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Abstract: Pine Pitch Canker (PPC), caused by the fungus Fusarium circinatum, is associated
to significant economic and ecological losses worldwide. The effectiveness of PPC monitoring,
early detection in nurseries and plantations, and the identification of resistant plant material
relies on the development of objective, non-destructive and cost-effective tools. This study
analysed the potential of employing Raman Spectroscopy (RS) for the early detection of
biochemical changes associated with PPC in Pinus spp. with different susceptibilities to F.
circinatum (highly susceptible Pinus radiata vs. relatively-resistant Pinus pinea), while
unveiling possible mechanisms of action on these pathosystems. Our results indicate lignin as
a key constitutive component of pine resistance against PPC and thus the potential of using this
technology for the selection of PPC resistant trees. Moreover, we demonstrate the power of
RS-based approaches for the rapid detection of the disease in susceptible species. Early spectral
variations were found in P. radiata upon inoculation with F. circinatum from 3 days post-
inoculation (dpi) onwards, whereas changes in histological analysis, relative internal stem
necrosis measurements, and visual disease symptoms were only visible at 6, 8, and 9-dpi,
respectively. These spectral changes have been associated to cell-wall degradation and
induction of phenolic compounds synthesis upon infection in P. radiata. Altogether, we believe
that RS is an innovative promising tool able to reduce disease detection time in pine species
and providing an appealing alternative for the development of new and eco-friendly disease
control measures.

Keywaords: Pine pitch canker; Pinus spp., disease detection; species selection; plant
protection.
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1. Introduction

Forests cover nearly 31% of the total land area worldwide (4.06 billion ha) representing an
important economic, environmental, and social asset 1. European forests, in particular, are
largely composed of conifers (227 million ha), with pine species representing the greatest
growing stock!. These face a growing threat from pests and diseases, especially due to
globalization and climate change, which provide potential opportunities for pathogens to
colonize new environments 11 21,

Pine Pitch Canker (PPC), caused by the fungal pathogen Fusarium circinatum (Nirenberg &
O’Donnell), is one of the most important diseases affecting conifers worldwide!®!. It impacts
more than 60 Pinus spp. and Pseudotsuga menziesii (Mirb.) Franco, at all stages of tree
development, causing significant ecological and economic losses®®l. The typical
symptomatology of PPC is needle discoloration, tip dieback and excessive resin-soaking 1.
Fungal infection occurs mainly through wounds on host tissues. From there, F. circinatum
colonizes the host radially advancing towards the pith, likely through the release of cell wall
degrading enzymes, but also vertically after reaching the phloem or the traumatic resin ducts
formed in the xylem!®. The increased resin production observed, together with the physical
obstruction by F. circinatum growth, and the generalized cell death occurring in the xylem after
infection, may lead to restricted water supply and eventually result in host deathl”8l, Although
F. circinatum is currently subjected to quarantine measures in Europe (List A2; locally present
but not widely distributed in the Euro-Mediterranean region), there are still no effective
management and control tools against PPCE,

In line with the EU 2030 directives for tree protection [ exploiting hosts’ genetic resistance
to PPC based on intra- and inter-specific variance in order to select and/or develop PPC
resistant trees is, together with early detection, one of the most promising and environmental-
friendly measures to control the disease [*21. To achieve this resistance it is crucial to study
hosts with varying levels of susceptibility to the disease in order to identify resistance
mechanisms and specific signatures, candidate genes or metabolic pathways for further
selection and/or manipulation [*°!. Several transcriptomic studies contributed with new insights
that fill this knowledge gap in PPC 17 These have recently been complemented with
physiological, multi-Omics and rhizobiome studies comparing one of the most PPC susceptible
pine species (Pinus radiata D. Don) with a relatively resistant one (Pinus pinea L.) aiming to
explore the onset of disease and identify specific mechanisms that may explain the differential
responses observed (1213201211221 However, advances on the development of early detection
tools for PPC are still lacking.

The monitorization and early detection of plant diseases, as well as the identification of
resistant plant material, are dependent on the availability of rapid, reliable and cost-effective
tools prone to be adapted for high-throughput sampling!?3124l, Optical vibrational spectroscopy
has been employed to assess both the chemical fingerprint of metabolites (using Fourier-
transform mid-infrared (FTIR) spectroscopy) and lignocellulosic components (through Raman
spectroscopy, RS)?%1. FTIR spectroscopy has been successfully applied to distinguish
differential disease-responsive plants, via specific spectral signatures analysed by dedicated
chemometric methods[?®l. Several studies reported the use of FTIR spectroscopy to either
discriminate hosts with varying levels of susceptibility to forest tree diseases (such as the Dutch
elm disease, Diplodia tip blight, and ash dieback 2”31, or for the early detection of disease in
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the Norway spruce-Heterobasidion annosum pathosystem B2, RS, in turn, has recently
attracted research interest due to its unique advantages in practical applications within this
field, namely low-cost and simplicity regarding sample preparation, allowing in situ analysis
facilitated by the portability of RS spectrometers 331341 Therefore, RS has been employed for
species-specific analysis and differentiation against abiotic stress in agriculture #°, providing
specific biochemical fingerprints associated to chemical and structural alterations that may be
linked to particular phenotypic markers of disease 51151,

In this study, RS coupled to histological analysis have been applied to characterize disease
progression in seedlings of both the PPC susceptible P. radiata and the resistant P. pinea after
artificial inoculation with F. circinatum. This approach contributes to obtain valuable
knowledge regarding forest trees defense response against biotic stress, and to support the
development of innovative and eco-friendly disease control measures based on an early
detection of PPC.

2. Material and Methods

2.1 Fungal culture and plant material

The Fusarium circinatum isolate FcCa6 was grown in potato dextrose agar (PDA; VWR
Chemicals, Leuven, Belgium) at 25 °C until 90% of the Petri dish was covered by mycelium?l,
Three plugs of mycelium (5 mm diameter) were cut and grown under agitation on potato
dextrose broth (PDB; CONDA, Madrid, Spain) for 24 h and the spores were counted (using a
haemocytometer). Spores solution was adjusted to 10* spores mL* before plant inoculation.
Six-month-old P. radiata and P. pinea seedlings were obtained from Melo & Cancela Lda.
(Anadia, Portugal). The plants were transplanted to 400 mL pots containing a 3:2 (w/w)
peat:perlite mixture and kept in a greenhouse under semi-controlled day/night conditions
(25/20 °C temperature, 60/65% relative humidity and natural photoperiod and photosynthetic
active radiation). Plants were acclimatized for 1 month, being watered every two days and
fertilized weekly with N:P:K solution ((5:8:10), (Nutrea, Genyen, Mafra, Portugal)

2.2 Plant inoculation and experimental design

After acclimatization, seedlings of each pine species were separated into two groups of 12
seedlingseach: controls (C) vs. inoculated with F. circinatum (F). Ten uL of spore’s suspension
(corresponding to a final concentration of 10 spores mL™) were applied after stem wounding
using a sterile scalpel and the wound was then sealed with Parafilm®. Controls were mock-
inoculated with 10 uL of PDB. Plants were kept under the environmental conditions previously
described. Several sampling points were considered after inoculation with F. circinatum: 0
(F0), 3 (F3), 6 (F6), 8 (F8), 10 (F10), 14 (F14), 17 (F17), and 21 (F21) days post-inoculation
(dpi). In addition to visual monitorization of disease symptoms, stem cuts were used to evaluate
relative internal necrosis and for histological analysis by optical microscopy and RS analysis.

2.3 Visual symptoms and relative internal necrosis

Visual symptoms (tip dieback, needle wilting and chlorosis) were recorded daily to follow
disease progression. For each time point, relative internal stem lesion length of three biological
replicates per species and group was measured in longitudinal stem cuts, as the relation of
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internal lesion length to the total stem length. The presence of F. circinatum in inoculated
seedlings was confirmed by plating stem cuts in PDA at 25°C, followed by identification of
the pathogen through micromorphological analysis. Relative internal necrosis data were
determined through generalized linear models (GLM). Data was checked for normality and
homoscedasticity using Shapiro—Wilk and Levene’s tests, respectively. A one-way ANOVA
followed by Tukey’s HSD test with Benjamini-Hochberg correction was performed to identify
differences between means across treatments. Different letters indicate significant differences
(p < 0.05) between time points on inoculated plants. Statistical analysis were performed using
the R software environment version 3.4.2 (R Foundation for Statistical Computing,
http://lwww.R-project.org) employing the “fitdistrplus” package 1.

2.4 Histological sectioning

Histological sections were obtained according to the method of Lopes 8. Briefly, the stem
cuts (at the inoculation point) were conserved in 70% ethanol and paraffin-embedded, and 50
pm transversal sections were cut using a sliding microtome (Jung AG Heidelberg, Germany).
These sections were clarified in a solution of sodium hypochlorite, neutralized for 5 min in
1%acetic water (v/v) and washed with distilled water. These were then double-stained with
iodine-green (10 sec) and alum carmine (10 min) and dehydrated using a series of ethanol-
based solutions: 70% ethanol (3 min), 90% ethanol (3 min), absolute ethanol and absolute
ethanol:xylol (1:1 v/v, for 5 min).

Samples were mounted in glass microscope slides using Entellan. Definitive preparations were
observed under an optical microscope (DS-U3, Nikon Instruments Europe B.V., Netherlands)
coupled to a high-resolution digital microscope camera (DS-Ril, Nikon Instruments Europe
B.V., Netherlands). Histological sections were obtained in three biological replicates from each
species and group.

2.5 Raman Microspectroscopy

2.5.1 Sample preparation

At each time point, the main stem from both species and groups (one biological replicate from
inoculated and one from control groups) were longitudinally cut 0.5 cm above the inoculation
point (approximately 1 cm long). The stem cuts were immediately measured by Raman
microspectroscopy, along the xylem and phloem regions. The Raman spectra were recorded in
the 450-3750 cm™ range using a WITec confocal Raman microscope system alpha300R
coupled to an Ultra-High-Throughput-Spectrometer UHTS 300 Vis-NIR (300 mm focal length,
600 groves/mm blazed for 500 nm grating). The detection system consisted of a
thermoelectrically cooled CCD (charge-coupled device) camera with a Peltier cooling system
(reaching a temperature <-55 °C) and a chip with 1650x200 pixels, front-illuminated with
NIR/VIS anti-reflection coating and spectral resolution <0.8 cm™/pixel. The excitation
radiation used was a 532-nm laser, yielding 20-22 mW at the sample position. An objective
Zeiss "Epiplan” 10x (NA 0.23; WD 11.1 mm) was used. For each time point, a total of 200
spectra were collected per sample (covering 40 different regions per sample, and 5 spectra per
region), enabling to encompass the tissue heterogeneity. Each individual spectrum was
recorded with 5 accumulations and 10 s of exposure time.
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2.5.2 Raman spectroscopy data pre-processing

The Raman background originated from the optics was subtracted from all spectra. A principal-
component (PC)-based noise reduction algorithm retaining a selected number of principal
components (20 PC’s) was applied and the dataset was then recombined. Fixed-pattern
interference in the Raman spectra generated by the detector response was removed using a 3"-
order spline function. All spectra were cropped into two spectral intervals: fingerprint region
(1000-1800 cm*) and high wavenumber region (2800-3150 cm™). The spectra were scaled to
the average of all individual spectra using the extended multiplicative signal correction
(EMSC) with a 1%-order polynomial background B°1. For each region, the Raman spectra from
5 measurements were averaged (per measured region).

2.5.3 Raman spectroscopy data analysis

The analysis of the Raman spectroscopy data was designed to explore spectral constitutive and
induced traits. In order to analyse the constitutive differences among the different species (P.
radiata controls vs. P. pinea controls), the Raman spectra collected from all control samples at
all time points were analysed by unsupervised principal component analysis (PCA). Average
Raman spectra were computed from all control samples for each species, for comparison, and
the spectral signals were assigned to major sample constituents (Table 1). To assess the main
differences among the two species after fungal infection over time (P. radiata inoculated vs.
P. pinea inoculated), the Raman spectra from inoculated samples from both species were
analysed by PCA, for each time point.

In order to investigate potential induced spectral changes that may support early detention the
trend of the spectral contribution from antisymmetric and symmetric v(COC) glycosidic
vibrational modes was evaluated over time after fungal inoculation. The choice of these bands
followed the results obtained from the PCA analysis. The spectral range including these bands
was integrated (1090 -1145 cm™?) and the ratio between control and inoculated spectra was
computed for each species, per time point. For this purpose, a randomized average of control
spectra from all time points was calculated in order to obtain representative Raman spectra
from control samples and to minimize sample variability. A randomized average was
performed so that the control group had a similar size to the inoculated one, for each time point
and for each species.

All computations and multivariate analysis were carried out using Matlab 2019a (The
MathWorks Inc., Natick, MA) and in-house developed routines. For the t-tests on spectral data
to unveil the underlying chemometric relationships between Raman spectra an R-based data
analysis platform was used (491,

3 Results

3.1 Disease symptoms and stem relative internal necrosis

The first external symptoms of PPC (needle wilting and tip dieback) were detected in
inoculated P. radiata 9 days post-inoculation (dpi). No visible PPC symptoms were found in
P. pinea throughout the entire experiment. Stem relative internal necrosis was significantly
increased in P. radiata seedlings 8 dpi (1.4 %), reaching its maximum at 21 dpi (11.3 %) (Fig.
1); while stem internal necrosis was not observed in P. pinea.
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3.2 Histological analysis

Histological sections allowed to observe the result of hosts” tissues colonization by F.
circinatum, through anatomical changes at different sampling points. In P. radiata inoculated
samples, visual damages and disruption of the pith was visible from 6 dpi onwards (Fig. 2). In
P. pinea no changes were observed upon F. circinatum inoculation. Additionally, F. circinatum
inoculation was not found to elicit changes in resin ducts density in either species. Constitutive
anatomical differences between P. radiata and P. pinea were observed, highlighting a thicker
cortex and smaller resin ducts in P. pinea when compared to P. radiata (Fig. 2).

3.3 Raman Spectroscopy

3.3.1 Constitutive Differences

Figure 3 comprises the average Raman spectra of P. pinea and P. radiata control samples in
the 400-1800 cm™!' and 2400-3800 cm™' spectral regions, with one of the most prevailing
sample constituents (a-cellulose) being plotted for comparison. The raw and preprocessed
Raman spectra from P. pinea and P. radiata samples are shown in Supplementary Material
(Fig. S1). The tentative Raman assignments of the main spectral signals are shown in Table 1.
When comparing P. radiata and P. pinea control samples, it is clear that the spectral differences
are mainly associated to lignin, cellulose, heteromannans and heteroxylans. With respect to
lignin, the key signals are assigned to derivatives such as coniferaldehyde and coniferyl
alcohol. Concerning the cellulose, an a-cellulose standard has been measured to identify its
main spectral contributions in both species. Although some structural differences are expected
between  native cellulose and a-cellulose such as the propensity for
depolymerisation/hydrolysis in aqueous basic media, the presented data enables the
identification of cellulose characteristic signals belonging to cellulose; particularly, the signals
located in the range between 1000-1500 cm™ being the most important those that belong to
COC glycosidic (asymmetric, 1102 cm?, and symmetric stretching vibrations, 1133 cm™)
mainly from cellulose, heteromannans and heteroxylans; CH, (scissoring deformation at 1470

cm? for a-cellulose shifted to ca. 1460 cm™ in both species, and deformation at 1383 cm for
a-cellulose shifted to ca. 1371 cm™ in both species).

To characterize the main spectral differences between the P. radiata and P. pinea the Raman
spectra collected from all control samples at all time points were analysed by unsupervised
principal component analysis (PCA). Figure 4a represents the score plot for the two first
principal components, PC-1 vs PC-2, comprising 43.3% and 27.6% of the total variance,
respectively. A clear separation between P. pinea and P. radiata controls is observed along
PC-1. Figure 4b shows the loading plot of PC-1 in the fingerprint spectral range, 1000-1800
cm. It is noteworthy that the separation between species is mainly due to a shift of the signal
at ca. 1600 cm™ (Fig. 4b), which is ascribed to the aromatic ring symmetric stretch from lignin.
This feature is consistent at all time points.

3.3.2 Spectral differences highlighted with F. circinatum inoculation

The-Raman spectral differences between P. pinea and P. radiata after inoculation with F.
circinatum were evaluated by PCA. Figure 5 shows the PCA score plots and loadings extracted
for the principal components PC1 vs PC2 from P. radiata vs P. pinea inoculated samples (in
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the fingerprint spectral range, 1000-1800 cm™) over 21 dpi. From the score plots in Figure 5
(left side) it is evident that the two species are separated along the first principal component
(PC-1) at all time points. The loading plots (on the right-hand side) give an insight of the
chemical components responsible for such separation. It is important to note that, at 1 dpi the
separation between species is mainly due to the shift of the signal at ca. 1600 cm™ ascribed to
the aromatic ring symmetric stretch from lignin, as also observed in the control groups (see
Fig. 4). On the other hand, from 3 dpi onwards, the separation starts to have contributions from
the (COC) glycosidic antisymmetric and symmetric stretching bands (1090-1145 cm?)
assigned to cellulose, heteromannans and heteroxylans, which are polysaccharides present in
the plant cell wall. It is noteworthy that the differences attributed to the response to F.
circinatum from each of the pine species are due to these bands, consistently at all time points
after day 3 up to 21 dpi (Fig. 5).

Figure 6 depicts the trend of the control/inoculated ratio computed based on the integration of
antisymmetric and symmetric v(COC) glycosidic bands (1090-1145 cm-1) over the 21 days
after inoculation. This plot highlights the significant differences found between P. radiata and
P. pinea samples within this spectral region from 3 dpi onwards, which are likely linked to
structural rearrangements after fungal inoculation in the susceptible P. radiata.

For the spectral differences between P. radiata inoculated and non-inoculated with F.
circinatum, a supervised approach consisting of t-tests (p < 0.0001) followed by PCA of the
most significantly different wavenumbers was employed. This allowed to understand the
chemometric differences between P. radiata inoculated and non-inoculated control samples.
Differences were primarily visible at 3, 6, 8, 10 and 14 dpi (Fig. 7), with gradually fewer
differences between the two groups as time post-inoculation progresses. Most bands that are
highlighted in inoculated samples were ascribed to phenolic components, namely to lignin
(Table 2). Conversely, in control samples most bands were ascribed to cellulose,
heteromannans and heteroxylans. At 1, 17 and 21 dpi, no separation was found between P.
radiata inoculated and control samples.

4. Discussion

4.1.1 Constitutive differences between Pinus spp. — lignin composition as a key PPC
defence trait

Although this study was mainly aimed at evaluating changes occurring after pathogen
infection, P. radiata and P. pinea also revealed to be constitutively different. From the
analysis of the corresponding histological sections, it was observed that P. pinea stems
possess a thicker cortex than that of the susceptible P. radiata. This may contribute to P.
pinea resistance to F. circinatum infection by rendering the access of F. circinatum more
difficult to the host phloem, xylem and pitch for further colonization. Furthermore, xylem
resin ducts from P. radiata appear to be larger in comparison to P. pinea. Resin ducts have
been widely associated as a key player in conifers’ defense mechanisms against pathogens
[l However, in our pathosystem this may not constitute an advantage as Martin-Rodriguez
et al. (2013) observed that upon inoculation, resin ducts were vertically colonized by F.
circinatum in P. radiata seedlings . Also, a denser resin duct network with smaller ducts
may confer greater resistance to pathogens than a low-density network of large resin ducts
(411, For example, Pinus strobus L. presents fewer but larger inner resin ducts than some
spruce species, which favored weevil (Pissodes strobe) body mass gain 121, This structure
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may make it easier for biotic agents to access their hosts as there are more resin-free areas.
Despite this may in part explain the difference in susceptibility between P. radiata and P.
pinea, further studies are needed to validate this hypothesis.

Regarding RS results, the main differences were reflected in a shift of the band assigned to the

aromatic ring symmetric stretch from lignin (1602-1604 cm™) to higher wavenumbers (1607
cnl) in P. radiata control samples. This suggests that the distribution of the lignin subunits is
heterogeneous, depending on the sample and the complexity of the polymer “31. Actually,
lignin and lignification processes play a pivotal role in plant-pathogen interaction as a first line
defence against pathogens in woody plants 8 571 Lignin is biosynthesized through the
phenylpropanoid pathway, which is responsible for the production of key defence-related
metabolites such as phenolic compounds and phenol-polyamine derivatives 8 59 and is
required for conifers defence against invasive pathogens %%, The relevance of this metabolic
pathway for the Pinus-F. circinatum pathosystem has been recently reviewed % and
significantly higher levels of constitutive total phenolics have been found in P. pinea needles
when compared to P. radiata 2. Moreover, previous RS studies also suggested the existence
of a constitutive protection against Ophiostoma novo-ulmi in a less susceptible hybrid (UImus
minor X Ulmus pumila) based on the detection of higher values of lignin in control samples in
comparison with the susceptible Ulmus minor 281,

The key signals associated to lignin are ascribed to subunits such as conyferaldehyde and
conyferyl alcohol. It is remarkable that, despite the low amounts of some constituents of the
lignin polymer such as coniferyl alcohol (2%) and aldehyde (4%), these could still be detected
through high intensity Raman bands due to the expected signal enhancement induced by
charge transfer processes and extended electron clouds, with the consequent pre-resonant effect
(511 Some  authors have described several problems regarding the decomposition of lignin
subunits under laser radiation, with consequent spectral modifications mainly within the
1660/1600 cm™ range, regarding the band intensity ratio of the coniferyl alcohol 21, This effect
was found to be proportional to the laser power (having been detected for 10-30 mW of a 532-
nm excitation wavelength). Nevertheless, these authors also concluded that this interference
occurs only in the first few seconds of laser incidence (0.05 - 5s), while for longer radiation
exposures (above 5 s and up to 20 s) the ratio remains constant. Thus, it is expected that with
the experimental conditions presently used this issue does not impose a problem. Since the
Raman signal was collected with long exposure times (5 spectra per region, 50 seconds for
each spectrum), with the laser focus remaining on the same spot for more than 4 minutes, it is
safe to assume that the Raman intensity of the coniferyl alcohol signal did not undergo further
changes. Moreover, all samples were subjected to the same experimental conditions, and
consequently these are not expected to have any impact in the observed differences (beyond
the scale error itself).

4.1.2 Interaction between Pinus spp. and F. circinatum — cell-wall degradation and
synthesis of phenolic compounds in the susceptible P. radiata

Upon inoculation with F. circinatum, P. radiata and P. pinea samples showed different
responses to PPC. Pinus radiata displayed the first external disease symptoms 9 dpi (needle
wilting and tip dieback), significantly higher stem relative internal necrosis 8 dpi, and damages
in the pith 6 dpi. In turn, no changes were found in P. pinea during the whole experiment time
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course (21 days). These results are in accordance with previous PPC studies comparing P.
radiata and P. pinea responses to F. circinatum infection [ 34 where P. radiata showed PPC
symptoms between 7 and 10 dpi while, for the same period, P. pinea didn’t show any symptoms
[9) as well as with confocal optical microscopy analysis in P. radiata were pith collapse was
also observed !,

Through analysis of the Raman spectra (PC-1 loadings in Fig. 5), it is noticeable that the
loadings from 1 dpi does not differ from the ones obtained in the PCA between species in
control samples, as the same contributions are present (Fig. 4b). However, from 3 dpi onwards
it is perceptible that another spectral contribution has arisen as responsible for the separation
between the inoculated samples of the pine species studied: the antisymmetric and symmetric
v(COC) glycosidic modes (at 1102 cm™ and at 1133 cm™, respectively) assigned to cellulose,
heteromannans and heteroxylans. Even though the main constitutive spectral contributions
(spectral shift of the aromatic ring symmetric stretch from lignin) remain over the 21 dpi, the
variance analysis captured on the PC1 loading over this timeline demonstrates the increasing
importance of the v(COC) glycosidic vibration for the species differentiation regarding their
response to F. circinatum. The higher control/inoculated ratio observed in P. radiata from 3
dpi onwards (Fig. 6, p < 0.01) indicates that after inoculation with F. circinatum this pine
species undergoes structural changes that prompt an intensity decrease of the antisymmetric
and symmetric v(COC) glycosidic Raman signals, whereas this effect is not perceptible in P.
pinea. Variations in the intensity of the v(COC) glycosidic bands at ca. 1102 and 1126 cm™ are
expected to be detected as cellulose degradation occurs, because of the rupture of the bond
responsible for the polymer P31, Therefore, these results suggest that this degradation starts
soon after F. circinatum inoculation in P. radiata but not in P. pinea, reflecting the high level
of resistance to this pathogen for the latter.

In fact, it is known that F. circinatum initially colonizes the host by occupying intercellular
spaces, segregating extracellular enzymes that degrade the host cell wall and release large
amounts of nutrients from the cells 1. This could be the case of: laccases, which enhance F.
circinatum pathogenicity by rendering cellulose accessible to other enzymes and acting as an
initial infection tool to overcome tree defences [¢* ¢°1: or endopolygalacturonase, which has its
gene well-characterized in F. circinatum and is involved in the digestion of polysaccharides
present in primary cell walls B8, Even though it would be ideal to detect the presence of these
enzymes through RS, their contribution to the total analysed biomass is negligible.

Raman spectroscopy of P. radiata samples also indicated that the differences between
inoculated and control plants were more notorious at 3, 6, 8, 10 and 14 dpi (Fig. 7). The
interpretation of the Raman data pointed out that the synthesis of phenolic compounds seems
to be upregulated in inoculated plants (Table 2). In addition to the importance of constitutive
phenolics in tree resistance to pathogens (previously discussed), phenolic compounds are
known to play an active role in plant defence upon fungal invasion. For example, rapid lignin
deposition in the secondary cell wall is known to be involved in plant defence against pathogens
571, The induction of the phenylpropanoids pathway has been previously reported in P. radiata
after F. circinatum infection 1635721 with recent proteomics studies suggesting that the host’s
secondary metabolism (e.g. lignans biosynthesis) may be targeted by the pathogen to
negatively regulate pine immune response [**! . This is in accordance with the higher levels of
phenolic compounds detected in inoculated P. radiata by RS. Raman data further indicates
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differences in the lignin subunits deposited in inoculated P. radiata plants, and thus structural
differences in the lignin between inoculated and non-inoculated samples. This could explain
the higher signals observed for certain phenolic compounds in inoculated samples. As for the
remaining sampling times, it is likely that differences were not detected due to (1) the fungal
infection not reaching levels that would cause a metabolic response in the plant (1 dpi) or (2)
the impact of advanced stem internal necrosis in RS measurements (17 and 21 dpi).

Conclusions

Besides shedding light on constitutive components that may be crucial to determine PPC
resistance (such as lignin), this study reveals the potential of Raman spectroscopy as a
promising tool for: (1) the early detection of PPC; and (2) the discrimination of PPC
susceptibility between different species of pine trees. However, a wider screening should be
performed with trees of known susceptibility to PPC in order to establish spectral signatures
that may be accurately related to resistant phenotypes and to their lignin composition, aiming
to fully validate this method for tree selection. Regarding the RS detection potential, while in
inoculated P. radiata histological and relative stem internal necrosis changes were only visible
at 6 and 8 dpi, respectively, Raman spectral variations could already be detected at 3 dpi,
reducing by half the disease detection time in this species. The main difference observed in the
response to F. circinatum between the pine species studied were associated to the early
degradation of cellulose and upregulation of phenolic compounds synthesis in the susceptible
P. radiata. Earlier detection of the disease would enable a faster and efficient response from a
plant management perspective. This may include (i) eradication measures such as the
destruction of the infected plant material and intensive surveillance, (ii) communication with
nurseries and its customers to avoid the spread of the pathogen, and (iii) tracing-back studies
to identify the possible source of infection. The early detection of F. circinatum in France and
Italy was crucial to eradicate it by rapidly applying surveillance and control measures 4,
Besides further Raman studies are needed in order to validate this technique as a reliable
technology for routine disease detection and tree selection, our results suggest the potential of
RS-based approaches to find adequate eco-friendly responses to new and/or emerging plant
pests and for PPC control and management. Even though this study focuses on a destructive
sample approach, one can possibly foresee RS applications for early PPC detection in a
minimally invasive way, e.g. by sampling needles or external parts of stem. It is however
important to refer that this approach as it is would not be able to detect the presence of F.
circinatum in resistant trees, where it could still represent a source of inoculum for nearby
susceptible individuals.
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Table 1. Tentative assignment of the main Raman signals measured for Pinus radiata and

Pinus pinea control samples, and for an a-cellulose standard.

Raman shift (cm™)

u_
cellulos radiata P. pinea Ter_1tat|ve Possible wood References
e | (control assignment components
standar contro )
d )
440 441 441 CCOrring cellulose 434 cmt
[53]
595w 595w skeletal conyferyl 584 cm* Y
deformation  of aldehyde
aromatic  rings,
substituent
groups, and side
chains
645 641 ring skeletal lignin H-units 639 cm® %
deformation 61]
862vvw  859vvw  aromatic lignin H-units 859 cm™
breathing [60][61]
928 928 CCH wagging lignin G-units 936 cm™* 1°%!
1100 1102 1102 V(COC)as cellulose, 1096  cm?
glycosidic heteromannans, [43][62]
heteroxylans
1126 1133 1133 V(COC)sym cellulose, 1122 cm?t [+
glycosidic heteromannans, [62]
3(CH) heteroxylans
v(CC) lignin 1131 cm™ 6]
gonyferaldehyd 1136 cmL 631
1153sh 1154sh  1154sh  (C-C)assym cellulose 1155 cm™* 4]
ring breathing [62]
1200 1200 CaC lignin H units 1214 cmt 1
ring deformation
1220vw  1220vw Ca-O lignin 1223 cm? vw
[63]
1238 1238 v(Ca—0O)/ring lignin 1241 et wigy
deformations [61]
Wish Wish
1338 1338 3(C-H) (C=C) lignin 1335 cm™ ¢4
1383 1371 1371 3(CHy) cellulose, 1377 cm?
heteromannans, [53][65]
heteroxylans
1470 1462 1460 8(CHy>) scissoring 1479 cm* B3k
[65]
1458 cm* B3

[65]
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1607 1604 vsm  (aromatic lignin 1600 cm* B
ring) [63116]
1665 1662 v (C=C) conyferyl 1662 cm™* ¢3!
v(C=0) alcohol 1670 cm* (3]
conyferaldehyd
e
2899 2902 2900 v(CH) and cellulose, 2887 cm?
v(CHy) heteromannans, (53165
heteroxylans,
lignin
2942 2942 V(CH)as in—OCHs  lignin 2940 cm™ 14
3076 3076 v(C-H)aromatic  lignin 3070 cm™ [

Abbreviations: as — antisymmetric; ar —aromatic; sym — symmetric; v — stretching;
& —bending; w — weak; vw — very weak; vww — very very weak; sh — shoulder.
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Table 2. Tentative assignment of the main Raman signals considering Pinus radiata
comparison between inoculated and non-inoculated (control) samples.

Raman shift (cm™) Ter_1tat|ve Possible wood References Observations
assignment components
day day
day 3 | day 6 day 8 10 14
ip ring Hi .
. . 1 igher in
1043 1030 - deformationand  Phenolics [169136 CM™ i oculated
O-CHg stretching ~ (lignin G-units) samoles
mode P
Cellulose, 1 Higherin
1092 - 1105 - Vfcggéaisc heteromannans, [%19]?6?] M control
gly heteroxylans samples
Cellulose, 1 Higherin
1120 --- 1131 --- VECC(())Séslyg heteromannans, [%1%][26%[%21 control
gy heteroxylans samples
- . 4 Higher in
1167 - 1192 1187 - CahQH in-plane Phen_ollcs _ [%71]73 CM™ i oculated
bending (lignin H-units)
samples
1223 cm* Higher in
. ring deform., Ca-  Phenolics [63] .
sq0 1215 0 (lignin H-units) 1214 cm™ inoculated
67] samples
. 4 Higherin
~- 1266 1253 1250 -~  Cy Ostretching renolics - 1256CmT g0 ated
(lignin H-units)
samples
ring deformation . 1 Higherin
1286  --- and Zti]er?i%“és-units) [%%88 ‘M inoculated
ip COH bending g samples
1 Higherin
- o= 1351 1349 -  §(CH)) na 1348 cm™  ontrol
samples
1303 - Phenolic O-H Phenolics 1393 cm™ ch:r?tr; f)rl n
bend + CHz bend  (lignin) (631169
samples
Cellulose, 4 Higher in
1413 1416 - CH2 bending heteromannans, [%3'113 M control
heteroxylans samples
CHsz bend + ring  Phenolics 1430 cm™ Higher in
1431 --- : L [63] control
stretching (lignin)
samples
1 Higher in
- - 1485 - 1480 &(CHy),3(CHs) nia 1482cm™ control
samples
Aromatic ring . 1 Higher in
1509%=== stretch, Phenolics [%E]%g] ‘M inoculated
. (lignin)
asymmetric samples
1 Higher in
1536 - v(C=C) n/a [17?]31 ‘M control
samples
- Phenolics 1 Higherin
- 1580 1570 1582 Avomaticring - ionin 1583 ¢M™ hoculated
mode .
syringaldehyde) samples
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1586 cm™

[73]

. . 1600 cm™  Higher in
Vsym (aromatic Phenolics (53], [511.163], in(?culate q

1609 L |- -~ -~ % nen
ring)sym (lignin) [65] samples

Abbreviations: as —antisymmetric; ar —aromatic; sym —symmetric; v — stretching; & — bending; ip —in-
plane; nfa — not assigned.
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Figure 1. Pinus radiata stem relative internal necrosis over time. Bars show stem relative
internal necrosis length (%) of inoculated plants at each time point. Relative necrosis data are
presented as group mean + SE. Different letters indicate significantly different means at
different inoculation time points (post hoc test, p < 0.05). No stem relative internal necrosis
was found in mock-inoculated controls.
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P. radiata

P. pinea

Figure 2. Histological sections from Pinus radiata and Pinus pinea stem from control (C0O) and
Fusarium circinatum-inoculated samples 3 (F3), 6 (F6) and 21 (F21) days post-inoculation.
Legend: (P) pine pith; (B) pine bark; (C) pine cortex; (X) xylem; (Ph) phloem; black arrows
point to resin ducts. Scale bar = 500 pum.
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Figure 3. Average Raman spectra of Pinus pinea and Pinus radiata control samples, as well as
of an acellulose standard. The spectra are offset along the intensity axis for clarity.
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Figure 5. PC scores (left-hand side) and PC-1 loading plots (right-hand side) of Pinus radiata
vs. Pinus pinea inoculated with Fusarium circinatum, considering the Raman spectra in the
fingerprint spectral region (1000- 1800 cm™). a-b) 1 day post-inoculation; c-d) 3 days post-
inoculation; e-f) 8 days post-inoculation; g-h) 10 days post-inoculation; i-j) 21 days post-
inoculation. The dashed horizontal line in the PC-1 loading plots indicates zero loading.
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Figure 6. a) Example of an average Raman spectra of Pinus radiata inoculated and control
samples. The integrated spectral region (1090-1145 cm), including the antisymmetric and
symmetric v(COC) glycosidic modes, was used to compute the ratio plotted in b); b) Ratio of
the integrated spectral region between control and inoculated samples (for each species
separately). The error bars were computed from standard deviation (using error propagation).
The Student’s t-test was performed to assess statistical significance.
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Figure 7. PC score plots (left-hand side) of Pinus radiata inoculated vs non-inoculated with
Fusarium circinatum, calculated based on highly significantly different variables (t-tests, p <
0.0001, right-hand side). On the t-test plots black dots denote all the variables that are
significantly different between the groups being compared (p < 0.05; -logio (p) > 1.30). a-b) 3
days post-inoculation, 249 variables; c-d) 6 days post-inoculation, 236 variables; e-f) 8 days
post-inoculation, 263 variables; g-h) 10 days post-inoculation, 255 variables; i-j) 14 days post-

inoculation, 223 variables.
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