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Adventitious root formation in cuttings and establishment of arbuscular mycor-
rhizal symbiosis reflect the enormous plasticity of plants and are key factors in
the efficient and sustainable clonal propagation and production of ornamental
crops. Based on the high importance of Petunia hybrida for the European and
US annual bedding plant markets and its suitability as a model for basic plant
sciences, petunia has been established as an experimental system for eluci-
dating the molecular and physiological processes underlying adventitious root
formation and mycorrhizal symbiosis. In the present review, we introduce the
tools of the Petunia model system. Then, we discuss findings regarding the hor-
monal and metabolic control of adventitious rooting in the context of diverse
environmental factors as well as findings on the function of arbuscular mycor-
rhiza related to nutrient uptake and resistance to root pathogens. Considering
the recent publication of the genomes of the parental species of P. hybrida
and other tools available in the petunia scientific community, we will out-
line the quality of petunia as a model for future system-oriented analysis of
root development and function in the context of environmental and genetic
control, which are at the heart of modern horticulture.

Introduction

The genetic and environmental control of root develop-
ment and function are among the fundamental topics
in plant science. Understanding these topics provides a
high potential for improving the breeding of new cul-
tivars in agriculture, horticulture and forestry and for
their economic and ecologically sustainable production.
Arabidopsis thaliana (Arabidopsis) has been intensively
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developed as the model of choice for fundamental plant
science around the world since the 1980s, and its
exploitation has provided a trove of knowledge about
the genetic, molecular and physiological control of
plant development. However, because of the habitus
and lifestyle of Arabidopsis, immediate translation of
Arabidopsis-derived knowledge to other, mostly more
complex growing crop plants, is often difficult.

58 © 2018 The Authors. Physiologia Plantarum published by John Wiley & Sons Ltd on behalf of Scandinavian Plant Physiology Society.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution

and reproduction in any medium, provided the original work is properly cited.

http://orcid.org/0000-0002-5881-9778


In horticulture, the breeding and production of orna-
mentals constitutes an economically important sector
involving the most sophisticated technologies devel-
oped and employed by specialists in plant genetics,
physiology, nutrition and health. Great challenges for
future ornamental crop production include the efficient
use of resources such as nutrients, water and energy
and minimum pollution of the environment by chemi-
cals. Many important ornamental crops are vegetatively
propagated via adventitious root (AR) formation from
shoot tip cuttings, a process that provides several bil-
lion rooted ornamental plants to the European market
each year. However, the lack of understanding regard-
ing the endogenous and environmental control of AR
formation in cuttings impairs the smart breeding of cul-
tivars for efficient propagation and frequently causes
losses in young plant production. Most ornamental crop
species can establish a symbiotic interaction with arbus-
cular mycorrhiza (AM) fungi, which can improve nutrient
acquisition and stress tolerance in their hosts. Under-
standing the regulation and function of these symbioses
is of central importance for providing efficient inocula
and environmentally stable application protocols for AM
as one element in sustainable horticultural production.

The garden petunia is vegetatively propagated from
shoot tip cuttings and is able to form AM symbioses. It
ranks among the top annual bedding plants in terms of
wholesale value worldwide, particularly in Europe [6%
market share; BMEL (2014)] and the United States [11%
market share; Warner and Walworth (2010)]. Petunia
was originally described by Jussieu (1803). Commercial
petunia cultivars as well as the standard laboratory
lines, which will be introduced below, have a hybrid
origin. Since the 1950s, when geneticists began trying
to predict new flower color classes of Petunia hybrida,
research proliferated, powered by the development of
biochemical and molecular methods, and now covers
all aspects of plant science (Gerats and Vandenbuss-
che 2005, Vandenbussche et al. 2016). There is great
exchange of knowledge and resources within the Petu-
nia research community, which is organized via the
community-driven PetuniaPlatform (http://flower.ens-
lyon.fr/PetuniaPlatform/PetuniaPlatform.html). Because
of its importance for horticulture and its ability to serve
as a model, the Petunia system has been increasingly
applied and elaborated by our group and others to
analyse the molecular and physiological regulation and
function of AR formation and AM symbiosis. In the
present review, we will first introduce the tools available
for research on Petunia. Thereafter, we will provide an
overview of how these tools have contributed to the cur-
rent understanding of AR formation and AM symbiosis.
Finally, we will discuss the outlook of future research.

Petunia hybrida as model: the tool box

Fundamental biological sciences are based on the use
of model organisms. In the field of plant research, Ara-
bidopsis thaliana was the first model species (Kaul et al.
2000), mainly as a result of its relatively small genome,
because large-scale sequencing projects were initially
very time-consuming and costly. Arabidopsis regenerates
ARs from excised leaves, intact hypocotyls of etiolated
seedlings and de-rooted hypocotyls of seedlings as well
as thin cell layers and stem segments excised from the
inflorescence stem (Correa et al. 2012, Gutierrez et al.
2012, Della Rovere et al. 2013, Verstraeten et al. 2013).
However, the typical structure of a leafy shoot tip cut-
ting, which is used for the clonal propagation of many
ornamental crops, is undeveloped. Arabidopsis also does
not form mycorrhizal symbioses. Since the beginning
of the current decade, genome size has lost its domi-
nant influence on the choice of models because of the
development of new sequencing techniques, referred
to collectively as next-generation sequencing methods.
Genome sequencing is now a relatively fast and low-cost
procedure; therefore, other criteria have become more
important for determining the plants used in the investi-
gation of research questions.

Cultivation of P. hybrida can be conducted under a
broad range of temperature and humidity conditions and
does not require much space. In ideal conditions, up to
four generations can be produced in 1 year. Moreover,
masses of genetically identical material can be obtained
by collecting shoot tip cuttings (Fig. 1A) from stock plants
(Fig. 1B). In greenhouses or climate chambers (Fig. 1C) or
under in vitro cultivation (Fig. 1D), such cuttings develop
roots in approximately 2 weeks. Rooted cuttings can be
directly used for various investigations, such as for study-
ing AM symbiosis (Fig. 1E). During the last decade, a
large set of analytical methods has been successfully
applied to petunia, including tandem mass spectrome-
try of plant hormones (Fig. 1F). As described by Van-
denbussche et al. (2016), the choice of the appropriate
cultivar and the application of particular cultivation tech-
niques, such as the removal of axillary shoots, allow the
cultivation of large numbers of individual plants in a
small area, and these plants continuously produce flow-
ers over more than 1 year. These features of P. hybrida are
ideal prerequisites for large screening experiments.

All modern P. hybrida cultivars and lines used
for research purposes, such as P. hybrida ‘Mitchell’
(Fig. 1A–E), represent crosses originally derived from
different wild species (Segatto et al. 2014). Crossing bar-
riers do not exist between these species, and such crosses
are therefore easy to conduct. Hence, populations of
recombinant inbred lines (RILs) have been generated,
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Fig. 1. Selected Petunia genotypes and growth characteristics and the Petunia tool box. Shoot tip cuttings of Petunia hybrida ‘Mitchell’ (A) freshly
excised from (B) the stock plant, (C) planted and cultivated in perlite and (D) with ARs produced when cultivated in agar medium in vitro (view
from the bottom). (E) Structures of Funneliformis mosseae in the roots of P. hybrida ‘Mitchell’. (F) GC–MS/MS analysis of plant hormones. (G)
Chemical manipulation, example of PAT inhibition by NPA. (H) Flowering shoots of sequenced P. axillaris and P. inflata. (I) Petunia microarray.
(J) Agrobacterium-mediated leaf disc transformation of P. hybrida ‘Mitchell’. (K) green-labeled YFP-fluorescence of the auxin-response in ARs,
DR5::3xVenus-6 in P. hybrida ‘Mitchell.’ (L) virus-induced silencing of the endogenous phytoene desaturase (PDS) gene, causing photo-bleaching
in P. hybrida ‘Fantasy Blue’, photo: A. Langhans, Prof. Dr. H. Mibus. Schematic illustration of (M) CRISPR/Cas and (N) dTPH1 insertion mutagenesis.

and corresponding maps have been established, which
have been used for the identification of quantitative trait
loci (QTLs) for characters such as flower morphology
(Galliot et al. 2006) and plant quality (Vallejo et al.
2015). Markers of these QTLs can be subsequently
used in breeding programs to target the generation of
new cultivars with desired traits in a relatively short

time (Guo et al. 2017). Moreover, such loci are very
likely to harbor so-called candidate genes that may be
responsible for the expression of these traits. In 2016,
the genomes of Petunia axillaris and Petunia inflata
(Fig. 1H), the wild parents of P. hybrida, were pub-
lished (Bombarely et al. 2016). It is therefore possible
to identify the sequences of putative candidate genes
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in QTLs that play a role in the trait or process under
investigation.

In addition to the existence of wild species, an
enormous variety of different cultivars exist that show
wide-ranging variability in their morphological param-
eters. These cultivars can further serve as a source for
the identification of candidate genes through correlating
sequence variations with phenotypic differences based
on a genome-wide association study (GWAS). Genes
that putatively play a role in particular processes can
be identified by their differential expression patterns.
This was first carried out in a large-scale experiment
through hybridization arrays (Fig. 1I), based on all RNA
sequences that were available before the sequencing of
the petunia genomes (Breuillin et al. 2010). Such expres-
sion analyses are now carried out via deep sequencing
of RNA extracts, with subsequent quantification of the
different sequence types obtained and mapping to the
corresponding genomes (Rich et al. 2017).

When putative candidate genes are identified through
the described approaches, their role has to be further
confirmed, which can be achieved via overexpression
or downregulation using RNAi constructs of those genes
and in-depth analyses of the resulting transgenic plants.
Prerequisite for such analyses is a suitable transforma-
tion system for the generation of stably transformed
plants, which has been available for petunia since the
1980s (Horsch et al. 1985). The generation of trans-
genic petunia plants with orange-colored flowers (Meyer
et al. 1987), the knowledge gained from instabilities in
color phenotypes (e.g. Linn et al. 1990), the political
discussions about the first field experiments (Jasanoff
2005) and the recent re-appearance of these phenotypes
among commercial cultivars (Bashandy and Teeri 2017)
are components of one of the most interesting stories
in plant science history. The well-established Agrobac-
terium-mediated leaf disc transformation method (Fig. 1J)
can also be used to localize the activity of target genes
with the help of promoter-reporter constructs (Fig. 1K). In
addition to generation of stable transformants, numerous
techniques can be applied to petunia for transient assays
in a first screening approach, such as infiltration of leaves
or flowers (e.g. Verweij et al. 2008) or virus-induced
gene silencing (VIGS) (Spitzer et al. 2007) (Fig. 1L).

The transfer of overexpression or RNAi constructs into
plants only generates differences in the expression lev-
els of candidate genes. However, it is often necessary
to create a knock-out mutation to produce a phenotype
that is sufficiently strong to be observed. For this purpose,
the methods of choice include insertion mutagenesis and
newer options such as CRISPR/Cas technology (Fig. 1M),
which has recently been applied in P. hybrida ‘Mitchell’
(Zhang et al. 2016). While the former approach usually

leads to random insertions because of the lack of homol-
ogous recombination in plants, the latter can be targeted
to particular genes of interest. In both cases, genetic engi-
neering approaches are necessary, accompanied by rules
and regulations making work with such plants more or
less inconvenient. It is not clear what the result of the
current discussion in Europe concerning CRISPR/Cas will
be, but it will probably take years until this issue is clar-
ified. However, insertion of sequences into genes also
naturally occurs through transposable elements. Petu-
nia harbors such a natural insertion mutagenesis system.
The transposable element dTPH1 inserts into genomic
regions, and its excision leaves behind a target site dupli-
cation of eight nucleotides (Fig. 1N) (Gerats et al. 1990,
2013). Based on the dTPH1 transposable element system
in the P. hybrida line W138, a progeny population was
generated (Vandenbussche et al. 2008). Application of
the three-dimensional polymerase chain reaction (PCR)
genotyping approach to this population has contributed
to the identification of insertion mutations in genes of
interest (Vandenbussche et al. 2008, 2016). The corre-
sponding mutant lines can subsequently be employed in
functional studies, using the corresponding revertants as
controls.

In summary, the genus Petunia exhibits high genetic
variability, including crosses between different petu-
nia species with corresponding maps, numerous culti-
vars with particular phenotypes and lines with insertion
mutations. Second, the amount of available sequence
information, including genome and RNA sequences
annotated to a high degree, allows direct access to the
molecular basis of this variability. Third, techniques for
transient and stable transformation enable the functional
analysis of genes for temporal and spatial analyses of
gene activities and the localization of gene products. The
skilled application of a combination of these tools allows
the identification of candidate genes and their functional
analysis in a straightforward manner.

Research on adventitious root formation
in petunia

Adventitious root formation in shoot tip cuttings, con-
sisting of a leafy stem with the stem base as the root-
ing zone, the terminal shoot apex, and at least one fully
developed leaf (Fig. 1A), is the crucial physiological pro-
cess utilized for vegetative propagation of many orna-
mental plant species. In response to excision, a new
developmental programme is initiated in specific plant
cells, mainly in the cambium or vascular tissues. The
initial induction phase, devoid of any cellular changes,
is followed by the formation phase, which can be fur-
ther subdivided into the initiation phase ending with the
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formation of dome-shaped root primordia and the final
expression phase, when the complete root body con-
nected to the vascular cylinder is formed and emerges
from the stem (da Costa et al. 2013).

AR formation is regulated by plant hormones. Hor-
monal regulation of AR formation in P. hybrida initially
received research attention in the 1990s and early 2000s.
The responses of petunia cuttings to the application of
ethylene (ET; Dimasi-Theriou et al. 1993) and the trans-
genic modulation of ET reception or down-stream signal-
ing (Clark et al. 1999, Shibuya et al. 2004) or cytokinin
(CK) biosynthesis (Clark et al. 2004) revealed a positive
role of ET activity and an inhibitory role of CK in AR for-
mation. In 2006, a cooperative project was launched in
Germany to develop P. hybrida as a model system for
analyzing AR formation and AM symbiosis (see also next
chapter). In the context of AR formation, research has
focussed on molecular, hormonal and metabolic regu-
lation in the stem base and the functional equilibrium
of whole cuttings in response to environmental factors.
The outcomes and related findings of other groups are
summarized below.

Analysis of the stem base

Ahkami et al. (2009) monitored the stem base of P.
hybrida ‘Mitchell’ cuttings under standard rooting con-
ditions (Fig. 1C) and discovered three metabolic stages:
(1) the sink establishment phase, characterized by the
induction and activation of cell wall invertase (INVcw),
responsible for apoplastic unloading (AP-UL) of sucrose;
(2) the recovery phase, when the initially depleted sug-
ars and amino acids recover; and (3) the maintenance
phase, characterized by symplastic unloading of sucrose
(SYM-UL). A subsequent study conducted under the
same conditions using a petunia microarray (Fig. 1I)
confirmed the metabolic concept at the transcriptional
level and pointed towards a possible role of peroxiso-
mal ß-oxidation, trehalose metabolism and sugar sensing
during the early steps of AR formation (Ahkami et al.
2014). Furthermore, the induction of several mineral
nutrient-related genes and corresponding upregulation
of ribonucleotide reductase (RNR), especially during the
recovery and maintenance phases, indicated that nutri-
ent acquisition and DNA synthesis are important pro-
cesses in the rooting zone.

Continuous application of combined fertilizer to the
stem base of two commercial petunia cultivars promoted
AR formation, whereas leaf fertigation did not have such
an effect (Santos et al. 2009). Recently, Hilo et al. (2017)
shed light on the local functions of iron (Fe) and ammo-
nium (NH4) in AR formation in the ‘Mitchell’ cultivar.
They found striking local stimulation of AR formation

by Fe and a promoting effect of NH4. The optimal
application period for these nutrients corresponded to
the early divisions of meristematic cells in the stem
base and coincided with increased transcript levels of
mitotic cyclins. Based on the analogous responses to
NH4 and Fe and the finding that NH4 stimulated Fe accu-
mulation in the stem base, Hilo et al. (2017) suggested
that NH4 may act via enhancement of Fe acquisition
based on the physiological acidification of the apoplast,
which is a well-established mechanism in the rhizo-
sphere (Marschner 2012).

Ahkami et al. (2013) combined GC–MS/MS anal-
ysis of plant hormones and monitoring of primary
metabolism and anatomy in the stem base of the
‘Mitchell’ cultivar with chemical manipulation to study
the relationship between polar auxin transport (PAT), the
temporal distribution of indole-3-acetic acid (IAA) and
the function of auxin during AR formation in cuttings.
Spraying the cuttings with the PAT blocker naphthyph-
talamic acid (NPA) immediately after excision not only
eliminated the 24 h peak of IAA and strongly inhibited
AR meristemoid formation, but further reduced the
early activity of vacuolar invertase and INVcw. Another
microarray analysis performed under standard root-
ing conditions revealed complex regulation of genes
controlling plant hormone homeostasis, signaling and
downstream processes (Druege et al. 2014). In particular,
transcriptomic fine-tuning of the genes controlling PAT
and other components affecting local auxin homeostasis
was observed. Beyond the observed down-regulation of
genes encoding components of the transport inhibitor
response 1 (TIR1) auxin receptor complex and many
auxin response factors (ARFs), the transcript levels of
genes encoding specific ARFs, many auxin-repressing
Aux/IAA proteins and small auxin-up RNA (SAUR)
proteins showed phase-specific patterns of up- or down-
regulation, which may indicate important functions
in the phase control of AR formation. Druege et al.
(2014) postulated that the disruption of the basipetal
auxin efflux through cutting excision is a major factor
contributing to early auxin accumulation, which in turn
triggers canalization of auxin to AR founder cells, where
it initiates cellular reprogramming involving crosstalk
with other hormones. Accordingly, phase-specific reg-
ulation of genes coding for auxin-responsive cyclins,
for the ethylene response element binding protein
APETALA2 (AP2) and for GRAS transcription factors
(major players in auxin and gibberellin signaling), was
recorded in the stem base (Ahkami et al. 2009, 2014,
Bombarely et al. 2016).

Highlighting the contribution of ET, many genes
involved in ET biosynthesis and signaling was found to
be strongly upregulated throughout the period of AR
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formation, some of which are also induced in leaves
through wounding (Druege et al. 2014). The rooting
phenotypes observed in response to inhibitors of ET
biosynthesis or perception as well as in response to the
ET-precursor 1-aminocyclopropane-1-carboxylic acid
(ACC) confirmed the positive role of ET in AR formation
but indicated an inhibitory role of ET in AR elonga-
tion. Jasmonic acid (JA) is another wound-responsive
hormone that has recently been considered in relation
to AR formation. After high early accumulation of JA
was detected in the stem base of the ‘Mitchell’ cultivar
(Ahkami et al. 2009), genetic transformation of this
cultivar revealed that JA production is required for maxi-
mum AR formation. Marked reduction of petunia allene
cyclase oxide synthase transcript levels and activity not
only reduced the level of wound-induced JA and its
bioactive conjugate in cuttings, but also further reduced
the number of root primordia and the final number of
ARs (Lischweski et al. 2015).

Strigolactones (SL) are a class of carotenoid-derived
plant hormones that, after being discovered as stimulants
of the germination of parasitic weeds, were shown to
have an important function in AM symbiosis (see next
chapter) and to control plant development in different
ways (Al-Babili and Bouwmeester 2015). The response
of AR formation in cuttings of Solanum lycopersicum
and Pisum sativum to genetic and chemical modifica-
tions of SL biosynthesis, levels and responses revealed
a negative role of SLs in AR primordium development
and in final rooting (Kohlen et al. 2012, Rasmussen et al.
2012). Interestingly, the expression of important genes
controlling SL biosynthesis and perception was found to
be reduced in the stem base of petunia soon after cutting
excision (Bombarely et al. 2016). This finding indicates
that, in addition to the postulated dilution resulting from
the removal of the root system (Steffens and Rasmussen
2016), local down-regulation of SL biosynthesis and sig-
naling may also contribute to AR formation in the stem
base of cuttings.

Analysis at whole-cutting level

The supplementation of the carbohydrate reserves
present in cuttings at the time of planting through net
photosynthesis during cutting cultivation provides an
important carbon source. Cuttings of the ‘Mitchell’ cul-
tivar show a high net photosynthetic rate (Pn) from the
first day after excision onwards and positive short-term
responses to increases in the photosynthetic photon
flux density (PPFD) and CO2 concentrations, while dark
respiration is increased under higher air temperatures
(Klopotek et al. 2012). The acclimation of cuttings to
a lower PFFD for 1 week significantly reduced the

maximum Pn value and the light compensation point of
fully developed source leaves; similar responses were
observed in intact shoots still attached to the stock
plant. Accordingly, an increase of the daily light integral
(DLI) enhanced maximum gross photosynthesis, the
light compensation point of photosynthesis and starch
levels in cuttings of a commercial petunia cultivar,
which corresponded to increased dry matter production
of leaves, stem and ARs (Currey and Lopez 2015). In
Arabidopsis, the perception of the light spectrum is
strongly linked to the plant hormone pathways in which
PHYTOCHROME-INTERACTING FACTORS affect ARFs,
Aux/IAA proteins and AP2 transcription factors (de Lucas
and Prat 2014). Interestingly, enhancing the blue and red
fractions during supplemental LED lighting of petunia
cuttings was shown to increase the leaf dry mass, root
dry mass, percentage of root dry mass within the total
dry mass and the root to shoot ratio (Currey and Lopez
2013).

The number and length of ARs in the ‘Mitchell’ culti-
var are positively correlated with the initial total nitrogen
content in the cuttings (Zerche et al. 2016). N deficiency
reduces the levels of protein N in cuttings and the lev-
els of amino acids, such as glutamine and asparagine,
in fully developed leaves and the stem base. The corre-
sponding inhibition of root meristematic cell differentia-
tion into complete ARs supports the notion that reduced
availability of amino acids in cuttings limits the synthesis
of proteins needed for the differentiation and growth of
ARs. Dark exposure of cuttings for 7 days before planting
strongly enhances the number and length of ARs, based
on the establishment of the first meristematic cells during
the dark period and the subsequent accelerated differen-
tiation and growth of ARs after planting and exposure
to light (Klopotek et al. 2010). Irrespective of carbohy-
drate depletion during the dark period, dark-incubated
cuttings subsequently planted and cultivated under light
allocate a higher proportion of dry matter to the roots
than immediately planted cuttings (Klopotek et al. 2016).
Under darkness, an increase in INVcw activity and the
transcript accumulation of a specific INVcw isogene
occur in the stem base, but not in the shoot apex, as
a competing sink (Klopotek et al. 2016). Furthermore,
high accumulation of amino acids such as asparagine
and aspartate in fully developed leaves and the stem
base as well as arginine in leaves is observed under dark-
ness, which is associated with a decrease of N in insol-
uble protein in cuttings (Zerche et al. 2016). Based on
these data, the authors developed a metabolic model
of dark-induced proteolysis. However, identification of
the major control points of this process and the basis
for its clear reversibility in petunia will require further
investigation.
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Integrative model of the control of adventitious
root formation in petunia

Based on the literature summarized above, we introduce
a holistic concept of the control of AR formation in petu-
nia cuttings (Fig. 2A–D) regarding the environmental (A),
metabolic and hormonal (B), transcriptional (C) and cyto-
logical levels of regulation (D). Upon excision (Fig. 2A),
wounding triggers the early accumulation of JA and ET in
the stem base (Fig. 2B), the latter of which is supported by
upregulation of genes coding for the ACC synthase (ACS)
and for the ACC oxidase (ACO) (Fig. 2C). Based on the
removal of the basipetal auxin drain, pre-established PAT
contributes to IAA accumulation (Fig. 2B), which is sup-
ported by early local de-conjugation of IAA via upreg-
ulation of genes coding for IAA amino acid hydrolase
(Fig. 2C).

Cutting isolation further reduces the levels of
root-derived CK and SL (Fig. 2B), and the level
and perception of SL are further reduced via local
down-regulation of D27 (encoding carotene isomerase
D27) and DAD2 (encoding decreased apical domi-
nance 2) (Fig. 2C). During early induction, available CK
and accumulating ET, acting via ethylene-responsive
transcription factors (ERF, Fig. 2C), may contribute to
the dedifferentiation of AR competent cells (Fig. 2A).
Thereafter, the rise of IAA in relation to the decreases
in CK and SL causes induction of ARs and contributes
to sink establishment in the stem base via activation
of INVcw (Fig. 2A, B). Early JA accumulation (Fig. 2B)
supports AR induction and may be involved in sink
establishment. Intensive crosstalk between JA, auxin
and ET (Fig. 2B) can be expected (Hoffmann et al. 2011,
Gutierrez et al. 2012, Muday et al. 2012) while ET
may exert an inhibitory influence during late induction
(Fig. 2A, B; da Costa et al. 2013). Reduced water and
mineral uptake and high auxin levels during induction
are considered to stimulate prolonged upregulation of
genes controlling ET biosynthesis and signaling (Fig. 2C),
which may contribute to the differentiation of ARs while
exerting an inhibitory effect on AR elongation (Fig. 2A).

Initial auxin accumulation initiates self-regulatory
adjustment of PAT components and important play-
ers in the auxin response machinery (Fig. 2C). While
down-regulation of genes coding for TIR1 and many
ARFs results in desensitization against ‘auxin flush by
accident’ (excision), the responses of specific genes
coding for ARFs and Aux/IAA proteins control the
reprogramming of specific cells towards AR forma-
tion as a survival strategy. Upregulation of GH3 genes
(Fig. 2C) contributes to the reduction of initially high
IAA and JA levels through conversion to physiologi-
cally inactive amino acid conjugates (Staswick et al.
2005, Gutierrez et al. 2012), thereby providing the

hormonal conditions for subsequent AR initiation and
differentiation. Upregulation of peroxidase genes and
changes in the expression of genes controlling the
flavonoid pathway (Fig. 2C) further contribute to the
reduction of IAA and modulation of PAT. Phase-specific
regulation of genes coding for cyclins, AP2 and GRAS
transcription factors, extensins and SAUR proteins
(Fig. 2C) mediates auxin-controlled cell division, dif-
ferentiation and expansion (Fig. 2D). Upregulation of
RIBONUCLEOTIDE REDUCTASE genes (RNR, Fig. 2C)
contributes to the production of deoxyribonucleotides
needed for DNA synthesis.

Early induction of INVcw marks the establishment of
the new sink characterized by AP-UL (Fig. 2B), which,
together with the corresponding upregulation of hexose
transporter genes (Fig. 2C), channels locally available
sugars and amino acids towards downstream metabolic
pathways, while the upregulation of genes coding for
hexokinase (HXK), sucrose non-fermenting 1-related
protein kinase 1 (SnRK1), trehalose-6-phosphate phos-
phatase (TPP) and trehalose-6-phosphate synthase (TPS)
indicates sugar signaling (Fig. 2C). During the recovery
phase, the enhanced influx of sucrose powered by
Pn, and co-transport (Fig. 2A) lead to the replenish-
ment of sugars and amino acids, further supporting
protein biosynthesis, while decreased INVcw activity
indicates activation of SYM-UL (Fig. 2B). The latter
process is maintained during the maintenance phase,
when high activities of phosphofructokinase (PFK) and
glucose-6-phosphate dehydrogenase (GLc6PDH) and
high levels of citrate cycle intermediates (CACI) reflect
intensive carbon utilization in glycolysis, the pentose
phosphate pathway and the citrate cycle. During the
recovery and maintenance phases, the upregulation of
genes encoding mineral transporters (Fig. 2C) supports
nutrient acquisition. Mobilization of storage lipids via
upregulation of genes controlling fatty acid ß oxidation
(Fig. 2C) may further contribute to the early increases in
JA and IAA (Ahkami et al. 2014).

At the whole-cutting level, carbohydrate levels
at the time of excision and Pn (the latter of which
responds to the current PPFD, DLI, CO2 conditions and
temperature-mediated respiration and previous light
acclimation) determine the level of sucrose in source
leaves (which can be transported to the stem base),
while the resulting mass flow in the phloem further
drives amino acid transport (Fig. 2A). Light spectrum
during the cultivation of cuttings affects source/sink
relationships and AR formation, possibly via auxin
homeostasis and signaling. Dark exposure of cuttings
causes depletion of carbohydrates, which triggers low
energy-mediated proteolysis (Zerche et al. 2016), releas-
ing free amino acids, particularly in the leaves of cuttings
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(Fig. 2A). At the same time, local upregulation of INVcw
in the stem base enhances its sink competitiveness. The
released amino acids are transported to the new sink,
where they may promote AR formation after the dark
period if proteolysis is stopped and carbohydrate deple-
tion is rebalanced via photosynthesis. Increasing the N
supply to stock plants (Fig. 2A) enhances the amount of
amino acids that can be transported to the stem base.
The local supply of Fe and NH4 stimulates early cell
division involving upregulation of cyclins. The positive
effects of combined fertilizer on AR development may
involve rooting phase-specific effects of those and also
other individual nutrients.

Research on arbuscular mycorrhiza
in petunia

Fossil findings and molecular data indicate that the
first land plants were already colonized by AM fungi
(Redecker et al. 2000). At present, 80% of vascular plant
species form AM symbioses, and this type of mutualis-
tic interaction can be found in all terrestrial ecosystems
(Smith and Read 2008). AM fungi support nutrient uptake
by plants, increase their resistance and tolerance to biotic
and abiotic stresses and often show a positive impact on
the nutritional value of plant products. Therefore, they
are considered an important element of future sustain-
able plant production (Gianinazzi et al. 2010). Like all
genera of the Solanaceae plant family, Petunia species
form mutualistic symbioses with AM fungi and have been
used to investigate basic, as well as applied research
questions (Fig. 3).

Petunia-AM symbioses were first noted in a study
on the spread of viruses in different plants showing
that virus titers were increased in mycorrhizal petunias
compared with those in non-mycorrhizal controls (Daft
and Okusanya 1973). These authors did however, not
mention effects on biomass or nutrient uptake. It was
not until 1999 that mycorrhization of petunia plants
appeared in the literature, but only inoculation strate-
gies to achieve optimal colonization levels were tested

in that study (Koide et al. 1999). In a study on the effect
of mycorrhizal inoculation on different ornamental plant
species, a decrease in flower numbers was recorded but
was accompanied by a colonization level of up to 85%
(Gaur and Adholeya 2005). This phenomenon was not
observed again in follow-up studies on the use of myc-
orrhiza in petunia production systems. Shamshiri et al.
(2011) showed a general positive impact of mycorrhiza-
tion on vegetative and generative development and an
increase in drought tolerance. Using a soilless culture
system, as usually applied in horticultural practice, it was
found that the amount of phosphate in fertilizer could be
reduced by half while still achieving the same biomass
and phosphate content of petunia plants if the plants
were inoculated with an AM fungus (Hayek et al. 2012).

It has been demonstrated that petunia is a suitable
model for research on plant development and plant func-
tions (Gerats and Vandenbussche 2005). Petunia has
also been employed for studying mechanisms underly-
ing mycorrhizal interactions. This research focused on
three aspects of these interactions: the formation of AM
symbiosis, the support of plant nutrition by AM fungi and
mycorrhiza-induced resistance (MIR).

The first step of the mycorrhizal interaction is the
reception of SL in root exudates by the AM fungus,
which enables hyphal branching and, consequently,
physical contact with the roots (Akiyama et al. 2005).
Kretzschmar et al. (2012) identified the ABC trans-
porter PDR1 in petunia, which transports SL out of the
cell. This protein is highly abundant in roots under
phosphate-deficient conditions, and the pdr1 mutant
shows reduced mycorrhizal colonization. After physical
contact, the fungus penetrates root epidermal cells,
and hyphae spread inside the root cortex and finally
form tree-like structures in the apoplast of the inner
root cortical cells (Genre et al. 2008, Fig. 1E). These
so-called arbuscules are important sites for nutrient
exchange between the symbiotic partners (Smith and
Read 2008). Screening of a population of transposon
insertion mutants for defects in root colonization by
AM fungi resulted in the identification of the pam1

Fig. 2. Current concept of the hormonal, metabolic and environmental regulation of AR formation in petunia cuttings, distinguishing between the
levels of (A) environment, (B) primary metabolism and phytohormone homeostasis, (C) transcriptome and (D) cytology. Full lines in different colors
indicate mechanistic relationships between environmental factors and diverse endogenous components, while arrowheads, crossbars or combination
of both indicate stimulating, inhibitory or variable influences, respectively. Broken lines indicate hypothesized influences based on the literature on
other plant species. Small pink and light green boxes indicate presumed increases and decreases in hormone levels, respectively, based on the literature
on other plant species. Ochre shading indicates hormonal crosstalk. Rooting phases and the responses of plant metabolism and hormone homeostasis
in the stem base are assigned to the time axis, while important time points under standard rooting conditions (Ahkami et al. 2009, 2013) are indicated
as hours post excision (hpe). Red and green boxes indicate preferential up- vs down-regulation of gene families or groups (in italic), metabolite levels
or enzymatic activities. Dark blue boxes indicate gene families/groups whose up- or down-regulation is generally phase dependent. Sinusoids indicate
that specific genes within the box are upregulated (red color) or show phase dependency of upregulation (blue color). For gene or enzyme names, see
the abbreviation list.
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Research on application of mycorrhiza in horticultural systems
• Inoculation strategies
• Vegetative and generative development
• Phosphate nutrition
• Drought tolerance
• Pathogen resistance

Basic research on mycorrhiza
• Targeted identification of genes involved in 

• transporting a signal outside of the plant cell 
towards the fungus

• transporting phosphate into a plant cell 
containing a fungal arbuscule

• Molecular characterization of transposon insertion 
mutants 
• defective in formation of mycorrhizal structures 
• defective in arbuscule morphogenesis

• Repression of mycorrhiza by mineral nutrients
• Mycorrhiza-induced resistance

C AM

Fig. 3. Mycorrhizal research with petunia as model. Photo shows two Petunia inflata plants inoculated (AM) or not (C) with an arbuscular mycorrhizal
fungus. Positive growth response of the plant can be due to support of plant nutrition and/or due to increased tolerance and resistance to abiotic and
biotic stress. Applied and basic research topics are listed and explained in the text.

mutant (Reddy et al. 2007). pam1 was among the first
mycorrhiza mutants not identified in a leguminous
plant, based on the fact that nodule phenotypes are
often accompanied by mycorrhizal phenotypes. This
mutant shows reduced penetration of the root epidermis
by the fungus and absence of any arbuscules. Cloning
of the corresponding gene showed that PAM1 encodes
a VAPYRIN homologue that localizes to spherical struc-
tures associated with the tonoplast (Feddermann et al.
2010). PAM1 is thought to play a role in transporting
components required for the penetration of the fungus
into the apoplast during colonization and arbuscule
formation. Further screening of the transposon insertion
population for mycorrhizal phenotypes resulted in the
identification of a mutant that is defective in arbuscule
morphogenesis and does not prevent additional col-
onization of meristems by the AM fungus (Rich et al.
2015). The corresponding ATA/RAM1 gene encodes a
GRAS transcription factor that regulates numerous genes
involved in mycorrhizal development and functions and
therefore appears to be critical for mycorrhiza formation
(Rich et al. 2017).

AM symbioses are characterized by the exchange of
nutrients, in which the fungus mainly provides phosphate
to the plant (Marschner and Dell 1994). The identifica-
tion of mycorrhiza-regulated phosphate transporters in
plants is therefore a central task in mycorrhizal research.
Using a PCR-cloning approach with degenerate primers,
five corresponding genes were cloned (Wegmueller et al.
2008). Two of these genes were induced by mycor-
rhization, while one was mycorrhiza-specific. This sit-
uation corresponds to findings in tomato and potato
(Nagy et al. 2005) but is different from that in plants of

other families, such as barrel medic (Harrison et al. 2002)
and rice (Paszkowski et al. 2002), in which only one
mycorrhiza-specific phosphate transporter gene exists.

It has been shown in many plants that fertilization with
a sufficient amount of phosphate for the plant represses
mycorrhizal colonization; this is also true for petunia
(Koide et al. 1999). To elucidate the mechanisms under-
lying the inhibition of the spreading of the fungus within
roots, mycorrhizal petunia plants were fertilized with
high amounts of phosphate, and the response concern-
ing colonization patterns and gene expression was inves-
tigated using an array carrying nearly 25 000 unigene
sequences (Breuillin et al. 2010). The results revealed
that phosphate fertilization led to the formation of trun-
cated arbuscules after 1 week, which was preceded by
the repression of genes involved in symbiotic functions,
encoding, for example, mycorrhiza-regulated phosphate
transporters and enzymes involved in the biosynthesis
of SL. Further analyses of the interplay between myc-
orrhizal symbiosis and phosphate nutrition were tar-
geted to the involvement of lysophosphatidylcholine as
a regulator (Tan et al. 2012) and of microRNAs (Gu
et al. 2014). AM fungi not only transport phosphate
towards the plant but also supply a number of other min-
eral elements (Marschner and Dell 1994). Nouri et al.
(2014) showed that in petunia plants in which mycor-
rhizal colonization was repressed by phosphate fertil-
ization, this repression was at least partially released by
other nutrient deficiencies. This effect was most promi-
nent for nitrogen and was also significant for potassium,
calcium and iron.

Mycorrhiza-induced resistance (MIR) against root
pathogens represents an important feature of these
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symbioses and is one reason to apply AM fungi in plant
production systems. MIR is important because root
pathogens and parasites are difficult to combat. The
application of pesticides is critical or even forbidden,
and very few resistant cultivars exist. Different pathosys-
tems have been used to study MIR, and it is intended
to also use the model plant petunia for this purpose.
Thielaviopsis basicola is a pathogenic fungus of petunia
that was identified quite some time ago (Johnson 1916)
but is still difficult to control (Hsi and Ortiz 1980).
Hayek et al. (2012) demonstrated MIR against T. basi-
cola in petunia roots. A significant reduction of disease
symptoms (85%) was observed under these conditions,
but interestingly, only for one out of three AM fungal
isolates. Hence, petunia is an ideal system for studying
MIR because general mycorrhiza-regulated responses
can be distinguished from responses specifically associ-
ated with MIR in these plants. The first gene expression
studies using this system pointed to particular members
of gene families encoding chitinases and lipoxygenases
that could play a role in MIR (Hayek et al. 2014).

Conclusions

During the past decade, the utilization of P. hybrida as
a model system has led to discoveries that have sub-
stantially contributed to the understanding of AR for-
mation in shoot tip cuttings as well as the regulation
and function of AM symbiosis. Current knowledge and
concepts, together with the newly available petunia
genome sequence and the constantly growing functional
genomics platform, provide an excellent outlook for the
full exploitation of the petunia system in this context.

Based on current concepts, the petunia system not
only allows intense focus on specific processes at the
cellular level but also supports holistic analyses of root
initiation, development and function in the highly con-
trolled environment provided by modern horticulture.
Thus, mechanistic models of processes and environmen-
tal responses can be further elaborated. For this purpose,
it will be important in the future to use all components
available in the toolbox. On the one hand, screening
and analysis of mutants for research on AM symbioses
can be applied to decipher the molecular-genetic back-
ground of AR formation. On the other hand, sophis-
ticated physiological analyses established for cuttings
could be used to understand the phytohormonal regu-
lation and metabolic processes involved in mycorrhizal
symbioses. The screening of RILs and GWAS of cultivars
for the identification of candidate genes can be applied
in both fields of research. The role of putative candi-
date genes can be rapidly tested by analyzing transposon
insertion mutants. Subsequently, the function of these

genes and their gene products can be investigated in
detail by applying a wide range of transgenic approaches
established for petunia, including the stable and tran-
sient expression of promoter-reporter constructs and
protein-GFP fusions as well as site-directed mutagenesis.

One important issue in mycorrhizal research that
can be now approached is the molecular basis of
particular responses to inoculation by AM fungi.
It has been observed that P. axillaris and P. inflata
show contrasting growth responses and quantitative
differences in mycorrhiza-supported P-uptake and
mycorrhiza-induced resistance against a root pathogen
(Camehl and Franken, unpublished). Interestingly, the
same species show different intensities of AR formation
and dark responses (Druege, unpublished). Therefore,
it may be possible to identify genes and to study the
molecular processes underlying these phenomena. Such
research will further deepen our insight into AR forma-
tion and mycorrhizal symbiosis and extend the current
models related to these two important topics in plant
sciences. The combination of genetic and environmen-
tal approaches may advance both the breeding of new
cultivars with improved responses of root development
and function to specific abiotic and biotic factors and
the development of more sophisticated technologies to
optimize horticultural production chains, thus increasing
ecological and economic sustainability in the production
and processing of petunia and of other important crops.
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