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ABSTRACT

The present PhD project is based on current issues related to the plant adaptation to
climate change and can be summarized in two key words: multiple stresses and
spatio-temporal responses of the plants.

Owing to sessile nature, plants are continually exposed to the abiotic and biotic
stresses which co-occur in nature. Until now, the plant responses to the single stress
factor have been extensively studied. Conversely, the plant adaptation to the
combined stress, real condition of the agro- and eco-systems, has been little
addressed by the scientific community in the face of the specificity of metabolic
pathways and molecular mechanisms that are induced by the presence of such
stressful combinations.

Abiotic and biotic stresses, moreover, change in space and time, resulting in a
patchy of stressful areas of the surrounding physical environment to which plants
should be adapt. In such highly dynamic and heterogeneous environments, the
plants adopted strategies based on the within-plant phenotypic plasticity
characterized by high morpho-physiological and molecular variability both intra-
radical (different root types) and -foliar (heterophyllia) which produce spatio-
temporal components of responses (different nutrient and water uptake among and
along the root axis, induction rate of defense systems, etc.).

In this perspective, in order to understand the morpho-physiological and molecular
responses of plants to combined stresses and how these responses occur at different
spatial (location, age, root type) and temporal (temporal dynamics) scales, the
present PhD project addressed these aspects in different case-study ranging from
the adaptation of the rare and endemic Salvia ceratophylloides Ard. (Lamiaceae) to

the plant-insect and root-soil interactions.



RIASSUNTO

Il presente Progetto si fonda su ben affermate ed attuali problematiche inerenti
I’adattamento delle piante ai cambiamenti climatici € puo essere sintetizzato in due
parole chiave: stress multipli e risposte spazio-temporali delle piante. A causa della
loro natura sessile, le piante sono continuamente esposte agli stress sia abiotici sia
biotici. Le risposte delle piante a tali fattori stressanti presi singolarmente sono stati
estensivamente studiati. Viceversa, ’adattamento delle piante alla combinazione
degli stress, condizione verosimile degli agro- ed eco-sistemi, & stata poco
affrontata dalla comunita scientifica a fronte anche della specificita delle vie
metaboliche e meccanismi molecolari che si instaurano in presenza di tali
combinazioni stressanti. Gli stress abiotici e biotici, inoltre, variano nel tempo e
nello spazio, determinando un mosaico di zone stressanti dell’ambiente fisico a cui
le piante si devono adattare. In tali ambienti altamente dinamici ed eterogenei, le
piante hanno adottato delle strategie basate sulla plasticita fenotipica intra-pianta
caratterizzata da un’elevata variabilita morfo-fisiologica e molecolare intra-radicale
(differenti tipi radicali) e fogliare (eterofillia) che genera delle componenti spazio-
temporali delle risposte (diverso assorbimento dei nutrienti e dell’acqua tra e lungo
gli assi radicali, velocita di induzione dei sistemi di difesa, ecc.).

In tale ottica, nel comprendere le risposte morfo-fisiologiche e molecolari delle
piante agli stress combinati e di come tali risposte si presentano a diversa scala
spaziale (posizione, eta, tipo radicale) e temporale (dinamica temporale), il presente
progetto di dottorato ha affrontato tali aspetti in differenti casi-studio che vanno
dall’adattamento della rara ed endemica Salvia ceratophylloides Ard. (Lamiaceae)

all’interazione pianta-insetto e radice-suolo.

KEYWORDS: multiple stresses; spatio-temporal plant responses; root microbiota;

volatiloma; root morphology; within-plant variance; plant-insect interaction.



GENERAL INTRODUCTION

Climate change.

In according to The Intergovernmental Panel on Climate Change (IPCC), climate
change refers “to a change in the state of the climate that can be identified (e.g., by
using statistical tests) by changes in the mean and/or the variability of its properties,
and that persists for an extended period, typically decades or longer”. Climate
change may be due to natural internal processes or external forcing such as
modulations of the solar cycles, volcanic eruptions and persistent anthropogenic
changes in land use or in the composition of the atmosphere and consisting of
changing concentrations of greenhouse gases in the atmosphere, rising
temperatures, changes in precipitation patterns, and intensifying frequency of
extreme weather events (Gray et al, 2016). The impact of climate change is not
spatio-temporal equally distributed throughout the world. For instance, in
Continental and Mediterranean Region there will be an increase in heat extremes,
while in Atlantic and Boreal Region there will be an increase in heavy precipitation
events, as Figure 1 shows.

Emerging evidence indicates that these climate change-related events will result in
an increase of the stressful conditions for the plant/crop/forest growth, development
and, ultimately, productivity in both natural and agro-ecosystems. Indeed,
predictions indicated an increase of the burst herbivory and the drought stress and

nutrient deficiency favored by climate change.
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Figure 1 - Climate change impacts in Europe's regions (source: EEA Report No 01/2017 Climate change, impacts and vulnerability in Europe 2016).



An overview of the effects of climate change on agricultural productivity is

illustrated in Figure 2:
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Figure 2 - Impact of climate change on agriculture (source: Ghatak et al, 2017).

What is a plant stress?

Lichtenthaler (1996) defined plant stress as an adverse situation that impacts on
plant’s metabolism, growth or development. The stress is a physical state where a
plant develops in non-ideal growth conditions (e.g. high or low temperature,
drought, flooding, low nutrients), which inhibit its development, propagation and
productivity (Madlung and Comai, 2004; Lambers et al, 2008). The environmental
stresses for the plant growth can be grouped in abiotic and biotic stress.

The main abiotic stress for the pants are heat, high salinity, nutrient deficiency, cold
and, above all, drought. Abiotic factors which induced the stress may be either
physical or chemical and include water scarcity or abundance in soil, poor nutrient
availability, pollutant, wind and UV radiation. Drought is one of the most critical
abiotic stress that negatively affects plant growth and development (Farooq et al,
2012). For this reason, plants change their morphological structure, in order to
survive in the existing environment (Wani et al. 2016a; Hossain et al. 2016; Sah et
al. 2016). Morphological growth indices affected by drought stress are the leaf area,
the plant height, dry matter and biomass production (Onyekachi et al, 2019).
However, a considerable flexibility exists among crop species and even within
species (Aroca, 2012). The reduction of the biomass is a common phenomenon

under drought, whose levels differed among and within crop species (Aroca, 2012)



and among the plant organs also (Poorter and Nagel, 2000). These macroscopic
effects on plants corresponded to physiological and biochemical changes such as
alterations in water relations, decreased CQO; assimilation, membrane structure
damage, inhibition of enzyme activity, increased reactive oxygen species (ROS)
generation (Tuba et al., 1996; Sarafis, 1998; Yordanov et al., 2003; Abid et al,
2018). Also the high or low temperature negatively impacts on the plant fitness and
development (Wahid et al, 2007). For instance, the heat may slow down or inhibit
germination, adversely affect photosynthesis, plant respiration, water relations and
membrane fluidity, integrity or stability, alter levels of hormones and primary and
secondary metabolites (Howarth, 2005; Smertenko et al, 1997). Low temperature
may affect the amount and rate of water and nutrients uptake also (Kollist et al,
2019).

Biotic stresses include plant competition, pest (pathogens and insect) and animal
attack; hence they are caused from living organisms which usually determined plant
diseases and damages and, ultimately, the plant death. Pathogens (fungi, bacteria,
and viruses) primarily caused diseases in plant characterized by different symptoms
such as vascular wilts, leaf spots and cankers (Brown, 2015), while the insect
feeding could also results in direct consumption of foliar tissues or photosynthates
with negatively impacts in the physiology in the remaining leaf (Nabity and
DelLucia, 2009). However, both biotic agents takes away nutrients from their host
plant, leading to decreased plant vigor and, in extreme cases, death (Singla et al,

2016).

How do plants respond to stress?

In order to cope with unfavorable environmental conditions, the plants have
evolved various adaptions strategies to protect themselves through a variety of
morphological, physiological and molecular mechanism (Devi et al, 2017).

The term “strategy” defines the manner in which a plant responds to a particular
stress by the capacity to escape, avoid or tolerate/resist the stress and so they may
survive (Hopkins and Hiiner, 2009). If plant prevent the injury of stress by
regulating its life cycle before the onset of stress, it is referred to stress escape

(Levitt, 1980). For instance, Kumar and Abbo (2001) demonstrated that the
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developing short-duration varieties of chickpea (Cicer arietinum L.) was an
effective strategy for minimizing yield loss from terminal drought, as early maturity
helps the crop to avoid the period of stress. When plants show the ability to avoid
the stress injury by building up a barrier to prevent stress factors entering the plant,
it is referred to stress avoidance (Blum, 2005). Avoidance mechanisms reduced the
impact of a stress on the plant, although the stress exists in the environment
(Hopkins and Hiiner, 2009). A variety of adaptive traits involving the minimization
of water loss (water savers) and optimization of water uptake (water spenders) allow
to achieve the stress avoidance. The minimization is the reduction of transpiration,
transpiration area, radiation absorption, etc.; while the optimization aims to
maintain the water uptake through increased rooting, hydraulic conductance, etc.
(Basu et al, 2016). Stress tolerance indicates that plants adapt to the stress
environment by regulating their metabolism and repair the damage caused by stress
by modifying their structure or function (Blum et al, 2005). Stress resistance is
referred to the plant’s ability to grow and survive during stress (Hopkins, 1999;
Levitt, 1980; Price et al., 2002).

In relation to the stress intensity and duration, these stress-related plant strategies
can be successful or not. In case of success, the plants pointed out the adaptation
and/or acclimation as fitness process. Adaptation is a gradual and irreversible
process, according to which individuals can reproduce adaptive traits in a given
environment. Acclimation is a rapid and reversible phenotypic modification
(morphological, physiological) of individuals exposed to environmental change.
Hence, the difference between adaptation and acclimation is in the heritability of
the plant morpho-physiological mechanisms: for the first process are heritable that
increase the fitness of the organism in the stressful environment, while the
acclimation implies no heritable physiological modifications due to a gradual
exposure to the stress (Bhargava and Sawant, 2012; Hopkins and Hiiner, 2009).
The capacity of plants to acclimate to changing environmental conditions reflects
their phenotypic plasticity (i.e. the ability of a genotype to modify phenotype
expression depending on the environment) (Hopkins and Hiiner, 2009). Phenotypic

plasticity allows plants to grow in diverse habitats and across environmental
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gradients (Givnish et al., 2002; Pan et al., 2006; Schurr et al., 2006; Robe et al.,
2000; Sultan, 2003).

The enhanced plant fitness under variable environments by the different strategies
is determined by an elaborate and complex combination of morphological,

physiological and molecular plant responses as reported in the next paragraphs.

Morphological responses.

Morphological response referrer to the change of the plant form in terms of the
length, surface area, branching, number, height and biometric parameters such as
fresh and dry weight and their ratios.

Since the water reduction take place in the soil, the first morphological responses
occur at the root level. Some plants have the ability to increase root growth at the
early stage of drought stress in order to absorb the water in deep soil (Hu and Xiong,
2014; Fang and Xiong, 2014). The root morphological responses to drought stress
include the increases in elongation of individual roots (Jackson and Caldwell, 1989;
Bilbrough and Caldwell, 1995; Zhang and Forde, 1998, 2000; Zhang et al, 1999)
and total root length (van Vuuren et al, 1996; Hodge et al, 1999a, 2000c), the root
production (Pregitzer et al, 1993; Hodge et al, 1999b, 2000d), and the extent of
lateral branching (Larigauderie & Richards, 1994; Farley and Fitter, 1999b). These
morphological mechanisms permitted an higher extraction of the water from the
soil deeper strata and determined an higher plant resistance to the dought.
Interesting root morphological modifications were observed in response to
heterogeneous distribution of the nutrient in the soil as “nutrient patch”. In this
respect, morphological plasticity as root proliferation is important for successful
exploration of these nutrients rich patch (Hodge, 2004). Mechanistically, the root
proliferation involves the initiation of new lateral roots, as Drew and coworkers
(1970) demonstrated in a series of classic experiments. Figure 3 shows barley roots
system exposed to high concentrations of phosphate, ammonium (NH4"), nitrate
(NO3") or potassium (K) in localized soil area. Roots responded by increasing the
length and number of primary laterals and secondary laterals to phosphate, NH4*

and NOs™ but not K (Drew, 1975; Drew et al, 1973; Drew and Saker, 1975, 1978).
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Control (HHH) Phosphate (LHL) Nitrate (LHL) Ammonium (LHL) Potassium (LHL)

7,;‘ .
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X

Figure 3 - Proliferation of primary and secondary laterals by barley (Hordeum vulgare) grown in
solution culture with the middle root section exposed to a 100-fold greater concentration of
phosphate, nitrate, ammonium or potassium ions compared with roots above or below
(LHL).Controls were supplied with high concentration of nutrients in all zones (HHH).
Abbreviations: H, high; L, low, referring to nutrient concentrations experienced by the top, middle
and bottom sections of the root system. (source: Drew, 1975)

Besides the root, the drought reduced with more severe intensity the shoot dry
weight in Asian red sage (Salvia miltiorrhiza Bunge) although that of the root
system was also reduced resulting in an increase of the root/shoot dry weight ratio
(Liu et al. 2011). Drought stress induces the reduction in rice growth and
development also (Tripathy et al, 2000; Manikavelu et al, 2006). The reduction of
the plant size in presence of drought is due to elongation and expansion cell process
besides the biomass allocation. Indeed, the drought affects both elongation as well
as expansion growth (Shao et al, 2008), and inhibits cell enlargement more than
cell division (Jaleel et al, 2009). In addition, it alters the germination of rice
seedlings (Jiang and Lafitte, 2007; Swain et al, 2014) and reduces number of tillers
(Mostajeran and Rahimi-Eichi, 2009; Ashfaq et al, 2012; Bunnag and Pongthai,
2013) and plant height (Sarvestani et al, 2008; Ashfaq et al, 2012; Bunnag and
Pongthai, 2013; Sokoto and Muhammad, 2014). In their experiment, Jaleel et al
(2007) found that the water deficit caused the decrease of the stem length and total
leaf area of Catharanthus roseus plants. Morphological changes are caused also by
the heat stress. For example, Rollins et al (2013) in their study on barley noted that
heat stress caused a considerably senescence of lower leaves.

Nutrient deficiency negatively impacted in the shoot morphology also. For
example, the low nitrogen supply generally leads to early leaf senescence (Paul and
Driscoll, 1997; Malamy and Ryan, 2001; Martin et al., 2002; Malamy, 2005;
Wingler et al., 2006; Zhang, 2007, Kant, et al, 2011). Markhart (1985) compared

leaf area expansion, dry weight, and water relations of Phaseolus vulgaris L. and
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P. acutifoliu, during a drying cycle in the greenhouse. The objective were to
understand the characteristics which contribute to the superior drought tolerance of
P. acutifolius compared to Phaseolus vulgaris L. He found that stomates of P.
acutifolius closed at a much higher water potential than those of P. vulgaris,
delaying dehydration of leaf tissue. Also, P. acutifolius had a more deeply

penetrating root system, which also contributes to its drought tolerance.

Physiological responses.

Faced with adverse environmental conditions such as drought stress, the first
physiological response of plants is the stomatal closure in order to prevent the water
loss by transpiration process (Ghatak et al., 2017) but, at the same time, it is the
primary cause of the photosynthesis reduction in water stressed plants (Cornic and
Massacci, 1996; Arve et al, 2011). However, the success of the plant physiological
responses for the plant adaptation under stressed condition depends on plant
species, growth stage, duration and intensity of stress (Jaleel et al, 2008). Ashraf
and Harris (2013) showed that the overall photosynthetic capacity of a green plant
could be reduced by a stress, because of all various components involved in the
mechanism of photosynthesis (photosynthetic pigments and photosystems, the
electron transport system, CO> reduction pathways) are severely affected. Stomatal
closure and reduction of photosynthetic activity are also caused by biotic stresses
(Bilgin et al, 2010; Melotto et al, 2016).

The allocation and partitioning of assimilated carbon provide resources for
acclimation to environmental stress. Under water stress conditions the carbon
assimilation in plants is typically reduced (Huang and Fu, 2000; Naudts et al., 2011;
Roy et al., 2016; Ingrisch et al., 2018) as well as the carbon transfer to the roots and
the rhizosphere (Fuchslueger et al., 2014a, 2016; Hasibeder et al., 2015; Karlowsky
et al., 2018), resulting in a lower soil CO; efflux (Ruehr et al., 2009; Barthel et al.,
2011; Burri et al., 2014). This leads to a weakening of plant—-microbial interactions
(Briiggemann et al., 2011) and the microbial mineralization of nitrogen and
phosphorous are limited during drought (Stark and Firestone, 1995; Borken and
Matzner, 2009; Delgado-Baquerizo et al., 2013; Fuchslueger et al., 2014b; Canarini
and Dijkstra, 2015; Dijkstra et al., 2015). Several studies have shown that a shift of

carbon allocation from the aboveground to the belowground plant organs exists
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(Palta and Gregory, 1997; Huang and Fu, 2000; Burri et al., 2014) with an increase
of the amounts of soluble sugars in the roots (Hasibeder et al., 2015; Karlowsky et
al., 2018). This latter effect determine also the osmotic regulation for supporting
the survival of root system (Sicher et al., 2012; Hasibeder et al., 2015) while
maintaining the carbon demand for root respiration (Barthel et al., 2011). The
allocation of resources to root exudates is an important plant strategy against stress,
in particular in nutrient deficiency soils. Indeed, the root exudation process plays a
key role in plant nutrient uptake (Mommer et al., 2016) and in the formation of
stable soil organic carbon (Sokol et al., 2019). In addition, the root exudates form a
direct communication pathway between plants and rhizosphere microbes and have
the potential to influence plant tolerance and survival during severe abiotic stress
(Williams and de Vries, 2020). In their study, Williams and de Vries (2020)
proposed that species-specific responses in root exudation can underline ecosystem
responses to drought. They argued that central differences in the responses of root
exudation between species that exhibit more conservative traits and those with
exploitative traits drive the responses of their associated microbial communities to
drought, which in turn feeds back to their own regrowth and ultimately affects
ecosystem form and function. Specifically, they postulate that fast-growing species
show rapid physiological responses to drought, with tight coupling to their

associated soil microbes, as Figure 4 illustrates.
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Figure 4 - Hypothesized role of root exudates in the response of fast-growing and slow-growing
plant species to drought and the potential consequences for ecosystem form and function. Arrows
indicate exudation inputs into the soil, coloured dots indicate bacterial communities, thick grey lines
represent decomposer fungi, and thin purple lines represent arbuscular mycorrhizal fungi. PGPR,

plant growth-promoting rhizobacteria; SOM, soil organic matter (source: Williams and de Vries,
2020).

With regard to heat stress, Rollins et al. (2013) observed that in barley the

photosynthetic performance was reduced and the leaf proteome changed.

Metabolic and Molecular responses.

Under stress, plants generate signals for changing their metabolism (i.e. primary
and secondary metabolism) and alter it in various ways (Hasanuzzaman et al, 2013).
However, the association between metabolic variation and variation in
morphological and physiological traits is largely unknown (Garcia et al., 2015;
Turner et al, 2016). Primary metabolites, such as carbohydrates, amino acids, and
polyamines, are involved in the plant defense against herbivores and pathogens
(Seigler, 1998). Plant secondary metabolites pointed out a specific role in the plant-
stress interaction such as antioxidant, antimicrobial and signaling (Figure 5)

(Arbona et al, 2015; Sarwart, 2017) playing a key role in plants defense (Gatehouse,
2002; Akula and Ravishankar, 2011).
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Figure 5 - Compound classes and roles exerted in response to abiotic stress.

Signaling metabolites include the reactive oxygen species (ROS) (Schmid-Hempel,
2003; Hoffmann, 2005; Lam et al, 2001; Maiti et al, 2018) and the release of some
volatile organic compounds (VOCs), consisting mainly of terpenoids, fatty acid
derivatives, and a few aromatic compounds, by herbivore-infested plants, that can
attract natural enemies of the feeding insect, to reduce enemy pressure (Mithofer
and Boland, 2012). Loughrin et al (1994) found that Cotton (Gossypium hirsutum
L.) plants store large amounts of monoterpenes and sesquiterpenes in lysigenous
glands. These constitutive compounds (rapid responses), as well as the green leafy
volatiles (i.e. commonly emitted by green plants), are released immediately when
the plant is damaged. Then, after several hours or on the next day of herbivore
damage, the plants start to release herbivore-induced compounds and will continue
to release these compounds for at least 3 days if damage continues (late-term
responses).

Plants responses are also controlled and regulated at the molecular level by changes
in gene expression and many genes are involved (Cramer et al, 2011; Tardif et al.,
2007; Kreps et al.,, 2002; Ingram et al., 1996; Walling, 2000). The complex
molecular and biochemical signal transduction processes act in conjunction to
regulate tolerance or sensitivity at the whole plant level, by alterations of defense-
related genes and proteins at transcription, translation, and post-translational levels

(Lee et al, 2020). The timely perception of the stress is a key step in plant defense,
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in order to respond in a rapidly and efficiently (Rejeb et al, 2014). First, the sensors
on the membrane perceive and capture the external drought stimuli. Then, the
signals are transmitted down through multiple signal transduction pathways,
resulting in the expression of drought-responsive genes. Signal transmitting
pathways begin with a variety of secondary messengers such as Ca>*, ROS, abscisic
acid (ABA), phosphoglycerol, diacylglycerol, salicylic acid (SA), jasmonic acid
(JA), and ethylene (ET) and transcriptional regulators (Kaur and Asthir, 2017). In
their study, Bita et al (2011) tried to explain the protective mechanisms and to
identify candidate tolerance genes that could be used to improve tomato plants
tolerance to heat stress. They used a gel-based transcript profiling method (e.g.
cDNA-AFLP, an AFLP-based transcript profiling method that allows genome-wide
expression analysis in any species (Vuylsteke et al, 2007)) and microarray analyses
to compare the early response of the tomato meiotic anther transcriptome to
moderate heat stress conditions (32°C) in a heat tolerant and a heat-sensitive tomato
genotype. They concluded that the heat-tolerant genotype, in contrast to the heat-
sensitive one, exhibits higher expression levels of genes involved in
thermotolerance. Also, the constitutive gene expression profile of the tomato heat-
tolerant genotype was different to that of the heat-sensitive one, indicating genetic
differences in adaptation to the increase of the temperature. In the heat-tolerant
genotype, the majority of changes in gene expression is represented by
upregulation, while in the heat-sensitive genotype there is a general trend to down-
regulate gene expression upon moderate heat stress (Bita et al, 2011). The presumed
functions associated with the genes identified indicate the involvement of heat

shock, metabolism, antioxidant and development pathways.

Combined stresses and plant responses to multiple stresses.

As sessile organisms, plants are continuously exposed to a multitude of biotic and
abiotic stresses, that could be multiple, simultaneous or successive stresses,
meaning at the same time or consecutively. From seed germination to senescence,
there are no any location in the world where plants are isolated from environmental
stress. Common combinations of two or more stresses, under natural conditions, are

drought and salinity, salinity and heat, drought and heat, drought and high light
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intensity, drought and heavy metals, drought and chilling salinity and nutrients
(Suzuki et al, 2014). In addition to these abiotic stresses, the plants face the threat
of infection by pathogens and attack by herbivore (Atkinson and Urwin, 2012). The
various effects of different stress combinations are summarized in Figure 6 (Suzuki

et al, 2014).
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Figure 6 - The stress matrix. Different combinations of potential environmental stresses that can
affect crops in the field are showed in the form of a matrix. The matrix is color-coded to indicate
stress combinations that are studied with a range of crops and their overall effect on plant growth
and yield. [Adapted from Suzuki et al. (2014) and modified from Mittler (2006)].

Negative interaction means that plant growth is significantly reduced under both
stresses, and the combination of stresses resulted in more injurious effects. For
instance, Prasad et al (2011) evaluated the effects of drought, heat stress, and their
combination on crop yield in spring wheat. Drought or heat stress caused a
significant decrease in grain number, spikelet fertility, grain yield and harvest index
as well as Chl contents. The combined effects of these stresses were greater than

the effects of drought or heat stress alone. Positive interaction means that some
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stress combinations might have beneficial effects on plants, when compared with
each of the individual stresses applied separately (Suzuki et al, 2014).

Plants are subject to a “new state of stress” when two or more stresses occur
concurrently (Mittler, 2006) and, for this reason, emerging evidences suggest that
plant responses to a combination of stresses are “unique” from individual stress
responses (Mittler, 2006; Mittler and Blumwald, 2010; Alameda et al., 2012;
Atkinson & Urwin, 2012; Kasurinen et al., 2012; Srivastava et al.,2012; Perez-
Lopez et al.,2013; Rivero et al., 2013; Pandey et al., 2015). In other words,
combined stress responses are mostly non-additive effects (i.e., synergistic and
antagonistic) and therefore the combined effects cannot be predicted based on
results from single-stressor studies. A nonadditive antagonistic interaction can
occur when the combined impact of two stressors is less than the sum of individual
impacts, while an additive effect happens when the combined impact is simply
equal to the sum of the impacts of individual stressors (Folt et al. 1999; Breitburg
& Riedel 2005). A synergistic effect occurs when the impact of multiple stresses is
greater than expected. An antagonistic effect occurs when the impact of multiple
stresses is less than expected. Bansal et al (2013) studied the effects of drought
stress and simulated bark-feeding herbivory at three levels of intensity (control,
moderate and severe) on young Pinus sylvestris L. seedlings. They found that two
stressors had synergistic impacts on specific leaf area and water-use efficiency,
additive effects on height and root-shoot ratios, but antagonistic effects on
photosynthesis, conductance and, most notably, on root, shoot and whole-plant
biomass. However, the magnitude of the combined impacts depends on the relative
intensities of each stressor (Bansal, 2013).

Prasad et al (2011) try to investigate the independent and combined effects of high
temperature and drought stress during grain filling of two spring wheat (Triticum
aestivum L.) cultivars (Pavon-76 and Seri-82). Their study showed that high
temperature or drought stress individually decreased chlorophyll content, leaf
photosynthesis, spikelet fertility, grain numbers and grain yield. The interaction
between both stress was significant for total dry weight, harvest index and spikelet

fertility, particularly when heat was severe. The combined effects of HT and
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drought stress were greater than the additive effects of high temperature or drought
stress alone for leaf chlorophyll content, grain number and harvest index.

The experiment of Rizhsky et al (2003) in which Arabidopsis was exposed to a
combination of drought and heat stress demonstrated that heat stress was
accompanied by enhanced respiration and opening of stomata, whereas drought was
accompanied by suppression of photosynthesis and closure of stomata. In contrast,
a combination of drought and heat stress resulted in the simultaneous enhancement

of respiration and suppression of photosynthesis, as Figure 7A and 7B.
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Figure 7 (A) Photosynthetic activity and dark respiration, measured with a Li-Cor LI-6400
apparatus. (B) Stomatal conductance, measured with a Li-Cor LI-6400 apparatus [source: Rizhsky
et al (2002)].
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Spatio-temporal components of plant responses to stress.

Plants live in a natural surroundings that is spatially and temporally heterogeneous
in its biotic and abiotic proprieties (Ettema and Wardle, 2002; Hodge, 2005).
Indeed, the soil-based resources required for plant growth, such as water and
nutrient, are heterogeneously distributed (patchy) in time and space both in natural
(Bell & Lechowicz 1991; Jackson and Caldwell 1993; Kleb & Wilson 1997, Farley
and Fitter, 1999; James et al., 2009; Espeleta and Clark, 2007 ; Vandecar et al.,
2011) and agricultural ecosystems (Tittonell et al., 2013; Serrano et al., 2017,
Tittonell et al., 2005; Samaké et al., 2005; Zingore et al., 2007). These hydro-
nutrient variabilities are observed at spatial scales ranging from a few millimeters
(hot spot) (Parry et al., 2000), a few centimeters (Lynch, 1995) to several meters

and may persist at time scale ranging from a few days to years (Van Vuuren et al.,
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1995). Similarly to the belowground, the aboveground resources also varied in
space and time. Examples raised from the sun and shade light patches observed
within a plant canopy whose shape, lifetime, and amount of radiation play an
important role for the plant growth and development (Baldocchi and Collineau,
1994).

The environmental stresses (e.g. high light or temperature intensity, shade/cold,
nutrient and/or water stress) intensified the natural heterogeneous distribution of
the soil and atmosphere resources (water, nutrient, light) determining a patchily
distribution and dynamic evolution of the abiotic and biotic stress in the physical
environment of the plants. For example, soils with phosphorus deficiency are
characterized by a higher phosphate availability at the upper layers and decreases
with depth (Chu and Chang, 1966; Pothuluri et al., 1986); arid soils pointed out an
extremely variable both in space and time of the soil moisture (Schwinning and
Ehleringer, 2001).

At this spatial and temporal variations of the abiotic and biotic stress, the plants
adopted a within-individual (or within-plant) phenotypic variance characterized by
a spatial and temporal expression of the responses among their reiterated organs
(i.e., distinct root types such as primary/adventitious, different leaves such as
sun/shade or sessile/pedunculated, etc.) and along the different organs (nutrient and
water uptake at apical vs basal root zones, local and systemic induced plant
defenses, etc.). It means that plants pointed out a capacity to express the morpho-
physiological and molecular responses at different locations within the organs and
with different velocities. For examples, in bean root system, Rubio et al. (2004)
observed a root-type and apical zone specific phosphorus uptake that was well
highlighted in low P availability; the apical root regions showed higher capacity to
absorb NOs™ and a faster induction of the inducible high-affinity transport system
verified at physiological and molecular levels in maize plants (Sorgona et al., 2011);
different water uptake capacity and growth rate among the distinct root classes
could be important for the plant’s adaptation to drought stress (Guo et al. 2008,
Hund et al. 2009; Rewald et al. 2011); different responses among root types to

combined P/drought stress (Ho et al. 2005) and root resistance (Roman-Aviles et
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al. 2004) have been also observed; the within-plant heterogeneity in leaf quality
affecting the herbivore behavior or performance (Denno and McClure, 1983).

Although lesser studied, this within-plant spatio-temporal modulation of the plant
responses to the patchily and dynamic physical environment could permit the plants
to improve their fitness in stressed conditions and, above all, could be exploited by

crop breeding.

23



Aims and Organization of thesis.

Climate change imposes a big challenge to the scientific community because it
affect the crop production in the near future. Changes in the precipitation intensity
and frequency, temperature and number of heatwaves are expected to increase the
abiotic and biotic stressful conditions in the agro-ecosystems, of which drought,
heat and burst of herbivory are the most harmful for plant growth, development and
yield.

The plant adaptation to the single stress (e.g. abiotic or biotic) is extensively studied
at morphological, physiological and molecular scale until to provide genetic
engineering strategies for increasing the tolerance/resistance to them. However,
plant experienced more often multiple stressful conditions in nature than single
ones, forcing it to make decisions fine-tuning of responses to allocate resources
efficiently for responding to the more serious stress at any given point in time. Few
studies on the impact of the stress combination revealed that plant responses are
characterized by a “unique” suite of morpho-physiological and metabolic traits
orchestrated by metabolic pathways network, signaling transduction, hormone
interaction and gene expression, impossible to understand considering the single
stress only. Plant responses to the multiple stress are further complicated owing to
the strong dependence on the species, genotypes, and type, intensity, duration and
frequency of stresses. All these aspects drive the scientific community to highlight
how the plants tailor their responses to specific combined stress factors.
Furthermore, the studies focused on the plant-stress interactions did not considered
the spatio-temporal changes of the abiotic and biotic factors which result in patch
and dynamic stressful areas of the physical environment, above all at microscale
level (within the plant), to which the plants should be adapt.

In this framework, the present PhD thesis aimed to evaluate the plant morpho-
physiological and metabolic responses to combined abiotic and biotic stress at
different within-plant spatial levels and temporal scales. To achieve these aims, the
present thesis includes the following four case-stud organized in different chapters
where the within-plant responses to combined stress are evaluated at population,

shoot and root level.
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The first case-study investigates the role of the within-plant plasticity of the
morpho-physiological and metabolic traits in the adaptation of two different rare
populations of Salvia ceratophylloides in two different sites. Thanks to the multiple
ecological roles of the within-plant variance, the results could provide some
information on the population-level intraspecific diversity and the optimization of
the growth and defenses machinery of this rare plant useful for its fitness
improvement to specific habitats, and, ultimately, the in situ conservation.

The second case-study focus on the impact of the combined abiotic stress (drougth
and N limitation) and the herbivore infestation on within-plant variance at shoot
level in tomato. Tomato production is heavily subjected to Tuta absoluta infestation
and the induction of defense machinery by drought together with N limitation
reduced the Tuta larvae growth. However, no information was available on the
combined stress effects on the tomato plant and if there is a trade-off between the
negative impact on Tuta pests and the plant growth. Specific objectives were to
analyze the influence of the combined stress on tomato functional traits by the
evaluation of the additive, synergistic or antagonistic effects and to verify the
impact of the single and combined stress on the within-plant variance that is, as well
know, fundamental in the alteration of plant-antagonist interactions.

The third and fourth case-study evaluates the influence of the single and combined
stress on within-plant variability at the root level, the “hidden half” of plant and the
lesser studied. The root system comprises several root types (primary, seminal,
laterals, etc.), genetically determined, which, differentially respond to the
environmental conditions so as to be considered markers for the breeding. In this
respect, the impact of drought, heat stress and their combination on the growth and
morphological parameters and the rhizosphere microbial community of different
maize root types were evaluated.

The ultimate goal is to provide knowledge on how plants adapt to their environment
characterized by multiple, co-occuring abiotic and biotic stress conditions and by a
spatial and temporal heterogeneous distribution of resources (nutrients, water, light,

etc.).
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Chapter 1: The within-plant variation in the morpho-
physiological traits and VOCs profile of the endemic rare
Salvia ceratophylloides Ard. (Lamiaceae).

Adapted from: Rosa Vescio et al. The Assessment and the Within-Plant
Variation of the Morpho-Physiological Traits and VOCs Profile in
Endemic and Rare Salvia ceratophylloides Ard. (Lamiaceae) Plants 2021,
10(3), 474. https://doi.org/10.3390/plants10030474.

Abstract: Salvia ceratophylloides (Ard.) is an endemic, rare, threatened plant
species recently rediscovered in very few individuals in two different sites of South
Italy. The study of within-plant variation is fundamental to understand the plant
adaptation to the local conditions, especially in rare species, and consequently to
preserve plant biodiversity. Here we reported the sub-individual morpho-
ecophysiological and metabolic analysis of the S. ceratophylloides plants to
understand the molecular mechanisms adopted to survive in these habitats and the
different strategies applied. The S. ceratophylloides individuals exhibited different
net photosynthetic rate, maximum quantum yield, light intensity for the saturation
of the photosynthetic machinery, stomatal conductance, transpiration rate, leaf area,
fractal dimension and some VOCs between the leaf sessile and petiolate. This
within-plant plasticity was determined by the metabolite profiling and physiological
traits more than morphological features and was depended on the site. These results
provide empirical evidence of sharply ‘continuous’ within-plant variation of the
morpho-physiological traits and VOCs profiles in S. ceratophylloides which could

be due to adaptation to the local conditions.

Keywords: Gas exchanges, LMA, rare species, Salvia ceratophylloides Ard., VOC,
within-plant plasticity
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1.1. Introduction

Salvia ceratophylloides Ard. is a perennial herbaceous plant, endemic to Southern
Calabria, declared as extinct in 1997 (Conti et al., 1997) and recently rediscovered
in a hundred mature individuals distributed in two sites, 2 Km apart, around the
Reggio Calabria hills (Crisafulli et al., 2010; Spampinato et al., 2011). Nowadays,
the S. ceratophylloides population is threatened with extinction due to habitat
modification and destruction by wild urbanization and agriculture (Spampinato et
al., 2011). Furthermore, the spread of alien species, favored by climate change,
establishes an additional threat factor (Laface et al., 2020; Musarella et al., 2020).
The viability of endangered and rare species, as S. ceratophylloides, depends on
their capability to maintain or even increase its fitness under short- and/or long-
term continuous and climate change. Due to the rarity, the endemic species usually
pointed out specific and narrow habitat requirements suggesting that their responses
must occur only in the actual habitat determining local adaptation through
phenotypic plasticity and/or genetic variation (Franks et al., 2014).

Although the results appeared sometimes contrasting, the plant phenotypic
plasticity assumed a significant role in the viability of rare and endangered species.
For example, Noel et al. (2007) observed a high degree of phenotypic plasticity that
conferred an increased fitness in Ranunculus nodiflorus Ten. suggesting the
maintenance of the micro-environment heterogeneity as habitat-based strategy for
its conservation. By contrast, Westerband et al. (2020) observed low phenotypic
plasticity in response to drought stress in Schiedea obovate (Sherff) W.L. Wagner
& Weller, an endangered, endemic Hawaiian shrub, indicating a high risk of
extinction in the future climate change scenarios. Based from earlier works of the
Winn (1996a, 1996b) and the De Kroon’s hypothesis (2005), which dealt with plant
phenotypic plasticity at sub-individual level (i.e. organ or module), recently the
‘within-plant’ rather than “among-plant” phenotypic plasticity could represent the
major source of population-level intraspecific diversity in several functional traits
(Herrera, 2009; Herrera, 2017). Furthermore, the ‘continuous within-plant’
variation of homologous structures (i.e. leaves) rather than the ‘discrete within-
plant’ variation (e.g. heterophylly, heterocarpy, and seed heteromorphism), could

mainly contribute to population-level variability in evaluating the phenotypic
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variance. Nevertheless, recent works pointed out the multiple ecological aspects of
the ‘continuous within-plant’ variation such as the improvement of the exploitation
of the heterogeneous-distributed resource (Osada et al., 2014; Ponce-Bautista,
2017), the adaptation to biotic and biotic gradients (Hidalgo et al., 2016). The
spreading of the ecological breadth of species and individuals (Herrera et al., 2015;
Dai et al., 2016), the increase of the functional diversity of populations (Herrera et
al., 2015) and the alteration of plant-antagonist interactions (Sobral et al., 2014;
Shimada et al., 2015; Wetzel et al., 2016; Wetzel et al., 2019). In spite, no
quantitative characterization of the “continuous within-plant” plasticity in
endangered and rare plant species was evaluated yet.

In this respect, we started a two years field study for the characterization of the S.
ceratophylloides by leaf-level morpho-ecophysiological and metabolic analysis
from its natural habitat. In particular, this species exhibited a leaf morphology
characterized by contemporary presence (petiolate leaf, Picture 1.1A) and absence
of petiole (sessile leaf, Picture 1.1B), which could suggest a potential within-plant
variation. Further, the individuals of this species were located in two different sites
distant <2 km apart suggesting no genetic variability between the two populations
(Di lorio et al., 2018) and indicating the phenotypic plasticity as the most driver for

the local adaptation.

A

&

Picture 1.1 - S. ceratophylloides: petiolate (A) and sessile leaf (B).

In particular, we focused on the photosynthetic performances as marker of tolerance

and growth of species to predict the optimal habitat conditions for the conservation
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of rare species (Aleric et al., 2005) but also to provide the capacity of plant
adaptation to new conditions associated with climate change and the likely changes
in plant communities (Tkemaladze et al., 2016). Further, we took in account the leaf
mass per area (LMA) as a morphological trait strictly correlated with the functional
syndrome and consequently to plant growth and development and, ultimately, plant
fitness (Diaz et al., 2016). At the same time, metabolic profiles could provide
information on the plant status and the plant-, microbial- and arthropode-plant
communications (Holopainen et al., 2010). The evaluation of all these functional
traits could offer useful information for effectively promoting translocation and
mitigation operations to restore Salvia ceratophylloides rare plant species.

In this framework, the present study investigates the following questions: 1) does
the continuous within-plant plasticity patterns of the morpho-physiological traits
and metabolic profiles occur in S. ceratophylloides species? 2) Which of the
morphological, physiological and metabolic traits are determinant for the
continuous within-plant variation? Is the within-plant plasticity of S.

ceratophylloides modified between the localities?

1.2. Materials and Methods

1.2.1. Species and sites

Salvia ceratophylloides Ard. was studied by Crisafulli et al.(2010) and Spampinato
et al. (2011). Briefly, it is a perennial herb, scapose hemicryptophyte, with woody
and upright stems with a dense pubescence of glandular and simple patent hairs
(Figure 1.1C). The leaves are opposite pinnate-partite with toothed lobes and
morphologically distinct in petiolate (basal, 12x4 cm long and less discrete pinnate
lobes and presence of the petiole) and sessile (cauline, 3-4 x 1-2 cm long and more
incise pinnate lobes, clasp the stem) (Figure 1.1C). Inflorescences are 20-30 cm in
length and made up of 5-6 verticillaster each with 4-6 flowers.

S. ceratophylloides plants were studied in two different and closer sites (< 2 Km)
located around the Reggio Calabria hills, Mosorrofa (Mo) (38° 5'42.66" N latitude,
15°43' 18.66"E longitude) and Puzzi (Pu) (38° 4' 52.34" N latitude, 15° 42' 29.23"E
longitude) (Southern Italy). Each site consisted in around 60 and 240 individuals

for Mosorrofa and Puzzi, respectively. Further, Mosorrofa site is topographically
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complex, and located in a little lateral valley of “Fiumara Mandarano” while Puzzi
pointed out open and flatter terrains of “Fiumara S. Agata”. Both sites are
characterized by layers of loose sand alternating with benches of soft calcarenites
of Pliocene origin. The soils have a sandy texture with a basic pH and fall into the
group Calcaric Cambisols (Pignatti, 2018).

Species identification is in agreement with Pignatti (2018) and specimens are
deposited in the Herbarium of Mediterranean University of Reggio Calabria
(acronym REGGIO).

The S. ceratophylloides location pointed out a Mediterranean climate with average
annual temperatures of 18°C and average annual rainfall of 600 mm mostly in
autumn-winter, and a dry period in summer. According to Rivas-Martinez (2019),
the macro-bioclimate is “Mediterranean pluviseasonal oceanic” (upper thermos-

Mediterranean thermotype and a lower subhumid ombrotype).

1.2.2. Measurements and samplings

Measurements and samplings were conducted during the early summer (May-June)
of 2016 and 2017 on two leaf types: 1) young, upper sessile leaves (S) (two to three
nodes from the apex), about 6 months old and 2) old, lower petiolate leaves (P)
(non-senescent leaves from fifth to sixth nodes from the apex), about 12 months old
(Figure 1.1C). For the morphological and physiological analysis, 4-9 and 5-9
samples for petiolate and sessile leaves, respectively, were collected from at least 4
different plants in each site; while the metabolic analysis was carried out on 3 leaves

of each type and site.

1.2.3. Physiological analysis

The net photosynthetic light response curves were determined on leaf area using
the LI-6400XT portable photosynthesis system (Li-Cor, Inc. Lincoln, Nebraska,
USA, Picture 1.2) at the following irradiance levels: 2000, 1500, 800, 400, 200,
100, 30, 15, and O umol m?s™'. The net photosynthesis was measured at 500 cm?
min~!' flow rate, 26 °C leaf temperature, CO> concentration 400 pumol(CO,)
mol(air)™! (controlled by CO, cylinder). Each measurement was made with a

minimum and maximum wait time of 120 and 200 s, respectively, and matching the
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infrared gas analyzers for 50 pmol(CO:) mol(air)! difference in the CO»
concentration between the sample and the reference before every change in I. The
leaf to-air vapor pressure difference (VPD) was set to 1.5 kPa, and continuously
monitored around the leaf during measurements and maintained at a constant level
by manipulating the humidity of incoming air as needed. The measurements are
made on sunny days during 8:30 — 11:30 am. Finally, stomatal conductance (gs,
mol HO m™ s™) and transpiration rate measurements (T, mmol H,O m s!) at each

light intensities are evaluated.

Picture 1.2 - Physiological analysis performed with LI-6400XT portable photosynthesis system.

1.2.4. Morphological analysis

After the physiological measurements, the same leaves were used for the
morphological analysis. In particular, leaf fresh weight (LFW, g) and dry weight
(LDW, g), determined by oven at 70 °C for 2 days, and leaf area (LA, cm?) that was
measured by WinRhizo Pro v. 4.0 software package (Instruments Régent Inc.,
Chemin Sainte-Foy, Québec, Canada) after scanned at a resolution of 300 dpi by
WinRhizo STD 1600 (Instruments Régent Inc., Canada). Further, the fractal
dimension of the leaf (FD) was obtained by the “fractal analysis module” through

the WinRhizo software, based on the box-counting method with the following
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settings: maximal pixel size (2.0mm), box sizes ranging from 2 to 32 and filters,
and a length:width ratio smaller than 2.00. The FD provides information on the
space occupation of the object: the fractal dimension approaches the value of 2 as
the leaves become dense to the point of “filling in” a shape. For this reason, the FD
was used to correlate the root architecture to the soil resource acquisition (Pignatti,
2018), but also as the correction parameter in the LAI-Light interception models
(Jonckheere et al., 20006).

By these parameters, we also calculated the leaf mass per area (LMA, g LDW
cm™ LA), strongly related to photosynthetic rate (Quero et al., 2006), growth rate
(Ruiz-Robleto et al., 2005) and decomposition rate (Cornelissen et al.,1999); the
leaf dry content (LDC, g dry weight/g fresh weight), strongly related with relative
growth rate (Ryser et al., 1999), flammability (Pérez-Harguindeguy et al., 2013),
and post-fire regeneration strategy (Saura-Mas et al., 2009); and leaf water content
or leaf succulence (LWC, g H,O/cm? leaf area], which indicates the leaf water
content in relation to its leaf area, directly correlated with the plant responses to

abiotic stresses (Cruz et al., 2018).

1.2.5. VOC analysis: HeadSpace/Solid-Phase Micro-Extraction (HS/SPME) GC-
MS analysis

The volatiles (VOCs) produced by petiolate and sessile leaves of Salvia
ceratophylloides where chemically characterized using the HS/SPME method. One
gram of plant material, per sample and replicate (N=3), was sealed in a 20 ml vial
and allowed to equilibrate for 20 minutes at room temperature. Successively, the
SPME gray fiber (StableFlex, divinylbenzene/Carboxen on polydimethylsiloxane
coating; 50/30 um coating; Supleco) was exposed to plant VOCs for 20 minutes to
allow the VOCs adsorption on the fiber.

VOCs were identified using a Thermo Fisher gas chromatograph apparatus (Trace
1310) coupled with a single quadrupole mass spectrometer (ISQ LT). The capillary
column was a TG-5MS 30 mx0.25 mmx0.25um. Helium was used as carrier gas
with a flow of 1 ml/min. Samples were injected in a split mode with a split ratio of
60. Injector and source were set at the temperature of 200°C and 260°C,

respectively. The temperature ramp was settled as follow: 7 minutes at 45°C, from
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45°C to 80°C with a rate of 10°Cxmin, from 80°C to 200°C with a rate of 20°Cxmin
then isocratic for 3 minutes 200°C. Mass spectra were recorded in electronic impact
(EI) mode at 70 eV, scanning the 45-500 m/z range.

Native raw chromatograms (RAW), previously converted in mzXML using the tool
MSconvert of proteowizard (Chambers et al., 2012), were normalized for TIC
intensity, aligned, deconvoluted and peak intensities extracted using the open
source software XCMS (Tautenhahn et al., 2012). For peak analysis the GC/Single
Quad (matchedFilter) pre-settled method was used.

After chromatograms processing and peak picking, features and normalized peak
areas were imported to Excel for further statistical analysis. Compounds
identification was carried out comparing the relative retention time and mass
spectra of molecules with those of commercial libraries (NIST Mass Spectral
Reference Library) and open source EI spectral libraries (Mass Bank of North

America, Golm Metabolome Database) (Kopka et al., 2005; Horai et al., 2010).

1.2.6. Statistical analysis
Light curves were fitted by nonlinear regression using the Ye (2007) model

equation:

1-BxI
1+yXI

PN = Q)(IO—Icomp) X X (I = leomp) (1)

where: Px — the net photosynthetic rate [pmol(CO2) m~s7!]; I — the photosynthetic
photon flux density [umol(photon) m™2 s7!]; Icomp — the light compensation point
[umol(photon) m~ s7!]; B — the adjusting factor (dimensionless); y — the adjusting
factor (dimensionless); ¢ (Icomp — I200) — the quantum yield obtained at the range
between Icomp and Ipgo [pmol(COz) umol(photon)™']. The following leaf-level

photosynthetic parameters were calculated by these equations (Ye, 2007):

1-BxI
-1 ) X
comp 1+yxI

Rgmax = (Z)(IO X (I - Icomp) + Rp (2)

Rp = Q)(IO—Icomp) X Icomp 3)
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(B+yY)x(1+yxIcomp)

Isar = @

Lt — the light saturation point [umol(photon) m™ s7']; Pgmax — the asymptotic
estimate of the maximum gross photosynthetic rate [tmol(CO2) m™2 s7']; RD — the
dark respiration rate [umol(CO2) m~2 s~!]. Finally, the ¢ (Icomp — I200) Was calculated
as the slope of the linear regression of PN for values of I between Icomp and 200

pmol (photon) m™2 s™!

representing the “maximum quantum yield”.

Finally, according to Lobo et al. (2013), we reported the Imax (umol(photon) m™
s7!) (light saturation point beyond which there is no significant change in Px) and
the Pn(Imax) (umol(CO2) m™2 s7') (maximum value of Py obtained at I = Imax)
instead of Isa and Pgmax as more realistically adequate. We used a simple routine to
minimize the error sum of squares (SSE) for fitting the models allowing the
determination of equation parameters using the Microsoft Excel spreadsheet and
Solver function (Microsoft Excel 2010). Non-linear regressions were repeated
several times in order to minimize the sum of square of deviation between predicted
and experimental values to less than 0.01% between two consecutive fits (Press et
al., 2012).

In order to evaluate the effect of the Years (Y) (2016 and 2017), we used the one-
way ANOVA on the gas exchange parameters, which quickly respond to the
environmental conditions. Since the Years factor was not significant (p>0.05) for
almost all the gas exchange traits (Table S1.1), all the morpho-physiological
parameters were analyzed by two-way analysis of variance with the Leaf Type (LT)
(sessile and petiolate) and Site (Sit) (Mosorrofa and Puzzi) as main factors and their
interaction LtxSit. Then, Tukey’s test was used to compare the means of all the
parameters of each LT and Sit. All data were tested for normality (Kolmogorov—
Smirnoff test) and homogeneity of variance (Levene median test) and, where
required, the data were transformed.

For the comparison of the LMA and PN of S. ceratophylloides with that of different
plant functional groups and Salvia spp., we used the Isat and Icomp data obtained
from Larcher et al. (2003) and Duursma et al. (2016) for evergreen angiosperm,

Poorter et al. (2009) for evergreen shrub, de la Riva et al. (2016) for evergreen
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species, Martins et al. (2017) for S. officinalis, Mommer et al. (2007) for S.
pratensis, Paz-Dyderska et al. (2020) for S. glutinosa, Goergen et al. (2009) for S.
hispanica, Knight et al. (2002) for S. mohavensis, S. leucophylla, S. dorrii var.
dorrii and S. mellifera.

The TIC intensity normalized dataset obtained from metabolomic data analysis
were classified through unsupervised Principal Component Analysis (PCA) where
the output consisted of score plots to visualize the contrast among different samples.
PCA analysis was carried out on all the features detected by the analysis.
Successively, identified and annotated compounds were statistically analyzed
through univariate two-way analysis of variance with the LT (sessile and petiolate)
and Sit (Mosorrofa and Puzzi) as main factors. Then, the Tukey’s test was used to

compare the compound means of each leaf type and site (p<0.05).

1.3. Results

1.3.1. Physiological performances and morphological traits of S. ceratophylloides.
The net photosynthetic rate (Pn) and the photosynthetic photon flux density (I)
curves of S. ceratophylloides leaves were well-fitted (R?>0.95 and P<0.05) and —
described by Ye mathematical model (2007) (Figure 1.1). The parameters estimated
by non-linear regression were reported in Table 1.1. As observed, the leaf type
produced a significant and strong effect on the most photosynthetic parameters. In
particular, the sessile leaves pointed out a higher Isat (1578 pmol(photon) m= s™),
Imax (766 umol(photon) m=2 s™), Pnmax (11.22 pmol(CO2) m™s™') and ¢ (Icomp —
1200) (0.030 pmol(CO2) umol(photon)™) level than petiolate ones which, in turn,
showed a lower RD (0.69 pmol(CO2) m™ s7! vs 1.19 umol(CO,) m s7!). This
photosynthetic pattern was observed in all the parameters of both sites except for
the Pnmax, which was statistically different between the two leaf types in relation to
the site (p<0.05 LTxSit interaction, Table 1.1): the petiolate leaves (6.85
umol(CO2) m™2 s™') showed lower value respect to the sessile ones (19.70
umol(CO2) m~ s™') at Mo site. Further, the significant LTxSit interaction observed
for the Icomp and RD indicated that the parameters difference between the leaf

types is affected by site factor. Indeed, the Icomp of the sessile leaf was higher than

35



petiolate one (8 vs 22 pmol(photon) m~

observed for the RD (0.53 vs 1.40 umol(CO,) m™2 s7!) (Table 1.1).

s7!) at Mo site only, and same pattern was
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Figure 1.1 Leaf photosynthetic light-response curves measured on petiolate (®) and sessile leaves
(o) of the Salvia ceratophylloides located at Mosorrofa (Mo) (A and C) Puzzi site (Pu) (B and D).
The C and D panels showed the curves at lowest irradiance values. Data points represent means
(N=4-9). Light curves were fitted by non-linear regression using the Ye et al. model (2007).

36



Table 1.1 — Leaf-level photosynthetic parameters of different leaf types (P: petiolate; S: sessile) of
Salvia ceratophylloides individuals of two sites (Mosorrofa, Mo; Puzzi, Pu) estimated by nonlinear
regression using the Ye et al. model (2007). Different lower-case letters indicated significant
differences at p<0.05 among the average within column (Tukey’s test). Different capital case letters
indicated statistical significant differences among the means along the rows (p<0.05, Tukey’s test).

Site (Sit)
Leaf type (LT) Mo Pu Leaf type average
P 8° 26* 18"
Tcomp S 200 200 22
[umol(photon)m™s]
Site average 16 234
Imax P 312° 310° 31r
[wmol(photom)m™s™"] S 839" 725 766*
Site average 6554 5774
Isat P 1027° 818° 911’
[wmol(photom)m™s™"] S 1559° 1588¢ 1578*
Site average 13234 13134
PNmax) P 6.85° 2.17° 4.25
[umol(COy) ms7] S 19.70° 6.51° 11.22
Site average 14.004 4.968
RD P 0.53° 1.07% 0.697
[umol(CO,) ms™] S 1.40° 1.09% 1.19*
Site average 1.014 1.084
Bacomp-200) P 0.025° 0.0095¢ 0.01¢
(umol(COy) pmol(photom) 1] g 0.046° 0.021° 0.030*
Site average 0.0374 0.016"

#Statistic analysis: two-way ANOVA with 4-9 replications (LT: leaf type; Sit: sites; LTxSit: Leaf
type x Sites interaction); *0.05>P<0.01; **0.01>P<0.001; ***0.001>P; NS not significant.

Figure S1.1 showed the comparisons of the Isat and the Icomp of S.
ceratophylloides with those of different functional groups. The minimum Isat value
of S. ceratophylloides fell between that of schlerophylls in habitat at a high light
intensity and heliophytes, while the maximum one was within the range between
heliophytes and C4 plants. The minimum Icomp value of S. ceratophylloides was
located between epiphytes and spring geophytes, while the maximum one was
between spring geophytes and heliophytes.

Table 1.2 and 1.3 reported the stomatal conductance and the transpiration rate of
both leaves of S. ceratophylloides measured at 200 and 800 umol(photon) m™ s™!

corresponding to the light intensities around to the Imax values of the P and S
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leaves, respectively. Similar to the photosynthetic pattern, the P leaves pointed out
a significant lower stomatal conductance and transpiration rate than S at both light
intensities. But this effect was different between the sites (p<0.01 for LTxSit
interaction, Table 1.2 and 1.3): the S leaves showed higher levels of stomatal
conductance and transpiration rate respect to the P ones only for the Mo site while
any difference between the leaf type was produced in Pu site. Furthermore, the
effect of the site was highly significant (p<0.001, Tables 1.2 and 1.3) for both
ecophysiological parameters with the Mo site showing the higher values than Pu
one.

The leat morphology of S. ceratophylloides was reported in Table 1.4. Leaf type
affected the leaf fresh weight, leaf area, leaf water content, and fractal dimension,
which were higher in petiolate leaves (Table 1.4.). This pattern, however, was
modified in relation to the site for the LFW and LA only with higher values in the
petiolate of Pu site only (p<0.05 LTxSit interaction, Table 1.4.). Finally, the site
factor affected the LFW, the LDW, and the LWC and the Mo site showing the
higher values (Table 1.4).

Table 1.2 — Leaf-level stomatal conductance and transpiration rate of different leaf types (P:
petiolate; S: sessile) of Salvia ceratophylloides individuals of two sites (Mosorrofa, Mo; Puzzi, Pu)
measured at light intensity of 200 umol m s!. Different lower-case letters indicated significant
differences at p<0.05 among the average within column (Tukey’s test). Different capital case letters
indicated statistical significant differences among the means along the rows (p<0.05, Tukey’s test).

Sites (Sit)

Leaf type (LT) Mo Pu Leaf type average

P 0.032° 0.016° 0.023
St tal

omata S 0.113¢ 0.029° 0.059*

conductance
(mol H,0 m? s Site average 0.0774 0.025%

P 0.87° 0.55° 0.6
Transpiration rate S 2 590 092 1.50¢
(mol HO m~2s7)

Site average 1.824 0.79%

#Statistic analysis: two-way ANOVA with 4-9 replications (LT: leaf type; Sit: sites; LTxSit: Leaf
type x Sites interaction); *0.05>P<0.01; **0.01>P<0.001; ***0.001>P; NS not significant.
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Table 1.3 — Leaf-level stomatal conductance and transpiration rate of different leaf types (P:
petiolate; S: sessile) of Salvia ceratophylloides individuals of two sites (Mosorrofa, Mo; Puzzi, Pu)
measured at light intensity of 800 umol m s!. Different lower-case letters indicated significant
differences at p<0.05 among the average within column (Tukey’s test). Different capital case letters
indicated statistical significant differences among the means along the rows (p<0.05, Tukey’s test).

Sites (Sit)

Leaf type (LT) Mo Pu Leaf type average

P 0.032° 0.016° 0.023
Stomatal s 0.107% 0.032" 0.059*
conductance
(mol H20 m? s Site average 0.074 0.026"

P 0.83° 0.55% 0.67°
Transpiration rate

2.442 1.03% 1.53*

(mol HO m~2s7)

Site average 1.724 0.86°

#Statistic analysis: two-way ANOVA with 4-9 replications (LT: leaf type; Sit: sites; LTxSit:
Leaf type x Sites interaction); *0.05>P<0.01; **0.01>P<0.001; ***0.001>P; NS not
significant.
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Table 1.4 — Biometric and morphological parameters of different leaf types (P: petiolate; S: sessile)
of Salvia ceratophylloides individuals of two sites (Mosorrofa, Mo; Puzzi, Pu). Different lower-case
letters indicated significant differences at p<0.05 among the average within column (Tukey’s test).
Different capital case letters indicated statistical significant differences among the means along the
rows (p<0.05, Tukey’s test).

Sites (Sit)
Leaf type (LT) Mo Pu Leaf type average
Leaf fresh weight P 1.33 1.38 1.36%
[g/lea] s 1.40° 0.43 0.78"
Site average 1.374 0.778
Leaf dry weight P 0.23% 0.22b 0.22%
[g/leaf]
S 0.27* 0.12% 0.17F
Site average 0.254 0.16°
Leaf area p 414 54.42 48.6°
2
[em?] S 43.6% 19.9° 28.3
Site average 32.24 42.64
Leaf mass x area P 55.42 44.1* 49.1*
[g m?] S 62.32 61.6* 61.8*
Site average 59.24 55.34
Leaf dry content P 0.17 0.18 0.18*
d igh fresh
g dry weight/g fres 0.19° 0.28 0.25%
weight]
Site average 0.184 0.244
Leaf water content P 0.0272 0.0202 0.023*
H,O/cm? leaf area
g Hx ] 0.025°  0.016" 0.019"
Site average 0.026* 0.0178
Fractal dimension P 1.672 1.73¢2 1.70¢
S 1.51° 1.65° 1.5¢’
Site average 1.694 1.594

#Statistic analysis: two-way ANOVA with 4-9 replications (LT: leaf type; Sit: sites; LTxSit:
Leaf type x Sites interaction); *0.05>P<0.01; **0.01>P<0.001; ***0.001>P; NS not
significant.

Figure S1.2 pointed out the value average (+SD) of LMA of S. ceratophylloides in
comparison with that of the sun- and shade-species herbs, evergreen angiosperm,
evergreen species, herbs, and different Salvia species. The LMA range of S.
ceratophylloides fell in that of the herbs, evergreen species, S. mellifera, S.

hispanica, S. officinalis, and sun species.
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1.3.2. VOCs analysis of Salvia ceratophylloides in its habitat.

Figure 1.2 showed the PCA of GC-MS spectra of different leaves and sites of Salvia
ceratophylloides. The two-dimensional PCA score plot revealed a separation in
VOC:s profile induced by leaf type but this difference was more evident in Mo site
than Pu one. Nevertheless, the VOCs profile was also different between the two
Salvia sites.

In table S1.1 are summarized the VOCs annotated by GC-MS: a total of 39
compounds were identified of which the most representative chemical class was the
monoterpene with 17 constituents followed by sesquiterpene (7 chemicals),
monoterpene alcohol (4), aldehyde (4), keton (3), alcohol (2), aliphatic esters (1)
and ether (1).

Comparing the amount of the XCMS-extracted peak intensities of each chemical
between the S and P leaf types, 13 compounds emitted by both P and S were
statistically different (Table 1.5.). In particular, p-Cymene, Sabinene, Terpinolene,
B-Pinene, y-Terpinene, a-Terpineol, a-Cubebene, a-Muurolene, Isovaleraldehyde,
5-Methylheptan-3-one, Pentan-3-one, -tujone, and Dimethyl Sulfide were higher
in S than P leaves. However, the higher emission of B-tujone and a-Terpineol in S
leaves was only observed in Mo site (significant LTxSit interaction, Table 1.5.) and
the same pattern was reveled for D-germacrene, which was not modified by both
leaf type and site as single factors. Only 6 compounds were differently affected by
sites: p-Cymene, a-Terpineol, a-Copaene and a-Cubebene were emitted in Pu more
than Mo which, conversely, produced more B-tujone and Dimethyl Sulfide (Table
L.5).
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Figure 1.2 - Principal component analysis of untargeted metabolomics data from different leaves
(sessile and petiolate) and sites (Mo and Pu) of Salvia ceratophylloides individuals: Mo-sessile (red),
Mo-petiolate (green), Pu-sessile (blue) and Pu-petiolate (purple).
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Table 1.5. - Chemical characterization of volatile organic compounds in fresh sessile and petiolate leaves of two sites (Mosorrofa,
Mo; Puzzi, Pu) of Salvia ceratophylloides plants. Values represent peak areas.

Sessile Petiolate
Compound *Statistics Pu Mo Pu Mo
LT 7.78%
1 | p-Cymene Eth S,lg-gfg 195813 82392 108569 19607
xd1t 0.
LT  0.04™
2 | Pinocarvone i‘; S (6)3;:3 2406 987 2444 696
xd1t 0.
LT 11.80%*
3 | Sabinene g y ?-3;?;:; 554775 873306 195242 73210
xd1t 1.
LT 12.40%*
4 | Terpinolene Eth y g-‘(l)%f‘s 128554 218320 62198 19784
Xd1t 3.
LT  7.30%
5 | B-Pinene ith y ?gii 92968 150052 53391 35502
xd1t 1.
LT  5.40%
6 | y-Terpinene Eth y %-Baf‘s 16341 13366 4610 3508
xd1t 0.
LT 8.13%
7 | a-Terpineol E¥ 5129.9:)111* 10220° 80003*  11854° 18054°
xSit 9.




10

11

12

13

14

15

D-Germacrene

a-Copaene

0-Cubebene

o-Muurolene

Isovaleraldehyde

5-Methylheptan-3-one

Pentan-3-one

B-tujone

LT 0.11M

Sit  3.47N
LTxSit 4.22*
LT  0.62N8
Sit  11.05%
LTxSit 0.67NS
LT 8.21%*
Sit 19.35%*
LTxSit 1.02
LT 9.49%*
Sit 0.56N8
LTxSit 0.99NS
LT 6.10%*
Sit 0.52N8
LTxSit0.52Ns
LT 5.70%
Sit 021N
LTxSit 0.08NS
LT  7.73*%
Sit  2.44N8

LTxSit 1.20N°

LT 17.37+%

Sit 6.21%*

LTxSit 12.54%%

2554*

3517

4460201

14382

81876770

7776

321989

65370°

169°

601

1371705

15236

46391341

8204

649080

168599*

1102°

2385

2247264

7105

3426789

1578

114170

54660°

1218*

625

312465

1038

3466464

32901

171753

36692°
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LT 3.58NS
16 | (32)-3-Hexenyl acetate Sit 5.09NS 1253¢ 0P 99 122
LTxSit 5.46*
LT  23.77%*
17 | Dimethyl Sulfide Sit  5.34* 29866633 54386837 3926181 11857751
LTxSit 1.40N

#Statistic analysis: two-way ANOVA with 4-9 replications (LT: leaf type; Sit: sites; LTxSit: Leaf type x Sites interaction);
*0.05>P<0.01; **0.01>P<0.001; ***0.001>P; NS not significant.
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1.4. Discussion

1.4.1. The assessment of the morpho-physiological traits of rare Salvia ceratophylloides
Ard.

Salvia ceratophylloides Ard., endemic, rare, and critically endangered plant species,
currently growing on some sites recently found, while it is extinct in the known sites of
the last century (Crisafulli et al., 2010; Spampinato et al., 2011).

The knowledge of the morphological and ecophysiological traits are very important for
understanding the habitat requirements for the conservation of the endemic species
(Aleric et al., 2005) but also for providing their capacity to adapt to new environmental
conditions associated with climate change and consequently to the plant communities
distribution (Tkemaladze et al., 2016). The responses of these traits in Salvia
ceratophylloides are reported here for the first time. In particular, we focused on two
functional traits, the photosynthetic light-response curve and the leaf mass per area, which
are indicative of the habitat preferences and responsive to the environmental conditions
(Aleric et al., 2005; Poorter et al., 2009; de la Riva et al., 2016). The photosynthetic
response curves to the PAR photon flux and, in particular, the Isat (818-1588
umol(photon) m~ s7!) and Icomp values (8-26 umol(photon) m™ s7!) suggested that S.
ceratophylloides is well adapted to the sunny habitat. Indeed, the minimum and maximum
values of the Isat fell within the range defined by sclerophyll of sunny habitat and C4
plants (Figure S1.1) and, the Icomp values were included between spring geophytes and
heliophytes (Figure S1.1). The LMA values (44.1-55.4 g m>) of S. ceratophylloides are
comprised in the LMA range of the herbs (Poorter et al., 2009) and evergreen species (de
la Riva et al., 2016) (Figure S1.2) confirming that the LMA could be a trait related to the
functional plant groups (Poorter et al., 2009). Comparing the different Salvia species, the
LMA of S. ceratophylloides was similar to that of S. mellifera, S. hispanica and S.
officinalis (Knight et al., 2002; Castrillo et al., 2005; Goergen et al., 2019) but lower than
that of S. mohavensis and S. dorrii var. dorrii (Knight et al., 2002) and higher than that
of S. glutinosa and S. pratensis (Mommer et al., 2007; Paz-Dyderska et al., 2020) (Figure
S1.2). The different range of the LMA of S. ceratophylloides respect to that of some
Salvia species, were probably correlated with its functional response to the environmental
conditions, such as water and light availability (Poorter et al., 2009;de la Riva et al.,

2016). For example, the higher LMA value in S. mohavensis and S. dorrii var. dorrii was
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due to the adaptation to their native desert area (mountain ranges of the Mojave Desert of
southern California, south-western Nevada, and northern Baja California Norte, Mexico)
(Knight et al., 2002). Although the S. pratensis was strictly related to S. ceratophylloides
(belomg to the same sect. Plethiosphace: (Goergen et al., 2019) as distributed to the
similar area (native from Europe: (Govaerts et al., 2003), it showed lower LMA value
(Mommer et al., 2007) probably because of the different growing conditions of S.
pratensis (pot and growth chamber) in Mommer’s experiments. Finally, the LMA values
(57 g m2) of S. ceratophylloides fell in the range of sun species (Figure S1.2.) confirming
its preference to the open sunny habitat as for the most Salvia species (Castrillo et al.,

2005; Nikolova et al., 2017).

1.4.2. Do the within-plant patterns of the photosynthetic performance, morphological
traits and metabolic profiles occur?

Recently, the ‘continuous’ within-plant variation as an expression of intraspecific
phenotypic plasticity is strongly taken into account for its role in plant evolution and
ecology at individual, population, and community levels (Herrera, 2009; Herrera, 2017).
For example, the sub-individual variation in leaf morpho-physiological traits allows the
adaptation of each individual to optimize 1) its capturing structures to the heterogeneous
local environmental conditions such as light, temperature and CO; gradients within plant
canopy in trees (Osada et al., 2014) and in perennial herbs (Herrera et al., 2015) and ii)
its cost-expensive defenses against herbivory and pathogens (McKey,1974; Meldau et al.,
2012). Further, the knowledges of the leaf-level photosynthetic performances within the
plant allows to scale at canopy level (Medrano et al., 2015) and to understand the
competitive strategies for exploring the within-canopy heterogeneous light, and CO>
availability. In this respect, the ‘continuous’ within-plant variation of S. ceratophylloides
by comparing the morpho-physiological and metabolic traits of petiole and sessile leaves
were here evaluated, for the first time at our knowledge.

The P and S leaf types of S. ceratophylloides exhibited a clear ‘continuous’ within-plant
variability underlying that the metabolite profiling and physiological traits (10 out 10
parameters, considering the L'TxSit interaction also; Table 1.1, 1.2 and 1.3, Figure 1.2)
varied more than morphological features (4 out 7 parameters; Table 1.4). Why do S.

ceratophylloides plants choose to invest in the physiological and metabolic capacity more
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than size-related traits between S and P leaves? Since the phyllotaxy of S.
ceratophylloides plants 1is opposite decussate (low self-shaded), the different
photosynthetic machinery performances along the shoot axes could allow a well-
optimized light use at low cost respect to the cost-expensive changes of morphological
traits. This choice is supported by scientific evidence. For example, the plant
physiological plasticity is more related to an enhanced ability to colonize gaps and open
areas and, hence, exploiting the transient environmental resources at low cost by short-
term adjustments, briefly the plant acclimatization (Niinemets et al., 2004; Meier et al.,
2008; Marchiori et al., 2017; Puglielli et al., 2017). Conversely, the plant expensive
morphological plasticity is more functional for the plant adaptation at the long-term and
probably useful, for growing in forest understories (Niinemets et al., 2004; Meier et al.,
2008; Marchiori et al., 2017; Puglielli et al., 2017; Valladares et al., 2000). Furthermore,
the choice to invest in higher within-plant plasticity of the physiological traits than
morphological ones was also reported by Herrera et al. (2015), which observed that the
within-ramet variation in Helleborus foetidus L. was more due to the stomatal features
than leaf size- and area-related traits causing an increase of seed number produced by
each individual (Herrera, 2017).

Comparing the leaf types, the S pointed out a better photosynthetic performance by higher
net photosynthetic rate and maximum quantum yield, higher Isat (1578 vs 911
umol(photon) m™ s™') and higher stomatal conductance but they exhibited a lower leaf
area and capacity to fill the space as evidenced by FD, respect than the P ones. Hence, a
switch between the short-term low-expensive and the long-term high-expensive traits for
the resource acquisition and use (light, CO2) in S (uppermost) and P leaves (lowest)
respectively, was observed. Hence, the leaves placed at the top of the shoot of S.
ceratophylloides facing high light intensity, temperature, and vapor pressure deficit,
could use higher photon and CO- fluxes for increased their carbon gains by high Isat and
stomatal conductance. The spatial distribution of more efficient structures or functions
within plants to fit the micro-environmental heterogeneous conditions and to maximize
the photosynthesis and carbon gain is already known in different plant species (Schurr et
al., 2006). Further, the higher stomatal conductance, in turn, determined a higher
transpiration rate that limited the leaf overheating, as reported by Lin et al. (2017) in dry

areas species. The smaller size and shape of the sessile leaves (lower leaf area and fractal
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dimension), mainly determined by lower water content, was further insurance, beneficial
allied for avoiding leaf overheating by lower aerodynamic resistance (Lin et al., 2017;
Leuzinger et al., 2007) but also for reducing the water loss by smaller total leaf area.
The within-plant variation of S. ceratophylloides was also observed in the VOCs
composition and emission. Indeed, the S and P leaves were sharply separated by VOC-
based metabolic profiles (Figure 1.2) suggesting different intensity and composition
between two leaves. Further, the emission of 14 out of 39 identified VOCs was
statistically increased in S leaves respect than P ones (Table 1.5 and Table S1.1). The
VOCs with higher emission in sessile leaves included monoterpenes (p-Cymene,
Sabinene, Terpinolene, B-Pinene, y-Terpinene, and a-Terpineol), sesquiterpenes (D-
Germacrene, o-Cubebene, a-Muurolene) and green leaf volatiles ((3z)-3-Hexenyl
acetate) mostly involved in defenses against herbivory and pathogens (Pichersky et al.,
2018) and in responses to abiotic stress (Loreto et al., 2010). The within-plant variation
of VOCs emission in response to herbivory was already observed in wild and crop species
(Frost et al., 2007; Rodriguez-Saona et al., 2009) but no evidence at field level was
reported yet. Why do S. ceratophylloides plants defend the S more than P leaves by higher
VOCs emission? Probably, the upper, younger, sessile leaves are more protected in views
of its high performing photosynthetic machinery) and nutritive value (the high leaf dry
content, although not statistical support) as suggested by optimal defense hypothesis
(ODH) (McKey,1974; Meldau et al., 2012). Overall these results pointed out the within-
plant functional subdivision at morpho-physiological and metabolic levels of S.
ceratophylloides mimicking what has been already observed in the wide crown of trees
for heat tolerance (Slot et al., 2019), light acquisition and differential expression of
genetic polymorphisms in sun and shade leaves of trees (de Casas et al., 2011) and defense
responses to herbivory (Girén-Calva et al., 2014).

The within-plant variation of both morpho-physiological and metabolic traits was
affected by site suggesting that Salvia plants were adapted to local conditions. Indeed, the
morpho-physiological patterns of the S and P leaves changed between the two sites for
most traits (on 12 that showed the leaf type factor as statistically significant, nine traits
pointed out L'TxSit interaction). The S leaves pointed out a higher photosynthetic rate,
stomatal conductance, and transpiration rate associated with higher dark respiration and

Icomp than P ones in the Mo site only. These results could be due to phenotypic plasticity
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in response to local conditions (Alberto et al., 2013; Aitken et al., 2013) because
preliminary results demonstrated a low genetic variability of S. ceratophylloides
populations (Di Iorio et al., 2018). It was observed that the within-individual phenotypic
plasticity responded to the microhabitat environmental heterogeneity or fine-grained
(small-scale) environmental variations (Winn, 1996a; de Kroon et al., 2005; Osada et al.,
2014; Ponce-Bautista et al., 2017) rather than macro-geographical or coarse-grained
environmental variations (Herrera et al., 2015; Sobral et al., 2013; Bruschi et al., 2003).
In this respect, we can hypothesize that the S. ceratophylloides individuals in the Mo site,
showing a statistically significant within-plant leaf morpho-physiological variation, could
face with a higher microhabitat environmental heterogeneity, especially for light intensity
and/or temperature gradients (the most important abiotic stresses affecting the leaf
growth), than Pu site. Opedal et al. (2015) observed that the microhabitat environmental
heterogeneity increased with the topographically complex sites modifying the
intraspecific traits of 16 plant species. The Pu site is characterized by flatter, more open
terrains and higher altitude than Mo one, which conversely is placed at a lower altitude at
the base of the valley, closed and with rough terrains (Figure 1.1) determining, probably,
a short duration of light and steeply thermal and light gradients in the latter location.

Unlike the morpho-physiological traits, the within-plant variation of metabolic profiles
was lesser affected by the different sites. Indeed, the PCA pointed out that the metabolic
profiles of S and P leaves were separate at both sites and only 4 single VOCs out 13
exhibited a statistically significant LtxSit interaction. Considering that the VOCs
emission is more involved to the biotic stress (plant-plant, plant-herbivory, and plant-
pathogen interactions) (Holopainen et al., 2010), probably the Salvia plants in both sites
are faced to similar biotic environment heterogeneity or variability (predation,
competition, etc.) differently to the abiotic ones (light, temperature, etc.), determining
thus the maintaining of the same within-plant VOCs emission in S. ceratophylloides at

both sites.

1.5. Conclusions
The eco-physiological adaptation of S. ceratphylloides, a rare and endangered plant
species, to its habitat by functional traits was evaluated. The higher light saturation and

compensation point and leaf mass per area indicated a sunny habitat preference of S.
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ceratophylloides. These results suggested that for its in-situ conservation, lower
competition (low density and diversity) especially with woody species (trees and shrubs),
should be favored. However, the S. ceratophylloides habitat has been destroyed and
continuously fragmented due to anthropogenic disturbance and environmental
deterioration and, consequently, further and deepening study needs to identify the main
stressful factors that threaten its growth, development, and fitness. For the artificial
propagation, ex-situ conservation, we recommend growing the seedlings at least half
sunlight (1200 umol (photons) m2 s™).

Further, for the first time, the “continuous within-plant variation” of the morpho-
physiological traits and metabolic profiles of endangered and rare plant species was
assessed in the field. The results indicated that the physiologic and metabolic traits
explained most of this within-plant plasticity which was also affected by the location.
Indeed, the sessile and petiolate leaves of S. ceratophylloides showed different
photosynthetic performances and metabolic profiles but the sub-individual variation of
the photosynthetic-related parameters, differently to the volatilome, was exhibited in one
site only. These within-plant patterns, probably related to the micro-environmental
heterogeneity, could optimize the growth and defenses machinery for the fitness’s
improvement to specific habitats. Overall, the magnitude of the within-plant variation
should be taken into consideration when designing sampling schemes for the ecological

studies of S. ceratophylloides.
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maximum value (| )] are derived from Larcher (2003). The dotted lines are drawn for a better comparison
with the minimum and maximum value of Salvia ceratophylloides.
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Table S1.1 — Two-way ANOVA results and chemical characterization of volatile organic compounds in fresh sessile and petiolate leaves of Salvia
ceratophylloides harvested in two different sites (Mosorrofa, Mo; Puzzi, Pu). Values represent peak areas.

Sessile Petiolate
Compound Chemical classes “Statistics Pu Mo Pu Mo
LT 0.75N8 468 141 130 184
: S
Camphene Slt . 064N
LTxSit 1.25N8
LT 2.78NS 1776 368 606 34
Sit 4.82N8
Camphor LTxSit 0.86N
LT 5.30N8 77187 72261 53128 19515
Sit 1.33Ns
Limonene LTxSit 0.74Ns
LT 7.78% 195813 82392 108569 19607
Sit 14.16%*
Monoterpene
p-Cymene P LTxSit 0.21N8
LT 0.04N8 2406 987 2444 696
P; Sit 6.57*
mocarvone .
LTxSit 0.07N8
LT 11.80%* 554775 873306 195242 73210
Sabi Sit 0.34N8
abmene LTxSit 1.70N
LT 12.40%* 128554 218320 62198 19784
Sit 0.40Ns
Terpinolene LTxSit 3.09NS
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trans-Sabinene
hydrate

trans-a-Ocimene

o-Pinene

a-Terpinene

a-Thujene

B-Myrcene

B-Ocimene

B-Phelladrene

LT
Sit
LTxSit

LT
Sit
LTxSit

LT
Sit
LTxSit

LT
Sit
LTxSit

LT
Sit
LTxSit

LT
Sit
LTxSit

LT
Sit
LTxSit

LT
Sit
LTxSit

0.00N8
0.28N8
3.73N8

0.56N8
3.02N8
0.04N8

1.04N8
0.68NS
0.60NS

0.01N8
5.21N8
6.02N8

3.83N8
4.44N8
3.74N8

2.54N8
0.15N8
0.01N8

0.54N8
3.61N8
0.38N8

0.80NS
3.86N
0.60NS

3086 4773
4784232 2005449
548 104
1116 1202
1186 114
10189 8949
3309 978
1327 167

5342

3790259

50

2418

153

4114

2059

620

2381

292998

36

22

108

2208

868

117
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LT 7.30% 92968 150052 53391 35502
Sit 0.47N8
p-Pinene LTxSit 1.73Ns
LT 5.40% 16341 13366 4610 3508
. Sit 0.19N8
v-Terpinene LTxSit 0.04%
LT 1.40N8 882 51 7 60
. NS
cis-Pinen-3-ol ISJI"lt"xSit }.AILENS
LT 0.42N8 124492 278959 194614 53771
Sit 0.00Ns
Eucalyptol LTxSit 1.5288
monoterpene
alcohol LT 1.48Ns 7041 156368 7160 46949
Isob | Sit 4 42N
soborneo LTxSit 1.48N
LT 8.13* 10220° 800032 11854° 18054°
. Sit 12.97%*
o-Terpineol LTxSit 9.04*
LT 0.11N8 25542 169° 11022 12182
Sit 3.47NS
D-Germacrene LTxSit 4.22%
LT 0.62N 432352 193112 331152 89722
Sit 3.43N8
a-Caryophyllene Sesquiterpene LTxSit 0.00N
LT 0.62N8 3517 601 2385 625
Sit 11.05*

a-Copaene

LTxSit 0.67NS

56



LT 8.21% 4460201 1371705 2247264 312465
Sit  19.35%*
o-Cubebene LTxSit 1.02
LT 9.49% 14382 15236 7105 1038
Sit 0.56N
o-Muurolene LTxSit 0.99NS
LT 1.56N 30708 18290 19500 12669
Sit 2.04N8
p-Caryophyllene LTxSit 0.17"
LT 2.46N 1001 100 126 74
c Sit 2.74N8
B-Copaene LTxSit 2.19N
LT 0.06N 2721741 7008 2159260 8617
Sit 4.29NS
(z)-Hex-3-en-1-o0l LTxSit 0.06NS
Alcohol
LT 0.05N8 22710 12017 23730 7653
1-Octen-3-ol Sit 3.20%
LTxSit 0.13N8
LT 0.89NS 900 94 153 88
Sit 1.20N
2-Propenal LTxSit 0.87N
LT 6.10% 81876770 46391341 3426789 3466464
Sit 0.52N8
Isovaleraldehyde aldehyde LTxSit 0.52N8
LT 2.94N8 10441 7566 6602 5171
Sit 1.40N
Octenal LTxSit 0.16M
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LT 5.19N8 32740199 30174050 3454460 4492251
Sit 0.00NS
a-Methyl-n-Butanal LTxSit 0.02N
LT 5.70% 7776 8204 1578 3291
Sit 0.21N8
5-Methylheptan-3-one LTxSit 0.08NS
LT 7.73% 321989 649080 114170 171753
Keton Sit 244
Pentan-3-one LTxSit 1.208
LT 17.37%* 65370° 168599* 54660° 36692°
-tujone it .
B-tuj Si 6.21%
LTxSit 12.54**
LT 3.58NS 1253 0P 992 122%®
(3z)-3-Hexenyl acetate Aliphatic esters Sit 5.09NS
LTxSit 5.46*
LT 23.77%* 29866633 54386837 3926181 11857751
ether Sit 5.34%

Dimethyl Sulfide

LTxSit 1.40N8

#Statistic analysis: two-way ANOVA with 4-9 replications (LT: leaf type; Sit: sites; LTxSit: Leaf type x Sites interaction); *0.05>P<0.01; **0.01>P<0.001; ***0.001>P; NS not
significant. Different lower-case letters indicated significant differences at p<0.05 among the average along the rows (Tukey’s test) and they were only reported when the LTxSit
interaction was significant. The bold identify the statistically significant factors and/or their interaction.
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Chapter 2: Abiotic and biotic combined stress in tomato:
additive, synergic and antagonistic effects and within-plant

phenotypic plasticity.

Keywords: within-plant phenotypic plasticity; combined stresses; synergic effects;

metabolome; VOC

2.1. Introduction

Owing to sessile nature, plants are continually exposed to abiotic (mainly drought, heat
and salinity) and biotic stresses (pathogens and herbivory) whose intensity and frequency
are expected to be increased by climate change. The effects of these stresses and how the
plants respond to these stressful factors taken individually, have been extensively studied
at both the morpho-physiological and molecular scale (Heil and Bostock, 2002; He et al.,
2018) and plant community level (Maron and Crone, 2006; Mordecai, 2011). However,
under field condition, these various biotic and abiotic factors are constantly changing
during the plant life cycle and, above all, co-occur in nature (Pandey et al., 2017). Hence,
the plants have to make decisions about fine-tuning their responses to allocate resources
efficiently for responding to the more serious and different threats at any given point in
time. Different studies have uncovered that plants evoke a “unique response” to the
abiotic and biotic combined stresses compared to the single stress (see the reviews
Mittler, 2006; Atkinson & Urwin, 2012; Suzuki et al., 2014; Pandey et al., 2015, 2017)
revealing that the plant responses to combined stress pointed out “a new stress state” with
mostly non-additive effects (i.e., synergistic and antagonistic). For example, the insect
herbivory antagonized the heat responses in tomato (Havko et al., 2020), the emission of
specific VOCs was synergized by the combination of aphid and drought stress in tomato
plants (Catola et al., 2018) as well in the larvae of green alder sawfly (Monsoma
pulveratum) and Alnus glutinosa interaction (Copolovici et al., 2014), some
morphological traits of Pinus sylvestris were synergized while others antagonized in
drought and simulate herbivory combination (Bansal et al., 2013). In addition to the “new
stress state”, the plant responses to the stress are strictly dependent on the plant traits,

genotypes, species, and type, intensity, frequency and duration of the stress suggesting
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that more investigation are needed for a better understanding of the abiotic and pest
herbivore interaction, the stress combination lesser studied.

The plant responses to the individual abiotic and biotic stress have been showed to
observe a modulation (induced and constitutive) with a strong spatio-temporal component
(local and systemic, transient and permanent) that determined a high “within-plant
variation”. For example, the spatial scale of herbivore- induced changes can range from
localized at the site of attack (Mason et al. 2017) to systemic throughout the entire plant
or tissue type (Orians, 2005; Park et al., 2007; Pieterse et al., 2014) as well the light and
heat gradients determined different responses within the tree canopy (Slot and Krause,
2019; de Casas and Vargas, 2011) or the nutrient deficiency caused different morpho-
physiological responses among the root types (Rubio et al., 2004; Sorgona et al., 2007).
The temporal scale of the plant responses can also vary: rapid or long term, ontogenic-
modulated (Boege and Marquis, 2005) and in some cases even trans- generational
responses are evoked for the herbivory (Agrawal et al., 1999; Holeski, 2007) as well the
abiotic stress (Kollist et al., 2019). The multiple ecological role of the ‘within-plant’
variation was recently pointed out in the adaptation to individual biotic and biotic
gradients (Hidalgo et al., 2016) and the alteration of plant-antagonist interactions (Sobral
and Guitian, 2014; Shimada and Takahashi, 2015; Wetzel and Kharouba, 2016; Wetzel
and Meek, 2019) so much so that it was proposed as “functional trait itself” whose
influences on ecosystem functioning still neglected (Herrera et al., 2015). In spite of this
important role, the within-plant variation in response to the combined stress has been still
no investigated at our knowledge.

Since 2006, the tomato production of the Mediterranean region is under attack by a newly
introduced insect, Tuta absoluta (Desneux et al., 2010, 2011) whose larvae feed on leaves,
stems and fruits causing severe damage to the tomato with decreases in production both
in the field and greenhouse (Desneux et al., 2011). Studies revealed that the low nitrogen
levels and drought stress inputs to tomato negatively affected the biological traits of the
T. absoluta (Han et al., 2014; Larbat et al., 2016) but arised that the N deficiency and
drought could be also unfavorable to the tomato plants suggesting to evaluate the trade-
off between negative impact on Tuta pests and plant growth. In this respect, experiments
were set up to study the spatial and temporal expressions of the morpho- physiological

and metabolic responses of the tomato plants to the single and/or combined abiotic
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(drought+N deficiency) and biotic stress. In particular, the present study investigates the
following questions: 1) Are the morpho-physiological responses to individual stresses
different from the combined ones in tomato plants? 2) Are additive, synergistic or
antagonistic effects in the combined stress? 3) Do the tomato responses to the single and

combined stress occurred at between- or within-plant levels?

2.2. MATERIAL AND METHODS

2.2.1. Experimental procedure and Plant material

This study was constituted by two experimental sets addressing different but
consequently related questions.

The first experiment, i.e. the ‘synergic, antagonistic and additive effects’, aimed to
determine the tomato response to the single and combined stress and their temporal
evolution and whether the responses to the combined stress were the results of the
additive, synergistic or antagonistic effects of the single stress. For this purpose, the
effects of the abiotic (drought and N deficiency) (ABIO), biotic (herbivores) (BIO) and
combined stress (abiotic plus biotic stress) (COMB) and the time of exposure (0, 1, 3 and
8 days) on the morphological (leaf fresh and dry weight and water content), physiological
(photosynthesis, stomatal conductance, transpiration rate and WUE;) and metabolic
(VOC) plant traits were evaluated. The leaf fresh and dry weight are traits directly related
to the plant status, while the leaf water content was strictly correlated with the plant
drought tolerance (Ahmed et al., 2012) but also with the plant palatability (Schidler et
al., 2003). The gas exchange traits (photosynthesis, stomatal conductance, transpiration
and water use efficiency) are involved in the plant responses to drought and N deficiency
(Flexas et al., 2018; Schwarz et al., 2002) and the photosynthesis is “...a plant-driven
response to the perception of stress rather than a secondary physiological response to
tissue damage...” highlighting a strict interactions between photosynthesis, ROS and
hormonal signaling pathways for the plant response to insect herbivory (Kerchev et al.,
2012). Finally, the VOCs, as direct and indirect defense, are emitted by plants subject to
both abiotic and biotic stress (Holopainen and Gershenzon, 2010).

Tomato plants (Solanum lycopersicum L., cultivar nano S. Marzano) (provided by
BAVICCHI S.p.a., ITALY) were exposed to the abiotic stress (nitrogen limitation and

drought stress simulated by the use of PEG), biotic stress (two first instar larvae placed
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in a leaf), or their combination and were considered as ‘stress condition’. The control
group (CTR) was maintained at optimal N concentration and no drought and herbivory
and it was considered as the ‘optimal condition’. For the morpho-physiological analysis,
we used a randomized block design in which the entire experiment yielded a total of 4
(treatments) x 4 (time of exposure) x 2 (block) x 2 (replications) = 64 samples. The block
was introduced because we used two experiments at two different times. A completely
randomized design was used for the VOC profiling, in which the entire experiment was
constituted by 4 (treatments) x 4 (time of exposure) x 3 (replicates) x 3 (measurements)
= 144 samples. The replicates for the VOC were obtained in three different experiments.
The second experiment, i.e. “within-plant phenotypic plasticity”, aimed to evaluate the
within-plant variation of the tomato morpho-physiological and metabolic traits and how
this within-plant phenotypic plasticity changed with each environmental conditions
(optimal, abiotic, biotic and combined stress). For this aim, the environmental effects on
tomato traits were evaluated on three mature leaves located at three different positions
along the shoot axes for each treatment. For each treatment, we used a completely
randomized design in which the entire experiments yielded a total of 3 (leaves) x 1 (time
of exposure) x 3 (replicates) = 9 samples. For the gas exchanges traits only, we took two
measurements for each leaf, hence the experiments provided 3 (leaves ) x 1 (time of
exposure) x 2 (measurements) X 4 replicates = 24 samples.

The Figure 2.1 reported the experimental protocol schedule of both experiments including

the plant growth, treatments and analysis.
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Abiotic Stress Plants
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Figure 2.1 — Protocol schedule including tomato growth and treatments (S: plant seeding; T1: Plant transfer
to hydroponic system; T2: abiotic treatment start; T3: Tuta absoluta larvae infestation) and plant sampling
events (H1-H4: samplings and analysis). Analysis: morphological analysis (leaf fresh and dry weight, leaf
water content), physiological (photosynthetic rate, stomatal conductance, transpiration rate and WUEi) and
VOC profiling. The tomato responses were evaluated at temporal and spatial scales.

2.2.2. Growth condition

Tomato seeds were surface sterilized for 15 min in 10% (v/v) sodium hypochloride, rinsed
with tap water and then were germinated in a Petri dish (diameter 90 mm) on filter paper
with 0.1 mM CaSOs. After 7 d of germination (7 DAS), six seedlings of uniform size
were transferred to eight hydroponic unit containing 4.5 L of the following aerated
nutrient solution at 50% strength and adjusted to pH 6.0 with 0.1 M potassium hydroxide:
5SmM KNOs3, 1 mM NH4NOs3, 1.44 mM MgSOq, 3.99 mM Ca(NOs)2, 0.97 mM KH2POs,
1 mM K>SOq, 25 uM H3BOs3, 50 pM KCl, 2 uM MnSOs, 4 pM ZnSO4*7H20, 0.5 uM
CuS04*5H,0, 0.5 uM (NH4)Mo07024*4 H20, 20 uM EDTA iron(IIl) sodium salt.
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Picture 2.1 - Hydroponic unit. Each color indicates a different treatment.

This nutrient solution (Nutritional recommendation for tomato” downloaded from Haifa
website: http://www.haifa-group.com/files/Guides/tomato/Tomato.pdf) was adopted
after preliminary experiments that compared different nutrient solutions on tomato

growth and SPAD unit.
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Picture 2.2 — Plant growth differences between treatments (black is CTR, red is ABIO, yellow is BIO, red
and yellow is COMB).

The hydroponic units were placed in a growth chamber at 24°C; 14 h photoperiod; photon
flux rate of 300 mmol m? s!; 70% RH.

After 7 days (14 DAS), the nutrient solution was brought to 100% strength and the plants
of each pot were reduced at four for the morpho-physiological analysis while they were
left to six for the VOC and metabolomics analysis. The nutrient solution was renewed

every 2 days.
2.2.3. Insect Rearing

The tomato leafminer Tuta absoluta (Lepidoptera: Gelechiidae) colony was maintained

in climatic chambers (25°C, RH 70%, 16h light). It was kept in cages (Bugdorm® -
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60x60x60 cm) and containing tomato plants. Sugar and water were provided ad libitum

to adults in rearing cages.

2.2.4. Abiotic stress and Herbivory treatment

At 28 DAS, six hydroponic units continued to receive the same nutrient solution as
described in growth condition while in two hydroponic units were added 5% (w/v)
Polyethylene glycol 8000 (Sigma PEG8000) and 1 mM nitrogen for simulating the
drought stress and nitrogen deficiency, respectively (ABIO group). The final PEG
concentration was gradually achieved by the addition of 2.5% (w/v) PEG8000 every two
days. The osmotic potential of the solutions, measured by a osmometer (Freezing point
osmometer, Osmomat 3000, Gonotec), was -0.55 MPa for 5% PEG and -0.05 MPa for
the control solution (0% PEG). To obtain 1 mM N for the nitrogen deficiency, the
NH4NO3 was not added and the KNO3 and Ca(INO3)2 were reduced to 1 mM and 0.5 mM,
respectively. In order to balance K and Ca, the K2SO4 was increased to 3 mM and the 3.5
mM CaSOq4 was added.

At 42 DAS, the six remaining hydroponic units were treated as following:

1) two hydroponic units were renewed the optimal nutrient solution (CTR group);

2) two hydroponic units were renewed the nutrient solution with N deficiency and PEG
(ABIO group);

2) two hydroponic units received the optimal nutrient solution but the plants were infested
with Tuta larvae to induce the biotic stress (BIO group);

3) two hydroponic units maintained the same nutrient solution with N deficiency and PEG
and In addition the plants were infested by Tuta larvae (COMB group).

Preliminary experiments were conducted to individuate the PEG8000 and N
concentrations used for simulating the drought stress and nitrogen deficiency for the
entire experiment without plant death. The plant infestation was obtained by placing two
first instar larvae of Tufa in the 1% fully-developed leaf (with 5 leaflets) from the bottom
and to avoid larvae escaping, each infested leaf was then bagged with a nylon mesh of

4.7 cm diameter (Picture 2.3).
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Picture 2.3 - Larva bag with a nylon mesh.

We added herbivorous insects to plants (Picture 2.4) after 7 days of abiotic stress
treatment in order to simulate the effects of a pest outbreak which are predicted to become

more frequent with climate change (IPCC 2018).
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Picture 2.4 - Trap for Tuta absoluta’s larva.

2.2.5. First experimental set: synergic, antagonistic and additive effects.

2.2.5.1. Measurements and samplings

At 0 (42 DAS), 1 (43 DAS), 3 (45 DAS), and 8 days from the treatments (50 DAS), the
measurements/samplings were realized in order to simulate the short-, middle- and long-
time responses, respectively. The measurements for the gas exchange traits were carried
out on terminal leaflet of 1% fully-developed leaf (in presence of larvae, we used lateral
leaflets) while the whole plants was used for the morphological analysis. Three

consecutively leaves for each treatments and time of exposure were sampled for the VOC.

2.2.5.2. Gas exchange measurements

A calibrated portable photosynthesis system (LI-6400; LI-COR, Inc.; Lincoln, NE) was
used to measure net CO2 assimilation rate (A, pmol (CO2) m~2 s7!), stomatal conductance
(gs, mol H,O m™ s!), and transpiration rate (T, mmol H,O m™ s™). These gas exchange
parameters were measured at 500 cm® min~' flow rate, 26 °C leaf temperature, CO>

concentration 400 umol(CO2) mol(air)™! (controlled by CO» cylinder), and 1200 pmol
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m2s™! of photosynthetically active radiation supplied by the LED light source in the leaf
chamber. Each measurement was made with a minimum and maximum wait time of 120
and 200 s, respectively, and matching the infrared gas analyzers for 50 umol (CO»)
mol(air)™! difference in the CO, concentration between the sample and the reference
before every change of plants. The leaf to-air vapor pressure difference (VPD) was set to
1.5 kPa, and continuously monitored around the leaf during measurements and
maintained at a constant level by manipulating the humidity of incoming air as needed.
All measurements were performed in growth chamber.

Finally, the water use efficiency intrinsic (WUE;) was calculated as the rate of
photosynthesis (A) divided by the rate of stomatal conductance to water (gs) (Seibt et al.,
2008).

2.2.5.3. Morphological measurements

All the leaves of the plants were harvested, immediately weighted to obtain the leaf fresh
weight (LFW, g) and placed in an oven at 70°C for 2 days to determine the leaf dry weight
(LDW, g).

By the above measurements, the leaf water content (LFW, %) was calculated as the

following as reported in Jin et al. (2017):

Leaf Water content (%)=(LFW-LDW)/LEW=*100 (1)

2.2.5.4. VOC analysis

Volatile organic compounds (VOCs) from three leaves per treatments and time of
exposure were profiled by HS/SPME method. One leaf was sealed in a 20 ml hermetic
vial with butyl lid and allowed to incubate for 20 minutes at room temperature. The fiber
(50/30 um DVB/CAR/PDMS) (Supelco®, Bellefonte, PA, USA) was conditioned
according to the supplier’s instructions prior to its use and then was inserted into the
headspace of the vial containing the sample for 20 minutes for the adsorption of a suitable
and representative number of volatiles. The volatiles were desorbed by placing the fiber
for 6 min into the injection port of the GC-MS system. All the SPME sampling and
desorption conditions were identical for all the samples. Blanks were performed before

first SPME extraction and randomly repeated during each series.
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GC-MS analyses were performed with a Thermo Fisher TRACE 1300 gas chromatograph
equipped with a DB-5 capillary column (30 m x 0.25 mm; coating thickness =0.25 pm,
with 10 m of pre-column) and a Thermo Fisher ISQ LT ion trap mass detector (emission
current: 10 microamps; count threshold: 1 count; multiplier offset: O volts; scan time:
1.00 second; prescan ionization time: 100 microseconds; scan mass range: 30-300 m/z;
ionization mode: EI).

GC-MS data were obtained under the following analytical conditions: carrier gas Helium
(He 99.99%); flow rate 1 ml/min; spiltless. The initial oven temperature was 60°C for 3
min, after which it was raised to 240°C at 6 °C/min, where it was held for 3 min. The
injection port, transfer line, and source temperatures were 250°C, 250°C, and 260°C,
respectively.

Qualitative identification was performed using GC-MS reference libraries (NIST x.0).
Linear retention indices (LRI) were determined from the retention times of a series of n-
alkane mixture (Cg-Czo, Sigma Aldrich, Milan, Italy) analysed under identical conditions
(Van den Dool & Kratz, 1963). Percentage of the studied compounds were calculated
from the peak areas in the total ion chromatograms. The relative abundance of volatile
compounds was relative to the total amount or released volatiles, after subtracting

eventual contaminants.

2.2.5.6. Statistical analysis

Morpho-physiological data

By SPSS Inc., V. 10.0, 2002 (SPSS Inc., Evanston, IL, USA), all the morpho-
physiological parameters were analyzed by ANOVA with the Treatment (Tr) (CTR,
ABIO, BIO and COMB), Time of exposure (Ti) and Block (Bl) as main factors and the
TrxTi as interaction. Then, Tukey’s test was used to compare the means of all the
parameters of each Tr and Ti. All data were tested for normality (Kolmogorov—Smirnoff
test) and homogeneity of variance (Levene median test) and, where required, the data

were transformed.
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VOCs data

The VOC dataset was elaborate using R statistical software 3.5 (R Core Team 2013).
Differences among treatments, time of exposure and TrxTi interaction were inferred
through PERMANOVA multivariate analysis (999 permutations) using the package
vegan. Pairwise comparisons were calculated using a custom script and correcting P
values using the False Discovery Rate (FDR) method.

In order to identify VOC key predictors that could constitute a molecular signature
identification among the treatments within each time of exposure, we used a preliminary
unsupervised (Principal Component Analysis, PCA) and then supervised analysis (Sparse
Projection to Latent Structure-Discriminant Analysis, sPLS-DA) using the package
mixOmics (Rohart et al., 2017). Statistical algorithms are detailed in Rohart et al. (2017)
and they account for multiple comparisons inherent in biomarker datasets, where multiple
classification features are considered for a relatively small number of specimens (p >> n).
In particular, the sPLS-DA procedure constructs artificial latent components of the
predicted dataset [VOCs Table denoted X(N x P)] and the response variable (denoted Y
with categorical information of samples, e.g. CTR, ABIO, BIO and COMB). To predict
the number of latent components (associated loading vectors) and the number of
discriminants, for sPLS-DA, we used the perf.plsda() and tune.splsda() functions,
respectively. We fine-tuned the model using 5-fold cross-validation repeated 10 times to
estimate the classification error rates employing two metrics, overall error rates and
balanced error rates (BER), between the predicted latent variables with the centroid of the
class labels (categories considered in this study) and specifying the max.dist (which gave

the minimal classification rate in this study).

Calculation of additive, synergistic or antagonistic effects in combined stress

To determine if abiotic stress and herbivory treatments exerted additive, synergistic or
antagonistic impacts on tomato traits, we used the Bansal et al. method (2013) and,
specifically, we compared the observed effects (Ob) to expected additive effects (Ex) for
the plants exposed to the abiotic stress and herbivory combination (COMB) at 3 and 8

days of treatments, only. The Ob effect sizes were calculated as the absolute value of:

Ob = (ob- XcTR)/XCTR ()
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where ob is the measured trait value for each plants and treatment and Xctr is the mean

trait value for the CTR plants.

The Ex additive effect sizes for the treatment COMB were define in two steps by first
determining and then summing the independent effects (In) of each treatment. The In

effect sizes were calculated as the absolute value of:

Ind = (istress‘ XCTR)/ XCTR (3)

where Xsess 1S the mean trait values from a single stress, and Xctr is the mean trait value
for the CTR plants. Then, the Ex additive effect size for the COMB treatment were
calculated using a multiplicative risk model as suggested by Darling et al. (2010), that is
the sum of two In effects minus their product. Finally, the Ex additive values for COMB
plants were compared to the actual Ob additive effects. In particular, we calculated a mean
difference (£ 95% confidence interval) between the effect sizes of Ob and Ex was for
COMB plants. When Ob-Ex > 0 and the lower 95% confidence limit was greater than
zero, then the impact from the combination of both stressor was classified as synergistic.
Antagonistic effects were defined when the Ob-Ex < 0 and the upper 95% confidence
limit was less than zero. Finally, we classified additive effects when the 95% confidence

interval crossed the zero line.

2.2.6. Second experiment: within-plant phenotypic plasticity

2.2.6.1. Measurements and samplings

The measurements and samplings were carried out at 8 days from the treatments (50
DAS) in the leaves located at three different positions (basal (B), intermediate (I) and
apical leaf (A) placed at first, second and third node, respectively) along the shoot axes.
Because the apical leaf, but not the intermediate, is linked to the basal one by vasculature
connection (preliminary experiments using phloem dying as reported in Orians et al.,
2000), we also considered the basal, intermediate and apical leaves as the local (L), no-
orthostichous (nO) and orthostichous leaf (O), respectively. The basal or local leaf was

used for placing the first instar larvae
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Measurements for the gas exchange traits were carried out on two opposite leaflets of the
basal/local (B/L), intermediate/noOrthostic (I/noO) and apical/orthostic leaf (A/O) placed
at first, second and third node, respectively, and the same leaves were subsequently

collected for the morphological analysis.

2.2.6.2. Morpho-physiological Analysis

All the morpho-physiological analysis were carried out as in the first experiment.

2.2.6.3. Statistics

Within-plant variance of the morpho-physiological traits

The within-plant variance of the morpho-physiological traits was evaluated as in Zywiec
et al. (2012).

In order to estimate the partitioning of total variation of the morpho-physiological traits
among- and within-treatments, we conducted Linear Mixed Models with treatments and
plant nested within-treatments as random effects using the whole-plant data. The variance
partitions among- and within-treatments and tests on the statistical significance of
variance components were conducted using restricted maximum likelihood (REML).

In order to verify the effects of each treatments on morpho-physiological traits of different
leaves within the plants, we analyzed the within-plant variation by applying a hierarchical
partition to divide total variance into two levels of variation: among plants and among the
leaves in the same plants (leaf nested within plant). All levels were considered as random
effects, as required for variance partitioning. Analyses were conducted with the mixed
procedure of SPSS. The replicate obtained for each leaflets sample allowed us to estimate
measurement error and thus assess the variance component and statistical significance

(Wald Z and p values) of this component between- and within-individual plants.

2.2.6.4. Morpho-physiological data

By SPSS Inc., V. 10.0, 2002 (SPSS Inc., Evanston, IL, USA), all the morpho-
physiological parameters were analyzed by one way ANOVA with Tukey’s test as post-
hoc test (p<0.05).
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2.3. RESULTS AND DISCUSSION

2.3.1. Are the morpho-physiological responses to individual stresses different from the
combined ones in tomato plants? Are additive, synergistic or antagonistic effects in the
combined stress?

The morpho-physiological results clearly indicated an opposite pattern of the tomato plant
responses to the single stresses with the ABIO treatments showing more negative impact
than the BIO one respect to the CTR plants (Figures 2.2 and 2.3). In particular, the leaf
fresh and dry weight, leaf water content, photosynthetic rate and WUE were significantly
reduced in ABIO plants respect to the control while no significant differences were
observed in presence of herbivory except than leaf water content and WUE, only (Figures
2.2. and 2.3.; Tables 2.1. and 2.2.). It is known that the drought stress alone (English-
Loeb et al., 1997; Patane, 2011; Liang et al., 2020) and together with N deficiency (Garcia
et al., 1996, 2000, 2007) reduced the photosynthesis rate, the stomatal conductance and
leaf water content with negatively consequence to the leaf growth of tomato plants
through very clear molecular mechanisms (Tamburino et al., 2017; Gong et al., 2010).
The BIO treatment did not produce modification of the morpho-physiologic traits in
comparison to the control (Figures 2.2 and 2.3) and this no response to the herbivory falls
in the highly variable effects observed in different plant-insect combination. For example,
the leaf dry to fresh mass ratio was not changed by Monsoma pulveratum feeding on
Alnus glutinosa (Copolovici et al. 2014) but a weakly negative effects in the soybean-
natural herbivory interactions was observed (Grinnan et al., 2013). Further, the high
variability in the plant response to the herbivory was observed for the photosynthesis that
was sharply reduced (Zangerl et al. 2002), increased (Thomson et al. 2003) or not
modified (Aldea et al. 2005; Copolovici et al., 2014). Probably, in this study, the Tuta
absoluta could have caused ‘indirect effects’ in leaf tomato such as increase of the
photosynthesis and water losses by transpiration rate with reduced WUE and leaf water
content as also observed in soybean-japanese beetles and -corn earworm caterpillars
interactions (Aldea et al., 2005). However, in a specific study of the Tuta-tomato
interactions, the reduction leaflet growth was pointed out (Coqueret et al., 2017)
Although the plant responses to the drought, N deficiency and herbivory as individual
stress are well understood, no information on their impact in the tomato plants as

combined stress are detected. The combination of the abiotic stress (N deficiency and
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drought) with herbivory by Tuta determined the highest reduction of the tomato morpho-
physiological traits respect to the control plants (Figures 2.2 and 2.3; Tables 2.1 and 2.2).
This overstate effect of the combined stress could be due to the interactive responses
determined by cross-talk hormonal signal and regulation of defence-related genes.
Indeed, in the interaction between Solanum dulcamara and the herbivory by specialist
Leptinotarsa decemlineata, the antagonism of the specific herbivory-induced salycilic
acid on the jasmonic acid (JA) prevailed on the synergism of the specific drought-induced
ABA with consequent reduction of the defence responses observed at transcriptional
levels (increase in the cell wall components and secondary metabolism) (Nguyen et al.,
2018). Moreover, the tomato plants subjected to both drought and herbivory by
Spodoptera exigua stresses pointed out an adaptive response with an increase of the genes
related to the photosynthetic machinery and chlorophyll biosynthesis and, consequently,
reduction of the secondary metabolite production (Nguyen et al., 2018).

The temporal evolution of the plant responses to the environmental stresses results
fundamental for the success of the plant adaptation although is an aspect less studied in
the scientific literature. In the present work, differently to the single stress, the COMB
treatment reduced the leaf fresh and dry weight at 3 days from the stress treatments, while
the leaf water content and the physiological traits such as the photosynthetic rate, stomatal
conductance and WUE respond faster by a reduction already at 1 day of treatment
(Figures 2.2 and 2.3; Tables 2.1 and 2.2). Probably, the combined stress in tomato plants
rapidly activated the stomatal closure to reduce the water losses caused by drought
component with consequently reduction of the photosynthetic process which diminished
the defence-related metabolites and all this subsequently translates into a lower leaf
growth. However, this morpho-physiological pattern could be the final result of the
signaling and molecular network which is instead activated in a very rapid responses
(within second and minute) as observed in different abiotic- and biotic-stressed plants
(Kollist et al., 2019).

To observe also that drought, N deficiency and herbivory by Tura negatively affected
more the physiological traits than morphological ones (Figures 2.2 and 2.3; Tables 2.1
and 2.2). The plant physiological plasticity is more related to an enhanced ability to
exploit the transient environmental resources, such as water and nutrient patches, or to

produce the defence responses (secondary metabolites) to the herbivory attack at low cost
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by short-term adjustments (Mou et al., 2013; Marchiori et al. 2017; Puglielli et al. 2017;

Wagner and Mitchell-Olds, 2018). Conversely, the plant morphological plasticity is more

expensive and functional for the plant adaptation at the long-term (Mou et al., 2013;

Wagner and Mitchell-Olds, 2018).
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Figure 2.2— Morphological traits. Leaf fresh (g), dry (g) and water content (%) of tomato plants treated
with different stress (ABIO, BIO, COMB) or not treated (CTR) for different time of exposure (0, 1, 3 and
8 days). The data and error bars indicated the mean and the error standard, respectively (N=4).
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Figure 2.3 — Gas exchange parameters. Photosynthetic rate (umol CO, cm™ s™!), Stomatal conductance
(mol H,0 ¢cm™ s!), Transpiration rate (mmol H,O cm™ s7') and WUEi (umol CO, mol! H20) of tomato
plants treated with different stress (ABIO, BIO, COMB) or not treated (CTR) for different time of exposure
(0, 1, 3 and 8 days). The data and error bars indicated the mean and the error standard, respectively (N=4).

Table 2.1 - Results of two-way ANOVA [Treatment (Tr), Time (Ti), Block (Bl) TrxTi interaction (TrxTi)].
Statistics: F- and p-values. Within each root traits and time of exposure, the different letters indicated
statistical differences among the means of the treatments (p<0.05, test of Tukey).

Time (Ti)
Parameters Statistics Treatments (Tr) t0 t1 t3 t8
Leaf fresh weight Tr 10.92"* ABIO a a b b
Ti 1.40N8 BIO a a a a
BI 6.08" COMB a a b b
TrxTi 1.06NS CTR a a a a
Leaf dry weight Tr 8.87° ABIO a a b b
Ti2.91% BIO a a a a
BI17.17" COMB a a b b
TrxTi 1.26NS CTR a a a ab
Leaf water content Tr 3.16" ABIO a ab ab a
Ti 12.01%%* BIO a b a
BI 52.15™ COMB a b b a
TrxTi 1.50N8 CTR a a a a
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Table 2.2 - Results of two-way ANOVA [Treatment (Tr), Time (Ti), Block (Bl) TrxTi interaction (TrxTi)].
Statistics: F- and p-values. Within each root traits and time of exposure, the different letters indicated
statistical differences among the mean of the treatments (p<0.05, test of Tukey).

Time (Ti)
Parameters Statistics Treatments (Tr) 0 tl t3 t8
Photosynthetic rate Tr 17.60™ ABIO a b bc ab
Ti 2.73N8 BIO a a a ab
BI20.74™ COMB a b c b
TrxTi 0.76N8 CTR a ab ab a
Stomatal conductance Tr5.38" ABIO a a ab a
Ti 0.60NS BIO a a a a
B161.82" COMB a b b a
TrxTi 0.57N8 CTR a ab ab a
Transpiration rate Tr 6.94™ ABIO a a ab ab
Ti 0.79N8 BIO a a a a
BI55.73" COMB a a b b
TrxTi 1.13N8 CTR a a ab ab

WUE Tr 6.23™ ABIO a b a

Ti 0.47N BIO a b a b
BI 136.54™ COMB a b a ab
TrxTi 1.52N8 CTR a a a a

The VOC emission is an important plant defence process in response to the herbivory
attack (Niinemets et al., 2013; Foti et al., 2020) and the abiotic stress also (Loreto and
Schnitzler, 2010). HS/SPME GC-MS analysis revealed forty-five volatile compounds
emitted by the tomato leaves exposed to the single (abiotic and biotic) and combined
stress (Table 2.3). In particular, the volatile profile was mostly characterized by mono-
(24% of the total) and sesquiterpenes (44 %) but hydrocarbons (11%), ester (9%), alcohol
(5%), ether (5%) and aldehyde (2%) were also present (Table 2.3). Volatile terpenoid
metabolites have been recognized as having a range of specific roles in plant/environment
and plant/plant interactions (Tholl, 2015) and, in particular, in the direct and indirect
defence of tomato against the herbivory (Bleeker et al., 2012; Silva, 2017). Table 2.5
reported the volatiles from each treatment and time of exposure on the basis of % area of
each peak over the total area of the chromatogram. In order to test the influence of the
treatments and time of exposure on the volatile profiling, we run a multivariate approach

that included, first, the Permanova and, then, the PCA and sPLSDA that permitted to
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visualize the difference among the groups and to select informative and relevant volatiles.
Permanova analysis indicated that the treatments, time of exposure and their interaction
determined a significant difference in the volatilome of tomato plants (Table 2.5).
Pairwise comparison among the treatments within each time of exposure revealed that the
COMB treatment pointed out a volatile profile different to the control at 3 and 8 days of
exposure, while the BIO at 8 days of exposure only (padjustea<0.05; Table 2.6). Since these
two times of exposure pointed out differences among the treatments, we used the volatiles
dataset from the four treatments at 3 and 8 days of exposure for running the PCA. Figure
2.4 showed the results of PCA where it is apparent that this multivariate analysis was not
able to separate treatment groups owing to the high variability among samples. Therefore,
data were further analysed using sPLS-DA at each time of exposure (3 and 8 days). At 3
days of exposure, the performance step of the SPLSA-DA for the selection of the number
of components suggested that 3 components were enough to sharply reduce the balanced
error rate around 0.23 (Figure 2.5A). Further, the final model obtained by tuning process
pointed out that the Component 1, 2 and 3 were constituted by 25, 19 and 31 volatiles,
respectively (Figure 2.5B), but with a scarce discrimination among the treatments as
highlighted by the sample plots on the first three components (Figures 2.5C and 2.5D).
At 8 days of exposure, three components were selected with a balanced error rate around
0.28 and with a molecular signature composed of 16, 16 and 31 VOCs selected on the
first three components, respectively (Figures 2.6A and 2.6B). The sample plots on the
three components permitted to visualize a discrimination among the treatments with 60%
of total explained variability split up by 32%, 15% and 13% for the first, second and third
components, respectively (Figures 2.6C and 2.6D). In particular, plotting the first two
components, the BIO was sharply separated from the control and COMB by the second
component (Figure 2.6C). Conversely, the first and third components point out scarce
discrimination among the treatments (Figures 2.6C and 2.6D). The 16 VOCs selected on
the second component all had negative weight in the linear combination, and the
followings were highly expressed in BIO: (E)-2 hexen-1 ol, (2E)-2-Hexenyl propionate,
(+)-4-carene, a-copaene, Hexyl propionate, B-phellandrene, a-pinene, terpinolene, -
pinene, E B-caryophyllene (Figure 2.6E). However, the dodecane, 2,6,11-trimethyl was
expressed in CTR while the a-humulene and o-terpinene and the y-elemene and o-

cadinene falled in the ABIO and COMB, respectively (Figure 2.6E).
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The (E)-2 hexen-1 ol (Deglow and Borden, 2011), (2E)-2-Hexenyl propionate (Ruther,
2000) and Hexyl propionate (Rodriguez-Saona et al., 2011) are green leaf volatiles which
are released in response to different stress conditions to aid in plant defence against
herbivory and bacterial and fungal pathogens (Muhammad et al, 2015; Ameye et al.,
2018). The (+)-4-carene, a-copaene, -phellandrene, a-pinene, terpinolene, B-pinene and
E B-caryophyllene are terpenes, organic class mostly involved in the plant defence. For
example, the (+)-4-carene, a-copaene and B-phellandrene are the most abundant VOCs
emitted by Solanum species in presence of Bactericera cockerelli herbivory (Mayo-
Hernédndez et al., 2019) and terpinolene and E B-caryophyllene were mainly produced by
tomato leaves infested with Trialeurodes vaporario-rum (Angeles Lopez et al., 2012).
Further, the a-humulene was responsible of tomato repellence against Bemisia tabaci
(Islam et al., 2017). The dodecane, 2,6,11-trimethyl that was highly expressed in CTR in
this study (Figure 2.6.E), is confirmed as VOC emitted by healthy plants such as olive
(Giunti et al., 2016). Interesting is that the o-terpinene and d-terpinene were mainly
discriminant of ABIO treatments (Figure 2.6E) confirming the results obtained in tomato
plants (cv. Gan Liang Mao Fen 802 F1) fertilized with lower levels of N (Islam et al.,
2017) and in drought-stressed Thymus vulgaris plants (Mahdavi et al., 2020). Finally, the
present study revealed the VOCs emitted in multi-stressed tomato plants. In particular,
the y-muurolene, 4-elemene, d-cadinene, P-elemene, o-gauiene, z-B-caryophyllene,
aromadendrene, y-elemene, 1,3,7 Nonatriene 4,8 dimethyl (3E)-, methyl salicylate, -
cadinene and myrcene were the compounds constituting the VOC blend emitted by
tomato plants when exposed to combined N and drought stress with infestation by Tuta
absoluta (Figures 2.6E and 2.6F). To note that the y-elemene and §-cadinene were present
in both components while the other volatiles were only observed in the Component 1 that
is the lesser discriminant (Figures 2.6E and 2.6F). In Gossypium arboretum, the d-
cadinene is a precursor of the cyclic secondary sesquiterpene aldehydes, including
gossypol, that are insecticide (Tan et al., 2000) and it was also increased in Pot Marigold
(Calendula officinalis L., Asteraceae) under water deficit (Emmati et al., 2018).
Conversely to the o-cadinene, the y-elemene was poor modified in the tomato leaves by
stresses such as, for example, the pest (Angeles Lépez et al., 2012). Besides the &-
cadinene and y-elemene, the volatiles pointed out in the component 1 were interesting in

plant response to the abiotic and biotic stress. The methyl salicylate was observed to
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increase in double drought-stressed and aphid-infested tomato plants (Catola et al., 2018)
but also in the drought-herbivory combination together with 1,3,7-Nonatriene, 4,8-
dimethyl-, (3E)-, the two stress-specific VOC (Copolovici et a., 2014). The other volatiles
were present in the VOC profiles of different plant species stressed with the combination
of two or more stresses (Copolovici et al., 2014; Errard et al., 2015; Weldegergis et al.,

2015).
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Figure 2.4 - Principal component analysis applied to volatiles emission data obtained from tomato leaves
treated with different stress (ABIO, BIO, COMB) or not treated (CTR) for 3 (A) and 8 days (B) of exposure.
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Figure 2.5 A sPLS-DA of volatile profiles obtained in tomato plants exposed to different stress (ABIO,
BIO, COMB) or not stress (CTR) for 3 days of exposure. Choosing the number of components in sPLS-
DA by performance test.
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Figure 2.5 B Mean classification by overall and balanced error rate (5 cross-validation averaged 50 times)
for each sPLS-DA component. Choosing the number of volatiles for each sPLS-DA components by tuning
test (B).
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Figure 2.5 C Estimated classification balanced error rates for volatile dataset (5 cross-validation averaged
50 times) with respect to the number of selected volatiles for the sparse exploratory approaches. SPLS-DA
sample plot for the different components using 95% confidence ellipses. Component 1 vs. Component 2.
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Figure 2.5 D Estimated classification balanced error rates for volatile dataset (5 cross-validation averaged
50 times) with respect to the number of selected volatiles for the sparse exploratory approaches. SPLS-DA
sample plot for the different components using 95% confidence ellipses. Component 1 vs Component 3.
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Figure 2.6 A sPLS-DA of volatile profiles obtained in tomato plants exposed to different stress (ABIO,
BIO, COMB) or not stress (CTR) for 8 days of exposure. Choosing the number of components in sPLS-

DA by performance test.
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for each sPLS-DA component. Choosing the number of volatiles for each sPLS-DA components by tuning

test.
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Figure 2.6 D Estimated classification balanced error rates for volatile dataset (5 cross-validation averaged
50 times) with respect to the number of selected volatiles for the sparse exploratory approaches. SPLS-DA
sample plot for the different components using 95% confidence ellipses. Component 1 vs Component 3.
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Figure 2.6 E-F Contribution plots by loading weights of the volatiles selected for the Component 2 (E) and
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a maximal mean loading weight value.
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Table 2.3 - Volatile organic compounds identified using gas chromatography/mass spectrometry (GC/MS) analysis by HS/SPME method in the leaves of the tomato plants treated
with abiotic, biotic and combined stress. RT, retention time; KI, retention index.

Common Name IUPAC name Class RT KI chemical structure
(min)
(E) -2 hexen - 10l (E)-hex-2-en-1-ol Alcohol 5.97 873 |
A
alpha pinene 2,6,6-trimethylbicyclo[3.1.1]hept-2-ene monoterpene 7.36 939
beta pinene 6,6-dimethyl-2-methylidenebicyclo[3.1.1]heptane monoterpene 8.22 981
Myrcene 7-methyl-3-methylideneocta-1,6-diene monoterpene 8.61 993 ' L
| [
alpha terpinene 1-methyl-4-propan-2-ylcyclohexa-1,3-diene monoterpene 8.85 1018 \
(J
|
(+)-4-Carene 4,7, 7-Trimethylbicyclo[4.1.0]hept-2-ene monoterpene 9.19 1022 ‘
=4
0 — cymene 1-methyl-2-propan-2-ylbenzene monoterpene 9.51 1026
: i
beta phellandrene 3-methylidene-6-propan-2-ylcyclohexene monoterpene 9.59 1033 ~
L
[ ]
(E) beta ocimene (3E)-3,7-dimethylocta-1,3,6-triene monoterpene 9.98 1050 ;
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gamma terpinene

Terpinolene

3-Hexen-1-ol, propanoate,
(32)-

Hexyl propionate

(2E)-2-Hexenyl propionate

1,3,7-Nonatriene, 4,8-
dimethyl-, (3E)-

allo-ocimene

Dodecane

methyl salicylate

Dodecanal

Dodecane, 2,6,11-trimethyl-

Tridecane

1-methyl-4-propan-2-ylcyclohexa-1,4-diene

1-methyl-4-propan-2-ylidenecyclohexene

[(Z)-hex-3-enyl] propanoate

hexyl propanoate

[(E)-hex-2-enyl] propanoate

(3E)-4,8-dimethylnona-1,3,7-triene

(4E,6E)-2,6-dimethylocta-2,4,6-triene

dodecane

methyl 2-hydroxybenzoate

dodecanal

2,6,11-trimethyldodecane

tridecane

monoterpene

monoterpene

Ester

Ester

Ester

hydrocarbon

monoterpene

hydrocarbon

Ester

Aldehydes

hydrocarbon

hydrocarbon

10.30

11.05

11.29

11.34

11.50

11.67

11.71

13.60

13.69

13.94

15.58

16.63

1062

1090

1103

1110

1112

1119

1133

1200

1193

1204

1275

1302

Nz

05 S T T T T
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delta elemene

alfa copaene

alfa cubebene

beta elemene

alpha gurjunene

Z beta caryophyllene

Longifolene

(3R,4R)-4-ethenyl-4-methyl-1-propan-2-yl-3-
prop-1-en-2-ylcyclohexene

(2R,6R)-1,3-dimethyl-8-propan-2-
yltricyclo[4.4.0.02,7]dec-3-ene

(55,6R,7S,10R)-4,10-dimethyl-7-propan-2-
yltricyclo[4.4.0.01,5]dec-3-ene

(15,2S,4R)-1-ethenyl-1-methyl-2,4-bis(prop-1-en-
2-yl)cyclohexane

(1aR,4R,4aR,7bS)-1,1.,4,7-tetramethyl-
1a,2,3,4,4a,5,6,7b-octahydrocyclopropa[e]azulene

(1S,4E,95)-4,11,11-trimethyl-8-
methylidenebicyclo[7.2.0Jundec-4-ene

3,3,7-trimethyl-8-
methylidenetricyclo[5.4.0.02,9]undecane

sesquiterpene

sesquiterpene

sesquiterpene

sesquiterpene

sesquiterpene

sesquiterpene

sesquiterpene

17.00

17.89

17.89

18.22

18.53

18.60

18.61

1340

1376

1344

1393

1410

1416

1404
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E B-Caryophyllene (1R,4E,9S5)-4,11,11-trimethyl-8- sesquiterpene 18.88 1428
methylidenebicyclo[7.2.0Jundec-4-ene

gamma elemene (1S,2S)-1-ethenyl-1-methyl-4-propan-2-ylidene- sesquiterpene 19.06 1431
2-prop-1-en-2-ylcyclohexane

B-copaene (15,6S,7S,8S)-1-methyl-3-methylidene-8-propan- sesquiterpene 19.07 1431 ~7
2-yltricyclo[4.4.0.02,7]decane L
—-{;_\t}:,/-/a,, )
alpha guauiene (15,4S,7R)-1,4-dimethyl-7-prop-1-en-2-yl- sesquiterpene 19.35 1439 /!
1,2,3,4,5,6,7,8-octahydroazulene N \/ /
\
aromadendrene 1,1,7-trimethyl-4-methylidene-2,3,4a,5,6,7,7a,7b- sesquiterpene 19.50 1445 \
octahydro-1aH-cyclopropa[e]azulene —~C )
L) /
\\}/,4»*\ - /\1\77
Alloaromadendrene 1,1,7-trimethyl-4-methylidene-2,3,4a,5,6,7,7a,7b- sesquiterpene 19.52 1462 \
octahydro-1aH-cyclopropa[e]azulene ’,,,,\‘/*\i
A <
alpha humulene (1E.4E,8E)-2,6,6,9-tetramethylcycloundeca-1,4,8- sesquiterpene 19.61 1456 ‘
triene ‘/\\“\H"/ﬁ/ﬁ;
A
Y muurolene (15,4aS,8aR)-7-methyl-4-methylidene- 1-propan- sesquiterpene 20.08 1477

2-yl-2,3,4a,5,6,8a-hexahydro-1H-naphthalene




Y gurjunene

germacrene D

beta cadinene

alpha selinene

delta cadinene

caryophyllene alcohol

Dendrolasin

hexadecane

Dioctyl ether

1,4-dimethyl-7-prop-1-en-2-yl-1,2,3,3a,4,5,6,7-
octahydroazulene

(1E,6E,8S)-1-methyl-5-methylidene-8-propan-2-
ylcyclodeca-1,6-diene

(1S,4aR,8aS)-4,7-dimethyl-1-propan-2-yl-
1,2,4a,5,8,8a-hexahydronaphthalene

(3R,4aR,8aR)-5,8a-dimethyl-3-prop-1-en-2-yl-
2,3.4,4a,7,8-hexahydro-1H-naphthalene

(1S,8aR)-4,7-dimethyl-1-propan-2-yl-

1,2,3,5,6,8a-hexahydronaphthalene

4,4 8-trimethyltricyclo[6.3.1.02,5]dodecan-1-o0l

3-[(3E)-4,8-dimethylnona-3,7-dienyl]furan

hexadecane

1-octoxyoctane

sesquiterpene

sesquiterpene

sesquiterpene

sesquiterpene

sesquiterpene

Alcohol

Ether

hydrocarbon

Ether

20.12

20.31

20.36

20.41

21.01

21.87

22.08

22.37

23.69

1477

1481

1500

1500

1524

1571

1575

1600

1660

R N A I
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Analyzing the tomato morpho-physiologic and metabolic responses to the combined
stress is interesting to understand the additive (equal to the sum of the single-stress
effects), synergistic (higher than expected) or antagonistic (lower than expected) effects
of the single stress. In relation to the results of these effects, the signaling pathways and
molecular mechanisms underlying the plant strategy in presence of simultaneous stress
could be hypothized. For example, the antagonistic effect of drought and insect herbivory
could be explained by cross-talking interactions between JA and ABA signaling (Nguyen
et al., 2018). In this respect, the additive, synergistic and antagonistic effects of abiotic
(drought and N deficiency) and biotic stress in tomato plants were investigated by the
Bansal et al. method (2013). In general, the physiological (photosynthesis, stomatal
conductance and transpiration) and the metabolic (VOC) traits pointed out more
synergistic effects than morphological ones especially at early time of exposure, i.e. at 1
and 3 days (Figure 2.7). In particular, a synergic effect was observed for the reduction of
the physiological traits (photosynthesis, stomatal conductance and transpiration) (Table
2.2 and Figure 2.7) and for the increase of the VOC emission (Table 2.4 and Figure 2.7).
The closure of the stomata is the first plant response to the water scarcity mediated by
ABA that orchestrate a network of stress-responsive metabolites and gene expression
(Takahashi et al., 2020). The ABA signaling pathways interact also with that of the JA
one, the phytohormone that activate the signaling cascades for regulating downstream
transcriptional responses to the herbivory (Nguyen et al., 2016; Yang et al., 2019) and,
furthermore, it was observed that MeJA signaling is overlapped with ABA signaling in
guard cells (Hossain et al., 2011). This interaction between the ABA and JA signaling
pathway could have caused the synergic effect for the reduction of the physiological traits
(Table 2.2 and Figure 2.7). However, besides the hormonal interactions, unique and novel
molecular mechanisms were also found during the stress combination. For example, the
transcriptome analysis revealed that a unique set of transcripts was altered in response to
the combination of drought and nematode infection (Atkinson et al., 2013), drought, heat
stress and virus (Prasch and Sonnewald, 2013), infection by Botrytis cinerea, herbivory
by chewing larvae and drought stress (Coolen et al., 2016). The synergic effect on the
reduction of the photosynthesis and transpiration (Table 2.2 and Figure 2.7) could be

determined by the stomatal closure in addition to the herbivory-induced resource
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reallocation to chemical defence (Nabity et al., 2009) that determined more intense dark
respiration (Schmidt et al., 2009).

Differently to the physiological traits, the synergic effect was also involved in the increase
of the VOC emission in COMB-treated tomato plants (Table 2.4 and Figure 2.7). This
synergic effect could be due to diverse reasons. First, the improvement of the formation
reactive oxygen species (ROS) by drought stress (Chaves et al., 2009) and nutrient
deficiency (Shin et al., 2005) that could sensitizes the VOC response. Indeed, it is know
that the VOCs are emitted by early signaling events involved the ROS during the
herbivory (Arimura et al. 2011; Bruinsma et al. 2010; Wu and Baldwin 2009). Second,
the abiotic stress and herbivory by Tuta could have improved the biosynthesis of VOCs
by both hormone cross-talking and higher resource reallocation to chemical defence. For
example, the ABA and JA, the phytohormones involved in the plant response to the
drought and herbivory, pointed out cross-talking interactions (Nguyen et al., 2016; Yang
et al., 2019; Hossain et al., 2011) and the reallocation of plant resources to defense by
modification of the gene expression profiles after herbivory was also observed (Reymond
et al., 2004; Thompson and Goggins, 2006; Bethany et al., 2014). Third, the improved
VOC biosynthesis in presence of both stresses could increase their accumulation inside
the leaf with consequent formation of a deeply partial pressure gradient between the
atmosphere and substomatal cavities along which the VOCs could be highly emitted.
The antagonistic effect observed in the reduction of leaf water content, and for the leaf
fresh and dry weight although not significant, at 1 days of treatment with combined stress
(Table 2.1 and Figure 2.7) is clearly due to the prioritization of the plant response to the
herbivory. Indeed, the tomato plants aimed to reduce the leaf water content more in
presence of Tuta rather than in abiotic stress through a sharp increase of the leaf dry
weight (Table 2.1 and Figure 2.2). Why? The water and the dry weight are strictly and
negatively linked to the plant palatability towards the pest (Elger and Will, 2003); hence,
the tomato plant in presence of the combined stress redirect the resource allocation
towards the formation of carbon-based secondary compounds such as lignin, fibre and
silica contents which contribute to leaf toughness and reduce palatability (Cornelissen &

Thompson 1997; Grime et al. 1996).
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Table 2.4 - Volatile organic compounds (Area %) from the leaves of tomato plants detected in at least two replicates out of three at each sampling time and treatments.

Common name ABIO BIO CcComMB CTR ABIO BIO comB CTR ABIO BIO CcomB CTR ABIO BIO COMB CTR
(+)-4-Carene 1.161  2.199 1508 2438 1916 2.054 1.300 2.062 1.570 2.081 0.872 1.882 1.321 1.898  1.443 1.717
(2E)-2-Hexenyl R - - - - - - - - - - - - 0.154  0.010 -
propionate
(E) -2 hexen-1ol 4.689 10.781 2.015 8795 2.270 4.651 7.857  8.242 1.035 4.897 5640 11.923 0.558 13.908 8.854 12.541
(E) beta ocimene 0.066 0.510 0.280 0.682 0.584 0.252 1.945 5.035 0.603 0.401 0.925 0.401 0.966 0.348 0.780 0.168
1,3,7-Nonatriene, - - 0.054 0.154 0.113 0.029 0.449 0.005 0.136 - 0.149 - 0.163 - 0.123 -
4,8-dimethyl-, (3E)-
3-Hexen-1-ol, 0.124 0.297 - 0.475 - 0.319 - 0.181 0.014 0.233 0.206 0.249 0.032 0.073 0.071 0.192
propanoate, (32)-
alfa copaene 0.087 0.018 0.031 0.036 0.073 0.040 0.032 0.040 0.059 0.021 0.080 0.015 0.026 0.048 0.033 0.049
alfa cubebene - 0.005 0.002 - 0.002 - 0.002 - - - - - 0.002 - - -
Alloaromadendrene - 0.002 0.006 0.003 - - - - 0.005 - - - - - - -
allo-ocimene 0.094 0.146 0.135 0.160 0.207 0.135 0433 0.129 0.190 0.065 0.221 0.189 0.222 0.056 0.167 0.117
alpha guauiene 0.135 0.138 0.248 0.073 0.182 0.037 0.281 0.073 0.134 0.049 0.221 0.029 0.084 0.024 0.108 0.023
alpha gurjunene - - 0.008 - - - - - - - - - - - - -
alpha humulene 0.948 1486 2.592 0.724 2.089 0.569 2.882 0.821 1.896 0.713 1.815 0.340 0.707 0.427 1204 0.363
alpha pinene 1.962 2.2232 1.720 2.613 2.596 2.630 1.988 5.089 2.333 2.488 1.968 4.479 2.521 2.233 2.249 2.519
alpha selinene - - - - - - - - - - - - - - 0.003 -
alpha terpinene 23.117 22,598 21.464 27.941 18.196 26.618 17.120 22.316 22.055 20.163 19.942 22.084 24.387 23.187 21.425 24.561
aromadendrene - - 0.100 0.033 0.114 - 0.168 0.017 0.149 0.147 0.094 0.013 0.025 0.004 0.084 0.045
beta cadinene 0.086 0.084 0.137 0.063 0.083 0.034 0.279 0.043 0.109 0.017 0.197 0.008 0.088 0.018 0.091 0.047
beta elemene 0.257 0.130 0.257 0.126 0.213 0.018 0337 0.056 0.168 0.053 1.137 0.019 0.093 0.025 0.137 0.112
beta phellandrene 51.056 39.824 42917 44314 19.965 52.715 38.307 45.478 48.506 57.142 41.944 46.486 56.737 48.859 46.358 49.086
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beta pinene

caryophyllene
alcohol
delta cadinene

delta elemene

Dioctyl ether
dodecanal
Dodecane

Dodecane, 2,6,11-

trimethyl-

E B-Caryophyllene
hexadecane
Dendrolasin

gamma elemene

gamma terpinene
germacrene D
hexyl propionate
Longifolene
methyl salicylate
myrcene
0 - cymene
terpinolene
tridecane

Z B-Caryophyllene
B-copaene
Y gurjunene

y muurolene

5.432

0.836

0.111

0.118

0.158

5.271
0.088

0.261
0.117

3.089

0.306

0.072
0.021

0.081

2.481

0.050

10.632

0.202

0.184

0.343

0.098
0.003

4.035

0.389

0.056

2.781
0.007

0.035
2.875

0.022

15.863

0.189

0.580

0.207
0.027

3.299

0.348

0.088

0.004
0.197

1.851

0.059

4.919
0.015
0.215
0.282
0.509

2.183

0.396
0.024
0.055

0.001
0.029

1.043

0.006
2.285

0.023

12.195

0.133

0.662
0.423

3.791
0.207
0.416

0.098

0.007
0.098

2.502
0.032

0.308

0.062

4.189

0.520

0.108
0.467

1.344

0.277

0.048

0.001

1.922
1.601

0.007
3.013

0.012

11.917

0.130

0.581
0.181

6.460

0.474

0.092

0.019
0.207

2.654

0.044

4.980

0.206
0.345

1.280

0.246

0.035
0.008

0.056

2.087

0.020

11.114

0.553
0.485
0.344
0.007

3.735
0.215
0.272

0.056

0.014
0.137

2.154
0.007

0.582

0.072

5.483

0.124

0.163
0.487

2.015

0.368

0.044

0.005

1.889

0.045

10.191

0.843

0.141
0.437

4.159
3.459

0.290

0.084

0.113

6.098

0.287

0.099

0.016

4.347

0.084

0.049
0.470

1.620

0.348

0.008

0.001

2.602

0.007
1.035

0.018

4.550

0.162

0.075

0.355

0.004

0.040

0.332
2424

0.361

0.015

0.010
0.068

2.638
0.004

0.225

0.004

2.705

0.260

0.078

0.299

0.092

0.534
1.588

0.267

0.010

0.015

1.890
0.002

0.017
1.861

0.017

7.376

0.156

0.240

0.175

0.003

0.010

0.913
3.700

0.329

0.050

0.115

2.323

0.439

0.449

0.050

2.304

0.846

0.056
0.392

1.159
0.073
0.282

0.052

0.001
0.004
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Table 2.5 - Permanova results of the VOC emission of tomato plants exposed to different stress (Treatment)

and Time of exposure (Ti).

Df  Sum of square R2 F Pr(>F)
Treatments 3 0.8661 0.06288 3.3117 0.003™
Time 1 0.2228 0.01618 2.5562 0.048"
Treatments: Time 3 0.8291 0.06020 3.1704 0.007*
Residual 136 11.8555 0.86075
Total 143 13.7736 1.00000

Table 2.6 - PERMANOVA pairwise comparison between treatments within each time of exposure.

Pairs F. Model R2 P value P adjusted
ABIO 0 vs BIOO 2.368 0.129 0.065 0.152
ABIO 0 vs COMB 0 1.733 0.098 0.159 0.239
ABIO 0O vs CTR O 1.917 0.107 0.145 0.229
ABIO 1vs BIO 1 2.251 0.123 0.099 0.192
ABIO 1 vs COMB 1 1.684 0.095 0.150 0.234
ABIO 1vs CTR 1 1.694 0.096 0.143 0.229
ABIO 3 vs BIO 3 1.067 0.063 0.289 0.350
ABIO 3 vs COMB 3 1.574 0.090 0.197 0.2670
ABIO 3 vs CTR 3 2.057 0.114 0.136 0.221
ABIO 8 vs BIO 8 1.656 0.094 0.190 0.267
ABIO 8 vs COMB 8 2.222 0.122 0.090 0.186
ABIO 8 vs CTR 8 4.258 0.210 0.018 0.070
BIO 0 vs COMB 0 0.722 0.043 0.473 0.515
BIOOvs CTRO 0.240 0.015 0.831 0.838
BIO 1 vs COMB 1 2.429 0.132 0.066 0.153
BIO 1 vsCTR 1 1.313 0.076 0.259 0.320
BIO 3 vs COMB 3 1.654 0.094 0.186 0.267
BIO 3 vs CTR 3 1.959 0.109 0.122 0.201
BIO 8 vs COMB 8 4.734 0.228 0.024 0.082
BIO 8 vs CTR 8 9.793 0.380 0.004 0.040
COMB 0 vs CTR 0 0.705 0.042 0.473 0.515
COMB 1 vs CTR 1 3.053 0.160 0.027 0.088
COMB 3 vs CTR 3 5.218 0.246 0.006 0.042
COMB 8 vs CTR 8 9.034 0.361 0.001 0.040
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Figure 2.7 - The combined
impacts from abiotic (drought and N deficiency) and biotic stress (Infestation of Tuta absoluta) on morpho-physiological traits of tomato plants at 1, 3 and 8 days of

treatment and VOC emission at 8 days of treatment.
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The combined impact of single stressors was estimated as synergist (red colour), additive
(white colour) or antagonistic (blue colour) (greater than, equal to or less than expected
effects, respectively, based on single stressor effect sizes). The vertical and error bars
represent, respectively, the mean and the 95% confidence interval of the overall effect
size difference between the observed and expected additive effects from combined abiotic
and biotic stress on morpho-physiological and metabolic traits of tomato plants. The zero
line represents the expected additive effects from combined stressors. When the means
(and their 95% confidence limits) were higher than or less than the zero line, they were

considered synergistic or antagonistic, respectively.

2.3.2. Do the tomato responses to the single and combined stress occurred at between-
or within-plant levels?

Recent studies pointed out the importance of the within-individual variation of the plant
responses to the abiotic and biotic stress rather than that between-individual for the
ecology at individual, population, and community levels (Herrera, 2009, 2017). For
example, a higher within-plant variation of the morpho-physiological responses permitted
an improvement of the exploitation of the heterogeneously-distributed resources such as
light, CO2, nutrient (Osada, 2014; Herrera et al., 2015), an optimization of the cost-
expensive defenses against herbivory and pathogens (McKey, 1974; Meldau et al., 2017),
and an alteration of plant-antagonist interactions (Sobral and Guitian, 2014; Shimada and
Takahashi, 2015; Wetzel and Kharouba, 2016; Wetzel and Meek, 2019). In this respect,
we assessed, first, if the among-treatments variance of the morpho-physiological traits
and VOC profiles of the tomato plants is more important than within-treatment one and,
then, we evaluated the between- and within-plant variance for each treatment. To
calculate the among- and within-treatments variance, we used the morpho-physiological
traits and VOC observed at 8 days that is the time with wider and higher modifications of
these traits (Tables 2.1 and 2.2; Figures 2.2, 2.3 and 2.6) and their measurements have
been carried out in three mature leaves located at three different positions along the shoot
axes. The contribution of the among- and within-treatment level to the total variance in
mean of the morpho-physiological traits and VOC responses in the four treatments
considered was estimated by Linear Mixed Models and statistically tested by restricted

maximum likelihood (REML) (Figure 2.8). The results indicated that most variance
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occurred at within-treatments, especially for the morpho-physiological traits but not for
the VOCs (Figure 2.8). Hence, differently to the morpho-physiological traits, the
emission of the VOCs was more dependent on the stress treatments rather than the
individual plants. For this reason, only the morpho-physiological traits were used in the
analysis of within-plant variation that was conducted applying a hierarchical partition to
divide total variance into two levels of variation: among plants and among the leaves
within the same plant. This analysis was performed for each single treatment in order to
verify its effects to within-plant phenotypic plasticity. The variance partitions varied
substantially among the different treatments and traits considered (Figure 2.9). In general,
the physiological traits pointed out a higher within-plant variance (average 54%) while
the morphological ones showed more between-plant variance (average 50%) (Figure 2.9).
Why do the individual tomato plants modified more the leaf physiological than
morphological traits within their shoot? Probably, the physiological traits being lesser
expensive, could be faster modified in response to the abiotic and biotic stress; for
example, rapid local and systemic responses through specific signaling pathways have
been observed in presence of the light stress (Devireddy et al., 2018), the heat tolerance
(Slot and Krause, 2019) and the herbivory (Girén-Calva and Li, 2014). Among the
treatments, the stresses induced a higher within-plant variance than CTR: ABIO (average
58%), COMB (average 53%), BIO (average 31%) and CTR (average 22%) (Figure 2.9).
The within-plant variation in stressuful condition could permitted the improvement to
exploit the stress-induced transient environmental and soil resources (Niinemets and
Valladares, 2004; Meier and Leuschner, 2008; Marchiori and Machado, 2017; Puglielli
and Catoni, 2017) and the optimization of the defences against herbivory (Frost and

Appel, 2007; Rodriguez-Saona, et al., 2009).
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Figure 2.8 - Dissection of total variance components of the morpho-physiological traits and VOC responses
at 8 days of treatments (control, abiotic stress, biotic stress, combined stress). Considering all treatments
pooled, the contributions of treatment (blue color) and within-treatment (yellow color) level to the total
variance in mean of the morpho-physiological traits and VOC responses in the four treatments considered
were estimated by Linear Mixed Models.
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Figure 2.9 — Nested within-treatment variance partitions (% of the total) in the morpho-physiological responses of tomato plants to different abiotic and biotic stress.
The between-plant variance comprise plant within treatment (red color) and the within-plant variance involved the leaves within plant within treatment (green color).
The black color indicated the model error.
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Considering that each treatment pointed out an important within-plant variation for the
morpho-physiological traits, we asked if a well-defined spatial pattern of these responses
among the leaves of the tomato shoot can be revealed. In this respect, by one-way
ANOVA, we compared the effects of three mature leaves located at three different
positions [basal (B), intermediate (I) and apical leaf (A) placed at first, second and third
node, respectively] along the shoot axes on the morpho-physiological traits for each
treatments. Further, the B, I and A leaf can be also considered as local (L), no-
orthostichous (nO) and orthostichous leaf (O), respectively, because the apical leaf, but
not the intermediate, is linked to the basal one by vasculature connection (Figure 2.10:
preliminary experiments using phloem dying as reported in Orians et al., 2000). Hence,
this leaf selection permitted us to evaluate which between the vascular (L vs O vs nO) or
architectural patterns (B vs I vs A) determined the leaf-level spatial component of the

within-plant phenotypic variability.

J:cﬂ"""

‘
< f
Uncoldred leaf

Figure 2.10 - Degree of vascular connectivity among different leaf positions of tomato plants by method
of Orians et al. (2000).

Insertion of the capillary tube
containing the dye

For example, the Figure 2.11 depicted the vascular or architectural pattern or no pattern
of the tomato responses to each treatments. The Figure 2.12, 2.13, 2.14, 2.15, 2.16, 2.17
and 2.18 showed the results of physiological (photosynthesis, stomatal conductance,

transpiration rate and WUEi) and morphological traits (leaf fresh and dry weight, leaf
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water content) for each treatment. An overall result indicated that the ABIO and the
COMB treatments significantly modified all the morpho-physiological traits of the three
tomato leaves, except the leaf water content, differently to the CTR and BIO, except the
photosynthetic rate (Figures 2.12, 2.13, 2.14, 2.15, 2.16, 2.17 and 2.18). Further,
considering the results showed in the Figures 2.12, 2.13, 2.14, 2.15, 2.16, 2.17 and 2.18,
the ABIO and COMB treatments determined an architectural pattern for the physiological
responses (photosynthetic and transpiration rate, stomatal conductance and WUE) while
the morphological ones pointed out a vascular pattern (Figures 2.12, 2.13, 2.14, 2.15,
2.16,2.17 and 2.18 compared with Figure 2.11). The abiotic stress are known to strongly
influence the plant photosynthetic traits in relation to the leaf position/age (Yamada et al.,
1996; Schurr et al., 2006; Zhang et al., 2012) in order to preserve the highly valuable
tissues, such as the young leaf. For example, the higher stomatal conductance in apical
leaf determined a higher transpiration rate that limited the leaf overheating (Lin and Chen,
2017). The vascular pattern of the leaf fresh and dry weight in response to the COMB
treatment could be due to the ABA-JA cross-talking signaling pathways (Nguyen et al.,
2016; Yang et al., 2019; Hossain et al., 2011) which could be observed between the two
vascular-connected leaves (local and orthostic). We can hypothized that the Tuta larvae
in the local leaf of tomato plants triggered by vascular connection, the signaling pathways
which redirect the photosynthetic resource towards the defence compounds rather growth
ones. This kind of hormone cross-talk signaling interaction among the different vascular-
connected leaves within the plant was observed. For example, the abiotic stresses
antagonized the immune responses by ABA-SA hormonal interaction in older leaves of
Arabidopsis but this effect was suppressed in the younger leaf through a signaling

component of the SA pathway (Berens et al., 2019).
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Figure 2.11 — Tomato responses to the experimental conditions resembling the vascular pattern (red line)
or architectural pattern (green line) or no pattern (blue line).
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Figure 2.12 — Photosynthetic rate of three different leaves of tomato plants exposed for 8 days at diverse
stresses [abiotic (ABIO); biotic (BIO); combined (COMB)]. No stresses (CTR). The box plot indicated the
minimum, first quartile, median, third quartile, and maximum value. Different letters indicated significant
difference among the mean groups (N=8; p<0.05 test of Tukey). The values within the figure indicated the
F statistic with the p values (*** p<0.001) derived from one-way ANOVA.
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Figure 2.13 — Stomatal conductance of three different leaves of tomato plants exposed for 8 days at diverse
stresses [abiotic (ABIO); biotic (BIO); combined (COMB)]. No stresses (CTR). The box plot indicated the
minimum, first quartile, median, third quartile, and maximum value. Different letters indicated significant
difference among the mean groups (N=8; p<0.05 test of Tukey). The values within the figure indicated the
F statistic with the p values (* 0.05<p<0.01; 0.01<p<0.001; ns not significant) derived from one-way
ANOVA.
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Figure 2.14 — Transpiration rate of three different leaves of tomato plants exposed for 8 days at diverse
stresses [abiotic (ABIO); biotic (BIO); combined (COMB)]. No stresses (CTR). The box plot indicated the
minimum, first quartile, median, third quartile, and maximum value. Different letters indicated significant
difference among the mean groups (N=8; p<0.05 test of Tukey). The values within the figure indicated the
F statistic with the p values (* 0.05<p<0.01; 0.01<p<0.001; ns not significant) derived from one-way
ANOVA.
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Figure 2.15 - WUEI of three different leaves of tomato plants exposed for 8 days at diverse stresses [abiotic
(ABIO); biotic (BIO); combined (COMB)]. No stresses (CTR). The box plot indicated the minimum, first
quartile, median, third quartile, and maximum value. Different letters indicated significant difference
among the mean groups (N=8; p<0.05 test of Tukey). The values within the figure indicated the F statistic
with the p values (* 0.05<p<0.01; ns not significant) derived from one-way ANOVA.
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Figure 2.16 — Leaf fresh weight of three different leaves of tomato plants exposed for 8 days at diverse
stresses [abiotic (ABIO); biotic (BIO); combined (COMB)]. No stresses (CTR). The box plot indicated the
minimum, first quartile, median, third quartile, and maximum value. Different letters indicated significant
difference among the mean groups (N=8; p<0.05 test of Tukey). The values within the figure indicated the
F statistic with the p values (* 0.05<p<0.01; *** p<0.001; ns not significant) derived from one-way
ANOVA.
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Figure 2.17 — Leaf dry weight of three different leaves of tomato plants exposed for 8 days at diverse
stresses [abiotic (ABIO); biotic (BIO); combined (COMB)]. No stresses (CTR). The box plot indicated the
minimum, first quartile, median, third quartile, and maximum value. Different letters indicated significant
difference among the mean groups (N=8; p<0.05 test of Tukey). The values within the figure indicated the
F statistic with the p values (* 0.05<p<0.01; ***p<0.001; ns not significant) derived from one-way
ANOVA.
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Figure 2.18 — Leaf water content of three different leaves of tomato plants exposed for 8 days at diverse
stresses [abiotic (ABIO); biotic (BIO); combined (COMB)]. No stresses (CTR). The box plot indicated the
minimum, first quartile, median, third quartile, and maximum value. Different letters indicated significant
difference among the mean groups (N=8; p<0.05 test of Tukey). The values within the figure indicated the
F statistic with the p values (ns not significant) derived from one-way ANOVA.

2.4. Conclusions

The present study has been addressed to answer questions related to the tomato responses
in presence of combined abiotic stress (drought and N deficiency) and herbivore
infestation raised from previsions of burst herbivory and increased of drought stress and
nutrient deficiency favored by climate change. First result was that the combination of
drought, N deficiency and Tuta infestation caused a stronger negative impact on the
tomato morpho-physiological traits and induced a specific VOC blend emission than
single stress. Probably, hormone cross-talking regulating the signaling and metabolic
systems of the plant responses could be evoked. Interestingly, differently to the single
stress, the VOC blend emitted by tomato plants exposed to the COMB was characterized,

besides to other, by the homoterpene 4,8-Dimethyl-1,3,7-nonatriene, a rare and
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fundamental plant alarm volatiles, and by the methyl salicylate, a well-known herbivore-
induced plant volatile which attract natural enemies and affect herbivore behavior.
Second result pointed out was the relatively rapid responses of the tomato plants to the
COMB treatment and the synergistic effects for the physiological and VOC responses but
antagonistics for the morphological ones. In this respect, no-additive effects of the single
stress in tomato response to the combined stress are highlighted. This result is important
because suggests that a “new stress state” characterized by specific signaling pathways
and gene expression, probably orchestrated by hormone interactions, could be evoked in
tomato plants stressed by the combination of drought, N deficiency and Tuta infestation.
Finally, except for the VOC emission, the stressful conditions induced a higher within-
plant variance in tomato with the abiotic and combined stress as the most influenced. The
increase of the variability of the morpho-physiological responses within the tomato plants
is very interesting considering the higher defense against the herbivore infestation and the
maximization of the exploitation efficiency of the scarce soil resources observed in plant
with high within-plant variance.

Overall, these results pointed out a “phenotypic picture” of the tomato plants subjected to
the single and combined stress that is interesting and worthy to investigate at signaling
pathways and gene expression levels for further understanding the physiological

mechanisms.
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Chapter 3: Single and Combined Abiotic Stress in Maize
Root Morphology.

Adapted from: Rosa Vescio et al. Single and combined abiotic stress in maize root

morphology. Plants 2021, 10(1), 5. https://doi.org/10.3390/plants10010005

Abstract

Plants are continually exposed to multiple stresses, which co-occur in nature and the net
effects are frequently more non-additive (i.e., synergistic or antagonistic), suggesting
“unique” responses respect to that of the individual stress. Further, plant stress responses
are not uniform, showing a high spatial and temporal variability among and along the
different organs. In this respect, the present work investigated the morphological
responses of different root types (seminal, seminal lateral, primary, primary lateral) of
maize plants exposed to single (drought and heat) and combined stress (drought + heat).
Data were evaluated by a specific root image analysis system (WinRHIZO) and analyzed
by uni- and multi-variate statistical analysis. The results indicated that primary roots and
their laterals were the types more sensitive to the single and combined stresses while the
seminal laterals specifically responded to the combined only. Further, antagonistic and
synergistic effects were observed for the specific traits in the primary and their laterals
and in the seminal lateral roots in response to the combined stress. These results suggested
that maize root system modified specific root types and traits to face with different
stressful environmental conditions highlighting that the adaptation strategy to the
combined stress may be different from that of the individual ones. The knowledge of
“unique or shared” responses of plants to multiple stress can be utilized to develop

varieties with broad spectrum stress tolerance.

Keywords: combined stresses; drought stress; heat stress; maize; root morphology; root

types
List of abbreviations: Partial Least Squares-Discriminant Analysis (sPLS-DA);
Principal Component Analysis (PCA); Drought stress (D); Heat stress (H); Combined

stress (Comb); Field Capacity (FC); Control (Con); Shoot Fresh Weight (ShFW); Shoot
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Dry Weight (ShDW); Length (L); Surface Area (SA); Volume (V); Seminal root (S);
Primary root (Pr); Seminal lateral root (SL); Primary Lateral roots (PL); Root Zone
Formation (RZF); Branching Zone Formation (BZF); Branching Density (BD); Primary
Fresh Weight (PrFW); Primary Dry Weight (PrDW); Seminal Fresh weight (SFW);
Seminal Dry Weight (SDW); Primary Lateral Fresh Weight (PrLFW); Primary Lateral
Dry Weight (PrLDW); Seminal Lateral Fresh Weight (SLFW); Seminal Lateral Dry
Weight (SLDW); Root Fresh Weight (RFW); Root Dry Weight (RDW); Plant Fresh
Weight (PFW); Plant Dry Weight (PDW); Root Length Ratio (RLR); Root Mass Ratio
(RMR); Root Fineness (RF); Root Tissue Density (RTD); False Discovery Rate (FDR).

3.1. Introduction

The European climate change scenarios will be characterized by extreme temperature,
heat waves and warmer days along with dry days and droughts, especially in Southern
Europe (Cardell et al., 2020). Emerging evidences indicate that these climate change-
related events will negatively impact on the plant/crop/forest productivity in both natural
and agro-ecosystems (Boisvenue et al., 2006; Niinemets et al., 2010; Lobell et al., 2012;
Tito et al., 2018; Sultan et al., 2019; Ding et al., 2019). To date, the effects and the plant
responses to each stressor have been extensively studied at both the morpho-physiological
and molecular levels. For example, both drought and heat stress reduced the
photosynthetic activity, modified the oxidative metabolism, inducing membrane
instability (Fahad et al., 2017), changed the phosphoproteome (Hu et al., 2015) and,
consequently affected grain yield and quality in maize(Sah et al., 2020). However, under
field conditions, these abiotic stresses co-occur concurrently during the plant life cycle
stimulating fine-tuned and early-prompted plant responses to allocate resources
efficiently for the adaptation to the coexistent threats. Recent studies uncover that plants
evoke a “unique response” to the drought and heat combined stresses (Mittler et al., 2006;
Rivero et al., 2013; Pandey et al., 2015), suggesting that their effects are mostly non-
additive (i.e., synergistic and antagonistic) and, therefore, cannot be predicted through
single-stressor results. Although few studies have been performed so far, the impacts of
the combined drought and heat stress on maize growth, development and yield production
and quality have been pointed out (Hu et al., 2015; Hussain et al., 2019; Obata et al.,
2015; Killi et al., 2017; Zhao et al., 2016). In particular, the maize responses to the
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combined abiotic stress were mainly focused on the aerial part of plant and its
reproductive organs, probably for breeding aims. To the best of our knowledge, no
information on the maize root system responses to the combined drought and heat stress
are available. This knowledge is even more interesting considering that single maize root
types, such as the embryonic roots (primary and seminal) and the post-embryonic roots
(nodal and lateral) (Hochholdinger et al., 2018), differently responded to environmental
cues and could be a “source” of stress adaptation. For example, different responses among
root types to drought stress (Zhan et al., 2015; Hund et al., 2008), allelochemicals
(Abenavoli et al., 2004; Lupini et al., 2016), P deficiency (Rubio et al., 2004) and to
combined N deficiency/drought stress (Lynch, 2013) were already reported. In this
respect, a microcosm experiment was setup for studying several growth and
morphological parameters of different root types in response to drought (30% of field
capacity) and heat stress (32° air temperature) and their combination in maize plants.
Further, the additive, synergic and antagonistic effects in combined drought and heat
stress were also evaluated.

Considering the cooperation or the antagonism mechanisms of diverse root traits or
phenes for the root phenotypes adaptations in diverse environments (York et al., 2013;
Miguel et al., 2015; Rangarajan et al., 2018), the use of the multivariate approach for
identifying the root architecture strategy in terms of functional traits and mechanisms,
which operate independently or jointly, was raised (Bodner et al., 2013). In this respect,
the maize root architecture responses to the single and combined stresses were evaluated
with the sparse Partial Least Squares-Discriminant Analysis (SPLS-DA), a novel
multivariate approach, which differently to the unsupervised methods (i.e., principal
component analysis, the PCA) pointed out very satisfying predictive performances being
able to select informative variables (L& Cao et al., 2011).

Maize (Zea mays L.) is a major cereal crop and food for both humans and animals, widely
used as resource for industrial use and for bio-energy production worldwide. It is highly
productive under water suitable by irrigation, but water scarcity, high temperature, and
their combination as observed in semi-arid environments caused a reduction on its yield
and quality. Hence, the maize tolerance improvement to drought, heat, and their

combination has become a challenge for the breeding programs (Chen et al., 2012).
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3.2. Materials and Methods

3.2.1. Plant material and growth condition and treatments

The experiments were conducted at the University “Mediterranea” of Reggio Calabria,
Italy. Maize seeds (Zea mays L.) (genotype KXB7554, provided by KWS Italia) were
surface sterilized with 20% NaClO for 20 min, rinsed and then soaked in aerated
deionized water at room temperature for 36h. Afterwards, five seeds were sown in each
of sixteen sterilized pots (16 cm diameter x 12 cm height, Picture 3.1), which were filled
with sand:soil mixture (70:30 v/v). The soil physico-chemical values were reported in

Gelsomino et al. (2010).

Picture 3.1 — Pots containing maize seedlings.

Then, the pots were randomly placed in the growth chamber at 25 °C, 70% relative
humidity and 350 pmol m~2 s™! of photosynthetic photons flux density at plants’ height
(LI-190SA quantum sensor, Li-Cor, Lincoln, NE) with a 14 h photoperiod. The planted
pots received, for two weeks, 200 mL of tap water every four days, necessary to
compensate the water losses by evapotranspiration, as suggested by preliminary trials.

After twelve days from seeding, five seedlings were thinned to one for each pot.
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3.2.2. Treatments

From the third week, planting pots were subjected to stresses. In particular, eight pots
were transferred to a second growth chamber with the same environmental conditions
except for the temperature setted to 32 °C (Heat condition, H), whereas the remaining
eight were left in the previous growth chamber at 25 °C. In four pots of both growth
chambers were imposed drought stress (D) by the water withholding until to reach the
theoretical fraction of 30% of field capacity (FC) measured by the gravimetric method.
To the remaining pots, conversely, were ensured well-watered conditions in order to
maintain the theoretical fraction of 80% FC. The desired percentage of FC was
maintained by daily surface addition of water. Overall, the following treatments were
imposed: drought (D) (25° and water at 30% FC), heat (H) (32 °C and water at 80% FC),
combined (Comb) (32 °C and water at 30% FC) and control (Con) (25° and water at 80%
FC).

3.2.3. Morphological Root Analysis

After 7 days of treatments, the seedlings were harvested and separated in shoot and root.
The shoot fresh (ShFW, g) was measured and then the shoot dry weight (ShDW, g) were
determined after oven-drying at 70 °C for 48 h.

After gently removing the adhering substrate, the root system was washed by tap water,
paper-blotted and then stained with 0.1% toluidine blue solution for 5 min. Afterwards, it
was divided into primary and seminal roots with their laterals and scanned at a resolution
of 300 dpi (WinRhizo STD 1600, Instruments Régent Inc., Canada) with the WinRHIZO
image analysis (WinRhizo STD 1600, Instruments Régent Inc., Canada). Then, the length
(L, cm), surface area (SA, cm?) and volume (V, cm?®) of the seminal (S) and primary axes
(P) and seminal (SL) and primary lateral roots (PL) were measured by WinRhizo Pro v.
4.0 software package (Instruments Régent Inc., Canada). The number of both primary
and seminal lateral roots was manually counted from the scanned image. The root and
branching zone formation (RZF and BZF, respectively; cm) and the branching density
(BD, n cm™!) were also measured and calculated, respectively, as reported by Drubvosky

et al. (2012).
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Picture 3.2 — WinRHIZO image of primary root and its laterals.

The fresh and dry weights of the primary (PrFW, g and PrDW, g), seminal (SFW, g and
SDW, g), primary lateral (PrLFW, g and PrLDW, g) and seminal lateral roots (SLFW, g
and SLDW, g) were measured as reported above. The fresh (RFW, g) and dry weights
(RDW, g) of root system were calculated as the sum of each root type, and the plant fresh
(PFW, g) and dry weight (PDW, g) were calculated by the sum of the ShFW and RFW
and the ShDW and RDW, respectively.

Finally, based on the above measurements, the root length ratio (RLR, root length/whole
plant dry weight, cm g~!), root mass ratio (RMR, root dry weight/whole plant dry weight,
g g‘l), root fineness (RF, root length/root volume, cm cm™?) and root tissue density (RTD,

root dry weight/root volume, g cm™) were calculated for each root type. The functional
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significance of these root parameters are reported on Ryser (1998). Further, according to
Ryser and Lambers (1995), the RLR and its “morphological components” (RMR, RF,
RTD) are related as follows:

RLR = RMR X RF (1)
N RTD

3.2.4. Statistical Analysis

All the experiment was arranged in a randomized complete design with four replicates
per treatment.

All the root morphological parameters were firstly analyzed by one-way ANOVA
followed by the Tukey’s test to compare the mean values among the treatments (Control,
D, H and Comb) at p < 0.05.

To determine if the combination of the H and D stress exerted additive, synergistic or
antagonistic impacts on root traits, we used the Bansal et al. method (2013) and,
specifically, we compared the observed effects (Ob) to expected additive effects (Ex) for
the plants exposed to the Comb treatment. The Ob effect sizes were calculated as the

absolute value of:

_ (ob —XCon)

Ob
XCon

2)

where ob is the measured trait value for each plant and treatment and XCon is the mean
trait value for the control plants.

The Ex additive effect sizes for the Comb treatment were defined in two steps by first
determining and then summing the independent effects (Ind) of each treatment. The Ind

effect sizes were calculated as the absolute value of:

xXstress — XCon
Ind = ( — ) 3)
xCon

where Xstress is the mean trait values from each stress (H and D), and XCon is the mean

trait value for the control plants.
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Then, the Ex additive effect size for the Comb treatment was calculated using a
multiplicative risk model as suggested by Darling et al. (2010), i.e. the sum of two Ind
effects minus their product. Finally, the Ex additive values for Comb treatment were
compared to the actual Ob additive effects. In particular, we calculated a mean difference
(£ 95% confidence interval) between the effect sizes of Ob and Ex for each seedling of
the Comb treatment. When Ob-Ex > 0 and the lower 95% confidence limit was greater
than zero, the impact from the combination of both stressors was classified as synergistic.
Conversely, the effects were antagonistic when the Ob-Ex < 0 and the upper 95%
confidence limit was less than zero, and additive when the 95% confidence interval
crossed the zero line.

Furthermore, we analyzed the effects of the single and combined stresses on the entire
dataset of the root morphological parameters using a multivariate approach with R
statistical software 3.5 (R Core Team 2013). First, the differences among treatments were
inferred through PERMANOVA multivariate analysis (999 permutations) using the
package vegan. Pairwise comparisons among the groups were calculated using a custom
script and correcting P values using the False Discovery Rate (FDR) method. In order to
identify the root morphological key predictors that could constitute a root strategy among
the treatments, we used a preliminary unsupervised (Principal Component Analysis,
PCA) followed by the supervised analysis (Sparse Projection to Latent Structure-
Discriminant Analysis, SPLS-DA) using the package mixOmics (Rohart et al., 2017). The
perf.plsda() and tune.splsda() functions were used to predict the number of latent
components (associated loading vectors) and the number of discriminants root traits for
the sPLS-DA, respectively.

In particular, the optimal number of components was chosen by the averaged overall and
balanced classification error rates with centroid distances over 50 repeats of 5-fold cross-
validations (perf.plsda()). The optimal number of root traits for each component was then
selected by the lowest average balanced classification error rate with centroids after
tuning of the SPLS-DA model (tune.pldsda()) using the selected number of components
and 5-fold cross-validation with 50 repeats. Single samples were showed on a score plot
and differentiated by treatments with color and 95% confidence ellipses. Furthermore,
discriminant root traits were plotted according to their contribution weights to

components 1, 2 and 3 of sPLS-DA and discriminated by treatments with color.
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Finally, the Pearson product—-moment correlations between the plant fresh and dry weight
with the scores of the latent components determined by the sPLS-DA were run for
verifying the root strategy for plant adaptation to the abiotic stress.

The statistical software was the SPSS Inc., V. 10.0, 2002 (SPSS Inc., Evanston, IL, USA).

3.3. Results

3.3.1. Univariate analysis of the root morphological data

One-way ANOVA revealed that each stress (H and D), alone or in combination,
significantly affected plant growth in terms of both fresh and dry weight. In particular,
the combined stress reduced the fresh weight more than heat ones respect to the control
but similarly to the drought stress. By contrast, all the stresses diminished the plant dry
weight to at similar extent (Figure 3.1).

Figure 3.2 showed that the single root types of maize seedlings were also modified by

single and combined abiotic stress.
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Figure 3.1 - The maize growth in terms of fresh (A) and dry weight (B) in presence of single (drought and
heat stress) and combined stress. The bars represented the error standard (N = 4).
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Figure 3.2 - Primary and seminal roots and their laterals of maize seedlings exposed to drought, heat and
their combination (Combined).

Out of the eleven traits of the primary roots, eight were significantly modified by stresses
in comparison to the control (Table 3.1). The drought stress significantly increased the
RLR, RMR, fineness, tissue density, branching zone reducing the branching density;
conversely, the RLR and branching zone were not affected by heat stress, which, in turn,
weakly increased and reduced the fineness and branching density, respectively (Table
3.1). The combined stress pattern was similar to the drought stress but with a sharply
increase of the dry weight and, consequently, of both the RMR and tissue density (Table
3.1).
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Table 3.1 - Morphology of primary root of maize plants exposed to single (drought and heat) and combined
stress (drought + heat).

Treatments
Category Parameters
Control Drought Heat Combined
Fresh
0.128 (0.008)a 0.131 (0.001) a 0.147 (0.001) a 0.162 (0.021) a
weight(g)
Biometric
0.0168 (0.0017)
Dry weight (g) 0.0111(0.0009)b 0.0116 (0.0006) b 0.0131(0.0003)b
a
Length (cm) 49 (1) a 71 (6) a 57 @)a 66 (12) a
Geometric
Surface area 9.460(0.009) a 10.669 (0.896) a 9.723 (0.587) a 10.415 (1.766) a
(cm?)
RLR (cm g™ 63(4)b 123 (12) a 83(2)b 117 (15) a
0.01381 0.01840 0.02004
RMR (g g) 0.02702
(0.00016)c (0.00002) b (0.00051)b (0.00205) a
Length .
components Fineness 336 (11) C 531 (11) a 396 (8) b 500 (6) a
(cm cm™)
Tissue density 0.075 (0.007) ¢ 0.097 (0.006) b 0.097 (0.003) b 0.117 (0.007) a
(g em™)
Root zone 9(1)ab 3(1)b 9@3)a 7(1)ab
formation (cm)
Branching
Branchin zone formation 42 2)b 65(5)a 48 (1) a,b 64 (11)a
& (em)
Branching
density 4961 (0.101) a 3.389 (0.051) ¢ 4.276 (0.027) b 4.152 (0.284) b
(nmcm™)

Different letters along the rows indicated significative differences among the means at p < 0.05 (Test of

Tukey). The values within the brackets are the error standards (n = 4).

The morphology of the seminal roots was lesser affected and not by all the stresses (Table

3.2). In particular, the drought stress reduced the fresh weight increasing the fineness

only; the heat stress increased the fineness but, differently from the drought stress, raised

the branching density (Table 3.2). Conversely, the combined stress did not modify the

seminal root morphology respect to the control (Table 3.2).
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Table 3.2 - Morphology of seminal root of maize plants exposed to single (drought and heat) and combined
stress (drought + heat).

Treatments
Category Parameters
Control Drought Heat Combined
Fresh weight (g)
0.285(0.031)a 0.172(0.029)b  0.205(0.043)ab  0.176 (0.018) b
Biometric
Dry weight 015 (0.
ry weight (g) 0021 (00042 0 5;0 003) 00140004y 0.018(0.002)a
Length
. ength (cm) 64 (T)a 64 (T)a 63 (8)a 51(2)a
Geometric
Surf: 2
urface area (cm’) 11 ()a 10(1)a 122)a 10(1)a
RLR(cm g™)
82 (13) a 103 (14) a 97 (14) a 83 (1)a
RMR (g g-! 023 (0.002
(&2 0027 (00022 0230002 7 00018 0.0310.003)a
Length a
Fi -3
components . Fineness (cm em™) 294 (47) b 463 21)a 435 (55)a 362(24) a.b
Tissue density 4 o
(g em™) 0.094(0.007ab 00 l()o.o 3 0.091(0.003)ab  0.124(0.001)a

Root zone formation
(cm) 7(1)ab 8(2)ab 12(3)a 6(1)b

Branching zone

Branching ¢\ mation (cm) 54(5)a 55(6)a 57 (14) a 44(3)a
Branching density
(n em-) 2.8(0.1)b 29(0.1)b 4.5(04)a 3.002)b

Different letters along the rows indicated significative differences among the means at p < 0.05 (Test of
Tukey). The values within the brackets are the error standards (n = 4).

Seven traits of the primary lateral roots were differentially modified by the stress (Table
3.3). The RLR and fineness were increased by drought stress in comparison with the
control, while the heat stress increased the fresh weight, length, surface area and RLR but
not the fineness. The combined stress pointed out a significant and marked modification
of the primary lateral root morphology increasing by 84%, 56%, 124%, 43% and 57% the

length, surface area, RLR, fineness and average length, respectively (Table 3.3).
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Table 3.3 - Morphology of primary lateral root of maize plants exposed to single (drought and heat) and
combined stress (drought + heat).

Treatments
Category  Parameters
Control Drought Heat Combined
Fresh weight () 0212 (0.012)b 0280 (0.047)ab  0.315(0.040)a 0.225 (0.001) a,b
Biometric
Dry weight (g) 0.022 (0.004) a 0.016 (0.001) a 0.021 (0.003) a 0.020 (0.001) a
Length (cm) 557 (8) ¢ 691 (35) b, 757(82) b 1028 (33) a
Surface area
(em?) 34.6 (0.7) b 37227 b 45.8 (4.8) a 533(0.1)a
Geometric
number (n) 208 (16) a 225 (14) a 200 (2) a 247 (27) a
?Ve)rage length 2.860 (0.136) b 3.076 (0.039)b  3.640 (0.384) ab 4.486 (0.578) a
cm
RLR (cm g™) 736 (41) ¢ 1195 (63) b 1125 (75) b 1650 (90) a
RMR (g g™) 0.0324 (0.0079)a  0.0220 (0.0003)a  0.0308 (0.0031)a  0.0330(0.0016)a
Length
components - Fineness 3257 (44) ¢ 4018 (56) b 3512 (76) 4670 (288) a
(cm cm™3)
Tissue density 0.134 (0.027) a 0.093 (0.005) a 0.097 (0.005) a 0.093 (0.006) a

(g em™)

Different letters along the rows indicated significative differences among the means at p < 0.05 (Test of

Tukey). The values within the brackets are the error standards (n = 4).

The seminal lateral roots were affected by the stress in eight out of ten traits (Table 3.4).

However, the single stress lesser influenced these root types which reduced the RMR

(drought stress) and the dry weight and surface area (heat stress) in comparison to the

control (Table 3.4). Conversely, the combined stress strongly affected the seminal lateral

roots, reducing the dry weight, length, surface area and RMR and increasing the fineness

(Table 3.4).
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Table 3.4 - Morphology of seminal lateral roots of maize plants exposed to single (drought and heat) and
combined stress (drought + heat).

Treatments
Category Parameters
Control Drought Heat Combined
Fresh weight 0.0600(0.0114)ab  0-0355(0.0048)b  0.1323 (0.0459)a  0.0149(0.0002)b
Biometric ~ (8)
Length (cm) 113 (7 a 104 (1) ab 105 (13) ab 79 (14) b
Surgace area 8.5(1.3)a 7.5(0.1)a 3.7(0.6) b 4.5(0.9)b
Geometric (em?)
number (n) 149 21) ab 169 (18) a,b 202 (23)a 134 (5)b
Average length 0.872 (0.151) a 0.707 (0.081) a 0.563 (0.136)a  0.530 (0.094) a
(cm)
RLR (cm g™) 147 (1) ab 178 (2) a 151 (12) ab 128 (19) b
RMR (gg™) 0.0066 (0.0010)a 00032 (0.0001)b 9 0041(0.0015)a,b  0.0021(0.0003)b
Length Fineness 2728 (48) b 2416 (0) b 3630 (376) b 6283 (1176) a
components  (cm cm™3)
Tissue density 0.095 (0.004) a 0.085 (0.015) a 0.101 (0.036)a  0.102(0.022) a

(g em™)

Different letters along the rows indicated significative differences among the means at p < 0.05 (Test of
Tukey). The values within the brackets are the error standards (n = 4).
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3.3.2. Additive, synergistic and antagonistic effect of combined stress

In order to evaluate the non-additive effects on the root traits significantly modified
by the combined stress, we used the multiple risk model (Darling et al., 2010) that
eluded the over-inflated response estimated by a simple additive model.

The response to the combined stress in maize root types were the result of the
additive, synergistic and antagonistic effects of the single stress depending on the
root types and traits (Figure 3.3). Indeed, a significant increase in the fineness and
a decrease in the branching density in the primary roots under the combined stress
(Table 3.1) was the result of an antagonistic effect of the single stress, whereas an
additive effect was evoked for the enhance of dry weight, RLR, RMR, tissue density
and branching zone (Figure 3.3A). The increase of the fresh weight in the seminal
root, the only trait significantly modified by the combined stress (Table 3.2), was
the result of the additive effect (Figure 3.3B). A synergistic effect could justify the
increase of the length, surface area in the primary lateral roots exposed to the
combined stress while an additive effect for the RLR, fineness and average length
(Figure 3.3C). Finally, the only increase in the length of the seminal lateral roots in
response to the combined stress was due to a synergistic effect, whereas an additive
effect was responsible for the modifications of the dry weight, surface area, RMR

and fineness (Figure 3.3D).
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Figure 3.3 - The combined impacts from drought and heat stress on selected traits of root primary
(A), seminal (B), primary lateral (C) and seminal lateral (D) of maize plants. The combined impact
of single stressors was estimated as synergist (red colour), additive (white colour) or antagonistic
(blue colour) (greater than, equal to or less than expected effects, respectively, based on single
stressor effect sizes). The vertical and error bars represent, respectively, the mean and the 95%
confidence intervals of the overall effect size difference between the observed and expected additive
effects from combined drought and heat on root traits of maize plants. The zero line represents the
expected additive effects from combined stressors. When the means (and their 95% confidence
limits) were higher than or less than the zero line, they were considered synergistic or antagonistic,
respectively.

3.3.3. Root responses to the single and combined stress: a supervised analysis with
PLS-DA.

A PERMANOVA analysis revealed that all the treatments determined a significant
difference (p = 0.001) in the root morphology as reported in Table 3.5 The Pairwise
PERMANOVA comparisons suggested that the combined and drought stress but
not the heat ones triggered significant difference respect to the control.
Furthermore, the drought stress caused a different root morphology in comparison

to both the heat and combined stress (Table 3.5).
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Table 3.5 - Results of the PERMANOVA analysis testing the root morphology of maize plants
against the stress treatment.

Factor df R? F p
Stress treatment 3 0.669 8.096 <0.001
Residual 12 0.331

Total 15 1.000

Pairwise contrasts

F model R? p
CvsD 9.262 0.607 0.031
CvsH 3.878 0.393 0.053
Cvs HD 15.926 0.726 0.027
Dvs H 7.056 0.540 0.034
D vs HD 13.677 0.695 0.023
H vs HD 7.7520 0.564 0.054

In order to select informative and relevant root traits, we used the sparse Partial
Least Squares-Discriminant Analysis (sPLSDA), a multivariate method
characterized by a very satisfying predictive performance for the multiclass
classification in plant biological studies (L& Cao et al., 2011; Jiang et al., 2014).

The performance step for the selection of the number of components suggested that
3 were enough to sharply reduce the balanced error rate (Figure 3.4A). Further, the
final model obtained by tuning process pointed out that each component was
constituted by one root morphological trait with a BER around 0.18 (Figure 3.4B).
The sample plots on the three components permitted to visualize a sharply
discrimination among the treatments with 52% of total explained variability split
up by 27%, 14% and 11% for the first, second and third components, respectively
(Figure 3.5A and 3.5B). In particular, plotting the first two components the
combined and, at lesser extent, the drought stress were sharply separated from the
control by the first component, whereas the second component discriminated the

drought and, at lesser degree, the heat plants respect to the control (Figure 3.5A).
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The addition of the third component permitted to separate the heat plants from the
control ones (Figure 3.5B).

Figure 3.5C, 3.5D and 3.5E showed the selected root traits and relative loading
weights for each component and the colour indicated the treatments for which the
selected root traits has a maximal mean loading weight value. In particular, the root
traits identified as performants for the sPLS-DA model were the primary lateral
RLR in the combined stress, primary root branching density in the control and
seminal root branching density in the drought stress for the first, second and third

components, respectively (Figure 3.5C, 3.5D and 3.5E).
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classification by overall and balanced error rate (5 cross-validation averaged 50 times) for each
sPLS-DA component. Choosing the number of root traits for each SPLS-DA component by tuning
test (B). Estimated classification balanced error rates for root morphology data set (5 cross-
validations averaged 50 times) with respect to the number of selected root traits for the sparse
exploratory approaches.
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3.4. Discussion

3.4.1. Single stress determined different root type-related morphological responses
Drought as well as heat stress affected the primary root more than the other types.
Indeed, differently from the seminal root, the primary improved its length both in
term of absolute (LR) and relative value (RLR) but with different intensities: higher
in drought than heat plants. The primary root is the very early dominant type in
maize seedlings determining the early vigor and, by deepening in the subsoil strata,
the survival under water deficit and higher air temperature (Hund et al., 2008; Landi
et al., 1998). Further, the rooting depth is a phene very interesting as it confers
drought tolerance/resistance in several plant species such as rice (Uga et al., 2013)
and wheat (Wasson et al., 2012) improving the subsoil water capture. In order to
evaluate the “morphological pattern” determining the increase in the RLR, trait that
better than absolute length has been related to the plant’s potential for water and
nutrient acquisition under stress conditions (Ryser, 1995), we estimated its

“morphological components”, that is RMR, fineness and tissue density. In
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according to Ryser and Lambers (1995), the higher RLR could be due to an increase
of the RMR and/or fineness and/or decrease of the tissue density as explained by
the equation 1. The results indicated that the increase of RLR in the primary root,
under both single stress conditions, was due to a concomitant enhancement of the
biomass allocation (RMR) and fineness, accompanied by a higher RTD trait
positively correlated with the degree of lignification and cell wall thickness
(Ciamporova et al., 1998; Wahl et al., 2000; Hummel et al., 2007). Hence, the maize
seedlings under both the drought and heat stress, increased the length of the primary
root, which appeared more fineness and, at the same time, thickness, useful traits to
penetrate the hard soil layers under water stress (Chimungu et al., 2015). To note
that, the RLR of the primary root under the drought stress was also higher than to
heat ones and this difference was due to a higher fineness rather than biomass
allocation variation (Table 3.1). Extensive transcriptomic and proteomic studies
revealed specific transcripts and proteins related with cell wall extension properties
in the primary root of maize seedlings exposed to the water stress (see reference in
Yamaguchi et al., 2010; Voothuluru et al., 2020). Therefore, according to our
results, the drought stress could induced a different molecular mechanism respect
to the heat one, which differently regulated the elongation of the primary roots as
observed in this study.

The seminal root axes were the lesser modified by the single stresses, which
determined an increase in their fineness only (Table 3.2). The maize seminal roots
responded to the drought and heat stress by reducing their emergence angle and
length that resulted in the soil deepening (Hund et al., 2008; Lynch, 2013). These
results were not observed in this study, probably, for the pot volume that limited
the soil exploration.

Besides the primary and seminal root axes, the laterals, as post-embryonic roots
arising from these axes, played an important role for the water acquisition from the
soil allowing an improvement of the soil exploration due to their higher surface to
volume ratio (Yu et al., 2019). Differently to the seminal lateral roots, the primary
laterals were more modified by both single stresses: the drought-stressed plant
pointed out similar lateral length to the heat plants but with a higher fineness (Table

3.3 and 3.4). Again, the trait “fineness” was differently regulated by drought respect
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to the heat stress allowing a higher surface soil contact of the laterals, fundamental
for water uptake. To note that, although the length of the primary lateral roots was
increased, the branching density was decreased in both stressed plants. This
reduction, associated with an increase of length the primary lateral roots constituted
an important root “phenotypic pattern”, which improved drought resistance in
maize plants by reducing both the intra-plant competition for the photosynthates

and the capture of mobile soil resources such as water (Zhan et al., 2015).

3.4.2. Combined stress caused different root type-related morphological response
respect to the single stress with non-additive effects

The recent studies on combined stress, such as drought and heat, were focused on
the morpho-physiological and molecular responses of plant aerial traits such as
yield and quality (Prasad et al., 2011; Liu et al., 2019), plant growth (Vile et al.,
2012), foliar chemistry (Orians et al., 2019) and leaf physiology (Hussain et al.,
2019; Tricker et al., 2018). Conversely, very few studies have focused on the root
system responses to combined stress and no information are available for the
different root types. Here, for the first time, the responses of the single root types
of maize seedlings to the combined stress were reported. It induced a similar
morphological pattern to the single stresses resembling those of the drought and
heat stress for the primary and seminal root axes and those of the heat for the
primary lateral roots only. Conversely, the morphology of seminal lateral roots of
the combined stress was completely different from that of the single stresses: length
and biomass were sharply inhibited. Probably, the water scarcity exacerbated by the
heat rendered not useful the exploration and resource exploitation of the topsoil
strata; hence, the maize plants engaged their internal resource towards the root
classes, such as the primary and its laterals, mainly localized in the subsoil to reach
the water reserve.

Analyzing the pattern of the combined stress on the root traits is interesting to
understand their additive (equal to the sum of the single-stress effects), synergistic
(higher than expected) or antagonistic (lower than expected) effects. Besides a
useful information on morphological pattern, these could provide a hypothesis on

the signaling pathways and molecular mechanisms underlying the plant strategy in
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presence of simultaneous stress. For example, the synergistic effect of NaCl and
ABA in Arabidopsis thaliana was induced by the expression of Responsive-to-
Dehydration 29A (RD29A) that cannot be explained by the sum of responses to the
single stresses (Lee et al., 2016). Furthermore, the antagonistic effect of drought
and insect herbivory could be explained by synergistic interactions between JA and
ABA signaling (Nguyen et al., 2016). In our study, the combined stress produced
mostly additive effects, but synergistic and antagonistic effects for specific trait and
root types were also observed (Figure 3.3) suggesting, for these latter, an unique
molecular and signaling interaction mechanisms. These results were below
discussed for their ecological role, and plant fitness in environment characterized
by co-occurring drought and heat stress. Differently to the seminal and their lateral
roots, primary lateral root traits were mostly synergized whereas those related to
the primary root axes were antagonized (Figure 3.3). Why non-additive effects
(synergistic and antagonistic ones) were observed in the primary and their lateral
respect to the seminal roots? Their different locations within the soil environment
that caused diverse efficiency for the resource acquisition could be hypothesized.
Indeed, the primary and their lateral roots are placed in the water-rich subsoil strata
making these root types more important under water scarcity due to lesser
rainfall/irrigation, further aggravated by a simultaneous heat stress. The root
deepening during drought stress was revealed in maize plants (Hund et al., 2008;
Lynch, 2013; Wasson et al., 2012). However, our results pointed out that combined
stress antagonized the fineness and the branching density of the primary roots
(Figure 3.3A). Probably, the thicker primary roots could be more useful for deeper
penetration in soil compacted caused by both drought and heat stress (Bengough et
al., 2011; Nosalewicz et al., 2014). At the same time, the reduction of the branching
density of the primary root axes along with the root deepening is a useful strategy
for the root adaptation in water scarcity environments as observed by (Lynch,
2018). Next to the antagonistic effects in the primary roots, the synergistic effects
were observed on the length, surface area and RLR traits of the primary lateral roots
(Figure 3.3C). Sustained by the soil penetration of the thicker primary roots, the

longer laterals with higher surface contacts with soil could increase the exploration
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of the subsoil strata characterized by higher soil moisture under combined drought

and heat stress.

3.4.3. Primary lateral RLR, primary and seminal root branching density
discriminated the root phenotypes in drought and heat stress and their combination.
Currently, for understanding the root strategy for the plant adaptation to abiotic
stress, the multivariate analysis were applied. This suitable method allowed to
identify the efficient and meaningful “multi-trait classifiers” of the root systems
(Bodner et al., 2013) and the detection of the functional root traits and mechanisms,
which operate independently or jointly. For example, the principal component
analysis (PCA) permitted to identify the root ideotypes in drought stress for the
peanut landraces (Tella et al., 2014), sugar beet genotypes (Romano et al., 2013),
bean landraces (Abenavoli et al., 2016) and soybean genotypes (Zuffo et al., 2020).
Conversely, the sparse PLS-DA, a supervised technique, made efficient the trait
selection and dimension reduction simultaneously by imposing sparsity to the
solution (Chung et al., 2010), making it a novel approach to investigate high
dimensional and redundant root data.

The sPLS-DA clearly separated the root phenotypes of the combined and, to a lesser
degree, the drought stress from that of the control by component 1 (Figure 3.5A).
This component showed high positive loading for the RLR of the primary lateral
roots and the combined stress was the group for which the selected variable had a
maximal mean value. Hence, the root phenotypes of the combined stress were
different from that of the control plants as firstly suggested by Permanova analysis
and the RLR of the primary lateral roots was the triggering root trait as pointed out
from sPLS-DA. As already described, this trait, which expresses the relative
investment of the plant in root length, was strictly related to the soil resource
availability and hence for their capture (Ryser and Lambers, 1995; Ryser et al.,
2000), depended on the nutrient availability (Sorgona et al., 2007; Freschet et al.,
2015) and drought stress (Romano et al., 2013). The components 2 and 3 separated
the root phenotypes of the drought stress plants from that of the control and heat
ones, respectively (Figure 3.5A and 3.5B). The primary and seminal root branching

densities were the root traits with a maximal negative mean value for the control
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and drought group, respectively confirming that the inter-branch length could play

a fundamental role in the drought stress condition (Zhan et al., 2015; Lynch, 2018).

3.5. Conclusions

The present study pointed out, for the first time, the responses of different root types
to the combined abiotic stress in maize seedlings.

The single and combined stress caused fine variations in growth and morphology
of the single root types in the maize root phenotype. The seminals were the least
modified root types, whereas the primary and their lateral roots were stimulated
with an increase of the length together with higher biomass allocation and fineness
by the single stress conditions. The combined stress determined similar effects but
associated with a specific inhibition of growth and morphology of the seminal
lateral roots. Non-additive effects (synergistic and antagonistic) were only observed
in the primary and their lateral roots under the combined stress suggesting that
single molecular mechanisms could underlying their growth and morphological
responses. Further, the results of sSPLS-DA supported the idea that the primary and
their lateral roots could be the “root type” with an important role for the adaptation

to the combined abiotic stress.
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Chapter 4: Single and combined abiotic stressors affect
maize rhizosphere bacterial microbiota

Adapted from: Rosa Vescio et al. Single and combined abiotic stressors affect
maize rhizosphere bacterial microbiota. Rhizosphere 2021, 17(1).

https://doi.org/10.1016/j.thisph.2021.100318

Abstract

Rhizosphere microbiomes are influenced by abiotic stresses, but we know a little
about their response to combinations of stresses. In this study we tested: (i) if
drought and heat stress influence the maize rhizosphere microbial community; (ii)
if the combination of drought and heat has a different outcome compared to a single
stress; (ii1) if rhizosphere microbiota clusters according to root class and root zone.
We setup a microcosm system using maize as model plant. We exposed plants to
drought, heat stress and their combination, and used 16S amplicon-sequencing to
reconstruct bacterial communities of different root classes (crown and primary) and
root zones (apical, sub-apical and basal). We found both drought and heat affect the
structure of rhizosphere bacterial communities. The combination of these stressors
also influenced the structure of rhizosphere microbial communities, but this effect
did not differ compared to the single stresses. Interestingly, we found differences
in microbial communities inhabiting the rhizosphere of crown and primary roots in
the control treatment, but this difference disappeared once stresses were applied.

Stress also lead to an increased abundance of beneficial organisms.

Keywords: drought; heat; root class; root zone; 16S rRNA; metabarcoding
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4.1. Introduction

Abiotic stressors are a major limiting factor for crop production worldwide (Mantri
et al. 2012; Wien 2020). Variation in water availability and increasing of global air
temperature are major abiotic stresses posed by climate changes (IPCC 2019). As
result, the increase in air temperature and drought events are likely to become more
frequent and severe (Spinoni et al. 2018). Recent development in plant microbiome
research highlighted the potential of plant-associated microbial communities in
alleviating the negative effects of changes in water availability and air temperatures
(Hussain, Mehnaz and Siddique 2018; Naylor and Coleman-Derr 2018; Saikkonen,
Nissinen and Helander 2020).

Plants play an active role in selecting their own microbiota and can recruit
beneficial organisms in response to stresses, especially in the rhizosphere
(Berendsen, Pieterse and Bakker 2012; Turner, James and Poole 2013; Rolfe,
Griffiths and Ton 2019). Both drought (Naylor and Coleman-Derr 2018) and high
air temperatures (van der Voort et al. 2016) can produce a change in the structure
of rhizosphere microbiomes. For example, the rhizosphere of plants under drought
stress is enriched with plant growth promoting bacteria mainly belonging to the
classes Actinobacteria and Firmicutes (Marasco et al. 2012; Edwards et al. 2018;
Fitzpatrick et al. 2018; Xu et al. 2018; Simmons et al. 2020). While drought can
influence the rhizosphere microbiome directly (via reduction of available water)
and indirectly (via the host plant), air temperature only influences the rhizosphere
microbiome indirectly (via the host plant). These two different pathways are likely
to produce big differences in rhizosphere responses; however, to date, the
differential response of rhizosphere microbiomes to heat and water stress has not
yet been determined. Furthermore, the combination of heat and water stress
commonly occurs in field conditions, and this has an additive detrimental effect on
plant growth (Pandey et al. 2017). However, the combination of drought and heat
on rhizosphere microbiomes has yet to be examined.

The plant root system comprises different root classes, usually classified
accordingly to their ontogenesis (i.e. primary, nodal, lateral), each one characterized
by distinct developmental, physiological and functional signatures (Waisel and

Eshel 2002; Hodge et al. 2009; Tai et al. 2016), and different responses to
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environmental stresses determining a large within-root phenotypic plasticity. For
example, different root classes vary in their response to nutrient deficiency (Rubio,
Sorgona and Lynch 2004; Sorgona, Abenavoli and Cacco 2005; Sorgona’ et al.
2007), allelopathy (Abenavoli et al. 2004; Lupini et al. 2016) and drought (Romano
et al. 2013; Abenavoli et al. 2016). In addition to this diversification among root
classes, roots show differences in functionality in different root zones (Rubio,
Sorgona and Lynch 2004; Sorgona et al. 2010, 2011). Along the root axis,
morphological and functional differences in root architecture reflect the relationship
between roots and their environment, with variation in nutrient uptake, water
transport, carbon exudation, proton/hydroxyl excretion and respiration (Hodge et
al. 2009). Although the physiological and morphological differences between root
classes and in different root zones are widely reported, their microbiome remains
currently little explored.

In this study, we exposed maize plants to drought and heated air, alone and
combined, and we characterized the rhizosphere bacterial community in three root
zones (apical, subapical and basal) for two different root classes (primary and
crown). We hypothesize that drought and increased air temperatures influence the
composition of rhizosphere bacterial microbiome differently due to the difference
in direct and indirect influences on bacterial microbiome composition, and this
response will vary with root class and zone. We also hypothesize that the
combination of drought and heat will produce a unique rhizosphere microbiome

signature.

4.2. Material and Methods

4.2.1. Study system

Soil was collected from the top 10cm layer of an uncultivated field located at the
information hidden for double-blind peer-review (coordinates hidden for double-
blind peer-review Table S4.1), and coarsely sieved (4mm mesh). Pots were filled
with a mix of 1 part collected field soil and 2 parts of quartz sand (@ 1-2 mm, Croci
Trading Company s.r.1., Italy, autoclaved for 3 hours at 121°C, allowed to cool
overnight and then other 3 hours at 121°C). Maize seeds (genotype KXB7554,
provided by KWS Italia) were surface sterilized with 20% bleach solution for 20
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minutes and rinsed with deionized water 5 times. Seed germination was
synchronized by soaking seeds in deionized water for 24h (Picture 4.1) and
providing air flow through an air pump. We selected maize as model species
because: (i) it is an economically important crop and model species for research;
(i1) it has been used as model for abiotic stress research; (iii) it has well-defined root

classes and zones.

Picture 4.1 — Maize seeds in deionized water, soaked for 24h.
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4.2.2. Experimental design and sample collection

We conducted an experiment testing the effects of two levels of water availability
nested in two levels of air temperature on the diversity and composition of the
rhizosphere microbiome. Maize plants (Zea mays L.) were exposed to two levels of
air temperature (25°C and 32°C), and two levels of water availability (30% and
80% of soil field capacity, corresponding to a severe drought and no drought). The
experiment was split into two blocks to account for the variability introduced by
working with two climatic chambers. Each block contained 3 replicates and were
temporally distinct: once the first block was harvested the second block was set up,
and the air temperature treatments were inverted between the two chambers. The
entire experiment yielded a total of 4 treatments (2 water availability treatments x
2 air temperature treatments) x 6 (replicates) 24 plants. Pairs of plants exposed to
the same treatment in the two different blocks were grouped together, and for both
we collected two root classes (primary and crown root) that were divided into three
zones (apical, sub-apical and basal) yielding a total of 72 samples.

To start each block, after 24 hours of soaking, 5 maize seeds were sown in 1L pots
filled with the soil mix. Three replicates of each treatment were then randomly
distributed within two climatic chambers both initially set at 25°C, 70% relative
humidity and a 14:10 light:dark photoperiod and left to grow for 2 weeks. During
this timeframe each pot was weighted every two days and watered to guarantee a
minimum of 80% of soil field capacity. Fifteen days after sowing, plants were
exposed to the 30% field capacity and 32°C air temperature treatments for 7 days.
Heat stress was applied by increasing the air temperature to 32°C (Hussain et al.,
2019) in one climatic chamber. Drought stress was imposed at 30% soil field
capacity (Hussain et al., 2019) by reducing water availability from 80% to 30% of
the pot capacity (determined by weighing the pots) (Anderson, et al., 2018) for
plants in both climatic chambers. With preliminary trials, we determined the
amount of water necessary to reach 30% and 80% of field capacity on the same soil
used for this experiment. During the experiment, we maintained 30% or 80% of
field capacity (according to the treatment) by weighting pots twice a day,
calculating the difference in weight compared to our target (either 30% or 80% of

field capacity), and compensating this difference with distilled water.
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At the end of stress exposure, we measured photosynthetic rate and stomatal
conductance to confirm that treated plants were actually stressed (see
Supplementary material). Plants were then removed from pots (Picture 4.2) and

gently shaken to remove bulk soil.

Picture 4.2 — Root and bulk soil.

The root system was divided into primary and crown roots. Each root class was then
divided into three zones: apical (portion from the root tip to the first lateral root),
subapical (following the apical portion, same length, but including lateral roots) and
basal (same length as the others but excised starting from stem). To extract
rhizosphere soil, root sections were put in a 2ml tube containing 300 pl of lysis
buffer (10 mM Tris, 100 mM NaCl, 10 mM EDTA, 0.5% SDS), and vortexed at
maximum speed for 2 minutes (McPherson et al. 2018). Roots were then discarded,
and rhizosphere samples were stored at -80°C before being processed using 16S

rRNA metabarcoding procedures (Abdelfattah et al. 2018).

4.2.3. DNA extraction and library preparation

Samples were homogenized with the lysis buffer using two 1 mm@ stainless steel
beads per tube, with the aid of a bead mill homogenizer set at 30 Hz for 2 min
(TissueLyzer II, Qiagen). Total DNA was extracted using a phenol-chloroform

protocol. DNA quality and quantity were checked with a Nanodrop 2000 instrument
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(Thermo Fisher Scientific Inc., USA). DNA was extracted also from non-template
control samples, where experimental samples were replaced by 100 ul of nuclease-
free water, in order to account for contamination of reagents or instruments.

PCR amplifications were performed in a reaction mixture containing ~20ng of
template DNA, 1X KAPA HiFi HotStart ReadyMix (KAPA Biosystems, USA), 0.5
uM of 515F and 806R primers (Apprill et al. 2015; Parada, Needham and Fuhrman
2016), and nuclease free water was added to create a final volume of 12.5 pL.
Amplifications were performed in a Mastercycler Ep Gradient S (Eppendorf,
Germany) with an initial denaturation at 94°C for 3 minutes, followed by 35 cycles
of denaturation at 94°C for 45 seconds, 50°C for 60 seconds, 72°C for 90 seconds
and a final extension step at 72 °C for 10 minutes. All PCR reactions included three
non-template control wells, where DNA was replaced with nuclease-free water to
check for contamination of PCR reagents. PCR products were inspected for correct
amplification on 1% agarose gel. PCR products were then purified with Agencourt
AMPure XP kit (Beckman and Coulter, Brea, CA, USA), following the
manufacturer's instruction. A short-run PCR was performed on purified samples in
order to include the Illumina 17 and i5 indices using the producer's protocol (Nextera
XT, Ilumina, San Diego, CA, USA). Amplicons were purified again with
Agencourt AMPure XP kit as reported above and their concentration was quantified
using a Qubit 3.0 fluorometer (Thermo Fisher Scientific Inc., USA). Samples were
pooled together at equimolar rations and sequenced with an Illumina MiSeq
platform (Illumina, San Diego, CA, USA) using the 300PE chemistry. No non-
template control sample yielded a band after PCR, and the few reads retrieved from

sequencing were lost after quality filtering.

4.2.4. Raw reads processing

De-multiplexed forward and reverse reads were merged using the PEAR 0.9.1
algorithm using default parameters (Zhang et al., 2014). Data handling was carried
out using QIIME 1.9.1 (Caporaso et al., 2012), and we quality-filtered reads using
default parameters, discarded chimeric sequences and binned OTUs with
VSEARCH 2.14.2 (Rognes et al., 2016). OTUs coming from amplification of

chloroplast DNA were discarded from the downstream analyses. Taxonomy was
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assigned to each OTU through the BLAST method by querying the SILV A database
(v. 132) (Quast et al., 2012).

4.2.5. Data analysis

Data analysis was performed using R statistical software 3.5 (R Core Team 2013)
with the package phyloseq (McMurdie and Holmes, 2013). Shannon index was
calculated using the package vegan (Dixon 2003), and comparison among groups
was performed by fitting a linear mixed-effect model to account for the nested
design, specifying the formula treatment * root_class * root_zone *
(1jroot_class/root_zone) + (1|temperature/water). Models were fit using the Imer()
function under the /me4 package (Bates et al. 2015) and the package emmeans was
used to infer pairwise contrasts (corrected using False Discovery Rate, FDR).
Furthermore, we studied the effects of the same factors on the structure of the
microbial communities using a multivariate approach. Distances between pairs of
samples, in terms of community composition, were calculated using a Bray-Curtis
matrix, and then visualized using Canonical Analysis of Principal Coordinates
(CAP) procedure. Differences between groups were inferred through
PERMANOV A multivariate analysis (999 permutations, stratified using the factors
“root_class/root_zone” and “temperature/water”’). Pairwise comparisons were
calculated using a custom script and correcting P values using the FDR method.
We used the R package DESeq2 (Love, Huber and Anders 2014) to search for OTUs
differentially abundant between each treatment groups and the control. First, we
built a model using treatment, root class and root zone as factors, and then we
extracted the appropriate contrasts (Stress/Control) for each treatment group. OTUs
significantly more abundant in the stressed group were identified by filtering the

contrast table by logzFoldChange>1 and Pagj<0.05.

4.3. Results
The linear mixed-effects model analysis revealed that microbial rhizosphere
Shannon diversity only varied significantly with the interaction between treatment

and root class (Table 4.1). Specifically, primary roots had a higher diversity than
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crown roots (P=0.003, Figure 4.1B), but this difference disappeared with reduced

water availability and increased temperature (P>0.05, Figure 4.1B).
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Figure 4.1. Comparison of Shannon diversity index between (A) treatments and (B) root classes

within treatments. (C) CAP (Canonical Analysis of Principal coordinates) ordination using a Bray-
Curtis distance matrix of samples. **P=0.003.
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Table 4.1. Results from the mixed-effect linear model testing the Shannon diversity index against
treatment, root class, root zone and their interactions.

Factor df F P

Treatment (T) 3 2.379 0.497
Root class (RC) 1 0.001 0.967
Root zone (RZ) 2 0.028 0.985
Tx RC 3 16.171 0.001
TxRZ 6 5.118 0.528
RC x RZ 2 0.994 0.608
TxRCxRZ 6 5.874 0.437

We used a multivariate approach (PERMANOVA) to test the influence of
treatments, root class, and root zone on the structure of microbial communities, and
we found similar results to microbial diversity. We found a significant effect of
treatment (P=0.005) and the interaction between treatment and root class (£<0.001)
on the structure of rhizosphere microbiome in our experiment (Table 4.2). In both
primary and crown roots, we consistently found that the microbial community of
stressed plants was different from control ones and, also, between drought and heat
plants (Table S4.2 and S4.3). However, the rhizosphere microbial community of
plants exposed to both single stressors (drought and heat) was not different from
the one of plant exposed to their combination (Tables S4.2 and S4.3). Furthermore,
for each treatment group, we tested for differences between root classes. We found
that the microbiota of primary and crown roots was different in control (P=0.001),

but not in any treatment (P>0.05, Table S4.4).
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Table 4.2. Results from PERMANOVA analysis testing the effects of treatment, root class, root
zone and their interactions on the structure of maize rhizosphere bacterial communities.

Factor df R? F P

Treatment (T) 3 0.065 1.616 0.005
Root type (RC) 1 0.012 0.953 0.491
Root zone (RZ) 2 0.026 0.987 0.451
T x RC 3 0.091 2.267 0.001
TxRZ 6 0.079 0.99 0.501
RC x RZ 2 0.036 1.358 0.065
Tx RC xRZ 6 0.095 1.184 0.06

Given the differential response of rhizosphere microbiome and the increased
bacterial diversity as response to plant stress, we took a closer look to the bacterial
taxa that were significantly more abundant in stressed plant compared to the control
group (Figure 4.2). As general response among the three stresses, we found an
increase of three bacterial groups: Solirubrobacter, Massilia, Agrobacterium.
While we did not found a specific response to the drought treatment, the treatment
with heated air increased the abundance of: Blastococcus, Bosea (2 OTUs),
Burkholderia, Caulobacter (3 OTUs), Conexibacter, Dactylosporangium,
Flavisolibacter, Leptothrix, Massilia (5 OTUs), Mesorhizobium, Micromonospora
(3 OTUs), Niastella, Phenoylbacterium, Pseudomonas, Segetibacterium,
Solirubrobacter and 5 unidentified OTUs. On the other hand, when comparing the
plant exposed to combined stress to the control, we found a higher abundance of
Rhizobacter, and 2 unidentified OTUs. Furthermore, 11 OTUs were more abundant
in both heat and combined stress treatments: Acidovorax, Bryobacter, Massilia,
Paraburkholderia, Pelomonas, Rubrobacter, Sphingomonas (2 OTUs), and 3
unidentified OTUs. Two OTUs had a higher abundance in both heat and drought

treatments: Pelomonas and Parabulkholderia.
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Combined Heat

Figure 4.2. Venn diagram representing the number of OTUs (Operational Taxonomic Units)
differentially more abundant as response to specific stressors compared to the control group.

4.4. Discussion

Here, we show that drought and heat stresses induce changes on maize rhizosphere
bacterial microbiome. Previous studies, indeed, revealed the effect of various
environmental stress on rhizosphere microbiome: drought (Marschner et al,2005;
Cherif et al. 2015; Nuccio et al., 2016; Naylor et al,. 2017; Santos-Medellin et al.,
2017; Fitzpatrick et al., 2018; Timm et al., 2018), metal-deficiency (Timm et al.,
2018), shading (Timm et al., 2018), and nitrogen-deficiency (Allison and Martiny,
2008; Roesch et al., 2008; Zhu et al., 2016). Our study supports the effects of plant
stressors on rhizosphere microbial assemblages. Furthermore, we tested, for the first
time, whether the combination of drought and heat stress produces a different
outcome on the rhizosphere microbiome compared to the single stressors. While
stress combination was different when compared to the control group, it was not
different from the effects of single stressors.

Our results also showed that, in the control group, the rhizosphere of primary and
crown roots is inhabited by different bacterial communities. Few previous studies,
mostly based on total count and/or trophic strategy and/or culture-dependent
techniques only, suggested that different root classes are associated with a different
microbiome in the rhizosphere (Gochnauer et al., 1989; De Leij et al.,1994;
Marschner et al., 2005) and, in particular, Sivasithamparam et al. (1979) reported

that maize adventitious and seminal roots have similar diversity of bacteria, but the
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adventitious roots have lower fungal diversity. The only paper focused on root
classes soil-based microbiomes, reported nodal roots of Brachypodium distacum
showing a different structure of bacterial and fungal communities compared to
seminal roots (Kawasaki et al., 2016). However, Kawasaki et al. (2016) focused on
non-stressed plants while our study included single and combined abiotic stress.
Our results supported the differentiation of rhizosphere bacterial microbiome
according to root classes. Interestingly, if we extend the same analysis to the stress
treatments, the difference between root classes disappears. Currently we have a very
narrow knowledge on this topic, so it is hard to outline an explanatory framework
for this effect. We are confident that future studies can expand our results and
provide a mechanistic explanation.

Here we also tested the hypothesis that different root zones, within each root class,
would be associated to different microbial communities. In our study, we did not
found differences in microbial community composition between different zones of
the same root class. Following the evidence that different root zones produce
different exudates (Walker et al., 2003), we would expect to observe differences in
microbial assembly along the root axis. To our knowledge, a single previous study
tested the hypothesis that the rhizosphere microbiome associated with different root
zones would respond differently to drought stress (Simmons et al., 2020), and they
also found no differences between root zones. Previous studies showed that
rhizosphere microorganisms can quickly assimilate root exudates, buffering their
influence on rhizosphere microbiomes (Dennis, et al., 2010). This mechanism
might explain our results by itself. However, we should also consider a caveat of
our study: we focused on a single species and genotype. Thus, it is difficult to
generalize our results to other species, but we are confident that future research can
focus on multiple species and genotypes to clarify this aspect. Another possible
caveat of our study is that sub-apical roots have elongation zones that are
morphologically and functionally similar to the apical zone, and this might have
hide differences in the microbiome composition between these two root zones.
However, this does not explain why we did not observe differences between the

apical and basal zones.
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While each stressor influenced the rhizosphere microbiome in a different way, the
analysis of microbial community highlighted that in the control group the microbial
community differed between crown and primary roots, but this difference was not
found in any of the stressed groups. Previous research found that plants can recruit
beneficial microbes in the rhizosphere in an effort to alleviate stress (Lareen et al.,
2016), and this can be the mechanism behind our observation. To test this
possibility, we focused on the taxa that become significantly more abundant as
consequence of plant stress. Indeed, we found that several microbial taxa that were
differentially more abundant in our treatment groups are actually associated to plant
beneficial organisms: Massilia (Ofek et al., 2012), Solirubrobacter (Yang et al.,
2012; Franke-Whittle et al., 2015), Burkholderia (Suarez-Moreno et al., 2012),
Caulobacter (Luo et al., 2019), Mesorhizobium (Laranjo, Alexandre and Oliveira
2014), Micromonospora (Martinez-Hidalgo et al., 2015), Rhizobacter (Lugtenberg
and Kamilova, 2009), Paraburkholderia (Kaur et al., 2017), Sphingomonas (Khan
et al., 2014, 2017). Furthermore, we found a higher abundance of three genera,
Agrobacterium, Pseudomonas and Acidovorax, which are widely known host both
pathogenic but also beneficial bacterial species.

Our study brings a novel view to the ecology of plant-associated microorganisms.
We showed that root class is an important factor in shaping the rhizosphere bacterial
microbiome, and that the presence of plant stressors reduces the differences
between root classes. Although more studies on a large set of plant species and
genotypes are necessary, our results can contribute in increasing the predictability
of plant-microbe relationship, which is an important interaction for securing the
productivity of our crops. More generally, our results contribute to the knowledge
on the effects of climate changes on crops, showing that two of the major plant
stressors caused by climate change influence the plant-microbiome interactions.
This has potential impact on the current trend of crafting agricultural practices

around an holistic vision of plants-microbe-environment interactions.
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4.5. Supplementary material

The photosynthetic rate and stomatal conductance was measured on intact leaves
using the LI-COR LI-6400 system (LI-COR Inc.; Lincoln, NE) with a leaf
temperature of 26 °C, a COz concentration of 400 pmol(CO2) mol(air)™! (controlled
by CO> cylinder), an air flow rate of 500 cm® min~!, and 1200 pmol m?2s™! of
photosynthetically active radiation supplied by the LED light source. Each measure
was taken between 120 and 200 seconds of waiting time. Between measures, the
difference in the CO; concentration between the sample and the reference was
matched to 50 umol(CO,) mol(air)!. The leaf to-air vapor pressure difference
(VPD) was set to 1.5 kPa, and continuously monitored around the leaf during
measurements and maintained at a constant level by manipulating the humidity of
incoming air as needed. All measurements were performed inside a growth
chamber. For each treatment we measured six plants, and for each plant we recorded
the mean value of two measures on different leaves. Data was analysed using one-
way ANOVA, and contrasts were inferred using Fisher’s LSD post hoc test.
Results show that photosynthetic rate was not influenced by treatments (F=1.0780;
df=3; P=0.38 - Fig. S4.1A), while we observed differences in stomatal conductance
between control and all treatments (F=3.51; df=3; P=0.034 - Fig S4.1B). The
stomatal conductance decreased by -20%, -26% and -16% in plants exposed to
drought, heat and combined stress, respectively (Fig. S4.1B). Similar results were
obtained in Hussain et al. (2019). This confirms that our treatments were successful

in inducing stress to maize plants.
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Figure S4.1 — Photosynthetic rate (umol(CO) x m-?>x s™') and stomatal conductance (gs, mol H,O
x m2x s7!) of maize plants exposed for seven days to drought (D), heat (H) and their combination
(C). The control (O) was obtained in presence of optimal water and temperature (see Materials and
Methods). Different letters indicate significant differences between treatments (Fisher’s LSD test).
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Table S4.1 - Soil physical and chemical characteristics.

Soil texture

Bulk density

PHuwater

pHkai

Total organic Carbon (C)
Total Nitrogen (N)

C:N ratio

NH4*

NOs~

Olsen P

Total CaCO3

Active CaCO3

Cation Exchange Capacity (CEC)

Electrical Conductivity (EC) 7:2
at 25°C

sand 36.0%, silt 32.0%, clay
32.0%
1.23 + 0.04 kg/dm?

72+0.2

6.4+0.1

19.3 + 0.4 g/kg dry soil
1.8 £ 0.2 g/kg dry soil
10.7

17.1 £ 1.0 mg/kg dry soil
13.0 = 1.0 mg/kg dry soil
18.3 + 2.3 mg/kg dry soil
8.4 £ 1.0 g/kg dry soil
3.9+£0.2 g/kg dry soil
17.1 £ 1.7 cmol/kg dry soil
0.165 +0.004 dS/m

Table S4.2 - PERMANOVA pairwise comparison between treatments in primary roots.

Pair FDR corrected P value
Control — Drought 0.005
Control — Heat 0.001
Control — Combined 0.002
Drought — Heat 0.03
Drought — Combined 0.308
Heat — Combined 0.094
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Table S4.3 - PERMANOVA pairwise comparison between treatments in crown roots.

Pair FDR corrected P value
Control — Drought 0.006
Control — Heat 0.005
Contro — Combined 0.004
Drought — Heat 0.03
Drought — Combined 0.253
Heat — Combined 0.073

Table S4.4 - PERMANOVA pairwise comparison between root classes (primary vs crown) within
each treatment.

Pair FDR corrected P value
Control 0.001
Drought 0.200
Heat 0.055
Combined 0.273
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Conclusions and Future Perspectives

In consideration to the aims of the present PhD thesis focused on the evaluation of
the plant morpho-physiological and metabolic responses to environmental
conditions characterized by combined abiotic and biotic stress and how these
responses occur at different within-plant spatial levels and temporal scales, the
results of the research activities permit us to rise three main considerations.

First. The different spatial expression of the morpho-physiological performances
within the plant contributed to the plant fitness in the specific and delicate habitats
such as those of the rare plants. This result has been observed in Salvia
ceratophylloides, a rare and endangered plant species, and specifically in a
population that faces with high microhabitat environmental heterogeneity.
Differently to the morpho-physiological traits, the volatilome showed a within-
plant variability independently to the site of the S. ceratophylloides populations
suggesting that the sites are characterized by a lower heterogeneous distribution of
the biotic stress.

Second. The combination of the abiotic and biotic stress has been more harmful
than single stress on the growth and on the physiological tomato responses with
antagonistic and synergistic effects, respectively, but non-additive ones. Further,
the tomato in presence of the combined stress emitted a different blend of VOCs
respect to the single stress. These results suggest a “new stress state” of the tomato
plants exposed to the combined stress which is worthy to deep molecular
investigation. Interestingly is that the combined stress affected the morpho-
physiological traits differently in relation to the position of the leaves along the
shoot axis and/or to their vascular connection determining, hence, a high within-
plant variance. The higher spatial expression of the morpho-physiological
responses within the plant in presence of the combined stress could permit a better
optimization of the growth and defence resources with improvement of the plant
adaptation to the heterogeneous and multiple stressful environmental conditions.
Further targeted experiments to verify the within-plant morpho-physiological
variability as functional trait in the plant fitness in field are worthy of investigation.
Third. As observed for the aerial part of the plant, the root system also pointed out

a within-root variability in responses to the combined stress, mainly drought and
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heat. The primary root and their laterals have been more responsive to both the
single and combined stress with antagonistic and synergistic effects, respectively,
but only the seminal lateral roots have been more sensitive to the combined stress
with synergized effects. In particular, these responses have been due to the
alteration of specific root traits of whose the root length ratio of the primary lateral
roots was the main discriminant for the combined stress. Besides the root
morphology, the combined stress modified also the root microbiome differently to
the single stress and with a root type specific response.

Overall, these results indicated specific morpho-physiological and metabolic
responses to the combined stress with a well-defined within-plant pattern which
determined a “new stress state” of which the underlying molecular mechanisms
orchestrated by a network of metabolic pathways, signaling transduction, hormone

interaction and gene expression, are worthy to be investigate.
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LIST OF FIGURES

Figure 1 Climate change impacts in Europe's regions (source: EEA Report No
01/2017 — Climate change, impacts and vulnerability in Europe 2016).

Figure 2 Impact of climate change on agriculture (source : Ghatak et al, 2017).
Figure 3 Proliferation of primary and secondary laterals by barley (Hordeum
vulgare) grown in solution culture with the middle root section exposed to a 100-
fold greater concentration of phosphate, nitrate, ammonium or potassium ions
compared with roots above or below (LHL).Controls were supplied with high
concentration of nutrients in all zones (HHH). Abbreviations: H, high; L, low,
referring to nutrient concentrations experienced by the top, middle and bottom
sections of the root system. (source: Drew, 1975)

Figure 4 Hypothesized role of root exudates in the response of fast-growing and
slow-growing plant species to drought and the potential consequences for
ecosystem form and function. Arrows indicate exudation inputs into the soil,
coloured dots indicate bacterial communities, thick grey lines represent decomposer
fungi, and thin purple lines represent arbuscular mycorrhizal fungi. PGPR, plant
growth-promoting rhizobacteria; SOM, soil organic matter. (source: Williams and
de Vries, 2020 )

Figure 5 Compound classes and roles exerted in response to abiotic stress.

Figure 6 The stress matrix. Different combinations of potential environmental
stresses that can affect crops in the field are shown in the form of a matrix. The
matrix is color-coded to indicate stress combinations that were studied with a range
of crops and their overall effect on plant growth and yield. [Adapted from Suzuki
et al. (2014) and modified from Mittler (2006)]

Figure 7 Photosynthetic activity and dark respiration, measured with a Li-Cor LI-
6400 apparatus (A). Stomatal conductance (B), measured with a Li-Cor LI-6400
apparatus [source: Rizhsky et al (2002)].

Figure 1.1 Leaf photosynthetic light-response curves measured on petiolate (®) and
sessile leaves (0) of the Salvia ceratophylloides located at Mosorrofa (Mo) (A and
C) Puzzi site (Pu) (B and D). The C and D panels showed the curves at lowest
irradiance values. Data points represent means (N=4-9). Light curves were fitted by

non-linear regression using the Ye et al. model (2007).
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Figure 1.2 Principal component analysis of untargeted metabolomics data from
different leaves (sessile and petiolate) and sites (Mo and Pu) of Salvia
ceratophylloides individuals: Mo-sessile (red), Mo-petiolate (green), Pu-sessile
(blue) and Pu-petiolate (purple).

Figure S1.1 Light saturation point (umol(photons) m™ s™) (upper panel) and light
compensation point (umol(photons) m? s!) (bottom panel) of different plant
functional groups. The data [minimum () and maximum value (¥ )] are derived
from Larcher. The dotted lines are drawn for a better comparison with the minimum
and maximum value of Salvia ceratophylloides.

Figure S1.2 Leaf mass per area (g m™) of sun- and shade-species herbs, evergreen
angiosperm and species, herbs and different Salvia species. The data of LMA of
Salvia species, herbs, evergreen angiosperm and species are indicated by minimum
(M) and maximum value ([¥) or by the average (black plot point and the standard
deviation where reported)] and were derived from Martins et al. (2017) for S.
officinalis, Mommer et al. (2007) for S. pratensis, Paz'—Dyderska et al. (2020) for
S. glutinosa, Goergen et al. (2019) for S. hispanica, Knight and Ackerley (2002) for
S. mohavensis, S. leucophylla, S. dorrii var. dorrii and S. mellifera, Poorter et al.
(2009) for herbs, Duursma et al. (2016) for evergreen angiosperm and de la Riva et
al. (2016) for evergreen species. Box plots point out the distribution of LMA values
as observed for a wide range of sun- and shade-species herbs both annual and
perennial, with the bottom and top part of the box indicating the 25" and 75%
percentile, respectively, the two whiskers the 10" and the 90" percentile,
respectively, and the horizontal line within the box the median value. The data for
the box plot are derived by scientific literature as indicated in Table S1.1. The dotted
lines were drawn for better comparisons and pointed out the range of LMA values

of Salvia ceratophylloides.

Figure 2.1 Protocol schedule including tomato growth and treatments (S: plant
seeding; T1: Plant transfer to hydroponic system; T2: abiotic treatment start; T3:
Tuta absoluta larvae infestation) and plant sampling events (H1-H4: samplings and
analysis). Analysis: morphological analysis (leaf fresh and dry weight, leaf water

content), physiological (photosynthetic rate, stomatal conductance, transpiration
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rate and WUE;) and VOC profiling. The tomato responses were evaluated at
temporal and spatial scales.

Figure 2.2 Morphological traits. Leaf fresh (g), dry (g) and water content (%) of
tomato plants treated with different stress (ABIO, BIO, COMB) or not treated
(CTR) for different time of exposure (0, 1, 3 and 8 days). The data and error bars
indicated the mean and the error standard, respectively (N=4).

Figure 2.3 Gas exchange parameters. Photosynthetic rate (umol CO2 cm™? s!),
Stomatal conductance (mol H>O cm™ s™!), Transpiration rate (mmol H2O cm™ s7!)
and WUEi (umol CO, mol! H20) of tomato plants treated with different stress
(ABIO, BIO, COMB) or not treated (CTR) for different time of exposure (0, 1, 3
and 8 days). The data and error bars indicated the mean and the error standard,
respectively (N=4).

Figure 2.4 Principal component analysis applied to volatiles emission data obtained
from tomato leaves treated with different stress (ABIO, BIO, COMB) or not treated
(CTR) for 3 (A) and 8 days (B) of exposure.

Figure 2.5A sPLS-DA of volatile profiles obtained in tomato plants exposed to
different stress (ABIO, BIO, COMB) or not stress (CTR) for 3 days of exposure.
Choosing the number of components in SPLS-DA by performance test.

Figure 2.5B Mean classification by overall and balanced error rate (5 cross-
validation averaged 50 times) for each sPLS-DA component. Choosing the number
of volatiles for each sSPLS-DA components by tuning test (B).

Figure 2.5C Estimated classification balanced error rates for volatile dataset (5
cross-validation averaged 50 times) with respect to the number of selected volatiles
for the sparse exploratory approaches. sPLS-DA sample plot for the different
components using 95% confidence ellipses. Component 1 vs. Component 2.
Figure 2.5D Estimated classification balanced error rates for volatile dataset (5
cross-validation averaged 50 times) with respect to the number of selected volatiles
for the sparse exploratory approaches. sPLS-DA sample plot for the different
components using 95% confidence ellipses. Component 1 vs Component 3.
Figure 2.6A sPLS-DA of volatile profiles obtained in tomato plants exposed to
different stress (ABIO, BIO, COMB) or not stress (CTR) for 8 days of exposure.

Choosing the number of components in SPLS-DA by performance test.
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Figure 2.6B Mean classification by overall and balanced error rate (5 cross-
validation averaged 50 times) for each sPLS-DA component. Choosing the number
of volatiles for each sSPLS-DA components by tuning test.

Figure 2.6C Estimated classification balanced error rates for volatile dataset (5
cross-validation averaged 50 times) with respect to the number of selected volatiles
for the sparse exploratory approaches. sPLS-DA sample plot for the different
components using 95% confidence ellipses. Component 1 vs. Component 2.
Figure 2.6D Estimated classification balanced error rates for volatile dataset (5
cross-validation averaged 50 times) with respect to the number of selected volatiles
for the sparse exploratory approaches. sPLS-DA sample plot for the different
components using 95% confidence ellipses. Component 1 vs Component 3.
Figure 2.6E-F Contribution plots by loading weights of the volatiles selected for
the Component 2 (E) and Component 1 (F) of the sSPLS-DA. The colour indicated
the treatments for which the selected volatile has a maximal mean loading weight
value.

Figure 2.7 The combined impacts from abiotic (drought and N deficiency) and
biotic stress (Infestation of Tuta absoluta) on morpho-physiological traits of tomato
plants at 1, 3 and 8 days of treatment and VOC emission at 8 days of treatment. The
combined impact of single stressors was estimated as synergist (red colour),
additive (white colour) or antagonistic (blue colour) (greater than, equal to or less
than expected effects, respectively, based on single stressor effect sizes). The
vertical and error bars represent, respectively, the mean and the 95% confidence
interval of the overall effect size difference between the observed and expected
additive effects from combined abiotic and biotic stress on morpho-physiological
and metabolic traits of tomato plants. The zero line represents the expected additive
effects from combined stressors. When the means (and their 95% confidence limits)
were higher than or less than the zero line, they were considered synergistic or
antagonistic, respectively.

Figure 2.8 Dissection of total variance components of the morpho-physiological
traits and VOC responses at 8 days of treatments (control, abiotic stress, biotic
stress, combined stress). Considering all treatments pooled, the contributions of

treatment (blue color) and within-treatment (yellow color) level to the total variance
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in mean of the morpho-physiological traits and VOC responses in the four
treatments considered were estimated by Linear Mixed Models.

Figure 2.9 Nested within-treatment variance partitions (% of the total) in the
morpho-physiological responses of tomato plants to different abiotic and biotic
stress. The between-plant variance comprise plant within treatment (red color) and
the within-plant variance involved the leaves within plant within treatment (green
color). The black color indicated the model error.

Figure 2.10 Degree of vascular connectivity among different leaf positions of
tomato plants by method of Orians et al.

Figure 2.11 Tomato responses to the experimental conditions resembling the
vascular pattern (red line) or architectural pattern (green line) or no pattern (blue
line).

Figure 2.12 Photosynthetic rate of three different leaves of tomato plants exposed
for 8 days at diverse stresses [abiotic (ABIO); biotic (BIO); combined (COMB)].
No stresses (CTR). The box plot indicated the minimum, first quartile, median, third
quartile, and maximum value. Different letters indicated significant difference
among the mean groups (N=8; p<0.05 test of Tukey). The values within the figure
indicated the F statistic with the p values (*** p<0.001) derived from one-way
ANOVA.

Figure 2.13 Stomatal conductance of three different leaves of tomato plants
exposed for 8 days at diverse stresses [abiotic (ABIO); biotic (BIO); combined
(COMB)]. No stresses (CTR). The box plot indicated the minimum, first quartile,
median, third quartile, and maximum value. Different letters indicated significant
difference among the mean groups (N=8; p<0.05 test of Tukey). The values within
the figure indicated the F statistic with the p values (* 0.05<p<0.01; 0.01<p<0.001;
ns not significant) derived from one-way ANOVA.

Figure 2.14 Transpiration rate of three different leaves of tomato plants exposed
for 8 days at diverse stresses [abiotic (ABIO); biotic (BIO); combined (COMB)].
No stresses (CTR). The box plot indicated the minimum, first quartile, median, third
quartile, and maximum value. Different letters indicated significant difference

among the mean groups (N=8; p<0.05 test of Tukey). The values within the figure
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indicated the F statistic with the p values (* 0.05<p<0.01; 0.01<p<0.001; ns not
significant) derived from one-way ANOVA.

Figure 2.15 WUEiI of three different leaves of tomato plants exposed for 8 days at
diverse stresses [abiotic (ABIO); biotic (BIO); combined (COMB)]. No stresses
(CTR). The box plot indicated the minimum, first quartile, median, third quartile,
and maximum value. Different letters indicated significant difference among the
mean groups (N=8; p<0.05 test of Tukey). The values within the figure indicated
the F statistic with the p values (* 0.05<p<0.01; ns not significant) derived from
one-way ANOVA.

Figure 2.16 Leaf fresh weight of three different leaves of tomato plants exposed
for 8 days at diverse stresses [abiotic (ABIO); biotic (BIO); combined (COMB)].
No stresses (CTR). The box plot indicated the minimum, first quartile, median, third
quartile, and maximum value. Different letters indicated significant difference
among the mean groups (N=8; p<0.05 test of Tukey). The values within the figure
indicated the F statistic with the p values (* 0.05<p<0.01; *** p<0.001; ns not
significant) derived from one-way ANOVA.

Figure 2.17 Leaf dry weight of three different leaves of tomato plants exposed for
8 days at diverse stresses [abiotic (ABIO); biotic (BIO); combined (COMB)]. No
stresses (CTR). The box plot indicated the minimum, first quartile, median, third
quartile, and maximum value. Different letters indicated significant difference
among the mean groups (N=8; p<0.05 test of Tukey). The values within the figure
indicated the F statistic with the p values (* 0.05<p<0.01; ***p<0.001; ns not
significant) derived from one-way ANOVA.

Figure 2.18 Leaf water content of three different leaves of tomato plants exposed
for 8 days at diverse stresses [abiotic (ABIO); biotic (BIO); combined (COMB)].
No stresses (CTR). The box plot indicated the minimum, first quartile, median, third
quartile, and maximum value. Different letters indicated significant difference
among the mean groups (N=8; p<0.05 test of Tukey). The values within the figure
indicated the F statistic with the p values (ns not significant) derived from one-way

ANOVA.
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Figure 3.1 The maize growth in terms of fresh (A) and dry weight (B) in presence
of single (drought and heat stress) and combined stress. The bars represented the
error standard (N=4).

Figure 3.2 Primary and seminal roots and their laterals of maize seedlings exposed
to drought, heat and their combination (Combined).

Figure 3.3 The combined impacts from drought and heat stress on selected traits of
root primary (A), seminal (B), primary lateral (C) and seminal lateral (D) of maize
plants. The combined impact of single stressors was estimated as synergist (red
colour), additive (white colour) or antagonistic (blue colour) (greater than, equal to
or less than expected effects, respectively, based on single stressor effect sizes). The
vertical and error bars represent, respectively, the mean and the 95% confidence
interval of the overall effect size difference between the observed and expected
additive effects from combined drought and heat on root traits of maize plants. The
zero line represents the expected additive effects from combined stressors. When
the means (and their 95% confidence limits) were higher than or less than the zero
line, they were considered synergistic or antagonistic, respectively.

Figure 3.4 Choosing the number of components in sPLS-DA by performance test
(A). Mean classification by overall and balanced error rate (5 cross-validation
averaged 50 times) for each sPLS-DA component. Choosing the number of root
traits for each sSPLS-DA components by tuning test (B). Estimated classification
balanced error rates for root morphology data set (5 cross-validation averaged 50
times) with respect to the number of selected root traits for the sparse exploratory
approaches.

Figure 3.5 sPLS-DA sample plot for the different components using 95%
confidence ellipses. (A) Component 1 vs. Component 2, (B) Component 1 vs
Component 2. Contribution plots by loading weights of the root traits selected for

each sPLS-DA component. (C) Component 1, (D) Component 2, (E) Component 3.
Figure 4.1 Comparison of Shannon diversity index between (A) treatments and (B)

root classes within treatments. (C) CAP (Canonical Analysis of Principal

coordinates) ordination using a Bray-Curtis distance matrix of samples. **P=0.003
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Figure 4.2 Venn diagram representing the number of OTUs (Operational
Taxonomic Units) differentially more abundant as response to specific stressors
compared to the control group.

Figure S4.1 — Photosynthetic rate (umol(CO2) x m-?> x s7!) and stomatal
conductance (gs, mol HO x m? x s™') of maize plants exposed for seven days to
drought (D), heat (H) and their combination (C). The control (O) was obtained in
presence of optimal water and temperature (see Materials and Methods). Different

letters indicate significant differences between treatments (Fisher’s LSD test).
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Table 1.1 Leaf-level photosynthetic parameters of different leaf types (P: petiolate;
S: sessile) of Salvia ceratophylloides individuals of two sites (Mosorrofa, Mo;
Puzzi, Pu) estimated by nonlinear regression using the Ye et al. model. Different
lower-case letters indicated significant differences at p<0.05 among the average
within column (Tukey’s test). Different capital case letters indicated statistical
significant differences among the means along the rows (p<0.05, Tukey’s test).
Table 1.2 Leaf-level stomatal conductance and transpiration rate of different leaf
types (P: petiolate; S: sessile) of Salvia ceratophylloides individuals of two sites
(Mosorrofa, Mo; Puzzi, Pu) measured at light intensity of 200 umol m? s
Different lower-case letters indicated significant differences at p<0.05 among the
average within column (Tukey’s test). Different capital case letters indicated
statistical significant differences among the means along the rows (p<0.05, Tukey’s
test).

Table 1.3 Leaf-level stomatal conductance and transpiration rate of different leaf
types (P: petiolate; S: sessile) of Salvia ceratophylloides individuals of two sites
(Mosorrofa, Mo; Puzzi, Pu) measured at light intensity of 800 umol m? s
Different lower-case letters indicated significant differences at p<0.05 among the
average within column (Tukey’s test). Different capital case letters indicated
statistical significant differences among the means along the rows (p<0.05, Tukey’s
test).

Table 1.4 Biometric and morphological parameters of different leaf types (P:
petiolate; S: sessile) of Salvia ceratophylloides individuals of two sites (Mosorrofa,
Mo; Puzzi, Pu). Different lower-case letters indicated significant differences at
p<0.05 among the average within column (Tukey’s test). Different capital case
letters indicated statistical significant differences among the means along the rows
(p<0.05, Tukey’s test).

Table 1.5 Chemical characterization of volatile organic compounds in fresh sessile
and petiolate leaves of two sites (Mosorrofa, Mo; Puzzi, Pu) of Salvia
ceratophylloides plants.

Table S1.1 Two-way ANOVA results and chemical characterization (average and

error standard within brackets) of volatile organic compounds in fresh sessile and
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petiolate leaves of Salvia ceratophylloides harvested in two different sites
(Mosorrofa, Mo; Puzzi, Pu). Different lower-case letters indicated significant
differences at p<0.05 among the average along the rows (Tukey’s test) and they
were only reported when the LTxSit interaction was significant. The bold identify

the statistically significant factors and/or their interaction.

Table 2.1 Results of two-way ANOVA [Treatment (Tr), Time (Ti), Block (BI)
TrxTi interaction (TrxTi)]. Statistics: F- and p-values. Within each root traits and
time of exposure, the different letters indicated statistical differences among the
means of the treatments (p<0.05, test of Tukey).

Table 2.2 Results of two-way ANOVA [Treatment (Tr), Time (Ti), Block (BI)
TrxTi interaction (TrxTi)]. Statistics: F- and p-values. Within each root traits and
time of exposure, the different letters indicated statistical differences among the
mean of the treatments (p<0.05, test of Tukey).

Table 2.3 Volatile organic compounds identified using gas chromatography/mass
spectrometry (GC/MS) analysis by HS/SPME method in the leaves of the tomato
plants treated with abiotic, biotic and combined stress. RT, retention time; KI,
retention index.

Table 2.4 Volatile organic compounds (Area %) from the leaves of tomato plants
detected in at least two replicates out of three at each sampling time and treatments.
Table 2.5 PERMANOVA results of the VOC emission of tomato plants exposed to
different stress (Treatment) and Time of exposure (T1).

Table 2.6 PERMANOVA pairwise comparison between treatments within each

time of exposure.

Table 3.1 Morphology of primary root of maize plants exposed to single (drought
and heat) and combined stress (drought + heat).

Table 3.2 Morphology of seminal root of maize plants exposed to single (drought
and heat) and combined stress (drought + heat).

Table 3.3 Morphology of primary lateral root of maize plants exposed to single
(drought and heat) and combined stress (drought + heat).
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Table 3.4 Morphology of seminal lateral roots of maize plants exposed to single
(drought and heat) and combined stress (drought + heat).
Table 3.5 Results of the PERMANOVA analysis testing the root morphology of

maize plants against stress treatment.

Table 4.1 Results from the mixed-effect linear model testing the Shannon diversity
index against treatment, root class, root zone and their interactions.

Table 4.2 Results from PERMANOVA analysis testing the effects of treatment,
root class, root zone and their interactions on the structure of maize rhizosphere
bacterial communities.

Table S4.1 Soil physical and chemical characteristics.

Table S4.2 PERMANOVA pairwise comparison between treatments in primary
roots.

Table S4.3 PERMANOVA pairwise comparison between treatments in crown
roots.

Table S4.4 PERMANOVA pairwise comparison between root classes (primary vs

crown) within each treatment.
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