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Abstract

Wild cherry (Prunus avium L.) is a hardwood cultivated for the production of high quality
furniture. To optimize growth characteristics (fast growth, straight stem) single plants
showing a favourable habitus have been selected and propagated as in vitro clones under the
trademark silvaSELECT®. During in vitro propagation high scale losses of plantlets have
been observed, especially during rooting and acclimatization. It was supposed, that these are
caused by the presence or absence of endophytes in micropropagated plantlets. Endophytic
bacteria occurring in plant in vitro cultures have often been described as contaminations,
although they are generally present in all pant tissues, often with plant growth promoting
effects. This thesis focuses on the positive effects endophytes can have on plants and aims to
characterize and utilize the bacteria to improve in vitro culture propagation of P. avium.

The endophytic bacterial communities of P. avium genotypes differing in their growth
patterns during in vitro propagation were analyzed. In a culture-dependent approach five
morphologically distinct isolates from tissue culture material were identified by 16S rDNA
and ITS sequences. To analyze the uncultivable fraction of the bacteria, a clone library was
established from amplified 16S rDNA of total plant extract and analyzed by amplified
ribosomal DNA restriction analysis (ARDRA) and sequencing of one clone for each identified
OTU. While all Prunus genotypes contained Mycobacterium spp., two other bacterial genera,
Rhodopseudomonas spp. and Microbacterium spp., were detected in high abundance only in
two easy-to-propagate genotypes. Thus, the community structures differed significantly
between cherry genotypes and bacterial genera with previously reported plant growth-
promoting effects were only detected in genotypes with high propagation success.

These data indicated a possible positive impact of the bacteria on in vitro propagation of
P. avium. The two isolates Rhodopseudomonas palustris N-1-2 and Microbacterium testaceum
D-I-1 were therefore tested in an inoculation experiment, and showed a promoting effect on
rooting of two difficult-to-propagate genotypes. Both bacterial species led to higher rooting
percentages and a significantly higher root number of both P. avium genotypes.

Genus specific quantitative PCR protocols were established to look at the dynamics of the
most abundant endophytes, Mycobacterium spp., Rhodopseudomonas spp. and Microbacterium
spp. The bacterial DNA amount was quantified during propagation and rooting in the
different plant organs, and in three successive years of propagation. All three endophyte
groups were detected in stem, leaf and root tissue of both culture phases and a high
fluctuation in the abundance between sampling times was observed. In addition, it was
shown that after regeneration via adventitious shoots the bacteria were not eliminated, but
showed slightly modified concentrations.

Next to the analysis of the endophytic community an experiment to optimize the in vitro
rooting phase as the major limiting factor of P. avium micropropagation was conducted. The
influence of a four days dark treatment and a 48 h IBA pulse on in vitro root formation of P.
avium microshoots was examined. Both treatments led to significantly higher rooting
percentages in the majority of the six analyzed genotypes and thereby contributed to an
effective production protocol during commercial production of P. avium.

Keywords: Prunus avium, in vitro propagation, endophytes
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Zusammenfassung

Die Vogelkirsche (Prunus avium L.) gehort zu den Edellaubhdlzern und wird in Deutschland
vor allem zur Verwendung in der Mobelproduktion angebaut. Um Biume mit den
gewinschten Wachstumseigenschaften (geradschaftiges und schnelles Wachstum) zu
selektieren wurden einzelne Pflanzen mit geeignetem Habitus ausgewahlt, als In-vitro-Klone
vermehrt und werden unter dem Markenzeichen silvaSELECT® vertrieben. Wahrend der
Vermehrung treten hohe Verluste durch eine geringe Bewurzelungsrate der Mikrostecklinge
und niedrigen Akklimatisierungserfolg auf. Es wird angenommen, dass diese auf das
Vorhandensein oder Fehlen von Endophyten zuriickzufithren sind. Endophytische Bakterien
in In-vitro-Kulturen wurden bisher meist als Kontaminationen wahrgenommen, die die
Vermehrung negativ beeinflussen. Sie kommen jedoch generell in allen Pflanzengeweben vor
und werden oft mit pflanzenwachstumsfordernden Eigenschaften in Verbindung gebracht. In
dieser Arbeit sollten die positiven Eigenschaften von Endophyten auf die Pflanze im
Vordergrund stehen, die Bakterienpopulation charakterisiert und die gewonnenen
Informationen fiir eine Verbesserung der In-vitro-Vermehrung von P. avium genutzt werden.

In einem kulturunabhingigen Ansatz wurden fiinf morphologisch klar unterscheidbare
Bakterienstimme isoliert und anhand der 16S rDNA und ITS Sequenz identifiziert. Zur
Analyse der unkultivierbaren Bakterienfraktion wurde eine Klonbibliothek aus amplifizierter
16S rDNA direkt aus dem Pflanzenmaterial erstellt und mittels ARDRA (amplified ribosomal
DNA restriction analysis) und Sequenzierung eines Klons fiir jede detektierte OTU
analysiert. Die Gattung Mycobacterium konnte in allen vier untersuchten Kirschgenotypen
nachgewiesen werden. In gut vermehrbaren Genotypen wurden zusitzlich
Rhodopseudomonas spp. und Microbacterium spp. detektiert. Die Bakterienstruktur
unterschied sich damit wesentlich zwischen den Genotypen; Bakterien mit bereits in der
Literatur beschriebenen wachstumférdernden Eigenschaften wurden aussschliefilich in gut
vermehrbaren Genotypen gefunden.

Mit den potentiell wachstumsférdernden Isolaten Rhodopseudomonas palustris N-I-2 und
Microbacterium testaceum D-I-1 wurde ein Inokulationsexperiment durchgefiithrt. Fiir beide
Bakterien konnte eine bewurzelungsférdernde Wirkung bei zwei schwer vermehrbaren
Genotypen in Form eines héheren prozentualen Anteils an bewurzelten Pflanzen und einer
héheren Anzahl Wurzeln pro Pflanze nachgewiesen werden.

Zur Quantifizierung der Bakterien im Pflanzenmaterial wurden spezifische PCR-Primer
entwickelt. In sechs Prunus avium-Genotypen wurde die Verteilung von Mycobacterium
spp., Rhodopseudomonas spp. und Microbacterium spp. in verschiedenen Pflanzenorganen
wihrend der Vermehrungs- und Bewurzelungsphase untersucht. Die Verdnderung der
Bakterienpopulation wurde iiber drei Jahre beobachtet. Alle drei Bakteriengattungen wurden
in allen Organen und in beiden Kulturphasen nachgewiesen. Auffillig war eine starke
Fluktuation zwischen den einzelnen Messungen. Zusétzlich wurde gezeigt, dass die Bakterien
durch die Regeneration iiber Adventivsprosse nicht eliminiert wurden, jedoch in ihrer
Konzentration leicht verdndert vorlagen.

Neben dem Endophytenschwerpunkt wurden Experimente zur Verbesserung der
Bewurzelungsphase mit Hilfe einer Dunkelbehandlung (4 Tage) und eines 48 h IBA-Pulses
durchgefiihrt. Beide Behandlungen fiihrten zu signifikant hoheren Bewurzelungsraten in der
Mehrheit der sechs analysierten Genotypen und trugen damit zu einem effektiveren
Produktionsprotokoll wihrend der kommerziellen Produktion von P. avium bei.

Schlagworter: Prunus avium, In-vitro-Vermehrung, Endophyten
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1 Introduction

1.1 Prunus avium - Wild cherry

1.1.1  Introduction of Prunus avium for its use in forestry

Wild cherry (Prunus avium L.) belongs to the Rosaceae and is the most important
European timber species within the family (Russell 2003). Its natural distribution is
centered in Europe with extension to western Eurasia and the northern part of Africa
within a latitude of 30° to 61° N (Schmid 2006). Prunus avium has small, edible, red to
black fruits with 1 cm diameter that are disseminated by birds. Although wild cherry is
not an endangered species, the genetic diversity of populations can be considered to be
under threat due to its generally scattered occurrence and the introgression of

widespread domesticated sweet cherry (Russell 2003; Janflen et al. 2010).

The timber of Prunus avium is highly valued in Europe due to its reddish color,
comparable to tropical trees like mahogany, and the firmness of the wood, combined
with fast and fine grained growth (Kobliha 2002; Russell 2003). It is used for the
production of solid wood furniture and as veneer in interior fittings (Ducci and Santi
1997; Schmid 2006). Several intensive wood production plantations are being carried out
in Europe using wild cherry as a valuable species that produces high quality timber
within 60 to 80 years (Ducci and Santi 1997). In addition, it is increasingly used for the
reafforestation of marginal agricultural land since the 1990s (Santi et al. 1998; Diaz et al.

2007) and is valued for wildlife and amenity plantings (Turok et al. 1997).

Many European countries have gene conservation and/or breeding programs for wild
cherry, e. g. the Czech Republic (Kobliha 2002) and Spain (Fernandez-Cruz et al. 2014). In
Germany a program for the vegetative propagation of selected plus trees started in 1984.
Trees with optimized growth characteristics, such as fast growth, straight stem and fine
grains (see Fig. 1 E for an example) have been selected and are distributed under the
trademark silvaSELECT” since 2004 (Meier-Dinkel et al. 2007; JanBen et al. 2010). The
clone collection consisted of 28 genotypes' and new genotypes were added over the
following years to ensure genetic diversity of the afforestation sites as prescribed by the

German act on forest reproductive material (Forstvermehrungsgutgesetz, FoVG).

" The clones of the silvaSELECT® collection are from here on named genotypes instead of clones
to differentiate clearly from bacterial clone bench.
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1.1.2  Propagation of Prunus avium by in vitro culture

Generative propagation of Prunus avium is possible, however, the seeds have to go
through a cold stratification of five months and the offspring consists of individuals with
different growth performances. Both problems are obviated by vegetative propagation,
enabling stable clonal propagation of selected plus trees with the desired quality
characteristics (Meier-Dinkel et al. 2007). Prunus avium selections, e. g. for the use as
rootstocks of sweet cherry cultivars, have traditionally been propagated by shoot
cuttings. While there are reports of the successful use of root and shoot cuttings (Ghani
and Cahalan 1991), Prunus avium frequently shows low rooting percentages and the
cloning becomes progressively more difficult as the donor trees mature (Al Barazi and
Schwabe 1985; Hammatt and Grant 1997). Dick and Leakey (2006) observed 77 % rooting
of juvenile softwood cuttings compared to 7 % rooting in softwood cuttings from a

20 year old tree. Micropropagation can lead to a successful rejuvenation and higher

rooting efficiency of plants (Hammatt and Grant 1993; Xiao et al. 2014).

Fig. 1 P. avium plants during the propagation process (A) Microshoots on rooting medium,
genotype Neptun; (B) Two rooted and one unrooted microshoot, genotype Achilleus (C); P.
avium genotype Neptun plants four weeks and (D) eight weeks after transfer to soil; (E) 25 year
old offspring of a selected plus tree (genotype Fama) of the silvaSELECT" clone collection.

One of the first protocols for in vitro propagation of wild cherry, in this case from one
year old cherry plants, was published by Jones and Hopgood (1979) and the technique
was few years later successfully applied to adult trees, e. g. by Riffaud et al. (1981).
Micropropagation proved to be the most effective means to rapidly produce clonal

material from adult trees (Hammatt and Grant 1997). Meier-Dinkel (1986) published a
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protocol for the micropropagation of selected plus trees with high multiplication rates
using five steps: culture establishment, formation of axillary shoots, shoot elongation,
rooting, and acclimatization. Since then, the propagation protocol was optimized and
simplified to enable the use in commercial practice. The protocol used in this thesis and
by the cooperating company of this project is composed of four main culture steps (see
Fig. 2):

(1) Establishment of an in vitro culture from winter buds harvested from adult trees. The
winter buds are surface sterilized and the outer scale leafs removed before the transfer
onto culture medium containing BAP (benzylaminopurine), IBA (indole-3-butyric acid),

and GA3 (gibberellic acid-3) to induce elongation and the formation of axillary shoots.

(2) Propagation of microshoots using the same culture medium. Axillary shoots are

subcultured every five weeks until the required number of plants is obtained.
(3) Rooting on medium containing IBA to induce the formation of roots.

(4) Acclimatization to soil and greenhouse conditions with gradual reduction of air

humidity.
1. 2. 3. 4.
establishment propagation rooting acclimatisation
———————— (———\
harvest of
winter buds _ S S
—D

>
sub-
culturing

Fig. 2 Principle steps in propagation of Prunus avium microcuttings by in vitro culture.

While the propagation and acclimatization is successfully applied in commercial plant
production, the rooting is still associated with high losses (for details see manuscript I,
section 2.1). The rooting of mature cherry plants has been described as difficult compared
to other tree species, very variable and dependent on genotype and age (Scaltsoyiannes
et al. 2009). In accordance with these observations, large differences between genotypes
and high fluctuations over the years have been observed during commercial production

(for details see Quambusch et al. (2014), section 2.2).
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In addition to the rooting difficulties, bacteria occurring in the plant material have been
described as a limiting factor during in vitro propagation of wild cherry (Cornu and
Michel 1987) and bacterial colonization has been observed in Prunus avium cultures of
the silvaSELECT” collection used in this study. The possible linkage between the
bacterial population and the propagation success in vitro will therefore be analyzed in

this thesis.

1.2 Microbial Endophytes

1.2.1  Definition and general description

Plants are generally inhabited internally by a diverse microbial community including
bacteria, archaea, fungi and phytoplasms (Hardoim et al. 2015). The plant-microorganism
interactions include both mutualism and pathogenicity and depend on abiotic and biotic
influences on the interaction partners (Hardoim et al. 2008). The term endophyte was
first mentioned by the German botanist and mycologist Anton de Bary in 1866 and its
definition has since changed several times in accordance with the increased
understanding of endophytic lifestyle. While De Bary was still thinking of all
microorganisms living inside the plant, Carroll (1986) restricted the use of the term to
organisms that cause asymptomatic infections within plant tissues. As further studies
revealed that pathogenicity and mutualism can lie very closely together and the same
organism can switch between these lifestyles depending on the environmental
conditions, a wider definition of the term was needed. Still up-to-date is the following

definition that will be applied in this thesis:

“[Endophytes are] all organisms inhabiting plant organs that at some time in their life,
can colonize internal plant tissues without causing apparent harm to their host”

(Petrini 1991)

This includes true symbionts as well as latent pathogens, microorganisms with both
symptomless and saprophytic phases in their life cycle, bacteria and fungi that are
colonizing the plant after a (dormant) stage in the soil or on the leaf/root surface as well

as those persisting in the tissue over several plant generations.

There are several possibilities for the transfer of endophytes from one host to the next.
Some endophytes persist in the seeds and are inherited by vertical transmission over
several host plant generations. For example Methylobacterium extorquens has been

detected in bud meristems, flowers and seed tissue of scots pine (Koskiméki et al. 2015),
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and Methylobacterium and Pantoea species are frequently detected in seeds of diverse
plant species (Mano and Morisaki 2008; Johnston-Monje and Raizada 2011). This enables
a very close interaction or even a coevolution of the plant with its endophytic bacteria or
fungi (Johnston-Monje and Raizada 2011). Several examples of coevolution are known for
plant-fungal relationships, e. g. vertically and horizontally transmitted Epichloé
producing herbivore deterring alkaloids in grasses (Schardl 1996; Morton et al. 2014) or
the well-studied arbuscular mycorrhizal fungi colonizing over 92 % of all plant families
studied (Wang and Qiu 2006). The most prominent example for symbiosis and
coevolution in plant-bacteria relationships are the rhizobia who are able to fix
atmospheric nitrogen only within special compartments of the root nodules of Fabaceae,
enabling their host to grow with very low or even without nitrogen source in the soil

(Oldroyd et al. 2011).

In contrast to vertical transmission the endophyte can infect new hosts horizontally by
air, the soil, insect or other animal vectors. It is not rare to find endophytes rotating
between different ecological niches, as seen for example in the life cycle of Rhizobium
leguminosarum, where the bacterium migrates between the soil (as a heterotroph), the
legume root-nodule (as an endosymbiont) and the cereal root (as a growth promoting
endophyte) (Yanni et al. 2001). During the handling of plants by humans (e. g. by
grafting, propagation by cuttings, in vitro propagation, the trimming of trees or
ornamental plants) endophytes can be spread from one plant to the next and new
microbes can be introduced by the skin surface, the soil or other contaminated surfaces

and materials.

1.2.2  Bacterial endophytes

This thesis will concentrate on endophytes belonging to the domain of bacteria within
the prokaryotic microorganisms. Compared to fungal endophytes the bacterial
endophytes are far less studied. The interaction between bacteria and plants on
molecular level has mostly been studied in the model organism Rhizobium radiobacter
(formerly Agrobacterium tumefaciens, synonym Agrobacterium radiobacter) and in the
legume-rhizobium symbiosis. The majority of bacterial endophytes that have been
detected in the plant tissue are described as commensals with yet unknown functions in
the plant. Although they are sometimes present in high numbers in the plant tissue, they
do neither produce visible damage nor induce strong defense mechanisms in the plant
(Reinhold-Hurek and Hurek 2011). Endophytic bacteria have been detected in virtually

all plant tissues, including root, stem, leaves, meristematic tissues, flowers, seeds, and
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berries e. g. by in situ hybridization (Pirttila et al. 2000; Kukkurainen et al. 2004) and
confocal laser scanning microscopy (Compant et al. 2008; Koskiméki et al. 2015). They
can colonize both the intercellular and intracellular spaces and some move from the roots
to the aerial plant parts by colonization of the xylem vessels (Compant et al. 2010). For
some bacteria a positive influence has been described, others showed antagonistic effects
on plants. A general classification to a plant-bacterium interaction group is still limited
for most detected species as most of them have only been analyzed in one or few plant
species, and are only rarely tested over a taxonomically wide spectrum of plant species

(Hardoim et al. 2015).

1.2.3  Impact of bacterial endophytes on plants

Although our understanding is built on a rather small set of experimental conditions we
can conclude that endophytic bacteria play crucial roles in the physiology of plants
(Kozyrovska 2013). Some endophytes, called commensals, have no apparent effect on the
plant but merely live on the metabolites produces by the plant. The second group confers
a beneficial effect on the plant, either in form of a plant growth promotion or by
protection against invading pathogens. A third group consists of latent pathogens
persevering in the plant tissue until conditions are favorable for a systemic infection and
disease development (Carroll 1988; Rosenblueth and Martinez-Romero 2006). This depicts
that endophytes can have neutral, detrimental or beneficial effects depending on the
abiotic environmental conditions, the bacterium and host genotype and developmental
stage, and the interactions within the biome (Hardoim et al. 2015). A reduction of the
host fitness can lead to a shift in the delicate balance in the endophytic community
leading to disease expression by previously favorable bacteria or to saprophytic lifestyle
during host senescence (Promputtha et al. 2007; Kozyrovska 2013). Bacteria can influence
plant growth either directly, by providing the plant with compounds or by facilitating
the uptake of nutrients from the environment, or indirectly, by the prevention of

deleterious effects of pathogenic organisms (Glick and Penrose 1998).

Plant health

Bacteria can trigger defense mechanisms leading to induced systemic resistance (ISR) and
confer a higher tolerance to pathogen infection. It has been described that, at the initial
stage of interaction between beneficial microorganisms and plants, the immune response
is still triggered, while the mutualists prevent later defense reactions of the plant
(Compant et al. 2005). For the legume-rhizobium symbiosis the mechanism was analyzed

on the molecular level showing an induction of immunity by microbe associated
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molecular patterns (MAMP-triggered immunity) followed by a reprogramming of the
defense mechanisms leading to a symbiotic interaction (Zamioudis and Pieterse 2012). In
addition to the effect on pathogen resistance by ISR the bacterial endophytes can support
plant health by the inhibition of pathogens. Endophytes produce a wide spectrum of
antibiotics and volatile organic compounds (VOCs) suppressing the growth of their
competitors, including plant pathogens (Ryan et al. 2008). Another indirect effect is the
production of siderophores enabling the endophyte to protect the scarce iron-sources
from their antagonists, thereby again suppressing the growth of potential plant
pathogens. The reduction of abiotic stress through the degradation of the ethylene
precursor 1-aminocyclopropane-1-carboxylate (ACC) by the bacterial ACC deaminase or
by reactive oxygen species (ROS) detoxification can additionally support plant health and
studies on several crops indicate higher drought, chilling and salt tolerance after
inoculation with endophytes (Hardoim et al. 2008; Hardoim et al. 2015). While the
previously described mechanisms protect the plant against other microorganisms, some
endophytes even produce insecticidal, nematicidal and antiviral compounds

(Kaymak 2010).

Plant growth promotion

The morphology of the host can directly be influenced through the production of plant
growth regulators by endophytes. Bacteria are able to produce a wide range of
phytohormones that often play a crucial role in the bacteria-plant interaction. A classical
example is the TI-plasmid of the pathogen Rhizobium radiobacter encoding key enzymes
for the biosynthesis of the phytohormones auxin and cytokinin to stimulate cell
proliferation and induce the formation of galls. While Rhizobium radiobacter manipulates
the host-DNA to produce the hormones, several examples of endophytes are known
produce phytohormones independently. Indole-3-acetic acid (IAA) biosynthesis is
widespread among plant associated bacteria and different biosynthesis pathways have
been identified (Spaepen et al. 2007). Bacteria use this phytohormone to interact with
plants as part of their colonization strategy including phytostimulation, but also to
circumvent basal plant defense mechanisms (Spaepen et al. 2007). Auxin producing
bacterial strains have been reported for representatives of the genera Pseudomonas,
Enterobacter, Rhizobium, Bradyrhizobium, Bacillus, Methylobacterium, Rhodococcus,
Acinetobacter, and Microbacterium among many others (Tsavkelova et al. 2005). Ali et al.
(2009) have confirmed a positive correlation between bacterial auxin production and an
increased endogenous IAA level of plants (in this case Triticum aestivum); the amount

produced is highly dependent on the host species, however (Long et al. 2008).
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Other, less well studied influences on the phytohormone levels are the production of
gibberellins, cytokinins and abscisic acid (Costacurta and Vanderleyden 1995; Salomon et
al. 2013), metabolization of abscisic acid (Belimov et al. 2014), degradation of IAA
(Spaepen et al. 2007), the induction of abscisic acid and salicylic acid production in the
host plant (Wang et al. 2015), and the modulation of ethylene levels in the plant tissue
(Hardoim et al. 2008). By these means endophytes are able to induce biomass production,

shoot and root growth and even delay flower senescence in cut flowers (Ali et al. 2012).

Endophytic bacteria can also lead to plant growth promotion by an increase of nutrient
availability. The ability to solubilize phosphate and other minerals is widely spread
among the bacterial domain (Hilda and Fraga 1999). Diazotrophic bacteria, e. g. the plant
growth promoting bacterium (PGPB) Azospirillum brasilense colonizing maize roots, are

able to fix atmospheric nitrogen and supply the plant with nitrate (Faleiro et al. 2013).

1.2.4  Role of endophytes in in vitro culture

Although this has been the common understanding for several decades, today it has to be
assumed that plant in vitro cultures are never entirely free of microorganisms (Herman
1990). During the establishing of in vitro cultures the plant tissue is surface sterilized.
Endophytic bacteria and fungi living inside the tissue will survive this process and persist
in the material (Marino et al. 1996). Before the 1990s bacteria observed in the cultures
were by most scientists considered to be ‘contaminants’, introduced to the cultures by
human handling of the samples, and the final aim was elimination of the microorganisms
to obtain a ‘sterile’ culture (Leifert et al. 1991). The focus was on the negative influences
that especially bacteria can have on the vitality of tissue culture, for example the
browning and early senescence of plant material (Liu et al. 2005) or the vigorous growth
of bacteria on the surface of culture media eventually leading to overgrowth of the plant

(Leifert and Cassells 2001).

The presence and function of endophytes in tissue cultures has been increasingly under
investigation during the last years (also see introduction of Publication 1 and 2). Several
studies have demonstrated the presence or even positive effect of endophytic bacteria in
tissue cultures (Thomas et al. 2008; Dias et al. 2008; Abreu-Tarazi et al. 2010; Jimtha et al.
2014), including tissue cultures of trees (Izumi et al. 2008; Zaspel et al. 2008; Scherling
et al. 2009; Donnarumma et al. 2011; Quambusch et al. 2014). The endophyte species
composition and plant genotype together with tissue culture conditions seem to have a

strong impact on the development of a negative or positive interaction (Pirttila et al.
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2008; Quambusch et al. 2014). The presence of bacterial endophytes in the cultures is
often visually observable after changes in culture conditions, e. g. after the transfer to
rooting medium. In most cases the bacteria occur as clouds in the culture medium at the
base of the microshoot (Fig. 3 AB), less often on the surface of the culture medium in
contact with the stem or leaves of the explants (Fig. 3 C). The practical experience in our
in vitro culture laboratory with Prunus avium, several cultivars of Malus and a diverse
group of other plants is that the visual observation of endophytes is not necessarily
connected with growth inhibition or other negative effects on the plant. In some cases a
browning of the tissue in connection with plant senescence was observed during
apparent growth of bacteria, as described by Pirttila et al. (2008). It is not known whether
the endophytes are involved in browning by inducing the senescence, or the endophytes

simply take over the already senescing tissue (Pirttilé et al. 2008).

Fig. 3 Visual observation of endophytic bacterial growth in different plant tissue culture
materials. (A) Tissue culture of Solanum sp. with bacteria growing out of the basal part of the
microshoot (B) Endophytes emerging from the submerged parts of Helleborus microshoots
(C) bacteria of Phalaenopsis tissue culture growing on the surface of the medium (D) Leaves of
Prunus avium genotype Neptun on bacterial culture medium with white colonies of isolate N-I-2
(Rhodopseudomonas palustris) (E) Leaves of Prunus avium genotype Demeter on bacterial culture
medium with yellow colonies of isolate D-I-1 (Microbacterium testaceum).

From the previously discussed literature it can be concluded, that endophytes can have
positive effects during in vitro culture of plants. At the same time we have to keep in
mind that “contaminations” do cause serious troubles in commercial in vitro culture
propagation (Kulkarni et al. 2007). The shape of the interaction with specific endophytes
is not fixed and can change if biotic or abiotic factors are altered. Keeping the balance of
the total microbial community seems to be more promising for successful tissue culture

propagation than the suppression or elimination of bacteria:

“It seems there is an equilibrium of endophytes and plants that under certain
circumstances may be unbalanced to the detriment of one of the partners”

(Rosenblueth and Martinez-Romero 2006)
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1.2.5 Detection of bacterial endophytes

It is common understanding that only a small percentage of bacteria are cultivable by
standard techniques. The portion of “as yet cultivated” bacteria has been estimated to be
below 1 % (Vartoukian et al. 2010) or ranging from 1-10 % (Schleifer 2004). A true
understanding of the physiology and function of a bacterial species requires the study of
living cells. With the aim to get the closest approach to the total bacterial community it is
therefore necessary to cover both the cultivable and non-cultivable fraction of

endophytes.

The culture-dependent detection starts with the plating of plant material on bacterial
culture media to obtain bacterial colonies. In the following process a pure culture of the
bacteria is obtained, the DNA is extracted and a target-gene, most commonly the
16S rDNA, is amplified by PCR and sequenced for the taxonomic assignment (see Fig. 4
and manuscript II, section 2.2). The most critical step of this method is the selection of
suitable bacterial culture conditions. To enable the growth of a high diversity of bacteria
the use of media with low nutrient content, the extension of the incubation time and the
simulation of natural environmental conditions was proposed by Vartoukian et al. (2010).
Several groups tested innovative new techniques for the culture of “as yet uncultivables”,
e. g. the use of a hollow fibre membrane chamber (Aoi et al. 2009) or magnetic
nanoparticle mediated isolation proposed by Zhang et al. (2015). An example for the
successful cultivation of previously uncultivable Mycobacterium spp., present in all

analyzed Prunus avium genotypes, is given in manuscript III.

For the culture-independent detection of bacteria the DNA is extracted directly from the
plant material. Subsequent steps are the amplification of the target gene by PCR and the
establishment of a clone library containing the amplification products (Fig. 4). The
plasmids of the clone library can either directly be sequenced or an intermediate step can
be included to reduce the number of necessary sequencing runs. One possibility is the
conduction of an amplified ribosomal DNA restriction analysis (ARDRA) followed by the
grouping of the clones based on their restriction pattern, as applied in this thesis (see Fig.
4 and introduction of manuscript II). Using this method only one clone for each observed
restriction pattern has to be sequenced and compared to database entries for the
taxonomic placement. The technical possibilities to analyze the unculturable fraction of
the endophytic bacteria have been subject of huge changes during the last years by the
invention and dissemination of next generation sequencing which are discussed in detail

in 3.1 and 3.2.
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Fig. 4 Workflow for the detection of endophytes by culture-dependent and culture-independent
method as used in this thesis.

The most frequently used sequence for phylogenetic studies is the approximately 1500 bp
long and highly conserved 16S rDNA encoding the small subunit of the ribosome of
bacteria (Clarridge 2004; Woo et al. 2008). Because this sequence is used in most studies
the databases (e. g. NCBI GenBank or ribosomal database project (RDP)) cover a wide

spectrum of bacterial sequences and identification of rare or non-cultivable species is
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made possible. Identification by 16S rDNA sequences is limited when it comes to the
differentiation of closely related species and the classification to species or subspecies
level. In this case sequencing of the 16S-23S internal transcribed spacer (ITS) can be
additionally used to ensure and refine the phylogenetic placement (Nesme and Normand
2004). Although widely used in the identification of fungus species, ITS sequences of
bacteria are far less covered in the databases and for rare or non-cultivable species often

no entry of the same species can be found.

1.3 Cooperation project: “New possibilities of characterization,
regulation and utilization of bacterial endophytes in in vitro
propagation systems of wild cherry (Prunus avium L.)"

The studies in this thesis were performed as part of a cooperation project with the title
“New possibilities of characterization, regulation and utilization of bacterial endophytes
in in vitro propagation systems of wild cherry (Prunus avium L.)” between the Leibniz
Universitat Hannover, Woody Plant and Propagation Physiology Section and the Institut
fur Pflanzenkultur (IFP) based in Solkau, Schnega. The project was financed by the
German Federal Ministry for Economic Affairs and Energy (BMWi) as part of the funding
program ZIM (Zentrales Innovationsprogramm Mittelstand) that supports small and
medium-sized enterprises which want to develop or improve innovative products,

processes or technical services [grant number KF2508004AJ0].

The IFP is working in the in vitro production, acclimatization to greenhouse conditions
and field cultivation of plants. They combine research and application to tissue culture
methods and optimize culture protocols or produce young plants for their customers.
Another key activity of the IFP is the development of microbial products in form of soil-
adjuvants to improve plant growth on suboptimal substrates or sites. The propagation of
Prunus avium genotypes for the silvaSelect” Gehdlze GmbH was of major commercial
relevance during the last years. In the year 2010, before the start of the cooperation
project, 69 % losses of plants were observed during the rooting and acclimatization of
Prunus microcuttings. At the same time the increased appearance of bacteria was
observed during the micropropagation process and financial losses due to endophytes

were taken into account.

The aim of the project was to identify bacterial endophytes in Prunus avium tissue
culture and analyze their function in a holistic approach looking both on possible

negative and positive effects of the bacteria. In contrast to the often used elimination of

12
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bacteria in tissue cultures the focus was put on the evaluation of the total bacterial
community to obtain information on their balance or imbalance during tissue culture
propagation. The main hypothesis was that the observed variability in the propagation
success between genotypes was related to a different bacterial community, and that this
community can be influenced in a manner favorable for plant growth. The three main

objectives of the cooperation project were:

e Development of an economically efficient propagation protocol for the
silvaSelect” genotypes
e Production of high quality plant material

e Isolation, identification and characterization of bacteria from tissue culture

The development of a new marketable product on the basis of bacteria with positive
effects on plant growth was a further goal but was left optional because the feasibility

was unpredictable at project start.

1.4  Thesis objectives

While several studies unraveled numerous functions of endophytes in the plant there is
still little known about their behavior during in vitro culture. Previously published works
in the majority focused on an inventory of the bacterial population or on single PGPB
strains. The aim of this thesis was to study the dynamics of the endophytic population of
Prunus avium in vitro cultures to obtain a better understanding of the positive, neutral
and negative influences that endophytic bacteria can have during in vitro propagation of
plants. Additionally, the rooting protocol, limiting commercial production of Prunus
avium, should be optimized and the obtained knowledge brought together to obtain an

improved protocol for the micropropagation of Prunus avium.
The detailed objectives of this thesis were as follows:

1. Development of an improved protocol for the rooting of microshoots to enable the

propagation of a wide spectrum of Prunus avium genotypes in commercial scale.

2. The identification of bacterial endophytes in Prunus avium genotypes with differing

propagation success on the genus level.

a. Establishment of laboratory protocols for the identification of bacterial
isolates (culture-dependent method) and for the identification of the total

bacterial community in planta (culture-independent method)
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b. Taxonomic assignment of bacterial isolated obtained in our group and by the

project partners.

3. Characterization of the detected bacteria regarding their impact on Prunus avium

during micropropagation.

a. Evaluation of the growth promoting potential of the detected and isolated
bacterial strains by comparison to database entries and references of other

studies.

b. Screening of bacterial isolates for their ability to produce auxin and
siderophores, metabolize organic phosphates and fix atmospheric nitrogen.

(Comment: These aspects were part of the master thesis of Kristin Haller.)

4. Quantification of the most abundant bacterial strains to gain knowledge about the

fluctuations of endophytes during in vitro culture.

a. Establishment of quantitative PCR (qPCR) protocols for the most abundant

bacterial strains.

b. Comparison of the bacterial amount present in different genotypes, plant
organs, during different in vitro culture phases and at different sampling

times.

c. Evaluation of the influence of de novo organogenesis on the bacterial
community by regeneration of adventitious shoots and quantification of the

bacterial strains.
5. Utilization of bacterial endophytes to improve the rooting of Prunus avium.

a. Inoculation of difficult-to-propagate Prunus avium genotypes with bacterial

isolates from easy-to-propagate genotypes during in vitro rooting.
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1. Introduction

The timber of wild cherry (Prunus avium L.) is highly valued in Europe due to its reddish
color, comparable to tropical trees like mahogany, and the firmness of the wood,
combined with fast and fine grained growth (Kobliha 2002; Russell 2003). It is used for
the production of solid wood furniture and as veneer in interior fittings (Schmid 2006).
Trees with optimized growth characteristics, such as fast growth, straight stem and fine
grains have been selected and are distributed under the trademark silvaSELECT®
(Janflen et al. 2010). Vegetative propagation of these certified genotypes via in vitro
propagation enables high multiplication rates and stable clonal plant material
(Meier-Dinkel et al. 2007). To ensure genetic diversity in forestry, a set of 31 genotypes
was registered and is propagated in vitro for tree nurseries (Janflen et al. 2010). In
commercial production, however, severe losses are observed during in vitro rooting and
acclimatization. The propagation success is strongly dependent on the genotype and
shows a high fluctuation over time (C. Schneider, personal communication). From 2009
until 2012 the genotypes used in this study showed 20 % - 61 % losses during rooting in
commercial production making an optimization of this cultivation step necessary for

cost-effective plant production.

The formation of adventitious roots is affected by light energy and in many plants
induced by darkness (George and Davies 2008). A dark treatment has previously been
used to improve adventitious root formation ex vitro, e. g. Klopotek et al. (2010) could
strongly improve rooting of petunia cuttings by dark exposure and reported an
accelerated formation of root meristems in a histological analysis. For in vitro
propagation Monteuuis and Bon (2000) and Druart et al. (1982) reported a significant
increase in the proportion of rooted microshoots of Acacia mangium and Malus

domestica, respectively, in darkness compared to standard lighting conditions.

De Klerk et al. (1992; 1995) showed in their studies that auxin is required to induce roots
but inhibits the outgrowth of root primordia and formation of roots at later stages of
development. On the basis of these results adventitious root formation was divided into
three stages: a dedifferentiation phase in which cells are not sensitive for auxin
application (0h-24h after cutting), an induction phase where auxin initiates first cell
divisions (24h-96h) and a differentiation phase (96h +) with the formation of root
primordia that is inhibited by auxin supplementation (De Klerk et al. 1999). In
scientifically and commercially used protocols for rooting of Prunus avium microshoots

IBA is added for the total duration of the rooting phase (Meier-Dinkel 1986). This
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procedure is sufficient for many genotypes but leads to low numbers of rooted plants for

others (Quambusch et al. 2014).

To ensure genetic diversity of forest sites it is important to successfully propagate the
maximum number of genotypes available instead of concentrating on those that are easy-
to-propagate. The overall objective of this study was to optimize the in vitro rooting
phase to enable a successive acclimatization of a high number of Prunus avium genotypes
which can be applied for commercial production. In detail the aims were to test (1) the
influence of a dark treatment during the first four days of the rooting phase and (2) the
effect of an auxin (IBA) pulse during the first 48 h on the formation of adventitious roots
of Prunus avium microcuttings. To our knowledge these two parameters have not been

tested for Prunus avium tissue culture before.
2. Materials and Methods

2.1 Plant material

For the present study, six Prunus avium genotypes of the silvaSELECT® selection with
varying propagation success (here defined as rooting rate x acclimatization rate, given as
a percentage) were selected based on data from commercial production for the years
2009-2012 (data collected at the Institut fiir Pflanzenkultur, Germany). Genotypes Fama
and Achilleus were difficult-to-propagate genotypes, Asteria and Apollo showed high
fluctuation over the years, resulting in medium propagation success and Neptun and
Demeter were easy-to-propagate genotypes (for details on propagation success data see
(Quambusch et al. 2014)). The genotypes were formerly selected at the Northwest
German Forest Research Institute (NW-FVA) for their growth parameters, and in vitro
cultures had been established from surface-sterilized winter buds and propagated for

4-16 years via axillary shoots.
2.2 In vitro culture conditions

Shoots were propagated on MS medium (Murashige and Skoog 1962) containing
3% (w/v) sucrose and 0.6 % Plant Agar (Duchefa, Haarlem, The Netherlands),
supplemented with 2.22 pM benzylaminopurine, 0.49 pM indole-3-butyric acid and
0.29 pM gibberellic acid-3 and adjusted to pH 5.8. Each 500-ml plastic vessel contained
80 ml of culture medium and 10 plants. The cultures were incubated at 24 °C under a 16-h
photoperiod (40-56 pmol m™* s™') and subcultured every 5 weeks. To induce rooting the

shoots were transferred to rooting medium containing 4.9 pM indole-3-butyric acid as
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the sole plant growth regulator (PGR) and macronutrients reduced to 1/3 MS, all other

aspects were the same as described for the propagation medium.
2.3 Rooting experiment

To optimize the rooting of the six Prunus avium genotypes three treatments were
compared: Treatment 1 was the control treatment under the conditions described above.
In treatment 2 the shoots were placed on rooting medium and cultured in darkness for
four days prior to transfer to standard culture conditions. For treatment 3 the shoots
were transferred to rooting medium with a 10x higher concentration of IBA (49 pM) for
48 h prior to the transfer on rooting medium without any PGR supplementation.
100 shoots were treated per variant in ten vessels (replicates) each. The experiment was
repeated three times (November 2012, January 2013 and October 2013). The percentage of

shoots with adventitious roots was evaluated after four weeks on rooting medium.

Plants in commercial production were propagated with the standard protocol as stated
above (2.2), except that 15 shoots were cultured in one vessel during propagation and 20
during rooting. To induce adventitious rooting the standard protocol was used from 2009
to 2012. From 2013 to 2015 all shoots were incubated in darkness for the first 7 days on
rooting medium, but with Plant Agar being replaced by Gelcarin (0.7 %, Duchefa,
Haarlem, The Netherlands). The number of analyzed genotypes ranged from 7 to 28 and

the number of analyzed plants ranged from 1 900 to 286 720 between propagation times.
2.4 Acclimatization

After 4 weeks on standard rooting medium, in vitro shoots of the Prunus avium
genotypes Neptun, Apollo and Achilleus were sorted into three groups prior to
acclimatization: group 1 without roots; group 2 with 1-3 roots; group 3 with > 3 roots.
The plantlets were transferred to potting mix containing white peat and % perlite with a
grain size 1-7.5 mm (“Steckmedium”, recipe #300, Klasmann-Deilmann, Geeste, Germany)
in 4 cm x 4 cm pots and kept under a foil tunnel with floor heating at 22°C and nearly
100 % humidity in a greenhouse with a 16 h photoperiod provided by additional lighting
during the winter months. After 2 weeks the humidity was slowly reduced and after 3-4
weeks the plants were transferred to a greenhouse with a minimum temperature of 18 °C
(heating setpoint). From then on, plantlets were fertilized once a week with 0.07 % Ferty®
MEGA 3 (Planta Diingemittel, Regenstauf, Germany). The acclimatization rate was
evaluated after 7 weeks. The experiment was conducted four times; and the total number

of plants used is depicted in Fig. 1.
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2.5 Statistical analysis

All statistics were performed with the program R-3.2.2 (R Development Core Team 2008).
An ANOVA was conducted to describe variation among treatments and genotypes as
well as the interaction between them. Differences between control and treatment were
tested for significance using Dunnett’s test based on generalized linear models for each
genotype using logit transformation (McCullagh and Nelder 1989). In the rooting
experiment the culture vessel was the randomized unit and the test was performed with
percentages of rooted shoots in each culture vessel except for experiment repetition two
where all vessels were treated as one unit (information on culture vessels were not

available).
3. Results and Discussion

3.1 Importance of in vitro rooting on acclimatization success

In a preliminary experiment we evaluated the effect of in vitro rooting on the survival of
plants during acclimatization to greenhouse conditions. Differences in plant growth were
clearly visible four weeks after transfer to the greenhouse (Fig. 1 A). The effect was
measurable after the plants were fully acclimatized to the greenhouse, seven weeks after
the transfer. A significant effect of the factor rooting (unrooted plants, plants with
1-3 roots and plants with > 3 roots) was detected by ANOVA (p=2.28x10-05). Analysis of
the acclimatization success for each genotype verified a significant difference between
unrooted microcuttings and microcuttings with > 3 roots for Neptun and Achilleus
(Fig. 1 B). The group of microcuttings with 1-3 roots positioned in between unrooted and
well-rooted plants with an average of 48 % (+35 %), 32 % (£26 %) and 31 % (+17 %)

surviving plants for genotypes Neptun, Apollo and Achilleus, respectively (Fig. 1 B).

Although some studies indicated an influence of different growth conditions during
rooting on acclimatization (e.g. Muna et al. 1999), to our knowledge the direct effect of
the shoot rooting status on acclimatization was not tested before for Prunus avium. De
Klerk et al. (1999) stated that it is preferable to root small microcuttings in vitro and
transfer them to soil after roots have been formed as the plantlets increase in size and
become more robust during this cultivation step. In agreement with our results this
emphasizes the importance of an efficient protocol for the rooting of microshoots to
ensure a successful transfer to the greenhouse and to minimize losses during the
acclimatization phase. Our data additionally indicate that for Prunus avium it is

advisable to use only plantlets with more than three roots for acclimatization.
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Fig. 1 Effect of in vitro rooting on the acclimatization success. (A) Plantlets four weeks after
transfer to the greenhouse, genotype Neptun. (B) Acclimatization rate seven weeks after transfer
to the greenhouse. Different letters indicate significant differences between the groups within
one genotype by Tukey’s range test (P < 0.05); Bars = mean of four repetitions; Error bar = SD; n =
4 repetitions, number of total individuals are given in the bars.

3.2 Induction of roots by an IBA pulse

To improve the rooting of Prunus avium microshoots the effect of a 4 days dark
treatment and an IBA pulse for 48 h was tested. Applying an IBA pulse led to a
significant increase of rooting percentage in five of six genotypes tested and the
strongest increase was measured for Achilleus with 86 % (+ 9 %) rooted plants compared
to 65 % (+ 22 %) in the control (Fig. 2). However, this treatment did not lead to strong and

healthy plants needed for the acclimatization to greenhouse conditions.

In Fig. 3 examples of rooted microshoots of all treatments are depicted and the IBA pulse
treated plants (Fig. 3 g-i) showed disproportionally big roots with small shoots. Thus, an
optimization of the concentration or duration of the application of IBA would be needed

to use the beneficial effect of the pulse treatment on rooting.

Label et al. (1989) hypothezised that exogenous IBA is only needed to trigger the
developmental condition for rooting, whereas other studies suggest a positive effect of
auxin during the early induction phase, but a repressive effect on root development
thereafter (De Klerk et al. 1999). Although our results are in line with these findings, the
use of a pulse treatment instead of continuous IBA application during rooting of Prunus
avium can only be recommended with limitations: First, the treatment involves one
additional transfer of the microshoots to fresh medium leading to much higher costs for
material and labour during commercial production, and second the problem of

overdosage of IBA as seen in Fig. 3 g-i needs to be solved. The extra-subculturing might
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be saved, if - instead of IBA - IAA was used which rapidly is degraded under light or
riboflavin is added that facilitates the inactivation of IBA in the light (Krieken et al. 1992;
De Klerk et al. 1999).
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Fig. 2 Comparison of the percentage of rooted plants produced using the standard protocol
(control), a four days dark treatment (dark) or an 48 h IBA pulse (IBA). The 3 repetitions are
depicted as red dots (A), green triangle (B) and blue squares (C), each dot represents one vessel
(except for B, representing the whole experiment). Boxplot with additional information on the
mean (dashed line). Asterisks indicate significant differences between the treatments and the
corresponding control by Dunnett’s test (¥, ** and *** indicate P < 0.05, P < 0.01 and P < 0.001,
respectively); n = 20-21.

3.3 Induction of roots by dark treatment

The dark treatments proved successful in inducing a higher number of rooted plants
(Fig. 2). The increase through dark treatment was strongest for genotypes Achilleus with
a mean of 65 % (+ 22 %) in the control and 84 % (+ 13 %) with dark treatment and Asteria
with an increase from 33 % (+ 20 %) to 58 % (+ 21 %) with dark treatment. Data collected
during commercial production, where the protocol was changed to a seven days dark
treatment in 2013, underline the results. In the years 2009-2012 the average rooting rate
was 59 % (+ 9 %) and from 2013 to 2015 the rate was clearly higher with 79 % (= 7 %)
rooted plants (mean + SD over the propagation sets and the genotypes, for details see

18.3). Although other changes in the protocol (e.g. a change in the solidifying agent of
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the rooting medium) might have influenced the data, this is clear illustration of the

applicability and feasibility of the dark treatment in commercial practice.
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Fig. 2 Examples of rooted microshoots of Prunus avium genotypes Neptun, Apollo and Demeter
after four weeks on rooting medium. (A) - (C) cultivated with standard protocol; (D) - (F)
cultivated on standard medium with 4 days dark treatment; (G) - (I) cultivated with a 48 h IBA
pulse before transfer on hormone free rooting medium. Bars represent 2 cm.

A beneficial effect of darkness on rooting, as seen in our results, is in accordance with
findings of Krieken et al. (1992) who described a higher rooting percentage after five days
darkness during the induction phase in apple. In a study of Monteuuis and Bon (2000)
even the culture in total darkness through the whole rooting procedure proved positive
for rooting of Acacia mangium. The same was reported for Prunus serotina where total
darkness (Fuernkranz et al. 1990) and a four days dark treatment (Espinosa et al. 2006)
resulted in highest rooting percentages. In our materials and experimental conditions the
extension of the dark treatment to seven days did not improve the rooting percentage

further (data not shown) and in a trial during commercial propagation of Prunus avium a

23



2 PUBLICATIONS AND MANUSCRIPTS

nine days dark treatment had a negative effect on rooting (data not shown). The high
variability of the data between repetitions, especially for genotype Fama, could be related
to fluctuations in the endophytic community as shown in a previous publication

(Quambusch et al. 2014).
3.4 Conclusions

Both IBA pulse and four days dark treatment led to an increase in the percentage of
rooted plants of Prunus avium microshoots. While the IBA pulse lead to disproportional
growth of roots compared to shoots, the plantlets kept dark during root induction grew
healthy and were visually not distinct from the control plants. As the dark conditions can
easily be applied and the effect was highly reproducible in this study, the dark treatment
can be recommended for commercial in vitro propagation of a broad set of Prunus avium
genotypes. Instead of genotype-dependent optimization of propagation protocols, the
overall application of the described dark treatment led to a higher production of rooted
plants. Thus, the transfer of technological knowledge to practice, which is often limited
by unreproducible effects or technical limitations under commercial conditions, was

successful in this study.
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The endophytic bacterial communities of six Prunus avium L. genotypes differing in their growth patterns during in vitro
propagation were identified by culture-dependent and culture-independent methods. Five morphologically distinct isolates
from tissue culture material were identified by 16S rDNA sequence analysis. To detect and analyze the uncultivable fraction
of endophytic bacteria, a clone library was established from the amplified 16S rDNA of total plant extract. Bacterial diversity
within the clone libraries was analyzed by amplified ribosomal rDNA restriction analysis and by sequencing a clone for each
identified operational taxonomic unit. The most abundant bacterial group was Mycobacterium sp., which was identified in
the clone libraries of all analyzed Prunus genotypes. Other dominant bacterial genera identified in the easy-to-propagate
genotypes were Rhodopseudomonas sp. and Microbacterium sp. Thus, the community structures in the easy- and difficult-
to-propagate cherry genotypes differed significantly. The bacterial genera, which were previously reported to have plant
growth-promoting effects, were detected only in genotypes with high propagation success, indicating a possible positive
impact of these bacteria on in vitro propagation of P. avium, which was proven in an inoculation experiment.

Keywords: amplified ribosomal rDNA restriction analysis, bacterial endophytes, in vitro culture, plant growth-promoting

bacteria, 16S rDNA sequencing.

Introduction

Wild cherry (Prunus avium L.) timber is a valuable hardwood, which
is used for the production of veneers and solid wood furniture.
The timber is highly valued in Europe due to the reddish color and
firmness of the wood, comparable to tropical trees like mahogany
(Kobliha 2002). Economically most desired are fast-growing trees
with straight stems (JanBen et al. 2010). To optimize growth char-
acteristics, single plants showing a desired phenotype have been
selected and are distributed under the trademark silvaSELECT®.
Vegetative propagation of these certified genotypes via in vitro
propagation enables high multiplication rates and stable clonal
plant material (Meier-Dinkel et al. 2007). To ensure genetic diver-
sity in forestry, a set of 31 genotypes was registered and is being
propagated in vitro for tree nurseries (JanBen et al. 2010).

Under commercial conditions, severe losses are observed
during in vitro rooting and acclimatization of the P. avium geno-
types. Propagation success is strongly dependent on the geno-
type and shows high fluctuation over the years. These problems
could not be overcome by manipulation of culture media or
other growth conditions (C. Schneider, personal communica-
tion), and one possible explanation for the variation could be
the presence of differing endophytic bacterial populations.

Endophytes are bacteria or fungi that, during part of their
life, can live inside plant tissue without eliciting symptoms
of disease (Petrini 1991). Endophytic bacteria are frequently
observed in plant in vitro cultures, both in commercial labora-
tories and in scientific studies (Leifert et al. 1991), and often
affect the in vitro propagation of trees (Ulrich et al. 2008a).
They were previously treated mainly as contaminants that

© The Author 2014. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com
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needed to be eliminated to obtain a sterile tissue culture with
healthy plant growth (Ewald et al. 1997, Leifert and Cassells
2001). A frequently used method is the addition of antibiotics
to the culture medium to suppress bacterial growth (Kneifel
and Leonhardt 1992, Asif et al. 2013, Bohra et al. 2013).
Herman (1989) presented the idea that usually non-pathogenic
or even growth-promoting bacteria can become detrimental
under the special growth conditions of in vitro culture and
proposed the term ‘vitropaths'. In contrast, numerous studies
indicate that endophytes have a positive effect on plants, for
example through biosynthesis of growth-stimulating phytohor-
mones, increase of nutrient availability and induced resistance
to pathogens (Goh and Vallejos 2013). Pirttila et al. (2004)
observed that freeing buds of Pinus sylvestris L. of bacterial
endophytes resulted in an altered morphology, which could be
restored by adding endophytic products to the plant medium.
The inoculation of poplar tissue cultures with a Paenibacillus
isolate led to a higher number of and longer roots on microcut-
tings (Ulrich et al. 2008a). In a study on endophytic bacteria in
strawberry tissue cultures, some isolated endophytic bacteria
showed plant growth-promoting effects during the acclimatiza-
tion process in the greenhouse (Dias et al. 2008).

Therefore, it was advisable to identify the bacteria in the cul-
tured P. avium tissue and to use this knowledge to develop
strategies to potentially influence the community structure. To
our knowledge, there has been only one study of bacteria asso-
ciated with P. avium in vitro culture, which indicated a preva-
lence of Pseudomonas sp. (Cornu and Michel 1987). Kamoun
et al. (1998) reported Pseudomonas sp. and Agrobacterium rhi-
zogenes as endophytes in the related species Prunus cerasus L.
The first objective of this study was to analyze the bacterial
population structure of tissue culture material of six different
P. avium genotypes by both culture-dependent and culture-
independent methods. Secondly, we aimed to correlate the
differences between the bacterial populations of different geno-
types with the propagation success in vitro. Finally, inoculation
of difficult-to-propagate genotypes with bacteria isolated from
easy-to-propagate genotypes was carried out in order to test
the putative beneficial effects of these endophytes on rooting.

Materials and methods

Plant material and in vitro culture conditions

For the present study, six P. avium genotypes of the silvaSE-
LECT® selection with varying propagation success (here
defined as rooting rate X acclimatization rate, given as a per-
centage) were selected based on data from commercial pro-
duction for the years 2009-2012 (data generously provided by
C. Schneider, Institut flr Pflanzenkultur, Germany). Genotypes
Fama and Achilleus were difficult to propagate (marked by —),
with 11.4+4.9 and 9.8 £3.6% success, respectively. Asteria

Endophytic bacteria in Prunus tissue culture 525

and Apollo showed high fluctuation over the years (marked
1), resulting in medium propagation success of 29.7 £ 14.1
and 23.9+7.6%, respectively. Easy-to-propagate genotypes
(marked +) were Neptun with 38.7 £ 6.3% and Demeter with
42.2 £ 8.6% propagation success. The propagation protocol
was identical for all genotypes described here, and did not
involve the use of antibiotics at any stage.

The genotypes were formerly selected at the Northwest
German Forest Research Institute (NW-FVA) for their growth
parameters, and in vitro cultures were established from surface-
sterilized winter buds and propagated for 4-16 years via
axillary shoots. The shoots were cultivated on MS medium
(Murashige and Skoog 1962) containing 3% (w/v) sucrose and
0.6% Phyto Agar (Duchefa, Haarlem, The Netherlands), sup-
plemented with 2.22 UM benzylaminopurine, 0.49 uM indole-
3-butyric acid and 0.29 uM gibberellic acid-3 and adjusted to
pH 5.8. Each 500-ml plastic vessel contained 80 ml of culture
medium and 10 plants. The cultures were incubated at 24 °C
under a 16-h photoperiod (40-56 umol m=2s~") and subcul-
tured every 5 weeks.

Isolation of bacteria

Leaf and stem segments of in vitro shoots of each genotype
were placed on nutrient agar (NA) (1% beef extract, 2% yeast
extract, 5% peptone, 5% NaCl, 10% agar (w/v)) and medium
523 (Viss et al. 1991), incubated under the same conditions
as the in vitro shoot cultures, and monitored for 5 weeks.
Emergence of bacterial colonies was observed at the cut
explant surfaces, and colonies were selected based on size,
shape and color and re-streaked twice onto a fresh medium to
obtain pure single colonies of each species.

DNA extraction from plant material and bacterial isolates

For extraction of total genomic DNA, 140-230 mg of single in
vitro shoots was collected, frozen in liquid nitrogen and ground
to a fine powder. Three shoots were harvested from each
P. avium genotype and each plant sample contained leaf, stem
and shoot tip tissue. Deoxyribonucleic acid extraction and
purification was carried out using the Nucleo Spin Plant Il kit
(Macherey-Nagel, Duren, Germany) according to the manufac-
turer’s instructions and the DNA was finally dissolved in 100 pl
of the supplied elution buffer.

For extraction of bacterial genomic DNA, individual colonies
were propagated in nutrient broth at 28 °C and 200 rpm for
1-12 days until ODgq reached 0.6. A pellet of 1 ml of bacte-
rial culture was supplemented with 380 pl of extraction buffer
(200 mM Tris—HCI, pH 7.5, 250 mM NaCl, 25 mM EDTA, 0.5%
SDS) and 10 pl of lysozyme (20 mg ml~"), mixed thoroughly and
incubated for 1 h at 37 °C. After adding 10 ul of proteinase K
(20 mg ml=") and 20 pl of RNAse (10 mg mi=), the samples were
again mixed and incubated for 15 min at 65 °C. The sample was
mixed with 200 ul of 5 M potassium/3 M acetate and kept on ice
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for 10 min. After centrifugation for 20 min at 13,000g, 500 pl of
the supernatant was transferred to a fresh tube and mixed with
500 i of isopropanol. The samples were centrifuged for 10 min
and the pellet was washed twice with 75% EtOH. Finally, the
DNA pellet was re-suspended in 50 ul of sterile Milli-Q water.

Polymerase chain reaction amplification and construction
of 16S rDNA clone libraries

The 16S rDNA of five bacterial isolates was amplified using prim-
ers 27f (AGAGTTTGATCCTGGCTCAG) (Weisburg et al. 1991) or
799f (AACMGGATTAGATACCCKG) (Chelius and Triplett 2001)
and 1492rY (GGYTACCTTGTTACGACTT) (Weisburg et al.
1991), as previously described (Thomas et al. 2007).

Since the total plant DNA contains mitochondrial and chlo-
roplast 16S rDNA, primers that allow a separate amplification
of bacterial rDNA were used. Primer 799f (Chelius and Triplett
2001) was originally designed to amplify bacterial sequences,
exclude chloroplast DNA and give a larger mitochondrial poly-
merase chain reaction (PCR) product. This selectivity was
confirmed in studies of other plant genera (Sun et al. 2008).
Therefore, primers 799f and 1492r-Y were selected to amplify
bacterial DNA from P. avium samples. Each 25-ul PCR con-
tained 100 ng of template DNA, 1x reaction buffer (10 mM
Tris—HCI, 50 mM KCI, 2 mM MgCl,, 0.001% gelatin), 100 uM
dNTP, 10 pmol of each primer and 1 U of FIREPol DNA poly-
merase (SolisBiodyne, Tartu, Estonia). Thermal cycling condi-
tions were: initial denaturation at 94 °C for 5 min followed by
33 cycles of 94 °C for 30's, 52 °C for 40's, 72 °C for 60's
and a final extension step for 5 min at 72 °C.

The PCR products of four parallel reactions were combined
and electrophoretically separated, and the bacterial amplifica-
tion product of ~700 bp was excised from the agarose gel. The
PCR products were purified using the Nucleo Spin Gel and PCR
clean-up kit (Macherey-Nagel) and cloned into vector plet1.2
using the Clone Jet PCR cloning kit (Fermentas, St. Leon-Rot,
Germany) according to the manufacturer’s instructions.
Chemically competent Escherichia coli DH10B were trans-
formed with the ligation product and spread on lysogeny broth
(LB) agar plates supplemented with ampicillin (100 mg I').

Amplified ribosomal rDNA restriction analysis

To identify unique sequences for subsequent sequence anal-
ysis and to estimate the diversity of bacteria, the restriction
patterns within each clone library were analyzed. Ampicillin-
resistant E. coli colonies were picked randomly and tested by
colony-PCR for correct insert length. A restriction digest with
enzymes Hpall, Hhal and BsuRI was performed with 100 ug of
DNA of the remaining colony-PCR sample overnight at 37 °C.
Amplified ribosomal rDNA restriction analysis (ARDRA) was
performed with 95 amplificates from each clone library. The
restriction fragments were separated in a 2% agarose gel
with 0.5% Tris—borate—EDTA buffer (80 mM Tris—borate/1 mM

EDTA, pH 8.3). Restriction patterns were analyzed manually
and converted into a 1-O matrix. Bands <100 bp were not
taken into account. The clones of each clone library were
grouped according to restriction patterns.

Sequencing and phylogenetic analysis

One clone representing each distinct ARDRA pattern of each
clone library was selected for sequencing. Plasmids contain-
ing the 16S rDNA inserts were purified using the GenelET
Plasmid Miniprep kit (Fermentas) and sequenced by Seglab
(Géttingen, Germany).

Concerning bacterial isolates, each PCR amplicon was
sequenced using primers 27f and 799f to obtain a nearly full-
length sequence of 16S rDNA. The presence of possible chime-
ric sequences was checked using a DECIPHER Find Chimeras
web tool (Wright et al. 2012). All obtained sequences were
compared with sequences available in the NCBI GenBank data-
base using BLASTn (Benson and Karsch-Mizrachi 2010). The
sequences of clones, isolates and reference sequences were
aligned using CLC software (CLC bio, Aarhus, Denmark) and
regions with gaps were removed manually. Phylogenetic trees
were constructed using the neighbor-joining method of the
CLC software, and statistical significance of nodes was deter-
mined by bootstrap analysis with 1000 repeats.

All nucleotide sequence data obtained in this work have
been deposited in the GenBank database under the following
accession numbers: KF663058-KF663062 for isolates and
KF663063-KF663068 for 16S rDNA gene clones.

Inoculation with bacterial isolates

The bases of in vitro shoots of genotypes Fama and Achilleus were
dipped in a suspension of 10 mM MgSO, containing the bacterial
isolate (108 CFU ml~" for Microbacterium sp. D-I-1, 10* CFU ml~'
for Rhodopseudomonas sp. N-I-2, none for control) for 5 min and
transferred to rooting medium (propagation medium containing
4.9 UM indole-3-butyric acid as the sole plant growth regulator).
Forty shoots were treated per variant and transferred to eight
vessels (replicates), except for Fama, for which only 20 shoots
were treated with N-I-2. The number of roots per shoot and the
percentage of rooted plants were recorded after 3 weeks of cul-
ture under the conditions given above.

Statistical analyses

Rarefaction curves were calculated using package ‘rarefaction’ of
program R-2.15.3 (R Development Core Team 2008) to investi-
gate the diversity of the clone libraries. Clone coverage (Mullins
et al. 1995) was calculated using the following equation:

Coverage (C) = (1—n;/N) x100%,

where n, is the number of clones occurring once and N is the
total number of clones examined.
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Statistical differences in rooting after inoculation with bac-
terial isolates were determined by Dunnett’s test, comparing
each treatment with the control using the program R-2.15.3
(R Development Core Team 2008). Dunnett’s test was based
on generalized linear models for each genotype (McCullagh
and Nelder 1989). Because the culture vessel was the random-
ized unit, the test was performed with mean values of roots per
shoot or percentages of rooted shoots in each culture vessel.

Results
Culture-dependent approach

During routine propagation of P. avium shoots, no massive out-
growth of bacteria could be observed. The only indication for
bacteria in the cultures was a very slight smear around the basal
part of the cut stem of the shoot. The smear did not spread fur-
ther in the medium and did not continue growing on the surface
of the culture medium. By placing leaf and stem segments or
crushed material from these plants on bacterial indexing media,
we were able to isolate endophytes from three out of six tested
Prunus genotypes (Figure 1). Three isolates could be identified
to the species level with an identity score of 99-100% of the
16S rDNA sequence with corresponding sequences available in
the NCBI database. The closest match of two isolates was only
described at the genus level (Table 1). The identified bacteria
differed between the Prunus genotypes and belonged to such
diverse phylogenetic groups as Proteobacteria, Firmicutes and
Actinobacteria.

Two isolates were obtained from the easy-to-propagate
genotype Neptun (Table 1). Isolate N-I-2 formed white, slow-
growing colonies 1 mm in diameter after 1 week and was iden-
tified as a Rhodopseudomonas sp. The second isolate, N-I-1,

Endophytic bacteria in Prunus tissue culture 527

appeared within the first few days at cut edges of leaves and
stems with transparent colonies. It was not possible to gen-
erate a stable pure culture, however, because growth of the
bacterium ceased without plant material. Nevertheless, DNA
was isolated and the strain was identified as a Mycobacterium
sp. From the second, easy-to-propagate genotype Demeter,
a bacterium with fast-growing, shiny, yellow-orange colonies
was isolated and identified as Microbacterium testaceum.
Additionally, one Bacillus licheniformis strain, forming first clear
and later white colonies with filamentous growth, was isolated
from the crushed plant material of Demeter. On samples of the
difficult-to-propagate genotype Fama, bacterial colonies could
only be observed after 5 weeks on medium NA or 523. The
obtained isolate was identified as Acinetobacter junii. No bac-
teria could be isolated from genotypes Achilleus, Apollo and
Asteria within 6 weeks of observation.

Culture-independent approach

To identify the uncultivable fraction of endophytic bacteria
from the tissue cultured plants, the 16S rDNA was amplified
from total plant DNA. After electrophoresis, two distinct bands
of PCR products were observed. The larger fragment, deriving

Table 1. Classification of the bacterial isolates based on 16S rDNA
sequences using BLASTn.

Isolate Host plant  Closest match at NCBI  Sequence % Identity

genotype length (bp)
F-I-3 Fama (-) Acinetobacter junii 1441 100
N-I-1 Neptun (+)  Mycobacterium sp. 706 99
N-I-2 Neptun (+) Rhodopseudomonas sp. 1398 99
D-I-1 Demeter (+) Microbacterium 1398 99
testaceum
D-I-3  Demeter (+) Bacillus licheniformis 1449 100

Figure 1. Bacterial isolates obtained from leaves of in vitro plant material. (a) In vitro P. avium shoots in the propagation phase used for the iso-
lation of bacteria. (b) Leaf parts on bacterial indexing medium 523, 1 week after transfer. Visible growth of bacteria could only be detected in

genotypes Neptun and Demeter.
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from mitochondrial rDNA, was 1050 bp long and occurred in
all repetitions of all Prunus genotypes. A smaller bacterial frag-
ment of ~700 bp was observed in all three samples of each of
the genotypes Fama, Neptun and Demeter, and in two samples
of Achilleus (see Figure S1 available as Supplementary Data at
Tree Physiology Online). In genotypes Apollo and Asteria, the
bacterial endophytes, if present, were below the detection limit
with the method used. This finding correlates with the isola-
tion experiment, where no bacterial colonies were observed in
the leaves and stems of Apollo and Asteria within 6 weeks of
observation. Therefore, the bacterial populations of those two
genotypes were not studied further.

A purified bacterial 16S amplicon was selected for genotypes
Fama, Achilleus, Neptun and Demeter and used for the con-
struction of a 165 rDNA clone library (see Figure S1 available
as Supplementary Data at Tree Physiology Online). All clones
were screened by ARDRA with the restriction enzymes Hhal,
BsuRI and Hpall and sorted according to their restriction pro-
files into 9—20 operational taxonomic units (OTUs). An OTU was
defined as a group of clones that had identical banding patterns
obtained from digestion with the three restriction enzymes (see
Figure 2 as an example for Neptun). A representative of each
OTU was selected for 16S rDNA sequence analysis.

To confirm that a sample size of 95 is sufficient to cover the
bacterial population of in vitro plant material, two statistical tests
were used. The rarefaction analysis indicates how well taxonomic
diversity is reflected by the sample size used. Because there are
experimental biases (mainly DNA extraction), the rarefaction data
represent the diversity within the clone library and not the bacte-
rial population in the tissue. As the rarefaction curves of all four
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clone libraries nearly reached a plateau, the unique sequence
types in the sample size of 95 approach the total number of
sequences in the library (Figure 3). Calculation of clone cover-
age confirmed that >90% of the clone library diversity could
be detected in all four genotypes. No chimeric sequences were
found by the test software, but one clone was identified as chlo-
roplast DNA by sequencing and therefore discarded.

Prunus genotypes contain different endophytic
populations
The culture-independent method revealed differences between

the endophytic populations of the four tested genotypes.
Interestingly, they correlated with the propagation abilities in
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Figure 3. Rarefaction curves indicating diversity of endophytic bacte-
rial 16S rDNA clone libraries of four P. avium genotypes. The frequency
of different restriction profiles was plotted against the number of
clones screened.

# of clones closest hit % identity
1 Rhodopseudomonas 98
5 Mycobacterium sp. 100
18 uncultured bacterial clone 89
1 alpha Proteobacteria 97
1 Rhodopseudomonas 99
1 not identified 15
1 Mycobacterium 97
1 Mycobacterium 100
2 Rhodopseudomonas 99
8 Mycobacterium 100
5 Mycobacterium 100
1 Rhodopseudomonas 99
35 Mycobacterium 100
1 alpha Proteobacteria 96
4 Mycobacterium 100
2 Rhodopseudomonas 99
2 Mycobacterium 100
16 Rhodopseudomonas 99
5 Rhodopseudomonas 99
2 Rhodopseudomonas 99
95 total

Figure 2. ARDRA banding patterns of 95 bacterial 16S rDNA fragments of a plant sample from genotype Neptun (+). One representative of each
group was sequenced and compared with NCBI database entries using BLASTn.
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vitro (Figure 4). The most prominent bacterial genus found
in all genotypes was Mycobacterium. In genotypes Fama and
Achilleus, both difficult to propagate, the clone library contained
95 and 87% of Mycobacterium spp., respectively. The easy-to-
propagate genotypes both contained a second bacterial strain
with high abundance (Figure 4). In Neptun we detected a
Rhodopseudomonas sp., which accounted for 32% of the clone
library. Sixty-seven percent of the clone library of the genotype
Demeter contained a Microbacterium sp. Additionally, we found
present in the clone libraries of all genotypes one OTU, which
could not be identified further and showed a 99% identity to a
so far uncultured Proteobacterium.

Comparing the results from the culture-independent
method with the culture-dependent method, the detected

100% -

80% -
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bacterial populations were similar but not identical (Figure 5).
Microbacterium sp. and Rhodopseudomonas sp. were detected
with both methods and showed a 100% identity in the align-
ment of the analyzed sequences. In contrast to the culture-
dependent method, the clone library represented only two
phylogenetic groups, Proteobacteria and Actinobacteria. The
isolates B. licheniformis and A. junii could not be detected with
the culture-independent method.

Inoculation with bacterial isolates promotes rooting

As the two
D-I-1
to-propagate genotypes, a correlation between these bac-

isolates N-I-2 (Rhodopseudomons sp.) and

(Microbacterium sp.) were present only in the easy-

teria and in vitro rooting ability of P. avium was evaluated.

Rhodopseudomonas spp.

60% -
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B Microbacterium spp.

[ Mycobacterium spp.

B uncultured bacterial clone

Fama ()
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Prunus avium genotype

Neptun (+)
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Figure 4. Composition of the bacterial community of four Prunus genotypes analyzed by direct amplification of bacterial 16S rDNA from in vitro

plant material.
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Figure 5. Phylogenetic tree based on 608 nucleotides of the 16S rDNA showing the relationship of clones (circle) and isolates (triangle) from
in vitro cultures of different P. avium genotypes to reference sequences (the closest hit and one closely related species according to BLASTh
analysis). Phylogenies were inferred using the neighbor-joining analysis. Values from 1000 bootstrap repeats are presented if support was >50%.
The scale bar represents genetic differences based on the Jukes—Cantor correction. Positions containing gaps were eliminated from the dataset.
Numbers in parentheses represent the sequence accession numbers in EMBL/GenBank. Synechococcus elongatus was used as the outgroup.
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Table 2. Effect of inoculation with the bacterial isolates (see Table 1) on in vitro rooting of P. avium genotypes Fama and Achilleus (n = 8 replicates

* Kok

of five shoots each). Asterisks indicate significant differences between the treatments and the corresponding control by Dunnett’s test (* ** and

*** indicate P < 0.05, 0.01 and 0.001, respectively).

Genotype Treatment Rooting (%) Number of roots per shoot
Mean (£SD) P-value Mean (£SD) P-value

Fama Control 5.0 (£14.1) 0.2 (£0.5)

N-1-2 30.0 (£11.5) 0.0755 0.7 (£0.6) 0.3258

D-1-1 67.5 (£23.7) 0.0003*** 3.0 (£1.7) 0.0030**
Achilleus Control 72.5 (£30.1) 4.4 (£2.3)

N-1-2 92.5 (£10.4) 0.142 8.3 (+2.2) 0.0014**

D-I-1 92.5 (£14.9) 0.142 7.3 (#2.2) 0.0136*

The difficult-to-propagate genotypes Fama and Achilleus
were inoculated with the two isolates. The inoculation had a
positive effect on both the number of roots per shoot and
the percentage of rooted plants (Table 2). Treatment with
Rhodopseudomonas sp. N-I-2 significantly increased the
number of roots per shoot of the genotype Achilleus, while
Microbacterium sp. D-I-1 significantly stimulated both the num-
ber of roots and rooting percentage of Fama and the number
of roots of Achilleus.

Discussion

To analyze the endophytic population present in P. avium in
vitro cultures, two detection strategies employing isolation of
bacterial strains on growth media (culture-dependent method)
or amplification of bacterial sequences from total plant DNA
(culture-independent method) were applied. Different bacterial
populations were detected with the two methods used. For
example, Mycobacterium spp. were found in high numbers in all
four clone libraries, but they were isolated only once from the
genotype Neptun. The occurrence of Mycobacterium spp. in
plant tissues is often underestimated when culture-dependent
methods are used, because most species of this genus are
not cultivable on common bacterial growth media (Conn and
Franco 2004, Koskimaki et al. 2010). On the other hand, A. junii
and B. licheniformis were isolated from the plant material but
could not be detected with the culture-independent method.
This divergence is often seen in similar studies and shows the
importance of combining both methods for a detailed view of
the bacterial population (Sessitsch et al. 2002, Thomas et al.
2008, Ulrich et al. 2008b, Tejesvi et al. 2010). Reasons for
the detection of certain species only by isolation are low abun-
dance in the plant (only 90% of the bacterial sequences pres-
ent in the clone library are detected) or difficulties in extracting
their DNA from plant material.

The culture-independent method gave valuable insights on
the bacterial populations in our study. The number of endo-
phytes is usually lower in plant tissue cultures than in plants liv-
ing in their natural habitat, because the culture tissue originates

from only one organ, in our case winter buds, and only a sub-
set of endophytes can survive the special conditions of in vitro
culture. We were therefore able to cover >90% of the OTUs
present in the clone libraries with a relatively low sample size
(Figure 3) compared with studies of field samples (Chelius and
Triplett 2001).

The length of the cloned colony-PCR fragments varied, which
resulted in small differences in their restriction profiles and a
higher number of OTUs than was obtained after sequencing
and aligning the amplicons. For example, all 28 OTUs allot-
ted to the genus Mycobacterium in all clone libraries were
based on only two different sequences that were included in
the phylogenetic tree (Figure 5). The analysis of 700 bp of
the 16S rDNA with identity scores >97% allowed a reliable
positioning of most OTUs at the genus level. Identity scores
of 99-100% of the nearly full-length 16S rDNA sequences
of isolates allowed the approximation to the species level.
However, this should be further confirmed by sequencing the
internal transcribed spacer (ITS) region of the strains.

The results of this study clearly show that in vitro-grown
shoots of P. avium are associated with populations of endo-
phytic bacteria differing in their composition between
genotypes. The most dominant bacterial strain in all four P.
avium genotypes studied (Figure 4) was a Mycobacterium sp.
Bacteria of this genus have earlier been described as wide-
spread contaminants in plant tissue cultures of ornamentals
(Taber et al. 1991), as well as endophytes of wheat (Conn
and Franco 2004), rice (Mano et al. 2007) and rock plant
(Koskimaki et al. 2010). Pirttila et al. (2005) localized a
Mycobacterium sp. by in situ hybridization in buds of Scots
pine and observed a seasonal variation with a higher num-
ber or metabolic activity of the bacteria in early spring dur-
ing development of leaf primordia. Because the Prunus tissues
in our study were derived from winter buds, it is likely that
this endophyte was introduced into the tissue culture with the
explants. These findings and the high abundance in our study
suggest a close association of Mycobacterium sp. and trees.
Laukkanen et al. (2000) suggested that Mycobacterium spp.
become harmful to Scots pine cultures in vitro and may cause
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growth retardation. Similarly, the observation of the present
study that the difficult-to-propagate genotypes Achilleus and
Fama were dominated by Mycobacterium spp. could indicate
a detrimental effect of these bacteria on in vitro cultures.
It is important to note that the diversity of Mycobacterium spp.
in tissue cultures can be very high, as recently demonstrated
for the rock plant Pogonatherum paniceum (P. Beauv.) Hack.
(Koskimaki et al. 2010).

Besides the Mycobacterium sp., the two easy-to-propagate
genotypes Neptun and Demeter both contained other bacteria
with high abundance in the clone library, a Rhodopseudomonas
sp. and a Microbacterium sp., respectively (Figure 4). This
finding may suggest a positive effect of these bacterial
endophytes on Prunus in vitro cultures, either direct or indi-
rect, which could take place, e.g., by interaction with the
Mycobacterium sp. Ardanov et al. (2012) have shown that
the presence of one additional bacterial endophyte influ-
ences the innate endophytic community and can have varying
effects on plant disease resistance. Growth-promoting effects
were previously described for the detected bacterial genera:
Rhodopseudomonas spp. are purple non-sulfur bacteria belong-
ing to the family of Bradyrhizobiaceae that include the mutual-
istic Bradyrhizobium spp., which were placed within the same
clade in the phylogenetic tree (Figure 5). A growth-promoting
effect of Rhodopseudomonas sp. was shown in studies on
tomato seedlings in vitro (Koh and Song 2007) and on green-
house-grown plants (Lee et al. 2008), and the strains were
shown to produce the plant growth hormone auxin. Auxins are
especially important in the rooting phase of Prunus propaga-
tion (Blakesley et al. 1991). Therefore, all auxin-producing
bacteria are interesting candidates for improvement of this
critical cultivation step for the formation of a stable root sys-
tem after acclimatization.

Microbacterium spp. have often been detected as endophytes
in tissue cultures, e.g., in Ensete ventricosum (Welw.) Cheesman
(Birmeta et al. 2004), Carica papaya L. (Thomas et al. 2007)
and Eleutherococcus sieboldianus (Makino) Koidz. (Mdller and
Déring 2009), as well as in field samples and tissue cultures
of Robinia pseudoacacia L. (Boine et al. 2008, Zaspel et al.
2008). The presence of NifH-like genes that are important for
nitrogen fixation, and production of indole acetic acid and sid-
erophores, traits that are considered beneficial for plants, have
been identified in strains of the genus Microbacterium (Zakhia
et al. 2006, Ji et al. 2014).

Bacillus and Acinetobacter species were commonly iso-
lated in plant tissue and cell cultures in commercial laborato-
ries and are often considered to be a contaminant introduced
into the cultures by laboratory practice due to their high-
temperature stability (Leifert et al. 1991, Isenegger et al.
2003, Donnarumma et al. 2011). On the other hand, several
Bacillus spp. were selected as endophytes with high potential
for biocontrol (Bacon and Hinton 2002).

Endophytic bacteria in Prunus tissue culture 531

To conclude, the endophytic populations of P. avium shoots
are not only genotype dependent, but additionally correlate
with the propagation success in vitro. While the bacterial
populations of difficult-to-propagate genotypes are dominated
by Mycobacterium spp., the easy-to-propagate genotypes
both contain other potentially plant growth-promoting strains.
The inoculation of genotypes Fama and Achilleus with the iso-
lates Rhodopseudomonas sp. N-I-2 and Microbacterium D-I-1
revealed a positive effect of these bacteria on rooting of these
difficult-to-propagate P. avium genotypes. These results need
to be confirmed by additional experiments, and the mode
of action will need to be further analyzed. Nevertheless, the
preliminary data of the inoculation experiment support the
hypothesis of pronounced effects of endophytic bacteria on
the propagation ability of P. avium in vitro. Generally, manipula-
tion of the endogenous bacterial population by selected culture
conditions or inoculation with growth-promoting or stabilizing
bacteria might improve plant survival and growth during the
critical phases of plant tissue culture.

Supplementary Data

Supplementary data are available at Tree Physiology online.
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Cover image: Prunus avium (wild cherry) plants propagated in vitro by axillary shoots and
rooted on culture medium after inoculation with the endophytic bacterium isolate N-I-2
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correlated with a higher rooting percentage in vitro and the effect could be transferred to
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for each genotype. The mitochondrial amplicon can be seen at 1050 bp, the amplified bacterial DNA at
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Abstract Endophytic bacteria occurring in plant in vitro
cultures have often been described as contaminants,
although these are generally present in all plant tissues,
often with plant growth promoting effects. The effects of
bacterial endophytes in different in vitro culture phases and
in different plant organs of Prunus avium were studied. In a
previous study we investigated the endophytic bacterial
community of six registered silvaSELECT® genotypes and
found differences in the bacterial community that corre-
lated with propagation success. In this study, quantitative
polymerase chain reaction protocols were developed to
look at the dynamics of the most abundant endophytes,
Mpycobacterium spp., Rhodopseudomonas spp., and Mi-
crobacterium spp. These endophytes were quantified dur-
ing propagation and rooting, and the bacterial content in
three successive years was evaluated depicting the fluctu-
ation over time. Leaves, stems, and shoots were found to
contain bacteria although in different abundance. It was
shown that after regeneration via adventitious shoots the
bacteria were not eliminated, but showed slightly modified
concentrations. The plant growth promoting traits of the
two isolates Rhodopseudomonas palustris N-1-2 and Mi-
crobacterium testaceum D-I1-1 were tested in an inoculation
experiment, and showed a promotion in rooting of two
difficult-to-propagate P. avium genotypes.

Electronic supplementary material The online version of this
article (doi:10.1007/s11240-016-0999-0) contains supplementary
material, which is available to authorized users.
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Abbreviations

IAA  Indole-3-acetic acid

IBA Indole-3-butyric acid

ITS 16S to 23S internal transcribed spacer

NAA  1-Naphthaleneacetic acid

gPCR Quantitative polymerase chain reaction
TDZ  Thidiazuron

WPM  Woody plant medium

Introduction

Endophytes are generally considered to be present in all
plant tissues (Schulz and Boyle 2006; Hardoim et al. 2015)
and their presence during in vitro culture has been
increasingly under investigation (Zaspel et al. 2008; Dias
et al. 2008; Almeida et al. 2009; Abreu-Tarazi et al. 2010;
Donnarumma et al. 2011; Marino and Gaggia 2015). In
natural habitats, plants and endophytes are considered to be
mutualists or commensals, and numerous examples for
bacteria with plant growth promoting effects or biocontrol
mechanisms have been described (Rosenblueth and Mar-
tinez-Romero 2006). During in vitro culture endophytes
(especially bacterial endophytes) are either described as
plant growth promoting or more often as detrimental.
Examples of positive effects were the growth promotion of
endophytic bacteria during acclimatization of strawberry
(Dias et al. 2008) and pineapple tissue cultures (Gonzalez-
Rodriguez et al. 2013). In woody plants, inoculation of
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poplar tissue cultures with a Paenibacillus isolate led to a
higher number of and longer roots on microcuttings (Ulrich
et al. 2008). Negative effects of endophytes have been
described as rapid growth of bacteria on the plant tissue
culture medium leading to reduced plant growth and
rooting rates (Leifert and Cassells 2001). Recently, the
presence of bacteria has been described to interfere with
the analysis of somaclonal variation by semi-specific PCR
(Moreno-Vazquez et al. 2014).

The timber of wild cherry (Prunus avium L.) is highly
valued in Europe for its firm wood and reddish color used
in furniture production and as veneer for interior finishings
(Kobliha 2002; Schmid 2006). Trees with growth charac-
teristics, such as fast growth and straight bole have been
selected and distributed under the trademark sil-
vaSELECT® (JanBen et al. 2010). Vegetative propagation
of these certified genotypes via in vitro culture enables high
multiplication rates and stable clonal plant material to be
produced (Meier-Dinkel et al. 2007). In commercial pro-
duction, however, severe losses were observed during
in vitro rooting and acclimatization. The propagation suc-
cess was strongly dependent on the genotype and showed a
high fluctuation over the years that could, to date, not be
overcome by improved growth medium or other growth
conditions (Schneider, personal communication).

We have investigated the endophytic bacterial commu-
nity of six registered silvaSELECT® genotypes with dif-
fering propagation success (Quambusch et al. 2014). By
culture-independent analysis, a bacterial spectrum with low
diversity consisting of three dominating bacterial genera
was observed. The most abundant bacterial group was
Mpycobacterium spp., which was identified in the clone
libraries of all analyzed Prunus genotypes. Only in the
easy-to-propagate genotypes ‘Neptun’ and ‘Demeter’,
bacteria belonging to the genera Rhodopseudomonas and
Microbacterium were detected as the second most abun-
dant bacteria, which were previously reported to have plant
growth-promoting effects (Koh and Song 2007; Ji et al.
2014). The results of a preliminary inoculation experiment
indicated a positive impact of the corresponding isolates
N-I-2 (Rhodopseudomonas sp.) and D-1-1 (Microbacterium
sp.) on in vitro propagation of the difficult-to-propagate P.
avium genotypes ‘Fama’ and ‘Achilleus’ (Quambusch et al.
2014).

Three quantitative polymerase chain reaction (qPCR)
protocols were developed to look at the dynamics of My-
cobacterium spp., Rhodopseudomonas spp. and Mi-
crobacterium spp. during different phases of in vitro
culture of six Prunus genotypes. Quantitative PCR is a
versatile technique for the accurate, sensitive, and high-
throughput detection and quantification of bacteria in
planta mostly targeting the 16S ribosomal DNA (Ruppel
et al. 2006; Andreote et al. 2009). The first objective was to
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quantify the bacteria in different plant organs (leaf, stem,
and roots) during in vitro propagation in three successive
years. The second objective was to test whether shoots
derived from a single or few cells by adventitious shoot
regeneration might contain different amounts of the endo-
phytes compared to the explant donor material. Preliminary
results indicated promoting effects of bacteria during
rooting (Quambusch et al. 2014), which were verified in
three independent inoculation experiments using
Rhodopseudomonas sp. strain N-I1-2 and Microbacterium
sp. strain D-I-1 that had been isolated from easy-to-prop-
agate genotypes.

Materials and methods
Plant material

Six P. avium genotypes of the silvaSELECT® selection
were used. Genotypes ‘Fama’ and ‘Achilleus’ were diffi-
cult-to-propagate, ‘Asteria’ and ‘Apollo’ showed high
fluctuation over the years, resulting in medium propagation
success (defined as rooting rate x acclimatization rate),
and ‘Neptun’ and ‘Demeter’ were easy-to-propagate
(Quambusch et al. 2014). The shoot cultures were origi-
nally established between 1997 and 2009 (Supplementary
material 1) in vitro from winter buds (Meier-Dinkel 1986)
and obtained from the Institut fuer Pflanzenkultur (Sch-
nega, Germany) in July 2011.

The shoots were cultured on Murashige and Skoog (MS)
medium (Murashige and Skoog 1962) containing 3 % (w/v)
sucrose, 0.6 % Phyto Agar (Duchefa, Haarlem, The Nether-
lands), 2.2 pM benzylaminopurine, 0.5 tM indole-3-butyric
acid (IBA), and 0.3 uM gibberellic acid-3 and the pH adjusted to
5.8 (Quambusch et al. 2014). Each 500 ml plastic vessel con-
tained 80 ml culture medium and 10 shoots. The cultures were
incubated at 24 °C under a 16-h photoperiod (33-61 pmol/m%/s)
and subcultured to fresh medium every 5 weeks. The same
conditions were used for the 3 weeks rooting-phase, except that
4.9 uM IBA was used as the sole plant growth regulator and
makronutrients were reduced to 1/3 MS.

The plant material for qPCR was harvested after
5 weeks of culture. Plant material for rooted shoots was
harvested 3 weeks after transfer to rooting medium. For
comparison between organs the youngest five to seven
leaves, the stem, and the roots of rooted shoots were har-
vested from the same plant, frozen, and ground in liquid
nitrogen to a fine powder. Stem and leaf material during
propagation was harvested in February 2013, and stem,
leaf, and root material during rooting was harvested in
November 2012. For the comparison of bacterial content
over time, the samples were harvested in September 2011,
February 2013, and November 2013. Although the number
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of subcultures and the month of sampling was not equal
between these harvesting dates these are referred to as year
1, 2, and 3 (after cultivation in our lab). Each sample
contained material of the whole shoot, including leaf, stem,
and shoot tip. In addition, leaf, stem and root samples at the
end of the rooting phase were analyzed. An overview of all
sample types and sampling times is provided in Supple-
mentary material 1. The DNA extraction protocol was
described previously (Quambusch et al. 2014) with the
amount of plant material used for genomic DNA extraction
reduced to 50-100 mg. For each variant three independent
samples were harvested and processed if not stated dif-
ferently. The concentration of extracted DNA was adjusted
to 10 ng/pl prior to qPCR analysis.

Bacterial strains

The bacterial strains analyzed had been identified by
culture-independent and -dependent detection methods in
P. avium in vitro cultures (Quambusch et al. 2014). The
Microbacterium sp. strain D-I-1 was isolated from geno-
type ‘Demeter’, Rhodopseudomonas sp. strain N-I-2 was
isolated from genotype ‘Neptun’, and Mycobacterium spp.
were detected in all analyzed genotypes, but could not be
isolated on the bacterial culture medium used. The species
abbreviation “sp.” is used where only one specific spe-
cies, often an isolated strain, is addressed, and the
abbreviation “spp.” where all species of one genus were
referred to. Mycobacterium sp. strain F-I-6 was isolated
from genotype ‘Fama’ and cultivated on Middlebrook
7H10 medium (Middlebrook and Cohn 1958), a medium
specially developed for the isolation and cultivation of
mycobacteria.

The protocol for the extraction of DNA from bacterial
isolates, amplification, and sequencing of the 16S rDNA
was described previously (Quambusch et al. 2014). My-
cobacterium strain F-I-6 was classified by 16S rDNA
sequencing at the genus level (Table 1). In order to allocate
the isolates to species in the respective genera, all three
isolates were further classified by sequencing of the 16S to
23S internal transcribed spacer (ITS) region using the
primers FGPS 1490-72 (TGCGGCTGGATCCCCTCCTT)
and FGPL 132-38 (CCGGGTTTCCCCATTCGG) (Koski-
miki et al. 2010). Thermal cycling conditions were: initial

denaturation at 95 °C for 3 min followed by 30 cycles of
95 °C for 30 s, 56 °C for 30 s, 72 °C for 60 s, and a final
extension step for 5 min at 72 °C. The isolates are closest
related to Microbacterium testaceum, Rhodopseudomonas
palustris, and Mycobacterium colombiense (Table 1).

GenBank accession numbers of 16S rDNA sequence of
the strains are KF663058.1 for M. testaceum strain D-I-1,
KF663061.1 for R. palustris strain N-1-2, and KF663062.1
for M. colombiense strain N-I-1. New nucleotide sequence
data obtained in this work have been deposited in the
GenBank database under the following accession numbers:
KU852575 for 16S rDNA of Mycobacterium sp. strain F-I-
6 and KU852572-KU852574 for ITS sequences of the
three isolates.

Quantitative PCR

The extracted gDNA was used to quantify 16S rDNA of
Mycobacterium  spp.,  Microbacterium  spp., and
Rhodopseudomonas spp. in the plant material. Specific
primers for the bacterial genera were developed based on
alignments of the 16S rDNA of all bacteria detected by
cultivation-dependent and -independent methods in the
plant material in previous work (Quambusch et al. 2014)
(Table 2). A test with the software Probe Match of Ribo-
somal Database Project (Cole et al. 2014) confirmed
specificity at the genus level.

The specificity of the obtained primers was validated
and verified with genomic bacterial DNA and total plant
DNA. Each 25-pl PCR contained 50 ng template DNA, 1 x
reaction buffer (10 mM Tris—HCI, 50 mM KCIl, 2 mM
MgCl,, 0.001 % gelatin (Platin, extrapure, Carl Roth,
Karlsruhe, Germany), 100 pM dNTP, 10 pmol of each
primer and 1 U FIREPol DNA polymerase (SolisBiodyne,
Tartu, Estonia). Thermal cycling conditions were: initial
denaturation at 94 °C for 5 min followed by 35 cycles of
94 °C for 30 s, 61 °C for 30 s, 72 °C for 15 s, and a final
extension step for 5 min at 72 °C.

To optimize qPCR conditions, the primers were tested at
59.5, 61, and 62.5 °C. The 61 °C gave the best ratio of
efficiency and specificity and was chosen for further
analysis. The effect of template amount used for the gPCR
was linear to the amount of detected 16S rDNA in the

Table 1 Classification of the

bacterial isolates based on 16S Isolate Closest match at NCBI Region Sequence length (bp) % ldentity

gi li‘:;sd ITS sequences using D-I-1 Microbacterium testaceum ITS 562 87.76
N-1-2 Rhodopseudomonas palustris ITS 1018 80.00
F-1-6 Mycobacterium colombiense ITS 437 96.87
F-1-6 Mycobacterium colombiense 16S 1382 99.93

The 16S rDNA data for isolates D-I-1 and N-I-2 were previously published (Quambusch et al. 2014)
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Table 2 List of primers
developed for the quantification

of Rhodopseudomonas spp., Rhod 51-70 f
Microbacterium spp., and
Mycobacterium spp.

Primer name Sequence (5" — 3') Amplicon size (bp)
CCGTTCGTGGGTTTACTCAC 217

Rhod 244-268 r TAGGCTCCGAAGAGAAGGCT

Micro 60-79 f CATTCCACGGTTTCCGTGAC 182

Micro 221-242 r CATTTCTGGCCCGTTCTGGTG

Myco 52-72 f GTGGGTTTCCTTCCTTGGGAT 217

Myco 246-269 r ACACAGGCCACAAGGGAAC

range of 5-50 ng and therefore 10 ng was used for all
further experiments. The resulting gPCR conditions were
as follows: Each 15 pl reaction contained 10 ng template
DNA, 1x iTaq Universal SYBR™ Green Supermix (Bio-
Rad, Miinchen, Germany), and 500 nM of each primer.
Thermal cycling conditions were: initial denaturation at
95 °C for 2 min followed by 40 cycles of denaturation at
95 °C for 15 s, and annealing/extension at 61 °C for 30 s.
A melt-curve analysis was added from 65 to 93.5 °C with
0.5 increment for 5 s each. A standard curve was generated
for each qPCR run with a dilution series of gDNA of Mi-
crobacterium sp. D-I-1 (1 ng, 100, 10, 1 pg, 100 and
10 fg), gDNA of Rhodopseudomonas sp. N-1-2 (1 ng, 100,
10, 1 pg, 100, 10 and 1 fg) or purified plasmid DNA
containing one copy of 16S rDNA of Mycobacterium sp.
(100, 10, 1 pg, 100, 10, 1 and 0.1 fg). For Mycobacterium
sp. the plasmid was used because no sufficient amount of
¢DNA was available. Each variant was analyzed with three
biological replicates each measured in technical duplicates
with the mean value of the technical replicates used for
further calculations. The amount of bacteria in each sample
was calculated from the standard curve constructed by
plotting the mean Ct values for each DNA dilution against
the initial quantity of template DNA using the Bio-Rad
CFX Manager 3.1 Software.

One amplification product of each primer set was puri-
fied using the Nucleo Spin Gel and PCR clean-up kit
(Macherey—Nagel, Diiren, Germany) and sequenced by
Seqlab (Gottingen, Germany). The obtained sequences
were aligned with the bacterial 16S rDNA using the CLC
software (CLC bio, Aarhus, Denmark).

The detection limit was tested by a standard curve with
10 ng plant material as background. For Microbacterium
D-I-1 and Rhodopseudomonas N-1-2, 1 fg to 10 ng of
isolated bacterial gDNA were added in steps of ten. As no
bacterial gDNA was available for Mycobacterium sp.,
0.1 fg to 1 ng of plasmid containing Mycobacterium 16S
rDNA was used. Total DNA extracted from in vitro
propagated P. avium ‘Rube’ was used as background and
as negative control in all experiments. This genotype did
not show endophytic bacterial growth in vitro, but could
contain latent bacteria in non-cultivable stage.
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Adventitious shoot formation

Shoot cultures of the six genotypes were used as source
material for adventitious shoot formation. To induce
regeneration of adventitious shoots, leaves and internode
sections were transferred to two different media: regener-
ation medium 1 was based on woody plant medium (WPM)
(Lloyd and McCown 1980) supplemented with 4.5 pM
thidiazuron (TDZ), 1.6 uM 1-naphthaleneacetic acid
(NAA), and 0.8 % (w/v) Plant Agar (Duchefa, Haarlem,
The Netherlands); regeneration medium 2 was based on
half strength WPM and half strength Driver and Kuniyuki
walnut medium (Driver and Kuniyuki 1984) containing
9.1 uyM TDZ, 2.5 uyM IBA (Matt and Jehle 2005), and
0.37 % (w/v) Gelrite (Duchefa, Haarlem, The Nether-
lands). The youngest fully developed leaves were used and
slit slightly three times diagonal to the midrib prior to
transfer to the regeneration medium. For internode
explants, all axillary meristematic tissue was carefully
removed and the final length was 1-3 mm. In total, 713
leaf and 386 internode explants were prepared (for detailed
information on replicate numbers see Supplementary
material 2). Five explants were plated on one culture vessel
(9 cm Petri dish). The explants were cultivated for 8 weeks
with a transfer to fresh medium after 4 weeks under the
conditions described previously for the shoot cultures. The
developing adventitious shoots were separated from the
explants and cultivated as previously described for further
growth for one to two culture passages. Shoots were always
kept separate based on their origin. For qPCR analysis,
samples of the explant donor material were taken from
standard propagated plants at the time of transfer to
regeneration medium (for details see Supplementary
material 1). Samples from adventitious shoots were taken
after one or two subcultures to reach a sufficient amount of
material. Only internode samples were harvested from the
explant donor material and compared to the corresponding
regenerated shoots, and the same procedure was applied for
leaf explants. Photos were taken using a stereomicroscope
(Stemi 2000-C, Zeiss, Gottingen, Germany) using the
camera Axio Cam MRc and the AxioVs40V 4.7.2. soft-
ware (Zeiss, Gottingen, Germany).
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Inoculation with bacterial isolates

The difficult-to-propagate genotypes ‘Fama’ and ‘Achilleus’
were inoculated with the bacterial strains N-1-2 (R. palustris)
and D-I-1 (M. testaceum) isolated from the easy-to-propagate
genotypes ‘Neptun’ and ‘Demeter’, respectively. The inoc-
ulation protocol was described by Quambusch et al. (2014).
Forty shoots were treated per variant and transferred to eight
500 ml vessels (replicates) filled with 80 ml medium. The
experiment was repeated four times (01/2014, 07/2014,
01/2015 and 12/2015), preliminary data of the first experi-
ment were previously published (Quambusch et al. 2014).
Because of contamination the final number of vessels varied
from 23 to 31 in total for each variant. The number of roots
per shoot (including unrooted shoots) and the percentage of
rooted shoots were recorded after 3 weeks of culture. Three
inoculated plants and one control plant from experiment one
were randomly sampled, surface desinfected (5 min treat-
ment with 2 % sodium hypochlorite followed by three rinses
for 2-, 3-, and 5-min in sterile water), and the DNA was
extracted to test the spread of the inoculated bacterial strains
in the plant material by qPCR. The last rinse fluid was plated
on bacterial growth medium to confirm the effectiveness of
the surface desinfection.

Statistical analysis

All statistics were performed with the program R-3.2.2 (R
Development Core Team 2008). Statistical differences in the
amount of DNA between organs and years were determined
by pairwise comparison of means using Tukey test based on
linear mixed-effects model for comparison of different organs
and linear model for comparison between years. An analysis
of variance (ANOVA) (Type II Wald Chi square test) was
conducted to describe variation among and between groups.
The bacterial content of adventitious shoots and its source
material within one genotype were compared using the Welch
Two Sample T test and level of significance of oo = 5 %.
Dependence between propagation success and concentration
of Mycobacterium spp. was calculated using Pearson’s cor-
relation coefficient (r). Data of the inoculation experiment
were tested by three-way ANOVA (genotype X treat-
ment X experiment repetition) and differences between
control and treatment were calculated using Dunnett’s test
based on generalized linear models for each genotype.

Results
qPCR establishment

To confirm the quantification of the three bacterial strains,
one bacterial amplification product for each primer set was

sequenced and compared to 16S rDNA entries of the NCBI
GenBank. All three qPCR products could be verified in
comparison to the original isolates Microbacterium sp. D-I-
1 (accession number KF663058.1), Rhodopseudomonas sp.
N-I-2 (KF663061.1) and Mycobacterium sp. N-I-1
(KF663062.1). The specificity of the primers was addi-
tionally verified by PCR with total plant DNA of all six P.
avium genotypes and genomic bacterial DNA of all strains
originally isolated from the plant material including Mi-
crobacterium sp. D-I-1, Rhodopseudomonas sp. N-I-2,
Acinetobacter sp., Micrococcus sp., Variovorax sp., Pseu-
domonas sp., Kocuria sp., two Bacillus spp. and plasmid
DNA of Mycobacterium sp. N-I-1. Amplification products
were only present with the corresponding template of each
primer set (data not shown). The quantification results are
described on genus level, because the presence of non-
cultivable bacteria of the same genus cannot be entirely
excluded. The detection limit was defined as the first
template amount clearly distinguishable from no template
control (NTC) and negative plant sample (for details see
Supplementary material 3). The sensitivity for the detec-
tion of Mycobacterium was very high with 0.1 fg in 10 ng
total DNA which was equivalent to 30 plasmids containing
one copy of 16S rDNA. As a result of the amplification of
background material in the negative plant sample of up to
90 fg (from plant DNA or other bacteria) the detection
limit for Microbacterium spp. was identified as 100 fg. For
Rhodopseudomonas spp. the detection limit was defined as
1 fg. Primer dimers were only present in samples with no
or very low template DNA in all primer combinations, but
together with the melt curve analysis a clear separation of
primer dimers (melting temperature 79 °C) and amplifi-
cation product (melting temperature 87 °C) was possible
(see Supplementary material 3). Samples showing primer
dimers were treated as below detection limit.

Quantification of bacterial endophytes in different
plant organs

Mycobacterium spp. were present in all plant organs of all
genotypes both during in vitro propagation and the rooting
phase (Fig. 1). Rhodopseudomonas and Microbacterium
spp. were only found in ‘Neptun’ and ‘Demeter’ from which
they were originally isolated. Microbacterium and
Rhodopseudomonas were therefore only analyzed in
‘Demeter’ and ‘Neptun’, respectively, in subsequent qPCRs.
When comparing stem and leaf tissue of P. avium in the
propagation phase, the stem had a higher DNA content of
Mycobacterium spp. (Fig. 1a—c). While this difference was
only significant for ‘Asteria’ and ‘Demeter’ (Fig. 1a) a sig-
nificant difference between organs was found in all geno-
types (ANOVA; p = 8.7 x 10™%). Microbacterium spp.
were found in higher prevalence in the leaf than in the stem in
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Fig. 1 Comparison of bacterial DNA content in different organs of P.
avium microcuttings by quantitative PCR. a—c Propagation phase, d—f
rooting phase. a, d 16S rDNA copy number of Mycobacterium spp. b,
e pg gDNA of Microbacterium spp. ¢, f pg gDNA of

‘Demeter’ (Fig. 1b), whereas DNA of Rhodopseudomonas
spp. was spread equally over both stem and leaf tissue of
‘Neptun’ (Fig. 1c). The same effects could be seen during the
rooting phase with ‘Asteria’ and ‘Demeter’ again showing
significantly higher amounts of Mycobacterium spp. in the
stems compared to the leaves and roots, and a highly sig-
nificant effect (p = 1.2 x 1077) of the plant organ on this
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analyzed

bacterium calculated by ANOVA (Fig. 1d). The amount of
Microbacterium gDNA was not significantly different over
the plant organs in ‘Demeter’ (Fig. le) . Rhodopseudomonas
gDNA was significantly less abundant in the root than in the
stem of ‘Neptun’ (Fig. 1f). Over all genotypes and all bac-
teria the tendency of a lower amount of bacterial DNA could
be seen in the root than in the rest of the plant.
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Variation of endophytes over cultivation time

Comparing the development of the content of endophytic
Mycobacterium spp. during cultivation time there was a
significant difference between the 3 years (ANOVA,;
p = 0.005). A strong fluctuation of endophyte concentra-
tions was visible for most genotypes (Fig. 2). The highest
fluctuation was measured in ‘Achilleus” with 1.7 x 10*
(£1.7 x 10% copies of 16S rDNA per ng total DNA in
year 1, 4.7 x 10° (£1.8 x 10%) in year 2, and 1.2 x 10°
(£2.1 x 104) in year 3. The fluctuation in ‘Fama’ was
comparatively low with 7.2 x 10* (£3.2 x 10%),
7.1 x 10* (£9.4 x 10°), and 4.0 x 10* (£9.3 x 10%)
copies of Mycobacterium 16S rDNA in year 1, 2, and 3,
respectively.

The content of Microbacterium spp. in ‘Demeter’ was
more stable and quantified as 293.9 (£159.4) pg bacterial
DNA per ng total DNA in year 1, 279.6 (£36.1) in year 2,
and 180.1 (£121.6) in year 3. Genotype ‘Neptun’ con-
tained 10.2 (£5.3), 27.5 (£9.1), and 9.6 (£7.5) pg DNA of
Rhodopseudomonas spp. per ng total DNA in year 1, 2, and
3, respectively. As can be seen in the standard deviation
within the groups the bacterial content of all three endo-
phytes was also highly variable between single plants.

To analyze whether the abundance of bacteria correlated
with the propagation success in vitro, the propagation rates
were recorded in year 1 and 3 and plotted against the DNA
amount of Mycobacterium spp. With 1= —0.44
(® = 0.15) and p = 0.083 the correlation between the two
variables was not significant.

Quantification of endophytes in adventitious shoots

Formation of callus was visible on leaf explants after
1 week and on internode explants 2 weeks after transfer to
the regeneration media (Fig. 3a, b). The callus formed near
the cut edge of the midrib, at the cut end of the petiole, or at
the cut ends of the internodes, and showed various colors
from white over green and brown to red. Four weeks after
transfer to regeneration medium 1 100 % (except for
‘Achilleus’) of leaf and stem explants showed callus for-
mation. In addition to callus, the direct formation of
globular bodies was observed for all genotypes (Fig. 3a).
On regeneration medium 2 the amount of callus was lower
in ‘Neptun’, ‘Asteria’, and ‘Achilleus’ with 30, 87, and
75 % after 4 weeks, respectively.

Adventitious shoots were formed 3 weeks after transfer to
regeneration medium for internode explants and 4 weeks after
transfer for leaf explants (Fig. 3¢, d) and occurred directly
from globular bodies and indirectly from callus. After transfer
to propagation medium, bacteria were visible adjacent to
some adventitious shoots, for ‘Demeter’ notably yellow
colonies resembling colonies of Microbacterium sp. isolate
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Fig. 2 Comparison of the bacterial DNA content in P. avium
microcuttings over 3 years of propagation by quantitative PCR.
a 16S rDNA copy number of Mycobacterium spp. b pg gDNA of
Microbacterium spp. ¢ pg gDNA of Rhodopseudomonas spp.
Different letters indicate significant differences of means in pairwise
comparison between organs of one genotype (Tukey test; p < 0.05,
error bar = SD, n = 3). The amount of Microbacterium spp. and
Rhodopseudomonas spp. was only evaluated in ‘Demeter’ and
‘Neptun’, respectively, as the first qPCR showed very low or no
DNA content (Fig. 1). NA not analyzed

D-I-1 in appearance. Only a small number of adventitious
shoots could be successfully cultured on propagation medium
to obtain total plant DNA for qPCR analysis of the endophytic
bacteria (71 adventitious shoots regenerated from 1099
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Fig. 3 Development of adventitious shoots of genotype ‘Demeter’.
a Leaf explant 2 weeks and b internode explant 3 weeks after transfer
to regeneration medium; ¢ leaf explant after 5 weeks and d internode

explants, 23 of which led to stable in vitro cultures, for details
see Supplementary material 2).

Endophytic bacteria were not eliminated from the plant
material after regeneration via adventitious shoots. For My-
cobacterium spp. atendency of a reduced amount of bacterial
¢DNA was observed in all Prunus genotypes, being signif-
icant only for ‘Demeter’ with 6.7 x 10* (£1.9 x 10*) inthe
source material compared to 2.9 x 10* (8 x 10%) copies
per ng total DNA in adventitious shoots (Fig. 4a). In single
samples of adventitious shoots of ‘Neptun’ and ‘Achilleus’
the rDNA of Mycobacterium spp. was just above the detec-
tion limit with 280 and 88 copies per ng total DNA.
Rhodopseudomonas spp. showed an increase from 37.4
(£1.6) pg/ng total DNA in the source material to 67.8 (+1.5)
pg/ng total DNA in the adventitious shoot of ‘Neptun’
(Fig. 4b) (two adventitious shoots from the same explant
were measured). No significant difference was detected for
Microbacterium spp. in ‘Demeter’ (Fig. 4c) between the
explant donor material and the regenerated shoots.

Inoculation with Rhodopseudomonas
and Microbacterium
Quantification of the bacterial strains in a small random set

of three inoculated plants in one inoculation experiment
confirmed the presence of the bacteria in the plant tissue:
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4 weeks small adventitious shoots.

explant after
Medium = regeneration medium 1

showing

218 (£313) fg in samples inoculated with N-1-2; 285
(£189) fg in samples inoculated with D-I-1. We observed a
high variability of the data between the four experiments
and between the replicates (culture vessels). Nevertheless,
the growth promoting effect of the inoculation was mea-
surable. Rhodopseudomonas palustris strain N-I-2 led to
significantly more roots in ‘Achilleus’ with 6.4 (£2.8)
roots per shoot compared to 4.4 (£1.9) roots in control
shoots (Fig. 5a). Inoculation with Microbacterium tes-
taceum strain D-I-1 led to a significant increase of both, the
number of roots per shoot and the percentage of rooted
shoots in both genotypes. The strongest effect was mea-
sured with ‘Achilleus’ with 6.5 (£2.7) roots per shoot and
85.2 (£20.2) % of rooted shoots compared to 70.3 (£25.2)
% in the control (Fig. 5a, b).

Discussion

Most studies on endophytes concentrate on the identifica-
tion and taxonomic classification of bacterial populations at
the family or even phylum level (Shakya et al. 2013;
Cardinale et al. 2015). Changes in the bacterial community
were mostly analyzed by denaturing gradient gel elec-
trophoresis or pyrosequencing methods (Marques et al.
2014; Cardinale et al. 2015) giving an important insight on
community shifts, but having a high bias as a result of the
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indirect work with operational taxonomic units (OTUs) of
short 16S rDNA sequences (Ghyselinck et al. 2013).

While gPCR was commonly used to monitor bacteria in
planta, to our knowledge this is the first detailed analysis of
the dynamics of endophytes in plant in vitro cultures
including the direct quantification of all dominant strains of
the bacterial population. Previous studies include this
method to analyze endophytes, e.g. to monitor a single
plant growth promoting strain after inoculation of the plant
(Lacava et al. 2006; Ruppel et al. 2006; Peralta et al. 2012;
Faleiro et al. 2013) or to quantify changes in the bacterial
community in response to pathogen infection (Trivedi et al.
2010).

The bacterial population was previously described for
‘Fama’, ‘Achilleus’, ‘Neptun’, and ‘Demeter’, and the
bacteria analyzed by qPCR covered 87-99 % of the
detected bacterial population (Quambusch et al. 2014).
This was possible as a result of the unique situation of a
strongly reduced bacterial community presumably resulting
from the long duration of culture of the P. avium genotypes
under standardized conditions with previous surface
desinfection common for in vitro propagation. After
sequencing of a larger fragment of the 16S rDNA and

additionally the ITS region (Table 1), the three most
abundant bacteria could be assigned to the species My-
cobacterium colombiense, Rhodopseudomonas palustris,
and Microbacterium testaceum.

One outcome of the comparison of the abundance of the
three endophytic bacteria in different plant organs was the
spread over the entire plant material. Neither Mycobac-
terium spp. nor Microbacterium spp. or Rhodopseu-
domonas spp. were limited to only one plant organ (Fig. 1).
Systemic spread of endophytes over all plant tissues was
seen for many bacteria of different origin and taxonomic
classification (Quadt-Hallmann et al. 1997; Compant et al.
2005).

The amount of bacteria in P. avium shoots was found to
be highly variable over time, even under the standardized
conditions present during in vitro culture propagation. This
fluctuation was most evident in the comparison of the
bacterial DNA amount in planta over 3 years where for
example the Mycobacterium spp. in ‘Achilleus’ increased
25-fold from year 2 to year 3 of propagation in our lab
(Fig. 2a). This shift in the concentration was obvious
between experiments where each experiment had a differ-
ent sampling time (see Figs. la—f, and 2 in comparison). It
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Fig. 5 Effectofinoculation with the bacterial isolates N-I-2 (R. palustris)
and D-I-1 (M. testaceum) on a number of roots and b percentage of
rooted plants of P. avium genotypes ‘Fama’ and ‘Achilleus’. Asterisks
indicate significant differences between the treatments and the
corresponding control by Dunnett’s test (* and ** indicate p < 0.05
and p < 0.01, respectively); n values are given below the bars

was known from other studies on tree species that the
endophyte community during in vitro culture propagation
was dependent on age and origin of the plant culture and
the physiological status (Boine et al. 2008).

The high abundance in all plant organs without any
symptoms suggested a close and non-pathogenic interac-
tion between P. avium and Mycobacterium spp. during
in vitro culture. In contrast Laukkanen et al. (2000) sug-
gested that Mycobacterium spp. may cause growth retar-
dation in Scots pine in vitro cultures. Bacteria of the genus
Mycobacterium were regularly detected in plant tissue
culture (Taber et al. 1991; Pirttild et al. 2005; Koskiméki
et al. 2010), but no growth promoting effect was described.
Whether the interaction is of mutualistic or commensal
nature, and whether or how the plant benefits from the
bacterial colonization with Mycobacterium spp. remains to
be investigated.

For the other two analyzed genera, growth promoting
effects have previously been described. Rhodopseu-
domonas spp. belongs to the order Rhizobiales and was
shown to produce indole-3-acetic acid (IAA) and increase
root and shoot length in a study on tomato seedlings (Koh
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and Song 2007). Different species of the genus Mi-
crobacterium were regularly found as endophytes in
in vitro cultures, for example in banana (Thomas et al.
2008) and Robinia pseudoacacia (Boine et al. 2008), can
produce IAA (Tsavkelova et al. 2005), and contain NifH-
like genes (Zakhia et al. 2006; Ji et al. 2014). In the ana-
lyzed P. avium genotypes these two bacteria were only
detected and isolated from the two easy-to-propagate
genotypes ‘Neptun’ and ‘Demeter’. The results of the
inoculation of the two difficult-to-propagate genotypes
‘Fama’ and ‘Achilleus’ with the isolates M. testaceum D-I-
1 and R. palustris N-1-2 add the improvement of the rooting
of in vitro shoots (see Fig. 5) to the previously described
growth promoting traits. Based on the detailed analysis of
four repetitions we could statistically underlay the effect of
the inoculation on in vitro rooting already described in a
preliminary experiment (Quambusch et al. 2014), despite
the differences in rooting efficiency between the experi-
ments and the genotypes, which was a prerequisite for the
reliable classification of the isolates within the plant growth
promoting bacteria.

Because rooting is essential for the acclimatization of
shoot cultures and high losses were observed in commer-
cial production of P. avium in this phase, even small
optimization of the percentage of rooted plants or the root
number are of importance. The presence of the isolates
within the plant tissue 3 weeks after inoculation could be
shown by gPCR. If the inoculation leads to a stable com-
munity within the plant, it could be tested, if inoculation at
earlier times during propagation would be favourable to
extend the positive effects of the endophytes to the whole
phase of root induction.

In a classical microbiological characterization the two
isolates D-I-1 and N-I-2 did not show strong growth pro-
moting traits (data not shown). The auxin production
ability was analyzed in a spectrophotometric assay based
on Salkowski reagent (Rahman et al. 2010) and showed the
production of a low amount (27 pg/ml) of auxin only for
isolate D-I-1 (Microbacterium sp.) after cultivation in lig-
uid medium supplemented with tryptophan (data not
shown). The phosphate solubilization on Pikovskaya agar
(Nautiyal 1999) was also low for D-I-1 and negative for
N-I-2 and both isolates tested negative for siderophore
production (Louden et al. 2011) (data not shown). These
findings, in addition to the successful growth promotion in
the inoculation assay, showed the low informative value of
classical screening assays for evaluating bacterial strains
for use in in vitro culture. In this artificial surrounding, a
sufficient amount of auxin and all required nutrients is
supplied by the culture medium. Therefore, indirect effects
on the plant growth performance by shifts in the endo-
phytic community were more likely and retaining or
restoring the balance within the bacterial diversity was of
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importance. To further clarify the role of the different
bacterial and plant interaction partners, a colocalization
microscopy in planta, for example by fluorescence in situ
hybridization microscopy or the transformation of the
bacteria with fluorophores would be interesting
approaches.

The standard procedure to eliminate specific pathogens
from in vitro culture material is meristem culture (Van den
Houwe et al. 1998; Laimer da Machado et al. 2001).
However, Pirttild et al. (2000, 2005) have illustrated by 16S
rRNA in situ hybridization that endophytes, including a
Mycobacterium sp., were abundant in the buds of Scots
pine, and could be found in the meristematic tissue with
high abundance in scale primordia. Therefore, in a new
approach, the influence of adventitious shoot formation on
the bacterial community was tested. Regeneration of
adventitious shoots occurs after cells from organized tis-
sues dedifferentiate and then differentiate again and reor-
ganize to form a new meristem either directly or indirectly
with an intermediate callus stage (Tang et al. 2002). In
contrast to our hypothesis the analyzed endophytic bacteria
were not significantly reduced in abundance by the
regeneration step (see Fig. 4). Rhodopseudomonas spp.
even showed a higher abundance in the adventitious shoots
than in the source material. This result supports the
observation that all tested plant organs were colonized by
the three bacterial strains. It is important to note that the
amount of samples used for qPCR was low and can only
give a tendency in the quantitative comparison between
source material and adventitious shoot material. The low
number of adventitious shoots was a result of a low
regeneration rate and high genotypic variability typical for
regeneration of P. avium (Yang and Schmidt 1992; Matt
and Jehle 2005). Because of the high sensitivity of the
gPCR we can conclude that none of the adventitious shoots
measured was completely free of the previously abundant
bacterial strain. Whether it is possible to generate endo-
phyte-free material in rare occasions cannot be answered
here.

An in situ hybridization study of Pirttild et al. (2005) has
shown high metabolic activity of endophytes including a
Mycobacterium sp. before elongation and during differen-
tiation in contrast to nearly no 16S rRNA detection in fully
developed tissues. Eliminating endophytes from bud
explants by various antibiotics resulted in altered tissue
morphology, and the original tissue morphology could be
restored by adding endophytic products to the plant growth
medium (Pirttild et al. 2004). Also during regeneration of
adventitious shoots of P. avium, in situ hybridizations
would allow the localization at the single cell level and the
correlation of the abundance of certain bacteria with
growth and viability of the regenerating shoots.

In conclusion, we showed qPCR to be a powerful tool to
quantify endophytic bacteria in in vitro cultures to study
the dynamics and interactions with the host plant. Fluctu-
ations in the endophytic bacterial composition as was
observed might contribute to instabilities and low repro-
ducibilities of tissue culture protocols. Further insight into
the proportions and relationships of different endophytic
bacteria and the effect on regeneration, propagation, and
rooting are needed to enable novel ways of improving
in vitro propagation systems.
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2.3.1

Supplement

Supplement 1 Overview of the origins of the samples used for the quantification of endophytes
in Prunus avium in vitro cultures.

Genotype | In vitro | In lab since | Sample harvested Sampling time
since
Fama 2004 July 2011 Stem/ leaf during propagation | 02/2013
Stem/leaf/root after rooting 11/2012
Whole plant, propagation 09/2011
02/2013
11/2013
Adventitious shoots 10/2013 - 02/2014
02/2014 - 06/2014
Achilleus 2009 August 2011 | Stem/ leaf during propagation | 02/2013
Stem/leaf/root after rooting 11/2012
Whole plant, propagation 09/2011
02/2013
11/2013
Adventitious shoots 10/2013 - 02/2014
02/2014 - 06/2014
Asteria 1998 August 2011 | Stem/ leaf during propagation | 02/2013
Stem/leaf/root after rooting 11/2012
Whole plant, propagation 09/2011
02/2013
11/2013
Adventitious shoots 10/2013 - 02/2014
02/2014 - 06/2014
Apollo 1997 August 2011 | Stem/ leaf during propagation | 02/2013
Stem/leaf/root after rooting 11/2012
Whole plant, propagation 09/2011
02/2013
11/2013
Adventitious shoots 10/2013 - 02/2014
02/2014 - 06/2014
Neptun 2002 July 2011 Stem/ leaf during propagation | 02/2013
Stem/leaf/root after rooting 11/2012
Whole plant, propagation 09/2011
02/2013
11/2013
Adventitious shoots 10/2013 - 02/2014
02/2014 - 06/2014
Demeter 1998 August 2011 | Stem/ leaf during propagation | 02/2013
Stem/leaf/root after rooting 11/2012
Whole plant, propagation 09/2011
02/2013
11/2013

Adventitious shoots

10/2013 - 02/2014

02/2014 - 06/2014
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Supplement 2 Regeneration of adventitious shoots from leaf and internode explants on two
different culture media.

Explant Regeneration | Growth # of | Genotype | Regenerated | Shoots No of samples
type medium regulator explants shoots [%] per for qPCR
explant
o]
Leaf 1 4.5 UM | 75 Neptun 0 0 0
TDZ 75 Demeter | 3 1 1
1.6 UM | 75 Apollo 4 1.3 3
NAA 75 Asteria 0 0 0
75 Achilleus | 0 0 0
75 Fama 0 0 0
Internode | 1 4,5 pM | 75 Neptun 0 0 0
TDZ 75 Demeter | 9 1.7 3
1.6 uM | 75 Apollo 9 1 1
NAA 11 Asteria 8 2 0
75 Achilleus | 7 1 0
75 Fama 1 1 0
Leaf 2 9.1 UM | 75 Neptun 1 2 2
TDZ 75 Asteria 1 1 1
25 uMIBA | 75 Achilleus | 1 1 1
38 Fama 27 1.3 3
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Supplement 3 Determination of the detection limit for the three primer sets to measure a
Mycobacterium spp. b Microbacterium spp. and ¢ Rhodopseudomonas spp. in Prunus avium in
vitro material. Dark blue = Standard curve; light blue = Standard curve with 10 ng cherry DNA
added to the reaction; green = plant DNA as positive control (for Mycobacterium spp. one with
high, one with low bacterial DNA content); grey = control cherry DNA (without the measured

bacterium); black = no template control. Red arrow marks the defined detection limit, grey arrow
marks the control cherry DNA
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3 Discussion

The increased awareness of endophytes has led to the start of numerous research
projects during the last years. European networking was additionally stimulated by the
COST-Action’ ,Endophytes in Biotechnology and Agriculture®, running from 2011 until
2016. The knowledge about the diversity and function of endophytes has, as a result,
increased tremendously and the view of endophytes has changed considerably during the
progress of this thesis. This change is especially obvious for tissue culture, where
bacteria were first seen as mere contaminations, then accepted as endophytes with
neutral effects on plant development. Currently intense research on the diversity and
potential growth promoting functions during the propagation process is conducted. At
the same time new emerging sequencing technologies gave rise to improved methods for

the detection of bacterial communities.

Three different studies, one focusing on the optimization of the propagation protocol,
and two on the endophytes in Prunus avium in vitro culture, were conducted within this
thesis. In this supplementary discussion additional aspects are presented which are not
addressed in the respective discussion sections of the manuscripts and help to associate
the experiments to the context of current research on endophytes, with the focus on four
aspects: (1) alternative methods to detect bacterial communities; (2) the new emphasis on
the plant microbiome; (3) a critical view on growth promoting traits in vitro; and
(4) potential applications derived from the experimental results. Finally, prospects for
future research objectives to study the Prunus avium-microorganism interaction are

given.

3.1 Alternative methods for the detection of bacterial
communities

In this study the bacterial community was assessed by culture-dependent
and -independent methods (1.2.5). For the culture-independent detection of bacteria in
the plant tissue the ARDRA was chosen as the most suitable method considering the
available laboratory equipment and the expected low diversity of bacteria in tissue
culture compared to field samples (for details see 3.3). A coverage of over 90% of the
estimated total bacterial community was achieved in all analyzed samples with this

method (see manuscript II, section 2.2). The ARDRA is based on a 16S rDNA clone library

> European cooperation in science and technology (COST)
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combined with a restriction digest to sort the obtained plasmids by identical restriction
patterns. As the 16S rDNA does not allow the differentiation on species level in all cases,
and the method is additionally dependent on the detection of sequence differences by the
restriction enzymes, it is possible that the actual bacterial diversity is underestimated. In
combination with the isolation of the cultivable fraction of bacteria a validation of the
presence or absence of closely related species is possible, however, closely related and
non-cultivable species might be overlooked. The major groups detected in the four
Prunus avium genotypes Fama, Achilleus, Neptun and Demeter by ARDRA were also
isolated on bacterial culture media and no additional isolates of the same genera were

obtained.

There are several methods that can be used alternatively. Denaturing gradient gel
electrophoresis (DGGE) and temperature gradient gel electrophoresis (TGGE) are widely
used in microbial ecology including the analysis of endophyte communities, for example
by Garbeva et al. (2001); Weinert et al. (2009); Abreu-Tarazi et al. (2010); Videira et al.
(2013); Marques et al. (2014). This technique enables the separation of 16S rDNA
fragments by increasing denaturing conditions and the detection of nearly 100 % of
sequence variants (Muyzer and Smalla 1998). An advantage of the gradient gel methods
compared to the clone libraries is the possibility to compare bacterial community profiles
of numerous environmental samples (Muyzer and Smalla 1998). Sessitsch et al. (2002)
compared DGGE to the clone library approach and confirmed the high resolution of
DGGE to up to 1-5 bp nucleotide differences, but still detected additional clones that co-
migrated in the gradient gel. Other options are the separation of 16S rDNA in a gel
electrophoresis as used in single strand conformation polymorphism (SSCP) and in
terminal restriction fragment length polymorphism (T-RFLP) analysis (Overbeek et al.
2006; Smalla et al. 2007; Shen and Fulthorpe 2015).

The named techniques are more and more replaced by next generation sequencing
methods (NGS). Compared to clone library analysis, DGGE or T-RFLP, NGS amplicon
sequencing allows analysis at greater depth so that more low-abundant taxa can be
detected (Knief 2014). A major drawback of NGS is the lower taxonomic resolution
compared to Sanger sequencing. While the full length 16S rDNA in most cases enables
species identification, NGS reads provide a resolution at maximum down to genus level
(Knief 2014). It can be expected that read length will increase due to improvements of the

technique in near future (Knief 2014).
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3.1 Alternative methods for the detection of bacterial communities

All methods for the detection of bacterial communities directly in the host tissue are
faced with the problem of a vast amount of host DNA compared to a low amount of
bacterial DNA in the samples. During the analysis of bacterial 16S rDNA in plant samples
especially the mitochondrial and chloroplast DNA make up a high amount of plasmids in
clone benches and amplicons in NGS sequencing due to the endosymbiotic evolutionary
origin and the resulting sequence homology. A possibility to reduce the amount of plant
organelle DNA in the samples is the use of selective primers instead of universal bacterial
primers, e. g. the most commonly used primer 799f published by Chelius and Triplett
(2001). This method was successfully applied in this thesis with only 1 of the 380
sequences analyzed in total assigned to chloroplast DNA and no mitochondrial fragments
(Quambusch et al. 2014). This selectivity was confirmed in several studies (e. g. (Rasche
et al. 2006b; Sun et al. 2008)), but for some host species a low selectivity (Rasche et al.
2006a) or low amplification of bacterial DNA (Shen and Fulthorpe 2015) was reported,
and additionally a selective amplification of some bacterial groups cannot be fully
excluded (Chelius and Triplett 2001). Shen and Fulthorpe (2015) tested an enzymatic
digestion of chloroplast DNA in the PCR template and were able to reduce, but not
eliminate, the chloroplast DNA with nearly unchanged bacterial species richness.
Another recently published alternative is the use of blocking primers that bind to
organelle DNA and prevent their amplification, which resulted in 96 % of bacterial
fragments compared to 0.3 % in unblocked samples for the tested plant material (Arenz

et al. 2015).

Whole genome shotgun sequencing enables the analysis of the metagenome, providing
insight into the composition and physiological potential of whole genomes of the plant
and its microbial community (Knief 2014). According to Feehery et al. (2013) this
technique can be used as an alternative strategy for assessing microbial diversity in a
host. They described a new possibility to circumvent the problem of large amounts of
host genomic DNA in the samples. This method uses the differences in the amount of
methylation of CpG dinucleotides in bacterial and vertebrate DNA. A complex of
magnetic beads, Fc-subunit of human immunoglobulin G and methyl-CpG binding
domain specifically interact with the methylated DNA sites and enable the enrichment of
bacterial DNA by removal of host DNA bound to a magnet. Feehery et al. (2013) were
able to enrich bacterial DNA in human, mouse and black molly fish samples. Problematic
for the study of plant metagenomes is again the high amount of chloroplast DNA which
has a very low methylation comparable to bacterial DNA (Feehery et al. 2013). In

combination with a reduction of organelle DNA, e. g. by blocking primers, this method
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would be promising for endophyte research. If the analysis focuses on the RNA
transcripts (transcriptome) instead of the genome it provides insight into gene functions

and the functional potential of microbial communities.

3.2 The emerging concept of a plant microbiome

Despite of the described limitations NGS technology allows the sequencing of total plant
communities in short time and with rapidly decreasing costs. For the first time, it allows
the compilation of the collective genomes of microorganisms associated with a plant, and
led to the concept of a plant microbiome relating to the well-studied human microbiome
(Hardoim et al. 2015). The plant microbiome has been described as an extension of the
host phenotype with emerging evidence that the colonization by microbiota can be
modulated by the plant (Bednarek et al. 2010). This new perspective gave rise to a
number of future research questions concerning plant-microbe interactions. One focus is
the analysis of multitrophic interactions, for example the tripartite association of plants,
mycorrhiza and bacteria colonizing the fungal hyphae, reviewed by Bonfante and Anca
(2009). Another is the documentation and interpretation of shifts in the microbiome, e. g.
after inoculation with an endophyte (Ardanov et al. 2012). The question of the influence
of the host genotype has, in addition to this thesis (see manuscript II, section 2.2), been
addressed in several studies recently. Cardinale et al. (2015) gave a detailed view of the
bacterial networks in different lettuce cultivars and found a higher diversity in modern
Lactuca sativa cultivars than in its wild ancestor Lactuca serriola. Differences in the
microbiome between potato cultivars were revealed by Marques et al. (2014) and

correlated with the starch content.

The idea of a close interaction network of plants and microorganisms is taken one step
further in the hologenome theory, in which the holobiont (host plus its microbiota) is
seen as a unit of selection in evolution (Rosenberg et al. 2009). Following this theory,
genetic variation can occur both in the host and the microbial symbiont genomes, and is
therefore not limited to known modes of variation like recombination and mutation, but
can also occur by acquiring new traits in form of microbial strains from the environment

(Rosenberg et al. 2009).

3.3 Critical view on growth promoting traits during in vitro culture

During in vitro culture, plants are supplied with a sufficient amount and easy accessible
nutrients, and the plant hormones in the growth medium are optimized for the specific

cultivation step and morphological status of the propagules. This raises the question of
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3.3 Critical view on growth promoting traits during in vitro culture

how endophytic bacteria act during in vitro culture. Most of the potential growth
promoting traits mentioned in paragraph 1.2.3, especially an increased nutrient
availability, nitrogen fixation, and the production of plant hormones, most certainly play
a minor role during in vitro culture. Nevertheless, we observed a clear and statistically
verified growth promoting effect in terms of a higher percentage of rooted plants and
more roots per shoot after the inoculation of the difficult-to-propagate Prunus avium
genotypes Fama and Achilleus with Rhodopseudomonas palustris strain N-I-2 and

Microbacterium testacaeum strain D-I-1 (see 2.3).

Root organogenesis is highly dependent on the auxin levels in the plant during the
different rooting phases (De Klerk et al. 1995) and for both genera Rhodopseudomonas
and Microbacterium strains that produce IAA have been described (Wong et al. 2014; Ji
et al. 2014). Kristin Haller tested the auxin production of the strains Rhodopseudomonas
palustris N-I-2 and Microbacterium testacaeum D-I-1 isolated from Prunus avium in this
study and could show in vitro production of a low amount of auxin (27 pg/ml) for the
latter only (Quambusch et al. 2016). Studies have shown that IAA synthesis of bacteria is
dependent on many factors such as temperature, pH, aerobic/anaerobic conditions and
availability of nutrients, and specific biosynthesis pathways can be used according to the
environment (Patten and Glick 1996). As a first requisite for plant growth promotion, the
auxin production by isolated bacterial strains therefore needs to be confirmed by
measurements of endogenous auxin levels to confirm synthesis of the phytohormone in
planta. Ali et al. (2009) correlated the auxin production by bacterial strains to increased
endogenous IAA content of Triticum aestivum and Kurepin et al. (2014) measured
increased endogenous IAA levels in potato after inoculation with Burkholderia
phytofirmans along with an increased shoot and root growth. However, during in vitro
culture of Prunus avium, auxin is supplemented to the growth medium in form of IBA.
Label et al. (1989) compared the endogenous IAA content of Prunus avium cultures with
and without IBA supplementation during the first week of in vitro rooting and observed
high levels of IAA in an acropetal gradient in the supplemented variant. In control plants
without IBA in the medium, IAA was basipetally distributed and clearly lower than in
treated samples. This indicates a strong influence of the IBA content coming from the
medium on the endogenous IAA levels and suggests that the influence of IAA produced
by bacteria in the plant tissue is, most certainly, negligible. Nevertheless, an effect of
endophyte-produced IAA on single cell level during the induction phase of rooting

cannot be fully excluded.
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Another potential growth promoting factor during in vitro rooting could be a reduction
of the ethylene content in the plant tissue by the bacteria. The important role of ACC
deaminase in plant growth promotion, and especially in the reduction of high ethylene
level produced during plant stress responses, has been highlighted by Glick (2014).
De Klerk et al. (1999) reported an inhibitory effect of ethylene during the root induction
phase in apple microcuttings with the rooting zone submerged in the medium and gave
as a possible explanation that high ethylene levels might accumulate in submerged parts
of the stem were aeration is reduced. Additionally, ethylene production is triggered by
wounding and by high auxin concentrations (De Klerk et al. 1999) and both conditions
apply to the transfer of shoots on rooting medium. Similarly, Biondi et al. (1990) observed
a significant inhibition of the rooting percentage of Prunus avium microshoots after
addition of the ethylene precursor ACC to the medium. During the dedifferentiation
phase of rooting the hormone requirements of the plant changes and lower levels of IAA
combined with higher ethylene levels are favorable for root formation (De Klerk et al.
1999). The ability to degrade IAA described for some endophytic bacteria (see 1.2.3) could
have a growth promoting effect in this phase. Whether ethylene or auxin reduction could
play a role in our experimental setup and whether the used bacterial strains are able to

reduce these compounds remains to be tested.

In addition to or instead of the direct changes of the plant hormone status, the
inoculation with endophytic bacteria could contribute to an equilibrium in the plant
microbiome. The addition of a growth promoting or commensal bacterium could act as a
counterpart and suppress other bacteria already present in the plant. In our bacterial
community study the difficult-to-propagate genotypes Fama and Achilleus were highly
dominated by only one bacterial group, the mycobacteria, while easy-to-propagate
genotypes Neptun and Demeter each had one additional bacterial group,
Rhodopseudomonas spp. and Microbacterium spp., respectively (see manuscript II, section
2.2). The increased rooting rates after inoculation with the bacterial isolates
Rhodopseudomonas palustris strain N-I-2 and Microbacterium testacaeum strain D-I-1
could be explained by a regulation of the previously dominant mycobacteria to a level

which might have been favorable for plant growth (see discussion of manuscript II, 2.2).

The importance of restoring the balance of a bacterial community could play an
especially important role during in vitro culture compared to the natural habitat. It can
be assumed that the endophyte diversity is strongly reduced by the surface sterilization,

the standardized culture conditions and the absence of newly introduced bacteria during
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3.4 Outcome of the study and potential applications

prolonged culture under sterile conditions. This educated guess is supported by many
examples with a high diversity detected in field samples e. g. in Ulmus, Coffea, rice, and
Lactuca (Mocali et al. 2003; Vega et al. 2005; Sun et al. 2008; Cardinale et al. 2015)
compared to a relatively low diversity in tissue culture e. g. in Robinia, rockplant, and
wild cherry (Zaspel et al. 2008; Koskiméki et al. 2010; Quambusch et al. 2014). Ulrich et al.
(2008a, b) analyzed the endophytes of poplar in micropropagated cultures and in field

grown trees and observed a highly reduced bacterial community in vitro.

3.4  Outcome of the study and potential applications

3.4.1 Optimization of micropropagation of Prunus avium

An optimization of the micropropagation of Prunus avium genotype -collection
silvaSelect” was achieved in close cooperation with the project partner IFP. Rooting was
determined as the main limiting factor in the commercial production process. In this
thesis the use of a dark treatment to obtain high percentages of rooted plants was
established and is already used by the IFP since 2013. The rooting success was improved
from 59 % on average over all commercially propagated genotypes in the years 2009-2012

to 79 % in the years 2013-2015 by the proposed method (see manuscript I, section 2.1).

3.4.2 Inoculation with endophytes as a means to improve tissue culture

propagation

The potential applications of bacterial endophytes in agriculture and horticulture are
plentiful (Compant et al. 2005; Ryan et al. 2008) and several biocontrol agents are
available on the market (Berg 2009). Here I want to focus on the outcome of this thesis
and possible application of endophytes in micropropagation. A first beneficial outcome of
this study is the gained knowledge about the diversity and first insights into the mode of
action of endophytes in tissue cultures of Prunus avium. In accordance with studies of
other plant species the bacterial community was shown to be genotype-dependent
(Ardanov et al. 2012; Podolich et al. 2014; Marques et al. 2014; Cardinale et al. 2015) and
to have an influence on the growth characteristics of its host plant (Ryan et al. 2008).
Beneficial effects of endophytic bacteria during in vitro culture were detected by the
inoculation with the two strains Rhodopseudomonas palustris strain N-I-2 and
Microbacterium testaceum strain D-I-1, isolated from easy-to- propagate Prunus avium
microshoots, as improved rooting of the difficult-to-propagate microshoots (see

manuscript IT and III, section 2.2 and 2.3).
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As one possible application, an inoculum of the isolated bacterial strains could be
produced and applied during the transfer on rooting medium in commercial propagation.
A simplified inoculation protocol would be a prerequisite for the commercialization.
Additionally, the knowledge on the functions of the bacteria within the plant would have
to improve to allow the classification into the group of biopesticides or biostimulants
according to the legal regulations of the European Union concerning the placing of plant

protection products on the market.

Another possibility would be the introduction of the beneficial strains to the plant
material only once, during the propagation phase, and market the plant material with an
“improved bacterial spectrum”. This would circumvent the time-consuming inoculation
step. A prerequisite would in this case be the persistence of the bacterial strain within the
plant tissue over several subcultures. One obstacle could be the licensing of the
technique, to my knowledge there is no exemplary product on the market. A comparable
product is the seeds of ryegrass ‘Samson AR37’ (distributed by Agricom) containing the
endophytic fungus Epichloé¢ AR37° with an optimized alkaloid production to reduce the
neurological disease ryegrass staggers of grazing animals and transmit insecticide

tolerance.

Possible problems arising from inoculation of in vitro cultures

Bacteria are masters in the adaptation to new and often changing environmental
conditions. Many bacteria have a repertoire of several metabolic pathways to enable
them to survive both with and without oxygen, light, water, nitrogen and other nutrient
sources. For example members of the species Rhodopseudomonas palustris, are able to
switch between photoautotrophy, photoheterotrophy, chemoautotrophy and
chemoheterotrophy to acquire energy and carbon with exceptional flexibility (Larimer
et al. 2004). This example demonstrates that the functions endophytic bacteria can have
in the plant are not easy to predict and are most certainly diverse and constantly
changing depending on abiotic influences, the physiological state of the plant host and
competing microorganisms. It also visualizes the possible switch from a plant growth
promoting endophytic lifestyle to a saprophytic or even pathogenic lifestyle, and vice
versa. The plant is much less flexible concerning the nutrient source, temperature, light
conditions and other environmental factors. It therefore remains to be tested, if an
inoculation with bacteria leads to a stable culture of Prunus avium. As described in 1.2.4,

endophytic bacteria can also have a growth inhibiting effect or cover the medium and

® Retrieved from: http://www.agricom.co.nz/assets/files/nz/ AGC1114SeedGuide2014web.pdf,
accessed 24.04.2016
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plant tissue after excessive growth, sometimes after prolonged subcultivation or after a
change in the culture medium. Additionally, the safety of the sold product, either the
bacterial inoculums or the plant material containing bacteria, needs to be assessed,

especially with regard to human, animal and plant pathogenicity.

3.5 Future prospects of endophyte research in Prunus avium tissue
culture

To elucidate the origin of the detected endophytic bacteria a comparison to field grown
Prunus avium trees would be necessary. The microshoots used in this study had been
subcultured for 4 to 16 years at the time of bacterial community analysis. It is not known
whether the bacteria have been introduced by the source material and represent part of
the naturally occurring population or if they have been introduced by human handling.
The original plus trees are not available, but close relatives or Prunus avium trees
growing at the same site could be analyzed. Winter buds have been used as the source for
in vitro culture establishment and therefore should be used in a comparison of the
bacterial populations, and NGS of 16S rDNA with the maximum possible read length
would be the suggested method.

The localization in the plant tissue can give an indication of the potential mode of action
of the bacteria. In this thesis the presence of the bacteria in the different plant organs
(leaf, stem, root) has been analyzed (Quambusch et al. 2016). Localization of the bacteria
within one tissue could be visualized by in situ hybridization (either with digoxigenin-
labeled or fluorophore labeled 16S RNA probes) (Pirttila et al. 2000; Lo Piccolo et al.
2010), or by GFP tagging of the bacterial strains (Koskimaki et al. 2015). Confocal laser
scanning microscopy can be used to visualize cell-cell interactions and can, in
combination with co-occurrence studies, be used to unravel microbial interaction
networks, as shown for bacteria colonizing lettuce roots (Cardinale et al. 2015). Insights
to possible interaction partners within the bacterial community by co-occurrence in

planta could be used to study the pairwise interactions in detail using co-culture assays.

The effect of inoculation on the bacterial community could be studied by qPCR on
selected bacterial strains, or by whole community fingerprinting techniques (DGGE,
ARDRA or others). To gain information on the mechanism behind the root inducing
effect of the inoculation with Rhodopseudomonas palustris and Microbacterium
colombiense a measurement of the IAA and ethylene content in the plant tissue,

especially the root tip, could be conducted. The data could be obtained by high
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3 DISCUSSION

performance liquid chromatography (Kurepin et al. 2015) or gas chromatography (Ali
etal. 2009) combined with mass spectrometry. Mass spectrometry imaging (MSI)
provides new tools for the measurement of the spatial distribution of compounds directly
on plant tissue sample surfaces (Dong et al. 2016), e. g. by nanospray desorption
electrospray ionization mass spectrometry (nanoDESI-MS) (Brader et al. 2014) or laser
activated electron tunneling (LAET) used for the measurement of phytohormones in
Cayratia japonica leaves (Huang et al. 2016). If the isolates are able to degrade ACC and
thereby influence the ethylene content in the plant can be tested by ACC deaminase

assays using selective media (Jimtha et al. 2014).

In this thesis only bacterial endophytes were analyzed and other microorganisms were
excluded from the study. Lucero et al. (2011) analyzed both the bacterial and fungal
community of two micropropagated Atriplex species and detected fungal cells associated
with regenerated leaves and roots by confocal microscopy and diverse fungal taxa in
callus by pyrosequencing. Different fungal cells were also detected in embryogenic
cultures of Pinus radiata (Ganley et al. 2015). Although the fungal endophytes are far less
studied than bacteria in tissue culture samples, these two studies are promising examples

to suggest an analysis in Prunus avium.
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