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ABSTRACT 

UNDERSTANDING DRIVERS OF PLANT MICROBIOME IN MICHIGAN 

AGRICULTURE: STUDIES OF THE APPLE ROOT ZONE AND COMMON BEAN SEEDS 

By 

Ari Fina Bintarti 

Plant-associated microbial communities are crucial for plant health and fitness, and may 

enhance plant tolerance to various environmental stresses. As global climate change threatens 

crop production and increases demands on sustainable agriculture, harnessing the plant 

microbiome has become one potential strategy to address these issues. Thus, it is fundamental to 

understand the relative contributions of both the host plant as well as the environment in shaping 

the plant microbiome. Moreover, the response of plant microbiomes to stress and any 

consequences of microbiome stress responses for the host plants are poorly understood, though 

this information is critical to achieve a basis of knowledge for plant microbiome engineering. My 

research aimed to contribute to this knowledge by investigating the factors that structure root- 

and seed-associated microbial communities of two valuable crops for Michigan’s agricultural 

economy: apple and common bean.  

The first chapter of my dissertation aimed to assess the biogeography of bacterial, 

archaeal, fungal, and nematode communities in the root zone of apple trees, and to determine 

their relationships with each other and their changes over natural abiotic gradients across 

orchards. I also assessed the influence of plant cultivar on microbiome structure in the root zone. 

I found that root zone microbiome community structure was strongly affected by geographic 

location and edaphic properties of soil. The next chapter of my dissertation investigated the 

variability of seed endophyte community of common bean (Phaseolus vulgaris L.). My results 

showed that plant-to-plant variability under controlled growth conditions exceeded within-plant 



variability among seeds from different pods. My study developed protocols and added insights to 

the growing toolkit of approaches to understand the plant-microbiome engagements that support 

the health of agricultural and environmental ecosystems. The last chapter assessed the responses 

of common bean seed endophytes to drought stress in the field across two growing locations and 

four genotypes of common bean.  To summarize, this work advances foundational knowledge of 

the seed microbiome as a critical component of the plant microbiome, and in the context of two 

key crops for Michigan agriculture. 
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CHAPTER 1: Introduction 
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Plant – microbe interactions 

Plant microbiota are defined as microbes including archaea, bacteria, fungi, and protists 

that associate with plants and inhabit different plant microhabitats including rhizosphere, 

phyllosphere, and endosphere (1). Aside from those three most common microhabitats, microbes 

are also present in other plant compartments such as flower (anthosphere), fruit (carposphere), 

stem (caulosphere), root surface (rhizoplane), germinating seed area (spermosphere), and the 

seed itself (2). It has been suggested that the plant and its microbial community co-evolve, and 

the evolutionary selection of the microbiome members and the host plant affects the system as a 

whole, which is referred to as the holobiont concept (3, 4). Plant microbiome also refers to the 

auxiliary genome of the plant, where the plant partially depends on their associated microbiota 

for specific functions and traits (5). Together, the interplay between the plant and its microbiota 

determines the structure and composition of the microbial communities and the characteristics of 

their local environment as well as the physiology of the hosts (6). It is widely known that plant 

microbiomes are essential for plant productivity and tolerance to various environmental stresses, 

for example, by providing active metabolites, such as enzymes and phytohormones (7). 

Meanwhile, the plant provides ecological niches for the associated microbes and contributes to 

the structure of the plant microbiome, for example, by producing root exudates or 

allelochemicals (8, 9).  

 Beneficial (mutualistic) plant microbiome members are fundamental for plant survival, 

although, plant microbiota possess a broad range of interactions with the host including those 

that are deleterious (pathogenic) as well as neutral (commensalistic). Previous studies have 

reported the beneficial function of plant microbiota for nutrient acquisition and inducing plant 

development by producing plant growth hormones (10), promoting plant tolerance to abiotic 
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stress (11), enhancing plant defense mechanisms to pathogen attack (12), and inducing flowering 

time (13). In addition, studies have investigated plant-microbe interactions, especially the 

rhizosphere and phyllosphere, to better understand how they can improve plant performance in a 

changing or stressful environment, such as during water limitation (14-17). Given these potential 

benefits of the plant microbiome, studies have focused on isolating and characterizing beneficial 

plant microbiome members and investigating their impact on plant productivity through culture-

dependent and/or culture-independent methods (18-20). 

Nowadays, studies on the assembly of plant-associated microbes as a community and the 

driving forces that structure the plant microbiome as well as their ecological function has grown 

tremendously in recent years with the rapid development of multi-omics technologies (21, 22). In 

addition, as global climate change threatens to limit crop production placing heightened demand 

on sustainable agriculture, harnessing the plant microbiome has become one potential crop 

management strategy to address these issues. Thus, this research is motivated to explore 

mechanisms of plant-microbiome interactions, and how these interactions affect plant 

performance, especially under environmental stresses. 

 

Root-associated microbiome in perennial tree crops 

The microbiome associated with plant roots and the rhizosphere, the intimate zone 

surrounding plant roots enriched in microbial activity, is the most well-studied plant microbiome 

because of its tremendous potential for plant fitness and health (5, 23, 24). The rhizosphere is 

sampled from the soil that remains closely adhered to the root system, which is heavily 

influenced by plant chemicals, making it a nutrient-rich hotspot that enables the growth of 

diverse microorganisms (25). As an estimation, per gram of plant roots are colonized by 
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approximately 109 - 1011 bacterial cells (26). Root-associated microbiome members are mainly 

acquired through horizontal transmission from the soil as the main microbial reservoir (1, 4), 

although, a fraction of root-associated microbiota may also be seed-borne or vertically 

transmitted from the parent plant and remain in the root and/or inhabit the rhizosphere during 

seed germination and plant development (27, 28). 

It is known that the rhizosphere is one of the most complex ecological niches inhabited 

by multi-trophic microorganisms, where they form a complex network with each member of the 

community and significantly contribute to carbon and nitrogen cycling, and organic matter 

decomposition (29, 30). Previous studies reported that plants recruit their rhizosphere 

microbiome members by releasing a wide variety of compounds, such as alkaloids, sugars, 

flavonoids, amino acids, phenolics, enzymes, vitamins, and carbohydrates derived from plant 

metabolism and photosynthesis processes (31, 32). It is estimated that up to 40% of plant 

photosynthates are allocated to the rhizosphere (23, 33) and released into the soil through 

different mechanisms including secretion, diffusion, and cell lysis (32). These diverse groups of 

root metabolites help regulate the structure of the rhizosphere microbial community by acting as 

a chemical signal to mediate microbe-microbe and/or plant-microbe communication and 

interactions, suppressing the growth of competitor or plant pathogens by their antimicrobial 

activity, enhancing the growth of beneficial microbes, and altering the soil physicochemical 

properties (31, 33, 34).  

 The continuous influence of root-derived chemicals on the surrounding soil results in 

enrichment or loss of a subset of microbiota. Thus, some studies have revealed that the 

rhizosphere has lower microbial diversity compared to the surrounding bulk soil (35-37) and 

even much lower for the microbial diversity of root endophytes (36). In this aspect, root-derived 
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compounds may serve as a selective force that selects and shapes the root-associated microbiome 

members. The selective property of the host is also related to the plant life cycle as one of the 

important factors affecting the rhizosphere microbiome (e.g., perennial vs annual). In this case, 

we consider perennial as a woody tree, which can be distinguished from an herbaceous perennial.  

The interactions between the rhizosphere microbiome and perennial trees are distinct 

from the interactions that occur in annual plants due to their longevity. It has been suggested that 

the host effect (host selective property) on the rhizosphere microbiome is much stronger in 

perennial trees than in annual plants (38, 39). Moreover, the rhizosphere microbial community of 

perennials is characterized by changes in both richness and composition over the plant lifetime 

(38, 40). It could be assumed that rhizosphere microbiota associated with long-lived perennial 

trees are consecutively affected by the selective nature of plants over a long period of the plant's 

age, which eventually alters the structure of the rhizosphere microbiome throughout the plant 

lifespan. The dynamic changes in the rhizosphere microbiome structure of perennial trees are the 

result of the constant adaptation of the host plant to the environment due to seasonal variations 

(39).  

Unlike annuals, the cultivation of perennials is often undisturbed by anthropogenic 

activities, such as crop rotation and soil tillage, resulting in a steady and persistent flow of 

photosynthates to their associated microbiota that may favor a particular subset of either 

beneficial or pathogenic microbes (39). Because of these established and prolonged interactions 

between root-associated microbiota and perennial trees, it can be expected that the productivity 

of perennial crops is profoundly influenced by these beneficial or pathogenic microbes. For 

instance, perennial crop growth and productivity were reported to be significantly enhanced by 

mycorrhizal colonization compared to annual crops (41). In the particular case of negative 
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impact, in perennial tree crops with neither replanting nor crop rotation practices, the 

accumulation of pathogens in the root zone caused a negative soil feedback phenomenon which 

ultimately results in reduced yields (42, 43). 

  The diversity and composition of the rhizosphere microbiome are also driven by 

environmental factors (e.g. climate, weather, rainfall) and soil characteristics (44, 45). In 

addition, plant genotype also has notable explanatory value on rhizosphere microbiome of 

woody crops, as previously observed in apple trees, where rootstock genotype determines the 

structure and composition of rhizosphere microbiome (46), and the same case was also found in 

grapevine (47). Analysis of rhizosphere microbiome of Populus tree showed the differences 

between wild-type and transgenic line which indicates the effect of plant genotype (48). 

However, it has been reported that soil edaphic and environmental factors have a stronger impact 

on the rhizosphere microbiome than plant genotype or species, especially under field conditions 

(37, 49, 50).  

Understanding the driving forces that structure the rhizosphere microbiome of perennial 

tree crops, as well as the dynamic changes of the microbial community over the lifetime of 

perennials, are an essential part of harnessing plant microbiome for enhancing crop production. 

However, the study focusing on the interaction between root-associated microbiome with 

perennial tress is still scarce relative to annual plants, mainly due to the natural longevity of 

perennials. Moreover, since one growing season of a perennial tree does not represent the entire 

plant lifetime, a long-term (temporal) study is desired to better understand the variations of 

perennial root-associated microbial communities. 
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Seed-associated microbiome and its implications for plant fitness 

In contrast to the rhizosphere, the microbial community in other plant habitats, especially 

in the seed, is relatively less studied. This is because, unlike rhizosphere, seed bears relatively 

low microbial biomass or is even believed to be the lowest among all plant compartments (51). 

In addition, the seed microbiome is often neglected due to the assumption that soil is the only 

main source of plant microbiota through horizontal transmission (52). Nevertheless, the study on 

seed microbiome has been increasing in recent years, although the functional aspects of seed 

microbiome have been largely unexamined. 

Seed is essential for plants, especially spermatophytes, because it initiates plant growth 

and development, carries plant genetic information, which is then expressed in new plant 

generation, and acts as an ecological tool for the plant and microbial dispersal. Study on seed-

associated microbiota is primarily encouraged by the later proven assumption that plant 

microbiome members are vertically transmitted from parent plants to their offsprings through 

seed  (53, 54). Moreover, seeds are attractive because they represent a starting point for plant 

microbiome assembly (2), where seed-associated microbiome members can be considered early 

colonizers, potentially influencing the plant microbiome's structure during plant 

development(55). When a seed germinates, the seed-borne endophytes, which are mostly 

believed to be dormant inside the seed (2, 56), will be active and colonize the seedling, and 

together with the seed surrounding (spermosphere) microbiota, play an essential role in driving 

the plant microbiome ecology and determining the host plant physiology and function (57, 58). 

Other than vertically transmitted microbiota, microbes from the surrounding environment 

(e.g., soil, leaves and fruit surfaces, residues) also colonize seed through horizontal transmission 

(2, 59). It is believed that early colonization determines successful colonization, and seed 
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endophytes are considered as microbes with successful and established colonization within the 

seed tissues. Successful colonization means seed endophyte candidates are capable of 

establishing an association with plant tissues inside seed compartments (e.g., seed coat, 

endosperm, and embryo) without causing visible harm to the host plant (60). Moreover, 

endophytes inside the seed are assumed to be unique or possess distinct features from endophytes 

in other plant compartments (60, 61). The bottleneck of seed endophyte colonization is the 

unfavorable seed environment, meaning that, a successful colonizer must be able to survive and 

cope with high desiccation, long exposure to high osmotic pressure, antimicrobial compounds, 

and starch contents inside the seed (54, 60, 62). Seed endophytes, such as some Firmicutes and 

Bacillus can form endospore that protects them in changing environment during seed maturation 

(63). Cell motility is another unique feature possessed by seed endophytes, which allows them to 

enter seeds before they harden (60, 64). In addition, it has been suggested that seed endophytes 

can use starch through amylase activity (62), as well as phytate as the main form of phosphorus 

in the seed (65). 

Seed microbiome supports plant fitness, especially during the early stages of plant 

development (66-68). The plant likely selects beneficial microbiota and stores them in the seed 

(69), which are then passed to its progeny over generations to ensure beneficial and successful 

colonization from the earliest stage of plant development. Seed microbiome members provide 

benefits for plant (70). They can stimulate germination and promote seedling growth (71) by 

producing phytohormones, such as auxin (IAA) (20, 72), cytokinin (66), and gibberellin (73), or 

through phosphate solubilization (67), and producing siderophores (20). A study revealed that 

seed-endophytes removal from rice seeds reduces seedlings development and re-inoculation of 

seed-endophyte isolates recovers the seedling development (67) and a similar scenario has also 
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been recently reported in pearl millet (74). Seed endophytes also offer protection against soil-

borne pathogens (75, 76), for example, by producing cell wall-degrading enzymes (b-1,3-

glucanase, cellulase, chitinase) (20). A previous study showed that volatile compounds produced 

by seed endophytes of wild cabbage not only promote seed germination but also inhibit the 

growth of pathogenic fungi and increase the mortality of cabbage moth larvae (77). Another 

recent study observed that pearl millet seed endophytes can produce lipopeptides that have 

antifungal activity against fungal phytopathogens (74). Moreover, several seed endophytes 

isolated from peanuts are reported to be able to produce ACC deaminase, which is important for 

lowering the ethylene level and alleviating salinity stress in the plant (78). On the other hand, it 

is known that seeds can also be inhabited by certain pathogens (seed-borne pathogens) (61). 

Indeed, previous studies on seed-associated microbiota have largely focused on the identification 

of seed-borne pathogens and transmission of certain pathogen species (70, 79, 80).  

Similar to other beneficial plant microbiome, efforts are directed toward exploring and 

harnessing beneficial seed endophytes for crop production either by inoculation of beneficial 

endophytes into the plant or manipulating the native plant microbiota. To be able to engineer 

seed endophytes, it is important to dig deeper into the driving factors that structure seed 

microbiome assembly as well as the mechanisms behind the transmission and preservation of 

beneficial seed endophytes over plant generations. 

 

Response of plant microbiome under stress – an overview of biotic v. abiotic stress 

It is widely known that the plant microbiome is a major component of plant health 

including protection against a wide range of environmental stresses. Environmental stresses, 

which can be classified into biotic and abiotic stresses, are the main challenge in agriculture and 
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crop production worldwide as they cause significant yield reductions. It is estimated that abiotic 

stress leads to more than 50 % crop yield reduction (81). Moreover, this condition is exacerbated 

by the presence of pathogen and disease attacks that become more severe due to uncertain 

climate changes. Even though plants have adaptive mechanisms to cope with particular stress 

(82, 83), it has been reported that plant microbiota support plants to mitigate stresses, such as 

drought (84) and soil-borne pathogen attack (85). Due to the potential benefits of plant-

associated microbiota, manipulating the plant microbiome become a promising and more 

sustainable approach to increase plant stress tolerance and overcome the negative impacts of 

biotic and abiotic stresses. To be able to harness plant microbiome for supporting plant growth 

and productivity, it is fundamental to address a complex interplay between plants and their 

microbiota as well as with the environment where they live.  

Because of the extensive interactions with reciprocal impacts between the plant and its 

native microbiota, any perturbations that affect the plant may also then affect its microbial 

communities (14, 86). Environmental factors have been reported to be a major driver influencing 

plant-associated microbiota and drought. Previous studies found that drought stress induces a 

shift in root-associated microbial community composition and diversity of various angiosperm 

species (87), several grass species (88), sorghum (89), rice (90), and Populus (91). Studies 

revealed that the effects of drought stress are more pronounced on endophytes than rhizosphere 

microbiome which is related to the close interaction between the endophytes with the host plant 

(87, 90). Moreover, drought also leads to enrichment of certain taxa that belong to 

Actinobacteria and it is assumed that drought exposure results in changing plant root traits which 

favors certain taxa (88). This assumption was later supported by another study showing that 

enriched taxa (Actinobacteria and Firmicutes) had increased transporter gene activity for specific 
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root metabolites produced under drought exposure (89). It has been suggested that changes in the 

structure of the plant microbiome are caused either by the direct effect of environmental stresses 

or the indirect effect through plant stress responses (88, 91, 92). Drought stress reduces plant 

photosynthetic activity and changes plant metabolites production (91), which in turn affects root 

microbiota because they are highly influenced by photosynthates and root exudates. 

Furthermore, selective enrichment of a specific plant microbial taxa under stress potentially 

offers beneficial effects to the host plant. For instance, Actinobacteria may produce antimicrobial 

compounds to inhibit pathogens and phytohormones that are important for plant survival and 

resilience during stress exposure (93). 

Microbe-microbe interaction is important in shaping plant microbiome assembly through 

different mechanisms, including mutualism, parasitism, and competition (44). Shifts in root-

associated microbial community structure of different plant species have been reported after 

pathogen attacks (94-96). Soil-borne fungal pathogen invasion altered the composition of the 

rhizosphere microbial community by increasing the abundance of beneficial taxa, including 

Actinobacteria known for their biocontrol properties (94) and enrichment of fluorescent 

pseudomonads that have antifungal activity (95), suggesting that plants actively select and recruit 

beneficial groups of taxa under pathogen invasion. Other studies identified changes in root 

metabolite profile after pathogen infection affect the root-associated microbiome structure (96, 

97), which further activates disease-suppressive soil activity (96). Moreover, certain phenolic 

compounds induced by pathogen attack modify the microbial community structure and directly 

suppress the pathogen growth, indicating indirect and direct effects of plant biotic stress 

responses (97). Altogether, these studies show a complex interaction between pathogen, plant, 
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and its microbial community, demonstrating that shift in root metabolite profile and microbial 

competition plays a vital role in shaping plant microbiome under biotic stress. 

 

Overview of the study 

There is a knowledge gap in our understanding of the relative contributions of the host 

plant versus the environment in shaping plant microbiome. Moreover, the consequences of an 

altered plant microbiome are poorly understood, though this information is critical to achieve a 

basis of knowledge for plant microbiome engineering and modification. My research aimed to 

contribute to this knowledge by investigating the factors that structure root- and seed-associated 

microbial communities of two valuable crops for Michigan’s agricultural economy: apple and 

common bean. 

The soil surrounding roots is a nutrient-rich hotspot that enables the growth of diverse 

microorganisms (25). Because the root zone is a complex ecosystem, multi-trophic interactions 

among bacteria, archaea, fungi, and nematodes are expected (5). However, these multiple players 

are rarely investigated together. In addition, changes in soil edaphic factors (e.g., pH, texture, 

and organic matter content) are known to drive microbiome assembly over space, including in 

managed systems such as fruit orchards (45). Hence, the objectives of the first chapter of my 

dissertation were to assess the biogeography of bacterial, archaeal, fungal, and nematode 

communities in the root zone of apple trees, and to determine their relationships with each other 

and their changes over natural abiotic gradients across 20 orchards that represent the main 

Michigan apple-producing region. I also assessed the influence of plant cultivar (different 

cultivars of the rootstock and scion) on microbiome structure. I hypothesized that the host plant, 

as well as abiotic soil characteristics and biotic, multi-player microbial interactions engaged in 
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feedbacks that ultimately shaped the microbial community and determined its interactions with 

the plant. 

The next two research chapters of my dissertation investigate the endophytic microbiome 

associated with common bean (Phaseolus vulgaris L.) seed. Because seed endophytes are present 

at the very early developmental stages of the plant (seed to seedling), they are targets to 

understand their potential to provide beneficial traits to plants (60). Furthermore, plants may 

transfer these seed microbes to the next generation through vertical transmission (2). Therefore, 

it is important to understand how seeds may facilitate critical, early stages of plant microbiome 

assembly and also enable vertical transmission of microbiome members over plant generations. 

Studying seed endophytes is challenging for several reasons. First, there is low-microbial 

biomass inside the seed and it is difficult to extract. Second, seeds that begin to activate can 

release exudates that can select for or against particular microbial populations, therefore biasing 

observation. Also, host tissue disruption can lead to high plastid contamination in cultivation-

independent approaches. Thus, the objectives of my second chapter were to 1) determine the 

appropriate observational unit of endophytic seed microbiome assessment for common bean by 

examining seed-to-seed, pod-to-pod, and plant-to-plant variability; and 2) to develop a robust 

protocol for individual seed microbiome extraction that could be generally applied to other plants 

that have similarly medium- to large-sized seeds. 

 My final research chapter is focused on the common bean seed microbiome and its 

response to drought. As one of the most damaging abiotic stressors in crop cultivation, drought 

can cause complete crop failure and yield loss (98). Climate change projections predict 

increasing drought severity and duration in several regions in the world that cultivate common 

bean as a staple (e.g., in parts of South and Central America and Africa) (99). One potential 
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mechanism by which plants may promote long-term drought stress tolerance is via a selection of 

beneficial members of the seed microbiome. However, the functions and persistence of seed 

microbiome members are still poorly understood. Moreover, the impact of drought on seed 

microbiome members is unknown and their contribution in determining plant stress tolerance to 

drought stress is unclear. Because managing the seed microbiome is one potential mechanism 

that could be used to improve plant tolerance to abiotic stress, I wanted to understand how 

drought impacted the seed microbiome. In this chapter, I am investigating this by collaborating 

to leverage a field experiment organized and executed by MSU bean breeders. The experiment 

was conducted in a field setting in two Michigan locations in Catham (Upper Peninsula) and East 

Lansing, MI (Lower Peninsula) that have organic and conventional farming managements. I 

hypothesized that drought alters the structure of seed endophytes and leads to enrichment and/or 

depletion of subsets of taxa. 
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CHAPTER 2: Biogeography and diversity of multi-trophic root zone microbiomes in 
Michigan apple orchards: analysis of rootstock, scion, and local growing region 
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Abstract 

Soil is a highly heterogeneous environment with many physical and chemical factors that 

are expected to vary within and across fruit orchards, and many of these factors also drive 

changes in the soil microbiome. To understand how biogeography influences apple root 

microbiomes, we characterized the bacterial and archaeal, fungal, nematode, oligochaete, and 

mycorrhizal communities of the root zone soil (soil adjacent to the tree trunk and expected to be 

influenced by the plant) across 20 sites that represent the main Michigan apple-producing region. 

Amplicon sequencing of the 16S rRNA and ITS genes were performed, as well as direct 

quantification of nematodes, oligochaetes, and mycorrhizal fungi with microscopy. The 

microbiome community structures were affected by site and rootstock, but not by scion. 

Microbiomes had taxa typical of soil, including an archaeal taxon affiliated with family 

Nitrososphaeraceae, bacterial phyla Proteobacteria and Acidobacteria, and fungal phyla 

Ascomycota and Basidiomycota. While many taxa were detected in all samples and collectively 

composed 41.55% of the relative abundances, they had average relative abundances each of less 

than 1%, with no notable dominance. We used network analysis to understand potential for inter-

trophic interactions, but detected few cross-kingdom associations. Together, these results show 

the complexity of the apple root zone microbiome and did not identify obvious biotargets that 

may universally associate with tree health. This suggests that the key attributes of the apple root 

zone community may be in the community-level functional traits that are shared and distributed 

across the membership, rather than by its composition.  
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Introduction 

Soil microbial communities have been known to play an important role for plant growth 

and fitness (1), enhancing plant nutrient acquisition (2), inducing flowering time (3), improving 

plant tolerance against abiotic stresses (4) and promoting pathogen resistance (5). The plant and 

soil-associated microbiome includes numerous players that are expected to interact with each 

other either directly or through trophic cascades and multi-trophic interactions (e.g., (6, 7)). 

Multi-trophic phytobiome interactions can involve bacteria, archaea, fungi, and nematodes that 

reside in plant-associated soils and on or in the plant itself. However, these multiple players are 

rarely investigated as a system within the same study. Additionally, changes in soil edaphic 

factors, such as pH, texture, and organic matter content, are known to drive microbiome 

assembly over space, including in managed systems such as fruit orchards (8, 9). Taken together, 

it is expected that the host plant, as well as abiotic soil characteristics and biotic, multi-player 

microbial interactions engage in feedbacks that ultimately shape the microbial community and 

determine its interactions with the plant.  

The objective of our study is to assess the biogeography of bacterial, archaeal, fungal, 

and nematode communities in the root zone of apple trees, and to determine their relationships 

with each other and their changes over natural abiotic gradients across orchards. We collected 

root zone samples from 20 mature commercial apple orchards in Michigan. Although Michigan 

is ranked third in the United States in terms of apple production with 1.07 billion pounds of 

apples valued on average at $297 million per year (10), microbiome-apple relationships have not 

been investigated here. We used high-throughput amplicon sequencing to assess bacterial and 

archaeal, and fungal communities, and microscopy to identify nematodes, oligochaetes, and 

mycorrhizal fungi. The results uncover possible interactions between these important apple root 
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zone community members and provide foundational baseline information on microbiome 

diversity and putative phytobiome interactions prior to anticipated apple tree removal and replant 

on these farms. 

 

Materials and Methods 

Survey design, soil sample collection, and apple rootstocks and scions  

Forty-five root zone soil samples were collected from 20 mature (i.e. at least 10 years 

old) apple orchards in Michigan in June 2017 (Figure 2.6 Appendix B). These orchards were 

selected first because they are representative of an area considered to be prime orchard ground 

where apples have been grown for as many as six generations on family farms, and second 

because they offered a key comparison across known local differences in soil edaphic 

characteristics. Each orchard was considered as an experimental unit for understanding 

biogeography, and statistical comparisons were made across orchards to assess spatial dynamics 

and both within and across orchards to assess influence of different rootstock and scion varieties. 

Within an orchard, each distinct combination of apple rootstock and scion was planted in a 

different tree row. Soil cores were collected from the bases of each of ten trees in a single tree 

row (e.g., trees with the same rootstock/scion combination). These soil cores were composited 

into a homogenized soil sample to represent the tree row and rootstock/scion combination. Soil 

cores (20 cm depth x 2.5 cm diameter) were used to collect root zone samples and were cored 

within 15-20 cm of the base of a tree trunk. By “root zone”, we mean the local soil surrounding 

and adjacent to the plant and its root structures that is expected to be chemically and physically 

influenced by the plant via exudates, stemflow, etc. As a qualifier, the exact quantities and rates 

of root exudation were not measured. The soil corer was sprayed and wiped with 70% ethanol 
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before sample collection to prevent cross-site microbial contamination. Soil core composites 

were collected into Whirl-Pak® sample bags and immediately placed on ice for transport. In the 

laboratory, soils were sieved through 4 mm mesh to remove large pieces of rocks, and root 

tissue, and other plant residues. Sieved soil was stored at -80˚C until microbial DNA extraction. 

One hundred grams of each soil sample was sent to the Michigan State University Soil and Plant 

Nutrient Laboratory (SPNL) for soil physicochemical testing. The analysis of soil chemistry and 

characteristics were conducted to provide us more information and knowledge in assessing root 

zone microbial community in apple orchards. Soil chemistry and characteristics also allow us to 

decipher the influence of environmental factors to the microbial community structure and 

diversity. Soil parameters including pH, lime index, phosphorus (P), potassium (K), calcium 

(Ca), magnesium (Mg), nitrate (NO3N), ammonium (NH4N), organic matter (OM), sand, silt, 

clay, and soil type were measured from all samples. Full metadata, including growing locations, 

soil environmental characteristics, and scion and rootstock information can be found in Table 

2.3 Appendix A. 

 

Nematode, oligochaete, and mycorrhizal fungal quantification 

The abundances of nematodes, oligochaetes, and mycorrhizal fungi were assessed using 

standard protocols of the Michigan State Plant and Pest Diagnostic Laboratory. Nematodes, 

mycorrhizal fungi, and oligochaetes were removed from the soil with a modified centrifugation 

and flotation method (11). One hundred grams of soil was suspended in water and then poured 

over sieves that were nested in mesh size, allowing soil particles to pass through but capturing 

the nematodes, oligochaetes, and mycorrhizal fungi spores. These samples then were 

centrifuged, and water was decanted and replaced with 61.5% sucrose. The sample was 
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centrifuged again to capture the microbial groups in the sucrose gradient to separate them from 

any remaining soil particles. Nematodes, mycorrhizal spores, and oligochaetes were removed 

from the sucrose, rinsed, and then finally identified using inverted microscopy at 200X 

magnification. Nematodes were identified to the lowest level of taxonomic classification 

possible, with most identifications possible at the genus level. Mycorrhizal spores and 

oligochaetes individuals were counted but not taxonomically identified. 

 

Microbial DNA extraction and PCR amplification 

Microbial DNA extraction was carried out for 0.25 g of each soil sample using the 

manufacturer’s protocol of PowerSoil
Ⓡ

DNA Isolation Kit (MoBio Laboratories, Solana Beach, 

CA, United States). The soil DNA was then quantified using Qubit™dsDNA BR Assay Kit 

(ThermoFisher Scientific, Waltham, MA, United States) to determine the concentration. 

Polymerase Chain Reaction (PCR) was conducted to verify the amplification of the V4 region of 

bacterial and archaeal 16S rRNA gene using 515f (5’-GTGCCAGCMGCCGCGGTAA-3’) and 

806r (5’-GGACTACHVGGGTWTCTAAT-3’) universal primers (12). The 16S rRNA gene 

amplification was conducted under following condition: 94°C for 3 min, followed by 35 cycles 

of 94°C (45 s), 50°C (60 s), and 72°C (90 s), with a final extension at 72°C (10 min). The 

amplification was performed in 25 µl mixture containing 12.5 µl GoTaq
Ⓡ

Green Master Mix 

(Promega, Madison, WI, United States), 0.625 µl of each primer (20 mM), 1 µl of DNA template 

(~ 15 nanogram per µl), and 10.25 µl nuclease free water. The amplicons were diluted to the 

concentration of 10-20 nanogram per µl then sequenced using Illumina MiSeq platform at the 

Research Technology Support Facility (RTSF) Genomics Core, Michigan State sequencing 

facility.  
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Fungal communities were detected by PCR amplification of ITS1 region using ITS1f (5’-

CTTGGTCATTTAGAGGAAGTAA‐3′) and ITS2 (5’- GCTGCGTTCTTCATCGATGC-3’) 

primer pair (13) with addition of index adapters as required by the RTSF Genomics Core 

(https://rtsf.natsci.msu.edu/genomics/sample-requirements/illumina-sequencing-sample-

requirements/). The PCR condition for ITS1 amplification as following: 94°C for 3 min, 

followed by 35 cycles of 94°C (30 s), 63.5°C for (30 s), and 72°C for (30 s), with a final 

extension at 72°C for 10 min. The amplification was performed in 50 µl mixture containing 20 

µl GoTaq®Green Master Mix (Promega, Madison, WI, United States), 1 µl of each primer (10 

mM), 1 µl of DNA template (~ 15 nanogram per µl), and 27 µl nuclease free water. PCR 

products were purified using the manufacturer’s protocol of Wizard®SV Gel and PCR Clean-Up 

System (Promega, Madison, WI, United States), then quantified using Qubit™dsDNA BR Assay 

Kit (ThermoFisher Scientific, Waltham, MA, United States). Purified PCR products with the 

concentration range 2-10 nanogram per µl were sequenced at the RTSF Genomics Core using 

Ilumina MiSeq platform. The 16S and ITS libraries were prepared using the Illumina TruSeq® 

Nano DNA Library Prep Kit. Ilumina MiSeq was run using v2 Standard and paired-end reads 

sequencing format (2 x 250 bp). 

 

Sequencing data analysis and OTU clustering 

Bacterial and archaeal raw reads produced from Illumina MiSeq were processed using 

USEARCH (v10.0.240). Preparation of raw reads was performed using the protocol established 

in the USEARCH pipeline followed by Operational Taxonomic Units (OTUs) clustering using 

UPARSE method (14), then further analyses were conducted using QIIME1 (v1.9.1) (15).  Read 

preparation and processing used in this study consisted of paired end reads merging, filtering the 
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low-quality sequences, dereplication to find unique sequences, singleton removal, denoising 

(pre-clustering) via cluster_fast command which implements UNOISE algorithm and chimera 

checking (16). Operational taxonomic unit picking was conducted using open reference strategy 

as described in the previous study (17). First, closed reference OTU picking was performed at 97 

% identity threshold by clustering quality filtered reads against the SILVA database (v1.32) (18) 

using usearch_global command. Later, reads that failed to hit the SILVA reference were 

clustered de novo at 97% identity using cluster_otus command which also detected chimera. 

Thus, the OTUs generated by closed reference and de novo OTU picking were combined to 

make the full set of OTU representative sequences. Finally, all pre-dereplicated sequences were 

mapped back to the full set of OTU representative sequences to build an OTU table. The next 

analyses, performed in QIIME1, included taxonomic assignment to the reference data sets of 

SILVA (v.1.32) database using UCLUST algorithm at a minimum confidence of 0.9 (the default 

method; (19)), and eukaryotic (chloroplast and mitochondria) sequence removal from OTU table. 

Read quality control and filtering generated 1,786,268 bacterial/archaeal reads in total. 

Rarefaction to the lowest sequencing depth (27,716 bacterial/archaeal reads) was conducted to 

standardize the sampling efforts using single_rarefaction.py command in QIIME1 (20, 21).  

The processing of fungal ITS raw reads was also conducted using USEARCH 

(v10.0.240) pipeline. Reads pre-processing including reads merging, primer removal using 

cutadapt (v1.17) (22), filtering and trimming using fastq_filter command, and reads dereplication 

to find unique sequences. Quality filtered reads then clustered into OTUs using the same 

approach as described above which was open reference OTU picking using UNITE fungal ITS 

database (v.7.2) (23) with 97% of identity threshold. The OTU table was built by mapping pre-

dereplicated sequences back to the full set of OTU representative sequences obtained from open 
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reference OTU picking. Fungal taxonomic classification was performed using CONSTAX tool 

(24) which compares three taxonomic assignment tools for fungal sequence data: RDP Classifier 

(25, 26), UTAX (14, 19), and SINTAX (27). The CONSTAX tool generates an improved 

consensus taxonomic file which is a combination among those three programs and the reference 

used for taxonomic assignment in this tool is UNITE fungal ITS database (v.7.2). The ITS gene 

taxonomic classification was performed at a minimum confidence of 0.8. Read quality control 

and filtering generated 4,240,062 fungal reads in total. Subsamples of sequence was conducted 

by rarefying to the lowest number of sequence (56,240 fungal reads) (20, 21) using 

single_rarefaction.py command in QIIME1 (v1.9.1).  

 

Microbial community analysis  

Microbial community analyses were conducted in the R environment for statistical 

computing (v3.5.1) (R Core Development Team). Microbial composition and relative abundance 

of each sample and block was analyzed using Phyloseq package (v1.26.1) (28). Alpha diversity 

indices (Pielou’s evenness, total species number or richness) and beta diversity of microbial 

community were calculated on the rarefied OTU table using the vegan package (v2.5-4) (29). We 

chose these to metrics because they complement one another in the information they provide: 

richness reveals the total number of taxa without accounting for their differences in abundances, 

while Pielou’s evenness considers the equitability of taxon abundance. However, we found that 

the overarching patterns of these two metrics largely agree. 

The difference of bacterial and archaeal, and fungal alpha diversity among sites, 

rootstocks, and scions were evaluated using one-way analysis of variance (ANOVA) and 

Tukey’s HSD post-hoc test. The normality and homoscedasticity of the data were verified using 
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Saphiro-Wilk and Levene’s test, respectively. Non-parametric Kruskal-Wallis test and post-hoc 

Dunn’s test with Benjamini-Hochberg correction for p-values were performed when the 

normality assumptions of one-way ANOVA were not met. Welch’s ANOVA and Games-Howell 

post-hoc tests were conducted for the data that did not meet the homoscedasticity assumption. 

The difference of nematode, oligochaete, and mycorrhizal fungi abundances among sites, 

rootstocks, and scions were assessed using one-way ANOVA and Tukey’s HSD post-hoc test. 

Nematodes and oligochaetes count data were square-root-transformed. The mycorrhizal fungi 

count data were log10-transformed to meet test assumptions. Alpha diversity metrics of 

nematodes including richness and Pielou’s evenness were calculated using untransformed count-

data. Pearson correlation and regression analysis were conducted to see the relationship between 

microbial alpha diversity and all parameters (soil characteristics, nematodes, oligochaetes, and 

mycorrhizal fungi abundances). 

Beta diversity was calculated using Bray-Curtis dissimilarity indices and visualized with 

principal coordinate analysis (PCoA). The environmental variables were fitted into PCoA plot 

and tested for their significance using permutation tests using ‘envfit’ function in vegan package 

(v2.5-4) (29). Permutational multivariate analysis of variance (PERMANOVA) was performed 

to assess the effects of different factors on the microbial community structure. We performed 

Mantel test to assess the correlation between geographic distance with bacterial/archaeal, fungal, 

and nematode distance matrices (30). The PCoA ordinates of bacterial/archaeal, fungal, and 

nematode communities were also compared and tested using Procrustes rotation with PROTEST 

(31) to analyze the congruence between two community ordinations. Core microbiota of apple 

root-zone soil was also assessed by assessing the microbial OTUs’ abundances versus their 

occupancies (32). 
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Network analysis 

The network was constructed based on Random Matrix Theory (RMT) methods (33). We 

combined the bacterial and archaeal, and fungal OTUs and nematodes, mycorrhizal fungi, and 

oligochaetes count number and ran the data through the Molecular Ecological Network Analysis 

(MENA) Pipeline (33) on the website (http://ieg4.rccc.ou.edu/mena) of the University of 

Oklahoma’s Institute for Environmental Genomics. The network construction was conducted as 

the following setting: OTUs detected in 23 out of 45 total samples were selected (~ 50% 

occupancy), blanks with paired valid values were filled with 0.01, logarithm values were 

calculated, Pearson Correlation Coefficient was used for similarity matrix method, calculation 

order was conducted by decreasing the cutoff from top and only Poisson regression was used. 

We used greedy modularity optimization for separation method and calculate Zi (within-module 

connectivity) and Pi (among-module connectivity) values to identify the modularity. Module and 

network hubs, peripherals, and connectors of the network were determined by Zi and Pi value of 

2.5 and 0.62, respectively. The visualization of network was conducted using Cytoscape software 

(v.3.7.1) (34).  

 

Data and code availability 

The computational workflows for sequence processing and ecological statistics are 

available on GitHub (https://github.com/ShadeLab/PAPER_Bintarti_2020_Phytobiomes/). Raw 

sequence data of bacteria/archaea and fungi have been deposited in the Sequence Read Archive 

(SRA) NCBI database under accession number PRJNA507629. 
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Results 

Sequencing summary 

A total of 1,786,268 and 4,240,062 quality controlled bacterial/archaeal and fungal reads 

were obtained from 45 root zone soil samples across 20 orchards in Michigan. Each community 

was subsampled to the minimum number of quality sequences observed to construct the taxon 

table (27,716 and 56,240 of bacterial/archaeal and fungal reads, respectively). Operational 

taxonomic units (OTUs) were defined at 97% sequence identity resulted in 22,510 and 3,553 of 

bacterial and archaeal, and fungal total OTUs respectively. Rarefaction curves indicated that the 

sequencing depth was sufficient to observe all taxa and microbial community in the sample 

(Figure 2.7 Appendix B).  

 

Bacterial and fungal alpha diversity among sites, rootstocks, and scions 

We assessed the alpha (within-sample) diversity among sites, rootstocks, and scions for 

the dominant trophic groups within the microbial ecosystem, including bacteria and archaea, and 

fungi assessed using sequencing of phylogenetic marker genes, and nematodes, oligochaetes, and 

mycorrhizal fungi assessed using traditional soil microscopy and counting. This allowed us to 

relate players from different trophic levels to one another in their occurrences and use them as 

explanatory variables for the biogeographic patterns observed.  

There were overall differences in bacterial and archaeal richness and Pielou’s evenness 

among sites and rootstocks (Figure 2.8A Appendix B, Figure 2.1, Kruskal-Wallis and ANOVA 

results Table 2.1). Site-by-site comparisons revealed that there were alpha diversity differences 

among five orchards, sites 1, 3, 13, 15, and 18 (Table 2.4 Appendix A). Rootstock-by-rootstock 

comparisons for richness were not significant, suggesting that any differences detected were 
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marginal (Table 2.5 Appendix A); however, there were pairwise rootstock differences in 

Pielou’s evenness (Table 2.5 Appendix A). Specifically, root zone soil of Bud 9 and M7 

rootstocks had higher bacterial and archaeal Pielou’s evenness compared to M26 and M9. 

There were correlations between bacterial and archaeal alpha diversity with soil texture, 

and soil chemical properties as indicated by linear regression model (Table 2.6 Appendix A, 

Figure 2.9 Appendix B). Sand content positively correlated with the alpha diversity, meanwhile 

silt and clay content negatively correlated with the alpha diversity. Moreover, soil type also had 

an impact on the bacterial and archaeal richness (Welch’s ANOVA, F-stat = 13.568, df = 2, n = 

3, p-val = 0.01). Sandy loam soil had higher bacterial and archaeal richness compared to loam 

(Games-Howell post-hoc test, p-val = 0.002) and sandy clay loam soil (Games-Howell post-hoc 

test, p-val = 0.008). These results suggested that soil with coarser and sandy texture are likely to 

harbor more diverse microbes than soil with finer texture. Among soil chemical properties tested, 

bacterial and archaeal alpha diversity positively correlated with P and negatively correlated with 

K and Ca, indicated that these communities likely play a role in macro and micro-nutrient cycles 

in soil, including in P solubilization. 

 Similar to the bacterial and archaeal alpha diversity patterns, there were differences of 

fungal richness among sites and rootstocks, but there were no differences of Pielou’s evenness 

(Table 2.1, Figure 2.8B Appendix B, Figure 2.1B). Specifically, Site 17 had higher fungal 

richness than almost half of other sites (Table 2.7 Appendix A). Soil taken from M26 root zones 

had higher fungal richness than Bud9. On balance, M126 rootstock had higher fungal richness 

compared to most of the rootstocks (Table 2.8 Appendix A).  

Soil chemistry and texture only correlated with fungal Pielou’s evenness and not richness 

(Table 2.6 Appendix A, Figure 2.10 Appendix B). Similar to what was observed for bacterial 
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and archaeal alpha diversity, fungal evenness was positively correlated with sand content and 

negatively correlated with silt content. Soil type also affected fungal evenness (one-way 

ANOVA, F-stat = 4.027, df = 2, n = 3, p-val = 0.02), and, again, similar to bacteria and archaea, 

sandy loam soil had higher fungal evenness than loam soil (Tukey’s HSD post-hoc test, p-val = 

0.02). Among soil chemical properties tested, fungal Pielou’s evenness negatively correlated 

with K and Mg content. 
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Figure 2.1. Alpha diversity of apple root zone microbiome among rootstocks. 

 

 

 

 

 

 

 

 

 

 

  

 

Alpha diversity metrics of A, bacteria/archaea and B, fungi: richness (operational taxonomic 

number, clustered at 97 % identity threshold) and Pielou’s evenness among rootstocks. For each 

box plot, circles represent measurement for each sample. The central horizontal lines represent 

the mean of measurements. Boxes labelled with different letters are identified as significantly 

different based on Tukey’s honestly significant difference post-hoc test. Boxes without label are 

not significantly different. 
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Table 2.1. Statistical analysis of microbial richness and Shannon diversity index among 
sites (n = 20) and rootstocks (n = 8) using Kruskal-Wallis and one-way (ANOVA)a 

 

Kruskal-
Wallis 

test 

Bacterial/ 
archaeal 
Richness 

Fungal 
Richness 

One-way 
ANOVA 

test 

Bacterial/ 
archaeal 
Richness 

Bacterial/ 
archaeal  

Pielou’s evenness 

Fungal  
Richness 

Fungal  
Pielou’s evenness 

Site Root- 
stock Scion Scion Site Root- 

stock Scion Site Root- 
stock Site Root- 

stock Scion 

chi-
squared 32.16 16.37 12.82 F-stat 1.19 4.17 4.07 0.82 3.82 5.08 1.24 1.16 0.79 

df 19 7 13 

df 13 19 7 13 19 7 19 7 13 

R2adj 0.05 0.58 0.33 -0.057 0.55 0.39 0.09 0.02 -0.06 

p-value 0.03 0.02 0.46 (ns) p-value 0.33 (ns) 0.0005 0.002 0.64(ns) 0.001 0.0004 0.3 
(ns) 

0.35  
(ns) 

0.6 
(ns) 

a Significant results (P < 0.05) appear in bold. ns = not significant. 
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Nematodes and other groups: alpha diversity 

 Other soil trophic levels counted from the apple root zone included eleven trophic groups 

of nematodes that are classified based on their feeding habits (including bacterivores, herbivores, 

omnivores, carnivores, and fungivores), mycorrhizal fungi, and oligochaetes. A total count of 

31,820 nematodes, 3,420 mycorrhizal fungi, and 544 oligochaetes were observed. Mean of total 

count showed that the nematode group Rhabditidae had the highest absolute abundance 

compared to others (560.9±480.86, SD as well as highest prevalence (100%)) (Table 2.9 

Appendix A, Table 2.10 Appendix A). In addition, the distribution of nematodes and other soil 

trophic levels revealed that mycorrhizal fungi were found in all soil samples (100%), followed 

by Tylenchus (97.77 %), Dorylaimidae (88.88 %), Aphelenchus (86.66 %), oligochaetes (82.22 

%), Xiphinema spp. of nematodes (aka: dagger nematodes; 73.33 %), and Pratylenchus spp. of 

nematodes (aka: lesion nematodes; 53.33 %) (Table 2.10 Appendix A). Among these groups, 

Xiphinema spp. and Pratylenchus spp. belong to plant-parasitic nematodes.  

Total absolute nematode abundances among sites showed p-val of 0.057 (ANOVA). 

Significant differences in the total absolute abundance of nematodes were also detected among 

rootstocks (ANOVA, F-stat = 2.69, df = 7, n = 8, p-val = 0.02) but not scions (ANOVA, p-val > 

0.05). The comparison analysis showed that NSpy and Bud9 root zone had higher nematode 

abundances than Pajam (Tukey’s HSD post-hoc test, p-val = 0.02 and 0.03, respectively) (Figure 

2.2, Table 2.11 Appendix A). Moreover, significant differences in oligochaetes and mycorrhizal 

fungi abundances were detected among sites (ANOVA, F-stat = 3.45 and 3.46, respectively, df = 

19, n = 20, p-val = 0.002) and Site 17 had higher oligochaetes abundance than almost half of 

other sites (Tukey’s HSD post-hoc test, p-val < 0.05) (Figure 2.2, Table 2.12 Appendix A). Site 

to site comparison showed that Site 8 had lower mycorrhizal fungi abundances than several other 
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sites (Tukey’s HSD post-hoc test, p-val < 0.05) (Figure 2.2, Table 2.13 Appendix A). The 

differences of absolute oligochaetes abundance among rootstocks had a p-val of 0.054 

(ANOVA).  

We further tested the correlation of nematode, mycorrhizal fungi, and oligochaetes 

abundances to the microbial alpha diversity. The nematode group Tylenchus negatively 

correlated with bacterial and archaeal alpha diversity, meanwhile Rhabditidae positively 

correlated with bacterial and archaeal evenness (Figure 2.9 Appendix B). In contrast, there were 

no correlations identified between fungal alpha diversity and absolute abundances of other 

trophic levels. Nematode alpha diversity showed no differences among sites, rootstocks, or 

scions (ANOVA, p-val > 0.05). Furthermore, we tested the correlation between nematodes and 

bacterial and archaeal and fungal alpha diversity metrics. Nematode Pielou’s evenness negatively 

correlated with bacterial and archaeal Pielou’s evenness (Figure 2.11 Appendix B). 

From all the analyses, there were no differences between bacterial and archaeal, fungal, 

and nematode alpha diversity among scions (ANOVA, p-val > 0.05), suggesting that the above-

ground scion has marginal influence on the root zone microbiome. Those results indicated that 

root zone microbial communities were varied among different apple orchard locations and were 

also influenced by the variety of the rootstock planted by the growers. 
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Figure 2.2. Absolute abundances of apple root zone multi-trophic levels among sites and 
rootstocks. 

 

 

 

 

 

 

 

 

 

 

  

Absolute A, nematode, B, oligochaetes, and C, mycorrhizal fungi abundances across sites and 

rootstocks. For each box plot, circles represent measurement for each sample. The central 

horizontal lines represent the mean of measurements. Samples labelled with different letters are 

identified as significantly different based on Tukey’s HSD post-hoc test. Samples with no letters 

are not significantly different.  
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Microbial beta diversity 

Soil pH, lime index, Ca, Mg, sand, and silt content as well as a nematode group, 

Tylenchus, had explanatory value for describing the patterns in beta diversity among bacterial 

and archaeal communities (Table 2.2, Figure 2.12A Appendix B). For fungi, soil pH, lime 

index, Mg content, and nematode groups of Pratylenchus spp. and Tylenchus had explanatory 

value (Table 2.2, Figure 2.12B Appendix B). There were no distinct separations of microbial 

communities by orchard site or apple rootstock. However, on balance, communities from similar 

sites or rootstocks were proximal to each other, especially for bacterial and archaeal PCoA plot 

(Figure 2.12 Appendix B, Figure 2.13 Appendix B). Permutated multivariate analysis of 

variance (PERMANOVA) revealed that bacterial/archaeal and fungal community structure and 

composition were influenced by site (F-stat = 1.88, R2 = 0.58, p-val = 0.001 and F-stat = 1.68, R2 

= 0.56, p-val = 0.001, respectively) and rootstock (F-stat = 1.48, R2 = 0.21, p-val = 0.004 and F-

stat = 1.35, R2 = 0.20, p-val = 0.006, respectively), but not by scion (p-val > 0.05). We also 

calculated the effect of interaction between variables (site and rootstock) to the microbial beta 

diversity. We detected differences of microbial beta diversity among different sites with the same 

rootstock (PERMANOVA, p-val < 0.05), in contrast, there were no differences of microbial beta 

diversity among different rootstocks in the same site (PERMANOVA, p-val > 0.05). These 

results indicated that site or orchard location had a stronger effect on microbial diversity than 

rootstock. Among the three variables tested (site, rootstock, scion), only site had explanatory 

value for nematode community structure (PERMANOVA, F-stat = 1.50, R2 = 0.53, p-val = 

0.017). In addition, nitrate-nitrogen (NO3N) was the only environmental factor that had 

explanatory value for the nematode community (Figure 2.12C Appendix B, Figure 2.13C 

Appendix B). 
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Table 2.2. Environmental factors that have explanatory value for the bacterial/archaeal 
and fungal communities were fitted into principal coordinate analysis plot (beta diversity 
was calculated using Bray-Curtis dissimilarity indices) and tested using permutation test 
using “envfit” function in vegan package (v2.5-4)a 

 

Variables 
Bacteria/archaea  Fungi 

R2 p-val  R2 p-val 
Soil physicochemistry  
pH 0.64 0.001***  0.49 0.002** 
lime index 0.66 0.001***  0.52 0.001*** 
Ca 0.42 0.005**  0.20 0.133 
Mg 0.34 0.025*  0.42 0.008** 
Sand 0.30 0.035*  0.17 0.178 
Silt 0.36 0.016*  0.20 0.135 
Nematode 
Pratylenchus spp 0.12 0.302  0.42 0.006** 
Tylenchus 0.39 0.007**  0.32 0.018* 
Scion 0.64 0.023*  0.66 0.038* 
Rootstock 0.62 0.001***  0.58 0.014* 
a *** indicates significance at 0.001; ** indicates significance at 0.01; and * indicates significance at 0.05. 
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 To test for biogeographic signal (e.g., distance decay), we performed Mantel tests on the 

bacterial/archaeal, fungal, and nematode Bray-Curtis dissimilarity matrices against geographic 

distance. There were no significant correlations between geographic distance and microbial or 

nematode beta diversity (all p-val > 0.05). We also tested for patterns of synchrony in beta 

diversity among bacterial/archaeal, fungal, and nematode communities, and found that the 

bacterial/archaeal community correlated with both fungal community (PROTEST, p-val = 0.001) 

and nematode community (PROTEST, p-val = 0.009). However, there was no correlation 

detected between fungal and nematode communities (PROTEST, p-val > 0.05). 

 

Microbial community composition in apple root zone 

 The bacterial/archaeal 16S rRNA and fungal ITS gene sequences were classified into 43 

phyla (146 classes) and 16 phyla (48 classes), respectively. The overall composition of 

bacterial/archaeal, and fungal communities across sites and rootstocks were comparable with 

relatively minor variation in the relative abundances of each phylum (Figure 2.3). Based on the 

mean relative abundance, the bacterial/archaeal communities in all samples were dominated by 

Proteobacteria (31.45%), Acidobacteria (18.5%), Bacteroidetes (11.18%), Verrucomicrobia 

(10.11%), Planctomycetes (6.89%), and Actinobacteria (6.25%). Meanwhile, Ascomycota 

(43.47%), Basidiomycota (31.49%), Mortierellomycota (14.7%), and an unidentified phylum 

(9.04%) were the most dominant fungal phyla in the apple root zone. These are typical soil taxa 

and these bacterial and fungal phyla have been identified in apple root zone soil previously (35-

38).  
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Figure 2.3. Relative abundances of apple root zone microbiome among sites and rootstocks. 

 

 

 

 

 

 

 

 

 

 

 

 

The relative abundance of A, bacterial/archaeal and B, fungal taxa grouped at phylum level 

across sites and rootstocks. Taxa with relative abundance less than 0.01 and unassigned taxa or 

those for which taxonomic assignment could not be made past Domain were defined as “other”. 

Bars are color-coded by phylum.  

 

 

 

 

 

 



 49 

We prioritized members of the core microbiome of the apple root zone by exploring the 

relationship between taxon occupancy (e.g., the proportion of samples in which the taxa were 

detected) and abundance (32). Here, core microbiomes were defined as OTUs detected in all 

samples (occupancy = 1; Figure 2.14 Appendix B). There were 383 bacterial or archaeal core 

taxa found in all samples that belonged to 15 phyla and represented 41.55% of the total relative 

abundance. Some bacterial and archaeal core taxa existed in high abundance in this study 

including uncultured archaeon (Nitrososphaeria) (0.91%), bacterial taxa from phylum 

Acidobacteria (Subgroup 6) (0.84%), class Deltaproteobacteria (0.71%), family 

Chitinophagaceae (Bacteroidia) (0.69%), genus Candidatus Udaeobacter (Verrucomicrobiae) 

(0.66%), Pseudomonas (Gammaproteobacteria) (0.62%) and Bradyrhizobium 

(Alphaproteobacteria) (0.59%) (Figure 2.4A). Among all core bacterial and archaeal phyla, 

Proteobacteria (138 taxa), Acidobacteria (74 taxa), Bacteroidetes (53 taxa), and Verrucomicrobia 

(39 taxa) were the most abundant. Fungal core microbiome members consisted of 27 OTUs 

representing 60.26% of the total relative abundance that belong to Ascomycota (11 taxa), 

Basidiomycota (8 taxa), Mortierellomycota (3 taxa), and unidentified phyla (5 taxa) (Figure 

2.4B). Fungal core taxa with high abundance were Tetracladium (15.6%), Solicoccozyma 

(12.1%), Cystofilobasidiales (5.9%), Mortierella (4.9%), Exophiala (2.3%), and Alternaria 

(1.2%) (Figure 2.4B). Finally, members of genus Fusarium registered at 100% occupancy. The 

high distribution of Fusarium in this study, members of which are common fungal pathogens in a 

variety of perennial crops, suggests that they are regionally cosmopolitan among Michigan apple 

orchards. 
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Figure 2.4. Relative abundances of apple root zone microbiome core taxa.  

 

 

 

 

 

 

 

 

 

 

Bacterial/archaeal and fungal taxa with occupancy of 1 that were defined as core microbiome 

members. Bacterial/archaeal and fungal core taxa were classified into 15 and 3 phyla, 

respectively. Boxplots represent the percentage relative abundance of A, bacterial/archaeal core 

taxa that are grouped by class and B, fungal taxa that are grouped by genus or order. Bars 

represent the number of bacterial/archaeal and fungal core taxa are color coded by phylum. 
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Microbial network of apple root zone 

We constructed correlation networks to better understand the complex associations within 

and between bacteria and archaea, fungi, and nematode, mycorrhizal fungi, and oligochaete 

communities in the apple root zone. We used 3,321 total OTUs that were detected in more than 

half of the samples (23 out of 45 total samples). The network was scale-free (R-square of power-

law = 0.89), and it had 426 nodes and 615 edges. The network showed no significant correlation 

of nematodes, mycorrhizal fungi, and oligochaetes with 16S rRNA gene bacterial and archaeal 

taxa, or ITS fungal taxa. Among all nodes, 376 nodes were bacteria, 4 nodes were archaea, and 

46 nodes were fungi. Bacteria-bacteria interactions dominated the networks and there were few 

bacteria-fungi, bacteria-archaea, and fungi-fungi associations (Figure 2.5A). Positive 

associations were generally separated in the network from negative associations. Among the few 

bacteria-fungi correlations observed, the associations tended to be negative. There were 12 taxa 

defined as module hubs (Zi>2.5 and Pi<0.62), and 5 taxa were connectors across modules 

(Zi<2.5 and Pi>0.62 Figure 2.5B). Module hubs included Gammaproteobacteria (4 OTUs), 

Verrucomicrobia (2 OTUs), Acidobacteria (2 OTUs), Chloroflexi (2 OTUs), Bacteroidetes (1 

OTU), and Alphaproteobacteria (1 OTU). Meanwhile, there were three OTUs belonging to 

Acidobacteria, one Deltaproteobacteria, and one unclassified OTU that identified as connectors. 

The majority of taxa (409 OTUs) were peripheral (Zi<2.5 and Pi<0.62).  Notably, there were no 

network hubs detected, indicating that there were no taxa with many interactions within and 

among modules (Zi>2.5 and Pi>0.62).  This agrees with our prior abundance-occupancy and beta 

diversity analyses that suggest no strongly dominant taxa and substantial orchard-to-orchard 

variability.  
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Figure 2.5. Co-occurrence network of apple root zone multi-trophic levels. 

 

 

 

 

 

 

 

 

 

 

 

 

Co-occurrence network of trophic levels in the apple root zone was dominated by bacteria-

bacteria interactions and there were few bacteria-fungi and bacteria-archaea interactions. There 

were no interactions of nematode, mycorrhizal fungi, and oligochaetes detected in the network. 

Solid and dash lines indicate positive and negative interactions, respectively. Node size is 

determined by the number of connecting edges. A, Colored nodes are taxa belonging to the 

module hub and connector which may play an important role for microbial network structure. B, 

The within (Zi) and among- (Pi) module connectivity plot revealed 12 and 5 module hub and 

connector taxa, respectively (B). All module hub and connector taxa were bacteria and the 

majority of taxa were peripherals.  
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Discussion 

This study assessed multi-trophic microbial communities in apple root zones in an 

important U.S. apple growing region and revealed their association with each other and with 

environmental factors. Our results show that differences in microbial community structure in the 

apple root zone were mainly explained by the differences in orchard location, while the edaphic 

properties of particular soils were associated with bacterial and fungal alpha diversity. This result 

is consistent with the study of (8) which reported that different orchard locations determined soil 

microbial community composition and structure in the United Kingdom, and with (9), which 

reported that soil properties and orchard location influenced microbial composition in orchards in 

Bohai Gulf, China. Therefore, our study confirms that different geographical sites reflect the 

differences of soil properties and characteristics and lead to variation in microbial diversity in 

apple root zones.  

We found that microbial community structure in the apple root zone was also affected by 

the rootstock but not the scion. However, this effect was minor compared with the effect of 

orchard location. These results agree with previous findings reported by (39), (40), and (41) that 

bacterial and fungal composition in apple root zones were influenced by rootstock cultivar, and 

this has also been reported for other plants (e.g. grapevine (42), tomato (43)). The rootstock is by 

definition in direct contact with the soil and associated soil microbes, and likely through root 

exudation (44) shapes the microbial diversity and composition in the root zone. Transcriptomic 

analysis of apple rootstock planted into disease-conducive soil revealed upregulated genes 

involved in secondary metabolism and plant defense, such as flavonoid, phenylpropanoid, and 

phenolic compounds that indicate a response to biotic stress (45). Moreover, phenolic 

compounds and rhizodeposits of apple rootstocks have been proposed as a contributing factor to 
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microbial community composition in the root zone (46, 47). In contrast, the scion is the 

particular cultivar grafted to the rootstock above ground and likely contributes little to the 

microbial communities in the root zone, though a recent study reported that different genotype 

combinations of scion and rootstock influenced fungal endophytic community composition of 

apple trees (48). Here, our study agrees again with prior work because we also detected a weak 

scion-rootstock interaction. Together, these results suggest that biogeography is more important 

in determining apple root zone communities, but that rootstock can also explain some of the 

variation after accounting for location. 

 We identified core microbiome members as bacterial, archaeal, or fungal taxa that were 

present in all samples. We discuss in more detail the composition of this core and what is known 

about their roles in soil or associations with apple in the Supplementary Information. This was a 

diverse group composed of over 400 taxa, which is a relatively large cohort for a core 

microbiome, as compared to our other studies that applied the abundance-occupancy approach 

(32, 49). Also striking was that there were no strongly dominating taxa in the bacterial core, with 

high mean relative abundances greater than 1%, and most would be considered members of the 

rare biosphere. Therefore, while we expected to identify a handful of tens of taxa that may be 

core to the apple root zone, we could not prioritize a few taxa from this large cohort. This 

suggests either that there are no universal bacterial and archaeal members of root zone 

microbiome, or that functional aspects of the collection of microbes is instead more important 

than the membership.  

Perennial tree crops, such as apple, are assumed to develop more stable interactions with 

microbial communities in the rhizosphere due to the relative longevity of perennial plants and 

lack of soil disturbances like annual rotation (50). Moreover, it has been suggested that microbial 
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communities in the root zone of perennial trees are persistently affected by root exudates, which 

can eventually shape the microbial communities in distinctive manner from annual plants (50). 

Our study revealed that microbial community in the apple root zone had high bacterial diversity 

and also evenness. In addition, taxonomic identity of the core microbiome members revealed no 

dominance of particular taxa, which agrees with our observation of high evenness. An analysis of 

the root zone microbial community of apple and other fruit tree crops also reported high bacterial 

diversity in apple root zone (51). Greater diversity and evenness was also detected in a study 

comparing a perennial grass (switchgrass) as compared to an annual one (corn) (52). Together, 

our study and these others hint that high diversity and evenness, and also lack of dominant core 

microbiome members, may be characteristic of perennial crop microbiomes.  

An advance that our study offers for characterizing the healthy apple root zone 

microbiome is that we have quantified several trophic levels and related their dynamics to one 

another, including bacteria and archaea, fungi, and nematodes. On balance, we did not find 

evidence of strong correlative associations between trophic levels. We observed concordance in 

the beta diversity and overarching biogeographic patterns between bacteria and fungi and 

between bacteria and nematodes (but not between fungi and nematodes), but the network 

analyses suggested few associations between particular taxa from these communities. For 

example, there were no interactions detected between nematode and microbial taxa, even though 

the PCoA showed that nematodes Tylenchus and Pratylenchus spp. had explanatory value for 

microbial community structure. The few network associations between bacteria and fungi were 

negative. However, network analyses should be interpreted carefully because they are hypothesis 

generating tools (53), and second, may not capture known biological interactions (54). However, 
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our study does not provide evidence that there are many or strong inter-trophic relationships that 

define the apple root zone microbiome. 

In conclusion, our assessment of the microbial community structure and network of apple 

root zones revealed the complex associations among microbial members. Our study showed that 

the microbial community in apple root zones was strongly influenced by orchard location.  

Rootstock was also a minor but significant factor that contributed to the microbial community 

structure. In this study, we identified key belowground players and their possible interactions in 

Michigan apple orchards. The apple root zone microbial community showed diversity and 

structure typical of perennial crops, with high diversity and high evenness and many rare core 

microbiome members. However, we did not detect particular taxa and/or specific patterns of 

inter-trophic interactions that were characteristic of apple root zone soil. This is the first study to 

evaluate multiple trophic levels of apple orchard microbiome community through network 

analysis. This work can be used to inform “baseline” microbiome community structure and 

biogeography in the root zone, and in the future could be compared with unhealthy trees to 

determine any site-specific taxonomic shifts that are associated with tree health.  
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APPENDIX A: Supplemental Tables 
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Table 2.3. Soil physical and chemical properties of 45 soil samples taken from 20 different sites of apple orchards in Michigan 

 

Sample Site Lat. Long. Scion 

Roots

tock pH 

Lime 

index 

P K Ca Mg NO3N NH4N OM Sand Silt Clay Soil 

type (ppm) (%) 

F01 1 
43.095

927 

-

85.67

709 

Red M26 6.7 71 41 178 1377 148 0.2 4.1 3.5 40.2 42 18 Loam 

F02 1 
43.095

826 

-

85.67

7088 

Empire M26 6.3 70 84 189 901 89 0.2 3.7 2.8 51.2 34 15 Loam 

F03 1 
43.095

557 

-

85.67

7091 

Jona 

Gold 
M26 5.7 68 78 137 615 57 0.2 4.2 2.5 63.1 25 12 

Sandy 

Loam 

F04 1 
43.095

475 

-

85.67

7066 

Ida Red M26 6.4 70 108 207 765 81 0.2 4.4 2.4 61.2 27 12 
Sandy 

Loam 

F05 1 
43.095

39 

-

85.67

7057 

Ginger M26 6 70 100 164 660 58 0.2 4.4 2.2 67.3 22 11 
Sandy 

Loam 
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Table 2.3 (cont’d) 
 

F06 2 
43.102

094 

-

85.72

892 

NSpy M7 6.8 NA 34 135 1201 122 0.2 3.4 2.5 54.3 29 17 
Sandy 

Loam 

F07 2 
43.102

924 

-

85.72

8835 

Rome M7 6.6 72 67 115 862 57 0.2 2.5 1.6 74.3 16 10 
Sandy 

Loam 

F08 2 
43.103

401 

-

85.72

8604 

NSpy NSpy 7.2 NA 52 252 1908 148 0.4 5 4.4 41 36 23 Loam 

F09 3 
43.103

714 

-

85.71

0496 

Jonathan M7 7.2 NA 31 162 1699 132 0.3 3.7 3.4 46.9 29 24 Loam 

F10 3 
43.103

712 

-

85.71

0331 

Red M7 7.2 NA 19 204 1651 135 0.3 3.2 3.2 49 28 23 

Sandy 

Clay 

Loam 

F11 3 
43.103

724 

-

85.71

1774 

Empire M9 6.8 NA 8 75 1453 75 0.2 2.5 2.7 55 24 21 

Sandy 

Clay 

Loam 
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Table 2.3 (cont’d) 
 

F12 4 
43.074

743 

-

85.72

2812 

Golden M9 6.5 71 108 75 1203 208 0.2 3.5 3.1 41 38 21 Loam 

F13 4 
43.074

724 

-

85.72

2356 

Cameo M26 6.3 70 29 103 1208 200 0.3 3.2 3.1 37 42 21 Loam 

F14 5 
43.059

277 

-

85.74

5972 

Jona 

Gold 
M9 7 NA 78 153 1350 193 0.2 2.7 3.4 51 33 16 Loam 

F15 5 
43.059

248 

-

85.74

565 

Fuji M9 6.9 NA 54 113 1270 190 0.1 2.8 2.8 55 31 14 
Sandy 

Loam 

F16 6 
43.117

53 

-

85.76

6846 

MacInto

sh 
M26 7.8 NA 37 117 3904 136 0.3 3.8 3.4 33 45 22 Loam 

F17 6 
43.117

345 

-

85.76

6833 

Red M26 7.3 NA 67 101 2835 127 0.4 3.8 3 33 46 21 Loam 
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Table 2.3 (cont’d) 
 

F18 7 
43.117

647 

-

85.76

0891 

MacInto

sh 
M26 7.5 NA 47 112 1975 257 0.4 3.4 3.3 39 41 20 Loam 

F19 7 
43.117

662 

-

85.76

1353 

Red M26 7.5 NA 41 132 1896 237 0.4 3.2 2.5 45 35 20 Loam 

F20 8 
43.121

553 

-

85.82

6545 

Jonathan M9 6.7 71 96 160 1163 158 0.2 2.9 2.7 49 36 15 Loam 

F21 8 
43.121

532 

-

85.82

6289 

Golden M9 6.3 71 131 222 1104 192 1 6.7 2.6 54 32 14 
Sandy 

Loam 

F22 9 
43.121

538 

-

85.82

5868 

Jonathan M9 6.7 71 114 181 1259 184 0.3 3.8 3 49 36 15 Loam 

F23 9 
43.121

54 

-

85.82

5685 

Golden M9 6.4 70 117 208 1067 195 0.4 10.4 2.9 49 36 15 Loam 
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Table 2.3 (cont’d) 
 

F24 10 
42.932

279 

-

85.78

6714 

NSpy Pajam 6.2 69 76 197 908 112 4.8 4.6 3.3 50 35 15 Loam 

F25 10 
42.932

285 

-

85.78

6915 

Paula 

Red 
Pajam 7.1 NA 74 202 1233 141 0.3 3 2.4 51 34 15 Loam 

F26 11 
43.555

967 

-

85.94

1927 

Ida Red Bud9 7 NA 86 226 2010 265 0.5 3.6 4.5 32 47 21 Loam 

F27 12 
43.554

082 

-

85.94

1843 

Ida Red Bud9 6.6 71 40 120 1681 217 0.2 4.5 4.1 37.3 43 19 Loam 

F28 13 
43.548

203 

-

85.97

1142 

Rome M7 6.5 71 157 119 1108 148 0.1 3 3.5 57.3 28 14 
Sandy 

Loam 

F29 13 
43.548

24 

-

85.97

205 

Red M7 6.7 71 143 147 1174 181 0.2 3.7 3.8 59.3 25 15 
Sandy 

Loam 
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Table 2.3 (cont’d) 
 

F30 14 
43.444

984 

-

85.01

2165 

MacInto

sh 
M7 6.9 NA 90 124 988 103 0.3 2.5 1.9 66.3 21 12 

Sandy 

Loam 

F31 14 
43.444

996 

-

85.01

1829 

Red M111 6.7 71 117 148 929 149 0.2 2.5 2.1 59.3 25 15 
Sandy 

Loam 

F32 15 
43.238

994 

-

85.74

1697 

Empire M7 6.1 70 135 87 622 106 0.2 2.4 1.6 71.3 18 10 
Sandy 

Loam 

F33 15 
43.239

027 

-

85.74

2739 

Ida Red M7 6.5 71 157 115 657 106 0.2 3 1.8 65.2 24 11 
Sandy 

Loam 

F34 15 
43.238

955 

-

85.74

2712 

Jona 

Gold 
M7 6.9 NA 124 111 814 145 0.2 2.9 2 65.2 23 12 

Sandy 

Loam 

F35 15 
43.238

943 

-

85.74

1731 

NSpy M7 6.7 72 127 105 809 116 0.2 2.6 1.9 71.2 18 11 
Sandy 

Loam 
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Table 2.3 (cont’d) 
 

F36 16 
43.013

931 

-

85.36

3285 

Red M126 6.5 71 38 218 1218 152 0.2 4.5 3.6 51.2 32 17 Loam 

F37 17 
43.012

489 

-

85.36

2903 

Red M126 6.3 71 12 112 1231 193 0.3 4.3 3.6 53.2 28 19 
Sandy 

Loam 

F38 18 
43.125

647 

-

85.36

3552 

Jona 

Gold 
Bud9 7.1 NA 127 133 1093 135 0.4 3.6 2.6 61.2 27 12 

Sandy 

Loam 

F39 18 
43.125

644 

-

85.36

3781 

Gala Bud9 7.3 NA 96 145 1199 100 0.2 2.6 2.4 60.2 27 13 
Sandy 

Loam 

F40 18 
43.125

642 

-

85.36

4023 

Golden Bud9 6.8 NA 84 159 949 92 0.2 2.9 2.2 61.2 27 12 
Sandy 

Loam 

F41 19 
43.233

103 

-

85.74

6267 

Red M7 6.9 NA 157 179 1485 166 0.4 3.9 3.9 53.2 33 14 
Sandy 

Loam 
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Table 2.3 (cont’d) 
 

F42 19 
43.233

111 

-

85.74

6738 

Ida Red M7 6.9 NA 192 185 1497 175 0.8 4.7 3.6 61.3 24 14 
Sandy 

Loam 

F43 20 
43.231

152 

-

85.74

98 

Golden M7 6.9 NA 152 205 1578 193 0.2 5 3.2 39.3 42 18 Loam 

F44 20 
43.231

148 

-

85.74

9929 

Jona 

than 
M7 6.9 NA 186 214 1483 184 0.4 4.4 3.9 43.3 37 19 Loam 

F45 20 
43.231

109 

-

85.75

0031 

Red M7 7 NA 179 264 1872 235 0.4 4.3 3.7 35.3 43 21 Loam 



 67 

Table 2.4. Comparison of bacterial and archaeal richness and Pielou's evenness among 
sites using post-hoc Dunn’s test with Benjamini-Hochberg correction of p-values and post-
hoc Tukey's HSD test, respectively 

 

Site Comparison 
Bacterial and archaeal Richness (post-hoc 

Dunn’s test) 

Bacterial and archaeal 
Pielou's evenness (post-hoc 

Tukey's HSD test) 
Z-test P.unadj P.adj p-val 

1 - 10 0.0819 0.9347 0.9812 1.000 
1 - 11 -0.4587 0.6464 0.8773 0.959 
10 - 11 -0.4663 0.6410 0.8826 0.999 
1 - 12 -1.2233 0.2212 0.7374 0.919 
10 - 12 -1.1501 0.2501 0.7665 0.998 
11 - 12 -0.5922 0.5537 0.8623 1.000 
1 - 13 -2.4207 0.0155 0.2943 0.017 
10 - 13 -2.0938 0.0363 0.3829 0.227 
11 - 13 -1.2433 0.2137 0.7252 0.990 
12 - 13 -0.5595 0.5758 0.8615 0.996 
1 - 14 -0.6916 0.4892 0.8768 0.999 
10 - 14 -0.6472 0.5175 0.8625 1.000 
11 - 14 -0.0622 0.9504 0.9814 1.000 
12 - 14 0.6217 0.5342 0.8529 1.000 
13 - 14 1.4466 0.1480 0.6695 0.422 
1 - 15 -3.0191 0.0025 0.1204 0.005 
10 - 15 -2.4177 0.0156 0.2698 0.210 
11 - 15 -1.3620 0.1732 0.7001 0.998 
12 - 15 -0.6129 0.5399 0.8549 0.999 
13 - 15 0.0000 1.0000 1.0000 1.000 
14 - 15 -1.6704 0.0948 0.6006 0.433 
1 - 16 -0.8063 0.4201 0.8968 0.779 
10 - 16 -0.7771 0.4371 0.8930 0.985 
11 - 16 -0.2692 0.7878 0.9473 1.000 
12 - 16 0.3230 0.7467 0.9458 1.000 
13 - 16 0.9325 0.3511 0.8552 0.999 
14 - 16 -0.2487 0.8036 0.9484 0.998 
15 - 16 1.0215 0.3070 0.7991 1.000 
1 - 17 0.2363 0.8132 0.9479 0.896 
10 - 17 0.1554 0.8765 0.9854 0.997 
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Table 2.4 (cont’d) 
 

11 - 17 0.5384 0.5903 0.8695 1.000 
12 - 17 1.1306 0.2582 0.7666 1.000 
13 - 17 1.8650 0.0622 0.5137 0.998 
14 - 17 0.6838 0.4941 0.8612 0.999 
15 - 17 2.0430 0.0411 0.4105 0.999 
16 - 17 0.8076 0.4193 0.9054 1.000 
1 - 18 -2.5995 0.0093 0.2957 0.005 
10 - 18 -2.1546 0.0312 0.3704 0.169 
11 - 18 -1.2089 0.2267 0.7301 0.992 
12 - 18 -0.4835 0.6287 0.8783 0.997 
13 - 18 0.1390 0.8894 0.9768 1.000 
14 - 18 -1.4457 0.1483 0.6551 0.353 
15 - 18 0.1661 0.8680 0.9935 1.000 
16 - 18 -0.8792 0.3793 0.8683 0.999 
17 - 18 -1.8682 0.0617 0.5331 0.998 
1 - 19 -1.4652 0.1429 0.6787 0.344 
10 - 19 -1.2944 0.1955 0.7145 0.904 
11 - 19 -0.5906 0.5548 0.8570 1.000 
12 - 19 0.0933 0.9257 0.9826 1.000 
13 - 19 0.7995 0.4240 0.8952 0.998 
14 - 19 -0.6472 0.5175 0.8702 0.986 
15 - 19 0.9231 0.3559 0.8561 0.999 
16 - 19 -0.2798 0.7797 0.9435 1.000 
17 - 19 -1.2123 0.2254 0.7384 1.000 
18 - 19 0.7368 0.4613 0.8853 0.998 
1 - 2 -0.8271 0.4082 0.8914 1.000 
10 - 2 -0.7368 0.4613 0.8764 1.000 
11 - 2 -0.0879 0.9299 0.9816 0.998 
12 - 2 0.6374 0.5239 0.8655 0.995 
13 - 2 1.5569 0.1195 0.6678 0.115 
14 - 2 -0.0278 0.9778 0.9882 1.000 
15 - 2 1.8609 0.0628 0.4969 0.080 
16 - 2 0.2418 0.8090 0.9488 0.967 
17 - 2 -0.7473 0.4549 0.8910 0.992 
18 - 2 1.5853 0.1129 0.6501 0.068 
19 - 2 0.6811 0.4958 0.8563 0.795 
1 - 20 -0.0973 0.9225 0.9847 0.467 
10 - 20 -0.1529 0.8785 0.9818 0.979 
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Table 2.4 (cont’d) 
 

11 - 20 0.3736 0.7087 0.9160 1.000 
12 - 20 1.0990 0.2718 0.7484 1.000 
13 - 20 2.1407 0.0323 0.3609 0.917 
14 - 20 0.5560 0.5782 0.8582 0.999 
15 - 20 2.5587 0.0105 0.2852 0.955 
16 - 20 0.7033 0.4818 0.8803 1.000 
17 - 20 -0.2857 0.7751 0.9501 1.000 
18 - 20 2.2380 0.0252 0.3686 0.895 
19 - 20 1.2650 0.2059 0.7380 1.000 
2 - 20 0.6528 0.5139 0.8718 0.928 
1 - 3 1.0843 0.2782 0.7552 0.999 
10 - 3 0.7924 0.4282 0.8939 0.986 
11 - 3 1.1209 0.2623 0.7668 0.663 
12 - 3 1.8463 0.0649 0.4929 0.570 
13 - 3 3.0860 0.0020 0.1285 0.004 
14 - 3 1.5013 0.1333 0.6493 0.891 
15 - 3 3.6885 0.0002 0.0429 0.001 
16 - 3 1.4506 0.1469 0.6807 0.386 
17 - 3 0.4616 0.6444 0.8808 0.529 
18 - 3 3.2949 0.0010 0.0936 0.001 
19 - 3 2.2103 0.0271 0.3676 0.095 
2 - 3 1.7096 0.0873 0.5927 0.973 
20 - 3 1.0568 0.2906 0.7668 0.127 
1 - 4 -0.6006 0.5481 0.8606 0.999 
10 - 4 -0.5710 0.5680 0.8565 1.000 
11 - 4 0.0000 1.0000 1.0000 1.000 
12 - 4 0.6838 0.4941 0.8692 1.000 
13 - 4 1.5228 0.1278 0.6563 0.411 
14 - 4 0.0761 0.9393 0.9806 1.000 
15 - 4 1.7583 0.0787 0.5537 0.421 
16 - 4 0.3108 0.7559 0.9326 0.998 
17 - 4 -0.6217 0.5342 0.8601 0.999 
18 - 4 1.5291 0.1262 0.6663 0.342 
19 - 4 0.7233 0.4695 0.8745 0.985 
2 - 4 0.1112 0.9115 0.9840 1.000 
20 - 4 -0.4726 0.6365 0.8827 0.999 
3 - 4 -1.4179 0.1562 0.6596 0.898 
1 - 5 -0.8281 0.4076 0.9005 0.937 
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Table 2.4 (cont’d) 
 

10 - 5 -0.7614 0.4464 0.8836 0.999 
11 - 5 -0.1554 0.8765 0.9913 1.000 
12 - 5 0.5284 0.5972 0.8596 1.000 
13 - 5 1.3324 0.1827 0.7085 0.791 
14 - 5 -0.1142 0.9091 0.9870 1.000 
15 - 5 1.5386 0.1239 0.6727 0.848 
16 - 5 0.1554 0.8765 0.9972 1.000 
17 - 5 -0.7771 0.4371 0.9027 1.000 
18 - 5 1.3206 0.1866 0.7092 0.754 
19 - 5 0.5330 0.5941 0.8616 1.000 
2 - 5 -0.0973 0.9225 0.9902 0.999 
20 - 5 -0.6811 0.4958 0.8486 1.000 
3 - 5 -1.6264 0.1039 0.6167 0.517 
4 - 5 -0.1903 0.8490 0.9777 1.000 
1 - 6 -0.1456 0.8842 0.9768 0.978 
10 - 6 -0.1903 0.8490 0.9836 1.000 
11 - 6 0.3108 0.7559 0.9387 1.000 
12 - 6 0.9947 0.3199 0.7997 1.000 
13 - 6 1.9035 0.0570 0.5155 0.687 
14 - 6 0.4568 0.6478 0.8729 1.000 
15 - 6 2.1979 0.0280 0.3541 0.739 
16 - 6 0.6217 0.5342 0.8674 1.000 
17 - 6 -0.3108 0.7559 0.9449 1.000 
18 - 6 1.9461 0.0516 0.4906 0.635 
19 - 6 1.1040 0.2696 0.7533 0.999 
2 - 6 0.5282 0.5973 0.8470 1.000 
20 - 6 -0.0556 0.9557 0.9815 1.000 
3 - 6 -1.0009 0.3169 0.8028 0.641 
4 - 6 0.3807 0.7034 0.9154 1.000 
5 - 6 0.5710 0.5680 0.8633 1.000 
1 - 7 0.4914 0.6231 0.8770 0.975 
10 - 7 0.3426 0.7319 0.9333 1.000 
11 - 7 0.7460 0.4557 0.8834 1.000 
12 - 7 1.4298 0.1528 0.6597 1.000 
13 - 7 2.4364 0.0148 0.3131 0.699 
14 - 7 0.9898 0.3223 0.7952 1.000 
15 - 7 2.8134 0.0049 0.1863 0.751 
16 - 7 1.0568 0.2906 0.7776 1.000 
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Table 2.4 (cont’d) 
 

17 - 7 0.1243 0.9011 0.9839 1.000 
18 - 7 2.5300 0.0114 0.2709 0.648 
19 - 7 1.6370 0.1016 0.6229 0.999 
2 - 7 1.1121 0.2661 0.7661 0.999 
20 - 7 0.5282 0.5973 0.8533 1.000 
3 - 7 -0.4170 0.6767 0.8991 0.628 
4 - 7 0.9137 0.3609 0.8465 1.000 
5 - 7 1.1040 0.2696 0.7645 1.000 
6 - 7 0.5330 0.5941 0.8682 1.000 
1 - 8 -1.0101 0.3124 0.8022 1.000 
10 - 8 -0.9137 0.3609 0.8571 1.000 
11 - 8 -0.2798 0.7797 0.9496 0.994 
12 - 8 0.4041 0.6861 0.9053 0.984 
13 - 8 1.1801 0.2379 0.7535 0.116 
14 - 8 -0.2665 0.7899 0.9439 1.000 
15 - 8 1.3627 0.1730 0.7144 0.096 
16 - 8 0.0311 0.9752 0.9908 0.932 
17 - 8 -0.9014 0.3674 0.8512 0.978 
18 - 8 1.1538 0.2486 0.7743 0.078 
19 - 8 0.3807 0.7034 0.9217 0.730 
2 - 8 -0.2641 0.7917 0.9401 1.000 
20 - 8 -0.8480 0.3965 0.8862 0.880 
3 - 8 -1.7932 0.0729 0.5330 0.999 
4 - 8 -0.3426 0.7319 0.9396 1.000 
5 - 8 -0.1523 0.8790 0.9766 0.996 
6 - 8 -0.7233 0.4695 0.8832 0.999 
7 - 8 -1.2563 0.2090 0.7354 0.999 
1 - 9 -1.5107 0.1309 0.6544 1.000 
10 - 9 -1.3324 0.1827 0.7233 1.000 
11 - 9 -0.6217 0.5342 0.8749 0.999 
12 - 9 0.0622 0.9504 0.9868 0.999 
13 - 9 0.7614 0.4464 0.8929 0.253 
14 - 9 -0.6852 0.4932 0.8758 1.000 
15 - 9 0.8792 0.3793 0.8580 0.239 
16 - 9 -0.3108 0.7559 0.9512 0.989 
17 - 9 -1.2433 0.2137 0.7384 0.998 
18 - 9 0.6950 0.4870 0.8813 0.193 
19 - 9 -0.0381 0.9696 0.9905 0.925 
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Table 2.4 (cont’d) 
 

2 - 9 -0.7228 0.4698 0.8666 1.000 
20 - 9 -1.3067 0.1913 0.7128 0.986 
3 - 9 -2.2520 0.0243 0.3851 0.979 
4 - 9 -0.7614 0.4464 0.9024 1.000 
5 - 9 -0.5710 0.5680 0.8703 1.000 
6 - 9 -1.1421 0.2534 0.7643 1.000 
7 - 9 -1.6751 0.0939 0.6154 1.000 
8 - 9 -0.4188 0.6754 0.9037 1.000 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 73 

Table 2.5. Comparison of bacterial and archaeal richness and Pielou's evenness among 
rootstocks using post-hoc Dunn’s test with Benjamini-Hochberg correction of p-values and 
post-hoc Tukey's HSD test, respectively 

 

Rootstock Comparison 
Bacterial and archaeal Richness (post-hoc 

Dunn’s test) 

Bacterial and 
archaeal Pielou's 
evenness (Tukey's 

HSD test) 
Z-test P.unadj P.adj p-val 

Bud9 - M111 1.752 0.080 0.373 0.308 
Bud9 - M126 1.429 0.153 0.390 0.998 
M111 - M126 -0.591 0.555 0.740 0.715 
Bud9 - M26 2.780 0.005 0.152 0.037 
M111 - M26 -0.377 0.706 0.760 0.996 
M126 - M26 0.423 0.673 0.785 0.701 
Bud9 - M7 0.819 0.413 0.608 0.945 
M111 - M7 -1.454 0.146 0.408 0.554 
M126 - M7 -1.034 0.301 0.562 1.000 
M26 - M7 -2.736 0.006 0.087 0.068 
Bud9 - M9 1.412 0.158 0.368 0.022 
M111 - M9 -1.050 0.294 0.588 0.999 
M126 - M9 -0.494 0.622 0.791 0.563 
M26 - M9 -1.513 0.130 0.405 0.999 
M7 - M9 0.890 0.373 0.581 0.038 
Bud9 - NSpy 2.308 0.021 0.196 0.250 
M111 - NSpy 0.431 0.667 0.812 1.000 
M126 - NSpy 1.088 0.277 0.596 0.648 
M26 - NSpy 0.958 0.338 0.557 0.991 
M7 - NSpy 2.045 0.041 0.286 0.472 
M9 - NSpy 1.624 0.104 0.417 0.998 
Bud9 - Pajam 1.884 0.060 0.334 0.330 
M111 - Pajam -0.280 0.780 0.809 0.999 
M126 - Pajam 0.381 0.703 0.788 0.857 
M26 - Pajam 0.069 0.945 0.945 1.000 
M7 - Pajam 1.542 0.123 0.431 0.641 
M9 - Pajam 0.975 0.329 0.577 1.000 
NSpy - Pajam -0.777 0.437 0.612 0.998 
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Table 2.6. Pearson's correlation analysis between alpha diversity metrics and soil 
parameters. r = correlation coefficient. Significant correlations (p-val < 0.05) are in bold 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Soil 
physiochemical 

properties 

Bacteria/archaea Fungi 

Richness Pielou's 
evenness Richness Pielou's 

evenness 
r p-val r p-val r p-val r p-val 

pH -0.17 0.25 0.13 0.38 -0.05 0.71 -0.1 0.5 
P 0.47 0.001 0.43 0.002 0.16 0.26 0.04 0.79 
K -0.39 0.006 -0.19 0.21 0.02 0.87 -0.3 0.04 
Ca -0.38 0.008 -0.05 0.71 -0.1 0.49 -0.14 0.33 
Mg -0.16 0.26 0.15 0.31 0.09 0.52 -0.32 0.02 
NO3N -0.17 0.24 -0.07 0.63 -0.11 0.46 -0.19 0.19 
NH4N -0.24 0.09 -0.14 0.34 -0.02 0.87 -0.17 0.25 
OM -0.42 0.003 -0.01 0.91 0.07 0.6 -0.22 0.13 
Sand 0.56 4.38E-05 0.22 0.13 0.18 0.23 0.32 0.02 
Silt -0.45 0.001 -0.15 0.31 -0.17 0.23 -0.31 0.03 
Clay -0.67 3.38E-07 -0.32 0.03 -0.14 0.33 -0.27 0.06 
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Table 2.7. Comparison using post-hoc Tukey's HSD test of fungal richness among sites 

 
Site Comparison Fungal Richness 

 p-val 
1 - 10 1.00 
1 - 11 0.73 
1 - 12 0.99 
1 - 13 1.00 
1 - 14 1.00 
1 - 15 0.16 
1 - 16 0.21 
1 - 17 0.03 
1 - 18 0.19 
1 - 19 1.00 
1 - 2 1.00 
1 - 20 1.00 
1 - 3 1.00 
1 - 4 1.00 
1 - 5 1.00 
1 - 6 1.00 
1 - 7 1.00 
1 - 8 0.98 
1 - 9 1.00 
10 - 11 0.57 
10 - 12 0.95 
10 - 13 1.00 
10 - 14 1.00 
10 - 15 0.18 
10 - 16 0.16 
10 - 17 0.02 
10 - 18 0.19 
10 - 19 0.99 
10 - 2 1.00 
10 - 20 0.97 
10 - 3 1.00 
10 - 4 1.00 
10 - 5 1.00 
10 - 6 1.00 
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Table 2.7 (cont’d) 
 

10 - 7 1.00 
10 - 8 0.90 
10 - 9 1.00 
11 - 12 1.00 
11 - 13 0.85 
11 - 14 0.65 
11 - 15 1.00 
11 - 16 1.00 
11 - 17 0.99 
11 - 18 1.00 
11 - 19 1.00 
11 - 2 0.50 
11 - 20 1.00 
11 - 3 0.75 
11 - 4 0.68 
11 - 5 0.98 
11 - 6 0.85 
11 - 7 0.75 
11 - 8 1.00 
11 - 9 0.49 
12 - 13 1.00 
12 - 14 0.97 
12 - 15 1.00 
12 - 16 0.99 
12 - 17 0.79 
12 - 18 1.00 
12 - 19 1.00 
12 - 2 0.93 
12 - 20 1.00 
12 - 3 0.99 
12 - 4 0.98 
12 - 5 1.00 
12 - 6 1.00 
12 - 7 0.99 
12 - 8 1.00 
12 - 9 0.91 
13 - 14 1.00 
13 - 15 0.52 
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Table 2.7 (cont’d) 
 

13 - 16 0.35 
13 - 17 0.07 
13 - 18 0.51 
13 - 19 1.00 
13 - 2 1.00 
13 - 20 1.00 
13 - 3 1.00 
13 - 4 1.00 
13 - 5 1.00 
13 - 6 1.00 
13 - 7 1.00 
13 - 8 1.00 
13 - 9 1.00 
14 - 15 0.24 
14 - 16 0.19 
14 - 17 0.03 
14 - 18 0.25 
14 - 19 0.99 
14 - 2 1.00 
14 - 20 0.99 
14 - 3 1.00 
14 - 4 1.00 
14 - 5 1.00 
14 - 6 1.00 
14 - 7 1.00 
14 - 8 0.95 
14 - 9 1.00 
15 - 16 1.00 
15 - 17 0.82 
15 - 18 1.00 
15 - 19 0.99 
15 - 2 0.08 
15 - 20 0.96 
15 - 3 0.26 
15 - 4 0.27 
15 - 5 0.90 
15 - 6 0.52 
15 - 7 0.35 
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Table 2.7 (cont’d) 
 

15 - 8 1.00 
15 - 9 0.13 
16 - 17 1.00 
16 - 18 1.00 
16 - 19 0.82 
16 - 2 0.11 
16 - 20 0.74 
16 - 3 0.23 
16 - 4 0.21 
16 - 5 0.65 
16 - 6 0.35 
16 - 7 0.25 
16 - 8 0.94 
16 - 9 0.12 
17 - 18 0.90 
17 - 19 0.30 
17 - 2 0.01 
17 - 20 0.21 
17 - 3 0.03 
17 - 4 0.03 
17 - 5 0.18 
17 - 6 0.07 
17 - 7 0.04 
17 - 8 0.46 
17 - 9 0.02 
18 - 19 0.98 
18 - 2 0.10 
18 - 20 0.94 
18 - 3 0.28 
18 - 4 0.28 
18 - 5 0.89 
18 - 6 0.51 
18 - 7 0.35 
18 - 8 1.00 
18 - 9 0.13 
19 - 2 0.97 
19 - 20 1.00 
19 - 3 1.00 
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Table 2.7 (cont’d) 
 

19 - 4 1.00 
19 - 5 1.00 
19 - 6 1.00 
19 - 7 1.00 
19 - 8 1.00 
19 - 9 0.96 
2 - 20 0.93 
2 - 3 1.00 
2 - 4 1.00 
2 - 5 1.00 
2 - 6 1.00 
2 - 7 1.00 
2 - 8 0.85 
2 - 9 1.00 
20 - 3 1.00 
20 - 4 0.99 
20 - 5 1.00 
20 - 6 1.00 
20 - 7 1.00 
20 - 8 1.00 
20 - 9 0.93 
3 - 4 1.00 
3 - 5 1.00 
3 - 6 1.00 
3 - 7 1.00 
3 - 8 0.98 
3 - 9 1.00 
4 - 5 1.00 
4 - 6 1.00 
4 - 7 1.00 
4 - 8 0.96 
4 - 9 1.00 
5 - 6 1.00 
5 - 7 1.00 
5 - 8 1.00 
5 - 9 1.00 
6 - 7 1.00 
6 - 8 1.00 
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Table 2.7 (cont’d) 
 

6 - 9 1.00 
7 - 8 0.98 
7 - 9 1.00 
8 - 9 0.84 
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Table 2.8. Comparison using post-hoc Tukey's HSD test of fungal richness among 
rootstocks 

 

Rootstock Comparison 
Fungal Richness 

p-val 
Bud9 - M111 0.63 
Bud9 - M126 0.56 
Bud9 - M26 0.01 
Bud9 - M7 0.18 
Bud9 - M9 0.06 
Bud9 - NSpy 0.86 
Bud9 - Pajam  0.094 
M111 - M126 0.102 
M111 - M26 1.000 
M111 - M7 0.999 
M111 - M9 1.000 
M111 - NSpy 1.000 
M111 - Pajam 1.000 
M126 - M26 0.001 
M126 - M7 0.01 
M126 - M9 0.003 
M126 - NSpy 0.21 
M126 - Pajam  0.01 
M26 - M7 0.65 
M26 - M9 1.00 
M26 - NSpy 1.00 
M26 - Pajam  1.00 
M7 - M9 0.97 
M7 - NSpy 1.00 
M7 - Pajam  0.81 
M9 - NSpy 1.00 
M9 - Pajam  0.99 
NSpy - Pajam  0.99 
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Table 2.9. The abundance of nematodes, mycorrhizal fungi, and Oligochaetes from 45 soil samples 

 

Sam
ple 

code 
Site Root 

stock 

Absolute abundance (individuals per 100-gram dry soil) 
Pratyle
nchus 
spp. 
(lesion
) 

Xiphi
nema 
spp. 

(dagg
er) 

Crico
nema
tidae 
(ring) 

Paraty
lenchu
s spp. 
(pin) 

Tylench
orhync

hus 
(stunt) 

Helicotyl
enchus 

spp. 
(spiral) 

Tylen
chus 

Aphele
nchus 

Doryla
imidae 

Monoc
hiodae 

Bacteri
al 
Feeders 

Mycorr
hizal 
Fungi 

Oligoc
haetes 

F01 1 M26 4 8 0 0 0 0 60 8 4 20 840 208 36 
F02 1 M26 4 4 0 0 0 0 84 12 8 0 312 64 12 
F03 1 M26 14 0 0 0 0 0 244 16 4 4 180 32 8 
F04 1 M26 0 4 0 0 0 0 92 36 4 0 816 60 8 
F05 1 M26 2 4 0 66 0 0 256 8 0 0 164 40 16 
F06 2 M7 0 14 0 0 0 0 40 8 4 4 232 128 28 
F07 2 M7 2 16 0 0 50 8 28 8 28 8 612 52 12 
F08 2 NSpy 8 48 6 0 0 200 176 8 12 4 296 388 20 
F09 3 M7 12 16 0 2 0 0 148 28 8 0 300 100 4 
F10 3 M7 0 6 0 2 0 0 228 32 8 0 420 36 16 
F11 3 M9 8 74 0 0 0 0 112 20 24 0 364 276 4 
F12 4 M9 0 22 0 0 0 4 92 40 8 4 216 48 0 
F13 4 M26 0 0 0 0 0 0 56 16 20 0 180 116 0 
F14 5 M9 0 20 6 60 0 0 60 0 4 8 324 88 2 
F15 5 M9 4 32 0 0 0 0 140 36 12 4 700 24 4 
F16 6 M26 10 18 0 0 0 0 20 4 36 4 848 28 0 
F17 6 M26 4 10 0 36 0 0 40 4 8 8 212 8 8 
F18 7 M26 0 0 0 4 4 0 32 20 20 0 176 24 12 
F19 7 M26 4 0 0 2 0 0 28 8 32 16 540 20 20 
F20 8 M9 0 2 0 10 0 0 32 8 8 8 1296 4 12 
F21 8 M9 0 12 0 46 0 0 24 24 0 4 480 8 4 
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Table 2.9 (cont’d) 
 

F22 9 M9 0 4 0 26 0 0 24 4 0 0 172 20 12 
F23 9 M9 0 22 0 28 0 0 92 0 4 0 368 8 24 
F24 10 Pajam  10 0 0 0 0 0 0 12 4 4 84 8 0 
F25 10 Pajam  0 18 0 2 0 0 112 0 8 0 48 56 0 
F26 11 Bud9 2 48 0 360 0 0 28 12 4 0 320 32 0 
F27 12 Bud9 10 24 4 96 0 0 140 8 8 8 332 28 16 
F28 13 M7 4 38 0 0 0 0 4 8 16 0 364 8 12 
F29 13 M7 4 12 0 0 0 0 8 8 8 8 472 8 20 
F30 14 M7 0 4 0 0 0 0 44 8 0 4 200 16 32 
F31 14 M111 0 0 0 0 0 0 20 8 12 0 492 24 16 
F32 15 M7 0 4 2 2 0 0 60 44 16 0 500 24 4 
F33 15 M7 0 0 0 0 0 0 20 0 0 0 1800 368 8 
F34 15 M7 12 4 0 4 0 0 84 16 44 12 532 132 16 
F35 15 M7 0 0 0 0 0 0 64 0 8 0 204 120 4 
F36 16 M126 18 18 0 0 0 0 32 28 8 4 844 72 8 
F37 17 M126 4 140 0 0 0 0 96 12 8 0 180 200 76 
F38 18 Bud9 0 0 10 10 0 0 80 4 8 20 608 100 0 
F39 18 Bud9 0 0 0 0 0 0 100 40 10 0 1640 108 16 
F40 18 Bud9 4 4 0 0 0 0 68 8 8 0 184 176 2 
F41 19 M7 4 26 0 0 0 0 120 36 8 16 632 12 4 
F42 19 M7 2 4 0 0 0 0 20 60 10 0 2160 32 16 
F43 20 M7 0 4 0 0 0 0 16 16 4 0 976 44 12 
F44 20 M7 4 0 0 0 0 0 64 40 24 0 1024 44 20 
F45 20 M7 0 0 0 0 0 0 60 0 20 0 1560 28 0 

TOTAL 154 684 28 756 54 212 3348 716 492 172 25204 3420 544 
MEAN 3.42 15.20 0.62 16.80 1.20 4.71 74.40 15.91 10.93 3.82 560.09 76.00 12.09 
STDEV 4.53 24.64 1.99 56.25 7.46 29.80 61.91 14.53 9.84 5.52 480.86 89.78 13.25 
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Table 2.10. Prevalence percentage of nematodes and other soil microorganisms among 45 
soil samples taken from 20 different sites 

 

Group Characteristic Prevalence (%) 

Non-nematodes   

Mycorrhizal Fungi Beneficial fungi - non plant-parasitic 100 
Oligochaetes Detritivore - non plant-parasitic 82.22 

Nematodes   

Rhabditidae Bacterivores - non plant-parasitic 100 
Tylenchus Fungivores - non plant-parasitic 97.77 
Aphelenchus Fungivores - non plant-parasitic 86.66 
Dorylaimidae Omnivores - non plant-parasitic 88.88 
Monochidae Carnivore - non plant-parasitic 46.66 
Xiphinema spp. (dagger) Herbivore - plant-parasitic 73.33 
Pratylenchus spp. (lesion) Herbivore - plant-parasitic 53.33 
Paratylenchus spp. (pin) Herbivore - plant-parasitic 37.77 
Criconematidae (ring) Herbivore - plant-parasitic 11.11 
Helicotylenchus spp. (spiral) Herbivore - plant-parasitic 6.66 
Tylenchorhynchus (stunt) Herbivore - plant-parasitic 4.44 
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Table 2.11. Comparison using post-hoc Tukey's HSD test of total absolute abundance of 
nematodes among rootstocks 

 

Rootstock Comparison 
Nematodes Abundance 

p-val 
Bud9 - M111 0.70 
Bud9 - M126 1.00 
Bud9 - M26 0.66 
Bud9 - M7 0.95 
Bud9 - M9 0.97 
Bud9 - NSpy 0.89 
Bud9 - Pajam 0.03 
M111 - M126 0.90 
M111 - M26 0.99 
M111 - M7 0.92 
M111 - M9 0.93 
M111 - NSpy 0.32 
M111 - Pajam 0.99 
M126 - M26 0.99 
M126 - M7 1.00 
M126 - M9 1.00 
M126 - NSpy 0.86 
M126 - Pajam 0.19 
M26 - M7 0.98 
M26 - M9 0.99 
M26 - NSpy 0.34 
M26 - Pajam 0.24 
M7 - M9 1.00 
M7 - NSpy 0.53 
M7 - Pajam 0.07 
M9 - NSpy 0.56 
M9 - Pajam 0.11 
NSpy - Pajam 0.02 
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Table 2.12. Comparison using post-hoc Tukey's HSD test of oligochaetes abundance among 
sites 

 

Site Comparison 
Oligochaetes Abundance 

p-val 
1 - 10 0.136 
1 - 11 0.507 
1 - 12 1.000 
1 - 13 1.000 
1 - 14 1.000 
1 - 15 0.998 
1 - 16 1.000 
1 - 17 0.158 
1 - 18 0.834 
1 - 19 1.000 
1 - 2 1.000 
1 - 20 0.999 
1 - 3 0.999 
1 - 4 0.136 
1 - 5 0.908 
1 - 6 0.790 
1 - 7 1.000 
1 - 8 1.000 
1 - 9 1.000 
10 - 11 1.000 
10 - 12 0.615 
10 - 13 0.304 
10 - 14 0.092 
10 - 15 0.681 
10 - 16 0.955 
10 - 17 0.002 
10 - 18 0.989 
10 - 19 0.739 
10 - 2 0.092 
10 - 20 0.782 
10 - 3 0.773 
10 - 4 1.000 
10 - 5 0.998 
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Table 2.12 (cont’d) 
 
10 - 6 1.000 
10 - 7 0.304 
10 - 8 0.846 
10 - 9 0.233 
11 - 12 0.810 
11 - 13 0.627 
11 - 14 0.313 
11 - 15 0.934 
11 - 16 0.988 
11 - 17 0.010 
11 - 18 0.999 
11 - 19 0.928 
11 - 2 0.362 
11 - 20 0.958 
11 - 3 0.955 
11 - 4 1.000 
11 - 5 1.000 
11 - 6 1.000 
11 - 7 0.627 
11 - 8 0.966 
11 - 9 0.543 
12 - 13 1.000 
12 - 14 1.000 
12 - 15 1.000 
12 - 16 1.000 
12 - 17 0.581 
12 - 18 0.993 
12 - 19 1.000 
12 - 2 1.000 
12 - 20 1.000 
12 - 3 1.000 
12 - 4 0.615 
12 - 5 0.994 
12 - 6 0.980 
12 - 7 1.000 
12 - 8 1.000 
12 - 9 1.000 
13 - 14 1.000 
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Table 2.12 (cont’d) 
 
13 - 15 1.000 
13 - 16 1.000 
13 - 17 0.338 
13 - 18 0.944 
13 - 19 1.000 
13 - 2 1.000 
13 - 20 1.000 
13 - 3 1.000 
13 - 4 0.304 
13 - 5 0.962 
13 - 6 0.902 
13 - 7 1.000 
13 - 8 1.000 
13 - 9 1.000 
14 - 15 0.928 
14 - 16 0.999 
14 - 17 0.658 
14 - 18 0.592 
14 - 19 0.995 
14 - 2 1.000 
14 - 20 0.940 
14 - 3 0.945 
14 - 4 0.092 
14 - 5 0.683 
14 - 6 0.543 
14 - 7 1.000 
14 - 8 0.981 
14 - 9 1.000 
15 - 16 1.000 
15 - 17 0.038 
15 - 18 1.000 
15 - 19 1.000 
15 - 2 0.967 
15 - 20 1.000 
15 - 3 1.000 
15 - 4 0.681 
15 - 5 1.000 
15 - 6 1.000 
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Table 2.12 (cont’d) 
 
15 - 7 1.000 
15 - 8 1.000 
15 - 9 0.998 
16 - 17 0.238 
16 - 18 1.000 
16 - 19 1.000 
16 - 2 1.000 
16 - 20 1.000 
16 - 3 1.000 
16 - 4 0.955 
16 - 5 1.000 
16 - 6 1.000 
16 - 7 1.000 
16 - 8 1.000 
16 - 9 1.000 
17 - 18 0.013 
17 - 19 0.118 
17 - 2 0.398 
17 - 20 0.046 
17 - 3 0.048 
17 - 4 0.002 
17 - 5 0.021 
17 - 6 0.014 
17 - 7 0.338 
17 - 8 0.084 
17 - 9 0.410 
18 - 19 1.000 
18 - 2 0.651 
18 - 20 1.000 
18 - 3 1.000 
18 - 4 0.989 
18 - 5 1.000 
18 - 6 1.000 
18 - 7 0.944 
18 - 8 1.000 
18 - 9 0.888 
19 - 2 0.999 
19 - 20 1.000 
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Table 2.12 (cont’d) 
 
19 - 3 1.000 
19 - 4 0.739 
19 - 5 1.000 
19 - 6 0.999 
19 - 7 1.000 
19 - 8 1.000 
19 - 9 1.000 
2 - 20 0.975 
2 - 3 0.977 
2 - 4 0.092 
2 - 5 0.756 
2 - 6 0.607 
2 - 7 1.000 
2 - 8 0.995 
2 - 9 1.000 
20 - 3 1.000 
20 - 4 0.782 
20 - 5 1.000 
20 - 6 1.000 
20 - 7 1.000 
20 - 8 1.000 
20 - 9 0.998 
3 - 4 0.773 
3 - 5 1.000 
3 - 6 1.000 
3 - 7 1.000 
3 - 8 1.000 
3 - 9 0.999 
4 - 5 0.998 
4 - 6 1.000 
4 - 7 0.304 
4 - 8 0.846 
4 - 9 0.233 
5 - 6 1.000 
5 - 7 0.962 
5 - 8 1.000 
5 - 9 0.922 
6 - 7 0.902 
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Table 2.12 (cont’d) 
 
6 - 8 1.000 
6 - 9 0.833 
7 - 8 1.000 
7 - 9 1.000 
8 - 9 1.000 
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Table 2.13. Comparison using post-hoc Tukey's HSD test of mycorrhizal fungi abundance 
among sites 

 

Site Comparison 
Mycorrhizal fungi Abundance 

p-val 
1 - 10 0.97 
1 - 11 1.00 
1 - 12 1.00 
1 - 13 0.24 
1 - 14 0.95 
1 - 15 1.00 
1 - 16 1.00 
1 - 17 1.00 
1 - 18 1.00 
1 - 19 0.95 
1 - 2 1.00 
1 - 20 1.00 
1 - 3 1.00 
1 - 4 1.00 
1 - 5 1.00 
1 - 6 0.78 
1 - 7 0.98 
1 - 8 0.09 
1 - 9 0.63 
10 - 11 1.00 
10 - 12 1.00 
10 - 13 1.00 
10 - 14 1.00 
10 - 15 0.66 
10 - 16 1.00 
10 - 17 0.70 
10 - 18 0.62 
10 - 19 1.00 
10 - 2 0.53 
10 - 20 1.00 
10 - 3 0.80 
10 - 4 0.98 
10 - 5 1.00 
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Table 2.13 (cont’d) 
 
10 - 6 1.00 
10 - 7 1.00 
10 - 8 0.97 
10 - 9 1.00 
11 - 12 1.00 
11 - 13 0.99 
11 - 14 1.00 
11 - 15 1.00 
11 - 16 1.00 
11 - 17 0.97 
11 - 18 0.99 
11 - 19 1.00 
11 - 2 0.98 
11 - 20 1.00 
11 - 3 1.00 
11 - 4 1.00 
11 - 5 1.00 
11 - 6 1.00 
11 - 7 1.00 
11 - 8 0.94 
11 - 9 1.00 
12 - 13 1.00 
12 - 14 1.00 
12 - 15 0.99 
12 - 16 1.00 
12 - 17 0.95 
12 - 18 0.97 
12 - 19 1.00 
12 - 2 0.95 
12 - 20 1.00 
12 - 3 0.99 
12 - 4 1.00 
12 - 5 1.00 
12 - 6 1.00 
12 - 7 1.00 
12 - 8 0.97 
12 - 9 1.00 
13 - 14 1.00 
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Table 2.13 (cont’d) 
 
13 - 15 0.06 
13 - 16 0.73 
13 - 17 0.17 
13 - 18 0.07 
13 - 19 1.00 
13 - 2 0.05 
13 - 20 0.80 
13 - 3 0.12 
13 - 4 0.39 
13 - 5 0.76 
13 - 6 1.00 
13 - 7 1.00 
13 - 8 1.00 
13 - 9 1.00 
14 - 15 0.58 
14 - 16 1.00 
14 - 17 0.65 
14 - 18 0.55 
14 - 19 1.00 
14 - 2 0.46 
14 - 20 1.00 
14 - 3 0.74 
14 - 4 0.96 
14 - 5 1.00 
14 - 6 1.00 
14 - 7 1.00 
14 - 8 0.98 
14 - 9 1.00 
15 - 16 1.00 
15 - 17 1.00 
15 - 18 1.00 
15 - 19 0.58 
15 - 2 1.00 
15 - 20 0.95 
15 - 3 1.00 
15 - 4 1.00 
15 - 5 1.00 
15 - 6 0.35 
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Table 2.13 (cont’d) 
 
15 - 7 0.69 
15 - 8 0.02 
15 - 9 0.23 
16 - 17 1.00 
16 - 18 1.00 
16 - 19 1.00 
16 - 2 1.00 
16 - 20 1.00 
16 - 3 1.00 
16 - 4 1.00 
16 - 5 1.00 
16 - 6 0.98 
16 - 7 1.00 
16 - 8 0.51 
16 - 9 0.94 
17 - 18 1.00 
17 - 19 0.65 
17 - 2 1.00 
17 - 20 0.93 
17 - 3 1.00 
17 - 4 1.00 
17 - 5 0.99 
17 - 6 0.47 
17 - 7 0.72 
17 - 8 0.08 
17 - 9 0.37 
18 - 19 0.55 
18 - 2 1.00 
18 - 20 0.93 
18 - 3 1.00 
18 - 4 1.00 
18 - 5 1.00 
18 - 6 0.33 
18 - 7 0.65 
18 - 8 0.02 
18 - 9 0.23 
19 - 2 0.46 
19 - 20 1.00 
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Table 2.13 (cont’d) 
 
19 - 3 0.74 
19 - 4 0.96 
19 - 5 1.00 
19 - 6 1.00 
19 - 7 1.00 
19 - 8 0.98 
19 - 9 1.00 
2 - 20 0.87 
2 - 3 1.00 
2 - 4 1.00 
2 - 5 0.99 
2 - 6 0.26 
2 - 7 0.56 
2 - 8 0.02 
2 - 9 0.18 
20 - 3 0.99 
20 - 4 1.00 
20 - 5 1.00 
20 - 6 1.00 
20 - 7 1.00 
20 - 8 0.50 
20 - 9 0.99 
3 - 4 1.00 
3 - 5 1.00 
3 - 6 0.50 
3 - 7 0.82 
3 - 8 0.04 
3 - 9 0.37 
4 - 5 1.00 
4 - 6 0.86 
4 - 7 0.98 
4 - 8 0.19 
4 - 9 0.75 
5 - 6 0.99 
5 - 7 1.00 
5 - 8 0.49 
5 - 9 0.97 
6 - 7 1.00 
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Table 2.13 (cont’d) 
 
6 - 8 1.00 
6 - 9 1.00 
7 - 8 0.96 
7 - 9 1.00 
8 - 9 1.00 
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APPENDIX B: Supplemental Figures 
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Figure 2.6. Map of the sampling location in Michigan apple orchards. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Each number represents the sampling sites. There are 20 different sites and some of them are 

overlap because their locations are close to each other. The map was constructed using ggmap 

package (v.3.0.0). 
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Figure 2.7. Rarefaction curves. 

 

 
 

 

 

 

 

 

 

 

 

Rarefaction curves of bacteria/archaea (A) and fungi (B) from 45 soil samples (marked) at 97 % 

of clustering threshold were constructed by plotting the OTU number to the sequence (read) 

number. The rarefaction curves were constructed using vegan package (v2.5-4). 
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Figure 2.8. Alpha diversity of apple root zone microbiome among sites. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Alpha diversity metrics of bacteria/archaea and fungi: richness (OTU number, clustered at 97 % 

identity threshold) and Pielou’s evenness among sites. For each box plot, circles represent 

measurement for each sample. The central horizontal lines represent the mean of measurements. 

Asterisks indicated significant differences between two sites (site 3 and 15) based on post-hoc 

Dunn’s test multiple comparison with Benjamini Hochberg correction. Boxes labelled with 

different letters were identified as significantly different based on Tukey’s HSD post-hoc test. 

Boxes without label were not significantly different (ANOVA, p-val > 0.05). 
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Figure 2.9. The linear regression relationship between bacterial/archaeal alpha diversity 
and soil parameters and nematodes. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bacterial/archaeal alpha diversity (richness and Pielou’s evenness index) as dependent variables 

and soil parameters and nematodes as independent variables. 
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Figure 2.10. The linear regression relationship between fungal alpha diversity and soil 
parameters. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fungal alpha diversity (Pielou’s evenness index) as dependent variables and soil parameters as 

independent variables. 
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Figure 2.11. The linear regression relationship between bacterial/archaeal and nematodes 
alpha diversity. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Bacterial and archaeal Pielou’s evenness and nematodes Pielou’s evenness as dependent and 

explanatory variables, respectively. 
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Figure 2.12. PCoA plot of apple root zone microbiome among sites. 

 

 

 
 

 

 

 

 

 

 

 

Principal coordinate analysis (PCoA) plot based on Bray-Curtis dissimilarities of 

bacterial/archaeal and fungal OTUs and nematodes square root-transformed count data of 45 soil 

samples. The color represents 20 different sites. The environmental variables and nematodes that 

significantly correlated with the microbial community structure are indicated by the arrows (p-

val < 0.05).  
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Figure 2.13. PCoA plot of apple root zone microbiome among rootstocks. 

 
 
 
 
 
 

 

 

 

 

 

 

Principal coordinate analysis (PCoA) plot based on Bray-Curtis dissimilarities of 

bacterial/archaeal and fungal OTUs and nematodes square root-transformed count data. The 

samples were plotted and grouped based on rootstocks as illustrated by the colored circles on the 

plot. The environmental variables and nematodes that significantly correlated with the microbial 

community structure are indicated by the arrows (p-val < 0.05). 
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Figure 2.14. Occupancy vs. abundance plots of apple root zone microbiome 

 

 
 

 

 

 

 

 

 

 

 

Occupancy vs. abundance plots of bacteria and archaea (A) and fungi (B). Each point represents 

OTU. Core microbiomes, the OTUs with occupancy of 1, are marked based on phylum.  
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Supplemental Information 
 
Discussion of the core members of the apple root zone 

Identification of core microbiomes provides us a valuable information of key player of 

microbial community in ecological niches. Even though each orchard site had different 

environmental condition and soil properties, there were microbial taxa that were prevalent in all 

soil samples. Core taxa shared among different orchard sites or rootstock genotypes are 

hypothesized to have important roles in plant-microbe and/or microbe-microbe interactions (1). 

Here, we highlight some of the major groups we detected among the core in the apple root zones 

in Michigan, and what is known about their relationships with apple specifically or with soil 

more generally.   

I. Archaea and bacteria  

The most abundant core taxon (though, still less than 1% relative abundance) identified in 

the study was uncultured archaeon of family Nitrososphaeraceae, phylum Thaumarchaeota. This 

archaeal taxa belongs to ammonia-oxidizing archaea (AOA) that commonly found in soil in high 

abundance and has important role in Nitrogen (N) cycling (2). Our study found that this archaeal 

core taxa dominated over bacterial core taxa. Even though AOA typically identified in high 

abundance in aquatic ecosystem (3, 4), previous study reported that AOA were more abundant 

than ammonia-oxidizing bacteria (AOB) in all pristine and agricultural soil samples and it 

suggested that AOA may represent the most abundant ammonia-oxidizing microbes in soil (5). 

Bacterial core taxa that play important roles for N cycling identified in this study such as N-

fixers, Bradyrhizobium; nitrite-oxidizers, Nitrospira; ammonia-oxidizers, Nitrosomonadaceae; 

and nitrate-reducers, Opitutus.  
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We found Acidobacteria subgroup 6 included in core taxa and Navarrete et al. (6) 

described this group as one of the most abundant Acidobacteria in soil. As mentioned above that 

soil characteristics strongly impact microbial communities, the abundance of Acidobacteria in 

soil may regulate by soil pH (7). In this study, we found that soil pH had explanatory value to the 

microbial communities in apple root zone and the differences of Acidobacteria abundance among 

sites may reflect the differences of soil pH. Family Chitinophagaceae had been found in high 

abundance among bacterial core taxa. Comparison of bacterial abundance between rhizosphere 

soil of healthy and putative replant disease apple trees revealed that Acidobacteria and 

Chitinophagaceae were present in significantly greater abundance of rhizosphere soil from 

healthy trees (8). Thus, these bacterial groups may have positive roles in maintaining healthy 

soil.   

Member of genus Pseudomonas are commonly associated with plants and have various 

relationships from antagonistic to beneficial (9-11). Specific to apple and multi-trophic 

interactions, a recent study showed that Pseudomonas had the ability to reduce plant parasitic 

nematode abundance, Pratylenchus penetrans, in apple seedlings (12). Pseudomonas and 

Burkholderiaceae belong to Gammaproteobacteria which is a class of core bacteria with the 

highest number of taxa in our results.   

There were several bacterial lineages in the core about which we have less knowledge. 

For example, Candidatus Udaeobacter belongs to phylum Verrucomicrobia and it is one of the 

most abundant taxa found in soil (13) as well as in this study. We also found a potential 

antagonist, Arthrobacter, that had been reported present in greater abundance in rhizosphere of 

apple orchard under a replanting system rather than a perennial system (14). Finally, we also 

detected Candidatus Xiphinematobacter in bacterial core taxa. Candidatus Xiphinematobacter is 
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bacterial endosymbiont that closely associated with plant-parasitic dagger nematode, Xiphinema 

americanum (15).This suggests the presence of the nematode in the apple root zone. Several 

studies found the X. americanum nematode to be abundant in apple orchards and can cause root 

necrosis and suppress the growth of young trees (16-18).   

II. Fungi  

There were two species of Fusarium, F. oxysporum (mean relative abundance of 0.88%) 

and Fusarium sp. (mean relative abundance of 0.03%), that were present in all soil samples and 

belong to fungal core taxa. The Fusarium genus is diverse and contains species that range from 

highly pathogen to beneficial for plant growth (19), and some members of Fusarium have been 

associated with apple replant disease or found in abundance in soils replanted with young apple 

trees (19-21). While the functional role of Fusarium for apple trees remains unclear, the 

consistent detection of Fusarium in apple orchards (21, 22) and all root zone soils included in 

our study indicates that several Fusarium are likely core member.  

We also detected Tetracladium, Solicoccozyma, Cystofilobasidiales, and Mortierella in 

high abundance among all fungal core taxa. Similar with Fusarium, Mortierella is composed of 

numerous species with wide range of type of association with plant, thus there is more to learn 

about their relationship with the apple tree.  

III. Nematodes  

We assessed nematodes communities in apple rhizosphere. We identified groups of 

nematodes that represented various dietary preferences, including herbivores, fungal feeders, 

bacterial feeders, omnivores, and carnivores. A group of nematodes, Rhabditidae, had the highest 

abundance and occupancy across soil samples, followed by fungal feeders. As bacteria are the 

most abundant soil microorganisms, nematodes that feed on bacteria are also commonly found in 
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soil. The study on the functional diversity of nematodes also showed that bacterial feeders were 

the most abundant group in the Fynbos, South Africa (23). Tylenchus and Aphelenchus are 

fungal feeders and they have been found in high abundance in cropping system soils (24). 

Several species of Tylenchus had been isolated and identified from different apple orchards in 

Europe (25). Dagger and Lesion are plant-parasitic nematodes that can cause plant diseases and 

we reported that they also had high distribution across apple rhizosphere soil samples. We found 

that nitrate nitrogen (NO3N) had explanatory value for the nematode communities. This finding 

agrees with a previous study that reported that free-living nematodes such as bacterial and fungal 

feeders abundances greatly correlated with soil N and P, respectively, in the field (26). 
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CHAPTER 3: Endophytic microbiome variation among single plant seeds 
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Abstract 

Like other plant compartments, the seed harbors a microbiome. The members of the seed 

microbiome are the first to colonize a germinating seedling, and they may initiate the trajectory 

of microbiome assembly for the next plant generation. Therefore, the members of the seed 

microbiome are important for the dynamics of plant microbiome assembly and the vertical 

transmission of potentially beneficial symbionts. However, it remains challenging to assess the 

microbiome at the individual seed level (and, therefore, for the future individual plants) due to 

low endophytic microbial biomass, seed exudates that can select for particular members, and 

high plant and plastid contamination of resulting reads. Here, we report a protocol for extracting 

microbial DNA from an individual seed (common bean, Phaseolus vulgaris) with minimal 

disruption of host tissue, which we expect to be generalizable to other medium- and large-seed 

plant species. We applied this protocol to determine the 16S ribosomal RNA (rRNA) V4 and 

rRNA internal transcribed spacer (ITS)2 amplicon composition and examine the variability of 

individual seeds harvested from replicate common bean plants grown under standard, controlled 

conditions to maintain health. Using DNA extractions from individual seeds, we compared seed-

to-seed, pod-to-pod, and plant-to-plant microbiomes, and found highest microbiome variability 

at the plant level. This suggests that several seeds from the same plant could be pooled for 

microbiome assessment, given experimental designs that apply treatments at the parent plant 

level. This study adds protocols and insights to the growing toolkit of approaches to understand 

the plant-microbiome engagements that support the health of agricultural and environmental 

ecosystems.   
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Introduction 

Seed microbiomes offer a reservoir of microbiota that can be vertically passed from 

parent plants to offspring (1-3) and some of these members have plant-beneficial phenotypes (4-

7). Therefore, the seed microbiome is expected to play a key role in plant health and fitness (8), 

and especially in the assembly and establishment of the developing plant’s microbiome (9). This 

expected importance of the seed microbiome has fueled recent research activity to use high-

throughput sequencing to characterize the seed microbiomes of various plants (e.g., (10-15)). 

Seed microbiomes include microbial members that live on the seed surface as epiphytes 

and members that colonize inside the internal tissues of the seed as endophytes (16). Among 

these microbiome members, endophytes that closely associate with endosperm and embryo 

tissues are more likely to be transmitted to the next plant generations than are seed-associated 

epiphytes (16, 17). By itself, an endophytic association does not confirm that there is a functional 

benefit or co-evolutionary relationship between the plant and the microbiome member (16). 

However, endophytic microbes offer the first source of inoculum for the germinating seedling (as 

reviewed in (16); (18)), and given the potential for priority effects or pathogen exclusion, these 

members can have implications for the mature plant's microbial community composition or 

structure. Therefore, understanding the endophytic seed microbiome is expected to provide 

insights into how seeds can facilitate microbiome assembly and the vertical transmission of 

microbiome members over plant generations.   

As is true for other plant compartments, different plant species or divergent crop lines, 

varieties, or cultivars often have different seed microbiome composition (taxonomic identities of 

members) or structure (relative contributions of taxa to the community) (7, 19-21). However, 

many seed microbiome studies have reported generally high variability across seed samples from 
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the same plant type and treatment (6, 7, 22), with strong explanatory value of either seed origin 

or seed lot, geographic region or soil edaphic conditions (10, 20, 21). While these insights may 

call into question the proportion of “inherited” versus acquired seed microbiome members, the 

high microbiome variability may be in part due to methods applied to extract the microbial DNA 

from the seed compartment, and different methods applied across studies. For instance, some 

studies surface sterilize the seeds while others do not, some germinate the seed prior to 

microbiome analysis while others do not, and so on. One source of microbiome variability could 

be the common practice of the pooling of many seeds from the same or different plants to 

produce a composite seed microbiome sample for DNA extraction. Because multiple seeds are 

investigated at once, it is unclear at what level the most microbiome variability is highest: the 

seed, the pod or fruit, the plant, or the field or treatment. This information is required to 

determine the necessary sample size in well-powered experimental designs. More importantly, 

the question of vertical transmission cannot directly be addressed without seed microbiome 

assessment of an individual. 

 Our study objectives were to (i) determine the appropriate observational unit of 

endophytic seed microbiome assessment for common bean (Phaseolus vulgaris L.) by examining 

seed-to-seed, pod-to-pod, and plant-to-plant variability in 16S ribosomal RNA (rRNA) V4 and 

rRNA internal transcribed spacer (ITS)2 amplicon analyses; and (ii) develop a robust protocol 

for individual seed microbiome extraction that could be generally applied to other plants that 

have similarly medium- to large- sized seeds. Here, we use a working definition of seed 

endophyte as the microbes internal to the ungerminated seed, including under the seed coat and 

within the internal compartments (cotyledon, radical, hypocotyl, plumule), but excluding those 

on the surface of the seed coat. Our rationale for applying this working definition is to 
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distinguish microbes that are more likely acquired via the parent plant from those that may have 

been acquired via the seed surface contact with the environment. We found that plant-to-plant 

variability under controlled growth conditions exceeded within-plant variability among different 

pods and conclude that seeds can be pooled by parent plant (but not across different plants) in 

study designs that aim to compare seed microbiomes resulting from treatments applied at the 

level of the individual plant (e.g., the experimental unit is one plant). 

 

Materials and Methods 

Growth conditions for parent plants 

We used common bean  P. vulgaris L. ‘Red Hawk’, a dark red kidney bean developed at 

Michigan State University (23) which belongs to the Andean lineage (24). The seeds used to 

grow the parental plants originated from Michigan State University’s Agronomy Farm located in 

East Lansing, MI, U.S.A., and were harvested following standard agricultural practices. 

 Because we targeted the endophytic seed microbiome, surface sterilization of the bean 

seeds was conducted before germination and planting. To sterilize, seeds were soaked in a 

solution of 10% bleach with 0.1% Tween 20 for 15 minutes, then rinsed four times with sterile 

water. The final rinse water was plated on tryptic soy agar and potato dextrose agar plates to test 

for sterilization efficacy. Sterilized seeds were placed in Petri dishes on sterile tissue paper 

moistened with sterile water, and allowed to germinate in the dark for 4 days. After 4 days, the 

radicle had emerged and the germinated seeds were transferred to the growth chamber. The 

germinated seeds were planted in three 4.54-liter (1-gal.) pots filled with a 50:50 (vol/vol) 

mixture of agricultural bean field soil and vermiculite. The pots were placed in a BioChambers 

model SPC-37 growth chamber with a cycle of 14 h/day and 10 h/night cycle at 26°C and 22°C, 
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respectively, 260 mE light intensity, and 50% relative humidity. All plants received 300 ml of 

water every other day and 200 ml of half-strength Hoagland solution (25) once a week.   

 

Study design 

We planted three germinated seeds per pot and culled to one seedling per pot at the early 

vegetative growth stage. There were three plant replicates designated as A, B, and C, grown 

under the above-described conditions for normal, healthy growth. The three plants yielded 

different numbers of pods and seeds, and we aimed to balance and maximize the number of 

seeds used for analysis across plants (Table 3.1).  

 

Seed harvest and endophyte microbial DNA extraction  

Once the plants reached maturity at the R9 growth stage (yellowing leaves and dry pods), 

the seeds were harvested for endophytic microbiome analysis. Seeds were distinguished by plant 

and pod. The endophytic microbiome of each seed was extracted and sequenced individually. To 

extract the endophytic microbial DNA, a protocol was adapted from Barret et al. (8) and  Rezki 

et al. (26). First, the seeds were surface-sterilized as above and the seed coat was carefully 

removed using sterilized forceps. Each seed was then soaked in 3 ml of phosphate-buffered 

saline solution with 0.05% Tween 20 (hereafter, “soaking solution”) overnight at 4°C with 

constant agitation of 170 rpm. Because low levels of microbial biomass are expected in single 

seed extractions, positive and negative controls were included in the extraction protocol. This 

ensures that, if no extractable microbial DNA is present in a sample that it is representative of the 

sample, rather than the extraction methods. A mock community was used as a DNA extraction 

positive control by adding one, 75-µl aliquot of the ZymoBIOMICS Microbial Community 



 128 

Standard (Zymo Research, Irvine, CA, U.S.A.) to 3 ml of the soaking solution immediately prior 

to conducting the extraction protocol. Sterile soaking solution (3 ml) was used as a negative 

DNA extraction control. 

After soaking overnight, the samples were centrifuged at 4,500 x g for 60 min at 4°C to 

pellet any material that had been released from the seed tissues. After centrifugation, the seed 

was removed, and the pelleted material was resuspended in 1 to 2 ml of supernatant (soaking 

solution) and transferred to a microcentrifuge tube for DNA extraction using the E.Z.N.A 

Bacterial DNA Kit (Omega Bio-tek, Inc. Norcross, GA, U.S.A.). The manufacturer’s 

centrifugation protocol was used with minor modifications. Specifically, the pelleted seed 

material was suspended in Tris-EDTA buffer (step 4), the incubation for the lysozyme step was 

extended to 20 min, 30 µl of elution buffer was used, and the elution step was extended to a 15-

min incubation. These modifications were performed to maximally recover the limited amount of 

microbial DNA expected from a single seed. We detail the standard operating protocol and 

provide notes on the alternatives that we tested in optimizing this protocol in the Supplementary 

Material. 
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Table 3.1. Parent plant yield information and seed samples used in microbiome analyses 

 

Plant 
Number produceda Sequencing samplesb 

Pods Seed Pods Seeds 

A 5 22 
A1 4c 
A2 4 
A3 4 

B 6 29 

B1 4c 
B2 4 
B3 4 
B4 4 
B5 4 
B6 4 

C 7 26 
C5 3 
C6 4 
C7 4 

a Number of seeds per pod varied from 2 to 6. 
b Sequencing samples for 16S ribosomal RNA (rRNA) V4 and rRNA internal transcribed spacer 

(ITS)2 (n = 47 for bacteria or archaea and n = 45 for fungi) were grouped by plant. 
c Unable to amplify rRNA ITS2 target DNA in one (of the four total) seed samples. 
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PCR amplification and amplicon sequencing 

To confirm successful DNA extraction from the seed pellet, DNA quantification and 

target gene PCR assays were performed. First, the DNA extracted from the seed samples and the 

positive and negative controls were quantified using the Qubit dsDNA BR Assay Kit 

(ThermoFisher Scientific, Waltham, MA, U.S.A.). Then, PCR amplification and sequencing of 

the V4 region of 16S rRNA bacterial or archaeal gene and the ITS2 region of the fungal rRNA 

gene were performed. The V4 region of 16S rRNA gene amplification was conducted using 515f 

(5’-GTGCCAGCMGCCGCGGTAA-3’) and 806r (5’-GGACTACHVGGGTWTCTAAT-3’) 

universal primers (27) under the following conditions: 94°C for 3 min, followed by 35 cycles of 

94°C for 45 s, 50°C for 60 s, and 72°C for 90 s; with a final extension at 72°C for 10 min. The 

amplification was performed in 25-µl mixtures containing 12.5 µl GoTaq Green Master Mix 

(Promega Corp., Madison, WI, U.S.A.), 0.625 µl of each primer (20 µM), 2 µl of DNA template 

(approximately 1 ng/µl), and 9.25 µl nuclease-free water. The amplicon DNA (concentration of 

approximately 1 ng/µl) was sequenced at the Research Technology Support Facility (RTSF) 

Genomics Core, Michigan State sequencing facility using the Illumina MiSeq platform v2 

Standard flow cell. The sequencing was performed in a 2-by-250-bp paired-end format.  

The PCR amplification of the rRNA ITS2 region was performed using ITS86f (5’-

GTGAATCATCGAATCTTTGAA‐3′) and ITS4 (5’- TCCTCCGCTTATTGATATGC-3’) 

primers (28) with addition of index adapters by the RTSF Genomics Core. The PCR 

amplification of the rRNA ITS2 was conducted under the following conditions: 95°C for 2 min, 

followed by 40 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min; with a final extension 

at 72°C for 10 min. The amplification was performed in 50-µl mixture containing 20 µl GoTaq 

Green Master Mix (Promega Corp.), 1 µl of each primer (10 µM), 1 µl of DNA template 
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(approximately 1 ng/µl), and 27 µl nuclease-free water. The PCR products were purified using 

QIAquick PCR Purification Kit (Qiagen, Hilden, Germany). Purified PCR products with a 

concentration range 6 to 10 ng/µl were sequenced at the RTSF Genomics Core using Illumina 

MiSeq platform v2 Standard flow cell and 2-by-250-bp paired-end format. 

 

Sequence analysis 

The USEARCH pipeline (v.10.0.240) was used to merge paired-end bacterial/archaeal 

raw reads, filter for low-quality sequences, dereplicate, remove singletons, denoise, and check 

for chimeras (29). An in-house open reference strategy was performed for operational taxonomic 

unit (OTU) clustering (30). First, closed-reference OTU picking was performed by clustering the 

quality filtered reads against the SILVA database (v.132) (31) at 97% identity using USEARCH 

algorithm (usearch_global command) (32). Then, a de novo OTU picking process was performed 

on the reads that failed to match the reference using UPARSE-OTU algorithm (cluster_otus 

command) (33) at 97% identity. Finally, closed-reference and de novo OTUs were combined 

into a full set of representative sequences. The merged sequences were then mapped back to the 

representative sequences using the usearch_global command.  

Sequence alignment, taxonomy assignment, non-bacteria/archaea filtering, and 

phylogenetic diversity calculation were performed using QIIME 1.9.1 (34). The representative 

sequences were aligned against the SILVA database (v.132) (31) using PyNAST (35). The 

unaligned OTUs and sequences were excluded from the OTU table and the representative 

sequences file, respectively. Taxonomy assignment was performed using the default classifier 

method (UCLUST algorithm) at a minimum confidence of 0.9 (32) using SILVA database 

(v.132) as the reference. Plant contaminants (chloroplast and mitochondria) and unassigned taxa 
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were removed from the OTU table and the representative sequences using 

filter_taxa_from_otu_table.py and filter_fasta.py command (Appendix C Figure 10). Filtering 

the microbial contaminants from the OTU table was conducted in R (v.3.4.2; R Core 

Development Team) using the microDecon package (36). Reads were normalized using 

cumulative sum scaling (CSS) method in metagenomeSeq Bioconductor package on R (37). 

The fungal ITS raw reads were processed using the USEARCH (v.10.0.240) pipeline. 

Read processing included merging paired-end reads, removing primers using cutadapt (v.2.1) 

(38), dereplication, and singleton removal. OTUs were picked and chimeras removed using de 

novo clustering at 97% identity threshold with the UPARSE-OTU algorithm (cluster_otus 

command) (33). Then, all merged sequences were mapped to the clustered reads using 

usearch_global command to generate an OTU table. Fungal taxonomic classification was 

performed in CONSTAX (39) using RDP Classifier (v.11.5) (40, 41) at a minimum confidence 

of 0.8 and with the UNITE reference database (release 12 January 2017). Plant and microbial 

contaminants removal and read normalization were performed in R (v.3.4.2). Plant contaminants 

were removed from the OTU table by filtering out OTUs that were assigned into Kingdom 

Plantae (Figure 3.6 Appendix B). Microbial contaminants were removed using the microDecon 

package (36). The CSS method from the metagenomeSeq Bioconductor package was performed 

to normalize the fungal reads (37). 

 

Microbial community analysis  

Microbiome statistical analyses were conducted in R (v.3.4.2) (R Core Development 

Team). Microbial alpha and beta diversity were calculated on the CSS-normalized OTU table 

using the vegan package (v.2.5-7) (42). Richness (count of observed OTUs) and Faith’s 
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phylogenetic diversity were used to analyze the bacterial or archaeal alpha diversity. For fungal 

alpha diversity, we used richness. The evenness of the seed microbiomes was visualized using 

rank-abundance curves (Phyloseq package v.1.28.0) in R (43). Differences in alpha diversity 

among plants and pods were determined by fitting the linear mixed-effects model (LMM) using 

the lme function of the nlme package (v.3.1-152) (44). We performed LMM because the study 

has an unbalanced nested design with pod as the random factor, nested within plant as the fixed 

factor. Microbial composition and relative abundance were analyzed using the Phyloseq package 

(v.1.28.0) in R (43).  

Beta diversity was calculated using Jaccard distances and visualized using principal 

coordinate analysis (PCoA) plot. We used the Jaccard index, which is based on presence-absence 

(unweighted), rather than a metric based on relativized abundance (weighted) because we 

reasoned that the seed microbiome members are likely to be dormant inside the seed prior to 

germination (45), and that any differences in relative abundances are not directly attributable to 

competitive fitness outcomes inside the seed. Furthermore, exponential growth would allow that 

any viable cell successfully packaged and passaged via the seed could, in theory, successfully 

colonize the new plant. Finally, consistent host-selection or enrichment (that may favor some 

taxa over others) cannot be assessed directly with our experimental design because we do not 

have data from multiple plant generations. For comparison, we also provide an assessment of 

beta diversity using the weighted Bray-Curtis dissimilarity (Figure 3.7 Appendix B), but caution 

against over-interpreting abundance-weighted analyses for the reasons listed above.  

Nested permutational multivariate analysis of variance (PERMANOVA) using the 

function nested.npmanova from the BiodiversityR package (46) was performed to assess the 

microbial community composition and structure among plants and pods. We performed 
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multivariate analysis to check the homogeneity of dispersion (variance) among groups using the 

function betadisper (42). We performed PERMDISP to test the significant differences in 

dispersions between groups and Tukey’s honestly significant difference (HSD) test to determine 

which groups differ in relation to the dispersions (variances). 

Power analysis and sample size were calculated using the pwr.t.test function from the 

pwr package (v.1.3-0). We performed power analysis of two-category t test. Because the most 

microbiome variability was observed across plants, we pooled individual seed sequence profiles 

in silico at the parent plant level for this analysis. We calculated Cohen’s d effect size given the 

information of mean (M) and standard deviation (SD) of bacterial/archaeal alpha diversity 

(richness and phylogenetic diversity) from three plant samples from this study: plant A (n = 12; 

richness: M = 30.58, SD = 6.42,  phylogenetic diversity: M = 4.17, SD = 0.89), plant B (n = 24; 

richness: M = 18.21, SD = 7.35, phylogenetic diversity: M = 2.92, SD = 0.82) and plant C (n = 

11; richness: M = 19.09, SD = 10.95, phylogenetic diversity: M = 3.09, SD = 1.39). We 

calculated the common SD (σ pool of all groups) using the above information; then, we 

calculated Cohen’s d effect size for both richness and phylogenetic diversity. Cohen’s d effect 

size was defined by calculating the difference between the largest and smallest means divided by 

the square root of the mean square error (or the common SD). Power analysis was run with 

Hedges’s g effect size (corrected with Cohen’s d effect size) and significance level of 0.05. 

 Here we defined shared microbiome members (sometimes referred to as a “core”) as 

microbial taxa that were shared and detected in all considered samples. Taxon occupancy is the 

proportion of samples in which the taxa are detected, with an occupancy of 1, meaning that the 

taxon was detected in all samples (47). We report the taxa that were shared across seeds 

originating from different plants, and across seeds that originated from the same plant.   
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Data and code availability  

The computational workflows for sequence processing and ecological statistics are 

available on GitHub (https://github.com/ShadeLab/Bean_seed_variability_Bintarti_2021). Raw 

sequence data of bacteria/archaea and fungi have been deposited in the Sequence Read Archive 

(SRA) NCBI database under Bioproject accession number PRJNA714251. 

 

Results 

Sequencing summary and microbiome coverage 

 In total, 5,056,769 16S rRNA V4 and 8,756,009 rRNA ITS2 quality reads were generated 

from 47 DNA samples isolated from individual seeds for bacteria or archaea, and from 45 

samples for fungi. We removed >90% of reads that were plant contaminants (Figure 3.6 

Appendix B), resulting in 17,128 and 67,878 16S rRNA bacterial or archaeal and rRNA ITS2 

fungal reads, respectively. After removing plant and microbial contaminants, we determined 211 

bacterial or archaeal and 43 fungal OTUs defined at 97% sequence identity. Although the 

majority of individual seeds from plants A and B had exhaustive to sufficient sequencing effort, 

some seeds from plant C did not (Figure 3.1A). However, the fungal rarefaction curves reached 

asymptotes and had sufficient sequencing depth (Figure 3.1B). Both bacterial or archaeal and 

fungal seed microbiomes were highly uneven, with few dominant and many rare taxa, as is 

typical for microbiomes (Figure 3.1C and 3.1D).  
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Figure 3.1. Rarefaction curves of common bean seed microbiome. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Rarefaction curves of A, bacteria or archaea and B, fungi from individual seeds (marked) at 97% 

of clustering threshold were constructed by plotting the operational taxonomic unit (OTU) 

number after decontamination (microbial and plant contaminants removed) to the sequence 

(read) number. Each curve represents microbiome sequence data from microbial DNA extraction 

from an individual seed. Rarefaction curves were constructed using the vegan package (v2.5-4). 

Rank abundance curve of decontaminated and normalized C, bacterial or archaeal and D, fungal  
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Figure 3.1 (cont’d) 

OTU tables. Samples (n = 47 and n = 45 for bacteria or archaea and fungi, respectively) were 

grouped by plant. 
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Microbiome diversity 

There were differences in bacterial or archaeal community richness among seeds from 

different plants (LMM; df = 2, F value = 6.91, P value = 0.015) (Figure 3.2A), where plant B 

and C had lower seed richness than plant A (Tukey’s HSD post hoc test; P value = 0.001 and 

0.006, respectively). However, bacterial or archaeal community richness among seeds from pods 

collected from the same plant were not different (LMM, P value > 0.05) (Figure 3.2B). 

Similarly, bacterial or archaeal phylogenetic diversity were different among seeds collected from 

different plants (LMMs; df = 2, F value = 6.56, P value = 0.003) (Figure 3.2C) but not among 

seeds from pods within the same plant (LMM, P value > 0.05) (Figure 3.2D). Plants B and C 

had lower seed microbiome bacterial or archaeal phylogenetic diversity compared with plant A 

(Tukey’s HSD post hoc test, P value = 0.001 and 0.013, respectively). We observed no 

differences in fungal richness among seeds from different plants (LMM; df = 2, F value = 

1.11, P value = 0.37) (Figure 3.2E) and among seeds from pods within the same plant (LMM, P 

value > 0.05) (Figure 3.2F). To summarize, these results suggest that seed bacterial or archaeal 

alpha diversity but not fungal diversity varied plant to plant. 
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Figure 3.2. Alpha diversity of common bean seed microbiome among plants and pods. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A, Bacterial or archaeal richness in seeds among plants were different (linear mixed-effects 

model [LMM] P value = 0.015) B, but not among pods within plant (P value > 0.05). C, 

Bacterial or archaeal phylogenetic diversity in seeds among plants were different (LMM P value 

= 0.003) D, but not among pods within a plant (P value > 0.05). E, Fungal richness in seeds was 

not different among plants (LMM P value = 0.37) and F, among pods within a plant (P value > 
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Figure 3.2 (cont’d) 

0.05). Here, each point represents the microbiome richness from a microbial DNA extraction 

from an individual seed. 
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We detected a difference in seed bacterial or archaeal community composition among 

plants (nested PERMANOVA, df = 2, F value = 2.94, R2 = 0.12, P value = 0.002) (Figure 3.3A) 

but, again, not among pods from the same plant (nested PERMANOVA, df = 9, F value = 

0.99, R2= 0.18, P value = 0.63). Though separation among pods and plants are not obvious on the 

PCoA for the fungal seed microbiomes, we detected modest differences in fungal community 

composition among seeds from different plants (nested PERMANOVA, df = 2, F value = 

1.69, R2 = 0.09, P value = 0.004) (Figure 3.3B), but not among seeds from pods from the same 

plant (nested PERMANOVA, df = 9, F value = 1.17, R2 = 0.25, P value = 0.11). An analysis of 

beta dispersion revealed that there were differences in seed microbiome dispersion across 

different plants for bacterial or archaeal communities (PERMDISP, df = 2, F value = 63.94, R2 = 

0.74, P value = 0.001) (Figure 3.3C) but not for fungal communities (PERMDISP, df = 

2, F value = 0.89, R2 = 0.05, P value = 0.4) (Figure 3.3D). These results are qualitatively the 

same for analyses based on community structure as assessed by Bray-Curtis dissimilarity 

(Figure 3.7 Appendix B). Therefore, statistical differences in the seed microbiome across plants 

for the bacteria or archaea may be attributed to either centroid or dispersion, whereas fungal seed 

communities were different by centroid. 
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Figure 3.3. Beta diversity visualizations of common bean seed microbiome based on 
Jaccard index. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Principal coordinate analysis (PCoA) plot based on unweighted Jaccard dissimilarities of A, 

bacterial or archaeal and B, fungal microbiomes and dispersion to centroid for each C, bacterial 

or archaeal and D, fungal microbiome. Each point represents microbiome data from microbial 

DNA extraction from an individual seed. Samples were plotted and grouped by plant as 

illustrated by different colors. Each point represents a seed microbiome that is labeled by a plant 
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Figure 3.3 (cont’d) 

letter and a pod number. Significant differences in distance to centroid among seeds from 

different plants (C and D) are indicated with asterisks (*** = P value < 0.001). 
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Bean seed microbiome composition 

We identified 135 bacterial or archaeal and 49 fungal taxa at the genus level. The 

bacterial or archaeal individual seed communities were dominated by taxa from 

classes Gammaproteobacteria (50.47%), Bacilli (24.48%), Alphaproteobacteria (8.68%), 

and Bacteroidia (6.59%) (Figure 3.4A), and include Pseudomonas (13.58 %), Bacillus (10.2 %), 

Acinetobacter (9.5 %), Raoultella (7.09%), and Escherichia-Shigella (5.19%) as the major 

genera. Among members of the class Alphaproteobacteria, we also found genera 

Bradyrhizobium and Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium with relative 

abundance of 2.57 and 0.85 %, respectively. Although seed fungal community composition 

varied among plants and also pods within plant, the fungal community was dominated by taxa 

belonging to classes Dothideomycetes (22.77%), Agaricomycetes (16.61%), and Eurotiomycetes 

(14.44%) (Figure 3.4B), and the genera Aspergillus (14.44%), Capnodiales unidentified sp. 

23791 (9.27%), and Aureobasidium (8.28%). 

A key objective of this research was to understand the sources of variability in the 

individual bean seed microbiome to inform future study design. Because we found that the plant-

to-plant seed microbiome variability was highest when grown in control conditions, we 

performed a power analysis to determine how many plants would be required to observe a 

treatment effect from seed samples pooled per plant. To detect the effect of treatment on 

bacterial or archaeal richness and phylogenetic diversity, pooled seeds from 9 and 12 plants are 

needed for 16S rRNA richness and phylogenetic diversity, respectively, to achieve power of 0.8; 

and 13 and 19 plants to achieve power of 0.95 (Figure 3.5.). 
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Figure 3.4. Relative abundances of common bean seed microbiome. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bar plots represent mean relative abundances of A, bacterial or archaeal and B, fungal classes in 

seeds detected across plants. Each bar shows the average composition of individual seeds that 

were each extracted and analyzed from the same pod. For bacteria or archaea, each pod consisted 

of four seeds (except for C5; three seeds); and, for fungi, each pod consisted of three seeds 

(except for A3, B6, C6, and C7: four seeds). The endophyte microbiome was assessed from the 

DNA extracted from a single seed collected from each pod. Bacterial or archaeal and fungal  
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Figure 3.4 (cont’d) 

classes with mean relative abundances of less than 10% were grouped into the “Other” 

classification, which includes many lineages (not monophyletic). 
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Figure 3.5. Power analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

Analysis of power revealed that an effect of treatment on the 16S ribosomal RNA bacterial or 

archaeal A, α diversity (richness) and B, phylogenetic diversity would be detectable in 12 plants 

at a power of 0.8. Because the highest seed microbiome variability was at the parent plant level, 

individual seed microbiome sequence profiles were pooled in silico by plant to perform this 

power analysis at the individual plant level. 
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Shared taxa among seeds and plants 

We explored the microbial taxa shared across all seed samples, detected across all three 

plants, and also shared among all seeds within one plant (Table 3.2 Appendix A). Although 

there were no bacterial or archaeal taxa detected and shared among all seeds, there were 11 taxa 

detected in more than half of seed samples (occupancy > 0.5, n = 47), and taxa from genus 

Bacillus were most common. Other bacterial or archaeal taxa found in more than half of seeds 

were assigned to the genera Stenotrophomonas, Raoultella, Pseudomonas, Lactobacillus, 

Acinetobacter, Listeria, Bradyrhizobium, and Entereococcus. There were no fungal taxa shared 

among seeds. One fungal taxon from the genus Aspergillus was detected in ∼30% of the seeds. 

In all, 54 bacterial or archaeal taxa were detected and shared across all plants, and these 

belonged to belonged to phyla Proteobacteria (Gammaproteobacteria = 21 OTUs, and 

Alphaproteobacteria = 6 OTUs), Firmicutes (13 OTUs), Actinobacteria (7 OTUs), Acidobacteria 

(4 OTUs), Chloroflexi (1 OTU), Bacteroidetes (1 OTU), and Verrucomicrobia (1 OTU). There 

were seven fungal taxa detected and shared across all plants, and these belonged to classes 

Eurotiomycetes (1 OTU), Dothideomycetes (2 OTUs), Sordariomycetes (1 OTU), 

Malasseziomycetes (1 OTU), Agaricomycetes (1 OTU), and one unindentified fungal taxon 

(Table 3.2 Appendix A). Together, these results suggest the taxa that should be explored further 

to understand any importance to the host and their consistency and rates of transmission from 

plant parent to offspring. 

 

Discussion 

There remain gaps in our understanding of the persistence and assembly of seed 

microbiome members, especially across plant generations, and which microbiome members are 
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beneficial and actively selected by, or even coevolved with, the host. Here, we investigated the 

variability of the common bean microbiome at the resolution of the individual seed, which is the 

unit that delivers any vertically transmitted microbiome to the offspring. Because multiple 

legume seeds within a pod develop as a result of a single flower pollination, one simple 

hypothesis is that the individual seeds within a pod may harbor a highly similar microbiome if 

the floral pathway of assembly is prominent. However, recent work has suggested that the 

endophytic seed microbiome of green bean varieties of common bean likely colonize 

predominantly via the internal vascular pathway, and not the floral pathway (9), which may 

result in more homogeneity among seed microbiomes of the same plant. Our data support this 

finding, because seeds from different pods in the same plant (and, therefore, a common vascular 

pathway across pods) had relatively low microbiome variability, especially compared across 

plants. It is expected that the vascular pathway of seed microbiome assembly is more likely to 

colonize the internal seed compartments (e.g., embryo) and, therefore, more likely to be 

vertically transmitted (17). It is as-yet unclear whether plant species that have a stronger relative 

importance of the floral pathway in seed microbiome assembly may exhibit higher microbiome 

variability at the pod or fruit level. Such an outcome may indicate that the experimental unit 

should, instead, be the pod level rather than the plant level for plant species dominated by floral 

assembly pathways. 

There are many challenges in analyzing the microbiome of seeds generally and of a 

single seed in particular, which may be why cultivation-independent studies of single seeds are 

few (48). Previous studies showed that seeds have low microbial biomass and diversity (4, 9, 

49), especially relative to other plant compartments or soil. Therefore, many studies pool seeds 

to analyze the aggregated microbiome of many seeds and to get enough microbial biomass for 
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microbial DNA extraction (4, 6, 19-21, 50). Generally, microbiome samples that have low 

biomass have numerous challenges in sequence-based analysis, as discussed elsewhere (51, 52). 

First, unknown contaminants, either from nucleic acid kits or from mishandling of the samples, 

can have relatively high impact on the observed community composition and, thus, extraction 

and PCR controls are needed for assessment of contaminants and subtraction of suspected 

contaminants from the resulting community (53). Second, the sparse datasets (e.g., many zero 

observations for many taxa in many samples) generated from low-biomass samples often require 

special statistical consideration and data normalization (54, 55). 

Plant host contamination of the microbiome sequence data are another consideration 

expected with analysis of the seed, and this challenge also applies to other plant compartments 

(56, 57). For 16S rRNA amplicon sequencing, the contaminant reads typically derive from host 

mitochondria and chloroplasts but rRNA ITS2 or 18S amplicon analysis may also have reads 

annotated as Plantae. Therefore, nucleic acid extractions may attempt minimal disturbance of the 

plant tissue that is the target of microbiome investigation; for example, grinding tissues to 

include in the extraction will result in higher plant DNA contamination than separating microbial 

biomass from intact tissue. The cost of this is that any microbes lodged tightly into the host tissue 

or persisting within host cells may be missed. 

For our study, we wished to understand the microbiome with which a dormant seed 

begins. This is a key aspect of our approach, because it is known that seeds can exude both 

antimicrobials and attractants to select for particular microbial members early in microbiome 

assembly of the germinated seed and emerging seedling (9, 58), and there is an active zone of 

plant and microbiome activity at the seed-soil interface of a germinating seed (the spermosphere) 

(59).Therefore, to target the native endophytic seed microbiome without also allowing the seeds 
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or seedling to select or filter particular members, we used dormant seeds and took care to 

minimally disrupt their tissues. Notably, many protocols have opted to first germinate seeds and, 

therefore, include the outcome of early plant selection on the observed seed microbiome (6, 7, 

19, 60). Though there are advantages and disadvantages to both germinated and dormant seed 

microbiome assessment, we reason that focus on the endophyte of the dormant seed is more 

likely to characterize taxa that have been transmitted from parent to seed. 

Taking all of these methodological aspects into consideration, this study presents a 

protocol and analysis pipeline for endophyte microbiome DNA extraction from a single dormant 

seed that experiences minimal tissue disruption in the extraction process, includes both positive 

and negative sequencing controls, and includes bioinformatic steps to identify contamination and 

remove host signal from the marker gene amplification. Notably, we chose to perform 

microbiome analysis based on a presence or absence (unweighted) taxon table rather than a table 

with relativized (weighted) taxon abundances. This was done in consideration of the ecology of 

the seed endophyte microbiome members to likely be dormant until germination (45) and, 

therefore, the differences in relativized abundances do not reflect differences in fitness outcomes 

inside the dormant seed. We acknowledge that relative abundances could reflect differential 

microbiome member recruitment by the host plant during seed formation; however, this is not 

the objective of the study and would be best addressed with a different design to determine the 

multigeneration consistency and transmission rates of any observed enrichments, which would 

be supported by assessment of the seed microbiome within individual seeds, and across plant 

generations. Finally, we acknowledge that the relatively prominent size of the edible common 

bean seed was to our study’s advantage, and that some other seeds (e.g., from some dicots) may 
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not be as accessible for sampling via this protocol as individual units because of their small size, 

structure, and challenges in removing the seed coat. 

In conclusion, individual seed microbiome assessment provides improved precision in 

our understanding of plant microbiome assembly and sets the stage for studies of vertical 

transmission. We found that seeds produced by an individual bean plant can be considered as a 

unit (for comparative treatment study designs), and that seeds produced by different plants are 

expected to have slightly different microbiomes, even if grown under the same, controlled 

conditions and in the same soil source. Future work may consider whether functional redundancy 

in plant-beneficial phenotypes across seed microbiome members may provide one mechanism 

for consistent outcomes in beneficial plant microbiome establishment. 
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APPENDIX A: Supplemental Table 
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Table 3.2. List of microbial taxa identified in more than half of total seed samples (occupancy > 0.5, n = 47 for 
bacteria/archaea); and microbial taxa shared across plants (occupancy = 1, n = 3) and across seeds within plant (occupancy > 
0.5) 

 
Across Total Seeds 

Bacterial/ 
archaeal  

OTU 
Occupancy 

(n = 47) Domain Phylum Class Order Family Genus Species 

KY64600
1.1.1573 

0.70 Bacteria Firmicutes Bacilli Bacillales Bacillaceae Bacillus NA 

AB74563
7.1.1513 

0.68 Bacteria Proteobacteria Gammaproteobacteria Xanthomonadales Xanthomonadaceae Stenotrophomonas uncultured bacterium 

EF528273
.1.1512 

0.66 Bacteria Firmicutes Bacilli Bacillales Bacillaceae Bacillus NA 

KF62518
6.1.1741 

0.64 Bacteria Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Raoultella 
Raoultella 
ornithinolytica 

DQ23419
2.1.1572 

0.60 Bacteria Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas NA 

AB36276
7.1.1576 

0.57 Bacteria Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus 
Lactobacillus 
fermentum 

EF517956
.1.1666 

0.57 Bacteria Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae Acinetobacter 
Acinetobacter sp. 
IGCAR-9/07 

LKHO01
000001.19

8.1803 
0.57 Bacteria Firmicutes Bacilli Bacillales Listeriaceae Listeria 

Listeria 
monocytogenes 

FPLS010
06697.30.

1498 
0.53 Bacteria Proteobacteria Alphaproteobacteria Rhizobiales Xanthobacteraceae Bradyrhizobium NA 

FR746074
.1.1400 

0.53 Bacteria Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas NA 

JUOP010
00215.81.

1657 
0.53 Bacteria Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus Enterococcus faecalis 
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Table 3.2 (cont’d) 
 

Across Plants 

Bacterial/ 
archaeal 

OTU 
Occupancy 

(n= 3) Domain Phylum Class Order Family Genus Species 

AB25290
3.1.1522 

1 Bacteria Proteobacteria Gammaproteobacteria 
Betaproteobacteri
ales 

Burkholderiaceae Delftia NA 

AB36276
7.1.1576 

1 Bacteria Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus 
Lactobacillus 
fermentum 

AB49196
3.1.1519 

1 Bacteria Proteobacteria Gammaproteobacteria 
Betaproteobacteri
ales 

Burkholderiaceae Alicycliphilus NA 

AB67217
9.1.1470 

1 Bacteria 
Actinobacteri
a 

Thermoleophilia Gaiellales Gaiellales Gaiellales uncultured bacterium 

AB74563
7.1.1513 

1 Bacteria Proteobacteria Gammaproteobacteria Xanthomonadales Xanthomonadaceae Stenotrophomonas uncultured bacterium 

AJ439344
.1.1502 

1 Bacteria 
Actinobacteri
a 

Actinobacteria Corynebacteriales Corynebacteriaceae Corynebacterium 1 NA 

AM74976
3.1.1392 

1 Bacteria Firmicutes Clostridia Clostridiales 
Clostridiales Family 
XVII 

Clostridiales 
Family XVII 

uncultured Clostridia 
bacterium 

AOKA01
000137.36
50.5241 

1 Bacteria Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas NA 

ARMF01
000004.65
2094.6535

75 

1 Bacteria Acidobacteria Acidobacteriia Solibacterales 
Solibacteraceae 
(Subgroup 3) 

Bryobacter 
uncultured 
Acidobacteria 
bacterium 

BCWL01
000265.64

6.2166 
1 Bacteria Proteobacteria Gammaproteobacteria 

Betaproteobacteri
ales 

Neisseriaceae Neisseria NA 

CCPS010
00022.154

.1916 
1 Bacteria Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae 

Escherichia-
Shigella 

Escherichia coli 

CP001965
.357388.3

58915 
1 Bacteria Proteobacteria Gammaproteobacteria 

Betaproteobacteri
ales 

Gallionellaceae Sideroxydans uncultured bacterium 
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Table 3.2 (cont’d) 
 

CP002739
.60209.61

784 
1 Bacteria Firmicutes Clostridia 

Thermoanaerobac
terales 

Thermoanaerobacter
ales Family III 

Thermoanaerobact
erium 

NA 

CP009312
.1832900.
1834429 

1 Bacteria 
Actinobacteri
a 

Actinobacteria Corynebacteriales Corynebacteriaceae Lawsonella uncultured bacterium 

CR93199
7.108684.
110210 

1 Bacteria 
Actinobacteri
a 

Actinobacteria Corynebacteriales Corynebacteriaceae Corynebacterium 1 NA 

CTEN010
00001.315
310.31685

6 

1 Bacteria Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus NA 

CZKG010
00048.337
82.35294 

1 Bacteria 
Actinobacteri
a 

Thermoleophilia 
Solirubrobacteral
es 

Solirubrobacteracea
e 

Solirubrobacterace
ae 

NA 

DQ23419
2.1.1572 

1 Bacteria Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas NA 

EF517956
.1.1666 

1 Bacteria Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae Acinetobacter 
Acinetobacter sp. 
IGCAR-9/07 

EF528273
.1.1512 

1 Bacteria Firmicutes Bacilli Bacillales Bacillaceae Bacillus NA 

EU79747
0.1.1498 

1 Bacteria Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas NA 

FJ538159.
1.1489 

1 Bacteria 
Actinobacteri
a 

Actinobacteria Frankiales Acidothermaceae Acidothermus 
uncultured soil 
bacterium 

FJ538164.
1.1471 

1 Bacteria Acidobacteria Acidobacteriia Acidobacteriales 
Acidobacteriaceae 
(Subgroup 1) 

Occallatibacter NA 

FJ624896.
1.1468 

1 Bacteria Proteobacteria Alphaproteobacteria Rhizobiales Beijerinckiaceae Roseiarcus uncultured bacterium 

FPID0100
0096.6.14

86 
1 Bacteria Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas metagenome 

FPLP010
01110.16.

1473 
1 Bacteria Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Paracoccus metagenome 

FPLS010
06697.30.

1498 
1 Bacteria Proteobacteria Alphaproteobacteria Rhizobiales Xanthobacteraceae Bradyrhizobium NA 
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Table 3.2 (cont’d) 
 

FPLS010
16296.23.

1536 
1 Bacteria Proteobacteria Gammaproteobacteria 

Gammaproteobac
teria Incertae 
Sedis 

Gammaproteobacter
ia Incertae Sedis 

Acidibacter NA 

FPLS010
34054.18.

1510 
1 Bacteria Proteobacteria Alphaproteobacteria Acetobacterales Acetobacteraceae Acetobacteraceae metagenome 

FPLS010
43838.10.

1533 
1 Bacteria Firmicutes Bacilli Bacillales Paenibacillaceae Paenibacillus metagenome 

FR746074
.1.1400 

1 Bacteria Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas NA 

GQ48345
8.1.1495 

1 Bacteria Proteobacteria Alphaproteobacteria Rhizobiales Rhizobiaceae 

Allorhizobium-
Neorhizobium-
Pararhizobium-
Rhizobium 

NA 

JF833468.
1.1560 

1 Bacteria Proteobacteria Gammaproteobacteria 
Gammaproteobac
teria Incertae 
Sedis 

Gammaproteobacter
ia Incertae Sedis 

Acidibacter 
uncultured gamma 
proteobacterium 

JN082536
.1.1536 

1 Bacteria Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae Acinetobacter NA 

JN868932
.1.1483 

1 Bacteria Proteobacteria Alphaproteobacteria Rhizobiales Xanthobacteraceae Xanthobacteraceae NA 

JUOP010
00215.81.

1657 
1 Bacteria Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus Enterococcus faecalis 

JX025749
.1.1465 

1 Bacteria Acidobacteria Acidobacteriia Acidobacteriales Acidobacteriales Acidobacteriales uncultured bacterium 

KC50295
1.1.1538 

1 Bacteria Proteobacteria Gammaproteobacteria Xanthomonadales Rhodanobacteraceae Rhodanobacter NA 

KF62518
6.1.1741 

1 Bacteria Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Raoultella 
Raoultella 
ornithinolytica 

KJ410541
.1.1362 

1 Bacteria Acidobacteria Acidobacteriia Acidobacteriales Acidobacteriales Acidobacteriales NA 

KJ878597
.1.1448 

1 Bacteria Proteobacteria Gammaproteobacteria Xanthomonadales Rhodanobacteraceae Dyella NA 

KJ955641
.1.1496 

1 Bacteria Firmicutes Bacilli Bacillales Paenibacillaceae Paenibacillus 
uncultured 
Paenibacillus sp. 

KM20044
8.1.1512 

1 Bacteria Proteobacteria Gammaproteobacteria 
Gammaproteobac
teria KF-JG30-
C25 

Gammaproteobacter
ia KF-JG30-C26 

Gammaproteobact
eria KF-JG30-C27 

NA 
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Table 3.2 (cont’d) 
 

KM21051
4.1.1481 

1 Bacteria Bacteroidetes Bacteroidia 
Sphingobacteriale
s 

Sphingobacteriaceae Nubsella NA 

KP73561
0.1.1442 

1 Bacteria Firmicutes Bacilli Bacillales Bacillaceae Bacillus Bacillus subtilis 

KR02698
2.1.1447 

1 Bacteria Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas NA 

KR02929
9.1.1517 

1 Bacteria Firmicutes Bacilli Bacillales Planococcaceae Sporosarcina NA 

KR08838
0.1.1569 

1 Bacteria Proteobacteria Gammaproteobacteria Aeromonadales Aeromonadaceae Aeromonas 
Aeromonas 
salmonicida 

KX75309
9.1.1468 

1 Bacteria Chloroflexi Chloroflexi AD3 Chloroflexi AD3 Chloroflexi AD3 Chloroflexi AD3 uncultured bacterium 

KY64600
1.1.1573 

1 Bacteria Firmicutes Bacilli Bacillales Bacillaceae Bacillus NA 

KY77746
3.1.1542 

1 Bacteria 
Actinobacteri
a 

Actinobacteria Micrococcales Micrococcaceae Micrococcus Micrococcus luteus 

LKHO01
000001.19

8.1803 
1 Bacteria Firmicutes Bacilli Bacillales Listeriaceae Listeria 

Listeria 
monocytogenes 

MTIS010
00005.194
7007.1948

557 

1 Bacteria Firmicutes Bacilli Bacillales Bacillaceae Bacillus Bacillus alkalitelluris 

Y07576.1.
1528 

1 Bacteria 
Verrucomicro
bia 

Verrucomicrobiae 
Chthoniobacteral
es 

Chthoniobacteracea
e 

Candidatus 
Udaeobacter 

NA 

Fungal 
OTU 

Occupancy 
(n= 3) Domain Phylum Class Order Family Genus Species 

OTU_14 1 Fungi Ascomycota Eurotiomycetes Eurotiales Aspergillaceae Aspergillus Aspergillus sydowii 

OTU_22 1 Fungi Ascomycota Dothideomycetes Dothideales Aureobasidiaceae Aureobasidium 
Aureobasidium 
pullulans 

OTU_26 1 Fungi 
Fungi 
unidentified 
sp 5909 

Fungi unidentified sp 
5909 

Fungi 
unidentified sp 
5909 

Fungi unidentified 
sp 5909 

Fungi unidentified 
sp 5909 

Fungi unidentified sp 
5909 

OTU_31 1 Fungi Ascomycota Sordariomycetes Xylariales 
Xylariales fam 
Incertae sedis 

Phialemoniopsis 
Phialemoniopsis 
curvata 

OTU_32 1 Fungi 
Basidiomycot
a 

Malasseziomycetes Malasseziales Malasseziaceae Malassezia Malassezia globosa 
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Table 3.2 (cont’d) 
 

OTU_7 1 Fungi 
Basidiomycot
a 

Agaricomycetes Polyporales Meruliaceae Phlebiopsis Phlebiopsis sp 16232 

OTU_9 1 Fungi Ascomycota Dothideomycetes Capnodiales 
Capnodiales 
unidentified sp 
23791 

Capnodiales 
unidentified sp 
23791 

Capnodiales 
unidentified sp 23791 

Across Seeds Within Plant A 

Bacterial/ 
archaeal 

OTU 
Occupancy 

(n= 12) Domain Phylum Class Order Family Genus Species 

AB36276
7.1.1576 

1 Bacteria Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus 
Lactobacillus 
fermentum 

AB74563
7.1.1513 

1 Bacteria Proteobacteria Gammaproteobacteria Xanthomonadales Xanthomonadaceae Stenotrophomonas uncultured bacterium 

CCPS010
00022.154

.1916 
1 Bacteria Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae 

Escherichia-
Shigella 

Escherichia coli 

EF528273
.1.1512 

1 Bacteria Firmicutes Bacilli Bacillales Bacillaceae Bacillus NA 

EU79747
0.1.1498 

1 Bacteria Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas NA 

FOVD010
00013.327

.1846 
1 Bacteria Bacteroidetes Bacteroidia Flavobacteriales Weeksellaceae Chryseobacterium NA 

FR746074
.1.1400 

1 Bacteria Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas NA 

JUOP010
00215.81.

1657 
1 Bacteria Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus Enterococcus faecalis 

KF62518
6.1.1741 

1 Bacteria Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Raoultella 
Raoultella 
ornithinolytica 

KY64600
1.1.1573 

1 Bacteria Firmicutes Bacilli Bacillales Bacillaceae Bacillus NA 

LKHO01
000001.19

8.1803 
1 Bacteria Firmicutes Bacilli Bacillales Listeriaceae Listeria 

Listeria 
monocytogenes 
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Table 3.2 (cont’d) 
 

Across Seeds Within Plant B 

Bacterial/ 
archaeal 

OTU 
Occupancy 

(n= 24) Domain Phylum Class Order Family Genus Species 

DQ23419
2.1.1572 

0.75 Bacteria Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas NA 

AB74563
7.1.1513 

0.71 Bacteria Proteobacteria Gammaproteobacteria Xanthomonadales Xanthomonadaceae Stenotrophomonas uncultured bacterium 

FPLS010
06697.30.

1498 
0.67 Bacteria Proteobacteria Alphaproteobacteria Rhizobiales Xanthobacteraceae Bradyrhizobium NA 

KY64600
1.1.1573 

0.67 Bacteria Firmicutes Bacilli Bacillales Bacillaceae Bacillus NA 

EF517956
.1.1666 

0.63 Bacteria Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae Acinetobacter 
Acinetobacter sp. 
IGCAR-9/07 

KF62518
6.1.1741 

0.54 Bacteria Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Raoultella 
Raoultella 
ornithinolytica 

LKHO01
000001.19

8.1803 
0.50 Bacteria Firmicutes Bacilli Bacillales Listeriaceae Listeria 

Listeria 
monocytogenes 

Across Seeds Within Plant C 

Bacterial/ 
archaeal 

OTU 

Occupancy 
(n= 11) Domain Phylum Class Order Family Genus Species 

EF528273
.1.1512 

0.73 Bacteria Firmicutes Bacilli Bacillales Bacillaceae Bacillus NA 

CP002739
.60209.61

784 
0.55 Bacteria Firmicutes Clostridia 

Thermoanaerobac
terales 

Thermoanaerobacter
ales_Family III 

Thermoanaerobact
erium 

NA 

FR746074
.1.1400 

0.55 Bacteria Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas NA 

 



 162 

APPENDIX B: Supplemental Figures 
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Figure 3.6. The proportion of plant reads. 

 

 

 

 

 

 

 

 

 

 

 

The proportion of plant reads of the total bacterial/archaeal (a) and fungal (b) reads showed that 

more than 90 % reads obtained were plant contaminants 
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Figure 3.7. Beta diversity visualization of the common bean seed microbiome based on 
Bray-Curtis dissimilarities. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Principal coordinate analysis (PCoA) plot based on Bray-Curtis dissimilarities (a weighted 

resemblance metric) of bacterial/archaeal (a) and fungal (b) microbiomes, and dispersion to 

centroid for each bacterial/archaeal (c) and fungal (d) microbiomes. Each point represents  

microbiome data from microbial DNA extraction from an individual seed. The samples were 

plotted and grouped based on plant as illustrated by different colors. Each point represents a seed  
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Figure 3.6 (cont’d) 

microbiome that is labelled by a plant letter and a pod number. For (c) and (d), significant 

differences in distance to centroid among seeds from different plants are indicated with asterisks 

(*** is p-value < 0.001).  
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APPENDIX C: Supplemental Information, Results, and Protocols 
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Supplemental Information 

Background information about seed microbiome assessment  

Seed microbiome assessment has been conducted either by culture-dependent or culture- 

independent methods or a combination of both. Culture-dependent approaches are limited by 

technical difficulties in isolating microbes from seeds because not all members can be cultivated 

on agar plates. Seed microbiome members are assumed to be in a dormant stage until the plant 

germinates (1), and this may contribute to its difficulties to cultivate because they may need 

specific nutrients and growth conditions to be able to grow. Thus, culture-based methods often 

fail to detect all the microbial community members and can lead to biased results. Community 

profiling approaches using next-generation high-throughput sequencing of marker genes, such as 

16S rRNA and ITS genes for bacteria/archaea and fungi may provide a better assessment of 

microbial community in the seed and a more comprehensive picture of microbial community 

structure. A number of studies have shown variability of the microbial community in the seed 

from different plant species and genotypes (2, 3), different geographical sites (4), or even 

between seed developmental stages (5) and seed compartments (6).  

To our knowledge, this is the first study to use marker gene high-throughput sequencing 

methods to assess the microbial community of individual seeds of common bean (Phaseolus 

vulgaris) to investigate its variability among plants and pods. Understanding on seed-to-seed, 

pod-to-pod, and plant-to-plant microbiome variability provides essential information on pooling 

biological samples and allows well-powered experimental design on the seed microbiome 

assessment under plant treatments. Extracting metagenomic microbial DNA from one seed is 

extremely difficult because the individual seed is considered as a low-microbial-biomass sample, 

and microbial DNA extraction from low-microbial-biomass samples can be a major challenge in 
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studying the microbial community and ecology. Hence, a robust and efficient DNA extraction 

from low microbial samples is a crucial step because reproducibility and accuracy of microbiome 

study with amplicon-based sequencing approaches will depend on the efficient DNA extraction 

from the sample (7).  

Moreover, microbial DNA extraction from low-microbial-biomass and low diversity 

samples is prone to DNA contaminations from other microbes and/or plant contaminants, such as 

mitochondria and chloroplasts. Thus, it is necessary to set up strategies to minimize DNA 

contamination during extraction as well as in the downstream analysis. We developed and 

optimized protocols for microbial DNA extraction from individual seed samples of common 

bean (P. vulgaris) var. Red Hawk. The protocols described in this study were aimed to generate 

robust methods that can be generally implemented to study seed microbiomes.  

 

Challenges to seed microbiome DNA extraction protocols  

Total DNA extraction from one seed sample can be problematic and challenging. There 

are some key limitations that we need to consider and carefully assess before conducting DNA 

extraction from seed samples.  

1.) Low diversity. Previous studies show that seeds have low microbial diversity (8-10) 

relative to other plant compartments, or rhizosphere and soil. Since seeds have low microbial 

diversity, it is important to include a mock microbial community as a positive control for 

assessing PCR amplification and sequencing efficiency. Since the expected composition of the 

mock microbial community is known, we can estimate any sequencing error (e.g., chimera), 

identify diversity biases, and determine microbial contaminations by including the mock 

community in a sequencing run (11).  
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2.) Low microbial biomass. Seeds, particularly individual seeds, contain low microbial 

biomass compared to soil or rhizosphere samples. One of the challenges in working with low 

microbial biomass samples (low DNA target) is the feasibility and efficiency of the DNA 

extraction method and exogenous microbial contamination. Our strategy to overcome this issue 

is to include whole-cell mock microbial community as the DNA extraction positive control to 

establish the DNA extraction procedure. We also include a negative control (buffer only) that is 

important for assessing microbial contamination in the samples.  

3.) Plant anti-microbial chemicals (plant defense compounds). One hypothesis on why 

seeds have low microbial diversity is the occurrence of population bottlenecks in the seed (12), 

especially individual seeds, that is caused by the accumulation of anti- microbial compounds in 

the seed (9, 13). These compounds are activated when seeds are crushed or germinated. Thus, we 

performed buffer soaking methods instead of grinding the samples or germinating the seeds for 

the DNA extraction procedure to avoid anti-microbial compounds affecting our results. 

4.) Plant contamination. Plant contamination in plant microbiome study is common 

because plant compartments including the seed contain plastids, chloroplasts, and mitochondria 

that share common ancestry and have sequence similarity with bacteria. There are three main 

approaches to minimize plant host contamination including modification of microbial DNA 

extraction to prevent the co-extraction of plant organelles, the application of PCR amplification 

blocking primers to block the amplification of plant sequences, and the use of specific mismatch 

primers (14). Lundberg et al. (15) constructed PNA clamps for plastids (pPNA) and 

mitochondria (mPNA) that can bind tightly to the contaminant sequences and block its 

amplification. Another approach is the use of anti-chloroplast primers 799F that can amplify 16S 

rRNA gene sequences but also avoid the amplification of plant sequences. Beckers et al. (14) 
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reported that primer pair 799F/1391R was the most efficient in eliminating plant DNA (very low 

amplification of plant DNA) and resulted in the highest amount of bacterial OTUs. 

However, there is a scientific motivation to be able to directly compare microbiome data 

across studies (for instance, to compare with other studies that include soils, plants, potential 

sources of dispersal/immigration). Thus, the use of the popular Earth Microbiome Project 16S 

rRNA V45 primers is often desirable (https://earthmicrobiome.org/), despite that these primers 

co-amplify plant contaminants. Therefore, other steps to reduce host signal can be taken in the 

DNA extraction protocol. Specific to this seed microbiome study, we performed an adaptation of 

microbial DNA extraction to prevent the co-extraction of plant organelles. Instead of grinding 

the seed that can release plant organelles, we used a phosphate buffered saline (PBS) soaking 

procedure. This procedure has been used by previous studies in assessing seed microbiomes (5, 

10, 16). By using a seed soaking procedure, microbial cells in the seed coat and funiculus will be 

released to the suspension (10, 17).  

5.) Non-host DNA contamination. As we described above, DNA contamination 

introduced during the DNA extraction method is a major challenge in assessing microbial 

communities from low microbial biomass samples. There are different strategies in removing 

DNA contaminants before and after sequencing. In this study, we included blank or negative 

controls for the DNA extraction method as well as for PCR amplification. Strategies can also be 

performed after sequencing, for example, by removing any microbial taxa that have been 

published and identified as a common contaminant. However, this method cannot be 

implemented for all studies because the observed microbial community is different for each 

study. Another method is removing taxa that are also present in the negative control. However, 

this strategy may also remove the actual members of the microbial community because of 
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multiplexing artifacts that occur in the negative control (18). In our study we performed 

decontamination using an open-source R package called microDecon for identifying and 

removing contamination (19).  

 

Supplemental Results: Microbiome beta-diversity analyses based on Bray-Curtis 

dissimilarity 

We also calculated beta diversity using Bray-Curtis dissimilarity. We found that there 

were differences among plants in the bacterial/archaeal community structure (nested 

PERMANOVA, df = 2, F-value = 4.93, R2 = 0.21, p-value = 0.003). There were no differences 

in bacterial/archaeal communities among pods from the same plant (nested PERMANOVA, df = 

9, F-value = 1.23, R2 = 0.19, p-value = 0.056) (Figure 3.7a Appendix B). Beta diversity 

analysis of seed fungal community structure using Bray-Curtis dissimilarity showed that there 

were no differences among plants (nested PERMANOVA, df = 2, F-value = 0.98, R2 = 0.04, p-

value = 0.39) nor pods (nested PERMANOVA, df = 9, F-value = 0.94, R2 = 0.19, p-value = 

0.60) (Figure 3.7b Appendix B). Permutated multivariate analysis of dispersion showed that 

there were differences of bacterial/archaeal community structure dispersion among plants 

(PERMDISP, df = 2, F-value = 38.04, R2 = 0.63, p- value = 0.001) (Figure 3.7c Appendix B), 

but there were no significant differences of fungal community structure dispersion (PERMDISP, 

df = 2, F-value = 3.35, R2 = 0.14, p-value = 0.056) (Figure 3.7d Appendix B). 

 

Supplemental Protocols: Cultivation-independent native seed endophyte analysis  

We performed surface sterilization of the seed samples before extracting the DNA 

because our study focused on the seed endophytic communities. Surface sterilization of sample is 
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a required procedure to study plant endophytes (20) because we need to completely remove the 

epiphytic microbes from the seed surfaces. The seed epiphytes are mostly derived from plant 

surfaces (e.g., leaves, stems, fruits) and/or environment (e.g., soil) (21). Surface sterilization also 

removes microbial contamination from human contact during harvesting, handling, and 

processing.  

Part 1. Seed surface sterilization and overnight soaking procedures  

Expected time: 20 minutes, overnight 

Materials  

1. Common bean seed (P. vulgaris L., var. Redhawk) (approximately 0.6 

gram per seed) 

2. Trypticase Soy Agar (TSA) and Potato Dextrose Agar (PDA) plates 

3. Sterilization solution: 10 % (v/v) bleach with 0.1% (v/v) Tween20 

4. Sterile Phosphate Buffer Saline (PBS) 1 X with 0.05 % (v/v) Tween20  

Equipment  

1. 50 ml centrifuge tube (USA Scientific, VWR) 

2. Beaker 

3. Analytical balance 

4. Sterile dissecting scalpel (size 20) 

5. Sterile dissecting forceps 

6. Sterile disposable Petri dishes 

7. Orbital shaker 

8. Plate spreader or plating beads  
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Procedure  

1) Select healthy seeds with no disease symptoms from the stock and weigh 

the seeds to obtain seed mass data. 

2) Place seed(s) into a sterile 50 ml centrifuge tube and immerse the seed in ~ 

20- 25 ml sterilization solution (10 % (v/v) bleach with 0.1% (v/v) 

Tween20) for 10 minutes.  

• A different volume of sterilization solution can be used, based on  

the number/size of seeds. 

• Shake the tube several time during incubation. 

3) Discard the sterilization solution and rinse/wash the seed with sterile water 

5 times to remove bleach residue. 

• To check the effectiveness of surface sterilization, spread 50-100 μl 

of the final rinse water on to TSA and PDA plates. Incubate the 

TSA and PDA plates at 30 ̊C for 2-3 days and 25-26 ̊C for 5 days, 

respectively. Discard associated sample if there is any microbial 

growth on the plates.  

4) Place sterile seed onto sterile plate and carefully dissect or open the seed 

in half long-ways on the natural division of cotyledon using sterile 

surgical blade and forceps. 

• In this study, we removed the seed coat instead of dissecting the 

seed in half. The purpose of seed coat removal is because our 

study focused on seed endophytes, we assumed that removal the 

seed coat could increase the release of the endophytes located in 
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the endosperm and embryo into the buffer solution. However, we 

observed high plant contamination in when the seed coat was 

removed (more than 90% of total reads). We also found that 

removing the seed coat is time consuming and produces plant 

debris that can interfere with the DNA extraction process and can 

be the source of chloroplast and mitochondria contamination. 

Thus, we propose to dissect/open the seed in half long-ways on 

the natural division of cotyledon instead of removing the seed 

coat. In our experience, this allows for the release of endophytes 

into the buffer and minimizes host contamination from seed coat 

removal. 

5) Immerse and soak surface sterilized seed in sterile Phosphate Buffered 

Saline (PBS) 1X supplemented with 0.05% (v/v) Tween 20 (3 ml) under 

constant agitation (160 rpm) overnight at 4 ̊C. 

• A different volume of buffer can be used based on the number/size 

of seed sample. 

• We recommend to always include a DNA extraction positive 

control for low microbial biomass samples like seeds (e.g., a 

mock microbial community). We used the commercial 

ZymoBIOMICS Microbial Community Standard (catalog number: 

D6300) for this study by diluting 75 μl (1 prep) of the mock 

community into 3-5 ml PBS 1X with 0.05% (v/v) Tween20. Also, 

we created our own mock community in-house to include 
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particular bacteria and fungi that reflect the expected 

composition of common seed microbial community members. The 

mock community included populations of type strains or isolates 

grown in the lab, and then combined at an equal ratio at a 

concentration of 108 cells/ml for bacteria (106 cells/ml for 

Streptomyces) and 107 cells/ml for fungi and stored in glycerol 

stock in the -80 ̊C. Therefore, the positive control DNA extraction 

of our in-house mock-community would be performed directly on 

these cells and can be sequenced and checked for contamination 

from the expected composition. 

• We recommend to always include a DNA extraction negative 

control of extraction buffer only (3-5 ml PBS 1X with 0.05% (v/v) 

Tween20). This sample should be sequenced to check for 

contamination and to calculate a sequencing error rate (22). 

Part 2: Seed processing and pellet collection 

Expected time: 90 minutes 

Stopping points: It is recommended to either stop after the pellet collection step, or to go 

through the DNA extraction protocol in the same day 

Materials 

1. Overnight-soaked seed in sterile PBS 1X with 0.05%. (v/v) Tween20 

Equipment 

1. Swinging-bucket rotor centrifuge  

2. Vortex 
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3. Sterile forceps 

4. Beaker 

5. Micropipette 

6. Sterile barrier micropipette tips 

7. Microcentrifuge tubes 

Procedure 

6) Centrifuge all samples and controls at 4500 x g for 60 minutes at 4 ̊C. 

• We used a centrifuge with swinging-bucket rotor rather than 

fixed-angle rotor so that the pellets will form at the bottom of the 

conical tube, thus, it is easier to resuspend and collect the pellets. 

The original protocol from previous study (Barret et al., 2015) 

stated that centrifugation was performed at 6000 x g for 10 

minutes at 4 ̊C. Since the maximum speed for swinging-bucket 

rotor centrifuge is 4500 x g, we extended the centrifugation time. 

7) Carefully remove seeds aseptically with sterile forceps, spin tubes again 

with bucket centrifugation at 4500 x g for 10 min at 4 ̊C to re-pellet any 

disturbed material. Carefully remove supernatant with sterile disposable 

pipette or micropipette until approximately 1-2 ml remain. 

• Alternatively: After first hour of centrifugation, gently pour most 

of the supernatant out of the tubes and discard, then aseptically 

remove seeds with sterile forceps, leaving approx. 1-2 ml of 

supernatant in the tube. 
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8) Resuspend pellet in remaining supernatant by vortexing for approximately 

1 minute. 

9) Transfer the suspension into 1.5- or 2-ml microcentrifuge tube and 

centrifuge at 20,000 x g for 10 minutes. 

10) Discard the supernatant and keep the pellet for DNA extraction using 

E.Z.N.A.®Bacterial DNA Kit with centrifugation protocol. 

• Pellets can be stored at -20 ̊C until they are ready to be extracted. 

Part 3: Microbial DNA extraction from seed pellet with bead beating procedure 

using E.Z.N.A.® Bacterial DNA Kit with modification 

Expected time: 4 hours active time, 3 hours of incubation time 

Materials 

1. Seed pellet collected from the previous step 

2. E.Z.N.A.® Bacterial DNA Kit (D3350-02) (OMEGA Bio-Tek Inc., 

Norcross, GA, USA) 

3. 100 % Ethanol 

4. Tris-EDTA (TE) Buffer, Molecular Biology Grade (pH 8.0) 

Equipment 

1. Micropipette 

2. Sterile barrier micropipette tips 

3. Microcentrifuge tubes 

4. Vortex 

5. Beaker 

6. Heat block or water bath 
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Before starting: 

• Prepare HBC Buffer, DNA Wash Buffer, and Lysozyme kit components 

as instructed in the manufacturer’s protocol 

• Set a heatblock or water bath at 37 ̊C 

• Set a shaking heatblock or water bath at 55 ̊C 

• Set an incubator or a heatblock at 65 ̊C (can change the 37 ̊C to 65 ̊C later 

in the protocol, if necessary) 

• Heat Elution Buffer to 65 ̊C 

Procedure 

11) Add 100 μl TE buffer to the pellet and completely resuspend the pellet. 

12) Add 10 μl Lysozyme resuspended with Elution Buffer (see bottle for 

instructions). Vortex to mix thoroughly. Incubate in 35 ̊C heat block for 1 

hour. 

• We used 1 hour incubation instead of 10 minutes as stated on the 

manufacturer’s protocol to achieve complete digestion of the cell 

wall. 

13) While incubating, aseptically add 25 mg Glass Beads S (included with the 

kit) to new, labeled, 1.5 ml- tubes. 

14) After incubation transfer entire sample, including any material that has 

precipitated out, into the corresponding tube with glass beads. 

15) Vortex the bead-beating tubes at maximum speed for 10 minutes. After 

vortexing, allow tubes to rest a few minutes for glass beads to settle out. 

Transfer supernatant to clean 1.5 ml- tube. 
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• We implemented a bead-beating step into the protocol for hard-

to-lyse bacteria/archaea and fungi. This procedure yielded better 

results (higher DNA concentration) than extraction without a 

bead-beating step. 

• We extended the vortexing time at maximum speed from 5 minutes 

to 10 minutes for optimal cell wall disruption. 

16) Add 100 μl TL Buffer and 20 μl Proteinase K Solution to all tubes. Pipette 

up and down to break up pellet, if present, and then vortex to mix 

thoroughly. Incubate at 55 ̊C in a shaking heat block for 2 hours (500 

rpm). Alternatively, incubate in a stationary heat block and vortex every 

20 minutes. 

• We used longer incubation time for optimal DNA yield. 

17) Add 5 μl RNase A. Invert tube several times to mix. Let sit at room 

temperature for 5 minutes. 

18) Centrifuge at 10,000 x g for 2 minutes to pellet any undigested material. 

19) Transfer the supernatant to a new 1.5 ml- microcentrifuge tube. Do not 

disturb the pellet. Discard pellet. 

20) Add 220 μl BL Buffer. Vortex to mix. Incubate at 65 ̊C for 10 minutes.  

(Note: after this step, aliquot the needed amount of elution buffer into a 

tube and place in the 65 ̊C block to warm for later use). 

21) Add 220 μl 100% ethanol. Vortex for 20 seconds at maximum speed to 

mix thoroughly. Break any precipitates by pipetting up and down 10 

times. 
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22) Insert a HiBind® DNA Mini Column into a 2- ml Collection Tube. 

Transfer the entire sample to the HiBind® DNA Mini Column, including 

any precipitate that may have formed. 

23) Centrifuge at 10,000 x g for 1 minute. Discard the filtrate and the 

collection tube. 

24) Insert the HiBind® DNA Mini Column into a new 2- ml Collection Tube. 

25) Add 500 μl HBC Buffer diluted with 100 % isopropanol (see the bottle for 

instructions). Centrifuge at 10,000 x g for 1 minute. Discard the filtrate 

and reuse the collection tube. 

26) Add 700 μl DNA Wash Buffer diluted with 100 % ethanol (see the bottle 

for instructions). Centrifuge at 10,000 x g for 1 minute. Discard the filtrate 

and reuse the collection tube. 

27) Repeat Step #26 for a second DNA Wash Buffer wash step. 

28) Centrifuge the empty HiBind® DNA Mini Column at maximum speed (> 

10,000 x g) for 2 minutes to dry the column. 

• We used a centrifuge with maximum speed of 20,000 x g for 

optimal removal of trace ethanol. 

29) Insert the HiBind® DNA Mini Column into a new, nuclease-free 1.5- ml 

microcentrifuge tube. 

30) Add 30 μl Elution Buffer heated to 65 ̊C to the center of the HiBind® 

matrix. Let sit for 10 minutes at room temperature. 
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• We decreased Elution Buffer volume from 50-100 μl as stated on 

the manufacturer’s protocol to 30 μl to increase DNA 

concentration. 

• To obtain more yield, second elution can be conducted with the 

same Elution Buffer volume. 

31) Centrifuge at 10,000 x g for 1 minute to elute the DNA. Store the DNA at 

-20 ̊C for temporary storing or -80 ̊C for long-term storing. 

• We measured the DNA concentration using QubitTM dsDNA HS 

(High Sensitivity) Assay Kit with the Qubit Fluorometer. This 

protocol yielded DNA with the concentration of approximately 

0.7-1 ng/μl per gram of seed. Moreover, the PCR amplification of 

bacterial 16S V4 and fungal ITS2 also resulted in clear and 

specific bands. 

• We tried the Qiagen DNeasy PowerSoil DNA Isolation Kit for the 

DNA extraction after collecting the seed pellets. However, the 

protocol using this kit was irreproducible. The DNA 

concentration was too low to be detected on the Qubit 

Fluorometer and the PCR amplification of bacterial 16S V4 and 

fungal ITS2 resulted in very weak or no specific bands. We 

assumed that the Qiagen DNeasy PowerSoil DNA Isolation Kit 

was not reliable enough to extract DNA from low microbial 

biomass samples, such as seeds or individual seeds, in particular. 

Thus, we chose to use the DNA extraction kit with optimum lysis 
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that implement both enzymatic digestion of cell wall and physical 

disruption using bead-beating step.  
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CHAPTER 4: Responses of seed endophytes under drought stress: Field study 
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Abstract 

Plants recruit and select a group of microbial taxa that benefit the plant growth and 

fitness, and these taxa are transmitted to the next plant generations via seed. There has been 

growing attention on seed microbiomes and their importance for seed germination and seedling 

development. However, the study on the response of seed microbiome to abiotic stress, such as 

drought, is still largely limited. Moreover, the consequences of seed microbiome alteration to the 

host plant when the plant is exposed to drought are unknown. We assessed the seed endophytes 

community of common bean cultivated in the field under two different water treatments, with 

and without rainout shelter. This study is aimed to investigate the responses of seed endophytes 

to drought stress. The rainout shelter was designed for 50 % water exclusion. The plants were 

managed under an organic farming system without Nitrogen fertilizer application. Seed 

bacterial/archaeal community structures were assessed using 16S rRNA gene amplicon 

sequencing. Analysis of plant productivity showed the differences in plant yield across bean 

cultivars. Meanwhile, the water treatment has a marginal effect on the plant yield. Given these 

differences in plant fitness, we expect to observe the differences in seed microbiome across 

cultivars and the shift of the community when the plant is exposed to drought stress. 

 

Introduction 

Drought has been a major obstacle in agriculture and crop production around the world 

and it has been considered as the most deleterious abiotic stress that leads to reduction of crop 

production, including for the critical legume crop, common bean (Phaseolus vulgaris L.) (1, 2). 

Water deficits are more pronounced in some warmer and drier regions known for common bean 

producers (e.g., Latin America and Africa), and common bean cultivation in these areas are 
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expanding to marginal areas that are more likely to sustain rain-fed conditions (1). In arid areas 

where the common bean cultivation depends on the rainfall for water supply, drought stress 

accounts for up to 80% decrease in common bean production (2, 3). Moreover, the adverse 

effects of drought are exacerbated by global climate changes, such as extreme temperature and 

irregular rainfall, which contribute to more severe and longer drought periods that threaten global 

food production and security (2). Therefore, researchers are aimed to improve plant drought 

stress tolerance through several strategies, such as plant breeding and genome engineering 

technology. However, the conventional breeding is both time consuming and labor intensive, and 

the application of plant genetic engineering can discourage consumers (4, 5). Another recent 

alternative that has received growing attention is harnessing beneficial microbiota associated 

with the host plant to address the challenges of abiotic stress and develop sustainable agriculture 

(5-7).  

It is clear that plant plays role in recruiting and selecting groups of microbial taxa that 

benefit plants, for example by the production and secretion of root exudates into the rhizosphere 

(8-10). The beneficial members of plant microbiome are capable of performing specific 

functions that are essential for the plant growth and health, such as production of growth 

promoting phytohormones, nitrogen fixation, phosphate solubilization, and protection against 

environmental stresses (11-13). Previous studies observed enrichment of plant-associated 

microbial taxa which possess plant growth promoting activity and stress resistance properties 

under dessert farming system, suggesting that plant selects microbial community with beneficial 

traits to survive under drought stress (14). Despite their ability to develop a variety of adaptive 

and stress responses, plants often need their microbes to mediate protective mechanisms to 

withstand abiotic stresses (6, 15). It has been reported that plant microbiome responses to 
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drought stress favors the host plant to deal with the stress, for example drought induces the 

synthesis of proline and other osmolytes in plant-associated microbiota which are essential for 

maintaining the integrity of plant cell membranes (16). Another study demonstrated that 

endophytes inoculation leads to an increase in abscisic acid (ABA) concentration in plant which 

is positively correlated with an increase in water use efficiency under water deficit condition 

(17). More recent study confirmed that drought increases the expression of genes related to ABA 

biosynthesis in endophytes which leads to stomatal closure in plant as an adaptive mechanism to 

prevent water loss (18).  

Microbiome members of seed endophytes are of particular interest because they act as 

early colonizers of new seedling and a starting point of plant microbiome assembly (19). 

Moreover, plants may preserve the continuity of beneficial microbes in the seed by transmitting 

them to progeny through (12, 20, 21). Similar to endophytes in other plant compartments, 

beneficial seed endophytes colonize and thrive within the seed tissues without causing harm to 

the host plant, and seed-transmitted endophytes are believed to be more adapted to plants (22). 

Moreover, because seed is a unique environment, only endophytes with distinct features and 

competences colonize and survive within seed (23-26). In this aspect, the physiological changes 

during seed development and maturation influence and select the endophytes community that 

colonize the seed (23). Plants can heavily depend on seed endophytes for their survival, and 

studies have investigated the importance of seed endophytes, especially during seed germination 

and seedling development (21, 27-29). However, little information is available on their roles in 

plant tolerance to drought stress. Moreover, our knowledge on the impact of drought stress to the 

seed endophytes of crops, especially common bean, is still largely unknown. Whereas, 
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understanding the responses of seed endophytes to drought is a fundamental step in developing 

strategies to promote plant tolerance to drought stress.  

In this study, we investigate the drivers of common bean seed endophyte microbial 

communities and their putative roles in enhancing plant tolerance to drought stress in the field. 

Specifically, we aimed to (i) understand the effects of drought on seed endophyte microbiome 

structure and (ii) determine the interactive effects of drought with other factors expected to 

influence the seed endophyte community structure and composition, such as plant genotype 

(different bean cultivars), farming site (different geographic locations and latitudes), and farming 

system (organic and conventional). Rainout shelters in the field were used to apply drought and 

well-watered treatments to crops grown in Michigan, which is one of the largest US producers 

and exporters of common bean with 210,000 acres planted and total production of 5.4 million 

cwt in 2021 (30). 

 

Materials and methods  

Plant cultivars 

This study used four different common bean cultivars developed by the Dry Bean 

Breeding and Genetics Program at Michigan State University: Cayenne small red, B18504 black, 

Rosetta pink, and R99 navy (white) beans. Three first bean cultivars have been tested and 

adapted to management system in Michigan, and one cultivar, Rosetta, is resistant to heat and 

drought (Table 4.1). Meanwhile, the last cultivar (R99) is a non-nodulating bean cultivar (Table 

4.1). They have various seed sizes, where Cayenne small red bean has small-medium seed size, 

B18504 black and R99 navy beans have small seed size, and Rosetta pink bean has medium seed 

size (Table 4.1). 
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Table 4.1. Description of the common bean cultivars used in this study 

 

 

 

 

 

 

 

 

 

 

 

 

Cultivar Market seed 
class 

Seed size Attributes References 

Cayenne Small red 
bean 

Small to 
medium (36 
g/100 seeds) 

• High yielding 
• Resistant to bean common mosaic 

virus (BCMV) and common bacterial 
blight (CBB) 

• Well adapted to Michigan farming 
system 

(31, 32) 

Rosetta Pink bean Medium (36 
g/100 seeds) 

• High yielding 
• Resistant to common strains of rust 

and mosaic virus 
• Well-suited to drought conditions 

(drought tolerant) 
• Well adapted to Michigan farming 

system 

(33, 34) 

B18504 
(Adams) 

Black bean Small (20.9 
g/100 seeds) 

• High yielding 
• Resistant to anthracnose 
• Well adapted to Michigan farming 

system 

(35) 

R99 Navy (white) 
bean 

Small (20,2 
g/100 seeds) 

• Nonnodulation mutant 
• Adapted to temperate climate 

(warmer part) of North America 

(36) 
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Field study design  

 The field experiment was designed to investigate the effect of drought to the four bean 

cultivars. The experimental fields for this study are in two agricultural sites that represent 

different latitudes of bean cultivation in Michigan: The Lower Peninsula (in East Lansing, at the 

MSU Agronomy Farm) and Upper Peninsula (in Chatham, at the Upper Peninsula Research and 

Extension Center (UPREC) North Farm) of Michigan. A randomized split plot design was used 

with four replications per plot. There were four cultivars, and each cultivar was grown with or 

without rainout shelters. Thus, there were eight combinations with four replications or 32 

treatment combinations in total. The 10’ x 10’ rainout shelter was designed for 50% water 

exclusion; plants under the rainout shelter received 50% less water than those not. The rainout 

shelters were set in the field when the plants reached the V1 growth stage (first trifoliate). 

Variables measured were soil chemistry, weekly weather conditions (rainfall precipitation, 

temperature, soil moisture), agronomic traits (flowering time, days to maturity, plant height), and 

plant yield (number of harvested plants, total plot biomass, total plot seed weight, seed moisture, 

100-seed weight). Precipitation was measured every week with a gutter and barrel system. 

Rainfall and temperature were recorded and monitored using rain gauges and Hobo temperature 

loggers (Onset, insert model number). Soil moisture was measured weekly from each subplot 

using a Field Scout handheld soil moisture probe (manufacturer, model number). Beans were 

harvested after senescence when they were dried to approximately 18 % of moisture. Biomass 

yield was calculated by harvesting whole plants from each subplot and weighing them. Seeds 

were aggregated within a treatment and massed. Statistical analysis for assessing the plant yield 

differences was conducted by fitting the linear mixed-effects model (LMM) using the lmer() 

function of the ‘lmerTest’ package (v3.1.3) (37). Tukey post-hoc test was conducted when the P-
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value of the effects was less than 0.05 using emmeans() function in ‘emmeans package (v1.7.11) 

(38). 

 

Seed preparation and endophyte microbial DNA extraction  

 Of the 64 treatments, 63 produced enough seeds to be used for microbiome analysis. The 

seed numbers varied from 20 to 30 seeds per sample, and ten seeds from each treatment were 

pooled for DNA extraction. The seeds were weighed and surface sterilized following microbial 

DNA extraction protocol using PBS soaking procedure as described and developed in our 

previous study (39). We confirmed the effectiveness of surface sterilization procedure by plating 

50 ml of the last rinse water on to Trypticase Soy Agar (TSA) and Potato Dextrose Agar (PDA) 

and incubated them at 30 ˚C for 2-3 days and 25-26 ˚C for 5 days, respectively. We discarded 

any seed sample that had microbial growth on these plates. For each “batch” of DNA extraction 

samples, we included negative and positive controls. The negative control (buffer only) was used 

to assess microbial contamination and was continued through the entire microbiome profiling 

process, from DNA extraction to PCR to sequencing. The positive control was an in-house mock 

community to assess the success of our extraction protocol (39, 40). The DNA extracted from the 

seed samples were quantified using Qubit™dsDNA BR Assay Kit (ThermoFisher Scientific, 

Waltham, MA, United States). 

 

PCR amplification and amplicon sequencing 

Analysis of seed endophytic bacteria and archaea was performed using PCR 

amplification of the V4 region of 16S rRNA gene. The universal primer pairs used for PCR 

amplification were 515f (5’-GTGCCAGCMGCCGCGGTAA-3’) and 806r (5’-
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GGACTACHVGGGTWTCTAAT-3’)(41). The PCR amplification was performed under the 

following conditions: 94°C for 3 min, followed by 35 cycles of 94°C (45 s), 50°C (60 s), and 

72°C (90 s), with a final extension at 72°C (10 min). The amplification was performed in 25 µl 

mixtures containing 12.5 µl GoTaqⓇGreen Master Mix (Promega, Madison, WI, United States), 

0.625 µl of each primer (20 µM), 2 µl of DNA template (1-25 ng per µl), and 9.25 µl nuclease 

free water. Amplicon library preparation and sequencing were conducted at the Environmental 

Sample Preparation & Sequencing Facility, Bioscience Division, Argonne National Laboratory 

using the Illumina MiSeq platform v2 Standard flow cell. The sequencing was performed in a 

250 x 250-bp cycles. Additional negative sequencing controls for library preparation were 

provided by the sequencing facility and included with each sequencing run. 

 

Sequencing analysis and OTU clustering 

Bioinformatic analysis of 16S rRNA gene amplicon sequence workflow was performed 

with QIIME 2 (v2021.4) (42). Demultiplexed paired end raw sequences data were denoised, 

dereplicated, chimera-removed, and quality filtered using DADA2 plugin (43) implemented on 

QIIME 2 using ‘qiime dada2 denoise-‘ command. Before denoising, we assessed the Q-score 

distribution of our raw sequence data to determine the trimming parameters with FIGARO 

(Zymo Research (44)). The goal of the FIGARO tool to optimize the trimming of low-quality 

reads, while maintaining enough overlap for the optimum merging forward and reverse 

sequences. Operational Taxonomic Unit (OTU) clustering at 99 % of sequence identity threshold 

was conducted using open reference strategy using q2-vsearch plugin (v2021.4.0) (45). In this 

open reference OTU clustering strategy, all denoised and quality filtered reads first were 

matched to the reference SILVA database (v.138) (46). Then, reads that did not match to the 
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reference database were subsequently clustered de novo. Finally, closed reference and de novo 

OTUs were combined into a full set of representative sequences. 

Taxonomy was assigned through q2-feature-classifier plugin (47) using machine-learning 

based classification method (classify-sklearn method) with a Naive Bayesian classifier. 

Taxonomy assignment was performed at a minimum confidence of 0.8 using pre-trained 

classifier with SILVA database (v.138) as the reference (46-48). Plant contaminants (chloroplast 

and mitochondria) and unassigned taxa were removed from the OTU table and the representative 

sequences using ‘qiime taxa filter-table’ and ‘qiime taxa filter-seqs’ commands, respectively. 

Representative sequence alignment was conducted using Multiple Alignment using Fast Fourier 

Transform (MAFFT) (49). Filtering the potential microbial contaminants from the OTU table 

was conducted in R (v4.1.2) (50) using the ‘microDecon’ package (51). Reads were normalized 

using Cumulative Sum Scaling (CSS) method in metagenomeSeq ‘Bioconductor’ package in R 

(52).  

 

Seed-associated microbial community analysis  

Ecological analyses of the microbial communities were conducted in R (v4.1.2) (50). 

Community alpha and beta diversity were calculated on the contaminant-filtered and CSS-

normalized OTU table using the vegan package (v2.5-7) (53). Bacterial and archaeal alpha 

diversity analysis was performed using richness or count of observed OTU and Faith’s 

phylogenetic diversity. Statistical analysis was conducted to investigate the effect of treatment, 

cultivar, and location on the seed endophyte alpha diversity by fitting the linear mixed-effects 

model (LMM) using the lmer() function of the ‘lmerTest’ package (v3.1.3) (37). Treatment, 

cultivar, and location were treated as fixed factors, and block was treated as a random factor. 
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Based on the randomized split-plot design, the model used in the study using the lmer function 

(response variable ~ location  ´ cultivar ´ treatment + (1½block/cultivar), data = data). The 

Tukey post-hoc test was conducted when the P-value of the effects was less than 0.05 using 

emmeans() function in ‘emmeans package (v1.7.11) to test which levels were significantly 

different (38). 

The seed endophytes composition and relative abundance were analyzed using the 

‘Phyloseq’ package (v1.38.0) in R (54). Beta diversity analysis was assessed using Jaccard 

index, which is based on presence-absence (unweighted). As in our previously published 

analyses, we used an unweighted resemblance to be conservative because most members of the 

seed microbiome are inactive or dormant (55), thus relative abundance within the seed is not the 

direct outcome of competitive growth advantages in situ (39). The Jaccard distance metric was 

calculated using vegdist() function in ‘vegan’. Principal coordinate analysis (PCoA) plot was 

used for visualization of the beta diversity analysis. Permutational multivariate analysis of 

variance (PERMANOVA) (permutations = 999) using the function adonis() from the ‘vegan’ 

package and nested.npmanova() from the ‘BiodiversityR’ package (56) was performed to assess 

the differences of seed endophyte community structure among treatments, cultivars, and 

locations. The homogeneity of dispersion (variance) among groups was tested using multivariate 

analysis using the function betadisper() from the ‘vegan’ package (53). We performed 

PERMDISP to test the significant differences in dispersions between groups and Tukey’s HSD 

test to determine which groups differ in relation to the dispersions (variances). We investigated 

core taxa of seed endophyte community by calculating the occupancy or the proportion of 

samples in which the taxa are detected. Taxa that were shared and detected in all samples 

(occupancy = 1) were defined as core taxa (57). We assessed enriched and depleted taxa between 
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two treatments (with and without rainout shelter) by calculating log2 fold change in relative 

abundance using ‘DESeq2’ package (v1.34.0) (58). 

 

Data and code availability 

The computational workflows for sequence processing and ecological statistics are 

available on GitHub 

(https://github.com/ShadeLab/PAPER_Bintarti_2021_Bean_Rainoutshelter).  

 

Results and Discussion 

 Analysis of plant yield showed no differences in plant yield between Lower and Upper 

Peninsula (LMM, p-value = 0.1). However, we observed differences of plant yield among 

cultivars in both locations (Figure 4.1, LMM, df = 3, F-value = 16.57, p-value = 2.036e-05). The 

non-nodulating mutant, R99, has the lowest yield among all cultivars, suggesting that plant 

association with nitrogen-fixing bacteria is essential for plant productivity. We also detected the 

influence of water treatment to the plant yield (Figure 4.2, LMM, df = 1, F-value = 6.17, p-value 

= 0.02). The effects of the drought on plant yield were more pronounced in the Upper Peninsula 

than in the Lower Peninsula. in Upper Peninsula compared to Lower Peninsula. Even though we 

can observe decreased plant yield under rainout shelter treatment for most cultivars, pairwise 

analyses between treatments within cultivar showed no differences, meaning that the effect of the 

treatment on the plant was marginal. The result either suggests the resistance of these bean 

cultivars to drought stress or the stress caused by the water treatment was moderate. Overall, 

Rosetta has the highest yield among the four cultivars, and this cultivar seems to be least affected 

by the drought stress. As previously reported, Rosetta pink bean is well adapted to drought 
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conditions (33). The pink bean is considered the most drought tolerant bean cultivar and is 

commonly cultivated in the semiarid western states (33). 
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Figure 4.1. Plant yield among cultivars in both locations. 

 

 

 

 

 

 

 

 

 

 

 

Plant yield (cwt/acre) of for 4 different cultivars planted in (A) Lower Peninsula and (B) Upper 

Peninsula. Yield is hundredweight of seeds per acre standardized to 18% moisture content. For 

each box of the boxplots, circles represent yield calculation per treatment combination. The 

central horizontal lines represent the mean, the outer horizontal lines of the box represent the 

25th and 75th percentiles. Boxes labelled with different letters were significantly different by 

linear mixed model and post-hoc Tukey’s HSD test. 
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Figure 4.2. Plant yield between treatments within cultivar in both locations. 

 

 

 

 

 

 

 

 

 

 

 

Effect of rainout shelter treatment to plant’s yield (cwt/acre) in two locations (A) Lower 

Peninsula and (B) Upper Peninsula. Yield is hundredweight of seeds per acre standardized to 

18% moisture content. For each box of the boxplots, the central horizontal lines represent the 

mean, the outer horizontal lines of the box represent the 25th and 75th percentiles. Pairwise 

comparison between treatments within the same cultivar was performed using t-test. ‘Open’ 

means without rainout shelter and ‘Shelter’ means with rainout shelter. 
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Overall, the observed differences in plant yield were due to the difference in plant 

cultivars. However, water treatment also has some explanatory value for the plant yield. Given 

these plant yield data, we expect to detect seed microbial community composition and structure 

differences across different cultivars. Evidence shows that plant genotype shapes the plant 

microbial communities, specifically the endophytic communities (59, 60). Previous research 

reported that different from the rhizosphere microbial communities strongly affected by soil 

edaphic factors, the root endosphere communities are influenced mainly by plant genetics (61). 

This phenomenon can be explained that endophytes have a very intimate relationship with the 

host plant, and to colonize and thrive within the plant tissues, endophyte candidates must be able 

to overcome the host plant's innate immunity (62). The diversity of plant microbiome decreased 

from the outside plant compartments to inside the plant tissues (60, 61), suggesting microbial 

selection by the host plant. 

Moreover, despite the marginal effect of water treatment on the plant yield, we expect to 

observe the shift of microbial communities in the seed of treated plants relative to the untreated 

plants (without rainout shelter). Even though the impact of drought stress was not apparent in the 

plants, the impact of the stress may be more pronounced in their microbial community structure 

and composition. Because of the extensive interactions with reciprocal impacts between the plant 

and its native microbiota, any perturbations that affect the plant may also affect its microbial 

communities (63, 64). We detected shifts in seed endophyte communities of common bean plants 

exposed to moderate drought in our previous pilot study (65). Previous studies revealed that 

drought stress effects are more pronounced on endophytes than rhizosphere microbiome, which 

is related to the closed interaction between the endophytes with the host plant (60, 66). 
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Future Directions 

Understanding the responses of seed endophytes to drought is a fundamental step in 

developing strategies to promote plant tolerance to drought stress. Yet, the information on the 

effect of abiotic stress on plant microbiome or seed endophytes, in particular, is still largely 

unknown. As bean is an important staple food and crops worldwide, dissecting the plant 

microbial community interactions in this model crop system will be essential to address critical 

needs in bean crop production and agricultural sustainability. Specifically, the plant productivity 

and fitness information across cultivars and drought treatments in this study offer predictions of 

the endophyte community structure and composition associated with the plant. Future research 

will be conducted to assess the impact of drought stress on seed endophytes communities. The 

enriched and depleted taxa will be investigated, and the analysis of crucial members that are 

responsive to the drought stress can help future research prioritize the particular taxa to develop 

synthetic communities for application in the field. 
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APPENDIX: Contributions to another publication 
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I have contributed to the following publication during my dissertation work. 

Bintarti AF, Kearns PJ, Sulesky-Grieb A, Shade A. Abiotic treatment to common bean 

plants results in an altered endophytic seed microbiome. Microbiology Spectrum: 

e00210-21 (2022). 

 

My contributions to this works including processing the raw 16S rRNA and ITS1 amplicon 

sequence data, performing the microbial community analyses, performing the statistical analysis 

of plant biomass, writing the manuscript, discuss, and revise the manuscript. We observed shifts 

in the structure and composition of common bean seed endophyte communities of the plants 

exposed to mild drought and fertilizer treatments relative to the control plants.  
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CHAPTER 5: Conclusions and Future Directions 
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Summary 

 This dissertation examined the driving factors that shape the structure of microbial 

community associated with two important crops for Michigan’s agriculture: perennial apple tree 

and annual common bean plant. In Chapter 2, we investigated the influences of biogeography on 

the structure of apple root zone microbiome across 20 sites represent the major apple production 

orchards in Michigan. Moreover, we also looked at the influences of plant genotype, in this 

aspect, different scion and rootstock cultivars, on the root zone microbiome. Furthermore, since 

the root zone is a complex ecological niche and heterogenous environment, we assessed multi-

trophic root zone microbiomes, including bacteria/archaea, fungi, nematodes, oligochaetes, and 

mycorrhizal fungi and investigated their potential intertrophic relationship. We observed that 

orchard location has stronger impact on the root zone microbiome than rootstock, while we 

found no evidence of scion as a driving factor of root zone microbiome structure. Further, we 

detected high diversity and high evenness with many rare core microbiome members. We 

proposed that the diversity and specific structure are typical of perennial trees. Moreover, we 

suggested that the community-level functional traits may be more important in determining the 

structure of the community than the composition. While we expected to observe specific multi-

trophic interactions, we did not detect particular patterns of intertrophic interactions that were 

unique of apple root zone microbiome.  

In the next two chapters, we investigated endophyte community associated with common 

bean seed. Chapter 3 and 4 examined the variability of seed endophytes and their responses to 

drought stress, respectively, as a fundamental knowledge to better understand their importance 

and role in promoting plant tolerance to the stress. In Chapter 3, we used individual seeds to 

evaluate the variability of the seed endophyte community across seeds, pods, and plants. We 
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observed the highest variability of the seed microbiome at the plant level, which indicates that 

seed microbiome assessment can be conducted by pooling the seeds from the same plant. 

Furthermore, the difficulty in assessing the seed microbiome encouraged us to develop a 

microbial DNA extraction protocol and analysis pipeline to explore the seed endophyte 

community. These findings provide important information for vertical transmission studies 

because a single seed is considered a unit that carries not only the plant's genetic information but 

also a set of microbial inoculums from the parent plant, which eventually colonizes a new 

seedling. Moreover, assessing the seed microbiome at the seed level allows us to determine the 

observational unit for future seed microbiome assessment. 

In Chapter 4, we investigated the response of seed endophyte community to drought 

stress. This study was conducted in a field setting with and without rainout shelter representing 

well-watered and drought condition, respectively. We used different cultivars of common bean 

and the trials were conducted in two different locations in Michigan that have different latitudes 

(Lower and Upper Peninsula). We found the water treatment has a marginal effect on the plant 

yield. Given these differences in plant fitness, we expect to observe the differences in seed 

microbiome across cultivars and the shift of the community when the plant is exposed to drought 

stress. 

Broadly, these works provide critical information to achieve a basis of knowledge for 

plant microbiome engineering. They demonstrate different driving factors that structure the 

plant-associated microbiota. The protocol and microbial community analysis pipeline developed 

in this work can be applied for seed endophyte community assessment to better understand the 

vertical transmission of either pathogenic or beneficial microbiota over plant generations. 

Moreover, these knowledges have important implications for future studies related to 
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manipulation of the microbial community in order to mitigate biotic stress (soil-borne pathogen 

attacks) as well as abiotic stress (drought) in crop plants. 

 

Future Directions 

The motivations behind harnessing beneficial plant-associated microbiome include 

increased world population, which leads to increased global demand and consumption of crops 

for food; global climate change; and increased demand for sustainable agriculture (1). Global 

climate change will have damaging impacts on commercial agricultural production. Global 

climate change leads to changes in seasonal precipitation and shifts in temperature, which can 

cause extreme weather, such as drought, which eventually leads to crop losses (2, 3). Moreover, 

warmer and rainier weather conditions may also contribute to increased plant pathogen attacks 

(3-5). In addition, the overuse of chemicals as part of agricultural management practices (e.g., to 

control phytopathogens or weeds) negatively affects the environment, including humans and 

animals, leading to an increased demand for sustainable agricultural systems (1). To effectively 

apply the beneficial microbiota in agronomic settings, we need to understand better the driving 

factors of the microbial community structure and their response to stresses. Our findings in these 

works are an essential part of the exploitation of plant microbiome in agriculture and provide a 

base of knowledge for future works. This section describes every study's specific and broad 

future directions. 

The future direction in assessing the root zone microbiome of apple trees is to conduct 

comparison study between healthy and unhealthy apple orchards to investigate shifts in the 

structure of root zone microbial communities. Further, the comparison study can allow us to 

develop a model or prediction of the structure of the root zone microbiome to determine soil 
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health (soil health assessment) or provide a prognosis for soil-borne disease occurrence. 

Moreover, since apple trees are perennial crops, it is expected that there will be dynamic changes 

in the root zone microbiome due to seasonal variations over the plant lifetime. Thus, future 

temporal assessment of the dynamics of the root zone microbiome season-to-season will inform 

more reliable microbial community targets characteristic of perennial trees and potentially 

engage with pathogens or the environment to repress disease.  

This study investigated the variability of the seed microbiome under controlled 

conditions in the growth chamber. However, it is unclear whether the observations in the growth 

chamber study are also valid for field study. Hence, a field study under standard management 

practices will provide us with valuable information that is important for seed microbiome 

assessment in actual-work settings. We assumed that observed shifts of seed endophyte 

community and drought-enriched taxa would positively impact the host plant in coping with 

drought stress. Thus, it would be essential to perform a cultivated-dependent study to 

characterize those enriched taxa to investigate further their beneficial capabilities in alleviating 

drought stress. Those taxa may help the host plant coping with the drought stress, for example, 

by inducing plant stress hormones. Further research using metagenomic and metaproteomic 

approaches to detect functional genes enriched and expressed during drought stress would be 

essential. Another potential future study is developing beneficial microbial inoculum that can be 

tested under controlled conditions and field trials to assess their ability to promote plant tolerance 

to drought stress. 

Plant microbiome research's primary goal is to integrate and apply beneficial plant-

associated microbial communities into modern agricultural practices to promote plant growth 

under a range of environmental conditions, enhance resilience to abiotic stress, and combat 
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pathogen attacks. Successful integration of plant microbiome into agricultural settings requires 

large-scale research and careful considerations of the interactions between the host plants, their 

microbes, the environment, and the management practices. The next significant steps and the 

emerging challenges in microbiome engineering to support agricultural productivity are 

developing stable synthetic microbial consortia and establishing an effective and efficient 

application of microbial consortia in an agricultural environment.  

Developing host-microbiome model systems for crop plants is an essential platform for 

dissecting the mechanisms of plant-microbiome interactions prior to incorporation into the field 

(6). These studies offer valuable models for plant host-microbe interactions in important 

agricultural perennial and annual crops. The models provide the microbial community structure 

(diversity, composition, and interactions) in these particular systems. These works also provide 

public-accessible open resources such as metadata and sequences repositories as part of the 

model system. Another crucial aspect in developing a model for plant host-microbe interaction is 

a standardization protocol, data collection, sample processing, and analysis. One main reason the 

microbial community associated with above-ground plant compartments (e.g., seed, flower, fruit) 

receives less attention relative to soil or rhizosphere is the technical difficulties of microbial 

assessment in those parts of the plants (7). This work offers seed endophytes assessment 

protocols that are expected to be generally applicable to other crops with similar seed features. 

Efforts for integrating plant microbiome into agriculture have been conducted by 

inoculating individual microbial strains into the field. However, the success of conventional 

microbial inoculation is highly variable field-to-field or season-to-season (8, 9). The inconsistent 

performances of microbial inoculants are due to the complexity of indigenous microbial 

communities and the influence of several factors, including the compatibility with plant hosts 
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and the environment (10). Research has been focused on developing synthetic microbial 

communities (SynComs) with desired traits that are incorporated with the critical aspect of 

multiple interactions between microbes, hosts, and the environment. Defining core microbiota or 

particular taxa responsive to specific environmental stress is an initial step in developing a 

synthetic community. Identifying microbial key members can reduce the complexity of the 

microbial community and guide future research by prioritizing certain groups of microbial taxa 

and validating their functions (6). Synthetic communities are expected to be more stable when 

applied in the field than single strains inoculation. Therefore, understanding the biotic and 

abiotic factors that drive the microbiome structure is critical for generating insights into their 

stability and resilience to establish robust colonization in particular niches. 

One microbial application in agriculture is seed treatment and inoculation. The successful 

application of synthetic community means that the microbial consortia are capable of colonizing 

and thriving within the plant. Since early colonization determines successful colonization, it is 

crucial to introduce the microbial community at the very early stage of plant development (e.g., 

the seed). One major effort to generate stable and robust microbial inoculants is by combining 

desired traits for plant fitness with ecological traits which are vital for the community 

colonization and establishment.  
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