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Pivotal advances in sequencing and bioinformatics revealed that extensive 

microbial communities inhabit terrestrial plants. Microbiota extend beyond the plant host 

genetics to provide vital traits and services, including microbiome-mediated disease 

resistance, nutrient acquisition, and tolerance to changing climates. The development of 

engineered microbial based plant therapies could help sustainably enhance plant health 

and improve yield. To gain insight on plant associated microbiomes and contribute to 

evolving agrosystem management strategies we focused on connecting microbial 

populations with plant disease outcomes, phenological stages, and community self-

regulation. 

 Considering the urgent demand for novel treatments to combat citrus 

Huanglongbing (HLB) disease, which continues to devastate the global citrus industry, 

we directed our efforts on perennial tree crop hosts from the Citrus genus. Using 

empirical dataset produced through metabarcoding amplicon-based sequencing we 
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concluded that disease status and phenological stage are significant driving factors of 

bacterial and fungal leaf and root communities. 

  We provide evidence that pathogens can induce plant dysbiosis followed by a 

microbiome-mediated immune response and that cyclical community assembly is 

governed by classic community ecological mechanisms: selection, dispersal, and 

speciation. Correlations between community structure and host phenotypes, suggest that 

microbiota functionally contribute to the rate of HLB symptom development and host 

phenological plasticity. Additionally, laboratory based gnotobiotic experimentation with 

a synthetic community indicated that competition influences microbial niche selection 

and the structure of the microbiome. 

Furthermore, we have built avenues for discovering and delivering beneficial 

citrus associated microbiota. Specifically, we established a citrus microbial culture 

collection, a microbial active metabolite discovery pipeline, compared product delivery 

methods, and developed a microbiota-free citrus system in an ongoing effort to unravel 

host-microbiome and inter-microbiome interactions. These tools and our identification of 

beneficial microbial candidates encourage future research projects. Overall, this 

dissertation advances basic knowledge of plant microbiome assembly and symbiotic 

relationships between perennial plants and microbial communities. 
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Ecosystems depend on plants to harness light energy, making them a seminal 

component of life on earth. Human civilization is built on plant domestication and 

agriculture, which are arguably the greatest invention of mankind. Every community 

possesses integral symbiotic interactions supporting diverse species survival and 

adaptation while helping to sustain the ecosystem at large. The network of multifaceted 

relationships among a host plant and the myriad of microorganisms (i.e. bacteria; fungi; 

archaea; oomycetes; viruses) that live in and on the host forms the plant microbiome. 

Hosts rely on microbes for auxiliary services, which may be particularly vital due to the 

sessile nature of plants and their lack of a traditional adaptive immune system. Advances 

in high-throughput sequencing technology and improved sensitivity in analytical 

equipment have enabled characterization of host-microbiome and microbe-microbe 

interactions at a finer resolution [1]. Additionally, expanding computer storage 

capabilities and surveillance tools have elevated metadata collection allowing a greater 

understanding of all abiotic and biotic factors that affect plant growth and productivity, 

which form the larger phytobiome [2].  

Microbiome research efforts are often focused on engineering plant microbiomes 

to support our agro- and ecosystems. This has prompted hypotheses about how the plant 

microbiome can be optimized. This initially requires that we define baseline holobiont 

(host and microbiome) functions that are microbially mediated. What precisely defines a 

“healthy” microbiome is a continued line of inquiry in generating enhanced communities. 

Additionally, it is important to determine how to create a resistant or resilient microbiome 

that retains this functional health regardless of biotic or abiotic stressors. In this 

https://paperpile.com/c/ohyilS/erVFY
https://paperpile.com/c/ohyilS/eD60
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introduction, I will summarize tools to decipher community structure into functional 

activities, including concepts and technologies, and report examples of seasonal or age 

related and (a)biotic stress related shifts in microbial community composition. 

Additionally, I will highlight the Citrus genus as an emerging prototype for perennial 

plant microbiome interactions.  

MICROBIAL COMMUNITY INVESTIGATIVE TOOLBOX 

Technological Approaches. The two main approaches to studying plant associated 

microbial communities are through culture-dependent or culture-independent avenues. 

Culture-based studies are limited in evaluating the full microbial community because 

many bacterial and fungal species are unculturable. Furthermore, culture media 

bottlenecks can misrepresent the community structure. However, isolating community 

members is necessary to perform gnotobiotic (defined microbial community) experiments 

and prove causality. The establishment of culture collections compliments large culture-

independent datasets by providing a foundation to test the hypotheses generated from 

culture-independent studies of complex communities.  

Multiple groups have established formal plant specific microbial culture 

collections [3–5]. Both bulk and axenic cultures are important for validating field 

observations and building synthetic communities (SynComs). Engineering SynComs 

allows us to uncover how microbial consortia impacts the host plant and inter-community 

interactions. These reduced communities are also used to look at how order of arrival 

(priority effects), or removal of key community regulators (keystone species) affects the 

https://paperpile.com/c/ohyilS/aopY+nqek+bFeCh
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holobiont [6,7]. SynCom experiments can be strengthened by utilizing axenic (microbe-

free) plant systems [7–9]. Axenic plant growth gives researchers complete control over 

microbes present in the system allowing controlled gnotobiotic (define microbiome) and 

holobiotic (undefined microbiome) experimentation. Axenic mouse models have been 

used for decades to study animal associated microbiomes, and resulted in countless 

medical breakthroughs [10–12]. Model plants, such as Arabidopsis sp., have been grown 

axenically using agar substrates, hydroponics, sand, calcined clay, vermiculite, and quartz 

[4,13–15].  Recently, a groundbreaking peat moss based growth system that allows for 

even, total saturation of sterile soil-like medium, has been developed for microbe-free 

Arabidopsis experiments [9]. These systems have contributed to our understanding of 

community assemble and host mediation of the microbiome [4,14,16]. Thus far, this 

pivotal tool is not available for most crops. Development of axenic growing systems 

capable of supporting a diverse range of plants is critical. 

 To capture the full community, culture independent surveillance methods are 

rapidly advancing. The most widely used method is amplicon-based high-throughput 

sequencing. DNA extracted from a tissue or environment can be used to identify all 

bacteria or fungi present in that sample by amplifying small target genes (i.e. rRNA 16S; 

ITS2). Many samples can be sequenced per run with the use of metabarcoding, which 

attaches a known sequence identifier to all amplicons associated with that sample. 

Metabarcoding allows for downstream sorting and analysis of the millions of short reads 

produced during a single sequencing. 

https://paperpile.com/c/ohyilS/623E+RE03
https://paperpile.com/c/ohyilS/FR0MF+RE03+hoFv
https://paperpile.com/c/ohyilS/2vfYR+K5oc7+5MkwK
https://paperpile.com/c/ohyilS/xoGf+nqek+7Mqm+ovJo
https://paperpile.com/c/ohyilS/hoFv
https://paperpile.com/c/ohyilS/7Mqm+nqek+rEI1


 5 

Direct assessment of microbial presence through nucleic acid can be enhanced 

with metagenome sequencing. This approach allows microbiome diversity to be assessed 

via Metagenome-assembled genomes (MAGs), and genome abundance data bootstrapped 

via recursive read-mapping. MAGs are still a high-throughput method, allowing for finer 

resolution taxonomic identification and more gene information which can be used to infer 

function [17].  

Whole genome comparisons are a tool for understanding the evolution and 

relationships among hosts and associated microbes. For example, a study using over 

3,800 bacterial genomes compared plant-associated and non-plant-associated bacteria. 

They uncovered plant-associated adaptation (gene clusters), including an enrichment of 

genes coding carbohydrate metabolism functions, few mobile elements, and 64 protein 

domains that resembled plant domains. There was no significant phylogenetic pattern 

which suggested that the protein classes were a result of convergent evolution and 

horizontal gene transfer [18]. 

DNA-based analyses can identify the presence of genes but cannot tell if that gene 

is expressed. This issue prompted the development of meta-transcriptomics and -

proteomics. These technologies allow you to assess functional capabilities and changes at 

the system level [19]. Key host processes being mediated by microbiome activity is a 

well distributed trend across eukaryotic phyla. Key developmental states, immune 

responses and even host speciation have been shown to respond to microbiome 

composition and outputs [20–23].  

 

https://paperpile.com/c/ohyilS/bkZY
https://paperpile.com/c/ohyilS/uC6XU
https://paperpile.com/c/ohyilS/g7H8
https://paperpile.com/c/ohyilS/gJAD+E8u1+rMnH+Dkwo
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Conceptual Frameworks. Eco-evolutionary dynamics provide a framework for 

marrying compositional and functional data in a bidirectional manner. These core 

concepts propose that genes, phenotypes, and environmental conditions determine 

population dynamics and community structure, which dictates ecosystem functions [24]. 

The holobiont can be viewed as a distinct ecosystem or adaptive plane [25]. Host genetic 

traits are permanent and slowly adapt over the course of multiple generations. On the 

other hand, microbial-mediated traits are durable traits and allow for continuous 

adaptation, independent from traditional host genetic heritability. Rosenberg et al. 

allegorized the microbiome to Lamarckian inheritance, a disproven evolutionary theory 

that traits are acquired over the lifespan of the parent and then transmitted to offspring 

[26]. Microbial community members, which are at least partly under the control of the 

host’s genetics, can be considered the plant’s extended genome, are lost and acquired, 

and are indeed heritable [27,28]. 

 Microbial community assembly and commonly observed community “shifts” are 

governed by eco-evolutionary mechanisms that have served as the bedrock of community 

ecology for decades, including, selection, dispersal, drift, and speciation [29]. 

Historically, microbiome studies have focused on selective agents such as agricultural 

practices, climate, and nutrient restriction, but we must gain awareness of all four major 

processes to gain a comprehensive understanding of plant microbiome assembly and 

function.  

Natural selection and dispersal of microbiota are the most studied determinants of 

community architecture. Environmental conditions associated with plant genotype, 

https://paperpile.com/c/ohyilS/FSoLS
https://paperpile.com/c/ohyilS/wfLEW
https://paperpile.com/c/ohyilS/s076w
https://paperpile.com/c/ohyilS/ZrZSL+w00iz
https://paperpile.com/c/ohyilS/OPEVq
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geographical location, and disease status are commonly presented as major drivers of 

community assembly [30,31]. Dispersal or immigration of microbial taxa can increase 

beta diversity and variations in local communities [32]. These microbial introductions 

could be pathogens and significantly disrupt the natural functions of the holobiont or 

could bring new beneficial traits and potentially strengthen the community at large.  

Despite lateral gene transfer among microorganisms, there appears to be a great 

deal of phylogenetic conservatism of traits [33]. During speciation, most complex traits 

will be conserved within a clade. However, traits with lower complexity, involving just a 

few parts of the genome, are more likely to be phylogenetically dispersed. If microbial 

diversification results in separate niche occupation, then the species can coexist and 

allows for more functional redundancy within the community. Multiple members being 

able to provide similar services is an important community buffer against stochastic 

events. There is also substantiating evidence for the role of microbiomes in driving host 

speciation [23]. 

Ecological drift or random fluctuations in population abundance are not well 

studied in the context of microbial communities and are typically of less concern in high 

diversity environments. Communities with lower diversity, like phyllosphere 

microbiomes, are exposed to significant fluctuations in conditions and may be more 

affected by this ecological drift [29].  

The above mechanisms responsible for community assembly are also influenced 

by historical contingencies or the order and timing of community member arrival, 

referred to as priority effects [28,34]. Recently, a synthetic community study used “drop-

https://paperpile.com/c/ohyilS/2afm+0xka
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out” (removal of one community member) and late introduction assays to show that once 

an initial plant community is established, it is difficult for new strains to disturb [6]. This 

suggests that early arrivals may establish and have long-term effects on the structure of 

the plant microbiome. 

 If the holobiont is an ecosystem, then changes in environmental conditions will 

induce alterations at the population, community, and functional levels. Recently, work 

from Allison et al. conceptualized four plausible microbiome functional recovery 

outcomes after a disturbance or environmental change. Upon disturbance, potentially a 

pathogen infection or abiotic stress, the microbial community composition can remain the 

same (resistant); become altered, but return to the original composition (resilient); 

become altered and remain altered, but perform like the original community (functionally 

redundant); or become altered, and the new community composition performs differently 

[35]. 

 Using the presented tools and conceptual frameworks will allow us to view 

microbiota and understand the mechanisms of community assembly. We can then probe 

the community for beneficial traits and natural products. Lastly, we can assess the health 

of the microbial community by its recovery strategy. I propose that focusing on building 

resistant, resilient, or functionally redundant communities, rather than “optimizing” the 

microbiome through single microbial additives will help progress plant microbiome 

research. 

https://paperpile.com/c/ohyilS/623E
https://paperpile.com/c/ohyilS/zptha
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NATURAL MICROBIAL COMMUNITY ASSEMBLY 

Microbiome assembly. Seed microbiomes are the result of vertical transmission and can 

be influenced by pollinator interactions or other means of direct introduction during 

flowering [36–38]. For example, flower inoculation of a Paraburkholderia isolate to 

peppers, maize, wheat, and soy led to colonization of seed embryos and establishment in 

the resulting progeny microbiome [38]. Paraburkholderia flower inoculation did not 

impact bacterial diversity or richness in the resultant seed bacteriome, but shifts in 

relative abundances of key bacterial taxa suggest community restructuring around the 

introduction of this plant growth promoting rhizobacterial (PGPR) isolate, likely driven 

by a shift in metabolic capacity. Additionally, it was shown in Pinus edulis trees that 

mutualistic ectomycorrhizal fungi (EMF) are inherited from their seed source tree even 

when inoculated with differing EMF communities [39]. Demonstrating sectors of the 

microbiome are inherited from mother plants. 

As roots emerge from seeds microbial partners are recruited from the surrounding 

soil [40]. There is a soil to rhizosphere filtering and enrichment process as microbial 

niches become more dynamic from the surface inward to the core endosphere of the root 

[41,42]. This community selection process has been mostly investigated as a host-

mediated recruitment operation. Plant stress hormones, salicylic acid and jasmonic acid, 

are specific regulators of microbial assemblages [14,16]. Alterations in root exudates 

induced by abiotic and biotic stresses can result in compositional and functional chances 

in the rhizosphere as specific microbiota are actively recruited to help alleviate those pest 

or environmental pressures [16,43]. 

https://paperpile.com/c/ohyilS/O5hgN+OBQ0d+7HDea
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Above-ground plant compartments can obtain microbial constituents from the soil 

as they emerge or via the roots leading to further ecological filtering. It was shown that 

nearly all leaf-associated taxa of biofuel grasses were also found in soil communities 

[40]. Leaves and stems are exposed to day/night fluxes and extreme environmental 

conditions. Unlike the rhizosphere that has a buffer of soil to maintain stability, the 

phyllosphere conditions are highly variable. Root and leaf communities are significantly 

different and the phyllosphere has a lower microbial diversity [3,31,44]. Due to low 

diversity the phyllosphere is at greater risk of community drift and bottleneck events as 

discussed above. 

Communities are subjected to priority effects and microbial community assembly 

is largely driven by dispersal, that is the movement/entry of organisms from outside 

sources [29]. As plants and their microbiomes mature, the compositions of the microbial 

community are influenced by selective pressures imposed by (a)biotic stressors and 

environmental changes. Longitudinal studies of  annual, deciduous, and herbaceous 

perennial plants have tracked changes in the rhizosphere microbiome as the phyllosphere 

emerges and ages, concluding that plant developmental stages impact community 

assembly in maize [45,46], rice [47], sorghum [48,49], wheat [50], Arabidopsis [51], and 

Boechera [30]. 

Arabidopsis thaliana seedlings were shown to have distinctly different root 

bacterial communities from older plants during vegetative growth, bolting, and flowering. 

The community structure may correspond to changes in phytochemicals in root exudates 

[51]. Furthermore, the soil microbiome can alter flower phenology [52]. Microbial 
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https://paperpile.com/c/ohyilS/aopY+oyVAj+0xka
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https://paperpile.com/c/ohyilS/ziW2j


 11 

production of phytohormones are a known function of both plant-growth promoting 

inoculants and pathogens such as Agrobacterium tumefaciens. However, native microbial 

examples likely play a more subtle role in regulating host plant phenology then plant 

pathogens.  

 
Floral and nectar microbiomes. As we examine exogenous drivers of plant microbial 

community structure, we consider animals as host-environment mediators, particularly 

insects. Pollinators and herbivores can passively disrupt normal functions by triggering 

plant immune responses, or actively disperse and/or transmit extrinsic microorganisms.  

Bees are dependent on floral rewards (nectar and pollen) for nutrients and aid in 

dispersing pollen and promoting plant reproductive success. Flower nectar inhabiting 

bacteria influences pollinator visitation with volatile compounds [53]. After bee 

visitation, flower surfaces, nectar, and seed microbial community composition is altered 

[54–56]. These alterations can also be due to bee dispersal of mutualistic and/or 

pathogenic plant-associated bacteria, which can migrate from the flower to the vascular 

bundles, and move systemically in the plant [57–59]. Streptomyces sp. can provide 

pathogen protection to strawberry plants, as well as, bees, as it is acquired and dispersed 

during pollination activities [57]. Microbial transplants can further mediate plant-insect 

interactions. For example, Erwinia amylovora has been shown to induce changes in floral 

scent which may alter insect visitation and increase pathogen dispersal [58]. These 

studies indicate that the coevolved partnership between angiosperms and pollinators is 

affected and, in some cases, mediated by associated microbiomes. Characterization of 

plant-microbe-pollinator interactions is the next frontier in understanding the intersection 

https://paperpile.com/c/ohyilS/9wx0p
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between bee and plant microbiomes, that are generally studied in separate spheres of 

inquiry 

 Referred to as “a natural microcosm for ecology”, by Chappell and Fukami, 

nectar and flower associated microbiota are a unique, short-lived, and nutrient rich 

environment that can aid in understanding community assembly and inter-microbiome 

interactions [60,61]. Apple flowers were shown to have predictable community 

succession groups that correlated with specific flowering time points from buds to petal 

fall [60]. Furthermore, a 16S amplicon study aimed at profiling flower bacterial 

populations dissected apple flowers from three cultivars, identifying no phylum-level 

differences in richness or diversity between cultivars. Interestingly, the study detected 

variances in community structure across flower parts sampled, including correlation data 

suggesting a mutually exclusive relationship between Enterobacteriaceae and several 

dominant taxa, particularly Pseudomonas, a genus containing several putative biological 

control agents against Erwinia amylovora [62]. 

 
Natural selective pressures. Host plant-associated physicochemical properties and 

morphological features are a significant driver of community assembly. This was nicely 

shown in a study that analyzed the endosphere and rhizosphere bacterial communities of 

30 plant species grown in the same soil using 16S rRNA amplicon sequencing [63]. They 

found that host species explained 40% of the endosphere and 17% of the variation in the 

rhizosphere microbial community composition. Proteobacteria, Actinobacteria, and 

Bacteroidetes phyla were most affected by host species. Additionally, plants that were 

more phylogenetically similar to each other had more similar microbiomes and that 

https://paperpile.com/c/ohyilS/qvQOs+3Rolg
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microbial diversity was positively associated with root hair density and other root 

architectural traits. Furthermore, a tree bark fungal community analysis found that tree 

species is a major environmental filter accounting for up to 47% of the variation in the 

data [64]. Indicating that different host plants recruit distinct community members or 

maintain populations at unique abundances, presumably to fill differing functional roles. 

One amplicon-based study, conducted using two sister palm species differentially 

capable of growing in calcareous and volcanic soils (one facultative, one volcanic-

obligate), illustrates a link between the microbiome composition and host niche [23]. 

Through a combination of population analyses and seedling studies using sterilized soil, 

the researchers nicely demonstrate the likely role of the microbiome in accommodating 

host growing range, particularly mycorrhizal fungi and bacteria putatively involved in 

nitrogen cycling. While differences and similarities among plant microbial communities 

have been a focus of many studies there is still much to learn about how different plants 

communicate with microbial symbionts and recognize diligent contributors from 

indiscriminate colonizers. 

STRESS INDUCED MICROBIAL COMMUNITY RESTRUCTURING  

The holobiont immune system. Plant hosts have evolved pattern recognition receptors 

(PRR) and resistance genes (R-genes) to sense and respond to pathogen/microbe 

associated molecular patterns (PAMPS/MAMPS) and pathogen effectors, which can 

trigger PAMP triggered immunity (PTI) and effector triggered immunity (ETI) [65]. This 

results in both local and systemic plant cell responses including, programmed cell death, 

https://paperpile.com/c/ohyilS/J4w4K
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callous deposition, tylose formation, and downstream phytohormone signaling. The main 

defense signaling hormones are salicylic acid and jasmonic acid. Looking beyond 

classical plant pathology, as described above, these hormones have also been shown to 

regulate microbial community recruitment and assembly [14,16]. A number of studies 

have shown that microbial partners can enhance plant immune responses or directly 

suppress pathogens [66–71]. Prompting a paradigm shift in plant pathology and plant 

disease management. 

Vannier et al. proposed that these microbiome-mediated defenses represent the 

plant’s extended immune system, complimentary to the plant innate immune system [72]. 

This is well demonstrated by sugar beet bacterial communities which experience disease-

induced composition changes when infected with the fungal pathogen, Rhizoctonia 

solani. The microbial populations enriched after infection actively reduced pathogen titer 

and disease severity [73].  

Further examples include, a transcriptomic and metabolomic based study of polar 

trees, which indicated that ectomycorrhizal fungi prime plant defenses and contribute to 

plant downregulation of tannins, flavonoids, phenolic glycosides, and proanthocyanidin 

biosynthetic pathways leading to changes in the leaf biochemical composition. They 

suggest that these changes may make leaves less attractive to and decrease the 

reproductive success of herbivorous beetles, Chrysomela populi [74]. Niu et al. identified 

seven isolates that constitute a basal consortia for defense against Fusarium 

verticillioides seedling blight, but the removal of a single isolate abolished the resistant 

phenotype [75]. Lastly, Fusarium oxysporum f. sp. cucumerinum infection can increase 

https://paperpile.com/c/ohyilS/7Mqm+rEI1
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tryptophan secretion from roots which leads to increased abundance of Bacillus 

amyloliquefaciens SQR9, a plant growth promoting bacteria. While, raffinose secretion 

was reduced, which helps deter further F. oxysporum f. sp. Cucumerinum colonization 

[76]. 

Taking the holobiont view, the microbiome becomes another vector by which 

differential phenotypes in a population may emerge. In plant pathogen and pest related 

microbiome studies, microbial community composition usually correlates with host 

tolerance, suggesting that microbial populations frequently and inconspicuously arrange 

themselves in a beneficial manner, inducing resistance or resilience to disease, or 

mediating plant-pest interactions.  

 
Plant Dysbiosis. As the discipline of plant pathology evolves into inquiries that include 

the comprehensive phytobiome (all abiotic and biotic factors governing plant health), 

improved and finer-resolution data have contributed to a shift in the discourse around 

disease states. In animal pathosystems, disease states may be more usefully viewed as 

dysbiosis than the invasion of a single pathogen [77]. Taking a holistic view of the host 

microbiota under pathogen stress expands the scope of disease to include systemic and 

even external effects. Model systems contribute foundational data to illustrate these 

extended impacts, such as the pathogen-mediated modulation of herbivore visitations 

[78]. 

In discussions of the microbiome and disease, the concept of dysbiosis relies 

intrinsically on a definition of a “healthy” or “disease-free” microbiome, states described 

as normobiosis or eubiosis, respectively [79]. Stochastic genetic drift or genetic 

https://paperpile.com/c/ohyilS/18gm7
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bottleneck events can lead to dysbiosis (Chen et al 2020). Furthermore, pathogens or 

other exogenous perturbation can disrupt the microbiome, leading to a state of dysbiosis 

characterized by diversity loss or other divergence from stable-state composition. These 

structural alterations parallel functional disturbances which may contribute to disease 

symptoms [80]. 

An expansive and longitudinal study of chestnut bleeding canker (Pseudomonas 

syringae pv aesculi) incidence on horse chestnuts illustrates the role of the microbiome in 

maintaining tree health [81]. Searching for determinants of disease severity, researchers 

identified a loss of diversity of the bark microbiome as a function of disease and observed 

higher abundances of opportunistic pathogens and known plant disease agents in 

symptomatic bark. Contrarily, a bacterial survey of Pine trees affected by Pine Wilt 

disease, showed an increase in the diversity of endophytic bacteria as disease severity 

increased [82]. This suggests that pathosystems need to be individually evaluated and that 

dysbiosis can be either a loss or gain in community richness. 

A pair of studies demonstrate the power of integrated ‘omics approaches to plant 

pathogens, in the system of Acute Oak Decline (AOD). AOD is a complex tree decline 

disorder characterized by bark borer beetle proliferation and subsequent bark necrosis. 

Initially, the researchers identified a group of bacterial species, through culture methods 

and isolated genome sequencing, elegantly fulfilling Koch’s postulates and demonstrating 

microbiome disruption (disease-induced dysbiosis) as directly responsible for 

characteristic lesion development on the host [83]. This work was followed by a 

comprehensive ‘omics-based study that used metagenomics sequencing to draft two 
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previously-unidentified bacterial genomes, generated transcriptomic profiles for 

symptomatic vs asymptomatic tissue, and provided molecular mechanistic data for 

disease associated lesions. Furthermore, these data were used to generate proteomic 

databases to which metaproteome data were generated and mapped, revealing host 

defense activity concurrent with phytopathogenic bacterial proteins as well as evidence of 

competition among pathogenic lesion-colonizing microbes [84]. 

 
Domestication and Climate. Genetic selection in food crops is a process unrecognizable 

to the natural cycles and processes that shape wild ecological succession and evolution. 

Plant pathologists have long held that plant domestication and breeding for “marketable” 

traits often neglects or has tradeoffs with genetic features related to host-pathogen 

interactions, disease resistance, and drought tolerance. As host-pathogen interactions are 

ultimately host-microbe interactions, it follows that crop breeding and the addition of 

agricultural inputs like pesticides and fertilizers have also greatly reduced or abolished 

host functions involved in microbial symbioses [85]. This atrophy of interkingdom 

signaling pathways is easily recognized in leguminous hosts, whose association with 

nitrogen-fixing Rhizobia illustrates that these complex mechanisms are vulnerable to 

environmental factors. These symbioses are well-studied as Fabaceae (legume family) 

includes both economically significant crops like soybean as well as the model plants 

Medicago trunculata and Lotus japonicus [86].  

Host-microbiome selection is known to occur in legumes via “host sanctions,” 

wherein rhizobial symbionts exhibiting little-to-no N-fixation exhibit lower fitness and 

soil persistence. Oxygen permeability and concentration are one likely mechanism for 
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these sanctions, suggesting fine-scale host selection for microbiota [87]. Wild legume 

populations are then under selection for holobionts capable of more “efficient” nitrogen-

per-carbon yields; this relationship is obviated by agricultural inputs in both production 

and breeding fields. Using multiple soybean cultivars inoculated with effective, 

ineffective and mixed cultures of rhizobia, researchers demonstrated that domestication 

has led to diminished host capability to select for effective rhizobia [88]. Older cultivars 

demonstrated significant increases in yield when exposed to mixed consortia as compared 

to newer, more domesticated, cultivars. Mutch and Young, similarly demonstrated that 

long-term nitrogen applications have resulted in domesticated legumes having fewer 

mutual rhizobium than their wild relatives [89]. Legume-rhizobia interactions provide a 

reductionist illustration for holobiont selection pressures and evolution, such that host 

selection for effective rhizobia paired with host spread dictated by yield establishes a 

feedback loop in which higher-performing rhizobia proliferate and persist in the soil. This 

relationship benefits both soil and crop health. 

As climate change progresses, temperatures are predicted to increase as rainfall 

and available freshwater decrease, presenting as hotter, drier growing seasons for much 

of the world's major growing regions [90]. Such environmental stresses will obviously 

affect crop metabolomes, in turn altering microbiome recruitment and composition. This 

has been observed in field-grown sorghum, with drought stress leading to delayed 

bacteriome establishment, as well as enrichment for bacteria resilient to drought and host-

produced reactive oxygen species [49]. In piñon trees, a late-successional species in 

southwest woodlands, there appears to be a genetic determinant in microbiome 
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recruitment, specifically ectomycorrhizal fungi associations leading to drought tolerance, 

among seedlings [27,39].  

 
Anthropogenic impacts. Agricultural management activities can have negative impacts 

on soil and plant microbial community diversity, however, these modifications to the 

community structure may also have positive or neutral feedback. Conventional 

agriculture, including extensive chemical input and monocropping, have replaced natural 

ecological succession with planned crop rotation, which in many cases has positive 

effects on microbiome composition and function [91]. In examining previous-rotation 

crops’ effects on maize microbiome health and resilience to Fusarium stalk rot, 

researchers identified a protective effect for maize grown directly after sunflower 

planting [92]. 

Additionally, meta-genome and -transcriptome analyses of peanut rhizosphere 

microbiomes showed that management history (monocropping and crop rotation) 

significantly impacted the microbial community assembly, demonstrating “soil memory 

effect”. Monocropping resulted in lower microbial diversity, increase in rare species, a 

reduction of traits related to nutrients metabolism and phytohormone biosynthesis, and a 

significant down-regulation of auxin/cytokinin production and an up-regulation of ABA, 

SA, JA, and ethylene pathways [93]. 

Building on the knowledge that monoculture is linked to increased pathogen 

pressure in soils, a soil chemistry and amplicon-based survey of the banana microbiome 

associated with Fusarium wilt incidence identified several trends in the community 

composition in the root microbiome. These included strong correlations to pathogen titer 
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and soil chemical composition, particularly organic matter and pH. Network analyses 

further identified bacterial and fungal taxa putatively involved in disease suppression, 

notably taxa known to act as biological control agents in other systems. Population and 

functional analyses of soil microbiome samples from successive cropping events also 

suggest the practice leads to a more competition-driven microbiome, likely owing to 

narrowed nutritional niche availability [94]. 

When monocropping is unavoidable, it may be possible to maintain a “healthy” 

microbiome through amendments and prebiotic fertilization regimens. Simulated 

monocropping experiments comparing chemical fertilizers to organic and bioorganic 

(organic + Trichoderma sp.) treatments demonstrated that the addition of organic 

fertilizer and Trichoderma led to improved soil nutrition, microbiome diversity and plant 

growth. Additional studies have linked microbiome shifts and nutrient content [95,96]. 

While common farming practices could modify the plant microbiome it may be possible 

adjustments using integrated management practices to sustain and promote microbiome 

health, leading to increased plant productivity. 

CITRUS: EMERGING MODEL FOR PLANT MICROBIOME INTERACTIONS 

The citrus industry. Citrus is an ancient and complex genus that has three core species, 

including pure mandarins (Citrus reticulata), pomelos (Citrus maxima), and citrons 

(Citrus medica). Genetic hybrids of these three species produced oranges (Citrus 

sinensis), grapefruits (Citrus paradisi), lemons (Citrus limon), limes (Citrus 

aurantifolia), and endless other varieties. Believed to have originated in southeast Asia 
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citrus fruits have appeared in texts dating back to 800 B.C. [97]. This prolific genus has 

unique reproductive traits including nucellar embryony, meaning a non-sexual embryo 

(clone) can develop from maternal nucellar tissue, in addition to the zygotic embryo [98]. 

Nucellar seedlings often out compete zygotic seedlings, which has helped establish clonal 

tree populations before the use of grafting and currently is an important trait for 

producing consistent rootstocks, which are grown from seeds.  

Citrus fruits are praised for their recognizable flavors and important contribution 

to human health and sanitation. Rich in nutrients, such as vitamin C and potassium, citrus 

has been linked to increased cardiovascular and cognitive health, as well as, decreased 

inflammation [99,100]. The demand of citrus is met with over 94 million tons of citrus 

fruit grown globally each year [99,101]. The United States industry is valued at 

approximately $3.2 billion making them the third largest producer, after China and Brazil 

[102]. In 2018, the state of California produced 59% of the US citrus and Florida, which 

had previously been the largest producer, only accounted for 36% of US production 

[102]. These changes in production are the result of citrus Huanglongbing disease, which 

has irreversibly devastated Florida’s citrus industry [103].  

Citrus Huanglongbing disease. Huanglongbing (HLB) disease, also known as 

yellow dragon disease or citrus greening, is primarily associated with the phloem-

inhabiting bacteria Candidatus Liberibacter asiaticus (CLas) [103]. HLB symptoms result 

in misshaped, hard, bitter, and inedible fruit. These fruits remain green, have aborted 

seeds, and often cause early fruit drop. Other symptoms include leaf mottled chlorosis, 

tree dieback, and eventually leads to complete death of the tree [103]. The manifestation 
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of HLB also causes an abnormal abundance of starch deposition in leaves and callose 

deposition in the phloem [104,105]. In addition to leaf and stem symptoms, HLB-affected 

trees also have significant root decline [106].  

In the US, CLas is vectored by the Asian citrus psyllid (ACP) or Diaphorina citri 

[103]. The Asian citrus psyllid was first reported in Florida in 1998, followed by the first 

HLB report in 2005 [103]. California’s first cited ACP was in 2008 and thousands of 

HLB cases have been reported in residential areas of southern California since then. The 

state is under strict quarantines to prevent the spread of HLB to industrial growing 

regions [103]. 

  Currently, the primary control method is to manage and suppress ACP 

populations. There are no effective preventative or curable treatments available to 

growers. The necessary high frequency of insecticidal sprays and increased fertilizer 

application regimes are not sustainable and dramatically decrease grower profits.  

One major obstacle in understanding and controlling this disease is the lifestyle of 

the associated bacteria. CLas cannot be grown in axenic culture, making it difficult to 

study. However, CLas has been successfully co-cultured within a microbial consortium, 

indicating that it is likely depends on microbial partners for survival [107]. Within the 

plant host this bacterium is unevenly distributed across tree branches and roots, and is 

limited to the phloem, which is a high pressure vascular tissue [108]. Therefore, testing 

potential applications in vitro and delivering products to CLas colonized compartments in 

planta is difficult. 
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Citrus associated microbial communities. The complexity of the HLB pathosystem 

paired with the lack of control treatments has spurred citrus associated microbial 

community studies [109]. By taking a systems level approach, recent studies have 

provided a range of data examining impacts of CLas on the citrus microbiome, general 

core community members and predicted disease antagonists [3,31,41,110–113]. Because 

work in the HLB pathosystem is an active area of research, citrus is established as a 

model system for understanding microbiome mediated disease outcomes in perennial tree 

crops.  
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CHAPTER II. Disease-Induced Microbial Shifts in Citrus Indicate 
Microbiome-Derived Responses to Huanglongbing Across the  

Disease Severity Spectrum 
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ABSTRACT  

Plant microbiomes are critical components to plant health and can influence disease 

outcomes. We provide empirical data describing disease-induced shifts within the citrus 

microbiome at different levels of Huanglongbing (HLB) disease severity. HLB is 

associated with an invasive phloem-limited bacterium, Candidatus Liberibacter asiaticus 

(CLas), that is introduced into the aerial portions of the tree by an insect vector. Disease 

manifests as above ground foliar and fruit symptoms and significant root decline below 

ground. During the early phase of disease, there were depletions of putative keystone 

species in leaves and roots, followed by enrichment of putative beneficial species 

suggesting a microbially-derived immune response involved in plant protection that is 

ancillary to immune components encoded in the plant’s genome. In the late phase of 

disease, we observed enrichments of parasitic and saprophytic microorganisms 

particularly in the roots. The community shifts within the root compartment are 

emblematic of a disease-induced dysbiosis where pathogens other than CLas begin to 

dominate the community. Furthermore, we define key taxa enriched in trees with a 

slower rate of disease development, referred to as survivor trees, that are hallmarks of 

those found in trees in the early phase of disease that may be drivers of the survivor tree 

phenotype. We propose a disease ecology model that illustrates the relationship between 

the pathogen, the microbiome and the host plant that highlights microorganisms that may 

serve as disease facilitators or antagonists.  
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INTRODUCTION 

A breadth of knowledge about how microbes interact with plants has been derived 

from studies examining the binary interactions between one pathogen and one plant host. 

Pathogenic microbes that are introduced into a host must function not only in the context 

of the eukaryotic host environment, but also within the context of the resident microbial 

community in and around that host [1,2]. Thus, plant health and disease outcomes can 

depend on the three-way interactions occurring between the host, its resident microbiome 

and the invading pathogen. Plant-associated microbiota play a plethora of roles in plant 

health that include promoting plant growth, providing tolerance to abiotic stresses and 

suppressing or preventing pathogen ingress [3–7]. Members of the microbiome can 

suppress pathogens through direct competition (nutrient sequestration and antibiosis) or 

by stimulating plant immunity to resist or tolerate pathogen infections. These interactions 

are proposed to comprise a plant’s extended immune system that is auxiliary to plant 

genome-encoded immune components [8]. On the contrary, when pathogenic microbes 

are introduced into a system, the resident microbiota can be susceptible to damaging 

alterations in community composition as a result of pathogen disturbance. This change in 

microbiome structure, coupled with the pathogens production of its own virulence factors 

can result in the rapid decline of the plant host [9,10]. 

 Citrus is a perennial fruit tree crop that is of significant economic, nutritional and 

health importance because of the myriad of nutrients, antioxidants, vitamins, minerals 

and dietary fiber found in fresh and juiced citrus fruit. Citrus flavors are also classified 

among the most recognizable and preferred in the world [11–13]. Currently, 
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Huanglongbing (HLB), a devastating citrus disease threatens the sustainability of the 

citrus industry world-wide, and in the United States, particularly in the state of Florida 

[14–16]. In the US, HLB is associated with an alpha-proteobacterium, Candidatus 

Liberibacter asiaticus (CLas) that is vectored by Diaphorina citri (Asian citrus psyllid) 

[15]. CLas is not amenable to axenic culture and has only recently been reported to be 

successfully co-cultured within a microbial consortium indicating it is likely highly 

dependent on cohabitating microbes for growth [17]. CLas colonizes the phloem tissue of 

citrus trees and causes ultrastructural changes in the phloem [15,18]. HLB symptoms 

include chlorosis (“blotchy mottle” on the leaves, yellow shoots), tree stunting, a major 

decline in fruit yield and ultimately the death of the tree [15]. There is also a marked 

decline in fruit quality due to the build up of acidic compounds that leads to a bitter, salty 

tasting flesh or juice making it unpalatable [19]. The manifestation of HLB also causes an 

abnormal abundance of starch deposition in leaves and an increase in callose deposition 

in the phloem sieve elements [18,20]. In addition to the symptoms that manifest in the 

aerial portions of the tree, root decline also occurs in the subterranean portions of the tree 

in HLB-affected trees [21]. Because of the threat HLB poses to citriculture world-wide 

and the lack of long-term sustainable control measures, there is increased interest in the 

citrus microbiome and how it relates to HLB  [22]. Several recent studies on the citrus 

microbiome have provided a foundation of data regarding rhizosphere or leaf-associated 

microbes of citrus impacted by HLB [23–27]. Blaustein et al. (2017) hypothesized that 

bacterial community richness in leaf tissues decreases as HLB symptoms progress and 

that the relative abundance of Liberibacter spp. negatively correlated with bacterial 
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community alpha diversity in leaf tissues. They also predicted negative interactions 

between Liberibacter spp. and specific bacterial families within the native leaf 

bacteriome of citrus that may extrapolate to the whole tree level. These key findings and 

speculations prompted us to spatially define changes in not only the bacterial 

communities but also the fungal communities in leaves, their cognate stems, as well as 

roots using a fine resolution disease rating scale that parsed trees into five different 

categories based on their HLB severity. In tandem with this fine-resolution spatial study, 

we incorporated a temporal disease ecology component to assess longer term effects of 

HLB over a three-year period. Specifically, we investigated trees that developed disease 

at a slower rate than neighboring trees within the same grove despite the grove being at or 

near 100% level of infection with CLas. These trees are referred to as survivor 

trees  [28,29]. Considering citrus trees are clonally propagated on clonal or nucellar 

(somatic) rootstocks to provide genetically identical trees in a given orchard, we 

hypothesized that the slow manifestation of HLB symptoms in survivor trees is 

microbially-mediated and derived from the resident citrus microbiota that serves as an 

additional line of defense against disease, in addition to immune responses emanating 

from the plant’s endogenous defense response.  

The dynamics of the citrus microbiome across the disease spectrum revealed 

specific disease-induced microbial enrichments that occur during early disease onset and 

during the late phase of disease. We also identified microbial signatures emblematic of 

keystone species that had a stark decline in abundance during early disease that suggests 

loss of these keystone species creates a dysbiosis within the citrus microbiome that 
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allows for a marked increase in sectors of the microbiome that are characteristic of 

parasitic and saprophytic organisms. Furthermore, this suggests that trees impacted by 

HLB are also co-opted by other pathogens and saprophytes. Most interestingly, we 

phenotyped trees as having decelerated disease progression (survivor trees) at the end of 

the three-year study and found microbial population signatures enriched in those trees 

that were emblematic of beneficial microbial species. The survivor trees also shared 

microbial enrichments with trees with low disease severity suggesting these microbial 

populations may be the drivers of the survivor tree phenotype. Based on our findings, we 

propose a disease ecology model that highlights microbes that represent biomarkers of 

plant health and disease, and those that are associated with an attenuated disease 

phenotype that could be developed into potential bioinoculants or biocontrol agents for 

the HLB-citrus pathosystem. 

MATERIALS AND METHODS 

Field sampling of citrus tissues.  Leaves, stems and roots from 40 trees were collected 

in March for three consecutive years (2016, 2017 and 2018) from four different citrus 

orchards in Florida (Supplementary Table S1). Prior to sampling each year, trees were 

assessed for HLB severity using a 1-5 disease rating (DR) scale where 1 = vigorous with 

slight symptoms, 2 = slight decline, 3 = moderate decline, 4 = severe decline, and 5 = 

dead or dying, as previously reported [30,31]. We designed our sampling time to coincide 

with maximum annual CLas titers, which typically occurs in March [23]. Each tree was 

divided into four quadrants (north, south, east, and west) and stems with attached, fully 
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expanded, leaves were collected from each of the quadrants and pooled. Feeder roots 

were sampled from two sides of the tree approximately 0.5 meters away from the base of 

the trunk and sealed in a plastic bag. Gloves were changed and clippers and shovels were 

sterilized with 30% household bleach between each tree that was sampled. All samples 

were immediately placed on ice in a cooler for transit to the laboratory where they were 

placed at 4˚C and processed within 24 hours according to Ginnan et al. (2018). Samples 

were stored in -80°C and then lyophilized with a benchtop freeze dryer (Labconco 

FreeZone 4.5L, Kansas City, MO) for 16 to 20 hours. The lyophilized tissue was shipped 

to UC Riverside (USDA permit #P526P-16-00352) on dry ice.  

 
DNA and RNA isolation from plant material. Plant tissue was processed and DNA 

extractions were performed according to published protocols [31]. The dried DNA was 

stored at -20°C until utilized for bacterial and fungal Illumina library construction and 

detection of Phytophthora with qPCR. Detection of the Phytophthora genus was 

performed as previously described [32,33]. 

 
High throughput sequencing analyses and statistical tests. Illumina bacterial rRNA 

ITS and fungal rRNA ITS2 libraries were constructed as previously described [31,34]. 

Raw sequence reads were uploaded to the NCBI Sequence Read Archive (SRA) and are 

accessible under BioProject ID PRJNA590541. We used the UPARSE pipeline for de-

multiplexing, length trimming, quality filtering, and operational taxonomic unit (OTU) 

picking using recommended guidelines that were initially described in (Edgar 2013) and 

https://paperpile.com/c/ocBtzh/nF4dr
https://paperpile.com/c/ocBtzh/7tgJz+OhPjg
https://paperpile.com/c/ocBtzh/nF4dr+0TQZo
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which have been updated at 

https://www.drive5.com/usearch/manual/uparse_pipeline.html [35].  

For the bacterial rRNA ITS analyses, after demultiplexing and using the 

recommended 1.0 expected error threshold, sequences were trimmed to a uniform length 

of 149 bp, which kept nearly 91% of reads. Sequences were then dereplicated and 

clustered using the UPARSE-OTU algorithm, which also detects and removes chimeric 

sequences. An OTU table was then generated using the otutab command. OTUs having 

nonbacterial DNA were identified and enumerated by performing a local BLAST search 

of their seed sequences against the nucleotide database. OTUs were removed if any of 

their highest scoring BLAST hits contained taxonomic IDs within the citrus family, 

fungal kingdom, or PhiX. Taxonomic assignments to bacterial OTUs were made by 

finding the lowest common taxonomic level of the highest BLAST hits excluding 

unclassified designations. 

For the fungal rRNA ITS2, after demultiplexing and using the recommended 1.0 

expected error threshold, sequences were trimmed to a uniform length of 290 bp, which 

kept nearly 77% of reads. Sequences were then dereplicated and clustered into zero-

radius OTUs using the UNOISE3 algorithm [36], which detects and removes chimeric 

sequences. An OTU table was then generated using the otutab command. Taxonomic 

assignments to the fungal OTUs were performed using the RDP Classifier version 2.12, 

trained on the ver7_99_s_10.10.2017 release of the UNITE database and OTUs having 

non fungal assignments were removed. 

https://paperpile.com/c/ocBtzh/MYfDi
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Pre-processed taxonomically assigned OTU tables were imported into R. Samples 

with less than 1,000 reads were removed. Non-normalized reads were used to calculate 

Shannon index measurements, which accounts for both richness and evenness, with the 

phyloseq::plot_richness() function [36]. A ranked sums analysis of variance statistical 

test, Kruskal-Wallis, followed by a pairwise Dunn’s test with Holm’s correction for 

multiple comparisons were used to calculate p-values. 

Beta diversity analyses were performed using R packages phyloseq and vegan 

[36,37]. Pre-processed reads were transformed using total sum scaling normalization. 

Using the ordinate() and plot_ordination() functions a Principal Coordinate Analysis 

(PCoA) was done on abundance Jaccard dissimilarity distances, which accounts for 

presence/absence and abundance of OTUs within each sample. Ninety-five percent 

confidence ellipses were added to further examine groups using the stat_ellipse() 

function. A permutational multivariate analysis of variance (PERMANOVA) statistical 

test was performed using the vegan::adonis() function. Pairwise PERMANOVA with 

FDR correction was accomplished with RVAideMemoire::pairwise.perm.manova() [38]. 

Core microbiota identifications were performed using microbiome::core() with 

prevalence set at 0.75 and abundance at ≥0.1% [39]. 

OTU tables were separated by tissue type and normalized using total sum scaling 

(TSS) normalization. Low read OTUs were filtered out of each specific tissue type OTU 

table using a 1.0e-5 abundance cutoff. Differentially abundant species were identified 

from each OTU table. Significance was determined using a Kruskal-Wallis, followed by 

a pairwise Dunn’s test, and FDR correction on the 100 most abundant species within each 

https://paperpile.com/c/ocBtzh/XK8Co
https://paperpile.com/c/ocBtzh/XK8Co+Bvskh
https://paperpile.com/c/ocBtzh/kaDsY
https://paperpile.com/c/ocBtzh/3vlac


 43 

tissue type. Non-significant species were filtered out and significant results can be found 

in Supplementary Tables S2 and S3. Using ggplot2 and phyloseq::subset_taxa() function, 

the relative abundance of specific species were plotted as boxplots [36,40] 

 
RESULTS 

Citrus core microbiota and community diversity is driven by multiple factors. Our 

data indicated that orchard characteristics (geographical location, rootstock and scion), 

year of sampling and tissue type had a significant effect on the citrus microbiome 

(Supplementary Fig. S1a,b). We aimed to understand microbial species consistent across 

these variables. For this reason, we separated the dataset by tissue type and selected for 

taxa with ≥ 0.1% of the total relative abundance of the microbial community and were 

present in at least 75% of all samples within each tissue type. We defined these as tissue 

type specific core microbiomes, which were present regardless of environment and host 

factors. Beta diversity analysis showed that plant tissue (roots, stems or leaves) accounted 

for 10.6% and 7.1% of the variation in the overall bacterial and fungal (p<0.001, 

PERMANOVA (Adonis)) community composition, respectively (Fig. 1a and 1b). A 

pairwise-PERMANOVA indicated that all binary combinations of tissue type were 

significantly different with p< 0.001 for all bacterial and fungal communities. 

Furthermore, an alpha diversity analysis indicated that bacterial root communities have a 

significantly higher Shannon index than leaves (p<0.001, Kruskal-Wallis test, with a 

pairwise Dunn’s test and correcting for multiple comparisons with Holm’s method) and 

stems (p<0.001, Kruskal-Wallis test, with a pairwise Dunn’s test and correcting for 

multiple comparisons with Holm’s method) (Fig. 1c). Conversely, fungal root 

https://paperpile.com/c/ocBtzh/CQ9Cv+XK8Co
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communities had a significantly lower Shannon index when compared to leaf (p<0.001, 

Kruskal-Wallis test, with a pairwise Dunn’s test and correcting for multiple comparisons 

with Holm’s method) and stem (p<0.001, Kruskal-Wallis test, with a pairwise Dunn’s 

test and correcting for multiple comparisons with Holm’s method) communities 

indicating fungal root communities were less diverse than leaf and stem fungal 

communities (Fig. 1d). Leaf, stem, and root core microbiomes were also analyzed 

separately to identify the ecologically dominant core members for each respective tissue 

compartment (Table 1). The core microbiomes for these included 11 bacterial genera 

associated with leaves, 10 associated with stems and 34 associated with roots. Core 

mycobiome members included 11 core fungal genera associated with leaves, eight 

associated with stems, and three associated with roots. The full list of core bacteria and 

fungi in specific tissue types can be found in Supplementary Table S4.  

 
Disease severity impacts community level microbial composition and diversity 

across the disease spectrum. To investigate diversity and distribution of microbes in 

leaves, stems and roots in the context of HLB severity, we initially assessed alpha 

diversity for bacterial and fungal communities across the spectrum of the HLB disease 

rating scale (DR1-5) (DR1 n=16, DR 2 n=19, DR3 n=29, DR4 n=31, DR5 n=12)  (Fig. 

2). The Shannon Index was significantly increased in bacterial communities associated 

with the stem and root compartments and fungal communities in leaf and stem 

compartments in trees with higher disease severity as compared to trees with lower 

disease severity (p<0.001, Kruskal-Wallis test, with a pairwise Dunn’s test and correcting 

for multiple comparisons with Holm’s method) (Fig. 2a). Interestingly, HLB severity did 
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not impact species richness in leaf bacterial communities or root fungal communities 

(p<0.001, Kruskal-Wallis test, with a pairwise Dunn’s test and correcting for multiple 

comparisons with Holm’s method) (Fig. 2a,b).  

In addition, beta diversity analyses showed that the taxonomic structure of both 

bacterial and fungal communities in all three tissue compartments changed significantly 

(p<0.001, PERMANOVA (Adonis)) with increased disease severity (Figs. 3a,b). 

Dissimilarity distances were visualized using a PCoA and bacterial and fungal 

communities clustered by disease status. When examining the two opposite ends of the 

disease spectrum (DR1 and DR5) bacterial and fungal communities associated with all 

three tissue compartments in trees with a DR1 were strikingly different in their structural 

composition from the cognate communities from trees with a DR5 (p=0.005 to 0.0017, 

pairwise-PERMANOVA), especially in leaf and stem bacterial communities, visually 

indicated by the non-overlapping 95% confidence ellipses (Figs. 3a,b)(Supplementary 

Table S5). Furthermore, the bacterial communities had high homology among trees with 

the lowest disease status (DR1) in the context of all three tissue compartments. The 

bacteriomes associated with DR2, DR3, and DR4 trees were more dispersed when 

compared to DR1 bacteriomes, indicative of a disease-induced dysbiosis (Fig. 3a). When 

trees were the most severely affected by HLB (DR5) their bacteriome profiles were again 

more similar to one another (Fig. 3a), yet significantly different than a healthy tree (DR1) 

bacteriome profile. The mycobiomes associated with leaves and stems showed decreased 

variability in composition among trees associated with increased disease severity (Fig. 

3b).  
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To determine which taxa drove the shifts in alpha and beta diversity metrics, we 

initially examined the community shifts at the phyla level. We found significant changes 

in relative abundance of nine bacterial phyla associated with leaves, 15 associated with 

stems, and 10 associated with roots when disease rating increased (Fig. 4a). Additionally, 

we found significant shifts in the relative abundances of three fungal phyla associated 

with leaves, four associated with stems, and six associated with roots (Fig. 4b). Notably, 

the three most abundant bacterial phyla Proteobacteria, Bacteroidetes, and Actinobacteria 

displayed particularly significant shifts in abundance in the leaf (p= 0.0022; 0.0238; and 

0.0247, respectively, Kruskal-Wallis test) and stem (p= 0.0006; 0.0366; and 0.0047, 

respectively, Kruskal-Wallis test) tissues when disease severity increased (Fig. 4c). The 

top three fungal phyla Ascomycota, Glomeromycota, and Basidiomycota had significant 

changes in abundance in the root tissue (p=0.0123; 0.0117; and 0.0017, respectively, 

Kruskal-Wallis test) when disease severity increased (Fig. 4d). A list of all phyla with 

significant shifts in each tissue type can be found in Supplementary Table S6.  

 
Microbial signatures associated with early and late phases of disease. We mined the 

dataset for species that exhibited distinct patterns of enrichment and/or depletion across 

the disease spectrum (Figs. 5, 6). Amplification of the bacterial ITS, rather than primers 

the 16srDNA (bacterial ITS primers can provide finer taxonomic resolution than bacterial 

16S rDNA primers and can provide species level identification), and fungal ITS2 regions 

enabled us to assign taxa to the species level (147 bacterial and 133 fungal) [34]. As 

expected, CLas relative abundance was increasingly enriched in leaf and stem tissue 

compartments with increased HLB severity rating (Fig. 6a), which corroborates findings 

https://paperpile.com/c/ocBtzh/0TQZo
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in Blaustein et al. (2017). This trend was particularly robust in stems suggesting that 

stems may be a useful tissue for CLas diagnostics in addition to the commonly used 

petiole tissue [41]. Interestingly, CLas relative abundance had a sharp decline in leaves 

and stems of severely impacted trees (DR5) (Fig. 6a). CLas was also detected in the root 

bacterial communities, but at low relative abundance (Fig. 6a). We then categorized 

microbial enrichment patterns for other dominant microbes in trees with specific disease 

phenotypes. Several bacterial and fungal taxa were enriched in trees with low-moderate 

levels of disease (DR1-3). We define these as microbial disease signatures of early 

disease onset (Fig. 5 a-c). The fungal populations, Exophiala pisciphila in roots, 

Aureobasidium pullulans in leaves, and the bacterial populations, Methylobacterium 

radiotolerans in leaves and Lactobacillus curieae in roots were enriched in trees in the 

early-moderate stages of disease (DR2 and DR3), but dropped significantly in relative 

abundance in highly HLB-symptomatic trees (DR4 and DR5) (Fig. 5a,b). Two fungi, 

Camptophora hylomeconis and Acrodontium crateriforme found in leaf tissues were 

enriched in trees with very low levels of disease (DR1), but had a sharp decline in 

relative abundance in severely diseased trees (Fig. 5c). Additional populations with these 

enrichment patterns are shown in Supplementary Figure S2 and listed in Supplementary 

Table S2. 

Furthermore, we identified taxa, with enrichment patterns that we classified as 

late disease microbial signatures. There were notable increases in the relative abundance 

of putative fungal pathogens in the roots of severely HLB-affected trees (Fig. 6b and 

Supplementary Table S2). This includes Fusarium oxysporum and Gibberella intricans. 

https://paperpile.com/c/ocBtzh/Zxnvf
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Because the fungal ITS2 high throughput sequencing (HTS) primers used in this study 

did not target oomycete species, we performed qPCR using Phytophthora genus specific 

primers. Results showed that trees had higher incidences of Phytophthora spp. associated 

with their roots when they had higher HLB disease ratings (Fig. 6b). Additionally, known 

fungal saprophytes like Coprinopsis sp. and Cyphellophora eucalypti were enriched in 

roots and stems, respectively in severely diseases trees that were rating a DR5 

[42,43](Fig. 6b and Supplementary Fig. 2a). Two Streptomyces spp. in roots, which 

produce multiple antimicrobials, were enriched during late stages of disease (DR4) and 

then declined in relative abundance (Fig. 6c) [44]. Several additional bacterial and fungal 

populations showed significant enrichment and/or depletion patterns during early disease 

onset or late disease, but little is known about their biological functions. These additional 

populations with these enrichment/depletion patterns can be found in Supplementary 

Table S2.  

Our findings also indicated that several microbial populations were stable in 

relative abundance across the disease spectrum. These included the bacteria, Bacillus 

cereus, Niastella koreensis, Lentzea guizhouensis, Gemmatimonas uncultured and 

Rhodococcus opacus from roots, and Sphingomonas spp. from stems (Supplementary 

Fig. S3a-f).  

 
Microbial signatures associated with a slower rate of disease development. We also 

examined the rate of disease development over the three-year study. We categorized trees 

with a decelerated disease progression (DDP) phenotype and termed these survivor trees 

(n=18). Trees were considered to have a DDP when two criteria were met: 1) a tree had 

https://paperpile.com/c/ocBtzh/uz8Bj+ZcQMP
https://paperpile.com/c/ocBtzh/Ohwuf
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less than or equal to 1 disease severity rating increase over the 3-year time period and 2) 

the disease rating was < DR4 over the course of the 3-year time period. Trees whose 

disease phenotype that did not meet those criteria were considered as non-survivor (n=89) 

trees and represent trees with a typical rate of HLB development.  The bacterium, 

Lactobacillus curieae, was significantly enriched in roots of survivor trees (Fig. 7a). 

Lactobacillus spp. have plant growth promoting properties [45,46].  E. pisciphila (roots) 

and A. pullulans (leaves) were two fungi enriched in survivor trees (Figs. 7a). A. 

pullulans is a biocontrol agent in citrus and other plant systems [47,48]. 

 The microbial populations enriched in non-survivor trees included several 

Streptomyces spp. (S. hygroscopicus, S. glaucescens, and S. ambofaciens) (Fig. 7b). A 

comprehensive list of bacteria and fungi significantly enriched in survivor and non-

survivor trees appears in Supplementary Table S3. 

 
DISCUSSION 

Several models regarding the effects of exogenous disturbances on environmental 

microbiomes have been proposed [49]. While these models were primarily built around 

the effects of abiotic disturbances on microbiome function, they are also suitable for 

defining effects following the introduction of an invasive biotic pathogen to a plant 

microbiome system, such as CLas in citrus. The first model predicts that microbiomes 

can exhibit resilience following a disturbance and can rebound over time back to the 

original community structure [49]. Over three years, our study indicated that the 

microbiomes of trees undergoing rapid HLB progression lacked resilience under 

pathogen/disease stress and were significantly disrupted leading to eventual tree death. A 

https://paperpile.com/c/ocBtzh/hcrPF+h52Go
https://paperpile.com/c/ocBtzh/pol3Q+GbFbh
https://paperpile.com/c/ocBtzh/0ANGf
https://paperpile.com/c/ocBtzh/0ANGf
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second model proposes that microbiomes can exhibit resistance to disturbances and 

experience no significant shifts in structure or diversity as a result of a particular 

disturbance [49]. We found the overall composition of the citrus microbiome was not 

resistant to CLas disturbance and was, in fact, highly susceptible to this disturbance, 

which causes compositional alterations that are not restored, leading to the decline of the 

tree. Overall, at the whole community level, we observed significant shifts in bacterial 

and fungal community composition in all three tissues across the disease spectrum that 

could be detected at broad taxonomic levels (phylum) as well as down to narrow 

taxonomic levels (genus and species).  

When examining the communities at the phyla level, the bacterial stem 

communities had the largest number of phyla that underwent significant changes in 

relative abundance that corresponded with increased disease severity. Specifically, 

Proteobacteria, Bacteroidetes, and Actinobacteria were at increased levels in trees that 

were more severely HLB symptomatic. Not surprisingly, the increase in Proteobacteria 

was driven largely by an increase in CLas. Considering CLas’ dominance in the stem 

communities, it likely appropriates resources within that tissue compartment, which we 

speculate influences the other bacterial and fungal phyla because CLas has fundamentally 

disrupted and dominated the stem community. There was a significant increase in 

Actinobacteria when CLas increased in relative abundance, which was largely 

represented by Streptomyces spp. Interestingly, alpha diversity of root fungal 

communities was stable across the disease spectrum, but did exhibit significant changes 

in beta diversity. This illustrates that the root tissue supports a similar number of species 

https://paperpile.com/c/ocBtzh/0ANGf
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in trees with increasing degrees of symptomology, but the composition of those 

communities changes dramatically in trees with severe HLB symptoms. Notably, there 

was a sharp decrease in the fungal phylum, Glomeromycota in the roots of diseased trees. 

This phylum contains many species known to have beneficial mycorrhizal symbiotic 

associations with host plant roots that are critical for nutrient and water uptake and 

contribute to overall root and plant vigor [50]. In conjunction with this decrease in 

Glomeromycota, there was a significant increase in the fungal species, F. oxysporum and 

G. intricans, in roots of trees with significant HLB symptomology. F. oxysporum is 

associated with citrus dry root rot [51] and G. intricans is a Fusarium anamorph that is 

also known to be a plant pathogen [52,53]. We speculate that the decline in potentially 

beneficial mycorrhizal fungi coupled with the increase in potential Fusarium/Gibberella 

fungal parasites is a major contributor to the root decline observed in HLB trees. Previous 

work indicated that Phytophthora spp. were associated with root decline in HLB affected 

trees and our data supported this evidence [21]. We also observed an increase in the 

saprophytic organisms, Coprinopsis sp. and Cyphellophora eucalypti in the roots of the 

most symptomatic trees. Together, these data support that a tree’s decline is not just due 

to a CLas increase in the aerial portions of the tree, but also to large sectors of the root 

community shifting towards microbes that engage in pathogenic and saprophytic 

relationships with the host. 

We identified microbial enrichments that were induced during early disease onset, 

suggesting that these represent a sector of the microbiome that is a microbiome-mediated 

response to pathogen invasion and/or the physiological parameters surrounding disease 

https://paperpile.com/c/ocBtzh/nLU7R
https://paperpile.com/c/ocBtzh/jhkOc
https://paperpile.com/c/ocBtzh/I2w7n+7w4yB
https://paperpile.com/c/ocBtzh/XW8HS
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onset as previously observed in other pathosystems [54]. Specifically, the bacteria M. 

radiotolerans and H. sedentarius were enriched in leaf communities of trees with low 

levels of disease (DR1-2) and were significantly depleted in the late phase of disease 

(DR4-5). Methylobacterium. spp. are known beneficial plant microbes and several 

species have been tested for their biocontrol properties [55–57]. The Hymenobacter 

genus contains several species that promote plant growth [58]. Blaustein et al. (2017) 

also identified Methylobacterium and Hymenobacter as two genera that were enriched in 

leaf tissue of asymptomatic citrus trees sampled in an area of HLB disease pressure. This 

suggests that these two bacteria are emblematic of a healthy citrus leaf microbiome under 

Florida conditions and that as trees become more symptomatic these bacteria are either 

outcompeted by other microbiota or the diseased leaf environment becomes resource 

limited and causes a decline in these two bacterial populations. The yeast fungus, A. 

pullulans, was also enriched in leaves of trees with early disease onset and is a common 

member of native microbiota associated with perennial tree and vine crops. A. pullulans 

has been developed into an effective biocontrol agent against epiphytic fruit diseases such 

as Botrytis bunch rot and sour rot of citrus among others [47,59]. The fungus, E. 

pisciphila was highly enriched in root communities of trees with a low disease state and 

represented as much as 60.9% of the relative abundance of the fungal root community 

during early disease. Xu et al. (2018) identified E. pisciphila as a core member of the 

global citrus rhizosphere microbiome [25]. Heavy metal resistant strains of this fungus 

can protect maize plants from stress caused by excess cadmium and zinc, by partitioning 

these heavy metals into the fungal cell walls in a seemingly beneficial capacity [60]. 

https://paperpile.com/c/ocBtzh/OVQnZ
https://paperpile.com/c/ocBtzh/l6wBW+SrPae+dVkjD
https://paperpile.com/c/ocBtzh/B4Vmr
https://paperpile.com/c/ocBtzh/aYER5+pol3Q
https://paperpile.com/c/ocBtzh/aUshE
https://paperpile.com/c/ocBtzh/4L1wU
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However, when plants were not challenged with heavy metal stress, this same E. 

pisciphila strain engaged in a parasitic relationship and decreased maize root biomass, 

suggesting it is a conditional beneficial microorganism under specific selective 

conditions. Whether E. pisciphila oscillates between beneficial or parasitic relationships 

with citrus in the root environment is unclear, but warrants further investigation because 

this fungus represents such a large sector of the citrus root mycobiome.  

We also observed a compelling trend in microbial populations during the late 

phase of disease where several species of Actinobacteria including those belonging to the 

bacterial genus, Streptomyces were enriched in DR4-5 trees. Streptomycetes are known 

prolific producers of antibiotics, with streptomycin being an archetypal example of an 

antibiotic being produced by a Streptomyces sp. [60]. Interestingly, Streptomycetes 

engage in antagonistic interactions with Fusarium species in the soil [61,62] and 

competition between these two groups of microbes is largely driven by nutrient resource 

competition. One can speculate that root decline associated with HLB provides the 

perfect staging ground for competitive interactions between Streptomyces and Fusarium 

spp. based on the observed increases in relative abundances of Fusarium in conjunction 

with an increase in relative abundance and species richness of Streptomycetes in highly 

symptomatic trees. Simultaneously, CLas has a sharp decline in both aerial tissue types in 

trees rating a DR5 and Streptomyces spp. were also highly abundant in stems tissues in 

these same trees. Carrion et al. (2019) identified disease-induced sectors of the sugar beet 

bacterial microbiome in plants infected with the fungal pathogen, Rhizoctonia solani that 

effectively reduced pathogen titer and overall disease severity following pathogen ingress 

https://paperpile.com/c/ocBtzh/4L1wU
https://paperpile.com/c/ocBtzh/Eehcu+ugw9c
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[63]. The sharp decrease in CLas we observed in the late phase of infection may simply 

be due to a restriction on resources available in a severely diseased tree or degradation of 

CLas DNA. However, it is tempting to conjecture that disease-induced enrichment of 

Streptomyces in the root and stem tissues is a microbiome-driven immune response that 

has a suppressive effect on CLas. However, in the case of HLB, this disease-induced 

enrichment of Streptomyces is chronologically out of phase with CLas colonization and is 

insufficient to alleviate plants from HLB symptoms. 

Additionally, we temporally tracked the rate of disease progression in all trees 

included in this study and analyzed the data based on the rate at which disease developed 

in trees that had a slower rate of disease progression over the three years and were 

classified as having the DDP phenotype. Interestingly, microbial populations that were 

enriched in DDP trees had microbial signatures that were similar to those trees that were 

enriched in the mild to early disease onset category (DR1-2) regardless if the DDP tree 

had reached a disease rating higher than DR1-2. These included A. pullulans, a known 

biocontrol agent, and E. pisciphila. The functional role of these two fungi in citrus 

biology is unknown, but the high relative abundance of E. pisciphila in relatively healthy 

trees and its enrichment in survivor trees warrants further studies on its role in plant 

health and disease suppression. The bacterium, L. curieae, was highly enriched in roots 

of DDP trees. Lactobacillus spp. are known to promote plant growth, especially under 

stress, and are associated with numerous bioactive metabolites, such as 3-phenyllactic 

acid and 4-hydroxyphenylactic acid, which have broad spectrum antimicrobial activity 

[46,60,64–68]. Root-associated Lactobacillus spp. can increase both root and shoot 

https://paperpile.com/c/ocBtzh/PI9JG
https://paperpile.com/c/ocBtzh/4L1wU+zI87U+uuj2R+2vlR8+h52Go+C4h8y+y5Myv
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biomass of citrus rootstocks and promote the root length and decrease leaf tearing of 

turfgrass [45,69]. Collectively, because the enrichment of these species is connected to 

the survivor tree phenotype, we speculate that they may decelerate HLB development by 

suppressing CLas or alleviating symptoms by an unknown mechanism. 

 In addition to the phylum, Glomeromycota, we also identified other taxa that 

were in high relative abundance in the healthy trees in the study, but significantly 

decreased beginning at early disease onset. These include C. hylomeconis and A. 

crateriforme and may be holistic indicators of tree health. We propose a model (Fig. 8) 

where pathogen disturbance causes a destabilization in microbiome complexity that leads 

to a decrease in putative keystone species, such as C. hylomeconis and A. crateriforme. 

We hypothesize that the increase in CLas, coupled with the observed loss of critical 

keystone species initiates a disease-induced dysbiosis in the tree’s microbiome. This 

dysbiosis triggers an initial enrichment of known beneficial microbes as part of an early 

microbiome-initiated immune response in an effort to dampen the proliferation of the 

invading pathogen within the microbial community. Interestingly, trees with slower rates 

of disease (DDP survivor trees) are enriched in these beneficial microbes, supporting our 

hypothesis that these taxa play a crucial role in maintaining plant health and could be 

indicative of an adaptive beneficial response to disease-induced dysbiosis. In the late 

phase of disease, there was also secondary disease-induced shifts that enriched for 

antibiotic producing Actinobacteria. Future investigation will experimentally confirm if 

these specific sectors of the citrus microbiome act as keystone and/or beneficial species 

and those that may be part of a disease-induced microbiome-mediated immune response. 

https://paperpile.com/c/ocBtzh/MVXUM+hcrPF
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Such experimental evidence will lay the foundation for consideration of practices that 

enrich for or enhance microbial keystone and beneficial taxa as part of routine agriculture 

cultural practices and disease management schemes.   
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Table 2.1. Dominant core citrus associated bacterial and fungal genera.  

Plant Compartment 
and Community 

Dominate Core 
Genera 

Relative 
abundance 

Leaf bacteriome Methylobacterium 13.1% 
Leaf bacteriome Hymenobacter 11.8% 
Leaf bacteriome Spirosoma 6.3% 
Leaf bacteriome Streptomyces 2.6% 
Leaf bacteriome Sphingomonas  1.7% 
Stem bacteriome Liberibacter 15.0% 
Stem bacteriome Spirosoma 8.9% 
Stem bacteriome Methylobacterium 7.3% 
Stem bacteriome Hymenobacter 6.1% 
Stem bacteriome Streptomyces 4.2% 
Root bacteriome Streptomyces 35.4% 
Root bacteriome Bacillus 3.6% 
Root bacteriome Actinoplanes 3.5% 
Root bacteriome Micromonospora 3.3% 
Root bacteriome Pseudonocardia 3.2% 
Leaf mycobiome Cladosporium 21.2% 
Leaf mycobiome Symmetrospora 7.5% 
Leaf mycobiome Hannaella 4.1% 
Leaf mycobiome Alternaria 3.0% 
Leaf mycobiome Cryptococcus 2.1% 
Stem mycobiome Cladosporium 16.8% 
Stem mycobiome Symmetrospora 6.5% 
Stem mycobiome Hannaella 3.9% 
Stem mycobiome Cryptococcus 3.0% 
Stem mycobiome Alternaria 2.9% 
Root mycobiome Fusarium 19.9% 
Root mycobiome Acrocalymma 10.2% 
Root mycobiome Rhizophagus 3.6% 
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Figure 2.1. Plant compartment microbial diversity. Beta diversity PCoA plots of 
bacterial (a), and fungal (b) leaf, stem, and root communities. Points are colored by the 
tissue type and represent a complete community from a single leaf, stem, or root sample. 
Ellipses represent 95% confidence intervals. The p-values and R2 values were obtained 
using a PERMANOVA (Adonis). Alpha diversity plot of Shannon index measurements 
of bacterial (c) and fungal (d) leaf, stem, and root communities. ∆ represent the mean. A 
* indicates p ≤ 0.05; ** indicates p ≤ 0.01; *** indicates p ≤ 0.001; **** indicates p ≤ 
0.0001 using a Kruskal-Wallis test, with a pairwise Dunn’s test and correcting for 
multiple comparisons with Holm’s method. 
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Figure 2.2. Disease severity affects community diversity and species richness. Alpha 
diversity plot of Shannon index measurements of bacterial (a) and fungal (b) leaf, stem, 
and root communities grouped by disease rating (DR) on a scale of DR1-DR5. ∆ 
represent the mean. A * indicates p ≤ 0.05; ** indicates p ≤ 0.01; *** indicates p ≤ 0.001; 
**** indicates p ≤ 0.0001 using a Kruskal-Wallis test, with a pairwise Dunn’s test and 
correcting for multiple comparisons with Holm’s method. 
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Figure 2.3. Disease severity affects beta diversity. Beta diversity PCoA plots of 
bacterial (a), and fungal (b) leaf, stem, and root communities. Points are colored by the 
disease rating of the tree and represent a complete community from a single leaf, stem, or 
root sample. Ellipses represent 95% confidence intervals. The p-values and R2 values 
were obtained using a PERMANOVA (Adonis).  
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Figure 2.4. Disease Severity causes shifts in relative abundance and alpha diversity 
at the phyla level. Stacked bar plots display bacterial (a) and fungal (b) community 
profiles across disease ratings (DR) at the phyla level. The relative abundance across 
disease rating (DR) for the top three most abundant bacterial stem phyla (c) and fungal 
root phyla are presented with boxplots (d). A ∆ represents the mean relative abundance. 
A * indicates p ≤ 0.05; ** indicates p ≤ 0.01; *** indicates p ≤ 0.001; **** indicates p ≤ 
0.0001 using a Kruskal-Wallis test, with a pairwise Dunn’s test and correcting for 
multiple comparisons with FDR correction. 
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Figure 2.5. Microbial signatures during early disease onset. Specific bacterial and 
fungal populations that display early enrichment response patterns as disease rating 
increases. Leaf, stem, and root icons represent population abundances from those specific 
tissues. A ∆ represents the mean relative abundance. A * indicates p ≤ 0.05; ** indicates 
p ≤ 0.01; *** indicates p ≤ 0.001; **** indicates p ≤ 0.0001 using a Kruskal-Wallis test, 
with a pairwise Dunn’s test and correcting for multiple comparisons with FDR 
correction. 
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Figure 2.6. Microbial signatures of late disease stages. CLas and other microbial 
populations that are enriched or depleted in late stages of disease. CLas relative 
abundance (a) in three plant compartments, pathogens and saprophytes (b), and 
symbionts (c). Leaf, stem, and root icons represent population abundances from those 
specific tissues. A ∆ represents the mean relative abundance. A * indicates p ≤ 0.05; ** 
indicates p ≤ 0.01; *** indicates p ≤ 0.001; **** indicates p ≤ 0.0001; NS indicates no 
significant differences using a Kruskal-Wallis test, with a pairwise Dunn’s test and 
correcting for multiple comparisons with FDR correction. 
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Figure 2.7. Bacterial and fungal populations that are significantly enriched in 
survivor (S) or non-survivor (NS) trees. Leaf, stem, and root icons represent population 
abundances from those specific tissues. A ∆ represents the mean relative abundance. A * 
indicates p ≤ 0.05; ** indicates p ≤ 0.01; *** indicates p ≤ 0.001; **** indicates p ≤ 
0.0001 using a Kruskal-Wallis test, with a pairwise Dunn’s test and correcting for 
multiple comparisons with FDR correction. 
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Figure 2.8. HLB microbiome disease model. 
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Supplementary Figure S2.1. Orchard microbial diversity. Beta diversity PCoA plots 
of bacterial (a), and fungal (b) leaf, stem, and root communities. Points are colored by 
Orchard (FP= Fort Pierce; HIH= Howey in the Hills; IT= Indiantown; WD= Weirsdale). 
Ellipses represent 95% confidence intervals. P-values and R2 values were obtained using 
a PERMANOVA (Adonis). 
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Supplementary Figure S2.2. Additional microbial populations with significant 
enrichment patterns. Bacterial and fungal populations that are enriched or depleted as 
disease rating increases. Stem and root icons represent population abundances from those 
specific tissues. A ∆ represents the mean relative abundance. A * indicates p ≤ 0.05; ** 
indicates p ≤ 0.01; *** indicates p ≤ 0.001; **** indicates p ≤ 0.0001 using a Kruskal-
Wallis test, with a pairwise Dunn’s test and correcting for multiple comparisons with 
FDR correction. 
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Supplementary Figure S2.3. Stable microbial populations. Bacterial populations that 
do not have a significant change in relative abundance across disease ratings. Leaf icon 
represents populations from leaves, and stem icon represents populations from stem 
tissue. A ∆ represents the mean. A * indicates p ≤ 0.05; ** indicates p ≤ 0.01; *** 
indicates p ≤ 0.001; **** indicates p ≤ 0.0001 using a Kruskal-Wallis test, with a 
pairwise Dunn’s test and correcting for multiple comparisons with FDR correction.  
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Table S2.3 Comprehensive list of bacterial and fungal taxa significantly enriched in 
survivor and non-survivor trees. In the Kingdom column “F” indicates fungi and “B” 
indicates bacteria. Gold highlighting indicates which that taxa are enriched in either 
survivor or non-survivor trees. 
 

King-
dom Tissue Lowest Assigned Taxonomy 

Non-
survivor 

avg. 
abundance 

Survivor 
avg. 

abundance 

P-
value 
NS vs. 

S 

FDR 
corrected 
P-value 
NS vs. S 

F Stem c__Cystobasidiomycetes 0.2866 0.5450 0.0015 0.0079 

F Leaf c__Cystobasidiomycetes 0.0677 0.1938 0.0007 0.0065 

F Leaf f__Cuniculitremaceae 0.1567 0.4934 0.0000 0.0001 

F Stem f__Cuniculitremaceae 0.1116 0.3989 0.0000 0.0008 

F Stem f__Kondoaceae 0.1204 0.1913 0.0164 0.0501 

B Root f__Lactobacillaceae 1.1493 3.5342 0.0000 0.0003 

F Stem f__Mycosphaerellaceae 0.7413 2.0046 0.0024 0.0122 

F Leaf f__Mycosphaerellaceae 0.5100 2.4797 0.0000 0.0006 

B Root f__Pseudonocardiaceae 0.2006 0.9785 0.0017 0.0053 

F Stem f__Ramalinaceae 1.6084 5.3391 0.0161 0.0501 

F Leaf f__Ramalinaceae 0.6337 1.2299 0.0188 0.0520 

B Root g__Chromobacterium 0.2231 0.2928 0.0075 0.0197 

F Root g__Exophiala 0.2434 0.5902 0.0014 0.0107 

F Leaf g__Kockovaella 0.1335 0.2873 0.0024 0.0115 

F Stem g__Kockovaella 0.0514 0.2000 0.0000 0.0008 

F Root g__Minimelanolocus 0.2725 0.4135 0.0020 0.0113 

F Stem g__Paraconiothyrium 0.6903 2.6891 0.0006 0.0048 

B Root g__Pseudonocardia 0.4486 0.8979 0.0098 0.0239 

F Root g__Pyrenochaeta 0.2165 0.3613 0.0000 0.0011 

F Stem g__Toninia 0.0215 1.6323 0.0073 0.0316 

F Root g__Veronaea 0.0608 0.1502 0.0113 0.0435 

F Root k__Fungi 1.8675 3.7072 0.0006 0.0061 

F Stem o__Capnodiales 1.6101 3.2684 0.0003 0.0042 

F Leaf o__Capnodiales 0.7227 2.4072 0.0010 0.0070 

F Stem s__Acrodontium_crateriforme 0.4833 1.1598 0.0089 0.0332 

B Root s__Amycolatopsis_methanolica 0.1813 0.3981 0.0131 0.0304 

F Root s__Angustimassarina_acerina 3.2458 8.2797 0.0000 0.0010 

F Root s__Anthopsis_unidentified 0.1175 0.3038 0.0004 0.0044 

F Stem s__Arthoniales_unidentified 0.0813 0.1455 0.0000 0.0008 

F Leaf s__Aureobasidium_pullulans 0.8262 1.8909 0.0006 0.0057 



 77 

F Stem s__Aureobasidium_pullulans 0.5816 1.6116 0.0172 0.0501 

F Root s__Basidiomycota_unidentified 0.1457 0.3426 0.0048 0.0221 

F Leaf s__Camptophora_hylomeconis 2.3457 4.2276 0.0003 0.0053 

F Stem s__Camptophora_hylomeconis 1.7261 4.5522 0.0004 0.0042 

F Leaf s__Cyphellophora_sessilis 0.4974 1.3936 0.0000 0.0002 

F Stem s__Cyphellophora_sessilis 0.4566 1.4731 0.0000 0.0004 

F Stem s__Cystobasidiomycetes_unidentified 0.1368 0.3222 0.0084 0.0332 

B Leaf s__Cytophaga_hutchinsonii 0.1944 0.3315 0.0024 0.0399 

F Stem s__Devriesia_fici 0.7022 2.5628 0.0005 0.0048 

F Leaf s__Devriesia_fici 0.3513 1.7070 0.0111 0.0384 

B Root s__Erythrobacter_flavus 0.1304 0.2196 0.0004 0.0015 

F Root s__Exophiala_pisciphila 13.1403 26.5625 0.0001 0.0021 

F Root s__Glomeromycota_unidentified 2.9958 7.6998 0.0018 0.0113 

F Root s__Herpotrichiellaceae_unidentified 0.1364 0.4110 0.0001 0.0021 

B Root s__Lactobacillus_curieae 2.8551 9.8098 0.0000 0.0001 

B Root s__Mycoplasma_orale 0.2620 0.6662 0.0000 0.0000 

F Stem s__Mycosphaerella_laricina 0.3662 0.5838 0.0175 0.0501 

F Stem s__Mycosphaerella_pseudocryptica 0.9148 1.5812 0.0004 0.0042 

F Leaf s__Mycosphaerella_pseudocryptica 0.3406 0.7029 0.0147 0.0444 

F Stem s__Myriangium_unidentified 0.0704 0.1118 0.0007 0.0048 

B Stem s__Pantoea_vagans 1.1128 1.8953 0.0003 0.0161 

B Leaf s__Pantoea_vagans 0.8894 7.6053 0.0007 0.0135 

B Root s__Pediococcus_pentosaceus 0.2923 1.3455 0.0230 0.0460 

F Root s__Rhizophagus_intraradices 1.0349 1.0467 0.0020 0.0113 

F Root s__Rhizophagus_unidentified 0.1421 0.3947 0.0000 0.0011 

B Root s__Rhodococcus_jostii 0.1233 0.1708 0.0154 0.0334 

F Stem s__Septobasidiaceae_unidentified 0.2152 0.3811 0.0097 0.0334 

F Root s__Setophoma_terrestris 0.0894 0.1298 0.0004 0.0044 

F Leaf s__Symmetrospora_unidentified 6.3146 10.2128 0.0184 0.0520 

B Leaf s__Tatumella_ptyseos 1.5029 2.3128 0.0001 0.0099 

B Stem s__Tatumella_ptyseos 0.4183 1.1517 0.0003 0.0161 

F Leaf s__Trichomeriaceae_unidentified 0.0672 0.1319 0.0036 0.0146 

B Root s__unclassified_Bacteria 0.9014 1.5609 0.0147 0.0326 

B Root s__Candidatus_Berkelbacteria 0.1329 1.2882 0.0035 0.0094 

F Stem s__Vishniacozyma_dimennae 0.0785 0.2329 0.0036 0.0165 

F Root s__Volutella_lini 0.0792 0.0980 0.0051 0.0221 

B Root s__Xylanimonas_cellulosilytica 0.4041 0.5972 0.0094 0.0234 

F Leaf f__Didymellaceae 5.7385 3.0703 0.0111 0.0384 
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F Leaf g__Bipolaris 0.0925 0.0179 0.0005 0.0053 

F Leaf g__Diaporthe 0.0893 0.0006 0.0156 0.0460 

F Root g__Entoloma 0.2208 0.0034 0.0051 0.0221 

B Root g__Micromonospora 1.7138 0.2132 0.0000 0.0001 

F Root g__Psathyrella 2.2413 0.0000 0.0017 0.0113 

F Leaf g__Sporobolomyces 0.6651 0.0101 0.0031 0.0128 

F Stem g__Sporobolomyces 0.5386 0.0024 0.0007 0.0048 

B Root g__Streptomyces 2.9573 1.8679 0.0008 0.0028 

F Leaf g__Toninia 0.0778 0.0691 0.0145 0.0444 

F Stem o__Pleosporales 2.7263 0.7702 0.0015 0.0079 

F Leaf o__Pleosporales 2.5471 1.4692 0.0009 0.0070 

B Root p__Acidobacteria 1.0592 0.4929 0.0180 0.0375 

B Root p__Actinobacteria 0.4644 0.2814 0.0161 0.0342 

B Leaf p__Cyanobacteria 0.2110 0.0019 0.0005 0.0133 

B Root s__Actinoplanes_sp. 4.0611 0.3734 0.0000 0.0000 

F Leaf s__Alternaria_venezuelensis 0.0963 0.0000 0.0000 0.0009 

B Root s__Amycolatopsis_albispora 0.3154 0.1181 0.0137 0.0311 

F Root s__Arthrobotrys_unidentified 0.1854 0.1704 0.0020 0.0113 

F Leaf s__Ascochyta_manawaorae 0.6089 0.1192 0.0019 0.0100 

F Stem s__Ascochyta_manawaorae 0.4492 0.0153 0.0000 0.0009 

F Root s__Ascochyta_medicaginicola 0.1493 0.0004 0.0072 0.0300 

F Root s__Biatriospora_mackinnonii 0.0926 0.0019 0.0130 0.0482 

F Root s__Branch06_unidentified 0.1711 0.0021 0.0000 0.0011 

F Leaf s__Cercospora_jatrophiphila 0.0744 0.0648 0.0128 0.0414 

B Root s__Chitinophaga_pinensis 0.1959 0.0809 0.0008 0.0028 

B Root s__Chloroflexus_aurantiacus 0.3361 0.0685 0.0000 0.0001 

B Root s__Conexibacter_woesei 2.5191 1.5548 0.0015 0.0047 

B Leaf s__Confluentimicrobium_sp. 0.1605 0.0011 0.0003 0.0109 

F Stem s__Cryptococcus_unidentified 1.6925 0.3059 0.0170 0.0501 

F Leaf s__Cryptococcus_unidentified 1.1455 0.3033 0.0108 0.0384 

F Stem s__Curvularia_lunata 0.1793 0.0114 0.0086 0.0332 

F Leaf s__Curvularia_lunata 0.1574 0.0181 0.0029 0.0128 

B Root s__Dehalogenimonas_formicexedens 0.7814 0.3730 0.0001 0.0004 

B Root s__Devosia_sp. 0.1602 0.0698 0.0000 0.0001 

B Root s__Dyella_japonica 0.1729 0.0326 0.0001 0.0003 

B Root s__Gemmatirosa_kalamazoonesis 0.2291 0.1135 0.0026 0.0078 

F Root s__Gibberella_intricans 0.6650 0.2227 0.0076 0.0303 

F Stem s__Gibberella_intricans 0.4953 0.0513 0.0009 0.0056 
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F Leaf s__Gibberella_intricans 0.2949 0.1854 0.0119 0.0397 

F Root s__Glomeraceae_unidentified 0.6906 0.0758 0.0011 0.0091 

F Leaf s__Hannaella_sinensis 3.1237 1.3971 0.0015 0.0092 

F Stem s__Hannaella_sinensis 2.6099 1.1095 0.0161 0.0501 

B Root s__Kribbella_flavida 0.2271 0.1006 0.0083 0.0213 

B Root s__Legionella_pneumophila 0.1588 0.0562 0.0193 0.0393 

F Leaf s__Leptospora_rubella 0.4458 0.0561 0.0017 0.0097 

F Leaf s__Leptoxyphium_kurandae 0.2685 0.0000 0.0017 0.0097 

B Root s__Massilia_putida 0.2596 0.2222 0.0008 0.0028 

F Leaf s__Microascus_niger 0.1197 0.0089 0.0002 0.0034 

F Stem s__Microascus_niger 0.1168 0.0025 0.0006 0.0048 

B Root s__Micromonospora_aurantiaca 0.3168 0.0158 0.0001 0.0003 

B Root s__Micromonospora_auratinigra 0.4145 0.0229 0.0000 0.0002 

B Root s__Micromonospora_sp. 0.9320 0.2471 0.0000 0.0001 

B Root s__Mycobacterium_sp. 0.5881 0.3429 0.0026 0.0078 

F Leaf s__Neosulcatispora_strelitziae 0.1239 0.1092 0.0192 0.0520 

B Root s__Niastella_koreensis 0.6607 0.4208 0.0111 0.0264 

F Leaf s__Nigrospora_unidentified 0.2616 0.0405 0.0005 0.0053 

F Stem s__Nigrospora_unidentified 0.2267 0.0255 0.0002 0.0040 

B Root s__Nocardia_transvalensis 0.5297 0.0157 0.0000 0.0001 

B Root s__Nonomuraea_sp. 0.2373 0.0433 0.0000 0.0001 

F Stem s__Physcia_sorediosa 0.1116 0.0008 0.0093 0.0332 

F Root s__Poaceascoma_helicoides 0.2266 0.0021 0.0001 0.0014 

B Root s__Pontibacter_korlensis 0.7310 0.4389 0.0000 0.0003 

F Root s__Psathyrella_candolleana 0.4809 0.0000 0.0033 0.0163 

F Root s__Pyrenochaetopsis_leptospora 0.7086 0.0208 0.0135 0.0484 

F Stem s__Pyrenochaetopsis_leptospora 0.1405 0.0033 0.0035 0.0165 

F Leaf s__Pyricularia_parasitica 0.3750 0.0231 0.0004 0.0053 

F Stem s__Pyricularia_parasitica 0.2012 0.0151 0.0006 0.0048 

F Root s__Rhizophagus_custos 1.1935 0.0328 0.0011 0.0091 

F Root s__Roussoella_solani 0.9294 0.3256 0.0026 0.0139 

F Leaf s__Simplicillium_lanosoniveum 0.2443 0.0002 0.0031 0.0128 

F Stem s__Sporobolomyces_carnicolor 0.3273 0.0063 0.0012 0.0068 

F Leaf s__Sporobolomyces_carnicolor 0.2067 0.0786 0.0024 0.0115 

F Stem s__Sporobolomyces_patagonicus 4.4440 0.0794 0.0091 0.0332 

F Leaf s__Sporobolomyces_patagonicus 3.8804 0.2093 0.0050 0.0193 

F Leaf s__Stemphylium_herbarum 0.1135 0.0181 0.0013 0.0084 

B Root s__Streptomyces_actuosus 0.1800 0.0070 0.0000 0.0001 
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B Root s__Streptomyces_ambofaciens 0.1889 0.0258 0.0000 0.0001 

B Root s__Streptomyces_cattleya 0.4681 0.1111 0.0004 0.0015 

B Root s__Streptomyces_collinus 0.1783 0.0110 0.0000 0.0001 

B Root s__Streptomyces_diastatochromogenes 0.3504 0.0208 0.0000 0.0000 

B Root s__Streptomyces_glaucescens 0.1624 0.0054 0.0000 0.0001 

B Root s__Streptomyces_hygroscopicus 0.1942 0.0254 0.0029 0.0082 

B Root s__Streptomyces_katrae 0.1687 0.0042 0.0000 0.0001 

B Root s__Streptomyces_nigra 0.2580 0.0763 0.0027 0.0078 

B Root s__Streptomyces_olivochromogenes 0.6568 0.0506 0.0000 0.0001 

B Root s__Streptomyces_scabiei 0.8216 0.1612 0.0003 0.0011 

B Root s__Streptomyces_turgidiscabies 1.3032 0.5164 0.0011 0.0038 

F Leaf s__Symmetrospora_marina 0.5301 0.0270 0.0010 0.0070 

B Root s__unclassified_Actinobacteria 0.1604 0.0715 0.0002 0.0010 

B Leaf s__unclassified_Flavobacteriaceae 3.3242 0.0010 0.0002 0.0099 
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Table S2.4 Tissue specific core bacterial and fungal microbiome members. 
 

Tissue Kingdom Phylum Genus mean 
abundance 

Leaf Bacteria Proteobacteria Methylobacterium 13.1% 
Leaf Bacteria Bacteroidetes Hymenobacter 11.8% 
Leaf Bacteria Bacteroidetes Spirosoma 6.3% 
Leaf Bacteria Actinobacteria Streptomyces 2.6% 
Leaf Bacteria Proteobacteria Sphingomonas 1.7% 
Leaf Bacteria Proteobacteria Sphingobium 1.7% 
Leaf Bacteria Actinobacteria Unknown 1.7% 
Leaf Bacteria Actinobacteria Curtobacterium 1.3% 
Leaf Bacteria Firmicutes Bacillus 1.0% 
Leaf Bacteria Proteobacteria Ehrlichia 0.6% 
Leaf Bacteria Unknown Unknown 0.6% 

Root Bacteria Actinobacteria Streptomyces 35.4% 
Root Bacteria Firmicutes Bacillus 3.6% 
Root Bacteria Actinobacteria Actinoplanes 3.5% 
Root Bacteria Actinobacteria Micromonospora 3.3% 
Root Bacteria Actinobacteria Pseudonocardia 3.2% 
Root Bacteria Unknown Unknown 2.8% 
Root Bacteria Proteobacteria Massilia 2.7% 
Root Bacteria Actinobacteria Conexibacter 2.3% 
Root Bacteria Actinobacteria Unknown 1.8% 
Root Bacteria Actinobacteria Mycolicibacterium 1.5% 
Root Bacteria Proteobacteria Cupriavidus 1.3% 
Root Bacteria Acidobacteria Luteitalea 1.2% 
Root Bacteria unclassified_Bacteria unclassified_Bacteria 1.0% 
Root Bacteria Bacteroidetes Dyadobacter 1.0% 
Root Bacteria Acidobacteria Unknown 1.0% 
Root Bacteria Actinobacteria Amycolatopsis 0.9% 
Root Bacteria Actinobacteria Mycobacterium 0.9% 
Root Bacteria Gemmatimonadetes Gemmatimonas 0.9% 
Root Bacteria Bacteroidetes Pontibacter 0.8% 
Root Bacteria Chloroflexi Dehalogenimonas 0.7% 
Root Bacteria Actinobacteria Nocardia 0.7% 
Root Bacteria Actinobacteria Rhodococcus 0.7% 
Root Bacteria Bacteroidetes Niastella 0.6% 
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Root Bacteria Actinobacteria Lentzea 0.5% 
Root Bacteria Actinobacteria Xylanimonas 0.4% 
Root Bacteria Actinobacteria Unknown 0.4% 
Root Bacteria Proteobacteria Steroidobacter 0.4% 
Root Bacteria Firmicutes Paenibacillus 0.4% 
Root Bacteria Proteobacteria Unknown 0.3% 
Root Bacteria Proteobacteria Unknown 0.3% 
Root Bacteria Chlamydiae Candidatus_Protochlamydia 0.3% 
Root Bacteria Actinobacteria Cellulomonas 0.2% 
Root Bacteria Actinobacteria Ilumatobacter 0.2% 
Root Bacteria Actinobacteria Arcanobacterium 0.2% 

Stem Bacteria Proteobacteria Liberibacter 15.0% 
Stem Bacteria Bacteroidetes Spirosoma 8.9% 
Stem Bacteria Proteobacteria Methylobacterium 7.3% 
Stem Bacteria Bacteroidetes Hymenobacter 6.1% 
Stem Bacteria Actinobacteria Streptomyces 4.2% 
Stem Bacteria Actinobacteria Unknown 2.6% 
Stem Bacteria Actinobacteria Curtobacterium 2.6% 
Stem Bacteria Proteobacteria Sphingomonas 1.5% 
Stem Bacteria Proteobacteria Sphingobium 1.2% 
Stem Bacteria Unknown Unknown 0.7% 

Leaf Fungi Ascomycota Cladosporium 21.1% 
Leaf Fungi Basidiomycota Symmetrospora 7.5% 
Leaf Fungi Basidiomycota Hannaella 4.1% 
Leaf Fungi Ascomycota Alternaria 3.0% 
Leaf Fungi Basidiomycota Cryptococcus 2.1% 
Leaf Fungi Ascomycota Cyphellophora 2.1% 
Leaf Fungi Basidiomycota Vishniacozyma 1.5% 
Leaf Fungi Basidiomycota Erythrobasidium 1.5% 
Leaf Fungi Ascomycota Colletotrichum 1.5% 
Leaf Fungi Basidiomycota Papiliotrema 1.0% 
Leaf Fungi Ascomycota Periconia 0.6% 

Root Fungi Ascomycota Fusarium 19.9% 
Root Fungi Ascomycota Acrocalymma 10.2% 
Root Fungi Glomeromycota Rhizophagus 3.6% 

Stem Fungi Ascomycota Cladosporium 16.8% 
Stem Fungi Basidiomycota Symmetrospora 6.5% 
Stem Fungi Basidiomycota Hannaella 3.9% 
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Stem Fungi Basidiomycota Cryptococcus 3.0% 
Stem Fungi Ascomycota Alternaria 2.9% 
Stem Fungi Basidiomycota Vishniacozyma 2.2% 
Stem Fungi Basidiomycota Erythrobasidium 1.5% 

Stem Fungi Ascomycota Colletotrichum 1.3% 
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Table S2.5. Beta diversity pairwise microbial community comparison by disease rating. 
 
 

Pairwise Disease Rating Comparison FDR Adjusted P values 

Community  DR1 x 
DR2 

DR1 x 
DR3 

DR1 x 
DR4 

DR1 x 
DR5 

DR2 x 
DR3 

DR2 x 
DR4 

DR2 x 
DR5 

DR3 x 
DR4 

DR3 x 
DR5 

DR4 x 
DR5 

Leaf Bacteria 0.0017 0.0100 0.0017 0.0017 0.7380 0.0144 0.0017 0.0029 0.0017 0.0017 

Stem Bacteria 0.0057 0.0017 0.0017 0.0017 0.1820 0.0100 0.0017 0.1333 0.0017 0.0017 

Root Bacteria 0.2150 0.2556 0.0040 0.0040 0.3850 0.0043 0.0040 0.0040 0.0040 0.0043 

Leaf Fungi 0.0057 0.0723 0.0025 0.0025 0.2240 0.1333 0.0025 0.0057 0.0025 0.0057 

Stem Fungi 0.0050 0.0180 0.0020 0.0020 0.7560 0.1780 0.0020 0.0110 0.0020 0.0020 

Root Fungi 0.3390 0.0938 0.0075 0.0050 0.1711 0.0075 0.0050 0.0100 0.0100 0.0529 
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CHAPTER III. Development and Utilization of an Axenic Citrus 
System to Unravel Competition-based Niche Selection within the 

Microbiome 
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ABSTRACT 

Efforts to discover novel and sustainable methods to increase agricultural production and 

combat complex plant diseases, like citrus Huanglongbing is an active area of research. 

Native plant microbiota are linked to promoting host health, but microbial applications 

developed in the laboratory are often less effective in the field. Understanding multi-

microbe interactions within the microbiome will allow us to more efficiently incorporate 

beneficial microbial bio-inoculants into field environments. To study these multifaceted 

inter-microbiome interactions we have developed an axenic (microbe-free) citrus 

growing system where we can perform additive or subtractive microbiome experiments 

with a known microbial input. We observed that single isolates were capable of 

colonizing diverse plant compartments (leaves and roots) when added to axenic citrus 

seedlings. However, when added in a consortium, isolate colonization ranges were 

sectioned to specific tissue compartments, suggesting microbial competition determines a 

microbe’s physical niche range in planta. However, these isolates did not exhibit 

competitive behaviors, such as antibiosis, in in vitro bioassays. We used whole genome 

sequencing and metabolic modeling to predict that our Burkholderia cepacia isolate may 

produce extracellular menaquinone 7 (vitamin K2), capable of blocking antibiotic 

resistance proteins produced by Klebsiella aerogenes and Cronobacter sakazakii, in 

planta, but not when grown on LB media. We believe this and resource exploitation are 

the main factors resulting in in vitro and in planta assay discrepancies. 
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INTRODUCTION 

Citrus fruits are a globally grown crop and are highly recognized due to their flavors, 

health benefits, and cultural importance. With over 94 million tons grown each year, 

citrus fruits, juices, and oils comprise a multi-billion dollar industry [1,2]. The United 

States is the third largest producer of citrus, valued at over $3.2 billion annually [3]. 

Citrus diseases, especially Huanglongbing (HLB), are difficult to control and have major 

detrimental economic impacts [4]. Multiple citrus microbiome studies have identified 

potential biocontrol agents, predicted disease antagonists, and identified key community 

regulators (keystone species) and consistently abundance (core) microbes that may 

foundationally support citrus health and productivity [5–11]. 

Commensal bacteria and fungi can provide host plants with a myriad of extended 

traits, such as, increased nutrient acquisition, growth promotion, and pathogen control 

[7,8,12]. Single agent biological controls are consistently less effective under field 

conditions as compared to laboratory or growth chamber settings [13]. This disparity is 

largely due to a lack of knowledge regarding plant associated microbial niche 

construction and inter-microbiome interactions. These factors impact whether a microbial 

additive will be successfully incorporated into the community and translocate to the 

targeted physical and functional niche. Furthermore, field conditions impose challenges 

in proving causal links between microbial community composition and valuable host 

phenotypes (i.e. pathogen or drought resistance) due to the environmental complexity and 

variability. 

https://paperpile.com/c/VKUKwo/7TEi+krpi
https://paperpile.com/c/VKUKwo/OiqG
https://paperpile.com/c/VKUKwo/CHQC
https://paperpile.com/c/VKUKwo/PdMb+s4xA+ZFEO+BZSz+8VLA+uglq+mYFW
https://paperpile.com/c/VKUKwo/QlGI+ZFEO+BZSz
https://paperpile.com/c/VKUKwo/NhqT
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Host selection and environmental conditions play important roles in microbiome 

assembly and community structure, but the impacts of non-pathogenic microbe-microbe 

competition in plants are poorly understood. Microbial competitive exclusion may occur 

through interference (direct) or exploitative (indirect) mechanisms such as antimicrobial 

production or resource monopolization, respectively [14]. Soil provides a reservoir of 

microbes which are then ecologically filtered by the host to form the plant microbiome 

[15]. Leaf and root communities vary significantly in bacterial and fungal diversity and 

abundance [7,11]. These distinctions are predicted to be driven by physical and chemical 

properties of these plant compartments. We hypothesize that, in addition to these 

selective forces, microbial competition is an important determinant of microbial physical 

niche selection. 

One mechanism to study microbial niche association is to use an axenic, microbe-

free, host in a controlled environment for gnotobiotic (define microbiome) and holobiotic 

(undefined microbiome) experimentation. In animal systems, axenic mouse models have 

been used for decades and have led to important breakthroughs in human microbiome 

research [16–18]. Model plant systems, like Arabidopsis, have also been grown 

axenically and used to develop foundational ecological knowledge of plant microbiomes 

[19–21]. However, for many crops, including citrus, this pivotal tool is not available. This 

leaves researchers to rely primarily on in vitro and greenhouse or hydroponic bioassays to 

reduce complexity within the system. We hypothesize that this conditional artificiality 

results in an incomplete understanding of inter-microbiome interactions, giving rise to 

discrepancies in the capabilities of a biocontrol agent in a field setting. 

https://paperpile.com/c/VKUKwo/IOJK
https://paperpile.com/c/VKUKwo/vDUk
https://paperpile.com/c/VKUKwo/ZFEO+mYFW
https://paperpile.com/c/VKUKwo/Qk7L+cVkw+1GnO
https://paperpile.com/c/VKUKwo/Sh8g+9Rbe+tUX9
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Here we present a robust axenic citrus system as a tool for examining microbial 

impacts on citrus health, community assembly, and niche partitioning. We set out to 

axenically (microbe-free) propagate citrus seedlings to perform downstream gnotobiotic 

experiments to aid in the development of microbial additives that effectively enhance 

plant health. Subsequently, we illustrate the tremendous value of this platform by 

studying niche construction and multi-microbe interactions. Using a reduced microbiome 

containing four native, host selected, soil bacteria isolated from a citrus grove: Bacillus 

simplex, Klebsiella aerogenes, Cronobacter sakazakii, and Burkholderia cepacia, we 

confirmed that in vitro assays do not always predict or replicate in planta microbial 

interactions. We also determined that niche selection among these isolates is driven by 

inter-microbiome interactions and is not solely based on physical/chemical differences of 

leaf and root endosphere and episphere compartments. 

MATERIALS AND METHODS 

Seed sterilization and gnotobiotic growth. Seedy Washington sweet oranges were 

collected from the USDA Agricultural Operations, Riverside, California and seeds were 

extracted from the fresh fruit. Seeds were prepared by peeling the inner and outer citrus 

seed coats without damaging the embryo. Any discolored seeds were discarded. Seeds 

were sterilized by submersion in 10% bleach (Clorox Concentrated Germicidal bleach, 

8.25% Sodium Hypochlorite) and 0.01% Tween-20 for 30 minutes with gentle agitation 

(Fig 1). Seeds were then rinsed three times with sterile water to remove bleach residues 

and stored at 4˚C until planted.  
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Sterile citrus seedlings were grown using a modified version of the FlowPot 

system [20]. Sixty mL plastic syringes were cut in half and the top portions were 

discarded. Cut syringes were filled with sterile glass beads (4mm diameter), for drainage, 

and sterile 2:1 mix of peat moss:vermiculite. The peat moss and vermiculite mix was 

sterilized by moistening with sterile water, spreading in a thin layer, and autoclaving 

three times for 45 minutes on a liquid cycle, left covered and cooled to room temperature 

between each autoclave. Two empty 20 µL pipet tip wafers were taped upside down on 

the bottom of a 4000 mL microbox (Combiness, Deinze, Belgium) (Fig 1). Filled cut 

syringe pots were covered using a single piece of tape over the top opening and put 

upright in the microbox on the pipe wafers, the microbox opening was covered with foil 

and autoclaved on a 30 minutes, liquid cycle (Fig 1A,B). Microbox lids with XXL green 

filters were individually wrapped in foil and also autoclaved on a 30 minute, liquid 

cycle.  

Inside a biosafety level 2 cabinet, sterile pots filled with a 2:1 peat moss: 

vermiculite mixture were each flushed with 40 mL of sterile water by connecting the 

bottom of the pot to a 60 mL syringe using silicon tubing. Pots were then flushed with 35 

mL of microbe solution. The tape covering the pot opening was removed and sterilized 

citrus seeds were sown one per pot. Pots were enclosed in sterile microboxes and grown 

in a clean growth chamber at 28˚C on a 16/8 light/dark cycle. 

 
Bacteria selection and Isolation. Citrus root- associated soil was collected from UC 

Lindcove Experimental Research Center, Exeter, CA. A single soil sample was collected 

from 4 randomized plots in the citrus orchard. The top two inches of surface soil was 

https://paperpile.com/c/VKUKwo/9Rbe
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removed, and the four samples were pooled into a whirl-pak bag (Uline, Pleasant Prairie, 

WI). Samples were immediately placed on ice in a cooler for transit to the laboratory and 

subsequently shipped on ice to the University of California Riverside.  

A microbial wash was prepared by adding 50g of soil to 500 mL of MgSO4 (10 

mM) buffer in a 1L flask, followed by 30 minutes of stirring at room temperature. 

Microbial washes were poured into sterile 50 mL centrifuge tubes and soil particles were 

pelleted by centrifugation for 2 minutes at 1500 rpm using a JA-14 fixed-angle aluminum 

rotor. Thirty-five mL of wash were applied to the soil-like matrix by injection as stated 

above. The holobiotic experiment was kept enclosed, along with accompanying sterile 

controls. Four weeks later, seedlings were harvested and cultured using the compartment 

culturing method below. Isolated bacterial colonies from each plant compartment were 

subcultured, identified by sanger sequencing, and bacterial species that were only isolated 

from a single compartment were selected for further experimentation.  

 
Culturing leaf and root compartments of the gnotobiotic plants. We cultured from 

four distinct plant compartments: leaf episphere, leaf endosphere, root episphere, and root 

endosphere. Epiphytic leaf and root microbiomes were cultured by swabbing roots and 

leaves with sterile swabs dipped in MgSO4 Buffer, followed by rubbing the swab onto 

Luria-Bertani (LB) media plates. Fresh swabs were used to sample different 

compartments and plants. Plants were removed from their pots using sterile tweezers and 

the excess soil and cotyledons removed. Roots and shoots were separated at the crown, 

defined by a distinct color change, using heat sterilized scissors. The shoots and roots 

were then surface sterilized in separate falcon tubes containing 30 mL of 20% bleach and 
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gently agitated for 30 seconds. Tissue sections were then rinsed of bleach residue in new 

falcon tubes containing 30 mL of sterile water. Sterilized plant tissue was placed in mesh 

bags with 2 mL of PBS buffer and homogenized via hammer. One-hundred µL of plant 

slurry were spread plated on LB media to provide a culture of soil microbes capable of 

colonizing four distinct physical niches or compartments of a citrus seedling. 

 
Growth curves. All bacterial isolate strains were maintained on LB plates and incubated 

at 28°C. Single cultures were picked and transferred to 3.5 mL liquid LB media in 

replicates of three and placed in a shaker at 28°C and 180 rpm overnight. Subcultures 

were made by inoculating 200 ul of the overnight culture to 3.5ml of LB. Growth curves 

were obtained by measuring OD600nm of the 3.7 mL culture tubes every 30 minutes over 

30 hours, using sterile LB media as a blank and maintaining cultures in a shaker at 28°C 

and 180 rpm in between measurements. 

 
Gnotobiotic plant colonization experiments. Gnotobiotic citrus seedlings, inoculated 

with a single isolate, multiple isolates, or sterile buffer were grown for four weeks. 

Culturing of four plant compartments were completed using the protocol described 

above. Additionally, shoot and root lengths were recorded.  

 Single and group inoculation experiments were repeated four times (October 

2017; April 2018; September 2019; December 2019). From these experiments the total 

number of viable seedlings from each treatment group includes: 61 sterile controls, 47 

group inoculated (All), 57 Cronobacter sakazakii, 52 Burkholderia cepacia, 49 

Klebsiella aerogenes, and 46 Bacillus simplex inoculated seedlings. The three pairwise 
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inoculation experiments were replicated twice (September 2019; December 2019). From 

these experiments the total number of viable seedlings from each treatment group 

includes: 25 Cs-Bc, 20 Cs-Bs, and 21 Cs-Ka inoculated seedlings. At the end of each 

experiment shoot and root length measurements were recorded for all viable plants, 

which had a root(s) and a green living shoot. Additionally, cultures were obtained from a 

random subsample of 4-10 plants from each treatment group using the compartment 

culturing protocol previously described.  

 
In vitro plate and liquid interaction assays. Single colonies were transferred into 

labeled test tubes with 3.5 mL of liquid LB medium in triplicate and placed in a shaker at 

28°C and 180 rpm overnight. Fresh cultures were subcultured from the overnight cultures 

and isolates were grown so that isolates were in mid-logarithmic growth phase for input 

into the interaction assays. Freshly prepared LB agar plates were inoculated with C 

sakazakii by streaking a single straight line vertically down the center of the plate. Then, 

the plate was seeded with the other three isolates and C sakazakii (control) by streaking 

lateral lines of bacteria at a 90˚ angle to the previous center streak, starting close to, but 

not touching the center C sakazakii line and moving toward the outer edge of the plate. A 

single lateral line was made with each isolate to examine pairwise interactions between 

that isolate and C. sakazakii. This design was repeated for all isolates in the same manner, 

in replicates of three, and duplicated in two isolated experiments [22].  

A second plate interaction assay was performed to examine potential synergistic 

effects of two or more isolates on the other isolates. LB agar plates were split into 

quadrants and each quadrant was inoculated with one of four isolates by streaking 10 µL 

https://paperpile.com/c/VKUKwo/5izx
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of bacterial culture in a single straight line from the center of the plate to the edges of the 

plate, so that the four individual streaks/isolates met at the center of the plate. Plates were 

incubated at 28°C for five days. This experiment was repeated on two separate occasions 

with three replicates each.  

For the liquid interaction assay, test tubes were filled with 3.5 mL of LB medium 

and labeled in triplicate. The following interactions were tested: Negative Control, Cs-Cs, 

Cs-Bs, Cs-Bc, Cs-Ka, Bs-Bs, Bs-Bc, Bs-Ka, Bc-Bc, Bc-Ka, and All 4 (Cs, Bs, Bc, and 

Ka). Sterile LB medium was used as a negative control. The individual four cultures were 

normalized to the lowest concentration of the four using OD600nm. The normalized liquid 

cultures were vortexed and 100ul of each sample were added to the corresponding 

labeled test tube with 3.5mL of LB. Test tubes were incubated and grown at 28°C in a 

shaker at 180 rpms for either 24 hours or 3 days. Serial dilutions of 10^9 CFU/ml were 

performed for all liquid cultures. One-hundred ul of the serial dilutions were spread 

plated on labeled LB agar plates and incubated at 28°C for two days. 

 
Microbial DNA extraction and sequencing. Microbial genomic DNA was extracted 

from overnight liquid cultures using the MP Biomedicals FastDNA spin kit for soil DNA 

(Cat. No. 6560200, Irvine, CA) according to manufacturer protocols. DNA concentration 

was evaluated using Qubit dsDNA HS Assay kit (Cat. No. Q32851, Thermo Fisher) and 

Qubit Fluorometer (UCR Genomics Core, Riverside, CA). DNA samples were shipped 

on dry ice to Novogene for Illumina Novoseq 6000 paired-end 150 bp length library 

preparation and sequencing (Sacramento, CA). 
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Microbial genome analyses: Raw reads were quality filtered to remove adapters and 

low-quality reads with N>10% or a quality score ≤5 (done by Novogene). Clean reads 

were analyzed using a number of tools available on the user interface KBase, described in 

detail below [23]. 

De novo assembly of paired end reads into contigs was done using SPAdes 

assembler V3.13 [24]. Quality of assembly was assessed using QUAST [25]. Gene 

annotations were achieved with RAST [26]. Model SEED was then used to construct a 

genome-scale metabolic model based on the annotated genome [27,28]. Publicly 

available LB and complete media inputs were used for gap filling.  

Assembled bacterial contigs were ran through the Comprehensive Antibiotic 

Resistance Database (CARD) and antiSMASH database to identify antibiotic resistance 

genes and microbial secondary metabolite biosynthetic gene clusters present in our four 

isolates [29,30]. 

 
RESULTS 

Axenic Citrus experimental system. Numerous growing vessels, substrates, and seed 

sterilization methods were tested to achieve a healthy axenic citrus plant that was 

amenable to microbial additives (Table 1) [31]. Citrus seedlings are much larger than 

other commonly used model plants (i.e. Arabidopsis sp.) and quickly exhaust nutrient 

resources from substrates. Most previously published systems cannot accommodate a 

citrus seed or seedling, and had to be adapted. Under the stressed conditions of some 

systems tested, seeds had low germination rates, no prominent tap root formation, double 

shoots on a single root, chlorosis, necrosis, stunting, and/or curled leaves. Growth in 

https://paperpile.com/c/VKUKwo/UKzNJ
https://paperpile.com/c/VKUKwo/plvQr
https://paperpile.com/c/VKUKwo/O0vDT
https://paperpile.com/c/VKUKwo/mUvVR
https://paperpile.com/c/VKUKwo/tyLYW+7jpEK
https://paperpile.com/c/VKUKwo/oUaI+VpCX
https://paperpile.com/c/VKUKwo/Fgfk
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liquid or solid media did not allow for consistent microbial application to sterile seeds 

and plants, and soil was difficult to sterilize and often correlated with increased chlorosis 

(yellowing).  

After experimentation we concluded that a modified FlowPot system provided the 

versatility that we needed [20]. We modified the original system to adapt it to citrus and 

other larger plants by increasing the height of the pot, removing the mesh covering, 

increasing the height of the outer box, and using a 2:1 peat moss to vermiculite mix as the 

soil substrate (Fig. 1).  

Citrus seeds have two thick seed coats that need to be removed prior to 

sterilization. After testing varying concentrations of bleach and duration of sterilization 

we found that 10% household bleach and 0.01% Tween-20 for 30 minutes with gentle 

agitation provided consistent sterilization without compromising germination rates. After 

six weeks of growth, phyllosphere (leaf and stem) and root samples were confirmed 

bacteria- and fungi-free using culturing and standard PCR. 

 
Leaf and root microbial communities are recruited from a soil community. To 

validate our experimental system, we collected bulk soil from a conventionally managed 

citrus orchard, extracted microbes using a washing technique, and injected our treatment 

pots with our holoxenic slurries. After true leaf formation (4 weeks), we sampled four 

major plant compartments for microbial colonization using culture-dependent methods: 

leaf surface (episphere), inside leaf (endosphere), root surface, and inside roots. We 

found that bacteria and fungi were recruited from the soil and colonized all four citrus 

compartments. 

https://paperpile.com/c/VKUKwo/9Rbe
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 While several generalist microbes, capable of colonizing all four pant 

compartments, were isolated, a number of bacteria were only isolated out of one or two 

compartments, indicating preferential colonization, a limited niche range, and more 

specialized functions. One specialist bacterium from each compartment was isolated, 

grown in pure culture, and using whole genome sequencing we identified our isolates as: 

Bacillus simplex (Bs), Klebsiella aerogenes (Ka), Cronobacter sakazakii (Cs), and 

Burkholderia cepacia (Bc) (Fig 2).  

 
Unaccompanied isolates establish a wider colonization range. We generated growth 

curves for our four wild isolates and inoculated single sterile citrus seeds with single 

isolates in exponential growth phase (Fig. 3). Surprisingly, C. sakazakii and K. aerogenes 

colonized all four plant compartments when inoculated as singlet isolates. B. cepacia was 

re-isolated from three out of four compartments, including the leaf endosphere, root 

episphere, and root endosphere, with few to no colonies in the leaf episphere (Fig. 4A and 

4C). B. simplex was inconsistent and was only re-isolated 25% of the time, but when it 

was isolated from the plant, its colonization was limited to the root surface and 

endosphere, and was never isolated from leaves. 

 
Consortium modifies isolate colonization patterns. Co-colonization patterns differed 

from the single isolate inoculation experiments (Fig. 4A,B,C). When all four isolates 

were co-inoculated in equal concentrations of 2x106 CFU/ml in a homogeneous mixture, 

the leaf surface was colonized primarily by C. sakazakii, and in a few cases (≈25%) C. 

sakazakii and B. cepacia. The leaf endosphere was colonized by both C. sakazakii and B. 
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cepacia. The root episphere compartment was primarily colonized by K. aerogenes and 

in a few cases K. aerogenes and B. simplex. Lastly, the endophytic root compartment 

hosted K. aerogenes and B. cepacia, small traces of C. sakazakii, and ≈25% of the time 

B. simplex. Root and shoot growth were not affected by any treatment (Fig. 5A and B). 

 Pairwise inoculations with Cs-Bc, Cs-Bs, Cs-Ka were also executed. Cs-Bc were 

both re-isolated from the leaf endosphere and episphere, Bc was abundant on both root 

compartments with an average of only 10 Cs colonies from the inner root (Fig. 6). Cs-Bs 

co-inoculation resulted in Cs isolation from all 4 compartments, and Bs was not 

recovered. When Cs and Ka were co-inoculated, Ka was isolated from both root 

compartments and the leaf surface, while Cs was only recovered from the leaf surface 

and a few colonies from the root endosphere.  

 
In vitro interaction bioassays on solid and in liquid media. To understand why 

consortium and co-inoculations limited the colonization range of the isolates in planta we 

performed in vitro interaction bioassays. Interestingly, streak plating (Fig. 7) and liquid 

media co-culturing (data not shown) showed no significant growth promotion or 

inhibition among or between our isolates in vitro.  

 
Whole genome comparisons and metabolic models. We used whole genome 

comparisons and metabolic modeling to predict what microbe-microbe interactions are 

occurring inside of the plant, which we were unable to replicate in vitro. We first 

identified potential secondary metabolites using anti-SMASH, followed by identification 

of antimicrobial resistance genes for each isolate (Table 2 and 3). All isolates have 
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siderophore biosynthetic gene clusters. Other relevant predicted secondary metabolite 

types include: aryl polyene, homoserine lactone, terpenes, ladderane, and 

nonribosomally-synthesized peptides (NRPs). With 20 identified, Ka had the most 

antimicrobial resistance genes, followed by Cs (16), Bc (2), and Bs (1).  

Two metabolic models for each isolate were generated using Model SEED on the 

kBase web server. The first set of models utilized KEGG pathway gap filling using 

compounds available in Luria-Bertani (LB) media to represent growth on LB media. The 

second set of models used complete media for gap filling to understand what each 

microbe is capable of producing if it had all necessary components to complete the 

KEGG pathways encoded in its genome. Comparison of these models were used to 

predict potential differences of in vitro and in planta activity. Ka and Cs did not have 

differences between the first and second models. The complete media model for Bc 

predicted the production of cytosol and extracellular menaquinone 7 (Vitamin K2), 

cytosol 2-Demethylmenaquinone 7, and extracellular octadecanoate, which were not 

predicted using LB media for pathway gap filling. However, succinylbenzoate and 

succinylbenzoyl-COA, two intermediates of Vitamin K2 were produced in the LB model. 

This suggests that Bc may produce intracellular and extracellular vitamin K2 in the plant, 

but cannot on LB media. Bs under the complete media model predicts the presence of 

cobalt-precomin 6 and 6B in the cytosol, and extracellular cobinamide (penultimate 

compound in cobalamin/B12 biosynthesis) and octadecanoate, but not in the LB media-

based model. Both Bs models show cobinamide in the cytosol, but in complete media, 

and potentially in the plant, cobinamide can be exported. 
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DISCUSSION 

Bacteria and fungi can promote plant growth and be used to combat plant pathogens in a 

sustainable way. For single agent or consortium-based microbial inoculants to be 

effective in field settings, introduced microbes must compete and integrate with 

indigenous plant microbiota. The outcomes of these competitive interactions can 

determine the physical niche of these inoculants, and thus the potency of their plant 

health promoting effects. We present an axenic citrus system to aid in deconvoluting 

basic plant-microbe and microbe-microbe interactions, with the potential to provide a 

platform for higher-throughput screening for beneficial citrus microbes. We initially 

utilized this system to test microbial colonization and niche selection. Our data indicate 

that multi-microbe inoculations affected host niche colonization differently than singlet 

isolate inoculations suggesting that the host environment induces competition among 

microbes in planta.  

To validate the system, we studied the colonization and impact of microbe-

microbe interactions on microbial niche selection in planta. Initially, we found that bulk 

soil microbes could readily colonize all compartments of our seedlings, including the leaf 

and root endo- and episphere. As the phytobiome operates in more granular detail than 

above and below ground colonization, understanding if a microbe colonizes the 

endosphere or episphere or both is essential when screening potential agricultural 

inoculants: Through our experimental platform, we have identified three of our four 

tested bacterial isolates to be generalist plant colonizers (colonizing internal and external 

compartments of both roots and leaves) when solo inoculated. However, co-inoculation 
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with just one to three other bacteria reduced colonization range for all isolates, indicating 

competition within the microbiome impacts colonization and niche selection. 

Interestingly, our liquid and streak plate in vitro interaction assays did not show any 

significant interactions between or among our isolates. 

Overall, in the group and pairwise inoculations, with the exception of Cs-Bs co-

inoculation, C. sakazakii was almost entirely excluded from root compartments, 

suggesting that Bc and Ka outcompete Cs on the root surface as more capable root 

endophytes (Figures 4a and 6). Under group inoculation conditions, K. aerogenes was 

excluded from both phyllosphere compartments, but persisted epiphytically on leaves 

when co-inoculated with Cs; this suggests Ka is inhibited or outcompeted by Bc or the 

combination of Bc and Cs. In the group inoculation experiments, Bc did not colonize the 

root surface even though it had colonized that compartment in the singlet inoculations 

and when paired with Cs. This indicates that Ka, Bs, or the combination exclude Bc from 

the root surface. B. cepacia was able to colonize the leaf surface during the group 

inoculation and when co-inoculated with Cs, which had not been seen in the singlet 

inoculations. This implies that Cs may support Bc growth on the leaf surface. Finally, Bs 

was again fastidious and rarely reisolated from the plants, but was isolated from only the 

root compartments as seen during unaccompanied experiments. 

Based on our experimentation we predict that Klebsiella aerogenes (previously 

Enterobacter aerogenes) inhibits growth over the other three isolates on the root 

episphere. Root associated Enterobacter sp., closely related to Klebsiella sp., significantly 

suppresses Burkholderia cepacia populations when co-inoculated in sorghum and was 
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identified as a major maize rhizosphere community stabilizer [32,33]. Our K. aerogenes 

genome had gene clusters that were similar to aryl polyenes and ladderanes, which can 

protect gram-negative bacteria from oxidative stress and may provide additional 

membrane protection, respectively. This isolate also had the most antibiotic resistance 

gene identified and the fastest growth rate of the four isolates. We predict that Ka is fast 

and efficient at colonizing the root surface and monopolizes this root compartment. Once 

it has colonized it is resistant to any chemical warfare from the other isolates. 

Our metabolic models predicted that B. cepacia can produce menaquinone 7 

(vitamin K2) in complete media and presumably in planta, but cannot in LB media. El-

Halfawy et al. 2017, found that vitamin K2 could overcome antibiotic resistance 

mediated by bacterial lipocalins (Blc). Lipocalins capture antibiotics in the extracellular 

space, making them ineffective, but fat-soluble vitamins, like vitamin K2, can bind 

bacterial lipocalin with higher affinity, preventing the binding of antibiotics and allowing 

them to reach their target [34]. In some Enterobacteriaceae, blc genes are linked to the 

ampC gene, which encodes a serine beta-lactamase. A similar serine beta-lactamase 

encoding, antibiotic resistance, gene, ampH, was identified in our C. sakazakii and K. 

aerogenes isolates allowing resistance to penams (penicillin derivatives) and 

cephalosporins [35]. Additionally, we identified a biosynthetic cluster similar to beta-

lactone in our B. cepacia genome. Beta-lactones are structurally similar to beta-lactam 

antibiotics which includes penams and cephalosporins. We predict that B. cepacia breaks 

down C. sakazakii and K. aerogenes resistance to an antibiotic that it then produces in 

plants by producing extracellular vitamin K2. However, in LB media C. sakazakii and K. 

https://paperpile.com/c/VKUKwo/DnFD+2TOT
https://paperpile.com/c/VKUKwo/ehCL
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aerogenes resistance remains intact because B. cepacia cannot produce vitamin K2 under 

those conditions. 

In the leaf compartment B. cepacia and/or C. sakazakii outcompetes K. 

aerogenes. Roots have a significantly higher iron content than leaves [36]. B. cepacia is 

predicted to produce the high iron binding affinity siderophores ornibactin. Ornibactin 

production in Burkholderia spp has been linked to bacterial adherence and bactericidal 

activity [37]. C. sakazakii is predicted to produce aerobactin, which has low iron binding 

affinity, but is more rapidly excreted than other siderophores [38]. Ka has numerous 

resistance mechanisms for direct competition, but may be outcompeted in acquiring iron, 

limiting it’s growth in the leaves when other microbiota are present. 

C. sakazakii appears to promote B. cepacia colonization on the leaf surface. Our 

data indicates that our B. cepacia isolate produces homoserine lactone which is an 

important molecular signal in quorum sensing (QS) and biofilm formation. Burkholderia 

spp. also have quorum sensing mediated antimicrobial production. Close relatives of 

Burkholderia spp that have broad-range QS signal receptors can “eavesdrop” on 

Burkholderia spp signals, allowing for cross-species activation [39]. Therefore, we 

speculate that B. cepacia produced homoserine lactone could either increase competition 

with C. sakazakki later when population abundance is higher, or there signaling 

molecules could aid in mixed biofilm formation. 

B. simplex has been identified as a plant growth promoter, but was rarely re-

isolated from our seedlings [40]. This isolate is least phylogenetically related to the other 

isolates and only one resistance gene was identified from this isolated genome. It’s nature 

https://paperpile.com/c/VKUKwo/6MyU
https://paperpile.com/c/VKUKwo/aMnl
https://paperpile.com/c/VKUKwo/s0Fy
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https://paperpile.com/c/VKUKwo/Z7A1


 104 

in the plant suggests that the plant alone and our reduced community does not support B. 

simplex growth. This isolate is sensitive and may be highly dependent on other 

microbiome members not included in our synthetic community.  

Follow-up experiments are needed to confirm our in planta interaction 

predictions. Utilization of axenic plants and defined microbiomes will benefit biological 

control development in citrus and other tree crops. When applying microbial applications, 

we must consider how microbial competition alters the colonization and efficacy of the 

control agent. By understanding inter-microbiome interactions, we can develop 

supportive communities that can help establish the targeted result. 
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Table 3.1. Axenic plant growth systems tested. 
 

Axenic Growth Systems Tested 
Container/pot Substrate Citations 

Large test tube Liquid MS CCPP; Kyte et al. 2013 
Large test tube Solid MS CCPP; Kyte et al. 2013 
Small microbox Solid MS Innerebner et al. 2011 
Small microbox Vermiculite + Liq. MS  

Standard pot Soil  
Modified FlowPot Vermiculite + Peat moss Kremer et al, 2018 
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Table 3.2. Secondary metabolite biosynthetic gene clusters. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Predicted Secondary Metabolite Biosynthetic Gene Clusters 
Isolate Type Most similar known cluster Similarity 

B. cepacia arylpolyene APE Vf 10% 
B. cepacia arylpolyene APE Vf 35% 
B. cepacia bacteriocin (x2)   
B. cepacia betalactone   
B. cepacia hserlactone (x2)   
B. cepacia NRPS ornibactin 93% 
B. cepacia phosphonate   
B. cepacia terpene   
B. cepacia terpene N-acyloxyacyl glutamine 50% 
B. simplex betalactone fengycin 46% 
B. simplex LAP, bacteriocin   
B. simplex lassopeptide paeninodin 100% 
B. simplex NRPS koranimine 87% 
B. simplex siderophore   
B. simplex T3PKS   
B. simplex terpene (x2)   
C. sakazakii NRPS thailanstatin 10% 
C. sakazakii siderophore aerobactin 77% 
C. sakazakii terpene carotenoid 100% 
C. sakazakii thiopeptide O-antigen 14% 
K. aerogenes arylpolyene aryl polyenes 88% 
K. aerogenes ladderane 3-[(Z)-2-isocyanoethenyl]-1H-indole 6% 
K. aerogenes NRPS turnerbactin 30% 
K. aerogenes thiopeptide O-antigen 14% 
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Table 3.3. Predicted antibiotic resistance genes. 
 

Antibiotic Resistance Genes 
Isolate Best 

hit 
Identity Mechanism Drug class 

B. cepacia amrA 75.06 protein homolog 
model 

macrolide antibiotic; fluoroquinolone 
antibiotic; monobactam; aminoglycoside 
antibiotic; carbapenem; glycylcycline; penam; 
tetracycline antibiotic; acridine dye; 
aminocoumarin antibiotic; diaminopyrimidine 
antibiotic; phenicol antibiotic; triclosan; 
antibacterial free fatty acids 

B. cepacia adeF 79.58 protein homolog 
model 

macrolide antibiotic; fluoroquinolone 
antibiotic; monobactam; aminoglycoside 
antibiotic; carbapenem; glycylcycline; penam; 
tetracycline antibiotic; acridine dye; 
aminocoumarin antibiotic; diaminopyrimidine 
antibiotic; phenicol antibiotic; triclosan; 
antibacterial free fatty acids 

B. simplex vanRF 96.1 antibiotic target 
alteration 

glycopeptide antibiotic 

C. sakazakii marA 89.52 antibiotic efflux; 
reduced permeability 
to antibiotic 

macrolide antibiotic; fluoroquinolone 
antibiotic; monobactam; aminoglycoside 
antibiotic; carbapenem; cephalosporin; 
glycylcycline; cephamycin; penam; tetracycline 
antibiotic; acridine dye; aminocoumarin 
antibiotic; rifamycin antibiotic; 
diaminopyrimidine antibiotic; phenicol 
antibiotic; triclosan; penem; antibacterial free 
fatty acids 

C. sakazakii K. 
pneumo
niae 
KpnF 

74.31 antibiotic efflux macrolide antibiotic; fluoroquinolone 
antibiotic; aminoglycoside antibiotic; 
lincosamide antibiotic; fosfomycin; 
cephalosporin; glycylcycline; bicyclomycin; 
penam; nucleoside antibiotic; tetracycline 
antibiotic; peptide antibiotic; acridine dye; 
oxazolidinone antibiotic; rifamycin antibiotic; 
diaminopyrimidine antibiotic; phenicol 
antibiotic; isoniazid; benzalkonium chloride; 
rhodamine; antibacterial free fatty acids; 
nitroimidazole antibiotic 

C. sakazakii K. 
pneumo
niae 
KpnE 

68.91 antibiotic efflux macrolide antibiotic; fluoroquinolone 
antibiotic; aminoglycoside antibiotic; 
lincosamide antibiotic; fosfomycin; 
cephalosporin; glycylcycline; bicyclomycin; 
penam; nucleoside antibiotic; tetracycline 
antibiotic; peptide antibiotic; acridine dye; 
oxazolidinone antibiotic; rifamycin antibiotic; 
diaminopyrimidine antibiotic; phenicol 
antibiotic; isoniazid; benzalkonium chloride; 
rhodamine; antibacterial free fatty acids; 
nitroimidazole antibiotic 

C. sakazakii H-NS 91.91 antibiotic efflux macrolide antibiotic; fluoroquinolone 
antibiotic; monobactam; aminoglycoside 
antibiotic; lincosamide antibiotic; carbapenem; 
fosfomycin; cephalosporin; glycylcycline; 
cephamycin; bicyclomycin; penam; nucleoside 
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antibiotic; tetracycline antibiotic; peptide 
antibiotic; acridine dye; oxazolidinone 
antibiotic; aminocoumarin antibiotic; rifamycin 
antibiotic; diaminopyrimidine antibiotic; 
phenicol antibiotic; isoniazid; triclosan; 
benzalkonium chloride; rhodamine; 
antibacterial free fatty acids; nitroimidazole 
antibiotic 

C. sakazakii E. coli 
ampH 

85.68 antibiotic inactivation cephalosporin; penam 

C. sakazakii emrB 92.38 antibiotic efflux macrolide antibiotic; fluoroquinolone 
antibiotic; lincosamide antibiotic; fosfomycin; 
cephalosporin; glycylcycline; bicyclomycin; 
penam; nucleoside antibiotic; tetracycline 
antibiotic; peptide antibiotic; acridine dye; 
oxazolidinone antibiotic; rifamycin antibiotic; 
diaminopyrimidine antibiotic; phenicol 
antibiotic; isoniazid; benzalkonium chloride; 
rhodamine; antibacterial free fatty acids; 
nitroimidazole antibiotic 

C. sakazakii emrR 89.71 antibiotic efflux macrolide antibiotic; fluoroquinolone 
antibiotic; lincosamide antibiotic; fosfomycin; 
cephalosporin; glycylcycline; bicyclomycin; 
penam; nucleoside antibiotic; tetracycline 
antibiotic; peptide antibiotic; acridine dye; 
oxazolidinone antibiotic; rifamycin antibiotic; 
diaminopyrimidine antibiotic; phenicol 
antibiotic; isoniazid; benzalkonium chloride; 
rhodamine; antibacterial free fatty acids; 
nitroimidazole antibiotic 

C. sakazakii msbA 92.78 antibiotic efflux macrolide antibiotic; fluoroquinolone 
antibiotic; cephalosporin; penam; tetracycline 
antibiotic; peptide antibiotic; acridine dye; 
rifamycin antibiotic; pleuromutilin antibiotic; 
nitroimidazole antibiotic 

C. sakazakii CRP 99.05 antibiotic efflux macrolide antibiotic; fluoroquinolone 
antibiotic; monobactam; aminoglycoside 
antibiotic; carbapenem; glycylcycline; penam; 
tetracycline antibiotic; acridine dye; 
aminocoumarin antibiotic; diaminopyrimidine 
antibiotic; phenicol antibiotic; triclosan; 
antibacterial free fatty acids 

C. sakazakii adeF 42.3 antibiotic efflux macrolide antibiotic; fluoroquinolone 
antibiotic; monobactam; aminoglycoside 
antibiotic; carbapenem; glycylcycline; penam; 
tetracycline antibiotic; acridine dye; 
aminocoumarin antibiotic; diaminopyrimidine 
antibiotic; phenicol antibiotic; triclosan; 
antibacterial free fatty acids 

C. sakazakii adeF 41.7 antibiotic efflux macrolide antibiotic; fluoroquinolone 
antibiotic; monobactam; aminoglycoside 
antibiotic; carbapenem; glycylcycline; penam; 
tetracycline antibiotic; acridine dye; 
aminocoumarin antibiotic; diaminopyrimidine 
antibiotic; phenicol antibiotic; triclosan; 
antibacterial free fatty acids 

C. sakazakii E. coli 
GlpT 

92.87 antibiotic target 
alteration 

fosfomycin 
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mutatio
n  

C. sakazakii E. coli 
EF-Tu 
mutants  

98.22 antibiotic target 
alteration 

elfamycin antibiotic 

C. sakazakii H. 
influenz
ae PBP3 

52.22 antibiotic target 
alteration 

cephalosporin; cephamycin; penam 

C. sakazakii E. coli 
EF-Tu 
mutants  

98.22 antibiotic target 
alteration 

elfamycin antibiotic 

C. sakazakii E. coli 
marR 
mutant  

86.81 antibiotic target 
alteration; antibiotic 
efflux 

macrolide antibiotic; fluoroquinolone 
antibiotic; monobactam; aminoglycoside 
antibiotic; carbapenem; cephalosporin; 
glycylcycline; penam; tetracycline antibiotic; 
acridine dye; aminocoumarin antibiotic; 
rifamycin antibiotic; diaminopyrimidine 
antibiotic; phenicol antibiotic; triclosan; 
antibacterial free fatty acids 

K. aerogenes K. 
pneumo
niae 
KpnH 

94.53 antibiotic efflux macrolide antibiotic; fluoroquinolone 
antibiotic; aminoglycoside antibiotic; 
lincosamide antibiotic; carbapenem; 
fosfomycin; cephalosporin; glycylcycline; 
bicyclomycin; penam; nucleoside antibiotic; 
tetracycline antibiotic; peptide antibiotic; 
acridine dye; oxazolidinone antibiotic; 
rifamycin antibiotic; diaminopyrimidine 
antibiotic; phenicol antibiotic; isoniazid; 
penem; benzalkonium chloride; rhodamine; 
antibacterial free fatty acids; nitroimidazole 
antibiotic 

K. aerogenes K. 
pneumo
niae 
KpnG 

93.85 antibiotic efflux macrolide antibiotic; fluoroquinolone 
antibiotic; aminoglycoside antibiotic; 
lincosamide antibiotic; carbapenem; 
fosfomycin; cephalosporin; glycylcycline; 
bicyclomycin; penam; nucleoside antibiotic; 
tetracycline antibiotic; peptide antibiotic; 
acridine dye; oxazolidinone antibiotic; 
rifamycin antibiotic; diaminopyrimidine 
antibiotic; phenicol antibiotic; isoniazid; 
penem; benzalkonium chloride; rhodamine; 
antibacterial free fatty acids; nitroimidazole 
antibiotic 

K. aerogenes emrR 93.57 antibiotic efflux macrolide antibiotic; fluoroquinolone 
antibiotic; lincosamide antibiotic; fosfomycin; 
cephalosporin; glycylcycline; bicyclomycin; 
penam; nucleoside antibiotic; tetracycline 
antibiotic; peptide antibiotic; acridine dye; 
oxazolidinone antibiotic; rifamycin antibiotic; 
diaminopyrimidine antibiotic; phenicol 
antibiotic; isoniazid; benzalkonium chloride; 
rhodamine; antibacterial free fatty acids; 
nitroimidazole antibiotic 

K. aerogenes K. 
pneumo
niae 
KpnE 

85 antibiotic efflux macrolide antibiotic; fluoroquinolone 
antibiotic; aminoglycoside antibiotic; 
lincosamide antibiotic; fosfomycin; 
cephalosporin; glycylcycline; bicyclomycin; 
penam; nucleoside antibiotic; tetracycline 



 114 

antibiotic; peptide antibiotic; acridine dye; 
oxazolidinone antibiotic; rifamycin antibiotic; 
diaminopyrimidine antibiotic; phenicol 
antibiotic; isoniazid; benzalkonium chloride; 
rhodamine; antibacterial free fatty acids; 
nitroimidazole antibiotic 

K. aerogenes K. 
pneumo
niae 
KpnF 

92.66 antibiotic efflux macrolide antibiotic; fluoroquinolone 
antibiotic; aminoglycoside antibiotic; 
lincosamide antibiotic; fosfomycin; 
cephalosporin; glycylcycline; bicyclomycin; 
penam; nucleoside antibiotic; tetracycline 
antibiotic; peptide antibiotic; acridine dye; 
oxazolidinone antibiotic; rifamycin antibiotic; 
diaminopyrimidine antibiotic; phenicol 
antibiotic; isoniazid; benzalkonium chloride; 
rhodamine; antibacterial free fatty acids; 
nitroimidazole antibiotic 

K. aerogenes marA 91.2 antibiotic efflux; 
reduced permeability 
to antibiotic 

macrolide antibiotic; fluoroquinolone 
antibiotic; monobactam; aminoglycoside 
antibiotic; carbapenem; cephalosporin; 
glycylcycline; cephamycin; penam; tetracycline 
antibiotic; acridine dye; aminocoumarin 
antibiotic; rifamycin antibiotic; 
diaminopyrimidine antibiotic; phenicol 
antibiotic; triclosan; penem; antibacterial free 
fatty acids 

K. aerogenes baeR 94.14 antibiotic efflux macrolide antibiotic; fluoroquinolone 
antibiotic; monobactam; aminoglycoside 
antibiotic; carbapenem; glycylcycline; penam; 
tetracycline antibiotic; acridine dye; 
aminocoumarin antibiotic; diaminopyrimidine 
antibiotic; phenicol antibiotic; triclosan; 
antibacterial free fatty acids 

K. aerogenes E. coli 
ampH 

82.86 antibiotic inactivation cephalosporin; penam 

K. aerogenes adeF 42.2 antibiotic efflux macrolide antibiotic; fluoroquinolone 
antibiotic; monobactam; aminoglycoside 
antibiotic; carbapenem; glycylcycline; penam; 
tetracycline antibiotic; acridine dye; 
aminocoumarin antibiotic; diaminopyrimidine 
antibiotic; phenicol antibiotic; triclosan; 
antibacterial free fatty acids 

K. aerogenes CRP 99.05 antibiotic efflux macrolide antibiotic; fluoroquinolone 
antibiotic; monobactam; aminoglycoside 
antibiotic; carbapenem; glycylcycline; penam; 
tetracycline antibiotic; acridine dye; 
aminocoumarin antibiotic; diaminopyrimidine 
antibiotic; phenicol antibiotic; triclosan; 
antibacterial free fatty acids 

K. aerogenes oqxA 92.58 antibiotic efflux macrolide antibiotic; fluoroquinolone 
antibiotic; monobactam; aminoglycoside 
antibiotic; carbapenem; glycylcycline; penam; 
tetracycline antibiotic; acridine dye; 
aminocoumarin antibiotic; diaminopyrimidine 
antibiotic; phenicol antibiotic; triclosan; 
antibacterial free fatty acids; nitrofuran 
antibiotic 
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K. aerogenes adeF 60.86 antibiotic efflux macrolide antibiotic; fluoroquinolone 
antibiotic; monobactam; aminoglycoside 
antibiotic; carbapenem; glycylcycline; penam; 
tetracycline antibiotic; acridine dye; 
aminocoumarin antibiotic; diaminopyrimidine 
antibiotic; phenicol antibiotic; triclosan; 
antibacterial free fatty acids 

K. aerogenes H-NS 93.33 antibiotic efflux macrolide antibiotic; fluoroquinolone 
antibiotic; monobactam; aminoglycoside 
antibiotic; lincosamide antibiotic; carbapenem; 
fosfomycin; cephalosporin; glycylcycline; 
cephamycin; bicyclomycin; penam; nucleoside 
antibiotic; tetracycline antibiotic; peptide 
antibiotic; acridine dye; oxazolidinone 
antibiotic; aminocoumarin antibiotic; rifamycin 
antibiotic; diaminopyrimidine antibiotic; 
phenicol antibiotic; isoniazid; triclosan; 
benzalkonium chloride; rhodamine; 
antibacterial free fatty acids; nitroimidazole 
antibiotic 

K. aerogenes msbA 92.1 antibiotic efflux macrolide antibiotic; fluoroquinolone 
antibiotic; cephalosporin; penam; tetracycline 
antibiotic; peptide antibiotic; acridine dye; 
rifamycin antibiotic; pleuromutilin antibiotic; 
nitroimidazole antibiotic 

K. aerogenes FosA5 95.68 antibiotic inactivation fosfomycin 
K. aerogenes E. coli 

UhpT 
mutatio
n 

95.03 antibiotic target 
alteration 

fosfomycin 

K. aerogenes H. 
influenz
ae  

52.02 antibiotic target 
alteration 

cephalosporin; cephamycin; penam 

K. aerogenes E. coli 
EF-Tu 
mutants  

99.5 antibiotic target 
alteration 

elfamycin antibiotic 

K. aerogenes E. coli 
marR 
mutant  

80.56 antibiotic target 
alteration; antibiotic 
efflux 

macrolide antibiotic; fluoroquinolone 
antibiotic; monobactam; aminoglycoside 
antibiotic; carbapenem; cephalosporin; 
glycylcycline; penam; tetracycline antibiotic; 
acridine dye; aminocoumarin antibiotic; 
rifamycin antibiotic; diaminopyrimidine 
antibiotic; phenicol antibiotic; triclosan; 
antibacterial free fatty acids 

K. aerogenes E. coli 
soxS 
mutatio
n  

91.59 antibiotic target 
alteration; antibiotic 
efflux; reduced 
permeability to 
antibiotic 

macrolide antibiotic; fluoroquinolone 
antibiotic; monobactam; aminoglycoside 
antibiotic; lincosamide antibiotic; carbapenem; 
fosfomycin; cephalosporin; glycylcycline; 
cephamycin; bicyclomycin; penam; nucleoside 
antibiotic; tetracycline antibiotic; peptide 
antibiotic; acridine dye; oxazolidinone 
antibiotic; aminocoumarin antibiotic; rifamycin 
antibiotic; diaminopyrimidine antibiotic; 
phenicol antibiotic; isoniazid; pleuromutilin 
antibiotic; triclosan; penem; benzalkonium 
chloride; rhodamine; antibacterial free fatty 
acids; nitroimidazole antibiotic 

 



 116 

 
 
 
Fig 3.1. Axenic Citrus System Design. A) Modified Flowpot vessel and substrate. B) 
Seed sterilization protocol. C) Microbox growth container. 
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Fig 3.2. Phylogenetic tree of isolates. Tree shows closely related genomes and plant 
diagram indicates which compartment each isolate was originally recovered from. 
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Fig 3.3. Wild isolate growth curves. Isolates were grown in liquid LB media at 28˚C 
and replicated in two isolated experiments. 
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Fig 3.4. Solo and group inoculation results in different colonization patterns. Solo 
(A) and group (B) inoculations colonization patterns determined by culture dependent 
methods. Green + indicates recovery of an isolate from a plant compartment, Yellow + 
indicates that an isolate was sometimes recovered in low abundance, and grey – indicates 
that an isolate was not recovered from that compartment. C) Recovery culture plate 
pictures for both solo and group inoculation experiments. 
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Fig 3.5. Root and shoot growth not significantly different between treatments. Shoot 
(A) and root (B) lengths were not significantly affected by microbial treatments, 

determined by ANOVA (p> 0.05). 
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Fig 3.6. Co-inoculations effect isolate colonization patterns. Cs-Bc (A), Cs-Ka (B), 
and Cs-Bs (C) inoculation colonization patterns determined by culture dependent 
methods. Green + indicates recovery of an isolate from a plant compartment, Yellow + 
indicates that an isolate was sometimes recovered in low abundance, and grey – indicates 
that an isolate was not recovered from that compartment. 
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Fig 3.7. In vitro interaction assays did not indicate any significant interactions. 
Center (A) and side (B) streak interaction assays used to check for inhibition or growth 
promotion among or between isolates. 
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CHAPTER IV. Microbial Community Structural and Ecological 
Functional Changes Associated with Plant Phenology 
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ABSTRACT 

Plant phenology or seasonal development is a fundamental plant process that impacts 

host fitness, geographical niche, and productivity. Abiotic factors, including moisture, 

temperature, and nutrients help regulate these complex events. Microbial communities 

are integral components of plant health and are known to be linked to these same 

environmental conditions, yet very few connections between plant microbiota and plant 

phenological stages have been reported. In this study, we track evergreen tree bacterial 

and fungal communities across the phenological continuum using high-throughput 

amplicon sequencing. We provide evidence that host phenology is a primary determinant 

of leaf and root community diversity and composition. Core microbiome analyses for 

each individual phenological stage divulged specific phylogenetic temporal and true core 

microbial patterns, suggesting heritable and functionally redundant traits. Additionally, 

differential population abundances and a predictive interaction network revealed 

examples of host phenology associated population dynamics governed by natural 

selection, dispersal, and speciation. These findings lay a foundation for determining the 

role of the plant microbiome in host annual reproductive and developmental events. 

 

INTRODUCTION 

Plant phenology, the annual plant developmental and reproductive life-cycle, is an 

important component of plant fitness. Complex internal sugar source-sink pathways and 

an intricate phytohormone signaling network orchestrates these cyclic developmental 

stages [1,2]. Seasonal trade-offs between growth (i.e. leaf and root flush), reproduction 

https://paperpile.com/c/EQcMmN/FwX0+wALw
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(i.e. fruit set), and stress responses [3–5] causes starch, sugar, mineral, and hormone 

levels to drastically vary across plant tissue compartments throughout the year [1,6,7]. 

The timing of developmental stages, such as flowering, can determine a plant's 

geographic distribution range and adaptability to climate change [8,9]. 

 Alterations in phenology can be detrimental to pollinator populations, plant yield, 

pest treatment efficacy, and concerning human health, may lead to premature or 

prolonged allergy seasons [10–14]. Phenology is affected by nutrient accessibility, water 

availability, and temperature [15,16]. However, the impact of biological, particularly 

microbial, factors on the regulation, timing, and plasticity of plant phenology is largely 

unexplored. 

Microorganisms occupy nutrient rich plant-associated environments where they 

gain a multitude of resources and protection. Plant accommodation of microbes makes 

terrestrial life possible and provides a myriad of traits, nutrients, and security for the 

sessile host [17–22]. This plant-microbiome relationship is built on reciprocation between 

the plant and its microbiome and is profoundly sophisticated. Plant hormone pathways 

impact the structure of the microbiome and stressors can induce alteration in molecular 

signals (i.e. root exudates) to adjust microbial recruitment [23–25]. Interestingly, fungi 

and bacteria have evolved to biosynthesize and degrade some of these plant hormones 

[26–28]. Furthermore, the flux of nutrients and minerals in the leaves and roots affects 

the growth of resident microbes [29], but reversely these microorganisms can fix 

nitrogen, mobilize phosphates, degrade starch, and provide countless other enzymatic 

services [30,31]. The host environment changes the dynamics of the associated microbial 

https://paperpile.com/c/EQcMmN/cJwr+yONU+toPb
https://paperpile.com/c/EQcMmN/lebM+n40r+FwX0
https://paperpile.com/c/EQcMmN/RAXT+laji
https://paperpile.com/c/EQcMmN/QYnb+PWnr+4y3s+83n9+cydh
https://paperpile.com/c/EQcMmN/kNUU+52P1
https://paperpile.com/c/EQcMmN/gHou+KEV4+83fq+ZFbQ+VLsW+608e
https://paperpile.com/c/EQcMmN/n0h4+HQkz+na95
https://paperpile.com/c/EQcMmN/NV9Z+8rzg+1wiU
https://paperpile.com/c/EQcMmN/vnz2
https://paperpile.com/c/EQcMmN/Rv6R+jN1L
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populations and the individual population changes feedback and contribute to the 

functions and success of the host. 

Plant-associated microbiota are vertically and horizontally transferred from the 

mother plant and the environment [32,33]. The soil acts as a reservoir of microbiota that 

are recruited and ecologically filtered through roots and leaves [33,34]. The resulting 

microbial assemblage is impacted by priority effects (the order and timing of microbial 

arrival) as well as, autogenic factors like microbe-microbe interactions [35]. Weather, 

insects, and humans have a large influence on selection and dispersal of microbial 

communities and populations [36–38]. To determine how microbes potentially contribute 

to maintaining annual plant phenological events, it is necessary to understand the 

underlying short-term eco-evolutionary dynamics associated with periodic shifts in the 

microbial community. 

The majority of studies examine rhizosphere bacteria and have shown that plant 

developmental stage impacts rhizosphere microbial community assembly in maize 

[39,40], rice [41], sorghum [42,43], wheat [44], Arabidopsis [45], and Boechera [46]. For 

these annual, deciduous, and herbaceous perennial plants it is difficult or impossible to 

separate tissue age and reproductive stage variables because the above ground tissue is 

short-lived. Evidently, showing that plant associated microbiomes mature over a growing 

season as the phyllosphere emerges and expands, but are not effective at determining 

connections to specific phenological events. Regarding a specific phenological stage, soil 

and rhizosphere microbial constituents have been shown to alter flowering time [47,48]. 

However, it is not clear what routine community changes occur in relation to phenology 

https://paperpile.com/c/EQcMmN/wRR2+Yfcg
https://paperpile.com/c/EQcMmN/DL7E+Yfcg
https://paperpile.com/c/EQcMmN/46i6
https://paperpile.com/c/EQcMmN/3Wdj+EtuP+Wa3J
https://paperpile.com/c/EQcMmN/QPwp+zTsg
https://paperpile.com/c/EQcMmN/2k3w
https://paperpile.com/c/EQcMmN/ojtv+AAda
https://paperpile.com/c/EQcMmN/lzaz
https://paperpile.com/c/EQcMmN/gHEJ
https://paperpile.com/c/EQcMmN/SV7o
https://paperpile.com/c/EQcMmN/RWHM+idk7
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or what roles these natural structural changes, especially in the phyllosphere, might have 

on host fitness. 

Citrus trees are an ideal system for investigating relationships between host 

phenology and the microbiome in perennial plants. These evergreen perennial plants have 

well defined phenological stages, extensive lifespans, and harbor robust microbial 

communities for decades. Several studies have summarized the citrus microbiome and 

defined advantageous, destructive, and core microbial community members [49–57]. 

Citriculture is an economically and culturally important global industry and the citrus 

microbiome is an emerging prototype for understanding microbial contributions to plant 

health and disease outcomes in perennial crop systems.  

In this study, we established citrus as a microbial phenological model and utilized 

the system to uncover changes in microbial community structure and ecosystem functions 

across the phenological continuum. We tracked the bacterial and fungal communities of 

20-year-old trees for 14 consecutive months. We decouple phenology from above ground 

tissue age by selecting young fully expanded leaves, which are available throughout the 

year. Additionally, a 20-year-old tree already has an established microbiome in both the 

subterranean and aerial portions, allowing us to focus on seasonal fluctuations rather than 

maturation of microbial communities in those compartments. We determined that host 

phenology is a major driver of bacterial and fungal root and leaf community diversity and 

composition, with leaf communities being especially adaptive and exclusive. We 

identified a core microbiome for each phenological stage to reveal both temporal and true 

core microbial members, and uncovered phylogenetic patterns that suggest functional 

https://paperpile.com/c/EQcMmN/gV52+norR+6vNY+4Q68+Ab0z+HLEX+2Btc+YRHP+VNsX
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redundancy and negative interactions between specific clades. By tracking differential 

abundance of select true and temporal core populations followed by a network analysis 

we identified populations impacted by natural selection, dispersal, and speciation, and 

predicted interaction within the community resulting in cyclic plant microbial assembly 

associated with host phenology.  

Overall, this study brings us closer to fully understanding plant seasonal microbial 

ecology and short-term evolution. Defining phenology-microbe interactions could lead to 

stabilizing plant phenology through microbiome management and increasing the fitness 

of plants, pollinators, and the overall ecosystem in the face of emerging pests and climate 

change. 

MATERIALS AND METHODS 

Sample collection and field sites. Leaves, roots, and soil samples from 8 trees were 

collected monthly for 14 months starting July 2017- September 2018 from Late Navel 

Powell sweet orange trees grown at UC Lindcove Research and Extension Center in 

Exeter, CA. Trees were planted in 1997 (20-21 years old at time of sampling) and 

managed with conventional farming strategies, mimicking industry orchards. Prior to 

sampling each month, trees were visually assessed, and developmental stages were 

recorded. Seven major phenological stages were used for categorization in this study, 

those being, flush (F), flower initiation (FI), full flowering (FF), fruit set (FS), fruit 

development (FD), color breaking (CB), and mature fruit (MF) (fig. 1). All treatments 

and/or amendments were noted, including the number of hours irrigated each month. A 
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complete metadata/mapping file can be found in supplementary table S2. Each tree was 

divided into 4 quadrants (north, south, east, and west) and stems with attached leaves 

were collected from each of the quadrants and pooled into a sterile whirl-pak bag (Nasco, 

Fort Atkinson, WI). Feeder roots were sampled from two sides of the tree approximately 

0.5 meters away from the base of the trunk near the irrigation line and sealed in an 

additional sterile whirl-pak bag. Non-root associated soil was collected from 4 

randomized plots at least 3 meters from tree trunks. The top two inches of surface soil 

was removed, and These four samples were pooled into a whirl-pak bag. Gloves were 

changed and clippers and shovels were sterilized with 30% household bleach between 

each tree that was sampled. All samples were immediately placed on ice in a cooler for 

transit to the laboratory according to Ginnan et al. (2018). At the UC Lindcove lab the 

samples were frozen at -20, and inspected by the CDFA, according to current California 

Citrus quarantine protocols, then shipped to UC Riverside overnight on dry ice.  

Samples were kept frozen on dry ice while processing. Leaf tissue was removed 

from stems and chopped into smaller pieces and root tissue rinsed with sterile water to 

remove surface soil. Both tissues were put in 50 ml falcon tubes and stored in -80. Then 

lyophilized with a benchtop freeze dryer (Labconco FreeZone 4.5L, Kansas City, MO) 

for 16 to 20 hours.  
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High-throughput sequencing library preparation. Plant tissue was processed, and 

DNA extractions were performed according to published protocols [49]. The dried DNA 

was stored at -20°C until utilized for bacterial and fungal Illumina library construction.  

 Bacterial Illumina Miseq libraries were built by amplifying the bacterial rRNA 

16S V4 region using the 515FB/806RB primer set and the standardized Earth 

Microbiome Project protocol, which can be found online at 

http://press.igsb.anl.gov/earthmicrobiome/protocols-and-standards/16s/ [58]. To limit the 

amplification of plant mitochondrial and plastid 16S regions pPNA and mPNA clamps 

which bind these plant sequences and block binding of the 515FB/806RB primers were 

utilized. Leaf sample reactions received 0.75 µM of pPNA and mPNA clamps and 0.75 

µM of mPNA was added to each root sample reaction. 

 Fungal Illumina Miseq libraries were built by amplifying the fungal ITS1 region 

using the ITS1f/ITS2 primer set and the standardized Earth Microbiome Project protocol, 

which can be found online at http://press.igsb.anl.gov/earthmicrobiome/protocols-and-

standards/its/. 

 Triplicate PCR reactions for each sample were pooled and ran on a 1% agarose 

gel at 90 volts to verify successful amplification. Amplicon samples were quantified for 

DNA concentration using Picogreen. Equal amounts of amplicons (240 ng) from each 

sample were pooled and AMPure beads were used to clean the sample library. The 

cleaned library was then quantified using Qubit (260/280). The libraries were diluted to 

20-30 µg/mL and a final quality assessment was done with a Bioanalyzer at the UCR 

https://paperpile.com/c/EQcMmN/gV52
http://press.igsb.anl.gov/earthmicrobiome/protocols-and-standards/16s/
https://paperpile.com/c/EQcMmN/CBO1
http://press.igsb.anl.gov/earthmicrobiome/protocols-and-standards/its/
http://press.igsb.anl.gov/earthmicrobiome/protocols-and-standards/its/
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Genomics Core facility. Paired-end sequencing (2X300) was performed on an Illumina 

Miseq platform with a 20% PhiX spike in before sequencing. 

 
Data processing and statistics. Demultiplexed, PhiX reads removed, and Illumina 

adapter trimmed sequences were received from the UCR Genomics Core. Bacterial and 

fungal reads were pre-processed using a USEARCH/VSEARCH pipeline. Forward and 

reverse sequencing files were joined with USEARCH allowing for staggered ends and up 

to 10 mismatches. After quality filtering using VSEARCH there were 35.7 million 

bacterial reads and 21.1 million fungal reads. Sequences were dereplicated, singletons 

were removed, and OTUs were formed using USEARCH with 97% similarity cut-off. 

The bacterial library produced 16805 OTUs which were assigned to 3172 taxonomic 

names using the RDP database. The fungal library produced 44447 OTUs which were 

assigned to 31056 taxonomic names using the UNITE database. USEARCH was also 

used to create phylogenetic tree files in newick format. 

 Pre-processed taxonomically assigned OTU tables were imported into R. Samples 

with less than 1,000 reads were removed. Reads were rarified to even depth for each 

alpha diversity comparison. Alpha diversity was compared using the number of OTUs 

observed [59]. A ranked sums analysis of variance statistical test, Kruskal-Wallis, 

followed by a pairwise Dunn’s test with Holm’s correction for multiple comparisons 

were used to calculate p-values. 

Beta diversity analyses were performed using R packages phyloseq and vegan 

[59,60]. Pre-processed reads were transformed using total sum scaling normalization. 

Using the ordinate() and plot_ordination() functions a Principal Coordinate Analysis 

https://paperpile.com/c/EQcMmN/JwbKV
https://paperpile.com/c/EQcMmN/JwbKV+vOYEV
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(PCoA) was done on weighted Unifrac distances, which accounts for relative relatedness 

and quantitative variance of communities. Ninety-five percent confidence ellipses were 

added to further examine groups using the stat_ellipse() function. A permutational 

multivariate analysis of variance (PERMANOVA) statistical test was performed using 

the vegan::adonis() function. Pairwise PERMANOVA with FDR correction was 

accomplished with RVAideMemoire::pairwise.perm.manova() [61]. Additionally, a 

constrained correspondence analysis (CCA) was performed to understand correlations 

between community composition and continuous environmental factors, those being, 

temperature and rainfall. Core microbiota identifications were performed using 

microbiome::core() with prevalence set at 0.75 and detection set at 0.01/100 [62]. 

         To understand heritable microbial associations with phenological stages, temporal 

and true core genera taxonomic assignments were input into a phylogenetic tree 

generator, phylot v2 (https://phylot.biobyte.de/index.cgi), to generate a Newick format 

phylogenetic tree. Tree and metadata was visualized using the interactive tree of life 

visualization program, iTOL [63].  

Genera with less than 50 reads were filtered out and differentially abundant 

populations at the genus level were identified using DESeq2 to run a parametric fit for 

dispersion on a negative binomial generalized linear model, followed by a Wald test with 

FDR adjustment to produce p-values [64]. Using ggplot2 and phyloseq::subset_taxa() 

function, the relative abundance of specific species were plotted as boxplots [59,65].  

 The top 300 most abundant leaf bacterial OTUs underwent a network analysis 

using Sparse Inverse Covariance Estimation for Ecological Association Inference, Spiec 

https://paperpile.com/c/EQcMmN/I4SfZ
https://paperpile.com/c/EQcMmN/Fg1Ai
https://phylot.biobyte.de/index.cgi
https://paperpile.com/c/EQcMmN/chXT
https://paperpile.com/c/EQcMmN/XaHb
https://paperpile.com/c/EQcMmN/KCULm+JwbKV
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Easi, which infers interactions using neighborhood selection and the concept of 

conditional independence, rather than a standard correlation or covariance estimation 

[66]. With set.seed(1244), neighborhood modeling (mb) was executed with the nlambda 

set to 70 and rep.num set at 99, all standard settings were used for all other parameters. 

Spiec Easi results were converted to igraph format and imported into gephi. Network was 

visualized using a Yifan Hu layout.  

RESULTS 

Sequencing summary and study spectrum. We tracked seasonal and phenological 

changes of the microbial communities of sweet orange trees by collecting monthly 

samples from July 2017 to August 2018. Overall, we sequenced 224 leaf and root, and 14 

bulk soil (not root associated) samples. Bulk soil samples were used as a baseline to 

understand which microbial populations were merely endemic opportunistic plant 

colonizers versus those with obligate relationships with plants (are not in high abundance 

in soils). However, soil communities were not extensively sampled or included in all 

analyses, because the aim of this study was to unravel the relation between plant 

phenology and the plant-associated microbiome. Following sequence processing and 97% 

OTU (operational taxonomic unit) clustering our 16S libraries had 35.3M and fungal ITS 

libraries had 21.1M sequences. On average, 40% of the 16S library reads from each root 

and leaf sample, and 94% of reads from soil samples were assigned as bacteria. The 

remaining sequences, which were removed, were attributed to chloroplast, plant 

mitochondria, Archaea, or could not be assigned to a Kingdom. Our fungal libraries did 

https://paperpile.com/c/EQcMmN/AGFZ
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not have non-specific binding issues. After removing non-bacterial and fungal sequences, 

we filtered out samples that contained fewer than 1000 reads. 

Starting with an all-inclusive approach we compared the alpha diversity (richness) 

of our leaf, root, and soil samples. Leaf samples harbored significantly less diverse 

bacterial and fungal communities when compared to root and soil samples, which did not 

differ in richness (No. of OTUs) (Fig. 1A,B). Beta diversity analyses showed that sample 

type was a major factor in both bacterial (PERMANOVA, P≤0.001, R2=0.91) and fungal 

(PERMANOVA, P≤0.001, R2=0.40) community composition (Fig. 1C,D). For bacterial 

communities all three sample types were significantly different from one another 

(pairwise-PERMANOVA, P≤0.001) and the leaf fungal communities were significantly 

different in composition from root (pairwise-PERMANOVA, P≤0.0015) and soil 

(pairwise-PERMANOVA, P≤0.0015) communities, which were not significantly 

different from each other. Together, this broad view of all samples indicates that the 

leaves were a more unique and exclusive environmental niche than roots and soil for both 

bacteria and fungi. Root communities had similar richness and structure as non-plant-

associated soil communities.  

We identified and recorded the most pronounced and consistent phenological 

stage at each sampling event. Our study focused on seven distinct citrus phenological 

stages, that included: flush (F); flower initiation (FI); full flowering (FF); fruit set (FS); 

fruit development (FD); color breaking (CB); mature fruit (MF) (Fig. 2) [67]. However, 

plant phenology is fluid and phases overlap and last varying durations with some stages 

spanning several months. A variety of metadata was also collected indicating that 

https://paperpile.com/c/EQcMmN/C7ao
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temperature, rainfall, and irrigation fluctuate across phenological stages. Rainfall is 

extremely limited in our sample location, ranging from only 0.00 -1.27 inches 

(Supplementary Fig. S1A) each month, for this reason we utilized irrigation hours as a 

precision agriculture driven way to assess how available water might affect citrus 

microbial communities (Supplementary Fig. S1B). 

     

Alpha diversity varies across sample dates and phenological stages. Unexpectedly, 

none of the communities examined had noticeable trends or changes in richness 

associated with fertilizer (CAN17) or whitewash treatments (Fig 3). Species richness in 

root communities (bacteria and fungi) is more stable and consistent across all sampling 

events and phenological stages than leaf communities.  

Both leaf bacteriomes and leaf mycobiomes had a significant increase in alpha 

diversity following full flowering that continued to increase throughout fruit set (Fig 3A, 

B). After fruit set, leaf bacteriome diversity trended downward during fruit development 

and was significantly lower during color breaking and mature fruit stages. The leaf 

mycobiome had significantly lower diversity during fruit development, but recovered 

species richness during color breaking and mature fruit stages. Fruit set had the greatest 

variation in species richness across sample events for both bacterial and fungal leaf 

communities. 

In contrast, root bacteriomes had the highest diversity during full flowering. 

Similar to the leaf microbiome, the root mycobiome had the highest diversity during fruit 

set, particularly during the July 2017 sampling event (Fig. 3C,D). Both bacterial and 
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fungal root microbial communities showed decreases in species richness during color 

breaking, which may correspond with decreasing temperatures. 

 
Host phenology is a major determinant of community composition. Two closely 

linked time components, sample date and host phenology, explained the greatest amount 

of the variation in the data for all four communities (Table 1, Fig 4). Interestingly, leaf 

microbiomes, bacterial and fungal, were strikingly more influenced by host phenology 

than root communities. Leaf bacterial communities were the most responsive to hours of 

irrigation (PERMANOVA, P≤0.001, R2 = 0.142) and temperature changes 

(PERMANOVA, P≤0.001, R2 = 0.106). Leaf fungal, root fungal, and root bacterial 

communities were also significantly influenced by irrigation and temperature, but only 

accounted for 1.9 - 6.0% of the variation in the community composition (PERMANOVA, 

P≤0.001 - 0.011, R2 = 0.019 - 0.06). Total rainfall and fertilizer applications were 

surprisingly minor determinants of community structure across all four communities 

(PERMANOVA, P≤0.001 - 0.104, R2 = 0.014 - 0.056). These results indicate that apart 

from variations in conditions of specific sampling events, host phenology is the major 

driving factor of changes in citrus associated microbiomes and that fertilizer, rainfall, 

irrigation, and temperature alone explain much less of the variation in community 

structure. 

 A principal coordinate analysis of Unifrac distances depicts significant clustering 

of individual microbial communities based on phenological stage (Fig. 4). In a pair-wise 

comparison of community differences between each phenological stage, the leaf 

mycobiome has the most significant differences in community structure, with 19 out of 
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the 21 pairwise comparisons being significantly different, followed by leaf bacteriome 

(13 out of 21 comparisons) (Table 2). Root communities had fewer significantly different 

pairwise comparisons (Root Mycobiome = 5/21, Root Bacteriome = 4/21).   

 
Identifying true and temporal core microbiome members. The design of this study 

allowed us to perform a comprehensive core microbiome analysis. We identify 

phenological stage specific core bacterial and fungal genera within roots and leaves that 

had greater than 0.01% relative abundance in at least 75% of the samples within each of 

our seven phenological stages of interest (Fig. 5 and Supplementary fig. S2). If a genus 

was core to only 1-5 stages, we characterized it as a “temporal core” member and if it 

was core to 6 or 7 stages it was defined as a “true core” microbiome member. Roots had 

substantially more true core genera than leaves. From 611 bacterial leaf, 205 fungal leaf, 

505 bacterial root, and 120 fungal root unique genera we uncovered 10 (1.6%), 8 (3.9%), 

133 (26.3%), 22 (18.3%) true core genera, respectively.  

Fungal leaf genera in the class Tremellomycetes and root genera from the 

bacterial class Gammaproteobacteria, the bacterial order Rhizobiales, and the fungal 

family Pleosporomycetidae were particularly perpetual and largely characterized as true 

core (Fig 5, Supplementary fig. S3). With further investigation into our true core genera 

we found that the majority of leaf true core genera still have significant differential 

abundances across phenological stages, whereas the majority of root true core genera 

have stable abundances across our sample dates (Fig 5, Supplementary fig. S3) again 

providing evidence that leaf communities are more specialized and have stronger 
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associations with host phenology. For this reason, we focused the bulk of our analyses on 

the leaf true and temporal core genera. 

 All leaf temporal and true core genera from the bacterial class 

Gammaproteobacteria were core during full flowering, some of them only being core 

genera during full flowering (Fig. 5A). The majority of bacterial leaf core members from 

the class Betaproteobacteria were also identified as core during full flowering, in addition 

to being core to 4 or more stages, suggesting a more generalistic function, but still some 

association to flowering. Interestingly, apart from Bifidobacterium, none of the temporal 

core genera within the Actinobacteria clade were core during flower initiation, full 

flowering, or mature fruit stages. Actinobacteria have a very strong association with fruit 

set, followed by fruit development, and a moderately strong association with color 

breaking and flush stages. Close phylogenetic relatedness and similar core status 

(abundance) patterns may indicate functionally redundant roles in the community. 

Furthermore, the consistent opposing shifts in core status between Actinobacteria and 

Gammaproteobacteria in leaf communities suggest a negative relationship between these 

groups. 

 Furthermore, temporal core leaf genera from the fungal class Sordariomycetes are 

only core during one phenological stage, those being either fruit set or mature fruit 

events, which suggest specialized functions or lifestyles in the system. 

 
Tracking bacterial leaf temporal and true core population abundance. We were 

interested in tracking a few select true and temporal core leaf associated microbes across 

the phenological spectrum. We were surprised to find that true core does not mean that 
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the populations are stable across the phenological event, just that the population meets 

our abundance and consistency cut-offs during all stages. For example, we identified 

Acinetobacter as a true core citrus leaf genus, but this population is significantly enriched 

during full flowering (Fig. 6A) and has a similar enrichment pattern as a temporal core 

bacterial genus, Cloacibacterium (Fig. 6B). Both leaf bacterial genera have a gradual 

enrichment from flush, flower initiation, to full flowering. This gradual enrichment 

signature is distinct from the sudden enrichment of Gilliamella and Snodgrassella also 

observed during full flowering (Fig. 6C,D). Enrichments that are specific to a 

phenological stage indicate microbial immigrants introduced during that phenological 

stage. 

 We identified bacterial leaf genera that had significant depletions during flower 

initiation and/or full flowering that may have negative relationships with the genera 

enriched during flowering (Fig 6E-K). Four Actinobacter genera Cellulomas, Citricoccus, 

Corynebacterium, and Dietzia are significantly enriched during flush, fruit set, and fruit 

development (Fig. 6E-H). Arthrobacter, Bacillus, and Methylobacterium have more 

stable abundances across these stages, but have a sudden and significant decrease in 

abundance during flower initiation and/or full flowering (Fig. 6I-K). 

 Fungal genera from the leaves also had significant enrichment patterns. For 

example, Althernaria was enriched during fruit set, Dioszegia during fruit development, 

color breaking, and mature fruiting, and Symmetrospora had a gradual increase in 

abundance leading up to fruit development (Fig. 7A-C).  
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Microbial community dynamics. A covariant network analysis of the bacterial 

community of all leaf samples was done with a focus on the significantly enriched and/or 

depleted populations mentioned above and any populations they have direct connections 

with (neighbors). From all of the microbes of interest we identified Cloacibacterium, 

Bacillus, Arthrobacter, and Methylobacterium as potential keystone species in stabilizing 

communities between flowering, fruit set and development, and mature fruit events (Fig. 

7, red nodes). These genera bridge connections between microbiome members that are 

associated with specific stages, which formed 3 visible modules (clusters). Fruit set and 

fruit development are closely linked, and many bacteria were enriched in both of these 

stages, creating a highly connective community module within the network (Fig. 7, blue 

nodes). Microbes associated with flowering also formed a module within the network 

(Fig 7. purple nodes). A third module formed with microbes that showed depletions 

during flowering and are more associated with color breaking, mature fruit, and flush 

stages.  
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Methylobacterium and Sphingomonas populations have multiple positive 

interactions, and are closely linked in the third module, indicating potential support and 

synergistic suppression of the other two modules during non-flowering and -fruiting 

times of the year (Fig 7. Pink nodes). Cloacibacter has a positive relationship with 

Acinetobacter and appears to play an important role in regulating the flowering temporal 

core genera.  

DISCUSSION 

By viewing the plant and its associated microbiome (holobiont) as an ecosystem we can 

consider the biochemical and environmental adjustments associated with the host’s 

genetic and phenotypic expression of plant phenological stages as ecological changes 

(Fig 9). We provide evidence that these ecological changes impact the population 

dynamics within the resident microbial community, causing significant compositional 

shifts. This is particularly evident in the leaf associated citrus microbiome. Applying eco-

evolutionary concepts allowed us to identify dispersal, natural selection, and speciation as 

drivers of these seasonal community transformations. These adaptations determine the 

overall functions of the ecosystem, which then causes a feedback loop and affects all 

ecological and evolutionary levels, including genes, phenotypes, ecological conditions, 

population dynamics, and community structure (Fig 9) [68,69].  

Our work supports previous findings that leaves and roots harbor distinct 

microbiomes [46,49]. Leaf compartments have a higher rate of change due to exposure to 

daily day/night fluctuations, greater physical disturbances, and limited carbon sources, 

https://paperpile.com/c/EQcMmN/AhPn+YF1m
https://paperpile.com/c/EQcMmN/SV7o+gV52
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making it a niche environment. Below ground tissues harbor consistent and stable 

communities throughout reproduction and development [70]. Considering that the 

phyllosphere is more greatly impacted by the ecological changes associated with plant 

phenological stage, we speculate that leaf microbial communities have a greater 

contribution on initiation and plasticity of phenological stages than root microbiomes. 

Dispersal. Morphological features of each stage can affect the number and type 

of interactions the host plant has with exogenous organisms, especially insects. The full 

flowering stage in particular exposes the plant to organisms that rely on floral resources, 

like nectar and pollen. Pollinator (i.e. bee) visitation alters flower surface, nectar, and 

seed microbial community composition [71–73]. Nectar bacteria can even influence 

pollinator visitation preferences [74]. Our data show enrichments of multiple microbial 

populations during flowering, such as, Giliamella, Snodgrassella, Bifidobacterium, and 

Frischella genera, which are known bee-associated microbes [75]. Bifidobacterium is 

also the only core leaf Actinobacteria that is core during flowering, giving it a unique 

temporal core pattern as compared the phylogenetic trends present across the rest of the 

clade. Given this information, we suggest that these bacteria are immigrants and join the 

community through dispersal during pollination. Mutualistic and pathogenic bacteria can 

be dispersed to plants by bees and can migrate from the flower to the vascular bundles 

resulting in systemic movement within the plant [76–78].  

Selection. Leaf compartments have cyclic changes in sugar and starch ratios 

across the phenological continuum, with maximum sugar content during flowering 

followed by continuous low sugar as fruit becomes a major sugar-sink from fruit set until 

https://paperpile.com/c/EQcMmN/V3LY
https://paperpile.com/c/EQcMmN/zeB6p+Lhaas+bWrum
https://paperpile.com/c/EQcMmN/Th2IW
https://paperpile.com/c/EQcMmN/w0OA
https://paperpile.com/c/EQcMmN/hdyPX+X4o09+6X5lG
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the mature fruit stage. Starch is highest during fruit set and lowest during flush as older 

leaves deplete reserves to push out new flush [2]. Temperature and water availability also 

aid in initiating reproductive stages. Low temperatures and limited water conditions result 

in plant stress responses that induce flowering in tropical and subtropical trees [79,80]. 

Stress related phytohormones, salicylic acid and jasmonic acid, also affect plant 

microbiome assembly [23,24]. Our study indicates that the leaf bacterial and fungal 

populations of evergreen trees are significantly impacted by phenological stages. 

Environmental adjustments associated with phenological stages naturally select specific 

microbial groups that thrive under those conditions. 

Nearly all dominant Actinobacteria genera were core to fruit set, fruit 

development, and flushing, but not to flower initiation or full flowering phases. Similarly, 

Actinobacteria are enriched during vegetative growth and depleted during bolting and 

flowering in Arabidopsis sp. communities and positively correlate with increases in sugar 

and sugar alcohols released as root exudates [45]. 

In Arabidopsis rhizosphere communities, Bacteroidetes had the highest 

abundance during flowering [45]. We identified the genus Cloacibacterium from the 

Bacteroidetes phylum as a keystone species of the citrus phyllosphere and likely a major 

regulator of the flowering associated community module. 

Speciation. Periodic environmental conditions also lead to speciation. True core 

genera are consistently high in abundance throughout the phenological continuum and 

could have a wide growth range for temperature and nutrients, be good competitors, and 

have more generalist or plant maintenance-based roles. Some true core genera are 

https://paperpile.com/c/EQcMmN/wALw
https://paperpile.com/c/EQcMmN/IPum+ny5t
https://paperpile.com/c/EQcMmN/n0h4+HQkz
https://paperpile.com/c/EQcMmN/gHEJ
https://paperpile.com/c/EQcMmN/gHEJ
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represented by more than 10 OTUs or species. For example, 13 and 37 OTUs were 

assigned to the Methylobacterium and Sphingomonas genera, respectively. Small genetic 

differences within a species may lead to differential enrichment and divergence of 

functional roles, eventually leading to greater genetic variation until speciation occurs. 

We predict that these core genera that persist across environmental changes and have 

high OTU counts, like Methylobacterium and Sphingomonas, are examples of speciation 

within the microbiome. Diversification is especially important for leaf microbial 

communities because they are more susceptible to community drift and bottleneck events 

due to lower richness and high exposure to stressors. 

Methylobacterium is linked to tree health and a major member of seed 

microbiomes [54,57,81]. Here it is a true core member of the leaf phyllosphere and we 

speculate is this population experiences speciation, allowing it to be a community 

regulator and survive in a changing environment. 

Community structure. In synthetic communities, removal of only one species 

can lead to major shifts resulting in the dominance of one species over 5 others, 

indicating  that population dynamics can have a ripple effect across entire communities 

[82]. The population dynamics stated above lead to changes in diversity and composition, 

confirmed by our alpha and beta diversity analyses. We also observed phylogenetic 

patterns of abundance in the community indicating similar or redundant functional roles 

due to inherited traits. 

True core leaf genera that are predicted to be involved in promoting citrus tree 

health, include Methylobacterium sp., Sphingomonas sp., Hymenobacter sp., 

https://paperpile.com/c/EQcMmN/VejV+HLEX+VNsX
https://paperpile.com/c/EQcMmN/i1m7
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Aureobasidium sp., and Symmetrospora sp. [54,57]. Our network analysis also supports 

the prediction that Methylobacterium has positive interactions with Sphingomonas and 

Hymenobacter. The data taken together allowed us to formulate a future testable 

hypothesis that these microbial genera are active stabilizers of the greater microbial 

community, particularly Methylobacterium. 

Ecosystem functions. The changes in the microbial community facilitate 

functional changes in an ecosystem. Many bacteria and fungi can produce 

phytohormones and increase nutrient levels in the host [27,83].  Acinetobacter and 

Cloacibacterium have increasing enrichment during flower initiation and a peak in 

abundance during flowering. Acinetobacter is a phosphate solubilizing bacterium that is 

abundant in floral nectar and has been associated with low abscisic acid (ABA) and high 

gibberellic acid (GA). Phosphorus and GA promote and induce flowering in citrus, while 

ABA is known to delay flowering [79]. Due to their similar enrichment patterns and 

position in the microbial network, we predict that Cloacibacterium sp. may have a similar 

role in flower induction. Conversely, nitrification services from microbes may delay 

flowering by increasing tryptophan dependent IAA production [48]. This could explain 

the specific depletion of Arthrobacter, Bacillus, and Methylobacterium genera during 

flower initiation and full flower, which are known to be nitrogen fixers. Cellulomoas, 

Citricoccus, Coryebacterium, Dietzia, and Symmetrospora are also depleted during 

flower initiation and are significantly enriched during fruit set and development. 

Members of these genera are nitrogen fixers and can produce IAA, both of which are 

important supporters of fruit development [84–88].  

https://paperpile.com/c/EQcMmN/HLEX+VNsX
https://paperpile.com/c/EQcMmN/8rzg+ad8c
https://paperpile.com/c/EQcMmN/IPum
https://paperpile.com/c/EQcMmN/idk7
https://paperpile.com/c/EQcMmN/uMgZ+QygJ+7CUD+tRrO+Lba8
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Interestingly, the members of the full flowering microbial module within our 

network interact with genera we predict were deposited by bees and were dominated by 

anaerobic bacteria. Anaerobic bacteria need low oxygen conditions, and would not 

survive on the leaf surface, suggesting that they are endophytes thriving in the hypoxic 

plant vascular bundle. Leaf sugar content is at its highest during flowering, which may 

promote the growth of these fermenting bacteria, contributing to the dramatic drop in 

sugar during the onset of fruit set. We predict that Gammaproteobacteria are antagonistic 

toward Actinobacteria during flowering. In Arabidopsis sp. microbiomes, genes involved 

in streptomycin synthesis were significantly induced at bolting and flowering stages [45]. 

If this also occurs in evergreen trees, like citrus, Actinobacteria antimicrobial production 

could contribute to depletion in Gammaproteobacteria and enrichment of Actinobacteria 

following flowering. 

Conclusion. Plant domestication, involving selective breeding and fertilizer 

inputs, has reduced interkingdom signaling pathways necessary for plant-microbial 

symbiotic relationships to form. For example, long-term nitrogen applications resulted in 

legume crops retaining fewer mutual rhizobia than their wild relatives [89]. The 

capability to maintain advantageous microbial partners is particularly important under the 

threat that climate change imposed on natural plant phenology, which is foundational to 

our agro- and ecosystems. Here we identify ecological mechanisms that maintain natural 

periodic microbial population and community adaptations associated with host 

phenology. Our findings support efforts to understand and utilize plant associated 

microbial communities to maintain plant health and fitness. 

https://paperpile.com/c/EQcMmN/gHEJ
https://paperpile.com/c/EQcMmN/usuZ
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http://paperpile.com/b/EQcMmN/uMgZ
http://paperpile.com/b/EQcMmN/QygJ
http://paperpile.com/b/EQcMmN/QygJ
http://paperpile.com/b/EQcMmN/QygJ
http://paperpile.com/b/EQcMmN/7CUD
http://paperpile.com/b/EQcMmN/7CUD
http://paperpile.com/b/EQcMmN/7CUD
http://paperpile.com/b/EQcMmN/tRrO
http://paperpile.com/b/EQcMmN/tRrO
http://paperpile.com/b/EQcMmN/tRrO
http://paperpile.com/b/EQcMmN/tRrO
http://paperpile.com/b/EQcMmN/tRrO
http://paperpile.com/b/EQcMmN/Lba8
http://paperpile.com/b/EQcMmN/Lba8
http://paperpile.com/b/EQcMmN/Lba8
http://paperpile.com/b/EQcMmN/usuZ
http://paperpile.com/b/EQcMmN/usuZ
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Table 4.1. Permuted multivariate analysis of variance (PERMANOVA) results for all 
variables tested for differences in community composition (beta diversity). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 156 

 
 

 
Figure 4.1. Sample type microbial diversity. Alpha diversity plot of community 
richness (No. of OTUs) of bacterial (A) and fungal (B) leaf, root, and soil communities. 
Black points (•) represent the mean. Letters indicates significant difference of p ≤ 0.05, 
determined using a Kruskal-Wallis test, with a pairwise Dunn’s test and correcting for 
multiple comparisons with Holm’s method. Beta diversity PCoA plots of bacterial (C), 
and fungal (D) leaf, root, and soil communities. Points are colored by the sample type and 
represent a complete community from a single sample. Ellipses represent 95% confidence 
intervals. The p-values and R2 values were obtained using a PERMANOVA (Adonis). 
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Figure 4.2. Citrus phenological stages. Cyclic season development. Figure adapted 
from [67]. 
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Figure 4.3. Species richness varies across phenological events. Alpha diversity plot of 
richness (No. of OTUs) for individual sampling events (left) and samples grouped by 
phenological stage (right) for leaf bacteria (A), leaf fungi (B), root bacteria (C), and root 
fungi (D). Black points (•) represent the mean and error bars represent standard error. 
Total hours of irrigation represented by gray bars and average high (red line) and low 
(navy blue line) temperatures. Red arrow indicates fertilizer input and white arrow 
indicates foliar whitewash application. Letters indicates significant difference of p ≤ 0.05, 
determined using a Kruskal-Wallis test, with a pairwise Dunn’s test and correcting for 
multiple comparisons with Holm’s method. 
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Figure 4.4. Host phenology affects community diversity and composition. Beta 
diversity PCoA plots of bacterial leaf (A), fungal leaf (B), bacterial root (C), and fungal 
root communities. Points are colored by phenological stage and represent a complete 
community from a single leaf or root sample. Ellipses represent 95% confidence 
intervals. The p-values and R2 values were obtained using a PERMANOVA (Adonis). 
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Figure 4.5. True and temporal core for leaf bacterial and fungal genera. 
Phylogenetic trees of bacterial (A) and fungal (B) genera with colored squares indicating 
status of core or not core to each phenological stage. Gray bars represent the total number 
of phenological stage each genus is core to. Venn diagrams show number of over lapping 
true core genera from each sample type for bacterial (C), and fungal (D) communities. 
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Figure 4.6. Core leaf bacteriome members associated with full flowering and/or fruit 
set and development. Specific true or temporal core leaf bacterial genera significantly 
enriched during flowering (A-D), significantly enriched during fruit set and development 
(E-H), or significantly depleted during full flowering (I-K). The diamond symbol 
represents the mean relative abundance. Letters indicates significant difference of p ≤ 
0.05, determined using DESeq2 GLM, Wald test with FDR adjustment.  
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Figure 4.7. Core leaf mycobiome members associated with fruit set, fruit 
development, or color breaking. Specific true or temporal core leaf fungal genera 
significantly enriched during fruit set (A), fruit development and color breaking (B), or 
fruit set, development, and color breaking (C). The diamond symbol represents the mean 
relative abundance. Letters indicates significant difference of p ≤ 0.05, determined using 
DESeq2 GLM, Wald test with FDR adjustment.  
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Figure 4.8. Bacterial core leaf microbiome network. Predicted positive (black) and 
negative (red) interactions are represented by lines which connect nodes that represent a 
single population.  
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Figure 4.9. Leaf microbiome eco-evolutionary dynamics associated with plant 
phenology. 
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Supplementary Table S4.1. Pair-wise permuted multivariate analysis of variance 
(pairwise-PERMANOVA) results (adjusted P values) for all combinations of 
phenological stages for differences in community composition (beta diversity). 
Significant (p≤0.05) are indicated by bolded font. 

 
Phenological Stage Pairwise-PERMANOVA Results 

Comparison 
Leaf 

Bacteriome 
Root 

Bacteriome 
Leaf 

Mycobiome 
Root 

Mycobiome 
FI X CB 0.397 0.189 0.009 0.165 
F X CB 0.004 0.800 0.009 0.338 

FD X CB 0.008 0.052 0.008 0.042 
FS X CB 0.004 0.079 0.007 0.042 
FF X CB 0.004 0.079 0.008 0.084 
MF X CB 0.503 0.266 0.034 0.165 

F X FI 0.068 0.243 0.882 0.498 
FD X FI 0.087 0.113 0.007 0.066 
FS X FI 0.044 0.266 0.150 0.056 
FF X FI 0.023 0.648 0.039 0.965 
MF X FI 0.503 0.618 0.034 0.088 
FD X F 0.004 0.252 0.008 0.066 
FS X F 0.095 0.648 0.034 0.070 
FF X F 0.023 0.138 0.020 0.261 
MF X F 0.033 0.285 0.028 0.517 
FS X FD 0.004 0.042 0.007 0.498 
FF X FD 0.004 0.186 0.007 0.050 
MF X FD 0.090 0.218 0.007 0.202 
FF X FS 0.057 0.138 0.008 0.042 
MF X FS 0.027 0.341 0.015 0.202 
MF X FF 0.012 0.218 0.007 0.047 
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Supplementary Figure S4.1. Environmental factors fluctuate during citrus 
development. Mean total rainfall represented by light blue bars and average high (red 
line) and low (navy blue line) temperatures for each phenological stage (a). Total hours 
of irrigation represented by gray bars and average high (red line) and low (navy blue line) 
temperatures for each phenological stage (b). 
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Supplementary Figure S4.2. True and temporal core root bacterial and fungal 
genera. Phylogenetic trees of bacterial (A) and fungal (B) genera with colored squares 
indicating status of core or not core to each phenological stage. Gray bars represent the 
total number of phenological stage each genus is core to. Black box shows an enlarged 
view of the lower part of the core root bacteria phylogenetic tree. 
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APPENDIX A. Bacterial and Fungal Next Generation Sequencing 
Datasets and Metadata from Citrus Infected with Candidatus 

Liberibacter asiaticus 
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ABSTRACT 

Citrus production throughout the world is being severely threatened by Huanglongbing 

(HLB), which is a disease associated with the bacteria Candidatus Liberibacter asiaticus 

(CLas), africanus and americanus. This Resource Announcement provides amplicon-

based next generation sequencing (NGS) datasets of the bacterial and fungal rRNA 

internal transcribed spacer (ITS) region from CLas-infected citrus budwood, leaves and 

roots from five orchards located in different geographical regions in Florida (USA). To 

our knowledge, this is the first amplicon-based NGS study that (i) describes the fungal 

taxa associated with citrus and that (ii) provides comparative analyses of the bacterial and 

fungal taxa associated with budwood, leaves and roots from the same citrus trees. This 

report also provides the sample metadata linked to these sequence datasets including 

HLB severity rating, tissue type, citrus rootstock, citrus scion, geographical region and 

year trees were planted. When analyzed with other similar datasets, we anticipate that 

researchers will be able to obtain a greater understanding of the factors that shape the 

citrus microbiome as well as identify individual microorganisms or consortia of 

microorganisms that play a role in HLB suppression or exacerbation. 

 
BACKGROUND AND CONTEXT FOR THE RESOURCE 

Citrus is one of the highest valued fruit crops internationally, and it plays a vital role 

in the human diet and medicine. Citrus by-products also have considerable value because 

they possess antimicrobial and insecticidal properties [1–5].  

Currently, citrus production throughout the world is severely threatened by 

Huanglongbing (HLB), which is a disease associated with three gram-negative, phloem-

https://paperpile.com/c/IKhKXd/pv7U+5EPN+Q6nt+lAfb+6ZpC
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limited, alphaproteobacteria: Candidatus Liberibacter asiaticus (CLas), africanus and 

americanus [6]. However, in the USA, only several different strains of CLas have been 

reported [7–9] 

HLB is characterized by compromised nutrient transport, resulting in several distinct 

symptoms including yellow shoots, branch dieback, fruit remaining green, fruit size 

reduction and ultimately tree death [10,11]. In areas under high HLB pressure, tree 

decline can be swift with dramatic yield losses [10,12]. HLB affects most citrus cultivars, 

and there currently are no effective prophylactic or therapeutic treatments. HLB has 

resulted in the loss of both billions of dollars and thousands of jobs in Florida (USA) 

alone, and there is concern that its spread through other citrus growing regions could 

cause similar losses [11,13]. 

The plant microbiome is involved in various aspects of plant health and disease such 

as growth rate, vigor, immunity, infection and disease protection [14–16]. Understanding 

how the microbiome influences and interacts with the plant will require implementation 

of a variety of experimental approaches, including meta-analyses of large microbial 

datasets in relation to important variables associated with plant health, defense and 

disease. 

The objective of this study was to provide unique Next Generation Sequencing 

(NGS) datasets of the bacteria and fungi associated with CLas-infected citrus budwood, 

leaves and roots from five orchards located in different geographical regions in Florida. 

This report also provides the sample metadata linked to these datasets including HLB 

severity rating, tissue type, citrus rootstock, citrus scion, geographical region and year 

https://paperpile.com/c/IKhKXd/qW5N
https://paperpile.com/c/IKhKXd/4Vhx+8NhV+q7SZ
https://paperpile.com/c/IKhKXd/BiAB+8Osl
https://paperpile.com/c/IKhKXd/BiAB+ZEky
https://paperpile.com/c/IKhKXd/8Osl+DZQA
https://paperpile.com/c/IKhKXd/ErJm+5mco+ZwgE
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trees were planted. In this paper, we define tissue type as either leaves, budwood or 

roots.  

 
METHODS 

Field sampling experimental design and methods. Ten citrus trees with varying 

levels of HLB symptoms distributed throughout each orchard were selected from five 

different locations (50 individual trees in total). The five orchards were located in two 

different geographic regions (northern and southern) in the state of Florida; see 

Supplementary Figure S1. The northern Florida sampling locations included orchards in 

Weirsdale, Umatilla, and Howey-in-the-Hills, while the southern Florida sampling 

locations included Indiantown and Fort Pierce. Citrus budwood, leaves and roots were 

collected from all trees in March of 2016. All trees in the study were determined to be 

CLas-positive by Illumina bacterial rRNA ITS sequencing. Sample metadata including 

HLB severity rating, citrus rootstock, citrus scion, geographical region and year trees 

were planted can be found in Supplementary Table S1. An explanation of the HLB 

severity rating scheme can be found in Supplementary Figure S2. 

Each tree was divided into four quadrants (north, south, east, and west). Two 

approximately one-year-old budwood sticks ~20-25 cm long, with at least 10 mature and 

fully expanded leaves attached, were collected from each of the quadrants and pooled in 

large sealed plastic bags. Feeder roots were sampled from two sides of the tree; topsoil 

approximately 0.5 meter from the base of the trunk on two sides of the tree near the 

irrigation drip was removed and feeder roots were pulled from the ground, shaken to 

remove soil, and sealed in separate plastic bags. Between each sampled tree, the clippers 
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and trowels were cleaned by spraying a 20% household bleach solution on them, and then 

wiping them clean with paper towels. Researchers also changed their gloves between 

each tree that was sampled. All samples were immediately placed in a cooler with ice, 

and then in the same day they were put in a laboratory refrigerator and stored at 4˚C until 

the tissue was prepared for lyophilization, which was performed within 24 hours of 

sample collection. 

Samples were not surface sterilized; thus, our microbial NGS datasets and analyses 

included both epiphytes and endophytes. Budwood and leaf samples were cut into 1-2 cm 

long pieces and approximately 6 g of leaves and 10 g of budwood were placed into 50 ml 

conical tubes and stored at -80°C; root samples were rinsed with autoclaved purified 

water (Barnstead Mega-Pure System MP-6a, Thermo Fisher Scientific, Waltham, MA, 

USA) and approximately 5 g of rinsed root tissue was placed into 50 ml conical tubes and 

stored at -80°C (see Supplementary Figure S3 for representative pictures of samples at 

this stage of the processing). Tissue samples were then lyophilized with a bench-top 

freeze dryer (Labconco FreeZone 4.5L, Kansas City, MO, USA) for 16 to 20 hours. The 

lyophilized tissues were stored at -80°C until they were shipped to UC Riverside (USDA 

permit #P526P-16-00352) on dry ice for DNA isolation and microbiome analyses. 

DNA isolation. Freeze-dried leaves and roots were crushed into small pieces (< 0.5 

cm) with sterile stainless-steel spatulas, and 100 mg of freeze-dried tissue was transferred 

to 2 ml microcentrifuge tubes (Eppendorf Safe-Lock tubes, Hamburg, Germany) 

containing a single 4 mm stainless steel grinding ball (SPEX SamplePrep, Metuchen, NJ, 

USA). Approximately 200 mg of whole freeze-dried budwood was transferred to 5 ml 
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frosted polyethylene vials containing a single 9.5 mm stainless steel grinding ball (SPEX 

SamplePrep). Samples were chilled at -80°C for 15 min and then pulverized to a powder 

using a 2010 Geno/Grinder (SPEX SamplePrep) at 1,680 rpm for 20 to 30 s, twice. One 

ml of 4 M guanidine thiocyanate was added to the pulverized leaf and root samples. 

Pulverized budwood was transferred from the 5 ml frosted polyethylene vials to 5 ml 

microcentrifuge tubes (Eppendorf Safe-Lock tubes) and then 2 ml of 4 M guanidine 

thiocyanate was added. All samples were incubated at 4°C for 15 min and subsequently 

centrifuged for 1 h at 17,500 x g. DNA was isolated using the MagMAX-96 DNA Multi-

Sample Kit (Thermo Fisher Scientific) with the protocol “4413021ForPlants” on a 

MagMAX Express-96 Deep Well Magnetic Particle Processor; each reaction contained 

300 μl of supernatant, 250 μl of 100% isopropanol, 300 μl Multi-Sample DNA Lysis 

Buffer and 20 μl of DNA Binding Bead mix. Samples were subjected to two successive 

washes with 150 μl of Wash Solution 1 followed by two successive washes with 150 μl 

of Wash Solution 2. The final DNA was eluted in 100 μl of DNA Elution Buffer. The 

concentration of the eluted DNA was assessed with an Infinite M1000 Pro (Tecan, 

Männedorf, Switzerland). The DNA was aliquoted into four 1.5 ml Eppendorf DNA 

LoBind Tubes with 25 μl in each tube and dried using a SpeedVac Concentrator (Thermo 

Fisher Scientific). The dried DNA was stored at -20°C until further use for bacterial and 

fungal Illumina library construction. 

NGS of the bacterial rRNA ITS region. Illumina bacterial rRNA ITS libraries were 

constructed as follows. PCRs were performed in an MJ Research PTC-200 thermal cycler 

(Bio-Rad Inc., Hercules, CA, USA) as 25 µl reactions containing: 50 mM Tris (pH 8.3), 
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500 µg/ml bovine serum albumin (BSA), 2.5 mM MgCl2, 250 µM of each 

deoxynucleotide triphosphate (dNTP), 400 nM of the forward PCR primer, 200 nM of 

each reverse PCR primer, 2.5 µl of DNA template, and 0.625 units JumpStart Taq DNA 

polymerase (Sigma-Aldrich, St. Louis, MO, USA). PCR primers targeted a portion of the 

small-subunit (ITS-1507F, GGTGAAGTCGTAACAAGGTA) and large-subunit (ITS-

23SR, GGGTTBCCCCATTCRG) rRNA genes and the hypervariable ITS region [17], 

with the reverse primers including a 12-bp barcode and both primers including the 

Illumina sequences needed for cluster formation; primer binding sites are the reverse and 

complement of the commonly used small-subunit rRNA gene primer 1492R [18] and the 

large-subunit rRNA gene primer 129F [19]. PCR primers were only frozen and thawed 

once. Thermal cycling parameters were 94°C for 5 min; 35 cycles of 94°C for 20 s, 56°C 

for 20 s, and 72°C for 40 s; followed by 72°C for 10 min. PCR products were purified 

using a Qiagen QIAquick PCR Purification Kit (Qiagen, Valencia, CA) according to the 

manufacturer’s instructions. 

DNA sequencing (single-end 150 base) was performed using an Illumina MiSeq 

(Illumina, Inc., San Diego, CA). Clusters were created using template concentrations 2.5 

pM and PhiX at 65 K/mm2. We used the UPARSE pipeline for de-multiplexing, length 

trimming, quality filtering and Operational Taxonomic Unit (OTU) picking using default 

parameters or recommended guidelines that were initially described in [20] and which 

have been updated at https://www.drive5.com/usearch/manual/uparse_pipeline.html. 

Briefly, after demultiplexing and using the recommended 1.0 expected error threshold, 

sequences were trimmed to a uniform length of 149 bp, which kept nearly 90% of reads. 

https://paperpile.com/c/IKhKXd/GCPt
https://paperpile.com/c/IKhKXd/Ohjj
https://paperpile.com/c/IKhKXd/nqA8
https://paperpile.com/c/IKhKXd/TntG
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Sequences were then dereplicated and clustered using the UPARSE-OTU algorithm, 

which also detects and removes chimeric sequences. An OTU table was then generated 

using the otutab command. OTUs having non-bacterial DNA were identified and 

enumerated by performing a local BLAST search [21] of their seed sequences against the 

nt database. OTUs were removed if any of their highest scoring BLAST hits contained 

taxonomic IDs within the citrus family, fungal kingdom, or PhiX. Taxonomic 

assignments to bacterial OTUs were made by finding the lowest common taxonomic 

level of the highest BLAST hits excluding unclassified designations. Data were 

normalized within each sample by dividing the number of reads in each OTU by the total 

number of reads in that sample. The bacterial sequence mapping file with sample 

metadata and the OTU table can be found in Supplementary Tables S1 and S2, 

respectively. 

NGS of the fungal rRNA ITS region. Illumina fungal rRNA ITS libraries were 

constructed as follows. PCRs were performed in an MJ Research PTC-200 thermal cycler 

(Bio-Rad Inc.) as 25 µl reactions containing: Phusion High-Fidelity DNA Polymerase 

Mix (New England Biolabs, Ipswich, MA, USA) supplemented with 500 μg/ml BSA, 1 

mM MgCl2, 250 μM of each deoxynucleotide triphosphate (dNTP), 400 nM of each 

primer, and 2.5 μl of DNA template. The PCR primers gITS7 

(GTGARTCATCGARTCTTTG) and ITS4-1 (TCCTCCGCTTATTGATATGC) targeted 

the ITS2 region of the ribosomal rRNA gene operon [22,23], with the reverse primers 

including 12-base barcodes, and both primers including the Illumina sequences needed 

for cluster formation. Thermal cycling parameters were 94°C for 5 min; 35 cycles of 

https://paperpile.com/c/IKhKXd/xIbI4
https://paperpile.com/c/IKhKXd/ZD7Y+gfY2
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94°C for 20 s, 56°C for 20 s, and 72°C for 30 s; followed by 72°C for 10 min. PCR 

products were purified using a Qiagen QIAquick PCR Purification Kit according to the 

manufacturer’s instructions. 

DNA sequencing (single-end 300 base) was performed using an Illumina MiSeq. 

Clusters were created using template concentrations 2.5 pM and PhiX at 65 K/mm2. We 

used the UPARSE pipeline for de-multiplexing, length trimming, quality filtering and 

OTU picking using default parameters or recommended guidelines that were initially 

described in [20] and which have been updated at 

https://www.drive5.com/usearch/manual/uparse_pipeline.html. Briefly, after 

demultiplexing and using the recommended 1.0 expected error threshold, sequences were 

trimmed to a uniform length of 254 bp, which kept approximately 80% of reads. 

Sequences were then dereplicated and clustered into zero-radius OTUs using the 

UNOISE3 algorithm [24], which detects and removes chimeric sequences. An OTU table 

was then generated using the otutab command. Taxonomic assignments to the fungal 

OTUs were performed using the RDP Classifier version 2.12 [25], trained on the 

ver7_99_s_10.10.2017 release of the UNITE database [26], and OTUs having non-fungal 

assignments were removed. Data were normalized within each sample by dividing the 

number of reads in each OTU by the total number of reads in that sample. The fungal 

sequence mapping file with sample metadata and the OTU table can be found in 

Supplementary Tables S1 and S3, respectively. 

Microbiome data analyses. Taxonomy plots and data tables were generated using 

QIIME 1.9.1 [27] and analyzed using Prism (GraphPad, San Diego, CA). Hellinger beta 

https://paperpile.com/c/IKhKXd/TntG
https://paperpile.com/c/IKhKXd/UZz6
https://paperpile.com/c/IKhKXd/No8k
https://paperpile.com/c/IKhKXd/bC6v
https://paperpile.com/c/IKhKXd/eya2
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diversity analyses were performed and statistically assessed by Adonis tests using 

QIIME. 

 
RESULTS 

This report describes the bacteria and fungi associated with CLas-infected citrus 

from five orchards located in different geographical regions in Florida. To our 

knowledge, this is the first amplicon-based NGS study that (i) describes the fungal taxa 

associated with citrus and that (ii) provides comparative analyses of the bacterial and 

fungal taxa associated with budwood, leaves and roots from the same citrus trees. 

Because the citrus samples were not surface sterilized, our datasets and microbial 

analyses included both epiphytes and endophytes. 

Bacterial rRNA ITS Analysis. Besides the higher taxonomic resolution (Ruegger et 

al. 2014), another advantage of using this bacterial rRNA ITS analysis over bacterial 16S 

rRNA analyses is the relatively low number of mitochondrial and plastid sequences 

obtained when examining plant samples. For example, in this study, after low quality 

sequences had been removed but before non-bacterial sequences were removed, the 

average total number of sequences per sample was 87,506. Within these sequences, the 

average number of mitochondria, chloroplast and other plastid sequences per sample (and 

their percentage of the average total number of sequences per sample) were 6.88 

(0.0079%), 0.18 (0.0002%) and 14.42 (0.0165%), respectively. In addition, the range of 

the number of sequences per sample for mitochondria, chloroplasts and other plastids 

were 0-169, 0-9 and 0-1,209, respectively. 
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Bacterial Community Analyses. Beta diversity analyses were performed on the 

bacterial and fungal sequence data obtained from budwood, leaf and root samples from 

CLas-infected citrus trees (Fig. 1). The most distinct differences in both the bacterial and 

fungal communities among the three tissue types were between the roots and the other 

two tissues (budwood or leaves) (Adonis tests, P = 0.001). Comparisons of the microbial 

communities associated with the budwood and leaves showed that the bacteria were 

different (Adonis test, P = 0.001) between these two tissues but that the fungi were not 

different (Adonis test, P = 0.059). 

Taxonomic Analyses. Analyses were also performed to describe and compare the 

most abundant bacterial and fungal phyla and genera associated with budwood, leaves 

and roots from CLas-infected citrus trees (Fig. 2 and Supplementary Tables S4-S7). 

The predominant bacterial phyla associated with all three tissues were the 

Proteobacteria, Actinobacteria, Bacteroidetes and Firmicutes. However, the distributions 

were different among the three tissues with budwood and leaves having more 

Proteobacteria and Bacteroidetes than the roots (Supplementary Table S4). Conversely, 

the roots had considerably more Actinobacteria than either the budwood or leaves, which 

is consistent with the large amount of Streptomyces that was associated with the roots 

(described below). 

For the fungi, the predominant phylum associated with all three tissues was the 

Ascomycota. Budwood and leaves also contained relatively large amounts of 

Basidiomycota compared to the roots (Supplementary Table S5). Conversely, roots 

contained a larger amount of the Glomeromycota than budwood or leaves, which is 
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consistent with this phylum being comprised of members of the root-associated 

mycorrhizal fungi. 

At the genus level, the budwood and leaves contained more of the HLB-associated 

Liberibacter than the roots (Supplementary Table S6). Other genera that were more 

abundant in or on the budwood and leaves than the roots were Methylobacterium, 

Hymenobacter, Pantoea, Curtobacterium and Spirosoma. All of these genera except for 

Spirosoma have been previously identified from leaves or roots from CLas-infected or 

uninfected citrus [28–32]. Spirosoma has been previously identified as an epiphyte of the 

fruit of Palmer navel oranges [33]. Conversely, the roots contained a much larger amount 

of Streptomyces than budwood or leaves. Two other genera that were more abundant in 

or on the roots than budwood or leaves were Bacillus and Lactobacillus, and both these 

genera along with Streptomyces have been previously identified from roots or leaves 

from CLas-infected or uninfected citrus [29–31,34]. 

For the fungi, budwood and leaves had higher levels of the genera Cladosporium, 

Sporobolomyces, Symmetrospora, Camptophora and Hannaella compared to the roots 

(Supplementary Table S7). In prior research, Cladosporium has been described as a leaf 

endophyte of citrus [35] while Sporobolomyces has been associated with citrus leaves 

[36]. To our knowledge, this is the first report of Symmetrospora, Camptophora and 

Hannaella inhabiting citrus. Conversely, the genera Exophiala, Fusarium, Glomus, 

Rhizophagus and Acrocalymma were more abundant in or on the roots than budwood or 

leaves. The two mycorrhizal genera, Rhizophagus and Glomus, have been previously 

associated with citrus roots [37,38]. Fusarium has also been previously identified with 

https://paperpile.com/c/IKhKXd/Gbax+AQfU+7Ziq+dlb4+qLGG
https://paperpile.com/c/IKhKXd/jG9q
https://paperpile.com/c/IKhKXd/dlb4+AQfU+7Ziq+EJKQ
https://paperpile.com/c/IKhKXd/DekT
https://paperpile.com/c/IKhKXd/Yq1Z
https://paperpile.com/c/IKhKXd/UVdy+7kpI
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citrus roots [39]. However, to our knowledge, this is the first report of Exophiala and 

Acrocalymma inhabiting citrus. 

 
FUTURE DIRECTIONS 

 
This Resource Announcement provides both unique amplicon-based NGS datasets of 

the bacteria and fungi associated with CLas-infected citrus budwood, leaves and roots 

along with the sample metadata including HLB severity rating, tissue type, citrus 

rootstock, citrus scion, geographical region and year trees were planted. We anticipate 

that our datasets combined with a previously described amplicon-based NGS dataset of 

leaf and root bacteria from citrus possessing varying HLB symptoms [28] and a 

metagenomic NGS dataset from CLas-infected and uninfected citrus roots [40] will 

provide the seeds for an important HLB resource and/or database that can be utilized in 

future HLB research. Such studies could involve obtaining a greater understanding of the 

factors that shape the citrus microbiome as well as identifying individual microorganisms 

or consortia of microorganisms that play a role in HLB suppression or exacerbation by 

performing meta-analyses of multiple NGS datasets that are linked to key metadata. We 

also anticipate that these datasets will aid in directing targeted experiments that aim to 

understand the in planta microbe-microbe or microbiome-host interactions associated 

with HLB. 

AVAILABILITY OF DATA AND MATERIALS 

 
The bacterial and fungal NGS datasets have been deposited in the National Center 

for Biotechnology Information (NCBI)’s Sequence Read Archive (SRA) under SRA 

https://paperpile.com/c/IKhKXd/wl7L
https://paperpile.com/c/IKhKXd/Gbax
https://paperpile.com/c/IKhKXd/xBVR
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Identifier Number SRP127690 (Accession Numbers SRX3520308-SRX3520607). 

Supplementary Tables S1, S2 and S3 contain the bacterial and fungal sequence mapping 

file with sample metadata, the bacterial OTU table and the fungal OTU table, 

respectively. Supplementary Figures S1 and S2 contain a sampling map and a 

representative picture of budwood, leaf and root samples, respectively. 
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Figure SA.1. Map of sampling locations in Florida (www.mapcustomizer.com).  
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Figure SA.2. HLB Severity Rating Scheme  
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Figure SA.3. Representative image of root, leaf and budwood samples that have been 
processed for lyophilization.  
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Fig. SA.4. A, Bacterial and B, fungal community analyses of budwood, leaves, and roots 
from ‘Candidatus Liberibacter asiaticus’-infected citrus trees from five citrus orchards 
located in different geographical regions in Florida (USA). The figures are principal 
coordinates analyses (PCoA) of Hellinger beta diversity distance values generated from 
rRNA internal transcribed spacer sequences (n = 50 for each tissue). 
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Fig. SA.5. A, Bacterial phyla, B, bacterial genera, C, fungal phyla, and D, fungal genera 
from budwood, leaves, and roots of ‘Candidatus Liberibacter asiaticus’-infected citrus 
trees from five citrus orchards located in different geographical regions in Florida (USA) 
generated by analyses of rRNA internal transcribed spacer sequences (n = 50 for each 
tissue). Taxa in legends are ordered from the highest mean relative abundance (%) to the 
lowest (top to bottom and left to right) obtained by using the average values from all 
three tissues. Supplementary Tables provide more details including statistical analyses. 
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APPENDIX B. An in vitro Pipeline to Screen and Select Citrus-
Associated Microbiota with Potential Anti-Candidatus Liberibacter 

asiaticus Properties  
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ABSTRACT 

Huanglongbing (HLB) is a destructive citrus disease that is lethal to all commercial citrus 

making it the most serious citrus disease and one of the most serious plant diseases. 

Because of the severity of HLB and the paucity of effective control measures, we 

structured this study to encompass the entirety of the citrus microbiome and the 

chemistries associated with that microbial community. We describe the spatial niche 

diversity of bacteria and fungi associated with citrus roots, stems and leaves using 

traditional microbial culturing integrated with culture-independent methods. Using the 

culturable sector of the citrus microbiome, we created a microbial repository using a 

high-throughput bulk culturing and microbial identification pipeline. We integrated an in 

vitro agar-diffusion inhibition bioassay into our culturing pipeline that queried the 

repository for antimicrobial activity against Liberibacter crescens, a culturable surrogate 

for the non-culturable Candidatus Liberibacter asiaticus bacterium associated with HLB. 

We identified microbes with robust inhibitory activity against L. crescens that include the 

fungi Cladosporium cladosporioides and Epicoccum nigrum and bacteria Pantoea, 

Bacillus and Curtobacterium. Purified bioactive natural products with anti-CLas activity, 

were identified from the fungus, C. cladosporiodes.  Bioassay-guided fractionation of an 

organic extract of C. cladosporioides yielded the natural products cladosporols A, C and 

D as the active agents against L. crescens. This work serves as a foundation for 

unraveling the complex chemistries associated with the citrus microbiome to begin to 

understand functional roles of members of the microbiome with the long-term goal of 

developing anti-CLas bioinoculants that thrive in the citrus holosystem. 
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INTRODUCTION 

Huanglongbing (HLB) is a serious disease of citrus and the major threat to 

citriculture worldwide. In the United States of America (USA), HLB is associated with a 

gram-negative, phloem-limited, alphaproteobacterial, Candidatus Liberibacter asiaticus 

(CLas), and several different strains of CLas have been reported in association with citrus 

(1–3). This bacterium is spread by insect psyllid vectors.  The psyllid vector in the USA 

is the Asian Citrus Psyllid (ACP), Diaphorina citri. Both the vector and the bacterium are 

invasive species to the USA. Symptoms of the disease include leaf chlorosis, and blotchy 

mottle, limb dieback, root loss, phloem plugging and overall sieve element collapse (4, 

5). Diseased trees produce small, bitter, hard, unevenly colored and misshapen fruit. 

These fruits are unmarketable for juicing because the disease results in acidic, salty and 

off-flavor juice. In addition to unpalatable flavor, fruit borne of trees with severe HLB 

symptoms exhibit severe morphological distortions and seed discoloration rendering 

them unsuitable for fresh market sale (6, 7). Infected trees decline rapidly and die within 

a few years of becoming infected and HLB can spread throughout an orchard a short 

period of time especially when environmental conditions are favorable or mitigation 

measures are not applied (8). All commercial citrus varieties are susceptible to HLB (9, 

10). Current management of HLB relies heavily on vector control through the use of 

insecticides, and the development of alternative effective management strategies is 

ongoing (11, 12). Section 18 emergency registration was approved in Florida for the use 

of the antibiotics streptomycin sulfate and oxytetracycline hydrochloride in citrus and the 

studies regarding the efficacy of these antibiotics against HLB are ongoing (11–13), with 
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a recent study indicating that spray applications of oxytetracycline are ineffective at 

mitigating HLB (14). 

A diverse community of microorganisms are associated with plants, collectively 

referred to as a plant’s microbiome, and includes the collection of microbes associated 

with the rhizosphere (the soil-root interface), the phyllosphere (epiphytic, aerial surfaces) 

and the endosphere (internal tissues) (15). Spatial and environmental factors as well as 

host immunity and microbe-microbe interactions can shape the microbiome community 

structure in these plant compartments (16–19). Moreover, under disease conditions, 

microbial pathogens directly or indirectly interact with the host microbiome as well as the 

host itself. Because of the HLB epidemic and the lack of long-term sustainable effective 

control measures, there is an increased focus on the citrus microbiome and how it relates 

to the HLB disease phenotype that encompasses the entirety of the citrus microbial 

community and its associated chemistries (20, 21, 44). High throughput sequencing 

(HTS) technologies have significantly increased our knowledge regarding the members 

of plant-associated microbiomes, including those of citrus. However, besides pathogens 

and some well-studied symbionts, the vast majority of the function of the plant 

microbiome is unknown, colloquially referred to as microbial “dark matter” (22). Their 

intimate host associations suggest these microbes may possess enormous untapped 

potential for promoting plant health, but the inherent complexity of these communities 

and their associated chemistries complicate efforts to decipher their respective 

contributions (23, 24). 
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The next frontier in microbiome research is to move beyond microbial community 

profiling to define specific microbial contributions to phenotypes, such as plant health 

and disease outcomes (25). These efforts are expedited by coupling big data sets derived 

from HTS technologies with reductionist experiments using microbial isolates in singlet 

or consortia that are derived from a given microbiome. Thus, establishing and 

maintaining culture collections alongside cognate culture-independent HTS datasets is a 

key component of unraveling the complexity of microbial functions within a host’s 

microbiome. HTS technologies in plant microbiomes have also enabled the field of 

microbial biocontrol to shift from single-agent control studies towards holistic, 

community-based investigations on the comprehensive microbiome of a given system 

(26). However, the market for biocontrol agents or microbially derived natural product-

based disease control applications is still heavily rooted in culture-dependent studies 

because the development of microbe-derived formulations for commercial purposes 

requires culturable isolates that can be scaled up to large scale fermentations. Thus, the 

integration of culture collections with culture-independent microbiome datasets is 

particularly relevant to the field of biocontrol and natural product-based disease control 

research. 

Enduring biological control requires microbes that are adapted to changing host 

disease states as part of an integrated management strategy. The most successful 

biocontrol agents are those tailored to their target environment and capable of thriving 

across healthy and diseased host states (27). Rhizobium rhizogenes K84 (28) is a model 

integrated biocontrol agent and used, along with the derived strain Rhizobium rhizogenes 
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K1026 (29), to combat infection of Agrobacterium tumefaciens in the rhizosphere of 

susceptible plants (30). This biocontrol agent was isolated from A. tumefaciens infested 

rhizospheres where these two microbes evolved to compete with one another through an 

elegant interaction mechanism mediated by the antibiotic agrocin 84, allowing R. 

rhizogenes to specifically inhibit virulent A. tumefaciens strains carrying specific Ti 

plasmids (31). A seemingly logical starting point for biocontrol bioprospecting efforts 

from within a host’s microbiome would focus on healthy or asymptomatic hosts. 

However, utilizing the success of R. rhizogenes K84 and K1026 as a paradigm for 

development of an effective biocontrol agent, it has been proposed that bioprospecting 

for biocontrol candidates should also include microbiota from symptomatic hosts (32, 

33). A study in tomato also indicated that a pathogen-prevalent environment was a good 

source for isolating biocontrols for the vascular bacterial pathogen of solanaceous plants, 

Ralstonia solanacearum (34). These conditions select for candidate biocontrol agents 

capable of sustaining themselves within the parameters of the diseased plant 

environment. Moreover, these microorganisms interface with the pathogen either directly 

or indirectly and are potentially under selective pressure to engage in competitive 

interactions with the pathogen. 

The collective aims of this work were to map the spatial anatomy of the citrus 

microbiome in different tissue niches of the tree (leaves, stems and roots) and to mine 

those same niches for culturable microbiota to build a repository of citrus-associated 

microorganisms that dwell in the HLB-disease environment and screen this repository for 

potential anti-CLas bioinoculants. To accomplish this, we utilized a high throughput 
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culturing and taxonomic identification pipeline that allows rapid identification of large 

cohorts of culturable microbiota based on bulk culturing techniques augmented with 

amplicon-based HTS technologies that alleviated the initial need for laborious sub-

culturing into pure culture. We then isolated a sub-set of these microbial cohorts into pure 

culture to create a repository of axenic citrus microbial isolates. Operating under the 

premise that members of the citrus microbiome could be developed into HLB 

suppressors, we tested the hypothesis that members of the citrus microbiota can compete 

with CLas through antibiosis. Efforts to culture the CLas bacterium are ongoing and 

remain a large focus of the research community working on the HLB pathosystem (35). 

However, the bacterium remains unculturable. Thus, CLas is not amenable to 

manipulation in vitro, which poses severe limitations on developing bioassays to screen 

compounds that target CLas directly. Because of this, we turned to L. crescens, the only 

cultivable species belonging to the Liberibacter genus (36). L. crescens has also been 

detected in citrus, and several studies have established it as a suitable in vitro model 

organism for CLas (37, 38). We integrated a robust in vitro agar-diffusion inhibition 

bioassay into our culturable microbiome pipeline that utilizes L. crescens as a target to 

identify citrus-associated bacteria and fungi that produce metabolites that inhibit its 

growth. This in vitro screening pipeline was validated by isolating natural products 

cladosporols A, C and D with antimicrobial activity from the L.crescens-antagonistic 

fungus C. cladosporioides. Thereby, providing foundational data for the development of 

native citrus microbiome-derived therapeutic methods with potential application in HLB 

management practices and possibly other plant pathosystems as well. 
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MATERIALS AND METHODS 

Foliar, stem and root sampling. In March of 2016, stems, roots, and leaves from 50 

trees were collected from five different citrus orchards in Florida (locations in Tables S1 

and S3). Each tree was divided into four quadrants (north, south, east, and west), two 

stems with attached leaves were collected from each of the quadrants and pooled and 

sealed in a plastic bag (total eight stems per tree). Feeder roots were sampled from two 

sides of the tree. By removing topsoil from two sides of the tree and approximately 30-50 

cm away from the base of the trunk near the irrigation line. The feeder roots near this 

irrigation line were sampled, shaken to remove soil, and sealed in a plastic bag. Gloves 

were changed and clippers and shovels were sterilized with 30% household bleach 

between each tree that was sampled. All samples were immediately placed on ice for 

transit to the laboratory where they were placed at 4˚C and processed within 24 hours. 

DNA isolations were previously described in Ginnan et al. (2018) (20).  Briefly, 100 mg 

(roots, leaves) or 200 mg (stems) wet weight were pulverized via bead beating and 

processed using the MagMAX-96 DNA Multi-Sample Kit (Thermo Fisher Scientific), 

followed by DNA concentration assessment via Infinite M1000 Pro (Tecan, Männedorf, 

Switzerland) and SpeedVac concentration for dry storage at -20 °C prior to library 

construction. 

  

Microbial propagation for bulk culture collection. Root samples were rinsed twice 

with sterile water to remove surface soil. Approximately 0.3 g of feeder roots were placed 

into a mesh grinding bag (Agdia, Inc, Elkhart, IN) with 2.0 ml of 1X Phosphate Buffer 



 201 

Saline (PBS). The tissue was ground with a hammer and the resulting slurry was diluted 

1:10 with 1X PBS. The leaves and stems (cut to 3-inch pieces) were processed in a 

similar manner, but with 3 ml of 1X PBS. 100 µl of the 1:10 diluted slurry was spread 

plated on two solid media types, Tryptic Soy Agar (TSA), and Potato Dextrose Agar with 

0.1g/L of tetracycline hydrochloride (PDA-tet). Plates were incubated at 28°C for 4 days. 

The consortia of microbes on each plate had 1 ml of 1X PBS added directly to the culture 

plate and were subsequently scraped with a cell scraper. The suspension was stored as 

glycerol stocks (25% final glycerol concentration) at -80°C. Simultaneously, 50 μL of 

this culture suspension in 1X PBS was used for DNA extraction using a MoBio DNeasy 

Powersoil Kit (Qiagen, Valencia, CA) with the manufacturer's recommended protocol.  

  

Microbial taxa identification in mixed microbial cultures and plant tissue samples.  

HTS of the bacterial rRNA ITS region. DNAs extracted from the bulk cultures and DNAs 

extracted from the cognate citrus tissue samples were used to construct Illumina bacterial 

rRNA ITS libraries as described in Ginnan et al (2018) and Ruegger et al (2014)  (20, 

75). The ITS region of the bacterial rRNA operon was utilized because it can provide 

higher taxonomic resolution than amplicon-based HTS studies of the 16S rRNA region 

(75).  

HTS of the fungal ITS region. DNAs extracted from the bulk cultures and DNAs 

extracted from the cognate citrus tissue samples were used to construct Illumina fungal 

ITS libraries as described in Ginnan et al (2018) (20). 
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HTS data analyses. Data processing for the bacterial data was performed with 

USEARCH v10.0 (76). We used the UPARSE pipeline for de-multiplexing, length 

trimming, quality filtering and operational taxonomic unit (OTU) picking using default 

parameters or recommended guidelines that were initially described in (77) and which 

have been updated at https://www.drive5.com/usearch/manual10/uparse_pipeline.html. 

Briefly, after demultiplexing and using the recommended 1.0 expected error threshold, 

sequences were trimmed to a uniform length of 145 bp and then dereplicated. 

Dereplicated sequences were subjected to error-correction (denoised) and chimera 

filtering to generate zero-radius operational taxonomic units (ZOTUs) using UNOISE3 

(78). An OTU table was then generated using the otutab command. ZOTUs having non-

bacterial DNA were identified and enumerated by performing a local BLAST search (79) 

of their seed sequences against the nucleotide database. ZOTUs were removed if any of 

their highest scoring BLAST hits contained taxonomic IDs within the citrus family, 

fungal kingdom, or PhiX. Taxonomic assignments to bacterial ZOTUs were made by 

finding the lowest common taxonomic level of the highest BLAST hits excluding 

unclassified designations. Data were normalized by relative abundances within each 

sample by dividing the number of reads in each OTU by the total number of reads in that 

sample. The bacterial sequence mapping file with sample metadata and the OTU table 

can be found in Supplementary Tables S1 and S2, respectively. Data processing for the 

fungal data was performed with USEARCH v10.0 (76). We used the UPARSE pipeline 

for de-multiplexing, length trimming, quality filtering and operational taxonomic unit 

(OTU) picking using default parameters or recommended guidelines that were initially 
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described in (77) and which have been updated at 

https://www.drive5.com/usearch/manual10/uparse_pipeline.html. Briefly, after 

demultiplexing and using the recommended 1.0 expected error threshold, sequences were 

trimmed to a uniform length of 249 bp and then dereplicated. Dereplicated sequences 

were subjected to error-correction (denoised) and chimera filtering to generate zero-

radius operational taxonomic units (ZOTUs) using UNOISE3 (78). An OTU table was 

then generated using the otutab command. ZOTUs having non-fungal DNA were 

identified by performing a local BLAST search (79) of their seed sequences against the 

nucleotide database. ZOTUs were removed if any of their highest scoring BLAST hits 

contained taxonomic IDs within the Viridiplantae kingdom or PhiX. Taxonomic 

assignments to fungal ZOTUs were made using the RDP Classifier version 2.12 (80), 

trained on the ver7_99_s_10.10.2017 release of the UNITE database (81). Data were 

normalized within each sample by dividing the number of reads in each OTU by the total 

number of reads in that sample. The fungal sequence mapping file with sample metadata 

and the OTU table can be found in Supplementary Tables, S4 and S5, respectively. 

Taxonomy tables were generated using QIIME 1.9.1 (82) and analyzed using Prism 

(GraphPad, San Diego, CA). The bacterial and fungal taxa tables can be found in 

Supplementary Tables S3 and S6, respectively. R was used for statistical analyses and 

data visualization, specifically, phyloseq (83). Kruskal Wallis post-hoc Dunn test and 

Bonferroni correction was used to distinguish alpha diversity differences (83). Percent 

values indicate the proportion of culture-independent OTUs found in cultured 

microbiome samples. The bacterial and fungal HTS datasets have been deposited in the 
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National Center for Biotechnology Information (NCBI)’s Sequence Read Archive (SRA) 

under the SRA BioProject Accession Number PRJNA546069. 

  

Pure cultures of single isolates. Isolates were initially recovered from bulk culture tubes 

on both Tryptic Soy Agar (TSA) and Potato Dextrose Agar (PDA) plates at 28°C for no 

longer than 5 days. For the bacteria, single colonies were streaked onto fresh plates of 

TSA and sub-cultured until pure, isolated, individual colonies were obtained. For storage 

of pure bacterial cultures, single colonies were grown overnight in trypticase soy broth 

(TSB) shaken at 180 rpm and 28°C. Cultures were then stored in 15% (final 

concentration) sterile glycerol at -80°C. For the fungi,  plugs of agar were drawn from the 

margin of growing colonies and sub-cultured onto fresh PDA plates until single fungal 

isolates were recovered. Individual fungal isolates were stored in 3 different ways: 1) 

streaked onto PDA slants and grown at 28°C, 2) grown at 28°C and harvested with sterile 

distilled water for water stocks stored at 4°C, and 3) grown at 28°C and then the plates 

were allowed to dry out for the preparation of dry flakes for storage at -80°C. 

  

Genus level identification of pure culture isolates. Genomic DNA of pure bacterial 

cultures was isolated by use of the DNeasy® Blood & Tissue Kit (Qiagen, Valencia, CA) 

or the Wizard Genomic DNA purification kit (Promega Corporation, Madison, WI) and 

genomic DNA was isolated from the fungal cultures with the ZymoBiomics (Zymo 

Research, Tustin, CA) or the FastDNA™ Spin Kit for Soil (MP Biomedicals, LLC, Santa 

Ana, CA), both per manufacturer’s instructions. Purified DNA was then sent for 
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identification by Sanger Sequencing using universal primers 8F and 1492R (85) at ID 

Genomics (Seattle, WA) or underwent PCR with either 16S U1/U2 primers for bacteria 

(86, 87) or ITS 1/ITS 4 primers for yeast and filamentous fungi (84) using GXL, Prime 

Star DNA Polymerase (Takara Bio USA, Inc., Mountain View, CA). Thermal cycling 

parameters were 98°C for 1 min; 30 cycles of 98°C for 10 s, either 60°C (for bacteria) or 

55°C (for fungi) for 15 s, and 68°C for 2min; followed by 68°C for 5 minutes. The 

resulting PCR products were purified with a DNA Clean & Concentrator™-5 Kit (Zymo 

Research, Irvine, CA) and submitted to the University of California, Riverside Institute 

for Integrative Genome Biology for Sanger Sequencing with either 16S (bacteria) or ITS 

(fungi) primers. Genus level identifications were determined using 97% similarity to the 

BLAST database or the Ribosomal Database project (39) or the NCBI database (40). 

  

Species-level identification of Cladosporium sp. To verify the species of the 

Cladosporium sp., primers were designed that were specific to C. cladosporioides using 

PRISE2, a program for designing species specific PCR primers and probes (45) using 

seed sequences selected from OTUs generated in the culture-independent microbiome 

analysis from citrus. DNA was extracted from the isolates using a Qiagen DNeasy 

PowerSoil Kit (Qiagen, Valencia, CA), and PCR was performed using the specific 

primers as follows: Forward (CladF3): 5’ - CGGCTGGGTCTTCT - 3’ and Reverse 

(CladR3): 5’ - CTTAAGTTCAGCGGGTAT - 3’. Thermal cycling parameters were 94°C 

for 5 min; 40 cycles of 94°C for 20 s, either 61.2° for 20 s, and 72°C for 30s; followed by 

72°C for 10 minutes and 26°C for 20 minutes. Amplified regions were purified with a 
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Qiagen MinElute Gel Extraction Kit (Qiagen, Valencia, CA), cloned into the pGEM-T 

plasmid for sequence analysis (Promega, Madison, WI), and then submitted for Sanger 

Sequencing to the UCR Institute for Integrative Genome Biology. 

  

Liberibacter crescens inhibition bioassays. Antagonism against L .crescens BT-1 (36) 

(kindly provided by Prof. E. Triplett) was assessed by an agar-diffusion assay that tested 

spent culture supernatants. Bacterial supernatant filtrates were taken from 3-day liquid 

cultures (propagated at 30 °C, 180 rpm in bBM7 + 1.0 mβc liquid medium) and purified 

via SPE (elution with methanol) (37). Fungal extracts were prepared from three-week 

agar cultures: 1.56 cm2 sections of agar were extracted in 5 mL of methanol and shaken 

for 24 hours at 180 rpm at room temperature. Fifty μl of either fungal extracts or bacterial 

supernatant filtrates were applied to sterile paper discs (Becton-Dickinson, Franklin 

Lakes, NJ) and allowed to dry in a biosafety cabinet. bBM7 + 1.0 mβc top agar (0.8% 

agar) was prepared and cooled to 60 °C, and amended 10% v/v with a four-day L. 

crescens liquid culture (bBM7 + 1.0 mβc, 28 °C, 180 rpm shaking). This amended top 

agar was then dispensed to evenly coat previously poured bBM7 + 1.0 mβc agar plates, 

after which supernatant-loaded filter discs were placed. Cultures were incubated for 6 

days at 28°C to allow for development of clear zones of inhibition, after which zone 

diameters were recorded. Isolates were tested in three independent experiments with three 

technical replicates for each isolate for each experiment. 
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Natural product fractionation and characterization. Agar plugs (0.5 cm2) of C. 

cladosporioides isolate CF0052 were used to inoculate liquid cultures (12 × 250 ml PDB 

in 500 ml Erlenmeyer flasks). Cultures were incubated for 32 days at 20°C with shaking 

at 180 rpm, extracted exhaustively with EtOAc (3 × 250 ml), and the resulting combined 

extracts were evaporated in vacuo to yield a dark brown residue. The crude extract was 

fractionated by flash silica-gel column chromatography (CombiFlashRf200, Teledyne 

Instruments, Inc.) at a flow rate of 30 ml/min with gradient elution (0% → 100% 

EtOAc:hexanes over 20 minutes, followed by 0 → 20% MeOH:DCM over 9 minutes) to 

give 6 fractions. Fractions 3 (44.3 mg), 4 (10.6 mg) and 5 (25.4 mg) were subjected to 

HPLC (Prominence-i LC-2030C liquid chromatograph equipped with a diode-array 

detector, Shimadzu Scientific Instruments) to give 1 (1.4 mg), 2 (3.2 mg), and 3 (1.0 mg). 

LC-ESI-TOFMS was performed using an Agilent 1260 Infinity liquid chromatograph 

coupled to a 6530 Q-TOF mass spectrometer. NMR spectra were obtained using a JEOL 

ECS spectrometer (400 MHz for 1H and 100 MHz for 13C), using CDCl3 from Cambridge 

Isotope Laboratories, Inc. and referenced to TMS. NMR summary tables and complete 

LCMS and NMR data for 1-3 can be found in the Supplementary Information. 

 
RESULTS 

Accessing the culturable citrus microbiome using a high throughput bulk culturing 

pipeline. We utilized a bulk culturing pipeline to initially assign taxonomic classification 

to the microbes obtained from our culturing efforts before isolating them into pure culture 

(Figure 1). Taxonomic assignment of the bulk cultures enabled us to obtain federal 

permits (P526P-18-01661 and P526P-17-04593) to import into California, 248 of the 
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bulk cultures that contained no known regulated citrus pathogens as determined by the 

amplicon-based HTS analyses of both bacteria and fungi. We then performed sub-

culturing and isolation into pure culture in Riverside, California (Figure 1). Both the bulk 

cultures and individual isolates derived from the bulk cultures that were permitted and 

shipped to Riverside, CA from Fort Pierce, FL formed the basis of our culture repository. 

  

Spatial mapping of the culture-dependent and -independent citrus microbiome. 

Tissues were not surface sterilized prior to the culture-independent or culture-dependent 

protocols so taxa reported here represent epiphytic and endophytic microorganisms. 

Culture-dependent. Our study utilized primers that target the bacterial intergenic spacer 

(ITS) region, whereas other published citrus microbiome studies generally utilized 

primers that target the 16S rDNA. Bacterial ITS primers can provide finer taxonomic 

resolution than bacterial 16S rDNA primers and can sometimes provide species level 

identification (86). After removing low-abundance operational taxonomic units (OTUs) 

(average abundance < 1 count across all samples) from amplicon-based HTS data of the 

bulk cultures, we obtained 863 OTUs in the cultured leaf bacteriome, 679 OTUs in the 

cultured stem bacteriome and 880 OTUs in the cultured root bacteriome from the 

archived bulk cultured samples. We obtained 467 OTUs in the cultured leaf mycobiome, 

478 in the cultured stem mycobiome and 216 OTUs in the cultured root mycobiome from 

the archived bulk cultured samples (Figures 2 and 3, Tables 1 and 2). The ten most 

abundant bacterial genera found in all three tissue types are listed in Table 1 and 

presented in Figure 2. Isolates belonging to the genera Bacillus, Pantoea, Tatumella, 
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Paenibacillus, Pseudomonas and Lysinibacillus were obtained in bulk culture from all 

three tissue types. A list of all bacterial OTUs, taxa and the metadata associated with each 

sample can be found in Tables S1-S3. The ten most abundant fungal genera isolated in 

bulk cultures from leaves, stems and roots in terms of relative abundance can be found in 

Table 2 and Figure 3. The fungal isolates identified by HTS in these bulk cultures that 

were common to all three tissue types were Sporobolomyces, Cryptococcus, 

Fusarium/Gibberella, Colletotrichum, Cladosporium, and Aureobasidium. A list of 

fungal OTUs (average abundance > 1 count across all samples), taxa and the metadata 

associated with each sample can be found in Tables S4-S6. 

Culture-independent. The culture-independent data presented here are a subset of the 

large-scale citrus microbiome HTS dataset that was deposited in the Sequencing Read 

Archive of the National Center for Biotechnology (SRP127690 (accession numbers 

SRX3520308 to SRX3520607) (20). Here we provide a detailed description of the 

biology underlying this HTS data in the context of the citrus tissues from which it was 

derived and use it as a foundation to compare to the culturable citrus microbiome 

obtained from the same samples that were utilized to generate the culture-independent 

HTS. In brief, after removing low-abundance OTUs (< 1 average abundance per sample), 

leaf tissues contained 5,326 bacterial OTUs, stem tissues contained 4,319 bacterial OTUs 

and root tissues contained 8,681 bacterial OTUs. The ten most abundant bacterial genera 

in leaf tissues in terms of relative abundance in the culture-independent dataset are listed 

in Table 1 and Figure 2. Of the ten most-abundant genera in the culture-independent 

study, Streptomyces and Bacillus were common to all three tissue compartments. The list 
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of bacterial OTUs, taxa and the metadata associated with each sample and percentage of 

OTUs of citrus origin obtained for the culture-independent dataset can be found in Tables 

S4-S6. After removing low-abundance OTUs (< 1 average abundance per sample), leaf 

tissues contained 1,638 fungal OTUs, stem tissues contained 1,593 fungal OTUs and root 

tissues contained 1,663 fungal OTUs. The ten most abundant fungal genera associated 

with citrus leaves in terms of relative abundance in the culture-independent dataset are 

listed in Table 2 and presented in Figure 3. The fungal taxa present in all three tissue 

compartments were the genus Cladosporium and the family Didymellaceae. The list of 

all fungal OTUs, taxa and the metadata associated with each sample and percentage of 

OTUs of citrus origin obtained for the culture-independent dataset can be found in Tables 

S4-S6. 

 
Representation of species richness in the cultured citrus microbiome. When 

compared to the culture-independent data from the field samples from which the bulk 

cultures were derived, the cultured portion of the bacteriome represents 4.0% of the 

culture-independent taxa in the leaves, 5.4% of the culture-independent taxa in the stems 

and 2.2% of the culture-independent taxa in the roots. The cultured mycobiome captured 

in this study represents a higher percentage of fungal taxa present in the comprehensive 

microbiome than was represented for the bacterial taxa. Specifically, the cultured 

mycobiome represents 16.7% of the culture-independent taxa in the leaves, 17.8% of the 

culture-independent taxa in the stems and 7.6% of the culture-independent taxa in the 

roots. These data taken together indicate that, not surprisingly, alpha diversity is 

significantly reduced when examining the culturable portion of the microbiome. This 
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culture-imposed bottleneck was observed for each tissue type sampled (Figure 4). 

Overall, as expected, there were significant differences (p<0.05, Kruskal Wallis with post 

hoc Dunn test, using Bonferroni correction) in alpha diversity between culture-dependent 

and -independent methods.  Percent values indicate the proportion of culture-independent 

OTUs found in cultured microbiome samples. 

  

Isolation and identification of individual microbial isolates. Considering that CLas is 

initially introduced by the Asian Citrus Psyllid into aerial citrus tissues via feeding on 

new vegetative leaf growth (flush), we focused our sub-culturing to pure culture efforts 

on the aerial tissues of citrus (leaves and stems) to screen for potential anti-CLas 

bioinoculants. Overall, we obtained 1,326 pure culture isolates from a subset (28 tubes) 

of the 148 bulk culture tubes that were derived from the leaf and stem tissues. Of these, 

49.17 % (652 isolates) were identified to the genus level to be bacteria and 7.39% (98 

isolates) were identified to the genus level to be fungi. The remaining 43.44% were either 

recalcitrant to identification or have not yet been identified to the genus level. The pure 

isolates were representative of the colony morphotypes observed on the mixed culture 

plates. The ten most abundant bacterial genera isolated into pure cultures from the leaf 

and stem tissues include Bacillus,  Pantoea, Curtobacterium, Rosenbergiella, 

Microbacterium, Pseudomonas, Kosakonia, Lysinibacillus, Paenibacillus and Erwinia. 

Other bacterial genera represented in the culture repository can be found in 

Supplementary Figure S1. All of these taxa were identified by 97% percent homology to 

16s rDNA nucleotide sequences from specimens posted in the Ribosomal Database 
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project (39) or the NCBI database. The ten most abundant fungal genera isolated into 

pure culture from leaves and stems are Mucor, Cryptococcus, Aureobasidium, 

Cladosporium, Fusarium, Penicillium, Coniochaeta, Papiliotrema, Colletotrichum and 

Alternaria. Other fungal genera represented in the culture repository can be found in 

Supplementary Figure S2.  All of these taxa were identified by 97%  percent homology to 

ITS rDNA nucleotide sequences from specimens posted in the NCBI database (40).  

  

Identification of L. crescens-inhibitory microbes. To screen our microbial library for 

competitive interactions with CLas, we utilized the culturable close relative, L. crescens, 

as a functional proxy for screening for microbial antagonists. We initially adapted a solid 

agar-based bioassay using a dilution series of spectinomycin, an antibiotic known to 

inhibit the growth of L. crescens (Table S7). Once this assay was established, we then 

initiated testing crude supernatants obtained from approximately 17% (244 isolates) of 

the pure cultures in a medium throughput format. We identified L. crescens-inhibitory 

bacterial and fungal isolates via presence of zones of growth inhibition around the discs 

loaded with their respective supernatants, indicating the presence of antimicrobial 

compounds (Figure 5). These included three fungi belonging to the genera Cladosporium 

and Epicoccum and nine bacteria belonging to the genera Pantoea, Bacillus and 

Curtobacterium (Table 3).  

 
Bioassay-guided isolation of cladosporols Cladosporium cladosporioides. As a proof-

of-concept, we focused our natural product isolation efforts on the fungal strain 

exhibiting the largest and most robust inhibition, C. cladosporioides (strain CF0052). 
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This strain was propagated in Potato Dextrose broth (PDB), the organic-soluble 

metabolites were extracted with ethyl acetate and fractionated using flash column 

chromatography and HPLC, and active fractions identified using the L. crescens 

inhibition assay. Flash column fractions 3-5 all strongly inhibited L. crescens growth (at 

inhibition diameters of 6.0 cm, 6.4 cm and 5.7 cm, respectively). The fractions were 

subjected to HPLC to give three pure compuunds. The 1H NMR spectra of these 

compounds each contained a highly deshielded singlet (11.5 - 12.5 ppm) consistent with 

a strongly hydrogen-bonded phenols. A search of the AntiMarin natural products 

database (41) for Cladosporium metabolites with phenols capable of such hydrogen 

bonding yielded 29 compounds; of these, cladosporols A (1, formula C20H16O6) and C (2, 

formula C20H18O5) and D (3, formula C20H18O6 (42, 63) had molecular masses consistent 

with those observed by LCMS (m/z 351.05 [M-H]- and 337.08 [M-H]-, and 353.07 [M-H]-, 

respectively). Comparison of the 1H and 13C NMR spectra for each compound with the 

literature spectra for the cladosporols confirmed the identity of 1-3 as the major bioactive 

compounds from C. cladosporoides. The NMR and LCMS data for fractions 4 and 5 

suggested that these also contained 1 and 2, along with other yet-to-be-identified 

metabolites. Furthermore, purified 1-3 from C. cladosporioides showed dose-dependent 

inhibition of L. crescens in the in vitro disk diffusion inhibition assay (Figure 7). All 

showed comparable dose-response curves, with 2 showing slightly higher inhibition at 

each concentration tested. 
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DISCUSSION 

Specific members or consortia of plant microbiomes can provide protection 

against plant pathogens through a variety of mechanisms ranging from niche 

displacement, production of antimicrobial compounds and activation of induced systemic 

resistance (47–53). Reductionist experiments facilitate mechanistic studies to elucidate 

the underlying biology of a system, rendering culture collections an important 

translational research tool to bridge big HTS datasets with biologically relevant 

activities.  These resources enable critical inquiries into specific microbial interactions, 

ranging from functional phenotypes, such as pathogen suppression that can be assigned to 

specific microbiome constituents and their respective bioactive chemistries (54). For this 

study, we designed a pipeline that allowed us to assign taxonomy to bulk cultures 

obtained from citrus tissues. This conveniently expedited taxonomic assignments by 

initially bypassing the need to isolate into pure culture. Moreover, our methodology was 

derived out of necessity to adapt to the regulatory logistics of working with CLas-

infected citrus tissues in California. HLB has only recently been confirmed in California 

(2012) and prior to that the state was considered to be HLB-free (55). CLas is a 

quarantine pathogen for the state of California and, as such, scientists in California are 

not permitted to import citrus tissues containing live CLas. Tissue sampling and bulk 

culturing were performed in Florida, where bulk cultures were archived and stored 

temporarily. In California, HTS libraries were constructed, sequenced and analyzed using 

DNA isolated from the bulk cultures.  Once taxonomy was assigned to the 

microorganisms archived in Florida and confirmed to contain no known pathogens of 



 215 

citrus, federal importation permits were obtained and the bulk cultures were imported to 

California and isolation to pure culture was initiated. Inherent to any culturing process, 

standardized growth media and conditions utilized in this study imposed a bottleneck on 

isolates derived from citrus tissue and significantly reduced bacterial and fungal species 

richness when compared to the in planta microbiome. Regardless, the citrus culture 

repository successfully captured many high abundance bacterial and fungal taxa that were 

identified in the culture-independent dataset, representing a higher than expected 

proportion of taxa observed in planta across tissue types. Our citrus microbial collection 

includes metadata and barcode sequence for each microbial isolate, (20) and as we 

develop the repository we expand our collection sites to include other geographic regions, 

such as California, where HLB is just beginning to manifest, along with a broader 

repertoire of culture conditions to better capture native microbial richness and diversity. 

The culture repository of individual bacterial isolates is enriched in the genera 

Bacillus and Pantoea (Table 1). These were also identified as core members of the citrus 

rhizosphere microbiome from citrus trees collected worldwide (21). The commonalities 

we found among the dominant genera in the culture-independent leaf bacteriome with 

other citrus leaf bacteriome studies include Methylobacterium and Hymenobacter (56). 

Pantoea, Bacillus and Paenibacillus were identified as dominant root-associated genera 

(21, 46, 57) and we also found these to be dominant genera in the leaf and stem tissue 

compartments in both our bulk culture-dependent and culture-independent work. To the 

best of our knowledge, only one other citrus microbiome study reported on the 

mycobiome of citrus where Fusarium, Exophiala and Colletotrichum were dominant 
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fungal genera in the rhizosphere of citrus collected globally (21). We also found these to 

be dominant fungal genera in our study. Several bacteria isolated from the rhizosphere of 

citrus in an HLB-impacted region in Florida were inhibitory against two bacteria, 

Agrobacterium tumefaciens and Sinorhizobium meliloti, which are phylogenetically 

related to CLas (58). The inhibitory isolates included Burkholderia metallica, 

Burkholderia territorii, Pseudomonas granadensis and Pseudomonas geniculata, 

Rhodococcus jialingiae and Bacillus pumilus (58). We did not recover these bacteria in 

our culture collection, likely due to the different media types and culture conditions 

utilized in the Riera et al. (2019) study (58) as well as potential differences in the 

microbiomes of different geographic regions and citrus cultivars as compared to our 

study.  

Many microbial natural products have been identified, purified and developed 

into antimicrobials, with prototypical examples of naturally derived antibiotics being 

penicillin produced by Penicillium and streptomycin being produced by Streptomycetes. 

Specific to the HLB pathosystem, the derived antimicrobial natural products, 

streptomycin sulfate (FireWall™ 50WP, AgroSource, Inc) and oxytetracycline 

hydrochloride (FireLine™ 17WP, AgroSource, Inc.) are being applied as spray 

applications to trees in Florida under Section 18 emergency registration in efforts to 

decrease pathogen titer and HLB severity. Microbial natural products can also serve as 

important starting points for bioactive drug discovery and synthesis pipelines.  

The L. crescens agar-diffusion assay provides an efficient platform to pre-screen 

microbes, crude supernatant extracts, fractionated natural product extracts and purified 
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natural product compounds in vitro without the laborious and resource intensive in planta 

or insect studies currently necessary for screening compounds against CLas growth. 

Although there are limitations inherent to using a surrogate bacterium, this work 

establishes a reservoir of candidate natural products and microbes for use in future in 

vitro pipelines once culture methodology is sufficiently refined and CLas sheds it 

‘Candidatus’ status to be designated L. asiaticus (59). To initiate our work on anti-L. 

crescens natural product purification from citrus-associated microbes, we focused our 

efforts on the L. crescens inhibitory fungus, C. cladosporioides. Cladosporium spp. are 

often identified as members of plant microbiomes and can promote plant health by 

directly antagonizing pathogens through production of antimicrobial compounds or by 

producing plant growth promoting compounds (60, 61).  

Bioassay-guided fractionation of the crude extract of C. cladosporioides using the 

L. crescens inhibition assay yielded  cladosporols A(1), C(2) and D(3) as the major 

bioactive compounds. 1 was originally isolated from C. cladosporioides and identified as 

a β-glucan biosynthesis inhibitor (62). 2, 3  and two other cladosporols (including 1) were 

isolated from C. tenuissimum in an investigation of the biocontrol mechanism of this 

hyperparasite of rust fungus Uromyces appendiculatus (42). The stereochemical 

configuration of 2 (and by inference, 1 and 3 was revised in 2017, and each was shown to 

have modest antibacterial activity against the bacteria E. coli, Micrococcus luteus, Vibrio 

harveyi (43), and MRSA (63). 1 has also attracted considerable interest as a PPARγ-

mediated inhibitor of cancer cell proliferation (64), and references therein). In this study 
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1-3 all displayed inhibitory activity against L. crescens in a dose-dependent fashion, with 

slightly higher inhibition by 2.  

We also identified other L. crescens-inhibitory fungi and bacteria using our 

pipeline. Among the fungi screened, an isolate of E. nigrum secreted compounds that 

robustly inhibited L. crescens. The Epicoccum genus includes many known plant 

endophytes and has been noted for its profuse secondary metabolite repertoire (65). E. 

nigrum is also an effective biocontrol agent in several plant systems (66). Most notably 

this fungus reduced symptom severity in periwinkle plants inoculated with the phloem 

dwelling, ‘Candidatus Phytoplasma mali’ indicating it interacts directly or indirectly with 

the phloem and, thus, may have some promise in combatting CLas in the phloem of citrus 

(67). Interestingly, the genus is abundant in the citrus packing house environment (65, 

68). Among the bacteria screened from our cultured citrus microbiome, a Pantoea isolate 

with high taxonomic identity to P. agglomerans and P. vagans was found to secrete 

compounds inhibitory to L. crescens BT-1. Both of these Pantoea species are prevalent in 

cultivated crop systems (69–71) and have been used as biocontrol agents against plant 

diseases caused by bacteria, fungi and oomycetes (69, 72). These Pantoea species have 

been developed into the commercial products, Bloomtime Biological FD Biopesticide 

(Verdesian Life Sciences) and BlightBan C9-1 (Nufarm, Inc.), respectively. P. vagans 

suppresses fire blight of pear and apple as a standalone treatment (73). In contrast, in 

other studies P. vagans was found to be ineffective at controlling fire blight in apple as a 

standalone treatment, but efficacious when combined with streptomycin applications, 

reducing the number of streptomycin applications necessary to effectively suppress fire 
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blight (74) Based on these results, our current and future research focuses include the 

isolation and identification of bioactive molecules produced by E. nigrum, Pantoea 

strains, and other microbes identified as inhibitory to L. crescens via our experimentation 

pipeline. 

Elucidating anti-pathogen chemistries produced by phytobiome constituents 

provides a foundation for future experiments aimed at enriching disease suppression in a 

diseased plant environment. In the HLB pathosystem, efforts to harness biologicals or 

their bioactive metabolites for management of HLB via direct application face significant 

challenges. Among these is the fastidious nature of the pathogen: CLas is localized to the 

phloem, a difficult to access sector of the plant endosphere. Moreover, CLas is delivered 

directly to the phloem by its insect vector and has no known epiphytic phase. Thus, anti-

CLas applications based on direct activity against the pathogen will require entry to the 

phloem. The next steps of this collective work are to evaluate the cladosporols – and/or 

other to-be-isolated natural products – for anti-CLas within citrus trees. Most 

importantly, assays designed to track transit pathways of those molecules in planta are 

necessary to assess bioavailability across tissue compartments. It will also be pertinent to 

determine whether the CLas-inhibitory metabolites are produced by their respective 

microbes in planta. Empirical assessment of the potential for these microbes to be used – 

either directly as bioinoculants, or through cultural practices enriching their abundance in 

planta – to curtail CLas, and thus mitigate HLB, is also of value. Our overall goal is to 

determine how the citrus phytobiome interfaces with the CLas pathogen, and eventually 

to understand the impact of microbial community composition on HLB outcomes. In the 
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long term, these findings will lay the foundation for development of sustainable plant 

disease mitigation strategies for commercial citriculture. 
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Figure B.1. High throughput bulk culturing pipeline for construction of the citrus 
cultured microbiome repository. Fungi and bacteria were cultured from citrus leaves, 
stems and roots onto TSA and PDA medium at 28 °C for 4 days. Bulk cultures were 
harvested from the plates and archived as a mixture in 25% glycerol and stored at -80 °C 
in cryovials. Aliquots of the archived microbial mixtures were assessed via ITS 
sequencing to determine the diversity captured through culturing. Microbial diversity was 
also assessed using culture-independent methods from the same citrus tissues that were 
used for the culture-dependent analyses. Individual isolates were obtained via 
subculturing from the mixed cultures and were stored as part of the citrus microbiome 
repository and screened in the bioassay against L. crescens BT-1.  
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Figure B.2. Diversity within the culture-independent and culturable fraction of the 
bacteriome of citrus leaves, stems and roots. Plots illustrate the relative abundances of 
the bulk cultured bacterial communities across leaf, stem and root tissues as compared to 
their cognate cultured bacterial communities derived from the same samples. Colors 
denote different genera with the most abundant genera labeled. 
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Figure B.3. Diversity within the culture-independent and culturable fraction of the 
mycobiome of citrus leaves, stems and roots. Plots illustrate the relative abundances of 
the bulk cultured fungal communities across leaf, stem and root tissues as compared to 
their cognate cultured fungal communities derived from the same samples. Colors denote 
different genera with the most abundant genera labeled.  
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Figure B.4. Passage through culture media produces diversity shifts in citrus-
associated microbiota. Violin plots illustrating Shannon’s alpha diversity index scores 
of the A) Citrus bacteriome and its cultured counterparts, per tissue and  B) Citrus 
mycobiome and its cultured counterparts, per tissue. Red diamonds represent medians of 
each sample group. The cultured portion of the bacteriome represents 4.0% of the 
culture-independent taxa in the leaves, 5.4% of the culture-independent taxa in the stems 
and 2.2% of the culture-independent taxa in the roots. The cultured mycobiome 
represents 16.7% of the culture-independent taxa in the leaves, 17.8% of the culture-
independent taxa in the stems and 7.6% of the culture-independent taxa in the roots. p-
values indicate significance of difference in alpha diversity between culture independent 
and culture dependent samples per tissue, obtained via Kruskal Wallis with post hoc 
Dunn test, using Bonferroni correction (p<0.05). Percent values indicate the proportion 
of culture-independent OTUs found in cultured microbiome samples. 
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Figure B.5. Liberibacter crescens agar-diffusion inhibition assay. Images of assay 
plates from the in vitro diffusion assay, showing: A. Uninhibited L. crescens BT-1 
growth on a negative control plate B. Halo of L. crescens BT-1 growth inhibition around 
a disc containing supernatant from C. cladosporoides (CF0052) C. Halo of L. crescens 
BT-1 growth inhibition around a disc containing supernatant from E. nigrum (CB0051). 
D. Halo of L. crescens BT-1 growth inhibition around a disc containing supernatant from 
Pantoea sp. isolate CB0072. 50 µl of MeOH was applied and evaporated off of the disc 
prior to placing on the top agar. 
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Figure B.6. Structures of cladosporols A (1), C (2) and D (3)  
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Figure B7. Dose-response assay for cladosporols. Cladosporols A, C and D display 
dose-dependent activity in the L. crescens inhibition assay.  
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Table B.1 Relative abundance percentages of the ten most abundant genera of the citrus 
 

 
 

Percent relative abundances in the citrus bacteriome in different 
citrus tissue compartments 

 Leaf Stem Roots 

Culture 
Dependent 

Bacillus (37.4) Bacillus (34.7) Bacillus (28.5) 
Pantoea (12.3) Pantoea (20.4) Enterobacter (11.1) 
Tatumella (12) Tatumella (12.5) Pseudomonas (9.1) 
Paenibacillus (8.6) Paenibacillus (5.6) Lysinibacillus (7.6) 

Exiguobacterium (5.2) 
Exiguobacterium 
(5.1) Paenibacillus (7.1) 

Kosakonia (4.2) Terribacillus (3.9) Pantoea (6.4) 
Pseudomonas (2.5) Kosakonia (3.3) Tatumella (3.8) 
Lysinibacillus (1.3) Lysinibacillus (2.4) Cupriavidis (2.5) 
Brevibacillus (1.2) Pseudomonas (1.5) Achromobacter (1.0) 
Terribacillus (1.1) Psychrobacillus (1.1) Citrobacter (1.0) 

Culture 
Independent 

Liberibacter (12.2) Liberibacter (11.0) Streptomyces (24.4) 
Streptomyces (11.8) Spirosoma (8.7) Weisella (15.5) 
Armatimonadetesa (8.6) Methylobacterium 

(7.6) 
Flavobacterialesa (6.7) 

Pantoea (5.4) Hymenobacter (6.2) Pseudonocardia (6.2) 
Massilia (5.3) Massilia (5.7) Bacillus (5.8) 
Hymenobacter (5.0) Candidatus 

Walczuchella (5.2) 
Micromonospora (2.6) 

Tatumella (4.4) Bacillus (4.4) Cupriavidis (1.9) 
Methylobacterium (3.5) Kocuria (4.3) Mycolicibacterium (1.9) 
Spiroplasma (2.7) Pantoea (4.2) Mycoplasma (1.7) 
Bacillus (2.3) Streptomyces (4.1) Mycobacterium (1.4) 
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Table B.2 Relative abundances of the ten most abundant genera of the citrus mycobiome 
 

 Percent relative abundances in the citrus mycobiome in different citrus 
tissue compartments 

 Leaf Stem Root 

Culture- 
Dependent 

Sporobolomyces (20.8) Sporobolomyces (16.0) Fusarium (50.9) 
Cryptococcus (10.5) Cryptococcus (14.1) Gibberella (19.7) 
Gibberella (9.4) Lasiodiplodia (11.8) Colletotrichum (6.0) 
Fusarium (9.2) Gibberella (8.9) Penicillium (3.8) 
Mucor (7.6) Colletotrichum (4.9) Aspergillus (2.3) 
Colletotrichum (6.7) Aureobasidium (4.1) Trichoderma (2.3) 
Cladosporium (3.9) Papiliotrema (3.5) Cladosporium (1.9) 
Trichoderma (3.1) Glomerella (3.4) Sporobolomyces (1.2) 
Lasiodiplodia (2.7) Cladosporium (3.4) Cryptococcus (0.95) 
Aureobasidium (2.1) Hannaella (3.4) Aureobasidium (0.93) 

Culture- 
Independent 

Cladosporium (13.0) Cladosporium (15.2) Exophiala (17.8) 
Camptophora (9.2) Camtophora (9.24) Fusarium (16.9) 
Symmetrospora (7.6) Sporobolomyces (9.01) Glomus (8.0) 
Sporobolomyces (6.9) Symmetrospora (7.67) Glomeromycotaa (6.1) 
Exophiala (3.7) Strelitziana (3.24) Rhizophagus (4.0) 
Uwebraunia (3.6) Colletrotrichum (2.85) Angustimassarina (3.5) 
Alternaria (2.6) Didymellaceaea (2.18) Sordarialiesa (3.0) 
Fusarium (2.2) Cyphellophora (1.60) Cladosporium (2.1) 
Didymellaceaea (2.2) Hannaella (1.57) Didymellaceaea (2.0) 
Strelitziana (2.0) Aureobasidium (1.47) Thanatephorus (1.7) 
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Table B.3. Crude supernatants from citrus-associated microbes that are inhibitory to 
Liberibacter 

 
Isolate Tissue Origin Identification Inhibition diameter (cm) 

CF0052 Leaf Cladosporium 
cladosporioides 

3.40 ± 0.32 

CF0053 Leaf C. 
cladosporioides 

2.58 ± 0.38 

CF0051 Stem Epicoccum 
nigrum 

1.58 ± 0.16 

CB0072 Leaf Pantoea sp. 2.65 ± 0.28 
CB00729 Leaf Bacillus 4.0 ± 1.28 
CB00687 Leaf Bacillus 3.33±0.39 
CB00912 Leaf Bacillus 2.7 ± 0.42 
CB00904 Leaf Bacillus 2.1 ± 0.42 
CB00892 Leaf Curtobacterium 1.23 ± 0.13 
CB00909 Leaf Bacillus 1.82 ± 0.53 
CB00893 Stem Bacillus 0.8 ± 0.09 
CB00945 Leaf Curtobacterium 0.96 ± 0.11 
  Negative control-

MeOH only 
0.00 
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APPENDIX C. Delivery, Fate, and Transport of Silver Nanoparticles in 
Citrus Trees  
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ABSTRACT 

Crop disease control is crucial for the sustainable development of agriculture, with recent 

advances in nanotechnology offering a promising solution to this pressing problem. 

However, the efficacy of nanoparticle (NP) delivery methods has not been fully explored, 

and knowledge regarding the fate and mobility of NPs within trees is still largely unknown. 

In this study, we evaluate the efficiency of NP delivery methods, and investigate the 

mobility and distribution of NPs with different surface coatings (citrate (Ct), 

polyvinylpyrrolidone (PVP), and gum Arabic (GA)) within Mexican lime citrus trees. In 

contrast to the limited delivery efficiency reported for foliar and root delivery methods, 

petiole feeding and trunk injection are able to deliver a large amount of NPs into trees, 

although petiole feeding takes much longer time than trunk injection (7 days vs. 2 h in 

citrus trees). Once NPs enter plants, steric repulsive interactions between NPs and 

conducting tube surfaces are predicted to facilitate NP transport throughout the plant. 

Compared to PVP and Ct, GA was highly effective in inhibiting the aggregation of NPs in 

synthetic sap and enhancing the mobility of NPs in trees. Over a 7-day experimental period, 

the majority of the Ag recovered from trees (10 ml, 10 ppm GA-AgNP suspension) remain 

throughout the trunk (81.0% on average), with a considerable amount in the roots (11.7% 

on average), and some in branches (4.4% on average), and a limited amount in leaves (2.9% 

on average). Furthermore, NP concentrations during injection, and tree incubation time 

post injection were found to impact the distribution of Ag the the tree. We also present 

evidence for a transport pathway that allows NPs to move from the xylem to the phloem, 

which disperses the NPs throughout the plant architecture, including to the roots. 
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INTRODUCTION 

The world demand for fruit and vegetables has been steadily increasing 1, but 

production growth has decelerated over the same period 2. According to Siegel et al. 3, the 

global supply of fruit and vegetables fell 22% short of demand in 2009, and this shortage 

will likely worsen. Among the reasons for the slowing production, plant diseases, 

particularly those caused by bacteria and fungi vectored by insects, are a growing 

concern. For example, Huanglongbing (HLB), a lethal disease of citrus, is responsible for 

$4.5 billion in total economic losses in Florida over a period between 2006 to 2011 4. 

HLB is caused by the bacterium Candidatus Liberibacter asiaticus (CLas), which is 

spread by a psyllid, and is currently incurable. The pathogen resides primarily in a plant’s 

vascular system (i.e., xylem and/or phloem), where it is hard to eliminate but can readily 

move throughout the entire plant. It remains challenging to characterize and culture these 

pathogens, and manipulate them genetically 5. To date, progress has been reported on the 

control of this type of pathogen via plant resistance genes 6, antibiotics 7 or introduction 

of plant growth-promoting bacteria 8. However, the need for effective methods to control 

these diseases remains acute. Recent developments in nanotechnology offer a promising 

avenue towards a curative solution to these diseases 9,10. Some of nanoparticles (NPs) 

possess excellent antimicrobial properties: copper NPs and zinc NPs are being evaluated 

for efficacy against CLas or other bacterial pathogens in citrus 11–13, and silver NPs 

(AgNPs) have also been evaluated for direct inhibition of plant pathogens 14,15. In 

addition, NPs can effectively move within plants (such as tomato, cucumber, wheat), 

utilizing the plant’s vascular system, where they can interact with invading pathogens 
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16,17. Nevertheless, several critical issues must be resolved before practical agricultural 

applications can be made possible. 

One of the critical questions is how to efficiently introduce NPs into plants (delivery 

efficacy: the amount of NP entering the plant divided by the total mass of dosed NPs). 

Foliar application (including NP suspension spray/infiltration 18, nano-aerosol exposure 

19, vacuum infiltration 20, and pressurized bath infusion 21) and root application of NP 

suspensions (i.e., soil drenching) 22,23 are the most widely reported methods. While foliar 

spray can deliver NPs to chloroplasts of citrus leaves 24 or in the mesophyll of tobacco leaves 

25, NPs delivered by this technique can be easily washed away by water (over 70% of 

total NPs dosed on leaves) 26. In addition, the leaf cuticle/epidermis prevents the entry of 

most NPs, with approximately 80% of NPs penetrating leaves remaining in the first 200 

nm beneath the leaf cuticle after 7 days exposure 27. In terms of root application, while 

most of NPs remained in culturing media, the epidermis and the Casparian strip (in fully 

formed root) block the penetration of NPs 28. Thus, it is very likely that delivery efficacy 

of foliar and root application are low, although the efficiency of foliar application appears 

to be higher than root application 20,21. To the best of our knowledge, very little effort has 

been placed on systematically investigating and comparing the efficacy of these methods 

for NP delivery. Another delivery method, using branch/petiole feeding and trunk 

injecting, has not received much attention. In a recent report, a feeding/injecting method 

was used to efficiently deliver plant defense activators, antibiotics, and plasmid DNA 29–

31.  
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In addition to the delivery method chosen, the mobility of NPs is impacted by a plant’s 

internal environment and the way by which water and solutes, including high 

concentration of inorganic/organics and NPs/antimicrobials, move within its vascular 

tissues, the xylem (upward transport) and the phloem (downward transport) 17,32–34. Both 

xylem and phloem consist of tube-shaped conduits (vessels in xylem and sieve tubes in 

phloem) for axial transport. The tube shape is achieved by cells arranged end-to-end 

whose end walls are perforated to facilitate transport. On their lateral walls, adjacent 

vessels are connected by pits that are much smaller than perforation plates. Pits straddle 

the cell walls of both vessels and retain a central membrane, known as the intervessel pit 

membrane 35. Individual vessels have a finite length, and continuity of water movement 

beyond the first vessel is ensured by overlap with an adjacent vessel. Thus, these vessel 

relays rely on pit connections, including their intervessel pit membranes, through which 

solutes must pass to enter a new vessel 36. Once NPs enter a plant, it remains largely 

unknown how the complex internal environment of the plant (e.g. sap composition 34,37, 

sap flow rate 38,39, and pore sizes of intervessel pit membranes, vessel perforation plates 

and sieve plates (37–39)) impact the fate and transport of NPs. Based on previous reports, 

the high ionic strength of sap can lead to NP aggregation, while the existence of abundant 

organic molecules may reduce aggregation through steric stabilization 43–45; specific ionic 

species (e.g., chloride 46, phosphate 47), or organic macromolecules (e.g., humic acid 48 

and extracellular polymeric substances 49,50) could impact the dissolution rates of NPs; 

and, sap flow rates and pore sizes of a plant’s xylem pit membranes or phloem sieve plate 

pores can impact the deposition and detachment of NPs 51. Thus, the behavior of NPs in 
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sap needs to be evaluated to better understand the transport of NPs and their distribution 

in plant tissues. Importantly, the majority of studies exploring the use of NPs in 

agriculture focus on small annual plants, that are easy (and fast) to grow, such as 

tomatoes, cucumbers, wheat, and watermelon 18,19,52,53. Few, if any, studies have looked 

at the fate and transport of NPs in large, woody perennial plants, such as trees. 

Considering the high value of perennial tree and vine crops, there is a strong economic 

incentive to develop curative methods specifically tailored to trees, which may justify the 

cost of NPs. 

NP properties, such as their size and surface coating, also impact the behavior of NPs 

in plants 54,55. Based on previous studies, small sizes are preferable for epidermis 

penetration 55,56. For instance, only NPs smaller than 5.4 nm applied to a citrus leaf 

entered the phloem 57; only PVP coated gold NPs smaller than 10 nm crossed the cuticle 

layer of a wheat leaf after 2 weeks 52. In addition to size, it appears that surface coating 

can impact the transport of NP within a plant. Surface coatings change the surface 

hydrophobicity and surface charge, as well as provide steric stabilization 52,58–62. It has 

been reported that in foliar application, while PVP coating enhanced NP uptake by a 

wheat leaf compared to citrate coating (same metallic size for both coated NPs), citrate 

coating allowed more efficient transport of NPs to the plant’s vasculature (after 

penetrating epidermis) due to its hydrophilic character 52. However, in root applications, a 

PVP coating facilitated the transport of CdS quantum dots (QD) from root to shoot 

compared to the bare QD in soybean 58. In terms of surface charge, negative charges 

resulting from the coating facilitated NP transport in radish, ryegrass, rice and pumpkin 
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plants 63, and enabled faster transport of QDs in the conducting system of Arabidopsis 

thaliana compared to positively charged coatings64. In addition, organic polymers can 

provide steric stabilization for NPs 65, which potentially plays an important role in 

stabilizing NPs under high salinity conditions 66. Therefore, size and surface 

modifications could be employed to control the transport of NPs within plants.  

In this study, we evaluated the effectiveness of NP delivery methods (foliar 

application, root application, branch feeding, and trunk injection) for citrus trees 

(Mexican lime and clementine mandarin cv. Nour grafted to Carrizo rootstock, and 

examined the fate and transport of penetrated NPs. We used AgNPs in this study for three 

primary reasons: i) AgNPs have a specific plasmonic and electronic signature that makes 

them easier to track in the complex plant matrix; ii) background Ag concentrations are 

relatively low, minimizing potential interference; and, iii) AgNPs are known bactericides, 

making them attractive candidates for the treatment of citrus diseases, such as HLB. In 

addition, we studied the impact of size and surface coatings (polyvinylpyrrolidone (PVP), 

gum Arabic (GA), and sodium citrate (Ct)) on NP transport. Our results demonstrate that 

trunk injection can efficiently deliver NPs into trees, and NPs can move systemically both 

acropetally and basipetally through the tree’s vascular system, with the majority of NPs 

remaining within the trunk. However, we cannot quantitively differentiate the form of 

silver (i.e., pristine NP, protein corona formation, silver ions, chelated ions, reprecipitated 

silver. Importantly, we track the flow of NPs from xylem to phloem (through the leaf), as 

well as potential excretion of NPs from the tree’s roots. This study provides insight to the 
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efficacy of a NP delivery method and the mobility of NP in large, complex plants, such as 

trees. 

MATERIALS AND METHODS 

Sodium citrate, polyvinylpyrrolidone (PVP, M = 40000), gum Arabic (GA, M = 

250000), silver nitrate solution (0.1 M), sodium borohydride, MgSO4, NH4NO3, KCl, 

CaCl2, MgCl2, NaCl, boric acid, Fe(NO3)3, ZnSO4, CuCl2, KH2PO4, fumaric acid, malic 

acid, proline, sucrose, glucose, fructose, citric acid, quinic acid, asparagine, 

glutaraldehyde, nitric acid, and hydrochloric acid were purchased from Sigma Aldrich 

and used without further modification. Embed 812 resin was bought from Fisher.  

AgNP synthesis 

AgNPs were synthesized according to a previous study 114. Briefly, 10 ml AgNO3 

stock solution was added into 270 ml nanopure water. Then, 10 ml GA (10 wt%), PVP 

(10 wt%), or sodium citrate (10 wt%) was added, and the solution was stirred at 1000 

rpm for 15 minutes in an ice bath. 10 ml sodium borohydride (1 wt%) solution was then 

added, and the mixture was further stirred for an additional 1 hour (in an ice bath). 

Vacuum filtration (PS 35 membrane, Solecta, Oceanside, CA; at 50 psi) was used to 

separate the NPs from the aqueous media, followed by a triple wash with nanopure water. 

AgNPs deposited on the membrane were then collected and used to make a 1000 ppm 

aqueous suspension, and kept in a refrigerator (4 oC). 

Plant material 

Two different citrus species were used to study AgNP in planta: (1) 2-3 year old 

Mexican lime (Citrus aurantifolia (Christm.) Swingle) growing in a greenhouse at UC 
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Riverside in 2017, and (2) 2-3 year old clementine mandarins (C. clementina hort. ex 

Tanaka) grafted to Carrizo rootstock (C. sinensis (L.) Osbeck u Poncirus trifoliata (L.) 

Raf.) growing in the same UC Riverside greenhouse in the spring (26 February to 20 

March) and fall (11 September to 5 November) of 2018. All citrus plants were hand-

watered using tap water or fertilizer water (a NPK 21 : 5 : 20 mix). Temperature control 

in the greenhouse consisted of a 3-stage cooling system, with an exhaust fan set to turn 

on at 85ºC, followed by a blower and an evaporative cooler once 89ºC is reached. 

NP characterization (aggregation and dissolution analysis) 

2-3 year old Mexican lime were used for all AgNPs delivery and transport studies. 

Leaves were collected on May 5th 2016 and May 12th 2017 (ten leaves from each tree in 

duplicate), and were immediately sent to Cal G.A.P. Inc. (NovaCropControl, 

Netherlands) for sap extraction and inorganic solutes analysis 115. Based on this analysis 

and a recent study 37, synthetic citrus sap was composed of 995 mM KCl, 90 mM CaCl2, 

20 mM MgCl2, 5.0 mM NaNO3, 6 mM KH2PO4, 65.9 mM sucrose, 20.5 mM glucose, 

10.3 mM fructose, 55.1 mM malic acid, 28.2 mM citric acid, 68.0 mM proline and 16.6 

mM asparagine into deionized water, with the pH adjusted to 5.5 with 0.1 NaOH and 

0.01 M HCl. The inorganic sap solution contained only the inorganic solutes, while the 

organic sap solution contained only the organic solutes in the synthetic sap. 10 ppm PVP-

, GA-, Ct-AgNPs (prepared from the AgNP stock suspension) were used for HD size and 

zeta potential measurements using a ZetaPlus instrument (BrookHaven, US). To measure 

the zeta potential of AgNP in synthetic sap accurately, we conditioned electrode before 

measurement (detailed information could be found in SI). Aggregation of AgNPs was 
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continuously monitored via changes in the HD measured every 30 seconds over a period 

of 10 minutes. Sedimentation tests were carried out on UV-Vis spectrometry (Thermo 

Scientific EvolutionTM 350, US) by measuring absorbance at 395 nm every 30 min over a 

period of 8 hours. Dissolution tests were carried out in 12 ml glass vials with a PTFE cap 

(Fisher Scientific, US). 10 ml of synthetic inorganic sap, organic sap, or sap, containing 

100 ppm AgNPs were added into the vials. After 7 days, ionic Ag concentrations in each 

vial were measured using ICP-MS (NexION 2000, PerkinElmer, with detection limit, 0.2 

ppb) after the vials underwent centrifugation at 25000 g for 60 min (SorvallTM, Thermo 

Scientific), filtration through a 0.22 μm polyvinylidene fluoride filter, and acidification in 

5% of nitric acid (Control experiments with fresh Ct-, PVP-, GA-AgNP in these aqueous 

media confirmed that centrifugation and filtration can successfully separate AgNPs from 

the media).  

AgNP uptake and transport in Mexican lime plants after foliar application, soil 

drenching, and branch feeding 

Suspensions of 20 ppm (0.5 ml, 10 μg) and 100 ppm (0.5 ml, 50 μg) PVP-, GA-, and 

Ct-AgNP were applied to Mexican lime trees via foliar application, soil drenching, and 

branch feeding (Figure S15 a). In the foliar application, three well developed leaves (on 

the same branch, top of the tree, about 75 cm above the soil) were gently abraded with 

fine sandpaper, and 0.17 ml solution was added to each of the three leaves (0.5 ml total). 

In the soil drenching, a small amount of topsoil (3 cm below the base of the trunk) was 

removed to expose roots, and then 0.5 ml AgNP suspension was dripped onto the roots, 

which were covered back up afterwards. In branch feeding, the tip of a branch (length: 
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over 35 cm; height: >15 cm above soil) was cut, and a 5 ml syringe was connected to the 

cut branch with rubber tubing and sealed with silicon tape. 0.5 ml solution was added into 

the syringe, and through gravity, was allowed to be absorbed by the plant. On 1 day and 7 

days after NP exposure, 6 leaves were collected for Ag analysis. The leaf samples were 

dried at 80 oC for 48 hours. After the dry weight was measured, leaf samples were 

combusted (at 550 oC), and the ash was collected and digested with aqua regia (at 110 oC 

for 1 hour). Ag concentrations were measured by ICP-MS. After 6 weeks, six trees 

exposed through foliar application (2 trees for each type of AgNPs application) were 

sacrificed, separated into leaves (those remaining after sampling on Day 1 and Day 7), 

branches, trunk, and roots. Ag content in these tissues was analyzed, and the total mass of 

Ag in the trees was obtained.  

AgNP transport in clementine mandarin trees following trunk injection 

AgNP suspensions were injected into clementine mandarin trunks (～5 cm above the 

soil; diameter of injection whole, ～1 cm) using a pneumatic injection instrument (Figure 

S15 b). Injections were performed at a pressure of 20–80 psi. While the majority of 

injections were completed within 2 hours, two injections with the GA-AgNP suspension 

required up to 24 hours to complete; it is not clear why certain injections required longer 

times. However, it is unlikely that xylem blockage is responsible for the longer injection 

times, since the rapidly aggregating Ct-AgNPs never took more than 2 hours to inject. 

Two rounds of experiments were conducted. First, to test the impact of surface 

modification on AgNP transport, 10 ml of 1000 ppm (10 mg Ag in total) Ct-, PVP-, and 

GA-AgNP suspensions were injected into trees (three trees for each modification type of 



 251 

AgNPs) (starting from 02/26/2018). Three local (near the injection point) and 3 systemic 

(farthest away from the injection point) leaves were collected on day 1, 7, and 42 post-

injection. On day 42, trees were separated into leaves, branches, trunk, and roots for Ag 

mass distribution and mass balance analyses. Second, to examine the impact of AgNP 

concentration on NP transport in trees (post injection), 10 ml of GA-AgNP suspensions 

(10 ppm and 100 ppm, 0.1 and 1 mg Ag in total) were injected into a total of 18 trees 

(three replicate injections of three trees at each AgNP concentration) (starting from 

09/17/2018). On day 1, day 3, and day 7 post injection, trees were separated into leaves, 

branches, trunk, and roots. In general, the trunk was cut into 3-5 pieces, and 4-7 branches 

were sampled, noting the distance between the point of branch insertion on the trunk and 

the injection point. Leaves from the same branch were collected together. To verify the 

appearance of AgNPs in phloem-rich tissue, we carefully peeled the tissue located 

outside of the cambium layer (mainly bark and phloem illustrated in Figure 3a), and the 

rest of the peeled trunk was xylem-rich tissue. In addition, we also separated the root 

hairs from main root for quantifying Ag mass in root hairs. All plant tissues were 

weighed after drying at 80 oC for 48-72 hours (until the weight stopped changing), and 

then combusted at 550 oC. The ash was recovered and digested using aqua regia (at 110 

oC for 1 hour). Ag concentrations in the digested ash were measured using ICP-MS. To 

test the reliability of the analytical method, a 10 μl drop of 100 ppm AgNP suspension 

was placed onto three leaves, three segments of trunk and the main root (from a tree that 

was not injected with AgNPs). After incineration, and acid digestion, we recovered 
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between 95% and 98% of the total Ag added, demonstrating the robustness of the 

analysis. 

Visualizing GA-AgNPs in clementine mandarin branch and leaves 

To confirm the transport of GA-AgNPs from injection point to branch, short branch 

sections were removed at a distance of about 2 cm above the injection point and cut to a 

length of 1 cm using a Low-Speed Diamond Wheel Saw Model 650 (South Bay 

Technology, Inc., San Clemente, CA). The surface was polished with a glass knife 

installed on a RMC MT-X microtome (Boeckeler Instruments, Inc., Tucson, AZ). 

Electron microscopy and EDX microanalysis was performed on a Tescan Mira3 SEM 

(Tescan, Brno, Czech Republic) equipped with Bruker Quantax EDS system (Bruker, 

Billerica, MA) in the Central Facility for Advanced Microscopy and Microanalysis 

(CFAMM) at University of California at Riverside. 

To explore the transport of AgNPs from the injection point to leaves, systemic leaves 

were collected 1 day following a 100 ppm GA-AgNP suspension injection. A 2×3 cm 

leaf tissue sample (mid-rib area close to petiole) was cut and fixed in 5% glutaraldehyde 

for 24 hours at 4 oC. The sample was then washed three times with a 0.1 mol/L pH = 7.2 

phosphate buffer, and dehydrated with a series of graded acetone (10%, 30%, 50%, 70%, 

90%, and 100%). Then, the tissue was embedded in epoxy resin (ETON 812) 116. The 

embedded samples were microtomed (Leica, US) into 200 nm slices using a diamond 

knife onto a standard microscope slide (Fixing, embedding, and microtoming were 

carried out in the Pathology and Laboratory Medicine department, University of 

California at Los Angeles). The slide was then sent to Duke University and imaged using 
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a hyperspectral microscope (CytoViva, Auburn, Al). After CytoViva analysis, an area of 

sample determined to contain AgNPs was chosen and was sectioned to 60-80 nm for both 

TEM (T12 cryo-electron microscope, FEI Tecnai) and STEM (Titan 80-300 kV, FEI) 

analysis. 

To investigate AgNP transport between the xylem and phloem near and around the 

stomatal openings on the leaves, we used hyperspectral imaging to identify AgNPs 

throughout the leaf structure.  A 20 cm branch (with 10 leaves) was cut and placed in a 

100 ppm GA-AgNP nanopure water suspension. After 24 h, a leaf from the top of the 

branch was collected, and the leaf blade was embedded and microtomed to 200 nm thick 

sections, and imaged using hyperspectral microscopy. A reference spectral library 

consisting of 38 spectra was manually constructed from a control sample of 5 mg/L GA-

AgNP in nanopure water (Figure S16), which was allowed to settle onto the glass surface 

overnight. Manual selection of spectra was performed in order to ensure high-quality, 

representative spectra while minimizing the probability of false positives. Matching of 

the reference library to treated and control leaf samples was conducted using the spectral 

angle mapping method with a threshold of 0.25 rad, thus revealing individual and 

clustered AgNPs within samples. This resulted in a false positive rate in control leaf 

samples of <0.005% by number of pixels (~5 pixels / image), while positively matching 

>75% of particles in control AgNP images. Detection in an AgNP-treated sample was 

considered positive when at least 0.5% of pixels in the image matched the spectral library 

to the same 0.25 rad threshold. Any spectra which consistently resulted in false positives 

was removed from the spectral library during the optimization process. Additional images 
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showing mapped pixels in treated and negative control tissues are provided in SI, Figure 

S17. 

Statistical Analyses. All the data were presented as mean ± SD (standard deviation). We 

performed one-way ANOVA test plus Fisher’s LSD test for statistical analysis. p < 0.05 

was considered to be significant. 

 

RESULTS AND DISSCUSION 

Characterization of NPs in synthetic tree sap. Because transport of NPs throughout the 

tree structure will likely involve movement through xylem and phloem, it is important to 

understand how NPs will behave in the sap that fills these vessels. We measured the 

concentrations of inorganic solutes in sap collected from the veins of Mexican lime 

leaves (the extraction process did not differentiate between xylem and phloem sap, and 

we did not identify organic compounds in the sap), and the result is shown in Table 1. 

Sap pH ranged between 5.5 and 5.9, with the most abundant cations being K+ and Ca2+. 

In terms of anions, Cl-, SO42-, PO43-, and NO3- are the dominant species, which is in line 

with previous studies 67,68. An examination of the concentrations in Table 1 reveals i) 

some of Mg2+ and Ca2+ might form precipitates and ii) an imbalance between the total 

positive and negative charges in the sap, with an excess of positive charges being evident. 

It has been long recognized that a certain fraction of minerals exist as insoluble form in 

synthetic sap 69, and this fraction may vary from root to leaf and from day to night 70. In 

addition, there are multiple organic species in citrus tree phloem sap, which consist 

primarily of sugars, short-chain carboxylic acids, and amino acids (Table S1) 37. We 
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speculate that the mineral precipitates and the missing organic anions (e.g., carboxylic 

acid groups) are responsible for the charge imbalance. The total ionic strength (associated 

with inorganic ions) of the sap was determined to be over 500 mM. The high salinity and 

abundant organics found in sap likely impact the aggregation, transport, and dissolution 

of NPs 51. 

The particle diameter of the synthesized PVP-, GA-, and Ct-AgNPs metal core, 

measured using transmission electron microscopy (TEM), were 17.9 ± 7.5, 9.2 ± 4.2, and 

28.7 ± 11.0 nm, respectively (Table 2, Figure S1), while the hydrodynamic diameter (HD) 

of these NPs (Table 2) was 85.1 ± 3.6, 40.5 ± 1.3, and 94.3 ± 5.4 nm, respectively, in 

nanopure water. Each type of AgNP has a size distribution, which are statistically distinct 

(Figure S2 a-c). Moreover, it’s of great importance to characterize the NPs in aqueous 

conditions related to plant sap. On the basis of Table 1 and literature 69, we made a 

synthetic sap mainly consisting of dissolved species (conductivity: 29.33 mS/cm; ionic 

strength: 467 mM; total organic carbon: 1.60 ± 0.05 × 104 ppm. Detailed composition could 

be found in Table S1). Once AgNP were exposed to synthetic sap, the initial HD 

diameter of PVP-, GA-, and Ct-AgNP were 134.6 ± 2.5, 52.1 ± 8.9, and 428.2 ± 12 nm, 

and each AgNP still maintained statistically distinct size range (Figure S2 d-f) 

(Correlograms for three DLS measurements were provided in Figure S3). Within 10 min, 

the size of GA-AgNP did not show significant change (89.8 ± 0.4 nm), while that of 

PVP-AgNP and Ct-AgNP increased to 208.7 ± 2.9 nm and 682 ± 12.4 nm, respectively 

(Figure 1a). This implies that GA successfully stabilizes the AgNP while citrate is not 

effective at AgNP stabilization in synthetic sap; PVP stabilizes the AgNP to a moderate 
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extent. The similar zeta potential of the three types of AgNP, as shown in Table 2 (PVP-, 

GA-, and Ct-AgNP: -6.99 ± 0.28 mV, -10.13 ± 0.63 mV and -4.24 ± 1.71 mV), indicates 

that the high ionic strength of sap compresses the electrical double layer, which may limit 

the contribution of electrostatic repulsion to the stability of NPs in synthetic sap. 

Therefore, steric repulsion likely plays a critical role in NP stabilization. The Ct 

(molecular weight (Mw), 294 g/mol) coating provides the AgNP with carboxylate 

functional groups, which imparts additional negative charges to the NP surface. GA (Mw 

of 250000 g/mol), a natural secretion from the Acacia tree, is an organic mixture 

consisting of 80 wt% polysaccharides (d-galactose, l-arabinose, l-rhamnose, d-glucuronic 

acid) and 20 wt% protein 71. High concentrations of GA have been demonstrated to be 

able to stabilize emulsions in challenging aqueous conditions, with up to 25 mM CaCl2 72. 

PVP (Mw of 40000 g/mol) is a non-ionic polymer with C=O, C–N and CH2 functional 

group, containing a hydrophilic pyrrolidone moiety and a hydrophobic alkyl group. PVP 

coatings have been demonstrated to prevent NP aggregation through steric hindrance 

effects 73. Using thermogravimetric analysis (TGA) and models of polymer layer 

thickness 65,74,75, we estimated that the surface concentration of Ct, PVP and GA on AgNP 

are 9.6 ± 0.2 ×10-4, 1.1 ± 0.1 ×10-3, and 5.3 ± 0.7 ×10-2 g/m2, with PVP and GA forming a 

polymer layer with thickness of 4.4 and 20.1 nm, respectively (a detailed description of 

how the polymer surface concentration and thickness were calculation is provided in SI, 

Figures S4 and S5). Given that, xylem pit membranes have pore diameters in the range of 

10-340 nm 36,41,42,76–78, it is possible that pit membranes could block the transport of 

aggregated PVP-, and Ct-AgNP between xylem vessel elements. In terms of axial 
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transport, as the average pores of phloem sieve plates and xylem perforation plates range 

between 200 nm to 1.5 μm 36,42,76,79, these membrane-like structures do not impose 

significant size exclusion pressure on GA-AgNP transport, but can stop the transport of 

most aggregated PVP- and Ct-AgNP. However, single particles (non-aggregated), and in 

particular, smaller-sized GA-AgNPs, are likely to be able to travel through the pit 

membranes, which increases the overall conducting area available to these particles. In 

addition, it is worth noting that proteins in both xylem and phloem sap, especially sap 

from plants infected by pathogens or insects 80,81, may displace the coatings on AgNPs 

and impact the fate and mobility of AgNPs in plants 82. It is not clear if this is happening 

in our system, and needs to be investigated in future studies. 

To quantitatively explore the impact of size and zeta potentials on AgNP transport in 

conducting vessels, we employed the Derjaguin-Landau-Verwey-Overbeek (DLVO) 

model to calculate the interaction energy between NP and the surfaces of the plant 

vascular system (xylem and phloem); a detailed description of DLVO calculations can be 

found in the SI. Our DLVO model shows that negative charges on PVP-, GA-, and Ct-

AgNP surfaces result in repulsive interaction energies of 2.41, 2.29 and 3.58 kT, 

respectively. However, the sum of Lifshitz-van der Waals and electrostatic interaction 

energy of these three AgNP (both in xylem and phloem) is always negative, with large 

particle sizes resulting in high attractive forces between NP and xylem/phloem surface 

(Figure S6). This suggests that electrostatic stabilization is not the main reason for NP 

stability, and there are other forces responsible for this stability that enables NP mobility 

in the vessels. 
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With a layer of PVP or GA out of AgNP, it is of great importance to take steric 

interaction into consideration for explaining mobility of NP in plants. It is assumed that 

inner surface of xylem/phloem vessels is uncoated and flat, and the steric interaction 

(Uste) consists of osmotic (Uosm) and elastic (Uela) repulsive interactions (within a range of 

0 < h < d, where h is the distance between NP and vessel surface, and d is the layer 

thickness) 65. The osmotic and elastic interaction can be estimated through equations 1-3: 

𝑈 = ( − 𝜒)(𝑑 − ℎ) 𝑘 𝑇   (1) 

𝜑 = 3
[(𝑑+ ) − ]

   (2) 

𝑈 = 𝑑 [
3
− ℎ

𝑑

3
− ℎ

𝑑
+ ℎ

𝑑
ln (ℎ

𝑑
)]𝑘 𝑇 (3) 

where r is the radius of NPs in synthetic sap derived from DLS intensity size (nm), 𝜑, 

MW, and ρ are the volume fraction, molecule weight (g/mol) and density (1.29 and 1.35 

g/cm3) of PVP or GA, respectively, Na is the Avogadro’s number, Гmax is the maximum 

surface concentration of PVP and GA, χ is the Flory-Huggins solvency parameter for GA 

(0.47) and PVP (0.45), T is temperature (K), and kB is Boltzmann constant. It is 

determined that once h < d, Uste dominates the interactions between NPs and the 

xylem/phloem surface. This was particularly evident for the Uste derived from GA 

modification, which was two orders of magnitude higher than the sum of the Lifshitz-van 

der Waals and electrostatic interaction energy (Figure S7). Therefore, it is very likely that 

repulsive steric interactions are the main reason for the mobility of NPs in plants. 
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While the impact of particle size, pH, temperature, natural organic matter, and 

common ions on AgNPs dissolution has been well studied 83–88, the dissolution of NPs in 

plant sap remains unknown. We investigated the dissolution of AgNPs in the following 

three types of media: (1) organic components of synthetic sap, (2) inorganic components 

of synthetic sap, and (3) synthetic sap (Please refer to Table S1 for detailed composition). 

It was found that after 7 days in all media ionic Ag accounted for less than 1% of total 

Ag, with the lowest ratio (0.22%) found in organic sap (Figure 1c). This value is far 

lower than the reported dissolution in deionized water ( >>5% 83,86,88), we employed UV-

Vis spectroscopy to investigate the composition of reacted AgNPs89,90. The results show 

that indeed, the majority of AgNPs remained and that AgCl did appear in the reacted 

suspended solids derived from reaction system with synthetic sap 91 (detailed description 

on UV-Vis spectra could be found in Figure S8). Since the ratio of dissolved Ag to total 

Ag in the inorganic sap solution and synthetic sap was very close (both were 

approximately 0.7%), it is likely that inorganic solutes present in sap accelerated the 

dissolution process of AgNPs, although relatively little dissolution took place. Based on a 

previous study 46, the dissolution rate of AgNPs (average diameter of 32.9 nm) at a Cl/Ag 

molar ratio of 535, was 0.107 ± 0.020%/hour, and an increase of the Cl/Ag ratio further 

increased the dissolution rate. However, in our study, while the Cl/Ag molar ratio was 

610 and the size of AgNPs was smaller (both of which increase the dissolution rate), the 

dissolution rate declined. Thus, we conclude that the presence of organics in synthetic sap 

inhibited the dissolution of AgNPs 92, which is in line with previous finding that CeO2 

can transport from root to shoot with very limited dissolution 93. Since the anti-microbial 
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properties of AgNPs are partly associated with their dissolution (as silver ions are 

responsible for the anti-microbial activity 94), the slow dissolution of AgNPs in sap may 

reduce their anti-microbial performance, although it is unknown what concentration of 

silver ions is actually needed to induce a satisfactory anti-microbial response. However, 

this limitation can be potentially addressed by increasing the AgNP loading into the trees. 

Regardless, specific experiments regarding the efficacy of AgNPs as anti-microbial 

agents in trees are still needed. 

 

Mobility of NPs delivered by different methods 
Soil drenching, foliar application (drop casting), and branch feeding were evaluated for 

their ability to deliver AgNPs into Mexican lime leaves. As demonstrated in Figure 2, the 

overall average Ag content (defined as mass Ag/mass of leaf tissue) was highest in leaves 

from plants exposed via the branch feeding treatment after 7 days (149.97 ± 82.70 μg/kg 

dry tissue), followed by that of plants exposed via foliar application (55.183 ± 17.10 

μg/kg dry tissue), and soil drenching (13.95 ± 8.13 μg/kg dry tissue) (the difference 

between Ag content after 7 days in the branch feeding group and that in foliar 

application/soil drenching group is significant, while the difference in Ag content 

between the foliar application group and from the soil drenching group is not significant). 

The one-way Analysis of variance (ANOVA) test plus Fisher’s Least Significant 

Difference (LSD) test indicated that the difference between the overall average Ag 

content from soil drenching group (9.97 ± 7.87 μg/kg) and the control (8.26 ± 6.45 μg/kg) 

was not significant, while the Ag content from branch feeding was significantly different 

from those in the control and soil drenching groups. However, the average Ag content in 
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the branch feeding group (50.44 ± 67.39 μg/kg) while higher than that from foliar 

application group (31.78 ± 26.64 μg/kg), was not statistically significant. Our result thus 

implies that soil drenching is the least effective method for delivering NPs into leaves, 

which agrees with previous studies that reported that the majority of NPs applied to roots 

adsorb on their surfaces 63,95–98. In the case of branch feeding, the average Ag content in 

leaves from PVP-, GA-, and Ct-AgNP fed trees were 58.71 ± 69.15, 71.48 ± 108.81, and 

34.48 ± 27.05 μg/kg, respectively; these results are not statistically significantly different. 

However, based in the average values, it is likely that PVP and GA were more effective 

in enhancing NP transport, compared to Ct. Besides the smaller size of GA-AgNP and 

PVP-AgNP (than Ct-AgNP), the steric repulsion is regarded as the other important factor 

to the enhanced mobility of NP in plants based on our modeling work. In addition, while 

surface concentration of GA is much higher than PVP, the mobility of NPs in tree is not 

dramatically impacted by the identity of the coating. During our 7-day dissolution 

experiment in synthetic sap, we noticed that PVP-AgNP absorbed a considerable amount 

of organics from solution (possibly through hydrogen bond due to the presence of 

abundant C=O groups 73), but GA-AgNP and Ct-AgNP did not. It is possible that 

adsorbed organics from plant sap provides additional steric repulsion for PVP-AgNP. In 

terms of Ct-AgNP, citrate desorption can easily occur under high salinity conditions 99, 

and organics in sap, especially protein, probably can adhere to (via hydrophobic 

interaction) and thus stabilize some of AgNPs 100, contributing to the transport of Ct-

AgNP in tree. In general, increasing the transit time (interval between NP application and 

tissue harvesting) or NP dosage (from 20 ppm to 100 ppm) resulted in a clear increase in 
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Ag leaf content, suggesting that AgNP was continuously transporting to leaves, and that 

higher AgNP loading resulted in higher Ag leaf content. However, based on other 

research 101, a loading threshold can be reached, beyond which increasing NP 

concentrations does not necessarily result in an increase of leaf NP content; this may be 

due to the blockage of porous membrane structures inhibition of NP transport between 

cells induced by NP aggregation.   

We estimated the delivery efficacy of foliar application via dividing the Ag mass 

recovered from the whole tree with the total mass of Ag introduced (i.e., dosed) to the 

tree, since these trees saw a substantially higher Ag leaf content compared to those 

exposed via soil drenching. Six weeks after foliar exposure (which had no adverse impact 

on plant growth), three trees (exposed to 0.5 ml 100 ppm PVP-, GA-, or Ct-AgNP 

suspension) were destructively sampled and separated into leaf (did not include the 

original three leaves that had AgNP dosage), branch, trunk, and roots. We recovered 

between 1.5-3.0 μg Ag out of total 50 μg Ag (the total mass of Ag added to the tree), 

accounting for 3-6% of the total applied AgNPs (Figure S9). This implies that AgNP can 

transport to branch, trunk, and root from leaves through phloem, and that surface coating 

can impact the mobility of NPs in trees as the distribution of different types of AgNPs in 

leaves, trunk/branch and root was different (Figure S9). In addition, it is possible that the 

delivery efficacy can be higher because (i) the original leaf dosed with Ag was not 

included in the leaf sample and (ii) tree roots are likely excreting NPs into the soil in a 

manner similar to wheat roots (more on this below) 99. Nevertheless, this rate is much 

higher than that of soil drenching, which has been reported to introduce between 0.03-
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0.11% of NPs into plants 102,103. In foliar applications, a considerable amount of NPs can 

penetrate the plant through the stomata, without being trapped in the epidermis 99. In 

contrast, the epidermis on the root blocks the majority of NPs from entering the plant, 

and the an intact Casparian strip further prevents the apoplastic transport pathway of NPs 

28. It has been reported that foliar applications can deliver larger amount of NPs into plant 

compared to soil applications 14,20. Yet, in foliar application, even for those NPs entering 

the plant through stomata, they still have to move through the mesophyll structure before 

reaching conducting vessels32. This mesophyll structure could possibly be a temporary 

storage place for NPs, hindering the transport of NPs to the phloem. However, in branch 

feeding, AgNP suspension could be completely absorbed by the tree, allowing the direct 

flow of NPs from the feeding syringe to the phloem/xylem system. The method removes 

the hinderance of cuticle/epidermis/mesophyll structures to NP transport, and can 

effectively deliver AgNPs into trees. However, during the feeding process, it was noted 

that the AgNP suspension uptake rate varied greatly from plant to plant (from 24 hours to 

168 hours), making this form of application difficult to implement. Therefore, we decided 

to explore trunk injection as a method to introduce 100% of NPs into plants within a 

shorter time frame. 

In addition, it is worth mentioning that the difference in the initial conducting 

vessels the NPs encounter immediately after application could impact NP transport. 

Specifically, after foliar application (applied to the upper part of the tree) and branch 

feeding (at the tip of one branch) the main route of initial entrance would be through the 

phloem, while after trunk injection and soil application it will likely be through the 
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xylem. However, over the long term, both xylem and phloem contribute to the transport 

of NP within the tree. 

Impact of surface coating on the mobility of NP in tree after injection 

In woody branches and trunks, close proximity between the xylem and phloem is 

found just inside the bark (Figure 3a). In transverse sections, the xylem occupies most of 

the central cylinder of the stem all the way out to a ring of vascular cambium just beneath 

the bark. The cambium is a thin meristematic tissue that forms new xylem cells towards 

the inside of the limb, and new phloem cells towards the outside. The phloem occupies a 

very narrow zone just outside the cambium, and it is fragile. Therefore, delivery of NPs 

through trunk injection targets the xylem. 10 ml of a 1,000 ppm AgNP suspension (Ct-

AgNPs, PVP-AgNPs, GA-AgNPs) were injected into 2.5 year old clementine mandarin 

trees via trunk injection at 20-30 psi over a period of 2 hours. On day 1, day 7, and day 

42, three local leaves (i.e., close to injection point) and three leaves from a point farthest 

away from the injection point (termed “systemic” leaves) were collected and measured 

for their Ag content. On Day 42, trees were separated into leaf, branch, trunk, and roots, 

and were destructively sampled with the goal of performing a mass balance on Ag, and 

determining Ag distribution in the tree. Interestingly, after the trunk was cut into 4-5 

segments (depending on total trunk length), multiple brown spots in the secondary xylem 

area were observed in successive segments in some of the trees, including in the segment 

below the injection point just above the roots (Figure 3b). This brown coloration 

demonstrates that trunk injection is able to deliver NPs throughout the trunk, including 

towards the roots. Furthermore, elemental mapping of the brownish zone on the cross-
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section of trunk by scanning electron microscope with energy dispersive X-ray 

spectrometry confirms the appearance of AgNP in xylem vessels, but  not all xylem 

vessel elements (a small area along the trunk’s secondary xylem) were used for NPs 

transport (Figure 3c). 

  After injection, all three types of AgNPs move from the injecting point to leaves, 

but the surface coating impacted the transport process to different extents. Ag content in 

leaves from trees injected with GA-AgNPs ranked the highest, followed by trees injected 

with PVP-AgNPs, and then Ct-AgNPs (GA-AgNP group vs. Ct-AgNP/PVP-AgNP 

group, P<0.05; PVP-AgNP group vs. Ct-AgNP group, P>0.05), indicating that GA-

AgNPs had the greatest potential for transport from trunk to leaf (Figure 3d). Of the trees 

receiving a GA-AgNP injection, Ag content in local leaves was always higher than that in 

systemic leaves, indicating possible transport restriction due to aggregation/deposition of 

AgNPs in xylem vessels, and possibly sieving imposed by the plant conducting system. 

Interestingly, in GA-AgNPs injected trees, both the local and systemic leaves exhibited 

the highest Ag content on Day 1 (59.4 ± 52.5 μg/kg and 38.4 ± 28.9 μg/kg), declining to 

27.01 ± 30.2 μg/kg and 19.6 ± 31.11 μg/kg, respectively, on Day 7 and to 24.15 ± 20.4 

μg/kg and 11.05 ± 8.2 μg/kg, respectively, on Day 42 (Figure 3d) (Day 1 local vs. Day 

7/42 local, Day 1 systemic vs. Day 42 systemic, P<0.05). In addition, the changing Ag 

mass in leaves throughout the experiment (Figure S10) demonstrated a similar trend to 

that shown in Figure 3d. To estimate the possible contribution of bio-dilution to the 

change of Ag mass/content, we carried out Pearson correlations to quantify the possibility 

that high leaf weight could lead to high Ag mass in leaves (2-tailed test of significance 
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was used). It was found that there was no significant correlation between them, indicating 

bio-dilution may not be the main reason for the decline of leaf Ag mass/content. 

Therefore, the decline in mass over time implies that GA-AgNPs can transport within 

trees via both xylem (upward transport) and phloem (downward transport) and the 

downward transport may be removing AgNPs from the tree and into the roots. The 

decline of leaf Ag content was not apparent in trees injected with Ct-AgNPs and PVP-

AgNPs, perhaps signifying that these NPs do not effectively move within plant. 

However, we cannot exclude the possibility that Ag mass/content change in 

local/systemic leaf could be impacted by (i) Ag+ storage by proteins as a protection of the 

tree from the metallic contamination 104, and (ii) a fraction of AgNPs being more mobile 

than others induced by a heterogeneity of NP coating density or sizes of the AgNP 

population 105. 

The distribution of Ag in injected trees on Day 42 post injection is shown in Figures 3e 

and 3f. For all three AgNP formulations, Ag content in the trunk was the greatest, 

followed by root, branch and leaf. The Ag content in the trunk from trees injected with 

Ct-AgNPs, PVP-AgNPs and GA-AgNPs were 40,468.5 ± 224.1, 88,360.1 ± 25,429.7 and 

33,394 ± 24,575.7 μg/kg (data collected in each set, P>0.05), accounting for 99.9%, 

69.0% and 66.5% of the total mass of Ag recovered from the entire tree, respectively. 

These results demonstrate that Ct-AgNPs cannot efficiently transport within trees (likely 

due to their rapid aggregation in sap. Although citrate on NP surface can be readily 

replaced with macromolecules 106, the contribution of this change to the mobility of Ct-

AgNP is unclear). However, since PVP-AgNPs and GA-AgNPs resist aggregation, their 
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continuous transport is enabled. While the Ag content in roots from plants injected with 

PVP-AgNPs or GA-AgNPs were similar (12,941.9 ± 9,125 μg/kg vs. 12,994.3 ± 2,084.9 

μg/kg, P>0.05), Ag content in branches from plants injected with PVP-AgNPs (16,777.9 

± 11,254.4 μg/kg, P>0.05) was much higher than that of trees injected with GA-AgNPs 

(735.2 ± 464.5 μg/kg, P>0.05) (PVP-AgNP vs. GA-AgNP, P<0.05). In contrast, Ag 

content in leaves from plants injected with PVP-AgNPs (11.2 ± 7.9 μg/kg, P>0.05) was 

slightly lower than that of trees injected with GA-AgNPs (19.4 ± 6.7 μg/kg, P>0.05) 

(PVP-AgNP vs. GA-AgNP, P>0.05). Given the low Ag content found in leaves, the 

difference between these two coatings (on average 74% higher Ag content in leaves from 

trees injected with GA-AgNPs compared to those injected with PVP-AgNPs) implies that 

GA-AgNPs can transport to leaves more readily than PVP-AgNPs.  

The delivery efficacy (i.e., the mass of silver recovered from the tree after 42 days 

compared to the initial mass injected) of Ct-AgNPs, PVP-AgNPs, and GA-AgNPs via 

trunk injection was estimated to be 19.4 ± 2.3%, 39.5 ± 4.5% and 22.8 ± 7.2%, 

respectively. Following the trunk injection, we observed small droplets containing Ct-

AgNPs at the location of tree wounds (due to branch pruning) near the injection point; no 

such droplets were observed following the PVP-AgNP or GA-AgNP injection. Thus, not 

all of Ct-AgNPs were delivered into the trees, contributing to the low total Ag recovery 

(only ~20% of Ag accounted for). Based on the relatively high transport of PVP-AgNPs 

and GA-AgNPs compared to Ct-AgNPs (i.e., Ag content in the trunk from trees injected 

with Ct-AgNPs, PVP-AgNPs and GA-AgNPs accounted for 99.9%, 69.0% and 66.5% of 

the total mass of recovered Ag), and the large portion of Ag found in the roots, it is 
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possible that these two types of NPs were excreted by the roots, suggesting that small 

NPs can be transported and excreted by plants more readily 52. Therefore, it is 

hypothesized that root excretion contributes to the low recovery of Ag in trees that 

received PVP- or GA-AgNP injections.   

Impact of concentration on NP transport following trunk injection  

GA-AgNPs exhibited the most robust transport behavior, moving from the trunk 

injection site to all parts of the tree. In particular, the higher mass of Ag found in the roots 

suggests possible AgNP transport between the xylem and phloem, though it is possible 

that the injection forces NPs into the root system itself. Thus, to further investigate AgNP 

transport during the first seven days following injection, trees injected with a GA-AgNP 

suspension were destructively sampled on day 1, 3 and 7 and separated into leaf, branch, 

trunk, and root samples.  

The distribution of Ag in the different tree segments on Days 1, 3, and 7 post injection 

with either 10 ppm or 100 ppm GA-AgNPs are shown in Figure 4. The total Ag mass 

measured in the trees varied significantly between time-points, and no clear trend in Ag 

mass from Day 1 to Day 7 could be discerned. Among the trees injected with the 10 ppm 

GA-AgNP suspension, the total Ag mass recovered ranged between 14.2 - 67.7 μg out of 

a total of 100 μg injected (Figure 4a), while that from trees injected with 100 ppm GA-

AgNP suspension varied between 150.0 - 722.3 μg out of a total of 1,000 μg injected 

(Figure 4b). In all cases, the vast majority (84.6 ± 3.4% of the total Ag recovered in trees 

injected with 10 ppm GA-AgNP suspension and 91.3 ± 5.5% in trees injected with 100 

ppm GA-AgNP suspension) of the silver remained in the trunk over the 7-day 
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experimental period. While the roots and branches had a considerable amount of Ag mass 

after injection, the total Ag mass in leaves remained small (<1.5 μg in both sets of 

injections) and the increase of concentration of the GA-AgNP suspension did not result in 

a proportional increase of Ag mass in leaves (Figures 4 a & b). The total Ag mass in 

branches increased from 0.2 ± 0.01 μg to 7.5 ± 4.7 μg in trees injected with 10 ppm GA-

AgNP suspension (P<0.05), and from 20.1 ± 1.0 μg to 54.5 ± 48.3 μg in trees injected 

with 100 ppm GA-AgNP suspension (P>0.05), as the harvesting time was extended from 

1 day to 7 days. In contrast, Ag mass in roots declined slightly from 33.8 ± 33.4 μg to 

13.5 ± 7.2 μg in trees injected with 100 ppm GA-AgNP suspension (P>0.05), although 

this decline was not obvious in trees injected with 10 ppm GA-Ag NP suspension (2.6 ± 

2.1 μg vs. 2.3 ± 2.0 μg for days 1 and 7, respectively, no significant difference). That 

being said, 1) the increase of Ag mass in the branch from day 1 to day 7 may imply that 

GA-AgNPs were continuously transported to branches from the injection point, and 2) 

the decline of Ag mass in roots from day 1 to day 7 may imply that GA-AgNPs were 

excreted from the roots. In addition, the relatively constant Ag content in leaves from 

both groups with different injection concentrations might indicate certain physiological 

response of citrus tree to AgNPs (such as Ag detoxification and NP storage) 104, which 

needs to be more thoroughly investigated. However, the mass of silver we measured was 

highly variable within each group (evident by the large confidence intervals), making any 

conclusions highly speculative. 

To further analyze the Ag distribution in the trees, we normalized the total Ag mass in 

different tree tissues with their dry weight (Figures 4c, 4d) and calculated the % mass of 
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Ag in each tissue, relative to the total Ag mass recovered from the entire tree (Figures 

S11 a, b). In Figure 4c, Ag leaf content increased from 6.6 ± 1.1 μg/kg on Day 1 (% mass 

of Ag = 2.9%) to 14.3 ± 13.4 μg/kg on Day 3 (% mass of Ag = 6.3%) before it slightly 

decreased to 13.3 ± 4.0 μg/kg on Day 7, whereas the Ag content in roots declined from 

35.8 ± 8.1 μg/kg (% mass of Ag = 19.0%) to 21.2 ± 7.6 μg/kg (% mass of Ag = 7.1%) 

from Day 1 to Day 3 before increasing to 50.4 ± 41.6 μg/kg (% mass of Ag = 8.9%) on 

Day 7 (Figure 4c); the large confidence interval associated with the root content between 

trees reflects the large variability between sampled trees, which may be driven by natural 

physiological differences between trees. As the upward and downward transport of AgNP 

is responsible for the presence of Ag in leaves and roots, respectively, the dynamic 

variation of leaf and root content implies that the intensity of upwards and downwards 

transport is continuously changing. Similarly, in Figure 4d (trees injected with 100 ppm 

AgNP suspension), the overall average Ag content in leaf from the trees injected with a 

100 ppm AgNP suspension was 13.5 ± 10.9 μg/kg (% mass of Ag = 0.1%), while that in 

trees injected with 10 ppm AgNP suspension was 11.0 ± 7.5 μg/kg (% mass of Ag = 3%) 

(Figure 4c) (P>0.05). This suggests that increasing concentration of AgNP suspension 

does not substantially increase the total amount of AgNPs in leaves. Seen in Figure 3c, 

AgNPs transport does not occupy the entire xylem cylinder, which probably resulted 

from our single-point injection method. It is very likely that if the injection were 

extended to multiple points, the transport capacity of xylem for NPs could increase. In 

addition, on Day 7, the Ag content in branches was higher (1584.0 ± 1459.5 μg/kg, % 

mass of Ag = 8.5 %) than that on Day 1 (430.8 ± 94.9 μg/kg, % mass of Ag = 3.7 %) 



 271 

(P<0.05), but the average Ag content in roots (205.4 ± 187.0 μg/kg, % mass of Ag = 

3.7%) was lower than that on Day 1 (673.4 ± 639.1 μg/kg, % mass of Ag = 5.2%) 

(P>0.05) (Figure 4d). This suggests again that AgNPs were continuously transported to 

branches from the trunk via xylem vessels, and were probably excreted out from the plant 

by the roots.  

To verify whether AgNPs can indeed be transported downward through the phloem 

(eventually reaching the root) in trees with trunk injection, we measured Ag content in 

phloem-rich tissue (bark) and xylem-rich tissue (remaining tissue without bark) on the 

trunk 7 days after injection (from trees injected with 10 ppm AgNP suspension). While 

this is a rough estimate (e.g., we cannot exclude the possibility that some xylem vessels 

remained attached to the bark), it helps illustrate the transport of NPs through the 

different plant conducting systems. It was found that the average Ag content in xylem-

rich and phloem-rich trunk tissue were 757.0 ± 512.0 μg/kg and 300.5 ± 170.8 μg/kg (the 

injection was carried out in xylem-rich tissue) (P<0.05), with the Ag content increasing 

from 154.2 ± 38.7 μg/kg in the top-part of the phloem-rich trunk tissue (top 10 cm out of 

the total 20 cm long trunk) to 446.8 ± 19.3 μg/kg in the bottom part of phloem-rich trunk 

tissue (bottom 10 cm out of the total 20 cm long trunk) (P<0.05). This indicates that 

AgNPs were continuously transporting from trunk to root via phloem 54,55, although we 

cannot rule out radial transport of NPs between the xylem and the phloem, driven by 

damage to the vessels sustained during the injection process. 

 In an effort to understand the distribution of AgNPs in the root system, we separated 

the main roots from the root hairs, and measured their Ag content. For trees injected with 
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the 10 ppm AgNP suspension, the average Ag content in the main roots and root hairs 

were 34.4 ± 10.1 μg/kg and 55.5 ± 3.0 μg/kg, respectively (P<0.05); for trees injected 

with the 100 ppm AgNP suspension, the average Ag content in the main roots and root 

hairs was 219.2 ± 61.8 μg/kg and 49.5 ± 33.7 μg/kg, respectively (P<0.05). The high Ag 

content in the root hairs (which was usually higher than that in leaves and some branches) 

suggests that phloem conveys AgNPs from the main root to root hairs, where AgNPs are 

likely excreted out from the tree, in a process similar to plant sugar, amino acid, organic 

acid, nucleotides and enzyme secretion 107–109. While this conclusion is speculative, a 

recent study has shown that gold NPs are excreted by wheat roots, when the NPs were 

applied via a foliar application 52.  

In our study, as direct phloem delivery is impracticable, the xylem is the primary target 

for delivery of NPs during injection. However, the appearance of AgNPs in trunk phloem 

and root implies the potential application of nanotechnology for CLas growth control. 

Because the CLas bacteria, phloem-resident, move down to the roots and multiply 

although they enter the plant by insects feeding on the phloem of aerial tissues (leaves, 

branches)  110.  

Influence of plant structure on the transport of AgNPs from trunk to leaf 

In the present study, we found that Ag content in different leaves from different 

branches varied significantly, and we hypothesized that a high AgNP content (μg Ag/kg 

dry tissue) in a branch will result in a high AgNP content in leaves on this branch. To test 

this hypothesis, we determined the correlation between dried leaf weight (g), Ag mass in 

leaves (μg Ag recovered), Ag content in leaves (μg Ag/kg dry leaf), the Ag mass in a 
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branch (μg Ag recovered), Ag content in a branch (μg Ag/kg dry branch), dried branch 

weight (g), branch length (cm), and the distance of the branch from the injection point 

(cm) using Pearson’s correlation analysis. We did not find significant correlation between 

“dried leaf weight” and “Ag mass in leaf” or “Leaf Ag content”, indicating that leaf 

development does not significantly impact the transport of AgNP into the leaf (in other 

words, bio-dilution is not likely the main reason for the decline of Ag content in leaf 

observed from tree study). However, we do find that the Ag content in leaves was 

positively correlated with the Ag mass/content in a branch (r > 0.34, p = 0.01) (Table 4). 

In addition, Ag content in leaves was negatively correlated with the total length of the 

branch (r = -0.336, p = 0.01), while the negative correlation between Ag mass in leaves 

and total length of branch was not significant (Table 4). This implies that a higher AgNP 

content in a branch yields higher AgNP content in leaves, and a longer the branch reduces 

the mass of Ag in leaves. That is to say there is a physical process (i.e., crossing through 

pit membrane) reducing the mobility of NP with longer transport distances. Moreover, as 

seen from Table 4, the AgNP mass in a branch is positively correlated with the dry 

weight of the branch (r = 0.277, p = 0.05), and possibly negatively correlated with total 

length of branch (although the correlation is not significant). Thus, it is likely that a short 

branch with a large diameter facilitates NP transport from trunk to leaf. In addition, as 

seen from Figure 3, since not all the xylem vessels are used for AgNPs transport, 

branches that happen to be connected to the vessels which convey AgNPs will likely have 

higher AgNP content. 
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The total amount of Ag recovered in the 14 clementine mandarin trees (receiving 10 or 

100 ppm GA-AgNP suspension injection) studied in the mass-balance experiments 

ranged between 14.22% to 72.23% of the total Ag mass injected (Figure S12). 

Interestingly, the low recovery (<30%) was often associated with high dry weight of root 

(>60 g dry weight, for 2-3 years old clementine mandarin trees) or a high weight ratio of 

root to the whole tree (>0.25) while the high recovery ratio (>45%) was related to a low 

dry weight of root (<60 g dry weight, for 2-3 years old citrus trees) or a low weight ratio 

of root to whole tree (<0.25). This further strengthens our hypothesis that AgNPs can be 

excreted by citrus roots, with larger root systems capable of faster excretion.     

Tracking AgNPs in leaf tissue  

To confirm the appearance of AgNP on leaf, the mid-rib area from a systemic leaf 

collected from a clementine mandarin tree 1 day after 10 ml 100 ppm GA-AgNP 

suspension injection was isolated, embedded, and microtomed for scanning transmission 

electron microscopy (STEM) analysis. It was confirmed that AgNPs were present in 

xylem vessels (Figure 5a), evidenced by the their particle lattice spacing profile, 

calculated to be 0.23 nm, which matches the spacing of the (1,1,1) crystallographic plane 

of AgNPs (Figure 5b) 111. Additional STEM/TEM showing AgNPs in leaf samples 

(xylem area, membrane, or extracellular spaces) are provided in Figure S13. 

To further explore the transport pathway of AgNP on leaf, a 20 cm branch from 

clementine mandarin tree was places into 100 ppm GA-AgNP suspension for 24 h (in 

which way we can increase the amount of AgNP on leaf significantly, further enable us to 

identify possible AgNP transport pathway on leaf through microscopic hyperspectral 
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imaging). A leaf on the tip was collected and the mid-rib area was isolated, embedded 

and microtomed. AgNPs were identified within leaves using hyperspectral imaging, 

which enabled us to compare the relative abundance of AgNPs in different locations. It 

was found that there were likely more AgNPs in the extracellular space than the 

intracellular spaces of palisade and mesophyll cells near stomata area (area St, Figures 6 

a & b). However, hyperspectral imaging is a semi-quantitative analysis method (as most 

microscopy methods are), and these results must be considered in this context. In 

addition, we observed AgNPs in both the extracellular and intracellular spaces of bundle 

sheath cells, as well as in the intracellular spaces flanking phloem elements (areas Ph and 

Bs, Figures 6 c & d and Figure S14). Interestingly, few AgNPs were found in the xylem. 

Therefore, we speculate that AgNPs move apoplastically from the xylem to the stomatal 

region via mesophyll cells due to evapotranspiration. Coincidently, assimilated sugars 

from photosynthesis in mesophyll cells continuously diffuse into the phloem, and these 

accumulated sugars draw water (osmotically) from the adjacent xylem into the phloem 

112,113. Thus, the NPs are advected into the phloem along with the water 32. However, it 

must be acknowledged that the NP transport pathway identified using hyperspectral 

image analysis may not fully represent the movement of NP in leaves from citrus tree 

injected with AgNP, as the density of NP in leaf from the cut branch was much higher, 

and we did not take the physiological response of the leaf in response to its pruning into 

consideration. 
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Conclusion 

In the present study, we demonstrate that trunk injection, among the four methods 

tested for the delivery of AgNPs into trees (other delivery methods tested were foliar 

application, branch feeding and soil drenching), can readily deliver a large amount of 

AgNPs into citrus trees. After delivery, Ct-AgNPs tend to stay within the trunk because 

of the fast aggregation induced by the high salinity of the sap, while PVP- and GA-

AgNPs can be distributed throughout the whole tree via both upward and downward 

transport due to the strong steric repulsion resulting from the surface coating. We 

demonstrate that the root system could be a sink of NPs as a considerable amount of 

AgNPs were found there, and in addition, root hairs likely excrete NPs out from the tree. 

In terms of transport of AgNPs from trunk to leaves, short branches close to the injecting 

point tend to have a high Ag content, which leads to high Ag content in leaves on these 

branches. Moreover, on leaves, a potential transport pathway of AgNPs from xylem to 

phloem near stomatal areas was identified. This study shows the potential of using NPs as 

anti-microbial agents or gene delivery vehicles in perennial tree crops.    
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Table C.1. Mean concentrations of inorganic solutes detected in Mexican lime leaf sap 

 

Inorganic 
solutes 
(mM) 

K Ca Mg Na NH4+  NO3- Total 
N P S 

104.7 
±22.8 

188.6
±65.6 

38.3 
±9.3 

5.0 
±1.3 

9.0 
±1.9 

4.0 
±0.7 

67.1 
±9.3 

6.3 
±2.4 

16.4
±6.1 

Cl Si Zn Mn B Cu Fe     
17.5 
±4.9 

1.1 
±0.5 

1.5 
±0.1 

0.5 
±0.1 

4.5 
±1.4 

0.1 
±0.05 

0.1 
±0.08     

 
Table 2. Properties of AgNP with different surface coatings  

Surface 
modification 

Pristine 
size (via 

TEM, nm) 

Hydrodynamic 
diameter (nm) 

Zeta potential 
(mV) 

Surface 
concentrationc 

(g/m2) 

Layer 
thicknessd 

(nm) 

Ct 28.7±11.0 94.3±5.4a/428.2±12b -45.38±3.84a/       
-4.24±1.71b 

9.6±0.5×10-4 negligible 

PVP 17.9±7.5 85.1±3.6a/134.6±2.5b -32.29±1.7a/         
-6.99±0.28b 

1.1±0.1×10-3 4.4 

GA 9.2±4.2 40.5±1.3a/52.1±8.9b -32.76±3.09a/       
-10.13±0.63b 

5.3±0.7×10-2 20.1 

Note: Molecular weight of Ct, PVP, and GA (g/mol): 294, 40000 and 250000. a, 
measurements in nanopure water (pH 5.5, AgNP, 10 ppm); b, measurements in synthetic 
sap (pH 5.5; AgNP, 10 ppm); c, estimated from thermogravimetric analysis in SI, Figure 
S4; d, detailed description on polymer layer thickness (in synthetic sap) estimation is 
provided in SI, Figure S5. (p>0.05, no significant difference among data from the same 
group). 
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Figure C.1. (a) Size evolution of AgNPs (10 ppm) in synthetic sap (pH = 5.5) within 
initial 10 min, (b) sedimentation of AgNPs (100 ppm) in synthetic sap (pH = 5.5), and (c) 
dissolution of AgNPs (100 ppm) in inorganic components of synthetic sap (Inorganic), 
organic components of synthetic sap (Organic), and synthetic sap (Mix) (pH=5.5). 
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Figure C.2. Average Ag content in six Mexican lime leaves (ranging from the closest to, 
to the farthest from (>50 cm) the dosing area) as a function of NP coating, suspension 
concentration, and time. (a) soil drenching; (b) foliar application; (c) branch feeding. 
(Control: no AgNPs exposure; 20 and 100: 20 and 100 ppm AgNP suspension; 1d and 7 
d: 1 day and 7 days post exposure; PVP, GA, and Ct: PVP-, GA-, and Ct-AgNP). *, five 
samples were used for plot as one sample was recognized as abnormal data in box chart 
analysis. One-way ANOVA test plus Fisher’s LSD test were used for statistical analysis 
(p<0.05). 
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Figure C.3. (a) Light microscope image of cross-section of mandarin tree trunk (insert is 
the photo of the cross-section of trunk); (b) trunk injection of GA-AgNPs (NPs are visible 
as brown staining in the secondary xylem tissue near the phloem (highlighted in red 
outline), and staining is always on the side of the trunk where the injection took place); 
(c) elemental mapping of the brownish zone on the cross-section of trunk by scanning 
electron microscope with energy dispersive X-ray spectrometry (color-element: green-
carbon; red-silver); (d) Ag content in leaf material from trees injected with Ct-AgNPs, 
PVP-AgNPs, and GA-AgNPs on day 1, 7 and 42 post injection (LOC and SYS: local 
leaves and systemic leaves); (e) Ag content in leaf, branch, trunk, and root recovered on 
day 42 post injection; (f) fraction of Ag mass in leaf, branch, trunk, and root to total Ag 
recovered on day 42 post injection. (c and d: , trunk; , Root, , Branch; , 
Leaf) (10 ml 1000 ppm AgNP, 2.5-year old clementine mandarin trees) (One-way 
ANOVA test plus Fisher’s LSD test were used for statistical analysis, p<0.05). 
  

(a) (b) (c) 



 292 

 

 

Figure C.4. Ag mass recovered (a & b) and Ag content (c & d) in different tissues of 2.5-
year old clementine mandarin trees injected with 10 ml suspensions of 10 ppm (100 μg 
Ag in total) (a & c) and 100 ppm (1000 μg Ag in total) (b & d) GA-AgNPs. Tissues were 
sampled on Days 1, 3 and 7 after injection ( , trunk; , Root, , Branch; , 
Leaf). (*, Injection of 100 ppm GA-AgNPs suspension on Day 3 was not successful and 
only 7 ml suspension was injected within 2 h while the rest was 10 ml) (One-way 
ANOVA test plus Fisher’s LSD test were used for statistical analysis (P<0.05). 
Significant difference between GA-AgNP group data and Ct-AgNP/PVP-AgNP group; no 
significant difference between PVP-AgNP group and Ct-AgNP group)   
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Table C.4. Pearson correlation coefficient (r) among Ag mass in leaf/branch (ug), Ag 
content in dry leaf/branch (μg/kg), dry weight of leaf and branch (g), total length of 
branch (cm), and branch distance from injection (cm) (samples from clementine 
mandarin trees received 10 or 100 ppm GA-AgNP injection) 
 

Index 
Ag 

mass in 
leafa 

Leaf 
Ag 

contenta 

Ag mass 
in 

brancha 

Dried 
branch 
weighta 

Ag 
content in 
brancha 

Total 
length of 
brancha 

(cm) 

Branch 
distance from 
injection (cm) 

Dried leaf 
weighta 0.094 -0.23 -0.057 0.609** -0.196 0.715** 0.361** 

Ag mass in leafa  0.916** 0.35** -0.006 0.343** -0.133 -0.086 

Leaf Ag content   0.399** -0.18 0.427** -0.336** -0.216 
Ag mass in 

brancha 
   0.277* 0.958** -0.044 -0.195 

Dried branch 
weighta 

    0.042 0.737** 0.078 
Ag content in 

branch 
     -0.242* -0.195 

Total length of 
branch 

      0.187 
Note: a, one branch or in a few cases two branches located close to each other on the 
trunk were grouped, and leaves in the same group of branches were classified into one 
sample; **, correlation is significant at the p = 0.01 level. *, correlation is significant at 
the p = 0.05 level. 
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Figure C.5. (a) NPs (darker region of TEM image) found in the xylem of a systemic leaf 
collected 1 day after 10 ml 100 ppm GA-AgNP suspension injection, and (b) the lattice 
space profile of the particles (the average lattice space calculated from areas 1, 2, 3, and 
4, d = 0.23 nm).   
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Figure C.6. Hyperspectral image analysis of AgNPs distribution in a microtomed mid-rib 
of a clementine mandarin leaf (detected AgNPs shown in purple rectangles) obtained by 
immersing a 20 cm branch into a 100 ppm GA-AgNP suspension for 24 hours: (a) and 
(b), stomatal area; (c) and (d) xylem/phloem/bundle sheath areas. The different leaf 
components, epidermis, sub-stomatal cavity, spongy tissue, xylem, phloem, and bundle 
sheath are labeled as Ep, Sc, St, Xy, Ph, and Bs, respectively. Scale bar in (a) applies to 
all panels. 
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