganci et al. 2013;  LaMondia and Shishkoff 2017;  Shishkoff et al. 2015). Due to continual spreading of boxwood blight, this landmark plant is endangered (Daughtrey 2019;  Hong 2019). One positive discovery from a recent study indicates that different plants with the same genetic makeup can have different responses to the blight from tolerant (T) to moderately tolerant (M) and highly susceptible (S), and these differential responses were somehow linked with culturable endophytes (Kong et al. 2021). This finding supports the notion that endophytes are an extension of the host genomes that may help protect English boxwood plants to some extent. 
To further understand how the endophyte communities may contribute to tolerance in the plants, we conducted metagenomics on 90 samples collected from English boxwood plants of four age groups in three locations and two seasons. We used DNA barcoding method targeting bacterial and fungal universal genes (Schoch et al. 2012;  Weisburg et al. 1991) to overcome the limits of culture-dependent endophyte sequencing (Martiny 2019). Following ONT-MinION sequencing and classifying the sequencing reads, we analyzed endophytic community diversities under the influence of blight tolerance, season, location, and plant age. We then compared endophyte compositions, abundances, and networks of the endophyte communities between the tolerant and susceptible groups to identify the core microbiota and network structures in tolerant plants.  Additionally, we analyzed compositions in a tolerant mother and daughter plant to determine whether an endophytic community may be transferred. The results of this study improve our understanding of the association of endophyte communities in plant tolerance and shed the light on identifying the beneficial microbial assemblages for plant health. 

Materials and Methods
[bookmark: _Hlk107325414]Plant samples. 90 samples of English boxwood (Buxus sempervirens) from three replicates of plants of 15 different ages were used in this study. Samples were collected in the summer and fall of 2019 from three locations of Virginia, Virginia Beach, Williamsburg, and Northern Virginia. They belonged to four age groups: very young (5 to 10 years, C), young (20 to 30 years, Y), old (60 to 70 years, O) and very old (over 100 years, H) and three tolerance groups to boxwood blight pathogen, Calonectria pseudonaviculata (Cps): tolerant (T), moderately tolerant (M) and susceptible (S) (e-Xtras Table 1).  The tolerance was evaluated previously by using three cuttings from each sample (Kong et al. 2021). 
[bookmark: _Hlk52715418]DNA extraction from plant samples. Three leaves were taken from each of the three cuttings of a sample before tolerance evaluation for DNA extraction. Prior to DNA extraction, the leaves were surface sterilized with 70% ethanol for one min followed by surface DNA removal with 10% bleach and three rinses in the sterilized distilled water (SDW) and blotting dry with a sterilized paper towel. The cleaned leaves were then cut into small pieces and placed in a pre-sterilized 2-ml microtube containing 1 ml SDW, 0.3 ml 1.4 mm Zirconium beads (MP Biomedicals, Santa Ana, CA, USA), and one ¼" (6.35 mm) ceramic sphere (OPS Diagnostics, Lebanon, NJ, USA). To crush the plant tissue, the tubes were placed on FastPrep-24™ Classic bead beating grinder and lysis system (MP Biomedicals, Santa Ana, CA, USA) and vibrated for 2× 30 sec at speed 6. The homogenized tissue was precipitated by centrifuged at 12,000 g for 5 min to have pellet for DNA extraction. DNA extraction of each sample was done with DNeasy Plant Mini Kit (QIAGEN, Germantown, MD, USA) as instructed by the manufacture after further homogenizing the pellet for 3×30 sec at speed 6 on the FastPrep-24™ grinder. DNA concentration was measured with Quantus™ Fluorometer (Promega Corporation, Madison, WI, USA).
[bookmark: _Hlk68345614][bookmark: _Hlk57905525]Preparation of genomic DNA amplicons of 18sITS region and 16S rRNA gene. DNA of plant samples was amplified by PCR after adjusted for concentration to 2 ng μL-1. The primer sets NSA3 (5'-AAACTCTGTCGTGCTGGGGATA-3') and NLC2 (5'-GAGCTGCATTCCCAAACAACTC-3') for fungal 18sITS region (Martin and Rygiewicz 2005) and 27F and1492R for bacterial 16S rRNA gene were tailed for sequencing with PCR barcoding amplicons as instructed by Oxford Nanopore Technologies (ONT, Oxford, UK). The PCR reaction was a 50 μl mixture containing 0.25 µl recombinant Taq DNA polymerase, 5 µl 10×PCR buffer and 4 μl dNTP mixture (TaKaRa Bio, Japan), 20 pmol each tailed forward and reverse primers and 2 ng template DNA. The PCR was programed with an initial denaturation at 94°C for 5 min, 30 cycles of denaturation at 94°C for 30 sec, annealing at 65°C for 45 sec and extension at 72°C for 1 min, at, and a final extension at 72°C for 10 min. PCR products from the two reactions for bacteria and fungi of the same sample were combined, followed by purification with EZ-10 Spin column PCR Products Purification Kit (Bio Basic, Markham, ON, Canada). 
ONT sequencing. Sequencing library construction was done with the ONT protocol for PCR barcoding amplicons. In addition to the purified 100 fmol (~80 ng) amplicons, the library construction also used ONT Ligation Sequencing Kit (SQK-LSK109), PCR Barcoding Expansion 1-12 (ONT, Oxford, UK) and NEBNext® Companion Module for ONT ligation sequencing and LongAmp Taq 2× Master Mix (New England Biolabs, Ipswich, MA, USA). The PCR for barcoding were set for 12 cycles. Each library included six barcoded amplicons of individual samples.
Sequencing was run on ONT MinION sequencer after a library was added to the MinIon flow cell R9 (ONT, Oxford, UK). Sequencing and base calling were performed through MinKnow for windows (version 19.06.7) with a fast base calling model at a quality threshold score10. Minimum read length was set as >1,000 bp. Base-calling also was conducted simultaneously through EP2ME platform (ONT, Oxford, UK). The sequencing run terminated when reads reached 700,000. Additional runs were conducted for a sample with reads less than 30,000.  
[bookmark: _Hlk100657493][bookmark: _Hlk100584899]Bioinformatics. The base called reads were analyzed with the What Is in My Pot (WIMP) workflow (rev.2020.05.19) on the EP2ME platform. The output of WIMP was a csv file containing taxonomy assignment to each read. An in-house python script and the pivotable function in Microsoft Excel were used to aggregate taxa and the corresponding read numbers and generate OTU table after combining the reads of each OTU for individual samples. Since taxonomy assignment was given by a NCBI taxonomy ID, ete3 package (Huerta-Cepas et al. 2016) was used to retrieve taxonomic lineage from the NCBI taxonomy database for each taxon. In our case, each taxon is equivalent to an Operational Taxonomic Unit (OTU). Unassigned reads and those assigned to other microbes other than fungi, archaea, and bacteria, including Cyanobacteria were excluded. The sample-table (e-Xtras Table 1), OTU-table (e-Xtras Table 5), and taxonomy-table (e-Xtras Table 6) was then imported into a phyloseq object (McMurdie and Holmes 2013) for downstream statistical analyses in R (Shetty et al. 2020). 
The sequencing depth with ONT for 90 samples ranged between 14481 and 292233 per sample (average 7,078,604/90=78651) at the sequencing quality (Q) score of 10. Among the samples (e-Xtras Table 1), 2846 taxa (e-Xtras Table 5), including microbes from archaea, bacterial and fungi, were identified. The average sequencing coverage or depth based on the number of taxa detected for each sample was 53 ×, i.e., the average reads per sample/total OTUs detected. To ensure equal depth in the samples and accurately assess the number of OTUs in each sample, the read count data at Min = 14481, Median = 71618, Mean = 78651, Max = 292233 were normalized by rarefaction with the minimal sample depth. The normalization resulted in reduced taxa of 1826 and read count data or the pruned OTU table (e-Xtras Table 2) and associated taxonomy table (e-Xtras Table 3), which with e-Xtras Table 1 were save as rarefied phyloseq object that was used for measuring sample distance matrix and relative OTU abundance in samples or groups. 
Statistical analyses. The alpha diversity of the endophyte communities in English boxwood was presented with the observed OTUs (richness) and Shannon index (evenness) (Shannon 1948), which were assessed via the alpha function in the microbiome package (Shetty et al. 2020). The diversity differences within and between communities were analyzed with ANalysis Of VAriance (ANOVA).  
Beta diversity or the overall taxonomic composition among communities was measured using Bray-Curtis dissimilarity index (Somerfield 2008). Separation of the diversity was done with PERmutational Multivariate ANalysis Of VAriance (PERMANOVA) using function adonis in vegan package (Anderson 2017;  Jari Oksanen et al. 2020). The homogeneity of dispersion among the groups was tested with 1,000 permutations using function betadisper and permutest from the vegan package. 
To analyze taxonomy composition and core microbiome between tolerance samples, the pruned OTU table was aggregated to the taxonomic level of interest and the relative abundance of each taxon was calculated using microbiome package functions aggregate_top_taxa and transform, respectively. Barplots were made to present the microbial community compositions.
To assess the core microbiome, the read count data at genus level then were normalized to compositional data. Heatmaps were plotted to visualize the prevalence and the relative abundance of the top genera between communities of interest using microbiome package function plot core.
The differential abundance analysis between the groups of interest was performed using Linear discriminant analysis Effect Size (LEfSe) (Segata et al. 2011) from the package microbiomeMarker run_LEfSe function (Cao 2020). The model was set as a function of paired samples between the tolerant and susceptible of the same age group with and without parenthood. Taxa rank was set at genus level. The separation was done with Wilcoxon test at α = 0.05. The default LDA score at threshold of log2 was set for discriminative features. The effect size was estimated at log 10. 
R package NetComi (Peschel et al. 2021) was implemented to streamline the network construction, analysis, comparison, and visualization. For comparison, samples of tolerant and susceptible were isolated from the rarefied phyloseq object respectively and input into function netConstruct for network construction. SPRING (Semi-Parametric Rank-based approach for Inference in Graphical model) (Yoon et al. 2019) was used as association measure to infer the conditional dependence in the data and measure the correlations between two taxa. A “signed” distance metric was used to transform the estimated partial correlations to dissimilarities, and the corresponding similarities were used as edge weights. Eigenvector centrality was used for scaling node sizes. Clusters as presented by node colors are determined using greedy modularity optimization. Network properties (i.e., betweenness, degree and eigenvector) were calculated using the function netAnalyze from NetComi to determine “hub” or keystone taxa. Network nodes were clustered using “cluster_fast_greedy” algorithm of igraph from NetComi. The resulting analyzing output was used for visualization. Default 1000 permutation tests were done to determine differences between the global network properties of the two networks.
Data Availability. Data for Phyloseq objects, including sample metadata (e-Xtras Table 1), and taxonomy tables (e-Xtras Table 2, 5) and OTU Tables (e-Xtras Table 3, 6), were provided as supplementary materials. The sequence data have been deposited in the NCBI BioProject database (https://www.ncbi.nlm.nih.gov/sra) under accession: PRJNA833315. 

Results
[bookmark: _Hlk54098756][bookmark: _Hlk92796962]The endophyte diversity of English boxwood samples. Community diversity analyses (i.e., alpha diversity and beta diversity) were based on the rarefied sequence data set (e-Xtras Table 1-3). Significant differences were observed in the endophytic community evenness among the locations (p = 0.0282) but not among blight tolerance and age groups (Table 1). There was no significant interaction between blight tolerance and other factors, indicating independence of tolerance from those factors in alpha diversity. Similarly, difference was seen in the endophytic community structure among the locations (p = 0.0470) and seasons (p = 0.0219) but not among the blight tolerance groups according to the permutational multivariate analysis of variance (PERMANOVA) on Bray Curits dissimilarity (Table 1).
Endophyte composition and differential abundance among the tolerance groups
The endophytic community composition among three tolerance groups were different although their structures were similar. The differences were observed at all taxonomic levels (e.g., Fig. 1A, e-Xtras Table 1-3) although Ascomycota and Proteobacteria were the most abundant fungal and bacteria phylum regardless of tolerance group (e-Xtras Fig. 1). At genus level, the relative abundance of the top fungal taxa Botrytis, Thermothelomyces, and one genus from family (f) Chaetomiaceae accounted for 13.5%, 8.13%, and 6.53% of total community in the S, higher than in other two groups. In contrast, all the top bacteria such as Brevundimonas, Ammonifex, Planctopirus were more abundant in the M (Brevundimonas =14.7%, Ammonifex =7.75%, and Planctopirus =5.11%) and T (Brevundimonas =14.5%, Ammonifex =7.63%, and Planctopirus =5.01%) group than in the S group (Brevundimonas =12%, Ammonifex =6.35%, and Planctopirus = 4.15%). Overall, Brevundimonas was the most abundant bacteria (Figure 1A) and much more abundant in the T community than the S community (Fig. 1B).  Liner discriminant analysis Effect Size (LEfSe) identified six fungal genera and one bacterial genus specific to the S group with significant abundance changes (Fig. 1B). LEfSe also identified six bacterial genera taxa in the T samples, and they belonged to Proteobacteria, Firmicutes or Actinobacteria (Fig. 1B).  
Endophyte core taxa between the tolerant and susceptible samples. Core taxa analysis at detection of 0.01 and prevalence of 0.5 detected 18 and 19 core OTUs in the T and S endophyte community, respectively. Among them, bacterial OTU2581, 1, 1253, 2125, 594, 1648 and 2300 appeared more prevalent in the T than the S (Fig. 2). Three bacterial and four fungal OTUs were unique to the T and S samples, respectively (Fig. 2). They accounted for respective 13.6 and 18.2% of the core taxa detected. The three T-specific core taxa were OTU217 (Proteobacteria), OTU585 (Borrelia miyamotoi) and OTU953 (Planctomycetes). The four S-specific core taxa were OTU1419 (Candida), OTU1606 (Sugiyamaella), OTU400 (Pichia), and OTU398 (Saccharomycetales) (Fig. 2). The rest of fifteen core OTUs, were shared by both plant groups, accounting for 68.2%. Specifically, OTU2581 belonging to Brevundimonas appeared more abundant in the T sample than S samples (Fig. 1B). 
Shared endophyte compositions between tolerant mother and daughter plants. Six Ev170 and six Ev5 samples collected from Colonial Williamsburg Foundation (WF) belonged to two age groups, H (>100 year) and Y (5 – 10 years) (e-Xtras Table 1) and were related. Ev170 was a mother plant, and Ev5 was the daughter resulting from a cutting propagation. All the samples were relatively tolerant (e-Xtras Table 1), and we hypothesized that this shared tolerance may be due to the shared endophytic community between mother and daughter plants. To determine whether the endophyte community may be shared between the mother and daughter plants, we compared the compositions of endophytic communities between the mother and daughter plant samples (Ev170 vs. Ev5) and with those of unrelated English boxwood (Bp10) plant samples that were in the same age group as Ev5 from the same location and had S response to Cps (e-Xtras Table 1). There were no membership differences among the three plant samples. However, the relative abundance of individual members was similar between Ev170 and Ev5 samples. Among 1366 OTUs identified from the mother and daughter plants, only fourteen bacterial genera differed in abundance between the two generations (Fig 3B), and none were core taxa. Thirteen genera enriched in the daughter plants (Ev5), while only one genus Oligella increased in the mother plants (Ev170). The composition of the Bp10 samples from appeared different (Fig. 3A). 
Networks of endophytes between resistant plants and susceptible plants 
Network structures and properties between the T and S communities were compared using NetCoMi to identify candidate microbial assemblages for disease management. Overall, the global network properties of these two endophyte communities were similar (Table 2A). However, they structured differently (Fig. 4). First, the T-network had nine clusters while the S-network had six. The frequencies and membership of the clusters were also substantially different (Table 2B, e-Xtras Table 4). The T network had four unique clusters while the S had one (Table 2B, shaded rows in color), even though there were five shared clusters (in same color) between the networks which contained at least two same nodes. Second, the degree centrality (the number of adjacent nodes) and the betweenness centrality (shortest path between all other nodes) differed between the two networks (Table 3), suggesting the structure of the S network is different from the T network. Third, the hub nodes between the two networks were also different. All hubs of the T network belonged to the same cluster (Color “green 1”) and closely connected, while hubs of the S network affiliated to two clusters (Color “green 1” and “cadet blue”) and were loosely connected (Fig. 4), and only two out of the five hubs (OTU909 and OTU1140) were shared between the T and S networks (Fig. 4). Interestingly, these hubs except for OTU1556, were also core taxa of these two groups and OTU585 (Borrelia) as a hub of the T-network was one of the core taxa of T group (Fig. 2). OTU1556 (c__Ascomycota) in the T was not core taxa but had the highest eigenvector centrality values (Table 2B, e-Xtras Table 4). Finally, the T network had less bacterial hubs than the S network but its unique bacterial hub OTU1 was more positively connected with other clusters compared those (OTU585 and OTU2581) in the S network (Fig. 4), indicating bacterial hubs in the T network were more closely and densely connected with other members of the network, compared to those in the S network. The fungal hubs in the T network tended opposite to the bacterial hubs, which were more distantly and loosely connected with other members, thus less interactive than those in the S network.

Discussion
This study characterized and compared the phyllosphere endophyte communities among English boxwood (Buxus sempervirens ‘Suffruticosa’) plants of varied tolerance to Calonectria pseudonaviculata (Cps). Our results suggest the phyllosphere endophytic communities between the tolerant and susceptible plants are similar in diversity but differ in compositions and networks to some extent. 
The relative abundance of endophytic bacteria and fungi was different among the tolerance groups. Fungal endophytes were more abundant in susceptible plants than tolerant and moderately tolerant plants, congruent with our previous observations (Kong et al. 2021). Specifically, all the dominant fungal genera enriched in the susceptible plants, while six of seven top dominant bacterial genera were enriched in the tolerant plants. However, it is not clear why these fungal and bacterial endophytes favor different tolerant plants. Notably, the top two identified fungal genera Botrytis, such as B. cinerea and Thermothelomyces such as T. thermophilus or Myceliophthora thermophila may be plant pathogens. The former causes notorious plant gray mold diseases and the latter can produce cellulase that degradants plan cell wall (van den Brink et al. 2013). Thus, dominance of these fungal endophytes may lead plants prone to the disease, although none of them are among the most common fungal endophyte genera studied, perhaps, due to their negative effects on plants (Liu-Xu et al. 2022). On the other hand, the top bacterial endophyte genera identified in this study are among those profoundly studied and showing plant beneficial roles (Eljounaidi et al. 2016;  Liu et al. 2017;  Oukala et al. 2021;  Santoyo et al. 2016). Yet, how the individuals of fugal and bacterial endophytes interact to affect plant tolerance, particularly at the species level, remains to be further studied. 
 Core microbiota of other microbial communities has been shown to play a key role in plant fitness (Lemanceau et al. 2017;  Vandenkoornhuyse et al. 2015). We identified 18 and 19 core OTUs in tolerant and susceptible plant endophytes, respectively. These core species belong to diverse microbial phyla, but there are few belonging to those often observed in other plant species such as Pseudomonas, Agrobacterium, Methylobacterium, Sphingomonas, Erwinia, Cladosporium, Coniothyrium, Resinicium, and Fusarium (Trivedi et al. 2020). This indicates that English boxwood has its own essential members in the endophyte community since the recruitment and succession of endophytes is highly regulated by the plant (Santoyo 2021) . There are three (OTU217, 585 and 953) and four (OTU1419, 1606, 400 and 398) of core microbiota unique to the tolerant and susceptible plant endophyte community, respectively. Of the three OTUs specific to the tolerant group, OTU585 was identified as Borrelia miyamotoi (Kubiak et al. 2021), a member of Spirochaetes widespread in the environment and chemoheterotrophic in nature (Gupta et al. 2013). The other two OTU217 and OTU935 have belong to Proteobacteria and Planctomycetes with their genus identities yet to be determined. Proteobacteria are one of frequently reported phyla as endophytes or plant-associated microbes and many of them are plant probiotics (Estrada-Peña and Cabezas-Cruz 2019;  Jumas-Bilak and Marchandin 2014;  Thurnheer et al. 2019). Planctomycetes is mostly identified in aquatic environment but its presence in rhizosphere has also been reported (Hamonts et al. 2018;  Lemanceau et al. 2017).  Members in phylum Planctomycetes is capable of assimilating large molecules via an endocytosis process and producing antibiotics (Lonhienne et al. 2010;  Yadav et al. 2018). The presence of such microbial phyla with beneficial functions in the tolerant plant agrees with the notion that no single phylum is uniquely associated with a specific function (Trivedi et al. 2020).
Hubs, or keystone OTUs are highly connected taxa that individually or in a guild exert a considerable influence on microbiome structure and functioning and determined through computational inference (Banerjee et al. 2018, 2019), e.g., the centrality values of highest degree, betweenness, closeness and eigenvector (Peschel et al. 2021) as used in this study. Many of these core microbiotas identified in this study happen to be the hubs of endophyte network. Except for hub OTU1556 in the T-network, all hubs are core microbiota, suggesting heightened significance of these endophytes in the communities. Notably, OTU1556 an unknown Ascomcota and hub OTU585 have relatively low abundance, indicating that keystone OTUs do not have to be dominant, which agrees with the notion that hub microorganisms influence the community structure not simply with their high abundance but through strong biotic interactions with the host or with other microbial species (Guo et al. 2022;  Lynch and Neufeld 2015;  Trivedi et al. 2020). Meanwhile, OTU585 as a hub of the S-network is the core microbiota of the tolerant group, indicating these core taxa are important to endophytic communities in boxwood in general. However, specific co-occurrence relationship among taxa in the networks remains to be further studied.
How the identified hubs may affect their communities is not clear, but it may be predicted through their connections in the networks. For example, two shared hub OTUs (OTU909: Sneathia amnii and OTU1140: Botrytis cinerea) in the S- and T-networks are more associated with fungal and bacterial OTUs, respectively, suggesting that they drive different interactions in the networks. Furthermore, the shared hubs had more negative associations in the T-network than in the S-network, indicating their relations with other members may be different, depending on the plant disease tolerance. Other unshared hubs may also play distinct roles in the respective networks as those shared ones, and additionally they may be more interactively due to the more bacterial associated clusters that they are in and properties of the networks. In the T-network, such interactions may be magnified because of higher relative abundance of bacterial hubs even though the number of such hubs are fewer compared to the S-network. This is supported by our recent findings. The tolerant English boxwood had higher ratio of bacteria than the susceptible ones(Kong et al. 2021), and many of them are potential biocontrol agents(Kong 2019;  Kong and Hong 2020a).Thus, the associations with bacteria in the T-network may be a proxy of tolerant plant endophyte community.
Except for the unclassified bacterial hub OTU1 in the T-network and hub OTU2581(Brevundimonas sp) in the S-network, other hubs identified in this study are not in common with plant associated microbiota described previously such as the orders of Rhizobiales, Burkholderiales and Psudomonadales (Banerjee et al. 2018). This result may be simply due to limited reports so far (Banerjee et al. 2018) and different source plants that regulate recruitment and succession of endophytes (Santoyo 2021). There are a few surprises. First, the hub OTU909: Sneathia amnii is commonly found in women urogenital tract (Harwich et al. 2012) and its association with plants has not been described. Notably, it has toxin-antitoxin systems that may function as important stress response regulators of the switch from the planktonic to the biofilm lifestyle (Wang and Wood 2011). Second, the hub OTU1140: Botrytis cinerea an airborne plant pathogen with a necrotrophic lifestyle attacking over 200 crop hosts (Williamson et al. 2007) and has been called as an erratic endophyte with vastly underestimated ecological and disease epidemiology impact (van Kan et al. 2014). Since it presents in all the plant samples that looked healthy, the fungus is likely a regulatory endophyte that performs depending on the endophyte networks. However, how it interacts with other members in the endophytic communities, subsequently contributing to plant resistance to boxwood blight deserves further study. In addition to above two shared hubs in S- and T- networks, other classified hubs identified in this study are also interesting. Hub OTU585: Borrelia miyamotoi of the S-network is a tickborne pathogen causing human febrile (Telford et al. 2015). For other two hubs of the S-network,  OTU1418: Thermothelomyces thermophilus is novel anticancer compound producer (Gao et al. 2021) and OTU2581: Brevundimonas sp. is a potential as growth enhancer and root colonizer (Naqqash et al. 2020). However, neither of them has been reported as endophytes, Thermothelomyces thermophilus is frequently isolated from soil and self-heating compost and is heat tolerant, and Brevundimonas sp. has been isolated from rhizosphere soil. Again, their roles in plant tolerance to Cps are unknown. Of the T-network, hub OTU509 is in the family of Chaetomiaceae belonging to Sordariomycetes that are fungicolous fungi that feed on other fungi (Maurice et al. 2021;  Sun et al. 2019), and one genus Pestalotiopsis has been reported as endophytes of trees, plastic eaters, and plant pathogens (Maharachchikumbura et al. 2014;  Russell et al. 2011). We have isolated a few Pestalotiopsis species that limited Cps culture growth from both boxwood blight-tolerant and susceptible plants (Data is not shown). 
[bookmark: _Hlk101443864]Vegetative propagation is an alternative to utilize the whole microbial community of a tolerant plant. This study shows that the microbial assemblages in a mother plant may be transferred to offspring through vegetative propagation. The five-year plant Ev5 from Ev170 by cutting propagation shared not only the tolerance but also the endophyte composition and abundance from the mother plant Ev170, suggesting that cutting is a way of propagation to transfer   beneficial microbial assemblages from one generation to next. Microbiome transfer via soil or seed between plant generations has been shown effectively improved plant stress tolerance in the offspring (Gehring et al. 2017;  Lau and Lennon 2012;  Shade et al. 2017). Compared to the cutting mediated microbiome transfer, the soil- or seed-mediated transfer may be less direct and effective because it is subject to microbe reassembly that is a successional and multiple step process (Shade et al. 2017;  Torres-Cortés et al. 2018) and can cause changes of composition throughout plant development (Cregger et al. 2018;  de Souza et al. 2016;  Edwards et al. 2018). Further investigation is warranted to confirm whether endophytes are truly responsible for differential tolerance of English boxwood and whether the cutting-mediated microbiome transfer allows maintaining the original networks of mother plants. The former needs microbial free plants from meristem-tip tissue or protoplast culture for tolerance test, and the latter requires more samples from mother and daughter for endophyte composition analysis. 
In this study, we developed a protocol for metagenomics of plant endophytes including bacteria and fungi through sequencing the long amplicons of 16S and fungal-specific DNA regions with Oxford Nanopore Technologies (ONT). This protocol has a few advantages. First, it avoids the major issues associated with culturing methods (Kong et al. 2021) that exclude unculturable microbes while being biased due to preference to media of culturable endophytes. Second, it mitigates wasteful DNA sequencing from plant tissue and dominant plant genome sequence separation and removal after sequencing. Indeed, we had an excellent sequencing coverage of more than 50× and identified substantially more taxa than those identified with endophyte culture method (Kong et al. 2021). We also found that the top abundant taxa differed greatly between the culture dependent and independent methods, indicating abundance bias from the culture dependent method. Third, this protocol sequences combined fungal and bacterial specific amplicons from equal amount of sample genomic DNA. Thus, it reduces the cost, labor and time of sequencing while allowing estimating the microbial community abundances from the same amount of sample DNA. The Dikaryomycota-specific primers (Martin and Rygiewicz 2005) we adopted amplify the entire ITS region as well as part of the small and large subunit-coding sequences of the ribosomal operon. This long ITS minimizes the length bias during sequencing with full length 16S rRNA gene. We adopted Dikaryomycota-specific primers (NSA3/NLC2) that amplify the entire ITS and part of the small and large subunit-coding sequences of the ribosomal operon for fungal amplicons to minimize bias due to the size difference from 16S rRNA gene amplicons for bacteria. Fourth, because ONT provides long sequences, each read from the sequencing represents a full-length sequence of fungal or bacterial amplicons. As a result, the sequences can be classified to species level eliminating assembly associated mistakes by short fragmentation sequencing like with 454 pyrosequencing and Illumina sequencing (Goldstein et al. 2019;  Olson et al. 2017). Lastly, WIMP workflow on ONT EP2ME platform classifies reads/sequences of samples into taxa through the Centrifuge classification engine according to NCBI taxonomy. The output CSV files can be readily converted into the phyloseq objects in R for downstream analysis of endophytic microbiome. Therefore, this mixed full length bacterial and fungal amplicon sequencing with ONT can have a broad use for study microbiome of large samples from plants and other environments.
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Tables
Table 1. Diversity measurements and analyses of English boxwood endophyte communities
	Community
	Alpha diversity (ANOVA)
	
	Beta diversity (PERMANOVA)

	
	Richness
(OTU counts)
	
	Evenness
(Shannon Index)
	
	Community structure 
[bookmark: _Hlk100557943](Bray-Curtis)

	
	F
	p (>F)
	
	F
	p (>F)
	
	R2
	F
	p (>F)

	Tolerance
	0.288
	0.7505
	
	0.168
	0.8454
	
	0.03461
	1.81162
	0.08891

	Season
	3.802
	0.0559
	
	3.334
	0.0729
	
	0.02986
	3.12608
	0.02198

	Location
	3.151
	0.0501
	
	3.794
	0.0282
	
	0.04050
	2.11950
	0.04695

	Age group
	0.82
	0.4873
	
	0.922
	0.4359
	
	0.03190
	1.11305
	0.29970

	Tolerance × season
	2.229
	0.1167
	
	0.618
	0.5424
	
	0.01740
	0.91088
	0.46454

	Tolerance × location
	0.077
	0.9719
	
	0.207
	0.8913
	
	0.04256
	1.48493
	0.12088

	Tolerance × age group
	0.791
	0.5605
	
	0.459
	0.8051
	
	0.05186
	1.08564
	0.31069



Table 2. Global network property comparison of the endophytes between tolerant and susceptible English boxwood plants 
A. Global network measures
	Global network measures x
	Tolerant
	Susceptible
	Abs.diff.
	P-value

	Number of components         
	1       
	4
	3
	0.4076

	Clustering coefficient.
	0.122       
	0.114        
	0.008    
	0.8442

	Modularity
	0.477       
	0.502        
	0.025    
	0.6094  

	Positive edge percentage    
	75.983      
	71.818        
	4.164    
	0.3676

	Edge density
	0.046
	0.047
	0.001
	0.9121

	Natural connectivity         
	0.013
	0.013
	0
	0.6234

	Vertex connectivity
	1
	1
	0
	1

	Edge connectivity
	1
	1
	0
	1

	Average dissimilarity y
	0.985
	0.986
	0
	0.9820

	Average path length z
	2.409       
	2.391
	0.017    
	0.9540 


X The group differences are compared with the Spring method via NetCoMi netCompare. Permutation tests were done with 1000 permutations and adjusted with "adaptBH" at cores of 2, seed of 111. The P-value for testing the null hypothesis H0: |diff| = 0.
Y Dissimilarity = 1 - edge weight
Z Units with average dissimilarity
B. Clusters, top centrality values, and the corresponding genus/group between the networks
	Tolerance
	Cluster W
	Name
	Count
	Eigenvector
	Top genus X
	Degree
	Top genus Y
	Betweenness
	Top genus Z

	[bookmark: _Hlk100049483]Tolerant
	
	5
	6
	0.666
	Acetomicrobium
	0.091
	Acetomicrobium
	0.067
	Acetomicrobium

	
	
	3
	15
	0.594
	Ammonifex
	0.101
	Ammonifex
	0.103
	Ammonifex

	
	
	2
	10
	0.329
	Limnochorda
	0.071
	Limnochorda
	0.094
	Limnochorda

	
	
	7
	13
	0.406
	c_Ascomycota
	0.091
	Staphylococcus
	0.043
	Sugiyamaella

	
	
	8
	14
	0.099
	Thalassospira
	0.071
	c_Gammaproteobacteria
	0.084
	c_Gammaproteobacteria

	
	
	9
	12
	0.267
	k_Bacteria
	0.071
	k_Bacteria
	0.053
	k_Bacteria

	
	
	6
	5
	0.094
	Candidatus Blochmannia
	0.040
	Candidatus Blochmannia
	0.025
	Dialister

	
	
	1
	9
	0.417
	Saccharomyces
	0.061
	Saccharomyces
	0.034
	Eremothecium

	
	
	4
	16
	1.000
	c_Ascomycota
	0.111
	c_Ascomycota
	0.115
	k_Bacteria

	Susceptible
	
	1
	24
	0.417
	Planctopirus
	0.081
	Bartonella
	0.061
	Bartonella

	
	
	4
	20
	1.000
	Borrelia
	0.111
	Borrelia
	0.110
	Borrelia

	
	
	3
	15
	0.572
	o_Saccharomycetales
	0.071
	o_Saccharomycetales
	0.098
	o_Saccharomycetales

	
	
	2
	17
	0.428
	Piscirickettsia
	0.091
	Piscirickettsia
	0.111
	Piscirickettsia

	
	
	6
	5
	0.741
	c_Ascomycota
	0.081
	c_Ascomycota
	0.044
	c_Ascomycota

	
	
	5
	16
	0.963
	Brevundimona
	0.111
	Brevundimona
	0.088
	Brevundimonas

	
	
	0
	3
	0
	Chryseobacterium
	0
	Chryseobacterium
	0
	Chryseobacterium


W Clusters are indicated with shaded colors corresponding to node colors in the Fig. 4. The clusters with same color are shared between T and S networks. The unique clusters to the group are shaded in color in the row. Prefix o__, c__, and k__ stand for order, class, and kingdom, respectively, and they were the lowest taxon level classified.
X, Y, Z corresponding the top eigenvector, degree or betweenness centrality value.

Table 3. Jaccard index values of the endophyte networks shown in Fig. 5. 
	
	j
	p (J ≤ j)
	(p (J ≥ j)

	Degree
	0.182
	0.043    
	0.983   

	Betweenness centrality
	0.190
	0.032    
	0.987 

	Closeness centrality
	0.316
	0.485
	0.650

	Eigenvector centrality
	0.351
	0.664
	0.469

	Hub taxa
	0.250
	0.468
	0.805


Index values j express the similarity of the sets of most central nodes and of the sets of hub taxa between the two networks. “Most central” nodes are those with a centrality value above the empirical 75% quantile. Jaccard’s index is 0 if the sets are completely different and 1 for exactly equal sets. p (J ≤ j) is the probability that Jaccard’s index takes a value less than or equal to the calculated index j for the present total number of taxa in both sets (p (J ≥ j) is defined analogously). 


Figure legends
Figure 1. Comparison of endophyte compositions at genus level among three English boxwood blight tolerance groups: T = tolerant, M = moderately tolerant and S = susceptible. A Relative abundance of top ten taxa identified. B Significant taxa detected between T and R groups with LEfse analysis. Core OTUs are indicated by the thick border which were identified at detection = 0.01, prevalence = 50/100, and with “compositional” Transformation. Prefix k__ and f__ stand for kingdom and family, respectively, and they were the lowest taxon level classified.

Figure 2. Heatmaps of core endophytes in the blight tolerant (A) and susceptible (B) English boxwood plants. The detection threshold is at abundance prevalence of 0.5 and detection level of 0.01. Colored taxa are unique core of a respective community. Prefix k__, o__, c__, f__ and g__ stand for kingdom, order, class, family, and genus, respectively; they were the lowest taxon level classified.

Figure 3. Endophyte community transfer from the mother to daughter plants through cutting propagation. A Relative abundance of top genera among plants with and without motherhood. Ev170 was the mother plant, Ev5 was the daughter plant, and both were tolerant or moderately tolerant to the blight; Bp10 was susceptible and independent of Ev170 and Ev5. B Abundance differentiation between Ev170 and Ev5 as determined with LEfse. None core taxa (OTU level) are detected as indicated with missing the thick border. Prefix K_ and f_ stand for kingdom and family, respectively; and they were the lowest taxon level classified.
Figure 4. Comparison of endophyte networks between boxwood blight tolerant and susceptible plants. The top 100 taxa from the 67 combined tolerant (28) and susceptible (21) samples are measured for the associations with SPRING in NetCoMi. Hubs as highlighted by bold taxa and borders, and the shared hubs are in color in the annotation. Node sizes were determined with eigenvector centrality. Clusters represented by node colors as shown in Tables 2B and e-Xtras Table 5. Clusters with the same color in both networks share at least two taxa. Edge weights depict similarities between nodes. The green and red edges depict estimated positive and negative associations, respectively. Prefix K_ and f_ stand for kingdom and family, respectively; and they were the lowest taxon level classified.

2


