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ABSTRACT OF THE DISSERTATION 

Seed-Associated Bacterial Endophytes from Turf Grasses  

Promote Seedling Growth and Defend Plants from Disease 

by QIANG CHEN 

Dissertation Director: 

James F. White, Jr. 

 

Animals and plants harbor microbiomes providing benefits to hosts. In plants, both 

prokaryotic and eukaryotic microbiomes have been universally found and shown to 

promote plant growth, enhance disease resistance and abiotic stress tolerance. Fungal 

endophytes from grasses have been well characterized, but bacterial endophytes were 

rarely studied. This dissertation will present research that was conducted to test the 

hypothesis that cool-season turfgrass seeds bear bacterial endophytes providing beneficial 

effects on host, such as seed germination, growth promotion, and antifungal effects. 

Bacteria were isolated from seeds of different turfgrass species. Among them, Bacillus 

amyloliquefaciens, Bacillus pumilus, and Pantoea agglomerans were demonstrated to 

promote seed germination and seedling growth, and alter root architecture on host. B. 

amyloliquefaciens strains were shown to produce antifungal lipopeptides that suppress 

the growth of several fungal pathogens. Metagenomic analysis on the bacterial 

community associated with turfgrass seeds from low and high moisture climate revealed 

that moisture level influenced the community structure of the bacteria on/in turf seeds. 

The abundance of several bacterial groups at different taxonomy ranks on/in the seeds 
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was either positively or negatively correlated with the seed germination rate. Overall, 

data supported that bacterial endophytes inhabiting turfgrass seeds benefited host by 

promoting seed germination and seedling development, as well as providing antifungal 

compounds. Moreover, moisture level was found to affect the structure of bacterial 

community on/in turfgrass seed, which further influenced the seed germination.  
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INTRODUCTION 

 

 This dissertation includes four chapters that review, discuss, and provide data in 

support of the hypothesis that turfgrass seeds harbor bacterial endophytes with beneficial 

properties. The research in this dissertation mainly focuses on the growth promotion and 

antifungal effects of the bacterial endophytes isolated from cool-season turfgrass seeds, 

and the metagenomic analysis of the bacterial community associated with turfgrass seeds.  

 Chapter 1 is an introductory chapter that summarizes the diversity and functions 

of plant endophytes from previous studies. This chapter also reviews the endophytes 

associated with turfgrasses and their effects on the host.  

Chapter 2 reports on the isolation and identification of bacterial endophytes from 

turfgrass seeds, as well as their promotional effects on seed germination and seedling 

development.  

Chapter 3 presents research on the antifungal effects and lipopeptides production 

of Bacillus amyloliquefaciens strains isolated from cool-season turfgrass seeds.  

Chapter 4 presents a metagenomic analysis on the bacterial community associated 

with turfgrass seeds and how moisture level may affect the structure of the bacterial 

community.  
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Chapter 1 Diversity and Functions of Endophytes 

 

1.1 Endophytes 

1.1.1 Definition of Endophytes 

In Merriam-Webster’s dictionary, “endophyte” is defined as “an organism (such 

as bacterium or fungus) living within a plant”. The word “endophyte” is composed of two 

parts, “endo-” derived from Greek word “endon” meaning “within”, and “-phyte” derived 

from Greek word “phyton” meaning “plant”. The history of endophyte study was 

previously reviewed by Hardoim et al. in 2015. As a summary, endophytes were first 

described as a group of partly parasitic fungi living in plants by the German botanist 

Heinrich Friedrich Link (he used “Entophytae”) (Link, 1809). But back to the 19th 

century, people believed that healthy plants should be sterile as Pasteur and other well-

known scientists claimed that plants are free of microbes (Compant et al., 2012). 

However, in 1887, Galippe was the first scientist to report the isolation of different 

microorganisms from the interior tissues of various vegetable plants (Galippe, 1887). 

Since then, scientists began to report the presence of microorganisms living inside 

healthy plants (Hiltner, 1904).  

Though both bacteria and fungi have been isolated from healthy plants, 

endophytes for a long time referred only to fungi which invade the stems and leaves of 

plants without causing any disease symptoms (Samish et al., 1963, Mundt & Hinkle, 

1976, Carroll, 1988). In 1995, Wilson defined endophytes as “fungi or bacteria which, for 

all or part of their life cycle, invade the tissues of living plants and cause unapparent and 

asymptomatic infections entirely within plant tissues but cause no symptoms of disease” 
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(Wilson, 1995). Two years later, Hallmann gave a practical statement that endophytes 

“can be isolated from surface-disinfested plant tissue or extracted from within the plant, 

and that do not visibly harm the plant” (Hallmann et al., 1997). Nowadays, with the 

discovery that plants host other types of microbial endophytes like algae and protozoa 

(Trémouillaux-Guiller et al., 2002, Müller & Döring, 2009), the definition of endophytes 

is widely accepted as all organisms that spend at least part of their life cycle inside plants 

without causing disease symptoms (Hardoim et al., 2015). 

 

1.1.2 Diversity of Endophytes 

Prokaryotic Endophytes 

Only a few prokaryotic endophytes were found to be archaea. So far, endophytic 

archaea have mainly been detected in coffee (Oliveira et al., 2013), maize (Chelius & 

Triplett, 2001), Phragmites (Ma et al., 2013), rice (Sun et al., 2008), and sugarcane (Shi 

et al., 2015). They were assigned to three phyla, Euryarchaeota, Thaumarchaeota, and 

Crenarchaeota. In Shi’s study with next-generation high-throughput sequencing, the 

dominant archaeal phylum was related to Euryarchaeota (79.33%) (Shi et al., 2015). A 

similar result was also reported in Oliveira’s study on coffee that 80.8% of the 

endophytic archaea fell into phyla Euryarchaeota (Oliveira et al., 2013). Also, a review 

article showed 23 of 29 endophytic archaea sequences in PubMed database (as of Mar. 

2014) were reported to be Euryarchaeota (Hardoim et al., 2015). Overall, most 

endophytic archaea belong to phylum Euryarchaeota, but compose only a small group of 

prokaryotic endophytes.   
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Most prokaryotic endophytes are bacteria. They mainly belong to three phyla, 

Actinobacteira, Firmicutes, and Proteobacteria (Hardoim et al., 2015). According to 

previous studies and reviews, Gamma-Proteobacteria is the class containing the largest 

number of bacterial endophytes (Hardoim et al., 2015). Most endophytic Gamma-

Proteobacteria are mainly from several genera: Acinetobacter, Enterobacter, Pantoea, 

and Pseudomonas (Table 1). Notably, those genera also contain species known as 

phytopathogens (Bull et al., 2010, Bull et al., 2012, Bull et al., 2014). For example, 

Pseudomonas genus also has the pathogen Pseudonomas syringae which causes disease 

in a wide range of plant species (Morris et al., 2008). But several Pseudomonas 

fluorescens strains were reported to suppress fungal diseases (Duijff et al., 1997, 

Daulagala & Allan, 2003, Suzuki et al., 2003, Prieto & Mercado-Blanco, 2008). 

Similarly, Acinetobacter, Enterobacter, and Pantoea consist of bacteria described as 

pathogens along with bacteria that are beneficial to host plants (Bull et al., 2010, 

Hardoim et al., 2013, Sheibani-Tezerji et al., 2015). Thus, the relationships of these 

genera of bacteria with their host plants range from pathogenesis to mutualism. Alpha-

Proteobacteria is another Gram-negative bacteria class with a large number of bacterial 

endophytes. Most of them belong to the four genera Rhizobium, Methylobacterium, 

Sphingomonas, and Bradyrhizobium (Table 1.1). Among them, Rhizobium and 

Bradyrhizobium are well-known for their nitrogen-fixing symbiosis with legumes. 

Among endophytic Beta-Proteobacteria genera, Burkholderia is a genus with strains that 

can colonize different hosts and environments.  

Endophytic Gram-positive bacteria fall into two phyla, Actinobacteria and 

Firmicutes. Phylum Actinobacteria contains varied endophytes from more than 100 
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genera, including Streptomyces, Microbacterium, Mycobacterium, Arthrobacter, and 

Curtobacterium (Table 1.1). Streptomyces species are known for the ability of producing 

antibiotic metabolites. Most of Firmicutes endophytes are in genera Bacillus, 

Paenibacillus, and Staphylococcus (Table 1.1). Bacillus thuringiensis is the most well-

known for its production of insecticidal proteins.  

In summary, most prokaryotic endophytes can be assigned to five phyla, but many 

genera. Their functions depend on the hosts they inhabit and the environment condition 

they are in.  

 

Table 1.1 Prokaryotic endophytes discovered in plants.  

Prokaryotic Endophytes Host References 
Actinobacteria   

Corynebacterium 

flavescens 

Rice Bacilio-Jiménez et al., 2001 

Microbacterium sp.  Rape Sheng et al., 2008 

Microbacterium sp. Pogonatherum 

paniceum 

Quambusch et al., 2014 

Micrococcus sp.  Rice  Okunishi et al., 2005 

Firmicutes   

Bacillus 

amyloliquefaciens 

Tomato Tian et al., 2017 

Bacillus anthracis Tomato Tian et al., 2017 

Bacillus aryabhattai Tomato  Tian et al., 2017 

Bacillus 

bingmayongensis 

Tomato  Tian et al., 2017 

Bacillus cereus Tomato Tian et al., 2017 

Bacillus megaterium Maize, Alfalfa Liu et al., 2006,  

Stajković et al., 2009 

Bacillus 

methylotrophicus 

Tomato Tian et al., 2017 
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Prokaryotic Endophytes Host References 
Firmicutes   

Bacillus pumilus Rice, Tomato Bacilio-Jiménez et al., 2001,  

Tian et al., 2017 

Bacillus sp.  Maize Riggs et al., 2001 

Bacillus subtilis Mulberry, Tomato, 

Banana 

Ji et al., 2008,  

Tian et al., 2017,  

Souza et al., 2014 

Bacillus thuringiensis Banana  Souza et al., 2014 

Staphylococcus 

epidermidis 

Tomato Tian et al., 2017 

Staphylococcus 

saprophyticus 

Carrot Surette et al., 2003 

Staphylococcus sp.  Tomato  Tian et al., 2017 

Alpha-Proteobacteria   

Acetobacter 

diazotrophicus 

Sugarcane Dong et al., 1994 

Azospirillum sp. Maize Riggs et al., 2001 

Gluconacetobacter 

diazotrophicus 

Sugarcane, Maize Riggs et al., 2001,  

Rouws et al., 2010 

Ochrobactrum sp.  Rice Verma et al., 2004 

Rhizobium pusense Tomato Tian et al., 2017 

Rhizobium sp. Poaceae family Patel & Archana, 2017 

Beta-Proteobacteria   

Achromobacter sp. Poaceae family Patel & Archana, 2017 

Azoarcus sp. Kallar grass Hurek et al., 1994,  

Reinhold-Hurek et al., 2006 

Burkholderia cepacia Maize, Tomato, 

Yellow lupine 

Riggs et al., 2001,  

Tian et al., 2017, 

Barac et al., 2004 

Burkholderia 

phytofirmans 

Onion Compant et al., 2005,  

Naveed et al., 2014 

Burkholderia 

vietnamiensis 

Poplar, Rice, 

Sugarcane 

Govindarajan et al., 2006,  

Govindarajan et al., 2008,  

Xin et al., 2009 
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Prokaryotic Endophytes Host References 
Beta-Proteobacteria   

Herbaspirillum 

seropediacae 

Maize, Rice, 

Sorghum 

Riggs et al., 2001,  

James et al., 2002,  

Brusamarello-Santos et al., 2017 

Herbaspirillum sp. Rice Elbeltagy et al., 2001 

Ralstonia sp. Poaceae family Patel & Archana, 2017 

Gamma-Proteobacteria   

Acinetobacter sp. Poaceae family Patel & Archana, 2017 

Citrobacter sp. Banana  Martínez et al., 2003 

Enterobacter asburiae Sweet potato Asis & Adachi, 2004 

Enterobacter ludwigii Tomato Tian et al., 2017 

Enterobacter sp. Maize, Hybrid poplar, 

Tomato 

Riggs et al., 2001,  

Naveed et al., 2014,  

Tian et al., 2017 

Erwinia sp. Soybean  Kuklinsky‐Sobral et al., 2004 

Klebsiella pneumonia Maize Dong et al., 2003,  

Iniguez et al., 2004 

Klebsiella sp. Maize Riggs et al., 2001 

Pantoea agglomerans Maize, Rice Riggs et al., 2001,  

Verma et al., 2001 

Pantoea sp. Rice, Soybean Verma et al., 2004 

Kuklinsky‐Sobral et al., 2004 

Pseudomonas 

fluorescences 

Silvergrass, Rape, 

Black nightshade, 

Wheat 

Duijff et al., 1997,  

Long et al., 2008,  

Sheng et al., 2008,  

Oteino et al., 2015 

Pseudomonas 

guariconensis 

Tomato Tian et al., 2017 

Pseudomonas mohnii Tomato Tian et al., 2017 

Pseudomonas 

plecoglossicida 

Tomato Tian et al., 2017 

Pseudomonas putida Hybrid poplar, 

Potato, Poplar 

Germaine et al., 2006,  

Andreote et al., 2009,  

Khan et al., 2014 
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Prokaryotic Endophytes Host References 
Gamma-Proteobacteria   

Pseudomonas sp. Black pepper Aravind et al., 2009 

Pseudomonas 

thivervalensis 

Black nightshade Long et al., 2008 

Rahnella aquatilis Sweet potato Khan & Doty, 2009 

Serratia marcescens Rice  Gyaneshwar et al., 2001 

Stenotrophomonas 

rhizophila 

Tomato Tian et al., 2017 

 

 

Eukaryotic Endophytes 

Though some alga and protozoa species have been reported as endophytes 

(Trémouillaux-Guiller et al., 2002, Müller & Döring, 2009), most eukaryotic endophytes 

are identified to be fungi that belong to three phyla, Ascomycota, Basidiomycota, and 

Glomeromycota (Table 1.2). There are also some eukaryotic endophytes remaining 

unidentified. Most Ascomycota endophytes belong to the class Dothideomycetes (Table 

1.2). Notably, Dothideomycetes also possesses many necrotrophic plant pathogens that 

produce host-specific toxins (Stergiopoulos et al., 2012). Another class, Sordariomycetes, 

is also composed of both endophytic and pathogenic members (Table 1.2). Endophytic 

examples are Balansia, Epichloë , Nemania, and Xylaria. Among them, genus Epichloë is 

well-known for forming endophytic symbiosis with grasses (White & Cole, 1985, White, 

1987, Clay, 1989, Meyer et al., 2012). Sordariomycetes also includes some 

phytopathogens such as Fusarium and Verticillium species (Table 1.2).  

In Basidiomycota, a large number of endophytes belong to the class 

Agaricomycetes (Table 1.2). Some Sebacinales endophytes in this class form the 
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beneficial ectomycorrhizal symbiosis with the roots of a wide range of plants like 

families Orchidaceae and Ericaceae (Weiss et al., 2004). Other endophytes-containing 

classes include Atractiellomycetes, Microbotryomycetes, and Tremellomycetes (Table 

1.2).  

The phylum Glomeromycota has only one class, Glomeromycetes (Table 1.2). 

The endophytes in Glomeromycetes are well-known as arbuscular mycorrhizal fungi that 

form arbuscular mycorrhizas (AMs) associated with roots or thalli of land plants. AM is a 

widespread terrestrial symbiosis between land plants and Glomeromycota fungi. AM 

fungi are ecologically important because they help plant hosts absorb nutrients like 

nitrogen, sulfur, phosphates and micronutrients from soil.  

In both bacterial and fungal endophytes, there are many taxa containing 

endophytes and phytopathogens, as well as some strains with unknown effects on plants 

host. It suggests that the functions of endophytes, both bacteria and fungi, should not be 

linked to their taxa.  

 

Table 1.2 Eukaryotic endophytes discovered in plants. 

Eukaryotic Endophytes Host References 
Ascomycota   

Acremonium alternatum Chinese yew Larran et al., 2001,  

Liu et al., 2009 

Alternaria alternata Chinese yew, Camphor tree, 

Tomato, Wheat  

Larran et al., 2001 & 2002, 

Liu et al., 2009,  

He et al., 2012 

Aspergillus flavus Camphor tree He et al., 2012 

Aspergillus niger Camphor tree He et al., 2012 

Botryosphaeria obtusa Chinese yew Liu et al., 2009 

   



10 
 

  

Eukaryotic Endophytes Host References 
Ascomycota   

Cladosporium 

cladosporioides 

Barbary fig, Camphor tree Bezerra et al., 2012,  

He et al., 2012 

Cladosporium herbarum Wheat Larran et al., 2002 

Cladosporium 

sphaerospermum 

Barbary fig Bezerra et al., 2012 

Colletotrichum 

gloeosporioides 

Camphor tree, Tomato  Larran et al., 2001,  

He et al., 2012 

Diaporthe eres  Chinese yew Liu et al., 2009 

Epichloe typhina Grasses  White Jr, 1987 

Epicoccum nigrum Wheat  Larran et al., 2002 

Fusarium solani Chinese yew Liu et al., 2009 

Glomerella cingulata Camphor tree He et al., 2012 

Paraconiothyrium 

brasiliense 

Chinese yew Liu et al., 2009 

Basidiomycota    

Coprinellus sp. Mountain cocoa  Thomas et al., 2008 

Ganoderma sp.  Mountain cocoa Thomas et al., 2008 

Grammothele lineata Jute mellow  Das et al., 2017 

Lentinus sp.  Mountain cocoa Thomas et al., 2008 

Polyporaceae species Mountain cocoa Thomas et al., 2008 

Pycnoporus sanguineus Oil palm Rungjindamai et al., 2008 

Rhodotorula rubra Wheat  Larran et al., 2002 

Schizophyllum commune Oil palm Rungjindamai et al., 2008 

Trametes elegans Oil palm Rungjindamai et al., 2008 

Zygomycota    

Rhizopus oryzae Chinese yew Liu et al., 2009 

Glomeromycota   

Gigaspora margarita Carrot  Bécard & Fortin, 1988 

Glomus caledonium Carrot  Karandashov et al., 2000 

Glomus fasciculatum Carrot  Declerck et al., 1998 

Glomus intraradices Tomato, Carrot  Bago et al., 1996,  

Declerck et al., 1998 
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Eukaryotic Endophytes Host References 
Glomeromycota   

Glomus mosseae Red Clover Mosse & Hepper, 1975 

Glomus versiforme Tomato  Bago et al., 1996  

Others   

Coccomyxa sp.  Ginkgo  Trémouillaux-Guiller et al., 

2002 

Protozoa  Five-leaf aralia Müller & Döring, 2009 

 

 

1.1.3 Functions of Endophytes 

Based on the definition of endophytes, not all endophytes provide beneficial 

effects to plant hosts. Those endophytes that have no obvious impact on plant but rely on 

the host for living are called commensal endophytes. Other endophytes benefit host in 

many ways, such as protection against pathogens and herbivores, providing nutrients, and 

stimulating plant growth. Under certain conditions, endophytes with no effects can turn to 

either beneficial or pathogenic. For instance, endophytic fungus in maize, Fusarium 

verticillioides, can be either symptomless or pathogens (Bacon et al., 2008). The 

alteration depends on biotic factors such as plant genetics as well as abiotic factor like 

temperature and moisture (Bacon et al., 2008).  

 

Growth Stimulation 

Endophytes promote plant growth via many ways (Clay, 1988, Long et al., 2008). 

The best-described mechanism is probably that endophytes produce phytohormones (Shi 

et al., 2009, Khan et al., 2012). The production of auxin has been reported in many 

studies (Bastián et al., 1998, Suzuki et al., 2003, Shi et al., 2009, Merzaeva & Shirokikh, 
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2010, Khan et al., 2012). In Suzuki’s study, it is suggested that indole-3-acetic acid 

(IAA) production by Pseudomonas fluorescens HP72 increased the plant colonization by 

endophytes but constructed short root systems as a drawback (Suzuki et al., 2003). The 

production of cytokinin and gibberellins was also observed (Bastián et al., 1998, 

Vadassery et al., 2008, Khan et al., 2012). The study on Piriformospora indica showed 

that the deletion of cytokinin biosynthesis genes lead to the loss of plant growth 

promoting effects (Vadassery et al., 2008).  

Another way of stimulating plant growth by endophytes is suggested to be related 

to photosynthesis. Burkholderia phytofirmans strain PsJN increased the CO2 assimilation, 

transpiration rate, chlorophyll content, and photosynthetic rate on wheat with and without 

drought stress (Naveed et al., 2014). Another study revealed that Neotyphodium lolii 

increased CO2 fixation but not light interception and photochemistry (Spiering et al., 

2006).  

Besides plant hormones production and interference in photosynthesis process, 

there are also other mechanisms involved. For example, endophytes can produce volatile 

compounds, such as 3-hydroxy-2-butanone and 2,3-butanediol, to promote plant growth 

(Ryu et al., 2003, Ryu et al., 2005,). Polyamines produced by two Azospirillum 

brasilense strains affect plant growth (Perrig et al., 2007).  

 

Nitrogen Fixation 

Nitrogen fixation is a well-studied mechanism of plant-microbes interaction. 

Gluconacetobacter diazotrophicus is an endophytic bacterium originally isolated from 

sugarcane that fixes nitrogen (Dong et al., 1994). Other G. diazotrophicus strains were 
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also found in rice (Meneses et al., 2017) and pine needles (Carrell & Frank, 2014). It 

suggests that G. diazotrophicus strains may be able to fix nitrogen in a wide range of 

plant host. Therefore, this bacteria species can potentially be used as nitrogen resources 

in agriculture. Another nitrogen-fixing endophytic bacterium is Paenibacillus sp. strain 

P22, which was isolated from poplar plants (Scherling et al., 2009). Nitrogen fixation 

ability is important for plant fitness, especially under low nitrogen environment.  

 

Protection Against Abiotic Stress 

Some endophytes are able to protect host plants against abiotic stress like drought, 

salinity and cold. Fungal endophytes, asexual Epichloë spp., formerly Neotyphodium 

spp., from grasses were shown to increase drought tolerance, and protect plants from 

water stress and nitrogen deficiency (Meyer et al., 2012). Another fungal endophyte, 

Piriformospora indica, was found to enhance the salt tolerance in barley by up-regulating 

antioxidant activities in roots (Baltruschat et al., 2008). Another study on P. indica 

indicated that this endophyte could also protect Chinese cabbage against drought stress 

by increasing the activities of antioxidant enzymes (Sun et al., 2010). The well-studied 

bacterial endophyte Burkholderia phytofirmans strain PsJN was shown to enhance the 

drought tolerance in wheat and maize as well as increasing the chilling tolerance of 

grapevine (Barka et al., 2006, Naveed et al., 2014, Naveed et al., 2014).  

 

Protection Against Biotic Stress 

Endophytes protect plant hosts against biotic stress mainly in two ways, inducing 

systemic resistance and producing antibiotic compounds. Induced systemic resistance 
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(ISR) is a type of plant defenses against pathogens induced by plant growth-promoting 

bacteria (PGPB). Unlike systemic acquired resistance (SAR) which involves the 

pathways regulated by salicylic acids, ISR depends on the pathways regulated by 

jasmonic acid and ethylene (Vallad & Goodman, 2004). Some Pseudomonas and Bacillus 

strains were identified to be the most common bacteria that produced elicitors triggering 

ISR (Kloepper et al., 2004, Kloepper & Ryu, 2006). Elicitors include but are not limited 

to flagellins, lipopolysaccharides, volatiles and antibiotics (Heil & Bostock, 2002, Vallad 

& Goodman, 2004, Kloepper & Ryu, 2006). Bacillus pumilus strain SE34 and 

Pseudomonas fluorescens strain 89B61 were shown to elicit ISR against late blight on 

tomato (Yan et al., 2002). Though the definition of ISR limits the elicitors to bacteria, 

some fungal endophytes were also reported to induce the systemic resistance (Vu et al., 

2006, Bae et al., 2011). For example, Fusarium oxysporum was shown to induce 

systemic resistance on banana against burrowing nematode, Radopholus similis (Vu et 

al., 2006).  

Besides inducing systemic resistance, bacterial endophytes can also release 

antimicrobial compounds to protect hosts against pathogens. Bacillus amyloliquefaciens 

strain Bg-C31 was shown to protect Capsicum from bacterial wilt by secreting an 

antagonistic protein (Hu et al., 2010). Another endophytic bacterial strain, Bacillus 

mojavensis strain RRC101, produced surfactin, an antifungal compound which is toxic to 

Fusarium verticillioides, a fungal pathogen on maize (Snook et al., 2009). Surfactin is 

one type of lipopeptide, which has been found to be a versatile weapon to control plant 

disease (Ongena & Jacques, 2008).  
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Fungal endophytes are able to protect hosts by producing compounds that are 

antimicrobial or inhibitory to herbivores (White & Torres, 2010). These antagonistic 

compounds include alkaloids, steroids, peptides, flavonoids, etc. The best studied 

compounds are probably alkaloids produced by certain grass endophytes. Tremorgenic 

neurotoxins have been reported to be produced in endophyte-infected ryegrass and cause 

ryegrass staggers disorder of many herbivorous animals, e.g. sheep, cattle and horse 

(Fletcher & Harvey, 1981, Gallagher et al., 1984).  

 

1.2 Association of Turfgrass and Endophytes 

1.2.1 Colonization of Fungal Endophytes on Turfgrass 

Many grass species form mutualistic symbiosis with fungal endophytes from 

Clavicipitaceae family (White Jr, 1987, Clay, 1988). Grass-associated fungal endophytes 

mainly belong to five genera: Atkinsonella, Balansia, Balansiopsis, Epichloë, and 

Myriogenospora (Clay, 1988). Among them, Epichloë (formerly, anamorphs were in 

genus Neotyphodium) is probably the best-studied genus associated with turfgrass (Meyer 

et al., 2012). Genus Epichloë includes beneficial endophytes as well as pathogens. Some 

Epichloë species completely lost the sexual life cycle, cause no symptom on host grasses, 

and disperse with grass seeds. For other cases, the fungal endophytes may cause choke 

disease by forming stromata and suppressing inflorescence development of host (Meyer 

et al., 2012).  
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1.2.2 Function of Fungal Endophytes 

Herbivore Deterrence  

The mutualistic symbiosis formed between grasses and fungi provides defensive 

effects to host by producing alkaloids (White & Torres, 2010, Meyer et al., 2012, 

Saikkonen et al., 2013). Those biologically active alkaloids include ergot alkaloids, 

lolines, peramines and lolitrems, which can be toxic to insects or mammals (Rodriguez et 

al., 2009). Lolitrems and ergot alkaloids exhibit higher toxicity to mammals than lolines 

and peramines. However, lolines and peramines are more toxic to insects. Lolines and 

peramines can also reduce the the barley yellow dwarf viruses (BYDVs) disease on hosts 

by deterring the consumption of sucking insects (Mahmood et al., 1993, Lehtonen et al., 

2006).  

 

Disease Resistance 

Fungal endophytes in grasses also provide the grass disease resistance to hosts 

(Kuldau & Bacon, 2008). In vitro studies have shown that some fungal endophytes 

suppressed grass pathogens by producing antibiotics and degradative enzymes (White & 

Cole, 1985, Siegel & Latch, 1991). For example, fungitoxic phenolic compounds 

produced by Epichloë typhina were shown to be defensive in diseased timothy plant 

Phleum pratense (Koshino et al., 1988). Compared to endophyte-free cultivars of Blue 

fescue, Chewings fescue, hard fescue, and strong creeping red fescue, related cultivars 

infected with fungal endophytes showed suppression of dollar spot caused by Sclerotinia 

homoeocarpa (Clarke et al., 2006). In Clarke’s study, the proposed mechanism of disease 
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resistance in endophytes-infected plants was due to the production of alkaloids, 

phytoalexins, or some novel compounds by endophytes.  

 

Abiotic Stress Tolerance 

Drought tolerance has been demonstrated in several studies (Bush et al., 1997, 

Lewis et al., 1997, Lewis, 2004). In Bush’s study, lolines produced by fungal endophytes 

have been found to alter osmotic potential, thus providing tolerance to drought stress. 

Bacterial endophytes also showed the stress tolerance effects on hosts. Four bacterial 

strains in genera Sphingomonas, Pantoea, Bacillus and Enterobacter, isolated from 

elephant grass (Pennisetum purpureum) decreased osmotic stress caused by increased 

salinity levles (Li et al., 2016).  

 

In summary, all plants harbor endophytes that play important roles in plant 

development and fitness. These endophytes can potentially be utilized as biostimulants in 

agricultural industry.  
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Chapter 2 Seed-Associated Bacterial Endophytes Promoted Seed Germination and 

Seedling Development of Cool Season Turf Grasses 

 

2.1 Introduction 

Bacterial endophytes have been found in various plants (Hallmann et al., 1997, 

Garbeva et al., 2001, Compant et al., 2005, Souza et al., 2014). For example, Bacillus 

spp. were discoverd in tomato, rice, maize (Bacilio-Jiménez et al., 2001, Riggs et al., 

2001, Tian et al., 2017). Burkhoderia spp. have been isolated from several plants, such as 

tomato, onion, and sugarcan (Compant et al., 2005, Govindarajan et al., 2006, Tian et al., 

2017). Some bacterial endophytes exhibited beneficial effects on plant hosts. For 

example, Burkholderia sp. strain PsJN was demonstrated to induce host defense reaction 

(Compant et al., 2005).  

Some endophytic bacteria have been found to benefit the seedlings of grasses in 

the family Poaceae. Corynebacterium flavescens, Bacillus pumilus and Herbaspirillum 

seropedicae strain Z67 were found to colonize rice seedlings and play a role in rice root 

colonization (Bacilio-Jiménez et al., 2001, James et al., 2002). H. seropedicae was also 

reported to regulate the gene expression of maize seedlings in early growth stage (do 

Amaral et al., 2014). One of the genes is involved in gibberellin synthesis pathway which 

indicated this bacterium might affect the seed germination of maize. Another endophyte 

from Bacillus genus, B. mojavensis, reduced the stalk lesions caused on Fusarium 

verticillioides on maize seedlings, which helped the establishment of seeds (Bacon & 

Hinton, 2011).  
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The purpose of this study was to examine the endophytic bacteria associated with 

cool-season turfgrass seeds and evaluate their effects on seed germination and seedling 

growth. The results showed that endophytic bacteria strains Bacillus amyloliquefaciens 

strain SF2, B. pumilus strain SF3, and Pantoea agglomerans strain TF promoted seed 

germination and seedling growth with and without salinity stress.  

 

2.2 Materials and Methods 

2.2.1 Bacteria Isolation  

Seeds of eight turf grass species, Poa pratensis (Kentucky bluegrass), Lolium 

arundinacea (tall fescue), Lolium perenne (perennial ryegrass), Festuca ovina (sheep 

fescue), Festuca rubra ssp. Litoralis (Slender creeping red fescue), Festuca rubra ssp. 

rubra (strong creeping red fescue), Festuca brevipila (hard fescue), Festuca rubra ssp. 

commutate (chewings fescue), were used for the endophytic bacteria isolation. Grass 

seeds were surface disinfected in 3% sodium hypochlorite (NaOCl) solution, shaking for 

30 minutes at 150 rpm/min. The the disinfected seeds were rinsed with sterilized distilled 

water for 3 times, 30 seconds each time. Then the sterilized seeds were put on potato 

dextrose agar (PDA) media and 10% trypticase soy agar (TSA) media for the bacteria 

isolation. The isolated bacteria were were routinely grown at 28oC on PDA agar and 

stored at -80oC in PDB with 25% glycerol 
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2.2.2 Bacteria Identification 

The extraction of bacterial genome DNA was performed with GenElute™ 

Bacterial Genomic DNA kit (Sigma Chemical Company, St. Louis, MO, USA) following 

the instructional protocol. 16S rRNA region was amplified using bacterial DNA as 

template with universial primers, 16S-27F (5’- AGAGTTTGATCMTGGCTCAG-3’) and 

16S-1525R (5’- AAGGAGGTGWTCCARCC-3’) (M=A/C, W=A/T, R=A/G) (Lane, 

1991).  PCR amplifications were conducted using Invitrogen™ PCR SuperMix (Thermo 

Fisher Scientific Inc., Waltham, MA, USA) with the following thermocycles: initial 

denaturation at 94oC for 5 min followed by 30 cycles (denaturation at 94oC for 30s, 

annealing at 62oC or 55oC for 30s, and extension at 72oC for 60s) and the final extension 

at 72oC for 8 min. PCR products were verified with 1% agarose gel stained with SYBR™ 

Safe DNA Gel Stain (Invitrogen, Carlsbad, CA, USA) and purified with QIAquick PCR 

Purification Kit (QIAGEN, Hilden, Germany). The purified PCR products were sent to 

GENEWIZ Inc. (South Plainfield, NJ, USA) for Sanger sequencing, and the result 

sequences were compared with existent sequences in GenBank database 

(https://www.ncbi.nlm.nih.gov/genbank/) using web-based blastn 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi).  

 

2.2.3 Inoculation of Bacteria Isolates on Grasses  

Seeds of tall fescue, Kentucky bluegrass and perennial ryegrass were disinfected 

in 3% NaOCl solution for 30 minutes and rinsed with sterilized distilled water for 30 

seconds each time, 3 times. Two Bacillus strains isolated from sheep fescue and one 

Pantoea strain isolated from tall fescue were cultured in PDB at room temperature for 12 



32 
 

  

hours. Then, bacteria cells were collected by centrifugation at 3000rpm for 5min. The 

collected bacteria cells were water diluted to OD600 = 1.0 (about 4 x 108cells/ml). Both 

sterilized and unsterilized seeds of tall fescue, Kentucky bluegrass and perennial ryegrass 

were dipped into bacterial suspension for 5 min and then placed on 1.5% agar, 1.5% agar 

with 100mM NaCl and 1.5% agar with 200mM NaCl. For Kentucky bluegrass, after 7 

days, 10 days, 14 days and 17 days growth on the media, the rate of germination was 

calculated. For tall fescue and perennial ryegrass, the seeds germination rate was counted 

every 24 hours from the third day to the seventh day.  

 

2.2.4 WinRhizo Analysis of Root Architecture 

Magenta vessels containing 25 grams of soil were sterilized by autoclaving at 

121oC for 60 minutes, five times, once every 24 hours. Suspensions containing 108 

cells/ml of B. amyloliquefaciens strain SF2, B. pumilus strain SF3,  P. agglomerans strain 

TF, and E. coli (negative control) were prepared in sterilized distilled water. Seeds of 

perennial ryegrass and tall fescue were sterilized with 4% NaOCl solution for 30 minutes 

and rinsed with sterilized distilled water for 5 times, 30 seconds each time. Sterilized 

grass seeds were then soaked in bacterial suspensions or sterilized distilled water (water 

control) for 1 hour, placed in sterilized magenta vessels with soil, and kept in a growth 

chamber at 28oC with a 16h/8h light/dark cycle. After 35 days, seedlings were collected 

by carefully removing soil and washing off dirt from roots. Roots were separated from 

shoots and imaged on a light box with ruler. Root images were processed with WinRhizo 

in Dr. Huang’s lab, which was used to measure average diameter(cm), total root 

length(cm), total root surface area(cm2), total root volume (cm3).  
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2.2.5 Root Dry Weights of Seedlings Under Pathogenic Stress 

Magenta vessels containing 25 grams of soil were sterilized by autoclaving at 

121oC for 60 minutes, five times, once every 24 hours. Suspensions containing 108 

cells/ml of B. amyloliquefaciens strain SF2, B. pumilus strain SF3 and P. agglomerans 

strain TF were prepared in sterilized distilled water. Seeds of perennial ryegrass and tall 

fescue were sterilized with 4% NaOCl solution for 30 minutes and rinsed with sterilized 

distilled water for 5 times, 30 seconds each time. Sterilized grass seeds were then soaked 

in bacteria suspension as well as sterilized distilled water as control for 1 hour and placed 

in sterilized magenta vessels with soil. All boxes were further inoculated with turf 

pathogens, Sclerotinia homoeocarpa, and kept in growth chamber at 28oC with a 16h/8h 

light/dark cycle. After 30 days, grass roots were collected by gently rinsing the root with 

tap water to carefully remove soil. Clean seedling roots were dried in an incubator at 

60oC for 72 hours and were weighted with analytical balance.  

 

2.2.6 Seed Germination Test Under Salt Stress and Non-Stressed Conditions 

Suspensions containing 108 cells/ml of B. amyloliquefaciens strain SF2, B. 

pumilus strain SF3 and P. agglomerans strain TF were prepared in sterilized distilled 

water. Seeds of Kentucky bluegrass, perennial ryegrass and tall fescue were sterilized 

with 4% NaOCl solution for 30 minutes and rinsed with sterilized distilled water for 5 

times, 30 seconds each time. Sterilized and non-sterilized seeds were soaked in bacteria 

suspension as well as sterilized distilled water as control for 1 hour, separately. All 

treated seeds were then placed in petri dishes with 1.5% agar, 1.5% agar with 100mM 
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NaCl, and 1.5% agar with 200mM NaCl. All vessels were kept in growth chamber at 

28oC with a 16h/8h light/dark cycle. Seed germination was observed every 24 hours until 

no more seed germinated.  

 

2.2.7 Microscopy Observation 

To visualize bacteria on seedling roots, 7-day-old tall fescue seedlings and 10-

day-old Kentucky bluegrass seedlings grown on 1.5% agar plates were stained for 10 

hours by flooding agar plates with 5 ml of a solution of 100 mM potassium phosphate 

buffer, pH 6.9, 2.5 mM 3,3’-Diaminobenzidine tetrachloride (DAB), and 5 purpurogallin 

units/ml of horseradish peroxidase (Type VI, Sigma Chemical Company, St. Louis, MO). 

Seedling roots were then excised, placed on a slide containing aniline blue/lactophenol 

stain (aniline blue dye 0.05g, phenol crystals 20g, glycerol 40ml, lactic acid 20ml, H2O 

20ml), and examined by using bright field microscopy. Then seedling roots were 

observed with 100X, 200X, and 400X.  

 

2.3 Results 

2.3.1 Observation, Isolation, and Identification of Endophytic Bacteria in Cool-

Season Turfgrasses 

By staining the seedlings of tall fescue with DAB, we observed bacteria 

colonizing the root hairs by using light microscope (Figure 2.1). Then, we performed 

bacteria isolation with different nutrient media. Totally, thirteen bacteria strains were 

isolated from the seeds of seven cool-season turf grass species (Table 2.1). Most of the 



35 
 

  

isolated bacteria belonged to species B. amyloliquefaciens and B. pumilus. The only P. 

agglomerans strain was isolated from tall fescue.  

 

2.3.2 Colonization of Isolated Bacteria on Turfgrass Roots 

First, the compatibility of isolated bacterial endophytes with grass seedlings were 

observed with light microscope. As seen in Figure 2.2, B. amyloliquefaciens strain SF2, 

B. pumilus strain SF3, and P. agglomerans strain TF showed their colonization around 

root hairs (B, C, D). But in the control without bacterial inoculation, no bacterial cells 

were found.  

 

 
Figure 2.1 Photo of bacterial endophytes in root hairs of sterilized tall fescue seedlings. 
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Table 2.1 Seed-transmitted bacteria endophytes isolated from cool-season turf grass 
species.  

Species Isolates 
16S rRNA  

GenBank Number 

Festuca rubra ssp. commutata Bacillus pumilus strain CF2 MN272306.1 

Festuca rubra ssp. rubra 
Bacillus amyloliquefaciens strain CRF2 

Bacillus pumilus strain CRF1 

MN272308.1 

MN272307.1 

Festuca brevipila 
Bacillus amyloliquefaciens strain HF3 

Bacillus pumilus strain HF1 

MN272312.1 

MN272310.1 

Poa pratensis 
Bacillus amyloliquefaciens strain KB2 

Bacillus pumilus strain KB1 

MN272314.1 

MN272313.1 

Lolium perenne Bacillus amyloliquefaciens strain PR1 MN272320.1 

Festuca rubra ssp. litoralis 
Bacillus amyloliquefaciens strain SCF2 

Bacillus pumilus strain SCF1 

MN272319.1 

MN272318.1 

Festuca ovina 
Bacillus amyloliquefaciens strain SF2 

Bacillus pumilus strain SF3 

MN272316.1 

MN272317.1 

Lolium arundinacea Pantoea agglomerans strain TF MT270698.1 
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Figure 2.2 Colonization of bacterial endophytes on Kentucky bluegrass root hairs. A. 
Control, no inoculation; B. inoculated with B. amyloliquefaciens strain SF2; C. 
inoculated with B. pumilus strain SF3; D. inoculated with P. agglomerans strain TF. 

 

 
Figure 2.3 Stimulation of root hair growth on Kentucky bluegrass by bacterial 
endophytes (100X). A. Control, no inoculation; B. inoculated with B. amyloliquefaciens 
strain SF2; C. inoculated with B. pumilus strain SF3; D. inoculated with P. agglomerans 
strain TF. 
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2.3.3 Growth Promotion of Root Hairs by Isolated Bacterial Endophytes 

By applying isolated bacterial endophytes, B. amyloliquefaciens strain SF2, B. 

pumilus strain SF3, and P. agglomerans strain TF, Kentucky bluegrass seedlings showed 

much better root hair growth than the control (Figure 2.3).  

 

2.3.4 Root Architecture Analysis 

To further detect the promotion effects of bacterial endophytes on host root 

growth, we analyzed the root architecture of tall fescue and perennial ryegrass inoculated 

with different bacterial endophytes. In the test with tall fescue as the host, P. 

agglomerans strain TF increased the average diameter, total root length, total surface 

area, and total root volume by 22.26%, 11.96%, 35.71%, and 66.66%, respectively (Table 

2.2). But B. amyloliquefaciens strain SF2 increased total root length, total surface area 

and total root volume without changing the average diameter very much.  

On perennial ryegrass, B. amyloliquefaciens strain SF2 promoted the root growth 

by increasing total root length, total surface area and total root volume. However, B. 

pumilus strain SF3 and P. agglomerans strain TF did not show significant growth 

promotion effects on the host seedlings (Table 2.3).  

 

2.3.5 Seed Germination Without Stress Treatment 

In the seed germination test, all three strains increased the germination rate of 

both sterilized and unsterilized Kentucky bluegrass seeds on 1.5% agar (Figure 2.4, 

Figure 2.5 and Figure 2.6). Also, B. amyloliquefaciens strain SF2, B. pumilus strain SF3 

and P. agglomerans strain TF promoted the seed germination on sterilized seeds of 
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perennial ryegrass (Figure 2.7). In the test with tall fescue seeds, the three bacteria strains 

promoted the seed germination at 5 days. However, bacteria-treated seeds showed close 

seed germination rates as the control (Figure 2.8).  

 

 
Figure 2.4 Growth promotion effects of bacterial endophytes on Kentucky bluegrass on 
1.5% agar at 10 days. A. Control, no inoculation; B. inoculated with B. amyloliquefaciens 
strain SF2; C. inoculated with B. pumilus strain SF3; D. inoculated with P. agglomerans 
strain TF.  
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Figure 2.5 Seed germination rate of sterilized Kentucky bluegrass seeds on 1.5% agar. 
Seed germination rate was collected at 7days, 10days, 14days and 17days. Four replica 
plates were conducted, and error bars represent the standard deviation. 
 

 
Figure 2.6 Seed germination rate of unsterilized Kentucky bluegrass seeds on 1.5% agar. 
Seed germination rate was collected at 7days, 10days, 14days and 17days. Four replica 
plates were conducted, and error bars represent the standard deviation. 
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Figure 2.7 Seed germination rate of sterilized perennial ryegrass seeds on 1.5% agar. 
Seed germination rate was collected from 3days to 7days. Three replica plates were 
conducted, and error bars represent the standard deviation. 
 

 
Figure 2.8 Seed germination rate of sterilized tall fescue seeds on 1.5% agar. Seed 
germination rate was collected at 5days, 7days, and 9days.  Three replica plates were 
conducted, and error bars represent the standard deviation. 
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2.3.6 Seed Germination Under Salt Stress 

Then, we conducted the similar seed germination test under salt stress. All three 

isolated bacteria strains B. amyloliquefaciens strain SF2, B. pumilus strain SF3 and P. 

agglomerans strain TF promoted the germination of perennial ryegrass seed with salt 

treatment of 100mM NaCl and 200mM NaCl (Figure 2.9 and Figure 2.10). They also 

increased the seed germination rate of Kentucky bluegrass on 1.5% agar with 100mM 

NaCl treatment (Figure 2.11).  

 
Figure 2.9 Seed germination rate of sterilized perennial ryegrass seeds on 1.5% agar with 
100mM NaCl. Seed germination rate was collected from 3days to 7days.  Three replica 
plates were conducted, and error bars represent the standard deviation. 
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Figure 2.10 Seed germination rate of sterilized perennial ryegrass seeds on 1.5% agar 
with 200mM NaCl. Seed germination rate was collected from 3days to 7days. Three 
replica plates were conducted, and error bars represent the standard deviation. 
 

 
Figure 2.11 Seed germination rate of sterilized Kentucky bluegrass seeds on 1.5% agar 
with 100mM NaCl. Seed germination rate was collected at 7days, 10days, 14days and 
17days. Three replica plates were conducted, and error bars represent the standard 
deviation. 
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2.3.7 Root Growth of Perennial Ryegrass and Tall Fescue Seedlings Under 

Pathogenic Stress 

With the treatment of the three strains, B. amyloliquefaciens strain SF2, B. 

pumilus strain SF3 and P. agglomerans strain TF, both perennial ryegrass and tall fescue 

showed greater root dry weights than control (Figure 2.12 and Figure 2.13). After 

performing ANOVA test, the assay on tall fescue is significant (p-value = 0.0106, F = 

4.1355) but the one on perennial ryegrass is not significant enough (p-value = 0.0539, F = 

2.7667). Dunnett’s multiple comparison test indicated that on tall fescue, P. agglomerans 

strain TF increased the root dry weights by at least 3.5mg (critical value at 0.05).  

 
Figure 2.12 Root dry weight of perennial ryegrass seedlings inoculated with Sclerotinia 
homoeocarpa and endophytic bacteria at 30days. Nine replica seedlings were weighted, 
and error bars represent the standard deviation. 
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Figure 2.13 Root dry weight of tall fescue seedlings inoculated with Sclerotinia 
homoeocarpa and endophytic bacteria at 30days. Nine replica seedlings were weighted, 
and error bars represent the standard deviation. 
 

2.4 Discussion 

2.4.1 Bacterial Endophytes Colonized Cool-Season Turfgrass 

From the observation and isolation assays, we found the colonization of bacterial 

endophytes on the seeds and seedlings of cool-season turfgrass (Figure 2.1 and Table 

2.1). After being inoculated on the grass seed, the isolated bacteria tended to colonize the 

root hairs. Previous study showed the colonization of Pseudomonas spp. on olive root 

hairs (Mercado-Blanco & Prieto, 2012). Another bacterial endophyte, H. seropedicae was 

also found to colonize the roots of various Poaceae crops, such as maize, rice and wheat 

(Monteiro et al., 2012). It suggested that bacterial endophytes not only survive in plants 

tissues but also live on the surface of plant roots as epiphytes.  
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2.4.2 Bacterial Endophytes Increased Turf Seed Germination Rate under Both Salt 

Stress and Non-Stress Conditions 

When inoculated with isolated bacterial endophyte strains B. amyloliquefaciens 

strain SF2, B. pumilus strain SF3 and P. agglomerans strain TF, all three tested turf 

species exhibited better seed germination than the control without bacteria treatment 

under both salt stress and non-stress conditions (Figure 2.4 to Figure 2.11). In the test on 

turf seeds without stress treatment, both Kentucky bluegrass and perennial ryegrass 

showed higher germination rates when treated with bacterial isolates (Figure 2.4 to 

Figure 2.7). However, tall fescue seeds with no bacterial inoculation had similar 

germination rate with the groups with bacterial inoculation after 9 days (Figure 2.8). But 

after 5 days, treatments with isolated bacteria had higher germination rates than the 

control, which suggested endophytic bacteria promoted the seed germination by 

shortening the germination time (Figure 2.8). When the seeds were germinated with salt 

treatment, both Kentucky bluegrass and perennial ryegrass with bacterial inoculation 

showed better germination than the control (Figure 2.9 to Figure 2.11). Promotion of seed 

germination by endophytic bacteria was also reported by other researchers (Demissie et 

al., 2013).   

 

2.4.3 Promotion of Seedling Root Growth by Bacterial Endophytes 

With the observation of promoting root hair growth by bacterial endophytes 

(Figure 2.3), we performed root architecture analysis by using WinRhizo. On tall fescue, 

all three isolated endophytic bacterial strains increased total root length, total root surface 

area, and total root volume (Table 2.2). But only P. agglomerans strain TF significantly 
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increased the average diameter (by 22.26%) compared with control. The roots of 

seedlings treated with B. amyloliquefaciens strain SF2 showed similar average diameter 

but much longer root length than the control. In the test with perennial ryegrass as the 

host plants, only B. amyloliquefaciens strain SF2 showed the promotion effects on root 

growth. Since we isolated B. amyloliquefaciens and P. agglomerans from perennial 

ryegrass and tall fescue, respectively (Table 2.1), it might suggest that bacterial 

endophytes had better mutualistic interaction with their nature hosts. In the analysis on 

both tall fescue and perennial ryegrass, E. coli was used as the negative control. 

Interestingly, it did show little growth promotion effects on tall fescue, but most likely 

inhibited the root growth of perennial ryegrass.  

 

2.5 Conclusion 

Cool-season turfgrass species harbor the bacteria endophytes that promote the 

seed germination the seedlings root growth. Those bacteria include B. amyloliquefaciens, 

B. pumilus, and P. agglomerans. The bacteria endophytes showed better growth 

promotion effects on their natural hosts.  
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Chapter 3 The Turfgrass-Associated Bacillus amyloliquefaciens Strains Producing 

Fengycin, Iturin and Surfactin Inhibit the Growth of Turf Fungal Pathogens  

 

3.1 Introduction 

Lipopeptide is a category of biosurfactants, amphiphilic molecules that consist of 

a lipid connected to a peptide via ester and/or amide bonds. Lipopeptides are mainly 

produced by Bacillus spp., Paenibacillus spp., and Pseudomonas spp. (Ongena & 

Jacques, 2008, Raaijmakers et al., 2010, Smyth et al., 2010). Other bacteria species were 

also found to produce lipopeptides. For instance, grass endophyte Herbaspirillum 

seropedicae was found to produce serobactins (Rosconi et al., 2013).  

Lipopeptides are synthesized by non-ribosomal peptide synthetases (NRPSs) or 

hybrid polyketide synthases and non-ribosomal peptide synthetases (PKSs/NRPSs). 

NRPSs are large enzyme complexes composed of multiple modules and are functionally 

independent of mRNA. A module contains three domains, adenylation domain (A-

domain), peptidyl carrier protein (PCP-domain) or thiolation domain (T-domain), and 

condensation domain (C-domain) (Martínez-Núñez & López, 2016).  

In Bacillus, the most studied lipopeptides are characterized into three families, 

surfactin family, iturin family and fengycin family (Ongena & Jacques, 2008). Bacillus 

lipopeptides from all three families are composed of a cyclic peptide ring connected to a 

fatty acid (Ongena & Jacques, 2008). The grouping of different lipopeptides is based on 

the different numbers and structures of amino acids in the cyclic peptide chain. This gives 

them different biological activities and functions (Raaijmakers et al., 2010).  
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All members from the surfactin family contain a heptapeptide with an LLDLLDL 

chiral sequence and a beta-hydroxy fatty acid of 13-15 carbons (Table 3.1), to form a 

lactone ring (Peypoux et al., 1999). With the amphiphilic property, surfactins can adhere 

to lipid bilayers and disrupt cell membranes (Ongena & Jacques, 2008). This provides 

surfactins with antiviral, antimycoplasma, and antibacterial activities. Biofilm formation 

by Bacillus spp. on plant surfaces also depends on the production of surfactins.  

In addition, surfactins can serve as the elicitors of induced systemic resistance 

(ISR), a type of plant defenses against pathogens, in plants (Ongena et al., 2007). In a 

study on tobacco, surfactin was reported to induce the early defensive events like 

production of reactive oxygen species (ROS) as well as stimulate the defense enzymes 

phenylalanine ammonia-lyase and lipoxygenase (Jourdan et al., 2009).  

Lipopeptides from iturin family consist of heptapeptides with an LDDLLDL 

chiral sequence and a beta-hydroxy fatty acid of 14-17 carbons (Table 3.1), including 

ituirin A and C, bacillomycin D, F, L and LC, and mycosubtilin. They exhibited strong 

antifungal activities but limited antibacterial effects (Moyne et al., 2001, Hiradate et al., 

2002, Yu et al., 2002). This is different from surfactins which display antibacterial 

activities but no remarkable fungitoxicity. It was suggested to be caused by the different 

underlaying mechanisms (Ongena & Jacques, 2008).  

The third family of lipopeptides produced by Bacillus spp. is fengycin, which 

contains fengycins A and B, and plipastatins A and B. They contain a decapeptides with 

an LDDDLDLLL or LDLDLDLLDL chiral sequence linked to a beta-hydroxy fatty acid 

of 14-18 carbons (Table 3.1). The carbon chain in fengycin family can be either saturated 
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or unsaturated. Compared to surfactin and iturin families, fengycin family is less well 

known but they can also interact with lipid layers and retain fungal toxicity.  

Studies suggested that lipopeptides acted in a synergistic way (Romero et al., 2007, 

Alvarez et al., 2012). For example, Bacillus subtilis that produced iturin and fengycin 

showed antagonistic effect against Podosphaera fusca (Romero et al., 2007).  

 

Table 3.1 Characteristics of Bacillus lipopeptides in surfactin, iturin, and fengycin.  
Lipopeptides 

family 
Surfactin Iturin Fengycin 

Peptides  Heptapeptide  Heptapeptide Decapeptides  

Chiral sequence LLDLLDL LDDLLDL 
LDDDLDLLL or 

LDLDLDLLDL 

Fatty acid 13-15 carbons 14-17 carbons 14-18 carbons 

 

 

3.2 Materials and Methods 

3.2.1 Microorganisms and Growth Conditions 

Eight Bacillus amyloliquefaciens strains, one Bacillus pumilus strain and six 

pathogenic fungi were used in this study. All Bacillus strains were isolated from cool-

season grass seeds as described in Chapter 1. B. amyloliquefaciens strains were grown in 

LB broth (Sigma-Aldrich Chemical, St. Louis, MO) at 28oC and 150 rev/min.  

Four turfgrass-pathogenic fungi, Clarireedia homoeocarpa (former name 

Sclerotinia homoeocarpa), Colletotrichum cereale, Fusarium spp., and Rhizoctonia 

solani, as well as two other plant pathogens (Alternaria spp. and Neofusicoccum australe) 

in the antagonistic tests were kindly supplied by Dr. Clarke’s lab at Department of Plant 
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Biology, Rutgers. All pathogens were routinely grown on potato dextrose agar (PDA) at 

25oC.  

 

3.2.2 Effect of B. amyloliquefaciens Strains on Fungal Pathogens 

The antifungal effects of bacteria isolated from sterilized cool-season turfgrass 

seeds was evaluated by co-inoculating bacteria and fungi on PDA and measuring the 

distance between bacteria and fungi. The Bacillus strains were inoculated on PDA by 

streaking in a manner that would create the three separate areas. The fungi were 

inoculated in the center of the three areas. The co-cultures were incubated at 28°C and 

observed after 72 hours. The inhibitory zones were measured as the distance between the 

streaking bacteria and the nearest edge of growing fungi.  

 

3.2.3 Extraction of Lipopeptides from B. amyloliquefaciens 

Lipopeptides were isolated by the acid precipitation method (Smyth et al., 2010). 

B. amyloliquefaciens strains were cultured in 1L LB broth in 2L flask at 28°C for 24 

hours by shaking at the speed of 150 rev/min. The culture was then centrifuged to remove 

the cells at 13000g for 15min at 4oC. The collected supernatant was acidified with 5N 

HCl until the solution reached pH 2.0, and then incubated at 4oC for 16 hours to allow the 

formation of precipitate. After centrifuging the solution at 13000g for 15min at 4oC, the 

supernatant was discarded, and the pellet of precipitate was collected and dissolved with 

methanol by stirring continuously for 4 hours. The methanol solution was then filtered to 

remove the remaining material. The filtered solution was concentrated by rotary 
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evaporator at 45°C. The concentrated extraction product was then re-dissolved in 

methanol.  

 

3.2.4 Mass Spectrometry Analysis 

All isolated products were diluted in methanol to a concentration of 100μg/μl, 

followed by a ten-fold dilution with 2.5mg/ml of α-cyano-4-hydroxycinnamic acid in 

50% acetonitrile and 0.1% trifluoroacetic acid for a final concentration of 10μg/μl. Data 

was acquired at reflector positive mode from 800 to 4000 m/z on an ABI-MDS SCIEX 

4800 MALDI-TOF/TOF™ mass spectrometer analyzer (Applied Biosystems, Froster 

City, CA). The MALDI-TOF analysis was conducted at the Center for Integrative 

Proteomics Research (Rutgers University, Piscataway, NJ). The masses detected were 

used to identify the components of lipopeptides extracted from B. amyloliquefaciens 

strains.  

 

3.2.5 Detection of Non-Ribosomal Peptide Synthetase Genes 

The extraction of bacterial genome DNA was performed with GenElute™ 

Bacterial Genomic DNA kit (Sigma Chemical Company, St. Louis, MO, USA) following 

the instructional protocol. bamC, fenD, ituC, and sfp primers (Table 3.2) were used to 

detect the NRPS genes for bacillomycin, fengycin, iturin and surfactin, respectively. PCR 

amplifications were conducted using Invitrogen™ PCR SuperMix (Thermo Fisher 

Scientific Inc., Waltham, MA, USA) with the following thermocycles: initial 

denaturation at 94oC for 5 min followed by 30 cycles (denaturation at 94oC for 30s, 

annealing at 62oC or 55oC for 30s, and extension at 72oC for 60s) and the final extension 
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at 72oC for 8 min. PCR products were visualized with 1% agarose gel stained with 

SYBR™ Safe DNA Gel Stain (Invitrogen, Carlsbad, CA, USA) and purified with 

QIAquick PCR Purification Kit (QIAGEN, Hilden, Germany). The purified PCR 

products were sent to GENEWIZ Inc. (South Plainfield, NJ, USA) for Sanger 

sequencing. The result sequences were submitted to GenBank and compared with 

existent sequences in GenBank database (https://www.ncbi.nlm.nih.gov/genbank/) using 

web-based blast (https://blast.ncbi.nlm.nih.gov/Blast.cgi).  

 

Table 3.2 Primer sequences employed to identify the genes involved in lipopeptides 
production.  

Lipopeptides 
synthetase 

Primers Sequences References 

Iturin 
ituC-F CCCCCTCGGTCAAGTGAATA 

Tabbene et al., 2011 

ituC-R TTGGTTAAGCCCTGATGCTC 

Bacillomycin 
bamC-F AGTAAATGAACGCGCCAATC 

bamC-R CCCTCTCCTGCCACATAGAG 

Surfactin 
sfp-F ATGAAGATTTACGGAATTTA 

sfp-R TTATAAAAGCTCTTCGTACG 

Fengycin 
fenD-F CCTGCAGAAGGAGAAGTGAAG Joshi & McSpadden 

Gardener, 2006 fenD-R TGCTCATCGTCTTCCGTTTC 

 

 

3.3 Results 

3.3.1 Inhibitory Effects of B. amyloliquefaciens Strains on Pathogenic Fungi 

The inhibitory effects of B. amyloliquefaciens strains on fungal pathogens were 

evaluated under growth chamber conditions. All eight B. amyloliquefaciens strains 

inhibited the growth fungal pathogens, Alternaria spp., Clarireedia homoeocarpa, 

Colletotrichum cereal, Fusarium spp., Neofusicoccum austral, and Rhizoctonia solani 
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(Figure 3.1 – Figure 3.6). However, as the negative control, B. pumilus strain SF3 didn’t 

show any growth inhibitory effects on the fungi (Figure 3.1 – Figure 3.6). All eight 

strains showed similar inhibitory effects on fungal pathogens, Alternaria spp., 

Colletotrichum cereale, and Fusarium spp. (Figure 3.7). However, the inhibitory effects 

of B. amyloliquefaciens strain KB2 on Clarireedia homoeocarpa, Neofusicoccum 

australe, and Rhizoctonia solani were not as extensive as the other seven strains (Figure 

3.7). B. amyloliquefaciens strains created the inhibitory zones of 16-20mm on 

Colletotrichum cereal, but 2-7mm on Clarireedia homoeocarpa and 3-8mm on 

Rhizoctonia solani (Figure 3.7 and).  

 

 
Figure 3.1 Inhibition of Alternaria spp. growth by B. amyloliquefaciens strains (A – H). 
B. pumilus strain SF3 (I) was used as negative control. B. amyloliquefaciens strains: A: 
CRF2; B: HF3; C: KB2; D: KB5; E: PR1; F: PR2; G: SCF2; H: SF2.  
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Figure 3.2 Inhibition of Clarireedia homoeocarpa growth by B. amyloliquefaciens 
strains (A – H). B. pumilus strain SF3 (I) was used as negative control. B. 
amyloliquefaciens strains: A: CRF2; B: HF3; C: KB2; D: KB5; E: PR1; F: PR2; G: 
SCF2; H: SF2. 

 
Figure 3.3 Inhibition of Colletotrichum cereale growth by B. amyloliquefaciens strains 
(A – H). B. pumilus strain SF3 (I) was used as negative control. B. amyloliquefaciens 
strains: A: CRF2; B: HF3; C: KB2; D: KB5; E: PR1; F: PR2; G: SCF2; H: SF2. 
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Figure 3.4 Inhibition of Fusarium spp. growth by B. amyloliquefaciens strains (A – H). 
B. pumilus strain SF3 (I) was used as negative control. B. amyloliquefaciens strains: A: 
CRF2; B: HF3; C: KB2; D: KB5; E: PR1; F: PR2; G: SCF2; H: SF2. 

 
Figure 3.5 Inhibition of Neofusicoccum austral growth by B. amyloliquefaciens strains 
(A – H). B. pumilus strain SF3 (I) was used as negative control. B. amyloliquefaciens 
strains: A: CRF2; B: HF3; C: KB2; D: KB5; E: PR1; F: PR2; G: SCF2; H: SF2. 
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Figure 3.6 Inhibition of Rhizoctonia solani growth by B. amyloliquefaciens strains (A – 
H). B. pumulus strain SF3 (I) was used as negative control. B. amyloliquefaciens strains: 
A: CRF2; B: HF3; C: KB2; D: KB5; E: PR1; F: PR2; G: SCF2; H: SF2. 
 



61 
 

  

 
Figure 3.7 Bar chart of inhibition zones of B. amyloliquefaciens on fungal pathogens. 
Three replica plates were measured, and for each plate, six measurements were taken. 
Error bars represent the standard deviation of measuremants. Negative control B. pumilus 
strain SF3 had zero inhibitory zone.  
 

3.3.2 Analysis of Lipopeptides Produced by B. amyloliquefaciens Strains 

MALDI-TOF mass spectrometry was employed to analyze the lipopeptide 

production of B. amyloliquefaciens strains. By comparing the mass data observed in our 

study with the mass numbers reported for the lipopeptides in previous studies (Vater et 

al., 2002, Koumoutsi et al., 2004), the major lipopeptides produced by the isolated B. 

amyloliquefaciens strains were surfactin, fengycin and iturin (Figure 3.8 – Figure 3.15 

and Table 3.3). Surfactin (C13 – C17) was found across all eight strains. However, 
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surfactin was less abundant in strains HF3 and PR2 then the other strains. Fengycin (C14 

– C17) was also detected across all eight strains. Strain KB2 had less abundant fengycin 

than other strains. Comparing to surfactin and fengycin, iturin was less abundant and was 

only detected in only 5 strains.  

 

 

 
Figure 3.8 MALDI-TOF mass spectrometric analysis of cyclic lipopeptides of Bacillus 
amyloliquefaciens strain CRF2.  
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Figure 3.9 MALDI-TOF mass spectrometric analysis of cyclic lipopeptides of Bacillus 
amyloliquefaciens strain HF3. 

 
Figure 3.10 MALDI-TOF mass spectrometric analysis of cyclic lipopeptides of Bacillus 
amyloliquefaciens strain KB2. 



64 
 

  

 
Figure 3.11 MALDI-TOF mass spectrometric analysis of cyclic lipopeptides of Bacillus 
amyloliquefaciens strain KB5. 

 
Figure 3.12 MALDI-TOF mass spectrometric analysis of cyclic lipopeptides of Bacillus 
amyloliquefaciens strain PR1. 
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Figure 3.13 MALDI-TOF mass spectrometric analysis of cyclic lipopeptides of Bacillus 
amyloliquefaciens strain PR2. 

 
Figure 3.14 MALDI-TOF mass spectrometric analysis of cyclic lipopeptides of Bacillus 
amyloliquefaciens strain SCF2. 
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Figure 3.15 MALDI-TOF mass spectrometric analysis of cyclic lipopeptides of Bacillus 
amyloliquefaciens strain SF2. 
 

3.3.3 PCR Detection of Non-Ribosomal Lipopeptide Synthetases  

The fenD, ituC, and sfp genes responsible for the synthesis of fengycin, iturin and 

surfactin, respectively, were detected in all strains. However, bamC were not detected in 

any B. amyloliquefaciens strains in our study. The ituC sequences of all eight strains 

showed high identity (> 99%) to ituC gene of Bacillus subtilis and B. amyloliquefaciens 

in the GenBank database (Table 3.4). Also, the sfp fragments of all our strains had a high 

identity (> 99%) to the sfp gene of B. subtilis and B. amyloliquefaciens in the GenBank 

database. However, the fenD genes of different strains showed some variation to each 

other and a slightly lower identity (97% - 99%) to fenD genes of B. subtilis and B. 

amyloliquefaciens in the GenBank database comparing to ituC and sfp genes.  
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Table 3.4 GenBank accession number of non-ribosomal lipopeptide synthetase genes.  
B. amyloliquefaciens strains fenD ituC sfp 

CRF2 MT125621 MT125629 MT125630 

HF3 MT125619 MT125627 MT125631 

KB2 MT125618 MT125626 MT125632 

KB5 MT125617 MT125625 MT125633 

PR1 MT125620 MT125628 MT125634 

PR2 MT125616 MT125624 MT125635 

SCF2 MT125615 MT125623 MT125636 

SF2 MT125614 MT125622 MT125637 

 

3.4 Discussion 

3.4.1 Antagonistic Effects of B. Amyloliquefaciens Strains on Fungal Pathogens 

All eight B. amyloliquefaciens strains exhibited inhibitory effects against the six 

fungal pathogens in our study. They had the best antagonistic effects against 

Colletotrichum cereale, which causes anthracnose on turfgrass (Table 3.2 and Figure 

3.7). This result corresponds to a former study that showed B. amyloliquefaciens C2LP 

had better inhibitory effects on Colletotrichum species than Rhizoctonia (Dang et al., 

2019). When comparing the effects of different strains on pathogens, strains KB2 showed 

less effects on Clarireedia homoeocarpa, Neofusicoccum australe, and Rhizoctonia 

solani. C. homoeocarpa and R. solani are the pathogens responsible for turfgrass disease 

dollar spot and brown patch, respectively. As all B. amyloliquefaciens strains in our study 

inhibited the growth of turf pathogens C. homoeocarpa, C. cereale and R. solani, we 

could employ them as seed coatings or formulate them into biopesticides to control the 

corresponded turf disease.  Also, the B. amyloliqufaiens strains in this test showed 

inhibitory effects on Alternaria spp., Fusarium spp., N. austral, and R. solani that could 
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cause various diseases on other plants, these strains could potentially be used to suppress 

fungal disease on other plant.  

 

3.4.2 Lipopeptides Production of B. amyloliquefaciens Strains 

All eight strains can produce fengycin and surfactin. However, strains HF3, PR2 

and SF2 didn’t show any iturin production (Table 3.3). In strains CRF2, KB2, PR1 and 

SCF2, surfactin level was higher than fengycin level and iturin level. In strains HF3, 

KB5, PR2, and SF2, fengycin level was higher than surfactin level and iturin level.  

The PCR detection of lipopeptides synthetase genes showed fengycin, iturin, and 

surfactin synthetases existed in all eight strains. But bacillomycin synthetase were not 

found in any strains. This is the same as MALDI-TOF lipopeptides analysis except for 

iturin. The ituC gene was detected in all strains but the production of iturins were not 

found in strains HF3, PR2 and SF2. This suggests that ituC might not be sufficient for 

iturin production. Further research is necessary to explore other genes or factors 

influencing iturin production.  

Strain KB2 which produced less fengycin than all other strains showed less 

inhibitory effects on C. homoeocarpa, C. cereale and R. solani. This indicated that 

fengycin family lipopeptides might be responsible for the biocontrol of those pathogens.  

 

3.5 Conclusion  

The B. amyloliquefaciens strains associated with cool-season turfgrass seeds 

inhibited the growth of fungal pathogens, including turf pathogens C. homoeocarpa, C. 
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cereale and R. solani. They also produced antifungal lipopeptides fengycin, iturin and 

surfactin with some variability in production among the different strains.  
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Chapter 4 16S rRNA Metagenomic Analysis of the Bacterial Community Associated 

with Turf Grass Seeds from Low Moisture and High Moisture Climates  

 

4.1 Introduction 

Plants bear numerous microbes that influence their nutrition, development, stress 

responses and phenotypes (Henning et al., 2016, White et al., 2014, White et al., 2018). 

Plant-associated microbes generally come from the surrounding environment; however, 

Johnston-Monje and Rhizada (2011) showed that corn seeds vectored a diverse array of 

microbes. Further, Johnston-Monje et al. (2016) found that the rhizospheres of corn 

seedlings were composed of microbes that originated both from seeds and bacteria 

recruited from soils. These seed-vectored bacteria can influence germination and share a 

mutualistic association with the host seedlings (Cruz et al., 2014, Shaid & Thomas, 2019, 

Somova et al., 2001, Zhu et al., 2017). Without seed-vectored bacteria, seedlings may 

lose gravitropic response of roots, fail to develop root hairs, and are more susceptible to 

soil-borne pathogens (Verma et al., 2017, 2018). 

Some turf grasses possess fungal endophytes of ascomycete genus Epichloë that 

provide resistance to pathogens and insects, and increase abiotic stress tolerance in the 

host (Bultman & Bell, 2003, Clay, 1990, Meyer et al., 2012, White, 1987). Turf breeders 

have long been employing these environmentally safe endophytes to enhance turfgrass 

performance and stress tolerance (Meyer et al., 2012). Another important microbe 

resource, the seed-transmitted bacterial communities of turf grasses, are yet to be fully 

explored. Many of these bacteria are vectored on the surfaces of seeds and embedded 

within dried plant tissues (paleas and lemmas) that adhere tightly to seed surfaces (White 
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et al., 2019). During seed germination some of these seed-surface microbes are activated 

and they externally and internally colonize seedling roots at the root tip meristems, 

becoming intercellular and intracellular endophytes in the emergent seedling roots 

(Verma et al., 2017, 2018, White et al., 2018). In this study, we employed Illumina HTS 

and 16S metagenomic analysis to investigate the bacterial community associated with 

cool-season turfgrass seeds produced in low moisture (LM) and high moisture (HM) 

climates. We also evaluated the potential influence of the bacterial community on seed 

germination rates and seedling growth rates. The results showed that HM seeds vectored 

a denser and more diverse bacterial community than LM seeds. Also, bacterial groups at 

different taxonomic ranks correlated with the seed germination rate and time.  

 

4.2 Materials & Methods 

4.2.1 Total DNA Extraction from Seeds of Cool-Season Turfgrasses  

Seeds of twenty-seven cool-season turf cultivars were obtained from DLF 

Pickseed USA (Table 4.1). All varieties were produced from 2011 to 2015 at either Store 

Hedinge, Denmark or Les Alleuds, France. Based on the precipitation data collected from 

The National Oceanic and Atmospheric Administration (NOAA), the seeds were 

classified into LM seeds (annual precipitation < 750 mm) and HM seeds (annual 

precipitation >750 mm). With this classification, five samples were classified as LM 

seeds while twenty-two samples as HM seeds. 100mg of seeds of each turf cultivar were 

weighed out and washed with sterilized distilled water for 3 times, 30 seconds each time 

to remove the soil. The cleaned seeds were then ground into powder with a sterilized 

mortar and pestle for total DNA extraction. The DNA extraction was conducted with 
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DNeasy® PowerSoil® Kit (QIAGEN, Hilden, Germany) following the manufacturer’s 

instructions. This PowerSoil® Kit was chosen due to its versatility with diverse sample 

types. The concentration of extracted DNA was measured with The NanoDrop® ND-

1000 Spectrophotometer and normalized to 5ng/µl for the library preparation. 

 

Table 4.1 Information of seed resources. For each seed sample, sample number, species, 
variety, production year, production location, and the annual rainfall are reported. 

Sample 

Number 

Species Variety Year Location 

Annual 

Rainfall (mm) 

V01 Festuca rubra Caldri 2011 

Store Hedinge, 

Denmark 

799.08 

V02 Festuca rubra Blenheim 2011 

Store Hedinge, 

Denmark 

799.08 

V03 Festuca rubra FRC 1310 2011 

Store Hedinge, 

Denmark 

799.08 

V04 Festuca rubra Troville 2011 

Store Hedinge, 

Denmark 

799.08 

V05 Festuca rubra Beudin 2011 

Store Hedinge, 

Denmark 

799.08 

V06 Festuca rubra Cezanne 2011 

Store Hedinge, 

Denmark 

799.08 

V07 Lolium arundinacea Braveheart 2011 

Store Hedinge, 

Denmark 

799.08 

V08 Lolium arundinacea Greenbrooks 2011 

Store Hedinge, 

Denmark 

799.08 

V09 Lolium perenne Mercitwo 2014 

Store Hedinge, 

Denmark 

850.39 

V10 Lolium perenne Bizet 1 2014 

Store Hedinge, 

Denmark 

850.39 

V11 Lolium perenne Galleon 2015 

Store Hedinge, 

Denmark 

738.38 
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Sample 

Number 

Species Variety Year Location 

Annual 

Rainfall (mm) 

V12 Lolium perenne Clementine 2013 

Store Hedinge, 

Denmark 

550.93 

V13 Lolium perenne Melbourne 2014 

Store Hedinge, 

Denmark 

850.39 

V14 Lolium perenne Chardin 2011 

Store Hedinge, 

Denmark 

799.08 

V15 Lolium perenne Fabian 2014 

Store Hedinge, 

Denmark 

850.39 

V16 Lolium perenne Chardin 2014 

Store Hedinge, 

Denmark 

850.39 

V17 Lolium perenne Columbine 2011 

Store Hedinge, 

Denmark 

799.08 

V18 Lolium perenne Tetragreen 2014 

Les Alleuds, 

France 

786.38 

V19 Lolium perenne DLF LPG 3022 2011 

Store Hedinge, 

Denmark 

799.08 

V20 Lolium perenne Fabian 2013 

Les Alleuds, 

France 

786.64 

V21 Lolium perenne Tetratop 2015 

Les Alleuds, 

France 

633.48 

V22 Lolium perenne Tetradry 2013 

Les Alleuds, 

France 

786.64 

V23 Lolium perenne Tetrastar 2014 

Les Alleuds, 

France 

786.38 

V24 Lolium perenne Tetragreen 2011 

Les Alleuds, 

France 

587.5 

V25 Lolium perenne Essence 2012 

Store Hedinge, 

Denmark 

636.02 

V26 Lolium perenne Hamlet HZ 2NF1 2012 

Store Hedinge, 

Denmark 

636.02 

V27 Lolium perenne Berlioz 1 2011 

Store Hedinge, 

Denmark 

799.08 
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4.2.2 Library Preparation and Sequencing 

The preparation of DNA libraries for each sample followed the Illumina 

guidelines. By using 12.5ng of the normalized DNA from turf seeds as the template, V3-

V4 hypervariable regions of bacterial 16S rRNA gene were amplified with the primer 

pair , S-D-Bact-0341-b-S-17 (5’-CCTACGGGNGGCWGCAG-3’) and S-D-Bact-0785-a-

A-21 (5’-GACTACHVGGGTATCTAATCC-3’) fused with Illumina overhang forward 

adapters (5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3’) and reverse 

adapter (5’-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3’), respectively 

(Klindworth et al., 2013). PCR clean-ups were conducted to purify the 16S V3-V4 

amplicons away from free primers and primer dimers. Nextera XT index primers were 

then used for the index PCR and PCR clean-ups were performed again to generate the 

final library. The generated 16S V3-V4 region library was paired-end sequenced (2 x 

300bp) on an Illumina MiSeq platform in the Genome Cooperative Sequencing Facility, 

School of Environmental and Biological Sciences at Rutgers.  

 

4.2.3 Bacterial Community Structure Analysis  

The collected sequencing data in FASTQ format was processed and analyzed with 

the QIIME2 software suite (Caporaso et al., 2010). The raw Illumina reads were imported 

into QIIME2 with “Casava 1.8 paired-end demultiplexed fastq” method, and then 

denoised and filtered with dada2 pipeline to remove noisy and chimeric sequences, 

construct denoised paired-end sequences, and dereplicate them (Callahan et al., 2016). de 

novo clustering was then carried out with VSEARCH plugin at 99% identity to generate 

Operational Taxonomic Units (OTUs) (Rognes et al., 2016). The taxonomy assignment 



77 
 

  

of OTUs was performed by using feature-classifier against the SILVA 1.28 database 

(Released September 29, 2016). After removing mitochondria and chloroplast sequences, 

the filtered data were aligned with mafft program and fasttree method to generate rooted 

and unrooted phylogenetic trees (Price et al., 2010). All core metrics used in alpha and 

beta diversity analysis were computed based on the rooted phylogenetic tree. Alpha 

diversity (intra group diversity) was calculated with the observed OTUs and Faith’s 

Phylogenetic Diversity (Faith, 1992) at the sample depth of 1000 reads to normalize the 

variance and this excluded 4 samples (3 HM samples and 1 LM sample), leaving 4 LM 

samples and 19 HM samples. The Kruskal-Wallis (pairwise) test was utilized to assess 

the statistically significant differences in alpha diversity among samples. Beta diversity 

was performed with both qualitative (Jaccard and unweighted UniFrac) and quantitative 

(Bray-Curtis and weighted UniFrac) distance metrics at sample depth of 1000 reads. In 

this process, QIIME2 diversity plugin was employed. Statistically significant differences 

in beta diversity among different groups was evaluated by permutation-based ANOVA 

(PerMANOVA) test (Anderson, 2005) with 999 permutations (beta-group-significance 

command in diversity plugin). Principal coordinates analysis plots (PCoA) were 

generated by Emperor tool of QIIME2 to explore the bacterial community structure. The 

bar plots showing taxonomy levels were generated by QIIME2 taxa plugin. The analysis 

workflow is shown in Figure 4.1.  

 

The venn diagram was generated with a web-based tool 

(http://bioinformatics.psb.ugent.be/webtools/Venn) to calculate the intersection(s) of the 

list of elements that in this study was represented by the list of genera of bacteria found in 
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each climate condition and species. The graphical output is in the form of a Venn/Euler 

diagram.  

 

Figure 4.1 Graphical workflow of metagenomic analysis in our study.  

 

4.2.4 Seed germination test 

Seeds of 19 cool-season cultivars were placed in Petri dishes containing 25ml 

1.5% agar. All Petri dishes were kept in a growth chamber at 28°C. Seed germination 

was observed every 24 hours until no more seed germinated. Seed germination rates and 

time for each sample were calculated and Pearson’s correlation analysis was performed 

and visualized with python-based libraries SciPy (V0.19.1), pandas (V0.22.0), seaborn 

(V0.9.0) and matplotlib (V2.2.3).  
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4.3 Results 

4.3.1 Sequence Analysis 

In total, 7,405,226 sequences (about 274,368 sequences per sample) were 

generated by Illumina MiSeq sequencing and imported into QIIME2 pipeline suite for 

analysis. After being denoised and dereplicated with dada2 pipeline, the remaining high-

quality sequences were clustered into 310 OTUs that had an average length of 427 bp, 

ranging from 267 bp to 440 bp. After the removal of mitochondrial and chloroplast 

genomes, a total of 247 OTUs were used to represent the bacterial profile of turf seeds 

samples (Appendix 2).  

 

4.3.2 Diversity of Bacteria Associated with Turf Seeds from LM and HM Climates 

The bacterial community associated with turf seed samples was composed of 5 

phyla, 8 classes, 21 orders, 37 families and 69 genera. The bacterial community vectored 

by seeds produced in HM climates covered all discovered taxonomies, with 6644 

sequences/sample. However, seeds from LM climate only hosted part of them, 4 phyla, 8 

classes, 9 orders, 10 families and 15 genera, with 2821 sequences/sample.  

Regardless of the climate and turf species, bacterial communities at phylum level 

were dominated by Proteobacteria (51%) and Bacteroidetes (40%). Proteobacteria took 

89% and 50% of the bacterial community on LM and HM climates seeds, respectively. 

Bacteroidetes was abundant in HM climate seeds (39%) but not LM climate seeds (2%). 

Actinobacteria (6%) and Firmicutes (3%) also comprised a portion of the bacterial 

community and exhibited no significant difference between the two climate types.  
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Both HM and LM seeds shared some of the most abundant bacterial classes, i.e. 

Actinobacteria, Bacteroidia, Bacilli, Alphaproteobacteria and Gammaproteobacteria 

(Figure 4.2). Compared to LM seeds, seeds from HM environment was richer in terms of 

Faith’s Phylogenetic diversity (Figure 4.3 & Table 4.2).  

At class level, Actinobacteria, Bacteroidia and Bacilli had the same portion as 

phyla Actinobacteria, Bacteroidetes and Firmicutes, respectively (Table 4.3). 

Alphaproteobacteria and Gammaproteobacteria were the two classes within phylum 

Proteobacteria. Alphaproteobacteria took 6% and 18% of the bacterial community of LM 

and HM climate seeds, respectively. Gammaproteobacteria was 83% and 32% for LM 

and HM climate, respectively.  

At genus level, LM seeds harbored a significantly higher percentage of Massilia 

(p = 0.013), Pantoea (p = 0.060), and Pseudomonas (p = 0.045) compared to HM seeds 

(Table 4.3). In contrast, HM seeds harbored more of Flavobacterium (p < 0.001), 

Chryseobacterium (p < 0.001), Pedobacter (p < 0.001), Sphingomonas (p = 0.035), and 

Erwinia (p = 0.122) (Table 4.3).  
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Figure 4.2 Bar plot analysis illustrating the relative abundance and distribution of the 
OTUs assigned to class-level taxonomy. LM: low moisture; HM: high moisture. 
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Figure 4.3 Box plots depicting the Faith’s Phylogenetic Diversity for different climate 
conditions (A), different genera (B), and different species (C). 
 

Table 4.2 Kruskal-Wallis pairwise test with measure of Faith PD metric as response 
variable. 

 Group 1 Group 2 p-value 

Climate LM (n=4) HM (n=19) 0.0058 

Genus Festuca (n=6) Lolium (n=17) 0.2076 

Species 

Festuca rubra (n=6) Lolium arundinacea (n=2) 0.7389 

Festuca rubra (n=6) Lolium perenne (n=15) 0.1391 

Lolium arundinacea (n=2) Lolium perenne (n=15) 0.2967 

 

 The bacterial community structure of LM seeds was different from HM seeds 

(Figure 4.4). LM seeds did not bear any unique bacteria genus that was not present in HM 

seeds (Figure 4.5A & Appendix 3.1). However, HM seeds harbored 55 genera that LM 

seeds didn’t. Seeds of the three turf species shared 4 phyla and 27 genera, including five 

genera that were uncultured or unknown species from either Bacterioidetes or 

Patescibacteria (Figure 4.5B, Appendix 3.2 and Table 4.5).  
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Table 4.3 Composition of bacterial community from LM and HM climate seeds. 

 Taxa level Taxa name  Ave. Percentage 
LM HM Combined 

Phylum Actinobacteria ** 6% 7% 6% 
 Bacteroidetes † 2% 39% 40% 

 Firmicutes ** 3% 4% 3% 
 Patescibacteria — <1% <1% 
  Proteobacteria † 89% 50% 51% 

Class Actinobacteria ** 6% 6 % 6% 
 Bacteroidia 2% 39% 40% 

 Bacilli ** 3% 4% 3% 
 Saccharimonadia — <1% <1% 
 Alphaproteobacteria † 6% 18% 15% 
 Gammaproteobacteria † 83% 32% 36% 

Order Micrococcales ** 6% 5% 5% 
 Cytophagales <1% 2% 2% 
 Flavobacteriales † <1% 11% 9% 
 Sphingobacteriales † 1% 26% 21% 
 Bacillales ** 3% 4% 4% 
 Saccharimonadales — <1% <1% 
 Rhizobiales — 3% 2% 
 Sphingomonadales † 6% 15% 13% 
 Betaproteobacteriales † 30% 13% 17% 
 Enterobacteriales † 24% 12% 15% 
  Pseudomonadales † 29% 6% 11% 

Family Microbacteriaceae ** 6% 5% 5% 
 Hymenobacteraceae <1% 1% 1% 
 Flavobacteriaceae † <1% 3% 3% 
 Weeksellaceae † <1% 7% 6% 
 Sphingobacteriaceae † 1% 26% 21% 
 Paenibacillaceae ** 3% 4% 4% 
 Rhizobiaceae † — 2% 1% 
 Sphingomonadaceae † 6% 15% 13% 
 Burkholderiaceae † 30% 13% 17% 
 Enterobacteriaceae † 24% 12% 15% 
  Pseudomonadaceae † 29% 6% 11% 

Genus Curtobacterium ** 2% 2% 2% 
 Hymenobacter <1% 1% 1% 
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 Taxa level Taxa name  Ave. Percentage 
LM HM Combined 

 Flavobacterium † <1% 3% 3% 
 Chryseobacterium † <1% 7% 6% 
 Mucilaginibacter — <1% <1% 
 Pedobacter † 1% 25% 20% 
 Paenibacillus ** 3% 4% 4% 
 Rhizobium*  — 2% 1% 
 Sphingomonas † 6% 15% 13% 
 Duganella † 5 % 3% 3% 
 Massilia † 25% 9% 12% 
 Erwinia † <1% 3% 3% 
 Pantoea † 23% 9% 12% 
  Pseudomonas † 29% 6% 11% 

 Unassigned <1% <1% <1% 
*: Rhizobium group also includes Allorhizobium, Neorhizobium, and Pararhizobium. 
**: Bacterial groups without significant difference between LM and HM. 
†: Bacterial groups with significant difference between LM and HM. 
 

 

Table 4.4 PERMANOVA pairwise results considering as response variable Bray-Curtis 
dissimilarity matrix. 

 Group 1 Group 2 

Sample 

size 

Permutations pseudo-F p-value q-value 

Climate LM HM 23 999 2.71867887 0.002 0.002 

Genus Festuca Lolium 23 999 1.32100421 0.18 0.18 

Species 

Festuca 

rubra 

Lolium 

arundinacea 
8 999 1.37785001 0.101 0.1635 

Festuca 

rubra 

Lolium 

perenne 
21 999 1.52206514 0.109 0.1635 

Lolium 

arundinacea 

Lolium 

perenne 
17 999 1.54914181 0.204 0.204 
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Table 4.5 Seed-vectored bacterial genera shared by Loium arudinacea, Lolium perenne, 
and Festuca rubra. 

Phylum Genus 
Actinobacteria Curtobacterium 

 Sanguibacter 
Bacteroidetes Chryseobacterium 

 Dyadobacter 
 Flavobacterium 
 Mucilaginibacter 
 Pedobacter 
 Sphingobacterium 
 Spirosoma 
 uncultured Sphingobacteriaceae 
 unknown Sphingobacteriaceae 

Patescibacteria uncultured bacterium 
 uncultured Sphingobium sp. 
 unknown Saccharimonadales 

Proteobacteria Rhizobium* 
 Aureimonas 
 Brevundimonas 

 Devosia 
 Duganella 
 Erwinia 
 Massilia 
 Novosphingobium 
 Pantoea 
 Pigmentiphaga 
 Pseudomonas 
 Sphingomonas 
  Verticia 

*: Rhizobium group also includes Allorhizobium, Neorhizobium, and Pararhizobium. 



86 
 

  

 

Figure 4.4 Principal Coordinates Analysis (PCoA) Emperor plots based on Bray-Cuitis 
diversity matrix. Samples are scattered concerning their bacterial community. Species 
were represented by different shapes: ring – Lolium arudinacea; sphere – Lolium 
perenne; square – Festuca rubra.  

 

 

Figure 4.5 Venn diagrams showing the number of shared bacterial genera between 
different climate (A) and among different turf species (B). LM: low moisture; HM: high 
moisture; Fr: Festuca rubra; Lp: Lolium perenne; La: Loium arudinacea. 
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4.3.3 Correlation of Seed Germination and Bacterial Endophyte Composition 

Associated with Turf Seeds 

Bacterial groups at different taxonomic ranks correlated with the seed germination 

rate and time (Figure 4.6 & Figure 4.7). Among the 5 phyla that we discovered through 

diversity analysis, Proteobacteria correlated positively with the seed germination rate 

(p=0.028) and negatively with the seed germination time (p=0.016). Phylum 

Actinobacteria also showed a negative correlation with the seed germination time 

(p=0.040) but not a significant correlation with germination rate (p=0.120). Another 

phylum, Firmicutes, showed correlation with germination (p=0.109) rate and germination 

time (p=0.069), but this was not statistically significant. However, the abundance of 

Bacteroidetes was negatively associated with the seed germination rate (p=0.008), and 

positively associated with the seed germination time (p=0.002).  

At class level, Bacilli and Gammaproteobacteria were groups showing exactly the 

same correlation as phyla Firmicutes and Proteobacteria, respectively (Figure 4.6 & 

Figure 4.7). Also, the abundance of Bacteroidia and Gammaproteobacteria showed a 

similar correlation to phylum Bacteroidetes and Proteobacteria.  
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Figure 4.6 Correlation of seed germination rate with abundance of bacteria groups at 
different taxonomy levels. Phylum: A and B; Class: C; Order: D and E; Family: F – H; 
Genus: I – K; Species: L. Pearson’s correlation analysis was performed and visualized 
with python-based libraries SciPy, pandas, seaborn and matplotlib. The abundance of 
bacterial groups at different taxonomy levels is on the X-axis, and the germination rate is 
on the Y-axis.  

 

At family level, seed germination rate was positively related to the abundance of 

bacteria from families Microbacteriaceae (p=0.090), Paneibacillaceae (p=0.109) and 

Pseudomonadaceae (p=0.138), and negatively associated with the abundance of bacteria 

from Rhizobiaceae (p=0.014), Sphingobacteriaceae (p=0.005), and Weeksellaceae 

(p=0.033). As expected, seed germination time also correlated negatively with the 

abundance of these bacterial families. Seed germination time was positively associated 
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with Rhizobiaceae (p=0.004), Sphingobacteriaceae (p=0.002), and Weeksellaceae 

(p=0.008), but negatively with Microbacteriaceae (p=0.032) and Paneibacillaceae (0.069) 

and Pseudomonadaceae (p=0.049). 

At genus level, the abundance of Rhizobium, Chryseobacterium and Pedobacter 

was negatively associated with germination rate (p-value 0.041, 0.033, and 0.004, 

respectively) but positively with germination time (p-value 0.015, 0.008, and 0.001, 

respectively). But the abundance of Pseudomonas was positively related with 

germination rate (p = 0.138) but negatively associated with the germination time (p = 

0.049), although the correlation was not significant.  
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Figure 4.7 Correlation of average seed germination time with abundance of bacteria 
groups at different taxonomy levels. Phylum: A – C; Class: D – F; Order: G – K; Family: 
L – P; Genus: Q – T; Species: U. earson’s correlation analysis was performed and 
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visualized with python-based libraries SciPy, pandas, seaborn and matplotlib. The 
abundance of bacterial groups at different taxonomy levels is on the X-axis, and the 
germination time is on the Y-axis.  
 

4.4 Discussion 

4.4.1 A Complex Bacterial Community Associated with Turf Seeds 

Compared to LM seeds, HM seeds harbored a more diverse bacterial community 

with many more bacterial cells (i.e., a higher bacterial load), as there were more 

sequences associated with HM seeds. The More Individuals Hypothesis, which predicts 

that communities with more individuals will have more species (Storch, Bohdalková & 

Okie, 2018), can explain the higher diversity associated with HM seeds. This result is 

similar to previous studies on soils indicating that moisture controls the structure and 

function of the soil microbial community (Brockett et al., 2012, Griffiths et al., 2003, 

Steven et al., 2013). Water availability in soil controls bacterial composition (Zeglin et 

al., 2011). Similarly, relatively high moisture will favor growth and replication of 

bacteria on seeds, while low moisture conditions will suppress development of the 

bacterial community associated with seeds.  

Both LM and HM seeds vectored a large number of bacteria and shared some 

groups. For example, the abundance of Curtobacterium spp. was similar in both LM and 

HM seeds (LM 2%, HM 2%). Curtobacterium is a Gram-positive endophytic bacterial 

genus in rice seeds (Oryza sativa), field-grown tall fescue (Lolium arundinacea) and 

Noccaea goesingensis (de los Santos et al., 2015, Mano et al., 2006, Ruiz et al., 2011). 

Some Curtobacterium strains provide host growth promotion and pathogen antagonistic 

effects (de los Santos et al., 2015, Ruiz et al., 2011). Paenibacillus was the only genus 

from phylum Firmicutes in both LM and HM seeds (LM 3%, HM 4%). Paenibacillus 
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have been isolated from many plants and shown to produce indole-3-acetic acid (IAA), 

solubilize phosphate, and inhibit the growth of phytopathogens (Aswathy et al., 2013, 

Diaz Herrera et al., 2016, Ruiz et al., 2011, Rybakova et al., 2015).  

Two of the genera, Mucilaginibacter and Rhizobium, were found in HM seeds but 

not LM seeds. Mucilaginibacter spp. can promote plant growth and produce extracellular 

polysaccharides (An et al., 2009, Lee et al., 2013, Madhaiyan et al., 2010, Mannisto et 

al., 2010). Rhizobium together with Allorhizobium, Neorhizobium, and Pararhizobium, 

composed 2% of the bacterial community on HM seeds. These genera comprise well-

studied bacteria that promote growth of plants and nodulate legumes to fix nitrogen 

(Gutierrez-Zamora & Martınez-Romero, 2001, Kiers et al., 2003, Yanni et al., 1997).  

At the phylum level, LM seeds hosted more abundant Gammaproteobacteria than HM 

seeds. Several genera within Gammaproteobacteria contributed to these results, i.e. 

Duganella, Massilia, Pantoea, and Pseudomonas. However, these bacteria were still 

found on a large portion of the HM seeds. Duganella spp. can suppress the growth of 

plant pathogens (Cretoiu et al., 2013, Haack et al., 2016). Massilia is a root-colonizing 

bacterial genus with the ability to degrade chitin (Adrangi et al., 2010, Faramarzi et al., 

2009, Ofek et al., 2012). Pantoea spp. promote plant growth and tolerance of 

environmental stresses (Chen et al., 2017, Feng et al., 2006, Ferreira et al., 2008, Gond et 

al., 2015b). Pseudomonas contains many endophytic bacterial strains that benefit hosts 

by producing IAA, producing biocontrol lipopeptides, and solubilizing phosphate (Oteino 

et al., 2015, Prieto & Mercado-Blanco, 2008, Suzuki et al., 2003).  

Some bacterial genera were more abundant in HM seeds than LM seeds, 

including Flavobacterium, Chryseobacterium, Pedobacter, Sphingomonas, and Erwinia. 
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Most of the bacteria comprised a very small portion of the bacterial community of LM 

seeds, but Sphingomonas made up 6%. Flavobacterium sp. has been found to promote 

plant growth and provide biocontrol activity to the hosts (Kolton et al., 2016, Soltani et 

al., 2010). Chryseobacterium spp. were also shown to be plant growth promoting bacteria 

(Dardanelli et al., 2009, Gutiérrez Mañero et al., 2003). Although Pedobacter has not 

been found to promote growth of plants, it can induce the production of antimicrobial 

compounds by Pseudomonas fluorescens Pf0-1 (Garbeva et al., 2011). Sphingomonas is 

an alphaproteobacterial genus containing strains that produce IAA and provide nutrients 

to hosts (Okunishi et al., 2005, Ruiz et al., 2011). Erwinia spp. have also been identified 

as endophytes in some plant species (Verma, 2019). However, genus Erwinia is well-

known to contain many plant pathogenic species.  

In total, the above genera together comprised 89% and 95% in HM and LM seeds, 

respectively. Some of the bacterial genera include plant pathogens, e.g. Ewrinia and 

Pseudomonas. However, most of the bacteria are known to contain mainly plant growth 

promoting rhizobacteria (PGPR), e.g. Paenibacillus, Pseudomonas, Rhizobium, Pantoea. 

The seed microbes are important because they stimulate seedling development, increase 

stress tolerance in seedlings and protect seedlings from disease (Verma et al., 2017, 2018, 

White et al., 2018, 2019). Thus, a more diverse bacterial community on HM seeds may 

provide hosts with more microbial resources to utilize for plant development and stress 

tolerance.  

In the study, the samples of LM and HM seeds had unequal sizes (LM: 4, HM: 

19), which could create a bias in our final result. However, HM seeds vectored a more 

diverse bacterial community with significantly more bacteria cells (Figure 4.3 & Table 
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4.2). Also, the different abundances of bacterial groups between LM and HM seeds were 

statistically significant.  

 

4.4.2 The Bacterial Community Affected Seed Germination and Growth 

Seeds from HM climates tended to show slower germination and reduced seedling 

growth rates. These seeds vectored a denser and more diverse community of bacteria, 

which may benefit seedlings but not without a cost. We hypothesize that the higher 

microbial load competes with seedlings, which slows germination and development of 

the host. This nutritional cost may result in slower seed germination and seedling 

development rates. Seed growers have observed that seed from high moisture climates 

seems to establish better compared to seed from low moisture climates (W. Meyer, 

Unpublished data). The widely accepted explanation is that in the HM seeds, the 

inhibitors are removed by rain that helps the HM seed to germinate earlier. But in the LM 

seeds, there are more inhibitors still in the seed to slow down germination. From our 

study, we proposed another hypotheis that seeds from high moisture climates vectored 

more microbes, which may produce more stimulators that benefit the establishment of 

seeds and seedlings. While, seeds with richer and denser microbiomes grow slower 

initially, they may be better protected from soil borne pathogens than seeds with less 

developed microbiomes.  

Seeds that have formed in low moisture situations, or where the natural 

microbiome has otherwise been damaged, could be remediated through application of 

microbes in seed coatings (Pedrini et al., 2017). Coating formulations with the correct 
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microbes at the optimal concentrations could result in better fitness of seeds and 

seedlings.  

 

4.5 Conclusion 

We surveyed the bacterial community associated with seeds of several species of 

cool-season turfgrasses and identified the dominant bacterial groups of the communities 

at different taxonomic levels. Regardless of the moisture level during seed production 

and species of seeds, the core bacterial community included many PGPB strains. Seeds 

produced in high moisture conditions maintained a denser and more diverse bacterial 

community than seeds produced in low moisture conditions. This seed microbiome may 

help seedlings tolerate stress but may also compete with seedlings for nutrients and slow 

early seedling growth. 
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APPENDICES 

 

Appendix 1 Analysis Codes of Metagenomic Data with QIIME2 

A1.1 Importing Illumina exported data into QIIME 

qiime tools import \ 
--type 'SampleData[PairedEndSequencesWithQuality]' \ 
--input-path Original_Data \ 
--input-format CasavaOneEightSingleLanePerSampleDirFmt \ 
--output-path demux-paired-end.qza  

qiime demux summarize \ 
--i-data demux-paired-end.qza \ 
--o-visualization demux-paired-end.qzv 

qiime tools view demux-paired-end.qzv 

Output artifacts: 
demux-paired-end.qza (imported data) 

Output visualizations: 
demux-paired-end.qzv (visualization summary file) 

A1.2 dada2 denoising 

qiime dada2 denoise-paired \ 
--i-demultiplexed-seqs demux-paired-end.qza \ 
--p-trim-left-f 13 \ 
--p-trim-left-r 13 \ 
--p-trunc-len-f 280 \ 
--p-trunc-len-r 280 \ 
--o-table 2_dada2_denoised/table-dada2.qza \ 
--o-representative-sequences 2_dada2_denoised/rep-seqs-dada2.qza \ 
--o-denoising-stats 2_dada2_denoised/denoising-stats-dada2.qza 

qiime feature-table summarize \ 
--i-table 2_dada2_denoised/table-dada2.qza \ 
--o-visualization 2_dada2_denoised/table-dada2.qzv \ 
--m-sample-metadata-file metadata.tsv 

qiime feature-table tabulate-seqs \ 
--i-data 2_dada2_denoised/rep-seqs-dada2.qza \ 
--o-visualization 2_dada2_denoised/rep-seqs-dada2.qzv 
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qiime metadata tabulate \ 
--m-input-file 2_dada2_denoised/denoising-stats-dada2.qza \ 
--o-visualization 2_dada2_denoised/denoising-stats-dada2.qzv 

Output artifacts: 
table-dada2.qza 
rep-seqs-dada2.qza 
denoising-stats-dada2.qza 

Output visualizations: 
table-dada2.qzv 
rep-seqs-dada2.qzv 
denoising-stats-dada2.qzv 

A1.3 de novo clustering 

qiime vsearch cluster-features-de-novo \ 
--i-table 2_dada2_denoised/table-dada2.qza \ 
--i-sequences 2_dada2_denoised/rep-seqs-dada2.qza \ 
--p-perc-identity 0.99 \ 
--o-clustered-table 3_de-novo_clustering/table-dn-99.qza \ 
--o-clustered-sequences 3_de-novo_clustering/rep-seqs-dn-99.qza 

qiime feature-table summarize \ 
--i-table 3_de-novo_clustering/table-dn-99.qza \ 
--o-visualization 3_de-novo_clustering/table-dn-99.qzv \ 
--m-sample-metadata-file metadata.tsv 

qiime feature-table tabulate-seqs \ 
--i-data 3_de-novo_clustering/rep-seqs-dn-99.qza \ 
--o-visualization 3_de-novo_clustering/rep-seqs-dn-99.qzv 

Output artifacts: 
table-dn-99.qza 
rep-seqs-dn-99.qza 

Output visualizations: 
table-dn-99.qzv 
rep-seqs-dn-99.qzv 

A1.4 Chimera filtering 

qiime vsearch uchime-denovo \ 
--i-table 3_de-novo_clustering/table-dn-99.qza \ 
--i-sequences 3_de-novo_clustering/rep-seqs-dn-99.qza \ 
--output-dir 4_uchime-dn-99 

qiime metadata tabulate \ 
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--m-input-file 4_uchime-dn-99/stats.qza \ 
--o-visualization 4_uchime-dn-99/stats.qzv 

qiime feature-table filter-features \ 
--i-table 3_de-novo_clustering/table-dn-99.qza \ 
--m-metadata-file 4b_uchime-dn-99/nonchimeras.qza \ 
--o-filtered-table 4b_uchime-dn-99/table-nonchimeric-wo-borderline.qza 

qiime feature-table filter-seqs \ 
--i-data 3_de-novo_clustering/rep-seqs-dn-99.qza \ 
--m-metadata-file 4b_uchime-dn-99/nonchimeras.qza \ 
--o-filtered-data 4b_uchime-dn-99/rep-seqs-nonchimeric-wo-borderline.qza 

qiime feature-table summarize \ 
--i-table 4b_uchime-dn-99/table-nonchimeric-wo-borderline.qza \ 
--o-visualization 4b_uchime-dn-99/table-nonchimeric-wo-borderline.qzv 

qiime feature-table tabulate-seqs \ 
--i-data 4b_uchime-dn-99/rep-seqs-nonchimeric-wo-borderline.qza 
--o-visualization 4b_uchime-dn-99/rep-seqs-nonchimeric-wo-borderline.qzv 

Output artifacts: 
4_uchime-dn-99/chimeras.qza 
4_uchime-dn-99/nonchimeras.qza 
4_uchime-dn-99/stats.qza 
4_uchime-dn-99/table-nonchimeric-wo-borderline.qza 
4_uchime-dn-99/rep-seqs-nonchimeric-wo-borderline.qza 

Output visualizations: 
4_uchime-dn-99/stats.qzv 
4_uchime-dn-99/table-nonchimeric-wo-borderline.qzv 
4_uchime-dn-99/rep-seqs-nonchimeric-wo-borderline.qzv 

A1.5 Classifier training 

qiime tools import \ 
--type 'FeatureData[Sequence]' \ 
--input-path silva_132_99_16s.fna 
--output-path silva_132_99_16s.qza 

qiime tools import \ 
--type "FeatureData[Taxonomy]" \ 
--input-format HeaderlessTSVTaxonomyFormat \ 
--input-path 99/consensus_taxonomy_7_levels.txt \ 
--output-path taxonomy_99_consensus_7_levels.qza 

qiime feature-classifier extract-reads \ 
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--i-sequences silva_132_99_16s.qza \ 
--p-f-primer GCCTACGGGNGGCWGCAG \  
--p-r-primer GACTACHVGGGTATCTAATCC \  
--p-identity 0.99 \  
--o-reads silva_132_99_16S_ref_seqs_99.qza 

qiime feature-classifier fit-classifier-naive-bayes \ 
--i-reference-reads silva_132_99_16s_ref_seqs_99.qza \ 
--i-reference-taxonomy taxonomy_99_consensus_7_levels.qza \ 
--o-classifier classifier_99_consensus_7_levels.qza 

Output artifacts: 
0_classifier/silva_132_99_16s.qza 
0_classifier/taxonomy_99_consensus_7_levels.qza 
0_classifier/silva_132_99_16s_ref_seqs_99.qza 
0_classifier/classifier_99_consensus_7_levels.qza 

A1.6 Taxonomy classification 

qiime feature-classifier classify-sklearn \ 
--i-classifier 0_classifier/classifier_99_consensus_7_levels.qza \ 
--i-reads 4_uchime-dn-99/rep-seqs-nonchimeric-wo-borderline.qza \ 
--o-classification 5_taxonomy/taxonomy-dn-99-nonchimeric-wo-
borderline_99_consensus_7_levels.qza 

qiime metadata tabulate \ 
--m-input-file 5_taxonomy/taxonomy-dn-99-nonchimeric-wo-
borderline_99_consensus_7_levels.qza \ 
--o-visualization 5_taxonomy/taxonomy-dn-99-nonchimeric-wo-
borderline_99_consensus_7_levels.qzv 

Output artifacts: 
5_taxonomy/taxonomy-dn-99-nonchimeric-wo-
borderline_99_consensus_7_levels.qza 

Output visualizations: 
5_taxonomy/taxonomy-dn-99-nonchimeric-wo-
borderline_99_consensus_7_levels.qzv 

A1.7 Filtering out mitochondria and chloroplast 

qiime taxa filter-table \ 
--i-table 4b_uchime-dn-99/table-nonchimeric-wo-borderline.qza \ 
--i-taxonomy 5_taxonomy/taxonomy-dn-99-nonchimeric-wo-
borderline_99_consensus_7_levels.qza \ 
--p-exclude mitochondria,chloroplast,Mitochondria,Chloroplast \ 
--o-filtered-table 6_filtering_out_mitochondria_chloroplast/table-nonchimeric-
wo-borderline-no-mitochondria-no-chloroplast.qza 
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qiime taxa filter-seqs \ 
--i-sequences 4b_uchime-dn-99/rep-seqs-nonchimeric-wo-borderline.qza \ 
--i-taxonomy 5_taxonomy/taxonomy-dn-99-nonchimeric-wo-
borderline_99_consensus_7_levels.qza \ 
--p-exclude mitochondria,chloroplast,Mitochondria,Chloroplast \ 
--o-filtered-sequences 6_filtering_out_mitochondria_chloroplast/rep-seqs-
nonchimeric-wo-borderline-no-mitochondria-no-chloroplast.qza 

qiime feature-table summarize \ 
--i-table 6_filtering_out_mitochondria_chloroplast/table-nonchimeric-wo-
borderline-no-mitochondria-no-chloroplast.qza \ 
--o-visualization 6_filtering_out_mitochondria_chloroplast/table-nonchimeric-
wo-borderline-no-mitochondria-no-chloroplast.qzv 

qiime feature-table tabulate-seqs \ 
--i-data 6_filtering_out_mitochondria_chloroplast/rep-seqs-nonchimeric-wo-
borderline-no-mitochondria-no-chloroplast.qza \ 
--o-visualization 6_filtering_out_mitochondria_chloroplast/rep-seqs-
nonchimeric-wo-borderline-no-mitochondria-no-chloroplast.qzv 

Output artifacts: 
6_filtering_out_mitochondria_chloroplast/table-nonchimeric-wo-borderline-no-
mitochondria-no-chloroplast.qza 
6_filtering_out_mitochondria_chloroplast/rep-seqs-nonchimeric-wo-borderline-no-
mitochondria-no-chloroplast.qza 

Output visualizations: 
6_filtering_out_mitochondria_chloroplast/table-nonchimeric-wo-borderline-no-
mitochondria-no-chloroplast.qzv 
6_filtering_out_mitochondria_chloroplast/rep-seqs-nonchimeric-wo-borderline-no-
mitochondria-no-chloroplast.qzv 

A1.8 Generating phylogenetic tree 

qiime phylogeny align-to-tree-mafft-fasttree \ 
--i-sequences 6_filtering_out_mitochondria_chloroplast/rep-seqs-nonchimeric-
wo-borderline-no-mitochondria-no-chloroplast.qza \ 
--o-alignment 7_phylogeny/aligned-rep-seqs.qza \ 
--o-masked-alignment 7_phylogeny/masked-aligned-rep-seqs.qza \ 
--o-tree 7_phylogeny/unrooted-tree.qza \ 
--o-rooted-tree 7_phylogeny/rooted-tree.qza 

Output artifacts: 
7_phylogeny/aligned-rep-seqs.qza 
7_phylogeny/masked-aligned-rep-seqs.qza 
7_phylogeny/unrooted-tree.qza 
7_phylogeny/rooted-tree.qza 
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A1.9 Taxonomy barplot 

qiime taxa barplot \ 
--i-table 6_filtering_out_mitochondria_chloroplast/table-nonchimeric-wo-
borderline-no-mitochondria-no-chloroplast.qza \ 
--i-taxonomy 5_taxonomy/taxonomy-dn-99-nonchimeric-wo-
borderline_99_consensus_7_levels.qza \ 
--m-metadata-file metadata.tsv \ 
--o-visualization 8_barplot/barplots-nonchimeric-wo-borderline-no-
mitochondria-no-cloroplast.qzv 

Output visualizations: 
8_barplot/barplots-nonchimeric-wo-borderline-no-mitochondria-no-cloroplast.qzv 

A1.10 Diversity analysis 

qiime diversity core-metrics-phylogenetic \ 
--i-phylogeny 7_phylogeny/rooted-tree.qza \ 
--i-table 6_filtering_out_mitochondria_chloroplast/table-nonchimeric-wo-
borderline-no-mitochondria-no-chloroplast.qza \ 
--p-sampling-depth 1000 \ 
--m-metadata-file metadata.tsv \ 
--output-dir 9_diversity_analysis/core-metrics-results_1000 

Output artifacts: 
9_diversity_analysis/core-metrics-results_1000 

A1.10.1 Alpha diversity 

qiime diversity alpha-group-significance \ 
--i-alpha-diversity 9_diversity_analysis/core-metrics-
results_1000/faith_pd_vector.qza \ 
--m-metadata-file metadata.tsv \ 
--o-visualization 9_diversity_analysis/core-metrics-results_1000/faith_pd-group-
significance.qzv 

Output visualizations: 
9_diversity_analysis/core-metrics-results_1000/faith_pd-group-significance.qzv 

A1.10.2 Beta diversity 

qiime diversity beta-group-significance \ 
--i-distance-matrix 9_diversity_analysis/core-metrics-
results_1000/unweighted_unifrac_distance_matrix.qza \ 
--m-metadata-file Metadata_QIIME2_v11.tsv \ 
--m-metadata-column Climate \ 
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--o-visualization 9_diversity_analysis/core-metrics-
results_1000/unweighted_unifrac-climate-significance.qzv \ 
--p-pairwise 

qiime diversity beta-group-significance \ 
--i-distance-matrix 9_diversity_analysis/core-metrics-
results_1000/unweighted_unifrac_distance_matrix.qza \ 
--m-metadata-file Metadata_QIIME2_v10.tsv \ 
--m-metadata-column Genus \ 
--o-visualization 9_diversity_analysis/core-metrics-
results_1000/unweighted_unifrac-genus-significance.qzv \ 
--p-pairwise 

qiime diversity beta-group-significance \ 
--i-distance-matrix 9_diversity_analysis/core-metrics-
results_1000/unweighted_unifrac_distance_matrix.qza \ 
--m-metadata-file Metadata_QIIME2_v10.tsv \ 
--m-metadata-column Species \ 
--o-visualization 9_diversity_analysis/core-metrics-
results_1000/unweighted_unifrac-species-significance.qzv \ 
--p-pairwise 

Output visualizations: 
9_diversity_analysis/core-metrics-results_1000/unweighted_unifrac-climate-
significance.qzv 
9_diversity_analysis/core-metrics-results_1000/unweighted_unifrac-genus-
significance.qzv 
9_diversity_analysis/core-metrics-results_1000/unweighted_unifrac-species-
significance.qzv 
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Appendix 3 Venn Diagram Results 

A3.1 Venn diagram results showing the shared bacterial genera between 

different climate. LM: low moisture; HM: high moisture. 

Names total elements 

HM 

LM 

16 D_0__Bacteria;D_1__Proteobacteria;D_2__Alphaproteobacteria; 

D_3__Sphingomonadales;D_4__Sphingomonadaceae;D_5__Sphingomonas 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Sphingobacteriales;D_4__Sphingobacteriaceae;D_5__Pedobacter 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Betaproteobacteriales;D_4__Burkholderiaceae;D_5__Duganella 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Pseudomonadales;D_4__Pseudomonadaceae;D_5__Pseudomonas 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Betaproteobacteriales;D_4__Burkholderiaceae;D_5__Massilia 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Enterobacteriales;D_4__Enterobacteriaceae;D_5__Erwinia 

D_0__Bacteria;__;__;__;__;__ 

D_0__Bacteria;D_1__Actinobacteria;D_2__Actinobacteria; 

D_3__Micrococcales;D_4__Microbacteriaceae;D_5__Curtobacterium 

D_0__Bacteria;D_1__Actinobacteria;D_2__Actinobacteria; 

D_3__Micrococcales;D_4__Microbacteriaceae;D_5__Frondihabitans 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Cytophagales;D_4__Hymenobacteraceae;D_5__Hymenobacter 

D_0__Bacteria;D_1__Firmicutes;D_2__Bacilli; 

D_3__Bacillales;D_4__Paenibacillaceae;D_5__Paenibacillus 

D_0__Bacteria;D_1__Actinobacteria;D_2__Actinobacteria; 

D_3__Micrococcales;D_4__Microbacteriaceae;__ 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Enterobacteriales;D_4__Enterobacteriaceae;D_5__Pantoea 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Enterobacteriales;D_4__Enterobacteriaceae;__ 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Flavobacteriales;D_4__Weeksellaceae;D_5__Chryseobacterium 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Flavobacteriales;D_4__Flavobacteriaceae;D_5__Flavobacterium 

HM 55 D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Pseudomonadales;D_4__Moraxellaceae;D_5__Alkanindiges 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Betaproteobacteriales;D_4__Methylophilaceae;D_5__Methylophilus 

D_0__Bacteria;D_1__Patescibacteria;D_2__Saccharimonadia; 

D_3__Saccharimonadales;D_4__uncultured Sphingobium sp.; 

D_5__uncultured Sphingobium sp. 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Chitinophagales;D_4__Chitinophagaceae;D_5__Flavitalea 

D_0__Bacteria;D_1__Proteobacteria;D_2__Alphaproteobacteria; 

D_3__Sphingomonadales;D_4__Sphingomonadaceae;D_5__Novosphingobium 

D_0__Bacteria;D_1__Proteobacteria;D_2__Alphaproteobacteria; 

D_3__Rhizobiales;D_4__Devosiaceae;D_5__Devosia 
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Names total elements 

D_0__Bacteria;D_1__Actinobacteria;D_2__Actinobacteria; 

D_3__Frankiales;D_4__Geodermatophilaceae;D_5__Geodermatophilus 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Sphingobacteriales;D_4__Sphingobacteriaceae;D_5__uncultured 

D_0__Bacteria;D_1__Actinobacteria;D_2__Actinobacteria; 

D_3__Micrococcales;D_4__Sanguibacteraceae;D_5__Sanguibacter 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Betaproteobacteriales;D_4__Burkholderiaceae;D_5__Verticia 

D_0__Bacteria;D_1__Actinobacteria;D_2__Actinobacteria; 

D_3__Micrococcales;D_4__Microbacteriaceae;D_5__Plantibacter 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Cytophagales;D_4__Spirosomaceae;D_5__Spirosoma 

D_0__Bacteria;D_1__Actinobacteria;D_2__Actinobacteria; 

D_3__Micrococcales;D_4__Microbacteriaceae;D_5__Pseudoclavibacter 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Betaproteobacteriales;D_4__Burkholderiaceae;D_5__Pigmentiphaga 

D_0__Bacteria;D_1__Proteobacteria;D_2__Alphaproteobacteria; 

D_3__Sphingomonadales;D_4__Sphingomonadaceae;__ 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Betaproteobacteriales;D_4__Burkholderiaceae;D_5__Variovorax 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Betaproteobacteriales;D_4__Burkholderiaceae;D_5__Xylophilus 

D_0__Bacteria;D_1__Patescibacteria;D_2__Saccharimonadia; 

D_3__Saccharimonadales;D_4__Saccharimonadaceae;__ 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Betaproteobacteriales;D_4__Burkholderiaceae;D_5__Herbaspirillum 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Cytophagales;D_4__Spirosomaceae;D_5__Fibrella 

D_0__Bacteria;D_1__Proteobacteria;D_2__Alphaproteobacteria; 

D_3__Rhizobiales;D_4__Rhizobiaceae;D_5__Aureimonas 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Chitinophagales;D_4__Chitinophagaceae;D_5__uncultured 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Sphingobacteriales;D_4__Sphingobacteriaceae;__ 

D_0__Bacteria;D_1__Patescibacteria;D_2__Saccharimonadia; 

D_3__Saccharimonadales;D_4__Saccharimonadaceae;D_5__uncultured 

bacterium 

D_0__Bacteria;D_1__Proteobacteria;D_2__Alphaproteobacteria; 

D_3__Acetobacterales;D_4__Acetobacteraceae;D_5__Roseomonas 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Enterobacteriales;D_4__Enterobacteriaceae;D_5__Serratia 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Flavobacteriales;D_4__Crocinitomicaceae;D_5__Fluviicola 

D_0__Bacteria;D_1__Actinobacteria;D_2__Actinobacteria; 

D_3__Kineosporiales;D_4__Kineosporiaceae;__ 

D_0__Bacteria;D_1__Patescibacteria;D_2__Saccharimonadia; 

D_3__Saccharimonadales;D_4__marine metagenome;D_5__marine metagenome 

D_0__Bacteria;D_1__Proteobacteria;D_2__Alphaproteobacteria; 

D_3__Rhizobiales;D_4__Rhizobiaceae;__ 

D_0__Bacteria;D_1__Proteobacteria;D_2__Alphaproteobacteria; 
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Names total elements 

D_3__Rhizobiales;D_4__Rhizobiaceae;D_5__Allorhizobium-Neorhizobium-

Pararhizobium-Rhizobium 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Sphingobacteriales;D_4__env.OPS 17;__ 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Sphingobacteriales;D_4__Sphingobacteriaceae;D_5__Sphingobacterium 

D_0__Bacteria;D_1__Proteobacteria;D_2__Alphaproteobacteria; 

D_3__Rhodobacterales;D_4__Rhodobacteraceae;__ 

D_0__Bacteria;D_1__Patescibacteria;D_2__Saccharimonadia; 

D_3__Saccharimonadales;D_4__uncultured bacterium;D_5__uncultured 

bacterium 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Flavobacteriales;D_4__Weeksellaceae;D_5__Moheibacter 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Xanthomonadales;D_4__Xanthomonadaceae;D_5__Xanthomonas 

D_0__Bacteria;D_1__Actinobacteria;D_2__Actinobacteria; 

D_3__Propionibacteriales;D_4__Nocardioidaceae;D_5__Aeromicrobium 

D_0__Bacteria;D_1__Actinobacteria;D_2__Actinobacteria; 

D_3__Micrococcales;D_4__Micrococcaceae;__ 

D_0__Bacteria;D_1__Actinobacteria;D_2__Actinobacteria; 

D_3__Corynebacteriales;D_4__Nocardiaceae;D_5__Rhodococcus 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Chitinophagales;D_4__Chitinophagaceae;D_5__Taibaiella 

D_0__Bacteria;D_1__Actinobacteria;D_2__Thermoleophilia; 

D_3__Solirubrobacterales;D_4__Solirubrobacteraceae;D_5__uncultured 

D_0__Bacteria;D_1__Patescibacteria;D_2__Saccharimonadia; 

D_3__Saccharimonadales;__;__ 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Cytophagales;D_4__Spirosomaceae;D_5__Dyadobacter 

Unassigned;__;__;__;__;__ 

D_0__Bacteria;D_1__Proteobacteria;D_2__Alphaproteobacteria; 

D_3__Sphingomonadales;D_4__Sphingomonadaceae;D_5__Sphingobium 

D_0__Bacteria;D_1__Proteobacteria;D_2__Alphaproteobacteria; 

D_3__Rhizobiales;D_4__Beijerinckiaceae;D_5__Methylobacterium 

D_0__Bacteria;D_1__Proteobacteria;D_2__Alphaproteobacteria; 

D_3__Caulobacterales;D_4__Caulobacteraceae;D_5__Brevundimonas 

D_0__Bacteria;D_1__Actinobacteria;D_2__Acidimicrobiia; 

D_3__Microtrichales;D_4__Iamiaceae;D_5__Iamia 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Xanthomonadales;D_4__Rhodanobacteraceae;D_5__Luteibacter 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Sphingobacteriales;D_4__Sphingobacteriaceae;D_5__Mucilaginibacter 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Xanthomonadales;D_4__Xanthomonadaceae;D_5__Stenotrophomonas 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Betaproteobacteriales;D_4__Burkholderiaceae;D_5__Xenophilus 

D_0__Bacteria;D_1__Actinobacteria;D_2__Actinobacteria; 

D_3__Kineosporiales;D_4__Kineosporiaceae;D_5__Kineococcus 

D_0__Bacteria;D_1__Actinobacteria;D_2__Actinobacteria; 

D_3__Micrococcales;D_4__Microbacteriaceae;D_5__Rathayibacter 
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A3.2 Venn diagram results showing the shared bacterial genera between 

different species. Fr: Festuca rubra; Lp: Lolium perenne; La: Loium arudinacea. 

Names Total Elements 

Fr La 

Lp 

27 D_0__Bacteria;D_1__Patescibacteria;D_2__Saccharimonadia; 

D_3__Saccharimonadales;D_4__uncultured Sphingobium sp.; 

D_5__uncultured Sphingobium sp. 

D_0__Bacteria;D_1__Proteobacteria;D_2__Alphaproteobacteria; 

D_3__Sphingomonadales;D_4__Sphingomonadaceae;D_5__Novosphingobium 

D_0__Bacteria;D_1__Proteobacteria;D_2__Alphaproteobacteria; 

D_3__Rhizobiales;D_4__Devosiaceae;D_5__Devosia 

D_0__Bacteria;D_1__Proteobacteria;D_2__Alphaproteobacteria; 

D_3__Sphingomonadales;D_4__Sphingomonadaceae;D_5__Sphingomonas 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Sphingobacteriales;D_4__Sphingobacteriaceae;D_5__uncultured 

D_0__Bacteria;D_1__Actinobacteria;D_2__Actinobacteria; 

D_3__Micrococcales;D_4__Sanguibacteraceae;D_5__Sanguibacter 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Betaproteobacteriales;D_4__Burkholderiaceae;D_5__Verticia 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Cytophagales;D_4__Spirosomaceae;D_5__Spirosoma 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Betaproteobacteriales;D_4__Burkholderiaceae;D_5__Pigmentiphaga 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Sphingobacteriales;D_4__Sphingobacteriaceae;D_5__Pedobacter 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Betaproteobacteriales;D_4__Burkholderiaceae;D_5__Duganella 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Pseudomonadales;D_4__Pseudomonadaceae;D_5__Pseudomonas 

D_0__Bacteria;D_1__Proteobacteria;D_2__Alphaproteobacteria; 

D_3__Rhizobiales;D_4__Rhizobiaceae;D_5__Aureimonas 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Sphingobacteriales;D_4__Sphingobacteriaceae;__ 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Betaproteobacteriales;D_4__Burkholderiaceae;D_5__Massilia 

D_0__Bacteria;D_1__Patescibacteria;D_2__Saccharimonadia; 

D_3__Saccharimonadales;D_4__Saccharimonadaceae; 

D_5__uncultured bacterium 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Enterobacteriales;D_4__Enterobacteriaceae;D_5__Erwinia 

D_0__Bacteria;D_1__Proteobacteria;D_2__Alphaproteobacteria; 

D_3__Rhizobiales;D_4__Rhizobiaceae; 

D_5__Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium 

D_0__Bacteria;D_1__Actinobacteria;D_2__Actinobacteria; 

D_3__Micrococcales;D_4__Microbacteriaceae;D_5__Curtobacterium 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Sphingobacteriales;D_4__Sphingobacteriaceae;D_5__Sphingobacterium 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Enterobacteriales;D_4__Enterobacteriaceae;D_5__Pantoea 

D_0__Bacteria;D_1__Patescibacteria;D_2__Saccharimonadia; 
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D_3__Saccharimonadales;__;__ 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Cytophagales;D_4__Spirosomaceae;D_5__Dyadobacter 

D_0__Bacteria;D_1__Proteobacteria;D_2__Alphaproteobacteria; 

D_3__Caulobacterales;D_4__Caulobacteraceae;D_5__Brevundimonas 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Sphingobacteriales;D_4__Sphingobacteriaceae;D_5__Mucilaginibacter 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Flavobacteriales;D_4__Weeksellaceae;D_5__Chryseobacterium 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Flavobacteriales;D_4__Flavobacteriaceae;D_5__Flavobacterium 

Fr La 2 D_0__Bacteria;D_1__Actinobacteria;D_2__Actinobacteria; 

D_3__Micrococcales;D_4__Microbacteriaceae;D_5__Pseudoclavibacter 

D_0__Bacteria;D_1__Proteobacteria;D_2__Alphaproteobacteria; 

D_3__Sphingomonadales;D_4__Sphingomonadaceae;D_5__Sphingobium 

Fr Lp 16 D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Betaproteobacteriales;D_4__Burkholderiaceae;D_5__Variovorax 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Betaproteobacteriales;D_4__Burkholderiaceae;D_5__Xylophilus 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Chitinophagales;D_4__Chitinophagaceae;D_5__uncultured 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Enterobacteriales;D_4__Enterobacteriaceae;D_5__Serratia 

D_0__Bacteria;__;__;__;__;__ 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Cytophagales;D_4__Hymenobacteraceae;D_5__Hymenobacter 

D_0__Bacteria;D_1__Firmicutes;D_2__Bacilli; 

D_3__Bacillales;D_4__Paenibacillaceae;D_5__Paenibacillus 

D_0__Bacteria;D_1__Actinobacteria;D_2__Actinobacteria; 

D_3__Micrococcales;D_4__Microbacteriaceae;__ 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Xanthomonadales;D_4__Xanthomonadaceae;D_5__Xanthomonas 

D_0__Bacteria;D_1__Actinobacteria;D_2__Actinobacteria; 

D_3__Propionibacteriales;D_4__Nocardioidaceae;D_5__Aeromicrobium 

D_0__Bacteria;D_1__Actinobacteria;D_2__Actinobacteria; 

D_3__Corynebacteriales;D_4__Nocardiaceae;D_5__Rhodococcus 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Enterobacteriales;D_4__Enterobacteriaceae;__ 

D_0__Bacteria;D_1__Proteobacteria;D_2__Alphaproteobacteria; 

D_3__Rhizobiales;D_4__Beijerinckiaceae;D_5__Methylobacterium 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Xanthomonadales;D_4__Rhodanobacteraceae;D_5__Luteibacter 

D_0__Bacteria;D_1__Actinobacteria;D_2__Actinobacteria; 

D_3__Kineosporiales;D_4__Kineosporiaceae;D_5__Kineococcus 

D_0__Bacteria;D_1__Actinobacteria;D_2__Actinobacteria; 

D_3__Micrococcales;D_4__Microbacteriaceae;D_5__Rathayibacter 

La Lp 4 D_0__Bacteria;D_1__Proteobacteria;D_2__Alphaproteobacteria; 

D_3__Sphingomonadales;D_4__Sphingomonadaceae;__ 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Flavobacteriales;D_4__Crocinitomicaceae;D_5__Fluviicola 
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D_0__Bacteria;D_1__Actinobacteria;D_2__Actinobacteria; 

D_3__Kineosporiales;D_4__Kineosporiaceae;__ 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Chitinophagales;D_4__Chitinophagaceae;D_5__Taibaiella 

Fr 2 D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Betaproteobacteriales;D_4__Methylophilaceae;D_5__Methylophilus 

D_0__Bacteria;D_1__Actinobacteria;D_2__Actinobacteria; 

D_3__Micrococcales;D_4__Microbacteriaceae;D_5__Plantibacter 

La 2 D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Pseudomonadales;D_4__Moraxellaceae;D_5__Alkanindiges 

D_0__Bacteria;D_1__Actinobacteria;D_2__Actinobacteria; 

D_3__Frankiales;D_4__Geodermatophilaceae;D_5__Geodermatophilus 

Lp 17 D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Chitinophagales;D_4__Chitinophagaceae;D_5__Flavitalea 

D_0__Bacteria;D_1__Patescibacteria;D_2__Saccharimonadia; 

D_3__Saccharimonadales;D_4__Saccharimonadaceae;__ 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Betaproteobacteriales;D_4__Burkholderiaceae;D_5__Herbaspirillum 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Cytophagales;D_4__Spirosomaceae;D_5__Fibrella 

D_0__Bacteria;D_1__Proteobacteria;D_2__Alphaproteobacteria; 

D_3__Acetobacterales;D_4__Acetobacteraceae;D_5__Roseomonas 

D_0__Bacteria;D_1__Patescibacteria;D_2__Saccharimonadia; 

D_3__Saccharimonadales;D_4__marine metagenome; 

D_5__marine metagenome 

D_0__Bacteria;D_1__Proteobacteria;D_2__Alphaproteobacteria; 

D_3__Rhizobiales;D_4__Rhizobiaceae;__ 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Sphingobacteriales;D_4__env.OPS 17;__ 

D_0__Bacteria;D_1__Actinobacteria;D_2__Actinobacteria; 

D_3__Micrococcales;D_4__Microbacteriaceae;D_5__Frondihabitans 

D_0__Bacteria;D_1__Proteobacteria;D_2__Alphaproteobacteria; 

D_3__Rhodobacterales;D_4__Rhodobacteraceae;__ 

D_0__Bacteria;D_1__Patescibacteria;D_2__Saccharimonadia; 

D_3__Saccharimonadales;D_4__uncultured bacterium; 

D_5__uncultured bacterium 

D_0__Bacteria;D_1__Bacteroidetes;D_2__Bacteroidia; 

D_3__Flavobacteriales;D_4__Weeksellaceae;D_5__Moheibacter 

D_0__Bacteria;D_1__Actinobacteria;D_2__Actinobacteria; 

D_3__Micrococcales;D_4__Micrococcaceae;__ 

Unassigned;__;__;__;__;__ 

D_0__Bacteria;D_1__Actinobacteria;D_2__Acidimicrobiia; 

D_3__Microtrichales;D_4__Iamiaceae;D_5__Iamia 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Xanthomonadales;D_4__Xanthomonadaceae;D_5__Stenotrophomonas 

D_0__Bacteria;D_1__Proteobacteria;D_2__Gammaproteobacteria; 

D_3__Betaproteobacteriales;D_4__Burkholderiaceae;D_5__Xenophilus 

 


