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Abstract: The pinewood nematode (PWN) is the causal agent of pine wilt disease, a pathology that
affects conifer forests, mainly Pinus spp. PWN infection can induce the expression of phytohormone-
related genes; however, changes at the early phytohormone level have not yet been explored. Phyto-
hormones are low-abundance metabolites, and thus, difficult to quantify. Moreover, most method-
ologies focus mainly on Arabidopsis or crop species. This work aimed to validate a fast (run time
6.6 min) liquid chromatography-triple quadrupole tandem mass spectrometry (LC-QqQ-MS/MS)
analytical method to quantify 14 phytohormones in Pinus pinaster stem tissues. This method was
further applied to evaluate, for the first time, early phytohormone changes in susceptible and resistant
phenotypes of P. pinaster 24, 48 and 72 h after inoculation (HAI) with PWN. A significant increase in
salicylic acid (SA, 48 and 72 HAI) and jasmonic acid methyl ester (JA-ME, 72 HAI) was observed in
susceptible phenotypes. Results indicate that the higher susceptibility of P. pinaster to PWN infection
might result from an inefficient trigger of hypersensitive responses, with the involvement of JA and
SA pathways. This work provides an important update in forest research, and adds to the current
knowledge of Pinus spp. defence responses to PWN infection.

Keywords: pine wilt disease; maritime pine; biotic stress; plant metabolomics; forest tree metabolomics;
phytohormones; mass spectrometry (MS); quantitative MS; analytical method validation; triple quadrupole

1. Introduction

The pine wilt disease (PWD) is a devasting pathology caused by the pinewood ne-
matode (PWN) Bursaphelenchus xylophilus (Steiner and Buhrer) Nickle, that affects conifer
forests, mainly Pinus spp., with severe ecological and economic impact. Once inside the
tree, nematodes multiply rapidly, invade the resin canals, and lead to the complete collapse
of the vascular system in just a few weeks [1]. After the spread of the PWN from its native
area (North America) to the Far East, and to Portugal in 1999 [2], several preventative mea-
sures have been imposed to avoid the dispersion to European forests; namely, wood trade
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regulations, buffer zones around affected areas, and cutting down of symptomatic and
dead trees [3–5]. Although variation in resistance to PWN infection between and within
European Pinus spp. has been documented [6–10], little is known about the biochemical
mechanisms underlying differential tree susceptibility.

Secondary metabolites (e.g., terpenes, phenolic compounds) are well-known for their
role in environmental responses; namely, biotic stress and plant defence regulation [11].
The analysis of terpenes in the essential oil of Pinus spp. in response to PWN infection
revealed no major differences between control and inoculated pine hosts [8,12]. However,
other secondary metabolites, such as phenolic acids, condensed tannins and lignin, have
been associated with tree resistance and constitutive chemical defences [13–16]. A pu-
tative role of phytohormones in PWD defence mechanisms has also been proposed [13].
Moreover, transcriptomic studies showed that PWN infection induced the expression
of phytohormone-related genes in susceptible Pinus spp. [17–20]. However, there have
been no further advances at the hormonal level to understanding how the levels of these
defence-related metabolites change after PWN infection.

Phytohormones are low-abundance secondary metabolites with critical signalling
roles in response to internal and external cues; namely, in mediating plant growth and de-
velopment, adaptation to adverse environmental conditions, and defence responses [21,22].
The major phytohormone classes include auxins (AXs), gibberellins (GAs), cytokinins (CKs),
abscisic acid (ABA), ethylene (ET), salicylic acid (SA), jasmonic acid (JA), brassinosteroids
(BRs) and strigolactones. In general, AXs, GAs, ET, CKs and BRs are responsible for crucial
plant growth and developmental processes; SA, JA and ET are known to play major roles
in regulating plant defence responses to biotic stresses, while ABA is mostly responsible
for plant responses to environmental stresses (e.g., drought, salinity, wounding) [21–23].
Additionally, signalling interactions/crosstalk among phytohormones are known to occur
in the control of numerous growth, developmental and defence processes [24–27].

Phytohormones have diverse chemical structures and are present at very low con-
centrations in plants (pg/g to ng/g fresh weight range), which makes them challenging
metabolites to quantify accurately [28,29]. Moreover, most published analytical methods
for quantitative analysis of phytohormones are validated mainly for Arabidopsis or crop
species [30,31] using plant leaf material that often contains higher analyte concentrations
than other tissues (e.g., stems, roots) [28,32]. Thus, improvements in sensitive analytical
techniques able to quantify several phytohormones in a single run and in different plant
species and tissues, such as those from forest trees, are of utmost importance.

Liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) has
become the method of choice for the targeted analysis and quantification of most phyto-
hormones [31,33–35], with the triple quadrupole tandem MS system (QqQ-MS/MS) often
employed to discriminate multiple phytohormones with different precursor and product
ion m/z values [34]. The QqQ-MS technology enables highly sensitive detection using se-
lected reaction monitoring (SRM) experiments, by observing specific precursor-to-product
ion transitions for each phytohormone, and similar transitions for the respective internal
standards (IS), at a high sampling rate for accurate quantification.

To date, only three analytical methods for the quantification of phytohormones have
been validated for complex matrices such as those from forest tree species [36–38]. How-
ever, they lack either extensive phytohormone coverage or simplicity of the extraction
protocol. In addition, technical difficulties have been reported during phytohormone
extraction when using forest tree tissues [38]. The complexity of a phytohormone quan-
titative analysis is mainly due to the numerous structurally similar compounds and/or
potentially interfering compounds present in the plant matrix [38]. Thus, the development
of MS-based methods for the analysis of multiple phytohormones has gained increasing
interest. The methodology described here provides a simple extraction protocol coupled to
a fast analytical method (run time 6.6 min) using an LC-QqQ-MS/MS system for the quan-
titative analysis of 14 phytohormones from six major classes in the complex stem matrix of
1-year-old maritime pine (Pinus pinaster Ait.) half-sib plants, and that can be easily applied
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to large-scale studies (e.g., breeding programs). The phytohormones included in this study
were (i) ABA, (ii) SA and its immediate precursor benzoic acid (BA), (iii) gibberellic acid
(GA) and gibberellin A9 (GA9) from the GA biosynthetic pathway, (iv) indole-3-acetic acid
(IAA), its precursor indole-3-butyric acid (IBA) and the respective ester conjugates indole-3-
acetic acid methyl ester (IAA-ME) and indole-3-butyric acid methyl ester (IBA-ME), (v) JA
and its conjugated form jasmonic acid methyl ester (JA-ME), (vi) trans-zeatin (Zea), its
precursor N6-isopentenyladenine (iP), and the conjugated trans-zeatin riboside (ZeaR). The
method was further applied to study maritime pine early hormonal defence responses to
PWN infection using non-inoculated, mock-inoculated and PWN-inoculated 2-year-old
P. pinaster half-sib plants, to assess the role of these metabolites in PWD progression.

This work provides an important update to the analytical methodologies currently
being used in forest research, and supports the hypothesis that P. pinaster susceptibility to
PWN infection might result from an inefficient activation of hypersensitive responses (HR),
with the involvement of the JA and SA pathways.

2. Results
2.1. LC-QqQ-MS/MS Analytical Method Validation

In this study, a LC-QqQ-MS/MS method was developed and validated for the quan-
tification of 14 phytohormones (from six major classes) in P. pinaster stem tissues, namely
ABA, BA, GA, GA9, IAA, IAA-ME, IBA, IBA-ME, JA, JA-ME, iP, SA, Zea, and ZeaR. Phyto-
hormones were extracted using methanol: H2O (70:30, v/v) and analysed directly without
further purification. The ability of the developed LC-QqQ-MS/MS method to quantify low-
abundance phytohormones in the complex matrix of P. pinaster stem tissues was evaluated
following standard key analytical method validation steps; namely determination of (i)
linearity, (ii) matrix effects, (iii) limit of detection (LOD) and limit of quantification (LOQ),
(iv) analytical recoveries, and (v) method precision [39]. In this study, ionisation efficiency
was determined for each analyte, collision energy settings were optimised, and the two
most intense SRM transitions obtained for each analyte were chosen as the quantification
transition and confirmation transition (Table 1). Resulting SRM chromatograms of the
14 target phytohormones in a standard mixture solution are presented in Supplementary
Material Figure S1.

Table 1. Selected reaction monitoring (SRM) transitions of 14 target phytohormones (PH) and corresponding internal
standards (IS) determined using a Thermo Scientific™ TSQ Endura system™. PH: phytohormone; IS: internal standard; IM:
electrospray ionisation mode (ESI− or ESI+); tR: retention time (min); SRM: selected reaction monitoring (* indicates the
quantification transition); CE: ‘collision energy’ setting (V). For PH and IS abbreviations see Supplementary Table S1.

Analyte
(PH) IM tR (min) SRM CE (V) Analyte

(IS) IM tR (min) SRM CE (V)

ABA – 4.08 263.1 > 153.1 * 10.354 d6-ABA – 4.07 269.1 > 159.1 10.354263.1 > 219.1 13.438

BA – 3.80 121.2 > 77.2 * 11.719 d5-BA – 3.78 126.2 > 82.2 * 10.253
121.2 > 93.0 10.809 126.2 > 125.6 35.129

GA – 3.46 345.2 > 239.1 * 15.562 d2-GA9 – 5.03 317.2 > 273.2 21.174345.2 > 221.1 25.421
GA9 – 5.02 315.2 > 271.2 * 21.022 d2-GA9 – 5.03 317.2 > 273.2 21.174315.2 > 253.1 27.242

IAA – 3.84 174.1 > 130.1 * 10.253 d5-IAA – 3.83 179.1 > 135.2 * 10.253
174.1 > 128.1 19.152 179.1 > 133.1 19.404

IAA-ME + 4.45 190.2 > 130.1 * 10.253 d5-IAA-ME + 4.45 195.1 > 134.1 * 10.253
190.2 > 103.2 35.989 195.1 > 135.1 13.640
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Table 1. Cont.

Analyte
(PH) IM tR (min) SRM CE (V) Analyte

(IS) IM tR (min) SRM CE (V)

IBA + 4.35 204.2 > 130.1 * 25.876 d5-IAA-ME + 4.45 195.1 > 134.1 * 10.253
204.2 > 144.1 22.893 195.1 > 135.1 13.640

IBA-ME + 4.85 218.2 > 186.0 * 10.253 d5-IAA-ME + 4.45 195.1 > 134.1 * 10.253
218.2 > 130.1 27.646 195.1 > 135.1 13.640

iP + 3.00 204.2 > 136.0 * 15.511 d5-Zea + 0.60 225.3 > 137.1 * 17.888
204.2 > 148.0 10.253 225.3 > 148.0 15.360

JA – 4.39 209.1 > 59.3 * 14.096 DHJA – 4.59 211.2 > 59.3 * 14.096
209.1 > 165.1 10.253 211.2 > 167.1 17.685

JA-ME + 4.92 225.2 > 151.1 * 12.073 DHJA-ME + 4.80 227.2 > 135.1 * 10.253
225.2 > 133.1 14.803 227.2 > 153.1 12.225

SA – 4.07 137.2 > 93.2 * 16.219 d4-SA – 4.10 141.1 > 97.2 * 17.180
137.2 > 65.3 28.455 141.1 > 69.3 29.719

Zea + 0.61 220.2 > 136.1 * 17.180 d5-Zea + 0.60 225.3 > 137.1 * 17.888
220.2 > 148.0 14.753 225.3 > 148.0 15.360

ZeaR + 0.63 352.2 > 220.0 * 19.000 d5-Zea + 0.60 225.3 > 137.1 * 17.888
352.2 > 136.1 31.893 225.3 > 148.0 15.360

2.1.1. Linearity

The linearity of the analytical method (extraction and response) was established by
performing calibration with internal standardisation (in solvent and in P. pinaster stem
matrix). The range of calibration values used was defined individually for each analyte,
based on the amount of each compound present in the plant matrix. Overall, the method
showed good linearity over the concentration range (in solvent and in matrix extract),
with determination coefficients (R2) higher than 0.990 in solvent and in matrix (Table 2).
Residual plots were also used to evaluate linearity, where the residual of each point in
the calibration curve (i.e., the difference between the calculated and theoretical values)
is plotted against the respective concentration level (Supplementary Figures S2 and S3).
In a linear model, the residuals of the regression are expected to be normally distributed
and any curvature suggests a lack of fit due to a non-linear effect [40]. In general, residual
plots did not show particular patterns, with residual values tending to cluster towards the
middle of the plot, and close to 0 on the Y-axis, therefore no weighting factor was applied.
This indicates that the measurement error is the same and normally distributed for each
sample (homoscedasticity).

Table 2. Method validation parameters of 14 target phytohormones (PH): concentration range (ng/mL) used for linearity
determined both in solvent (methanol: H2O, 70:30, v/v) and in 1-year-old Pinus pinaster stem matrix, matrix effects (%),
limit of detection (LOD), limit of quantification in solvent (LOQS) and in matrix (LOQM). For analyte abbreviations see
Supplementary Table S1.

Analyte
(PH)

Conc. Range
(ng/mL) Linearity (Solvent) R2 Linearity (Matrix) R2 ME

(%)
LOD

(ng/mL)
LOQS

(ng/mL)
LOQM
(ng/g)

ABA 5–1500 0.00251x + 0.0143 0.993 0.00218x + 0.0234 0.991 –13 1 5 5
BA 50–5000 0.000428x + 0.0969 0.996 0.000478x + 0.0980 0.998 +12 10 50 50
GA 100–1500 0.000053x − 0.0019 0.993 0.000119x − 0.00441 0.991 +123 5 10 50
GA9 100–1500 0.00182x + 0.0172 0.996 0.00185x + 0.0226 0.991 +2 5 50 100
IAA 50–1500 0.00255x + 0.00695 0.992 0.00155x + 0.00850 0.992 –41 5 50 50

IAA-ME 50–1500 0.00322x − 0.0398 0.990 0.00322x − 0.0343 0.990 –0.1 5 10 50
IBA 50–1500 0.00129x − 0.0231 0.994 0.00149x − 0.2189 0.992 +15 5 10 50

IBA-ME 50–1500 0.00461x − 0.117 0.996 0.00495x − 0.0332 0.991 +7 1 10 50
iP 1–50 0.0665x − 0.0222 0.996 0.0693x − 0.0269 0.993 +4 0.005 0.05 0.5
JA 50–5000 0.000212x + 0.0190 0.991 0.000355x + 0.0195 0.990 +67 5 50 50

JA-ME 100–1500 0.00365x − 0.0792 0.996 0.000522x − 0.0317 0.991 –85 50 50 100
SA 5–50 0.0119x + 0.0299 0.995 0.00901x + 0.176 0.991 –24 0.1 0.5 5
Zea 5–50 0.0160x + 0.000412 0.998 0.0177x + 0.000550 0.990 +11 0.001 0.01 0.1

ZeaR 5–50 0.0102x + 0.00246 0.999 0.0117x + 0.00345 0.990 +16 0.001 0.01 0.1

2.1.2. Matrix Effects

During analyte electrospray ionisation (ESI), matrix effects can cause a change in the
response of the analyte, either negative (ion suppression) or positive (signal enhancement).
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Matrix effects were evaluated by comparing the slope of calibration curves obtained from
standards prepared in solvent or spiked into P. pinaster stem matrix after extraction (Table 2).
Results showed that the matrix has little influence on the response of most phytohormones,
with slightly increasing response for BA (+12%), GA9 (+2%), IBA (+15%), IBA-ME (+7%),
iP (+4%), Zea (+11%) and ZeaR (+16%), and small decreases in response for ABA (–13%),
and IAA-ME (–0.1%). For the remaining phytohormones, stronger matrix effects were
observed, with increased response for GA (+125%) and JA (+67%) and ion suppression for
IAA (–39%), JA-ME (–85%) and SA (–24%), showing that components present in the matrix
can influence the response of these analytes.

2.1.3. Limit of Detection (LOD) and Limit of Quantification (LOQ)

The LOD (i.e., the lowest analyte concentration that can be detected in a sample) and
LOQ (i.e., the lowest analyte concentration that can be quantitatively determined) were
determined from a solution of a standard mixture prepared in solvent and in P. pinaster
stem matrix (Table 2). The LOQ was established as the lowest point of the calibration curve.
Cytokinins (iP, Zea and ZeaR) showed the lowest LODs (0.001–0.005 ng/mL) and LOQs
(0.01–0.05 ng/mL in solvent and 0.1–0.5 ng/g in matrix). All other LODs ranged from 0.1
to 50 ng/mL and LOQs ranged from 0.5 to 100 ng/mL in solvent and 5–100 ng/g in matrix.

2.1.4. Analytical Recoveries

Analytical recoveries measure the ability of the extraction protocol to extract the
analyte from the matrix under study, and simultaneously, assess the influence of the
extraction procedure and of the matrix. At high and medium concentrations, recoveries
were high (70.8–100.5%), but for the lowest concentration (i.e., closer to the LOQ), recoveries
ranged between 52.9% and 81.9%. The lowest analytical recovery was obtained for IAA, at
the lowest concentration (Table 3).

Table 3. Method validation parameters of 14 target phytohormones (PH) for three concentration levels (high, medium and
low): estimated analytical recovery (%), instrument precision (relative standard deviation, RSD, %), intraday precision (RSD,
%), and interday precision (RSD, %). Analytical recovery values presented as average ± standard error, n = 3 extraction
rounds). RSD was determined for each phytohormone concentration level by multiplying the standard deviation by 100
and dividing this product by the average.

Analyte (PH) Concentration
(ng/mL)

Analytical Recovery
(%) ± SE

Instrument
Precision (RSD, %)

Intraday Precision
(RSD, %)

Interday Precision
(RSD, %)

ABA
1500 84.9 ± 4.4 2.8 2.1 11.9
500 80.5 ± 5.9 5.3 5.8 10.7
50 73.6 ± 5.4 14.2 8.9 22.2

BA
5000 94.1 ± 2.0 0.6 3.0 6.0
2000 84.7 ± 5.2 0.7 0.7 4.4
500 79.9 ± 14.8 2.7 1.8 6.6

GA
1500 83.8 ± 8.1 4.6 0.5 7.4
500 88.5 ± 9.1 9.0 4.5 6.3
100 63.8 ± 20.0 7.7 12.8 22.0

GA9

1500 97.5 ± 0.3 2.7 0.3 1.7
500 88.3 ± 3.8 2.3 1.6 1.7
100 81.7 ± 5.5 5.7 2.1 6.8
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Table 3. Cont.

Analyte (PH) Concentration
(ng/mL)

Analytical Recovery
(%) ± SE

Instrument
Precision (RSD, %)

Intraday Precision
(RSD, %)

Interday Precision
(RSD, %)

IAA
1500 71.2 ± 7.7 10.6 2.4 10.1
500 70.8 ± 8.9 13.4 5.5 12.3
50 52.9 ± 14.2 12.6 16.9 19.3

IAA-ME
1500 94.7 ± 4.0 1.4 1.7 11.7
500 89.2 ± 2.8 2.4 1.2 10.0
50 81.9 ± 1.9 9.9 5.8 22.9

IBA
1500 93.1 ± 8.8 4.0 4.0 16.4
500 74.5 ± 5.6 2.4 3.9 15.9
50 67.2 ± 13.4 8.5 3.6 22.9

IBA-ME
1500 90.6 ± 9.2 3.1 1.4 17.9
500 89.0 ± 0.4 2.8 9.0 21.6
50 76.8 ± 3.9 6.3 12.3 18.4

iP
50 89.5 ± 2.9 1.3 1.7 20.2
35 83.9 ± 9.2 3.8 1.0 20.3
5 67.9 ± 10.0 2.7 3.7 25.0

JA
5000 100.6 ± 7.5 2.4 0.3 5.6
2000 71.1 ± 1.3 5.3 5.0 6.5
500 67.6 ± 10.5 13.5 8.2 9.1

JA-ME
1500 90.3 ± 3.3 3.7 3.6 22.8
500 80.0 ± 3.6 3.9 3.7 22.1
100 71.3 ± 28.5 15.9 13.4 18.1

SA
50 92.2 ± 2.6 14.2 1.2 2.8
35 88.9 ± 3.5 14.4 4.0 4.3
5 70.8 ± 3.2 1.3 2.2 5.5

Zea
50 97.5 ± 3.6 2.3 1.6 3.4
35 84.4 ± 1.2 0.9 2.1 3.9
5 69.2 ± 17.6 2.0 3.3 4.6

ZeaR
50 92.9 ± 13.1 2.5 1.3 8.1
35 85.6 ± 1.0 2.0 3.2 10.3
5 66.9 ± 11.2 5.5 1.5 21.1

2.1.5. Method Precision

The precision of the LC-QqQ-MS/MS method describes the random error of the
analytical method and is measured at three levels (repeatability or instrument precision,
intra- and interday precision) using three concentration levels (high, medium and low).
Overall, for repeatability and intraday precision, the relative standard deviation (RSD)
values of peak areas were lower than 16% and 17%, respectively. Interday precision of peak
area ratios showed RSD values lower than 25% (Table 3).

2.2. P. pinaster Early Hormonal Defence Responses to PWN Infection
2.2.1. Pine Wilt Disease Progression in PWN-Inoculated P. pinaster Plants

To assure homogeneity of the 2-year-old P. pinaster plants, height and basal stem
diameter were measured before inoculation. Plant height averaged 46.6 ± 7.5 cm and
diameter averaged 4.7 ± 1.0 cm. After inoculation with the PWN, external symptoms of
PWD progression were assessed weekly according to a five-level symptomology score
level from 0 (no external symptoms) to 4 (all needles turned brown and wilted) (Figure 1).
This symptomology score was used to distinguish between resistant and susceptible plants,
harvested 24, 48 and 72 h after inoculation (HAI) to study early the role of phytohormones
in defence responses. The first PWD external symptoms were observed 14 days after
inoculation (DAI), when needles of symptomatic-inoculated plants started to fade to a
greyish colour (needle discolouration). PWD symptoms progressed rapidly during the
following days as needles wilted and turned to a yellowish and brown colour. At 35 DAI,
60% of the plants were scored a level 4, i.e., showed more than 75% of needles being
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desiccated and brown. A 15% survival was determined and plants showing no external
symptoms were considered resistant to PWN infection. Results from the logistic regression
model showed that the effects of plant height and plant diameter on plant survival were
not statistically significant (failed to reject the null hypothesis, p > 0.05).
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Figure 1. Weekly pine wilt disease (PWD) progression in Pinus pinaster half-sib plants after inoc-
ulation with the pinewood nematode (PWN) Bursaphelenchus xylophilus, according to a five-level
symptomology score based on the % of needles being yellow or brown; namely, 0 (0%), 1 (1–25%),
2 (26–50%), 3 (51–75%), and 4 (76–100%).

2.2.2. Quantification of Phytohormones in P. pinaster Plants in Response to PWN Infection

The validated LC-QqQ-MS/MS method was applied to study changes in the absolute
levels of phytohormones in stem tissues of 2-year-old P. pinaster plants, with contrasting
responses to PWN infection. Five phytohormones were quantified in stem tissues of
P. pinaster, namely ABA, GA, JA-ME, SA, and ZeaR, 24, 48 and 72 h after inoculation (HAI)
(Figure 2, Table A1). ABA significantly decreased in resistant inoculated plants at 48 HAI,
when compared to susceptible plants (Figure 2A). JA-ME showed a significant increase
in susceptible plants at 72 HAI, when compared to all other treatments (non-inoculated,
mock-inoculated and resistant-inoculated plants) (Figure 2C). SA showed a significant
increase in susceptible plants at 48 HAI, when compared to the remaining treatments,
and also a significant increase at 72 HAI, in relation to resistant plants (Figure 2D). GA
and ZeaR showed no significant variation in inoculated P. pinaster stem tissues, among
treatments for all time points (Figure 2B,E). The remaining nine phytohormones (BA, GA9,
IAA, IAA-ME, IBA, IBA-ME, JA, iP, Zea) were detected in levels below the LOQ, and
therefore were not quantified.
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tion (LLE) protocol, using 2-propanol: H2O:HCl (2:1:0.002, v/v/v) and dichloromethane for 
the simultaneous quantification of multiple classes of phytohormones in Arabidopsis leaf 
extracts. However, when applied to the extraction of phytohormones from forest tree tis-
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Figure 2. Quantification of phytohormones in stem tissues of 2-year-old Pinus pinaster half-sib plants (ng/g), 24, 48 and 72 h
after inoculation (HAI) with the pinewood nematode (PWN) Bursaphelenchus xylophilus; namely, (A) abscisic acid (ABA),
(B) Gibberellic acid (GA), (C) jasmonic acid methyl ester (JA-ME), (D) salicylic acid (SA), (E) trans-zeatin riboside (ZeaR).
Plant treatments include healthy non-inoculated (H), mock-inoculated/wounded (W), PWN-inoculated resistant (IN_R)
and PWN-inoculated susceptible (IN_S). Each bar represents the mean ± SE (error bar) of five independent biological
replicates. Different letters above error bar indicate significant differences calculated using Tukey HSD test for multiple
comparisons (p < 0.05). Absolute levels for all phytohormones can be found in Table A1.

3. Discussion
3.1. LC-QqQ-MS/MS Analytical Method Validation

Due to their low abundance and highly diverse chemical structures, phytohormones
are challenging metabolites to quantify and extraction protocols can involve several pu-
rification steps. To overcome this challenge, this work describes the development and
validation an LC-QqQ-MS/MS method to quantify 14 target phytohormones in the com-
plex matrix of P. pinaster stem tissues. Tissues of tree species are complex matrices known
to contain interferents such as resin acids, oleoresins, terpenoids, celluloses, and lipids
that can contribute to matrix effects during the quantification of phytohormones [38]. In
addition, reports of analytical methods for quantification of phytohormones that are vali-
dated for forest tree tissues are scarce and technical difficulties have been reported in the
literature when applying analytical methods originally developed and validated for other
plant species. Pan et al. [41] described for the first time a relatively simple liquid–liquid ex-
traction (LLE) protocol, using 2-propanol: H2O:HCl (2:1:0.002, v/v/v) and dichloromethane
for the simultaneous quantification of multiple classes of phytohormones in Arabidopsis
leaf extracts. However, when applied to the extraction of phytohormones from forest tree
tissues some constraints have been reported; namely, no phase separation could be ob-
served after centrifuging, leading to the need for additional clean-up steps (e.g., solid phase
extraction, SPE) [38]. To avoid this time-consuming step, in this work, phytohormones
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were extracted using methanol: H2O (7:3, v/v) without further purification steps, adapted
from an extraction protocol previously described by Cao et al. [32] for barley roots matrix.

Methanol has gradually become the preferred organic solvent for extraction of phyto-
hormones due to its low molecular weight and small size, thus being able to penetrate easily
into plant cells during extraction [29]. A previous study showed that, when compared to
non-polar organic solvents, methanol and water mixtures provided higher phytohormone
extraction efficiency using dry and fresh plant material. Furthermore, the comparison of
several different ratios of methanol: H2O showed that a 7:3 (v/v) ratio proved the most
efficient for extraction of multiple phytohormones, leading to a lower chlorophyll content
in the final extract and without needing further purification steps [35].

Among the methods available for quantification of phytohormones, MS technology is
the most powerful due to its high sensitivity and selectivity. Gas chromatography (GC)
and LC have been used for quantification of phytohormones since the early 1970s [29]. The
analysis of phytohormones using GC-MS requires sample derivatisation prior to analysis in
order to enhance volatility and improve the thermal stability of the compounds [29,30,34].
However, derivatisation involves several steps during sample preparation, which can com-
promise yields and also makes the analysis of phytohormones by GC-MS time consuming.
Additionally, not all compounds can be volatilised, and high temperatures from the GC
injector and columns can degrade thermally labile compounds. To address these issues,
LC-MS/MS has emerged as the method of choice for quantification of phytohormones,
in particular, use of the LC-QqQ-MS system [34,41–44]. Tracking a specific precursor-to-
product ion transition for each phytohormone, the SRM technique minimises noise, and
maximises sensitivity and selectivity.

In this study, acetic acid was used as the weak acid modifier. Acetic acid was reported
to enhance the negative-ion ESI response of phenolic compounds at low concentrations [45],
and also produces overall favourable responses for positive ion-producing compounds [46].
Acetic acid has been widely used as a mobile phase additive in LC-MS/MS methods for
the quantification of multiple phytohormones [37,43,47,48].

The total run time of 6.6 min is a major advantage of this analytical method. Most
available analytical methods for the quantification of phytohormones in plant matrices,
including forest tree tissues, rely on longer run times (around 17–25 min) [35–38,44,49].
Forest tree research is usually performed on a large scale, mostly due to the genetic
variability between and within species, and for that reason can benefit greatly from a
shorter LC-MS analysis time.

In the plant sciences, due to the lack of a blank matrix (i.e., a matrix containing none
of the analytes under study) or certified reference materials (CRMs), several adjustments
have to be performed in some key steps of the analytical method validation, such as
measuring analytical recoveries of spiked metabolites as a measure of accuracy [50]. In
this case, the recovery of the method is determined by comparing the response of analytes
spiked into a biological sample prior to the sample extraction with the response of the
same metabolites spiked after extraction. When preparing calibration standards in plant
matrix, in this study, the correction of the endogenous amounts of phytohormones detected
in pooled plant matrix were also taken into account for the method validation using
the background subtraction approach [49]. Background subtraction is widely used in
bioanalytical method validation in the absence of a blank matrix because it (i) allows to
use the same biological matrix as in the samples under study, (ii) does not depend on the
availability of the significant amounts of matrix needed for performing standard additions,
and (iii) does not require large amounts of expensive labelled standards as surrogate
analytes. Other methods include using a surrogate matrix, or surrogate analyte or a
standard addition method [39]. Although not directly affecting the slope of the calibration
curve, the presence of the endogenous analyte in the biological matrix may be responsible
for a larger intercept value [36] and is often ignored in most method validation studies for
the analysis of phytohormones.
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Strong matrix effects have been reported for several phytohormones in tree matri-
ces; namely, ion suppression for GA7, SA and ABA (–43, –22 and –19%, respectively)
and ion enhancement for GA4, JA, BA, Zea (+25%) and ZeaR (an enhancement of 4-
fold) [38]. In the study by Trapp et al. [35] the evaluation of matrix effects revealed that
Arabidopsis‘thaliana (L.) Heynh. and Citrus sinensis (L.) Osbeck matrices (leaves) influenced
phytohormone responses very differently; namely, for IAA (–31 and –16%), JA (+7 and
+147%), JA-Isoleucine (–25 and +86%), SA (+46 and –4%), and the jasmonate precursor
12-oxo-phytodienoic acid (OPDA, –87 and –32%), respectively. The comparison of differ-
ent matrix effect studies showed that the effects of the biological matrix on quantitative
methods strongly depends on both analyte and matrix composition. In tissues of tree
species (e.g., stems) the presence of resin acids, oleoresins, terpenoids, celluloses, and lipids
can contribute to strong matrix effects [38]. Thus, and particularly when the matrix has
influence in the response of the target analyte(s), the most reliable way to evaluate matrix
effects on quantitative results is by using calibration curves fully developed in the presence
of the matrix [35].

LOD and LOQ values were of comparable order of magnitude to results from other
phytohormone method validation studies [32,35]. Similar RSD values have been re-
ported [35,37,38,44], and also tend to increase for low-level concentrations (closer to LOQ).
The lowest analytical recovery was obtained for IAA, at the lowest concentration. This
might be explained due to the labile nature of IAA, as it is reported to be unstable under
certain conditions; namely, heat, light, the presence of salts and even dark conditions [51].
This emphasises the importance of performing analytical recovery studies over the full
range of concentrations of the calibration standards as well as performing the whole ex-
traction protocol under optimal conditions (e.g., dark and 4 ◦C). Results for the analytical
recoveries demonstrate that the targeted low-abundance phytohormones can be success-
fully recovered from the matrix, and be accurately quantified in P. pinaster stem tissues
following LC-QqQ-MS/MS analysis.

3.2. P. pinaster Early Hormonal Defence Responses to PWN Infection

PWN infection led to a significant increase in SA (48 and 72 HAI) and JA-ME (72 HAI)
concentration in susceptible P. pinaster plants, in relation to the resistant phenotype. To date,
only transcriptomic approaches have estimated the hormonal defence response of resistant
and susceptible phenotypes of Pinus spp. after PWN infection. Transcriptomic profiling
in PWN infected Pinus massoniana Lamb. revealed a smaller number of differentially
expressed genes in the resistant phenotype, when compared to the susceptible plants [18].
In addition, transcriptional differences between resistant and susceptible Pinus thunbergii
Parl., revealed that gene expression of pathogenesis-related (PR) proteins were induced
more rapidly (24 HAI), and with a higher magnitude, in susceptible trees, whereas this
induction occurred more slowly and weakly in resistant trees [52]. SA accumulation has
a key role in HR [53], which in PWN infection includes rapid cell death (parenquima),
production of toxins, and leakage of oleoresin into the tracheids [54]. The observed SA
accumulation in this study is in agreement with previous studies on P. thunbergii, suggesting
that after PWN invasion, a series of HRs are rapidly triggered in susceptible trees, and
ultimately lead to tree death. In contrast, a moderate HR together with the upregulation of
PR genes and cell wall-related genes to restrict PWN migration could be a more effective
defence against PWN infection [52].

In the regulation of the plant defence responses, most PR proteins are induced through
the action of the signalling metabolites SA, JA or ET [55]. SA is generally involved in
the activation of defence responses against biotrophic and hemi-biotrophic pathogens,
whereas JA and ET are responsible for defence responses against necrotrophic pathogens
and herbivorous insects. However, the PWN feeds from multiple sites and is considered a
migratory endoparasitic nematode. These nematodes use the live tree tissues for feeding
and multiplying (propagative cycle), and once the host is killed, nematodes feed on the
fungi colonising dead or dying trees (dispersal cycle) [56]. Moreover, previous studies have
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also shown that during the propagative cycle, PWN infection can induce the production of
reactive oxygen species (e.g., peroxide oxide) in pine hosts, which leads to the accumulation
of SA [57].

The JA and ET signalling pathways operate synergistically in the regulation of defence
related genes, whereas an antagonist crosstalk is often observed between SA and JA/ET
signalling pathways [27]. Even though JA could not be quantified (i.e., below LOQ), the
significant increase in its conjugated form JA-ME (72 HAI) and in SA (48 and 72 HAI) in
susceptible plants indicates that the accumulation of these defence phytohormones did not
lead to a higher tolerance of P. pinaster to PWN infection. Moreover, the significant increase
only in SA at 48 HAI in susceptible plants, when compared to resistant and control plants,
can suggest an antagonist crosstalk between SA and JA-ME. Similarly, a negative crosstalk
between SA and JA-ME has been reported in other plant defence responses [58].

In this study, a lower ABA concentration was observed in resistant P. pinaster plants
at 48 HAI than in susceptible plants. ABA is known to stimulate short-term responses
like closure of stomata, resulting in maintenance of water balance or protection against
invading leaf pathogens [59]. In addition, the positive or negative regulatory role of ABA
on plant defence depends on the plant–pathogen interaction [60]. Furthermore, ABA is
suggested to undergo crosstalk with other signalling pathways; namely, SA-, ET- and
sugar-mediated signalling pathways. The downregulation of the ABA pathway has been
linked to increased infection tolerance, although changes are much smaller when compared
to those of SA or JA [61]. Similarly, the observed ABA decrease in resistant plants shortly
after PWN infection could be a coping mechanism to regulate plant defence responses,
thereby contributing to P. pinaster tolerance to PWN infection.

4. Materials and Methods
4.1. Chemicals and Reagents

Water and solvents used for extraction and chromatography and mobile phase additive
acetic acid were all HPLC grade and purchased from Fisher Scientific (Loughborough,
UK). Phytohormone standards (PH) and stable isotope-labelled internal standards (IS)
were purchased from a range of suppliers (Supplementary Table S1). Authentic standard
compounds included ABA, BA, GA, GA9, IAA, IAA-ME, IBA, IBA-ME, JA, JA-ME, iP, SA,
Zea, and ZeaR. IS included: d6-ABA, d5-BA, d2-GA9, d5-IAA, d5-IAA-ME, d4-SA, and
d5-Zea. Non-labelled internal standards included (±)-9,10-dihydrojasmonic acid (DHJA),
and (±)-9,10-dihydrojasmonic acid methyl ester (DHJA-ME).

4.2. Plant Material

Pinus pinaster seeds were obtained from a top genetically ranked plus tree for PWD
resistance (family 152) belonging to a breeding population, and ranked on the 1st EBLUP
position out of 96. The mass selection program was performed at “Herdade da Comporta”
(38◦21′28.52′′N; 8◦45′49.89′′W) in southern Portugal [9,62]. For cold-wet stratification,
seeds were placed on a double layer of filter paper soaked in sterile distilled water, in Petri
dishes sealed with Parafilm®, and kept in the dark for 3 weeks at 4 ◦C. Stratified seeds were
germinated in forestry trays (Cetap 54-universal), in greenhouse conditions, at the Instituto
Nacional de Investigação Agrária e Veterinária (INIAV, Oeiras, Portugal). P. pinaster half-
sib plants were grown under natural daylight, and the greenhouse was equipped with a
cooling system (for a maximum and minimum temperature of 28 and 15 ◦C, respectively,
and average humidity 65%), and an automatic sprinkler irrigation system set for 5 min
for 48 h during the winter, and 3 min for 24 h during the summer. When P. pinaster
plants reached 1-year-old, 24 plants were harvested to perform the optimisation of the
extraction protocol and LC-QqQ-MS/MS analytical method validation. The remaining
plants continued to grow for a further year for the PWN inoculation experiment and
quantification of phytohormones in response to PWN infection.
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4.3. LC-QqQ-MS/MS Analytical Method Validation
4.3.1. Standard Stock Solutions and Quality Controls

PH and IS stock solutions were individually prepared in methanol at a concentration
of 1.0 mg/mL and 50 µg/mL, respectively, and stored for no longer than 3 months at –20 ◦C
prior to use. Quality control samples (QCs) consisting of a mixture of all PHs were prepared
in methanol: H2O (70:30, v/v) at three concentration levels (low, medium, and high) along
the whole linearity range defined by the calibration curves. The high-level QC solution
contained 5000 ng/mL of BA, JA; 1500 ng/mL of ABA, IAA, IAA-ME, IBA, IBA-ME, GA,
GA9, JA-ME; and 50 ng/mL of iP, SA, Zea, ZeaR. Medium level QC solutions contained
2000 ng/mL of BA, JA; 500 ng/mL of ABA, IAA, IAA-ME, IBA, IBA-ME, GA, GA9, JA-ME;
and 35 ng/mL of iP, SA, Zea, ZeaR. Low level QC solutions contained 500 ng/mL BA, JA;
100 ng/mL of GA, GA9, JA-ME; 50 ng/mL of ABA, IAA, IAA-ME, IBA, IBA-ME; 5 ng/mL
of iP, SA, Zea and ZeaR. These QC solutions were used in method precision and analytical
recovery determinations.

4.3.2. Extraction of Phytohormones

The extraction of phytohormones was optimised using a protocol adapted from
Cao et al. [32]. Briefly, 50 mg (FW) of finely homogenised frozen stem tissues from 1-year-
old P. pinaster half-sib plants (pool of 24 independent plants) were weighed into 2.0 mL
safe-lock microfuge tubes, and kept in liquid nitrogen to avoid thawing. To each tube,
1.5 mL of ice-cold methanol: H2O (70:30, v/v), including a fixed amount of IS (2000 ng/mL
of d5-BA and DHJA, 500 ng/mL of d6-ABA, d5-IAA, d5-IAA-ME, d2-GA9 and DHJA-ME,
and 35 ng/mL of d5-Zea and d4-SA) were added and briefly vortex-mixed. The mixture
was incubated on a shaker for 30 min (in the dark), at 500 rpm and 4 ◦C, followed by
centrifuging at 14,000 g for 5 min, at 4 ◦C. The supernatant (~1.4 mL) was transferred to a
new tube and evaporated to dryness in a vacuum concentrator (GeneVac EZ-2, UK) using
the low boiling point method, for 3 h. Samples were reconstituted in 50 µL of methanol:
H2O (70:30, v/v), briefly sonicated, vortexed, and centrifuged at 14,000× g, for 5 min and
at 4 ◦C, and subsequently analysed and quantified by LC-QqQ-MS/MS.

4.3.3. LC-QqQ-MS/MS Instrument Setup

LC analyses were carried out on a Dionex Ultimate 3000™ HPLC system (Dionex
Softron, Germany). LC separations were performed on an XSelect CSH C18 HPLC column
(130 Å, 3.5 µm, 2.1 × 100 mm; Waters Corporation, Milford, MA, USA) maintained at
40 ◦C. The column flow rate was set at 0.5 mL/min, and the injection volume was 4 µL.
The LC mobile phase consisted of (A) water containing 0.1% acetic acid and (B) acetoni-
trile containing 0.1% acetic acid. The optimal LC elution profile was 0–1.22 min 10% B;
1.22–4.64 min, 10–100% B; 4.64–5.6 min 100% B; 5.6–5.62 min 100–10% B; 5.62–6.6 min 10%
B, allowing the column to equilibrate for 0.98 min. MS/MS experiments were performed
on a TSQ Endura™ QqQ-MS/MS (Thermo Scientific, San Jose, CA, USA) equipped with
an electrospray ionisation (ESI) source, operating in either negative or positive ionisation
mode, according to the ionisation efficiency determined for each analyte. Measurements
were carried out using the following ionisation parameters: source voltage for positive and
negative analyses: 3500 and 2500 V, respectively; sheath gas: 50 (arbitrary units); auxiliary
gas: 15 (arbitrary units); sweep gas 2 (arbitrary units); ion transfer tube temperature: 350 ◦C;
vaporiser temperature: 400 ◦C, cycle time: 0.5 s; CID gas: 1.5 mTorr. SRM parameters for
each target analyte were optimised using the Thermo Scientific Automated Compound
Optimisation (Thermo Xcalibur software version 4.0.27.10, Thermo Scientific, San Jose,
CA, USA) by directly infusing into the mass spectrometer individual standard solutions
of each compound (40 µg/mL) prepared in methanol at a flow rate of 0.1 mL/min. Full-
scan data acquisition was performed using the first mass analyser (Q1) by scanning from
m/z 50 to 1000. All data were collected and processed using Thermo Xcalibur software
version 4.0.27.10 QualBrowser and QuanBrowser (using Genesis peak detection algorithm)
software (Thermo Scientific, San Jose, CA, USA).
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4.3.4. Calibration Curves and Linearity

Calibration standards were prepared both in solvent (methanol: H2O, 70:30, v/v)
and in extract of the pooled 1-year-old P. pinaster matrix, using three different mixed stan-
dard solutions: standard solution A containing BA and JA at 50, 100, 500, 2000, 3500 and
5000 ng/mL; standard solution B containing ABA at 5, 50, 100, 500, 1000, 1500 ng/mL,
GA at 100, 250, 500, 1000, 1500 ng/mL and IAA, IAA-ME, IBA, IBA-ME, GA9, JA-ME at
50, 100, 500, 1000, and 1500 ng/mL; standard solution C containing iP, SA, Zea, ZeaR at
0.1, 1, 5, 20, 35, 50 ng/mL (the last concentration only for iP, Zea and ZeaR). All standard
solutions contained a fixed amount of IS, namely 2000 ng/mL of d5-BA and DHJA for
standard solution A, 500 ng/mL of d6-ABA, d5-IAA, d5-IAA-ME, d2-GA9 and DHJA-ME
for standard solution B and 35 ng/mL of d5-Zea and d4-SA for standard solution C. To
establish the calibration range for each phytohormone, endogenous phytohormone levels
were estimated by comparing peak areas of endogenous levels with peak areas of known
amounts of the corresponding IS spiked into the pooled P. pinaster matrix. Five-point
standard curves were then established, with each point corresponding to a mean value of
at least three independent measurements. Due to the lack of a blank matrix, for calibration
standards prepared in pooled plant matrix, correction for endogenous levels of detected
phytohormones was performed using a background subtraction approach, i.e., the endoge-
nous phytohormone peak areas were subtracted from the total peak area obtained after
the standard was spiked into the pooled plant matrix [54]. Both determination coefficients
(R2) and residual plots were used to evaluate the linearity and homoscedasticity of the
calibration for each phytohormone. The quantification of phytohormones in P. pinaster
stem tissues was determined from the measured peak area ratios of endogenous phytohor-
mones to the corresponding IS, using the established standard calibration curves prepared
in matrix.

4.3.5. Matrix Effects

Matrix effects (ME) were quantitatively evaluated by comparing the signal response of
a target analyte in the absence of matrix (standard solution) with the signal response of the
analyte spiked at the same concentration into the 1-year-old P. pinaster matrix extract [63].
The percent ME (%) was calculated as in Equation (1):

ME (%) =

(
slope o f calibration curve in matrix
slope o f calibration curve in solvent

− 1
)
× 100 (1)

where ME = 0% indicates no matrix effect, negative values indicate ion suppression, and
positive values indicate signal enhancement. For this purpose, the slopes of the calibration
curves were used.

4.3.6. LOD and LOQ

LOD and LOQ were determined using Thermo Xcalibur version 4.0.27.10 Quan-
Browser (Thermo Scientific, San Jose, CA, USA) and the built-in Genesis peak detection
algorithm. The LOD and LOQ were estimated from the lowest concentration from serial
dilutions of authentic standards in solvent, and in the 1-year-old P. pinaster matrix extract,
that gave a signal-to-noise (S/N) ratio, of 3 and 10, respectively. S/N calculations were
based on the ratio of the peak height to the noise in the baseline.

4.3.7. Analytical Recoveries

Due to the lack of a blank matrix or CRMs, analytical recoveries are evaluated as a measure
of the accuracy of the method [50]. Analytical recoveries were determined using QC samples at
three concentration levels (low, medium and high), by comparing the amount recovered of each
phytohormone spiked into the extraction solvent (methanol: H2O, 70:30, v/v) containing pooled



Metabolites 2021, 11, 227 14 of 19

1-year-old P. pinaster matrix at the beginning of the extraction, with the amount recovered of
each phytohormone spiked after extraction [35,39,50] as in Equation (2):

Recovery (%) =

(
analyte peak area spiked at the beginning o f extraction

analyte peak area spiked a f ter extraction

)
× 100 (2)

Thus, the analytical recovery is expressed in terms of a percentage of each recovered
phytohormone spiked into the extract of the P. pinaster matrix.

4.3.8. Method Precision

The precision of the method was measured at three levels; namely, repeatability (or
instrument precision), intra- and interday precision [39,50,64], using QC samples at three
different concentration levels (high, medium and low). Instrument precision was assessed
from six consecutive injections of the same QC sample, and expressed as the relative
standard deviation (RSD, %) of peak areas for each compound. Intraday precision was
determined by injecting the same QC sample three times within a single day, and expressed
as the RSD of analyte to IS peak area ratio. Interday precision was determined over three
different days (1st, 2nd and 5th day), and expressed as the RSD of analyte to IS peak
area ratio.

4.4. Experimental Design, PWN Inoculation and Sampling Procedure

Bursaphelenchus xylophilus isolate, Bx013.003 (GenBank database (NCBI) accession num-
ber MF611984.1) was obtained from the INIAV’s Nematology Laboratory, Oeiras, Portugal.

The experimental design layout consisted of a completely randomised design, with
two factors: inoculation and time after inoculation. Inoculation had four levels (i.e., non-
inoculated, mock-inoculated (i.e., wounded), susceptible, and resistant PWN-inoculated
2-year-old P. pinaster half-sib plants), and time after inoculation had three levels (24, 48 and
72 HAI). For a total of 324 plants, height and basal stem diameter of each plant were mea-
sured before inoculation, using a marked scale and a digital caliper (Mitutoyo CD-15DCX,
Mitutoyo Corp., Kawasaki, Japan).

For the inoculation process, needles were manually removed from an area of ca. 5 cm
in the upper part of the stem of each plant, and superficial longitudinal incisions were
performed with a sterile razor blade. A sterilised piece of cotton was placed and fixed with
Parafilm®, and a suspension with an estimated number of 500 PWNs (at various stages
of development) was applied with a micropipette. The cotton was gently covered with
Parafilm® to prevent the inoculum from drying. A mock inoculation was performed by
replacing the PWN suspension with sterile water. A portion of the stem (ca. 5 cm) above
the inoculation area was collected 24, 48 and 72 HAI, as well as the corresponding stem
portion in non-inoculated plants. Samples were immediately placed in liquid nitrogen
(shock freezing) and stored at –80 ◦C until processing. The remaining part of the P. pinaster
plants were maintained for 42 DAI for PWD symptoms observation and classification (i.e.,
susceptible or resistant plants). External symptoms were assessed weekly 14, 21, 28, 35 and
42 DAI on inoculated plants, in a symptomology score established according to percentage
of discoloured and wilted needles in susceptible inoculated plants; namely, 1 (1–25%),
2 (26–50%), 3 (51–75%), and 4 (76–100%). According to the obtained plant classification,
five biological replicates for each treatment were randomly selected per time point.

In this study, resistance to PWN infection was considered when inoculated plants showed
no PWD external symptoms (0%), whereas the symptomatic plants were considered suscepti-
ble to PWN infection. As the definition of resistant and tolerant plants cannot be differentiated
based solely on external symptoms, plants considered as resistant in this study include their
ability to defend or withstand the pathogenic attack, as in Carrasquinho et al. [9].

During the course of the experiment, the average day/night air temperature and
relative humidity was 25/20 ◦C and 61/71%, respectively.
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4.5. Extraction and Quantification of Phytohormones in PWN-Inoculated P. pinaster

Extraction of phytohormones was performed as described in Section 4.3.2. Each tube
contained 50 mg (FW) of finely homogenised 2-year-old P. pinaster stem powder in 1.5 mL of
ice-cold methanol: H2O (70:30, v/v), including a fixed amount of IS (5000 ng/mL of d5-IAA
and DHJA-ME and 200 ng/mL of d6-ABA, d5-BA, d2-GA9, d5-IAA-ME, DHJA, d5-Zea, and
d4-SA). Phytohormones were analysed and quantified using the LC-QqQ-MS/MS method
described in Section 4.3.3. Calibration ranges for calibration curves were chosen based on
the estimated concentration of phytohormones in 2-year-old P. pinaster stem samples from
the inoculation experiment; namely, 20, 100, 500, 2500, 5000, 10,000 ng/mL for GA; 10, 50,
250, 1250, 2500, and 5000 ng/mL for SA; 1, 5, 25, 125, 250, 500 ng/mL for ABA; 0.1, 0.5, 2.5,
12.5, 25, 50 ng/mL for ZeaR (Supplementary Table S2).

4.6. Statistical Analyses

Statistical analyses were performed in R and R Studio (Boston, MA, USA) soft-
ware [65,66]. R Packages used to perform statistical analysis include “agricolae” [67],
and “gplots” [68].

To analyse plant survival, a logistic regression, i.e., a generalised linear model (glm)
with logit link function and binomial error distribution, was fitted. The model considered
the effects of plant height and plant diameter as predictors in the survival outcome. Binned
residual plot was used to confirm the fit of the regression model.

For phytohormone analyses, one-way ANOVA at a 95% confidence level was used to
assess differences between treatments per time point, and multiple comparison analysis
was performed using Tukey’s HSD test. The wound effect was assessed by comparing
mock-inoculated with non-inoculated controls. PWN infection responses were evaluated
by comparing PWN inoculated with mock-inoculated plants.

5. Conclusions

This work reports the development and validation of an LC-QqQ-MS/MS method
for the targeted analysis of 14 phytohormones from six major classes; namely, ABA, AXs,
CKs, GAs, JAs and SA, using the highly selective SRM mode. The current methodology
offers advantages over existing methods for forest tree tissues, namely shorter analysis time
(6.6 min) and simpler sample preparation. The cold extraction protocol using methanol:
H2O (70:30, v/v) is simple, fast, without the need for a pre-LC purification step, and
can be used to avoid the technical difficulties previously found when performing LLE of
phytohormones from tree tissues. This analytical method was further applied to quantify
these metabolites in 2-year-old P. pinaster stem tissues, after inoculation with the PWN.
The results showed an increase in SA and JA-ME in susceptible-inoculated plants but not
in resistant plants, thus supporting the hypothesis of an inefficient activation of a hyper-
sensitive response (HR) that leads to tree death, whereas resistant plants showed a more
moderate HR. The simple and fast methodology for the quantification of phytohormones
presented in this work greatly facilitates large-scale studies and can be further used as
a tool for phytohormone-assisted selection of progeny in nurseries and phenotyping or
breeding programs.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/metabo11040227/s1, Table S1: Phytohormones (PH) and stable isotope-labelled internal
standards (IS) used in this work, Figure S1: Selected reaction monitoring (SRM) chromatograms
obtained using ESI+ and ESI− for the LC-QqQ-MS/MS separation of 14 target phytohormones
(1 µg/mL), Figures S2 and S3: Residual plots for evaluating the homoscedasticity and goodness of
fit of the calibration curves prepared in solvent and in 1-year-old P. pinaster stem matrix, Table S2:
Concentration range and calibration curves used for phytohormone quantification in 2-year-old
P. pinaster stem tissues after pinewood nematode (PWN) inoculation.
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Appendix A

Table A1. Phytohormones (PH) quantification in stem tissues of 2-year-old Pinus pinaster half-sib plants (ng/g), 24, 48
and 72 h after inoculation (HAI) with the pinewood nematode (PWN) Bursaphelenchus xylophilus. Plant treatments include
healthy non-inoculated (H), mock-inoculated/wounded (W), PWN-inoculated resistant (IN_R) and PWN-inoculated
susceptible (IN_S). Data are presented as means ± SE of five independent biological replicates. Different letters indicate
significant differences calculated using Tukey HSD test for multiple comparisons (p < 0.05).

PH Treatment ABA GA JA-ME SA ZeaR

24 HAI

H 162.9 ± 16.3 a 45.8 ± 7.4 a 615.7 ± 63.8 a 573.9 ± 125.5 a 0.153 ± 0.046 a
W 198.4 ± 47.9 a 34.1 ± 1.0 a 577.3 ± 15.5 a 552.2 ± 151.0 a 0.086 ± 0.030 a
IN_R 179.4 ± 73.3 a 34.1 ± 9.1 a 526.3 ± 106.6 a 526.3 ± 185.5 a 0.206 ± 0.043 a
IN_S 159.1 ± 30.3 a 35.2 ± 8.4 a 703.8 ± 100.6 a 424.9 ± 96.2 a 0.120 ± 0.023 a

48 HAI

H 190.2 ± 40.7 ab 47.0 ± 6.7 a 578.0 ± 92.0 a 506.2 ± 138.6 b 0.144 ± 0.030 a
W 207.1 ± 47.9 ab 42.0 ± 10.4 a 614.9 ± 86.3 a 421.0 ± 109.2 b 0.044 ± 0.008 a
IN_R 113.9 ± 9.8 b 47.5 ± 12.6 a 455.7 ± 15.1 a 496.3 ± 210.5 b 0.109 ± 0.030 a
IN_S 254.6 ± 25.2 a 47.7 ± 12.5 a 846.6 ± 91.7 a 1888.9 ± 657.9 a 0.136 ± 0.024 a

72 HAI

H 408.8 ± 164.7 a 48.8 ± 11.6 a 490.1 ± 68.6 b 681.9 ± 182.7 ab 0.100 ± 0.034 a
W 134.0 ± 25.6 a 45.7 ± 9.5 a 561.5 ± 91.7 b 609.4 ± 155.9 ab 0.102 ± 0.019 a
IN_R 209.3 ± 51.5 a 55.0 ± 16.4 a 655.1 ± 65.2 b 512.3 ± 246.6 b 0.167 ± 0.052 a
IN_S 273.2 ± 39.7 a 36.6 ± 9.6 a 1131.5 ± 144.4 a 1583.4 ± 346.4 a 0.091 ± 0.019 a
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