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Abstract

Biotic and abiotic stress factors threaten trees under a changing climate. Land plants, unlike
animals, cannot escape from harmful situations, and thus need tolerance mechanisms to cope with
stress factors. In my thesis, | studied abiotic drought stress responses in the wood of three larch
species and biotic rust infection responses in Norway spruce needles.

Abiotic stress such as drought is becoming more and more a limiting factor for tree growth, and we
need a better understanding of the tree responses. We studied the physiological, anatomical and
cell wall chemistry reactions in the xylem of European larch (EL, Larix decidua), Japanese larch (JL,
Larix kaempferi), and hybrid larch (HL) saplings subjected to an artificial drought. EL developed high
hydraulic safety wood and showed with anisohydric behaviour a different strategy to deal with
drought. All species showed higher lignin levels in the wood cells formed under limited water
supply and HL induced latewood formation earlier than the other species.

Biotic stress, like Chrysomyxa ledi var. rhododendri infection affects alpine Norway spruce (Picea
abies L. Karst.) stands. Neighbored trees may be resistant or susceptible to needle-rust infection
and the reason behind the different reaction is of interest. Therefore we studied the
microstructure and chemistry of the needle cuticle, as the first main entrance point of the
pathogen. Raman imaging visualized aromatic cuticle components together with waxes, cutin,
minerals, and carbohydrates on the microscale. Phenolic acids impregnated the whole cuticle and
flavonoids, especially the periclinal upper epidermal walls. These aromatic components play a role
in rust resistance as their composition, distribution, and amount change between susceptible and
resistant needles.

All experimental approaches yielded detailed cellular information on biotic and abiotic stress
responses and are useful for selective breeding, forest protection, and reforestation programs.



Kurzfassung

Biotische und abiotische Stressfaktoren bedrohen Baume im Zuge des Klimawandels. Im Gegensatz
zu Tieren kdnnen Landpflanzen schadlichen Situationen nicht entkommen und bendétigen daher
Toleranzmechanismen. In meiner Dissertation untersuchte ich die Reaktionen auf abiotischen
Trockenstress im Holz von drei Larchenarten und biotischen Rostbefall in Fichtennadeln.

Abiotischer Stress wie Trockenheit wird immer mehr zu einem begrenzenden Faktor fiir das
Wachstum von Baumen. Um die Reaktionen der Baume besser zu verstehen, haben wir 3
Larchenarten (Europaische Larche EL, Larix decidua; Japanische Larche IL, Larix kaempferi und
Hybridlarche HL) einem kontrollierten Trockenstress unterzogen und die physiologischen,
anatomischen und chemischen Reaktionen untersucht. EL verhalten sich anisohydrisch und
entwickeln generell ein hydraulisch sichereres Holz. Unter begrenzter Wasserversorgung
impragnierten alle Arten die Zellwande mit mehr Lignin.

Biotischer Stress, wie die Infektion mit Chrysomyxa ledi var. rhododendri, beeintrachtigt die
Bestdnde der Alpenfichte (Picea abies L. Karst.). Benachbarte Baume kdnnen resistent oder anfillig
fur die Nadelrostinfektion sein, und der Grund fir die unterschiedliche Reaktion ist unklar. Daher
untersuchten wir die Mikrostruktur und die Chemie der Nadelkutikula als ersten Eintrittspunkt des
Erregers. Mit Raman-Imaging wurden aromatische Substanzen zusammen mit Wachsen, Cutin,
Mineralien und Kohlenhydraten auf der Mikroskala sichtbar gemacht. Phenolsduren impragnierten
die gesamte Kutikula und Flavonoide insbesondere die periklinen oberen Epidermiswande. Diese
aromatischen Komponenten spielen eine Rolle bei der Rostresistenz, da ihre Zusammensetzung,
Verteilung und Menge zwischen anfilligen und resistenten Nadeln variiert.

Alle experimentellen Ansatze lieferten detaillierte zelluldare Informationen lber biotische und
abiotische Stressreaktionen und sind nitzlich fur selektive Ziichtung, Waldschutz- und
Wiederaufforstungsprogramme.
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1. Introduction

1.1. Definition of plant stress

Stress in plants is a condition that disrupts plant function by increasing needs and reducing cell
activity, followed by normalizations and improved resistance. Naturally, plants adapt fast to their
metabolic fluxes and develop specific stress tolerance mechanisms. Depending on the intensity and
duration, stress can lead to permanent damage or death in plants if it is beyond the capacity of
plant adaptation. Other factors include plant species, growth conditions, and stressor types
involved in the stress tolerance threshold [1, 2]

External and internal stresses in plants are two categories of stress. Unplanned gene mutations or
strange cell division might lead to incompatible metabolic or genetic balancing reactions called
internal stresses. In addition, biotic and abiotic are external stresses [1-3]. Biotic stresses include
various living organisms attacking fungi, bacteria, oomycetes, nematodes, and herbivores. Plants
use sophisticated strategies to prevent the progress of biotic stresses. The defense mechanisms
against biotic stresses are controlled genetically, and these resistant genes against biotic factors
are saved in the plant genome [3]. Pathogens are divided into three categories according to the
way plants are fed: biotrophic, necrotrophic, and hemibiotrophic pathogens. Biotrophs keep their
host alive and feed on living plant tissue. In contrast, necrotrophs produce toxins or tissue
degrading enzymes leading to dead cells accessing the plant’s nutrients. In addition, some
pathogens shift the strategy between biotrophs and necrotrophs during different stages of
pathogenicity [4]. In addition, environmental or abiotic factors such as drought (water stress),
excessive watering (waterlogging), extreme temperatures (cold, frost, and heat), salinity, and
mineral toxicity can physically or chemically lead to a negative effect on growth and development
of plants [3, 5]. Understanding the adaptive responses in the plant at the micro-level is very helpful
for the development of rational breeding and transgenic strategies to impart stress tolerance in
plants.

1.2. How stress affects plants

When plants are exposed to stress, plant response begins with a decline of one or several
physiological functions, such as photosynthesis and transport of metabolites, because of the
disturbance of cellular and molecular processes. As a result, the plants move away from the normal
physiological state. Most plants will remain active in their coping mechanisms by acclamation of
metabolic fluxes, activation of repair processes, and long-term metabolic and morphological
adaptations. If plants are exposed to long-term stress or high-dose stress, the plants' stress coping
mechanism is disrupted, leading to the plant's gradual death. A new standard physiological
function will regenerate when the stressors are eliminated and the intensity of damage is not high.
The new normal physiological process depends on external and internal factors such as the time of
the stressor removal and the duration and intensity of the stress. When plants receive stress alerts
in different forms in different organs, their reaction is through direct metabolic responses such as
readjustment of metabolic fluxes and gene expression. The gene expression can modify the
metabolic response of stressed plants and control the stress resistance minimum and the
maximum [2, 6].

1.3. Plant defense system

Plants use two strategies to resist stress: physical or constitutive defense and induced defenses.
Constitutive defense is by substances of the plant structure, such as bark, plant cell walls, and waxy
cuticles. Innate immunity or basal resistance is triggered when pathogens cross the physical
barrier. Plant cells could recognize the microbe-associated molecular patterns (MAMPs), including
specific proteins, lipopolysaccharides, and cell wall components. Cell surface-resident pattern

9



recognition receptors (PRRs) could perceive MAMPs. Receptors like kinases (RLKs) or receptors like
proteins (RLPs) in plants encode the stress, and cellular and physiological responses begin. Suppose
the pathogens could suppress the basal resistance. In that case, the plants will react more sharply
by deliberate suicide at the infected cells called hypersensitive response (HR) with the production
of antimicrobial molecules. After hypersensitive response in plants, it leads to systemic acquired
resistance (SAR) that resists a wide range of pathogens over a long period. The infected tissue
generates signals and then spreads throughout the plant. These plant signals or phytohormones
include salicylic acid (SA), jasmonic acid (JA), ethylene (ET), and abscisic acid (ABA) [7-10].
Physiological responses vary depending on plant species and PAMPs perceived and can be rapid or
delayed. However, there are some physiological responses in various plant cells, such as an
increase in Ca%* concentration, extracellular alkalinization, membrane potential depolarization, ion
fluxes, phosphatidic acid (PA) production, and reactive oxygen species (ROS) production, and
callose deposition [7]. Anatomical stress responses occur in plant organs such as roots, xylem, and
leaves and include inhibition of cell elongation, localized stimulation of cell division, and alterations
in cell differentiation status. Anatomical alteration under drought stress conditions starts with the
effect on the cell structure of tree rings, which arises from the physiological and biochemical
changes of the tree to survive. Xylem structure changes could limit the tree ring growth and
hydraulic conductance. The potential of water in the stem is controlled by physiological and
anatomical adaptation to climate-changing [11, 12]. Annual ring monitors to study the diversity in
the tree ring width in response to alteration in environmental conditions when tree growth bounds
by climate-changing such as temperature or precipitation [13]. Other anatomical changes in the
xylem that could be impressed by environmental conditions include xylem size, cell wall, and xylem
pit membranes [14]. Tracing diversity in xylem structure on a microscale between interspecies
exposed to different water regimes allows one to know more about the link between the
environmental condition and the function of the xylem. Potters et al. hypothesized that various
stresses induce similar morphogenic reactions because of the expected molecular activities [6].
Many factors such as stress types, plants species, stress perception mechanisms, target tissues,
and effects on cellular metabolism are involved. These anatomical changes are due to auxin,
reactive oxygen species (ROS), and ethylene interactions. Different stress factors with various
intensities can activate other sensors depending on the plant species. Each sensor could regulate a
set of signals interaction that leads to compatibility reactions [5, 6].

1.4. Abiotic stress responses in trees

The significant abiotic stresses such as drought, cold, high salinity, and heat threaten the
sustainability of natural and managed forest systems and restrict plant production worldwide.
These environmental changes have led to complex adaptation mechanisms to overcome the
challenges [15, 16]. Adaption of the tree to stress conditions has biological and human
management components. For example, drought is one of the most severe abiotic stresses in
climate change conditions, which has a high risk to plant health [17, 18]. To understand optimal
growth conditions for trees in different environmental conditions the analysis of tree rings through
time is necessary. Assessing the wood's anatomical properties, such as conduit diameter, cell wall
thickness, and wood density showed differences between and within species and environmental
changes' effects on the anatomical structure of the xylem on a micro-scale were not apparent. [13,
14, 19]. Recently, Piermattei et al. indicated that some characteristics, such as latewood lumen
diameter and the cell wall reinforcement index, have a high inter-annual variation as a proxy of
phenotypic plasticity [19].



Drought stress in trees: Changes in the microstructure and microchemistry of the

vascular system?

Drought stress has an effect on plant growth at many different levels. The influence of drought
stress at the physiological level is realized in roots and leads to turgor loss, reduced water
potential, and decreased stomatal conductance. In the following, the internal CO, concentration
and the net carbon fixation rate diminish, which leads to reduced growth rates and biomass
production. When the balance between light capture and utilization is disturbed, photosynthesis is
affected, and there is a reduction in carboxylation efficiency. This reduction causes waste of excess
light energy and ROS production, which leads to macromolecule harm, including lipid peroxidation
and protein denaturation. Cells produce antioxidative metabolites (glutathione, ascorbate,
tocopherol) to prohibit oxidative damage and increment the expression of detoxifying enzymes
(superoxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX)). In addition, drought
stress could lead to osmotic stress by the synthesis and accumulation of compatible osmolytes
(sugars, amino acids, glycine betaine, polyamines, and sugar alcohols). The induction of stress-
responsive genes mediates physiological and biochemical responses [20]. Many factors such as
plant species, water shortage, and stress time are involved in the plant’s defense mechanism.
Drought affects plant morphology, such as plant height, leaf size, leaf area, stem diameter, and the
number of leaves per plant, causing changes in the meristematic regions [16, 21]. When the plants
perceive the drought signals, they generate the signal molecules such as abscisic acid (ABA), Ca?*
inositol-1, 4, 5-triphosphate (IP3), and cyclic adenosine 50-diphosphate ribose (cADPR), which lead
to external morphological and internal structural changes. In contrast, through signal transmission,
plants respond with physiological and biochemical reactions such as photosynthesis changes,
osmotic regulation metabolism, protein metabolism, antioxidant enzymes, and reactive oxygen
metabolism. In addition, drought stress signals indirectly lead to expressing functional and
regulatory genes for many substances (e.g., proline, glycine betaine, soluble sugars, aquaporin,
kinases) involved in the plant’s metabolism, morphology, physiology changes, and drought
tolerance.

Most terrestrial plant species are at the risk of drying out because plants must constantly balance
in a competitive environment to absorb carbon through the leaves and replace transpired water
with dragged water from the soil. The vascular system, which plays an essential role in water
transfer, has the anatomical and functional diversity to adapt to the variable hydraulic tension [22].
This system includes two components: tracheid and vessel, which as specialized vascular tissue
play an essential role in long-distance water and solutes transport from the soil interface to the
stems and leaves, mechanical support, and storage. When the xylem goes through the growth and
development stage, it is alive and full of water and cellular organelles. It dies during the process of
maturity to become functional. As an internal structure in all vascular plants, the xylem has high
diversity and plasticity in the anatomical traits, which impress the hydraulic characteristics through
changes in water conductivity and the ability of plants to adapt to different abiotic stresses [23,
24]. When the soil dries, hydraulic tension in the xylem lifts, which leads to osmotic stress. Osmotic
stress increases the risk of cavitation and dysfunction in the xylem. The critical structural
properties in xylem, such as the deposition of lignin, formation of the secondary cell wall, and cell
wall thickness, need to be adapted to environmental requirements to be protected against
cavitation and wall collapse [25-28]. Negative water pressure threatens the xylem conduit wall in
two ways. The first is a compressive hoop around the xylem cell wall, spreading to the nearby wall
by the middle lamella. The first is minor stress to uniform pressure in the adjacent cells. The
second point of stress due to negative pressure in the xylem is in the double wall between water
and gas-filled conduits—the thickened and lignified cell walls relative to the lumen area act as
reinforcement against conduit collapse [29].
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To investigate anatomical responses on the micro-level, saplings of European larch (Larix decidua),
Japanese larch (Larix kaempferi), and their hybrid (Larix x eurolepis) were exposed to drought
stress in controlled greenhouse experiments. We compare the anatomical and physiological
reactions in different larch species [30]. We have chosen these species because they have great
socio-economic importance in several parts of the northern hemisphere. Plantation of European
larch outside their native range were vulnerable to European larch canker (Lachnellula willkommii
Hartig). Therefore Japanese larch was planted as an alternative but failed in adaptation in many
locations because of the sensitivity to summer drought [30]. Consequently, we hypothesized that
Japanese larch is more drought sensitive than European larch and that the hybrid may show higher
drought plasticity during growth. Therefore, we studied the tree larch species' hydraulic
vulnerability and drought reaction with constitutive wood anatomy to elucidate different drought
response strategies:

Sasani, N., Paques, L.E., Boulanger, G. et al. Physiological and anatomical responses to drought
stress differ between two larch species and their hybrid trees (2021).
https://doi.org/10.1007/s00468-021-02129-4

Additionally, responses in cell wall chemistry (lignification) were investigated using Confocal
Raman microscopy (see 1.6).

1.5. Biotic stress responses in plants

The effect of living organisms is called biotic stress, which includes viruses, fungi, bacteria,
nematodes, insects, and weeds [31]. These agents disrupt forest ecological, economic, and social
performance with adverse effects on tree growth. It is worth noting that climate change plays a
vital role in providing favorable conditions for these factors and reducing defense responses in
trees [32]. Fungi are known as one of the most critical biotic stress factors to hurt the growth of
trees. Long-term interaction between fungi and trees has led to the evolution of these
pathosystems, and observed phenotypic diversity in those trees is expected [31, 32].

Norway spruce needles cuticle: which factors induce rust resistance?

When the pathogen interacts with a specific host, there are two possible responses in the plant:
compatible response or/and incompatible response. The outcome of compatible response is the
disease, while the second result is mild or no disease. The non-pathogenicity of a particular
pathogen in a specific host (incompatible response) while being a sensitive host for that pathogen
indicates the possibility of genetic resistance to aid the identification of the pathogen and activate
the immune system in that host. For example, some Norway spruce (Picea abies) trees indicate
disease when infected with the fungus pathogen Chrysomyxa rhododendri (a compatible
response). Still, some individual trees can hurt less and control the disease by resistance (an
incompatible response). However, the emergence of resistance to the disease ranges from
extreme susceptibility with significant disease symptoms to complete resistance with the complete
lack of any or some disease symptoms [9, 32, 33]. Ganthaler et al. also acknowledged that spruce
resistance to C. rhododendri is a quantitative feature with a significant phenotypic difference, and
existing trees with remarkable low susceptibility are scarce [34]. Chrysomyxa rhododendri, as a rust
species pathogen in Norway spruce in the European Alps, can cause needle yellowing during
summer, followed by needle dropping in autumn. Its life cycle terminates by overwintering in the
leaves of rhododendron (Rhododendron ferrugineum or R. hirsutum) plants as the primary host
[32, 35, 36]. Decreased timber yield and disorder in rejuvenation are two of the destructive effects
of this fungus in subalpine Norway spruce forests [34]. When the pathogen (basidiospore)
penetrates current-year developing spruce needles, it dominates the varied defense strategies that
trees have evolved [37]. These strategies include multiple constitutive and inducible defenses,



which act physically and chemically to control and eliminate the pathogen. Constitutive defenses
serve at the frontline of the defense system in different parts of plants at all times. Some
anatomical properties or pre-formed structural barriers act in all plants as physical and chemical
barriers against fungal and bacterial attacks, such as the suberized bark, the cuticle, trichomes,
papillag, thorns, and prickles. These can be constitutive or induced by wounds or exposure to biotic
stressors [38]. The first site of contact of C. rhododendri with a needle is the cuticle covering plants’
outermost surfaces, such as leaves, floral parts, fruits, seeds, stems, and roots [9]. The cuticle
protects the epidermis and consists of a waxy crystalline and lipidic amorphous layer saturated
with phenolic components (phenolic acids and flavonoids) [9, 39]. This hydrophobic structure,
whether thin or thick, can prevent water loss and plays a role in defending against pathogens and
limiting infection caused by them [9]. If disease agents cross defense barriers, acquired or induced
resistance is stimulated. Induced resistance is achieved by activating the host's genetically
programmed defense pathways. This resistance results in alterations that reduce the effects of
further biotic attacks [32, 33, 40]. Eyles has classified induced defense mechanisms into five
groups, and all or several of these mechanisms may appear in a tree response. These mechanisms
include inducible chemical defenses, inducible protein-based defenses, inducible anatomical
defenses, ecological or indirect defenses, and Inducible civilian defenses [33].

For chemical defenses, secondary metabolites, such as terpenoids, phenolic, and alkaloids,
indirectly impede the pathogen’s growth and reproduction due to their toxic and antimicrobial
activity. The phenolic class includes various chemical defense-related compounds such as
flavonoids, anthocyanins, phytoalexins, tannins, lignans, and furanocoumarins, which affect in
different ways the pathogen metabolism or cellular structure and are often pathogen-specific in
their toxicity [9, 33]. Other phenolic compounds have variable concentration levels in Norway
spruce during needle development [41]. They can be constitutively in healthy plants and induced in
response to infection. For some phenolic components such as flavonoids, stilbenes, simple
phenylpropanoids, and the precursor shikimic acid, changes in concentrations were correlated with
different degrees of infection [34]. In addition, Ganthaler et al. demonstrated that a combination
of constitutive and inducible accumulation of phenolic compounds is associated with the lower
susceptibility of individual trees to C. rhododendri [32, 34, 42]. Probing the chemical responses of
the whole needle might overlay distinct changes on the microscale, e.g., in the cuticle. Therefore,
we aimed to investigate the microchemistry of the needle cuticle by Confocal Raman microscopy
and compare the resistant Norway spruce cuticles with needles from neighboring trees infected
with C. rhododendri. As only a few studies have used Raman microscopy on plant surfaces [39], we
first had to dive deeper into the methodology of Raman imaging of plant surfaces

1.6. Raman imaging of plant tissues
Raman imaging probes the molecular vibrations at every position of the plant sample in context
with the anatomical structure.

Molecular vibration

The atoms that make up a molecule are connected by chemical bonds, in which the distance
between atoms is changeable. Therefore, the vibration of molecules in the standard modes can be
explained in classical mechanics by using the counterexample of simple balls connected by springs.
Like massless springs, the internuclear forces attempt to keep the molecule together to restore the
bond lengths or bond angles to specific equilibrium values [43, 44]. Many factors such as the
energy, the strength among the bonds, and the constants of motion are involved [45, 46]. To
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calculate the vibrational frequency, v (in s™) that follows Hooke's law equation (1) has been used in
which: Force constant of the spring is shown by f (N/m), and p is the reduced mass in kg [47].

v =1/20V(f /W) W

Another aspect is the molecular vibration energy and transitions between different energy levels,
which is a concept in quantum mechanics. The power of the molecules consists of translational,
rotational, vibrational, and electronic energy [44]. The following equation (2) presents the
vibrational energy:

E =hvy (v +1/2) (2)

The vibrational quantum number is shown by v, voshows the vibrational frequency of the ground
state, and h is Planck’s constant [47]. Each atom in a molecule can vibrate with three independent
degrees of freedom of motion in the x, y, or z-direction. Therefore, the total number of vibrations
in a molecule with N atomic nuclei will be 3N-6 for a nonlinear molecule and a liner molecule, 3N-5
[45, 46]. Two groups of vibrations are described based on vibrational motion: stretching and
deformation. Stretching vibrations move along a bond and go hand in hand with a change in bond
length, while in deformation or bending vibrations, the bond angle changes. In more detail,
vibration classifications include asymmetric and symmetric stretching, wagging, scissoring, and
rocking or breathing modes [45]. There are two different techniques to monitor these vibration
motions in atoms of the molecule: infrared (IR) spectroscopy and Raman spectroscopy. These data
about molecular vibrations are obtained in the form of vibrational spectra and are based on the
interactions of electromagnetic radiations [43-46]. According to oscillation frequencies, there are
different forms of electromagnetic radiation, such as Gamma rays, X-rays, ultraviolet (UV)
radiation, visible light, NIR and mid-IR radiation, and terahertz (far-infrared) radiation, microwaves,
and radio waves. For Raman and infrared spectroscopy, the range from UV to far infrared is used.
The wavelength A (the length of one wave), wavenumber V (the number of waves per unit length),
and frequency v are three features of electromagnetic radiation. Frequency v (in s') in vibrational
spectroscopy is shown by wavenumber V (cm™), which defines the number of wavesina 1 cm
wave train per unit of time [45]. The following equations (3) and (4) show the relation between
these parameters and the speed of light (in a vacuum is 2.997925 x 1010 cm/sec) and the
refractive index (n) of the material. When light travels through matter, its speed relative to a
vacuum will be decreased. The ratio of light speed in a vacuum to the speed of light in a matter is
its refractive index. For instance, the refractive index of air is 1.0003.

V=v/(c/n) (3)
V=1/2 (4)

In vibrational spectroscopy, the Raman scattering or infrared absorbance is plotted along the
wavenumber as it is proportional to frequency. Frequency and energy are two standard features
between radiation and molecules [44]. Raman and infrared spectroscopy both probe molecular
vibrations based on different physical phenomena. Raman spectroscopy measures inelastic light
scattering, while infrared spectroscopy detects absorbed photons. Therefore, the underlying
section rules are different, and acquired spectra often complement each other. Raman scattering
depends on changes in the polarizability in the electron cloud, while infrared depends on changes
in the dipole moments in the molecular bonds. One of the advantages of Raman over infrared is
that it is possible to study fresh plant samples in-situ in water. Still, it comes along with problems
of sample degradation and autofluorescence [48].



Raman spectroscopy

The first time using the Raman method returned to the 1930s, and its first application in plant
science was in 1984 with the investigation of tracheid cells. Essential specifications of Raman
spectroscopy are that it is non-destructive, it does not need treatment for intact tissue, and the
intensity of the water bands as solvents is low [49, 50]. In combination with microscopy, Raman
spectroscopy is utilized to identify the microstructure features of different tissues or cell layers
non-destructively and with high spatial resolution [48, 49, 51-53]. Raman spectroscopy results from
the interaction of the focused laser beam and the sample under investigation. When photons of a
focused laser beam strike the sample's molecules, the scattered photons will be produced. Shifts in
the energy (E) and frequency of scattered photons that correspond to the vibrational frequencies
of the samples are measured by Raman spectroscopy [50, 52, 54, 55]. The scattered light can be of
two types: elastic Rayleigh scattering and inelastic Raman scattering. There is no difference
between the irradiated photon and reflected photon in terms of energy and wavelength in
Rayleigh scattering (E = Eo). Inelastic scattering happens when the interaction between molecules
and photons leads to energy exchange. Compared to the original photons, inelastic scattered light
with higher or lower wavelengths is measured based on loss or gain in energy. If the scattered light
gains the vibrational energy of the molecules, then the scattered light will reach a higher frequency
than the incident photon. This case is known as anti-stokes Raman scattering (E = Eo + Ev). The
molecules must be in the excited modes before oscillating between the irradiated light and
molecules. In the opposite case, the irradiated light reaches a lower frequency by giving its energy
to the molecules. This process is called Stokes Raman scattering (E = Eo —Ev). In comparison
between anti-stokes and stokes, the intensity of stokes is higher because very few molecules are in
the excited state at room temperature. Due to the high intensity of stokes over anti-stokes Raman
spectroscopy usually focuses on stokes scattering of the sample [45, 55-57]. The Raman
microscope is based on a monochromatic light source—a laser, a microscope with objectives, a
spectrometer, and a detector [50, 58]. Lasers radiate the light of a specific wavelength. Different
types can be used for Raman microscopy: krypton (530.9 and 647.1 nm), helium-neon (632.8 nm),
neodymium (1064 nm and 532 nm), argon (488.0 and 514.5 nm), and diode lasers (630 and 780
nm) [48-50, 59]. The ideal state of a Raman spectrum is to have the lowest background and highest
Raman signal (lowest noise). There is an inverse relationship between the increase in the
wavelength with the Raman signal and sample autofluorescence [50].

Two different technologies exist to collect Raman scattering: Dispersive Raman spectroscopy and
Fourier transform Raman spectroscopy (FT). The intensity of the scattered photon depends on
several factors, including the intensity of the exciting photon and the fourth power of excitation
frequency. Dispersive Raman spectroscopy consists of the laser with a wavelength in the visible
range for excitation, a dispersive spectrometer, and a charge-coupled device detector (CCD) for
detection that is typically placed at the exit focal plane of a single-stage [48, 50, 60]. The CCD is a
low focal length Raman monochromator originally used in low astronomy light-sensitive imaging
sensors. It is used to collect dispersive Raman spectra. In FT Raman spectrometers, interferometers
or mirrors collect the scattered light induced by 1064 nm near-infrared (NIR) lasers, which solve
the problem of sample fluorescence [51, 54, 57, 61].

The two main primary conditions for Raman vibrations are the polarizability and symmetry of the
molecules. Displacement of electrons due to vibration leads to polarization in the molecules that
directly affect the intensity of photon reflection. Symmetric stretches also appear in Raman spectra
with high intensity. The acquired Raman spectrum consists of bands representing the vibration
frequency of the chemical bonds of the sample. The band’s position, intensity, and form are
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characteristics used to identify the organic compound and functional groups in the sample under
investigation [49, 62].

Another noteworthy point is the spatial resolution, which depends on the excitation wavelength,
the selection of the objective lens, and its optical specifications (numerical aperture). Furthermore,
by adding the confocal technique, the spatial resolution of Raman microscopy has been
significantly improved [53, 55, 63]. Eventually, the filtered Raman signal enters the spectrometer to
spread over CCD (charge-coupled device) camera [62, 64].

The spectral resolution which is the full width at half maximum (FWHM) of a narrow peak or how
well the overlapping peaks can be differentiated, is determined by the following parameters: the
focal length of the spectrometer, the grating, the pixel size on the charge-coupled device (CCD)
camera, the entrance slit or pinhole, and the line shape preservation. The spectral resolution is
higher when the focal length is longer, and the grating has a higher groove density. Also, the
smaller the pixel size, slit, or pinhole, the higher the spectral resolution. Finally, the spectrometer
should provide equal imaging quality to preserve the shape line. There are various ways to
illustrate the spectral resolution or show how the system measures items such as pixel resolution,
two-pixel criterion, and measurement of peak resolution on known reference samples [64, 65].

Additional advances in Raman microscopy include higher-efficiency solid-state lasers, holographic
notch rejection filters, and silicon charge-coupled device (CCD) detectors, as well as the ability of
Raman spectroscopy to put together with other analytical techniques, such as high-performance
liguid chromatography, micro chromatography, scanning tunneling microscopy and atomic force
microscopy. Particular approaches evolved, such as surface-enhanced Raman spectroscopy (SERS),
coherent anti-stokes Raman scattering (CARS), and resonance Raman spectroscopy (RRS) make it
possible to track molecules in low amounts, with high accuracy, high spatial resolution, and
without fluorescence background [45, 48, 57, 66].

Spatial Resolution

To measure chemical structure, physical properties such as form, size, molecular orientation,
interactions, and dynamics of the constituents of a heterogeneous plant sample on the micrometer
scale, we need a confocal Raman microscope with a high spatial resolution. When analyzing
heterogeneous samples, it is essential to remember that the intrinsic properties of scattered
photons in different phases are different. Spatial resolution is strongly influenced by the
wavelength (A) of the laser and numerical aperture (NA) of the objective based on the following
equation (5)[62]..

Ax = 0.61A/NA (5)

The microscope objective's NA affects the waist and depth of the focused laser beam. However,
the obtained values in practice are less than the theoretical resolution limit based on Agarwal's
results. For example, at 514.5 nm, an excitation-based Raman microprobe reaches 1.6 micrometers
(um) spatial resolution and about 10 um for a 1064 nm-based system using a 100x microscopic
objective. [67]. To achieve the best possible spatial resolution and come near the theoretical
diffraction limited spatial resolution, the use of a high NA objective, like oil immersion objectives, is
recommended [44]. In addition to the numerical aperture, the way the sample is reflected or the
total laser intensity (power/area) and the sample's illumination have an essential role in spatial
resolution. The spatial resolution of a confocal Raman microscope includes depth (z) resolution in
addition to lateral (x and y) resolution [49, 64].



Depth resolution

The depth resolution (the length of the region illuminated by the laser beam) depends on the
volume of the focused laser. Moreover, it is also dependent on how the confocal aperture scatters
back this volume of Raman photons into the spectrometer. In nontransparent media, depth
resolution decreases due to the more expansion of focus in the scattered photons [57]. There is an
aperture at the back focal plane of the system to limit the reception of scattered photons only
close to the focus point. The effect of refraction at the sample/air interface is to shift the point of
focus much deeper into the sample. Interpreting the structure of a multilayer sample from z-scan
Raman data is impossible unless refraction is taken into account. An immersion objective reduces
the refraction at the sample surface and improves the depth resolution by focusing all rays close to
the apparent depth. A reasonable estimate of layer position and thickness from the Raman
intensity variations is provided. However, different deeper layers have different refractive indexes.
One of the other suggested effective solutions for keeping the depth resolution much closer to the
actual values is to prepare a thin section of samples with clean edges. This approach also affects
the lateral spatial resolution of the confocal Raman microscopy. In addition, the depth resolution is
not recommended for studying the interfacial properties because it covers the deposited surface
with increasing depth, and therefore the intensity is overestimated. They are changing the laser
spot profile in some Raman systems [62, 68, 69]. In addition, the pinhole size or slit affects how the
emission is presented as the detected signals. Moreover, the aperture determines how much light
and Raman scatter is passed through the spectrometer. The range of slits and pinholes varies from
10 to 100 um, affecting sensitivity, spectral, and depth resolution [48, 65].

Imaging approach: spectra pretreatment and image generation

Chemical imaging combines Raman spectroscopy and digital imaging, allowing access to the
sample's molecular structure at every pixel [70]. The hyperspectral Raman data sets include
massive information and need specialized chemometric tools to manage, visualize and interpret
the data. The Raman data contain spatial and spectral information, which gives chemical
information of the components of the sample at small surface or volume areas, called pixels or
voxels. At every pixel (voxel), a spectrum presents the molecular fingerprint of the sample.

Some spectral pretreatments are beneficial before selected analysis methods and improve the
spectra and image quality by removing noise, dead pixels, and variations that are not derived from
the sample. Several ways to reduce signal/noise on spectroscopic data sets (smoothing) include
median or mean filters, and Savitzky—Golay smoothing fast Fourier transform (FFT). Normalization
(min-max on a selected band) is a way to remove unwanted intensity differences (e.g. changes in
focus) to estimate the concentration from the Raman signal in quantitative analysis. Furthermore,
baseline correction or subtraction is suitable to remove the high background when Raman images
are affected by irregularly shaped baselines due to fluorescence. Another undesirable spectral
feature that needs to be removed is spiking from cosmic rays, formed from high-energy particles
from outer space or instruments. Recorded images from Raman measurement are hyperspectral
data cubes with plenty of information. A Raman hypercube is an intensity data set of | (x, y, v),
where x and y are the image pixel coordinates, and v is the wavenumber. In other words, it has two
axes to analyze data: the spectral axis and the imaginary axis. This method makes it possible to
characterize chemically and spatially components dependent upon each component's local
concentration and intrinsic Raman scattering of each element. Intensity is also influenced by
crystallinity, orientation, and domain size of components. In addition to that, other factors such as
fluorescence background, scattering, and noise are also involved. The other issue that must be
noticed is the speed of measurement by using the two different modes, standard and fast
scanning. The ideal mode is to obtain an acceptable signal/noise in a short exposure time [71].
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There are three ways to illuminate the sample: point, line, and global illumination. Raman maps
can be obtained by raster-scanning the line-focused laser across the sample. A fiber-optic array
probe and specialized filters (e.g., liquid-crystal tunable, dielectric acousto-optic filters) are used in
global illumination to obtain high-quality spectral imaging and specific wavelengths from samples
[55]. In Raman point mapping a Raman hypercube consists of x, y, and v, where x and y are the
image pixel coordinates, and v is the wavenumber [71, 72]. In confocal microscopy, in addition to
the two coordinates x and y, known as the lateral dimension of spatial resolution, depth resolution
can be achieved in the z coordinates [71, 72] to derive four-dimensional (4D) information in stack
scans [64, 66].

The acquired spectra of plant structures contain specific bands of different functional groups and
overlapping wide bands that have been driven by the high chemical heterogeneity and close
interaction of various complex polymers in the plant structure [73-75]. The hyperspectral dataset
can be visualized and analyzed by univariate or multivariate methods. Univariate data analysis or
classical image representations integrates the Raman bands to produce intensity-dependent heat
maps and extract average spectra based on intensity thresholds for detailed analysis. It means that
just one variable at a time, such as peak position (absolute or shift), peak height (absolute, relative
or normalized), bandwidth (absolute or broadening), or area (absolute, relative, or normalized), is
used in analyzing. However, there are some limitations to analyzing single spectra and single
bands, and the multivariate data analysis method has the potential to overcome this challenge.
The multivariate analysis uses all of the information in the spectral dimension at once. The most
conventional methods in multivariate analysis are principal component analysis (PCA) and cluster
analysis (hierarchical or k-means clustering) [48, 71, 76, 77]. Cluster analysis is a segmentation
algorithm to find groups of pixels with similar spectra, i.e., similar chemical composition, but
finding the correct number of clusters is also complex. Spectral unmixing algorithms describe
images by a bilinear model analogous to the Beer-Lambert law (D = CST + E) that D is the raw
Raman image, St the matrix of pure spectra, C the stretched concentration profiles, and E the
error. The purest components of the dataset are extracted by the unmixing algorithm, which has
several applicable methods in spectroscopy, such as Non-negative Matrix Factorization (NMF) and
Multivariate Curve Resolution [39, 73]. Therefore, before tackling a specific research question with
the Raman imaging approach, an optimized data acquisition as well as data analysis approach has
to be established. In this thesis, this was successfully done for the analysis of spruce needle
cuticles:

Paper 2:

Sasani, N., Bock, P., Felhofer, M. et al. Raman imaging reveals in-situ microchemistry of cuticle and
epidermis of spruce needles. Plant Methods (2021). https://doi.org/10.1186/s13007-021-00717-6




1.7. Aims and research questions

This doctoral thesis aims to trace the effect of biotic and abiotic stress on trees at the micro-level.
The two different stress types have been probed in softwood trees, spruce and larch, from two
different projects and experimental set-ups.

1. The abiotic drought stress response was aimed to be probed in three different larch
species out of a controlled greenhouse experiment to answer the following research

questions:

a.

Is there a drought stress response laid down in wood anatomy and related to
physiological traits?

Is the different growth behavior of the three larch species (European, Hybrid,
Japanese) reflected in different hydraulic vulnerability assessed by constitutive
wood anatomy?

Can we assess differences in the chemistry of the tracheid cell wall after drought
reaction in the three larch species by Confocal Raman microscopy?

Does drought stress influence the cell wall lignification?

2. The biotic stress response was aimed to be probed in the needle cuticle of paired spruce
trees: one of them infected and the other one resistant to C. rhododendri

a.

Is Raman imaging an appropriate tool to probe the microchemistry of the cuticle
and epidermal layer of spruce needles?

What is the best sample preparation, experimental set-up, and data analysis
approach for Raman imaging of spruce needles?

Can we track differences between resistant and rust infected spruce needles in
microchemistry assessed by Raman imaging?

The thesis aims to understand biotic and abiotic stress responses as climate change makes these
threats more and more relevant. Understanding different trees and species, and reactions on the
micro-level can help assess threats to inbreeding and reforestation programs.
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1.8. Publication
This cumulative thesis is based on the following two first-author papers.

Paperl:

Sasani, N., Paques, L.E., Boulanger, G. et al. Physiological and anatomical responses to drought
stress differ between two larch species and their hybrid. Trees 35, 1467-1484 (2021).
https://doi.org/10.1007/s00468-021-02129-4

Paper 2:

Sasani, N., Bock, P., Felhofer, M. et al. Raman imaging reveals in-situ microchemistry of cuticle and
epidermis of spruce needles. Plant Methods 17, 17 (2021). https://doi.org/10.1186/s13007-021-
00717-6




2. Methodology
2.1. Drought stress in larch trees

Sampling

Three-year-old saplings of European larch (Larix decidua Mill., EL, seed source: Sudetan larch seed
orchard Theil-FR), 4-year-old saplings of Japanese larch (Larix kaempferi (Lamb.) Carriére, JL, seed
orchard Flensborg-DK) and 2-year-old saplings of hybrid larch (HL, Larix x eurolepis, parents of
family REVE-VERT-FR) were examined (Fig. 1). The plants were grown at Champenoux, France
(48°45'09.3" N, 6°20'27.6" E) under two different water treatments using an automatic weighing
and watering system [78]. The control plants (C-trees) were grown at 80% of the field capacity of
the soil and drought-stressed plants (S-trees) at 30% of the field capacity of the soil for 70 days.
The harvested trees were cut into 5 cm long stem segments. Physiological parameters such as
biomass, transpiration rate, needle surface area, carbon isotope composition (613C), and relative
water content were estimated, and the results were also published [30]. Stem samples were stored
frozen at — 20 °C until the anatomical investigation. Normal wood of stem segments with
perpendicular orientation to the central fiber axis was cut for anatomical study by cryomicrotome
(CM 3050 S, Leica Biosystems Nussloch GmbH, Germany). Disposable microtome blades (N35HR
Blade 35, Feather, Japan) were used to cut 10-20-um-thick transverse sections. The image
preparation process was followed using a Leica DM4000 M microscope equipped with a Leica DFC
320 R2 digital camera. In addition, these two software, namely Leica IM 500 (Leica, Weltzlar,
Germany) and Image J software (HTTPS:// Imagel. nih. gov), were used to stitch the digital images
and measure the quantitative anatomical traits.

Fig. 1 Photographs of stem discs from control (C) and drought-stressed (S) trees of three different larch species; EL
=European larch; HL= hybrid larch; JL=Japanese larch. The reference bars represent 10 mm.

Constitutive wood anatomy
Evaluation of some quantitative anatomical traits called constitutive wood anatomy before
drought happens, such as tracheid dimensions, conduit wall reinforcement, and pit traits were
undertaken [79]. The first formed earlywood tracheid of the latest annual ring was examined to
indicate whether the variation in anatomical traits affected species’ performance under drought
stress. Double cell wall thickness (t) and lumen diameter (b) of earlywood cells were measured in
radial (t;, b) and tangential (t:, bt) directions in the first ten cell rows of the 2015 growth ring using
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Image J software. For each of the four traits, a tree mean value was calculated from 20 single
measurements performed on four different positions around the whole circumference. Conduit
wall reinforcement was calculated in the radial ((t/b/) 2) and tangential ((t./b:) ?) direction [80].
Light microscopy and scanning electron microscope were used to compare the pit properties such
as cavity area, pit membrane diameter, torus diameter, and pit aperture diameter.

Wood formation of control and drought stressed trees

The anatomical traits such as radial lumen diameters and the tangential double cell wall thickness
were measured in one complete radial cell row of the latest wood increment to compare the
impact of drought within and among Larch species. The undertaken method to define the
anatomical traits was based on the SilviScan technology [79, 81, 82].

Statistical analyses

Differences between species and the drought treatment effects of some physiological and
anatomical traits were statistically analyzed. The HSD test was used to estimate means and group
differences for species, treatment, and species x treatment; the ANOVA analysis results are placed
in tables 2, 3, and 4 in paper 1 [30]. We studied three trees per species and treatment,
respectively, generally 18 trees. We pooled six trees per species to analyze the constitutive wood-
and pit anatomy and then calculated 20 single measurements per tree for mean values. Finally,
used tree mean values in statistical analyses (ANCOVA analyses).

Lignification changes

The division of cambial cells led to the cells in the tree ring that then go through the growth stages.
Cell walls thicken and lignify in the last step of the growth stages before programmed cell death.
Genetics, ontogenesis (organism development over time), hormone regulation, and environmental
conditions affect this wood cell wall formation. For instance, tracheid diameter and cell wall
thickness have played an essential role in trees' hydraulic efficiency and mechanical functioning
[19, 83, 84]. We tracked the last step of cell wall formation and lignification to investigate changes
in the microstructure and chemistry of trees grown under artificial drought stress using the Raman
imaging approach. We applied a confocal Raman microscope (alpha300RA, WITec GmbH,
Germany) with a 100 x oil immersion objective (NA 1.4, 0.17 mm with coverslip correction) (Carl
Zeiss, Germany) to achieve Raman images from Larch wood cross sections. We used a linear
polarized (0°) laser (Aex = 532 Nnm, WITec, Germany) with 25 mW power and integration time at
0.01 s for every pixel. An optic multifiber (100nm diameter, directed the scattered light to a
spectrometer UHTS30 (WITec, Germany) (600gmm™ grating) and a CCD camera (DU401DD)
(Andor, Belfast, Northlreland). We used the control Four acquisition software (WITec, Germany) to
control the measurement. We used three trees per species and treatment, respectively. Generally,
18 trees, to analyze the chemistry of the tracheid cell wall after drought stress in two different
areas along latewood last year in every tree by univariate analysis evaluated the spectra.



2.2. Biotic stress response in the spruce needle cuticle

Sampling & Sample preparation

Eight branches (about 40cm long and including several years of growth) of Norway spruce trees
were received from Praxmar (Tyrol, 47° 09’ N/11° 07' E, see also [85]) with high C. rhododendri
infection pressure (Fig. 2a) [69]. Current-year needles (only last year) have been cut, and the
severity or degree of infection varied (Fig. 2b). 15-20 um thick cross-sections from these needles
were cut using a cryo- microtome (CM 3050 S, Leica Biosystems Nussloch GmbH, Germany) (Fig.
2c). Itis a rapid, non-invasive sectioning of tissue samples [70, 72]. Cryomicrotomy is preferred
over other microtomy methods as the structure is not changed, and no embedding medium is
necessary, which might interfere with the Raman signal of the sample.

After microtoming, the cross-sections were washed with distilled water and then a drop of water
onto a glass slide and covered by a coverslip (0.16 mm thick). Finally, to prevent water evaporation
and the formation of air bubbles, we seal the sample along the coverslip border with nail polish.
The fresher and wetter the sample and the smoother the surface, the better the results have been
because of decreased fluorescence emission.

Confocal Raman microscopy

A confocal Raman microscope (alpha300RA, WITec GmbH, Germany) with a 100 x oil immersion
objective (NA 1.4, 0.17 mm with coverslip correction) (Carl Zeiss, Germany) was used to capture
the Raman images from the Norway spruce needle thin cross-sections. The Raman measurement
involves a linear polarized (0°) Aex = 785 nm laser (WITec, Germany) with 150 mW laser power and
an integration time of 0.1 s. We used a 785 nm laser for excitation because of the high sample
fluorescence. An optic multifiber (100 nm diameter) directed the scattered Raman signal to a
spectrometer UHTS30 (WITec, Germany) (600gmm™ grating) and a CCD camera (DU401DD)
(Andor, Belfast, Northlreland). Calibration of the instrument to the silicon band of 520 cm™ was
undertaken before the Raman experiments began. For achieving the maximum possible diffraction-
limited spatial resolution (r = 0.61 x A/NA), a spectrum in every 0.3 um was captured. Therefore,
the theoretical spatial resolution recorded was about 342 nm for the 785 nm laser.

Data analysis

Before data analysis, some pretreatments on Raman spectra were necessary: cropping the
wavenumber region (300-1800 cm™), cosmic rays removal, and baseline correction. We used
univariate (band integration) and multivariate (cluster analysis, non-negative matrix factorization
(NMF)) data analysis by WITec Project plus 4.1 software (WITec, Germany). Average spectra were
extracted by selecting pixels above an intensity threshold of the different Raman bands. Finally, we
used OPUS 7.5 (Bruker, Germany) to export the extracted average spectra to evaluate and
compare control and stressed samples.
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Fig. 2 Norway spruce twigs (A), needles in current-year (B), and microscopic picture of the cross sections (C) of the four
pairs of Picea abies with different susceptibility to Chrysomixa rododendri rust fungi. Shoots were harvested in August
2019 from Praxmar (Tyrol, 47° 09’ N/11° 07’ E), and samples were immediately frozen to -20 °C after harvesting.



3. Results and discussion

European larch (EL), Japanese larch (JL), and hybrid larch (HL) differ greatly in their biomass and
constitutive wood anatomy [19, 86, 87], but detailed information on comparative eco-physiological
responses of the two parental Larix species and their hybrid is not available. Several studies have
confirmed that the growth of EL is more strongly impacted by soil drought compared to other
conifer species [88-92]. The first part of the thesis concerned physiological responses of EL, JL, and
HL trees to drought and was conducted in collaboration with a research group in France, resulting
in a joint publication [30].

3.1. Is there a drought stress response on wood anatomy and is it related to
physiological traits?

Anatomical traits such as the diameter and cell wall thickness of the tracheid have changed as a
response to drought stress. In the adapted trees, the lumen diameter decreased and cell wall
thickness increased. Such anatomical traits boost the mechanical support of the stem and prevent
xylem cell collapse [29, 80]. Differences in wood anatomy were studied in 5% steps along the last
radial increment. A decrease in the radial lumen diameter of about 50% was observed for all
stressed trees (Fig. 3a, b, c). The lumen diameters, plotted against the absolute distance from pith
to bark (Fig. 3b) indicate extreme reaction of HL to drought stress. Radial lumen diameters in the
region of the last 90-95% of the increment significantly decreased due to drought in all species.
Still, drought-stressed EL had significantly larger lumens than stressed HL and JL (Fig. 3a). In 90—
95% of the increment, cell wall thickness indicated a tendency for higher values under drought,
especially for HL (Fig. 3d, e, f) [30].

European larch Hybrid larch Japanese larch
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Fig. 3 Anatomical changes in 5% steps of the 2015 increment of European, hybrid, and Japanese larch trees are shown for
drought-stressed trees (S-trees) in comparison to control trees (C-trees). Each stepwise mean value of radial lumen

diameter of European larch (A), hybrid larch (B), and Japanese larch (C), and tangential wall thickness of European larch
(D), hybrid larch (E), and Japanese larch (F) is indicated. See [30] for experimental details.
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Towards the end of the experiment, the wood produced was denser, as smaller lumen diameter
and thicker cell walls in stressed trees indicate (Fig. 4). The interpretations proposed for these
structural changes are that transition wood formed early and had a higher hydraulic safety than
earlywood and latewood. Intra-annual density fluctuations, such as the formation of a “false ring”
were observed [30].
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Fig. 4 Light micrographs of the wood increment 2015 of control trees (C-trees) and drought-stressed trees (S-trees) of
European larch (EL), hybrid larch (HL), and Japanese larch (JL). The boxed regions in each micrograph are presented at
high magnification. The scale bar is 100 um. Sample and experimental details in [30].



3.2. Is the different growth behavior of the three larch species (European, Hybrid,
Japanese) reflected in different hydraulic vulnerabilities, assessed by constitutive

wood anatomy?

Trees adapt several strategies to modify their wood composition and structures, such as pit
structure, conduit wall reinforcement, cell wall lignification and lignin composition, to prevent or
minimize cavitation [29, 80, 93, 94]. The conduit wall reinforcement is the cell wall thickness to
span ratio (t/b) 2that positively correlates with embolism resistance. Decreasing lumen diameter or
increasing wall thickness leads to hydraulic failure resistance [29]. We observed smaller tangential
lumen diameters in European larch (EL), which indicated that EL had a higher theoretical hydraulic
safety against implosion of the tangential cell walls ((t./b:) 2) (Fig. 5a) compared to other species,
and thus was superior in terms of resistance against cavitation [79]. There were no significant
differences between Japanese larch (JL) and hybrid larch (HL) in lumen diameter or cell wall
thickness traits in the wood formed before the start of the drought stress. In addition, there were
no significant differences between species in conduit cell wall reinforcement of the radial cell walls
((t:/br) ?) (Fig. 5b). Pit structural modification is another determining factor with respect to
cavitation resistance [94]. The results of our study, comparing pit membrane, aperture, torus
diameters and torus overlap, showed that there were no significant differences between the
species. Our data indicate that juvenile larch wood is relatively safe hydraulically compared to
other conifer species [94]. We observed a higher torus overlap in JL followed by ELand HL as a
trend [30]. However, regarding conduit wall reinforcement in the tangential direction, JL was the
most cavitation-sensitive species. Thus, we interpret these features to be regarded as a
compromise between this species’ hydraulic efficiency and safety. The pit cavity area was
significantly smaller in EL than in HL or JL, which could be related to higher hydraulic security. A
proxy for cavitation vulnerability has not tested this anatomical trait [30]. The results of the
anatomical comparison suggest that EL with structural properties such as higher conduit wall
reinforcement and smaller pit cavity size had increased hydraulic safety, which comes at a cost of
slower growth. Our results are in line with other studies suggesting that EL is an anisohydric
species, which can cope with lower water potentials than isohydric species [95-99]. EL prevents
cavitation by keeping stomata open at greater negative water potentials than JL or HL because
cavitation happens at lower water potentials [29]. With two different strategies, the transpiration
efficiency in JL and HL was increased under controlled drought. The reason for this is that in HL,
there was a substantial decrease in transpiration per leaf surface, while in JL; there was a decrease
in the leaf surface. HL appeared the most reactive to soil water availability with physiological
responses such as a greater decrease in transpiration rate, lower relative water contents in
sapwood, and early production of denser wood compared to other species [30].
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Fig. 5 shows conduit wall reinforcement in the tangential direction (A) and the radial direction (B) in the first formed
earlywood tracheid of European larch (EL), hybrid larch (HL), and Japanese larch (JL). Whiskers indicate the standard
deviation. See [30] for sample and experimental details.

3.3. Does drought stress influence cell wall lignification?

We undertook a comparison of the lignification between control and drought-stressed larch
species. With respect to plant strategies for adaptation to environmental stresses, plant's
physiological and biochemical responses to drought stress conditions at cellular and organism
levels differ [16]. The species, genotype, duration, and intensity of stress are determinants of
sensitivity and time response in plants. In other words, the intensity of the reaction depends on
the intensity of the stress, tree species, and intraspecific and even provenance differences [88,
100, 101]. Plants experiencing drought conditions overproduce reactive oxygen species (ROS),
which prevent growth and photosynthetic functions and have been linked to programmed cell
death, which can also lead to increased lignification [101]. Lignin in cell walls is a polyphenolic
polymer, which is responsible for the mechanical strength, and also forms a barrier to water
permeability in softwood tracheids [102]. The other secondary cell wall components are cellulose
and hemicellulose. Cellulose microfibrils are the main load-bearing structures, which are
embedded in the hemicellulose-lignin matrix [54, 103]. Conifer wood consists mainly of one type of
cell called tracheids, which are long tubular cells with lignified cell wall walls. Tracheids consist of a
three-layered secondary cell wall surrounded by a primary wall and the middle lamella (compound
middle lamella). The three layers of the secondary wall S1, S2, and S3 differ in their thickness and
microfibril orientation. They may also vary in lignin concentration [24, 104-106]. Secondary cell
walls, as an essential part of the xylem structure, consist of cellulose (40-50%), hemicellulose (20—
30%), and lignin (20-35%) [49, 111]. Structurally, tracheid cell walls are differentiated into a middle
lamella, which acts as a glue between adjacent cells and keeps them connected, a thin primary wall
and a thick three-layered secondary wall. We compared the structure and distribution of lignin on
a micro-scale in tracheid cell walls of European larch (EL), Japanese larch (JL), and hybrid larch (HL)
subjected to controlled drought, using Raman confocal microscopy. Several studies have provided
information on the effect of climate signals on the xylem cell wall chemistry and biopolymer
composition, such as Zahner [107]. The studies have shown that tree water status has an influence
on tracheid dimensions in conifers. In addition, thicker cell walls of the xylem in the stress-treated
plants have been studied using histochemical, biochemical, and gas chromatography-mass
spectrometry (GC-MS) approaches [108-110]. Because it is often difficult to differentiate middle



lamella and the primary wall, particularly at the light microscope level, together these cell wall
regions are described as the compound middle lamella (CML) (Fig. 6). On a European larch wood
cross-section integration over bands at 1600 cm 2, 1097 cm %, and 2900 cm ! respectively visualize
the cell corner (CC) together with compound middle lamella (CML), the tangential S2 layer and the
overall S2 layer (Fig. 6 b). The high signal of the 1097 cm " band only in the x-direction shows the
high cellulose microfibril angle (MFA) relative to the fiber axis, which is because the alignment of
cellulose fibrils with a gentle helical slope (S-layer) leads to appear the C O—C bonding of the
cellulose at the cross-section [48, 49]. Lignification of the cell wall begins in the middle lamella,
progressing across the cell wall towards the lumen. The middle lamella-primary cell wall region has
consistently been found to be the most highly lignified part of the cell wall, with reported minor
variations. Cell death (via apoptosis) occurs after completion of cell wall lignification across the
secondary cell wall, including the S3 layer, the innermost part of the cell wall [111, 112]
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Fig. 6 Tree-rings in the wood cross-section of Larch. (A), light micrograph of a cross-section of the last tree ring of
European Larch (EL) normal wood, showing a cambium zone located between the latewood and the phloem. (B) Raman
confocal images of a cross-section of European larch wood showing middle lamella and primary cell wall (CML),cell
corners (CC) (1600 cm * band integration), cell wall emphasized in tangential direction (1097 cm * band integration) and
the secondary cell wall (S2) based on (2900 cm ! band integration).

Characteristics, such as the number, size, wall thickness, and lignin composition of cells in the same
tissue do not vary much, but can be impacted by age, and biotic and environmental stresses [112,
113]. Numerous studies have commented on the effect of the environment on lignification, such as
Gindl & Grabner [114], indicating that there is a variation in lignin concentration in the secondary
cell wall of finishing cells of latewood tracheid’s in autumn under alpine growth conditions. Conifer
tree rings consist of thin walled earlywood (EW) formed in the spring and thick walled latewood
(LW) formed in the summer. Earlywood tissues in the sapwood are responsible for the transport of
water taken up from roots, and the upward movement of water within xylem conduits is driven by
the transpiration pull. In contrast, LW cells mainly function in providing mechanical support to tree
organs. The cambium (the lateral meristem) produces secondary xylem and phloem tissues
through the division of its cells [115]. The cambial derivative cells that become part of the
secondary xylem undergo expansion growth prior to secondary wall deposition. In our study, we
focused on lignification as a dynamic physiological process to understand the effect of drought
stress, knowing that environmental factors can affect cell wall lignification. We tracked the lignin
distribution of tracheids in cross-sections in their wet native state by integration of the 1600 cm™
band on the 10-12 cells towards the cambium zone in every larch species and treatment (Fig. 7a, b,
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and c). As expected, a trend in decreasing lignification is found towards the cambial zone. In the
control larch trees (C) high lignin intensity (pink) highlights mainly CML and middle lamella and the
secondary cell walls seem to be very thin. In drought stressed trees, thicker lignified cell walls are
observed in these 10-12 cells, especially in Japanese larch (Fig. 7c). The total average spectra of
each sample were extracted and normalized on the 380 cm™ cellulose band to compare lignin
amount (yellow highlights). The two strongest bands of lignin in the Raman spectrum are at 1600
cm ~tand 1657 cm ~L. The strong band at 1600 cm ! represents two ring deformation modes
without overlapping carbohydrates in the cell walls. In addition, another characteristic band at
1657 cm Lis a shoulder, which represents the ring-conjugated C = C stretch of coniferyl alcohol and
a C = O stretch of coniferyl aldehyde [53].
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Fig. 7 Raman images of the cross-section in the latewood (LW) of the last tree ring in European larch (EL) (A), Hybrid Larch
(HL) (B), and Japanese Larch (JL) (C). In addition, total average Raman spectra of the selected area around the cambium
zone in three species of larch were extracted to compare lignin changes between control(C) and stress(S) trees based on
the band at 1600 cm ~* (lignin).

Comparison between total average spectra of control and stressed EL and JL showed that stressed
trees have higher lignin with increasing intensity at the 1600 cm " band. Furthermore, EL control
had a different intensity ratio between bands at 1129 cm "t and 1096 cm ! compared to stressed
(EL) because of the different cellulose orientation (Fig. 7a). Moreover, two other bands at 1069 cm
1and 1273cm ? (lignin) in the total average Raman spectrum were varied (Fig.7a). These ratios
characterize lignin distribution changes in the secondary wall. Repeating studies confirmed that the
lignin distribution pattern through the annual ring of conifers is formed by a decrease from the first
EW cell to the EW-LW boundary and a rise towards the end of the annual increment. The last LW
cells in tree line Norway spruce have high values and alteration in lignin, which have been
explained by temperature variations [114].



Lignification provides rigidity and strength to conduit walls needed to withstand the forces of the
negative pressure arising during water transport [93, 116, 117]. Pettermann et al. [93] showed that
hydraulic safety in conifers increased with a greater thickness to span ratio in a tracheid, mainly
achieved by a reduction in the lumen instead of an increase in wall thickness. We could show that
the Raman image would allow us to capture changes in lignin distribution in cell walls induced by
the drought as a strategy for trees to cope with drought stresses. It has been reported that drought
stress induces biochemical and morphological responses when the water shortage rate exceeds
the critical level [118].
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3.4. Is Raman imaging an appropriate tool to probe the microchemistry of the cuticle

and epidermal layer of spruce needles? (Paper 2)

This study revealed that chemical components could be tracked in native spruce cuticles by using
high-resolution (~ 300 nm) confocal Raman spectroscopy (CRM). We applied two different
approaches to analyze the acquired hyperspectral data cubes: univariate and multivariate data
analysis. Chemical images of the cuticle of Norway spruce were generated using band integration
(univariate approach) (Fig. 2 in [39]) and multivariate approaches such as cluster analysis (Fig. 3 in
[39]) and the unmixing approach Non-negative matrix factorization (NMF) (Fig. 4 in [39]). This
approach is able to find the most pure aromatics, lipids, carbohydrates, and minerals at once and
visualize the chemistry in context with microstructure. Beyond this, by changing laser polarization
it was possible to probe the direction of the distribution of the molecule in the cuticle structure
with respect to the plant surface (Fig 5 in [39]). The methods commonly used to study cuticles'
chemistry and structure, such as SEM, TEM, and extraction procedures, are destructive in nature
and can alter cuticle composition and molecular architecture. Furthermore, methods, such as LM,
SEM, TEM, and AFM provide mainly morphological and structural information [4, 50, 61]. Most
biochemical techniques such as gas and liquid chromatography (GC and LC) alone or combined
with mass spectrometry (GC and LC-MS) and liquid chromatography-mass spectrometry (UHPLC-
MS) involve destructive chemical analyses through extraction and washing procedures and are
time-consuming, limited in mobility, and intensive in labor. Another issue is environmental
pollution from the chemicals used, which require special handling and disposal [32, 34, 39, 42, 119,
120]. Raman confocal microscopy (RCM) is a non-destructive method for micro-chemical analysis
of plant cells and tissues in their native state and at high resolution [39, 77]. One of the most
important advantages of Raman point-by-point mapping is access to the molecular fingerprint at
every pixel and average, cluster, and endmember spectra for detailed analysis and verification in
addition to the calculated chemical images. The extracted cuticle spectra were effective in
interpreting the chemical composition of distinguished layers, and interfaces of the cuticle of
spruce needles.

3.5. What is the most suitable sample preparation, experimental, and data analysis

approach for Raman imaging of spruce needles?

The Raman imaging was experimented with using both 532 nm and 785 nm excitation, but because
of the high sample fluorescence with 532 nm, we settled on using 785nm. However, we used 532
nm measurements to show the potential of laser polarization to regain the setout of the molecules
in the outer region of the cuticle. Our published work (Fig. 5 in [39]) showed the orientation of
waxes and coumaric acid in the cuticle. The aliphatic chains and aromatic rings in the wax layer are
arranged perpendicular to the surface, but compounds in the cuticular layer have an amorphous
structure and are without orientation [39].

Moreover, we used two approaches to analyze the data, including univariate (band integration)
and multivariate data analysis (cluster analysis and non-negative matrix factorization). The
advantage of the multivariate data analysis method is that it simultaneously analyzes the whole
wavenumber region (hyperspectral data cube) instead of focusing on selected bands. All three data
analysis methods showed that the waxy layer is distinguishable from the underlying cuticle. In
addition, the adjacent periclinal epidermal layer is chemically different and thus differentiated
from the rest of the epidermis. Greater details and a more comprehensive picture of the cuticle of
Norway spruce needles can be found in [39]. Univariate data analysis is a fast method used in
almost every Raman imaging study. It works well as long as the different components do not have



overlapping or weak bands, and their characteristic bands can be tracked. The second method was
cluster analysis, which groups the spectra according to similarity. The isolated cluster average
spectra show the chemistry of the identified chemically homogenous regions but do not
necessarily explore specific components. The third method was NMF-analysis, which computes a
linear combination of endmember spectra to represent the spectra at every pixel. The spectra of
the waxy layer from the three approaches obtained were very similar. The unmixing approach
could not find a “pure” wax spectrum within all the pixels because of the close conjugation of lipids
and coumaric acid. Raman imaging gives insights into cuticle chemistry in context with
microstructure [39] and results in new information-rich cuticle models of different plant species
[121].

3.6. Can we track differences between resistant and rust infected spruce needles in
microchemistry by Raman imaging?

Ganthaler et al have reported differences or fluctuations in secondary metabolites between
healthy and Chrysomyxa rhododendri infected Norway spruce using chemical approaches, such as
UHPLC-MS [34]. We used Raman imaging and compared the spatial distribution of the main cuticle
components in needle cross sections from trees with different susceptibility to the above-
mentioned fungus. True Component Analysis was applied to find and extract the purest spectra
representing the main cuticle components (Fig. 9). In the next step, the purest components out of
all datasets were selected and used as reference spectra in a basis analysis on datasets of needles
with different susceptibility (Fig. 10). The cuticle consists of cuticular waxes and the cutin matrix
and in some cases cutan, phenolics and polysaccharides originating from the epidermal cells [39,
122]. Cuticular waxes consist of a long (20-60 carbon atoms) chain of aliphatic compounds like
alkanoic acids, primary and secondary alkanols, n-alkanes, alkyl esters, pentacyclic triterpenoids,
and sterols [123]. Two characteristic bands at 1122 and 1063 cm ! represent these aliphatic chains
in the Raman spectra as seen in the extracted wax spectrum (Fig. 9a, yellow spectrum) [44]. The
cutin matrix of the cuticle consists of long-chain w-hydroxy alkanoic acids, which are esterified into
a complex polymeric network with linear and branched domains by primary and secondary ester or
bonds with mid-chain lengths of 16 and 18 carbon atoms, like hydroxyl, carbonyl, and epoxy
groups [122]. The cutin matrix has a typical band at 1440 cm 2, representing CH, bend in fatty acids
(Fig. 9 a, green spectrum). The second strong Raman band at 1608 cm™ indicated aromatic
components associated with cutin, as this band is assigned to aromatic rings in conjugation with
C=C/C=0. The band at 1567 cm™ and 1632 cm point to flavonoids and phenolic acids, respectively,
as shown in paper 2 [39]. Flavonoids are phenolic compounds with aromatic hydrocarbon rings and
at least one hydroxyl group and are derived as purer components in the analysis; although again
associated with cutin (Fig. 9b, green spectrum) and phenolic acids (Fig. 9 b, red spectrum). The
band at 1605 cm™ comes from the aromatic ring and is besides flavonoids also strong in phenolic
acids. These can be characterized by additional bands at 1636 cm™ and 1171 cm™ (Fig. 9 b, violet
spectrum). Pointwise accumulations have been shown with characteristic Raman bands at 1490
cm™tand 1463 cm™, which can be assigned to calcium oxalate (Caox) deposits; the different band
ratios point to different crystal orientations (Fig. 9 c). The underlying epidermal cell walls are based
on carbohydrates (cellulose, hemicellulose, pectin) with characteristic bands at 1378 cm™, 1120
cm™, 1095 cm™, and 380 cm™ (Fig. 9d, blue spectra) and lignin with a typical band at 1657 cm™,
1269 cm™ beside the strong aromatic ring stretching at 1600 cm™ (Fig. 9 d, turquoise).

In the following, the above-described component spectra were used in a basis analysis to compare
Norway spruce needle’s from two neighbored trees (PRA 1), one susceptible and one resistant to
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the fungus (Fig. 10a). The comparison of the distribution map showed that the lipid components
layer between resistant and susceptible needles in the cuticle zone are similar, although the waxy
layer looks more discontinuous in the susceptible needle (Fig. 10 b). As this waxy layer is very tiny
and on the very outside this can also be an effect of sample preparations, as we have not observed
such discontinuities in all other samples. Nevertheless, if such discontinuous waxy layers are
present in the native state, they might be a weak point and to clarify this the surface of native
susceptible cuticles needs to be checked by scanning electron microscopy. The three aromatic
reference components have shown different amounts and distributions between healthy and
susceptible (Fig. 10 c). More pure phenolic acids are shown in purple color (Fig. 10 b) and have a
higher intensity in the healthy needle in comparison with the infected needle. Phenolic acids
accumulate in the anticlinal ridges towards the epidermal layer but are also found as a layer below
the waxy layer in the healthy cuticle. Flavonoids accompanied by phenolic acids are shown in red
color and are found with higher intensities in healthy needles, especially periclinal on top of the
epidermal layers. In contrast, the purest flavonoid component (light green) fit more in the
susceptible needle than in the healthy needle. The Raman imaging approach showed the complex
nature of aromatics in the cuticles and that they might play a role in the defense mechanisms of
needles against fungal attacks. The complexity on the microscale makes comparable analysis quite
difficult as e.g. higher fluorescence background in the susceptible needle through a chance in the
aromatic composition can influence analysis in the way that minor components with lower
intensity bands become overlapped. On the other hand, Raman imaging has the advantage that
not the overall chemical composition of the whole cuticle or even needle is assessed by extraction,
but really in context with the microstructure. The fact that our pixels of 300 nm showed still rather
mixtures than completely pure components (Fig. 9), suggests an intimate association of phenolic
and flavonoids with cutins and polysaccharides. Similar conclusions have also been drawn from
tomato cuticles [124].
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Fig. 9. Tracking the chemical composition, intensity, and spatial distribution of cuticle components in Norway spruce
needles by True Component Analysis. (A), extracting the purest average component spectra as reference spectra including
the outer lipidic components (waxy, and cutin layer), (B) aromatics components (flavonoid and phenolic acid), (C) Calcium
oxalate, (D) and cell wall components (carbohydrates and lignin).
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Susceptible Resistant

Fig. 10 shows the distribution of cuticle and epidermal layer components of PRA 1 needles with different degrees of
susceptibility assessed by basis analysis using the component references shown in Fig. 9. (A), Overlay of all components
(B), the distribution of lipidic components (wax (yellow), cutin (green)) throughout the cuticle and epidermal layer. (C), the
distribution of aromatic components (flavonoids in light green, flavonoids and phenolic acids in red and phenolic acids in
purple) varies between susceptible and resistant needles.

While many studies have confirmed the existence of phenolic substances constitutively in healthy
needles, inductive resistance in trees after infection leads to changes in the concentration of
phenolic components, which vary depending on the host-pathogen interaction [32, 34, 39, 125].
Ganthaler et al. 2017 [34] showed that the concentration of several flavonoids and resveratrol
increased after infection with Chrysomyxa rhododendri in the needles of Norway spruce, while
picein and shikimic acid were reduced. Our Raman imaging results confirm this trend by visualizing
more phenolic acids in the healthy needles (purple, Figure 10). Furthermore, phenolic acids are
intimately associated with flavonoids (red color), whereas purer and therefore probably easier
extractable are flavonoids (light green) in susceptible needles. Phenolic components are secondary
metabolites that play a role in both constitutive and induced defense strategies [126].

Raman imaging could be helpful in the detection of concentration changes of aromatic
components in the early stages of infection in the first line of the defense system in the plants
when they face the pathogen. The method used in our work was applied for detailed imaging
studies on needle microsections. Nevertheless, in the future handheld Raman spectrometers could
be used for a fast and non-destructive study of the outer surface of the needles. Such studies can
have practical benefits, saving time, energy, and money, and can help improve the forest
protection system, particularly in breeding trees against pathogens. Raman spectroscopy has been
considered a non-destructive method in plant disease detection. There are many reports on
successful application of Raman spectroscopy in the diagnosis and analysis of plant diseases, such
as identifying citrus infected by bacteria, analyzing tomatoes inoculated with tomato yellow leaf
curl Sardinia virus, and tomato spotted wilt virus [127, 128]. Being fast, specific to a particular
disease due to noncontact scattering, and sensitive for detection at the early onset of the
symptoms; being labeled free means no need for fluorescent marker molecules are some of the
advantages of Raman spectroscopy [129-132]. The other distinctive advantage of Raman is the
low-intensity bands of the water when water-based material, or other polar solvents analyzing
without interfering with its structure [48, 50, 63, 130]. This technique with a rapidly developing
technology has been applied to analysis in a wide range of basic and applied science disciplines,
such as food chemistry and adulteration, body fluid, illegal drug quantification, electrochemistry,
fluid body, and forensics [119, 130, 133]. However, the most critical challenge faced in the Raman
spectroscopic analysis is the fluorescence of biological samples when lasers in visible light range
are used. Fluorescence excitation can lead to interference with the Raman signal. Additionally, the



high intensity of excitation radiation can cause sample decomposition [50]. Therefore, for accuracy
of results these limitations have to be overcome in Raman spectroscopic analysis of fluorescent
objects.
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3. Conclusion
Regarding the abiotic stress response, this thesis added new data on the different adaptations and
reactions to drought stress within the genus Larix, by investigating three different larch species (EL,
JL, and HL). EL took over anisohydric behavior under drought stress with slower growth and
hydraulically safer wood, whilst JL and HL have an isohydric strategy with less safe wood design
and stronger stomatal control. Transpiration efficiency increased in the latter two by different
mechanisms: HL reduced strongly transpiration per leaf surface, whiles JL reduced the leaf surface
area. HL with the highest decrease in transpiration rate and lower relative water contents in
sapwood reacted most to soil water availability and induced latewood formation earlier than the
other two species. Additionally, confocal Raman confocal microscopy was used for microscale
analysis of the composition of the three species. The actual stage of lignification was visualized in
the last tree ring cells towards the cambium and all three species showed higher lignin levels as a
drought reaction.

All presented experimental approaches yielded detailed cellular information on drought responses
in different larch species on the tree level and are therefore useful in selective breeding for tree
improvement and plantation establishment. The higher drought plasticity in HL was hypothesized
to be inherited from JL and its higher growth under drought together with better disease
resistance supports its inclusion in pure and mixed lowland plantations. With the anisohydric
strategy under drought condition EL could be shifted to higher elevations or more northern regions
under climate change.

For biotic stress responses, the outer plant surface, the cuticle, is of utmost importance. The
feasibility of Raman imaging and multivariate data analysis approaches to investigate the chemistry
of the cuticle in the native state on the microscale was proven on Norway spruce needles. For the
first time we visualized aromatic components and minerals within the cuticle, in association with
lipidic components and carbohydrates. Even preferred orientation of the molecules was derived in
the crystalline wax layer with the help of laser polarization experiments. Aliphatic chains and
coumaric acid molecules were revealed to be aligned perpendicular to the plant surface in this
outer layer. Calcium oxalate crystals were visualized at the interface between the lipidic cuticle and
the carbohydrate rich epidermis. In the upper periclinal epidermal cell wall, strong Raman signals
of flavonoids were detected, while in the anticlinal inclusions phenolic acids accumulated. A
preliminary comparison of spruce needles sampled from two neighbored trees, one resistant and
on sustainable to rust infection, suggests higher phenolic acid content and flavonoids content in
resistant needles. The anticlinal peg inclusions were more enriched in phenolic acids as well as the
periclinal epidermal wall more impregnated with phenolic acids and flavonoids. These detailed
microchemistry studies reveals the cuticle as a barrier impregnated with phenolic substances to
get hydrophobised and be better protected against biotic and abiotic threats. Future studies could
include handheld Raman instruments directly on the needle or razor blade cut needle cross section
to come up with a fast and non-destructive cuticle composition to predict resistance and survival
and select the fittest and best-adapted trees for future forests in our changing environment.
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Abstract

Key Message Hybrid saplings were more reactive to soil water deficit than Japanese and European larch. European
larch had hydraulically safer wood and anisohydric behavior, Japanese and hybrid larch showed isohydric strategy.
Abstract Deciduous larch species could be an alternative to evergreen conifers in reforestation, but little is known about
drought sensitivity of their saplings. The effect of an experimental drought on hydraulics and quantitative wood anatomy
was tested on saplings of European larch (EL, Larix decidua), Japanese larch (JL, Larix kaempferi) and their hybrid (HL).
Across species, biomass, transpiration rate and relative water content were higher in controls than in drought stressed trees,
but transpiration efficiency was lower. JL had the highest transpiration efficiency under drought, and EL the lowest, coincid-
ing with slower growth of EL. Wood of EL formed before drought was hydraulically safer as shown by higher wall/lumen
ratio and lower pit cavity area. EL neither had a significant increase in transpiration efficiency nor a reduction in transpiration
rate under drought, suggesting that the stomata remained open under soil water deficit. HL saplings were the most reactive
to water shortage, indicated by intra-annual density fluctuations and a decrease in relative water content of the sapwood.
Significant reduction in transpiration by HL suggested a higher stomatal sensitivity, while the same leaf surface area was
maintained and radial growth was still similar to its best parent, the JL. The latter showed a significantly lower leaf surface
area under drought than controls. EL, with its hydraulically safer wood, followed an anisohydric behavior, while JL and HL
revealed an isohydric strategy. Altogether, our results suggest species dependent acclimations to drought stress, whereby
HL followed the strategy of JL rather than that of EL.

Keywords Constitutive wood anatomy - Drought stress - Hybrid larch - Larix decidua - Larix kaempferi - Reaction to
drought - Water use efficiency

Introduction

Climate change has drastic effects on the survival, reproduc-
tion, growth and productivity of trees. High temperatures
together with water shortage are major stress factors, which
cause physiological as well as structural changes (Breda
et al. 2006; Allen et al. 2015; McDowell and Allen 2015;
< Sabine Rosner Mencuccini and Binks 2015; McDowell et al. 2016; Klein
sabine.rosner@boku.ac.at et al. 2019; Rozenberg et al. 2020). There is an expecta-
tion for forests to mitigate climate change through carbon
storage and sequestration, protect against erosion, soil and
snow slides; however, the demand for wood, particularly
from conifers such as larch, has never been higher.
Species from the sub-family of the Laricoideae,
European larch (Larix decidua) and Japanese larch
(Larix kaempferi) are of high environmental and
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socio-economical importance in several parts of the
northern hemisphere (Geburek 2002; Paques et al. 2013;
Caudullo et al. 2018). The native range of both species is
mostly mountainous, but some populations of European
larch grow at elevations lower than 400 m. Their cultiva-
tion range has been successfully extended north- and west-
wards mostly in oceanic and continental climates, includ-
ing lowland areas across Europe (Geburek 2002; Paques
et al. 2013). With less than 700,000 ha across its native
range, European larch is considered as a minor species
among conifers but it plays a major ecological (protec-
tion against snow and soil slides) and economical (tim-
ber production) role at regional levels particularly in the
Alps (Geburek 2002; Paques et al. 2013). Larch wood is
much appreciated for its high density, mechanical proper-
ties, natural durability (outdoor use) and the aesthetics
(indoor use) of its heartwood (Paques et al. 2013). The
use of alpine European larch provenances for plantation
in lowland regions resulted in local maladaptation at the
beginning of the twentieth century (Jansen and Geburek
2016). Japanese larch, which proved less susceptible to
European larch canker (Lachnellula willkommii HARTIG),
was thereafter used as an alternative but it failed in many
locations due to its sensitivity to summer drought (Boudru
1986; Masson 2005). It is native to Japan and its natural
distribution covers only about 390 km?, where it grows
in elevations from 500 up to 2900 m. Japanese larch pre-
fers cold temperate to subarctic climates with high rain-
fall in summer and snowy winters (Caudullo et al. 2018).
Foresters and breeders discovered in the first years of the
twentieth century that the hybrid between European and
Japanese larches (Larix x eurolepis) was much more vigor-
ous than either of the parental species. From then on larch
hybrids have been bred for improvement of growth, stem
form, wood quality or disease resistance (Schneck et al.
2002; Paques et al. 2013). Besides a greater vigour, hybrid
larch successfully combines favourable traits from both its
parental species; e.g., resistance to larch canker and Meria
laricis VuiLL as well as fast juvenile growth from Japa-
nese larch and stem straightness as well as finer branching
from European larch (Paques et al. 2013; Caudullo et al.
2018). While European larch prefers a more continental
climate, plantations of Japanese larch are restricted to oce-
anic conditions (e.g., Western France, UK, Ireland, Den-
mark, Belgium). In contrast, their inter-specific hybrid has
proved suitable in a much wider spectrum of sites, ranging
from maritime to continental and from sea level to low
mountain ranges (Paques et al. 2013; Greenwood et al.
2015). Hybrid larch can be thus successfully cultivated,
wherever European or Japanese larches would have been
cultivated. The use of larch or their hybrids outside their
native ranges raises specific questions in terms of deploy-
ment and maladaptation. Facing the pressure of predicted
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climate change, an important goal to improve breeding of
larch is to integrate drought responses from different spe-
cies and their crosses.

The drought response of European larch has been exten-
sively studied on mature trees (e.g., Anfodillo et al. 1998;
Beikircher et al. 2010; Eilmann and Rigling 2012; Schuster
and Oberhuber 2013; Swidrak et al. 2013; Dietrich et al.
2019), with the constraint that the level of drought stress can
only be approximately determined. European larch has been
considered as an anisohydric species (Swidrak et al. 2013),
showing little stomatal response at the onset of drought and
maintaining transpiration and carbon assimilation, while
plant water potential is on the decrease (Streit et al. 2014).
A high stomatal conductance during favourable conditions
would optimise CO, fixation and, therefore, carbon accumu-
lation and biomass growth, but might unduly increase water
losses due to transpiration, thus resulting in low intrinsic
water use efficiency (WUE, ratio between net CO, assimila-
tion rate and stomatal conductance to water vapour). As a
mature tree, European larch is known to have a lower WUE
compared to other conifer species (Schuster and Oberhuber
2013). Similar observations were made by Anfodillo et al.
(1998) on mature European larch trees in the Alps, where
sap flow did not diminish despite an ongoing soil water defi-
cit, by tolerating decreasing water potential. However, with
increasing drought severity, sap flow strongly decreases and
growth declines (Leo et al. 2014; Obojes et al. 2018). With a
hydraulic safety margin lower than other native conifers, the
decreasing plant water potential greatly increases the risk of
xylem cavitation in European larch, as has been shown by
Beikircher et al. (2010). Nevertheless, the study by Dietrich
et al. (2019) on several tree species including European larch
showed that after a severe drought period as in 2015, there
was little indication of xylem embolism or carbohydrate
depletion. Other studies indicated lower diameter growth
of European larch during drought events than other native
conifer species (Eilmann and Rigling 2012; Schuster and
Oberhuber 2013; Lévesque et al. 2013, 2014a; Feichtinger
et al. 2014; Streit et al. 2014).

Under the impact of drought, Japanese larch shows both
isohydric and anisohydric strategies, with a stronger ten-
dency towards isohydry (Bhusal et al. 2020). Japanese larch
is rather drought sensitive (Boudru 1986; Masson 2005;
Huang et al. 2017) and might be in danger when predicted
climate change scenarios will take place; nevertheless, dif-
ferences in growth response to drought do exist among prov-
enances (Nagamitsu et al. 2018).

For hybrid larch, some reports exist, where the impact
of drought on growth was investigated (Haasemann 1986;
Cazaux et al. 1993; Marchal et al. 2019). Little informa-
tion is, however, available on the strategy of hybrid larch to
acclimate to drought. So far, we know that hybrid larch sur-
vival and growth are highly sensitive to soil water reserves
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(Cazaux et al. 1993). In a nursery experiment combin-
ing the two parental larch species and their hybrid, three
types of soil and three water regimes, Haasemann (1986)
observed the overall superiority for height growth at age
two of the hybrid even in the drier situation. However, its
growth was optimal in the treatment with an average water
supply, whereas optimal conditions for Japanese and Euro-
pean larches were, respectively, the moistest and the driest
water regimes. More recently, Marchal et al. (2019) com-
pared the radial growth of mature trees across sites and
along gradients of soil water availability: not only did the
hybrid have superior growth—except at the lowest levels of
water availability—but it also showed a higher phenotypic
plasticity and overall better site stability than both parental
species. The success of the hybrid over European and Japa-
nese larches clearly depends on water availability, where
soil water reserves below 75 mm become critical with more
severe mortality and reduced growth (Cazaux et al. 1993).
However, a better understanding of the behaviour of Euro-
pean, Japanese larch and their hybrid under soil water deficit
is critical for deployment recommendations and breeding
strategies.

For effective breeding strategies for drought resistance,
detailed knowledge about a species’ ecological requirements
during the whole rotation length will be necessary, espe-
cially as the hybrid might have inherited the drought sensi-
tivity of Japanese larch (Boudru 1986; Masson 2005; Huang
et al. 2017). The first years after plantation have been shown
to be critical in tree development, in terms of resistance to
drought in later stages and thus of the final plantation suc-
cess (McDowell et al. 2008). Controlled greenhouse experi-
ments on saplings allow simulation of drought stress and the
direct comparison of the reaction of different species. As far
as we know, drought stress experiments under controlled
greenhouse conditions comparing different larch species or
their crosses have not yet been performed.

The aim of our study was to characterise and to compare
the drought response of saplings of two larch species, Euro-
pean larch and Japanese larch, and their hybrid under con-
trolled drought conditions. The combination of these species
was chosen, because European larch plays a major ecologi-
cal role in, e.g., protection against snow and soil slides, and
the hybrid of European and Japanese larch is of economi-
cal interest for timber production in plantations but we lack
information on ecological requirements while in a juvenile
state. Knowledge of their respective ecological requirements
in the juvenile state would provide guidelines for their opti-
mal deployment in forests. We address two main research
questions: first, did the hybrid inherit drought sensitivity
from the Japanese larch, and second, which anatomical traits
are responsible for lower drought sensitivity? We hypoth-
esise, that Japanese larch is more drought sensitive than
European larch and that the hybrid shows higher drought

plasticity during growth. Potential differences in drought
sensitivity were examined with regard to whole plant tran-
spiration response (plant water use, transpiration efficiency),
biomass increase and wood formation. To infer hydraulic
vulnerability, constitutive wood anatomy (anatomy before
drought stress) including pit structural parameters was
analysed. For the European larch, we hypothesise that its
slower growth is associated with a hydraulically safer wood
design, allowing a more anisohydric strategy, whereas a less
safe design in the Japanese larch and the hybrid demands
stronger stomatal control and thus a more isohydric strategy.

Materials and methods
Plant experimental setup
Three-year-old saplings of European larch (Larix decidua

MiLL., EL, seed source: Sudetan larch seed orchard Theil-
FR), 4-year-old saplings of Japanese larch (Larix kaemp-

feri (Lamb.) CARRIERE, JL, seed orchard Flensborg-DK) and

2-year-old saplings of hybrid larch (HL, Larix X eurolepis,
parents of family REVE-VERT-FR) were used in our work.
Due to different growth characteristics of the three spe-
cies (especially the fast growth of the hybrid), saplings of
similar age would have had very different sizes, whereas a
selection purely on the size would have resulted in largely
different ages. The tree height of European larch at the
beginning of the experiment was 812.67 + 101.67 mm, of
hybrid larch 1236.50 +71.16 mm and of Japanese larch
1350.50 + 88.77 mm. Prior to the experiment, plants were
grown in two chambers of a glasshouse located at Champe-
noux, France (48°45'09.3" N, 6°20'27.6" E), under natural
light conditions with daily maxima of irradiance ranging
from 150 to 1000 umol/m?/s PAR. Environmental condi-
tions in the greenhouse were affected by weather conditions,
but the temperature was maintained between 15 and 26 °C.
Three plants from each group were grown at similar soil
water content conditions with two different water regimes,
respectively. The field capacity (FC) at planting was esti-
mated at 30% + 1.7% soil volumetric humidity (SVH). The
automatic watering was adjusted to that; the control plants
(C-trees) remained at 80% of the field capacity of the soil.
This corresponds to 24% relative extractable soil water con-
tent (REW =(SVH-WP)/(FC-WP), considering a wilting
point (WP) at 2% SVH). Forest trees are considered to be
under drought constraint at relative water content below 40%
relative extractable soil water content; therefore, a final tar-
get SVH for drought-stressed plants (S-trees) was below this
value at 30% of the field capacity of the soil, corresponding
to 10% SVH (Granier et al. 1999). The potted plants were
put on a robotic weighing and watering system (Bogeat-Tri-
boulot et al. 2019) after all trees had flushed on March 22,
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2015 (day 80). The soil surface of each pot was covered with
white marble gravel (diameter about 1 cm) to reduce soil
water evaporation and four pots without plants, each for con-
trol and drought conditions, were used to estimate residual
soil evaporation with the same frequency as the transpira-
tion estimates for the plants. Cumulative transpiration over
the whole experimental period (TRcum) was calculated by
summing the water losses between two weighings of each
plant. Plant transpiration rate (Trp, Online Resource 1) was
calculated by dividing the water loss by the time between
two weighings. The target drought level of 10% SVH was
approached in a controlled stepwise way by not watering
the pots until the target was reached. Bigger plants with a
larger leaf surface use the available water reserve in the pots
more rapidly, allowing more rapid approach of the final SVH
target level. Thus, four levels of SVH (25%, 20%, 15%, 10%)
were used and the advancement from one level to the next
was constrained until all plants had reached this drought
level; 25% SVH was reached on day 100, 20% on day 107,
15% on day 110 and 10% on day 160. The trees were under
moderate drought conditions from day 107 to day 176, thus
for 70 days. The number of irrigations per day was adjusted
to the transpiration of the plants, so that overall each water-
ing level was less than 100 ml water, starting with two irri-
gations per day at the beginning of the experiment, and five
irrigations per day at the end. Plants were harvested on June
26, 2015 (day 176). For the determination of the relative
water content (see below), a 5 cm long stem segment was
cut just above the root collar. Stem samples with a length of
5 cm were collected adjacent to these segments and stored
frozen at — 20 °C until the anatomical investigation. The
sample set comprised three trees per treatment and species
(n=18, Online Resource 2).

Biomass determination

To estimate initial biomass, allometric relationships were
estimated from three individuals, representative of the size
range, from each species. Stems and branches were meas-
ured for basal and apical diameters and length (overall
n=520). Roots were separated and washed. All parts were
dried at 65 °C to constant mass and weighed. Dry mass
(DM) was determined for each tree for each compartment
(stem or branch) and volumes were summed up. Density
was estimated as mass/volume, and an ANOVA analysis
(separately for stem and branches) showed that there was
no significant species effect for density and only a slight
increment effect for the stem. It was, therefore, decided to
estimate one allometry for stems, using a power equation
(DM =0.95145 x V92404 ' R2—-(.94, n=26) and one for
branches (DM =0.6569 x V08 R2-0.92, n=16). These
allometries were applied to all measured stems and branches
at the beginning of the experiment (n=1105). Initial root
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biomass was estimated using the estimated stem mass
(DM =86.80 x stem — DM%%?; R>=0.66, n=26). Stem,
branch and root DM were used to calculate the initial dry
mass of each tree.

During the final harvest, stems, branches and roots were
separated. The roots were washed and all plant organs were
dried as described above. For the harvested plants, the main
stem, last year’s branches, new branches, needles from
last year’s branches, needles from new branches and roots
(washed) were separated and dried as indicated above. Final
biomass was calculated as the sum of the dry masses of the
different plant organs.

The biomass increment (BMinc) was calculated as the
difference between the final biomass and the initial biomass
(BMini). The relative biomass increment was calculated as
BMinc/BMini and is given as a percentage.

Needle surface area and plant transpiration per leaf
surface area

To estimate final needle surface area (NSF), needles were
harvested to establish an allometric relationship between
needle dry mass (DM) and needle surface. The surface of all
needles from three current year (2015) and three 1-year-old
(2014) branches from each tree were measured using a flat-
bed scanner. ANOVA showed that there was neither a signif-
icant species effect nor a significant treatment effect on leaf
mass per area. However, a significant needle age effect was
detected. Therefore, we used two different allometric equa-
tions to convert needle dry mass into needle surface. Thus,
power equations were established between needle mass
and needle surface (for 1-year-old needles, NSF=0.2358 x
DM?8585; for current year needles: NSF=0.0145 x DM '3
with DM =needle dry mass). Total needle surface was esti-
mated as the sum of the two needle generations (2014 and
2015).

Transpiration traits

The assessment of the cumulative transpiration over the
whole experimental period (TRcum) and the plant transpira-
tion rate (Trp) is described in the section “Plant experimen-
tal setup”. The transpiration efficiency (TE) was calculated
as the total biomass increase (BMinc) divided by the cumu-
lative transpiration (TE =BMinc/TRcum).

Plant transpiration per hour and per leaf surface (TR) was
calculated as the plant transpiration rate (Trp) divided by the
total final needle surface (TR = Trp/NSF).

Relative water content

The relative water content (RWC) of the trunk was estimated
from a 5 cm section of the main stem just above the root
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collar. At the harvest, the bark was taken off and the fresh
mass determined (FM), then the stem parts were infiltrated
by keeping them under water in a closed glass container
under vacuum, until air bubbles from stem parts had com-
pletely subsided. Then surface water was dried off and the
water-saturated mass determined (SM). Subsequently, the
samples were dried at 65 °C until constant weight to measure
the dry mass (DM). RWC was calculated as RWC (%)= 100
X (FM-DM)/(SM-DM).

Carbon isotope composition (6'3C)

At the final harvest, several needles from apical shoots were
sampled, dried for 48 h at 70 °C and ground into a fine pow-
der using a ball mill (Retsch GmbH, Haan, Germany). Sub-
samples of 1 mg+0.1 mg were weighed into tin capsules
and the carbon isotopic composition was measured with an
isotope ratio mass spectrometer (Thermo-Finnigan, Delta
S, Bremen, Germany). The carbon isotope composition
(6"3C) was calculated according to the international stand-
ard (Vienna Pee Dee Belemnite, VPDB) using the following
equation: §'3C = (R, — Ryy)/Ryyx 1000, where R, and R,
are the isotopic ratios '*C/!*C of the sample and the stand-
ard, respectively. The precision of spectrometric analysis
(standard deviation of §'3C) was assessed with a calibrated,
internal laboratory reference material with a matrix close to
the measured samples (n=16, SD =0.05%o).

Wood formation of control and drought stressed
trees (tracheidograms)

To evaluate the impact of drought on anatomical traits, radial
lumen diameters and the tangential double cell wall thick-
ness were measured in one complete radial cell row of the
latest wood increment, for each tree. Dissected pieces of nor-
mal wood (avoiding compression wood) harvested at 5 cm
from the ground were mounted in the sample holder of a
cryo-microtome (CM 3050 S, Leica Biosystems Nussloch
GmbH, Germany) keeping the orientation perpendicular to
the main fiber axis. Disposable microtome blades (N35HR
Blade 35, Feather, Japan) were used to cut 10-20-um-thick
transverse sections. Sections were stained with safranine/
astra-blue. Lignified cell walls appear red after safranine
staining, and non-lignified cell walls acquire blue colour
after astra-blue staining. For anatomical analysis, sections
were dehydrated in ethanol and mounted on slides in Can-
ada balsam. Images were acquired with a Leica DM4000
M microscope equipped with a Leica DFC 320 R2 digital
camera. Leica IM 500 image manager analyzing software
was used for digital stitching (Leica, Weltzlar, Germany)
and Image J software (https://imagej.nih.gov) for quantita-
tive anatomical measurements. Mean values of radial lumen
diameters and the tangential double cell wall thickness were

thereafter calculated for 5% radial distance steps, with the
whole wood increment as 100% reference. Means of ana-
tomical traits measured in the region of 90-95% of the incre-
ment (radial lumen diameter, b, 90-95% and tangential cell
wall thickness, 7, 90-95%) were used for comparisons within
and among species. The cell walls were still thickening in
the region between 95 and 100% of the increment; we thus
avoided analysing this part statistically.

Constitutive wood anatomy: tracheid dimensions
and quantitative pit anatomy

We refer “constitutive wood anatomy” to quantitative ana-
tomical traits before plants were impacted by drought. This
approach is based on Rosner et al. (2016) who found that
the wood formed before drought stress impacts the sensitiv-
ity to drought in conifers. To elucidate whether the varia-
tion in anatomical functional traits, such as tracheid and pit
dimensions, affected species’ performance of the trees under
drought stress, we assessed such traits in the first formed
early wood tracheids of the latest annual ring. ANOVA indi-
cated no influence of initial biomass and treatment (drought
stress) on the traits investigated, indicating that before stress
started, no anatomical differences were present which were
related to the size of the saplings or treatment. Therefore,
statistical analysis on species differences of tracheid dimen-
sions, conduit wall reinforcement and pit traits were done by
pooling all trees from a given species.

Tracheid dimensions and conduit wall reinforcement were
assessed on wood sections stained with safranine/astrablue
(details in an earlier section). Double cell wall thickness (7)
and lumen diameter (b) of early wood cells were measured
inradial (¢, b,) and tangential (¢, b,) directions in the first 10
cell rows of the 2015 growth ring using Image J software.
For each of the four traits, a tree mean value was calculated
from 20 single measurements that were performed on four
different positions around the whole circumference. Conduit
wall reinforcement was calculated in the radial ((tr/br)z) and
tangential ((t[/bl)2) direction (Rosner et al. 2018).

Light microscopy images were used for the determination
of the pit cavity area (Fig. 1a, right). SEM images (Fig. la,
left; Fig. 1b) were used for all other measurements, such as
the pit membrane diameter (PMD) torus diameter (TD) and
the pit aperture diameter (AD).

For light microscopy, sections (5—10 pum thick) were
cut from frozen samples using a cryo-microtome. Pre-
liminary work undertaken to select the most effective
stain indicated that toluidine blue, which stains wood cell
wall, including the pit border, greenish blue and the pit
torus pink—-magenta, to be the most suitable stain. The
sections were stained for 2 min, then washed with water
and mounted on glass slides in a drop of water. Nail pol-
ish was used to seal the cover glass. The sections were
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Fig. 1 Documentation of measurements on bordered pits. a left side,
SEM image of a radial wood section showing a bordered pit with pit
aperture diameter (AD), torus diameter (TD) and pit membrane diam-
eter (PMD). a right side, light microscopy photo of a transverse wood

examined with a light microscope (Nikon, Japan) and the
images were captured with a digital camera. For each sam-
ple, 20 intact pits were selected in early wood of the 2015
wood increment. Pit cavity was defined and measured using
image J (Fig. 1a, right).

For SEM, air-dried wood blocks were split longitudi-
nally, exposing the radial face. The samples were mounted
on stubs and coated with gold particles in a sputter coater
(LEICA EM SCDO005). Images were acquired using the
Apreo SEM (ThermoFisher Scientific, Massachusetts, USA)
at 5 kV. Measurements of membrane diameter (PMD), torus
diameter (TD) and pit aperture diameter (AD) were done
using the Imagel software. Twenty pits were used for each
tree sample. Torus overlap (TO, torus—aperture overlap,
torus to aperture ratio) was determined as (TD-AD)/TD
(Fig. 1a, left).
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section stained with toluidine blue; the insert shows the pit cavity at
higher magnification. b SEM images of bordered pits of European,
hybrid and Japanese larch

Statistical analyses and sample numbers

Traits investigated and analysed as well as their abbrevia-
tions are listed in Table 1. Differences between species and
the drought treatment effects of biomass- and transpiration-
related traits were analysed using an ANCOVA model (R
Core Team 2020) in particular for taking into account the
different sizes of trees at the beginning of the experiment:

Y = BMini + species + treatment + species X treatment,

BMini is the covariate for initial biomass differences
among plants, species is the effect for European, hybrid or
Japanese larch, treatment is the control vs. drought effect
and species X treatment is their interaction (only included
in the model when significant). BMini was only significant
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Table1 List of investigated growth parameters, physiological- and
anatomical traits and their abbreviations

Abbreviation Trait Unit
AD Aperture diameter of bordered pits um
BMinc Biomass increase g
BMinc% Relative biomass increase %
BMini Initial biomass g
b, Radial lumen diameter of tracheids um
b,90-95% b, in 90-95% of the radial increment 2015 um
b, Tangential lumen diameter of tracheids um
DS Diameter of the stem mm
PC Pit cavity um?
PMD Pit membrane diameter um
RWC Relative water content %
NSF Needle surface area cm?
TD Torus diameter um
TE Transpiration efficiency g/kg
TO Torus overlap %
t Radial double cell wall thickness um
(t/b,)? Conduit wall reinforcement radial direction
TR Transpiration rate per needle surface g/h/m?
1 Tangential double cell wall thickness um
1, 90-95% 1. in 90-95% of the radial increment 2015 um
(/b)) Conduit wall reinforcement tangential direc-
tion
8¢ Carbon isotope composition current year %0
shoots

(P <0.05) for few traits (TR, TRcum, TE, NSF, BMinc%).
The normality of the residuals of the ANCOVA analyses
was tested using the Shapiro—Wilks test. We detected a
significant deviation from normality for TR and Trcum. A
Box—Cox transformation was applied. As the ANOVA on the
transformed variables resulted in similar significance levels
for the different factors, it was decided to only present the
untransformed results. Means and group differences for spe-
cies, treatment and species X treatment were estimated using
the HSD test function (Tables 2, 3 and 4, HSD.test, agri-
colae package, R Core Team 2020) to reflect the measured
data. However, when an influence of the initial biomass was
observed, within factor significant pairwise differences were
estimated using also marginal means (emmeans, emmeans
package, R Core Team 2020).

We investigated three trees per species and treatment,
respectively. In total, 18 trees were investigated (Online
Resource 2). For analyses of constitutive wood- and pit
anatomy, six trees per species were pooled. Tree mean val-
ues for constitutive wood- and pit anatomy were calculated
from 20 single measurements per tree, respectively. Final
statistical analyses were then performed with tree mean
values.

Results

Effects of initial biomass, species and drought
and their interaction on growth and physiology

Significant species effects were found for biomass at the
beginning of the experiment (Fig. 2f). Therefore, to take this
into account in the following analyses, initial biomass was
tested as a covariate. Transpiration rate, needle surface area
and relative biomass increase showed a significant effect of
the initial biomass (Table 2).

Significant species effects were found for absolute- and
relative biomass increase, transpiration efficiency and 6'°C,
with JL having the highest values, followed by HL and EL.
No significant overall species effect was found for transpi-
ration rate, RWC, needle surface area and stem diameter
(Table 2).

A significant drought effect was found for all traits except
for initial biomass, indicating an even distribution of plants
across treatments before the stress was applied (Table 2).

Species*treatment interaction effects were significant
for all transpiration traits and the absolute biomass increase
(Table 2).

Information on the impact of drought within and among
species on physiological and growth traits can be found
in Table 3. Transpiration rate (Fig. 2a) and transpiration
efficiency (Fig. 2b) had a significant drought effect in HL
and JL (marginal means, Table 3). Drought stressed HL
had a similar transpiration rate as JL, but it showed a much
stronger decline in transpiration rate than JL (Table 3,
Fig. 2a) and a lower increase of transpiration efficiency
(Table 3, Fig. 2b). Within species, §'°C was significantly
higher (less negative) in drought stressed than in control
trees (Table 3). RWC was also lower in stressed trees than
in control trees (Fig. 2c¢), but a significant decrease was
solely found for HL (Table 3). Needle surface area (Fig. 2d)
was significantly lower in stressed JL; EL showed a simi-
lar trend, whereas HL had similar measured values in both
groups (Table 3). Absolute biomass increase (Fig. 2g) was
significantly lower in HL and JL. Even though relative bio-
mass increase (Fig. 2h) was affected by the initial biomass
(Table 2), we found a significant decrease for the marginal
means of drought stressed HL and JL (Table 3). Stem diam-
eter was significantly affected by drought in all three species
(Fig. 2e, Table 3).

Characteristics of wood produced under the impact
of drought

Differences in wood anatomy were analysed in 5% steps

along the latest radial increment. Stressed trees showed
a decrease in radial lumen starting at about 50% of the
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Fig.2 Transpiration rate per needle surface (a), transpiration effi-
ciency (b), relative water content (c), needle surface area (d), stem
diameter at the beginning of the experiment (e), biomass at the begin-
ning of the experiment (f), biomass increase (g) and relative biomass

increment for all species (Fig. 3). When lumen diam-
eters were plotted against the absolute distance from
pith to bark (tracheidograms), the extreme reaction of
HL to drought stress became obvious (Online Resource
3): in addition to a decrease in radial increment, lumen

increase (h) of three different larch species. Whiskers indicate the
standard deviation and grey dots data for each single tree. Closed
symbols indicate “control” trees, open symbols indicate drought
stressed trees. EL European larch; HL hybrid larch, JLJapanese larch

diameters decreased (see also examples in Fig. 4). In
the region of the last 90-95% of the increment, radial
lumen diameters significantly decreased due to drought
in all species, but drought stressed EL had significantly
larger lumens than stressed HL and JL (Table 3). Cell
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Table 3 Mean values and standard errors of physiological traits and biomass parameters for interaction of species and treatment (C Control, S

Drought stress)

Trait Units  BMini  European C European S Hybrid C Hybrid S Japanese C Japanese S
P
TR g/him? * 0.0127 +0.0009b 0.0104+£0.0012b 0.0160+0.0013a 0.0054 +£0.0001c 0.0096 +0.0002b 0.0056 +0.0006¢
0.0101+0.0011BC 0.0072+0.0013BC 0.0155+0.0007A 0.0055+0.0007B 0.0136 +0.0015AC 0.0078 +£0.0010B

TE gkg - 3.36+0.32¢ 4.67 +£0.04bc 3.93+0.26¢ 5.88+0.17b 4.46+0.21bc 7.84+0.61a
s3C Yoo - —-28.74+0.24¢c —27.03+0.17ab —28.44+0.14c —26.47+0.06a —27.94+0.39bc —26.16+0.18a
RWC % - 98.6+0.7a 93.3+2.7ab 96.2+1.8a 85.4+4.1b 93.3 + 1.4ab 88.6+1.1ab
NSF cm? ok 2156 +303 cd 1032 +169d 2686 +603bc 2525+337bc 5767 +276a 3468 +284b

3383 +438AB 2525+502AB 2897 +263AB 2451+257AB 3934 +589A 2444 +392B
BMini g - 66.1+5.4c 56.4+5.6¢ 103.3+17.0bc 113.8+6.0b 178.2+8.5a 148.6 +8.3ab
BMinc g - 134.8+1.5¢ 78.9+6.6¢c 248.5+24.6b 1315+ 11.4c 382.9+18.8a 236.1+£5.7b
BMinc% % ok 204.2+15.1ab 140.6 +3.7bc 256.8+54.4a 115.3+4.7¢c 215.1+7.6ab 160.2 +12.0bc

122.2+29.8ABC 40.9+34.1BC 242.7+17.9DE 120.2+17.5B 337.5+40.0AD 228.6+26.6CE
DS mm - 20.1+0.1bc 15.2+0.6d 24.1+1.2ab 19.4+0.6 cd 28.1+1.3a 21.5+1.3bc
b.90-95% um - 27.1+0.4a 17.2+1.6b 17.5+0.4b 77+1.1c 17.1+£2.9b 10.3+1.1c
£,90-95% um - 3.8+0.7a 43+0.5a 52+0.1a 7.4+1.0a 5.6+1.3a 6.6+0.9a

Marginal means are provided below the measured means when there was a significant effect of initial biomass. Significant differences in the
mean values at the P <0.05 level for either species or treatment are indicated by different letters, for marginal means by capital letters

Abbreviations are explained in Table 1

For comparison, significant biomass effects from the ANCOVA (BMini P), shown already in Table 2, are indicated with “-” for P>0.5, “*” for
P <0.05, ** for P<0.01 and “***” for P<0.001, n=3 trees/species/treatment

w
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Radial lumen (um)

Tangential wall (um)

Fig.3 Tangential wall thickness and radial lumen diameter in 5%
steps of the 2015 increment of European, hybrid and Japanese larch
trees with two treatments (control and drought stress). Each stepwise
mean value of radial lumen diameter of European larch (a), hybrid
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Relative distance from previous annual ring (%)
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European larch (d), hybrid larch (e), and Japanese larch (f) is shown
with standard deviation for the two treatments “control” (C-trees,
closed symbols) and drought stressed trees (S-trees, open symbols).
Whiskers indicate the standard deviation
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Fig.4 Selected transverse sections of the wood increment 2015 of regions show the rear part of the increment in higher magnification.
control trees (C-trees) and drought stressed trees (S-trees) of Euro- Sections were stained with safranin and astrablue. The scale bar is
pean larch (EL), hybrid larch (HL) and Japanese larch (JL). Boxed 100 pm
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wall thickness in 90-95% of the increment also showed
a tendency (treatment factor in ANOVA P =0.08,
Table 2) for higher values under drought, especially in
HL (Table 3, Fig. 3). Smaller lumen diameters together
with an increase in cell wall thickness in stressed trees
resulted in a denser wood produced towards the end of
the experiment (Fig. 3). We found negative correlations
between radial lumen diameters in 90-95% of the incre-
ment and transpiration efficiency (Fig. 5a) as well as
with carbon isotope compositions of the current year
shoot (5'3C) (Fig. 5b).

r°=0.54

Constitutive wood anatomy

In the wood formed before the start of the experimentation,
we found no significant differences between Japanese larch
(JL) and hybrid larch (HL) in lumen diameter or cell wall
thickness traits (Table 4). However, European larch (EL)
had significantly smaller tangential lumen diameters, which
implied higher theoretical hydraulic safety against implo-
sion of the tangential cell walls ((tt/b[)z) compared to the
other two species (Fig. 6a, Table 4). The conduit wall rein-
forcement of the radial cell walls ((tI/br)z) (Fig. 6b) showed
no significant differences between species. The mean tan-
gential lumen diameter was positively related to the initial

Fig.5 Relationships between a
radial lumen diameters in
90-95% of the latest formed € 30 1
annual ring and physiologi- = A, A
cal traits such as transpiration X 95
efficiency (a) and 6'°C (b). Tri- 8
angles indicate European larch o)
(EL-C, EL-S), circles hybrid @ 20 A
larch (HL-C, HL-S) and squares %
Japanese larch (JL-C, JL-S) 1S
of control (closed symbols, -.g 15 1
EL-C, HL-C, JL-C) and drought c
stressed (open symbols, EL-S, g 10 -
HL-S, JL-S) trees, respectively =
©
] 5
o @ . .
0 4 6

TE (g kg™)

5"°C (%)

Table 4 Means and standard errors of anatomical traits for three larch species; letters represent significant differences in the mean values at the
p <0.05 level for either species (n = 6 trees/species) or treatment (n= 9 trees/treatment)

Trait Unit Species European larch Hybrid larch Japanese larch Control Drought stressed Int
P P
b, um * 25.37+0.92b 29.41+0.57a 26.52+1.02ab 26.50+0.63a 27.710+1.08a -
b, um HE 19.18+0.77b 22.06+0.31a 23.81+0.42a 21.68+0.78a 21.69+0.81a -
1 um - 2.30+0.13a 2.28+0.11a 2.19+0.17a 2.31+0.10a 2.21+0.12a -
1, um - 2.39+0.12a 2.03+0.15a 1.93+0.22a 2.21+0.14a 2.02+0.16a -
(t/b,)* 0.0094+0.0012a  0.0066 +0.0007a 0.0086+0.0019a 0.0088+0.0011a  0.0076+0.0011a  *
(t/b)* K 0.0174+0.0010a  0.0096 +0.0016b 0.0080+0.0021b 0.0125+0.0019a  0.0108+0.0019a  —
PMD um - 14.71+0.71a 15.27+0.33a 15.80+0.30a 15.28 +0.48a 15.24+0.33a -
TD um - 7.94+0.46a 8.31+0.12a 8.71+0.19a 8.27+0.31a 8.37+0.21a -
AD um - 4.53+0.18a 4.85+0.17a 457+0.21a 4.78+0.16a 4.53+0.14a -
TO - 0.420+0.036a 0.416+0.022a 0.475+0.021a 0.417+0.026a 0.457+0.019a -
PC pm? K 43.50+1.30b 48.24 +0.69a 47.59+0.91a 46.08 +1.06a 46.81£1.09a -

Significant differences in the mean values at the P <0.05 level for either species or treatment are indicated by different letters

Abbreviations are explained in Table 1

Species and species x treatment effects (Int) are indicated with “-” for P>0.5, “*” for P<0.05, ** for P<0.01 and “***” for P <0.001. We
found neither an effect of initial biomass nor of the treatment on the constitutive anatomical traits
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Fig.6 Conduit wall reinforce- a
ment in the tangential direction
(a) and in the radial direction 0.025 4
(b) in the first formed early-
wood tracheids of European
larch (EL), hybrid larch (HL) 0.020
and Japanese larch (JL). Whisk-
ers indicate the standard devia-
tion (n =6 trees/species) 0.015 -
N
g
0.010 +
0.005 -
0.000 T

EL

biomass (r=0.80, P <0.0001, n=18) across species (Online
Resource 4a). Accordingly, (t[/bl)2 was negatively related
to the initial biomass (r=0.60, P <0.01, n=18) (Online
Resource 4b).

There were no significant differences in pit membrane-,
aperture-, and torus diameters as well as in the torus overlap
between the species. Pit cavity area was, however, signifi-
cantly smaller in EL than in HL or JL (Table 4).

Discussion

Influence of initial biomass on species specific
transpiration and water use efficiency

The known large differences in growth rate between Euro-
pean larch (EL), Japanese larch (JL) and hybrid larch (HL)
(Paques et al. 2013) render experimentation as well as inter-
pretation of biomass data and constitutive wood anatomy
(Anfodillo et al. 2013; Piermattei et al. 2020) of young
saplings challenging. Using younger HL plants resulted in
an intermediary starting biomass, instead of much larger
individuals than the parental species if older HL would have
been used. The variation within the initial biomass, and thus
the size of the plants, clearly had a significant effect on the
final total needle surface, on the transpiration rate and on
the relative biomass increase. Including the initial biomass
into the ANCOVA allowed taking into account the size dif-
ferences among plants. Still, relative biomass increase was
significantly higher for HL than for EL, even though HL
saplings were only in their 3rd growing season, compared to
EL, which was in its 4th growing season. The faster growth
of HL compared to one or both of its parents is generally
observed (Paques et al. 2013; Greenwood et al. 2015) but
depends on parental varieties used. In sites, where (summer)

T T T T T

HL JL EL HL JL

water supply is not limited, JL growth can be close to that of
HL (Philippe et al. 2016).

Transpiration rate per leaf surface was highest for EL
and lowest for JL. The latter result is similar to a tendency
for higher stomatal conductance, shown by Matyssek and
Schulze (1987) for EL compared to JL, with HL showing
intermediate values. Initial biomass clearly affected needle
surface area and eventually total plant transpiration rate but
we found no statistically significant impact on transpiration
efficiency, suggesting that the differences in initial biomass
did not affect the relative amounts of biomass growth vs.
transpiration. As far as we know, there is no comparison of
transpiration efficiency (TE) estimates either for EL and JL
or their hybrid in the literature. The only estimate for a Larix
species was for L. occidentalis with a TE at 3.6 g/kg (Mar-
shall and Zhang 1994). For Pseudotsuga menziesii, which is
in the same subfamily Laricoidae as Larix, Smit and van den
Driessche (1992) estimated a TE of 6.2 g/kg. For other spe-
cies from the Pinaceae family, low TE around 2.5 g/kg have
been estimated for different Abies species (Becker 1977),
whereas Guehl et al. (1995) estimated a TE of 5.3 g/kg to
6.6 g/kg for Pinus pinaster. Compared to the latter estimates,
EL saplings (4.0 g/kg) appeared to have a medium, and JL
saplings (6.1 g/kg) a rather high TE. Accordingly, leaf mat-
ter 5'3C values were more negative for EL (suggesting lower
WUE at leaf level), medium for HL and less negative for
JL. This again is similar to the results from Matyssek and
Schulze (1987), who showed a tendency for higher WUE of
HL and JL compared to EL at the leaf level. Kloeppel et al.
(1998) compared five different Larix species, including L.
decidua, to a second sympatric evergreen conifer species
growing on the same site, and all Larix species showed a
tendency towards more negative §'°C values, thereby sug-
gesting a lower WUE at the leaf level. Similarly, Gower
and Richards (1990) showed more negative §'°C values for
L. occidentalis and L. lyallii also compared to sympatric
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evergreen conifers (Pinus, Abies or Tsuga species). Overall,
our results corroborate that EL has a relatively low WUE
compared to HL and JL (but also compared to other conifer
species) due to a higher transpiration or stomatal conduct-
ance per leaf surface and also lower growth.

Species specific physiological responses to drought

There are no detailed ecophysiological studies comparing
drought responses of the two parental Larix species and
their hybrid; however, the drought response of EL has been
regularly compared to other conifer species (e.g., Eilmann
and Rigling 2012; Schuster and Oberhuber 2013; Peters et al
2019). Eilmann and Rigling (2012) showed that the growth
of EL was fairly low during drought, and that EL lacked
the ability to recover from drought. This was confirmed by
Schuster and Oberhuber (2013), who showed a stronger
decline in the basal area index of EL (compared to P. abies
and P. sylvestris) in response to a decrease in soil moisture.
Similarly, Lévesque et al. (2013, 2014a) showed that EL
was more vulnerable to drought (in terms of ring growth)
than P. sylvestris and Pinus nigra. Overall, the literature
suggests that the growth of EL is strongly affected by soil
drought (George et al. 2016). The drought stress applied in
our study had a significant effect on stem diameter (radial
growth) in all species, but a lower absolute biomass incre-
ment and relative biomass was only significant in JL and
even more so in HL. These results are in line with a stronger
dependence of HL ring growth to precipitation compared to
EL, as observed by Oleksyn and Fritts (1991). Marchal et al.
(2019) had shown a stronger plasticity of HL in response to
soil water deficit in terms of ring width compared to EL and
JL, where more stressful conditions did decrease its level
of performances to a level comparable to parental species.
In our study, only EL showed no significant reduction in
transpiration rate under drought. In contrast, HL and JL had
a significant decrease in transpiration, which was proportion-
ally higher compared to biomass increase, resulting in an
increase in transpiration efficiency with drought. Lévesque
et al. (2014b) showed highest increase in WUE between a
mesic and a xeric site for EL, compared to evergreen coni-
fer species. Here, the strong drought effect on growth for
HL was mainly due to a strong reduction in the transpira-
tion rate, suggesting a higher stomatal sensitivity of HL to
drought. Drought stressed saplings of JL showed a signifi-
cant decrease in needle surface area, whereas HL did show
a quite similar needle surface area in control and stressed
trees. Maintenance of a large leaf surface by HL under
drought can explain the observed severe reduction in transpi-
ration rate and, therefore, implies stronger stomatal control
of HL. Thus, a significant increase of transpiration efficiency
was only observed for HL and JL, the increase being much
stronger for JL. These results suggest that EL was better able
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to maintain stomatal opening under soil water deficit and
thus maintain photosynthesis. At the leaf level, HL showed
the biggest shift in §>C values (nearly 2%o) under drought,
indicating either strong stomatal closure or an increase in
photosynthesis. As the latter is unlikely under drought con-
ditions, the §'3C measurements confirm the strong stoma-
tal reaction to drought by HL. Several authors suggest an
anisohydric stomatal behaviour of EL in response to soil
water deficit; compared to evergreen conifer species (Anfo-
dillo et al. 1998; Swidrak et al. 2013; Klein 2014; Leo et al.
2014), it is able to maintain high transpiration under drought
conditions, thus keeping stomata open (Streit et al. 2014)
even at very low levels of leaf water potential. We confirm
this behaviour at the whole plant level, as EL. maintained its
transpiration rate under drought. Furthermore, the strong
reduction in transpiration of HL under drought would indi-
cate its isohydric behaviour to increasing soil water deficit.
However, during a mild drought stress, anisohydric behav-
iour of HL might be possible, since HL solely showed a sig-
nificant decrease in relative water content in sapwood under
the impact of prolonged drought stress. The observed rela-
tive water loss of 15% in drought stressed HL corresponds
to more than 40% of loss in hydraulic conductivity (Rosner
et al. 2019), which is quite considerable for conifers. Bhusal
et al. 2020 recently reported that JL. shows both isohydric
and anisohydric drought response, however, with a stronger
tendency towards isohydry.

In response to drought, not only the production of the
wood volume is reduced, but anatomical traits, such as
the diameter and cell wall thickness of tracheids, are also
affected. Reduction in lumen diameters and an increase in
cell wall thickness are important anatomical features for
a trees’ drought adaptability, because higher wall/lumen
relationships would promote greater mechanical support
to stems while preventing xylem cell collapse (Hacke et al.
2001; Domec et al. 2008; Rosner et al. 2018). Towards the
end of the drought stress experiment, lumen diameters in
the sapwood of stressed HL and JL decreased much more
than in EL. In HL, a trend in cell wall thickness increase
was also observed. These structural modifications indicate
either an earlier production of transition wood, which has a
higher hydraulic safety than earlywood and latewood (Dalla-
Salda et al. 2014) or intra-annual density fluctuations such
as the formation of a “false ring”. Since the decrease in
radial lumen diameter was more observed in individuals
with higher §'*C and transpiration efficiency, we suggest
that anatomical modifications were triggered by physio-
logical processes such as the earlier closure of the stomata.
Intra-annual density variations in earlywood (“false rings”)
develop under the impact of early summer drought. When
water is again available, the tree starts to produce wood that
resembles earlywood (Fritts 1976; Wimmer et al. 2000; Ros-
ner et al. 2018; George et al. 2019). Sugar investment for
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cell wall thickening and lignification exceeds other growth
processes (Carteni et al. 2018) and the production of “false
rings” that resemble latewood cells in their cell wall thick-
ness might be related to biomechanical demands of the tree.
Concerning the production of “false rings”, HL seems to be
the most sensitive of the investigated larch species and if
this behaviour is relevant for recovery after drought, further
investigation in this context is needed.

Investment in hydraulic safety impacts reaction

to drought in larch species

Structural modifications in wood developed to prevent or
minimize cavitation include: pit structure (Pittermann et al.
2006; Delzon et al. 2010; Bouche et al. 2014), conduit wall
reinforcement by decreasing lumen diameter or by increas-
ing wall thickness (Hacke et al. 2001; Domec et al. 2009)
and possibly also differences in cell wall lignification (Ros-
ner et al. 2018). One of the anatomical traits that shows a
positive correlation with embolism resistance is the conduit
wall reinforcement, i.e., the cell wall thickness to span ratio
(t/b)*, because it influences the resistance against hydraulic
failure (Hacke et al. 2001). For example, in mature Larix
decidua trunks, (#/b)* values of earlywood increase toward
the apex, where water potential is known to become more
negative (Prendin et al. 2017). In our study, there were dif-
ferences among species in (#/b)> measured in the tangential
direction of non-stressed sapwood, with EL showing signifi-
cantly higher values than HL and JL. This suggests that the
hydraulic safety of EL was superior to the other two species
in terms of resistance against cavitation (Rosner et al. 2016),
which would allow for the observed higher transpiration per
leaf area under drought for EL. Higher growth, as gener-
ally observed in juvenile HL and JL (Paques et al. 2013;
Caudullo et al. 2018), comes at the cost of lower hydrau-
lic safety, because tracheids become bigger (and thus more
prone to cavitation) with distance from the apex (Anfodillo
et al. 2013; Piermattei et al. 2020). To take into account such
structure—function relationships, future experiments should
include same-age as well as same-size saplings across spe-
cies, so that age and size effects can be clearly separated
from species differences.

The significantly smaller pit cavities we observed for EL
compared to HL and JL might be related to higher hydraulic
safety; however, this anatomical trait has so far not been
tested as a proxy for vulnerability to cavitation. Pit anatomy
plays an important role in cavitation resistance and the most
commonly used proxy is the torus overlap (Delzon et al.
2010; Bouche et al. 2014). Torus overlap values obtained in
our study suggest that juvenile larch wood is hydraulically
quite safe when compared to other conifer species (Bouche
et al. 2014). We found a trend for higher torus overlap in
JL followed by EL and HL. However, regarding conduit

wall reinforcement in the tangential direction (Rosner et al.
2016), JL was the most cavitation sensitive species. The
higher torus overlap might be thus a compromise between
hydraulic efficiency and hydraulic safety in this species.

Overall, EL had higher hydraulic safety, in terms of con-
duit wall reinforcement and pit cavity size, than JL and HL,
which comes at the cost of slower growth. This corresponds
to the classification of EL as an anisohydric species (Anfo-
dillo et al. 1998; Swidrak et al. 2013; Klein 2014; Leo et al.
2014), which can cope with lower water potentials than iso-
hydric species (McDowell et al. 2008), but their wood must
be constructed more safely to avoid implosion (Hacke et al.
2001). From the constitutive structure—function point of
view, wood of EL is designed to keep stomata open at more
negative water potentials than JL or HL, because cavita-
tion occurs at lower water potentials. Accordingly, EL had
a lower conductivity loss, indicated by a tendency to higher
RWC (Rosner et al. 2019), compared to JL and HL.

Conclusions

Our study showed that young saplings of the three larch
species (EL, JL and HL) adopted different strategies towards
drought. As hypothesised, the slower growth and hydrauli-
cally safer wood of EL allows anisohydric behaviour under
drought stress, whereas the less safe wood design in JL and
HL demands stronger stomatal control and an isohydric
strategy. Both JL and HL had an increase in transpiration
efficiency induced by drought, but in HL, the increase was
due to a strong reduction in transpiration per leaf surface,
whereas in JL it was due to a reduction in the leaf surface.
HL was the most reactive to soil water availability; it showed
the highest decrease in transpiration rate, had significantly
lower relative water contents in sapwood and started to pro-
duce denser wood much earlier than the other two species.
We hypothesised higher drought plasticity during growth
in HL, for now, we cannot reject this hypothesis, but we
conclude for the HL analysed in the present study, that their
strategy towards drought stress was inherited from JL rather
than from EL. The anisohydric drought response strategy of
EL could allow a range shift under climate change from its
native range to higher elevations or more northern regions.
The observed higher growth of HL, even under drought, and
its higher resistance against diseases, supports its inclusion
in pure and mixed lowland plantations in regions, where
EL is native. HL is a “man-made” construction obtained by
controlled crosses between both parents selected for their
superiority. Using connected pedigrees at intra- and inter-
specific levels through crossing of common parents such as
in diallel mating design would allow drawing a clearer con-
clusion on the genetic determinism of the observed differ-
ences between hybrids and parental species. To investigate a
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species’ strategy for its response to drought we suggest both
quantitative anatomical and physiological investigations,
whereby the relative water loss of the sapwood is a fast and
easily assessable functional trait.
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Raman imaging reveals in-situ s

microchemistry of cuticle and epidermis
of spruce needles

Nadia Sasani, Peter Bock, Martin Felhofer and Notburga Gierlinger’

Abstract

Background: The cuticle is a protective layer playing an important role in plant defense against biotic and abiotic
stresses. So far cuticle structure and chemistry was mainly studied by electron microscopy and chemical extrac-

tion. Thus, analysing composition involved sample destruction and the link between chemistry and microstructure
remained unclear. In the last decade, Raman imaging showed high potential to link plant anatomical structure with
microchemistry and to give insights into orientation of molecules. In this study, we use Raman imaging and polariza-
tion experiments to study the native cuticle and epidermal layer of needles of Norway spruce, one of the economi-
cally most important trees in Europe. The acquired hyperspectral dataset is the basis to image the chemical heteroge-
neity using univariate (band integration) as well as multivariate data analysis (cluster analysis and non-negative matrix
factorization).

Results: Confocal Raman microscopy probes the cuticle together with the underlying epidermis in the native state
and tracks aromatics, lipids, carbohydrates and minerals with a spatial resolution of 300 nm. All three data analysis
approaches distinguish a waxy, crystalline layer on top, in which aliphatic chains and coumaric acid are aligned
perpendicular to the surface. Also in the lipidic amorphous cuticle beneath, strong signals of coumaric acid and
flavonoids are detected. Even the unmixing algorithm results in mixed endmember spectra and confirms that lipids
co-locate with aromatics. The underlying epidermal cell walls are devoid of lipids but show strong aromatic Raman
bands. Especially the upper periclinal thicker cell wall is impregnated with aromatics. At the interface between epider-
mis and cuticle Calcium oxalate crystals are detected in a layer-like fashion. Non-negative matrix factorization gives
the purest component spectra, thus the best match with reference spectra and by this promotes band assignments
and interpretation of the visualized chemical heterogeneity.

Conclusions: Results sharpen our view about the cuticle as the outermost layer of plants and highlight the aromatic
impregnation throughout. In the future, developmental studies tracking lipid and aromatic pathways might give new
insights into cuticle formation and comparative studies might deepen our understanding why some trees and their
needle and leaf surfaces are more resistant to biotic and abiotic stresses than others.

Keywords: Cuticle, Waxes, Epidermis, Norway spruce, Confocal Raman microscopy, Non-negative matrix
factorization, Cluster analysis, Microchemistry

Background

Norway spruce (Picea abies) is the most abundant tree
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species in forests of the European Alps. High biomass
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University of Natural Resources and Life Sciences (BOKU), Muthgasse 11-Il, accumulation, straight growth and a satisfactory rejuve-
1190 Vienna, Austria nation account for its high popularity in forestry. Trees

©The Author(s) 2021. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material

in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativeco
mmons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/
zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.



http://orcid.org/0000-0002-3699-9931
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13007-021-00717-6&domain=pdf

Sasani et al. Plant Methods (2021) 17:17

are exposed to tough environmental conditions and vari-
ous abiotic and biotic stresses, which assigns a key role
to the needle cuticle as first line of defense [1-6]. It is
composed of waxes and lipids [7]. The main function is
to prevent the loss of water to the atmosphere, enable
mechanical protection and to mitigate abiotic and biotic
stresses such as UV light, changing relative humidity,
temperature and microorganisms [4, 8—12]. A wealth of
studies regarding cuticle chemistry, mechanics and func-
tions is available. However, most of these studies used
more or less destructive methods to study the cuticle. For
description, SEM [13-21] and TEM [14, 16, 22—28] were
extensively used, while chemistry was mostly examined
after extraction procedures [21, 29-48]. These extraction
and washing procedures destroy the native structure of
the cuticle and do not allow insights into the spatial dis-
tribution of cuticle components. Recently, several reviews
recognized this shortcoming and expressed the need for
in-situ methods to link chemical with spatial information
[49-51]. Yet, only a few studies use methods like confocal
laser scanning microscopy [52, 53], IR or Raman micros-
copy [13, 54-56]. Unfortunately, none of these studies
showed detailed information about the cuticular layers
and their respective chemistry.

In this study, we show high resolution Raman images
depicting the composition of the cuticle in the needles
of Norway spruce (Picea abies). Microsections were
mapped at two excitation wavelengths and polarization
measurements were conducted to probe the alignment
of the molecules with respect to the plant surface. The
mappings include the cuticle together with the epidermal
layer beneath and reveal chemical heterogeneity using
univariate as well as multivariate data analysis.

Results

This study sheds new light on spruce cuticles by using
high-resolution (~ 300 nm) confocal Raman spectroscopy
(CRM). Cutting 20 pum thick microsections of the nee-
dles with a cryo-microtome enabled to scan pointwise
across the native cuticle and including the underlying
epidermal layer. Based on the acquired Raman spectra
(hyperspectral data cube), chemical images were gener-
ated using univariate as well as multivariate data analy-
sis (Fig. 1). Plotting the peak intensity of selected Raman
bands (Fig. 2), grouping the Raman spectra based on
their similarity using cluster analysis (Fig. 3) and retriev-
ing the purest chemical components using the unmix-
ing approach Non-negative matrix factorization (NMF)
(Fig. 4) revealed the chemically different regions and the
corresponding Raman spectra. The endmember spec-
tra from non-negative matrix factorization (NMF) were
compared with spectra of pure references to proof the
assignment of the Raman bands. Due to high sample
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fluorescence (with 532 nm), we used 785 nm excitation
for the Raman imaging experiments. But we also include
532 nm measurements, which show the potential of laser
polarization to retrieve preferred alignments of the mol-
ecules in the outer region of the cuticle (Fig. 5).

Integrating specific Raman bands to highlight chemical
differences

The very outer epicuticular wax layer is displayed by
integrating the Raman band at 1120 cm™', while the
whole cuticle shows up by integrating the CH, bend at
1440 cm™! [57] (Fig. 2a). The spectrum of the outermost
epicuticular wax layer shows two pronounced bands at
1122 cm™! and 1062 cm™! (Fig. 2b). The sharpness of
these bands is indicative of a crystalline, highly ordered
state. Below the cuticle two sharp bands are discovered
at 1490 cm™! and 1463 cm™! and their integration dis-
plays pointwise accumulations of Calcium oxalate depos-
its (Fig. 2c, d), as Calcium oxalate monohydrate (Caox)
shows strong Raman bands at 1498 cm™?, 1474 cm™! and
902 cm™! [58]. In all spectra of the cuticle (Fig, 2b, d) a
strong band is found at 1603 cm™, which can be attrib-
uted to aromatic ring stretching vibrations [59]. Integra-
tion of this band reveals that aromatic components play
a role in the cuticle as well as in the underlying epider-
mal layer (Fig. 2e, f). Integrating the neighboring band at
1632 cm™! highlights the upper cuticle and protrusions
towards the epidermal layer (Fig. 2e). Integrating the
other aromatic bands at 1567 cm™! and 1660 cm™, dis-
plays the upper and lower epidermal layer, respectively
(Fig. 2e). Hence, the different integrations and derived
average spectra (Fig. 2e, f) show that aromatics are found
in all layers, but their composition changes. The spectra
of the epidermal layers (Fig. 2f) show additionally bands
at e.g. 380 cm™! and 1094 cm™!, which can be assigned
to cellulose [60]. Integrating the 380 cm™! band depicts
the epidermal layer and plant cell wall spectra are derived
with strong aromatic bands at 1600 cm ™! and 1175 cm™!
(Fig. 2g, h). Integration of the 860 cm™' band is com-
monly used for visualization of pectin [61], but in these
spectra this band is too weak or overlapped by other
components to be used for pectin imaging.

Multivariate approaches: analyzing all bands at once
Cluster analysis

Multivariate data analysis methods have the advantage
to analyze the whole wavenumber region (hyperspec-
tral data cube) at once, instead of focusing on selected
bands. Cluster analysis extracts pixels based on their
spectral similarity and displays chemically similar regions
(clusters) and their average spectra (Fig. 3). Based on the
results by band integration, a division into more than four
clusters (water, waxes, cuticle, epidermal layer) to detect
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Fig. 1 Raman imaging of native plant cuticles. a After sampling the needles are kept frozen, also during cutting of microsections with the
cryo-microtome. Cross sections (20 um thick) are scanned using a Confocal Raman microscope. The region of interest included the adaxial cuticle
together with the underlying epidermal layer. b The resulting hyperspectral data cube is analysed using three different approaches: Univariate band
integration, clustering spectra based on similarity and retrieving the most pure components based on Non-negative-matrix-factorizations

differences in chemistry within the cuticle and epidermal
layer was expected. From the analysis based on four to
eight clusters, we finally show the results based on seven
clusters (Fig. 3 and Additional file 1: Fig. S1) to include
the most chemically different regions. The waxy layer on
the upper side (cluster 1) is clearly distinguished from the
lower cuticle (cluster 2) (Fig. 3a, b). Within the cuticle the
Calcium oxalate deposits are included and only differen-
tiated by further subclustering of the lower cuticular layer
(Additional file 1: Fig. S1). The average spectrum shows
beside the Calcium oxalate bands also bands attributed
to aromatics and lipids and the distribution seems more
layer like (Fig. 3c, d). Within the epidermal layer three
clusters are separated with decreasing intensity of the
aromatic 1175 cm™' contribution and increasing sig-
nal of the carbohydrates (1095 cm™!, 380 cm™) (Fig. 3c,
d). Cluster 5 represents the lower epidermal layer and

shows a typical secondary cell wall spectrum with car-
bohydrates and aromatics. All retrieved cluster average
spectra include many different bands and components: in
the upper layers, lipids are mixed with aromatics, below
these, Calcium oxalate is mixed with lipids and aromatics
and in the epidermal layer on the bottom, aromatics are
mixed with carbohydrates (Fig. 3).

Non-negative-matrix factorization (NMF)

In a next step, an unmixing algorithm, Non-negative-
matrix factorization (NMF) was applied to retrieve the
purest spectral signatures of the different components
together with their distribution [62]. These purest com-
ponent spectra are called endmember (EM) spectra
and are compared to spectra of reference compounds
to verify components and Raman band assignments
(Fig. 4 and Table 1). The outer epicuticular wax layer
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of the cuticle is distinguished by EM1 and the spec- 1-hexadecanol (Fig. 4a, b). EM2 displays calcium oxa-
trum includes typical bands of crystalline waxes (dou- late as almost all bands match with a spectrum of pure
blet at 1122 and 1063 cm™) as also observed in solid  calcium oxalate (Fig. 4c, d). Accumulations are often
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pointwise and mainly below the lipidic layer and a few
protrusions in between the epidermal cells-similar to
that observed by band integration (Fig. 2¢, d). EM3
represents the lipidic layer below the wax layer and the
spectrum shows beside lipid bands strong aromatic sig-
nals, which partly coincide with Kaempferol (Fig. 4e,
f). EM4 highlights the upper epidermal layer and the
strongest aromatic bands coincide with the bands of
coumaric acid. EM 4 and EM 5 were mutually exclud-
ing each other. EM 5 reflects lignin and shows highest
concentration in the middle lamella between the epi-
dermal cells. EM6 finally displays secondary cell walls
of the epidermal cells with strong carbohydrate bands
(1378 cm™}, 1120 cm™}, 1095 cm™!) and less lignin

(1600 cm™!) (Fig. 4g, h). Overall, the unmixing method
results in more pure component spectra, but still aro-
matic contributions are revealed in all of them, reflect-
ing the intimate mixing of aromatics with lipids and
carbohydrates.

Polarization dependent intensity changes probe molecular
orientation

Most Raman microscopes work with linear-polarized
lasers. Acquiring spectra with different laser polarization
direction (0° and 90° with respect to the sample/molecule
orientation, Fig. 5a) detects whether chemical compo-
nents are ordered or not. Two subsequent measurements
were run on the same area: one image scan with the laser
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polarization aligned in parallel to the cuticle of the nee-
dle and the other perpendicular to it (Fig. 5a). As the
532 nm laser can induce artefacts in the spectra of sub-
sequent measurement [62], mappings were started with
either parallel or perpendicular laser polarization to esti-
mate any potential damage. Although a notable increase
in background attributed to the second measurement
was seen in the spectra (Fig. 5b), there were no signs of
laser degradation. Regardless of which polarization was
used first, the spectra differed in the same way between
polarization runs. The spectra of the outermost wax
layer differ with respect to parallel (0°) and perpendicu-
lar (90°) laser polarization. The C—H stretches of waxes
(~2900 cm™!) were captured when the laser polarization

was parallel (red spectrum), while C-C stretching of
waxes and aromatic ring stretches were most intense
with perpendicular orientation (blue spectrum) (Fig. 5b).
A similar orientation dependence was recorded on neat
fatty acids (see Additional file 1: Fig. S2), showing either
the C—H stretching (~2900 cm™!) or "in-line" modes
(CH,-twisting, C—C stretching) intensified if chains are
aligned parallel to each other and the laser. In the cuticu-
lar layer underneath no polarization dependence was
observed. The spectra were identical (Fig. 5b), proofing
also that no laser damage occurred. Thus, orientation of
lipids and aromatics is proven in the epicuticular wax
layer, while in the layer underneath no preferred align-
ment of the molecules is detected (Fig. 5¢).
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was mapped with laser polarization direction parallel (0°) and
perpendicular (90°) with respect to the cuticle surface b Raman
spectra are extracted selectively from the epicuticular wax layer and
the underneath cuticular layer. In the top layer higher intensities
are observed for C-H stretches of waxes (2900 cm~") at 0° laser
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Discussion

Assessing cuticle chemistry by techniques like NMR,
gas chromatography or mass spectrometry requires
depolymerization prior to analysis and the native
cuticle structure is destroyed [63]. For a complete
understanding of this outer protective layer more
in-situ methods and studies are needed to reveal the
chemistry in context with microstructure [49-51].
In this work, we show that confocal Raman micros-
copy probes the cuticle in the native state and gives
access to aromatics, lipids, carbohydrates and miner-
als at once. The acquired hyperspectral dataset is the
basis to image the chemical heterogeneity using uni-
variate- and multivariate data analysis (Fig. 6). Map-
ping with changed laser polarization direction even
probes the orientation of the molecules with respect
to the plant surface (Fig. 5). One major advantage of
Raman point-by-point mapping is the fact that one
has not to rely only on “images”. Behind every pixel is
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Table 1 Assignment of different components of the cuticle.
Wavenumbers derived from NMF

Wavenumber (cm™") Assignment
Wax Cutin CaOx
1734 1723 v C=0 (fatty acid esters)
1712 1707 v C=0 (coumaric acid, midchain carbonyls)
1654 v C=C (anthoxanthins)
1632 1634 v C=C (coumaric acid, stilbenes); ®8 (anthox-
anthins)
1607 1607 ®8 (all rings)
1570 v C=0 (anthoxanthins)
1488 v C=0 (Calcium oxalate) [107]
1463 v C=0 (Calcium oxalate) [107]
1455 6 C-H (aliphatic chains) [57]
1441 1440 & C-H (aliphatic chains) [57]
1423 6 C-H (aliphatic chains) [57]
1372 Y CH; (aliphatic chains) [57]
1362 ®20a (anthoxanthins(A-ring))
1308 Y, CH, (aliphatic chains) [57]
1295 v, CH, [57]
1201 1205 ®7a (coumaricacid)
1177 ®9a (anthoxanthins with p-subst. C-Ring)
1169 ®9a (coumaric acid)
1123 v C—C (aliphatic chains)
1112
1077 v C-C (aliphatic chains)
1062 1066 v C—C (aliphatic chains)
1001 D12 (stilbenes)
921 v C—C (aliphatic chains)

895 v, C-C+ & O-C=0 (Calcium oxalate) [107]
864 870 864 v C-C+Y, CH, (aliphatic chains) [108]; (Calcium

oxalate)
831 v C-C+v, CH, (aliphatic chains) [108]
738 (Kaempferol)
710
653
642 642 ®6a (anthoxanthins (A-ring))
593 Water libration (Calcium oxalate) [107]
582 ®1 (anthoxanthins (A-ring))
524 520 v Ca-O+v C-C (Calcium oxalate) [107]
518 ®6b (anthoxanthins (A-ring))
503
418 414

v: stretching; &: bending; y: twisting; y,: rocking, v,,: wagging; ®: ring mode in
Varsanyi notation [59]

a molecular fingerprint, and average, cluster and end-
member spectra help to interpret and verify the chem-
ical composition of distinguished layers, interfaces and
agglomerations.
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spectra

Which aromatic components are represented in cuticle
Raman spectra?

The phenolic nucleus gives rise to strong Raman bands,
which can be used to image the distribution of aromat-
ics along the whole cuticle and epidermis. The strongest
band at 1605 cm™! is present throughout the whole cuti-
cle and epidermis. It indicates aromatic rings in conjuga-
tion with C=C/C=0 [64, 65]. In needles, coumaric acid,
stilbenes and flavonoids are reported [66—69]. To assign
specific bands to these different aromatics and track
them selectively, a critical survey of reference spectra is
necessary (Additional file 1: Fig. S3-S9). Coumaric acid
has prominent bands at 1636, 1606 and 1171 cm ™!, which

have also been detected in EM4 (Fig. 4e, f and Table 1).
Comparing the EM4 spectrum with different coumaric
acid derivatives (Additional file 1: Fig. S3), we can clearly
assign it to coumaric acid. Our interpretation therefore is
that the majority of coumaric acid is present as individual
molecules and that only minor parts may be esterified.
The band at 1175 cm™! represents aromatic CH bend-
ing of para-substituted rings (®9a) and is therefore not
unique to coumaric acid. Benzoic acid and its derivates
show this band as well as flavonoids with para-substi-
tuted C-rings. Of all substitution variants, only 4-meth-
oxybenzoic acid achieves a satisfactorily overlap (see
Additional file 1: Fig. S4).
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The strong Raman band around 1570 cm ™ serves as a
marker band for anthoxanthins (flavonoids) [70] and can
be found in the whole cuticle (Fig. 2e, f, EM3 in Fig. 4e,
f), except for the epicuticular wax layer. While the band
at 1175 cm ™! hints to a para-substituted C-Ring (Ppara
9a), the bands at 642 (D1, tetra 62)) 582 (Ppgyy tetra 1)
and 520 cm™" (D, tetra 6b) show an A-ring with two
hydroxyl groups (Table 1). Such a flavone would be
kaempferol and its reference spectrum matches well
with the EM3 spectrum (Fig. 4e, f, and Additional file 1:
Fig. S5). The spectrum of (+)-Catechin, the flavanol
we tested, cannot be matched with the cuticle spectra.
Stilbenes, previously found in needles of spruce (picea-
tannol, astringin or isorhapontin) [66, 71] have a char-
acteristic Raman line at 1000 cm™* (CDsym~tri 12) [57, 72].
Interestingly, spectra of pinosylvin and pinosylvin mono-
methylether can be matched best, although these are not
reported for spruce needles, while those of resveratrol,
piceatannol, isorhapontigenin and astringin show addi-
tional bands and based on these cannot be fitted to the
cuticle spectra (see Additional file 1: Fig. S6). Stilbenes
have large Raman cross-sections enabling their identi-
fication even in small amounts [72]. Due to only a weak
band at 1000 cm™! being present in the cuticle spectra,
we conclude that the amount of stilbenes must be rather
low. Also picein and piceol were found in spruce needles
in comparatively high amounts [66], but can be fitted to
the spectra only with low intensity. Dehydroabietic acid
cannot be fitted to the spectrum at all, and therefore does
not occur in the needle’s cuticle (see Additional file 1: Fig.
S7).

Lignin is well separated from cuticle-specific pheno-
lics by the band at 1660 cm™ (Figs. 2e, f, 4e, f) which
is attributed to lignin monolignols [64, 73]. Contrary to
[74], we do not regard the band at 1630 cm ™ as a lignin
band, instead we primarily assign it to coumaric acid
(ethylenic C=C stretch) (see Table 1).

Epicuticular waxes align with coumaric acid perpendicular
to the surface

Epicuticular waxes build the outer layer of plant cuticles
to prevent transpiration and water loss [7]. They are com-
posed of long-chain aliphatic compounds with several
functional groups (e.g. hydroxyls and esters). Hydroxy
derivatives of nonacosan-10-ol, e.g. nonacosane-4,
10-diol, nonacosane-7, 10-diol or nonacosane-10, 13-diol
have been identified in needle waxes from various coni-
fers, e.g. Picea abies [75], Pinus radiata [37] or Juniperus
scopularum [47]. Epicuticular waxes can appear film-like
or as crystalloids [76], but always in their solid crystal
forms [16, 17]. The Raman spectra of the epicuticular
wax layer (Fig. 2a, b: 1120 cm™, Fig. 3a, b: cluster 1, and
Fig. 4a, b: EM1) show sharp bands typical for crystalline
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substances with limited degrees of rotational freedom
[57]. The characteristic doublet at 1122 and 1063 cm™!
is only visible in solid wax (see Additional file 1: Fig. S8).
Reference spectra of C,; and C,4 alcohols match well, yet
this does not confirm the chain length because aliphatic
chains with similar carbon counts display similar spectra.
The epicuticular wax bands are always observed together
with aromatic bands, even in the EM spectrum based on
the unmixing NMF-algorithm (Fig. 4, EM1). The strong
bands at 1632 and 1606 cm ™! are of aromatic origin and
the bands at 1201 and 1169 cm™! point to coumaric acid.
Such hydroxycinnamic acids protect the underlying tis-
sue by absorbing UV-light [77]. This and the fact that we
revealed even a preferred alignment of the aromatic rings
along with the aliphatic chains (Fig. 5) suggests strong
association of aromatics and waxes.

To derive the orientation of molecules with respect
to the laser polarization direction is an unparalleled
advantage of Raman microscopy. The polarizability of
a normal mode is anisotropic and therefore differs with
the incident angle of the electromagnetic field [57, 59]
(Fig. 5a). Laser polarization experiments have been used
to estimate the orientation of cellulose fibrils in the cell
wall [78, 79] as well as to reveal different orientations
of a lignin monomer [64]. In this study, polarization
measurements show a clear orientation of waxes in the
epicuticular layer, but no orientation preference in the
subjacent cuticle layer (Fig. 5b, c). A model of perpen-
dicular oriented waxes with respect to the surface of the
cuticle is shown in [76]. Based on Raman we show that
this orientation can actually be found in the native cuticle
and moreover that aromatic rings are oriented the same
way (Fig. 5¢). The bands at 1600 and 1173 cm ™" are more
intense when the laser is oriented perpendicular to the
surface (Fig. 5b). In para-substituted rings, both modes
@®8a and P9a have the greatest polarizability change
along the line connecting both substituent atoms, so that
this result clearly demonstrates that the ring, and there-
fore coumaric acid, is aligned parallel to the aliphatic
chains in the wax layer (Fig. 5c).

Amorphous cuticle layer is impregnated with aromatics

Cutin is a polymer created from saturated hydroxy-
lated aliphatic acids, usually a mixture of C,; and C;g
w-hydroxyl fatty acids [80, 81]. Midchain hydroxyl or
epoxy groups are reported as well as additional end-
groups like aldehyde, ketone and carboxyl [82-85]. In
addition, glycerol, glyceryl esters, coumaric and ferulic
acids have been reported [86—89]. This results in a wide
variety of chemical types depending on organ (leaf or
fruit), location (adaxial or abaxial surfaces of the same
leaf) and stages of maturity [51, 85, 89]. The Raman spec-
trum of the cutin layer shows the expected bands for
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fatty acids (1440 and 1305 cm™'), which appear broader
than the corresponding peaks of waxes in the overlying
layer. Sharp bands indicating crystallinity are missing
(Fig. 2a, b: 1440 cm ™, Fig. 3a, b: cluster 2, Fig. 4e, f: EM3,
and Additional file 1: Fig. S8) and polarization measure-
ments yield similar spectra (Fig. 5b). This suggests ali-
phatic chains in a multitude of conformations without
any preferential orientation. Indeed, cutins can be viewed
as a non-ordered mesh with cavities filled by other cuti-
cle components [63]. Such components can be pheno-
lics as confirmed by aromatic bands found in the cutin
layer (Fig. 4e, f, EM3). The marker band for flavonoids
at 1570 cm ™! is most pronounced in this layer (Fig. 6b,
2nd row) and Kaempferol was found to match the spec-
trum very well (Fig. 4f and Additional file 1: Fig. S5). A
weak signal of stilbenes is also observed, but their actual
structure remains unclear. Lipid spectra include always
aromatic bands, corroborating the idea that clusters of
aromatics are inserted into the cutin network [90, 91].

Calcium oxalate accumulates at the interface

between cuticle and epidermal layer

Calcium oxalate crystals exist in many plants and they
appear in many tissues and organs. They are diverse in
shape, size, number of crystals and hydration [92]. They
play various roles such as cation regulation, CO, and
H,O supply, tissue support, herbivore protection, detoxi-
fication, and light manipulation [93-103].

In spruce needles, calcium oxalate was found in vas-
cular bundles, in intercellular spaces, inside of cell walls
and as many tiny pure calcium oxalate crystals in the
cuticular layer [96, 104]. Our Raman approach detects
these crystals in a layer-like fashion below the cutin layer
(Fig. 6b, third row). The EM3 spectrum proves with sharp
bands at 1490, 1463, 895 and 503 cm ™' calcium oxalate
monohydrate as the main component (Figs. 4c, d, 6b),
but still aromatic bands are present from the surrounding
tissue. The crystals enhance light transmission and prob-
ably most of the “pure” crystals are smaller than 600 nm,
which is about the limit of depth resolution. The Calcium
oxalate crystals are mainly at the interface between the
lipidic cuticle and the aromatic rich upper epidermal
layer, but some are also visualized in the lumen of the
epidermal cells (Fig. 6b).

Outer epidermal cell wall: enhancing protection

by aromatics

Bound flavonoids and their derivatives and other aro-
matics have been detected in the cell walls of the outer
epidermal cell layer of spruce needles by confocal laser
scanning microscopy [105]. In this work, Raman imag-
ing reveals in the periclinal upper epidermal cell wall
a strong accumulation of aromatics, which leads to a
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separation from the lower epidermal layer by cluster
analysis and NMF (Fig. 6b). The high intensity of the aro-
matic band 1600 cm ™ (Fig. 2e) comes from the fact that
coumaric acid as well as flavonoids accumulate in this
region (Fig. 4, EM 4). Raman bands of cellulose together
with almost zero signal of lipid components confirm the
epidermis classification of this layer. In a recently pub-
lished review, the authors suggest “the plant cuticle as a
lipidized epidermal cell wall region” [51]. Based on our
Raman imaging results the epidermal layer seems not
to get “lipidized’, but “aromatized” Thus, if this special
“epidermal” layer with high accumulation of aromatics
should belong to the cuticle, a definition based on cou-
maric acid would be necessary. Regardless of definition,
our results show the importance of aromatics in linking
the lipidic cuticle and carbohydrate rich epidermal layer
as the same aromatic components are found in both lay-
ers. The high accumulation of flavonoids in this outwards
epidermal cell wall, will enhance protection of the plant
surface. Flavonoids and other aromatics in the epidermal
layer of cuticles are reported to mediate a highly complex
UV-screening mechanisms of Norway spruce needles
[105].

Polysaccharides detected in the epidermal layer, but hardly
in the cuticle

Raman spectroscopy is sensitive to molecular vibrations
of any chemical compound. However, differentiating
carbohydrates in secondary plant cell walls by Raman
spectroscopy can be challenging due to relatively small
Raman cross sections when compared to conjugated aro-
matic molecules [64]. Whether carbohydrates should be
regarded as authentic cuticle constituents is still debated
in the field [51]. The main polysaccharides in the cuti-
cle of Norway spruce, found by immune-gold labeling,
were cellulose, mannans and pectin [27]. They were also
found in similar quantities in the cuticles of tomato [14],
eucalyptus, poplar and prunus [23]. Additionally, in the
case of tomato, no preferred orientation or crystallinity
of the polysaccharides could be found [14]. For visuali-
zation of pectin and cellulose, the Raman marker bands
at 856 cm ™! [106] and 380 cm™! can be used [61]. Pec-
tin could not be unambiguously identified, because its
marker band overlapped with another band (864 cm™)
probably originating from an aromatic compound. The
Signal of cellulose was mainly found in the walls of the
epidermal cells, but was hardly seen in the cuticle.

Potential of Raman imaging: univariate and/or multivariate
analysis?

Probing the cuticle and epidermis together, all chemi-
cal components at once and in context with the micro-
structure results in “comprehensive pictures” of the plant
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surface (Fig. 6a). The hyperspectral dataset offers many
possibilities for data analysis and we show and discuss
one univariate and two multivariate approaches. All
three separated the wax layer from the underlying cuticle
and highlighted the adjacent periclinal epidermal layer
as chemically different from the rest of the epidermis
(Fig. 6a).

The first approach is univariate data analysis by inte-
grating the individual Raman bands to produce inten-
sity-dependent heat maps and extracting average
spectra based on intensity thresholds for detailed analysis
(Fig. 2). As it is fast and captures well chemical heteroge-
neity band integration was also used in the first Raman
imaging experiments on wood [15, 109] and is nowa-
days included in almost every Raman imaging study. On
our examples band integration worked well to highlight
the waxy layer on top of the cuticle based on the sharp
crystalline band at 1120 cm™ in a similar way to the
unmixing algorithm NMF (Fig. 6b, EM1). Cluster analy-
sis separates the wax layer (cluster 1) from the cuticle, as
with this approach no intensity threshold (overlay of lay-
ers) is possible, and spectra are sorted by spectral simi-
larity either in one or the other cluster (Fig. 6b, c). The
derived cluster average spectrum reflects directly the
chemistry of the displayed region, similar like average
spectra derived based on band integration. On contrast,
NMF-analysis calculates a set of endmember spectra,
which are combined to reproduce the experimental spec-
tra of the plant sample at every pixel [62]. The spectra
of the waxy layer derived from the three approaches are
very similar and include bands of lipids, but also aromat-
ics (e.g. 1606 and 1632 cm™!). As the unmixing approach
is not capable of finding a “pure” wax spectrum within all
the pixels, we can conclude that lipids and coumaric acid
are tightly intermixed. A conclusion, which would not be
possible based on the other two approaches. This tight
association is also seen in EM3, in which flavonoids and
coumaric acids are together with lipids in the amorphous
cuticle layer (Fig. 6¢). These results are in full agreement
with reported clusters of aromatics that are inserted into
the cutin network [90, 91].

On the Calcium oxalate layer beneath, the performance
of three approaches differed most (Fig. 6d). Although
seven clusters have been chosen (Additional file 1: Fig.
S1), the detection of the crystals was only possible by
subclustering. The NMF algorithm achieved the purest
Calcium oxalate spectrum: lipid bands were absent and
aromatic bands smaller compared to the other two meth-
ods (Fig. 6¢). The crystals are tiny and thus other compo-
nents dominate the spectra in most of the pixels. So, if
not known a priori and searched for with a marker band
or continued with subclustering, it might be difficult to
detect this layer by band integration and cluster analysis.
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In contrast, the fact that aromatics play a role through-
out the investigated plant surface, becomes immediately
clear by integration of the strongest band at 1605 cm ™,
(aromatic rings in conjugation with C=C/C=0; [64, 65]
(Fig. 2e, f). Band integration of the neighboring bands at
1660, 1635, and 1570 cm™* highlights lignin, coumaric
acid and flavonoids, respectively (Fig. 2e, f). Although
different distributions are derived, overall intensities
must be taken with care as the overlapping bands will
influence each other. Peak fitting might be a solution for
such overlapping bands, but pitfalls come along with this
approach [110]. If components are present at some of the
pixels more “purer” or at least with changing amounts,
the unmixing algorithm results in endmembers, which
are characteristic for flavonoids and coumaric acid (EM
4) or lignin (EM 5) and shows their distribution (Fig. 6e,
f). The high accumulation of flavonoids in the periclinal
epidermal cell wall was confirmed by all three methods
(Fig. 6e). The distinction of the whole epidermal layer
(including the upper “aromatized” layer) was only pos-
sible by NMF (EMS5 lignin and EM6 cell wall) and inte-
gration of the cellulose band at 380 cm ™ (Fig. 6f, g). The
cellulose integration image is noisy as the band is rela-
tively weak. Carbohydrate bands often get overlapped
by aromatic bands due to the high Raman cross section
of conjugated aromatic molecules [64]. Cluster analysis
separates the epidermal layer into three clusters (EM3-
5)—due to the changing amount of aromatics and carbo-
hydrates (Fig. 6e—g).

Our example on the spruce needle shows that the quick
band integration approach works very well as long as
bands of the different components do not overlap too
much, and bands are not too weak. The main compo-
nent classes (waxes, lipids, aromatics, minerals, carbohy-
drates) can be tracked by finding marker bands. Cluster
analysis groups similar spectra and results in chemically
most different regions and thus does not necessarily track
specific components. The NMF algorithm looks for the
purest component spectra and models their distribu-
tion. The result are clear images and distinction of lay-
ers and endmember spectra coinciding best with spectra
acquired from reference components (Additional file 1:
Fig. S2-S8). This helped to attribute the bands to differ-
ent components and their molecular vibrations (Table 1).

Conclusions

Raman imaging of the cuticle and epidermis probed all
chemical components at once in context with the micro-
structure and gave new insights into spruce needle
surfaces:

+ A crystalline wax layer, with aliphatic chains and cou-
maric acid aligned perpendicular to the plant surface,
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is distinguished from the more amorphous lipidic
cuticle, which is impregnated with coumaric acid and
flavonoids.

+ Aromatic components are co-located with lipids
(within 300 nm) in the cuticle and wax layer as even
endmember spectra derived by the NMF unmixing
approach showed Raman bands of both component
classes.

+ Calcium oxalate crystals accumulate at the interface
between the lipidic cuticle and the carbohydrate rich
epidermis.

+ The upper periclinal epidermal cell wall is distin-
guished by all three data analysis approaches as a
chemically different layer due to the strong Raman
signals of aromatics.

The aromatic impregnation of cuticle starts in the
anticlinal middle lamellae of the epidermal cells and
together with the strong periclinal cell wall impregna-
tion it is reminiscent of the casparian strip. Looking with
our approaches at different developmental stages of plant
surfaces will give new insights into the development of
the cuticle by tracking lipid and aromatic pathways dur-
ing development.

The strong impregnation of the epidermal layer offers
additional protection and Raman imaging now gives a
comprehensive picture of both layers as well as the Cal-
cium oxalate interface. Future comparative studies might
help to answer why some trees and their needle and leaf
surfaces are more resistant to biotic and abiotic stresses
than others.

Materials and methods

Material and preparation

Four branches of a Norway spruce tree were received
from Praxmar (Tyrol, 47° 09’ N/11° 07’ E, see also [111]).
The harvest took place in August 2019 and samples were
immediately frozen to -20 °C after harvesting. Needles on
top of the branches were selected (young needle) and a
piece of the center was cut out (see also Fig. 1a). These
pieces were subsequently cut into 15-20 um thick cross
sections by a cryo-microtome (CM 3050 S, Leica Bio-
systems Nussloch GmbH, Germany). The sections were
washed with distilled water afterwards and put on a
standard microscopy glass slide with a drop of distilled
water, covered with a standard microscopy coverslip
(0.16 mm thick) and sealed with nail polish to prevent
water evaporation during Raman imaging experiments.

Confocal Raman microscopy

We used a confocal Raman microscope (alpha300RA,
WITec GmbH, Germany) with a 100 x oil immersion
objective (NA 1.4, 0.17 mm with coverslip correction)
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(Carl Zeiss, Germany) to obtain Raman images from the
aforementioned needle thin sections. A microscopical
overview of every section was obtained and then suitable
areas for measurement selected in the cuticle zone of the
needle. A linear polarized (0°) A, =785 nm laser (WITec,
Germany) and a A\, =532 nm laser (WITec, Germany)
were used for the experiments. The scattered Raman
signal was detected with an optic multifiber (100/50 nm
diameter, respectively) directed to a spectrometer
UHTS30 (WITec, Germany) (600gmm ' grating) and
to a CCD camera (DU401DD/DU401BYV, respectively)
(Andor, Belfast, NorthIreland). The Control Four acqui-
sition software (WITec, Germany) was used for control
of the measurement. The laser power was set to 150 mW
and integration time to 0.1 s for 785 nm experiments
and to 44.7 mW and to 0.1 s for 532 nm experiments.
No destructive effects of the laser on the samples were
observed. A spectrum was taken every 0.3 pm to reach
the maximum possible diffraction limited spatial resolu-
tion (r=0.61 x A/NA). The maximum theoretical spatial
resolution obtainable therefore was about 342 nm for the
785 nm laser and 230 nm for the 532 nm laser. Routinely,
before starting the Raman measurements, calibration
of the instrument to the silicon band of 520 cm™! was
performed.

Data analysis

Spectra were cropped (300-1800 cm™!), cosmic rays
removed and the baseline corrected before calculating
Raman images by integrating specific bands (univari-
ate), cluster analysis and non negative matrix factoriza-
tion (NMF) using the WITec Project plus 4.1 software
(WITec, Germany). By integrating specific Raman bands
a fast overview about the chemical heterogeneity was
achieved. Average spectra were extracted from selected
regions of the images by using an intensity threshold to
include only the pixels with signal of the Raman band of
interest. Cluster analysis takes into account the whole
wavenumber range and segments the hyperspectral data-
set in clusters according spectral similarity. As a measure
for the spectral similarity Euclidean distance was chosen.
The analysis was performed with 4—8 clusters, and finally
the results based on 7 clusters are shown. For control, a
sub-clustering into another 2 clusters was performed
within every cluster (Additional file 1: Fig. S1). Cluster
average spectra were extracted for detailed analysis. To
find the most pure components within the dataset the
unmixing algorithm non negative matrix factorization
(NMF) was applied. Hyperspectral images obey a natu-
ral chemically meaningful bilinear model, the Beer—Lam-
bert law (D=CST +E) with D as the raw Raman image,
S* the matrix of pure spectra, C the stretched concentra-
tion profiles and E the error [112]. Thus, an unmixing
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algorithm aims to retrieve the pure components or end-
member spectra and their concentration profile to be
displayed distribution maps. NMF was calculated based
on 4 to 8 endmembers (pure components) with up to
100,000 iterations and finally the results based on 7 end-
members are shown. Average spectra based on the inte-
gration approach, based on cluster analysis as well as
endmember spectra from NMF are exported into OPUS
7.5 (Bruker, Germany) for further analysis and compari-
son with spectra acquired from reference components.
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