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ABSTRACT

Symbiotic microbial communities can be found in all plant species in all major terrestrial
ecosystems including wild, horticultural, agricultural and residential garden settings.
Microorganisms such as some bacteria and fungi that colonize the interior of a plant tissue
without causing apparent disease — endophytes -- can be acquired through horizontal
transmission or via vertical inheritance. Studies have shown that endophytes inhabit all tissue
types of host plants and play vital roles in plant health and productivity, providing tolerance
against biotic and abiotic stresses. However, the diversity of endophytes occurring in different
plant tissues such as leaves, stems and seeds, and the factors that influence the endophytic
diversity in those tissues is not well known. The knowledge gap is especially large for semi-arid
areas such as Arizona, where endophytes may be especially important for plant survival under
environmental stress.

In the first part of this study, I evaluated colonization of three different types of crop
seeds by soilborne fungi under different agricultural, residential and wild grassland settings in
central and southern Arizona, USA. I found that fungal colonization differed among plant
varieties, even when placed into the same soil. Seeds recruited distinct fungal communities in
different locations, and fungal communities differed among agricultural, residential, and
grassland settings. Variation in fungal communities was consistent with variation in soil
chemistry. This work provides a case study regarding the diversity of fungal endophytes that can
infect seeds in Arizona soils and highlights the prevalence of certain taxa, such as Fusarium and
Alternaria, that are especially common and may be beneficial for plants, despite their reputations

more broadly as undesirable pathogens or producers of mycotoxins.



In the second part of this study, I provide a first perspective on endophytic biodiversity
associated with common plants in a residential garden setting (i.e., the garden endobiome). I
surveyed leaf and stem tissue of 17 different plant varieties late in the growing season in a
garden environment in Tucson, Arizona. I found that the isolation frequency of bacterial and
fungal endophytes from leaves, and bacterial endophytes from stems, varied among plant
families. Different plant species in a given family showed similar isolation frequencies of
endophytes. In general, bacteria were more common in leaves, and fungi were more common in
stems. Edible and inedible leaves harbored fungi with similar frequency overall, but I did not
observe bacteria in edible leaves. Because this study used inexpensive methods, I develop it
further as the basis for an educational module to be used for students at the high school or
college level, with limited resources, to study endomicrobiomes of cultivated plants in
developing countries.

Ultimately, my dissertation provides an overview of the endophytic communities that
colonize various tissues and plant species in a variety of settings in Arizona. Such studies can
help in mapping the distributions of endophytic microbes important for plants and provide a
road-map for identifying the drivers of their community composition. These studies also can
provide a basis for selecting potentially beneficial fungi and bacteria to aid in plant resilience in a
changing world. Finally, this body of work provides a basis for teaching students in the
developing world about biodiversity, ecology, mycology, and plant biology through endophytes,

Earth’s most widespread symbionts of plants.
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INTRODUCTION

The term endophyte was first used by De Bary in 1884 to describe endosymbionts that live inside
plant tissue without causing any apparent disease (Wilson, 1995). Endophytic microbes,
including fungi and bacteria, can be found in diverse plant species in all major environments,
including wild, horticultural, and agricultural settings (Rodriguez et al., 2009). These
horizontally transmitted symbionts include numerous species that can be isolated in pure culture,
making them amenable for diverse applications (Arnold et al., 2003; Jeffries et al., 2003; U’Ren
et al., 2012; Lally et al., 2017; Rana et al., 2019). Some potential applications in the area of
improving plant health and function are motivated by the observation that endophytes play
important roles in the life of their host plants, in some cases enhancing plant vigor and
productivity, providing tolerance against abiotic stresses, and conferring protection against
pathogens and pests (Tinker, 1984; Rodriguez et al., 2009; Yang et al., 2009). However,
fundamental questions remain regarding (1) the diversity of endophytes that can colonize plants
of agricultural and horticultural importance, (2) the life stages at which they infect most readily,
and (3) the factors shaping these endophyte communities in plants important for human uses.
The goal of this dissertation is to address these three questions with a focus on plants of

agricultural and horticultural interest in Arizona.

Background
Fungal endophytes occur as endosymbionts of diverse plants in all terrestrial and aquatic systems
(Rodriguez et al., 2009). Increasing interest in the use of endophytes, a major portion of the plant

microbiome, in agriculture and horticulture (Lugtenberg et al., 2016) has prompted attention to
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mapping the distributions and basic biology of endophytes in diverse settings.

Here, I explore current knowledge and the context of my dissertation research with
respect to discovering endophyte biodiversity and understanding impacts of endophytes on
plants. Then, I address what is known about the occurrence of endophytes in various plant
tissues. Finally, I explore the factors associated with defining endophyte assemblages in host

plants.

Endophyte biodiversity

Although the total number of species that can occur as endophytes is not known, it is
increasingly appreciated that endophytes are highly diverse at a global scale. They occur in
cultivated crop plants such as citrus, sugarcane, rape, and maize, as well as in wild plants in
forests, grasslands, and deserts (Araujo, 2002; Bayman, 2006; Mendes, 2007; Huang et al., 2010;
Unterseher, 2011; Harrison and Griffin, 2020). Endophytes can be diverse at the levels of
individual host plants or particular tissues, as well as in plant communities or at regional and
large geographic scales, as described below.

Each plant species can be inhabited by multiple species of endophytes in a given
geographical location, often with many species occupying the same individual plant. For
example, 20 species of endophytic fungi were observed in bark, leaf, stem, and root tissues of
Catharanthus roseus (Cape periwinkle) in a coastal region of India (Dhayanithy et al., 2019).
The most frequent endophytic colonizers were Chaetomium nigricolor, Colletotrichum sp., and
Colletotrichum capsica (Dhayanithy et al., 2019). Similarly, 30 fungal endophyte species were
found in tissues of Cannabis sativa in work by Kusari et al., (2013), in which Penicillium

copticola was the most frequently isolated. In another study, the tissues of Monarda citriodora
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(lemon beebalm) contained 28 fungal endophytes belonging to 11 different genera (Katoch et al.,
2017). Indices used in these studies to evaluate diversity include measures such as Simpson’s
dominance (D), Simpson’s diversity index (1- D), Shannon’s diversity index, and many others
(Kusari et al., 2012; Katoch et al., 2017; Dhayanithy et al., 2019). These join many other studies
and approaches for estimating the diversity of endophytes in a wide range of plants (reviewed by
Harrison and Griffin, 2020), with recent increases in the number of species per plant increasing
as studies transition to including not only culture-based approaches, but also culture-free
approaches such as next generation sequencing (NGS) (Akinsanya et al., 2015). Culture-
independent approaches often detect greater richness of endophytes than culturing alone (U’Ren
et al., 2019) and can be applied even to herbarium specimens of plants (Daru et al., 2018).
Although many studies focus on the richness or diversity of individual plants,
comparative studies that evaluate endophytes in multiple plant species in the same location are
needed to understand regional diversity. For example, Massimo et al. (2015) studied the diversity
of endophytes across several plant species in the Sonoran Desert of Arizona. They identified 457
isolates of fungal endophytes and showed that endophyte diversity differed among host species,
but not as a function of tissue type for plants from which stems and leaves were sampled
(Massimo et al., 2015). Similarly, U’Ren et al. (2019) showed that endophyte communities in the
northernmost forests on Earth (the boreal zone) are structured by host, with distinctive
communities affiliating with each host species under particular climate conditions. This raises
the possibility that local communities of endophytes affiliate with plants as a function of abiotic
factors, such that it can be difficult to infer host affiliations when sampling across diverse sites.
As such, there is a need for studies that compare endophyte communities in different host species

under the same conditions (e.g., U’Ren et al., 2012, 2014, 2019).
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Similarly, many studies focus on individual tissues, evaluating endophytes only in leaves
or only in roots. Gagne-Bourgue et al. (2013) characterized 31 bacterial endophytes in leaves of
three switchgrass (Panicum virgatum) cultivars, including Microbacterium testaceum,
Curtobacterium flaccumfaciens, Bacillus subtilis and B. pumilus, Pseudomonas fluorescens,
Sphingomonas parapaucimobilis, Serratia sp. and Pantoea ananatis. Arnold and Lutzoni (2007)
assessed the biodiversity and distribution of foliar fungal endophytes across 28 host plant species
and obtained over 1400 isolates from leaves. In such cases, it is unclear whether the endophytes
in leaves represent the same species, or different species relative to those in other tissues. To this
end, Fang et al. (2019) studied variation of fungal endophyte species across different tissues of
the host Ageratina adenophora, keeping in consideration specific environmental conditions. The
isolated genera included Colletotrichum and Diaporthe primarily from mature
leaves, Allophoma from stems, and Fusarium from roots, suggesting that different taxa dominate
each major plant tissue. Thus, to capture endophyte diversity in plants, it is advisable to sample
not just one tissue type, but multiple tissues, such as both stems and leaves (see Massimo et al.,
2015; Fang et al., 2019).

Finally, many studies of endophytes are conducted in relatively mesic environments, such
as temperate or tropical forests, as reviewed by Harrison and Griffin (2020). In that review,
results of 596 studies published from 2016 to 2019 were considered, and endophytes in arid and
semi-arid lands emerged as understudied: only around 7% of the published studies (40 out of 596
studies) were conducted in desert biomes (Harrison and Griffin, 2020). Among these, most focus
on one species (e.g., Fisher et al., 1995; Dai et al., 2014; Yuan-ting et al., 2017; Ali et al., 2019;
Cui et al., 2019; Eida et al., 2019) or one tissue type (e.g., Porras-Alfaro et al., 2008; Puente et

al., 2009; Gonzalez-Teuber et al., 2017).
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Here, my work aims to discover endophyte diversity in different tissues (seeds, stems,
and leaves) of diverse cultivated plants under different conditions, with a focus on plants in semi-
arid regions of Arizona. My dissertation research focuses on plants of importance in crop
production as well as in horticulture and incorporates data from wild environments, gardens, and

agricultural lands.

Endophyte impacts on host plants

Relatively few endophytes have been studied in detail with regard to their impacts on plants.
However, the case studies available thus far show that endophytes can be of great importance to
their hosts: they can impact acquisition and transport of nutrients and water, influence structural
integrity, and affect reproduction (Arnold et al., 2003; Jeffries et al., 2003; Gallery et al., 2007;
Bonfante and Genre, 2010; Grimmer et al., 2012; Oliva et al., 2014). Increasingly, it is
appreciated that plant-associated microbes that occur in soil can increase plants’ tolerance to
abiotic and biotic stresses such as drought and attacks by pathogens and herbivores, with a
resulting interest in their applications in sustainable and smart agriculture (Tinker, 1984; Arnold
et al., 2003; Waller et al., 2005; Yang et al., 2009). Endophytes appear to be of special
importance given their intimate association with living plant tissues.

In the current literature, several beneficial roles of endophytes have been reported for
plants of human interest. For example, fungal endophytes enhance the tolerance of wheat to heat
and drought (Hubbard et al., 2014). Fungal endophytes in Cannabis sativa offer biocontrol
against phytopathogens specific to the host plant (Kusari et al., 2013). Bacterial endophytes are
noted to protect corn crops against fungal pathogens such as Fusarium moniliforme and

Fusarium graminearum, as well as some viral pathogens (Gond et al., 2015; Mousa et al., 2015;
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Kiarie et al., 2020). Also, in corn, the endophytic fungus Fusarium verticillioides induces
resistance against smut disease (Lee et al., 2009). Some unidentified strains of endophytic
Ascomycota in wheat enhance seed germination during drought and heat stresses (Hubbard et al.,
2012). In cactus, several endophytic bacteria play a role in seedling establishment and plant
growth (Puente et al., 2009). Theobroma cacao showed significantly reduced frequency of
infections with Phytophthora after inoculation with endophytic fungi such as Colletotrichum
tropicale (Mejia et al., 2008). Fungal endophytes are noted to enhance production in corn,
tomato, pepper, and watermelon, particularly under stressful conditions, and often are more
abundant and richer in organic vs. conventional fields (Xia et al., 2019).

In general, endophytes occur in wild plants as well as in agricultural crops, raising the
potential to discover new endophytes of interest for agriculture among plants in wild
environments. However, many of the beneficial functions performed by endophytes in
association with plants are still not identified in detail. For example, the role of endophytes in
many crop plants still needs to be elucidated, especially keeping in view the type of soil, fertility
conditions, land-use history, and environmental stresses. In this dissertation, I examine the
diverse endophytes that infect cultivated plants in wild and non-wild settings, a prelude to
understanding how they impact processes such as seed germination, seedling establishment,

plant growth and yield, and uses of plants by humans.

Studying endophytes in arid and semi-arid lands
Previous work indicates that endophytes occur in all plant tissues, including roots, leaves, and
stems (e.g., see Osono, 2014; Skaltsas et al., 2019). Communities of these endosymbionts also

have been described in various stages of plant growth, such as seeds, seedlings, and adult plants
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(Skaltsas et al., 2019). Diverse endophytes colonize seeds from soil (Zalamea et al., 2015;
Sarmiento et al., 2017; Stump et al., 2019; see also Kissell, 2019 and Leo, 2019), and most
endophytes of leaves and stems colonize those tissues via horizontal transmission of airborne
propagules (Rodriguez et al., 2009). However, we presently have little knowledge of the
abundance, diversity, and composition of endophyte communities in various tissues of cultivated
plants, particularly in the context of arid and semi-arid regions such as Arizona.

Studies in arid and semi-arid regions such as the southwestern US are important and
timely given the mounting pressures from climate change. Global warming enhances extreme
weather conditions such as drought and floods (National Climate Assessment, 2014). Crop plants
are particularly vulnerable to heat and drought stresses (Pareek et al., 2020). The state of Arizona
has faced heatwaves (Arizona Emergency Information Network, 2020) and drought over recent
years, including impacts on the ca. 80% of Arizona that is classified as arid or semi-arid, as well
as the more mesic zones (Encyclopedia Britannica, 2020). This context resonates with my
interests as a scientist and person from Pakistan: the province Balochistan, my birthplace,
comprises 43.6% of Pakistan’s area, receives annual rain of 2 to 20 inches, and has climatic
similarities with Arizona (Government of Balochistan, 2020). I hope that research in Arizona
will help in exploring and characterizing those endophytes which confer resistance to host crop
plants against heat and drought in Arizona and beyond, setting the stage for similar research in
Pakistan. Thus, in this dissertation, I explore the colonization of seeds of cultivated plants in
diverse agricultural and non-agricultural settings in southern Arizona, and then focus on a single
environment to explore the diversity and composition of endophytes in garden plants, with

special attention to plants with edible tissues (i.e., the garden endobiome).
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Factors shaping endophyte assemblages

Even though it is widely known that endophytes occur in the majority of plant species, and likely
in all plant species (Arnold and Lutzoni, 2007; Jones et al., 2008), the factors that shape
endophyte communities are still being elucidated. If endophytes are important in protecting
plants against stress, then it is useful to understand what factors select for certain endophytes to
infect particular plants. These factors can include biogeography (the historical/evolutionary
history of plants and endophytes in a shared area), phylogeny (the evolutionary predilection of
certain plants to affiliate over evolutionary time with particular endophyte lineages), and
selectivity of plants for particular endophyte strains. I focus on the last of these here.

Selectivity of plants may be driven by secondary metabolites in their leaves, stems, roots,
or seeds (Kubo and Hanke, 1985; Kubo et al., 1995; Vaghasiya et al., 2011; Solorzano-Santos
and Miranda-Novales, 2012; Compean and Ynalvez, 2014). For example, a recent study showed
that host plant chemistry and the endophyte both influenced each other to establish a specific
endophytic community (Christian et al., 2020). In that study, the authors controlled extrinsic
environmental conditions and showed that closely related species of Psychotria (Rubiaceae, a
tropical shrub), which were different chemically in terms of leaf metabolites, harbored different
endophytic communities (Christian et al., 2020). They also showed that endophytic colonization
of Theobroma cacao introduced changes in the expressed host chemistry (Christian et al., 2020),
which could influence both host plant health but also the establishment of subsequent endophytes
in host tissues.

Selectivity also may be driven by endophytes. Endophytes appear to enter and establish
inside host plant tissues by modulating the immune system of the host plant (Khare et al., 2018).

Plants’ responses to microbes typically rely on recognition of conserved molecules, also known
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as microbe-associated molecular patterns (MAMPs) (Newman et al., 2013; Khare et al., 2018).
Some bacterial and fungal endophytes can modify or cleave their MAMPs, so the host plant does
not recognize them and thus such endophytes either evade or diminish the host defense system
response (Trda et al., 2015; Vandenkoornhuyse et al., 2015; Cord-Landwehr et al., 2016). It is
plausible therefore that endophytes and hosts have an interplay that defines endophyte
communities, rather than strict dominance by only host chemistry or only endophyte traits.
Although some endophytes can be strictly host specific, in general endophytes can infect
multiple hosts, yet differ reliably in their entire community composition among co-occurring
plants of different species (Solis et al., 2016; Vincent et al., 2016; del Olmo-Ruiz and Arnold,
2017, U’Ren et al., 2019). For example, Yao et al. (2019) assessed the distribution of 259 types
of endophytic fungi (including Auriculibuller, Yamadazyma, Pseudoplectania,
and Simplicillium) in leaves of six mangrove species and demonstrated that the plant species was
the main determinant of endophyte community composition. Dastogeer et al. (2018) isolated 68
taxa of endophytic fungi from tissues of wild Nicotiana in arid Australia (including Aspergillus,
Alternaria, Chaetomium, Cladosporium, Lecythophora, Penicillium, Setophom, and
Trichoderma), and showed that communities differed among host species, regardless of the
tissue type that was sampled. Li et al. (2020) isolated 36 endophytic fungal taxa (dominated by
Alternaria eichhorniae, Monosporascus ibericus, and various Pezizomycotina) in 10 halophyte
species in the Gurbantonggut Desert in China. They demonstrated that the composition of the
endophytic community was significantly influenced by the host plant species and tissue type (Li
et al., 2020). The same patterns typically are observed in plants in Arizona. For example,
Massimo et al. (2015) demonstrated such influence of host plant species in determining the

composition of the endophytic community while assessing several non-succulent woody plant
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species in the species-rich Sonoran Desert of Arizona.

The above examples refer primarily to endophytes of above-ground tissues. Meaden et al.
(2016) and Skaltsas et al. (2019) found that host plant age also affects the richness of fungal
endophyte communities, suggesting the capacity of communities to change over the development
of individuals. However, whether this reflects changes in the plant or changes in the availability
or interactions of fungi, is unclear. In the case of seed-infecting endophytes, soilborne microbes
that have the capacity to colonize seeds often differ as a function of geography and
environmental factors (Cong et al., 2015; Kisssell, 2019; Leo, 2019). They are of interest in
challenging and changing environments because they may respond more rapidly to
environmental changes than do plant communities (Harris, 2008; Kuramae et al., 2010). Factors
such as soil temperature, moisture, organic matter, pH, nutrient availability, and enzymatic
activity often shape microbial communities in soil (Brockett et al., 2012). Land use also can alter
microbial assemblages in the soil, often resulting in marked differences in microbial
communities between agricultural and non-agricultural soils (Buckley and Schmidt, 2001;
Jeffries and Barea, 2001; Smith and Read, 2008; Bisset et al., 2011; Kissell, 2019). Soilborne
microbes that can establish as endophytes in seeds have not been studied thoroughly across
different soil types or environments in Arizona. Thus, in this dissertation, I explore the factors

affecting the diverse soilborne endophytes colonization of crop seeds in diverse environments.

Educational content of endophyte studies: giving back to the developing world
I earned my education to the Masters level (M. Phil.) in the province of Balochistan, Pakistan. I
also have taught in women’s higher education there. On this basis, I have reflected on the

educational system and learning styles that are standard, for which I have a basis of comparison
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now that I have studied in the United States. The strengths of education in Pakistan include the
conveyance of knowledge despite limited resources in many settings. However, in some cases,
educational content is relatively limited.

For example, endophytes are increasingly appreciated as a fundamental aspect of plant
life in nature and in agriculture. They are beginning to be mentioned in biology textbooks in the
United States (e.g., Campbell Biology, 9" edition, 2015, widely used in high school and college
classrooms here). In my experience in Pakistan, unfortunately, there is no mention of endophytes
in the initial twelve grades of education, which comprise primary school, middle school,
secondary, and higher secondary education levels. A discussion of educational background with
teachers and students in Tucson reveals a similar lack of endophytes, or fungi, in general
training.

The majority of students in Pakistan go to public and private schools, where the course
work is almost the same at the elementary levels. It is only after middle school when the sections
of botany and zoology are distinguished from each other in a biology book. The main focus of
botany in the secondary and higher secondary levels of education is the ‘classification of plant
phyla’. The focus of learning is differentiating the characteristics of each phylum such as tissue
complexity, fluorescence, reproduction, mechanisms of water transport, and so forth.
Furthermore, the relationships of plants with other organisms are mentioned only to the extent of
defining types with only a few examples. Symbiosis is exemplified with lichens, where the alga
contributes photosynthetic yield to the symbiotic fungus, and the fungus in return provides
nutrients absorbed from the surroundings. For most students, to be able to consider a career, the
dream job is to become a physician, and if not then to become an engineer. Studying botany is

much further down the list, in the bucket of the “leftover” careers, where veterinary sciences,
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computer sciences, commerce, and business are higher in choice. Even in biology, zoology is
preferred over botany.

Hence, almost 100% of the students who graduate from higher secondary school have not
studied species interactions or plant microbiomes, and an overwhelming majority of such
graduates never study botany again in their lives. A significant minority opts for botany as their
career, but encounter endophytes only infrequently because many areas of traditional research in
Pakistan do not yet consider such symbiotic microbes. Yet endophytes have been researched for
more than 100 years and are becoming mainstream knowledge in other parts of the world (EI-
Mansy, 2020).

According to the World Bank statistics, Pakistan is the 5 most populous country in the
world with a population of over 212 million people and a population growth of 2.1% in the year
2019 (World Bank, 2019; World Bank, 2020). The living for 70% of its population depends on
agriculture (Faisal and Sadiq, 2009), and much of the country is desert (Faisal and Sadiq, 2009).
If endophytes can positively impact plant health, resilience, and productivity, then introducing
them into educational systems in Pakistan would be beneficial. Doing so would appraise the
students of the importance of endophytes in agriculture and open the world of microbiology to
students more effectively. I have observed how the translation of knowledge and methods to
study endophytes can be exciting to US high school students (see Leo, 2019), which encourages
me to translate endophyte biology to Pakistan for learning modules and multiple education
levels. To this end, this dissertation includes the development of educational material that can be
part of a botany syllabus for higher secondary schooling in Pakistan. Some sections of this
chapter may be incorporated into the syllabi of middle and secondary schools. Similarly, some

basic laboratory techniques related to the culture growth of endophytes are being explored can be
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integrated into laboratory experiments of middle, secondary, and higher secondary schooling,

and college level with graded advancements in complexity.

THE PRESENT STUDY
This dissertation consists of two research chapters, which I describe in greater detail below. The
first chapter focuses on an experiment designed to evaluate endophyte communities of crop
seeds (wheat, corn, and soybean) in the context of soil characteristics in agricultural and non-
agricultural settings. This chapter has been accepted for publication as a book chapter. The
second chapter focuses on endophyte communities associated with common garden plants in a
residential garden, providing a first perspective on ‘the garden endobiome’ in some of our most
familiar plants that are cultivated widely by home gardeners and are important in the
horticultural trade. In this chapter, I explore the variation of endophyte communities as a
function of edibility of leaves and stems, the presence of aromatic compounds, and related

factors, showing how a garden can be a trove of biological diversity on the microscopic scale.

Chapter 1. Recruitment of soilborne microbes to seeds of crop plants in agricultural and non-
agricultural soils. Endophytes can be important for rapidly improving plant resistance to diverse
biotic and abiotic stresses. An important foundation for such applied research is to understand
their distribution, diversity, and potential impacts on plants (Arnold et al., 2003; Kuldau and
Bacon, 2008; Busby et al., 2015; Truyens et al., 2015). This study aimed to identify fungal
endophytes of selected crop seeds under diverse environmental conditions across southern

Arizona.

23



I deployed seeds of selected crops (wheat, corn, and soybean) into agricultural and non-
agricultural soils in sites ranging from Yuma to Safford, Arizona. I then isolated and
characterized endophytes recruited to seeds from each of these diverse environments and
evaluated seed germination in vitro. I structured our work around the predictions that
communities of fungi differ among plant taxa; that communities differ among sites; and that
community differences reflect differences in soil chemistry, itself a correlate of geography,
agricultural history, and related factors.

Our case study reveals that fungal communities differed among seeds of three crop
species even when exposed to the same soil. Seeds recruited distinct fungal communities in
different locations, and fungal communities differed among agricultural, residential, and
grassland settings. Variation in fungal communities was consistent with variation in soil
chemistry, which varied more among locations than as a function of the land-use history.
Exploration of phylogenetic and haplotype networks for the most common genera provide
insight into host range and correlative relationships of fungal strains to seed germination, to be
tested in future inoculation experiments. Ultimately such studies can help map the distributions
of fungi important for seeds and identify the drivers of their community composition, while also
highlighting strains that — with narrow host use and positive associations with seed germination

or establishment — may be of use in sustainable agriculture in a rapidly changing world.

Chapter 2. Endophytic fungi and bacteria in leaves and stems of common garden plants:
insights into the garden endobiome. Endophytes are understudied microorganisms: despite
occurring in all host plants examined thus far, relatively few of the hundreds of thousands of

plant species have been investigated for their endophytic communities (Chauhan et al., 2019).
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Endophytes occur in leaves and stems of plants in diverse settings (Osono, 2014; Skaltsas et al.,
2019), including residential gardens. Yet few gardeners realize that with their garden plants, they
are potentially cultivating a diverse assemblage of microbes. This study aimed to provide a first
perspective on the endophytic biodiversity associated with garden plants (i.e., the garden
endobiome). The specific aims were to evaluate the degree to which endophytes differ among
plant taxa and between different tissue types (leaves and stems) and to examine how endophyte
abundance and composition vary with plant functional traits (aromatic leaves, edible leaves). In
doing so I evaluated the relevance of different culture media for capturing endophyte
communities.

My surveys focused on a residential garden with diverse plants in Tucson, Arizona, USA.
I collected leaf and stem tissues of 17 different plant varieties, surface-sterilized them, and
placed tissue fragments on diverse growth media to cultivate endophytes. I measured isolation
frequency (the proportion of tissue fragments producing an endophyte in culture) and compared
isolation frequency for bacteria and fungi as a function of plant families, tissue types, and
aromatic and edible status of leaves. I examined bacterial endophytes in greater detail to identify
the most common endophyte genera and determine whether communities differ in composition
among the best-represented families and leaves with or without aromatic compounds.

I found that the isolation frequency of bacterial and fungal endophytes from leaves, and
bacterial endophytes from stems, differed among plant families. Bacteria were more common in
leaves than fungi, and fungi were more common in stems than bacteria. Multiple plant species or
varieties in the same plant family had similar isolation frequencies of endophytes. Edible and
inedible leaves harbored fungi with similar frequency overall, but fungi varied in frequency

among leaves of edible plants (e.g., common in basil, rare in oregano, rosemary, and grape). I did
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not observe bacteria in edible leaves, but they were found frequently in inedible leaves. Aromatic
and nonaromatic leaves did not differ in the frequency with which bacteria or fungi were
isolated. Overall, isolation frequency did not differ among media. The most common genus
among the endophytic bacteria was Bacillus (Firmicutes, Bacillales). Communities of endophytic
bacteria did not differ significantly between the two most represented families in the data set, and
I found no significant differences in bacterial communities between aromatic and non-aromatic
leaves. Overall, my results provide the first overview of the garden endobiome and form the
basis for an educational module to be used for students at the high school or college level, with

limited resources, to study endophytes of the cultivated plants.
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Abstract

Soil microbial communities play an important role in plant health, physiology, and productivity.
Recent studies have highlighted their role at all stages of plant life cycles, including their impacts
as pathogens or mutualists on the survival and germination of seeds in natural and agricultural
systems. Soilborne microorganisms such as fungi that colonize the interior of seeds without
causing apparent disease — seed endophytes — can be acquired via vertical inheritance or
horizontal transmission, with diverse communities of fungi colonizing seeds from the soil.
However, the factors that influence the diversity and composition of seed endophyte
communities are not well known. Here, we present a case study in which we evaluated the
colonization of seeds by diverse soilborne fungi across agricultural, residential, and wild
grassland settings. We deployed seeds of soybean (Glycine max) , corn (Zea mays), and wheat
(Triticum aestivum) in soil-permeable mesh bags in central and southern Arizona, USA, selecting
in each site both cultivated and non-cultivated soils. Seeds were incubated in these soils for ca.
10 days, then retrieved, surface-sterilized, and evaluated for microbial infection and germination.
Fungal colonization differed among seeds of these crops even when exposed to the same soil.
Seeds recruited distinct fungal communities in different locations, and fungal communities
differed among agricultural, residential, and grassland settings. Variation in fungal communities
was consistent with variation in soil chemistry, which varied more among locations than as a
function of the land-use history. Exploration of phylogenetic trees and haplotype networks for
the most common genera provided insight into host range and relationships of fungal strains to
seed germination. Ultimately such studies can help to map the distributions of fungi important
for seeds and provide a road-map for identifying the drivers of their community composition,

while also highlighting strains that — with narrow host use and positive associations with seed
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germination or establishment — may be of use in sustainable agriculture in a rapidly changing

world.

Keywords: Ascomycota, bacteria, fungi, microbiome, molecular ecology, soil, sustainable

agriculture

Introduction

Soil microbial communities play important roles in all terrestrial ecosystems by shaping plant
health, physiological processes, and productivity (Tedersoo et al., 2014; Davison et al., 2015).
Such microbes influence soil formation and fertility (Harris, 2009) while also impacting plants’
acquisition and transport of nutrients and water, water relations, structural integrity, and
reproduction (Blanchette, 1991; Arnold et al., 2003; Jeffries et al., 2003; Gallery et al., 2007;
Bonfante and Genre, 2010; Grimmer et al., 2012; Bagchi et al., 2014; Oliva et al., 2014).
Increasingly it is appreciated that plant-associated microbes that occur in soil often can increase
plants’ tolerance to abiotic and biotic stresses such as drought and attacks by pathogens and
herbivores, with a resulting interest in their applications in sustainable and smart agriculture
(Tinker, 1984; Arnold et al., 2003; Waller et al., 2005; Yang et al., 2009).

Recent studies have highlighted the importance of soil microbial communities at all
stages of plant life cycles, including the survival and germination of seeds in natural and
agricultural systems (e.g., Truyens et al., 2015). Seeds may carry their own microbiota, but
typically acquire the majority of their microbial associates from the soil (Truyens et al., 2015;
Sarmiento et al., 2017). Soilborne microbes that have the capacity to infect seeds often differ as a

function of geography and environmental factors (Cong et al., 2015) and respond more rapidly to
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environmental changes than do plant communities (Harris, 2008; Kuramae et al., 2010). Factors
such as soil temperature, moisture, organic matter, pH, nutrient availability, and enzymatic
activity often shape microbial communities in different sites (Brockett et al., 2012). Land use
also can alter microbial assemblages in the soil, often resulting in marked differences in
microbial communities between agricultural and non-agricultural soils (Buckley and Schmidt,
2001; Jeffries and Barea, 2001; Smith and Read, 2010; Bisset et al., 2011).

Recent studies have pointed to fungi as particularly important components of seed
microbiomes (Sarmiento et al., 2017; Stump et al., 2019). Fungi that infect seeds in the soil can
act as pathogens, commensals, or mutualists (Sarmiento et al., 2017). In some cases, fungi
facilitate seed germination, protect seeds against stress, and act through hormonal modulation to
shape seed survival and germination (Truyens et al., 2015; Sarmiento et al., 2017). Overall, these
fungi can determine the fate of seeds by influencing seed dormancy, germination, secondary
dispersal, survival, and seedling establishment (Knoch et al., 1993; Gallery et al., 2007; Dalling
et al., 2011; Truyens et al., 2015; Sarmiento et al., 2017). Fungi that associate with seeds can
infect seed coats or other external surfaces, but those with the most intimate interactions with
seeds are those that colonize the interior of seeds.

Seed endophytes are microbes that live within healthy, viable seeds without causing any
apparent disease (Wilson, 1995). They are a subset of microbial endophytes that can infect other
tissues, such as leaves, stems, and roots (Wilson, 1995). Plants can acquire seed endophytes
through vertical (maternal) inheritance or horizontal transmission, but many seed endophytes
colonize seeds from soil (see Zalamea et al., 2015; Sarmiento et al., 2017; Stump et al., 2019).
Given that fungal endophytes in tissues of seedlings and mature plants often improve plant

resistance to diverse stresses (Clay, 1985; Latch et al., 1985; Latch, 1993; Arnold et al., 2003;
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Waller et al., 2005; Kuldau and Bacon, 2008; Chakraborty and Newton, 2011; Busby et al.,
2015), there is an interest in understanding the diversity, distributions, and potential applications
of seed endophytes in sustainable agriculture (Truyens et al., 2015). One method for evaluating
these components of seed-endophyte ecology is to deploy seeds into diverse soils and
characterize the endophytes that colonize them in those environments. In this way, the relevance
of host plant species, soil chemistry, and the land-use history can be elucidated as drivers of
seed-endophyte associations and community structure.

Here, we present a case study in which we examine communities of fungi that colonize
the interior of seeds of three species of crop plants in agricultural and non-agricultural soils.
Specifically, we describe the deployment of seeds in soil-permeable mesh bags, which allow
microbial contact with seeds, while excluding seed predators. After retrieval from the field, seeds
can be evaluated for microbial communities, germination success, and phenotypic traits. Here,
we examine the composition of fungal communities in seeds of corn, wheat, and soybean after
exposure to soils with different land-use histories at sites across southern Arizona, USA. We
show that fungal colonization differed among seeds of these crops even when exposed to the
same soil. Seeds recruited distinct fungal communities in different locations, and fungal
communities differed among agricultural, residential, and grassland settings. Variation in fungal
communities was consistent with variation in soil chemistry, which varied more among locations
than as a function of the land-use history. We complement these findings by illustrating how
phylogenetic and haplotype networks for the most common genera provide insight into host
range and relationships of fungal strains to seed germination. Ultimately, such studies can help to
map the distributions of fungi important for seeds and provide a road-map for identifying the

drivers of their community composition, while also highlighting strains that — with narrow host
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use and positive associations with seed germination or establishment — may be of use in

sustainable agriculture in a rapidly changing world.

Case study

The case study was conducted in agricultural sites where agricultural soils (fallow or cultivated
fields) were paired locally with non-agricultural soils (degraded or non-cultivated fields) in
central and southern Arizona, USA (Figure 1, Table 1, Table 2). We examined the diversity of
microbial communities that were recruited from soil to seeds of three crop species: corn (Zea
mays), wheat (Triticum aestivum), and soybean (Glycine max). Seeds were provided by an
industry collaborator. For the purpose of this study, we were interested more in interspecific vs.
variety- or cultivar-based differences, so we focused at the plant species level or family level in

our analyses.

Field deployment

We deployed seeds in mesh bags into soil plots at each site. Each bag (8 cm x 10 cm) was

constructed from 50 pm mesh (Duda Energy LLC, USA, http://www.dudadiesel.com). First, the
bags were autoclaved at 121.0 °C for 1 hour. We then placed into each bag 8 corn, 8 soybean,
and 40 wheat seeds under sterile conditions, using seeds that had been surface-sterilized
previously. Bags were wrapped in foil to maintain sterility and then transported to the field in
clean Ziploc bags.

In each agricultural site and soil type, we established one study plot (1 m X 2 m) (Table
2). In total, we had 20 plots (Table 2). In each plot, we buried 18 bags in a 6 X 3 grid. Bags were

buried at a depth of ca. 5 cm. Four additional bags per plot were maintained as controls. Two
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control bags were treated as field controls and were exposed to air, but not to soil, at the field
site. The other two bags were treated as lab controls and remained within the lab in a sterile

environment. Controls were processed at the same time and manner as the deployed seeds.

Soil chemistry

Approximately 300 g of soil was collected at a depth of ca. 3-5 cm from each corner of each plot.
Soil samples were allowed to dry completely at room temperature. We sieved the dried soils
through 1.7 mm mesh. Sieved samples were sent for chemical analysis to Motzz Laboratories,

Phoenix, Arizona, USA (http://www.motzzlaboratory.com/). Soil characteristics are listed in

Table 2.

Seed processing

We retrieved seed bags 10-11 days after deployment. We transferred seeds from each bag to a
sterile 50 ml centrifuge tube and surface sterilized them by agitation with 95% ethanol for 10
seconds, 0.5% NaOCIl- for 2 minutes, and 70% ethanol for 2 minutes (Gallery et al., 2007). Seeds
were allowed to surface-dry under sterile conditions. We then used sterile implements to transfer
seeds to 150 mm Petri dishes containing 2% malt extract agar. Plates with seeds were sealed with
Parafilm and placed into a dark cabinet at ca. 22 °C. After 4 days, we recorded the number of
germinated and non-germinated seeds and counted the number of seeds and germinants with vs.
without visible microbial growth. All microbes observed in culture were isolated and preserved
as living vouchers in glycerol (bacteria) or sterile water (fungi) at the University of Arizona
(accession numbers available on request). We obtained a total of 2762 isolates of bacteria and

3833 isolates of fungi. For the present case study, we present the results from the fungi only.
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Molecular analysis

We extracted total genomic DNA from pure cultures of 400 representative fungi with the
Extract-N-Amp PCR kit (Sigma Aldrich) following the manufacturer’s instructions. The
polymerase chain reaction (PCR) was used to amplify the internal transcribed spacers and 5.8S
region (ITS rDNA) and an adjacent portion of the large ribosomal subunit (LSU rDNA) with
primers ITS1F and LR3 (Arnold et al., 2007). Each 20 pl reaction contained 10 ul of REDTaq,
0.8 ul of each primer, 0.5 pl of DNA, and 7.9 pul of molecular grade, PCR quality water (see
Sandberg, 2013). PCR conditions have been previously described (Sarmiento et al., 2017). PCR
products were verified by gel electrophoresis and positive amplicons were cleaned using ExoSap
(Shaffer et al., 2016) and a modified protocol before being sequenced bi-directionally at the
University of Arizona Genetics Core. Sequences were assembled using Mesquite v.2.75
(Maddison and Maddison, 2009) and then were manually checked for quality in Sequencher
v.5.1 (Shaffer et al., 2016). Samples were compared to those in the GenBank database using
BLASTRn to determine their taxonomic placement (Altschul et al., 1990). We obtained reliable

sequence data from 394 fungal isolates.

Data analysis

Sequence data were assembled into operational taxonomic units (OTU) based on sequence
similarity (U’Ren et al., 2009, 2010). Members of the same OTU were at least 95% similar in
their ITS rDNA-partial LSU rDNA sequences. OTU were assembled in TBAS (Carbone et al.,
2016), which also was used for phylogenetic analyses and haplotype network analyses.

Phylogenetic analyses were based on existing core alignments in TBAS and were inferred via
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maximum likelihood (Carbone et al., 2016). Soil characteristics and fungal community
composition were each evaluated with non-metric multidimensional scaling in PAST

(https://folk.uio.no/ohammer/past/).

Results of the case study

Overall, we observed 138 fungal species among the 394 that were isolated from seeds and
sequenced successfully. Of these, 97 were found in only once (74.6%), speaking to diverse
communities in soil with the capacity to colonize seeds. In sum, 45 species were found in the
seeds of soybean, 96 in the seeds of wheat, and 23 in the seeds of corn. Among the 41 fungal
species found more than once, only one species was found in all localities. A total of 80% of the
species found more than once were found in two or fewer sites. Here, we highlight the major
results of our case study as they apply to potential applications in sustainable agriculture. We
focus on fungal communities first at the genus level, and then explore operational taxonomic
units and haplotypes.

First, we observed that fungal colonization differed among plant taxa, even when seeds
were deployed into the same soil (Fig. 2). Seven fungal genera were common in seeds deployed
at our focal sites, and many occurred in all plant taxa. The two most common differed in
frequency in seeds of Poaceae (wheat and corn) and Fabaceae (soybean) (Fig. 2). Members of
these genera differed in abundance between Poaceae and Fabaceae: Fusarium was abundant in
Fabaceae, while enrichment of Alternaria was observed in Poaceae (Fig. 2). One genus that was
common in the seeds of Poaceae (Penicillium) was not found in the seeds of soy.

Second, we observed that seeds recruited distinct fungal communities in different

agricultural settings. For example, we observed that even though the same fungal genera were
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found at sites such as MAC (Maricopa Agriculture Center, near Maricopa, AZ) and CAC
(Campus Agriculture Center, in Tucson, AZ), there were marked differences in the abundance of
the most common genera (Fig. 3). Recruitment of Fusarium was very common in Fabaceae at
MAUC, but was observed less frequently at CAC (Fig. 3). Alternaria was present at MAC and was
only recruited by Poaceae in that location (not by soybean; Fig. 3), even though it was observed
in soybean at CAC. Together, these results suggest selectivity both on the part of host species
and sites, with different abundances of the most common fungi in different locations.

Third, when we considered non-agricultural sites, we found that seeds recruited distinct
fungal communities in agricultural, residential, and grassland settings (Fig. 4). The most
common fungal genera in these environments were the same, but differed in their abundance
(Fig. 4). Agricultural and residential sites tended to harbor a greater abundance of Fusarium,
whereas the grassland site was especially rich in Alternaria. At present, it is not possible to
separate the effects of different seasons vs. different locations on fungal community structure
with these analyses. However, we considered whether the differences we observed could be
described by differences in soil chemistry. If so, we would expect geographic structure in fungal
communities that was consistent with geographic variation in soil chemistry. For those analyses,
we focused on fungal OTU, a proxy for species, and thus resolved the fungal communities more
clearly than at the genus level.

Our analyses showed that variation in fungal communities was consistent with variation
in soil chemistry among sites (Fig. 5). Soil chemistry differed mostly in N, P, K, and pH among
17 traits measured (Fig. 5, Table 2). Soils were clustered according to geography, but also by

land use (both cultivated and non-cultivated) (Fig. 5, Table 2). We observed a very similar
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structure in fungal communities, with a strong signature of geographic location and land use
(Fig. 5).

Our isolations consistently yielded a high frequency of Alternaria and Fusarium, which
prompted us to analyze these fungi in phylogenetic frameworks. Our rationale in part is that
OTU are not independent: that is, they are connected phylogenetically. Phylogenetic analyses of
the ITS rDNA-partial LSU rDNA data set for each genus placed each isolate into an evolutionary
context and allowed us to evaluate the similarity traits such as host use or host germination
phenotypes within and among clades. Alfernaria strains were primarily associated with Poaceae
(Fig. 6). When Alternaria was found in soybean, seed germination was rare (Fig. 6). Fusarium
generally contained host-generalist isolates (Fig. 6). Poaceae seeds showed high germination
when associated with Fusarium (Fig. 6).

Together, these results provide a framework for linking host specificity, germination, and
geographic structure. However, these analyses do not allow us to evaluate the traits of individual
fungal haplotypes. Using haplotype networks allows us to determine the degree to which
individual genotypes have potentially beneficial traits for agriculture.

Haplotype networks based on ITS rDNA data for Alternaria and Fusarium showed large
amounts of haplotype diversity (Fig. 7). Individual haplotypes in some cases had the capacity to
use multiple hosts or to occur in seeds with different germination phenotypes (Fig. 7). In other
cases, some haplotypes were associated with only one host taxon and were consistently
associated with germination (Fig. 7). These may represent potential targets for agricultural
applications. However, due to the production of mycotoxins and allergens, strains of Alternaria
and Fusarium are often regulated by government agencies. It is possible that the strains obtained

here are not producers of toxins or allergens, which is a matter for further study and represents a

51



beneficial aspect of the vouchering and strain preservation approach outlined here. It is also
possible that these strains are novel species without known toxin or allergen production; further
taxonomic resolution is recommended to determine if so. Ultimately our study suggests proof of
concept for a workflow that can select strains from the soil to the germination phase, providing

the basis for new directions in research and applied crop biology.

Perspectives
A major challenge in agriculture is to reduce fertilizer and water inputs without negatively
impacting yield. Beneficial microbes in soil may be important tools to address this challenge. A
growing literature indicates that microbes recruited from the environment as endophytes can
assist plants by enhancing seed survival, germination, early seedling establishment, growth,
productivity, and physiology of the mature plants (Tinker, 1984; Sheng and Xia, 2006; Ma et al.,
2009; Yang et al., 2009; Eriksson and Kainulainen, 2011; Tak et al., 2013; Zi et al., 2014).
Increasingly it is appreciated that microbes can improve uptake of water and nutrients and can be
used as biofertilizers to improve physiological processes and increase crop yields (Broadbent et
al., 1977; Suslov, 1982; Kapulnik et al., 1985; Capper and Campbell, 1986; Kleopper, 1989;
Sarig et al., 1990; Kloepper, 1994; Rodriguez and Fraga, 1999; Babu and Reddy, 2011). Here,
we outline a workflow that links the recruitment of seed endophytes from soils to analyses from
the haplotype to genus levels, assays of germination, and potential selection of strains for further
experiments geared to agricultural sustainability.

The diversity of soilborne fungi found here represents both a core microbiome of
common genera as well as site-specific and soil-specific assemblages. These organisms likely

differ geographically due to historical soil conditions (Harris, 2008; Kuramae et al., 2010; Cong
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et al., 2015) such as temperature, moisture, organic matter, pH, nutrient availability, and
enzymatic activity, as well as the biogeography and functional traits of the fungi themselves. In
future work, we will examine how such communities vary seasonally within sites, and how soil
chemistry and seed identity at the species and family level can filter microbial associates.

In our case study, we only correlated the presence or absence of fungi with germination:
that is, we could not establish a causal relationship in terms of negative or positive impacts of
fungi on the ability of seeds to survive and germinate. Zi et al. (2014) found that endophytes
enhanced seed survival, germination, and seedling establishment, but diverse plant pathogens
also can occur in soil. By vouchering fungal isolates, we provide the raw material for future
experiments to confirm effects on seed germination and survival (see also Sarmiento et al.,
2017).

The present study focused on fungi, but bacteria also were observed in our study (data not
shown). Overall, we obtained 2762 bacterial isolates, including diverse Proteobacteria and
Firmicutes. Several studies have shown that bacteria are important endophytes, particularly in
seeds, where they enhance seed germination and seedling development along with promoting
growth and providing resistance against pathogens (Dijk and Nelson, 1998; Ahmad et al., 2008;
Alibrandi et al., 2015; Truyens et al., 2015; Rahman et al., 2018). In future work understanding
the roles of these bacteria will be important, as they may work independently from, in contrast

to, or synergistically with fungal endophytes of seeds.

Conclusions

The ultimate goals of our case study are to determine the distributions of soilborne microbes that

colonize seeds, to generate a culture collection that can be used to evaluate impacts on

53



germination, and to identify strains that could be used to promote seed germination or enhance
plant health under diverse conditions. As part of this process, we explored the distributions of
seed-colonizing fungi and potential drivers of their community composition, providing a basis
for applied work. We anticipate that many of the fungi studied here may have impacts on plants
or soil beyond the seed stage we evaluated, prompting a bevy of future research directions at the

intersection of plant physiology, microbial ecology, and crop science.
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Table 1. Location and climate information of the study sites used in the case study of seed

endophytes. Climate data are from http://www.usclimatedata.com/climate/arizona/united-

states/3172 (accessed March 2017).

Site Latitude (°) Longitude (°) Elevation Mean Annual Mean Annual Mean Annual

(m) High (°C) Low (°C) Precipitation
(mm)

UA Campus N32.28048 W110.9455 714.6 28.7 14.5 303

Agricultural

Center (CAC)

Maricopa N33.058056 W112.047778 360.9 31.4 12.3 200

Agricultural

Center (MAC)

Safford N32.813194 W109.675775 900.4 26.9 8.6 245

Agricultural

Center (SAC)

Tucson, Urban N32.226806 W110.937846 746.9 28.7 14.5 303

Residential (T-

Urb)

UA Campus N32.231778 W110.956611 743.9 28.7 14.5 303

Arboretum

(Arb)

Yuma N32.70918 W114.7103 36.3 31.4 16.6 78

Agricultural

Center (YAC)




Table 2. Details of soil chemistry for research plots. Site abbreviations match Table 1 and text. Plot names reflect land use. C/N

indicates cultivated (C) or non-cultivated (N) history. Soil chemistry values are given as mean (SD). Units of measure are SU, dS/m, mg/1,

% and meq/100g. ND = not determined.

Site  Plot C/ pH EC Ca Mg Na K Zn Fe Mn Cu Ni NO3-N PO4-P S04-S B ESP CEC
N (SU) (dS/m) (ppm) (ppm) (mgll) (mgll) (mg/l)  (mg/l) (mg/l) (mg/l) (mg/l) (mgll) (mgll) (mgll) (mgll (%) (meq/

) 100g)

CAC _ Cotton C 84 05 2750 220.0 1115 735.0 17 18 48 19 01 32.0 215 123 16 2.7 18.0
©.1)  (0.1) (57.7) (8.2) (22.1) (17.3) 0.1) 04) (120 (02) (00) (122 (1.3) (3.9) 02) (05) (0.3)

CAC  Afalfa C 89 15 2200 105.0 315.0 522.5 08 1.0 3.1 1.0 0.1 210.0 11.3 55.0 15 9.3 58.3
02) (0.9 (0.00) (5.8) (82.7) (22.2) (0.0) ©1)  (02)  (011) (0.0)  (2731)  (1.5) (37.7) 01) (22 (0.5)

CAC  De- N 78 45 2675 257.5 188.3 740.0 1.0 1.6 8.8 1.6 0.1 6125 14.0 913 1.4 4.2 18.3
graded 02) (1.5) (853.9)  (126.9)  (130.0)  (2722)  (0.1) 1) (48  (01)  (0.0)  (17.1) (2.6) (51.7) 02) (1.3) (6.6)
MAC  Sorg- c 90 03 2625 162.5 205.0 1475 03 1.6 5.7 1.6 0.1 6.4 8.8 10.2 0.9 5.7 15.8
hum ©0.1)  (0.0) (50.0) (5.0) (12.9) (15.0) (0.1) 02) (03) (02)  (0.0)  (10.4) 0.1) (2.6) 02) (0.3) (0.3)
MAC  De- N 85 06 2675 137.5 164.3 127.5 0.2 06 1.1 06 0.0 325 34.9 68.5 08 4.4 15.6
graded 04)  (05) (95.7) (9.6) (111.0)  (96) 0.1) ©1) (01  (01)  (0.0)  (36.0) 0.1) (70.0) 03) (28 (1.0)

SAC  Cotton C 87 0.9 3375 407.0 790.0 535.0 08 28 9.1 28 0.1 26.8 12.8 15.3 1.7 13.7 25.1
©.1) (0.1 (95.7) (15.0) (20.0) (19.2) (0.0) (04) (031  (04)  (0.0) (24) (0.5) (3.3) 0.1) (04 0.7)

SAC  Fallow C 86 1.7 3025 3125 975.0 3325 06 27 9.9 27 0.1 774 9.7 494 1.7 18.6 228
03) (0.9 (95.7) (5.0) (1258)  (5.0) (0.0) 02) (14)  (02) (0.0)  (59.8) (1.1) (37.6) 01) (22 (0.6)

SAC  Tool N 79 10.5 4425 4150 217507 930.0 2.0 25 19.3 25 0.1 905.0 235 2525 3.9 248 374
Yard 02) (53) (666.1)  (138.0)  80.5) @3721)  (0.6) (06) (7.7)  (06)  (0.0) (4597)  (17.1) (64.5) 07)  (35) (8.5)
TUb  Alley N 78 05 3025 245.0 56.3 345.0 9.4 9.4 7.2 9.4 0.2 208 345 36.0 1.8 1.3 18.3
02) (02 (170.8)  (46.6) (38.9) (50.7) (2.2) B2 (27 (32  (00) (15.1) (11.0) (35.7) 04) (08) (1.4)




T-Urb

T-Urb

C-Arb

C-Arb

C-Arb

YAC

YAC

YAC

SRER

SRER

SRER

Coop

Mes-
quite
Cactus
Garden

Forbes

Green
belt

Lettuce

Switch-
grass
Tool
Yard
Mes-
quite

Open

Grass

Cover

74
(0.8)
6.8
(0.5)
76
(0.2)
7.9
(0.2)
78
(0.3)
8.0
0.1)
8.1
0.1)
8.0
0.1)
5.3
(0.3)
54
(0.2)
5.4

(0.3)

1.0
0.7)
1.4
(0.6)
0.9
(0.6)
1.4
(0.6)
9.0
(6.9)
1.6
(0.2)
1.4
0.1)
34
(0.9)
0.1
(0.0)
0.0
(0.0)
0.1

(0.0)

2550
(420.3)
3425
(579.5)
2875
(298.6)
3325
(298.6)
4375
(939.4)
4350
(57.7)
4175
(50.0)
4425
(321.5)
397.5
(37.8)
320
(36.5)
320

(14.1)

2475
(75.4)
282.5
(31.0)
190.0
(14.1)
192.5
(47.9)
345.0
(98.2)
837.5
(22.2)
965.0
(19.2)
900.0
(36.0)
59.8

(2.4)

74.0

(7.1)

79.3

(5.0)

1238
(87.3)
46.3
(27.4)
36.8
(15.6)
182.5
(64.0)
>2000
(ND)
395.0
(20.8)
4725
(9.6)
755.0
(131.2)
22.8
(2.2)
26.0
(1.4)
27.3

(2.6)

4325
(356.2)
755.0
(172.5)
387.5
(69.5)
380.0
(62.2)
697.5
(287.8)
507.5
(9.6)
502.5
(29.9)
515.0
(20.8)
220.5
(14.1)
127.0
(19.9)
1775

(15.0)

(14.4)
58.0
(43.3)
8.1

(0.8)

(3.5)
9.4
(1.3)
1.2
0.1)
1.2
0.1)
1.6
(0.2)
1.6
(0.4)
07
(0.2)
1.4

(0.3)

43
(2.8)
6.9
(3.8)
45
(0.3)
3.1
(0.5)
25
(0.6)
45
(0.3)
7.9
0.1)
46
(0.8)
18.0
(5.4)
10.3
(2.6)
19.0

(4.2)

6.4
(7.8)
34.0
(7.6)
14.0
@.7)
7.7

(2.8)
75

@.1)
3.1

(0.4)
4.7

(0.4)
27

(0.5)
12.0
(4.4)
205
(8.2)
16.3

(5.3)

43
(2.8)
6.9
(3.8)
45
(0.3)
3.1
(0.5)
25
(0.6)
45
(0.3)

7.9

0.7
(0.2)
03
0.1)
0.2
(0.0)
0.2
0.1)
03
0.1)
0.2
(0.0)
03
(0.0)
0.1
(0.0)
0.2
(0.0)
0.2
(0.0)
0.2

(0.0)

80.1

(126.8)

(29.5)
38.8
(36.8)
25.8
(10.1)
550.0
(599.7)
106.5
(23.9)

4.9(0.9)

30.5

(7.2)

9.0 (4.9)

3.0 (2.1)

2.5 (1.6)

1443
(197.6)
51.3
(28.3)
36.5
(22.2)
30.8
(5.6)
40.5
(7.9)
38.33
(11.9)
17.0
(1.6)
24.0
(1.4)
13.0
(0.0)
12.8
(0.5)
10.6

(1.6)

115
(124.1)
1135
(65.8)
415
(45.7)
138.0
(82.9)
475.0
(225.8)
78.8
(10.6)
1225
(20.6)
512.5
(244.5)

76(2.2)

3.8(1.3)

4.3(0.6)

18
(1.2)
8.8
(4.4)
25
(0.9)
1.7
(0.4)
26
(0.4)
1.2
(0.2)
1.3
(0.3)
1.8
0.1)
1.4
0.1)
0.9
0.1)
04

(0.0)

0.1)
95
(1.9)
3.2
(0.3)
43
(0.3)
4.2

(0.4)

(3.6)
216

(2.8)

(1.5)
20.0
(1.9)
35.9
(13.2)
316
(0.6)
323
(0.5)
342
(2.3)

3.2(0.2)

2.7(0.3)

2.8(0.1)
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Figure legends

Fig. 1: The Map of Arizona, USA, showing selected agricultural, residential and grassland sites
(described in Table 1 and Table 2). Circles, agricultural sites with cultivated and non-cultivated
soils. Triangle, residential site (T-Urb) and campus arboretum (C-Arb) with cultivated and non-

cultivated soils. Square, grassland site.

Fig. 2: Fungal communities recruited by the seeds of Fabaceae and Poaceae share many genera,
but differ in their abundance. Width of fiddle plot shows relative abundance of each focal fungal
genus. The relative abundance of the two most common genera, overall, Alternaria and

Fusarium, differed significantly as a function of crop plant family (chi-square = 133.8, df =1, P

<0.0001).

Fig. 3: Example of host-and site- effects on abundance and composition of fungal communities.
MAC, Maricopa Agricultural Center, Maricopa. CAC, Campus Agricultural Center, Tucson.
Arrows indicate relative enrichment of Fusarium. Circles note disparity in recovery of Alternaria

from seeds of Fabaceae even though that genus was found in seeds of Poaceae at the same site.

Fig. 4: Many of the same genera were found in the soils of each type of site, but communities of

fungi in each landscape differed in composition and abundance.

Fig 5: Panel (A): Non-metric multidimensional scaling reveals that fungal communities clustered

according to geography in areas with a history of cultivation. Points represent microbial
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communities associated with plots. Data presented here highlight fungi isolated from wheat
seeds deployed into four agricultural sites and one residential urban site. Residential refers to T-
Urb and C-Arb (Table 2). Note that fungal communities were structured more coherently by
locality than by soil type (shown here: degraded soils and soils used for cotton cultivation). Panel
(B): Principal components analysis reveals geographic variation in soil chemistry (see Table 2).
First component (X axis) explains 40.2% of the variation, while second component (Y axis)
explains 22.4% of the variation in soil characteristics. Different colors represent soils from
different sites. Filled circles indicate cultivated soils; open squares represent uncultivated soils.
Geographic variation is stronger than that imposed by different land use within sites,

corresponding in turn to the differences in fungal community structure shown in Panel (A).

Fig. 6. Maximum likelihood analysis shows phylogenetic relationships of Alternaria (Panel A)

and Fusarium (Panel B).

Fig. 7. Haplotype networks based on ITS rDNA data. This shows occurrence of (common and

rare) haplotypes of Alternaria (Panel A) and Fusarium (Panel B) in different hosts and settings

along with their association with germinated or non-germinated seeds.
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Fig. 1
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Fig. 4
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Fig. 6
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Fig. 7
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GARDEN PLANTS: INSIGHTS INTO THE GARDEN ENDOBIOME
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Abstract

When consumers purchase vegetables or gardeners produce edible plant products from their
gardens, they are acquiring not only the plant material of choice, but also a rich microbiome: the
bacteria and fungi that occur on and in plant tissues. Food preparation protocols generally
involve washing produce, which reduces or alters the microbial communities on plant surfaces.
However, microbes that occur within plant tissues cannot be removed. These microbes —
endophytes -- can be found in all plant species studied to date in all major terrestrial
environments, including wild, horticultural and agricultural settings. They inhabit all tissue types
of host plants and play important roles in enhancing plant vigor and productivity. The diversity
of endophytes occurring in different plant tissues such as leaves and stems is not well known,
and little is known regarding endophytes in edible plants and common horticultural plants more
generally. Here we provide a first perspective on the endophytic biodiversity associated with
common plants in a residential garden setting (i.e., the garden endobiome). We collected fresh
leaf and stem tissues of 17 different plant varieties planted in the same garden area in Tucson,
Arizona, in the fall season. We placed surface-sterilized tissue fragments on diverse growth
media to cultivate endophytes. We measured isolation frequencies and compared them for
bacteria and fungi as a function of plant families, tissue types, and the aromatic nature and
edibility of leaves. We found that the isolation frequency of bacterial and fungal endophytes
from leaves, and bacterial endophytes from stems, varied among plant families. Different plant
species in a given family showed similar isolation frequencies of endophytes. In general, bacteria
were more common in leaves, and fungi were more common in stems. Edible and inedible leaves
harbored fungi with similar frequency overall, but we did not observe bacteria in edible leaves.

The most common genus among the endophytic bacteria was Bacillus (Firmicutes, Bacillales).
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Aromatic and nonaromatic leaves did not differ in bacterial and fungal isolation frequencies.
Overall, the isolation frequency did not vary among the different cultivation media. Collectively
our results provide the first overview of the garden endobiome in an urban setting and form the
basis for an educational module to be used for students at the high school or college level, with

limited resources, to study endomicrobiomes of cultivated plants.

Introduction
When consumers purchase vegetables or gardeners produce edible plant products from their
gardens, they are acquiring not only the plant material of choice with healthful benefits. They
also are purchasing or cultivating a rich plant microbiome: the bacteria and fungi that occur on
and in plant tissues (Turner et al., 2013; Kaul et al., 2017; Sharma et al., 2020). Food preparation
protocols generally involve washing produce, which will reduce or alter the microbial
communities on plant surfaces (Pao and Brown, 1998; Saper, 2003). However, microbes that
occur within plant tissues cannot be removed. These microbes — endophytes -- occur in every
plant species and tissue type examined thus far (Verma and Gange, 2014; Skaltsas et al., 2019),
such as seeds and the leaves, stems, and roots of seedlings and adult plants (Skaltsas et al., 2019).
Despite their ubiquity, endophytes are understudied microorganisms, as few host plant
species have been investigated for their endophytic community (Chauhan et al., 2019). Fungal
endophytes provide high value for bio-fertilization and biocontrol among food crops, and hence
are essential to characterize qualitatively and quantitatively in their association with diverse host
plants (Brian et al., 2015), including those of horticultural or agricultural importance that may be
consumed raw or cultivated in the home garden. As some endophytes (e.g., of cool-season

grasses, or plants such as Astragalus) contain endophytes that produce potent secondary
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compounds such as alkaloids with known toxicity to mammals, and other groups of endophytes
such as fungi in the genera Cladosporium, Aspergillus, Alternaria, and Fusarium can produce
potent mycotoxins (Legan, 2000; Varga et al., 2004; Mousa and Raizada, 2013; Ismaiel and
Papenbrock, 2015), understanding the frequency with which they occur in plant tissues,
especially those consumed directly, is of interest for understanding the health of gardeners and
consumers of produce in diverse settings.

Relatively little is known about endophytes in home gardens. Most of the current
knowledge about endophytes comes from wild plants or plants in large agricultural settings
(Marshall et al., 1999; Llorens et al., 2019). Evidence from such plants suggests that endophyte
communities vary in their complexity throughout the development of the host (Skaltsas et al.,
2019). For example, endophyte richness (the number of species present) varies with the age of
long-lived woody plants (Meaden et al., 2016; Skaltsas et al., 2019). Very few studies have
reported strict host-specificity of endophytes (Bailey et al., 2006; Suryanarayanan et al., 2011;
Skaltsas et al., 2019), but some have shown that communities of endophytes differ among co-
occurring plants in different species (Solis et al., 2016; Vincent et al., 2016; Del Olmo-Ruiz and
Arnold, 2017). Garden environments provide an ideal setting to evaluate host affiliations of
endophyte communities, as many plants are often placed together in a common environment.

We examined fungal endophytes associated with common garden plants in a residential
garden in an urban area in the southwestern USA. This is the first study, to our knowledge, of
endophytes in residential garden plants. The goal of this study was to evaluate the degree to
which endophytes differ among plant taxa, among plant tissues (leaves and stems), and to
examine how endophyte abundance and diversity reflect plant functional traits (such as aromatic

or edible leaves). In doing so, we evaluated the relevance of different culture media for capturing
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endophyte communities, with the aim of producing an educational module on endophyte

isolation for use at the level of high school or college students in a developing country.

Methods

This study was conducted in a cultivated domestic garden in Tucson, Arizona, USA. The study
site is located at 32° 13’ 36.5016” N, 110° 56’ 16.245” W, at approximately 667 masl. The site
has native soil that is supplemented by organic compost and commercial potting soil in the
spring of each year. Perennial plants were established in the garden in 2011 and annuals were
planted in March of the year of the study. All plants occurred within 10 m of one another (Figure
1).

In November 2018 we collected living, apparently healthy plant material to isolate
endophytic fungi. We examined tissues of 14 species (a total of 17 varieties) representing 6
families (Table 1): Lamiaceae, Moraceae, Rosaceae, Rutaceae, Solanaceae, and Vitaceae. We
focused on plants commonly cultivated by gardeners in the Tucson area, including species of

Capsicum, Citrus, Ficus, Ocimum, Solanum, and others (Table 1).

Tissue collection and processing

We collected leaf and stem tissues from all varieties (Table 1; except for fig, from which we
collected only leaves). We washed each sample in running tap water. We then cut stem tissue
from each sample into ca. 100 pieces, each ca. 1 cm long. We cut 100 discs from leaf tissue from
each collection, each 5 mm in diameter. We surface-sterilized the tissue pieces by agitation with

95% ethanol for 10 seconds, 0.5% NaOCI- for 2 minutes, and 70% ethanol for 2 minutes
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(Gallery et al., 2007). We allowed the tissue pieces to surface dry under sterile conditions prior
to placing them on growth media.

We prepared 5 plates of 2% malt extract agar (MEA) and 5 plates of potato dextrose agar
(PDA) or water agar (WA) for each tissue type of each plant collection. Each plate received 10
segments of one tissue type. For example, 50 leaf segments of Chiltepin pepper were plated on 5
plates of 2% MEA and 50 leaf segments of the same variety were plated on 5 plates of PDA
(Table 1). We carried out the transfer of tissue segments to the media plates under sterile
conditions and with sterile equipment.

After transferring the tissue segments to media plates, we sealed the plates with Parafilm
and kept them at room temperature (ca. 22°C). After 5 days, we isolated emergent microbes in
axenic culture. Each was preserved as a living sample in glycerol (bacteria) or sterile water
(fungi) at the University of Arizona (accession numbers available on request). In total, we
obtained 643 fungal isolates and 230 bacterial isolates. Here, we evaluate the isolation frequency
of fungi and bacteria, and then explore endophytic bacterial communities in greater detail. The
most common genus in the sample as a whole was Bacillus (Firmicutes, Bacteria), which we

analyze in detail with regard to community composition.

Molecular analyses

We extracted total genomic DNA from pure cultures of representative bacteria and used the
polymerase chain reaction (PCR) to amplify the 16S rRNA with primers 10F/1507R or
27F/1492R, as described previously (Hoffman and Arnold, 2010; Arendt et al., 2016; Shaffer et
al., 2016). PCR products were verified by gel electrophoresis and positive PCR amplicons were

sequenced bidirectionally with the original primers used in the amplification step. Sequences
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were assembled, bases were called and quality scores were assigned by using phred and phrap
(Ewing et al., 1998) as implemented in Mesquite v. 2.75 (Maddison and Maddison, 2008).
Sequences were manually checked for quality in Sequencher v. 5.1 (Gene Codes Crop). Samples
were compared to those in the GenBank database using BLASTn to determine their taxonomic

placement (Altschul et al., 1990).

Data analysis

Isolation frequencies were calculated as the percent of tissue segments that yielded a bacterial or
fungal isolate. Isolation frequency data were analyzed via Wilcoxon tests and, when normal
distributions of data were observed, analyses of variance (ANOVA). Analyses were conducted in
JMP 14 (SAS Institute, Cary, NC, USA). The composition of bacterial communities was
compared via analysis of similarity (ANOSIM) with visualization by non-metric

multidimensional scaling (NMDS) in PAST v3 (https://folk.uio.no/ohammer/past/). For

ANOSIM and NMDS, 99 distinct bacterial genotypes determined via BLAST matches in
GenBank were filtered to remove genotypes observed fewer than three times. The remaining
genotypes (17 in total) were included in analyses to determine whether bacterial endophytes
differed as a function of host family (considering the two families most represented in the

dataset, Rutaceae and Lamiaceae), aromatic leaves (all hosts), or edible leaves (all hosts).

Results

We found that the garden endobiome represents a rich source of endophytic bacteria and fungi.

All plant varieties hosted endophytes, and endophytes were isolated on all of the cultivation
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media used here. We observed both bacteria and fungi in cultures of healthy stems and leaves, as

described below.

Isolation frequency from leaves

The isolation frequency of endophytes from leaves differed among plant families (Fig. 2:
bacteria, chi-square = 19.92, df = 5, P = 0.0014; fungi, chi-square = 14.77, df = 5, P=0.0114).
Bacterial endophytes were isolated most frequently from leaves of Rutaceae, whereas fungi were
most common in leaves of Lamiaceae (especially basil) and Solanaceae (both pepper and potato)
(Fig. 2, Table 2). Overall, the mean isolation frequency of bacteria from leaves was 9.1% (i.e.,
9.1% of leaf discs produced a bacterium in culture; 95% confidence interval, CI: 4.9-13.2%), and

for fungi from leaves was 5.9% (95% CI: 3.0-8.8%).

Isolation frequency from stems

The isolation frequency of endophytes from stems differed among plant families for bacteria
(Fig. 3: chi-square = 12.18, df =4, P = 0.0161), but not for fungi (chi-square = 7.71, df = 4, P=
0.1030). Bacterial endophytes were isolated most frequently from stems of Rutaceae, whereas
fungi were similarly common in stems of all host families. Overall, the mean isolation frequency
of bacteria from stems was 5.3% (95% CI, 2.5-8.1), and fungi from stems was 35.0% (95% CI,
26.8-43.2). Thus, fungi were on average nearly sevenfold more common in stems than in leaves,

whereas bacteria differed little in isolation frequency between stems and leaves.

Isolation frequency was consistent among diverse confamilial plants
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When we examined multiple plant species or varieties in the same family (e.g., Rutaceae, for
which we sampled tissues from two varieties of kumquat, one lemon variety, one lime variety,
and one mandarin variety; Tables 1 and 2) we found no difference among varieties in isolation
frequency for bacteria in leaves (chi-square = 7.12, df =4, P = 0.1299) or stems (chi-square =
6.31, df =4, P =0.1773), nor for fungi (leaves, chi-square = 7.41, df =4, P = 0.1159; stems, chi-

square = 5.88, df =4, P =0.2081).

Isolation frequency for edible vs. inedible leaves

Edible and inedible leaves harbored fungi with similar frequency overall (Fig. 4, chi-square =
1.86, df =1, P =0.1729). In plants with edible leaves, fungi were relatively common in leaves of
basil, but rarer in leaves of oregano, rosemary, and grape (Table 2). We did not observe bacteria
in edible leaves (basil, oregano, rosemary, grape), but they were found in non-edible leaves (Fig.

4, chi-square = 12.37, df = 1, P = 0.0004) (Table 2).

Isolation frequency as a function of aromatic compounds in leaves
Aromatic (Lamiaceae, Rutaceae) and nonaromatic leaves (all other families) did not differ in the
frequency with which bacteria or fungi were isolated (chi-square = 1.10, df = 1, P = 0.2938; chi-

square = 0.08, df = 1, P = 0.7756, respectively) (data not shown).

Consistent isolation frequency on different cultivation media
Isolation frequency did not differ among media (Fig. 5) for bacteria or fungi from leaves (F =

0.7450, df =2, 62, P =0.4789; F = 0.0719, df =2, 62, P = 0.9307, respectively) or for bacteria or
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fungi from stems (F = 0.4145, df =2, 28, P = 0.6647; F = 0.0873, df =2, 28, P = 0.9166,

respectively).

Evaluation of the most common bacterial genus

The most common genus among the endophytic bacteria was Bacillus (Firmicutes, Bacillales).
Communities of endophytic bacteria did not differ significantly between the two most
represented families in the data set (Rutaceae, Lamiaceae) (Fig. 6, analysis based on Morisita
index of similarity for stem and leaf data: ANOSIM R =0.25, P = 0.1762). We found no
significant difference in bacterial communities between aromatic and non-aromatic leaves

(ANOSIM R =0.25, P =0.1721; data not shown).

Discussion
Endophytes occur in the above-ground tissues of all plants sampled to date, including plants in
agroecosystems and wild plant communities (Arnold and Herre, 2003; Massimo et al., 2016).
Here, we examined endophytes in leaves and stems of common garden plants in a diverse urban
garden in southeastern Arizona at the end of the summer-monsoon to fall growing season.
Overall, our data point to the garden endobiome as a rich source of endophytic bacteria and
fungi, highlight the importance of sampling stem tissue as well as leaf tissue to capture above-
ground endophytes and suggest that surveys of endophytes on three isolation media can yield
similar numbers of cultures for downstream studies.

We found that endophytes occurred frequently in leaves and stems of garden plants,
including in tissues that are often eaten directly and fresh without processing (e.g., leaves of

herbs such as basil, oregano, and rosemary, used widely in cuisine worldwide (McKee, 1995)
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and in leaves of grape, used for pickling, in salad, and in prepared foods such as dolmas (Naseri
et al., 2006; Unver et al., 2006)). Bacteria were not isolated in culture from edible leaves, but
fungi were as common in those leaves as in leaves not eaten directly by humans (e.g., leaves of
potato, pepper, citrus, fig, or stone fruit trees).

The reason for the common occurrence of fungi, but not bacteria, in edible leaves is not
yet clear. It is plausible that humans have selected edible leaves with relatively little bacterial
content, but this remains to be examined. Based on our results we would predict that edible
leaves would contain more or more potent antibacterial compounds than non-edible leaves on
average, but that these leaf types would not differ in the number or potency of antifungal
compounds. This is an area for future study. Previous work has shown that some extracts of
edible leaves have antimicrobial properties, particularly against bacteria (Natarajan et al., 2008;
Sudjana et al., 2009; Klancnik et al., 2010). We also advocate for using culture-free methods to
examine endophyte communities, as it is possible that our study is limited by relying only on a
culture-based approach.

Overall, fungi were more common in stems than in leaves and were similarly common in
all families examined here. In contrast, bacteria occurred at a similar frequency in both tissue
types and varied in abundance among families. Variation in abundance among plants of different
families can reflect differences in leaf chemistry, phenology, or other factors (Arnold and Herre,
2003; Hilarino et al., 2011; Sanchez-Azofeifa et al., 2012; Kato et al., 2017; Van Bael et al.,
2017). Our data suggest that diverse garden plants consistently harbor fungi, particularly in their
stems but also in their leaves. However, to capture bacterial endophytes in large numbers, our

data suggest surveying either stems or leaves of plants in the Rutaceae in particular.
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Plants that produce aromatic compounds have been noted previously to carry endophytic
fungi, as we observed here (see also Kusari et al., 2008; Pyuhunlang et al., 2014). Here, we
compared the isolation frequency of endophytes from aromatic vs. nonaromatic leaves. Aromatic
compounds often correspond to potent antimicrobials in the forms of terpenoids and other
secondary metabolites with volatile components (Kubo and Hanke, 1985; Kubo et al., 1995;
Vaghasiya et al., 2011; Solorzano-Santos and Miranda-Novales, 2012; Compean and Ynalvez,
2014). Our data suggest that these metabolites do not restrict endophytes in a systematic fashion.
It is possible that endophytes with intercellular growth do not interact with such compounds in
plants or enhance their production (Pandey et al., 2016; Khare et al., 2018). It also is plausible
that such compounds play a more important role in defense against insect pests and less of a role
in vivo against microbes. Finally, it is possible that the endophytes examined here may be
tolerant or resistant to any antimicrobial aspects of such compounds. These are areas for future
study.

For surveys of stems and leaves, neither bacteria nor fungi differed meaningfully in
isolation frequency on different media. This result echoes other studies (Cohen, 1999; Verma et
al., 2011; Qi et al., 2012; Eevers et al., 2015; Massimo et al., 2016; Fareed et al., 2017) and
suggests that to capture large numbers of endophytes, any of the media used here would be
useful. We noted that growth was particularly robust in terms of hyphal density and production
of colors on MEA and especially PDA, suggesting that if fungi are to be separated based on
morphology or other factors, these media may be particularly useful. In contrast, growth on
water agar tended to be sparse, colorless, and difficult to observe.

We found that the bacterial community associated with these garden plants was

dominated by Gram-positive bacteria, especially Bacillus (Firmicutes). Bacillus strains are
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common in soil and in symbioses with plants and other organisms (Kloepper et al., 1980; Bent
and Chanway, 1998). Several Bacillus strains studied to date have growth-promoting effects in
plants (Bent and Chanway, 1998; Gowtham et al., 2018). Whether the strains isolated here have
positive effects on garden plants should be assessed with experimental inoculations. In the
previous work, we observed numerous Bacillus strains associated with seeds in native desert
soils in the Tucson area (Hamzazai et al., 2020). BLAST results indicate that those bacteria are
closely related to the strains observed here, suggesting that garden plants in this area may be
infected by native strains that exist in natural systems in the region.

We did not identify the fungi obtained in these surveys due to funding constraints. All
cultures have been archived at the Robert L. Gilbertson Mycological Herbarium for further
study. However, for a project examining the prevalence of Alternaria and Fusarium, we did
characterize 16 representative fungi among those isolated here. Our methods followed those
above, except that we sequenced the barcode locus for fungi (ITSTDNA) and an adjacent portion
of the nuclear ribosomal large subunit and identified the fungi via BLAST comparisons to
GenBank. We found that the common fungi occurring as endophytes represented diverse
Ascomycota, including Neurospora, Preussia, Phoma, Cochliobolus, and Comoclathris. Of
these, Preussia and Phoma are also very common in leaves of wild desert plants in the region
(see Massimo et al., 2016). This screening also showed that Alternaria, Fusarium, and
Aspergillus were common as endophytes in the garden setting. These genera are widely known
for their capacity to produce mycotoxins (Medina et al., 2006; Bosch et al., 2017), but it is not
clear whether the strains isolated in this study produce such undesirable compounds. We suggest

screening for such compounds in future work.
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Perspectives on using endophytes for teaching

This study highlights the accessibility of garden plants for educational modules regarding
microbiology, plant biology, or biodiversity for students. If the focus is on isolation frequency,
the cost is very low for implementing laboratories that can teach several key skills. For example,
implementing a survey like this would not require a continuous supply of electricity for 24 hours
a day, which often is a significant problem for institutes in under-privileged areas of developing
countries. Host plants can easily be retrieved from school grounds or immediate surroundings.
That way each school can potentially isolate different taxa of endophytes from different host
plants. The isolation frequency observed in our experiment suggests that one potential cost may
be in preparing enough plates or tubes to capture endophytes. Here, small grants on the order of
$20 USD could provide several with sufficient materials to do this work, especially if creative
solutions were found. For example, the senior author of this paper has prepared her own potato
dextrose agar by boiling potatoes and placing the liquid medium into shallow jars that were
sterilized on a stovetop. Thus, only agar would need to be purchased and in many cases, students
could instead transition to growing endophytes in a liquid medium.

We are particularly interested in how such an educational module could be implemented
in Pakistan, a developing country in which the first author of this chapter was born and educated
to the Master’s level. In Pakistan, there are two types of educational systems at the higher
secondary level for those students who want to opt for STEM education. The system which is
superior in quality and can only be afforded by the minority high-income class is called
Advanced level (A-Level). The other education system, which is of lower quality and can be
afforded by the overwhelming majority of the population, is called the Faculty of Science (F.

Sc.). In general, F. Sc. courses have little to no hands-on training and there is an emphasis on
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rote learning and memorization. In this track, few students pursue botany because of a lack of
instruction, hands-on training, or knowledge among instructors. Including a chapter of
endophytes in the curriculum and a section in the practical notebook for laboratory experiments
might introduce an attraction due to its practical nature of the study and the growing appreciation
of endophytes as important in human health and agriculture. Additionally, the study of
endophytes is comparatively new and interesting to the students, such that it may add excitement
for students in the botany curriculum. Finally, there is a possibility that one can include
endophytes in the curriculum of F.Sc. since the curriculum is designed by each province
autonomously.

The first author of this work is a graduate of the F.Sc. system of higher secondary
education in Pakistan. After graduating with a Master’s in botany, she taught botany to
undergraduate students for multiple years. The style of teaching in Pakistan at the higher
secondary level of education (especially, in the F. Sc. system) is very different from the United
States. The teacher does not use multimedia or even a classic slide projector, instead lecturing to
the class while standing behind the podium and then using white chalk and a blackboard to
illustrate the topic at hand. For STEM subjects, the teacher takes the students to the laboratory
where students are shown the diagrams of the subject material on colored charts. In some cases,
students may examine slides under the microscope and on rare occasions may perform simple
experiments with limited equipment. In the case of botany, the laboratory work mainly
comprises demonstrating various taxa of plants, their floral structure, the anatomy of leaves, and
related topics. Students are supposed to use their practical notebook for documenting what they

did in the laboratory, which mainly includes drawing plant structures.
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In Pakistan, the F.Sc. system of higher secondary education comprises two years. In each
year, there is a book of biology, which consists of chapters in zoology and botany. Each student
is supposed to read the book and know it, in order for them to reproduce the learnt knowledge in
the yearly exam. During that yearly exam, the students are also supposed to pass a practical exam
conducted in the laboratory, where the students are asked questions about the techniques and the
equipment. In the case of botany, the students are assessed for their knowledge of various plant
specimens which are available in the biology laboratory. The availability of plants in the
laboratory depends on the prevailing season.

Keeping in view the above-mentioned structure of STEM education at the higher
secondary level of education in Pakistan, the best way to introduce endophytes to students is by
incorporating a chapter of endophytes in the biology book and also in the botany practical

notebook. These approaches are discussed below in greater detail.

Inclusion of chapter in the course book

An “Introduction to the Endophytes” chapter in the course book, as envisioned here, would
cover diverse topics relevant to endophytes (Supplemental Table 1). In total, there are nine
sections, with few subsections. The first section “Definition of Endophytes” defines the
endophytes, comparing and contrasting with other parts of the plant microbiome such as
pathogens. “Taxonomy of Endophytes” explains the classification of endophytes, including both
bacteria and fungi, with introductions to the major lineages of each endophyte type. “Types of
Endophytes” details the differences of fungi and bacteria as endophytes, and the ways in which
they communicate with plants. This section has endophytes growing from different tissues and

endophytes growing on media plates. This will also include scanning electron microscope photos
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of bacterial and fungal endophytes harboring inside the tissues of host plants, obtained from the
literature (Supplemental handout 1). Later the section “Modes of transmission of Endophytes
into Host Plants” describes the two main routes of transmission (i.e., vertical and horizontal
transmission) and the various tissues in which endophytes occur. Such pathways of transmission
are illustrated in Supplemental Figure 1. “Distribution of Endophytes across Host Plants”
explains the distribution and diversity of endophytes inside and across host plants in various
environments, with attention to agricultural, horticultural, and wild systems worldwide.

The focus then shifts to greater detail. “Symbiotic Relationship of Endophytes with Host
Plant” explains the mechanisms by which endophytes establish a symbiotic relationship with
host plants after their entry into various host tissues. “Uses of Endophytes” will detail the
endophyte uses in the following subsections, including “Endophytes and Enhancing Crop
Yields” (how endophytes can be used in enhancing the production of crops under abiotic stress),
“Endophytes in Pest and Pathogen Control”(how endophytes facilitate resistance to and / or kill
pests and pathogens; see Rabiey et al., 2019; Supplementary Table 2)., and “Endophytes in
Medicine” (how endophytes are used to extract anti-cancer compounds, a multi-billion-dollar
industry (Sze et al., 2008; Supplementary Table 3), anti-fungal agents, anti-bacterial agents
(antibiotics) and antioxidants (Atiphasaworn et al., 2017)). The last two subsections are also
explained by Supplementary handout 1 and Supplementary Table 2, which list the bioactive
compounds released by endophytes and their uses in controlling pathogens relevant to food
safety and medical applications.

Finally, the section “Hands-on laboratory work” will help the students to link the
conceptual content with its application in the lab. This section will help the students to develop

their practical skills in laboratory techniques, such as preparing media, collecting and identifying
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plants and their tissues, surface-sterilizing, and plating plant parts under sterile conditions This
will also help students to record data by thinking critically while keeping the different variables
in mind that might influence their findings (Supplementary file 1). This section will include a
detailed step by step procedure of collecting/isolating endophytes from different tissues of
common garden plants available in and around the campus (Supplementary file 2). This last
section can be achieved more successfully in universities as the laboratories there are more
equipped then the laboratories of schools and colleges, but even if the facilities lack a laminar
flow hood, or access to supplies such as Petri dishes or Parafilm, the laboratory can be done with

standard supplies (see supplemental files).

Assessment

The last section of the chapter is “Exercise” which contains nine questions. These questions are
to be used by the teacher to assess the knowledge of student during monthly tests, and also in the
final yearly exam. These questions can also be used for assessment during the annual oral exam
(also called “viva voce”), which is conducted for each subject. Each question assesses the
knowledge of the students about the individual topic of the chapter and is scored with ten points

(Supplementary Table 4).

Inclusion of section in the practical notebook
The work will be represented by the title “Endophyte isolation from leaf and stem tissue of
common garden plants”. The detailed layout of the endophytes hands-on laboratory work is

provided in detail in supplementary files 1 and 2.
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Conclusions

This chapter demonstrates that endophytes are common in horticultural plants in a typical garden
setting in a semi-arid zone. The methods developed here are easily translatable to a teaching
module for students in a developing country. Together these steps will increase the number of
students interested in endophytes, microbiology, and botany more broadly via education and

through the human interest in ‘what is hidden in our own back yards.’
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Table 1. Plants surveyed for endophytes in the garden endobiome survey in Tucson,

Arizona, in November 2018. Plants listed by plant family and species, with common names and

variety names, as well as the media used for surveys of endophytes in leaves and stems. MEA,

2% malt extract agar. PDA, potato dextrose agar. WA, water agar. None: not processed.

Family Species Common Variety or Leaf sample Stem sample
name cultivar media media
Lamiaceae Lippia graveolens Oregano Mexican MEA, PDA MEA, PDA
Ocimum basilicum Basil Spicy bush MEA, PDA MEA, PDA
Rosmarinus officinalis Rosemary Arp MEA, PDA MEA, PDA
Moraceae Ficus carica Fig Brown MEA, WA None
Turkey
Rosaceae Malus domestica Apple Anna MEA, PDA MEA, PDA
Prunus persica Peach May Pride MEA, PDA MEA, PDA
Prunus dulcis Almond All-in-one MEA, WA MEA, WA
Rutaceae Citrus aurantiifolia Lime Mexican MEA, PDA MEA, WA
Citrus japonica Kumquat Nagami MEA, PDA MEA, PDA
Kumquat Meiwa MEA, PDA MEA, PDA
Citrus limon Lemon Lisbon MEA, PDA MEA
Citrus reticulata Mandarin Daisy MEA, PDA MEA, WA
Solanaceae Capsicum annuum Pepper Jalapeno - MEA, PDA MEA, PDA
Tam
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Vitaceae

Solanum tuberosum

Vitis labrusca

Pepper

Pepper

Potato

Grape

Chiltepin

Serrano

Red Pontiac

Thompson
seedless

MEA, PDA

MEA, WA

MEA, PDA

MEA, WA

MEA, PDA

MEA, WA

MEA, PDA

MEA, WA
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Table 2. Isolation frequency for endophytes of each variety of host plant, and each tissue
type, on focal media. Varieties with aromatic leaves are marked with *, and varieties whose
leaves or stems are typically consumed raw are marked with {. Values in the columns for
isolation frequency indicate the % of tissue segments from which a fungus was isolated (before
comma) and % of tissue segments from which a bacterium was isolated (after comma). For
example, 5.0, 10.2 would indicate that 5.0% of tissue segments yielded a fungus in culture, and

10.2% of tissue segments yielded a bacterium in culture.

Species Common Isolation Isolation Isolation Isolation Isolation Isolation

name frequency frequency frequency frequency frequency frequency
leaves: leaves: PDA  leaves: WA  stems: stems: stems: WA
MEA MEA PDA

Lippia Oregano, 6.0, 0.0 4.0, 0.0 Not used 20.0, 0.0 36.0, 0.0 Not used

graveolens Mexican*}

Ocimum Basil, Spicy 28.0,0.0 26.0, 0.0 Not used 28.0, 0.0 28.0, 0.0 Not used

basilicum bush*}

Rosmarinus Rosemary, 2.0,0.0 6.0, 0.0 Not used 78.0, 0.0 64.0, 2.0 Not used

officinalis Arp*f

Ficus carica Fig, Brown 8.0, 8.0 Not used 6.0, 6.0 Not used Not used Not used
Turkey

Malus Apple, Anna 0.0, 6.0 0.0, 6.0 Not used 8.0,4.0 14.0,4.0 Not used

domestica

Prunus persica  Peach, May 0.0, 0.0 0.0, 0.0 Not used 10.0, 0.0 30.0, 2.0 Not used
Pride

Prunus dulcis ~ Almond, All- 0.0, 0.0 Not used 2.0, 14.0 50.0, 8.0 Not used 50.0, 2.0
in-one

Citrus Lime, 2.0, 56.0 0.0, 16.0 Not used 8.0, 0.0 Not used 20.0, 12.0

aurantiifolia Mexican*

Citrus Kumquat, 0.0, 10.0 0.0, 10.0 Not used 14.0, 28.0 10.0, 18.0 Not used

Jjaponica Nagami*
Kumquat, 2.0,20.0 8.0, 18.0 Not used 68.0, 12.0 50.0, 8.0 Not used
Meiwa*
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Citrus limon

Citrus
reticulata

Capsicum
annuum

Solanum
tuberosum

Vitis labrusca

Lemon,
Lisbon*

Mandarin,
Daisy*

Pepper,
Jalapeno -
Tam

Pepper,
Chiltepin

Pepper,
Serrano

Potato, Red
Pontiac

Grape,
Thompson
seedless*i

0.0, 28.0

4.0, 10.0

0.0, 0.0

6.0,24.0

18.0, 2.0

28.0, 16.0

2.0,0.0

0.0, 20.0

6.0, 6.0

0.0, 6.0

20.0, 2.0

Not used

4.0,24.0

Not used

Not used

Not used

Not used

Not used

12.0, 0.0

Not used

0.0, 0.0

4.0, 28.0

28.0,2.0

50.0, 0.0

32.0, 6.0

72.0, 2.0

32.0, 12.0

76.0, 2.0

Tissue not
enough

Not used

62.0, 0.0

30.0, 2.0

Not used

26.0, 6.0

Not used

Tissue not

enough

10.0, 2.0

Not used

Not used

54.0,2.0

Not used

22.0,0.0
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Figure legends

Fig. 1. Garden layout. Plants with edible and nonedible leaves are represented by blue and green

color circles, respectively. Font colors indicate different plant families.

Fig. 2. Isolation frequency of endophytes from leaves of common garden plants in Tucson,

Arizona, USA (November 2018). Data reflect all media. Bars are standard error.

Fig. 3. Isolation frequency of endophytes from stems of common garden plants in Tucson,
Arizona, USA (November 2018). Data reflect all media. Bars are standard error. No stem tissue

was sampled from Moraceae (Ficus).

Fig. 4. Isolation frequency as a function of the human uses of leaves (edible vs. non-edible). Data
reflect all isolation media and only consider leaves. Isolation frequency of fungi was similar in
edible in non-edible leaves, but bacteria were isolated only from non-edible leaves (i.e., were not

isolated at all from edible leaves).

Fig. 5. Isolation frequency for endophytes of leaves and stems as a function of medium.

Fig. 6. Communities of endophytic bacteria did not differ significantly between hosts in the

Rutaceae (citrus; grey) and Lamiaceae (oregano, basil, and rosemary; turquoise). The NMDS

analysis was restricted to the 17 most common bacterial genotypes, all of which are members of
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the genus Bacillus. Each point represents a single host species and its affiliated bacteria.

Similarity was calculated with the Morisita index, which considers abundance of each genotype.
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Supplementary Table 1. Contents of the endophyte chapter.

Sections Introduction to Endophytes

1.1 Introduction to Plant-associated Microbes and Definition of Endophytes
1.2 Taxonomy of Endophytes
1.3 Types of Endophytes
1.4 Modes of transmission of Endophytes into Host Plants
1.5 Distribution of Endophytes across Host Plants
1.6 Symbiotic Relationship of Endophytes with Host Plants
1.7 Uses of Endophytes

1.7.1 Endophytes and Enhancing Crop Yields

1.7.2 Endophytes in Pest and Pathogen Control

1.7.3 Endophytes in Medicine
1.8 Hands-on laboratory work

1.9 Exercise
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Supplementary Table 2. Sources of bioactive compounds from endophytes and their use against

pathogenic microorganisms (Bennett et al., 2000; Arivudainambi et al., 2011; Bautong et al.,

2011; Zhao 2012; Akinsanya et al., 2015; Gouda et al., 2016).

Endophytes Bioactive compounds  Activity against Mode of Reference
from endophytes pathogens transmission of the
pathogen
Chloridium sp. Javanicin Pseudomonas sp. Contaminated water Jalgaonwala et al., 2011
Munumbicins or surgical Nithya and Muthumary,
Phomopsilactone instruments, causing 2011
wound infection
Cladosporium sp. Cardiac glycosides, Klebsiella pneumoniae  Contaminated water Selvi and
phenolic compounds and aerosols, causing  Balagengatharathilagam,
pneumonia 2014
Cladosporium sp. Cardiac glycosides, Proteus sp. Canned food Selvi and
phenolic compounds products, causing Balagengatharathilagam,
gastroenteritis 2014
Cryptosporiopsis ~ Saadamycin Campylobacter jejuni ~ Raw or uncooked Dutta et al., 2014
quercina poultry and milk,
causing
gastroenteritis
Cytonaema sp. Cytonic acids A and B Human Shellfish, berries or Bhardwaj and Agrawal,
cytomegalovirus. contaminated water, 2014
Hepatitis virus causing infections of
organs of the body

Diaporthe
helianthi

Diaporthe
helianthi

Fusarium
proliferatum

Fusarium
proliferatum

Fabatin, tyrosol

Hypericin, emodin,
tyrosol

Beauvericin

Kakadumycin,
beauvericin

Enterococcus hirae

Salmonella sp.

Clostridium botulinum

Listeria
monocytogenes

Nosocomial infection
through hospitalized
patients, causing
urinary tract infection

Meat, eggs, and
untreated tree nuts,
causing
gastroenteritis

Improperly
processed, canned
food, causing
botulism (paralysis of
muscles due to
bacterial toxins)

Raw or under
pasteurized milk,
Smoked fish, causing
meningitis and
listeriosis

Godstime et al., 2014
Specian et al., 2012

Joseph and Priya,
2011 Specian et al., 2012

Meca et al., 2010

Golinska et al., 2015
Meca et al., 2010
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Fusarium sp.
Cryptosporiopsis
quercina

Nigrospora sp.

Phomopsis sp.

Saccharothrix
sp.,
Streptomyces sp.

Streptomyces
hygroscopicus

Streptomyces
coelicolor

Streptomyces
Iygroscopicus

Streptomyces sp.

Streptomyces sp.
Phoma sp.,

Streptomyces sp.

Streptomyces sp.

Xylaria sp.

Xularosides,
munumbicins,
Saadamycin,
cryptocandin

Saadamycin

Munumbicins,

Saadamycin

Capreomycin
Munumbicins

Clethramycin
neoformans

Munumbicins

Coronamycin,
rapamycin

Kakadumycin A,
hypericin

Terephthalic acid

Phomodione

Munumbicins

Valinomycin

dihydroxynaphthol,
glucopyranoside

Candida albicans

Fusarium oxysporum

Aspergillus niger

Mycoplasma (TB)

Cryptococcus
neoformans

Escherichia coli

Saccharomyces

cerevisiae

Shigella sp.

Staphylococcus aureus

Vibrio cholerae

Corona virus

Herpes virus

Contaminated sweet
fruits and milk
products, causing
skin infections (such
as diaper rash)

Maize, cereals,
groundnuts and tree
nuts, causing
infection in
immunocompromised
patients

Maize, cereals,
groundnuts, and tree
nuts, triggers allergic
reactions

Uncooked meat, eggs
or poultry, causing
infection in
immunocompromised
patients

Lettuce harvested
from tropical regions,
causing infection in
immunocompromised
patients

Ground meats, raw or
under pasteurized
milk, causing
gastroenterititis

Bakery and

fermented products,
causing infection in
critically ill patients

Contaminated food,
water and fecal
waste, causing
gastroenterititis

Meat, eggs and dairy
products, causing
gastroenteritis

Raw or undercooked
shellfish, particularly
oysters, causing
gastroenteritis
(Cholera)

Food or water
contaminated with
infected fecal matter,
causing influenza

Contaminated body
fluid or saliva,

Jalgaonwala et al., 2011
Dutta et al., 2014

El-Gendy and El-Bondkly,
2010; Dutta et al., 2014

Jalgaonwala et al., 2011
Kaul et al., 2012

Felnagle et al., 2007
Golinska et al., 2015

Golinska et al., 2015

Golinska et al., 2015
Singh and Dubey, 2015

Ezraet al.,
2004; Parthasarathi et al.,
2012

Golinska et al., 2015

Joseph and Priya, 2011

Hoffman et al., 2008

Kumar et al., 2014

Alvin et al., 2014

Pittayakhajonwut et al.,
2005
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Xylaria sp.

Xylaria sp.
Fusarium
proliferatum

Streptomyces
coelicolor

Nigrospora sp

Bacillus

tequilensis

Colletotrichum
gloeosporioide

Acremonium sp.

Phenolic compounds

Sordaricin 7 amino-4-
methylcoumarin,
Beauvericin

Epigenitic induction
of porin protein in
microbes

Griseofulvin,

Crude and ethyl
acetate

Methanol

Hexane and ethyl

Streptococcus
pyogenes

Yersinia enterocolitica

Aeromonashydrophila,
Enterococcus faecalis,
Salmonella typhi, Shi-
gella flexneri,
Staphylococcus aureus
Trichophyton sp.

Pseudomonas
aeruginosa,
Staphylococcus aureus

Staphylococcus
aureus, E. coli,

Candida albicans,

causing herpes
infection of the skin

Contaminated water,
raw milk, salads and
eggs, causing
gastrointestinal skin
wound infections

Swine meat and meat
products, milk and
dairy products,
causing
gastroentertitis

Fecal to oral
tramission through
poor hand and food
hygiene

Skin to skin contact,
casing skin fungal
infections in humans

Consumption of
infected food such as
rice, potato, salad;
wound infection, skin
infection while
swimming in infected
water

Wound infection due
to contact with
infected material;
fecal to oral
transmission and poor
hand hygiene,
causing
gastroenteritis

Contaminated water,

acetate Pseudomonas salad, fruit, causing
aerunginosa, infection in
Cryptococcus immunocompromised
neoformis patient and healthy
patients

Selvi and

Balagengatharathilagam,

2014

Joseph and Priya, 2011
Meca et al., 2010

Kumar et al., 2016

Bennett et al., 2000
Zhao et al., 2012

Akinsanya et al., 2015

Arivudainambi et al., 2011

Buatong et al., 2011
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Supplementary Table 3: Endophytes and their bioactive compounds used for other medicinal

purposes. (Kumar et al., 2012; Chapla et al., 2014; Kong et al., 2014; Wang et al., 2018).

Endophyte Bioactive compounds from endophyte Medicinal use Reference
Fusarium Rohitukine Anti-inflammatory, anti-cancer Kumar et al.,
proliferatum and immunomodulatory 2012
Cladosporium sp. Poliketides such as Macrolides, alpha-pyrones, Anti-cancer and antibiotic Wang et al.,
alpha-pyridones, binaphthyl derivatives, activity 2018
adriamycin
Cryptosporiopsis cf. Fusarisetin A Anti-cancer activity Kong et al.,
quercina 2014
Phomopsis sp Cytochalasins Anti-inflammatory activity Chapla et al.,
2014
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Supplementary Table 4. Exercise questions for assessment.

S.No. Exercise questions Points
1 What are endophytes? 10
2 Describe the taxonomy / classification of endophytes? 10
3 What are the two main types of endophytes and give two examples for each type. 10

4 What are the two main pathways of transmission of endophytes; give one example of 10
mode of transmission for each pathway.
5 Describe the distribution and diversity of endophytes within and across the host plants? 10

6 Describe the mechanisms by which endophytes establish their symbiotic relationship 10

with host plant?
7 How are endophytes used in enhancement of crop yields? 10
8 How are endophytes used in medicine? 10
9 How are endophytes used to control pests and pathogens? 10
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Supplementary figure legends

Supplementary Figure 1. Modes of transmission of endophytes into host plant. Transmission
routes for bacterial endophytes across the life cycle of an apple tree. (A) vertical transmission via
seed; (B) colonization of the spermosphere, depicted as the grey area surrounding the seed; (C)
colonization of developing reproductive organs via the shoot apical meristem as part of the
vertical transmission; (D) colonization of root from soil; (E) colonization of leaves though
stomata after transmission via air; (F) transmission via sap-feeders; (G) transmission to flowers

via pollinators. (Frank et al., 2017).

Supplementary Figure 2. Endophytes and bioactive compounds. (A) types of endophytes and

the bioactive compound groups associated with them. (B) selected bioactive compounds with

medicinal importance isolated from endophytes. (Gouda et al., 2016)

122



Supplementary Fig.1
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Supplementary Fig. 2
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Supplementary Handout 1
Fungal endophytes growing from (A, B) corn seeds, (C) apple stem cuttings, and (D) leaf cuttings

of Podocarpus macrophyllus.
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