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1 Introduction 

1.1 Plants and microbes 

Plants, like any other organisms, live in constant interaction with a myriad of microbes, including 

bacteria, viruses and fungi (Turner, James, Poole 2013). Microbes are omnipresent in the 

environment and hence, plants confront them during all phases of their life cycle and with all their 

organs: Soil microbes as a germinating seed and with roots, airborne and animal transmitted 

microbes with their aerial parts (Hardoim et al. 2015; Turner, James, Poole 2013). The interaction 

between an individual plant and microbes can be anything from mutualism to parasitism. 

Microbes that confer some sort of growth or health benefit for the plant, e.g in the form of extra 

nutrients, are generally regarded as mutualists whereas lethal disease-causing microbes are 

considered antagonists. The interaction can, however, also be anything between these two 

extremes. Since plants are in contact with an endless number of microbes and only some of them 

can be regarded as clearly mutualistic or antagonistic, it is likely that often the interaction 

between a plant and a microbe is somewhat neutral, without any evident influence on their 

fitness. Sometimes the outcome and magnitude of an interaction is also context-dependent and 

can change depending on environmental factors or other species present (Laitinen, Hellström, 

Wäli 2016; Marquez et al. 2007; Rubin, van Groenigen, Hungate 2017). 

1.2 Soil microbes 

Soil is the most important area where plants confront microbial organisms (Berendsen, Pieterse, 

Bakker 2012). The most biologically active part of the soil is the thin area around plant roots, 

termed the rhizosphere, in which plant root exudates enhance microbial life, a phenomenon 

termed the ‘rhizosphere effect’ (Raaijmakers et al. 2009). Plants are capable of attracting and 

choosing beneficial microbes in the rhizosphere, some of which establish stable symbiosis with 

plants, or even enter root tissues as endophytes. Furthermore, soil is an important source of plant 

pathogenic microbes: Rhizosphere is where free-living pathogens compete with other microbes 

and try to gain entry into plant tissues (Raaijmakers et al. 2009). 

The importance of mutualistic mycorrhizal symbioses between plants and fungi for plant nutrition 

and health is well established and understood (Heijden et al. 2015). It is thought that fungi may 

have played a crucial role even in the life of the very first land plants (Gehrig, Schüssler, Kluge 

1996; Pirozynski and Malloch 1975; Selosse, M-A and Le Tacon 1998). Mutualistic symbioses 
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between some plants, most importantly legumes, and nitrogen-fixing bacteria are also well 

documented (Franche, Lindström, Elmerich 2009; Masson-Boivin et al. 2009). These bacteria 

originate in the surrounding soil and they usually induce the formation of special root nodules in 

which they live as colonies. Nitrogen-fixing bacteria can also be found free-living in the 

rhizosphere or as endophytes. The bacteria fix atmospheric nitrogen, supplying the plant with 

extra nutrients and therefore enhance its growth. In general, symbiotic bacteria that enhance 

plant growth are referred to as Plant Growth Promoting Bacteria (PGPB) (Bashan and Holguin 

1998). Another commonly observed mechanism of growth promotion is production of plant 

hormones or hormone-like substrates by bacteria or other microbes, which can result in 

enhanced growth and development, promotion of mutualistic symbiosis, e.g. mycorrhizal 

connections, and protection from biotic or abiotic stress (Ortíz-Castro et al. 2009). Some microbes 

can promote plant life by suppressing pathogens by direct inhibition or indirectly by competition 

or by priming plant immunity (Bhattacharyya and Jha 2012; Compant, Clément, Sessitsch 2010; 

Pieterse et al. 2014; Raaijmakers et al. 2009). 

1.3 Hologenome concept and evolution 

The focus of evolutionary studies is shifting more and more from an individual species to the 

“metaorganism” i.e. the focal species and all its symbionts. Metaorganism can be defined as one 

co-evolving unit of selection (Berg et al. 2016). From this perspective evolutionary selection works 

on the set of genomes, the hologenome, of all these closely interacting species (Rosenberg et al. 

2010; Rosenberg and Zilber-Rosenberg 2016; Sánchez-Cañizares et al. 2017; Zilber-Rosenberg and 

Rosenberg 2008). In many cases this approach is well justified since we know that often symbiosis 

is crucial, even a prerequisite, for the survival of the organisms. The significance of gut microbiota 

for human immune system and health is well established (Cho and Blaser 2012) and root microbes 

have been regarded as plants’ version of gut microbiota (Selosse, Marc-André, Bessis, Pozo 2014) 

or the “second genome of plants” (Berendsen, Pieterse, Bakker 2012). In this respect, there seems 

to be little sense in considering plants, or any multicellular organism for that matter, apart from 

their microbial symbionts. Close interaction between the host and its symbionts, if it has fitness 

consequences for the organisms, can result in coevolution between them. Coevolution can refer 

to reciprocal adaptation to the selection pressure caused by the presence of other organisms, as 

in a classic predator-prey interaction where both partners inflict opposing selection pressure on 

each other, which results in antagonistic coevolution between them. Coevolution in the case of 

tight mutualistic symbioses, can on the other hand mean, that organisms rely on each other on 

crucial metabolism or other functions. Occasionally such tight relationships have evolved that 
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neither of the partners can anymore live without the other. Genomic erosion or adaptive gene 

loss refers to a situation where (usually microbial) symbionts have lost genes responsible for some 

vital metabolic functions and rely solely on their host for providing the needed metabolites 

(Moran, McLaughlin, Sorek 2009; Morris, Lenski, Zinser 2012). This is particularly common among 

endophytic symbionts, but has also been reported from epiphytic microbes which then rely on 

their host community to provide the necessary gene products (Spanu et al. 2010).This way a 

community may in some aspects function as a “superorganism” with high degree of specialisation 

between its members. There are already well-established cases where the symbiosis is defined as 

a distinct organism, as in the case of lichens (Honegger 1991). 

The origin of eukaryotic cells by endosymbiosis can be viewed as a prime example of symbiosis 

formation opening up new perspectives for evolutionary development (Sachs, Skophammer, 

Regus 2011). Symbiosis may lead to emergence of novel functions where the resulting 

combination of organisms working in synchrony (or “metaorganism”) is more than the sum of its 

parts. When early eukaryotic cells acquired the endosymbionts that became mitochondria and 

chloroplasts, this paved way for the emergence of the vast diversity of eukaryotes and 

multicellular organisms that we know today. Furthermore, these remarkable evolutionary 

innovations have a great impact on ecosystems and status of the whole planet: production of 

oxygen as a side product of photosynthesis and sequestration of carbon has had huge impact on 

the composition of the atmosphere and hence to the basis of nearly all forms of life. To a lesser 

extent, symbiosis of plants and e.g. nitrogen fixing bacteria affects nutrient cycling and hence 

ecosystem functioning. The coevolution between insects and flowering plants has resulted in the 

adaptive radiation of both groups (Lunau 2004). 

This view differs from the traditional view of evolution as a slow process of distinct individual 

species slowly evolving as a result of natural selection and mutation to their own genome. Rather, 

evolutionary change sometimes accelerates when formation of novel symbiotic relationships 

results in new functioning and adaptations of the metaorganism, enabling e.g. use of new energy 

sources or better adaptation to stress. Furthermore, evolutionary change sometimes gets new 

raw material not only from mutations, but also from horizontal gene transfer between not closely 

related species. Endosymbiosis can also result in permanent modification of the host and/or 

symbiont genome. Viruses often implement their genetic material into that of their host and this 

may sometimes result in the viral genes becoming part of the host genome, which is transmitted 

to the new generation: it has been estimated that even 10% of the genetic material of some 

vertebrate species is of viral origin (Stoye 2012). Symbionts on the other hand may experience 

genomic erosion or adaptive gene loss whereby they lose certain genes in a situation where 
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required gene products can be easily obtained from the host or the surrounding environment 

(Moran, McLaughlin, Sorek 2009; Morris, Lenski, Zinser 2012; Pinto-Carbó et al. 2016). 

Since in nature organisms live in a complex network of interactions where the strength and 

significance of the interaction is a continuum rather that well-defined phenomenon, it is 

impossible to draw any clear border between a “close” and “distant” symbiosis. Hence the 

“metaorganism” can be a rather vague concept, and it may not be possible to clearly define it or 

to quantify its significance for evolution. However, this concept helps to appreciate the role that 

microbes play in the evolutionary development of multicellular organisms and also their impact 

on ecosystem functions (Berg et al. 2016). 

1.4 Endophytes 

Endophytes are microbes, that live inside plant tissues without causing any visible symptoms. 

Most plants, if not all, host microbial endophytes and they can be found in all plant parts and they 

are present in all stages of plant life (Frank, Guzmán, Shay 2017; Peñuelas and Terradas 2014; 

Truyens et al. 2015; Turner, James, Poole 2013). They may include commensal or mutualistic 

symbionts, but also latent pathogens. Endophytes can enter plant tissues in various ways, but two 

broad categories for endophyte acquisition can be defined: 1) Horizontal transmission where each 

plant generation acquires their endophytes anew from the environment, and 2) vertical 

transmission where the parental plant(s) transfers endophytes directly to the new seedling via 

seeds (Frank, Guzmán, Shay 2017). 

In this study I use the definition of endophytes as microbes that reside in the interior of plant 

tissue without causing any visible symptoms, although some slightly differing definitions have also 

been proposed (Hallmann et al. 1997). Notably, this definition does not take into account the 

possible contribution the microbes have on the viability of the plant (i.e. whether the microbe is 

growth-promoting or not). It includes both mutualists and latent pathogens and anything in 

between. More specifically, in this study, unless otherwise stated, the term endophyte refers to 

bacterial leaf endophytes. Reference to other plant parts and microbial taxa will be given when 

needed. 

1.4.1 Bacterial endophytes 

Remarkable diversity of bacteria has been observed as plant endophytes and in many cases the 

nature of the interaction is well characterized (Hardoim et al. 2012; Hardoim et al. 2015; Hironobu 

and Morisaki 2007; Izumi et al. 2008; Miliute et al. 2015; Nissinen, Mannisto, van Elsas 2012; Sturz 

et al. 1997; Vega et al. 2005; Verstraete et al. 2011). Bacterial endophytes are best known for the 
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ability to fix atmospheric nitrogen and hence promote plant growth (Masson-Boivin et al. 2009). 

However, bacterial endophytes are also prominent plant pathogens (Strange and Scott 2005), as 

well as irreplaceable mutualistic symbionts (Hardoim, van Overbeek, van Elsas 2008; Santoyo et 

al. 2016). Previously the study of endophytic bacteria relied on culture-dependent methods 

where bacteria from internal plant tissues were isolated, cultured and identified. An obvious 

limitation of this method is, that it only captures the culturable part of the endophyte community 

(Hallmann et al. 1997). Development of sequencing techniques has allowed for culture-

independent analysis of bacterial communities both outside and inside of plant tissues, which 

have confirmed that the culturable bacteria represent only a portion of the total plant-associated 

bacterial diversity (Berlec 2012; Izumi et al. 2008). 

Many bacterial taxa have been observed commonly as endophytes. According to both culture-

dependent and culture-independent studies, the most important groups of endophytic bacteria 

are Proteobacteria, Firmicutes, Bacterioidetes and Actinobacteria (Afzal et al. 2019; Araújo et al. 

2002; Ding and Melcher 2016; Kumar et al. 2017; Rosenblueth and Martínez-Romero 2006). 

Endophyte community is of dynamic nature and is affected by plant species, season, climate, 

nutritional as well as developmental status of the host plant. Plant species have been shown to 

harbour specific bacterial communities (Ding and Melcher 2016; Hallmann et al. 1997; Kumar et 

al. 2017). This being said, it also seems, that most bacteria are in fact generalists when it comes 

to host plant species. Furthermore, bacteria are rarely observed as obligate endophytes but can 

instead shift from free-living stage to endophytic (Kumar et al. 2017). Season may play an 

important role in endophyte dynamics, especially for annual plants, where endophyte community 

is formed anew each year. Bacterial community has been observed to change over the course of 

seedling development (Barret et al. 2015). This seems logical since we know that soil bacteria play 

an important role in the endophyte community formation. Even if a portion of endophytes is 

transmitted from parents to offspring via seed, the soil bacteria have a big impact on the plant 

during germination. 

1.4.2 Endophyte transmission and host control 

Since soil-roots interface, also termed the rhizosphere, is the most important place where plant 

is in direct contact with microbes, it seems logical to assume that horizontal transmission from 

the surrounding soil is a significant, if not the most important, way how endophytes colonize 

plants. This has been confirmed in studies of root colonising endophytes, of which many are soil 

microbes entering the interior of roots (Compant, Clément, Sessitsch 2010; Compant et al. 2016). 

Plants are capable of choosing certain microbes in their roots (Jones et al. 2019). Plants can e.g. 
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produce exudates into the soil surrounding the roots which promote the growth of beneficial 

microbes. Bacteria also use chemotaxis to navigate towards roots where they may the establish 

symbiosis with the plant by remaining in the rhizosphere or by entering the root surface 

(rhizoplane) or the root interior (endosphere). From the root, bacteria can further spread 

systemically to other plant organs (Compant, Clément, Sessitsch 2010; Hallmann et al. 1997). Root 

nodule forming Rhizobium bacteria also enter the root from the surrounding soil (Sturz et al. 

1997). The colonization process is overall tightly controlled by the plant. Plant deploys its defence 

mechanisms not only to deter pathogens but to selectively modify its microbiome (Jones et al. 

2019). 

From an evolutionary perspective, a most intriguing aspect is the possibility of vertical 

transmission of endophytes from parents of offspring. Vertical transmission could promote the 

establishment of tight mutualistic symbiosis and formation of dependency between the partners 

(Leigh 2010). An interesting example of a fairly recent establishment of strictly dependant and at 

least partly vertically inherited symbiosis has been observed between Burkholderia bacteria and 

several plant species in the Rubiaceae family (Pinto-Carbó et al. 2016; Verstraete et al. 2011). 

These bacteria form so called leaf nodules visible to the eye on the leaf surface as small dots. This 

symbiosis is so tight that the plant cannot live without its bacterial symbionts. The bacteria on 

some of the leaf nodule forming Rubiaceae species are also identified as novel species unable to 

survive outside the host (Carlier et al. 2016). Phylogenetic studies have shown that some 

coevolution has taken place, although no strict cospeciation, and horizontal endophyte changes 

has also happened (Lemaire et al. 2011). Burkholderia bacteria in Rubiaceae plants have been 

suggested to be involved in protecting the plant from herbivores via synthesis of toxic secondary 

metabolites (Sieber et al. 2015; Van Elst et al. 2013). However, genetic studies have shown that 

the genes responsible for synthesis of these metabolites are not present in all Burkholderia 

symbionts suggesting that it is not the sole reason for the intimate nature of the symbiosis. 

Several other bacterial symbionts not forming leaf nodules have also been observed from many 

Rubiaceae plants, some of which are closely related to soil bacteria (Lemaire et al. 2012). Although 

this example may be an exception rather than the rule when it comes to the specificity of the 

symbiosis compared to the vast diversity of other plant endophytic bacteria, it provides an 

interesting example of evolution towards a closed mutualistic and vertically inherited symbiosis. 

Bacteria have been observed in seeds of many different plant species suggesting at least the 

possibility or some degree of vertical transmission. Vertical transmission of bacterial endophytes 

has been suggested e.g. to Norway spruce (Cankar et al. 2005), Marama bean (Chimwamurombe 

et al. 2016), several Eucalyptus species (Ferreira et al. 2008), Miscanthus (Cope‐Selby et al. 2017) 
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and two rock-colonizing cactus species (Lopez, Bashan, Bacilio 2011; Puente, Li, Bashan 2009). In 

most of these cases confirming strict vertical transmission would require further analysis. Even 

more importantly, even if evidence of vertical transmission is found, its significance in shaping the 

final endophyte community can be questioned. At least several other factors play a role at the 

same time. Hardoim et al. (2012) found evidence of seed-borne rice endophytes being 

transmitted to the seedling, but also that soil properties including water conditions and pH played 

a crucial role in the formation of the endophyte community of the growing seedling. 

1.4.3 Ecological significance  

Rhizosphere microbes are essential in plant growth and nutrition: mycorrhizal fungi and nitrogen 

fixing bacteria are only the best-known examples of how soil microbes promote plant growth 

(Mendes, Garbeva, Raaijmakers 2013; Philippot et al. 2013). Same is likely to be true for many 

endophytic bacteria. In the soil, some bacteria enter plant roots as endophytes, most notably the 

nitrogen-fixing Rhizobium bacteria. Since soil is also an important source of plant-pathogenic 

microbes, the rhizosphere microbiome plays a crucial role in protecting the plant from disease 

(Mendes, Garbeva, Raaijmakers 2013; Raaijmakers et al. 2009). Mutualistic microbes can protect 

plants from pathogens e.g. by directly competing with pathogenic microbes or by inducing plant 

immune responses (Pieterse et al. 2014). 

A common mechanism through which bacterial endophytes influence plant metabolism is the 

production of phytohormones, e.g. auxin or ethylene (Bhattacharyya and Jha 2012; Spaepen and 

Vanderleyden 2011). Auxin production is a typical trait of root-associated endophytes and it is 

also linked to enhanced endophyte colonization capacity. Auxins act as signalling molecules for 

both microorganisms and plants and they have a crucial role in plant defence responses. By 

modulating auxin levels in plants, microbes can either enhance plant defence responses or make 

plants more susceptible to pathogens. As noted earlier, endophytic lifestyle is a continuum from 

pathogenicity to mutualism, some endophytes being possibly latent pathogens. Phytohormone 

production by microbes is another example where there is no clear border between harmful and 

beneficial interaction: even difference between a toxin and a growth promoting hormone is not 

always clear since many pathogenic microbes use same pathways of stimulating plant metabolism 

as growth-promoting bacteria (Hardoim et al. 2015; López, Bannenberg, Castresana 2008). 

Endophytic bacteria have also been linked to production of secondary metabolites in plants 

(Brader et al. 2014). Secondary metabolites typically play a role in defence and signalling. In the 

leaf-nodule symbiosis of Burkholderia bacteria and Rubiaceae plants, the bacterial symbionts 

seem to protect the plants from herbivores by producing secondary metabolites with insecticidal 
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properties (Sieber et al. 2015). In some Rubiaceae plants, the metabolites produced at least partly 

by the endophytic bacteria have also been linked to a fatal heart poisoning of ruminants (Van Elst 

et al. 2013; Verstraete et al. 2011). In these cases, the endophytic genomes do not exhibit the 

typical endophytic properties like phytohormone production, but they do harbour genes involved 

in secondary metabolite production, suggesting that this may be the key function of the symbiosis 

(Carlier et al. 2016). In another study, endophytic actinobacteria were found to stimulate the 

production of artemisin in herb Artemisia annua (Li et al. 2012). Artemisin is a potent secondary 

metabolite that is used for malaria treatment and hence the possibilities of bioengineering for its 

enhanced production are of great interest. In this study the genes involved in artemisin 

production were observed to be up-regulated after inoculation of the plants with endophytic 

bacteria. An open question is whether the bacteria is directly involved in the synthesis of 

artemisin or whether the observed up-regulation of the genes is a combined effect of the plant 

and the endophytes. These results also suggest that the endophyte promotes plant life by 

enhancing plant defences. 

Endophytic bacteria are known to promote plant life by enhancing nutrient uptake e.g. by 

nitrogen fixation and phosphate solubilization (Afzal et al. 2019; Bhattacharyya and Jha 2012; 

Hardoim et al. 2015; Santoyo et al. 2016). They can furthermore promote plant life in harsh 

environments by modifying soil properties like nutrient availability and pH. In two cacti species, 

Mamillaria fraileana and Pachycereus pringlei, that colonize bare rock surfaces in dry desert 

areas, endophytic bacteria have been shown to enhance rock-weathering by modifying the pH on 

the rock surface and increasing nutrient availability (Lopez, Bashan, Bacilio 2011; Puente, Li, 

Bashan 2009). These bacteria have also been found in the surface-sterilized seeds of the cacti, 

suggesting vertical inheritance of endophytes. This kind of symbiosis where the symbiont 

enhances, or is maybe even a prerequisite for, the plant’s colonization of novel ecological niches, 

can result in major ecological innovations, analogous to plants’ adaptation to terrestrial life with 

the help of symbiotic relationships with fungi (Selosse and Le Tacon 1998). 

1.5 Aim of the study 

This study examines endophytes of Plantago lanceolata, the effect of soil on the endophytes and 

their possible vertical inheritance from parents to offspring. Since the bacterial endophytes of P. 

lanceolate have not been previously studied, the first aim of this study is to screen for bacterial 

leaf endophytes in P. lanceolate to get a comprehensive picture of the endophyte community. 

Although bacterial endophytes of P. lanceolata have not been studied before, fungal endophytes 

have been observed: Tello et al. (2014) reported Hygrocybe virginea as a systemic endophyte of 
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P. lanceolata. Hodgson et al. (2014) found 11 different fungal species as endophytes of P. 

lanceolata. Both studies detected these fungi in surface sterilized seeds and in seedlings grown in 

sterile conditions which suggests vertical transmission of endophytes from parent to offspring. 

The second goal of this study is to assess the effect of maternal genotype on endophyte 

community composition by comparing the endophyte communities of offspring of different plant 

individuals that have been grown in similar conditions. At the same time, I will test how the soil 

affects the germination and growth of P. lanceolata seedlings. The growth experiment that I will 

use to study endophytes also enables testing how different soil treatments affect germination 

and growth. One set of seeds will grow in sterilized sand and the other in an environmental 

mixture of sand and soil collected from field conditions. This may give hints of the role of natural 

soil microbiota and nutrient conditions on germination and growth of P. lanceolata seedlings. This 

information can be especially useful in future studies on similar topics that involve germinating 

seeds in different conditions. Therefore, this test will also serve as method validation and 

development. Finally, I will try to elucidate the route of transmission of endophytes, if evidence 

of vertical transmission of endophytes can be found and how important the soil microbiota is in 

shaping the endophyte community. 

Studies of bacterial endophytes have to date focused strongly on root endophytes of crop plants. 

Foliar endophytes and wild plants have received (quite understandably) less attention. However, 

the study of such systems could provide interesting and fruitful information on the nature of 

interactions between plants and bacterial endophytes. Since the bacterial density inside leaves is 

in general remarkably lower than in roots (Hallmann et al. 1997), they might be easier systems to 

study and infer knowledge on bacterial colonization and effect that they have on the plant. 

This study will hopefully improve our understanding of the microbiome of P. lanceolata and 

potentially also more generally of the dynamics of plant (foliar) microbiome and the effect of soil 

in shaping endophyte community. Important new information would be better understanding of 

the effect of plant genotype on the endophyte community. We know for instance that plants 

select to some extent their endophytes from the surrounding soil and that endophyte 

communities are in some cases species specific. But intraspecific differences between individuals 

and genotypic differences in shaping endophyte communities are not known. Since the nature of 

the study is pioneering and rather explorative, it will hopefully give hints of possible future 

research directions. 
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2 Material and Methods 

2.1 Plantago lanceolata & Åland study system 

Plantago lanceolata (Plantaginaceae) is a widespread wind-pollinated perennial herb native to 

Eurasia. It reproduces both sexually, producing even hundreds of seeds annually, and clonally via 

side rosettes. In Finland its distribution is limited to the southern coast including the Åland islands 

and the rest of the southwestern archipelago. A typical habitat of P. lanceoalata in the Åland 

islands is a dry meadow. 

P. lanceolata has been intensively studied in the Åland islands. It forms a network of several 

thousand populations which have been surveyed since 1991 as part of a long-term study of the 

Glanville fritillary butterfly (Hanski 2011; Ojanen et al. 2013). This network forms an ideal set up 

for metapopulation studies. The populations are spread out on an area spanning some 50 km by 

70 km. The total land area of Åland islands is 1554 km2. This set up has been successfully used for 

studying metapopulation dynamics of butterflies feeding on the P. lanceolata (Ojanen et al. 2013) 

and a fungal pathogen of P. lanceolata (Jousimo et al. 2014; Laine and Hanski 2006). 

The plant material for the study was obtained from individuals grown in wild and from a growth 

experiment conducted in growth chambers in Helsinki. 

2.2 Experimental Design 

To study P. lanceolata endophytes, the following experiment was designed: Plants from a wild 

population were chosen to be sampled. These are hereafter referred to as the mother plants or 

maternal plants. The idea was to compare the leaf endophyte community of the mothers to that 

of their offspring. Seeds from these plants were used to conduct a growth experiment in 

laboratory to obtain leaf material from the offspring. Bacterial DNA was analysed from all leaf 

samples (mother plants and offspring) and endophyte community studied (figure 1). 
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2.3 Maternal plants from the wild 

In June 2017 a total of 21 plant individuals were marked in a single P. lanceolata population in 

Järsö, Southern Åland (Picture 1). Population ID in the database is 332. Coordinates of the centre 

of the population are 6674735.682 N, 109413.447 E (ETRS-TM35FIN). Total area of the population 

is 1.72 hectares and P. lanceolata coverage is 15 m2 (September 2017 survey). Three leaf samples 

were collected from each of the 21 individuals. The minimum distance between sampled plants 

was three meters. The leaves were placed in plastic tubes, stored in a cool bag and transported 

to Helsinki for further processing. In August 2017 all seeds and three more leaves of the same 

individuals were collected. All seed pods (if the plant had produced any) were collected and 

placed in a paper bag and transported to 

Helsinki. Furthermore, during the August 

sampling, soil was collected to be used in 

the growth experiment. Soil was collected 

from several different locations within the 

same population area, using a garden 

shovel, but not from the direct vicinity of 

the sampled plants. Soil was placed in 1 

litre plastic bags and transported to 

Helsinki and stored in fridge temperature 

until the start of the growth experiment. 

For the experiment, all soil samples were 

mixed, not kept separately according to 

the exact collection spot, to form a 

uniform mixture.  

 

 

 

 

 

Figure 1. Diagram of experimental setup and 

different steps involved 
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Picture 1. Maps showing the location of the field site. Top left: Finland. Top right: Åland islands. Bottom right: Järsö 

and surroundings. Bottom left: Field site in Järsö (P. lanceolata population marked with blue shade). 

 

 

 

 

 

Picture 2. Sampled individual of Plantago lanceolata in 

Järsö, Åland. Plants were marked in June so that they 

could be found again in August when the second sampling 

took place. 



 

17 
 

2.4 Sterilization and sampling 

In Helsinki the leaves were surface sterilized 

within 36 hours from collection to eliminate 

any epiphytic microorganisms. The 

sterilization was executed by submerging the 

whole leaf into 70% ethanol for one minute, 

2.7% chlorite for three minutes and finally 

rinsed three times one minute in sterile 

double distilled water (Picture 4). Rinsing 

water was changed after 5-7 samples. 

Sterilized leaves were placed on a paper 

towel to dry for a few minutes. Then samples 

of approximately 100 mg were cut from each 

leaf, placed in 2 ml microcentrifuge tubes and 

stored in -80⁰C to wait for DNA extraction. 

Picture 3. Leaf sterilization in action 

 

Picture 4. Sterilization setup: leaves were 

transferred in metal tea bags and submerged 

(from left to right) in 1) 70% ethanol, 2) 2.7% 

chlorite and 3)-5) H20. 

 

 

 

Same surface sterilization protocol was 

applied for seeds just before the start 

of the growth experiment. The success 

of sterilization was tested by taking samples of the last rinsing water after the sterilization of 5-7 

samples was completed. 100 µl of this water in three replicates was poured on a growth medium 

and left to incubate in room temperature for two weeks. No microbial growth of any kind was 

observed. 
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2.5 Growth Experiment 

In the growth experiment, seeds from different individuals (genotypes) were grown in two 

different treatments: 1) in sterilized (twice autoclaved) sand and 2) in a mixture of sterilized sand 

and soil collected from the wild (from now on referred to as “environmental mixture”). The 

environmental mixture was intended to mimic the biological properties, most importantly the 

microbiome, of the soil where the plants normally grow. Sterilized soil on the other hand would 

be virtually lifeless and the seeds germinating in it would not confront any of the normal soil 

microbes. The sand used was autoclaved twice with three days in between to better get rid of any 

microbes, including possible fungal resting spores. The success of the sterilization was tested by 

scattering one spatula of sand on a growth medium that was left to incubate for two weeks. Some 

fungal growth could be observed but no visible bacterial growth. Environmental mixture was 

prepared by mixing three parts of autoclaved soil with one part of soil collected from the wild. 

Mixing was done by hand with a large bucket and a shovel. 

Growth experiment was started in the end of September 2018 in Viikki, Helsinki. Out of the 21 

plants sampled, five were selected to be used in the growth experiment. These five plants were 

among those that had produced sufficient amount of seeds needed for the experiment. They will 

be henceforth referred to as the mother plants. 80 seeds of each mother plant were sown. In 

addition, 60 seeds from an extra mother plant were sown in sterile soil to be used as a control for 

the growth chambers. 

Picture 5. Growth pot with sterilized soil 

 

All seeds were surface sterilized just before sowing as 

described above. 40 seeds from each mother plant were sown 

in sterilized soil and 40 in environmental mixture, each in its 

own plastic growth pot kept individually on their own plastic 

plates (Pictures 5 and 6). This way the mixing of soils and 

movement of microbes between pots was minimised. Sowing 

was performed in a microbe laminar. Each pot was covered 

with a piece of gauze to prevent any insects from getting in 

contact with the plants. Pots with sterilized soil were then placed in one growth chamber and 

pots with environmental mixture to another, again to minimize any cross-contamination of 

microbes from the environmental mixture to the sterile soil. To monitor any possible growth 

chamber effect, additional seeds from one extra maternal plant were sown, three seeds per pot, 
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in sterilized soil and these pots were placed in the same growth chamber as the pots with 

environmental mixture. 

 

 

Picture 6. Growth pots in growth chamber. Each pot is kept on their individual plastic plate. 

 

Pots were left to incubate in the growth chambers with a diurnal pattern of 16 hours of light, 

+21°C and 8 hours of darkness, +15°C. Plants were watered once a week with autoclaved tap 

water. Five weeks after the start of the experiment, additional fertilizing with NEKO Plant Fertilizer 

(N-P-K 7-2-2) was started to both treatments. To minimise any transmission of microbes with the 

fertilizer, the fertilizer was filtered before use through a microfilter (pore size 45 µm). The success 

of the filtration was tested by pouring 100 µl of filtered fertilizer on a growth medium that was 

left to incubate in room temperature for two weeks. No microbial growth was observed. 

The number and size of leaves in each plant were measured every week during the growth 

experiment and the pots´ location within the growth chamber rotated. After seven weeks the 

experiment was terminated and samples from all plants collected. All remaining leaves were 

collected and surface sterilized in the same way as the original material from the wild (described 

above). Pieces of approximately 100 mg were cut from the leaves, placed in microcentrifuge tubes 

and stored in -80⁰C. If leaves were too small so that there was not enough leaf material to obtain 

a sample of 100 mg, the whole leaf (or several) was placed in the microcentrifuge tube to get as 

much material as possible. 
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2.6 DNA extraction 

DNA extraction was done in March-April 2018 in Helsinki using Qiagen Plant DNA extraction kit. 

Leaf samples of approximately 100 mg were manually ground in Eppendorf microcentrifuge tubes 

using liquid nitrogen. Grinding proceeded in sets of four to six samples. All samples of one set 

were frozen and ground and extraction buffer 1 added to them before grinding the next set of 

samples. DNA was extracted from one leaf sample per plant of all plants grown during the growth 

experiment and the six maternal plants, sampled both in June and August (five for the actual 

experiment and one for growth chamber control). Extracted DNA was stored in 50 µl of double 

distilled water and frozen in -20°C to wait for sequencing. A total of 11 empty controls were done 

on separate days, with the same extraction steps as in the real samples but without any material 

in the sample tubes. 

2.7 16S rRNA 

To analyse endophytic bacteria, culture-independent methods need to be applied. Some 

endophytes may be culturable outside the host, but a significant portion of the endophytic 

diversity will remain hidden if only culturable bacteria are assessed. To reveal this hidden 

diversity, endophytic DNA must be isolated and analysed. 

The most widely used method for bacterial taxonomy, is the analysis of 16S rRNA gene (Baker, 

Smith, Cowan 2003; Ghyselinck et al. 2013; Yarza et al. 2014). 16S rRNA is a part of the small sub-

unit of prokaryotic ribosomes. 16S rDNA refers to the gene responsible for coding this RNA 

molecule. Since ribosomes are essential components of any living cells, mutations to genes 

encompassing their functioning would generally be detrimental to the organism. Because of this, 

ribosomes’ structure and function have been highly conserved over evolution and they are 

minimally affected by lateral gene transfer (Head, Saunders, Pickup 1998). Most importantly for 

bacterial taxonomy, the 16S rRNA exhibits high level of conservation. It is some 1500 bp long and 

includes regions that are totally or mostly conserved as well as variable and highly variable regions 

(Baker, Smith, Cowan 2003). This makes it possible to infer taxonomic relationships between 

different bacterial strains. The more conserved areas of 16S region allow for a reliable alignment 

and comparison of DNA strands, whereas the dissimilarities in the less conserved areas allow 

estimation of taxonomic distance between the strains. 
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2.8 PCR & DNA sequencing 

Before the actual PCR and sequencing, a preliminary test run was performed in Viikki, Helsinki, to 

validate the methods. This preliminary PCR amplification and sequencing was performed on three 

samples. After the preliminary test, DNA samples were sent to the Institute of Biotechnology in 

Helsinki for the actual PCR amplification and DNA sequencing.  

Since the eukaryotic chloroplasts and mitochondria are of prokaryotic origin and harbour genes 

of their own, they also have 16S rDNA regions, which can easily interfere with the analysis. To 

prevent this, it was necessary to use primers that would amplify the bacterial sequences but 

exclude any sequences from the plant mitochondria or chloroplasts. Therefore, the PCR was done 

with bacterial 16S rDNA primers designed originally by Chelius and Triplett (2001). These primers 

would exclude nearly all chloroplast sequences. Mitochondria sequences are however not as 

easily separable and further processing of PCR products is necessary to exclude mitochondrial 

reads (described below). 

The initial PCR amplification was done using primers 799f, 5’AACMGGATTAGATACCCKG’3 and 

1492r (Chelius and Triplett 2001). Since the resulting DNA products would have been too large 

for Illumina sequencing, a nested PCR was performed with primers 1062f and 1390r (Ghyselinck 

et al. 2013; Zheng et al. 1996), using the products of the first PCR as templates (Kumar et al. 2017). 

These primers target the V6-V8 region of the 16S rDNA and produce amplicons with variable 

regions resulting in high phylogenetic coverage (Baker, Smith, Cowan 2003) and proper size for 

Illumina sequencing. The PCR reactions contained 2 µl of template DNA, 5x HF Buffer, 10 mM 

dNTPs, 10 µM of each primer, 2 U/µL Phusion HS II DNA Polymerase and 0.625 µl DMSO 100% in 

a 25 µl reaction volume. First PCR amplification was performed as follows: 30 seconds 

denaturation at 98°C followed by 20 cycles of denaturing DNA strands, annealing primers, and 

extension of new strands at 98°C for 10 seconds, 55°C for 30 seconds, and 72°C for 10 seconds, 

respectively, with final extension lasting for 5 minutes. The nested PCR amplification was 

performed in a similar way except that only 14 rounds of denaturing, annealing and extension 

were used. 

Mitochondrial DNA products were supposed to be separated from bacterial products by size 

fractionation. According to Chelius and Triplett (2001), use of the aforementioned primers would 

result in mitochondrial PCR products that are bigger in size compared to the bacterial ones. This 

would enable the separation of the endophyte products from the mitochondrial products by 

running them on an agarose gel by electrophoresis which should then show two distinct bands: 

mitochondrial and bacterial DNA products separately. Kumar et al. (2017) and Nissinen, Mannisto, 
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van Elsas (2012) successfully used this approach to amplify endophyte DNA. After our preliminary 

test PCR amplification, DNA products were run on gel electrophoresis to separate the products of 

different size. However, no clearly separate bands were distinguished on the gel, so it was decided 

not to do the size fractionation. Samples were then sent to the Institute of Biotechnology in 

Helsinki for the PCR amplification and Illumina next-generation sequencing. Four empty controls 

were also run with no samples in them. Sequencing was done twice. First run resulted in over 11 

million reads and the second one in over 6 million reads. To get a better coverage and detection 

probability of endophyte sequences, sequences from the first run were decided to be used. 

2.9 Sequence processing & OTU clustering 

I processed the sequence reads using CLC Genomics Workbench 11.0 with Microbial Genomics 

Module (Qiagen.com). I first screened the raw reads imported from Illumina (XX) for chimeras, 

and removed reads less than 150 base-pairs and with Q score less than 25. After removing bad 

quality reads, 3,484.464 reads remained for the analysis. These good quality reads I clustered into 

OTUs (Operational Taxonomic Units) at 97% sequence identity, and then assigned taxonomy for 

the OTUs using SILVA reference database version 137. 

2.10  Statistical & Community Analysis 

To test the effect of treatment and maternal genotype on germination and plant size, I fit two 

generalized linear mixed models where germination (0/1) was defined as a binary variable with a 

logit link function, and length of longest leaf as continuous variable with a normal distribution of 

errors as visually verified from data. In both models treatment and maternal genotype were 

defined as categorical variables, and sample was defined as a random effect nested under 

maternal genotype. If significant, interactions were retained in the model. The analyses were run 

in JMP 14.0. 

To understand whether the bacterial communities in P. lanceolata leaves differed between 

genotypes and soil treatments, I performed statistical analysis of the bacterial communities. The 

analysis is based on dissimilarity values of different groups which are then used to perform 

Analysis of Similarities (ANOSIM). I analysed the bacterial communities as presence/absence data. 

This means that I did not account for the number of reads, and only used information on whether 

a bacterial genus had been identified from a certain sample or not. I then pooled samples 

according to the treatment in order to be able to compare bacterial communities of different 

treatments, so the unit of analysis was the treatment. I added together the observations of all 
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bacterial genera from all plants from a certain treatment. This resulted in the bacterial community 

data of the whole treatment, e.g. the bacterial community of the seedlings of mother plant #4 

grown in sterile soil (treatment code 4.S). For the obtained community data, I calculated 

dissimilarity values using R software (version 3.5) package vegan. I used Bray-Curtis dissimilarity 

index which is defined as: 

Bray-Curtis:  
∑|𝑥𝑖−𝑥𝑗|

∑(𝑥𝑖+𝑥𝑗)
  

Where 𝑥𝑖 and 𝑥𝑗 are the abundances of each species in groups 𝑖 and 𝑗 (Gardener 2014). In this 

case the abundance of each species means the number of plants in a certain treatment where a 

specific bacterial genus was observed. Therefore, 𝑥𝑖 means number of plants in treatment 𝑖, 

where the bacterial genus 𝑥 was found. Dissimilarity is a value between 0 and 1, and the higher 

the number is (i.e. closer to 1), the more different the two groups are. 0 therefore means identical 

communities, where there is no difference in species abundance and composition. I calculated 

dissimilarity values for all pairs of treatments, which resulted in a list of dissimilarity values, which 

tells us how similar the bacterial communities of any two treatments are to each other. Based on 

the Bray-Curtis dissimilarity index, I drew ordination plots to graphically illustrate the differences 

between communities. Furthermore, I tested Analysis of Similarities (ANOSIM, vegan 2.5.6) to 

assess the statistical difference between the communities. All analyses were done with R software 

version 3.5. 
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3 Results 

3.1 Growth Experiment 

From each of the five mother plants, I sowed 80 seeds, 40 in sterile soil and 40 in environmental 

soil. In addition, I sowed 60 seeds from an extra mother plant as growth chamber controls. Out 

of all the seeds sown, less than half germinated. Germination results are shown in Table 1 and 

Picture 7. 

 

Table 1. Germination of seeds. The columns are, respectively:  

Mother plant: the ID number of the mother plant; Treatment: Sterile = seeds grown in twice autoclaved sand, GC control 

= seeds grown in twice autoclaved soil but grown in growth chamber with Environ treatments, Environ = seeds grown 

in soil mixture of sand and soil collected from wild population in Åland; Seeds sown: number of seeds sown per 

treatment; Seedlings: number of seeds that germinated and grew into seedlings; Germination %: the percentage of the 

seeds that germinated; Final sample size: number of seedlings that survived until the end of the experiment so that leaf 

samples could be acquired. 

 

Mother plant Treatment Seeds sown Seedlings Germination % Final sample size 

4 Sterile (S) 40 18 45.0% 18 

9 Sterile (S) 40 23 57.5% 23 

14 Sterile (S) 40 23 57.5% 22 

18 Sterile (S) 40 30 75.0% 30 

20 Sterile (S) 40 31 77.5% 30 

23E GC control 60 48 80.0% 48 

4 Environ (Y) 40 13 32.5% 11 

9 Environ (Y) 40 16 40.0% 15 

14 Environ (Y) 40 13 32.5% 13 

18 Environ (Y) 40 25 62.5% 25 

20 Environ (Y) 40 28 70.0% 28 
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Picture 7. Germination percentage per treatment. Blue bars: seedlings grown in sterile soil. Orange bars: seedlings 

grown in environmental mixture soil. In all groups, seeds grown in the environmental soil mixture had clearly a lower 

germination percentage. 

 

For all genotypes, germination percentage was significantly lower in the environmental soil than 

in the sterile soil (F = 10.78, P = 0.0012). Lowest germination percentage was in the seeds of 

mother plants #4 and #14 in the environmental soil (treatments 4.S and 14.S, germination % 

32.5%) and highest in the growth chamber controls, which were grown in sterile soil (treatment 

23E.S, germination % 80%). Genotype had also a significant effect on the germination (F = 7.98, P 

< 0.0001), with seeds from certain mother plants having clearly higher germination percentage in 

both sterile and environmental soil as compared to seeds of other mother plants. The interaction 

between treatment and maternal genotype was not statistically significant. Seedlings grown in 

environmental mixture ended up bigger than seedlings in sterile soil (Picture 8; F = 10.91, P < 

0.0001). Maternal genotype did not have a significant effect on leaf length (F = 0.72, P = 0.5787), 

nor was there a significant interaction between treatment and maternal genotype. 
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Picture 8. Boxplot of the lengths of the longest leaves at the end of the growth experiment. Blue represents plants 

grown in sterilized soil, orange represents plants grown in environmental mixture. Number of the mother plant is shown 

on the horizontal axis, leaf length on the vertical axis. 

3.2 Bacterial diversity 

After filtering chimeric and bad quality reads, 3,488,048 reads remained for OTU (Operational 

Taxonomic Unit) clustering. Vast majority of these turned out to be P. lanceolata mitochondria 

(3,013,451 reads) or chloroplast (436,116 reads) sequences. Only 38,481 reads, about 1.1% of the 

total, were of eubacterial origin (Table 2, Picture 9). When mitochondria and chloroplast reads 

were removed, the remaining reads clustered into 218 different bacterial OTUs. Most of these 

were identified only to the genus level. 

 

Table 2. Number of reads obtained in three main categories 

 

 
 

No. of reads % of total 

Mitochondria sequences 3,013,451 86.4 

Chloroplast sequences 436,116 12.5 

Eubacterial sequences 38,481 1.1 

Total sequences 3,488,048 100 
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Picture 9. Percentages of reads obtained from three different categories: vast majority, 86.4%, were P. lanceolata 

mitochondria sequences, 12.5% were P. lanceolata chloroplast sequences and only 1.1% were eubacterial sequences. 

 

In total, I identified 71 eubacterial genera from the data. Six most common genera constituted 

83.1% of all eubacterial reads and 0.9% of all reads (total of 31,981 reads). These were Shewanella 

(10,254 reads), Methylobaterium (8,205 reads), Ralstonia (6,045 reads), Halomonas (4,677 reads), 

Salinicola (1,733 reads) and Clostridium (1,067 reads) (Table 3). The remaining 16.9% of 

eubacterial reads (6,500 reads, 0.2% of all reads) clustered into 166 different OTUs, representing 

65 different bacterial genera. 

In general, the amount of eubacterial DNA reads obtained from different treatments follows the 

same pattern: samples from sterile soil treatment yielded highest number of eubacterial reads, 

samples from environmental mixture second highest and samples from mother plants lowest 

(Picture 10). The only exception is mother plant #20, which yielded more eubacterial reads per 

sample than its offspring. This is due to high numbers of reads from two specific bacterial OTUs 

found in mother plant #20 (Candidatus Nasuia deltocephalinicola and Candidatus Sulcia muelleri, 

which I will discuss later). 
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Picture 10. Average number of Eubacterial reads obtained from a single sample in different treatments. Horizontal 

axis: number and the corresponding colour indicates the mother plant and its offspring, letters indicate the growth 

conditions during the experiment, W = Wild (mother plant), S = Sterile (seedlings grown in sterilized soil), Y = 

Environmental (seedlings grown in environmental mixture soil), S2 = Growth chamber control. In all groups, except #20, 

bacterial abundance follows the same pattern: S has highest number of reads, Y second highest and W lowest. 

 

Similar pattern continues when looking at the genus richness in different treatments: Sterile 

treatment group has the highest genus richness, environmental mixture group second highest 

and mother plants the lowest (Picture 11). 

 
Picture 11. Number of bacterial genera found in each treatment. Horizontal axis: number and the corresponding colour 

indicates the mother plant and its offspring, letters indicate the growth conditions during the experiment, W = Wild 

(mother plant), S = Sterile (seedlings grown in sterilized soil), Y = Environmental (seedlings grown in environmental 

mixture soil). Vertical axis shows how many different bacterial genera were observed from each treatment. Samples are 

pooled together into treatments to get a picture of the bacterial genus richness in each group. 
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Table 3. Six most common bacterial genera in numbers. Total sample size is 258. The columns are, respectively: 

Genus is the six most common bacterial genera; No. of samples where present says how many of the sequenced samples 

yielded at least one read of the genus (that genus is therefore considered present in the sample); % of samples where 

present says the percentage of the samples (out of the total of 258) where the genus is present; No. of reads says how 

many reads of this genus were obtained in total; % of eubacteria reads says what percentage of all the eubacterial reads 

represents this genus; % of total reads says what percentage of all the reads represents this genus. 

 

3.2.1 Abundant bacterial genera 

Below I will describe the occurrence of the six most common bacterial genera (Table 3) in more 

detail. In addition, I will describe the occurrence of two intriguing bacterial genera, Candidatus 

Nasuia deltocephalinicola and Candidatus Sulcia muelleri. 

 

Shewanella 

Shewanella was the most common detected bacterial genus. I observed Shewanella reads from 

255 samples out of the total of 258 samples that yielded leaf material for extraction. In total I 

detected 10,254 DNA reads from Shewanella bacteria, representing 26.7% of all eubacterial reads 

(Table 3). Shewanella reads were also widely present in empty control samples, done both during 

DNA extraction and sequencing phase (Table 4). It seems highly likely that the observed 

Shewanella are contaminants. 

 

Methylobacterium 

Methylobacterium is the second most abundant bacterial genus in the samples based on the 

number of DNA reads. There was a total of 8,205 reads representing Methylobacterium bacteria. 

Genus 
No. of samples 
where present 

% of samples 
where present 

No. of 
reads 

% of eubacterial 
reads 

% of total 
reads 

Shewanella 255 98.80% 10,254 26.70% 0.30% 

Methylobacterium 60 23.30% 8,205 21.40% 0.20% 

Ralstonia 144 55.80% 6,045 15.70% 0.20% 

Halomonas 256 99.20% 4,677 12.20% 0.10% 

Salinicola 219 84.90% 1,733 4.50% >0.1% 

Clostridium 2 0.80% 1,067 2.80% >0.1% 

Total 
  

31,981 83.20% 0.90% 
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However, they only appear on 60 of the 258 samples (Table 3). Furthermore, only two samples 

yielded by far most of the Methylobacterium reads: sample #59 (treatment code 14.S.15) had 

4,184 reads and sample #233 (treatment code 14.S.17) had 3,537 reads. This means, that 94.1% 

of all Methyobacterium reads came from only two samples. These sample represented two 

different plant individuals (ID numbers #15 and #17) but they came from the offspring of the same 

mother plant (ID number #14) grown in sterilized soil (treatment code S). The remaining 58 

samples that harboured Methylobacterium reads had together only 484 reads, ranging from only 

1 read per sample to 85 reads per sample. This kind of occurrence could indicate pathogenicity. 

However, Methylobacterium are not known as plant pathogens but as common phyllosphere 

symbionts (Knief et al. 2010). Methylobacterium reads were not present in control samples. 

 

Ralstonia 

Ralstonia is the third most common bacterial genus by the number of reads (total of 6045 reads). 

I did not observe Ralstonia reads in any controls, however, its occurrence virtually ends 

completely after the 12th extraction day. During the first 11 extraction days, Ralstonia occured in 

91.6% of the samples (142 of the 155 samples extracted during that time). From the 12th day on, 

Ralstonia occurred in only 1.9% of the samples (2 of the 103 samples extracted during that time, 

Picture 12). This timing coincides with the changing of the DNA extraction kit. Until the 12th 

extraction day, I used an old and previously opened extraction kit and started a new one on the 

12th extraction day, after the reagents in the first one run out. This raises doubt that Ralstonia 

reads could be contamination from the old extraction kit. Samples were not extracted in a specific 

sampling order, but different treatments and genotypes followed each other in a non-systematic 

manner. The only exception to this is, that samples from the mother plants were processed during 

the first two extraction days. 
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Picture 12. Percentage of samples containing Ralstonia reads on every DNA extraction day. Picture shows 

that up until the 11th extraction day Ralstonia reads were obtained from almost all samples but they virtually 

disappear after that. Here Ralstonia observations are only considered as present/absent, ignoring the 

number of reads obtained. If any number of reads was obtained from a sample, the bacteria genus is 

considered present in the sample, if zero reads are obtained, the bacterial genus is considered absent. 

 

Halomonas 

Halomonas is, after Shewanella, the second most common bacterial genus in empty control 

samples. Like Shewanella, I found Halomonas in controls done both during DNA extraction and 

during sequencing. I obtained Halomonas reads from all but one control sample. It therefore 

seems obvious that Halomonas reads are a result of contamination. In total, I obtained 4571 

Halomonas reads. They were present in all groups: mother plants and sterile and environmental 

treatments as well as in growth chamber controls. 

 

Salinicola 

Salinicola reads are present in some controls, in both extraction and sequencing controls, but not 

in large numbers (Table 4). Still this presence in empty controls suggest contamination. 

Furthermore, there is strong correlation between the presence of Shewanella (a clear 

contaminant) in the samples and the presence of Salinicola in the samples (Picture 13). In total, I 

observed 1708 reads of Salinicola. They were present in all treatment groups: in mother plants, 

sterile and environmental treatments and growth chamber controls. 
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Picture 13. Correlation between Shewanella and Salinicola occurrence. Every blue dot represents one sample. 

Horizontal axis gives the number of Shewanella reads in the sample. Vertical axis gives the number of Salinicola reads 

in the sample. The strong correlation with Shewanella, which is a clear contaminant, may suggest contaminant origin 

also for Salinicola. 

 

Clostridium 

Clostridium reads were obtained from two samples only, A111 and A234 (also not in controls). 

These two samples present a curious exception in the growth experiment. They represent two 

separate plant individuals, that were by accident sown in the same growth pot. Both seeds came 

from mother plant number 14 and grew in environmental mixture soil (treatment code 14.Y). 

Normally only one seed was planted per pot, but in this case another seed ended up in the same 

growth pot apparently because of carelessness during sowing. One of the samples yielded 1065 

Clostridium reads, the other one only two. These plants grew poorly and almost died during the 

experiment. The leaves were deemed to be “almost dead” by the sixth week of the experiment 

and in the seventh and final week of the experiment new small leaves had appeared from which 

the samples were taken. All this seems to point in the direction that Clostridium could be a 

pathogen and could have resulted in the poor performance of the seedlings. 
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Table 4. Six most common bacterial genera in control samples. Type = control done during extraction/sequencing (Extr 

= Extraction, Seq = Sequencing); Numbers under each bacterial genus show the number of reads of the given genus 

obtained from each control sample. 

 

 

Candidatus Nasuia deltocephalinicola and Candidatus Sulcia muelleri 

I detected two species of bacteria, Candidatus Nasuia deltocephalinicola and Candidatus Sulcia 

muelleri, that are known as obligate gut symbionts of sap-feeding insects (Bennett and Moran 

2013; McCutcheon and Moran 2010; Noda et al. 2012). I detected them from two samples (A003 

and A224), which came from leaves of one of the mother plants collected from the wild 

population (plant ID 20.W). The two samples (A003 and A224) represent two different leaves of 

the same plant. Both bacteria were found from both samples and in no other sample. A003 had 

only small numbers of these two bacteria, 15 reads of Candidatus Sulcia muelleri and 24 reads of 

Control 

sample 

ID 

Type 

(Extraction/ 

Sequencing) 

Shewanella Methylobacterium Ralstonia Halomonas Salinicola Clostridium 

A152 Extr 3 0 0 2 0 0 

A153 Extr 30 0 0 9 3 0 

A172 Extr 24 0 0 8 1 0 

A173 Extr 5 0 0 4 1 0 

A195 Extr 46 0 0 21 6 0 

A196 Extr 2 0 0 1 2 0 

A216 Extr 2 0 0 2 0 0 

A217 Extr 3 0 0 1 1 0 

A243 Extr 5 0 0 1 0 0 

A248 Extr 8 0 0 6 2 0 

A252 Extr 4 0 0 2 2 0 

A253 Seq 6 0 0 1 0 0 

A254 Seq 0 0 0 1 0 0 

A255 Seq 102 0 0 47 7 0 

A256 Seq 0 0 0 0 0 0 
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Candidatus Nasuia deltocephalinicola. A224 had remarkably more: 393 reads of Candidatus Sulcia 

muelleri and 398 reads of Candidatus Nasuia deltocephalinicola. Easiest explanation for the 

finding is that a part of an insect ended up crushed with the leaf in the sample tube and hence 

DNA from the insect was also sequenced. However, no other signal from insect DNA was found. 

It also seems somewhat unlikely that samples from two different leaves of the same plant both 

ended up with insect DNA. Another speculative option is that these bacteria ended up inside the 

lead when an insect was feeding on the plant. This option, however, remains unconfirmed. 

3.3 Community analysis 

For the 65 less common bacterial genera, I performed community analysis to assess whether the 

plant genotype and the treatment in which it had been grown had any effect on the bacterial 

community within the leaf. I excluded the six most commonly found eubacterial genera (see 

above) from the analysis, because they were interpreted as being clearly not endophytic but 

originating from outside the plant, being either contaminants or pathogens.  

I analysed the bacterial communities as presence-absence data only, i.e. the analysis only 

considers whether a given bacterial genera had been observed in a sample or not. The number of 

reads obtained was not considered. Furthermore, I pooled the samples together according to the 

treatment, resulting in a bacterial community data observed from a certain treatment. I could not 

perform this analysis from the mother plants, because after removing chloroplast, mitochondria 

and contaminant bacteria from the data, literally almost no observations of any bacteria from the 

mother plants were left. The community analysis therefore only considers the treatment in which 

the seedling was grown and the genotype (mother plant) and compares the effect it might have 

on the bacterial community of the seedlings. 

Bray-Curtis Dissimilarity values for all pairs of treatments are shown in Table 5. Bray-Curtis 

Dissimilarity index is a value between zero and one, zero meaning identical communities (low 

dissimilarity) and one meaning completely different communities (high dissimilarity) (Gardener 

2014). Highest dissimilarity values (i.e. the most different bacterial communities) were calculated 

for treatment pairs 14.Y - 18.S (dissimilarity 0.782), 14.Y - 14.S (dissimilarity 0.750), 14.Y - 20.S 

(dissimilarity 0.740), 4.Y - 18.S (dissimilarity 0.737) and 4.S - 14.Y (dissimilarity 0.714). Notably, in 

all these cases the two groups are of different treatments, meaning a sterile group (S) versus an 

environmental group (Y) even if the genotype is the same. Lowest dissimilarity values (i.e. the 

most similar bacterial communities) were calculated for treatment pairs 14.S - 18.S (dissimilarity 

0.270), 4.S - 14.S (dissimilarity 0.301), 18.Y - 20.Y (dissimilarity 0.301), 9.Y - 18.Y (dissimilarity 
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0.317) and 9.S - 20.S (dissimilarity 0.331). I found the lowest dissimilarity values between some of 

the genotypes belonging to the same treatment (sterile (S) versus sterile (S) or environmental (Y) 

versus environmental (Y)). 

Table 5. Pairs of treatments and their corresponding Bray-Curtis dissimilarity values. Five lowest values in bold and 

italics, five highest values in bold. Number in treatment indicates the genotype, i.e. the ID number of the mother plant. 

Y = Environmental soil, S = Sterile soil, S2 = growth chamber control (e.g. 4.S = seeds from mother plant #4, grown in 

sterile soil. 

 

 

 

 

Pairs Bray-Curtis Pairs Bray-Curtis Pairs Bray-Curtis 

4.S - 4.Y 0.658 9.S - 9.Y 0.582 14.S - 20.Y 0.432 

4.S - 9.S 0.410 9.S - 14.S 0.377 14.S - 23E.S2 0.619 

4.S - 9.Y 0.457 9.S - 14.Y 0.709 14.Y - 18.S 0.782 

4.S - 14.S 0.301 9.S - 18.S 0.455 14.Y - 18.Y 0.588 

4.S - 14.Y 0.714 9.S - 18.Y 0.526 14.Y - 20.S 0.740 

4.S - 18.S 0.357 9.S - 20.S 0.331 14.Y - 20.Y 0.600 

4.S - 18.Y 0.368 9.S - 20.Y 0.523 14.Y - 23E.S2 0.583 

4.S - 20.S 0.443 9.S - 23E.S2 0.586 18.S - 18.Y 0.458 

4.S - 20.Y 0.440 9.Y - 14.S 0.495 18.S - 20.S 0.396 

4.S - 23E.S2 0.576 9.Y - 14.Y 0.500 18.S - 20.Y 0.448 

4.Y - 9.S 0.654 9.Y - 18.S 0.571 18.S - 23E.S2 0.649 

4.Y - 9.Y 0.600 9.Y - 18.Y 0.317 18.Y - 20.S 0.538 

4.Y - 14.S 0.702 9.Y - 20.S 0.600 18.Y - 20.Y 0.301 

4.Y - 14.Y 0.593 9.Y - 20.Y 0.413 18.Y - 23E.S2 0.461 

4.Y - 18.S 0.737 9.Y - 23E.S2 0.429 20.S - 20.Y 0.553 

4.Y - 18.Y 0.529 14.S - 14.Y 0.750 20.S - 23E.S2 0.690 

4.Y - 20.S 0.690 14.S - 18.S 0.270 20.Y - 23E.S2 0.508 

4.Y - 20.Y 0.657 14.S - 18.Y 0.370 
  

4.Y - 23E.S2 0.610 14.S - 20.S 0.368 
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I used the dissimilarity values described above to construct an ordination of the different 

treatments using Non-metric Multidimensional Scaling (NMDS). Ordination is a way of grouping 

similar communities together and graphically illustrating these groups. Picture 14 shows how 

bacterial communities of different treatments relate to each other in the ordination. The 

treatments that result closer to each other have relatively similar bacterial communities whereas 

groups that are further apart have more different bacterial communities. In the ordination plot 

the Sterile and Environmental groupings are clearly visible. I drew ellipses around the two soil 

treatment groups (Sterile (S) and Environmental (Y)) so that all points within that group are within 

the ellipse. In the resulting picture these two ellipses do not overlap, which highlights the fact 

that the bacterial communities of certain soil treatment tend to be closer to other communities 

within the same soil treatment groups. The growth chamber control group (23E) which had 

sterilized soil but was grown in the same growth chamber with the Environmental (Y) group, is 

not included in either ellipse but stands out separately in the ordination. 

 
Picture 14. Ordination plot of different bacterial communities. Ordination based on Bray-Curtis Dissimilarity values 

using Non-Metric Multidimensional Scaling (NMDS). Points represent bacterial communities in each treatment. 

Ordination plot shows graphically which communities are most similar according to Bray-Curtis Dissimilarity values. The 

greater the distance between two points, the more different the two communities are. Red ellipse contains all Sterile (S) 

treatments, blue ellipse contains all Environmental treatments (Y). The ellipses are simply drawn around the group so 

that all points in a given soil treatment group are within the corresponding ellipse. Dashed lines connect Sterile (S) and 

Environmental (Y) treatments of the same genotype (e.g. 4.S and 4.Y). 
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I performed Analysis of Similarities (ANOSIM) to test the null hypothesis that there is no difference 

in the bacterial community composition between groups. I compared three sets of groups: 1) Soil 

Treatments (Sterile vs. Environmental), 2) Growth Chambers and 3) Genotypes (mother plant). 

ANOSIM results are given in Table 6. The ANOSIM statistic R is a value between -1 and 1. The 

closer it is to 1 the more similar the within group observations are to each other and the more 

dissimilar they are to observations from other groups. 

 

Table 6. Analysis of similarities (ANOSIM) results for different groups. 

 

 

Group Significance (p) ANOSIM statistic R 

Soil treatment (S vs. Y) 0.014 0.3787 

Growth chamber 0.011 0.5493 

Genotype 0.964 -0.352 
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4 Discussion 

In this study my aim was to answer the question about vertical inheritance of bacterial 

endophytes and how natural soil microbiome affects Plantago lanceolata germination, seedling 

growth and endophyte community. I first aimed to get a comprehensive picture of the overall 

endophyte community of P. lanceolata and then searched for clues of vertical inheritance, i.e. 

transmission of endophytes from mother to offspring via seed. I also studied the effect of the soil 

microbiome on germination, seedling growth and endophyte communities by performing a 

growth experiment with sterilized soil and environmental mixture soil. I included six P. lanceolata 

genotypes in my study to determine whether these patterns are genotype-specific. 

4.1 Germination & seedling growth 

I grew P. lanceolata seedlings in two different soil conditions: sterilized sand (“Sterile treatment” 

S) and sterilized sand mixed with soil collected from the field site (“Environmental treatment” Y). 

Soil treatment had a clear effect on the germination and growth of the seedlings (Picture 7 and 

8). Seeds sown in sterile sand showed higher germination percentage than seeds of the same 

genotype grown in environmental soil, but these seedlings grew slower during the experiment 

and never reached the size that the seedlings grown in environmental mixture did. This effect was 

consistent across all genotypes. Genotype affected germination rate (Picture 7) but not the 

growth of the seedlings (Picture 8). For instance, the germination percentage of genotypes #18 

and #20 was clearly higher in both the sterile and the environmental group than the germination 

percentage of genotypes #4, #9 and #14. Still within the genotype, germination percentage was 

consistently lower in the environmental soil treatment than in the sterile soil treatment across all 

genotypes (Picture 7). 

Two important phenomena could explain the results of the growth experiment: 1) soil microbiota 

and 2) nutrients. In the sterile soil treatment, I tried to eliminate the natural soil microbiota as 

thoroughly as possible by autoclaving the sand twice. Even after this I could still see some fungal 

growth after I incubated the sand on a growth media for a few days. However, I observed no 

bacterial growth. Even though all of the microbiota could not be excluded from the “sterile” 

treatment, it is reasonable to expect remarkable reduction in the number of microbes compared 

to the soil collected from the field site since microbial biomass in natural soil is usually very high 

and autoclaving is an effective way to kill soil microbes (Carter, Yellowlees, Tibbett 2007). Natural 

microbiota (or its absence) could affect germination and seedling growth in at least two ways: 1) 

parasitic microbes (pathogens) could infect the emerging seedlings, since the plant is most 
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vulnerable to pathogens as a germinating seed when seed coat no longer protects the seed but 

its immune system is not yet fully operational (Agrios 1988). On the other hand, 2) beneficial 

microbes could strongly enhance seedling growth and survival (Ghimire, Charlton, Craven 2009; 

Wu et al. 2016). Furthermore, multicellular soil fauna could damage seeds and therefore deter 

growth (Brown and Gange 1989; Gange, Brown, Farmer 1991). 

In my experiment I observed lower germination among seeds grown in environmental mixture 

soil but slower growth in sterile soil. Higher percentage of the seeds in sterile soil germinated but 

they also grew slower whereas a lower percentage of the seeds in environmental mixture 

germinated but they grew fast and reached greater sizes. It is possible that pathogenic microbes 

or other soil fauna reduced germination in environmental soil, while beneficial microbes 

enhanced growth among the seedlings that had managed to germinate. In the sterile soil, no 

pathogens would hinder germination but also no beneficial microbes would enhance seedling 

growth. 

In this growth experiment it was difficult to control the nutrient conditions. At the start of the 

experiment, I applied no excess nutrients and did not measure the nutrient contents of the soil 

treatments. The environmental mixture soil probably had more available nutrients than the 

sterile soil. Five weeks after the start of the experiment I started applying additional fertilizing to 

both treatments, resulting in accelerated growth in both treatments. Hence it may be that part 

of the difference in growth speed of seedling was caused by difference in the initial nutrient 

conditions (McWilliam, Clements, Dowling 1970). 

When it comes to the growth of test plants, growth chamber controls are clearly in line with the 

growth of the sterile soil group (Picture 8). That means that growth chamber had no effect on the 

growth of the seedlings. This suggests that the growth of the test plants during the experiment 

was mainly defined by the soil, most likely by its nutritional properties and maybe also by 

beneficial microbes, although neither of these was measured or characterized. The differences in 

the bacterial communities I have analysed below could have a link to the growth of the seedlings 

although no causal link can be inferred from this data. To further assess the effect of soil 

microbiota on the germination of seeds and survival of seedlings, it would be interesting to 

perform growth experiments with characterized soil microbiota or perhaps inoculating certain 

microbial strains into the soil. This approach has already been applied and it has been suggested 

as a useful tool in agriculture for biological disease-control and to promote healthy soil microbiota 

and beneficial plant-microbe interactions (Mendes, Garbeva, Raaijmakers 2013). Controlling 

nutritional conditions and pH of the soil would also be important in such an experiment. 
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4.2 OTU Analysis – difficulties in excluding mitochondrial DNA  

Because of the prokaryotic origin of mitochondria and chloroplasts, there is a high risk of their 

genes interfering with studies looking at endophyte diversity inside plants. Mitochondria and 

chloroplasts also harbour 16S rDNA regions in their genomes, so the challenge is to exclude them 

from the analysis and only look at the eubacterial 16S rDNA regions. Furthermore, endophyte 

abundance is typically low in leaves (Hallmann et al. 1997). Leaves are also the most 

photosynthetically active parts of plants, hence having the highest number of chloroplasts. 

Combined, these two factors - low abundance of endophytes and presence of significant amounts 

of mitochondria and chloroplasts - make it extremely challenging to get comprehensive picture 

of the diversity of bacterial endophytes in leaves. No wonder the observations of bacterial 

endophytes were for a long time considered merely contaminants or latent pathogens (Holland 

and Polacco 1994). 

The challenge of mitochondria and chloroplast DNA has been successfully overcome in previous 

endophyte studies by 1) designing fitting primers and by 2) size fractioning the obtained DNA 

products (Chelius and Triplett 2001; Kumar et al. 2017; Nissinen, Mannisto, van Elsas 2012). In 

this study, most Chloroplast sequences were successfully excluded with the appropriate primers. 

Some Chloroplast sequences still remained in the data, but this was expected and would not on 

its own have interfered dramatically with the analysis. Size fractioning of PCR products was 

however not done, despite the awareness of the risk of mitochondrial products overriding 

sequencing of endophyte DNA. Since no clearly separate endophyte and mitochondrial bands on 

gel electrophoresis were recognised, it was - apparently falsely - thought that the P. lanceolata 

mitochondrial 16S regions had not been amplified at all with the primers in use. This proved to 

be a major error of judgement, since 86.4% of all reads obtained ended up being mitochondrial 

sequences (Table 2, Picture 9). This highlights the importance of careful assessment of laboratory 

methods and results and possibly repeated preliminary analysis and pilot sequencing with a small 

number of samples before starting large scale sequencing. Simply redoing the analysis and 

carefully going through the size fractionation of initial PCR products could yield more reliable 

results. 

Because the data in this study was dominated by mitochondrial and chloroplast sequences, 

extreme caution is needed when making inferences regarding the endophytic bacterial 

community in the leaves of P. lanceolata. The presence of mitochondria and chloroplast 

sequences effectively hinders the possibility to detect endophytic bacteria in these samples. This 

effect may even be exacerbated by the competitive nature of PCR and sequencing reactions. Each 
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consecutive PCR cycle will amplify the most common sequences in largest amounts. This results 

in the accumulation of most common sequences (in this case mitochondrial) and even lower 

relative abundance of less common sequences than in the original sample. Hence, if already in 

the original raw samples there was far more mitochondria and chloroplast sequences than 

bacterial sequences, the remaining bacterial sequences after PCR are even less representative of 

the total bacterial community. However, there should not be a particular bias between the 

genotypes nor the treatments in this effect, and hence below I will nevertheless describe the 

patterns of variation in bacterial communities detected in this study, while emphasizing the need 

for utmost caution when interpreting these results. 

4.3 Eubacterial reads mainly from contaminants 

After I removed mitochondria and chloroplast reads from the data, 38,481 DNA reads remained, 

representing only 1.1% of all reads obtained from sequencing (Table 2, Picture 9). Out of these 

38,481 eubacterial DNA reads, 83% (31,981 reads) came from the six most common bacterial 

genera: Shewanella, Methylobacterium, Ralstonia, Halomonas, Salinicola and Clostridium (Table 

3). The few eubacterial reads obtained, most notably the reads of the six most common genera, 

seem to originate most probably from contaminant bacteria rather than endophytes. Two of the 

six most common eubacterial genera, Shewanella and Halomonas, were found in all but one 

control samples: from empty extraction controls as well as empty sequencing controls (one 

sequencing control remaining free of any bacterial observations, Table 4). This seems to indicate 

that these signals come not from true plant associated bacteria but from contaminants. The 

source of contamination may be e.g. water or reagents used in laboratory processes. 

Quite interestingly, in the case of one genera, Ralstonia sp., the contamination may have 

happened already in the DNA extraction phase: Ralstonia occurs in most samples that were 

extracted during the first 11 extraction days. Then suddenly from the 12th extraction day on, there 

remains no signal of Ralstonia except for very weak signals on the 13th and 15th day (Picture 12). 

This coincides with the opening of a new extraction kit: An old, previously opened kit had been 

used up until the 11th extraction day. On the 12th extraction day a new unopened kit was brought 

into use. Samples from the mother plants were processed during the first two extraction days. 

This may explain why Ralstonia occurrence is lower in the samples done during the first two days: 

leaves of mother plants probably hold higher amounts of chloroplasts and hence, for reasons 

described above, detection of bacterial strains is more difficult in these samples. Samples from 

the growth experiment were however not organised in any specific order relating to the genotype 
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or treatment during the DNA extraction, and hence it seems unlikely that the occurrence or 

Ralstonia could reflect genotypic differences or differences between treatments.  

Occurrence of another common bacterial genus, Salinicola, coincides with the occurrence of the 

most common and most obvious contaminant, Shewanella. There is strong correlation between 

Shewanella occurrence and Salinicola occurrence (Picture 13). Furthermore, also Salinicola reads 

were observed from some empty control samples (table 4). 

4.4 OTUs abundant in single samples: pathogens and insect symbionts? 

Some bacterial OTUs occur only in a small number of samples, but in great amounts. 

Methylobacterium sp. is found in 60 samples but in the vast majority of these in minimal numbers 

(<70 reads/sample). However, in two samples high prevalence of Methylobacterium was 

observed (A059, 4,184 reads and A233, 3,537 reads). This might indicate infection by a single 

pathogen or contamination of the samples. Methylobacterium sp. are however not known as 

plant pathogens, but quite the opposite, as common phyllosphere symbionts (Knief et al. 2010). 

It is therefore possible that the observed Methylobacterium are actually a signal from the 

epiphytic microbes. 

Clostridium sp. were found in only two samples: one of them has only two Clostridium reads but 

the other one 1065. Curiously, these two samples came from seedlings that were by accident 

sown in the same growth pot. Normally only one seed per growth pot was sown, but here two 

seeds ended up in the same pot. Furthermore, these seeds almost died during the experiment. 

They were noted as being “almost dead” by the sixth week of growth experiment but during the 

seventh week ended up growing new healthy leaves, from which the samples were taken. Thus, 

it remains possible that Clostridium bacteria had infected the plants, resulting in poor condition 

and growth of leaves. 

Even two apparently insect-borne bacteria were found. Two samples contained two bacteria, 

Candidatus Sulcia muelleri and Candidatus Nasuia deltocephalinicola, that are known as obligate 

symbionts of leafhoppers (Bennett and Moran 2013). It is tempting to speculate about the 

possibility of insect symbionts gaining entry to plants as the insect feeds on the leaves. This 

happens frequently when viral pathogens gain access to plants by insect vectors (Agrios 1988). 

Another explanation in this case, however, could be that some remnants of an insect or perhaps 

inset eggs have ended up in the sample and being sequenced alongside the plant material. 
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4.5 Bacterial communities 

I decided to perform the community analysis without the six most commonly observed bacterial 

genera. The rationale for this is that these six most common bacterial genera were most probably 

non-endophytic. This can be said with good confidence for reasons described above. 

Furthermore, had these most likely non-endophytic bacteria been included in the analysis, they 

would have overruled the analysis so that the bacterial communities (and the degree of their 

similarity) would have been mostly defined by these most commonly observed genera. 

After removing these six genera and a few unidentified reads, 166 different OTUs remained, 

representing 65 different bacterial genera. Community analysis using Bray-Curtis Dissimilarity 

values and ordination analysis seems to indicate that plant genotype had no observable effect on 

the bacterial community. Dissimilarity values for the bacterial communities did not associate with 

the plant genotype. Communities of the same genotype got sometimes high, sometimes low 

dissimilarity values. In the ordination, plants of the same genotype do not cluster together. It 

therefore seems, that in this study, genotype does not play a major role in defining bacterial 

community. Species-specific differences in endophyte assembly have been observed previously 

(Kumar et al. 2017), so perhaps intraspecific genotypic differences in the endophyte assembly are 

too small to detect here. It would be interesting to analyse groups of closely related plant species 

and their endophyte community to shed light on the patterns of coevolution. 

Unlike genotypes, the soil treatments seem to cluster the bacterial communities together: In all 

five treatment pairs with lowest dissimilarity values (i.e. the most similar bacterial communities), 

the two members of the pair were of the same soil treatment. Analysis of Similarities (ANOSIM) 

also gave significant results (p = 0.014) for the test according to the soil treatment. ANOSIM 

statistic R, is however only 0.3787, which indicates that the effect is not very strong. This is 

understandable by looking at the same analysis with samples grouped according to the growth 

chamber. Here ANOSIM also yields significant results (p = 0.011) and the test statistic R is higher 

(0.5493), meaning that the growth chamber seems to have bigger effect on the similarities of 

bacterial communities than the soil treatment. Soil treatments were kept in separate growth 

chambers to minimize the risk of contamination from environmental soil into the sterilized soil. 

Some seeds were grown in sterilized soil but in the same growth chamber as the environmental 

soil treatment, to act as growth chamber controls. Now it does actually seem that when the 

growth chamber controls are included in the analysis as part of the sterile treatment group, the 

bacterial communities group better together according to the growth chamber than according to 

the soil treatment. Perhaps contamination did in fact happen during the growth experiment, 
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resulting in microbes from the environmental soil mixture to affect the bacterial community of 

growth chamber control plants. In the ordination plot (Picture 14) the growth chamber control 

group (23E) stands somewhat separate from both Sterile group and Environmental group, but 

there are also remarkable distances within both Sterile and Environmental group. 

Although some differences could be observed in the community analysis, I want to emphasize 

that these results need to be considered with caution. Because of the difficulties in excluding 

mitochondrial DNA from the data, my view of the bacterial communities is most likely inaccurate. 

To get better results, the first thing to do would be to carefully develop the method I have used 

to get a reliable view of the bacterial communities inside the leaves of P. lanceolata. If the number 

of reads from mitochondrial DNA could be reduced remarkably, the data could turn out to be 

more useful. 
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5 Conclusions 

I have analysed here the leaf endophytic bacterial community of P. lanceolata and factors 

affecting its composition including maternal genotype and soil conditions. In addition, I have 

analysed how soil properties affect the germination and growth of P. lanceolata seedlings. 

I was not able to answer reliably to the main questions of this study, because of methodological 

challenges. However, useful lessons have been learned that could point towards new research 

directions. Validating the molecular methods for studying P. lanceolata endophytes could open 

up interesting possibilities for studying coevolution of host-endophyte interactions and the ways 

in which environmental conditions affect endophyte communities. Repeating DNA sequencing 

with the primers used in this study and going through careful size fractionation and nested PCR 

on the acquired DNA products could yield more reliable data. If a reliable snapshot view of the 

endophytic bacteria could be acquired, the next step could involve more elaborate experimental 

setups, somewhat like the growth experiment I have described in this study. However, starting 

time consuming and resource-intensive experiments and analysis are better left until after the 

methods are duly validated. 

In this study I observed clear differences in the germination and growth of P. lanceolata seedlings 

in different soil treatments as well as their subsequent growth during the seven weeks after 

germination. These differences are probably due to soil microbiota and other soil fauna and 

nutritional conditions. I also found out that many samples were contaminated during the 

laboratory analysis by bacteria that were identified as being clearly non-endophytic. After 

removing such contaminants from the analysis, I was able to detect some differences in the 

bacterial communities observed in different samples, some potentially attributable to the 

different soil treatments. These results, however, can only be considered preliminary and would 

require further validation. 
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