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Abstract

Agriculture today largely consists of monocultures with pure stands, characterized by high yields
but associated with biodiversity loss, pest outbreaks, and reduced resilience to environmental
stresses. Increasing plant diversity through cultivar mixtures offers an alternative, promoting
ecosystem services, yield stability, and pest management. However, the mechanisms underlying the
superior performance of cultivar mixtures remain poorly understood. This thesis investigates
volatile-mediated plant-plant interactions among barley cultivars with distinct growth strategies.
Using a controlled experiment, we examined how volatiles emitted by one cultivar influenced the
growth and gene expression of another receiving cultivar. Results revealed that cultivar-specific
volatile cues altered biomass production in receivers, with fast-growing emitters inducing greater
growth in slow-growing receivers. Differential expression analysis showed distinct gene expression
changes in receivers, suggesting that these changes may underlie the observed growth differences
between cultivars. These findings provide insights into the role of volatiles in plant interactions and
highlight their potential for optimizing cultivar mixtures in sustainable agriculture. Future research
should aim to establish a clear link between specific VOCs, gene expression, and growth responses,
while also exploring field-scale applications of these interactions.

Keywords: plant growth, gene expression, volatile organic compounds, VOCs, chemical
communication, plant-plant interactions, barley cultivars, Hordeum vulgare, cultivar mixtures
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1. Introduction

Agriculture today largely consists of specialized cropping systems with low
biodiversity and a high dependency on efficient inputs to manage pests, diseases,
weeds, and nutrient availability (Stoate et al. 2001; Lassaletta et al. 2014). These
systems are the norm in modern agriculture and are typically characterized by an
extreme form of monoculture farming, which involves the cultivation of a single
cultivar of a crop at a time (Sumberg & Giller 2022). Although these monocultures
produce historically high yields (Ritchie et al. 2022), they are associated with
several environmental problems, such as biodiversity loss, pest outbreaks, pesticide
residues as toxins, reduced soil health, and relatively high greenhouse gas emissions
(Stoate et al. 2001; Lassaletta et al. 2014; Van Klink et al. 2020). In the light of
anticipated impacts of climate change, there is also an increasing demand for
cropping systems to demonstrate the capacity to produce stable yields while
maintaining resilience to sudden shifts in environmental conditions (Lin 2011).

Increasing biodiversity in cropping systems can address several of these
environmental issues, while maintaining crop stability and potentially increasing
yields (Lin 2011; Raseduzzaman & Jensen 2017). One effective strategy to enhance
biodiversity in cropping systems is to grow multiple cultivars together in mixtures.
Despite this, the adoption rate of cultivar mixtures is very low, and the underlying
mechanisms responsible for plant-plant interactions remain largely unexplored
(Brooker et al. 2015). This thesis investigates plant-plant interactions between
barley cultivars through a controlled experiment, examining how volatiles emitted
by one cultivar influence the growth and gene expression in another receiving
cultivar. A greater understanding of volatile-mediated plant-plant interactions
within cultivar mixtures can help unravel the underlying mechanisms responsible
for improved plant performances in mixtures.

The following sections of this chapter will address the relevant topics of the
thesis in greater detail.

1.1 Plant diversity in agriculture

Agricultural ecosystems generally contain fewer species of both plants and animals
compared to their native counterparts (Crews et al. 2016). Even within species,
there is normally a variety of genotypes in both natural ecosystems and subsistence
farming, whereas modern agriculture often relies on single genotypes. This trend
has escalated over the last century due to our increasingly intensive and specialized



production systems (Newton et al. 2009), creating larger and more uniform
agricultural landscapes that drive biodiversity loss (Campbell et al. 2017).
Restoring plant diversity in agricultural systems can have a cascading effect,
enhancing overall biodiversity in the landscape (Tamburini et al. 2020). Higher
plant diversity is also correlated with several ecosystem services, including an
increase in productivity, a reduction in soil erosion, and an improvement in the
management of pests and weeds (Quijas et al. 2010).

The increase in plant diversity can be achieved through crops or non-crops, such
as incorporating crop rotations or noncrop vegetation (Tamburini et al. 2020).
Another approach is to employ intercropping, where multiple crop species are
cultivated together (Vandermeer 1989). Intercropping offers numerous benefits,
including increased productivity and the suppression of pests, diseases, and weeds
(Cong et al. 2015; Verret et al. 2017). However, it also presents challenges, such as
increased management complexity with the need for more intricate crop rotation
schedules and varying maturity times between crops (Bybee-Finley & Ryan 2018),
which require multiple harvests and raise labor costs (Rosa-Schleich et al. 2019).
Further, intercropping is currently less compatible with large-scale mechanized
farming and may rely on technological advances for broader adoption (Feike et al.
2012). A strategy more compatible with current production systems is the use of
cultivar mixtures.

1.1.1 Cultivar mixtures

Cultivar mixtures, growing multiple cultivars of a single crop species together, is a
subtle way to increase plant diversity in agricultural systems. This approach
resembles the traditional use of landraces and offers a promising compromise
between agricultural intensification and environmental sustainability (Reiss &
Drinkwater 2018). The benefits of cultivar mixtures include higher yields, greater
yield stability, and improved pest and disease control compared to pure stands with
only one cultivar (Hooper ef al. 2005). The main challenge in wider application of
mixtures lies in understanding what constitutes a successful cultivar mixture, as not
all cultivar mixtures produce these benefits (Beillouin et al. 2021). Ongoing
research aims to uncover the principles behind effective cultivar mixtures, and one
meta-analysis found that mixtures including more cultivars or a broader range of
functional traits perform the best (Reiss & Drinkwater 2018).

The central driver when considering cultivar mixtures is neighbour interactions.
The benefits of such interactions have commonly been attributed to niche
complementarity and facilitation (Hooper et al. 2005; Ryan 2021). But kin
recognition, the ability to detect relatedness, has long been overlooked and could
be of importance (Anten & Chen 2021). This ability can potentially maximize stand
performance and increase yield by reducing intraspecific competition, as shown
with rice cultivars (Yang et al. 2018). All of these three mechanisms—niche



complementarity, facilitation, and kin recognition—must be carefully considered
within crop communities. While niche complementarity and facilitation thrive on
high phenotypic variability, kin recognition benefits from low variability (Fréville
et al. 2022).

1.2 Plant-plant interactions

Plant-plant interactions are general relationships among neighbours, all the various
ways in which plants influence each other’s growth, survival, and reproduction.
These interactions can be positive, negative, or neutral, and play a crucial role in
shaping ecosystems, species diversity, and community structure (Bazzaz 1996).
Facilitation, positive interactions, benefits at least one plant without causing harm
to others. For example, one plant may improve the local environment for another
by directly reducing abiotic stress or indirectly alleviating biotic stress (Callaway
2007). In contrast, competition represents a negative interaction that occurs due to
limited resources and results in harm to at least one individual plant. While another
individual plant might gain an advantage, competition often results in reduced
success for all participants. Neutral interactions neither benefit nor harm the plants,
leaving them unaffected (Bazzaz 1996).

One intriguing aspect of plant-plant interactions is the application of kin
selection theory. This theory predicts that organisms will act in ways that increase
the reproductive success of their kin, even at an individual cost, as long as the
benefits to their relatives outweigh the costs. It explains how seemingly altruistic
behaviour between individuals is actually a form of genetic selfishness. In other
words, behaviour that benefits the survival of shared genes is favoured over
behaviour that solely benefits the individual (Hamilton 1964; Foster et al. 2005).
Kin recognition is often cited as the mechanism that allows organisms to
discriminate between individuals, strengthening cooperation among close relatives
and intensifying competition with strangers. While kin recognition is not strictly
required for kin selection, it has been proposed as a key feature in plants that enables
this selection. As a result, efforts are underway to understand how kin recognition
functions in plants to fully grasp kin selection in the context of plant-plant
interactions (Dudley et al. 2013).

The different types of plant-plant interactions are not mutually exclusive.
Indeed, they often act simultaneously with the end result being the product of
multiple and complex interactions (Callaway 1995). Although plants are sessile
organisms, unable to move around freely, they have developed sophisticated ways
to perceive and respond to their environment with great plasticity (Karban 2008).



1.2.1 Chemical communication

A considerable part of plant-plant interactions involves chemical communication,
where a sender emits organic compounds that convey information to a receiver,
potentially eliciting a change in behaviour (Karban 2021). Plants produce a wide
variety of organic compounds, classified into primary and secondary metabolites.
Primary metabolites are involved in fundamental physiological processes like
growth and development, while secondary metabolites mediate interactions with
other plants and organisms, including defensive actions, competition, and the
regulation of mutualistic relationships (Crozier ef al. 2006). Therefore, secondary
metabolites are compounds involved in chemical communication and can, based on
their volatility, be further classified as volatile or non-volatile.

In chemical communication between plants, it’s important to differentiate
between signals and cues, with the key difference being intent. Signals are
intentional and purposefully released to convey information to a receiver. In
contrast, cues are unintentional and incidentally provide information that receivers
can exploit. Essentially, signals represent true communication, whereas cues lead
to eavesdropping. This distinction has sparked debate among researchers as
assessing intent in plant communication is rather difficult, with some even deeming
it impossible (Karban 2021). However, plants emit chemical compounds both
constitutively, which are constantly released under normal conditions, and
inducibly, in response to various stimuli (Brilli et al. 2009). Based on this
understanding, a distinction has been proposed where constitutively released
volatiles are seen as cues since they are not intended to convey information, but
may still be detected and used by receivers. Induced volatiles are considered signals
since they are released with the intention of eliciting a response in the receiver
(Ninkovic et al. 2020).

The terminology surrounding chemical communication in plants has long been
confusing. The term allelopathy was first introduced in 1937 to denote the influence
of one plant on another (Molisch 2001), and was later narrowed down to chemical
interactions among plants. However, it is often perceived as referring only to
negative interactions (perhaps due to its name: “allelos” meaning mutual, and
“pathos” meaning suffering) (Rice 1974). Consequently, the term allelobiosis was
introduced in the early 2000s to cover all positive or neutral effects caused by
chemical interactions between plants. Allelobiosis particularly highlights the
tritrophic effects of plant chemicals, demonstrating how they influence the growth
strategies of receiving plants and their interactions with other organisms, such as
herbivores and natural enemies (Ninkovic et al. 2006). According to several sources
(Reigosa et al. 2006; Mallik 2008; He ef al. 2012) the term allelopathy was restored
to its earlier broader meaning by the International Allelopathy Society in 1996,
encompassing all chemical interactions between plants. Regardless, some



researchers insist on perpetuating the use of both allelopathy and allelobiosis (Kong
et al. 2024).

In this thesis, all types of plant-plant interactions mediated by chemicals are
referred to as chemical communication (Figure 1). Plant chemical communication
is categorized into three dimensions: 1) physical location (aboveground and
belowground); 2) interaction type (signals and cues); and 3) chemical nature
(volatile and non-volatile compounds).

2. interaction type

(induced VOCs)

1. physical location

___________

Aboveground

Belowground

Fig. 1 Plant chemical communication divided into three dimensions: 1) physical location,
aboveground (stems, leaves, and flowers) and belowground (roots); 2) interaction type, signals
(induced VOCs) and cues (constitutive VOCs); and 3) chemical nature, volatile (VOCs) and non-
volatile (e.g. root exudates). (Illustration by André Abonde).

1.2.2 Volatile organic compounds

Plants constantly synthesize and emit volatile organic compounds (VOCs), mainly
into the air. At least 1,700 distinct VOCs are produced and released by plants
(Knudsen et al. 2006), each providing valuable insight into the identity and
physiological state of the emitter (Ninkovic et al. 2016). The majority of VOCs are
characterized by low molecular mass and high vapour pressure at ambient
temperature, and they belong to a wide variety of compound classes (Dudareva et
al. 2004).

The vast diversity and complexity of VOC blends enable them to serve a wide
range of functions (Baldwin 2010). For instance, VOCs can convey information
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about the presence and condition of neighbouring plants, including whether they
are of the same or different species, herbivore-infested, highly competitive weeds,
mechanically stimulated, or exposed to low red:far-red light (Ninkovic et al. 2019).
Both above- and belowground VOC:s are hence specific to the emitter’s identity and
largely determine the response of the receiving plant (Hall ef al. 2023). Though
studies on plant-plant interactions between undamaged plants are scarce, one study
showed that aboveground communication via VOCs between undamaged plants
influenced the biomass allocation of receiving plants. While total biomass
production remained constant, the trade-off between root, stem, and leaf production
was altered (Ninkovic 2003).

Considering the diversity and complexity of VOC:s, it is crucial for plants to be
able to distinguish important pieces of information from arbitrary data. The
mechanisms that enable this perception remain unknown, but some possibilities
include hormonal pathways, specific plant structures, and specialised proteins
(Ninkovic et al. 2020). Understanding these perceptual mechanisms is valuable, as
they may also influence how plants then regulate their VOC emissions. In light of
this, emerging evidence suggests that epigenetic mechanisms play an important role
in regulating the production and emission of VOCs (Picazo-Aragonés et al. 2020).

1.3 Gene expression

All organisms possess DNA, the genetic material that determines their potential for
development and function. This potential is regulated in response to both internal
and external environmental signals to ensure optimal function. Such regulation
involves continuously turning genes on and off, thereby increasing or decreasing
the production of specific proteins. This process, known as gene expression, turns
genetic information into functional products and represents the fundamental level
at which genetic information in DNA results in observable traits (Campbell ef al.
2021). Gene expression follows the central dogma of molecular biology: a segment
of DNA is transcribed into a messenger RNA (mRNA), which is then translated
into a protein (Crick 1970).

Gene expression is controlled by two broad types of mechanisms: genetic and
epigenetic. Genetic regulation is encoded in the DNA sequence itself and includes
transcriptional and post-transcriptional mechanisms. In contrast, epigenetic
mechanisms are not encoded in the DNA sequence but act upon it, without altering
the sequence, to influence gene expression. Examples of epigenetic mechanisms
include histone modifications and DNA methylation (Campbell ez al. 2021). These
mechanisms are influenced by environmental factors and modulate the accessibility
of the chromatin to the transcriptional machinery, thereby switching genes on or off
(Weinhold 2006). Such changes can be heritable, meaning they may be passed
down to future generations in the form of epialleles, and can affect cellular function
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and development (Kalisz & Purugganan 2004). Epigenetic regulation of gene
expression is integral to the translation of environmental cues into cellular
responses (Jaenisch & Bird 2003). This is particularly true in sessile organisms such
as plants, which must adapt to both short- and long-term environmental changes
(Lopez-Maury et al. 2008).

One type of environmental signal that can induce gene expression changes in
plants is volatile emissions from neighbouring plants. Evidence for this is steadily
emerging and has mainly focused on the up-regulation of defence-related genes
(Brosset & Blande 2022). For example, a recent study shows that volatiles released
from caterpillar-infested plants up-regulate defence-related genes in undamaged
receiver plants—interestingly, the same genes that were up-regulated in the infested
plants (Grandi et al. 2024).

1.3.1 Gene expression analysis

There are several methods to measure gene expression. Lower-resolution methods
focus on measuring a small number of specific genes in a sample, and common
examples of these techniques include Northern blot, RT-PCR and qPCR. In
contrast, higher-resolution methods can measure all genes being expressed in a
sample, providing a more comprehensive understanding of gene expression patterns
(Avison 2008). The most widely used higher-resolution technique is mRNA
sequencing (Singh et al. 2018).

After measuring gene expression, various analytical methods can be used to
interpret the data (Rapaport et al. 2013). One common approach is differential
expression analysis, which statistically identifies genes with significantly different
expression levels between two or more conditions. This analysis is often performed
using RNA sequencing, which quantifies the amount of RNA (and thus gene
expression) in a sample. By comparing gene expression levels across conditions
(e.g. treatments), genes can be identified that are differentially expressed, meaning
their expression is either significantly increased (up-regulated) or decreased (down-
regulated) (Anders & Huber 2010).

12



ii.

1.4 Aims and hypotheses

The aim of this thesis is to explore plant-plant interactions via volatile organic
compounds within undamaged barley cultivars. With the three cultivars Fairytale,
Salome, and Luhkas, it investigates whether volatile cues have the capacity to
change the growth pattern of receiving plants to mirror that of the emitting plant.
Specifically, it aims to determine whether exposure to volatiles from faster-growing
plants (Salome and Luhkas) can accelerate the growth of slower-growing receivers
(Fairytale). Given this capacity, the thesis further explores whether the change in
growth pattern coincides with differences in gene expression. The hypotheses of
this thesis are therefore:

Each barley cultivar has a unique volatile profile, and their volatile cues
influence the receiving cultivar to alter their growth pattern in accordance with
the emitter cultivar.

The volatile cues emitted by different barley cultivars induces distinct gene
expression changes in receiving plants.

13



2. Material and methods

Material and methods

Spring barley (Hordeum vulgare L.) cultivars Fairytale, Salome, and Luhkas
(Scandinavian Seeds AB, Sweden) were selected based on their different growth
strategies, which were previously demonstrated (Dahlin et al. 2020) to exhibit
varying rates of growth (slow, intermediate, and fast, respectively).

Plastic tubes made of cylindrical polyethylene (80 cm and 5 mm @) were
completely perforated to allow air exchange and water drainage. The tubes were
filled with sand (Silversand 55, Sibelco Europe, Modlndal, Sweden) and placed
underneath the bench, each attached to a hole in a table within the growth chamber.
Two days before sowing, each tube was connected to a drip-irrigation system to
ensure adequate sand moisture for plant growth.

Seeds were germinated on wet filter papers in petri dishes at room temperature
(20-22°C) in a dark room for two days. On the third day, germinated seeds of the
same size were selected, and one seed was planted at a depth of 1 cm in the sand of
each tube.

Six days after sowing, transparent two-chamber cages (each chamber 10 x 10 x
80 cm) were placed on the table in the growth chamber to enclose pairs of individual
plants (Figure 2). An air-sucking system (0.7 cm ) was attached to the receiver
chamber, creating airflow from the opening (7 cm () in the emitter chamber. At
this stage, fertilization of the plants via drip irrigation with plant nutrition (Wallco
Vixtndring, Sweden; Table A1, Appendix) began. With a dosage of 2 ml per litre,
the irrigation was set to switch on and off at fixed intervals (see Appendix for
schedule, Table A2).

The climate in the growth chamber was maintained at 18-22°C, with a light
regime of 16 hours of light and 8 hours of darkness (L16:D8), and 70% relative
humidity. Light was provided by Light4Food lamps, situated 1 m above the table,
with a central light strip (Philips LED, 77W, Poland) and side lights located to its
left and right (Philips LED lighting IBRS, 55-60W, Netherlands), each following
their own light regimen (see Appendix, Table A3).

On the 25" day after planting, the experiment concluded, and plant samples were
collected.

14



Experimental design

The experimental setup (Figure 2) was designed to provide an isolated environment
for each plant, only allowing airflow from the emitting to the receiving plant
(Ninkovic et al. 2002).

20cm

1OCm/

r =

Emitter Receiver ~

80cm

80 cm

-+
5cm

Fig. 2 The experimental design for treatments consists of a two-chamber cage, with an emitting
plant in the left chamber and a receiving plant in the right chamber. Air is drawn through a vent in
the upper right corner of the right chamber, creating airflow from the opening in the left chamber.
Each chamber is equipped with its own drip-irrigation system. Plastic sand tubes with sand are
positioned below the chambers for roots to grow in. Arrows indicate the direction of airflow and the
movement of volatile organic compounds. (llustration by André Abonde).

The experiment consisted of three treatments: Fairytale exposed to volatiles from
Fairytale (FEF), Fairytale exposed to volatiles from Luhkas (FEL), and Fairytale
exposed to volatiles from Salome (FES). Each treatment had 21 replicates. Using a
randomized block design (Figure 3), the treatments were randomly placed and
spatially arranged into 21 blocks. Each block was designed to minimize potential
environmental gradients or positional effects.
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B1 B2 B3 B4 B5 B6 B7

B8 B9 B10 B11 B12 B'13 B'|4

%l

D: Fairytale exposed to Fairytale D: Fairytale exposed to Salome O: Fairytale exposed to Luhkas

F : Fairytale L: Luhkas S: Salome B# : Block number

Fig. 3 Randomized block design, showing all treatments, replicates, and blocks.
(Illustration by André Abonde).

Sampling

To test gene expression, leaf samples measuring approximately 1 cm in length were
taken from the tip of the youngest leaf of each plant and placed in Eppendorf tubes.
The samples were then stored in liquid nitrogen until further genetic analysis.
Following a 21-day exposure period, the plants were removed from their plastic
sand tubes and divided into two categories: roots and aboveground parts. The roots
were washed with water to remove sand and then stored in plastic bottles with wide
mouth containing 10% alcohol (prepared by mixture of one part 99.7% ethanol and
nine parts deionized water) until scanning. The height of each plant was measured,
and the number of individual leaves and stems was recorded. Subsequently, leaves
were cut from the stems and pressed in a book in order to flatten and prepare them
for scanning. Leaves and roots were scanned using the image analysis system
WinRHIZO Pro V 2007 (Regent Instruments, Québec, Canada). Roots were
scanned in a transparent Plexiglas box, a disc with low rim specifically made for
the scanner, filled with destilled water. After scanning the leaves and roots, all plant
samples (leaves, stems and roots) were dried separately in an oven at 70°C for 48
hours and then spent 24 h at room temperature before they were weighed.

16



Morphological attributes

A variety of plant traits were evaluated, with particular focus on aspects related to
plant development and growth. A total of 27 traits were recorded or calculated (a
comprehensive list is provided in Appendix, Table A4). These include biomass
production parameters, consisting of dry biomass for leaves, stems, and roots,
which were measured separately after drying to constant weight. The calculated
values for aboveground biomass (sum of leaf and stem biomass) and total biomass
(sum of leaf, stem and root biomass) were also included.

Additional growth parameters included mass fractions of leaf (LMF), root
(RMF), and shoot (SMF), which were determined by dividing the dry mass of
leaves, roots, or shoots by the total plant dry mass, respectively. Shoot-to-root ratio
(S/R) was calculated as the ratio of aboveground dry mass to root dry mass. Plant
and stem heights, along with tiller number and heights, were measured individually.
Leaf surface area, representing the total surface area of all the leaves on a plant,
was measured using the scanning and analysis software WinRhizo. Specific leaf
area (SLA) was derived as the ratio of leaf surface area to leaf dry mass. For root
traits, the parameters of length, diameter ranges, crossings, and forks were
quantified using root scanning and analysis software WinRhizo.

While the dry biomass measurements served as the primary focus of the
investigation, these supplementary morphological attributes provided additional
insights into the overall plant growth and development in response to the neighbour
volatiles.

RNA extraction and RNA high-throughput sequencing library preparation

Leaf samples were collected from the experimental treatments for RNA extraction
and sequencing. Three samples from each treatment were created by combining
seven biological replicates into each sample (seven leaf tips from the same
treatment). This resulted in nine pooled samples for RNA extraction and
sequencing. The TRIzol (Invitrogen) protocol (Rio et al. 2010) was used for total
RNA extraction with the TRIzol reagent (Life Technologies), according to the
manufacturer’s instructions.

The raw sequencing data underwent quality control and adapter trimming using
TrimGalore (version 0.6.10) and FastQC (version 0.11.9). Trimmed reads were
aligned to the MorexV3 pseudomolecules assembly of Hordeum vulgare subsp.
vulgare using the STAR aligner (version 2.7.11b), and read counts were quantified
at the gene level using featureCounts.

Statistical analysis

Statistical analysis and plotting of morphological attributes were conducted using
R (version 4.3.0) in the RStudio environment (version 2024.09.1+394, 'Cranberry
Hibiscus'). A two-way ANOVA with two fixed factors, treatment and block, was

17



performed to identify significant differences between groups at a 95% confidence
level, followed by Tukey’s HSD post-hoc test to determine which specific pairs of
groups differed significantly (p < 0.05).

Differential expression analysis of the epigenetic measurements was conducted
using DESeq2 (version 1.44.0) in the R statistical environment (version 4.4.0).
Significantly differentially expressed genes were identified based on appropriate
statistical cutoffs, such as a false discovery rate (FDR) threshold of <0.05 and log2
fold change (log2FC) values < -1 or > 1.
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3. Results
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3.1 Biomass production

3.1.1 Plant dry biomass

Leaf dry biomass showed significant differences between emitters (Figure 4a). The
mean value of leaf dry biomass for Fairytale was significantly lower compared to
Luhkas (p = 0.0076) and Salome (p = 0.0001), and was significantly lower for
Luhkas compared to Salome (p = 0.0028). Receivers showed no significant
differences in leaf dry biomass (Figure 4b).

02 a

0.1

0.0

F L 5 FEF FEL FES

Emitters Receivers

Fig. 4 Leaf dry biomass of emitters and receivers. Jitter plot presents all data points, with the mean
values and standard errors in black (n = 16). Different letters (a, b, ¢) indicate significant differences
(p < 0.05). Panels show (a) emitting plants and (b) receiving plants. F: Fairytale; L: Luhkas; S:
Salome; FEF: Fairytale exposed to Fairytale; FEL: Fairytale exposed to Luhkas; FES: Fairytale
exposed to Salome.

The mean value of stem dry biomass among emitters (Figure 5a), was significantly
lower in Fairytale compared to Luhkas (p = 0.0193) and Salome (p = 0.0002). No
significant difference was found between Luhkas and Salome emitters. Among
receivers (Figure 5b), FES had significantly higher mean value of stem dry biomass
compared to FEF (p = 0.0413). FEL showed no significant differences to the other
two treatments.
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Fig. 5 Stem dry biomass of emitters and receivers. Jitter plot presents all data points, with the mean
values and standard errors in black (n = 16). Different letters (a, b, ¢) indicate significant differences
(p < 0.05). Panels show (a) emitting plants and (b) receiving plants. F: Fairytale; L: Luhkas; S:
Salome; FEF: Fairytale exposed to Fairytale; FEL: Fairytale exposed to Luhkas; FES: Fairytale

exposed to Salome.

Aboveground dry biomass showed significant differences among emitters (Figure
6a). The mean value of aboveground dry biomass for Fairytale was significantly
lower compared to Luhkas (p = 0.0093) and Salome (p = 0.0001), and was
significantly lower for Luhkas compared to Salome (p =0.0111). Among receivers
(Figure 6b), FES had significantly higher mean value of aboveground dry biomass
compared to FEF (p = 0.0307). FEL showed no significant differences to the other

two treatments.
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Fig. 6 Aboveground dry biomass of emitters and receivers. Jitter plot presents all data points, with
the mean values and standard errors in black (n = 16). Different letters (a, b, c¢) indicate significant
differences (p < 0.05). Panels show (a) emitting plants and (b) receiving plants. F: Fairytale; L:
Luhkas; S: Salome; FEF: Fairytale exposed to Fairytale; FEL: Fairytale exposed to Luhkas; FES:

Fairytale exposed to Salome.

20



Root dry biomass (g)

The mean value of root dry biomass among emitters (Figure 7a), was significantly
lower in Fairytale compared to Luhkas (p = 0.0006) and Salome (p = 0.0001). There
was no significant difference between Luhkas and Salome emitters. Among
receivers (Figure 7b), FES had significantly higher mean value of root dry biomass
compared to FEF (p = 0.0453). FEL showed no significant differences to the other
two treatments.
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Fig. 7 Root dry biomass of emitters and receivers. Jitter plot presents all data points, with the mean
values and standard errors in black (n = 16). Different letters (a, b, ¢) indicate significant differences
(p <0.05). Panels show (a) emitting plants and (b) receiving plants. F: Fairytale; L: Luhkas; S:
Salome; FEF: Fairytale exposed to Fairytale; FEL: Fairytale exposed to Luhkas; FES: Fairytale
exposed to Salome.

The mean value of total dry biomass among emitters (Figure 8a), was significantly
lower in Fairytale compared to Luhkas (p = 0.0058) and Salome (p = 0.0001), and
was significantly lower in Luhkas compared to Salome (p = 0.0141). Among
receivers (Figure 8b), FES had significantly higher total dry biomass compared to
FEF (p = 0.0252). FEL showed no significant differences to the other two
treatments.

21



Total dry biomass (g)

=1
s
o
=
.
[«
o

=1

X
=
P

F L 5 FEF FEL FES

Emitters Receivers

Fig. 8 Total dry biomass of emitters and receivers. Jitter plot presents all data points, with the mean
values and standard errors in black (n = 16). Different letters (a, b, ¢) indicate significant differences
(p £0.05). Panels show (a) emitting plants and (b) receiving plants. F: Fairytale; L: Luhkas; S:
Salome; FEF: Fairytale exposed to Fairytale; FEL: Fairytale exposed to Luhkas; FES: Fairytale
exposed to Salome.

3.2 Additional growth parameters

3.2.1 Biomass distribution

No significant differences were observed in mass fractions (leaf, shoot, and root)
between any treatment (Figures A1-A3, Appendix). Shoot-to-root ratio was found
to be similar for Fairytale and Luhkas emitters, but Salome was significantly higher.
No significant differences were observed among receivers (Figure A4, Appendix).

3.2.2 Aboveground architecture

The analyses revealed no significant treatment effects on plant and stem heights
(Figures A5-A6, Appendix). However, tiller 1 plant heights and tiller 2 stem heights
were significantly higher in Luhkas and Salome emitters compared to Fairytale,
with no significant differences among receivers (Figures A7 and A10, Appendix).
Tiller 1 stem heights and tiller 2 plant heights showed no significant differences
between treatments (Figures A8-A9, Appendix). A consistent pattern was observed
in the data collected from the emitters with regard to tiller number and leaf surface
area (Figures A11-A12, Appendix). The lowest values were observed in Fairytale,
followed by Luhkas, with Salome demonstrating the highest values. Tiller number
and leaf surface area showed no significant differences in the receivers. Specific
leaf area remained consistent across all treatments (Figure A13, Appendix).
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3.2.3 Root architecture

Root architecture parameters showed distinct patterns between emitters while
receiver responses were largely uniform. Emitters differed significantly in root
length, crossings, and forks (Fairytale < Luhkas < Salome) (Figures A14-A16,
Appendix). Average root diameters showed no significant differences between
treatments (Figure A17, Appendix). However, root diameter analysis revealed
significant emitter differences in most diameter ranges (0-500, 500-1000, 1000-
1500, and 1500-2000 um), with Fairytale significantly lower compared to Luhkas
and Salome (Figures A18-A21, Appendix). There was no significant difference
between emitters in the >2000 pm range (Figures A22, Appendix). Among
receivers, only the 1500-2000 and >2000 pm diameter range showed significant
differences. In these ranges, FEL was significantly lower compared to FES, while
FEF showed no significant difference to the other two treatments (Figures A18-
A22, Appendix).

3.3 Differentially expressed genes

The differential expression analysis revealed significant differences in gene activity
between treatments (Figure 9). Fairytale exposed to Salome (FeS) exhibited 3 up-
regulated and 37 down-regulated genes compared to Fairytale exposed to Fairytale
(FeF), and 7 up-regulated and 20 down-regulated genes compared to Fairytale
exposed to Luhkas (FeL). In the comparison between FeL and FeF, only 1 down-
regulated gene was identified, with no up-regulated genes.
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Fig. 9 Differential expression analysis comparing gene activity between treatments. Panel (a) shows
volcano plots of the up-regulated and down-regulated transcripts in FeS compared to FeF, FeS
compared to FeL, and FeL compared to FeF. Panels (b) and (¢) display Venn diagrams illustrating
the distinctness of up-regulated and down-regulated transcripts, respectively. Analysis included a
total of 17,512 transcripts with non-zero total read counts, an adjusted p-value < 0.05, and log2 fold
changes of >1 for upregulation and < -1 for downregulation. FeF: Fairtytale exposed to Fairytale;
FeL: Fairytale exposed to Luhkas; FeS: Fairytale exposed to Salome. (Reproduced from Vasti
Thamara Juarez Gonzalez, 2024).
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4. Discussion

Thesis recap and main findings

The aim of this thesis was to explore plant-plant interactions via volatile cues
among undamaged barley cultivars, specifically to determine whether exposure to
volatiles from faster-growing plants could accelerate the growth of slower-growing
receivers. Additionally, it investigated whether these changes in growth patterns are
associated with differences in gene expression.

The results demonstrated that volatile cues are cultivar-specific and may induce
the receiving cultivar to undergo alterations in its growth pattern. The receiver
cultivar exhibited significantly different growth patterns in response to distinct
emitters. The slow-growing receiver cultivar, Fairytale, exhibited increased
biomass production when exposed to Salome, a fast-growing emitter, compared to
exposure to another Fairytale. The precise genes responsible for these growth
alterations remain unknown. However, the genetic analysis showed distinct gene
expression changes in receiving plants, suggesting that alterations in gene
expression may underlie the observed differences in growth between the cultivars.

Volatile cues between specific barley cultivars can influence the biomass
allocation of receiving plants. While the total biomass production remains constant,
the trade-off between root, stem, and leaf production is altered (Ninkovic 2003).
However, this thesis presents the opposite pattern: the trade-off between root, stem,
and leaf production remains consistent across treatments, while total biomass
production is altered instead. This discrepancy is likely due to the use of different
cultivar pairings in the experiments. A review article by Brosset and Blande (2022)
summarized the diverse effects of VOC exposure on receiver plant performance
and concluded that VOCs can affect overall plant performance, though the specific
effects depend on the species and the volatile chemical involved. Following this,
Dahlin et al. (2018) demonstrated that undamaged barley cultivars differ
significantly in the volatile cues they emit (i.e. in volatile profiles). Furthermore,
Kheam et al. (2024) showed that volatile interactions between undamaged barley
cultivars induced receiving plants to alter their physiological state, leading to
changes in their own volatile profile. Based on the findings thus far, the general
conclusion is that volatile cues convey information about the emitter’s status, which
may cause receivers to modify their own growth strategy and volatile emission.
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The exact mechanisms of VOC perception and subsequent epigenetic regulation
are not fully understood, as noted in the introduction (Picazo-Aragonés et al. 2020).
Nevertheless, regardless of the precise mechanisms involved, there is clear
evidence that perception of VOCs can lead to changes in gene expression (Arimura
et al. 2000; Godard et al. 2008). In this thesis, differential expression analysis
revealed a larger number of genes being differentially expressed when Fairytale
was exposed to Salome, compared to its exposure to Luhkas. Only one gene was
identified as differentially expressed when comparing Fairytale exposed to Luhkas
with exposure to another Fairytale. This indicates that differences in gene
expression may be associated with the observed differences in growth. However, to
confirm this connection, a supplementary literature review is needed to fully
establish the link between the expressed genes and the growth response.

Ambiguities and open questions

According to a previous study (Dahlin et al. 2020), the cultivars Fairytale, Salome,
and Luhkas exhibit distinct growth strategies—slow, intermediate, and fast,
respectively (Fairytale < Salome < Luhkas). In this thesis, Salome consistently
demonstrated fast growth, while Luhkas exhibited intermediate growth, compared
to Fairytale (Fairytale < Luhkas < Salome). The reasons for these differences
remain unclear. Nonetheless, the results align with the proposed hypothesis and
suggest that volatile emissions are cultivar-specific, and may carry valuable
information about the emitters, such as insights into their growth characteristics,
which may be utilized by receiving plants.

This raises the question of why the receiving cultivar responds to the VOCs
emitted by the fast-growing cultivar but not to the VOCs of the intermediate-
growing cultivar. While a response was observed, it was not always statistically
significant; however, it could still be biologically significant. The mean biomass
values of receivers followed a similar pattern to those of their respective emitters.
Among the emitters, the lowest mean biomass values were observed in Fairytale,
followed by Luhkas, with the highest values in Salome. In the receivers, the lowest
mean biomass values were observed when Fairytale was exposed to Fairytale,
followed by exposure to Luhkas, and the highest values when exposed to Salome.

One curious observation is that the number of root forks was significantly higher
when Fairytale was exposed to Salome compared to exposure to the other cultivars.
The increase in root forks could indicate perceived competition, although it may
also be an artifact stemming from increased biomass production (Schenk 2006).
Since other factors—such as the number of tillers, leaf surface area, and root
length—were consistent across all receiver plants (and did not reflect those of the
emitting plants), the results suggest that Fairytale exposed to Salome primarily
adopted its growth rate, rather than its entire growth strategy.
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Plastic growth responses and kin selection

In addition to the findings discussed, this thesis raises broader questions about the
mechanisms by which plants respond to volatile cues from neighbouring plants.
These plastic growth responses may provide advantages in managing competition,
and are potentially mediated by allelobiosis and kin selection.

Allelobiosis involves the ability of plants to alter their growth in response to
specific neighbours (Ninkovic et al. 2006). In this thesis, the receiving cultivar
exhibited growth adjustments that align with strategies to mitigate competition.
Such responses not only enhances competitive ability, as seen in increased biomass
production to match fast-growing neighbours, but also suggest a potential energy-
conservation strategy when faced with slow-growing cultivars. These strategies
could optimize resource allocation, including energy directed toward defense
mechanisms.

Kin selection, which favors cooperative phenotypes that benefits closely related
individuals, could explain why constitutively released VOCs from neighbouring
cultivars act as cues for these plastic growth responses (Fréville et al. 2022). The
findings of this thesis support the idea that VOC profiles enable the receiving
cultivar to distinguish neighbouring plants, alter its growth accordingly, and reduce
competition. Similar to rice cultivars enhancing stand performance by reducing
intraspecific competition (Yang et al. 2018), the receiving cultivar in this thesis
altered its biomass production to achieve similar benefits. While the receiving plant
directly benefits from reduced competition, the emitting plant may gain an
advantage through cooperative growth. This aligns with the kin selection
hypothesis, which states that reducing competition among kin can enhance the
inclusive fitness of closely related individuals (Dudley et al. 2013).

These mechanisms highlight the complexity of plant communication, where
VOCs not only convey cues about the presence of competitors but also provide
detailed information for receivers to fine-tune plastic responses. Understanding
these interactions provides opportunities for optimizing crop arrangements,
particularly in cultivar mixtures. By selecting cultivars that emit compatible VOC
profiles, it may be possible to reduce competitive stress and enhance overall yield.

Further research

Further research could delve into the specific up- and down-regulated genes
identified to provide insights into their precise roles in plant growth. This could
help determine whether they are directly responsible for the observed growth
changes, therefore prodivding a new understanding of the molecular mechanisms
underlying volatile plant-plant interactions.

The differences in gene expression observed in this thesis are based on analyses
of the plant’s leaf tips. This approach, focusing on excised leaves, has been
suggested to increase the likelihood of observing changes (Brosset & Blande 2022).
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However, since gene expression differs across plant organs (Qi et al. 2023), this
may provide an incomplete picture of the plants’ overall gene activity. Sampling
from all plant parts (leaves, stem, and roots) would likely yield a more complete
picture and would be an interesting direction for further research.

To advance our understanding of the effects of volatile cues, further research
could focus on a temporal assessment. Including several time points (e.g., 10 days,
25 days, and 50 days) would allow tracking of early, mid, and late growth stage
responses. This approach could help clarify the nature of the volatile effect and
determine whether it is immediate, delayed, or transient. One study found the
largest differences after 20 and 24 days, with almost no difference observed after
34 days (Ninkovic 2003), suggesting that 25 days is a promising time point to
include. Expanding such temporal analyses would provide a more comprehensive
understanding of plant-plant interactions mediated by volatile cues.

Moreover, further research could explore which components of these volatile
cues prompt the receiver plant to either increase or decrease gene expression. For
example, advanced techniques for VOC profiling, such as gas chromatography-
mass spectrometry (GC-MS), could provide a more precise analysis of the volatile
compounds involved in plant communication. This approach would help identify
specific VOCs or VOC profiles responsible for the observed growth changes and
potentially explain why Fairytale responds more strongly to Salome than to Luhkas
or itself.

Additionally, it would be valuable to assess the extent of these effects in a natural
setting. Conducting a field experiment with pure stands of Fairytale and Salome, as
well as a cultivar mixture including both, could reveal how their growth responds
to different planting configurations. According to the hypothesis of this thesis, plant
growth co-ordination might occur in the cultivar mixture, with the growth of
Fairytale plants enhanced and that of Salome plants reduced compared to their pure
stands.
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5. Conclusion

The findings of this thesis indicate that volatile cues are cultivar-specific and have
the potential to influence a slow-growing cultivar to accelerate its growth when
exposed to a fast-growing cultivar. Further, the results suggest that alterations in
gene expression may underlie the observed differences in growth between the
cultivars. To gain a deeper insight into the role of volatile cues in plant-plant
interactions, further research should aim to establish a clear link between specific
VOCs and gene expression, as well as associated growth responses.
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Popular science summary

Plants surround us with their smells. Flowers, fruits, trees, herbs — roses, lilacs,
elder trees, apples, rosemary, pine, spruce... you name it! For us humans, the smell
of a plant can tell us many things and make us react in many ways. The scent of
pine can make us feel relaxed, while the odour of rotting fruit makes us nauseous.
A scent can tell us who a plant is—just by smell, we can easily distinguish basil
from thyme, roses from lilacs, pine from oak. The smell can tell us things about it—
if it’s tasty and healthy, or foul and toxic. It can even tell us things about the
environment—plant oils contribute to the earthy scent of rain! To say the least, the
smells of plants are all around us, and, not surprisingly, all around themselves.

So what is the reason for plants to spread around all this smell? Well, as research
is finding out, it is not only for the enjoyment of humans. In fact, plants seem to
understand their smells even better than we do! And just as it does for us, the smell
of a plant tells its neighbouring plants quite a lot. To name a few, it can say whether
they are related, if it’s under attack by insects, infected by disease, or if it’s time to
compete for precious resources. Science is discovering more about the function of
these smells every day.

In this thesis, we explored how plant smells influence the growth of
neighbouring plants. Can a slow-growing plant speed up its growth if it smell a fast-
growing neighour? The findings of this thesis suggest that the answer is yes. We
then took it a step further to see how deep these effects go. As it turns out, the smell
of a plant even changes the gene activity of its neighbour!

Since plants can’t move around freely like animals, but are stuck in one spot
their whole lives, they have developed their own ways to understand the happenings
of their surroundings and respond in fitting—and often very specific—ways.
Although smell is just one aspect of a plant’s world of experience, it’s an essential
part of that world and the primary focus of this thesis.

In the words of Gandalf the Grey: “If in doubt... always follow your nose”.
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Appendix

Table A1 Complete plant nutrition solution that was used as fertilizer.
Wallco Viéxtndring (NPK 51-10-43 + micro)

vikt-% g/l

Kvive N 4,6 5,1
NH4-N/NO3-N 40/60

Fosfor P 0,9 10
Kalium K 3,8 43
Svavel S 0,35 4
Kalcium Ca 0,26 3
Magnesium Mg 0,35 4
Jirn Fe 0,015 0,17
Mangan Mn 0,017 0,2
Bor B 0,009 0,1
Zink Zn 0,0026 0,03
Koppar Cu 0,0013 0,015
Molybden Mo 0,00035 0,004

Table A2 Irrigation schedule for plants in the experiment.

06.00-22.00

22.00-06.00

Days after sowing Source
1-6 Tap water
7-10 Fertilizer
11-16 Fertilizer
17—-20 Fertilizer
21-27 Fertilizer

15 min on/ 15 min off
15 min on/ 15 min off

15 min on/ 30 min off
15 min on/ 45 min off

15 min on/ 60 min off
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15 min on/ 30 min off
15 min on/ 30 min off
15 min on/ 45 min off
15 min on/ 60 min off
15 min on/ 75 min off



Table A3 Characteristics of light regimens (all values in umol/s/m?).

Spectra LED Blue LED Green LED Red LED Far-red  Total PAR
Central lights 25 12.9 31 4.8 73.7 68.9
Side lights 28.1 12.3 314 4.8 76.7 71.8
(PAR: Photosynthetically Active Radiation, the portion of light spectrum that is usable by plants for
photosynthesis).
Table A4 All measured or calculated parameters of plant growth.
Trait Description Unit (if applicable)
Leaf surface area Total surface area of leaves cm?
Leaf dry biomass Dry weight of leaves g
Stem dry biomass Dry weight of stems g
Aboveground dry biomass Combined dry weight of stems and leaves g
Root dry biomass Dry weight of roots g
Total dry biomass Sum of aboveground and root biomass g
Specific leaf area (SLA) Leaf area per unit dry mass cm?/g
Leaf mass fraction (LMF) Proportion of total biomass in leaves -
Shoot mass fraction (SMF) Proportion of total biomass in shoots -
Root mass fraction (RMF) Proportion of total biomass in roots -
Shoot-root ratio (S/R) Ratio of aboveground to root biomass -
Plant height Total plant height cm
Stem height Height of the main stem cm
Tiller 1 plant height Tiller 1 total plant height cm
Tiller 1 stem height Height of tiller 1 stem cm
Tiller 2 plant height Tiller 2 plant height cm
Tiller 2 stem height Height of tiller 2 stem cm
Number of tillers Amount of tillers count
Root length Total length of roots cm
Average root diameter Mean diameter of roots mm
Root forks Number of root branch points count
Root crossings Number of intersections among roots count
Length of root in diameter 0 < 500 mm Total root length of @ between 0-500 mm cm
Length of root in diameter 500 < 1000 mm Total root length of @ between 500-1000 mm cm
Length of root in diameter 1000 < 1500 mm Total root length of @ between 1000-1500 mm cm
Length of root in diameter 1500 <2000 mm Total root length of @ between 1500-2000 mm cm
Length of root in diameter >2000 mm Total root length of @ above 2000 mm cm

39



—_—
oW
—

Leaf mass fraction {g/g)

—_—
L]
—

Shoot mass fraction (g/g)

Biomass Distribution

()
0.61 0.6
[ ] a & a o a “l“"' a ,ﬁa 3
0.4 0.4
0.2 0.2
0.01 0.0
F L 5 FEF FEL FES
Emitters Receivers
Fig. A1 Leaf mass fraction of emitters and receivers. Jitter plot presents all data points, with the
mean values and standard errors in black (n = 16). Different letters (a, b, ¢) indicate significant
differences (p < 0.05). Panels show (a) emitting plants and (b) receiving plants. F: Fairytale; L:
Luhkas; S: Salome; FEF: Fairytale exposed to Fairytale; FEL: Fairytale exposed to Luhkas; FES:
Fairytale exposed to Salome.
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Fig. A2 Shoot mass fraction of emitters and receivers. Jitter plot presents all data points, with the
mean values and standard errors in black (n = 16). Different letters (a, b, ¢) indicate significant
differences (p < 0.05). Panels show (a) emitting plants and (b) receiving plants. F: Fairytale; L:
Luhkas; S: Salome; FEF: Fairytale exposed to Fairytale; FEL: Fairytale exposed to Luhkas; FES:

Fairytale exposed to Salome.
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Fig. A3 Root mass fraction of emitters and receivers. Jitter plot presents all data points, with the
mean values and standard errors in black (n = 16). Different letters (a, b, ¢) indicate significant
differences (p < 0.05). Panels show (a) emitting plants and (b) receiving plants. F: Fairytale; L:
Luhkas; S: Salome; FEF: Fairytale exposed to Fairytale; FEL: Fairytale exposed to Luhkas; FES:
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Fig. A4 Shoot root ratio of emitters and receivers. Jitter plot presents all data points, with the mean
values and standard errors in black (n = 16). Different letters (a, b, ¢) indicate significant differences
(p < 0.05). Panels show (a) emitting plants and (b) receiving plants. F: Fairytale; L: Luhkas; S:
Salome; FEF: Fairytale exposed to Fairytale; FEL: Fairytale exposed to Luhkas; FES: Fairytale

exposed to Salome.
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Fig. A5 Plant heights of emitters and receivers. Jitter plot presents all data points, with the mean
values and standard errors in black (n = 16). Different letters (a, b, ¢) indicate significant differences
(» < 0.05). Panels show (a) emitting plants and (b) receiving plants. F: Fairytale; L: Luhkas; S:
Salome; FEF: Fairytale exposed to Fairytale; FEL: Fairytale exposed to Luhkas; FES: Fairytale
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Fig. A6 Stem heights of emitters and receivers. Jitter plot presents all data points, with the mean
values and standard errors in black (n = 16). Different letters (a, b, ¢) indicate significant differences
(p < 0.05). Panels show (a) emitting plants and (b) receiving plants. F: Fairytale; L: Luhkas; S:
Salome; FEF: Fairytale exposed to Fairytale; FEL: Fairytale exposed to Luhkas; FES: Fairytale

exposed to Salome.
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Fig. A7 Tiller 1 plant heights of emitters and receivers. Jitter plot presents all data points, with the
mean values and standard errors in black (n = 16). Different letters (a, b, c) indicate significant
differences (p < 0.05). Panels show (a) emitting plants and (b) receiving plants. F: Fairytale; L:
Luhkas; S: Salome; FEF: Fairytale exposed to Fairytale; FEL: Fairytale exposed to Luhkas; FES:

Fairytale exposed to Salome.
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Fig. A8 Tiller 1 stem heights of emitters and receivers. Jitter plot presents all data points, with the
mean values and standard errors in black (n = 16). Different letters (a, b, c¢) indicate significant
differences (p < 0.05). Panels show (a) emitting plants and (b) receiving plants. F: Fairytale; L:
Luhkas; S: Salome; FEF: Fairytale exposed to Fairytale; FEL: Fairytale exposed to Luhkas; FES:

Fairytale exposed to Salome.
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Fig. A9 Tiller 2 plant heights of emitters and receivers. Jitter plot presents all data points, with the
mean values and standard errors in black (n = 16). Different letters (a, b, c¢) indicate significant
differences (p < 0.05). Panels show (a) emitting plants and (b) receiving plants. F: Fairytale; L:
Luhkas; S: Salome; FEF: Fairytale exposed to Fairytale; FEL: Fairytale exposed to Luhkas; FES:
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Fig. A10 Tiller 2 stem heights of emitters and receivers. Jitter plot presents all data points, with the
mean values and standard errors in black (n = 16). Different letters (a, b, c¢) indicate significant
differences (p < 0.05). Panels show (a) emitting plants and (b) receiving plants. F: Fairytale; L:
Luhkas; S: Salome; FEF: Fairytale exposed to Fairytale; FEL: Fairytale exposed to Luhkas; FES:

Fairytale exposed to Salome.
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Fig. A11 Number of tillers of emitters and receivers. Jitter plot presents all data points, with the
mean values and standard errors in black (n = 16). Different letters (a, b, ¢) indicate significant
differences (p < 0.05). Panels show (a) emitting plants and (b) receiving plants. F: Fairytale; L:
Luhkas; S: Salome; FEF: Fairytale exposed to Fairytale; FEL: Fairytale exposed to Luhkas; FES:

Fairytale exposed to Salome.
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Fig. A12 Leaf surface area of emitters and receivers. Jitter plot presents all data points, with the
mean values and standard errors in black (n = 16). Different letters (a, b, ¢) indicate significant
differences (p < 0.05). Panels show (a) emitting plants and (b) receiving plants. F: Fairytale; L:
Luhkas; S: Salome; FEF: Fairytale exposed to Fairytale; FEL: Fairytale exposed to Luhkas; FES:

Fairytale exposed to Salome.
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Fig. A13 Specific leaf area of emitters and receivers. Jitter plot presents all data points, with the
mean values and standard errors in black (n = 16). Different letters (a, b, c) indicate significant
differences (p < 0.05). Panels show (a) emitting plants and (b) receiving plants. F: Fairytale; L:
Luhkas; S: Salome; FEF: Fairytale exposed to Fairytale; FEL: Fairytale exposed to Luhkas; FES:
Fairytale exposed to Salome.
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Fig. A14 Root lengths of the emitters and receivers. Jitter plot presents all data points, with the
mean values and standard errors in black (n = 16). Different letters (a, b, c¢) indicate significant
differences (p < 0.05). Panels show (a) emitting plants and (b) receiving plants. F: Fairytale; L:
Luhkas; S: Salome; FEF: Fairytale exposed to Fairytale; FEL: Fairytale exposed to Luhkas; FES:

Fairytale exposed to Salome.
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Fig. A15 Amount of root crossings of emitters and receivers. Jitter plot presents all data points,
with the mean values and standard errors in black (n = 16). Different letters (a, b, c) indicate
significant differences (p < 0.05). Panels show (a) emitting plants and (b) receiving plants. F:
Fairytale; L: Luhkas; S: Salome; FEF: Fairytale exposed to Fairytale; FEL: Fairytale exposed to
Luhkas; FES: Fairytale exposed to Salome.
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Fig. A16 Amount of root forks of the emitters and receivers. Jitter plot presents all data points, with
the mean values and standard errors in black (n = 16). Different letters (a, b, c) indicate significant
differences (p < 0.05). Panels show (a) emitting plants and (b) receiving plants. F: Fairytale; L:
Luhkas; S: Salome; FEF: Fairytale exposed to Fairytale; FEL: Fairytale exposed to Luhkas; FES:

Fairytale exposed to Salome.
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Fig. A17 Average root diameters of emitters and receivers. Jitter plot presents all data points, with
the mean values and standard errors in black (n = 16). Different letters (a, b, ¢) indicate significant
differences (p < 0.05). Panels show (a) emitting plants and (b) receiving plants. F: Fairytale; L:
Luhkas; S: Salome; FEF: Fairytale exposed to Fairytale; FEL: Fairytale exposed to Luhkas; FES:
Fairytale exposed to Salome.
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Fig. A18 Total length of roots in diameter range 0 to 500 um of emitters and receivers. Jitter plot
presents all data points, with the mean values and standard errors in black (n = 16). Different letters
(a, b, c) indicate significant differences (p < 0.05). Panels show (a) emitting plants and (b) receiving
plants. F: Fairytale; L: Luhkas; S: Salome; FEF: Fairytale exposed to Fairytale; FEL: Fairytale
exposed to Luhkas; FES: Fairytale exposed to Salome.
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Fig. A19 Total length of roots in diameter range 500 to 1000 um of emitters and receivers. Jitter
plot presents all data points, with the mean values and standard errors in black (n = 16). Different
letters (a, b, ¢) indicate significant differences (p < 0.05). Panels show (a) emitting plants and (b)
receiving plants. F: Fairytale; L: Luhkas; S: Salome; FEF: Fairytale exposed to Fairytale; FEL:
Fairytale exposed to Luhkas; FES: Fairytale exposed to Salome.
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Fig. A20 Total length of roots in diameter range 1000 to 1500 um of emitters and receivers. Jitter
plot presents all data points, with the mean values and standard errors in black (n = 16). Different
letters (a, b, ¢) indicate significant differences (p < 0.05). Panels show (a) emitting plants and (b)
receiving plants. F: Fairytale; L: Luhkas; S: Salome; FEF: Fairytale exposed to Fairytale; FEL:
Fairytale exposed to Luhkas; FES: Fairytale exposed to Salome.
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Fig. A21 Total length of roots in diameter range 1500 to 2000 um of emitters and receivers. Jitter
plot presents all data points, with the mean values and standard errors in black (n = 16). Different
letters (a, b, ¢) indicate significant differences (p < 0.05). Panels show (a) emitting plants and (b)
receiving plants. F: Fairytale; L: Luhkas; S: Salome; FEF: Fairytale exposed to Fairytale; FEL:
Fairytale exposed to Luhkas; FES: Fairytale exposed to Salome.
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Fig. A22 Total length of roots in diameter range larger than 2000 um of emitters and receivers.
Values are log-transformed to handle dataset consisting of multiple Os. Jitter plot presents all data
points, with the mean values and standard errors in black (n = 16). Different letters (a, b, ¢) indicate
significant differences (p < 0.05). Panels show (a) emitting plants and (b) receiving plants. F:
Fairytale; L: Luhkas; S: Salome; FEF: Fairytale exposed to Fairytale; FEL: Fairytale exposed to
Luhkas; FES: Fairytale exposed to Salome.
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