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ABBREVIATIONS 

ABTS – 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 

ACC – 1-aminocyclopropane-1-carboxylate 

BCA – biocontrol agent 

CAR – carotenoids 

CHA – chlorophyll a 

CHB – chlorophyll b 

DPPH – 2,2-diphenyl-1-picrylhydrazyl 

HA – Heterobasidion annosum 

HF – Hymenoscyphus fraxineus 

IAA – indole-3-acetic acid (auxin) 

ITS – internal prescribed spacer (DNA region for fungal identification) 

LB – lysogeny broth medium 

LS – Lophodermium seditiosum 

MS – Murashige and Skoog medium 

PGPM – plant growth-promoting microorganism 

PGPT – plant growth-promoting trait 

PGR – plant growth regulator 

pH – a measure of acidity or alkalinity 

PT – Phellinus tremulae 

rRNA – ribosomal ribonucleic acid 

SERS – surface-enhanced Raman spectroscopy  

TFC – total flavonoid content 

TPC – total phenol content 

WPM – woody plant medium  
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INTRODUCTION 

 

Climate change is expected to increase outbreaks of pathogens and may potentially create 

locally unfavorable abiotic conditions for optimal forest growth, which pose one of the greatest 

challenges to forest health [1,2]. Special measures must be taken to ensure forests can function 

normally by managing outbreaks and mitigating damages caused by abiotic stressors. Therefore, 

improving tree growth and health conditions is essential. However, the use of inorganic 

chemical substances (inorganic fertilizers and pesticides) in Europe is restricted due to adverse 

effects on soil, water, biodiversity, and ultimately human health [3]. Using microbial-based 

stimulants and fungicides could be an alternative way to deal with pathogens and enhance tree 

growth [3]. 

 A relatively novel niche to find beneficial microorganisms is the plant endosphere [3], 

which is colonized by complex microbial communities. Endophytes, often bacteria or fungi, live 

within plants, both intra- and intercellularly, without causing their hosts any obvious harm [4–

6]. Because they are sheltered within the tissues of their plant hosts, they can create long-lasting 

colonies. Endophytes can have mutualistic relationships with their host plants. In this case, they 

can produce various secondary metabolites that may affect plant growth and help them with 

stress response, increasing their resistance to harm [5,6]. They can also help their hosts by 

affecting their metabolic pathways [7], producing phytohormones, or enhancing nutrient 

bioavailability [3,8]. Endophytes can also serve as biological control agents (BCAs) in 

integrated pest and disease management [9,10]. Such integration of biological measures would 

be beneficial in commercial forestry as well as forest nurseries, as it would potentially reduce or 

at least limit the use of fungicides and chemical fertilizers or stimulants.  

In the past, however, most studies have focused on endophytes associated with important 

agricultural species, and the functions of tree endophytes are in many cases as poorly understood 

as their diversity and community structure. Based on this limited knowledge, practical 

applications for forest protection based on endophytes are still rare [11–13]. 

Originality and novelty 

Using culture-dependent methods, fungi (Neocucurbitaria, Aspergillus, Talaromyces, 

Byssochlamys, Meyerozyma, Microstroma) and bacteria (Bacillus, Pantoea, Delftia, 

Pseudomonas, Paenibacillus) species were isolated from pedunculate oak (Quercus robur L.) 

bud and leaf endosphere. Surface-enhanced Raman spectroscopy (SERS) was shown to be an 

effective technique to quickly evaluate within species diversity of pedunculate oak bacterial 

endophytes. Furthermore, Paenibacillus tundrae isolated from pedunculate oak was shown to 
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enhance model poplar (Populus) tree root growth and photosynthesis pigment concentration. 

Q. robur fungal and bacterial endophytes were also shown to have antagonistic potential against 

European forest pathogens (Hymenoscyphus fraxineus, Phellinus tremulae, Heterobasidion 

annosum, Lophodermium seditiosum). 

All in all, the obtained scientific data provides knowledge about the culturable endophytes, 

that can be found in pedunculate oak tissues and will potentially provide the basis for the 

creation of eco-friendly products for silviculture.  

Aim 

The aim of this study was to investigate the potential of endophytes found in the leaves and buds 

of Quercus robur L. for tree growth stimulation and pathogen growth inhibition. 

Hypothesis 

Quercus robur (L.) bud and leaf endosphere contains bacterial and fungal strains that could be 

used for tree growth promotion and for forest pathogen growth inhibition in vitro.  

Objectives 

1. To isolate and identify Quercus robur (L.) leaf and bud easily culturable endophytic 

bacteria and fungi;  

2. To evaluate if Quercus robur (L.) bacterial endophytes can be easily differentiated using 

surface-enhanced Raman spectroscopy (SERS) for efficient use in further experiments.  

3. To evaluate what plant growth-promoting traits isolated endophytes qualitatively exhibit 

in vitro; 

4. To determine if selected bacterial endophytes can enhance model poplar (Populus) tree 

growth and secondary metabolite production in vitro; 

5. To evaluate the growth inhibition potential of selected isolated endophytes against forest 

pathogens Heterobasidion annosum ((Fr.) Bref.), Hymenoscyphus fraxineus (Baral et 

al.), Lophodermium seditiosum (Minter, Staley & Millar) and Phellinus tremulae 

(Bondartsev & P.N. Borisov) under in vitro conditions. 

Defensive statements 

1. Quercus robur (L.) endophytes have plant growth-promoting traits that may lead to tree 

growth promotion; 

2. Surface-enhanced Raman spectroscopy (SERS) is an effective method, as compared to 

standard 16S rRNA sequencing, to evaluate within species variety of Quercus robur (L.) 

bacterial endophytes;   
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3. Endophytic Paenibacillus tundrae can promote model Populus spp. growth in vitro and 

positively impact their secondary metabolism; 

4. Quercus robur (L.) endophytes can limit the growth of Heterobasidion annosum ((Fr.) 

Bref.), Hymenoscyphus fraxineus (Baral et al.), Lophodermium seditiosum (Minter, 

Staley & Millar) and Phellinus tremulae (Bondartsev & P.N. Borisov) pathogens in 

vitro. 
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1. LITERATURE REVIEW 

1.1.  Research problem 

To improve growth and limit the damage from increasing pathogen attacks, silviculturists 

often rely on chemical assistance, i.e., pesticides and inorganic fertilizers/stimulants. Yet the 

current dependence on chemical substances is having a notable negative effect on ecology, 

biodiversity, water and soil quality, and human health, and it also negatively impacts global 

carbon emissions [3,14–16]. Data shows that just between 1995 and 2010 in European forests, 

plant emerging infectious diseases (pathogenic fungi mostly) have increased 13-fold [17]. Based 

on current climate change conditions, that are advantageous to fungi, these numbers are likely to 

rise [16]. However, while this trend is similar in both agriculture and forestry, a lot less research 

goes into studies relating to forest tree protection and their growth improvement.  

1.2. Plant growth-promoting microorganisms 

A possible eco-friendly solution to replace or limit the use of inorganic pesticides and 

fertilizers/stimulants could be biostimulation and disease control using microbial inoculants. 

Due to the current social climate, the search for microbial alternatives is expected to grow in the 

future [3]. Recently, plant growth-promoting microorganisms (PGPMs) have been widely 

studied as potential BCAs and biostimulants [3,14–16,18].  

Plant growth-promoting bacteria and fungi can be used as a long-term sustainable solution 

for fertilization and growth stimulation or they can be used in combination with chemical 

fertilizers, reducing their need, resulting in reduced cost, and reduced negative impact on the 

environment [19,20]. 

PGPMs can enhance nutrient accessibility and uptake through nitrogen fixation, phosphate 

mineralization/solubilization, siderophore (iron transport agent) production, potassium 

solubilization, etc. Moreover, microorganisms can produce plant growth regulators (PGRs) 

[14,21,22]. Additionally, microorganisms can assist in limiting the negative effects of 

environmental stressors and thus affect growth via changes in plant metabolome [23,24]. 

Inoculants can be used for a single purpose, ex. nitrogen fixation; however, more often they can 

have several beneficial aspects and thus have a complex effect on their host [22,25]. 

As mentioned, most of the studies in this field often research agriculturally important 

species, which have been shown to benefit from utilizing biostimulants (maize (Zea mays L.) 

[26], tomato (Solanum lycopersicum L.) [27], soybean (Glycine max (L.) Merr.) [28], rice 

(Oryza sativa L.) [29], etc.). However, research suggests that trees and other woody plants are 

similarly well-suited for biostimulant use. Several inoculant species/strains or consortium of 

species/strains have been successfully used in both pot trials and field studies on cedar (Thuja 
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plicata Donn.) [30], avocado (Persea americana Mill.) [31], tea (Camellia sp..) [32], pine 

(Pinus spp.) [33,34] and poplar (Populus spp.) [35,36]. Moreover, microorganisms have been 

shown to work well together with chemical NPK (nitrogen, phosphorus, and potassium 

respectively) and organic fertilizers in several tree species: olives (Olea europaea L.) [37], 

eucalyptus (Eucalyptus sp.) [38], poplars (Populus deltoides W.Bartram ex Marshall) [20], 

oranges (Citrus spp.) [39,40]. These studies demonstrate that biostimulants can at the very least 

limit chemical fertilizer needs without yield losses in forestry and related enterprises.  

Biocontrol agents are microorganisms that can be used for the eradication and control 

(growth limitation) of pathogens. BCAs work in two main ways – direct interaction via different 

mechanisms (antibiosis, competition, parasitism) or indirectly by inducing resistance (induced 

systemic resistance) [18]. This can be in the form of metabolic pathway alterations, 

inducing/reducing secondary metabolite production, enhancing photosynthesis system 

efficiency, etc. [23]. BCAs have been shown to work well in silviculture previously. The control 

of Heterobasidion annosum in the conifer forests of Northern Europe is an excellent example, 

though effectiveness was only achieved in certain conditions [41,42]. Other common European 

forest pathogens have also shown some growth inhibition by various microorganisms [43,44], 

however, product development and commercialization, when it comes to BCAs for silviculture 

use is scarce.  

1.3.  Endophytes 

In adapting PGPMs for plant protection and growth improvement, endophytes are an 

especially interesting group. Endophytes are microorganisms that can be found in plant hosts for 

at least a part of their life cycle but don’t cause their host any harm or an evident infection. So 

far, every plant tested was proven to have endophytic populations [5,7,45,46], however only 

several percent of all plant species were tested, thus plant endosphere presents a relatively novel 

and expansive niche in terms of finding new beneficial species/strains [3,47].  

Notably, compared to the rhizosphere and phyllosphere microorganisms, endophytes can 

create self-sustaining colonies within their hosts, thus limiting the impact of environmental 

variability that render some inoculants with restricted field applicability [15,18] and thus 

potentially extending their efficacy as biostimulants and BCAs [3], hence reducing the need for 

repeat applications. 

Endophyte-plant relationships are still not fully understood. However, it is believed that 

microbial symbionts use their hosts for a reliable supply of nutrients and as a protective measure 

from environmental stress. In return, they can have influence over improved plant stress 

tolerance, pathogen, and pest resistance, growth, etc. [5,7,45,47,48], similar to free-ranging 

PGPMs. 
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Researchers found that endophyte group biodiversity is determined by both individual host 

and habitat [5,46,49,50]. For example, findings suggest that tropical areas may have a higher 

diversity of fungal endophytes [46]. Host age/developmental stage and environmental conditions 

can also be a factor [5,47,49–51]. Furthermore, endophytic microorganisms can colonize the 

entire body of their host: roots, stems, leaves, fruits, buds, seeds, inflorescences, etc., however, 

certain organs can have denser or more diverse populations than others [47,51,52]. Overall 

multiple factors influence endophytic biodiversity: host species, genotype, growth stage, organ 

type, growth site, soil, disease incidence, nutritional and cultivation status, abiotic factors, etc. 

[50]. 

Endophytes are broadly segregated into two groups based on their origin, bacterial and 

fungal. These two groups are considered to be the most common in plants [47]. Even though 

fungi are eukaryotes and bacteria are prokaryotes, how they colonize their plant hosts has many 

similarities [5,49]. Knowledge about how fungi colonize their hosts is limited. Some invade the 

plants through their root system. However, it was shown that some invade their hosts via 

stomata [53]. Bacteria can colonize their hosts similarly, most often through the growth sites and 

wounds on the roots. They often colonize vascular tissues, this likely helps with distribution 

within the plant [4,53].  

Fungi can be recovered most frequently from their hosts and have greater biodiversity, but 

bacterial endophytes occur in greater numbers overall [47]. Fungal endophytes are most often of 

the Glomeromycota and Ascomycota phylum [47,54], while the most common bacterial 

endophyte taxa are Proteobacteria, Actinobacteria, Firmicutes, and Bacteroidetes [50,54]. 

1.4. Quercus endosphere  

Based on the previously mentioned data, the oak (Quercus) genus emerges as a promising 

source of yet-unstudied cultivable endophytes. Oaks are distributed throughout the Northern 

Hemisphere. Pedunculate oaks (Quercus robur) specifically, are the model trees for the genus. 

These trees are essential hardwoods, known for providing food and habitat for a variety of 

organisms in temperate forest environments, thus thriving in multiple habitats and ecosystems 

[55]. Notably, studies on pedunculate oak endophytes are relatively scarce. Commonly studied 

oak species in terms of their endophytic activity are cork oak (Q. suber) and Turkey oak 

(Q. cerris). Fungi are more thoroughly studied both as potential pathogens and as possible 

BCAs [56,57]. The cultivable bacterial endophytes of oaks are not thoroughly studied at all, nor 

is their use as biostimulants. Additionally, more fungal endophytes for oaks seem to have been 

identified than bacteria. 

A 2004 study found that Fusarium sp. endophytic fungus from Q. variabilis produced two 

compounds, one of which was previously unknown. Both of these compounds had an 
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antibacterial effect on Escherichia coli, Bacillus subtilis, Pseudomonas fluorescens [58]. 

Another study done with Q. variabilis showed that out of 67 endophytic fungi isolates, about 

half showed growth inhibition on harmful test subjects (various pathogenic fungi and bacteria). 

About 20% showed strong pathogen inhibition on a broader antimicrobial spectrum. Of this 

20%, all were effective against bacteria, but only a few showed antifungal activities. The most 

reactive strain with antifungal properties was Cladosporium sp. Analysis of its secondary 

metabolites showed that it produces brefeldin A – an antifungal compound [59]. Cork oak 

endophyte Trichoderma citrinoviride was shown to have a negative effect on several fungal 

pathogens that are associated with oak decline. A group of polypeptide antibiotics that showed 

antifungal activity against several forest tree pathogens were found [60].  

Oak endophytes have shown potential as BCAs. Brooks et al. tried to use Q. fusiformis 

endophytic bacteria as a biological control agent against oak wilt (caused by Ceratocystis 

fagacearum). They isolated 889 bacteria, 189 of which inhibited pathogen growth in vitro. Six 

isolates were tested on young trees (Q. texana and live oaks) in growth chambers. Of these 

Pseudomonas denitrificans reduced the diseased trees by half and reduced crown loss by 17% 

[9]. Fungi isolated from several Quercus species showed promising inhibition of Raffaelea 

quercus-mongolicae wilt-causing fungus in dual plate assays (up to 68%) [61]. Kwaśna and 

Szewczyk tested multiple fungi isolated from Q. robur on seedling growth and found that some 

enhanced root growth by up to 200% and leaf weight by up to 300% [62]. A 2016 article on oak 

endophytic bacteria describes that Pseudomonas, Bacillus, and Stenotrophomonas strains were 

isolated. The researchers tested them for varied plant growth-promoting traits (PGPTs). All 

produced PGRs, some were able to produce siderophores, while others solubilized phosphate. 

Several strains showed growth inhibition against Pseudomonas syringae pv. syringae in vitro 

[63].  

All this data combined shows that Q. robur endosphere has the potential as a niche for 

microorganisms with beneficial traits. Thus, the discovery of new pedunculate oak-associated 

species and strains that can enhance tree health, growth, and pathogen resistance could very 

likely be beneficial not only to oaks but, as research suggests, to other forest trees.  

1.5. Microorganism variety 

An issue researchers in this field encounter is that plant-associated samples often contain 

substantial amounts of diverse microbial species and potentially multiple, difficult-to-

differentiate, strains within a single genus (ex. Pseudomonas) [64,65], which is also true for 

trees. Since future research in this field will rely on the screening of new microbial species and 

strains, it will require methods that can efficiently and effectively differentiate between them, as 

different species and different strains can have vastly different effects on plant growth [66]. 
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In the field of plant-associated microbiology, many methods (DNA sequencing, analytical 

profile index, immuno-assays, etc.) can be utilized to differentiate between species/strains. 

However, the currently widely used genomic approach is not without limitations. To genetically 

differentiate isolates at strain level is comparatively costly and requires experience and time. An 

alternative could be surface-enhanced Raman spectroscopy (SERS). It relies on molecule 

excitation with light and a subsequent photon scattering effect on altered surfaces. Different 

molecules produce different scatter patterns, i.e. spectra, and thus can be differentiated. SERS is 

beneficial in microbiology because it’s a low cost, low volume, non-destructive, broad 

information content, rapid, high specificity, and sensitivity diagnostic method [67], and also 

because the analysis can be easily performed in an aqueous environment without interface or 

extensive pretreatments. In bacteriology, the efficacy of SERS was demonstrated with pure 

cultures, mixed samples, and single-cell experiments [68]. 

Thus, the use of SERS could potentially improve endophyte screening at a relatively early 

stage and allow to speed up the research into new and beneficial strains to be used in 

silviculture.  

 

To sum up, due to the negative impact inorganic fungicides and fertilizers have on the 

environment and human health, their use should be avoided or at the very least limited.  

An alternative means to stimulate growth and fight pathogens can be microorganisms. Plant 

growth-promoting microorganisms can positively impact plant growth in a variety of ways: 

through enhanced nutrient availability, phytohormone, antimicrobial or pesticidal agent 

production, or by inducing systemic resistance. One of the directions this field is taking is the 

search and research of new microorganism species or strains that could be effectively adapted 

to use in silviculture.  

Plant endosphere is an excellent choice for this search. Only a small number of plants 

have been studied in relation to their endophytes (microorganisms living within plant tissues 

asymptomatically) and all the plants tested thus far were shown to be inhabited by them. 

Endophytes may provide several key benefits as biostimulants and biocontrol agents, namely, 

they can be internalized by plants, also they can create long-lasting colonies. This would be 

economically beneficial and potentially solve and issue of successful field application.  

Pedunculate oak endosphere is not widely researched, especially in terms of their 

cultivable endomicrobiota, thus they provide a novel niche to find bacteria and fungi that could 

potentially be utilized for forest protection and tree growth enhancement.  

An additional problem in this field is the shear amount of microorganism species to test, 

thus effective and sensitive means for strain differentiation are necessary.  
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2. MATERIALS AND METHODS 

All in vitro experiments were conducted in the Laboratory of Forest Plant Biotechnology, 

Institute of Forestry, Lithuanian Research Centre of Agriculture and Forestry in Girionys, 

Lithuania during 2018–2022. SERS experiments were done in collaboration with Valentinas 

Snitka, PhD, at Kaunas University of Technology, Research Centre for Microsystems and 

Nanotechnology, Kaunas, Lithuania. 

The research object was pedunculate oak (Quercus robur) easily cultivable endophytes.  

2.1. Field sampling (Article 1 and 4) 

Field samples were collected in May of 2019 from pedunculate oaks at 8 random locations 

in Lithuania (Fig. 1). Trees were not differentiated based on bud flushing phenology, age, or 

growth site. Branches were transported to the lab and force flushed to limit additional infection. 

Due to the same reason, buds and primary leaves were chosen for endophyte isolation studies.  

 

Research objects / 

Tyrimo objektai 

Coordinates/Koordinatės Forest district / 

Girininkija 

Stand type / 

Medyno tipas 

S 55.829832, 26.217380 Antazavės Stand/Medynas 

S2 55.802318, 26.1948466 Antazavės Single/Pavienis 

D 55.324223, 23.9769252 Kėdainių Single/Pavienis 

V 54.839992, 24.039341 Vaišvydavos Single/Pavienis 

I 54.8392751, 24.104978 Vaišvydavos Single/Pavienis 

I1 54.8577924, 24.042968 Vaišvydavos Stand/Medynas 

I2 54.8577745, 24.0429516 Vaišvydavos Stand/Medynas 

M 55.8301132, 26.2168633 Antazavės Stand/Medynas 

Fig. 1. Growth sites and stand types of field samples collected from 8 Quercus robur trees in Lithuania 

1 pav. Aštuonių paprastųjų ąžuolų, iš kurių buvo paimti mėginiai, augavietės ir medynų tipai Lietuvoje 
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2.2.  Endophyte isolation and identification (Articles 1, 2, 4 and unpublished data) 

After flushing, buds and primary leaves were collected, and their surface was sterilized. 

Then to determine if surface sterilization was successful, explants were pressed onto a nutrient 

medium. The medium was observed for over a week for signs of microbial growth (Article 1, 

subsection 2.1). Explants were further grown on universal medium meant for woody plants, i.e., 

Woody plant medium (WPM, CuSO4×5H2O 0.25 mg/l, FeNaEDTA 36.7 mg/l, H3BO3 6.2 mg/l, 

MnSO4×H2O 22.3 mg/l, Na2MoO4×2H2O 0.25 mg/l, ZnSO4×7H2O 8.6 mg/l, CaCl2 72.5 mg/l, 

Ca(NO3)2×4H2O 471.26 mg/l, KH2PO4 170.0 mg/l, K2SO4 990.0 mg/l, MgSO4 180.54 mg/l, 

NH4NO3 400.0 mg/l, gelrite 4.0 g/l, pH 5.6±0.1). Emerging microbial colonies were transferred 

as needed onto universal bacteria medium, i.e., solid Lysogeny Broth (LB, tryptone 10 g/l, NaCl 

5 g/l, yeast extract 5 g/l, agar 10g/l, pH 7.2±0.1) medium (bacteria-like colonies) or solid malt 

medium (fungi-like colonies) (maltose 22 g/l, yeast extract 8 g/l, tryptone 6 g/l, glucose 20 g/l, 

gelrite 15 g/l, pH 5.5±0.1), the latter developed in Lithuanian Research Centre for Agriculture 

and Forestry, Institute of Forestry, Laboratory of Forest Plant Biotechnology for fungi 

propagation. Bacteria-like colonies were purified using the quadrant streaking method until they 

all had uniform colony morphology (Article 2, subsection 2.1.1). Mycelial fungi colonies were 

purified by multiple transfers and visually differentiated (Article 4). Bacterial and yeast samples 

were differentiated using a microscope by cell form and evidence of budding (Article 1 and 4).  

Further on several physiological tests were carried out for bacterial samples for further 

strain separation. Namely cell size and form were observed under a microscope (10 000x 

magnification). Then biofilm formation, carbohydrate use (Phenol red test), and antibiotic 

susceptibility (Kirby-Bauer disk diffusion test) (as described in Article 2, subsections 2.1.2– 

2.1.4) tests were done. A string test (3% KOH) was used in lieu of Gram staining [69], and 

standard oxidase and catalase tests were done [70]. Additionally, an oxygen requirement test 

was performed using thioglycolate broth to determine if isolates were facultative anaerobes or 

obligate aerobes [71]. 

Moreover, endospore formation was evaluated. Bacteria were grown overnight in liquid 

LB. The next day they were washed three times in NaCl (0.9%) solution by centrifuge (3500xg). 

After the last wash, the bacteria were resuspended in NaCl solution. Then a microtube with this 

suspension was heated in a water bath at 80°C and 70°C (two groups) for 20 minutes. 

Afterwards, 100 μl of the bacterial suspension was pipetted and spread onto solid LB plates. If 

bacterial growth with the same colony morphology as before appeared within a week (22°C), 

the bacteria were determined to be potential endospore formers.  
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DNA extraction and genetic identification of the isolates were performed at Macrogen 

sequencing center in The Netherlands using selective primer pairs (16S rRNA for bacteria and 

ITS region for mycelial fungi and yeast samples) (Article 1, subsection 2.1 and Article 4, 

Materials and Methods section respectively).  

2.3. Bacterial strain differentiation assay (Article 2) 

To evaluate whether SERS technique can be useful in bacterial strain differentiation 

compared to standard 16S rRNA gene sequencing (Article 1, subsection 2.1), bacterial 

endophyte isolates from two oak trees were randomly selected (Article 2, section 2).  

Isolates were grown overnight in liquid LB cultures and prior to testing washed in NaCl 

solution as noted in the previous section. Subsequently, while the bacteria were still viable, 

SERS measurements were taken. Sample spectra were later processed and collected data were 

analyzed using multivariate cluster analyses – principal component analysis and discriminant 

function analysis (Article 2, subsection 2.2). In SERS, spectral band and peak positions lead to 

bacterial differentiation based on biochemical differences.  

2.4. Plant growth-promoting traits (Articles 1, 4 and unpublished data) 

Qualitative PGPT assays were performed on varied selective media in vitro. Isolates were 

tested for nitrogen fixation on nitrogen-free media (just bacteria), siderophore production on 

media enriched with insoluble from of iron, inorganic phosphate solubilization on media 

enriched with insoluble phosphorus source Ca3(PO4)2 and organic phosphate mineralization on 

media with an organic source of phosphorus, i.e., soy lecithin, PGR – indole-3-acetic acid (IAA) 

production on media enriched with IAA precursor (Article 1, subsection 2.2; Article 4, Materials 

and Methods section) and potassium solubilization and ACC (1-aminocyclopropane-1-

carboxylate) deaminase activity (just selected bacteria) tests.  

Potassium solubilization assay was performed using selective media – namely preprepared 

Alexandrow’s agar (MgSO4 0.5 g/l, CaCO3 0.1 g/l, AlKO6Si2 2 g/l, glucose 5 g/l, FeCl3 

0.005 g/l, Ca3(PO4)2 2 g/l, agar 20 g/l, pH 7.2±0.1) (Himedia, India), where potassium is in an 

insoluble form [72,73]. Briefly, solid media was prepared per the manufacturer’s instructions, 

then microorganisms were placed on top of the medium (bacteria and yeast by stabbing the 

medium with an isolate swab on an inoculation needle, and by using mycelial fragments from 

the fungi). If clear areas appeared around the inoculation site within 2 weeks, the test was 

considered positive.  

Additionally, selected bacterial samples were tested for ACC deaminase activity, as it is 

reported to have properties relating to reduced plant stress [24]. Briefly, selective minimal 
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Dworkin and Foster medium was prepared (0,4 % KH2PO4, 0,6 % Na2HPO4, 0,02 % 

MgSO4×7H2O, 0,2 % glucose, 0,2 % gluconic acid, 0,2 % citric acid, 0,01 % FeSO4×7H2O, 

0,01 % H3BO3, 0,01 % MnSO4×H2O, 0,1 % ZnSO4×7H2O, 0,8 mg CuSO4×5H2O, 0,001 % 

MoO3 for negative control; with added 0,2 % (NH4)2SO4 for positive control; with added 3 mM 

ACC for the selective medium; (pH 7.2±0.1)), with ACC being the only nitrogen source [74]. 

Concurrently, plates with the same media composition, but without ACC or any other N source 

were used as a negative control. This test can only show if non-diazotrophic bacteria could 

produce ACC deaminase enzyme. This would be clear if no growth would appear on the 

inoculated (using inoculation needle) negative control plate, but colony growth would be 

observed on the plate with ACC.  

2.5. Populus spp. growth promotion in vitro (Article 1) 

Poplars – Populus tremula (in vitro culture establishment described by Vaičiukynė et al. 

[75]) and P. tremula × P. alba hybrid (IBL 91/78, established at the Forest Research Institute, 

Poland, from the vegetative buds of 6–7-year-old cloned trees) – were used for the in vitro 

experiments. Poplars were chosen due to several factors. Populus spp. are considered to be 

model organisms representative of all trees and other woody perennials [76]. They also are a 

common case study in plant-microbial interaction research [77].  

Both in vitro clonal microshoot cultures were kept in the Laboratory of Forest Plant 

Biotechnology for 5 years before use in the experiments described here under continuous 

bimonthly propagation via microcuttings in standard composition Murashige and Skoog (MS, 

CoCl2×6H2O 0.025 mg/l, CuSO4×5H2O 0.025 mg/l, FeNaEDTA 36.7 mg/l, H3BO3 6.2 mg/l, KI 

0.83 mg/l, MnSO4×H2O 16.9 mg/l, Na2MoO4×2H2O 0.25 mg/l, ZnSO4×7H2O 8.6 mg/l, CaCl2 

332.02 mg/l, KH2PO4 170.0 mg/l, KNO3 1900.0 mg/l, MgSO4 180.54 mg/l, NH4NO3 

1650.0 mg/l, glycine 2.0 mg/l, myo-inositol 100.0 mg/l, nicotinic acid 0.5 mg/l, pyridoxine HCl 

0.5 mg/l, thiamine HCl 0.1 mg/l, pH 5.6±0.1) medium.  

The experimental photoperiod was 16/8h (day/night) with growth chamber temperature at 

25/20°C respectively. The light source was fluorescent white lamps (irradiance  

30 μmol m−2 s−2). All tests were done using 3 biological replicates with 10 individual samples 

per each replicate. The data for statistical analysis were pooled (Article 1, subsection 2.3). 

Paenibacillus tundrae strain was selected for in vitro growth promotion assay based on the 

shear abundance in tested samples and literature review (specific strain was selected at random 

from the Paenibacillus tundrae genetic group). Uniform inoculated shoots were grown in WPM 

for 2 months. Afterward, to determine the advantages of using the selected strain, several 

morphological growth parameters were measured. Namely, vegetative growth parameters such 
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as root length and number, lateral root number, shoot height, leaf width, shoot number, and 

biomass. Lateral root density was also later calculated (Article 1, subsection 2.3). Statistical 

analysis was done via ANOVA (Analysis of variance) and Student’s t test.  

2.6. Plant-endophyte interaction impact on host secondary metabolism (Article 3) 

As before, the same bacterial Paenibacillus tundrae isolate was further researched to 

determine if alongside potential morphological changes in poplars, it could also impact poplar 

metabolomics. Specifically, poplar photosynthesis pigment content (chlorophyll a (CHA) and b 

(CHB), carotenoids (CAR)), antioxidant activity (via ABTS (2,2'-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid)) and DPPH (2,2-diphenyl-1-picrylhydrazyl) free radical 

scavenging assays) and secondary metabolite concentration (total phenol content (TPC) and 

total flavonoid content (TFC)). Thus, concurrently uninoculated and inoculated poplar 

microshoots were grown in vitro in the same manner as described before and samples were 

collected at 3 stages (4, 6, and 8 weeks) (Article 3, subsection 2.1).  

This study was conducted using spectroscopy at various wavelengths on methanolic 

(phenolics and antioxidants) or acetone (photosynthesis pigments) extracts from aboveground 

plant biomass (leaves and stems) (Article 3, subsection 2.2 and 2.3). The sample size was the 

same as previously described. Statistical analysis was conducted as described (Article 3, 

subsection 2.4).  

2.7. Antagonism assay (Article 4) 

Fungal and bacterial endophytes were selected for an antagonism assay against 4 common 

European forest pathogens: Heterobasidion annosum (HA), Hymenoscyphus fraxineus (HF), 

Lophodermium seditiosum (LS) and Phellinus tremulae (PT).  

For this assay, a dual in vitro culture method was selected (Article 4, Materials and 

Methods section). At least five biological replicates were done, each using fresh colonies. 

Inoculants and pathogens were tested prior to the assay to determine a medium that would be 

optimal for pathogen growth, but on which potential antagonists would grow as well. All 6 

isolated fungi grew well on pathogen-compatible media, however, only 5 bacteria from the oak 

endophyte isolate group were able to sustain the necessary viability to be further used in the 

antagonism assay.  

Growth inhibition by endophytic microorganisms was measured as radial growth 

inhibition as compared to the control plates.  
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3. RESULTS AND DISCUSSION  

3.1. Isolation, identification, and PGPTs (Articles 1, 2, 4 and unpublished data) 

Endophytic microorganisms were successfully isolated from 8 Q. robur trees (buds and 

leaves). In total 55 microorganisms were obtained. Per the morphological identification, 49 were 

rod-shaped bacteria, 2 – yeasts, and 4 – mycelial fungi. Further morphological analysis allowed 

fungi separation based on colony morphology. Based on colony color and visual appearance all 

6 fungi were determined to be potentially different species. Bacteria were differentiated into 

7 morphotypes (Supplementary table 1 and partly Article 2, Table 2 and 3, Figure 1).  

All isolates were successfully sequenced. Sequencing data showed that the isolated 

bacteria could be assigned to Firmicutes and Proteobacteria phyla. Both of these groups were 

previously found in various woody plants and accounted for a large part of the bacterial 

diversity [6,78–81], including Quercus robur [82,83]. Isolates were assigned to Bacillus, 

Delftia, Paenibacillus, Pantoea, and Pseudomonas genera. Paenibacillus spp. and Pseudomonas 

spp. were the most common bacteria isolated in this study. All of these taxa were previously 

isolated from other woody plants [43,66,80,84–89].  

Neocucurbitaria, Aspergillus, Talaromyces, and Byssochlamys molds were also isolated 

from oaks as were yeasts Meyerozyma and Microstroma. Aspergillus spp. have been isolated 

from Q. robur before [62,90], and so were Microstroma sp. [91] and Neocucurbitaria quercina 

[92]. Data on Meyerozyma guilliermondii (syn. Candida guilliermondii) endophytism in oaks 

were not found, but other Candida spp. have been previously isolated from Quercus [91] and 

other forest [93] and fruit trees [94,95]. Talaromyces amestolkiae has been isolated from 

mangrove trees [96] and Talaromyces sp. was isolated from pines (Pinus massoniana Lamb.) 

before [97]. Byssochlamys spectabilis (syn. Paecilomyces variotii) was previously isolated from 

pistachio trees (Pistacia vera L.) [25], while Paecilomyces formosus was linked with Quercus 

brantii dieback in Iran [98].   

PGPTs (phosphate solubilization and mineralization, IAA and siderophore production) 

were evaluated for all isolates qualitatively (Article 1, Table 1 and Article 4, Table 2). All 

endophytes were shown to produce phytohormone IAA and degrade inorganic phosphates. All 

isolates apart from 2 Bacillus sp. samples were able to mineralize organic phosphates. Out of the 

bacterial samples, only Pseudomonas spp. were capable of siderophore production, along with 

yeast Microstroma, molds Neocucurbitaria, Aspergillus, and Byssochlamys. Among the 

bacterial samples nitrogen fixation was not ubiquitous – bacteria from the Paenibacillus genus 

were not able to grow on a nitrogen-free medium (Article 1, Table 1), while only selected 

bacteria were tested for potassium solubilization and ACC deaminase activity (Table 1, 
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unpublished data). All tested Pantoea spp. and Pseudomonas spp. were positive for both, while 

both Bacillus spp. and Paenibacillus tundrae were negative for both. Delftia sp. was positive for 

ACC activity and negative for potassium solubilization.  

Table 1. Results of potassium solubilization tests and ACC deaminase enzyme activity performed on 

selected bacterial isolates  

1 lentelė. Kalio tirpumo ir ACC deaminazės aktyvumo testų rezultatai atlikti naudojant selektyvias terpes 

Isolate 

no. 

Closest genetic match /  

Artimiausias genetinis atitikmuo 

Potassium 

solubilization / 

kalio 

tirpinimas 

ACC deaminase 

activity /  

ACC deaminazės 

aktyvumas 

44.1 Pseudomonas brenneri + + 

34 Pantoea agglomerans + + 

24 Pseudomonas proteolytica + + 

29 Pseudomonas azotoformans + + 

27 Pantoea agglomerans + + 

13 Delftia lacustris - + 

23.1 Bacillus aryabhattai - - 

55.2 Bacillus aryabhattai - - 

43.1 Paenibacillus tundrae - - 

32 Pseudomonas paralactis + + 

 +/- denotes positive or negative test result respectively/. +/- atitinkamai nurodo teigiamą ir neigiamą testo 

rezultatą. 

Bacillus, Delftia, Pantoea, and Pseudomonas bacteria have been reported to exhibit 

multiple PGPTs previously [99–105]. Notably, Bacillus taxa is already utilized in commercial 

biostimulants [103]. Tested fungi also were capable of several PGPTs [106–108]. Paenibacillus 

spp. have been studied previously for plant growth promotion, exhibiting promising results as 

well [85,109–111]. 

Byssochlamys spectabilis was reported as an effective plant growth promoter for peppers 

(Capsicum annuum L.) and tomatoes (S. lycopersicum). Reported results show that it was 

capable of siderophore and IAA production and solubilization of phosphates [112]. Meyerozyma 

guilliermondii was shown to promote the growth of durum wheat (Triticum turgidum subsp. 

Durum Desf.) [113]. Improvements to the growth of maize (Zea sp.) and rice (Oryza sp.) were 

achieved by applying Aspergillus awamori [114] and Aspergillus niger [115] respectively. 

Q. robur seedlings exhibited increased root, stem, and leaf biomass after inoculation with 

Aspergillus niger [62]. Aspergillus sp. and Talaromyces sp. isolates were previously reported to 
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solubilize phosphates [116], while Microstroma sp. has been shown to produce high levels of 

IAA [117,118].  

3.2. Bacterial analysis via SERS (Article 2) 

In this experiment, SERS led to the separation of 3 genetically homologous (based on 16S 

rRNA gene fragment sequencing) Pantoea agglomerans strains into 2 groups (Article 2, Figure 

4 and 5) and 3 Pseudomonas samples were also separated into 3 main groups (Article 2, Figure 

4 and 7), while both tested Paenibacillus tundrae strains were clustered together, denoting that 

they were genetically and biochemically very close, even though they were isolated from two 

different oak trees (Article 2, Figure 4 and 6). In comparison, all Pantoea agglomerans samples 

originated from a single tree.  

Based on these data, it was demonstrated that SERS in tandem with multivariate cluster 

analyses can be an effective alternative in bacterial differentiation (subspecies) to standard 

16S rRNA gene sequencing in plant-associated samples. The SERS data also provide knowledge 

on the studied bacterial cell composition. Previous research showed that SERS works for human 

and food pathogens [119–122]. However, it’s been noted before that this technique was not 

utilized for plant-associated bacteria [123]. SERS spectra are inherently complex, due to spectral 

peak overlap and shifts [71], therefore chemometric multivariate analyses are used to improve 

the interpretation of experimental data [124]. Species differentiation using the SERS platform is 

not uncommon [71,125], and successful differentiation of closely related bacterial samples can 

be best showcased by the differentiation of several genoserogroups within a single species of 

Listeria monocytogenes [126]. While the exact nature of the bacterial SERS bands is difficult to 

assign, some similarities with spectra from previous studies were noted: Pantoea agglomerans 

[127], Pantoea sp. [128]. Pseudomonas aeruginosa – a commonly studied pseudomonad, was 

shown to exhibit some similarities to the Pseudomonas spp. spectra observed in this work 

[129,130]. Also, plant-associated Paenibacillus validus has exhibited many of the same peaks, 

as those reported in our study [123].  

These results showcase the innovative applicability of surface-enhanced Raman 

spectroscopy in tree endophyte research.  

3.3. Growth promotion and Paenibacillus impact on tree metabolism in vitro using 

Populus as a model system (Articles 1 and 3) 

In this study, Paenibacillus tundrae was used for poplar microshoot inoculation in vitro. 

P. tundrae was first isolated from the soil in North America [131] and later from barley [132]. 

The results from this study demonstrated that Paenibacillus tundrae had a growth-enhancing 
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effect mainly concentrated on poplar roots (Article 1, Table 2, Figures 2-4). While both tested 

genotypes were affected in a similar manner, it was evident that the hybrid poplar was impacted 

more. Inoculated P. tremula microshoots exhibited increased lateral root numbers (44.7%), 

lateral root density (66%), fresh and dry root biomass (101.9% and 63.6% respectively). 

P. tremula × P. alba microshoots exhibited increased lateral root number and density (213.7% 

and 125.6% respectively). Fresh and dry root biomass increased too (197.1% and 144.8% 

respectively). Hybrid microshoots also exhibited on average longer adventitious roots (102%, 

sum length), the length of the longest adventitious root increased by 79.5%. The number of 

adventitious roots was enhanced by 65% too. It’s also noteworthy that P. tremula x P. alba 

hybrid’s aboveground biomass was affected negatively as compared to the control group (25%).  

The inoculum of Paenibacillus tundrae also showed IAA production. This means that the 

promotion of root growth of the investigated poplar genotypes could be the result of IAA, due to 

its reported biochemical properties [6,85,87,110,133].  

Bacterial inoculation can also alter plant metabolism [134–138] and the changes in plant 

metabolic signature can show how a plant reacts to new conditions [139]. During this work, 

measurements of phenolics, antioxidant capacity, and pigment concentrations after inoculation 

of P. tremula x P. alba with Paenibacillus tundrae showed an impact on the host's metabolic 

profile depending on the time elapsed after inoculation. Specifically, after 4 weeks the effect 

was insignificant, while after 6 weeks the differences were already evident. Parameters of TPC, 

TFC, ABTS, and DPPH, CHA, and CAR were negatively affected, while CHB increased 

compared to controls. After 8 weeks, TPC, TFC, ABTS, and DPPH parameters remained 

negatively affected, while the concentrations of photosynthetic pigments increased (Article 3, 

Figure 1). Since flavonoids have an antioxidant capacity and can also regulate the interaction 

between plants and microorganisms [140,141], it is possible that changes in their profile caused 

a negative effect on DPPH and ABTS assay results. In addition, correlation and principal 

component analyses showed how inoculation with Paenibacillus tundrae influences the 

interactions between the studied variables (pigment concentration versus phenolics and 

antioxidant capacity parameters) (Article 3, Figures 2 and 3).  

In several studies, enhanced plant pigment concentration is linked to the general vigor of 

the plant [31,109,142,143]. However, CAR, CHA, and CHB have secondary functions. CAR 

and chlorophylls may act as antioxidants, while CAR can also be a precursor to phytohormones 

[139,144,145]. 

In a meta-analysis performed by Wallis and Galarneau (2008 to 2017 data), it was 

reported that total phenolics increase after colonization of bacteria, but the type of bacteria has 

no difference (beneficial or pathogenic) [146]. This was confirmed by other studies [27] but 
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does not fit the results from this study. It may be that the inoculated poplars exhibited lower 

amounts of phenolics because they do not recognize Paenibacillus tundrae colonization. That 

could potentially stem from the bacterium’s ability to alter signal transduction [140]. It’s worth 

noting that Paenibacillus genera have been reported as inhabitants of several tree species 

[43,106,147–151] and were called “predominant” within the tree endosphere [85].  

3.4. Antagonism assay (Article 4) 

During this work, each tested pathogen was inhibited by at least one tested endophytic 

isolate (>30% inhibition rate, p≤0.05). Overall, yeast Meyerozyma sp., Pseudomonas spp., and 

Pantoea spp. expressed broad-spectrum inhibition. Pseudomonas sp. demonstrated the highest 

inhibition of LS (68.4%) (Figure 2a) and PT (57.5%) (Figure 2b), Meyerozyma sp. – of HA 

(45.7%) (Figure 3a), Byssochlamys sp. – of HF (59.8%) (Figure 2c).  

 

Fig. 2 Dual culture antagonism assay exhibiting highest mean percentage of antagonism: a) 

Lophodermium seditiosum and Pseudomonas sp. no. 32 (68.4%***), b) Phellinus tremulae and 

Pseudomonas sp. no. 32 (57.5%**), c) Hymenoscyphus fraxineus (HF) and Byssochlamys sp. 

(59.8%**); HF negative control is on the left. HF negative control plug was transferred 6 days after the 

initial pathogen infection. p<0.01 – **, p<0.001 – ***, based on post hoc Dunn’s test. 

2 pav. Antagonisto ir patogeno kokultivacija in vitro. Efektyviausi radialinio augimo slopinimo 

pavyzdžiai: a) Lophodermium seditiosum ir Pseudomonas sp. no. 32 (68,4 %***), b) Phellinus tremulae 

ir Pseudomonas sp. no. 32 (57,5 %**), c) Hymenoscyphus fraxineus (HF) ir Byssochlamys sp. 

(59,8 %**); HF neigiama kontrolė yra kairėje. HF neigiamos kontrolės micelis į kokultivacinę terpę 

buvo perkeltas 6 dienos po pirminio patogeno perkėlimo. p<0,01 – **, p<,.001 – ***, pagal post hoc 

Dunn testą. 
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Fig. 3. Dual culture antagonism assay with yeast Meyerozyma sp., which exhibited good antagonism 

(>30%) against 3 of the tested pathogenic fungi: a) Heterobasidion annosum (45.7%**), b) 

Lophodermium seditiosum (41.7%**), c) Phellinus tremulae (PT) (52.1%**), d) Hymenoscyphus 

fraxineus (HF) (showing variation in HF growth within the experimental group, but no significant 

antagonism). HF and PT plates were inoculated 6 and 7 days respectively after the initial pathogen 

infection. p<0.01 – **, based on post hoc Dunn’s test. 

3 pav. Antagonisto ir 4 tirtų patogenų kokultivacija in vitro su Meyerozyma sp. miele, efektyviai 

slopinusia 3 patogenų radialinį augimą (>30 %): a) Heterobasidion annosum (45,7 %**), 

b) Lophodermium seditiosum (41,7 %**), c) Phellinus tremulae (52,1 %**), d) Hymenoscyphus 

fraxineus (dėl stebėtos HF augimo variacijos kontrolinėje grupėje, neužfiksuotas statistiškai patikimas 

HF antagonizmas). HF ir buvo inokuliuoti atitinkamai 6 ir 7 dienos prieš potencialių antagonistų 

inokuliaciją. p<0,01 – **, pagal post hoc Dunn testą. 

Hymenoscyphus fraxineus causes severe ash dieback. Several microbial species previously 

demonstrated an antagonistic effect against HF in vitro: Botrytis cinerea and Phoma 

macrostoma var. incolorata [152], Bacillus sp., Pantoea sp., Pseudomonas sp. [43], 

Papiliotrema flavescens, Vishniacozyma carnescens, Aureobasidium pullulans [153], 

Meyerozyma guilliermondii [154], and Hypoxylon rubiginosum [155].  

Lophodermium seditiosum is a conifer needle cast-causing agent. Though information on 

the biocontrol of LS is very rare, T. Poolak reports 19.4 to 44.1% inhibition observed using 

endophytic fungi [156]. Heterobasidion annosum also attacks conifers. Previous studies show 

that Bacillus subtilis strain was tested in a dual culture assay and exhibited notable inhibition 
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[157] as did Pseudomonas protegens [41]. Mesanza et al. tested Pseudomonas fluorescens and 

Bacillus simplex against HA [158].  

M. guilliermondii was previously studied and expressed inhibition of pear (Pyrus sp.), 

apple (Malus sp.), lemon and mandarin (Citrus spp.) post-harvest pathogens [94,95,117,159–

161]. However, efforts are mainly oriented toward orchard protection and post-harvest  

diseases [162–167].  

Out of the 4 tested molds in this study, only Byssochlamys sp. and Aspergillus sp. showed 

biocontrol characteristics against tested pathogens. Byssochlamys spectabilis has been reported 

as BCA before [168–170]. Moreover, crude extracts of B. spectabilis are being used as BCAs in 

China [171].  

Aspergillus fungi have been reported as BCAs too [172,173]. Mahendran et al. report that 

Aspergillus terreus exhibited inhibition of two rubber tree (Hevea brasiliensis Müll.Arg.) 

pathogens in vitro and in vivo [174], while Aspergillus flavus has been reported as a BCA in 

almond (Prunus sp.), fig (Ficus sp.) and pistachio (Pistacia sp.) trees [175].  
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4. CONCLUSIONS 

1. Quercus robur endophytic fungi (Neocucurbitaria, Aspergillus, Talaromyces, 

Byssochlamys, Meyerozyma, Microstroma) and bacteria (Bacillus, Pantoea, Delftia, 

Pseudomonas, Paenibacillus) isolates tested positive for at least three plant growth-

promoting traits. Inorganic phosphate solubilization and phytohormone indole-3-acetic 

acid (IAA) production was ubiquitous. This shows that tested isolates have the potential 

to be used for tree growth promotion. 

2. Surface-enhanced Raman spectroscopy (SERS) can be effectively applied to differentiate 

endophytic bacteria with minimal sample pretreatment. This innovation can lead to faster 

endophyte differentiation and speed up biostimulant and biocontrol agent research at an 

early stage.  

3. Model poplar (Populus) tree growth was improved by inoculation with endophytic 

Paenibacillus tundrae isolated from Quercus robur. An increase in root system 

parameters was observed. This isolate also positively impacted Populus sp. metabolome, 

specifically photosynthesis pigment concentrations, hence showing that it can potentially 

be used to promote tree growth and secondary metabolite production in vitro.  

4. Quercus robur endophytes can limit the radial growth of forest pathogens 

(Heterobasidion annosum, Hymenoscyphus fraxineus, Lophodermium seditiosum, and 

Phellinus tremulae) in vitro. Bacteria Pantoea agglomerans, Pseudomonas 

azotoformans, and yeast Meyerozyma guilliermondii exhibited significant antagonistic 

properties against three out of four tested pathogens. Further investigation of these 

endophytic species may lead to advances in creating new management strategies for 

these pathogens.  
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SANTRAUKA 

ĮVADAS 

Tikėtina, kad dėl klimato kaitos padaugės patogenų protrūkių ir gali susidaryti nepalankios 

vietinės abiotinės sąlygos optimaliam miško augimui, o tai yra vienas didžiausių iššūkių miškų 

sveikatai (1,2). Reikia imtis specifinių priemonių, kad miškai galėtų normaliai funkcionuoti, 

valdant ligų protrūkius ir mažinant abiotinių streso veiksnių daromą žalą. Tad labai svarbu 

gerinti medžių augimo sąlygas ir sveikatos būklę. Tačiau neorganinių cheminių medžiagų 

(neorganinių trąšų ir pesticidų) naudojimas Europoje ribojamas dėl neigiamo poveikio 

dirvožemiui, vandeniui, biologinei įvairovei ir žmonių sveikatai (3). Mikroorganizmų pagrindu 

sukurtų stimuliatorių ir fungicidų naudojimas galėtų būti alternatyvus būdas kovoti su 

patogenais bei skatinti medžių augimą (3). 

 Palyginti nauja niša, kurioje galima rasti naudingų mikroorganizmų, yra augalų 

endosfera (3). Endofitai, dažnai bakterijos ar grybai, gyvena augaluose tiek viduląstelinėse, tiek 

tarpląstelinėse ertmėse, nesukeldami savo šeimininkams pastebimos žalos (4-6). Kadangi jie yra 

įsikūrę savo augalų šeimininkų audiniuose, jie gali sukurti ilgalaikes kolonijas. Endofitai gali 

palaikyti mutualistinius santykius su augalais šeimininkais. Tokiu būdu jie gali padėti savo 

šeimininkams, paveikdami jų medžiagų apykaitos kelius (7), gamindami fitohormonus arba 

didindami maisto medžiagų biologinį prieinamumą (3,8). Endofitai taip pat gali būti biologinės 

kontrolės agentai kompleksinėje kenkėjų ir ligų valdymo sistemoje (9,10). Toks biologinių 

priemonių integravimas būtų naudingas komercinėje miškininkystėje, taip pat medelynuose, nes 

potencialiai sumažintų arba bent jau apribotų fungicidų ir cheminių trąšų ar stimuliatorių 

naudojimą.  

Visgi praeityje daugiausia dėmesio buvo skiriama endofitams, susijusiems su svarbiomis 

žemės ūkio rūšimis, o medžių endofitų funkcijos daugeliu atvejų yra taip pat menkai 

suprantamos, kaip ir jų įvairovė bei bendrijų struktūra. Remiantis šiomis ribotomis žiniomis, 

praktinis miško apsaugos pritaikymas remiantis endofitais vis dar yra retas (11-13). 

Naujumas 

Naudojant nuo kultivacijos priklausomus metodus, grybai (Neocucurbitaria, Aspergillus, 

Talaromyces, Byssochlamys, Meyerozyma, Microstroma) ir bakterijos (Bacillus, Pantoea, 

Delftia, Pseudomonas, Paenibacillus) buvo išskirtos iš paprastojo ąžuolo (Quercus robur L.) 

pumpurų ir lapų endosferos. Sustiprinto paviršiaus Ramano spektroskopija (SERS) pasirodė 

esantis veiksmingas būdas, leidžiantis greitai įvertinti paprastojo ąžuolo bakterinių endofitų 

vidurūšinę įvairovę. Be to, įrodyta, kad Paenibacillus tundrae, išskirtos iš paprastojo ąžuolo, 
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didina modelinių tuopų (Populus) šaknų augimą ir fotosintezės pigmentų koncentraciją. 

Paprastųjų ąžuolų grybiniai ir bakteriniai endofitai taip pat pasižymėjo antagonistiniu potencialu 

prieš Europos miškų patogenus (Hymenoscyphus fraxineus, Phellinus tremulae, Heterobasidion 

annosum, Lophodermium seditiosum). 

Apibendrinant galima teigti, kad gauti moksliniai duomenys suteikia žinių apie 

kultivuojamus endofitus, aptinkamus paprastųjų ąžuolų audiniuose, ir potencialiai taps pagrindu 

kuriant ekologiškus miško auginimui skirtus produktus. 

Tikslas 

Šio tyrimo tikslas – ištirti paprastojo ąžuolo (Quercus robur L.) lapuose ir pumpuruose 

aptinkamų endofitų potencialą skatinti medžių ir slopinti patogenų augimą. 

Hipotezė 

Paprastojo ąžuolo (Quercus robur L.) pumpurų ir lapų endosferoje yra bakterijų ir grybų 

padermių, kurios galėtų būti naudojamos medžių augimui skatinti ir miško patogenų augimui 

slopinti in vitro. 

Uždaviniai 

1. Išskirti ir identifikuoti paprastojo ąžuolo lapų ir pumpurų lengvai kultivuojamas 

endofitines bakterijas ir grybus;  

2. Įvertinti, ar paprastojo ąžuolo bakterinius endofitus galima lengvai atskirti naudojant 

sustiprinto paviršiaus Ramano spektroskopiją (SERS), kad juos būtų galima efektyviai 

panaudoti tolesniuose eksperimentuose;  

3. Įvertinti, kokiomis augalų augimą skatinančiomis savybėmis kokybiškai pasižymi 

išskirti endofitai in vitro; 

4. Nustatyti, ar atrinkti bakteriniai endofitai gali pagerinti modelinių tuopų (Populus) 

augimą ir antrinių metabolitų gamybą in vitro; 

5. Įvertinti atrinktų endofitų potencialą slopinti miško patogenų Heterobasidion annosum 

((Fr.) Bref.), Hymenoscyphus fraxineus (Baral et al.), Lophodermium seditiosum (Minter, Staley 

& Millar) ir Phellinus tremulae (Bondartsev & P.N. Borisov) augimą in vitro sąlygomis. 

Ginamieji teiginiai 

1. Paprastojo ąžuolo endofitai pasižymi augalų augimą skatinančiomis savybėmis, dėl kurių 

gali būti skatinamas medžių augimas; 

2. Sustiprinto paviršiaus Ramano spektroskopija (SERS) yra veiksmingas metodas, 

palyginti su standartine 16S rRNR sekoskaita, siekiant įvertinti paprastojo ąžuolo bakterinių 

endofitų vidurūšinę įvairovę;   
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3. Endofitinės Paenibacillus tundrae gali skatinti modelinių Populus medžių augimą in 

vitro ir teigiamai veikti jų antrinį metabolizmą; 

4. Paprastojo ąžuolo endofitai gali apriboti Heterobasidion annosum ((Fr.) Bref.), 

Hymenoscyphus fraxineus (Baral et al.), Lophodermium seditiosum (Minter, Staley & Millar) ir 

Phellinus tremulae (Bondartsev & P. N. Borisov) patogenų augimą in vitro. 

 

METODIKA 

Visi in vitro eksperimentai buvo atlikti Lietuvos agrarinių ir miškų mokslų centro Miškų 

instituto Miško augalų biotechnologijos laboratorijoje Girionyse 2018–2022 m. Sustiprinto 

paviršiaus Ramano spektroskopijos eksperimentai atlikti bendradarbiaujant su daktaru Valentinu 

Snitka Kauno technologijų universiteto Mikrosistemų ir nanotechnologijų mokslų centre, 

Kaune. 

Tyrimų objektas buvo paprastojo ąžuolo (Quercus robur) lengvai kultivuojami endofitai. 

Mėginių rinkimas (Straipsnis Nr. 1 ir Nr. 4) 

Lauko mėginiai buvo surinkti 2019 m. gegužės mėn. iš paprastųjų ąžuolų 8 atsitiktinai 

parinktose Lietuvos vietose (1 pav.). Medžiai nebuvo diferencijuojami pagal pumpurų sprogimo 

fenologiją, amžių ar augimo vietą. Šakos buvo gabenamos į laboratoriją, siekiant apriboti 

šalutinių užkratų tikimybę. Dėl tos pačios priežasties endofitų išskyrimo tyrimams buvo 

pasirinkti pumpurai ir pirminiai lapai. 

Endofitų izoliacija ir identifikacija (Straipsnis Nr.1, Nr.2, Nr.4 ir nepublikuoti duomenys) 

Prasiskleidus pumpurams, jie ir pirminiai lapai buvo surinkti ir jų paviršius sterilizuotas. 

Tada, siekiant nustatyti, ar paviršiaus sterilizacija buvo sėkminga, eksplantai buvo įspausti į 

mitybinę terpę. Daugiau kaip savaitę buvo stebima, ar terpėje nėra mikroorganizmų augimo 

požymių (1 straipsnio 2.1 poskyris). Toliau eksplantai buvo auginami ant universalios 

sumedėjusiems augalams skirtos terpės (WPM). Atsiradusios mikroorganizmų kolonijos pagal 

poreikį perkeltos į universalią bakterijų terpę, t. y. kietą LB terpę (į bakterijas panašios 

kolonijos) arba kietą maltozės terpę, sukurtą Lietuvos agrarinių ir miškų mokslų centro Miškų 

instituto Miško augalų biotechnologijų laboratorijoje grybams dauginti (į grybus panašios 

kolonijos). Bakterijų ir grybų mėginiai buvo išgryninti, o bakterijų ir mielių mėginiai vėliau 

diferencijuojami naudojant mikroskopą pagal ląstelių formą ir pumpuravimo požymius (1 ir 4 

straipsniai).  
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Izoliatų identifikavimui buvo naudojami tiek morfologiniai, tiek genetiniai metodai. Buvo 

atlikti keli fiziologiniai bakterijų mėginių tyrimai, kad būtų galima toliau atskirti jų padermes. 

Ląstelių dydis ir forma buvo stebimi mikroskopu (10 000 kartų padidinimas). Tada buvo atlikti 

bioplėvelės formavimosi, angliavandenių naudojimo ir jautrumo antibiotikams (kaip aprašyta 

2 straipsnio 2.1.2–2.1.4 poskyriuose) tyrimai. Vietoj Gram dažymo buvo naudojamas 3 % KOH 

testas (69), atlikti standartiniai oksidazės ir katalazės testai (70). Be to, buvo atliktas deguonies 

poreikio testas, naudojant tioglikolato sultinį, siekiant nustatyti, ar izoliatai yra fakultatyviniai 

anaerobai, ar obligatiniai aerobai (71). 

Be to, buvo įvertintas bakterijų endosporų susidarymas. Bakterijos buvo auginamos per 

naktį skystoje LB terpėje. Kitą dieną jos buvo tris kartus nuplautos NaCl (0,9 %) tirpale 

centrifuguojant (3500xg). Po paskutinio plovimo bakterijos buvo resuspenduotos NaCl tirpale. 

Tada mėgintuvėlis su šia suspensija buvo kaitinamas vandens vonelėje 80 °C ir 70 °C 

temperatūroje (dvi grupės) 20 minučių. Po 20 minučių 100 μl šios suspensijos buvo pipete 

užlašinta ant LB terpės. Jei per savaitę (22 °C temperatūroje) buvo pastebėtas bakterijų su tokia 

pačia kolonijų morfologija kaip ir anksčiau augimas, buvo laikoma, kad bakterijos yra 

potencialios endosporų formuotojos.  

Izoliatų DNR išskyrimas ir genetinis identifikavimas atliktas Macrogen sekoskaitos centre 

Nyderlanduose, naudojant selektyvias pradmenų poras (16S rRNR bakterijoms ir ITS sritis grybų 

ir mielių mėginių grybams) (atitinkamai 1 straipsnio 2.1 poskyris ir 4 straipsnio skirsnis 

"Medžiaga ir metodai"). 

Bakterinių padermių atskyrimas (Straipsnis Nr.2) 

Siekiant įvertinti, ar sustiprinto paviršiaus Ramano spektroskopija (SERS) gali būti 

naudinga diferencijuojant bakterijų padermes, palyginti su standartiniu 16S rRNR geno sekos 

nustatymu (1 straipsnio 2.1 poskyris), atsitiktinai buvo atrinkti bakterijų endofitų izoliatai iš 

dviejų ąžuolų (2 straipsnio 2 poskyris).  

Izoliatai buvo auginami per naktį skystose LB terpėse ir prieš tyrimą nuplauti NaCl tirpale 

kaip minima ankstesniame skyrelyje. Vėliau, kol bakterijos dar buvo gyvybingos, buvo atlikti 

SERS matavimai. Po to buvo apdoroti mėginių spektrai ir surinkti duomenys analizuoti taikant 

daugiamatę klasterinę analizę – principinių komponenčių analizę ir diskriminantinių funkcijų 

analizę (2 straipsnis, 2.2 skirsnis). Naudojant SERS, spektrinės juostos ir pikų padėtys leidžia 

atskirti bakterijas pagal jų biocheminius skirtumus. 
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Augalų augimą skatinančios savybės (Straipsnis Nr.1, Nr.4 ir nepublikuoti duomenys) 

Kokybiniai augalų augimą skatinančių savybių tyrimai buvo atliekami įvairiose 

selektyviose terpėse in vitro. Izolatai buvo tiriami terpėje be azoto (tik bakterijos) siekiant 

nustatyti ar jie yra azoto fiksatoriai. Taip pat terpėje, praturtintoje netirpia geležimi, siekiant 

nustatyti ar jie geba gaminti sideroforus. Terpėje, praturtintoje netirpiu fosforo šaltiniu, norint 

sužinoti ar jie geba tirpinti neorganinius fosfatus, bei terpėje, praturtintoje organiniu fosforo 

šaltiniu siekiant įvertinti jų gebėjimus mineralizuoti organinius fosfatus. Buvo įvertinta  

fitohormono indolo-3-acto rūgšties gamyba terpėje, praturtintose šio fitohormono prekursoriumi 

(1 straipsnio 2.2 poskirsnis; 4 straipsnio skirsnis "Medžiaga ir metodai"). 

Taip pat nustatyta izoliatų geba tirpinti kalį bei jų ACC (1-aminociklopropan-1-

karboksilato) deaminazės aktyvumas (tik pasirinktos bakterijos). Kalio tirpinimo tyrimas buvo 

atliktas naudojant selektyvią terpę, t. y. iš Aleksandrovo agarą (Himedia, Indija), kuriame kalis 

yra netirpioje formoje (72,73). Trumpai, terpė buvo paruošta pagal gamintojo instrukcijas, tada 

ant terpės buvo dedami mikroorganizmai (bakterijos ir mielės, smeigiant terpę izoliacine adata ir 

naudojant grybienos fragmentus miceliniams grybams). Jei per 2 savaites aplink inokuliacijos 

vietą atsirado permatomų zonų, testas buvo laikomas teigiamu. 

Be to, buvo ištirtas atrinktų bakterijų ACC deaminazės aktyvumas, nes žinoma, kad ji turi 

savybių, susijusių su augalų streso reguliavimu (24). Trumpai, buvo paruošta selektyvi Dworkin 

ir Foster terpė, kurioje ACC buvo vienintelis azoto šaltinis (74). Tuo pačiu metu kaip neigiama 

kontrolė buvo naudojamos lėkštelės su ta pačia terpe, bet be ACC ar bet kokio kito azoto 

šaltinio. Šis testas gali parodyti tik tai, ar nediazotrofinės bakterijos gali gaminti ACC 

deaminazės fermentą. Tai būtų aišku, jei ant užkrėstos (naudojant inokuliavimo adatą) 

neigiamos kontrolinės plokštelės augimas neatsirastų, bet lėkštelėje su ACC būtų stebimas 

kolonijų augimas. 

Augalų augimo skatinimas in vitro (Straipsnis Nr.1) 

In vitro eksperimentams naudotos modeliniu sumedėjusius augalu in vitro tyrimuose 

laikomos tuopos – Populus tremula ir P. tremula × P. alba hibridas. Abi in vitro kloninės 

mikroūglių kultūros buvo laikomos Miško augalų biotechnologijos laboratorijoje 5 metus prieš 

panaudojant šiame darbe aprašytuose eksperimentuose, kas du mėnesius dauginant mikroūgliais 

standartinės sudėties MS terpėje. Eksperimentinis šviesos ciklas buvo 16/8 val., kai augimo 

kameros temperatūra buvo atitinkamai 25/20 °C. Šviesos šaltinis buvo fluorescencinės baltos 

lempos (švita 30 μmol m−2 s−2). 
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Tuopos eksperimentams pasirinktos dėl kelių veiksnių. Populus spp. yra laikomi 

modeliniais organizmais, reprezentuojančiais visus medžius ir kitus sumedėjusius daugiamečius 

augalus (76). Jie taip pat yra dažnas augalų ir mikrobų sąveikos tyrimų objektas (77).  

Visi bandymai buvo atlikti naudojant 3 biologinius pakartojimus su 10 mėginių 

kiekviename pakartojime. Duomenys statistinei analizei buvo apjungti (1 str. 2.3 poskyris). 

Paenibacillus tundrae bakterijos buvo atrinktos in vitro augimo skatinimo tyrimui, 

remiantis jų gausa tirtuose mėginiuose (konkreti padermė buvo atrinkta atsitiktinai iš 

Paenibacillus tundrae genetinės grupės) ir literatūros apžvalga. Siekiant nustatyti pasirinktos 

padermės naudojimo pranašumus, buvo išmatuoti keli morfologiniai tuopų mikroūglių augimo 

parametrai: šaknų ilgis ir skaičius, šoninių šaknų skaičius, ūglių aukštis, lapų plotis, ūglių 

skaičius, biomasė, šoninių šaknų tankis (1 straipsnio 2.3 poskyris) po 2 mėnesių inkubacijos. 

Duomenys apdoroti naudojant ANOVA ir Stjudento t testą.  

Augalų-endofitų sąveikos įtaka augalų antriniam metabolizmui (Straipsnis Nr.3) 

Paenibacillus tundrae izoliatas buvo toliau tiriamas siekiant nustatyti, ar kartu su galimais 

morfologiniais tuopų augimo pokyčiais jis taip pat gali turėti įtakos tuopų antriniam 

metabolizmui. Konkrečiai, tuopų fotosintezės pigmentų koncentracijai (chlorofilas a ir b, 

karotenoidai), antioksidaciniam aktyvumui (naudojant ABTS ir DPPH laisvųjų radikalų 

pašalinimo tyrimus) ir bendrai fenolių ir flavonoidų koncentracijai. Neinokuliuoti ir inokuliuoti 

tuopų mikroūgliai buvo auginami in vitro, o mėginiai analizėms buvo renkami 3 etapais (po 4, 6 

ir 8 savaičių) (3 straipsnio 2.1 poskyris). 

Šis tyrimas buvo atliktas naudojant antžeminės augalų biomasės metanolio (fenolių ir 

antioksidantų) arba acetono (fotosintezės pigmentų) ekstraktų spektroskopinę analizę  

(3 straipsnio 2.2 ir 2.3 poskyriai). Statistinė analizė atlikta naudojant ANOVA, principinių 

komponenčių ir koreliacinę analizes (3 str. 2.4 poskyris). 

Antagonizmas in vitro (Straipsnis Nr.4) 

Ąžuolų grybiniai endofitų izoliatai ir 5 bakterijos buvo atrinkti antagonizmo tyrimui prieš  

4 labiausiai paplitusius ir didžiausius ekonominius nuostolius darančius Europos miškų 

patogenus: pušinę pintį (Heterobasidion annosum), uosių chalarą (Hymenoscyphus fraxineus), 

paprastąją spygliakritę (Lophodermium seditiosum) ir drebulinę pintį (Phellinus tremulae).  

Šiam tyrimui buvo pasirinktas kokultivacijos in vitro metodas (4 straipsnio metodikos 

skyrelis). Buvo atlikti 5 biologiniai pakartojimai, kiekvienas jų iš šviežių kolonijų. Inokuliantai 

ir patogenai buvo išbandyti prieš tyrimą, siekiant nustatyti terpę, kuri būtų optimali patogenų 
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augimui, bet kurioje augtų ir galimi antagonistai. Visi 6 izoliuoti grybai gerai augo su patogenais 

suderinamose terpėse, tačiau tik 5 bakterijos iš bakterinių izoliatų grupės sugebėjo išlaikyti 

būtiną gyvybingumą. Patogenų augimo slopinimas naudojant endofitinius mikroorganizmus 

buvo matuojamas kaip radialinis augimo slopinimas, palyginti su kontrolinėmis lėkštelėmis. 

REZULTATAI 

Izoliacija, identifikacija ir augalų augimą skatinančios savybės (Straipsnis Nr.1, Nr.2, Nr.4 

ir nepublikuoti duomenys) 

Endofitiniai mikroorganizmai buvo sėkmingai išskirti iš 8 Q. robur medžių. Iš viso buvo 

išskirti 55 mikroorganizmai. Pagal morfologinį identifikavimą 49 buvo lazdelės formos 

bakterijos, 2 – mielės ir 4 – miceliniai grybai. Remiantis kolonijų spalva ir išvaizda, buvo 

nustatyta, kad visi 6 grybai gali būti skirtingos rūšys. Bakterijos buvo suskirstytos į  

7 morfotipus (Priedų 1 lentelė ir iš dalies 2 straipsnis, 2 ir 3 lentelės, 1 pav.). 

Ši morfologinė diferenciacija leido efektyviai atlikti augalų augimą skatinančių savybių 

testus, kol vyko genetinis identifikavimas. Sekoskaita buvo sėkmingai atlikta ir jos duomenys 

apdoroti. Visi izoliatai buvo identifikuoti bent rūšies lygyje (1 straipsnio 1 lentelė ir 4 straipsnio  

1 lentelė). Genetiniai duomenys sutapo su morfologiniu vertinimu. Buvo identifikuotos šešios 

grybų gentys (mielės – Meyerozyma ir Microstroma, miceliniai grybai – Talaromyces, 

Neocucurbitaria, Aspergillus ir Byssochlamys) (4 straipsnio 1 lentelė) ir 5 bakterijų gentys 

(Bacillus, Pseudomonas, Delftia, Paenibacillus ir Pantoea (1 straipsnis, 1 lentelė). Šiame tyrime 

dažniausiai išskirtos Paenibacillus spp. ir Pseudomonas spp. bakterijos.  

Visų izoliatų augalų augimą skatinančios savybės buvo įvertintos kokybiškai. Įrodyta, kad 

visi endofitai gamina fitohormoną indol-3-acto rūgšį ir skaido neorganinius fosfatus. Visi 

izoliatai, išskyrus 2 Bacillus sp. mėginius gebėjo mineralizuoti organinius fosfatus. Iš bakterijų 

mėginių tik Pseudomonas spp. galėjo gaminti sideroforus kartu su Microstroma mielėmis, 

Neocucurbitaria, Aspergillus ir Byssochlamys grybais. Tarp bakterijų mėginių azoto fiksacija 

nepasižymėjo tik Paenibacillus genties bakterijos. 

Visų tirtų Pantoea spp. ir Pseudomonas spp. kalio tirpinimo ir ACC deaminazės 

aktyvumo rodikliai buvo teigiami, o Bacillus spp. ir Paenibacillus tundrae – neigiami. Delftia 

sp. rodikliai buvo teigiami ACC aktyvumo atžvilgiu ir neigiami kalio tirpinimo atžvilgiu 

(1 lentelė). 
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Bakterijų įvairovės analizė (Straipsnis Nr.2) 

Dėl didelės endofitinių mikroorganizmų įvairovės augalų mėginiuose reikėjo būdo juos 

atskirti, siekiant efektyviai išbandyti atrinktus mikroorganizmus tolimesniuose eksperimentuose, 

neeikvojant išteklių.  

SERS spektrams gauti buvo naudojama nedidelė pasirinktų bakterijų grupė. Tada surinkti 

duomenys buvo naudojami chemometrinei analizei. Principinių komponenčių ir 

diskriminantinių funkcijų analizių rezultatai buvo palyginti su genetinių ir fiziologinių tyrimų 

duomenimis. Metodas leido išskirti 3 genetiškai homologiškus (remiantis 16S rRNR geno 

fragmentų sekos nustatymu) Pantoea agglomerans padermės izoliatus į 2 grupes (2 straipsnis, 4 

ir 5 pav.), o 3 Pseudomonas mėginiai taip pat buvo atskirti į 3 grupes (straipsnis Nr.2, 4 ir 7 

pav.). Abu tirti Paenibacillus tundrae izoliatai buvo sugrupuoti kartu, o tai reiškia, kad jie buvo 

genetiškai labai artimi, nors buvo išskirti iš dviejų skirtingų ąžuolų (2 straipsnis, 4 ir 6 

paveikslai). Palyginimui, visi Pantoea agglomerans mėginiai kilę iš vieno medžio. 

Tuopų augimo skatinimas ir Paenibacillus įtaka jų metabolizmui in vitro (Straipsnis Nr.1 

ir Nr.3) 

Iš visų izoliatų Paenibacillus tundrae bakterija buvo atrinkta tuopų mikroūglių 

inokuliacijai in vitro. Pirmoje bandymo dalyje buvo auginamos Populus tremula ir hibridinės 

tuopų kultūros, kurių morfologiniai augimo parametrai buvo išmatuoti po 2 mėnesių augimo 

periodo. Surinktų duomenų analizė parodė, kad Paenibacillus tundrae turėjo augimą skatinantį 

poveikį, daugiausia pastebimą šaknyse (1 straipsnis, 2 lentelė, 2–4 pav.). Inokuliuoti P. tremula 

mikroūgliai turėjo padidiną šoninių šaknų skaičių (44,7 %), šoninių šaknų tankį (66 %), šviežių 

ir sausų šaknų biomasę (atitinkamai 101,9 % ir 63,6 %). Hibridinių tuopų (P. tremula × P. alba) 

mikroūglių šoninių šaknų skaičius ir tankis taip pat padidėjo (atitinkamai 213,7 % ir 125,6 %). 

Padidėjo ir jų šviežių ir sausų šaknų biomasė (atitinkamai 197,1 ir 144,8 %). Hibridų 

mikroūgliai taip pat pasižymėjo vidutiniškai ilgesnėmis pridėtinėmis šaknimis (102 %, bendras 

ilgis), o ilgiausios pridėtinės šaknies ilgis padidėjo 79,5 %. Pridėtinių šaknų skaičius padidėjo 

65 %. Taip pat pažymėtina, kad P. tremula x P. alba hibrido antžeminė biomasė buvo neigiamai 

paveikta, palyginti su kontroline grupe (25 %). 

Kitam bandymui buvo naudojama ta pati inokuliavimo procedūra, tačiau naudota tik 

hibridinė tuopa. Šio tyrimo metu biomasės mėginiai buvo paimti praėjus 4, 6 ir 8 savaitėms po 

inokuliacijos. Išmatuotas augalų fenolių ir fotosintezės pigmentų koncentracijos ir 

antioksidacinis aktyvumas. Rezultatai parodė, kad Paenibacillus tundrae izoliatas turėjo įtakos 

šeimininko metaboliniam profiliui. Po 4 savaičių poveikis buvo nežymus, o po 6 savaičių 
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atsirado statistiškai patikimi skirtumai. Fenolių ir antioksidantų, chlorofilo a ir karotinoidų 

rodikliai buvo neigiamai paveikti, o chlorofilo b kiekis padidėjo, palyginti su kontrolinėmis 

grupėmis. Po 8 savaičių fenolių ir antioksidantų parametrai buvo neigiamai paveikti, o 

fotosintezės pigmentų koncentracijos padidėjo (3 straipsnis, 1 pav.). 

Be to, koreliacijos ir principinių komponenčių analizės parodė, kad inokuliacija 

Paenibacillus tundrae bakterija paveikė kaip tiriami kintamieji (pigmentų kiekis, palyginti su 

fenoliais ir antioksidantais) sąveikauja tarpusavyje (3 straipsnis, 2 ir 3 pav.). 

Antagonizmas in vitro (Straipsnis Nr.4) 

Atrinktos bakterijos (5 individai) ir visi 6 grybų izoliatai buvo naudojami in vitro 

kokultivacijos antagonizmo tyrime prieš 4 patogeninius grybus. 

Kiekvienas patogenas buvo slopinamas bent vienu iš ištirtų izoliatų (>30 % slopinimas, 

p≤0,05). Mielė Meyerozyma sp., bakterijos Pseudomonas spp. ir Pantoea spp. pasižymėjo 

plataus spektro slopinimu. Pseudomonas sp. parodė didžiausią LS (68,4 %) ir PT (57,5 %) 

slopinimą, Meyerozyma sp. – HA (45,7 %), Byssochlamys sp. – HF (59,8 %) (2.3 pav.). 

Meyerozyma sp. buvo vienintelis izoliatas, slopinantis HA augimą (3 pav.). 
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IŠVADOS 

1. Visi tirti paprastojo ąžuolo endofitinių grybų (Neocucurbitaria, Aspergillus, 

Talaromyces, Byssochlamys, Meyerozyma, Microstroma) ir bakterijų (Bacillus, Pantoea, 

Delftia, Pseudomonas, Paenibacillus) izoliatai pasižymėjo bent trimis augalų augimą 

skatinančiomis savybėmis. Neorganinių fosfatų tirpinimas ir fitohormono indol-3-acto rūgšties 

gamyba buvo aptikti visuose izoliatuose. Tai rodo, kad tirti izoliatai gali būti naudojami medžių 

augimui skatinti. 

2. Sustiprinto paviršiaus Ramano spektroskopija gali būti veiksmingai taikoma 

endofitinėms bakterijoms diferencijuoti, minimaliai apdorojant mėginius. Ši naujovė gali padėti 

greičiau diferencijuoti endofitus ir paspartinti biostimuliatorių ir biokontrolės agentų tyrimus 

ankstyvoje stadijoje.  

3. Modelinių tuopų (Populus) augimas pagerėjo po inokuliacijos endofitinėmis 

Paenibacillus tundrae bakterijomis, išskirtomis iš paprastojo ąžuolo. Pastebėtas šaknų sistemos 

parametrų padidėjimas. Šis izoliatas taip pat teigiamai veikė tuopų antrinį metabolizmą, ypač 

fotosintezės pigmentų koncentraciją, taip parodant, kad jis potencialiai gali būti naudojamas 

medžių augimui ir antrinių metabolitų gamybai in vitro skatinti.  

4. Paprastojo ąžuolo endofitai gali apriboti miško patogenų (Heterobasidion annosum, 

Hymenoscyphus fraxineus, Lophodermium seditiosum ir Phellinus tremulae) radialinį augimą in 

vitro. Bakterijos Pantoea agglomerans, Pseudomonas azotoformans ir mielė Meyerozyma 

guilliermondii pasižymėjo reikšmingu antagonistiniu poveikiu trims iš keturių tirtų patogenų. 

Tolesni šių endofitinių rūšių tyrimai gali padėti sukurti naujus šių patogenų valdymo būdus. 
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Isolate 

no. / 

Izoliato 

numeris 

Closest NCBI match / 

Artimiausias atitikmuo 

NCBI duomenų bazėje 

String test 

(Gram 

+/-) / 

Virvelės 

testas 

Biofilm 

formation / 

Bioplevelės 

formavimas 

Catalase 

test / 

Katalazės 

testas 

Cell form / 

Ląstelės 

forma 

Oxidase 

test / 

Oksidazės 

testas 

Oxygen 

requirement / 

Deguonies 

poreikis 

Lactose use / 

Laktozės 

naudojimas 

Maltose use / 

Maltozės 

naudojimas 

Sucrose use / 

Sacharozės 

naudojimas 

Glucose use / 

Gliukozės 

naudojimas 

Fructose 

use / 

Fruktozės 

naudojimas 

24 Pseudomonas 

brenneri 

 - Moderate/ 

Vidutinis 

 + Rod-

shaped/ 

Lazdelė 

 + obligate aerobe/ 

obligatinis 

aerobas 

 -  -  - A  - 

29 Pseudomonas 

proteolytica 

 - Moderate / 

Vidutinis 

 + Rod-

shaped/ 

Lazdelė 

 + obligate aerobe/ 

obligatinis 

aerobas 

 -  -  - A  - 

35 Paenibacillus 

tundrae 

 -  -  + Rod-

shaped/ 

Lazdelė 

 - facultative 

anaerobe/ 

fakultatyvinis 

anaerobas 

A A A A A 

37 Pseudomonas 

azotoformans 

 -  -  + Rod-

shaped/ 

Lazdelė 

 + obligate aerobe/ 

obligatinis 

aerobas 

-  -  - A  - 

47.1 Pseudomonas 

azotoformans 

 -  -  + Rod-

shaped/ 

Lazdelė 

 + obligate aerobe/ 

obligatinis 

aerobas 

 -  -  - A  - 

47.2 Pseudomonas 

azotoformans 

 -  -  + Rod-

shaped/ 

Lazdelė 

 + obligate aerobe/ 

obligatinis 

aerobas 

 -  -  - A  - 

49 Pseudomonas 

azotoformans 

 -  -  + Rod-

shaped/ 

Lazdelė 

 + obligate aerobe/ 

obligatinis 

aerobas 

 -  -  - A  - 

46.1 Pseudomonas 

azotoformans 

 -  -  + Rod-

shaped/ 

Lazdelė 

 + obligate aerobe/ 

obligatinis 

aerobas 

 -  -  - A  - 

46.2 Pseudomonas 

azotoformans 

 -  -  + Rod-

shaped/ 

Lazdelė 

 + obligate aerobe/ 

obligatinis 

aerobas 

 -  -  - A  - 
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Supplementary table 1. Morphological and genetic identification data on all bacterial isolates in this study  

1 lentelė. Endofitinių bakterijų izoliuotų tyrimo metu morfologinių testų ir genetinio identifikavimo duomenys 
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40 Pseudomonas 

azotoformans 

 -  -  + Rod-

shaped/ 

Lazdelė 

 + obligate aerobe/ 

obligatinis 

aerobas 

 -  -  - A  - 

36 Pseudomonas 

azotoformans 

 -  -  + Rod-

shaped/ 

Lazdelė 

 + obligate aerobe/ 

obligatinis 

aerobas 

 -  -  - A  - 

34 Pantoea 

agglomerans 

 -  -  + Rod-

shaped/ 

Lazdelė 

 - facultative 

anaerobe/ 

fakultatyvinis 

anaerobas 

A A A A A 

33 Pseudomonas 
azotoformans 

 -  -  + Rod-

shaped/ 

Lazdelė 

 + obligate aerobe/ 

obligatinis 

aerobas 

 -  -  - A  - 

33.1 Paenibacillus 
tundrae 

 -  -  + Rod-

shaped/ 

Lazdelė 

 - facultative 

anaerobe/ 

fakultatyvinis 

anaerobas 

A A A A A 

32 Pseudomonas 

azotoformans 

 -  -  + Rod-

shaped/ 

Lazdelė 

 + obligate aerobe/ 

obligatinis 

aerobas 

 -  -  - A  - 

30 Pantoea 

agglomerans 

 -  -  + Rod-

shaped/ 

Lazdelė 

 - facultative 

anaerobe/fakulta-

tyvinis anaerobas 

A A A A A 

27 Pantoea 

agglomerans 

 -  -  + Rod-

shaped/ 

Lazdelė 

 - facultative 

anaerobe/ 

fakultatyvinis 

anaerobas 

A A A A A 

21 Paenibacillus 

tundrae 

 -  -  + Rod-

shaped/ 

Lazdelė 

 - facultative 

anaerobe/ 

fakultatyvinis 

anaerobas 

A A A A A 

13 Delftia lacustris  -  -  + Rod-

shaped/ 

Lazdelė 

 + obligate aerobe/ 

obligatinis 

aerobas 

 -  -  -  -  - 

22 Paenibacillus 
tundrae 

 -  -  + Rod-
shaped/ 

Lazdelė 

 - facultative 
anaerobe/ 

fakultatyvinis 

anaerobas 

A A A A A 
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23.1 Bacillus aryabhattai  +   -  + Rod-

shaped/ 

Lazdelė 

 - obligate aerobe/ 

obligatinis 

aerobas 

A A A A A 

23.2 Bacillus aryabhattai  +  -  + Rod-

shaped/ 

Lazdelė 

 - obligate aerobe/ 

obligatinis 

aerobas 

A A A A A 

25 Pseudomonas 

azotoformans 

 -  -  + Rod-

shaped/ 

Lazdelė 

 + obligate aerobe/ 

obligatinis 

aerobas 

 -  -  -  -  - 

26 Paenibacillus 

tundrae 

 -  -  + Rod-

shaped/ 

Lazdelė 

 - facultative 

anaerobe/ 

fakultatyvinis 

anaerobas 

A A A A A 

28 Paenibacillus 
tundrae 

 -  -  + Rod-

shaped/ 

Lazdelė 

 - facultative 

anaerobe/ 

fakultatyvinis 

anaerobas 

A A A A A 

31 Paenibacillus 

tundrae 

 -  -  + Rod-

shaped/ 

Lazdelė 

 - facultative 

anaerobe/fakulta-

tyvinis anaerobas 

A A A A A 

38 Paenibacillus 

tundrae 

 -  -  + Rod-

shaped/ 

Lazdelė 

 - facultative 

anaerobe/ 

fakultatyvinis 

anaerobas 

A A A A A 

39 Paenibacillus 

tundrae 

 -  -  + Rod-

shaped/ 

Lazdelė 

 - facultative 

anaerobe/ 

fakultatyvinis 

anaerobas 

A A A A A 

39.1 Pseudomonas 
azotoformans 

 -  -  + Rod-

shaped/ 

Lazdelė 

 + obligate aerobe/ 

obligatinis 

aerobas 

 -  -  -  -  - 

41.1 Bacillus aryabhattai  +  -  + Rod-

shaped/ 

Lazdelė 

 - obligate aerobe/ 

obligatinis 

aerobas 

A A A A A 

41.2 Paenibacillus 
tundrae 

 -  -  + Rod-
shaped/ 

Lazdelė 

 - facultative 
anaerobe/ 

fakultatyvinis 

anaerobas 

A A A A A 
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42.1 Pseudomonas 

proteolytica 

 - Moderate / 

Vidutinis 

 + Rod-

shaped/ 

Lazdelė 

 + obligate aerobe/ 

obligatinis 

aerobas 

 -  -  -  -  - 

42.2 Pseudomonas 

azotoformans 

 -  -  + Rod-

shaped/ 

Lazdelė 

 + obligate aerobe/ 

obligatinis 

aerobas 

 -  -  -  -  - 

43.1 Paenibacillus 

tundrae 

 -  -  + Rod-

shaped/ 

Lazdelė 

 - facultative 

anaerobe/fakulta-

tyvinis anaerobas 

A A A A A 

43.3 Paenibacillus 

tundrae 

 -  -  + Rod-

shaped/ 

Lazdelė 

 - facultative 

anaerobe/ 

fakultatyvinis 

anaerobas 

A A A A A 

44.1 Pseudomonas 
paralactis 

 -  -  + Rod-

shaped/ 

Lazdelė 

 + obligate aerobe/ 

obligatinis 

aerobas 

 -  -  - A  - 

44.2 Paenibacillus 
tundrae 

 -  -  + Rod-

shaped/ 

Lazdelė 

 - facultative 

anaerobe/ 

fakultatyvinis 

anaerobas 

A A A A A 

48.1 Paenibacillus 

tundrae 

 -  -  + Rod-

shaped/ 

Lazdelė 

 - facultative 

anaerobe/ 

fakultatyvinis 

anaerobas 

A A A A A 

48.2 Bacillus firmus  +  -  + Rod-

shaped/ 

Lazdelė 

 - obligate aerobe/ 

obligatinis 

aerobas 

 -  -  - A  - 

50 Paenibacillus 

oceanisediminis 

 -  -  + Rod-

shaped/ 

Lazdelė 

 - facultative 

anaerobe/ 

fakultatyvinis 

anaerobas 

A A A A A 

52 Paenibacillus 
tundrae 

 -  -  + Rod-

shaped/ 

Lazdelė 

 - facultative 

anaerobe/ 

fakultatyvinis 

anaerobas 

A A A A A 

53 Delftia lacustris  -  -  + Rod-

shaped/ 

Lazdelė 

 + obligate aerobe/ 

obligatinis 

aerobas 

 -  -  -  -  - 
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54.1 Pseudomonas 

azotoformans 

 -  -  + Rod-

shaped/ 

Lazdelė 

 + obligate aerobe/ 

obligatinis 

aerobas 

 -  -  - A  - 

55.1 Paenibacillus 

tundrae 

 -  -  + Rod-

shaped/ 

Lazdelė 

 - facultative 

anaerobe/ 

fakultatyvinis 

anaerobas 

A A A A A 

55.2 Bacillus firmus  +  -  + Rod-

shaped/ 

Lazdelė 

 - obligate aerobe/ 

obligatinis 

aerobas 

 -  -  - A  - 

56.1 Pseudomonas 
azotoformans 

 -  -  + Rod-

shaped/ 

Lazdelė 

 + obligate aerobe/ 

obligatinis 

aerobas 

 -  -  - A  - 

57 Delftia lacustris  -  -  + Rod-

shaped/ 

Lazdelė 

 + obligate aerobe/ 

obligatinis 

aerobas 

 -  -  -  -  - 

58 Paenibacillus 
tundrae 

 -  -  + Rod-

shaped/ 

Lazdelė 

  - facultative 

anaerobe/ 

fakultatyvinis 

anaerobas 

A A A A A 

201.1 Paenibacillus 

tundrae 

 -  -  + Rod-

shaped/ 

Lazdelė 

 - facultative 

anaerobe/ 

fakultatyvinis 

anaerobas 

A A A A A 

201.2 Paenibacillus 

tundrae 

 -  -  + Rod-

shaped/ 

Lazdelė 

 - facultative 

anaerobe/ 

fakultatyvinis 

anaerobas 

A A A A A 

+/- indicate a positive and negative test result respectively; A – acid production/. +/- atitinkamai rodo teigiamą ir neigiamą testo rezultatą; A – rūgšties gamyba. 
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Table 1. Continued. 

1 lentelė. Tęsinys 

 
 

Antibiotic susptability test/ Atsparumo antibiotikams testas 

Isolate 

no./ 

Izoliato 

numeris 

Endospore 

formation; Viability 

after 3 days / 

Endosporų 

formavimas; 

Gyvybingumas po  

3 dienų 

AM-10 CTX-30 C-30 K-30 STP-10 TIC-75 

24  - R R R S R R 

29  - R R R S R R 

35  + S R S S R R 

37  - R R R S R R 

47.1  - R R R S R R 

47.2  - R R R S R R 

49  - R R R S R R 

46.1  - R R R S R R 

46.2  - R R R S R R 

40  - R R R S R R 

36  - R R R S R R 

34  - R S S S S R 

33  - R R R S R R 

33.1  + S R S S R R 

32  - R R R S R R 

30  - S S S S S R 

27  - S S S S S R 

21  + S R S S R R 

13  - R S I R R R 

22  + S R S S R R 

23.1  + S S I S S S 

23.2  + S S S S S I 

25  - R R R S S R 

26  + S R S S R R 

28  + S R S S R R 

31  + S R S S R R 

38  + S R S S R R 

39  + S R S S R R 

39.1  - R R R S S R 

41.1  + R R S S S R 

41.2  + S R S S R R 

42.1  - R R R S R R 

42.2  - R R R S I R 

43.1  + R R R S R R 

43.3  + S R S S R R 

44.1  - R R R S R R 

44.2  + S R S S R R 

48.1  + S R S S R R 

48.2  -* S S S S S R 
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50  + S R S S R R 

52  + S R S S R R 

53  - R R I R R R 

54.1  - R R R S R R 

55.1  + S R S S R R 

55.2  -* S S S S S R 

56.1  - R R R S R R 

57  - R R I R R R 

58  + S R S S R R 

201.1  + S R S S R R 

201.2  + S R S S R R 

+/- indicate a positive and negative test result respectively; R – resistant, I – intermediate, S – sensitive.  * - test was 

positive at 70°C / +/- atitinkamai indikuoja teigiamą ir neigiamą testo rezutatą; R – atsparus, I – vidutiniškai 

atsparus, S – jautrus. * - testas buvo teigiamas esant 70°C.  
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Table 1. Continued. 

1 lentelė. Tęsinys 
 Colony morphology/ Kolonijų morfologija 

Isolate 

no. / 

Izoliato 

numeris 

Diame- 

ter / 

Skersmu

o 

Shape / 

Forma 

Elevation / 

Iškilumas 

Margin / 

Pakraštys 

Smoothness / Glotnumas Pigmentation / 

Spalva 

Opacity / Permatomumas Appearance / Išvaizda Consistency / 

Tąsumas 

24 0,326±

0,033 

circular/ 

apvali 

raised/ 

iškilusi 

entire/ 

ištisas 

rough at center, smooth at 

the edge/ glotni 

pakraščiuose, bet ne centre 

whitish/ balsva translucent/ permatoma glistening on the edge/ 

blizgi pakrašty 

butyrous/ 

sviestinė 

29 0,284±

0,014 

circular/ 

apvali 

raised/ 

iškilusi 

entire/ 

ištisas 

rough at center, smooth at 

the edge/ glotni 

pakraščiuose, bet ne centre 

buff/ smėlio translucent/ permatoma glistening on the edge/ 

blizgi pakrašty 

butyrous/ 

sviestinė 

35 0,043±

0,042 

circular/ 

apvali 

flat/ 

plokščia 

undulate/ 

vingiuotas 

smooth/ glotni whitish, grey 

bulls’ eye/ balsva 

su pilku centru 

translucent at the edge/ 

permatoma pakrašty 

glistening/ blizgi mucoid/ 

mukoidinė 

37 0,34±0,

023 

circular/ 

apvali 

raised/ 

iškilusi 

entire/ 

ištisas 

smooth/ glotni yellowish/ gelsva translucent/ permatoma glistening/ blizgi butyrous/ 

sviestinė 

47.1 0,043±

0,073 

circular/ 

apvali 

raised/ 

iškilusi 

entire/ 

ištisas 

smooth/ glotni yellowish/ gelsva translucent/ permatoma glistening/ blizgi butyrous/ 

sviestinė 

47.2 0,45±0,

042 

circular/ 

apvali 

raised/ 

iškilusi 

entire/ 

ištisas 

smooth/ glotni yellowish/ gelsva translucent/ permatoma glistening/ blizgi butyrous/ 

sviestinė 

49 0,405±

0,042 

circular/ 

apvali 

raised/ 

iškilusi 

entire/ 

ištisas 

smooth/ glotni yellowish/ gelsva translucent/ permatoma glistening/ blizgi butyrous/ 

sviestinė 

46.1 0,426±

0,036 

circular/ 

apvali 

raised/ 

iškilusi 

entire/ 

ištisas 

smooth/ glotni yellowish/ gelsva translucent/ permatoma glistening/ blizgi butyrous/ 

sviestinė 

46.2 0,338±

0,028 

circular/ 

apvali 

raised/ 

iškilusi 

entire/ 

ištisas 

smooth/ glotni yellowish/ gelsva translucent/ permatoma glistening/ blizgi butyrous/ 

sviestinė 

40 0,427±

0,037 

circular/ 

apvali 

raised/ 

iškilusi 

entire/ 

ištisas 

smooth/ glotni yellowish/ gelsva translucent/ permatoma glistening/ blizgi butyrous/ 

sviestinė 

36 0,447±

0,047 

circular/ 

apvali 

raised/ 

iškilusi 

entire/ 

ištisas 

smooth/ glotni yellowish/ gelsva translucent/ permatoma glistening/ blizgi butyrous/ 

sviestinė 

34 0,438±

0,028 

circular/ 

apvali 

raised/ 

iškilusi 

entire/ 

ištisas 

smooth/ glotni yellowish/ gelsva translucent/ permatoma glistening/ blizgi butyrous/ 

sviestinė 

33 0,338±

0,03 

circular/ 

apvali 

raised/ 

iškilusi 

entire/ 

ištisas 

smooth/ glotni yellowish/ gelsva translucent/ permatoma glistening/ blizgi butyrous/ 

sviestinė 

33.1 0,361± circular/ flat/ undulate/ smooth/ glotni whitish, grey translucent at the edge/ glistening/ blizgi mucoid/ 
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0,039 apvali plokščia vingiuotas bulls’ eye/ balsva 

su pilku centru 

permatoma pakrašty mukoidinė 

32 0,366±

0,021 

circular/ 

apvali 

raised/ 

iškilusi 

entire/ 

ištisas 

smooth/ glotni whiteish/ balsva translucent/ permatoma glistening/ blizgi butyrous/ 

sviestinė 

30 0,352±

0,04 

circular/ 

apvali 

raised/ 

iškilusi 

entire/ 

ištisas 

smooth/ glotni yellowish/ gelsva translucent/ permatoma glistening/ blizgi butyrous/ 

sviestinė 

27 0,324±

0,041 

circular/ 

apvali 

raised/ 

iškilusi 

entire/ 

ištisas 

smooth/ glotni yellowish/ gelsva translucent/ permatoma glistening/ blizgi butyrous/ 

sviestinė 

21 0,444±

0,03 

circular/ 

apvali 

flat/ 

plokščia 

undulate/ 

vingiuotas 

smooth/ glotni whitish, grey 

bulls’ eye/ balsva 

su pilku centru 

translucent at the edge/ 

permatoma pakrašty 

glistening/ blizgi mucoid/ 

mukoidinė 

13 0,275±

0,037 

circular/ 

apvali 

raised/ 

iškilusi 

entire/ 

ištisas 

smooth/ glotni cream/ kreminė opaque in center, 

translucent at edges/ 

permatoma pakrašky, bet 

ne centre 

glistening/ blizgi butyrous/ 

sviestinė 

22 0,321±

0,042 

circular/ 

apvali 

flat/ 

plokščia 

undulate/ 

vingiuotas 

smooth/ glotni whitish, grey 

bulls’ eye/ balsva 

su pilku centru 

translucent at the edge/ 

permatoma pakrašty 

glistening/ blizgi mucoid/ 

mukoidinė 

23.1 0,581±

0,072 

circular/ 

apvali 

craterifor

m/ 

kraterio 

formos 

entire/ 

ištisas 

smooth/ glotni cream/ kreminė opaque/ nepermatoma glistening/ blizgi butyrous/ 

sviestinė 

23.2 0,524±

0,069 

circular/ 

apvali 

craterifor

m/ 

kraterio 

formos 

entire/ 

ištisas 

smooth/ glotni cream/ kreminė opaque/ nepermatoma glistening/ blizgi butyrous/ 

sviestinė 

25 0,201±

0,028 

circular/ 

apvali 

raised/ 

iškilusi 

entire/ 

ištisas 

smooth/ glotni buff/ smėlio translucent/ permatoma glistening/ blizgi butyrous/ 

sviestinė 

26 0,309±

0,032 

circular/ 

apvali 

flat/ 

plokščia 

undulate/ 

vingiuotas 

smooth/ glotni whitish, grey 

bulls’ eye/ balsva 

su pilku centru 

translucent at the edge/ 

permatoma pakrašty 

glistening/ blizgi mucoid/ 

mukoidinė 

28 0,305±

0,029 

circular/ 

apvali 

flat/ 

plokščia 

undulate/ 

vingiuotas 

smooth/ glotni whitish, grey 

bulls’ eye/ balsva 

su pilku centru 

translucent at the edge/ 

permatoma pakrašty 

glistening/ blizgi mucoid/ 

mukoidinė 

31 0,340±

0,039 

circular/ 

apvali 

flat/ 

plokščia 

undulate/ 

vingiuotas 

smooth/ glotni whitish, grey 

bulls’ eye/ balsva 

su pilku centru 

translucent at the edge/ 

permatoma pakrašty 

glistening/ blizgi mucoid/ 

mukoidinė 
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38 0,328±

0,045 

circular/ 

apvali 

flat/ 

plokščia 

undulate/ 

vingiuotas 

smooth/ glotni whitish, grey 

bulls’ eye/ balsva 

su pilku centru 

translucent at the edge/ 

permatoma pakrašty 

glistening/ blizgi mucoid/ 

mukoidinė 

39 0,286±

0,036 

circular/ 

apvali 

flat/ 

plokščia 

undulate/ 

vingiuotas 

smooth/ glotni whitish, grey 

bulls’ eye/ balsva 

su pilku centru 

translucent at the edge/ 

permatoma pakrašty 

glistening/ blizgi mucoid/ 

mukoidinė 

39.1 0,252±

0,02 

circular/ 

apvali 

raised/ 

iškilusi 

entire/ 

ištisas 

smooth/ glotni yellowish/ gelsva translucent/ permatoma glistening/ blizgi butyrous/ 

sviestinė 

41.1 0,653±

0,066 

circular/ 

apvali 

craterifor

m/ 

kraterio 

formos 

entire/ 

ištisas 

smooth/ glotni cream/ kreminė opaque/ nepermatoma glistening/ blizgi butyrous/ 

sviestinė 

41.2 0,414±

0,032 

circular/ 

apvali 

flat/ 

plokščia 

undulate/ 

vingiuotas 

smooth/ glotni whitish, grey 

bulls’ eye/ balsva 

su pilku centru 

translucent at the edge/ 

permatoma pakrašty 

glistening/ blizgi mucoid/ 

mukoidinė 

42.1 0,219±

0,025 

circular/ 

apvali 

raised/ 

iškilusi 

entire/ 

ištisas 

rough at center, smooth at 

the edge/ glotni 

pakraščiuose, bet ne centre 

buff/ smėlio translucent/ permatoma matt at center, 

glistening at edge/ 

matinis centras, blizgūs 

pakraščiai 

butyrous/ 

sviestinė 

42.2 0,242±

0,022 

circular/ 

apvali 

raised/ 

iškilusi 

entire/ 

ištisas 

smooth/ glotni yellowish/ gelsva translucent/ permatoma glistening/ blizgi butyrous/ 

sviestinė 

43.1 0,389±

0,038 

circular/ 

apvali 

flat/ 

plokščia 

undulate/ 

vingiuotas 

smooth/ glotni whitish, grey 

bulls’ eye/ balsva 

su pilku centru 

translucent at the edge/ 

permatoma pakrašty 

glistening/ blizgi mucoid/ 

mukoidinė 

43.3 0,482±

0,056 

circular/ 

apvali 

flat/ 

plokščia 

undulate/ 

vingiuotas 

smooth/ glotni whitish, grey 

bulls’ eye/ balsva 

su pilku centru 

translucent at the edge/ 

permatoma pakrašty 

glistening/ blizgi mucoid/ 

mukoidinė 

44.1 0,338±

0,033 

circular/ 

apvali 

raised/ 

iškilusi 

entire/ 

ištisas 

smooth at the center, 

rougher edge/ glotni 

centre, bet ne pakraščiuose 

yellowish/ gelsva translucent/ permatoma glistening, matt edge/ 

blizgi, matiniai 

pakraščiai 

mucoid/ 

mukoidinė 

44.2 0,431±

0,064 

circular/ 

apvali 

flat/ 

plokščia 

undulate/ 

vingiuotas 

smooth whitish, grey 

bulls’ eye/ balsva 

su pilku centru 

translucent at the edge/ 

permatoma pakrašty 

glistening/ blizgi mucoid/ 

mukoidinė 

48.1 0,420±

0,043 

circular/ 

apvali 

flat/ 

plokščia 

undulate/ 

vingiuotas 

smooth/ glotni whitish, grey 

bulls’ eye/ balsva 

su pilku centru 

translucent at the edge/ 

permatoma pakrašty 

glistening/ blizgi mucoid/ 

mukoidinė 

48.2 0,335± circular/ raised/ entire/ smooth/ glotni peach/ persikinė opaque/ nepermatoma glistening, slightly butyrous/ 
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0,028 apvali iškilusi ištisas grainy/ blizgi ir grūdėta sviestinė 

50 0,640±

0,055 

circular/ 

apvali 

flat/ 

plokščia 

undulate/ 

vingiuotas 

smooth/ glotni whitish, grey 

bulls’ eye/ balsva 

su pilku centru 

translucent at the edge/ 

permatoma pakrašty 

glistening/ blizgi mucoid/ 

mukoidinė 

52 0,524±

0,039 

circular/ 

apvali 

flat/ 

plokščia 

undulate/ 

vingiuotas 

smooth/ glotni whitish, grey 

bulls’ eye/ balsva 

su pilku centru 

translucent at the edge/ 

permatoma pakrašty 

glistening/ blizgi mucoid/ 

mukoidinė 

53 0,336±

0,029 

circular/ 

apvali 

raised/ 

iškilusi 

entire/ 

ištisas 

smooth/ glotni cream/ kreminė opaque in center, 

translucent at edges/ 

permatoma pakrašky, bet 

ne centre 

glistening/ blizgi butyrous/ 

sviestinė 

54.1 0,300±

0,022 

circular/ 

apvali 

raised/ 

iškilusi 

entire/ 

ištisas 

smooth/ glotni yellowish/ gelsva translucent/ permatoma glistening/ blizgi butyrous/ 

sviestinė 

55.1 0,474±

0,077 

circular/ 

apvali 

flat/ 

plokščia 

undulate/ 

vingiuotas 

smooth/ glotni whitish, grey 

bulls’ eye/ balsva 

su pilku centru 

translucent at the edge/ 

permatoma pakrašty 

glistening/ blizgi mucoid/ 

mukoidinė 

55.2 0,327±

0,014 

circular/ 

apvali 

raised/ 

iškilusi 

entire/ 

ištisas 

smooth/ glotni peach/ persikinė opaque/ nepermatoma glistening, slightly 

grainy/ blizgi ir grūdėta 

butyrous/ 

sviestinė 

56.1 0,380±

0,023 

circular/ 

apvali 

raised/ 

iškilusi 

entire/ 

ištisas 

smooth/ glotni yellowish/ gelsva translucent/ permatoma glistening/ blizgi butyrous/ 

sviestinė 

57 0,376±

0,028 

circular/ 

apvali 

raised/ 

iškilusi 

entire/ 

ištisas 

smooth/ glotni cream/ kreminė opaque in center, 

translucent at edges/ 

permatoma pakrašky, bet 

ne centre 

glistening/ blizgi butyrous/ 

sviestinė 

58 0,443±

0,053 

circular/ 

apvali 

flat/ 

plokščia 

undulate/ 

vingiuotas 

smooth/ glotni whitish, grey 

bulls’ eye/ balsva 

su pilku centru 

translucent at the edge/ 

permatoma pakrašty 

glistening/ blizgi mucoid/ 

mukoidinė 

201.1 0,366±

0,029 

circular/ 

apvali 

flat/ 

plokščia 

undulate/ 

vingiuotas 

smooth/ glotni whitish, grey 

bulls’ eye/ balsva 

su pilku centru 

translucent at the edge/ 

permatoma pakrašty 

glistening/ blizgi mucoid/ 

mukoidinė 

201.2 0,351±

0,035 

circular/ 

apvali 

flat/ 

plokščia 

undulate/ 

vingiuotas 

smooth/ glotni whitish, grey 

bulls’ eye/ balsva 

su pilku centru 

translucent at the edge/ 

permatoma pakrašty 

glistening/ blizgi mucoid/ 

mukoidinė 
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