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ABSTRACT  

The production of renewable resources in forest plantations is one of 

Chile's most important industrial activities since it serves as the basis for 

essential primary industries such as wood, boards, pulp and chips. 

Consistent with the global trend, our country’s most extensive 

commercial plantations are monoculture forests, with Pinus radiata as the 

predominant planted species. Plantations of the species account for more than 

fifty per cent of the commercial plantations registered by 2021.  

Productivity and long-term viability of the forest economic sector in 

Chile, based on P. radiata plantations, are constantly threatened by droughts, 

fires, and disease outbreaks caused by exotic pests. Among these harmful pests, 

the insect Sirex noctilio (S. noctilio) may cause significant economic losses 

because it can kill trees quickly after just one infestation. 

The primary focus of scientific research regarding S. noctilio has been its 

symbiotic relationship with the fungus Amylostereum areolatum and the 

composition and physiological effects of the venom injected during oviposition. 

However, no studies have been published describing the biochemical processes 

triggered in the plant during infection. 

It is so far unknown the resistance and tolerance traits induced in Pinus 

radiata metabolome after S. noctilio infestation. Therefore, in the present thesis, 



 

xx 

 

we report the usefulness of LC-MS-based untargeted metabolomics for 

uncovering the systemic metabolome changes in needles (leaves) and wood of 

14-year-old P. radiata trees in response to initial and long-term S. noctilio 

infestation. Needles suffered severe consequences from the chlorosis degrading 

photosystems after infestation. Photoprotection was immediately induced via 

up-regulation of catechin and procyanidin B1. Also, proline serves as an 

alternative substrate for respiration. In addition, extraordinary oxidative stress 

was also registered by an acute decrease in ascorbate levels (90-fold). 

Detoxification of venom toxin (noctilisin) via conjugation with glutathione 

(dropped by 17-fold) was hypothesized preceding the inevitable premature 

senescence observed within infested trees. Nonetheless, significant 

overexpression of auxins was detected, suggesting the activation of a tolerance 

mechanism. Finally, we evidenced that metabolomics accurately revealed the 

biochemical response of trees to the woodwasp infestation, indicating, in 

addition, the upstream molecular functions involved in the biochemical 

processes, as well as potentially new research and breeding targets. 
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1. CHAPTER N°1 

 

“A Novel Metabolomics Approach as Integrative Strategy for 

Understanding Changes in Pinus Radiata D.Don Metabolome in Response 

to Infestation by Sirex Noctilio” 
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1. INTRODUCTION 

1.1  Conifers Forest in the world 

Conifers are considered living fossils. Their forests have proliferated for 

more than 200 million years, with a natural lifespan of several hundred years in 

some species (Hao et al., 2015a). The lineage and longevity of conifers have 

been usually attributed to their ability to resist biotic stresses caused by 

pathogens, insects, and herbivorous, depending on plant systemic or localized 

physiological and biochemical responses (Ralph et al., 2006a; Warren et al., 

2015a; Celedon & Bohlmann, 2019a; Whitehill et al., 2019a) as well as their 

ability to resist abiotic stress such as drought, high temperatures, and ultraviolet 

radiation exposure (de Miguel et al., 2016; de Simón et al., 2017; Escandón et 

al., 2018). Conifers also established a long-aged symbiotic relationship with 

fungi forming ectomycorrhizal systems, which extend the surface area for water 

and nutrient uptake. In disturbance cycles, they are the first to spread seed on 

the new soil, taking advance of the most angiosperm (Farjon, 2018). 

The global distribution of conifers occurs in several habitats covering five 

continents (see Figure 1-1). They can resist several altitude ranges, covering 

from the sea level up to 5000 m in the Himalayas, and are predominant in 

climates under suboptimal conditions for plant growth  (Farjon Aljos & Filer 

Denis, 2013). 
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Figure 1-1: The global distribution of all conifer species is represented with black 

dots. The numbers of genera and taxa (species and infraspecific taxa) were calculated per 

10-degree latitude band (From Farjon and Filer 2013). 

 

From an economic point of view, conifers are one of the most important 

forest species, providing about 50% of the annual wood production worldwide 

(Eckenwalder, 2018a). Pinus radiata D. Don is the conifer species most 

extensively planted worldwide, covering around 4.2 million hectares of 

plantations (Mead, 2013a). The largest planted areas of this species are currently 

held by Chile, New Zealand, and Australia, with 1.5, 1.3, and 0.7 million ha, 

respectively (Forestry Corporation, 2016a; Clough et al., 2019a; Gysling Caselli 

et al., 2019). 

1.2  The forest industry in Chile 

According to the most recent report of the Chilean Statistical Yearbook 

of Forestry 2021, despite the global health emergency of Covid-19 and its 
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socioeconomic effects, the forest industry contributed 2.3% to the national gross 

domestic products, and the forestry exportations accounted for USD 4.948 

million FOB. Commercial forest plantations in Chile were 2.321.257 ha, 56% 

corresponding to P. radiata D. Don (Pinaceae) (Soto Aguirre et al., 2021).  

This species was introduced in Chile in 1893, with the first plantation of 

about 10 ha near Concepcion (Mead, 2013). Current P. radiata plantations are 

mainly distributed within three regions, including Biobío (339.254 ha), 

Araucanía (245.783 ha), and Maule (356.544 ha), with 72% of the total planted 

area of the country (Soto Aguirre et al., 2021). The forest industry has provided 

raw materials for several other national initiatives, such as sawing, chipping, 

pulp, boards, and sheets, as well as posts and poles, consuming more than 43 

million m3 of wood in logs per year (Gysling & Bañados, 2017; Soto Aguirre et 

al., 2021). An essential part of that volume, 30 million m3 approx., exclusively 

belongs to P. radiata species (Gysling et al., 2017). Despite the severe 

contraction of the global economy in 2020 and, consequently, national economy 

contraction by 5.8%, the forest sector only decreased by 2.7%. The Chilean 

Forest Industry employed more than 112 thousand people in 2020, with a 

positive social impact performance regardless of pandemic restrictions (Soto 

Aguirre et al., 2021). 
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Despite its permanent growth and importance to the country, forestry 

activity is not exempt from difficulties that negatively affect its development, 

such as fires, droughts, and plagues. Despite a century of research and 

management programs, Sirex noctilio Fabricius (Hymenoptera: Siricidae) 

remains one of the most destructive pests for P. radiata plantations, spreading 

continuously to new geographical areas (Slippers et al., 2015a). 

1.3  Sirex noctilio in Chile 

During the 1980s, S. noctilio was first detected in Argentina, Uruguay, 

and Brazil, driven to programs for its earlier detection in South America. The 

early detection program for S. noctilio was implemented in our country in 1990. 

The surveillance program was done by a joint effort between the Agricultural 

and Livestock Service (SAG) and the leading forestry companies present in the 

country. The strategy focused on funnel lure traps with pine volatiles for S. 

noctilio adult detection, based on the International Standards for Phytosanitary 

Measurements (ISPM) No. 6 (IPPC/FAO, 2016). 

The first record in Chile of S. noctilio detection was reported in February 

2001 in Guardia Vieja, Valparaíso. Such detection was associated with large 

quantities of equipment packed in wood, possibly infested, imported from 

Europe by a hydroelectric power plant near the town. At the same time, the 

possible migrations of immature individuals from Argentina could contribute to 
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the proliferation of the plague in our country (Beèche, 2012). In the same year, 

specimens were found in the provinces of Llanquihue and Osorno (Los Lagos 

region). A year later, woodwasp was also reported in Temuco (Araucanía), 

which led to declaring a mandatory control in Chile of this pest. In 2006, SAG 

implemented a program for the biological control and quarantine zones, 

registering the protocols in Resolution No. 5366/06. These measures aimed to 

decrease the country's pest population and mitigate the negative impact on P. 

radiata plantations and wood exports and products. The strategy was mainly 

based on biological control using the nematode Deladenus siricidicola and the 

parasitoids Megarbyssa nortoni, Rhyssa persuasoria, and Ibalia leucospoides. 

Biological control organisms were released within the high-risk areas 

demarcated by SAG (Figure 2-1) (Sandoval et al., 2018). 
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Figure 2-1: National S. noctilio distribution map delimitated with risk zone in colours 

(From Sandoval et al., 2018) 

The SAG program also included a binational plan in collaboration with 

Argentina to reduce insect population levels in the adjacent high-risk Andean-

Patagonian locations (Beèche, 2012). 
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1.4  Sirex noctilio worldwide spreading  

The spread of Sirex noctilio Fabricius (Hymenoptera: Siricidae, Sirex) 

has occurred repeatedly and from multiple sources. The insect is endemic to 

Eurasia and North Africa. In various regions of the world, such as Australia and 

the United States of America, it is considered an invasive species within the top 

10 most serious forest pests (Wang et al., 2016). It represents a significant threat 

to unaffected Pinus spp. plantation in Africa, Australia, South America, and 

Asia (Slippers et al., 2015a). Adults S. noctilio are powerful fliers, spreading 

around 25-50 km per year in Australia (Haugen et al., 1990), being the only 

woodwasp species known to kill trees, especially in those regions where it has 

been accidentally introduced (Ryan & Hurley, 2012a). Consequently, it has 

colonized all continents where it has been accidentally introduced, except for 

Antarctica (Sun et al., 2020). In contrast, the woodwasp attacks only weakened 

or recently dead trees in endemic geographic areas (Spradbery & Kirk, 1978b). 

Several outbreaks of S. noctilio have also been reported worldwide, but 

the most devastating occurred in New Zealand between 1946 and 1951, causing 

the loss of 120.000 ha of forest (Mead, 2013b). Short-term periods of 

physiological stress in pine trees appear sufficient for attracting S. noctilio. 

Stressors may involve damages caused by wind or felling operations, 

defoliation, herbicides application, fires, cone harvesting, thinning, or droughts, 
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mainly when they take place during the S. noctilio flight season (Madden, 

1988). Even though such significant S. noctilio outbreaks have not occurred for 

decades, the USDA Forest Service estimated a cost between $2.8 and $17 

billion in losses if it became a nationwide established pest in the USA (New 

York Invasive Species Information, 2019a). 

1.5  Sirex noctilio biology and life cycle 

S. noctilio has a cryptic lifestyle and spent most of its life cycle as a larva 

within its host's sapwood. The life cycle starts with a larval stage, usually 

between 1 and 3 years, but in most regions, the emergence occurs after the first 

year (Ryan & Hurley, 2012a). Adults (see Figure 3-1) emerge from early or 

mid-summer until autumn (December to March in Chile). Such a period is 

commonly named “flight season”. 
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Figure 3-1: S. noctilio female (Extracted from sawflies.org.uk/sirex-noctilio/) 

In this period, mature females locate a tree host for oviposition after 

mating or in the absence of mating. The female Sirex roves the surface of the 

pine bark, testing the sapwood with its antennae and inspecting for the possible 

host for oviposition, which is finally done in the phloem (Madden, 1988). When 

the female finds a proper host, she begins depositing eggs from the bottom to 

the top of the tree, drilling single, double, triple, or quadruple sets of oviposition 

chambers every 7.5-50 cm along the stem. However, the eggs are only placed 

in conditions that maximize the larvae's survival rate. Thereby, numerous holes 

are drilled during the initial phases of the Sirex strike (Approximately 19 mm 

deep), but only a few have eggs. Instead, Amylostereum areolatum (A. 

areolatum) arthrospores and S. noctilio mucus (phytotoxic substance) are 

inoculated into each drilled hole, contributing to stress the host tree (Ryan & 
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Hurley, 2012a). Sometimes, a single hole is drilled in each tree when conditions 

are not optimal, which stresses the tree and makes it susceptible to future 

attacks(Madden, 1988; Ryan & Hurley, 2012a). Finally, the eggs hatch within 

15-28 days, originating the larvae that begin to feed through the wood infected 

by fungi, creating galleries into the wood. The life cycle of S. noctilio is 

graphically summarized in Figure 4-1.
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Figure 4-1: Life cycle of S. noctilio (Image extract from Ryan and Hurley 2011) 
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It is well recognized that the most robust trees, without mechanical or other 

damage, are typically more resistant to S. noctilio infestation. Some authors 

have categorized such resistance as non-preference, antibiosis, and tolerance. 

The first occurs when an initially appealing tree becomes unsightly upon closer 

scrutiny. Antibiosis requires filling oviposition holes with resin, which kills S. 

noctilio eggs and A. areolatum, together with a polyphenolic barrier for 

isolating A. areolatum growth. Tolerance inhibits mucus, lowering transpiration 

and precipitating the premature senescence of afflicted needles (Madden, 1988).  

 

1.6  S. nocitilio and A. areolatum pathosystem  

In general, insects can use a flexible symbiosis with fungus to 

achievement nutrients from a hostile food source. Exposure to new symbionts 

may increase the likelihood of symbiont shifts. Genus Sirex obligates nutritional 

ectosymbioses with white fungi in the genus Amylostereum. The flexibility of 

the association could provide Siricidaes using resources with the ability to 

thrive under a variety of conditions (Hajek et al., 2013). A. areolatum is the 

primary symbiont of S. noctilio worldwide. The first report of its relationships 

was in New Zealand around 1900, Tasmania in the 1950s, Australia in 1960, 

South America in the 1980s and Africa in the 1990s (Hurley et al., 2007). The 

insect predominantly spreads the fungus in the asexually produced oidia 
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(=asthrospores). The female S. noctilio emerges from trees carrying A. 

areolatum in mycangia, a specialized organ in animals designed for transporting 

fungus symbionts, located at the anterior end part end of the female body 

(Slippers et al., 2003). In addition to the ovipositing egg, the fungus is 

inoculated into the sapwood of the host tree through a secondary bore. When 

the adult insect incorporates the fungus into the mycangia when she sheds her 

pupal skin, a continuing link with the fungus is created (Slippers et al., 2012). 

Sirex larvae may obtain nutrients by eating the rotten wood or directly from the 

fungus (Wermelinger & Thomsen, 2012). The fungus supplies enzymes that aid 

in the digestion of the xylem. Sirex larvae acquire enzymes (cellulases and 

xylanases) after swallowing A. areolatum tissue produced in the wood where 

the larvae feed. These enzymes allow the larvae to exploit significant fungal 

and plant polysaccharides in their meal (Kukor & Martin, 1983). Amylostereum 

spp. is a weak parasite, and numerous trees resist its attack. The fungus was not 

responsible for any systemic toxicity, and a small number of fungal infestations 

did not affect the tree (Coutts, 1969a).  

The plan or mere coincidence of the organized symbiote attack is the 

insect's injection of toxic mucus, which weakens the tree's defences and 

facilitates the subsequent fungus colonization. 
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1.7  Sirex venom and initial symptoms of infection in P. radiata trees 

Multiple recovery findings in trees inoculated exclusively with A. 

areolatum indicate that the fungus would fail as a pathogen (Coutts, 1969b; 

Bordeaux et al., 2012).  

Female Sirex has paired glands in the abdomen that secrete colourless 

mucus (S. noctilio venom). Mucus reservoirs contain between 10 and 25 mg of 

mucus, depending on the insect size (Coutts, 1969c). The simultaneously 

inoculated venom by S. noctilio alters tree physiology and defence responses, 

allowing the fungus infection, eventually overwhelming the tree(Bordeaux & 

Dean, 2012a). The published proteome analysis of S. noctilio mucus reveals that 

it is composed of a complex mixture of proteins and peptides. Several of these 

proteins were discovered as potential poisons, including noctilisin (venom 

glycopeptide of S. noctilio). Also, proteins such as acph-1 (venom acid 

phosphatase), ADAMTS (disintegrin and metalloproteinase with 

thrombospondin), VSPs (venom serine proteases), and MANF (mesencephalic 

astrocyte-derived neurotrophic factor) were described. In addition, the presence 

of chemosensory binding proteins belonging to the three families identified in 

hexapods insects, such as OBPs (odorant-binding proteins), CSPs 

(chemosensory proteins), and NPC2 (Niemann-Pick type C2 proteins), were 
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also detected, suggesting a possible sensorial requirement for host tree selection 

(Wang et al., 2016c).  

Forty days after oviposition, needles in the top of the tree begin to bend 

at the fascicle sheath and subsequently turn yellow and wilt (chlorosis), 

signifying the onset of the first apparent signs of infection (Fong & Crowdent, 

1973a). Other early responses of trees include increased stem respiration, 

decreased photosynthate transport from photosynthetic tissues, and streaming 

of resin at the oviposition site (Bordeaux et al., 2014a). These early symptoms 

have been attributed to the S. noctilio mucus since they occur before egg 

hatching or significant fungus growth (Coutts, 1969b). Artificial injection of the 

mucus into the tree induces premature senescence only in the older needles, and 

the venom alone can kill the trees (Fong & Crowdent, 1973a). Also, mucus 

triggers a starch accumulation in the tree needles and affects the translocation 

in the sink organs for the photosynthate in the stem (Coutts, 1969b). 

Other physiological responses include the appearance of darkly stained 

necrotic lesions in the cambium upon removal of the bark above the oviposition 

holes. Commonly, there are vertically elongated, lens-shaped, reddish-brown 

discolourations on the wood surrounding the oviposition site (Bordeaux et al., 

2012). Typically, this event has been linked to the accumulation of polyphenolic 

compounds due to the activation of the phenylpropanoid pathway in response 
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to a fungal pathogen infestation (Madden, 1988). However, it may also be 

associated with a polyphenol oxidase activity of woodwasp mucus (Bordeaux 

et al., 2012). However, mucus has a physiological effect on trees, weakening 

them and fostering the growth of fungi. By reversing the sap flow, fungus 

colonization in the sapwood's prolonged infestation stage leads to the tree's 

death (Coutts, 1969c). 
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2. STATE OF THE ART  

2.1  Strategies for control of S. noctilio 

Research about Sirex woodwasp in P. radiata plantations has focused on 

the insect's biology and biochemistry and the parasitic organisms used for its 

biological control. However, apart from volatile profiles in the stem, very little 

is known about the phytochemistry of the tree during an infestation by S. 

noctilio. Slippers and colleagues (2015a) addressed this concern in assessing 

the most critical features of this invasive forest pest control (Slippers et al., 

2015a). Another relevant aspect for the future of resistance breeding programs 

is the recognition that the defence mechanisms presented by specific individuals 

are linked to their genetic basis (Bordeaux et al., 2012).  

Control measures for S. noctilio are being developed, such as new traps 

based on a genetic analysis undermining the symbiotic relationship between A. 

areolatum and S. noctilio. The research indicates that clusters of sesquiterpene 

synthase genes are present in fungi. A. areolatum volatile components attracted 

female woodwasps more than those of the plant hosts. Authors suggest that 

sesquiterpene molecules could play a role in the host selection process (Fu et 

al., 2020).  

On the other hand, new study evidence the potential of the incidental 

fungi in pinus trees as a biological control for S. noctilio, sample logs inoculated 
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with Ophiostoma minus (Hedgc.) Sydow Phlebiopsis gigantea (Fr.) Jülich, 

Trichoderma atroviride Bissett, Trichoderma viride Pers, and Trichoderma 

harzianum Rifai larval mortality was significantly increased. Inoculation of logs 

with Ophiostoma minus resulted in the most significant mortality and wood 

moisture content reductions. These fungi grew faster than A. areospermum 

mycelium on artificial media and inhibited its growth. The detrimental effects 

of incidental fungi on the survival of S. noctilio larvae are at least partially 

caused by an indirect mechanism involving the inhibition of the fungal 

symbiont. Mongolian pine is colonized by native bark beetles I. sexdentatus and 

I. acuminatus. They can spread their associated blue-stain fungus 

Ophiostoma minus creating competition for resources with Sirex. Ophiostoma 

minus can block water flow in the xylem, reducing wood moisture and making 

the habitat inhospitable for S. noctilio larvae (Wang et al., 2020).  

2.2  Biological control of S. noctilio in Chile 

The biological control programs focus on suppressing the pest with the 

parasitic nematode Deladenus (=Beddingia) siricidicola, insect parasitoids 

Ibalia leucospoides, Megarhyssa nortoni and Rhyssa persuasoria (Beèche, 

2012). The nematode D. siricidicola is considered the cornerstone of S. noctilio 

biological control programs across the Southern Hemisphere(Bedding & Iede, 

2005). The nematode sterilizes the female of S. noctilio, although it does not 
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affect oviposition and is consequently spread by the female woodwasp through 

infected eggs (Slippers et al., 2012). However, S. noctilio is adaptable to all 

climatic regions it has encountered, including mediterranean climates like its 

origin in Europe and Africa. It covers cool to warm temperate semi-tropical 

areas. Unfortunately, D. siricidicola has not adapted to every environment 

equally well (Hurley et al., 2007; Slippers & Wingfield, 2012). The adaptability 

lacks causes significant variation in its efficacy across regions, with parasitism 

rates ranging from 5% to >99% (Slipper et al. 2012a). This appears to have a 

similar effect on the biological control in Chile, as the distribution of parasitism 

levels observed in S. noctilio in 2009 was irregular, absent in some areas and 

reaching nearly 80 per cent in others. In the Biobío Region, the parasitism rate 

in female S. noctilio was almost 11.5 per cent and in males, 12.0 per cent, while 

in the Los Ríos and Los Lagos regions, it was over 85 per cent (Beèche, 2012). 

Another factor that can impact the response could be attributable to the 

significantly higher woodwasp population in Biobío compared to other regions 

or perhaps because pest biological control was first implemented in Araucanía, 

Los Ríos and Los Lagos Regions.  

However, the latest field research carried out between 2015 and 2018 on 

long-term inoculation with D. siricidicola in our country established similar 

levels in three with different geographic conditions, pre Andean sites, the 
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Central Valley and the Nahuelbuta mountain range in the Biobío region (a 

region with a high incidence of S. noctilio). The reduction of S. noctilio 

populations and the associated decrease in P. radiata infestation after parasitism 

by the nematode D. siricidicola for three years reached 90% in all localities, 

demonstrating that control is feasible to implement if long periods of 

inoculation are considered (Castillo, et al. 2018). 

From another point of view, the investigations developed in Chile, 

researcher at the Instituto de Investigaciones Agropecuarias (INIA) (Ceballos, 

2015) focus on the “on-site” volatiles components in stems of attacked, 

artificially weakened (by herbicide injection), and healthy P. radiata trees. The 

objective was to establish an early warning system for detecting S. noctilio 

woodwasps, attracting the insects into lure-baited traps with a mixture of 

volatiles compounds. Their results show that the detected volatiles profile 

matches those previously reported in the literature (Simpson, 1976). However, 

in areas with a low woodwasp population, the utility of this type of trap appears 

to be limited, as it is sometimes ineffective (Hurley et al., 2015).  

The focus on insect attraction to specific individuals is not restricted to 

the composition of the volatiles. Instead, factors such as the recently discovered 

chemosensory interaction between the insect and its host tree through 

proteomics were described. As well as the attractiveness of the volatile 
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compounds synthesized by A. areolatum, these findings shed new light on the 

plant-insect relationship and suggest novel research methods for its control. 

2.3  Plant Metabolomics 

Metabolomics is a trend in analytical chemistry positioning a novel 

strategy in the scientific community to understand external or pathological 

stressors in a biological system. The analysis of hundreds to thousands of 

metabolites in biological samples provides a holistic view of the metabolic 

status and biochemical events taking place within an organism (Ren et al., 

2015). It has been stated that metabolome variability, as measured by metabolite 

level changes, is more sensitive to systematic perturbations than either the 

transcriptome or the proteome. Consequently, metabolome variability can be 

viewed as the ultimate response to genetic or environmental (biotic/abiotic) 

factor changes (Kell et al., 2005).   

In metabolomics, the most common analytical platforms have been 

Nuclear Magnetic Resonance (NMR) spectroscopy and Mass Spectrum (MS) 

spectroscopy coupled to liquid chromatography (LC) or gas chromatography 

(GC) (Ren et al., 2015). NMR has lower sensitivity than MS, detecting only 

medium to high abundance metabolites (Smolinska et al., 2012). Then, 

multivariate statistical analysis is used to extract the most significant features 

(data consisting of pairs of retention time and mass-to-charge ratio (m/z)) of 
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molecules, fragments, and peak area/intensity concerning the studied biological 

condition. 

Metabolomics has aided in the comprehension of followed presented 

critical plant concerns. Thus, the application of metabolomics has advanced our 

understanding of phenomena such as how the global spread of invasive alien 

species may damage ecosystems. The study of Chromolaena odorata 

(Asteraceae), Datura stramonium (Solanaceae), and Xanthium strumarium 

(Asteraceae) studied for their metabolomic profiles in their natural 

environments (USA) and Kruger National Park (South Africa, ZA) show the 

invasive species have more phytochemical diversity than their native 

counterparts and statistically different metabolomic profiles (Skubel et al., 

2020). The increasing plant diversity has widely divergent effects on the 

performance of individual plant species. Systematic, untargeted metabolite 

profiling on a variety of plants from a grassland biodiversity experiment 

revealed the physiological responses of certain plant species to increasing plant 

diversity. The research demonstrates that metabolite profiling is a valuable 

diagnostic tool for evaluating metabolic phenotypes in response to plant 

diversification and ecophysiological adaptation (Scherling et al., 2010). 

Uncertainties remain about how evolution impacts plant metabolism. The 

application of metabolomics to plant evolution revealed that metabolites play 
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crucial roles in plant development, adaptation to climate, and evolution. 

However, the analysis of metabolomics data from leaf and seed tissues in maize 

and rice reveals that maize flavonoids are more variable than rice flavonoids, 

highlighting their importance to interspecific metabolic divergence. Defining 

that metabolomics is beneficial for monitoring evolutionary history and 

augmenting maize and rice interspecific genetic information with metabolomic 

data (Deng et al., 2020). Also, it has been successfully applied to determine 

metabolites that contribute most to the distinction between the metabolome of 

genetically closed plants, for example, the qualitative and quantitative 

variations between the metabolomes of toxic B. decumbens and harmless B. 

brizantha. In this line, applying the metabolomics approach in plant-based 

health medicine could improve the nutritional quality of crops, accelerate the 

discovery of plant-derived bioactive leads through disease diagnostics, or 

increase the therapeutic efficacy of medications. The advances in this topic have 

been summarized in the review by Marchev and collaborators, where 

applications in this field are exemplified and discussed. The potential value of 

metabolite profiling in agricultural development, medicinal plant use, 

prognosis, diagnosis, and management of complicated diseases (Marchev et al., 

2021).  
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2.4  Plant Lipidomics  

In the beginning, metabolomics relied on normal and reversed phase 

columns, which covered predominantly polar and mildly polar compounds. 

However, with the progress of metabolomics, there was an increasing concern 

about lipids and other non-polar substances. In this context, approaches were 

developed to characterize the lipidome (the set of lipids within a biological 

system) (Kishimoto et al., 2001). Lipidomics uses a variety of approaches to 

quantify tens of thousands of chemically distinct lipids in cells and identify how 

they contribute to cellular function. Electrospray ionization mass spectrometry 

(ESI/MS) has enabled the identification and quantification of lipidome 

alterations following cellular perturbations. The review of Han & Gross in 2003 

provided the first overview of the essential role of ESI/MS in lipidomics, 

presenting a broad strategy for generating lipidomes directly from cellular 

extracts of biological samples. They summarized examples of strategies used to 

conquer the lipidome. The ESI/MS technique could provide a crucial link for 

collecting extremely accurate data that fingerprint cellular lipidomes, hence 

facilitating the comprehension of the functional importance of subcellular 

membrane compartments and microdomains in mammalian cells (Han & Gross, 

2003). However, lipidomics analysis requires the ability to distinguish 

enantiomers and structural isomers. However, using reversed-phase 
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chromatography can make this difficult. In 2003, new analytical innovations 

were developed to respond to the challenge based on the use of non-normal-

phase chromatography with chiral columns to improve enantiomer and isomer 

resolution, coupled with electron capture in APCI-MS/MS to improve 

sensibility. The method helped to define a lipidomics profile from cultivated rat 

epithelial cells and evaluate a non-selective lipoxygenase inhibitor (Lee et al., 

2003). 

Furthermore, The United States National Institute of General Medical 

Sciences funded a project with $ 35 million dollars entitled ‘‘Lipid metabolites 

and path-ways strategy". The research team headed by Edward Dennis 

formulated ‘‘Lipids are in many ways the most important biomolecules because 

they are the ultimate controllers and regulators of our bodily processes; they are 

key to signalling events in cells’ (www.lipidmaps.org) (Lagarde et al., 2003). 

These landmarks set the basis for contemporary lipidomics.  

Scientists have studied lipids and their roles in biological systems for 

many years. It has been demonstrated that even small modifications to lipids' 

structure and composition can deeply affect vital biological functions. For 

example, membrane cell fluidity and permeability are directly affected by lipid 

membrane changes (Harayama & Riezman, 2018). The first step in lipid 

analysis is the successful extraction of lipids from the target tissue, which 

http://www.lipidmaps.org/
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requires a rapid, simple, and efficient method. Lipidomics most widespread 

sample preparation technique is liquid–liquid extraction. Most liquid–liquid 

plant lipid extraction methods are derived from animal tissue extraction 

protocols, such as the Folch, and Bligh and Dyer methods (FOLCH et al., 1957; 

Bligh & Dyer, 1959). However, the most used modern methods in plants 

involve reducing the volume of solvents, modifying extraction temperatures, 

and substituting solvents to ensure broad coverage of lipid extraction and avoid 

artefacts. Several studies have demonstrated, for instance, that 

chloroform/methanol mixtures are unsuitable for the extraction of plant 

sphingolipids like glycosylinositol phosphorylceramides (Markham et al., 

2006; Lange et al., 2018; Kehelpannala et al., 2020). For instance, the method 

developed by Roche and collaborators deactivates lipolytic enzymes by boiling 

2-propanol (de la Roche et al., 1973). 

Additionally, the improve oh the methodologies with the addition of 

antioxidants such as butyl hydroxy toluene to the extraction solvent to prevent 

lipid oxidation (Shiva et al., 2018), the substitution of chloroform for methyl 

tert-butyl ether (Matyash et al., 2008), or the application of the supercritical 

fluid such CO2 or another green solvent to avoid carcinogenic toxicity where 

proposed by several authors (Kumar et al., 2017b; Cvjetko Bubalo et al., 2018; 

de Jesus & Filho, 2020). The plant lipidome is extremely complex, and the 
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composition of lipids in different tissues and their specific roles in plant 

development, growth, and stress responses are not yet fully understood. 

Numerous techniques are currently employed to extract lipids from plant 

tissues. However, there is always a trade-off between extraction method 

efficiency, selectivity, and reproducibility (Kehelpannala et al., 2020).  

In contemporary lipidomics, several forms of liquid chromatography are 

used. According to the meta-study conducted by Cajka and Fiehn on 185 

original publications reporting LC–MS lipidomics applications, 71% of the 

experiments were conducted using reversed-phase chromatography (RP-LC), 

followed by normal phase (NP-LC) with 19%, hydrophilic interaction liquid 

chromatography (HILIC) with 8%, and supercritical fluid chromatography 

(SFC) with 2% (Cajka & Fiehn, 2014). 

The structural variety of lipids exceeds 40 thousand substances. In order 

to address this complicated system, comprehensive lipidome atlas systems with 

information on retention time, collision cross-section, and tandem mass 

spectrometry have been developed, and an automated workflow independent of 

mass spectrometry data has been implemented into the analysis program (MS-

DIAL). MS-Dial has fragmentations of lipid mass spectral into 117 lipid 

subclasses, allowing the annotation and semiquantification of 8051 lipids with 

an estimated 1-2% false discovery rate. Using simultaneous liquid 
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chromatography and mass spectrometry to validate the platform with 1056 

samples from over 80 distinct lipidomics research (Tsugawa et al., 2020). 
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2.5  Metabolomics in pine-stress interaction 

Integrative omics is needed to identify the molecular pathways of plants 

driving the adaptation to climate change. For example, the metabolomics and 

proteomic study of Pinus radiata under heat stress. The 30-day old plant 

exposed to 40°C for five days has changes in cytokinins, fatty acid metabolism, 

flavonoid and terpenoid levels, with zeatin riboside and isopentenyl adenosine 

as the main hormones. The integrative approach allowed elucidation of key 

metabolic mechanisms involved in heat response in P. radiata and identification 

of thermotolerance metabolic biomarkers (L-phenylalanine, hexadecanoic acid, 

and dihydromyricetin), aiding to the metabolic strategy to adapt plant to high 

temperature (Escandón et al., 2018b).  Knowing tree-species tolerance to UV 

irradiation is important for designing new forest productivity strategies. They 

increased UV irradiation-induced system-level changes in Pinus radiata 

needles. Early responses reduced photosystem activity, the electron transfer 

chain, and photorespiration. The core metabolism was modified to deal with 

oxidative stress while decreasing ROS generation. 

Additionally, to UV-induced photosynthesis reduction, the main 

metabolism was altered to reduce reactive oxygen species  (ROS) production. 

This adaptation was possible by preferring photorespiration over carboxylation 

and changing sugar metabolism to create NADPH for UV-enhanced secondary 
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metabolism. After UV exposure, accumulation of flavonoids with enhanced 

photoprotective activities (flavan-3-ols, precursors of UV screens and 

antioxidants) corroborated this observation (Pascual et al., 2017a).  

On another hand, a metabolomics approach of the needles from three 

closely related Pinus species with distant coevolutionary histories with the 

caterpillar of the processionary moth, demonstrates that the investigated pines 

species had different metabolomes and metabolic responses to herbivorous 

attack. The results suggest that both macroevolutionary history (phylogeny) and 

the coevolutionary history between plants and insects may play important roles 

in determining the metabolomic responses of pines to herbivory attack, giving 

new approaches to study and understanding plant-insect relationships (Rivas-

Ubach et al., 2016).  

The metabolome of Pinus pinaster (P. pinaster) was examined to 

understand the adaptation to drought and phenotypic diversity. Ten provenances 

of P. pinaster from France, Spain, and Morocco were cultivated for five years 

in a communal garden. The metabolomes of needles and buds were examined, 

revealing that provenance differences were maintained and that most 

metabolites in each organ are connected to amino acid metabolism. When 

organs were individually studied, provenances were distinguished mostly by 

secondary metabolism. Integration of metabolome, environmental, and growth 
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data highlighted the adaptability of conifers. The study concluded that studying 

the metabolome of P. pinaster is feasible and identified two major plant 

families: Atlantic and Mediterranean (Meijõn et al., 2016). 
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3. HYPOTHESIS AND OBJECTIVES 

3.1  Hypothesis 

Application of metabolomics analysis for metabolome comparison of 

Pinus radiata trees infected by Sirex noctilio with those of nearly growing 

healthy trees of the same age and management could reveal significant 

differences leading to identifying meaningful biomarkers related to the pine 

defensive response and resistance to this pest.  

3.2 Objectives 

3.2.1 Main objective 

To identify biomarkers in Pinus radiata directly correlated to its 

defensive response and resistance to Sirex noctilio attack, by using a combined 

LC-MS based metabolomics and LC-MS based lipidomic strategy for an 

integrative metabolome comparison of infected and healthy trees 

3.2.2 Specific objectives 

• To compare the metabolome profiles of polar extracts obtained from bark, 

heartwood and needles between infected (IT) and healthy (HT) P. radiata 

trees, using a metabolomics processing of their LC-MS data. 

• To identify the nature of biomarkers detected from metabolomics 

processing of LC-MS data of polar extracts, using molecular formula 
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calculated from their exact masses, MS/MS fragmentation pattern, and 

matching in on-line free access data bases. 

• To compare the metabolome profiles of non-polar extracts obtained from 

bark, heartwood and needles between infected (IT) and healthy (IT) P. 

radiata trees using a lipidomics LC-MS approach. 

• To identify the nature of biomarkers detected from metabolomics 

processing of LC-MS data of non-polar extracts, using matching in lipdblast 

data base. 

• To compare the metabolome profiles in heartwood and needles of infected 

P. radiata trees (IT) gathered throughout a year to identify significant 

changes related to defence performance or death tree process. 
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4. RESEARCH STRATEGY 

To comprehend the defensive response and resistance to S. noctilio attack 

in P. radiata, we proposed to compare the metabolomes of infected (IT) and 

healthy trees (HT). For this study, the bark, heartwood, and needles of each 

chosen tree were employed, and both polar to medium polar and lipophilic 

components were evaluated. Infested (IT) and healthy (HT) individual trees 

were sampled. The strategy is described in Figure 5-1. 

Ten IT with the same age, management, and condition were selected for 

the study. Additionally, ten HT closer to each IT were acquired. The sampling 

was made in April 2018 (the conclusion of the Sirex flight season), and the same 

individuals were sampled every three months until their deaths. 

Each sampling consists of 20 samples per plant organ (bark, heartwood, 

and needles). The IT and HT samples were undergone simultaneous polar/non-

polar solvent extraction, and subsequent analysis by Liquid Chromatography 

coupled to Mass Spectrometry (LC-MS) for metabolomics and lipidomics, 

respectively. Then, the generated experimental data (LC/MS-chromatograms) 

were used as the basis for a metabolomics study using various chemometric 

approaches to identify significant variations (biomarkers) between the groups 

under consideration. Thus, the metabolome comparison (each plant organ 

handled separately) between IT and HT could identify biomarkers in the 
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metabolome of IT expressed in response to Sirex infection. In contrast, 

biomarkers highly connected to HT may be responsible for defence/resistance 

mechanisms. Lastly, HT and IT were collected and tested simultaneously to 

prevent seasonal metabolic fluctuation.  

 

Figure 5-1: Analytical strategy for metabolomics and lipidomics analysis 
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5. METHODOLOGIES 

5.1 Plant material 

The plant material used for this study was collected at San Nicolás, in the 

Ñuble region of Chile (MININCO Forestry Company plantations). The initial 

collection was conducted during the S. noctilio flying season in April 2018. 

Bark flakes without physical damage were collected using a razor-sharp steel 

blade. Approximately a square of 5 x 5 cm and 1 cm of thickness were cut from 

each selected tree at a height of 1.5 meters and facing north. Needles were 

collected from the living crown using a pruning pole. The wood of trees was 

sampled using a Pressler incremental borer (HAGLOF), and the samples were 

taken at breast height. After sampling, all plant materials were frozen in liquid 

nitrogen and transported to the laboratory, where they were subjected to 

cryogenic homogenization in a bead mill (Retsch MM400). Then, powdered, 

frozen fresh samples were stored at -80°C until extraction. The methodology is 

detailed in Figure 6-1. 
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Figure 6-1: Plant material sampling and pretreatment  

 

5.2  Extraction of metabolome and lipidome  

According to the method described by Valledor et al., metabolome extraction 

was performed in triplicate and random order (Valledor et al., 2014a). Briefly, 

100 mg (dry weight basis) of each type of tissue (bark, heartwood and needles) 

were mixed with 800 ml of cold (4°C) extraction solution 

(methanol/chloroform/water, 2.5:1:0.5). The mixture was vigorously shaken in 

a mixer mill (Retsch MM400) for 30 sec. Then, each sample tube was 

centrifuged for 10 minutes at 14,000 g at 4°C, and the metabolite-containing 

supernatant was transferred to a fresh tube for liquid-liquid extraction. After 

adding chloroform and water, 400 µl each, the mixture was vortexed and 
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centrifuged at 10,000 g for 5 minutes at 4°C. The upper layer (methanol/water) 

contained polar metabolites, while the bottom organic layer (chloroform) 

contained non-polar substances. These fractions were transferred to new 

microcentrifuge tubes and dried by centrifugation under a vacuum. This 

protocol is described in Figure 7-1. 

 

Figure 7-1: Milled samples extraction. 

 

5.3  LC-MS analysis for metabolomics 

Dried polar extracts were reconstituted with 600 µl of mobile phase 

[water/methanol (20:80 v/v)], homogenized in the MM-400 for 30 seconds, and 

centrifuged for 10 minutes at 4°C. Then, samples were analyzed in a UHPLC-

HR-QTOF-MS (Elute UHPLC, Bruker Daltonik GmbH, Bremen, Germany). 

Quality control samples (QCs) were used to evaluate instrumental 

reproducibility (Dunn et al., 2012). Equal amounts of each extract (100 l) were 

combined to create quality control samples. Chromatographic separations were 

performed on a Kinetex C18 column (100 mm length x 2.1 mm id, 1.7 m 
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particle size, Phenomenex) maintained at 30°C, with a mobile phase formed by 

solvent A (0.1% formic acid in Milli-Q water, v/v) and solvent B (0.1% formic 

acid in acetonitrile hypergrade) in gradient elution mode, at a flow rate of 0.4 

ml/min. The mass spectrometer was operated in both negative and positive 

modes using electrospray ionization method (ESI). The range of the mass scan 

was set between 50 and 1500 m/z. The MS/MS were obtained in a data-

dependent mode, using two precursors (max) for each scan. Internal calibrations 

were done by infusing 10 mM sodium formate solution into the ions source. A 

randomized sequence was employed for sample injection, with blanks at the 

beginning, followed by QCs for system equilibration and reconstituted sample 

extracts. The protocol is described in Figure 8-1.  
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Figure 8-1: Proposed metabolomics protocol by HPLC-MSMS platform 

 

5.4  LC-MS analysis for lipidomics 

Dried lipophilic extracts were resuspended in 488 µl of ice-cold (3:10 

v/v) methanol: methyl tertbutyl ether containing a quality control mix of 22:1 

cholesterol ester standard, vortex for 10 sec, and dried for 4 hrs at 248 g in a 

vacuum centrifuge. Then, 1000 µl of methanol:toluene (9:1 v/v) with 12-

[[(cyclohexylamino)carbonyl]amino]-dodecanoic acid (50 ng/ml) were added 

to each sample. The samples were vortexed for 10 sec, sonicated for 5 min, and 
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centrifuged for 2 min at 16000 g. Aliquots of 50 µl per sample were collected 

for a pooled quality control (QC) sample, and two aliquots of 450 µl each were 

separated for analyzing in positive and negative ESI modes. Analysis was 

performed by LC-MS/MS on an ultra-high performance liquid chromatography 

system Agilent 1290 Infinity LC system (Agilent Technologies, Santa Clara, 

CA, USA). Lipids were separated on an Acquity UPLC CSH C18 column (100 

mm length, 2.1 mm id; 1.7 m) coupled to an Acquity CSH C18 VanGuard pre-

column (5 mm length, 2.1 mm id and 1.7 µm particle size). Separations were 

carried out at 65 °C at a flow rate of 0.6 ml/min. The mobile phases consisted 

of (A) 60:40 (v/v) acetonitrile:water and (B) 90:10 (v/v) isopropanol: 

acetonitrile for negative mode, each mobile phase (A, B) containing 10 mM 

ammonium acetate, and for positive mode each mobile phase (A, B)  contain 

ammonium formate 10 mM plus 0.1% formic acid. Gradient elution was set as 

follows: 0 min 15 % (B); 0–2 min 30 % (B); 2–2.5 min 48 % (B); 2.5–11 min 

82 % (B); 11–11.5 min 99 % (B); 11.5–12 min 99 % (B); 12–12.1 min 15 % 

(B); 12.1–15 min 15 % (B) (Cajka et al., 2017; Cajka & Fiehn, 2016). The 

chromatography protocol for lipidomics is described in Figure 9-1. 
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Figure 9-1: Proposed lipidomics protocol by HPLC-MSMS platform 

 

5.5   Data analysis, statistical treatment and annotation 

Significant metabolites were manually annotated using an integrated 

MetaboScape workflow. SmartFormula determines molecular formulas based 

on extracted feature mass and isotopic patterns. SmartFormula 3D calculations 

are applied to all features with MS/MS spectra in this step, improving the 

molecular formula. SmartFormula 3D ranked ion formulas according to MS/MS 

fragment explanation and intensity coverage for each possible explanation of 
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the precursor's m/z and isotopic pattern of a feature. The Compound Crawler 

tool sends queries for a given molecular formula to databases such as ChEBI, 

ChemSpider, and PubChem and returns results that can be used to annotate 

compounds. MetFrag was used to select the correct structure after Compound 

Crawler found multiple candidates for a given elemental composition. MetFrag 

searches for ions matching in-silico fragmentation of Compound Crawler 

candidates and ranks them by fragment peaks and intensity coverage (Ruttkies 

et al., 2016). The MS/MS Library Search tool compares the MS/MS spectrum 

of a given feature with Spectral Libraries previously imported in MetaboScape, 

such as Bruker MetaboBASE Plant Library and Vaniya/Fiehn Natural Products 

Library of the MassBank of North America (MoNA). SIRIUS 4.0, a free web 

service that integrates isotopic pattern analysis and fragmentation trees, was 

used to improve annotation.  

The lipidomics data files acquired in MassHunter (extension .d) were 

transformed to “Analysis Base File” (ABF) using Reifycs File Converted 

(Reifycs, 2021), allowing the analysis in MS-dial. Time correction for the 

annotation of the Lipidblast library was performed using a Microsoft Excel 

sheet with the retention time of the standards quality control mixture. The 

general workflow for data processing was done as follows: MS-DIAL was 

utilized for data collection, peak detection, deconvolution, identification, 
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adducts, and alignment (Tsugawa et al., 2015a). Initially, bucket tables were 

manually cured using Microsoft Excel for blank subtraction, feature filtering 

with intragroup covariance upper limits of 50 per cent, presence of the feature 

in nearly 50 per cent of biological replicates per group, and signal-to-noise 

ratios greater than 10. Using MS-FLO, potential duplicates, adducts, and 

isotopes were filtered out. For statistical analysis, curated data containing only 

annotated lipids species from (+) and (-) ESI modes were combined into a single 

dataset (DeFelice et al., 2017b). The Metaboanalyst platform was used for 

statistical analysis.  

The metabolome and lipidome comparison (each plant organ handled 

separately) between IT and HT led to identifying biomarkers in the IT 

metabolome that were expressed in response to the Sirex noctilio infestation. 

Metabolomics analysis of IT samples collected before the flight season in Chile 

(sampling 1) and three months later (sampling two) from the same individuals 

allowed the observation of metabolic changes under prolonged infestation.  
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Sirex noctilio infestation led to inevitable pine death despite 

activating pathways involved in tolerance 
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1. GRAPHICAL ABSTRACT 

 

Figure 1-2: Metabolomics uncovered the P. radiata response to S. noctilio 

infestation, highlighting photoprotection and auxin expression as tolerance traits and the 

oxidative stress causing death. 
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2. ABSTRACT 

Defense-related metabolome traits in pine species after infestation by 

Sirex noctilio are largely unknown, despite, in most cases, trees being 

overwhelmed. Using LC-MS-based untargeted metabolomics, we revealed the 

systemic metabolic changes induced by this insect in 14-year-old Pinus radiata 

trees, the most affected species worldwide. An immediate metabolome 

alteration was expressed in needles after infestation, including the up-regulation 

of flavonols, flavan-3-ols, oxyneolignans, auxins, proline, and tryptophan, 

among others. The flavan-3-ols (catechin and procyanidin B1) suggested a 

rapidly induced photoprotection mechanism aided by diverting proline as an 

alternative substrate for respiration to compensate for the progressive chlorosis 

that degrades photosystems. Meanwhile, glutathione, glutamate, and ascorbate 

levels significantly dropped in needles, which may indicate the critical oxidative 

stress that trees had to face since the onset of the infestation. They were not 

fully replenished after long-term infestation, and redox homeostasis was 

probably not achieved, compromising tree survival. Nevertheless, a huge auxins 

overexpression detected in needles throughout the infestation may reflect 

tolerance against the premature senescence caused by the woodwasp venom. In 

contrast, the metabolome of wood tissues remained initially unchanged, 

although it seems to collapse after three months. Overall, the metabolomics 
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strategy adopted in this work evidenced its usefulness in uncovering the 

fundamental roles of plants’ chemical defense that govern interactions with 

specific stressors. 

Keywords: Pinus radiata D. Don; Pinaceae; Radiata pine; LC-MS 

metabolomics; Plant-insect interaction; Plant defense; Sirex noctilio; 

Woodwasp.  
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3. INTRODUCTION 

Coniferous forests have proliferated over 200 million years, with some 

species reaching natural lifespans of several hundred years (Hao et al., 2015b). 

Their speciation and longevity have usually been attributed to their ability to 

withstand biotic stresses caused by microbes, insects, and herbivores, 

depending on systemic or localized physiological and biochemical responses 

(Ralph et al., 2006b; Warren et al., 2015b; Celedon & Bohlmann, 2019b; 

Whitehill et al., 2019b). Conifers currently provide about 50% of the world’s 

annual timber production (Eckenwalder, 2018b), with the North American 

conifer, Pinus radiata D. Don (Pinaceae), being the most extensively planted 

worldwide. It covers approximately 4.2 million ha (Mead, 2013a), with the 

largest plantations currently located in Chile, New Zealand, and Australia, with 

1.5, 1.3, and 0.7 million ha, respectively (Forestry Corporation, 2016b; Clough 

et al., 2019b; Gysling Caselli et al., 2019). 

However, growing P. radiata has been constantly threatened by pests that 

cause significant losses (Klapwijk et al., 2016a). The woodwasp, Sirex noctilio 

Fabricius (Hymenoptera: Siricidae), is one of the most important pests of pine 

plantations, which may cause severe physiological damage leading to death 

(Lantschner et al., 2014a; Xu et al., 2019a). It is a wood borer insect native to 

Eurasia and North Africa that lays eggs into conifers, especially Pinus spp. In 
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contrast to its behavior in foreign regions where it can kill established trees, 

decaying or already dead trees are its preferred hosts in its native area 

(Spradbery & Kirk, 1978a). 

With the worldwide adoption of Pinus spp. for commercial purposes, the 

woodwasp has accidentally spread beyond its native domain, causing serious 

problems for foresters. For example, the first S. noctilio outbreak in Chile was 

detected in January 2001 and was associated with a hydroelectric power plant 

installed nearby the discovery site that imported large quantities of wood-

packed equipment from Europe (Beèche et al., 2012). Several outbreaks have 

also been reported worldwide, but by far the most devastating one occurred in 

New Zealand between 1946 and 1951, causing the loss of 120.000 ha of forest 

(Mead, 2013a). Although such a large S. noctilio outbreak has not occurred in 

decades, the USDA Forest Service estimates that S. noctilio could cause 

between $2.8 and $17 billion in losses if it becomes a nationwide established 

species in the USA (New York Invasive Species Information, 2019b). 

The damage caused by S. noctilio is due to a combination of two factors. 

When females select a host tree for oviposition, they drill tunnels through the 

bark into the xylem, depositing eggs along with venom (a complex mixture of 

proteins and peptides) and arthrospores of the symbiotic fungus, Amylostereum 

areolatum (Coutts 1969a, 1969b; Ryan and Hurley, 2012). As soon as two 
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weeks following oviposition, needles in the tree crown begin to bend at the 

fascicle sheath, wilting and becoming yellowish before their premature 

senescence. At the same time, respiration increases in the stem tissues, 

photosynthates transport from the photosynthetic tissues decreases, and droplets 

of resin flow from oviposition holes (Fong & Crowdent, 1973b; Bordeaux & 

Dean, 2012b). All these early symptoms have been attributed to the S. noctilio 

venom since they appear before egg hatching or before significant fungus 

colonization (Coutts 1969b). Finally, most infested trees are overwhelmed by 

the combined action of A. areolatum and the physiological changes caused by 

the woodwasp venom, dying several weeks later (Coutts, 1969d; Bordeaux & 

Dean, 2012b; Wang et al., 2016b). However, resistance and tolerance strategies 

deployed by the tree that relies on changes at primary or specialized metabolism 

in response to such a lethal infestation are still unknown, despite a century of 

research and well-established management programs. The importance of such 

knowledge for understanding the chemical traits that govern this interaction and 

for resistant breeding programs leading to effective and sustained integral 

management was recognized by Slippers and co-workers a few years ago 

(Slippers et al., 2015b).  

As metabolites are downstream products of cellular biochemical 

processes, their identification and quantification in P. radiata organs during 
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woodwasp infestation can provide a sensitive measure of associated upstream 

molecular function, including genes, transcripts, or enzymes. Analytical 

platforms commonly used in metabolomics studies, facilitate simultaneous 

quantitative comparison of hundreds to thousands of metabolites in a living 

system, enabling good coverage of the chemical responses to abiotic or biotic 

stresses (Kumar et al., 2017a; Sharma et al., 2018; Evans et al., 2020; Fraga-

Corral et al., 2020). In this context, by using an untargeted LC-MS-based 

metabolomics approach we compared the metabolomes of healthy and infested 

P. radiata trees, to reveal the main plant response to such lethal challenge and 

describe the specific biochemical changes deployed by pines that provide 

tolerance and resistance for prolonging their lives. 
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4. RESULTS 

4.1 Initial metabolome changes in P. radiata as a response to S. 

noctilio infestation 

After LC-MS analysis of sample extracts obtained from P. radiata trees 

showing initial symptoms of infestation at T1, raw data were processed in 

MetaboScape software to generate bucket tables as the main matrix for 

statistical treatments. A total of 6722 (–ESI) and 8914 (+ESI) features (m/z – Rt 

pairs) were detected in the needle dataset, while 2175 (–ESI) and 6125 (+ESI) 

features were detected in the wood dataset. 

We first examined clustering patterns in the datasets obtained from both plant 

organs and acquisition modes using unsupervised multivariate Principal 

Component Analyses (PCA) (Figure 2-2). Scores plots for the distribution of 

needle samples between the first two Principal Components (PCs) showed a 

clear separation between infested (IT) and healthy (HT) trees along PC1, with 

49.8% of the total explained variance of data in –ESI, and 40.9% in +ESI  
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Figure 2-2: PCA score plots based on the LC-MS dataset showing cluster patterns 

between the first two principal components (PC1 and PC2). Blue triangles and red diamonds 

represent samples from HT and IT, respectively, with their 95% confidence interval 

(shadowed regions). Needles at T1 in –ESI (a) and +ESI (b). Wood at T1 in –ESI (c) and 

+ESI (d). Needles at T2 in –ESI (e) and +ESI (f). Wood at T2 in –ESI (g) and +ESI (h). 

 

On the other hand, the distribution of wood samples showed a complete 

overlap of IT samples with that of HT between PC1 and PC2 in both ionization 

modes, with 35.8% of the explained data variance for –ESI and 51.1% for +ESI 

(Figure 2-2c,d). This indicates that metabolic activity in wood tissues remains 

unchanged. 

The chemical nature of features significantly up-regulated or down-regulated 

in the needles at the onset of the infestation, relevant to discriminate between 
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group labels (IT and HT), were identified using the OPLS-DA model (Figure 

3-2). 

As expected, the scores plot showed perfect separation between the two 

classes in both acquisition modes (Figure 3-2 a,b). The results of the random 

permutation test of class labels with internal leave-n-out cross-validation 

showed Q2=0.98 and R2Y=0.987 for –ESI, and Q2=0.984 and R2Y=0.992 for 

+ESI, and with complete separation between original model statistics and 

distribution statistics for all permutations (Fig. S2-2a,b). This demonstrates a 

good assessment of the statistical quality of the model, indicating consistency 

between predicted and original data (Q2), with a good degree of model fit to 

data (R2Y).  
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Figure 3-2: OPLS-DA model based on LC-MS datasets obtained from P. radiata 

needle leaves collected at T1. Scores plots showing separation of samples labeled as healthy 

(HT, blue triangles) and infested (IT, red diamonds) trees with their 95% confidence intervals 

(shadowed regions) for –ESI (a) and +ESI (b) acquisition modes. This is a regression method 

to find a relationship between data tables represented by X, the LC-MS data, and Y, a binary 

vector with the value 0 for HT class and 1 for IT class. The Y-predictive component (T score 

[1]) for variation in the dataset correlated to class separation is shown on the x-axis, while 

the orthogonal component that refers to uncorrelated variation for class separation is shown 

on the y-axis. S-plots showing significant features with their numbers assigned according to 
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Table 1-2 for –ESI (c) and +ESI (d), indicating features fragmented in the ion source as “in 

source”. The S-plots visualize the features’ influence in the predictive component of the 

model, combining the covariance (p[1]) and correlation (p(corr)[1]) loading profiles. 

Covariance plotted on the x-axis visualizes the contribution to the predictive component, 

while correlation plotted on the y-axis spans between ±1 as the reliability has a theoretical 

minimum of -1 and a maximum of +1 to predict the class 1 (IT). In this way, 

variables/features visualized toward the right-hand side contribute to class separation by 

high correlation with label IT [Y = 1] and the opposite. Thus, significant metabolites were 

selected based on the combined high covariance (> |2000|) and high correlation (> |0.5|). 

Quantitative data for significant metabolites are presented in Fig. S4 and S5.  

 

The S-plots of the OPLS-DA models provide the most relevant features 

(metabolites) to distinguish between infested and healthy trees. Figure 3-2c,d 

show S-plots of OPLS-DA models derived from needle datasets acquired in 

both ionization modes. Each data point in the S-plot represents a specific feature 

(m/z; Rt pair), being those located at the end of both sides of the “S” that 

contributes most to class distinction. Thus, features located at the right end are 

correlated with infested trees (IT), and the metabolites they represent are up-

regulated or occurring de-novo. In contrast, features at the left end are correlated 

with healthy trees (HT), representing their down-regulation in needles after 

infestation. Full chemical data for each significant metabolite are given in Table 

1. 

We found that 21 metabolites were significantly up-regulated in P. radiata 

needles following the initiation of infestation by S. noctilio (Figure 3-2 c,d). 
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The major classes of metabolites were flavonoids and lignans, each of which 

includes five. Flavonoids were identified as three glycosylated flavonols (2, 10, 

and 18), a flavan-3-ol (1), and a proanthocyanidin (3) (Table 1-2). Lignans were 

identified as a classical lignan (6) and four oxyneolignans (9, 15, 17, and 21). 

These were followed by three amino acids (5, 13, and 19), two carboxylic acids 

of the citrate cycle (4 and 12), two sugar alcohols (14 and 20), an acetophenone 

glycoside (7), an iridoid-type monoterpenoid (8), a potential auxin (hydroxy 

indole-3-yl)-lactate glycoside (11), and an ascorbic acid glycoside (16). 

Meanwhile, additional 15 metabolites were down-regulated in needles 

(Figure 3 c,d). These were identified as two cyclitol carboxylic acids of the 

shikimate pathway (1′ and 2′), two acetylated flavonol glycosides (6′ and 7′), 

two hydroxybenzoate (5′ and 8′), two dicarboxylic acids (4′ and 11′), two amino 

acids, one of which is an oligopeptide (12′ and 13′), ascorbic acid (3′), a vitamer 

of vitamin B6 (10′), a phenylpropanoid glycoside (14′), a lignan glycoside (15′), 

and an unknown substance (9′). 

4.2 Biomarker model evaluation for early diagnosis of infestation 

All the above metabolites were tested for their biomarker quality by using the 

receiver operating characteristic (ROC) curve-based approach, which provided 

a measure of their ability to diagnose trees as being infested by S. noctilio 

(Chong et al., 2019). Individual ROC curves are shown in Fig. S2-3. However, 
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given the diversity of metabolic pathways involved in the tree response judged 

by the different chemical families of the above-mentioned metabolites, a more 

integrative ROC-based tester was used. In this case, a combination of the up-

regulated metabolites immediately after the woodwasp attack (1 – 21) was set 

up to create a biomarker model, testing their joint ability to predict classes for 

new samples without a class label (Figure 4-2). 

 

Figure 4-2: ROC curve-based model to assess biomarker quality for a set of 21 

metabolites up-regulated in P. radiata needles after initial infestation by S. noctilio at T1. 

ROC curve plot for the created biomarker model showing on the x-axis the highest possible 

specificity (false-positive rate) and the y-axis the highest sensitivity (true-positive rate) with 

the 95% of confidence interval, contributing to the maximum area under the curve, AUC = 

1 (a). Plot of predicted class probabilities for each sample using the created biomarker model 

showing classification boundary at the center (x = 0.5) and a perfect separation between HT 

(white circles) and IT (black circles) samples (b). Permutation test for model validation 

presented as a histogram using the predictive accuracy of the model as a measure of 

performance, showing the AUC distribution for all permutations (in blue) and the 

distribution for the original model (red arrow), along with the empirical p-value (c). 
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The ROC curve of the created biomarker model showed very good 

performance, with the maximum possible value of the area under the curve, 

AUC=1.0 (Figure 4-2a). This means that the best sensitivity and specificity 

were achieved with such a combination of metabolites, which is even more 

evident in the plot of the predicted class probabilities for all samples using this 

created model (Figure 4-2 b). In this case, the model worked blind with no class 

label for all samples, grouping them into two clusters separated by the 

classification boundary at x=0.5 (center), corresponding to their actual origin, 

healthy or infested. 

Results of the random permutation test, presented as a histogram using the 

predictive accuracy of the created model as a measure of performance (Figure 

4-2c), showed 0% overlap between the AUC of the original model (observed 

statistic, in red) and the AUC distribution of the model based on all 

permutations (in blue), indicating a significantly higher R2 (model efficiency) 

for the original model, with an empirical p-value <0.0003 for 100 permutations. 

These confirmed the ability of a biomarker model based on the combination of 

the 21 up-regulated metabolites to diagnose early infestation by S. noctilio in P. 

radiata trees. 
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4.3 Long-term metabolome changes 

To monitor the metabolic performance of pine a while after the onset of 

infestation by S. noctilio, the same trees were sampled three months later during 

the winter season (T2) despite scarce greenish needles being found at this time 

in the foliage of IT individuals. After processing the raw LC-MS data and 

generating bucket tables, 4926 and 5378 features were detected in needles for –

ESI and +ESI modes, respectively. For wood samples, 2750 (–ESI) and 1616 

(+ESI) features were detected. 

In contrast to the completely overlapping pattern between the wood samples of 

HT and IT at T1, the exploratory analysis with PCA models at T2 suggested 

differentiation of their metabolomes (Figure 3-2g,h). Two defined clusters were 

observed in the scores plots between PC1 and PC2, which accounted for a total 

explained variance of 56.1% and 36.2%, for –ESI and +ESI, respectively. 

As with needles at T1, features relevant for the variation in wood metabolome 

between HT and IT individuals were collected from the OPLS-DA models. The 

S-plot for the –ESI-derived data suggested that metabolism in wood tissues is 

being significantly down-regulated by long-term infestation (Figure 5-2c). 

Although some features appear to be up-regulated (in the upward and right end 

direction, Figure 5-2c), they are much less important for class distinction. This 

is consistent with the S-plot obtained from the +ESI dataset, although a much 
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smaller number of features with lower significance were detected (Figure 5-2d). 

Cross-validation of the permutation tests for the latter model indicates a not very 

good statistics quality assessment, with a lower agreement between the 

predicted and original data (Q2=0.894) and with an overlap between the 

statistics of the original model and the permutation distribution (Fig. S2-2d). In 

contrast, the discriminant model built from the –ESI data was successfully 

validated (Fig. S2-2c). Therefore, presenting results regarding wood 

metabolome changes is focused on statistical models obtained from the –ESI 

acquisition mode. 

Ten metabolites were significantly down-regulated in the P. radiata wood 

after three months of infestation (Figure 5-2c,d). They were annotated as three 

oligosaccharides (16′, 18′, and 21′), three flavonoids (1, 3, and 22′), two lignans 

(17′ and 19′), cyclitol carboxylic acid (1′), and hydroxycinnamic acid glycoside 

(20′). Three up-regulated metabolites, although of lesser significance for class 

distinction, were also annotated as flavanonol (22), dicarboxylic acid (23), and 

sugar alcohol (24). 
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Figure 5-2: OPLS-DA models based on LC-MS datasets obtained from wood of P. 

radiata at T2. Scores plots showing separation of samples labeled as healthy (HT, blue 

triangles) and infested (IT, red diamonds) trees with their 95% confidence intervals 

(shadowed regions) for –ESI (a) and +ESI (b) acquisition modes. The Y-predictive 

component (T score [1]) for variation in the dataset correlated to class separation is shown 

on the x-axis, while the orthogonal component that refers to uncorrelated variation for class 

separation is shown on the y-axis. S-plots showing significant features with their numbers 

assigned according to Table 1-2  for –ESI (c) and +ESI (d), indicating atypical adduct ions 

and features fragmented in the ion source as “in source”. The S-plots visualize the features’ 

influence in the predictive component of the model, combining the covariance (p[1]) and 
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correlation (p(corr)[1]) loading profiles. Covariance plotted on the x-axis visualizes the 

contribution to the predictive component, while correlation plotted on the y-axis spans 

between ±1 as the reliability has a theoretical minimum of -1 and a maximum of +1 to predict 

the class 1 (IT). In this way, variables/features visualized toward the right-hand side 

contribute to class separation by high correlation with label IT [Y = 1] and the opposite. 

Thus, significant metabolites were selected based on the combined high covariance set at 

|1500| and |200| for -ESI and +ESI, respectively, and high correlation (> |0.5|). 

Quantitative data for significant metabolites are presented from Fig. S8-2. 

 

The needle metabolome remains altered for IT individuals at T2, as shown 

by the PCA scores plots where class-specific clusters are clearly defined (Figure 

3-2e,f). According to the validated OPLS-DA models (Figure 6-2 and Figure 

S2-2e,f), eight metabolites were significantly up-regulated in needles. Six of 

them (1, 3, 4, 11, 13, and 21) were up-regulated from the beginning of the 

infestation, while the other two (25 and 26) appeared as significant for the first 

time (Table 1-2). Of the latter two, metabolite 25 was identified as an isomer of 

11 (potential auxin glycoside), probably differing in the position of 

glycosylation. While compound 26 remains unknown. 

Of the fifteen metabolites found to be down-regulated in needles at the 

beginning of infestation (T1), nine (1′-4′, 6′, 8′, 9′, 11′, and 13′) are still 

significant at T2 (Figure 6-2c,d). In addition, another three carbohydrate 

metabolites (16′, 18′, and 21′) were significantly down-regulated for the first 
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time. Interestingly, these three compounds, along with 1′, were also down-

regulated in wood at T2. 

 

 

Figure 6-2: OPLS-DA models based on LC-MS datasets obtained from needles of P. radiata 

at T2. Scores plots showing separation of samples labeled as healthy (HT, blue triangles) and infested 

(IT, red diamonds) trees with their 95% confidence intervals (shadowed regions) for –ESI (a) and 

+ESI (b) acquisition modes. The Y-predictive component (T score [1]) for variation in the dataset 

correlated to class separation is shown on the x-axis, while the orthogonal component that refers to 

uncorrelated variation for class separation is shown on the y-axis. S-plots showing significant 
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features with their numbers assigned according to Table 1-2 for –ESI (c) and +ESI (d), indicating 

atypical adduct ions and features fragmented in the ion source as “in source”. The S-plots visualize 

the features’ influence in the predictive component of the model, combining the covariance (p[1]) 

and correlation (p(corr)[1]) loading profiles. Covariance plotted on the x-axis visualizes the 

contribution to the predictive component, while correlation plotted on the y-axis spans between ±1 

as the reliability has a theoretical minimum of -1 and a maximum of +1 to predict the class 1 (IT). In 

this way, variables/features visualized toward the right-hand side contribute to class separation by 

high correlation with label IT [Y = 1] and the opposite. Thus, significant metabolites were selected 

based on the combined high covariance (> |2000|) and high correlation (> |0.5|). Quantitative data 

for significant metabolites are presented from Fig. S6-2 and S7-2. 

 

Additional chemical defense triggered in foliage after the S. noctilio 

infestation is reported in Note S2-2. 

 

5. DISCUSSION 

Metabolomics results presented here reveal the biochemical response of the 

downstream definitive cellular function expressed in needle and wood tissues 

of P. radiata following infestation by the woodwasp S. noctilio. As the needle’s 

metabolome rapidly responds to the woodwasp attack, an overall integral view 

of the primary and specialized metabolism pathways that most significantly 

changed in this organ is presented in Figure 7-2. However, only those metabolic 

changes that were considered highly relevant to this study are discussed below. 

As described above, from the 21 metabolites most significantly up-regulated 

in needles immediately after infestation, the flavonoid family is one of the two 
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most numerous groups, with five total metabolites (1-3, 10, and 18). 

Phenylpropanoid pathway is therefore systemically activated, providing key 

precursors for boosting flavonoid biosynthesis after converting Phenylalanine 

into p-coumaroyl-CoA (Figure 7-2) (Ferrer et al., 2008b). 
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Figure 7-2: Scheme for the pathway analysis of changes systemically induced in the metabolome of P. radiata needles 

immediately after infestation by S. noctilio. Metabolite nodes are shown as rectangles with annotated names and assigned 

numbers where available. Colour set-1 refers to expression data according to log2FC, where 𝐹𝐶 = 𝐼𝑇 𝐻𝑇⁄ , and 𝐼𝑇 𝐻𝑇⁄  is the 

average intensity ratio for the metabolite, and with the scale adjusted between -3 and 3 for ease of interpretation. Colour set-

2 shows statistical significance in a t-test, where white indicates significant (p < 0.001) and yellow not significant (p > 0.001). 

Metabolites filled in grey were not detected. Enzymes involved in specific transformations are shown as rounded rectangles, 

labeled, if possible, with their KEEG Ortholog number (KO). Downstream transformation pathways are shown as rounded 

grey rectangles. Dashed lines indicate known metabolic pathways containing several conversion steps or proposed ones. 
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Catechin (1) and procyanidin B1 (3) were significantly overexpressed in 

needles throughout the infestation with 1.75-fold and 3.80-fold at T1 and 1.33-

fold and 2.49-fold at T2, respectively (Figure 7-2 and Table S1). However, they 

were among the metabolites most strongly down-regulated in wood at T2 

(Figure 6-2c,d). According to the mechanism of S. noctilio pathogenicity in P. 

radiata, large areas of dried sapwood are forming around a fungus-infested area, 

which is in turn surrounded by a polyphenol barrier mainly formed by stilbenes 

like pinosylvin. No evidence of such barrier was detected in trees that did not 

survive the infestation, which is attributed to the translocation failure through 

the trunk vascular tissues (Coutts, 1969a, 1969b; Hillis and Inoue, 1968). In our 

case, all monitored infested trees died 33 weeks after the first sampling, 

suggesting such translocation impediment as the reason for the dropping levels 

of 1 and 3 in the wood. Although pinosylvin along with other stilbenes were 

detected in the wood metabolome, their levels were not significantly changed 

throughout the infestation (Table S1-2 and Fig. S9-2). 

However, the role of 1 and 3 seems to be other than transport into the wood 

to overcome the fungal infection, most of all because spreading of fungal 

colonization is rather unlikely at the infestation onset. In a physiological and 

proteomic integrated response study in needles to extreme UV radiation 
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conducted in P. radiata seedlings, Pascual and co-workers described the 

increased expression of key enzymes for flavan-3-ols biosynthesis, suggesting 

their photoprotective function (Pascual et al., 2017b). These were the Flavone 

3-Hydroxylase (F3H, K00475) involved in the conversion of naringenin to 

dihydrokaempferol (Figure 7-2), and the Anthocyanidin Reductase (ANR) that 

convert cyanidin into epicatechin. Coincidently, catechins accumulation was 

also found 3.72-fold increased after such UV exposure. 

Although 1 and 3 absorb maximally at 279 nm and therefore offer 

protection against high energy UV radiation, the collected data from local 

climate stations registered a significant decrease in mean daily maximum UVB 

intensity (280-315 nm) from 3.20 kW h m2 at T1 to 1.53 kW h m2 at T2. Thus, 

their accumulation in needles can be explained as a response to the progressive 

loss of photosynthetic pigments (chlorosis) caused by the woodwasp venom 

(Donaldson & Williams, 2018), attenuating the penetration of solar UVB 

radiation into sensitive tissues, and reducing oxidative damage due to the 

generation of reactive oxygen species (ROS) (Agati & Tattini, 2010). 

The other three flavonols (2, 10, 18) may be involved, at least partially, 

in the same mechanism of photoprotection, although they seem to be generated 

from the cleavage of corresponding phytoanticipins. The levels in needles of 2 
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(1.16-fold), 10 (1.36-fold), 18 (1.05-fold), and even that of quercetin hexoside 

(1.11-fold), were increased in parallel with deacetylation of their acetyl 

derivatives laricitrin acetylhexoside (0.55-fold), syringetin acetylhexoside 

(0.48-fold), 7′ (0.31-fold), and 6′ (0.29-fold), respectively (Figure 7-2 and Table 

S1-2). Presumably, this group of acetyl derivatives is present in pine needles as 

phytoanticipins, which are converted to more polar substances after infestation 

to facilitate their transport to target tissues. However, these flavonols maximally 

absorb at about 355 nm, which means that they are not UVB but UVA-

absorbing pigments. The potential function of them during an infestation, 

besides their well-known antioxidant properties (Note S1), may be related to 

the ample evidence supporting the role of flavonols as endogenous regulators 

of auxin transport in plants (Jacobs & Rubery, 1988; Peer & Murphy, 2007; 

Agati & Tattini, 2010; Buer et al., 2010). They act similarly to 

naphthylphthalamic acid (NPA), inhibiting polar auxin transport (PAT) by 

binding to the NPA-receptor in the plasma membrane, which blocks the polar 

efflux step and causes net auxin accumulation in transporting cells (Jacobs & 

Rubery, 1988). Together with flavonols 2, 10, and 18, naringenin was also up-

regulated (2.75-fold) at the beginning of infestation (Figure 7-2, Table S1-2). It 

is a precursor of flavonoids that was, in addition, reported affecting the auxin 
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transport levels when sprayed onto the shoot apex of Arabidopsis transparent 

testa mutant (tt4) seedlings lacking chalcone synthase (CHS, K00660), a key 

enzyme for flavonoid biosynthesis (Peer et al., 2004). Three months later, none 

of them were highly significant, although 2, 10, and naringenin remain slightly 

up-regulated in needles (Table S1-2). 

The function of flavonols as endogenous PAT regulators during the 

infestation responds to the need to control the transport of the high auxins 

content accumulated in needles at T1. This includes indole-3-acetate (IAA, 

11.0-fold), the potential auxin (hydroxy indole-3-yl)-lactate (OH-ILA, 11.4-

fold), and its glycoside 11 (3.14-fold) (Figure 7, Table S1) and is consistent with 

the previous suggestion that flavonols affect PAT in apical tissues by 

modulating the amount of auxin loaded into the long-distance PAT stream (Peer 

& Murphy, 2007). All these could therefore be interpreted as a tolerance 

mechanism compensating for the chlorosis and premature senescence of 

needles observed as initial symptoms in infested P. radiata trees, promoting 

faster development of new shoots and young needles. 

It seems that the role of auxins in plant tolerance is obvious; nevertheless, in 

this case, several interesting correlations were found between them that deserve 

attention. After three months of long-term infestation, IAA remains at nearly 
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identical levels of 11.1-fold up-regulated, whereas the accumulation in needles 

of 11 and its isomer (25) nearly doubled, from 3.14-fold at T1 to 6.0-fold at T2, 

and from 3.46-fold at T1 to 6.6-fold at T2, respectively. This, together with the 

decrease in OH-ILA by almost half, from 11.4-fold at T1 to 5.8-fold at T2 

(Table S1), may suggest inactivation of the latter by glycosylation. Further 

studies are needed to help understand the specific physiological function and 

regulation of this potential auxin, as well as why its levels decline while those 

of the major auxin, IAA, remain the same. 

Regarding tolerance against premature senescence, an apparent link to 

proline (5) metabolism was found. Proline was classified as one of the most 

prominent up-regulated metabolites at T1, over-expressed by 4.72-fold (Figure 

7, Table S1). After three months of infestation at T2, its levels dropped by 

almost half (2.54-fold) (Table S1-2), being no more significant. This may 

suggest that proline catabolism occurs at T2, where it is oxidized to glutamate, 

which enters to tricarboxylic acid cycle (TCA). Indeed, glutamate (13′) still 

appears to be significantly down-regulated at T2 (Figure 6-2d), although its 

level appears double from a 10-fold decrease at T1 to a 5-fold decrease at T2, 

in proportion to the decrease in proline (Table S1). Increased levels at T2 were 

also found for glutathione (12′) (in 14.9-fold), glutamine (in 4.5-fold), fumarate 
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(in 0.6-fold), and malate (4) (in 0.49-fold) (Table S1-2). Coincidentally, cut 

roses (Rosa hybrida) have previously been reported to have elevated proline 

levels during senescence, followed by a 50% decrease when petals are fully 

aged (Kumar et al., 2009). Consequently, 5 mM proline was applied 

exogenously, observing the extent of the vase life by 30% due to delaying 

senescence of petals (Kumar et al., 2010), which have been suggested to occur 

by preventing ATP depletion (Zhang & Becker, 2015). 

Unlike flowers, leaves obtain energy from photosynthesis, even in the last 

stages of senescence. Proline is therefore not originally needed as an energy 

source, so its oxidation occurs for other reasons. Oxidation of proline is 

catalyzed by two mitochondrial enzymes, flavin-dependent proline 

dehydrogenase (PRODH, K00318) and NAD+-dependent 1-pyrroline-5-

carboxylate dehydrogenase (P5CDH, K00294), yielding about 30 ATP units 

through coupling to the mitochondrial electron transport chain (Zhang & 

Becker, 2015). More recently, the role of proline oxidation during senescence 

has been investigated, suggesting that glutamate and energy generation occur to 

be then exported to tissues and sink organs, finding additional evidence that 

suggested proline as an alternative substrate for mitochondrial respiration 

(Launay et al., 2019). All this is quite consistent with our case, since chlorotic 
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needle cells in infested trees still have an energy demand that cannot be fully 

supplied by degraded photosynthetically active chloroplasts, being alternatively 

supplied by proline oxidation in mitochondria. Thus, it can be thought that the 

up-regulation of proline represents a tolerance mechanism that prolongs the life 

of infested trees, allowing them to maintain important biochemical processes in 

needles while the photosynthetic systems are progressively degraded. 

Together with the auxin pathway activation, additional and dramatic changes 

in needles metabolome simultaneously happened, which most likely 

compromised trees long-term survival. The most dramatic decrease in the level 

of any metabolite in needles after infestation was for ascorbate (3′). Its content 

decreased more than 90-fold compared with the original value in healthy trees 

at T1 (Table S1-2). This is a clear indicator of the magnitude of oxidative stress 

that trees are likely to encounter during an infestation, which is particularly 

severe at the very beginning of the S. noctilio attack. One would therefore 

expect to detect at least some increase in the concentration of substances that 

are products of ascorbate oxidation, such as dehydroascorbate (DHA) (Heber et 

al., 1996; Smirnoff, 2018). Although not comparable to the magnitude of the 

observed ascorbate down-regulation, DHA levels in needles at T1 increased 

1.47-fold. In parallel, ascorbate hexoside (16) was among the significantly up-
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regulated metabolites at T1 (1.25-fold) (Figure 7-2, Table S1-2). This is 

intriguing because it is not an oxidation product of ascorbate, but a derivative 

that stabilizes ascorbate against oxidation (Smirnoff, 2018).  

Such a marked decrease in ascorbate concentration in needles at the 

beginning of infestation may be partly due to the need to remove H2O2 

generated not only by photosynthetic electron transport and photorespiration 

but also by the previously mentioned proline catabolism in mitochondria. 

Proline catabolism generates H2O2 as a by-product that activates antioxidant 

signaling pathways (Zhang & Becker, 2015). Additionally, it also seems 

consistent that progressive loss of chlorophylls and desiccation in chlorotic 

needles may cause damage to photosystems through inactivation of the oxygen-

evolving complex. Consequently, the incorporation of ascorbate present in the 

thylakoid lumen into the electron transport chain of photosystems is induced, 

thus offsetting water deficiency and harnessing its well-known electron donor 

property (Tóth et al., 2009, 2011). Three months after the beginning of 

infestation, a replenished trend of ascorbate levels in needles was observed, 

dropping in this case by only 3.13-fold (Table S1-2). However, this observation 

must be interpreted with caution, because at this time in most of the monitored 

trees the vast part of the old leaves had already been lost due to premature 
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senescence and desiccation, and thus the collected samples consisted at this time 

only of the remaining younger greenish needles. 

In addition to ascorbate, glutathione levels (12′) also suffered a drastic drop 

among infested trees at T1 (by 17.5-fold) (Figure 7-2, and Table S1). As 

premature senescence in P. radiata infested tree has been explained as a 

physiological response to toxin removal from woodwasp venom (Fong & 

Crowdent, 1973b), glutathione consumption can be primarily understood as part 

of such detoxification mechanism. It is known that through the action of 

glutathione-S transferases, glutathione in plants can conjugate with xenobiotic 

substances to detoxify them (Gullner et al., 2018a; Heldt & Piechulla, 2021). 

However, further evidence is needed to uncover a potential conjugation between 

glutathione and some components of the woodwasp venom capable of 

migrating from the S. noctilio oviposition site in the trunk through the xylem to 

the needles, for example, the glycopeptide noctilisin (Bordeaux et al., 2014b). 

Additionally, the acute decrease in glutathione levels at T1 may indicate, 

once again, the magnitude of the oxidative stress faced by the infested trees at 

the beginning of the infestation. Metabolite 12′ is a reduced form of glutathione 

(GSH), which normally functions as an antioxidant in plant cells, where it is 

oxidized to its disulfide derivative (GSSG) to quench ROS or even reduce DHA 
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to regenerate ascorbate (Gullner et al., 2018; Heldt and Piechulla 2021; Noctor 

et al., 2012). After three months of infestation (T2), a glutathione deficit 

persists, although this appears to have been replenished in 14.9-fold (Table S1). 

However, this fact must be interpreted with caution because the same reasons 

as stated above for the ascorbate case may influence this result. Either way, this 

is a clear indication that GSH-GSSG balance was never restored after 

infestation, which may have dire consequences for redox homeostasis. 

Moreover, the role of glutathione in plant development is also well understood 

(Noctor et al., 2012), so the survival of infested trees under its permanent deficit 

for an extended period seems quite unlikely. 

There were also changes in the pine metabolome that suggested a resistant 

response. It is explained by the overexpression of lignans 6, 9, 15, 17, and 21 in 

needles of infested trees at T1 (Figure 7-2), which may be associated with a 

direct defense response against fungal infection. In a previous phylogenetic 

study conducted on Populus trichocarpa, the expression of five cinnamyl 

alcohol dehydrogenase (CAD/CAD-like) genes were significantly induced in 

stem or leaves after inoculation with three fungal pathogens of different lifestyle 

and pathogenicity (Bagniewska-Zadworna et al., 2014). CAD enzymes 

(K00083) catalyze the conversion of various cinnamaldehyde to their 
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corresponding alcohols, a key final step in lignan biosynthesis (Figure 7-2), as 

well as the formation of lignin bound to secondary cell walls (Möller et al., 

2006). Despite the obvious importance of CADs on plant development, the up-

regulation of lignans 6, 9, 15, 17, and 21 after infestation by S. noctilio, which 

also includes colonization of woody tissues by the fungal symbiont A. 

areolatum, may add evidence for a further defensive function of CADs in P. 

radiata. 

After three months of infestation, oxyneolignans 9 (1.42-fold), 15 (1.47-

fold), 17 (1.65-fold), and 21 (2.86-fold) remain up-regulated in needles, the last 

being the most significant, increased nearly 1.0-fold. This compound has the 

highest molecular weight (m/z 617.2593 [M-H]-), which may indicate a 

tendency toward polymerization, although it is still an oxyneolignan. These 

metabolites could function as antifungal agents, with the ability to form a 

physical barrier that could block the spread of A. areolatum in the wood if 

transported from needles to affected tissues, or at least synthesized in-situ. 

However, lignans very similar to 17 and 15, but with pentose instead of a 

deoxyhexose (17′), and glycosylated with pentose (19′), respectively, were 

found significantly down-regulated in wood at T2 (Figure 5-2 c,d and Table 1-

2). This may indicate that they are metabolized into other undetected 
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substances. However, this, together with the fact that none of the oxyneolignans 

synthesized in the needles were up-regulated in the wood, reiterates the 

aforementioned and previously suggested lack of translocation in non-resistant 

trees (Coutts, 1969a, 1969b; Hillis and Inoue, 1968). The evidence presented 

here may therefore suggest that such a polyphenol barrier observed in the wood 

of resistant trees, maybe formed mainly by oxyneolignans or their transformed 

derivatives rather than by stilbenes. 

6. CONCLUSIONS 

This work evidenced the usefulness of metabolomics for revealing the 

fundamental role of plant chemical defense that determines their interactions 

with insects. Metabolomics approach based on LC-MS dataset used in this case 

for the study of pine response to the woodwasp S. noctilio infestation, 

uncovered for the first time the ultimate induced downstream products of the 

cellular biochemical function expressed in needles and wood tissues. The 

adopted research strategy provided direct evidence for the expression of specific 

upstream gene products involved in most relevant metabolic processes 

described for primary and specialized metabolism. Upon infestation, the 

phenylpropanoid pathway is immediately activated, supplying the necessary 

precursors for flavonoids biosynthesis, especially to overexpress catechins that 
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may protect needles from the damage of UVB radiation given the progressive 

chlorophylls losses caused by the woodwasp injected venom. The huge 

overexpression of auxins registered in needles throughout the infestation 

suggested a tolerance process in response to the premature senescence induced 

in most foliage by the woodwasp venom. Accordingly, a role of polar auxin 

transport endogenous regulator was attributed to the overexpressed flavonols at 

the beginning of the infestation, given the need for inhibiting auxin efflux from 

transporting cells and promoting development in affected needles. In the same 

line, trees accumulated proline in the first stage of infestation to presumably be 

then catabolized to fuel mitochondrial respiration, supplying the energy demand 

in chlorotic needles that may not be fully provided by degraded chloroplasts, 

delaying the final senescence. However, such a tolerance deployed mechanism 

is apparently countered by the critical oxidative stress that trees must face 

throughout the infestation. This prevented replenishing the levels of key 

antioxidants such as ascorbate and glutathione in the long term, which could 

negatively impact redox homeostasis, compromising tree survival. Revealing 

the whole picture of the biochemical response in pine to the woodwasp 

infestation is essential for understanding this interaction, pointing to new targets 

for innovation in breeding programs for resistant plant production. Therefore, 
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future breeding programs may take advantage of findings reported in this study 

for genotype selection with the highest possible capability of tolerating 

infestation by S. noctilio. 

7. EXPERIMENTAL 

9.306 General experimental procedures 

 

Metabolomics analysis was performed by LC-MS/MS on an ultra-high 

performance liquid chromatography system (Elute UHPLC, Bruker Daltonik 

GmbH, Bremen, Germany) equipped with a diode array detector (Elute DAD) 

and coupled in tandem with a quadrupole-time-of-flight mass spectrometer 

equipped with an atmospheric pressure electrospray ion source (Compact ESI-

QTOF, Bruker Daltonik GmbH, Bremen, Germany). Chromatographic 

separation was performed on a Kinetex C18 UHPLC column (100 mm length × 

3 mm id, 1.7 µm particle size, Phenomenex) using a SecurityGuard Ultra 

Cartridge UHPLC C18 3.0 mm length pre-column and maintained at 30°C. 

Acetonitrile hypergrade for LC-MS, water LC-MS grade, methanol gradient 

grade, formic acid MS-grade (98-100%), and chloroform for liquid 

chromatography were purchased from Merck (Darmstadt, Germany). Compass 

HyStar 4.1 software (Bruker Daltonik GmbH, Germany) was used for data 
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acquisition. MetaboScape 3.0 software (Compass, Bruker Daltonik GmbH, 

Germany) was used for data processing, bucket table generation, and statistical 

model interactive visualization. Grounding of plant material and 

homogenization, and metabolome extraction, was performed in a ball mill 

Retsch MM-400 (GmbH, Haan, Germany). Solvents were evaporated in a 

vacuum centrifuge (Concentrator plus, Eppendorf, Hamburg, Germany). 

 

7.2 Origin of plant material and sampling. 

 

Plant material was collected from a 14-year-old unmanaged stand of Pinus 

radiata D. Don (Pinaceae) belonging to commercial plantations of Forestal 

Mininco Co. It was located in an area of S. noctilio high incidence (Ide et al., 

2018a), in the central valley of Chile, north of San Nicolas city, in the Ñuble 

Region (36°26’18.0”S 72°14’32.0”W). Identification of trees in the early stage 

of infestation by S. noctilio was confirmed by visual inspection of the main 

reported symptoms, which usually appear two weeks after the attack. These 

include several oviposition holes in the trunk with oleoresin exudation and 

wilting chlorotic needles in the crown (Fig. S1-2) (Bordeaux & Dean, 2012b). 

Ten infested trees (IT) were randomly selected within the stand, together with 
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another ten healthy trees (HT) (without such symptoms throughout the period 

of this study) as closely as possible to each IT. These two groups were used to 

compare their metabolomes at each sampling point, three months apart. Thus, 

significant metabolic changes in Its can be attributed to a direct response to 

infestation, rather than to climatic or seasonal changes. 

The first sampling, T1, was conducted on April 12 (fall) 2018. April marks 

the end of S. noctilio flight season in Chile, ensuring that HTs remain without 

attack throughout the sampling period. The second sampling (T2) was 

performed on July 12 (winter) 2018, when IT individuals still maintained 

greenish needles in their foliage. Finally, all monitored infested trees died after 

33 weeks of the first sampling (T1). The climatic condition details of sampling 

days/months are reported in Methods S1-2. 

Approximately 200 g of needles, representative of the upper third foliage, 

were collected from each tree with a pruning pole. Only alive needles were 

considered for Its. Wood samples containing vascular tissues were also 

collected from the trunk of each tree at a height of 1.5 m using an incremental 

borer. Immediately after collection, samples were immersed in liquid nitrogen, 

transported to the lab, and stored at -80°C until needed. 
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7.3 Sample preparation and metabolome extraction. 

 

Sample preparation and metabolome extraction for analysis was performed 

according to a previously described protocol with minor modifications 

(Valledor et al., 2014b). Briefly, frozen fresh samples (FFS) of needle and wood 

samples were cryogenically ground to a fine powder and homogenized using a 

ball mill at 30 Hz for 5 min. Before extraction, moisture content was determined 

for each sample by a thermogravimetric method to normalize its weight before 

the extraction. Samples were processed in triplicate within a complete 

randomized block for one sampling time (T1 or T2). For metabolome 

extraction, 800 µl of cold (4°C) MeOH/H2O/CHCl3 (2.5:0.5:1) were added to 

100 mg (dry weight basis) of powdered FFS contained in a 2 ml microcentrifuge 

tube and shaken for 60 s at 30 Hz. A blank, consisting only of extraction solvent, 

in triplicate, was treated in the same manner and included in randomized blocks. 

Samples were then centrifuged at 13300 g for 10 min at 4°C and 600 µl of the 

supernatants were transferred to new tubes for liquid-liquid extraction by 

adding more water and CHCl3, 400 µl each, and shaking for 30 s at 20 Hz. After 

centrifuging at 13300 g for 5 min at 4°C, the two phases were clearly defined 

with a sharp interface. Hydrophilic (top layer) fractions were transferred to new 
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tubes, 600 µl each, and dried in a vacuum centrifuge, while bottom lipophilic 

fractions containing pigments and other lipophilic substances were discarded. 

Dried extracts were stored at -80°C until needed. In this way, ten biological 

replicates were considered per group (IT or HT) with three technical replicates 

per individual sample, resulting in a total of sixty extracts for analysis per 

randomized block (T1 or T2). 

7.4  LC-MS metabolomics analysis.  

Immediately before analysis, dried extracts and blanks were resuspended in 600 

µl of cold (4°C) 80% methanol (in water, v/v), shaken for 30 s at 30 Hz, and 

centrifuged for 10 min at 13300 g and 4°C. Aliquots of 100 µl per sample were 

collected to form a pooled quality control (QC) sample. Blank, QC, and plant 

extract samples were then transferred to 200 µl inserts contained in 1.5 ml 

amber vials and placed in a liquid chromatography autosampler maintained at 

4°C according to the predetermined random sequence. This started with three 

blank samples followed by six QC samples, and another QC sample after every 

ten plant extracts. 

Metabolomics analyses were carried out by LC-MS/MS using a mobile phase 

consisting of solvent A (0.1% formic acid in Milli-Q water, v/v) and solvent B 

(0.1% formic acid in acetonitrile hypergrade, v/v) at a flow rate of 0.4 ml min-
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1. Gradient elution began with 2.0 min of column equilibration at 5% B and 

continued as follows: 0.0 – 20.0 min, 5 – 60% B linear; 20.0 – 20.5 min, 60 – 

95% B linear; 20.5 – 24.0 min, maintained at 95% B; 24.0 – 24.5 min, 95 – 5% 

B linear. The injection volume was 2.0 µl. DAD was operated in the wavelength 

range from 194 to 600 nm at a data acquisition rate of 10.0 Hz. 

The mass spectrometer was operated in negative and positive ESI modes in 

data-dependent auto-MS/MS acquisition. MS parameters were set as follows: 

mass range 50 – 1500 m/z; scan cycle time 0.2 s; drying temperature 200°C; 

capillary voltage 3.5 kV (–ESI) and 4.5 kV (+ESI); endplate offset 0.5 kV for 

both modes; desolvation gas flow 9.0 l min-1 (N2); nebulizer pressure 4.0 bar. 

MS/MS spectra were acquired from each scan, subjecting ions (maximum 2) to 

collision-induced dissociation (CID) if their absolute intensities exceeded 1000 

counts per 0.2 s cycle, with variable collision energy in the range of 20 – 50 eV. 

Active exclusion of the precursor ion was applied after 1 spectrum, and 

fragmentation was reconsidered if its intensity was at least equal to the 

previously measured one. For internal reference, sodium formate solution (10 

mM in iso-PrOH/H2O, 1:1, v/v) was pumped continuously at a rate of 1 µl min-

1 through a six-port valve, so that 20 µl of it was delivered to the mass 

spectrometer just before each analysis. 
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7.5  Data processing and statistics. 

 

The raw LC-MS data were first processed in MetaboScape software by selecting 

the algorithm Time aligned Region complete eXtraction (T-ReX 3D). It 

integrates a stepping workflow, including mass recalibration, retention time 

(Rt) alignment, feature extraction (m/z – Rt pairs), adducts and neutral losses 

handling, whole region feature extraction, import of MS/MS spectra, and 

generation of Bucket Tables where features are assigned to Buckets (m/z – Rt 

pairs and intensity) across samples with recursive extraction of missed peaks 

for improved statistics. The parameters used for bucket table generation through 

T-ReX 3D algorithm were set as follow: intensity threshold, 400 counts; 

minimum spectrum peak length, 5; minimum recursive peak length, 5; 

minimum number of recursive features to be extracted, if present in 1/3 of a 

group; feature in a minimum number of analysis, present in 1/3 of a group; mass 

range, 50 – 1500 m/z; retention time range, 0.5 – 20.0 min; MS/MS import, 

average. 

Generated bucket tables were first manually curated using exploratory 

statistics in MetaboScape and then exported to MetaboAnalyst 5.0 for a high-

throughput analytical pipeline for metabolomics (Chong et al., 2019; Pang et 
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al., 2021). After uploading, data were Pareto-scaled and then examined by 

applying principal component analysis (PCA) for reducing data dimensionality 

and uncovering the inherent clusters pattern in the data (Worley & Powers, 

2013a). Orthogonal Projection to Latent Structures Discriminant Analysis 

(OPLS-DA) was then applied to the datasets. This is a supervised modeling 

method that was applied to the dataset to discover features correlated with 

systemic response in needles and wood of P. radiata after infestation by S. 

noctilio, using HT level for healthy and IT for infested. However, the OPLS-

DA model aggressively enforces the separation of these two classes, thus 

causing a risk of over-fitting the model to the data. To avoid this, validation was 

performed to ensure model reliability by using a combined random permutation 

test of class labels with internal leave-n-out cross-validation. The parameters of 

a measure of internal consistency between the original and cross-validated 

predicted data (Q2) and the measure of model fit to the original data (R2Y), were 

used to assess statistical quality (Worley & Powers, 2013a, 2016a). 

 

7.6  Biomarker model evaluation. 
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Features relevant to class discrimination according to the OPLS-DA model 

were further evaluated for their usefulness as biomarkers of early infestation. 

For this purpose, a receiver operating characteristic (ROC) curve-based 

approach was used, where in addition to individual features, the ability of their 

combination to predict classes for new unlabeled samples was evaluated. Such 

assessment is based on the ability to give a positive test in the case of S. noctilio 

infestation (sensitivity) and a negative test in the absence of infestation 

(specificity), which is ultimately indicated by the value of the area under the 

curve (AUC), where the closer to 1.0, the better the metabolite or set of them as 

a biomarker of infestation (Chong et al., 2019). The ROC models were also 

validated using a random permutation test, considering the predictive accuracy 

of the biomarker model created as a measure of performance. 

 

7.7  Metabolite annotation. 

 

The chemical nature of significant metabolites was determined using an 

integrated workflow in MetaboScape for manual annotation. The first step 

includes the SmartFormula task to determine molecular formulas based on 

accurate mass and isotopic patterns information for the extracted feature. 
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Elements such as C, H, N, O, P, and S, were considered in the calculations, with 

a tolerance of 5 ppm. SmartFormula 3D calculations are also applied in this step 

for all features with available MS/MS spectra, improving the quality of the 

calculated molecular formula. This is an intelligent interface for the annotation 

of all monoisotopic peaks in the MS/MS spectrum. Thus, for each possible 

explanation of the m/z of the precursor and isotopic pattern of a feature, 

SmartFormula 3D determined which ion formulas best explained the 

monoisotopic peak and isotopic pattern of the MS/MS fragment spectrum and 

ranked them according to MS/MS fragment explanation and intensity coverage. 

In the next step, the Compound Crawler tool searches possible structures that 

fit the first ranked formula, sending queries for a given molecular formula to 

databases such as ChEBI, ChemSpider, and PubChem, and returns results that 

can be used to annotate compounds. The selection of correct structure was then 

performed using the MetFrag algorithm, as multiple structure candidates were 

typically found in Compound Crawler for a given elemental composition. Using 

the MS/MS fragment spectrum, MetFrag searches for ions matching with in-

silico fragmentation of possible candidates given by Compound Crawler and 

ranks them according to explained fragment peaks and intensity coverage 

(Ruttkies et al., 2016). Finally, the selection of the best candidate for a given 
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feature is refined by the MS/MS Library Search tool, which compares the 

MS/MS spectrum of a given feature with spectra of known compounds 

contained in Spectral Libraries previously imported in MetaboScape, such as 

Bruker MetaboBASE Plant Library and Vaniya/Fiehn Natural Products Library 

of the MassBank of North America (MoNA). SIRIUS 4.0, a freely available 

web service integrating high-resolution isotopic pattern analysis and 

fragmentation trees for structural elucidation, was also used to improve 

annotation (Dührkop et al., 2019). 

In addition, retention times match with that of chemical standards, where 

available, were checked for final structure confirmation and higher annotation 

level (A). The complete metabolite data are presented in Table 1-2.
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 Table 1-2: Annotation of significant metabolites that changed their levels in P. radiata needles and/or wood during S. noctilio 

infestation.  

No Rt (min) Metabolite 

identification 

Metabolite class Mol. 

Formula 

- ESI 

Theor m/z 

- ESI 

Found m/z 

+ ESI 

Theor m/z 

+ ESI 

Found m/z 

m/z error 

(ppm)a 

MS/MS ESI (-) 

m/z (rel. int.) 

MS/MS ESI (+) 

m/z (rel. int.) 

UV/Vis 

(nm) 

InChI-Key Ident. Level 

(A-D) 

Up-regulated metabolites in needles and wood of P. radiata following infestation by S. noctilio at T1 and/or at T2 

1 4.64 Catechin Flavan-3-ol C15H14O6 289.0718 289.0708 

[M-H]- 

291.0863 291.0862 

[M+H]+ 

3.39, 0.26 289.1 (84), 245.1 (100), 

203.1 (52), 151 (38), 

123.0 (61), 109.0 (73)  

207.0 (21), 147.0 (21), 

139.0 (100), 123.0 (74)  

279 PFTAWBLQP

ZVEMU-

HIFRSBDPSA-

N 

An-T1-T2, * 

2 7.56 Laricitrin hexoside Flavonol glycoside C22H22O13 493.0988 493.0970 

[M-H]-, 

315.1226b 

495.1133 495.1125 

[M+H]+, 

317.1378b 

3.53, 1.66 493.1 (98), 330 (43), 

315.0 (100), 287.0 (33) 

333.0 (100) 318.0 (13)  281, 353 ODXINVOINF

DDDD-

CLXWZIMCS

A-N 

Bn-T1 

3 4.43 Procyanidin B1 Proanthocyanidin C30H26O12 577.1351 577.1339 

[M-H]- 

579.1497 579.1487 

[M+H]+ 

2.09, 1.70 577.1 (75), 451.1 (27), 

425.1 (100), 407.1 (87), 

289.1 (98), 125.0 (78)  

479.1 (18), 427.1 (69), 

409.1 (40), 289.1 (100), 

127.0 (76) 

278 XFZJEEAOW

LFHDH-

UKWJTHFES

A-N 

An-T1-T2, * 

4 1.16 Malic acid Dicarboxylic acid C4H6O5 133.0142 133.0144 

[M-H]- 

n.d. n.d. 1.0, n.d. 115.0 (100)  n.d. n.d. BJEPYKJPYR

NKOW-

UHFFFAOYS

A-N 

An-T1-T2 

5 1.06 Proline Amino acid C5H9NO2 n.d. n.d. 116.0706 116.0704 

[M+H]+ 

n.d., 1.63 n.d. 116.1 (100) n.d. ONIBWKKTO

POVIA-

BYPYZUCNS

A-N 

An-T1 

6 7.48 Isotaxiresinol Lignan C19H22O6 345.1344 345.1332 

[M-H]- 

317.1384b 317.1378b 

[M+H]+ 

3.26, 1.73 327.1 (28), 315.1 (100), 

300.1 (14) 

299.1 (29), 271.1 (69), 

175.1 (42), 165.1 (47), 

151.1 (50), 137.1 (100) 

n.d. GQLVRVYXA

HDDLB-

PJFSTRORSA-

N 

Bn-T1 

7 3.02 Pungenin Acetophenone 

glycoside 

C14H18O8 313.0929 313.0925 

[M-H]- 

n.d. n.d. 1.41, n.d. 313.1 (7), 151.0 (15), 

107.1 (100) 

n.d. n.d. AOXMCWFZP

ZRDPE-

RKQHYHRCS

A-N 

Bn-T1 

8 7.74 Diacetyl derivative of 

geniposidic acid 

Iridoid glycoside C19H26O10 413.1453 413.1443 

[M-H]- 

437.1418 437.1408 

[M+Na]+ 

2.46, 2.33 413.1 (100), 163.0 (16), 

135.0 (73), 129.1 (15), 

121.0 (88) 

415.2 (5), 267.1 (52), 

249.1 (35), 105.0 (100) 

282, 320 MHPLKAPNU

FHKRF-

SLHLPCJXSA-

N 

Bn-T1 

9 7.6 Methoxy-

tetrahydroxy-8,4′-

oxyneolignan 

hexoside 

Oxyneolignan 

glycoside 

C25H34O11 509.2028 509.2016 

[M-H]- 

n.d. n.d. 2.41, n.d. 509.2 (25), 491.2 (28), 

473.2 (13), 461.2 (16), 

367.1 (24), 313.1 (50), 

179.1 (100), 167.1 (24), 

146.0 (35), 134.0 (19) 

n.d. n.d. BUSMKRODP

AQUMM-

NAPQKZHBS

A-N 

Bn-T1 

10 8.43 Syringetin hexoside Flavonol glycoside C23H24O13 507.1144 507.1127 

[M-H]- 

347.0761b 347.0755b 

[M+H]+  

3.39, 1.87 507.1 (100), 344.1 (24), 

329.0 (16) 301.0 (29) 

287.0 (13), 273.0 (44), 

258.0 (16), 242.0 (21) 

347.1 (100), 163.1 (29), 

137.1 (85), 122.0 (26), 

94.0 (14) 

263, 357 JMFWYRWPJ

VEZPV-

WKRUDVTBS

A-N 

Bn-T1 
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11 4.76 (Hydroxyindol-3-yl)-

lactate hexoside 

Indole glycoside C17H21NO9 382.1143 382.1135 

[M-H]- 

406.1109 406.1103 

[M+Na]+ 

1.42, 1.43 382.1 (100), 249.1 (26), 

237.1 (18), 220.1 (16), 

202.1 (78), 158.1 (67), 

132.0 (29) 

222.1 (100), 176.1 (86), 

158.1 (89), 130.1 (26) 

279 - Bn-T1-T2 

12 1.25 Citric acid Tricarboxylic acid C6H8O7 191.0197 191.0191 

[M-H]- 

193.0343 193.0345 

[M+H]+ 

3.04, 1.08 191.1 (17), 129 (9), 

111.0 (100) 

193.0 (100) 276 KRKNYBCHX

YNGOX-

UHFFFAOYS

A-N 

An-T1 

13 3.68 Tryptophan Amino acid C11H12N2O2 203.0826 203.0819 

[M-H]- 

205.0972 205.0966 

[M+H]+ 

1.04, 3.27 203.1 (44), 186.1 (35), 

142.1 (50), 116.1 (100) 

188.1 (61), 146.1 (100), 

115.1 (45), 91.1 (18)  

282, 303 QIVBCDIJIAJ

PQS-

VIFPVBQESA

-N 

An-T1-T2 

14 1.09 Dimethyl-inositol Sugar alcohol C8H16O6 n.d. n.d. 209.1020 209.1017 

[M+H]+ 

n.d., 1.39 n.d. 141.1 (30), 109.0 (100), 

98.0 (24) 

n.d. DYQWYDOD

KPTUPA-

YNJOCIMMS

A-N 

Bn-T1 

15 7.06 Methoxy-

penthahydroxy-8,4′-

oxyneolignan 

Oxyneolignan C19H24O7 363.1449 363.1437 

[M-H]- 

n.d. n.d. 3.45, n.d. 179.1 (45), 167.1 (100), 

149.0 (27), 134.0 (21), 

121.0 (25) 

n.d. 280 KMYQEVOSR

SCASE-

UHFFFAOYS

A-N 

Bn-T1 

16 1.13 Ascorbic acid 

hexoside 

Aldonic acid 

lactone glycoside 

C12H18O11 337.0776 337.0767 

[M-H]- 

339.0922 339.0920 

[M+H]+ 

2.69, 0.57 337.1 (100), 277.1 (24), 

191.1 (10), 174.0 (10) 

n.d. n.d. MLSJBGYKD

YSOAE-

DCWMUDTN

SA-N 

Bn-T1 

17 7.87 Dimethoxy-

tetrahydroxy-8,4′-

oxyneolignan 

deoxyhexoside 

Oxyneolignan 

glycoside 

C26H36O11 523.2185 523.2169 

[M-H]- 

n.d. n.d. 3.05, n.d. 523.0 (57), 475.2 (100), 

327.1 (23), 195.1 (23), 

165.1 (55), 149.0 (51), 

133.0 (22)  

n.d. 280 BAVLMBOW

TIUCML-

QPMGRVRES

A-N 

Bn-T1 

18 6.6 Myricetin hexoside Flavonol glycoside C21H20O13 479.0831 479.0816 

[M-H]- 

481.0977 481.0967 

[M+H]+ 

3.08, 1.93 479.1 (100), 316.0 (90), 

287.0 (31), 271.0 (53) 

319.1 (100)  260, 355 FOHXFLPXB

UAOJM-

LIBJPBHASA-

N 

Bn-T1 

19 1.12 Arginin-succinic acid Amino acid C10H18N4O6 289.1154 289.1146 

[M-H]- 

291.1299 291.1289 

[M+H]+ 

2.63, 3.43 n.d. 291.1 (100), 232.1 (19), 

175.1 (64) 

n.d. KDZOASGQN

OPSCU-

WDSKDSINS

A-N 

Bn-T1 

20 1.03 Pinitol Sugar alcohol C7H14O6 n.d. n.d. 195.0863 195.0862 

[M+H]+ 

n.d., 0.48 n.d. 127.0 (33), 109.0 (100), 

97.0 (16) 

n.d. DSCFFEYYQ

KSRSV-

FEPQRWDDS

A-N 

Bn-T1 

21 10.40 Unnamed 

oligooxyneolignan 

Oxyneolignan C32H42O12 617.2604 617.2593 

[M-H]- 

619.2749 619.2747 

[M+H]+ 

1.75, 0.27 617.3 (100), 587.2 (16), 

380.2 (57), 362.2 (70), 

308.2 (20), 239.1 (79) 

619.3 (100), 482.2 (14), 

452.2 (61), 408.2 (35), 

285.1 (35) 

277, 383 FDGLTYXSIL

TPCR-

UHFFFAOYS

A-N 

Bn-T1-T2 

22 6.23 Dihydromyricetin Flavanonol C15H12O8 319.0459 319.0452 

[M-H]- 

321.0605 321.0589 

[M+H]+  

2.30, 4.81 301.0 (6), 257.0 (16), 

215.0 (15), 193.0 (100), 

179.0 (37) 175.0 (35), 

151.0 (21), 125.0 (48) 

n.d. 291 KJXSIXMJHK

AJOD-

LSDHHAIUSA

-N 

Bw-T2 

23 4.43 Sebacic acid Dicarboxylic acid C10H18O4 201.1132 201.1124 

[M-H]-  

n.d. n.d. 4.15, n.d. 201.1 (100), 183.1 (16), 

139.1 (6), 127.1 (6), 

111.1 (7) 

n.d. - CXMXRPHRN

RROMY-

UHFFFAOYS

A-N 

Bw-T2 
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24 1.18 Mannitol Sugar alcohol C6H14O6 181.0718 181.0711 

[M-H]- 

n.d. n.d. 3.79, n.d. 89.1 (100) n.d. n.d. FBPFZTCFMR

RESA-

KVTDHHQDS

A-N 

Bw-T2 

25 4.40 Isomer of 11 Indole glycoside C17H21NO9 382.1143 382.1147 

[M-H]- 

222.0761b 222.0748b 

[M-H-Hex]+ 

1.00, 5.91 382.1 (100), 249.1 (18), 

237.1 (18), 220.1 (13), 

202.1 (72), 158.1 (62), 

132.0 (31) 

176.1 (100), 158.1 (66), 

130.1 (91), 103.1 (51) 

284 - Bn-T2 

26 1.73 Unknown Unknown C9H15NO n.d. n.d. 154.1226 154.1226 

[M+H]+ 

n.d., 0.21 n.d. 154.1 (61), 108.1 (36), 

95.1 (100) 

n.d. - Dn-T2 

Down-regulated metabolites in needles and wood of P. radiata following infestation by S. noctilio at T1 and/or at T2 

1′ 1.05 Quinic acid Cyclitol carboxylic 

acid 

C7H12O6 191.0561 191.0557 

[M-H]- 

193.0707 193.0704 

[M+H]+ 

2.26, 1.26 191.1 (100), 173.0 (4), 

127.0 (5), 93.0 (5) 

157.0 (12), 147.1 (19), 

139.0 (24), 129.1 (31), 

121.0 (10), 111.0 (100) 

95.1 (41)  

n.d. AAWZDTNXL

SGCEK-

LNVDRNJUS

A-N 

B n-T1-T2, w-T2 

2′ 1.13 Shikimic acid Cyclitol carboxylic 

acid 

C7H10O5 173.0455 173.0445 

[M-H]- 

197.0420 197.0420 

[M+Na]+ 

1.33, 0.44  155.0 (6), 137.0 (43), 

115.0 (56), 111.0 (22), 

93.0 (100) 

141.0 (30), 129.0 (22), 

113.0 (40), 111.0 (72), 

97.0 (40), 95.0 (100) 

n.d. JXOHGGNKM

LTUBP-

HSUXUTPPSA

-N 

An-T1-T2 

3′ 1.15 Ascorbic acid Aldonic acid 

lactone 

C6H8O6 175.0248 175.0241 

[M-H]- 

177.0394 177.0390 

[M+H]+ 

4.31, 2.23 137.0 (22), 115.0 (100), 

93.0 (61) 

141.0 (8), 129.0 (20), 

111.0 (12), 95.0 (100)  

n.d. CIWBSHSKH

KDKBQ-

JLAZNSOCSA

-N 

An-T1-T2 

4′ 4.92 Isobutyl malic acid 

hexoside 

Dicarboxylic acid 

glycoside 

C14H24O10 397.1351 397.1340 

[M+HCOO

H-H]- 

375.1262 375.1258 

[M+Na]+ 

2.79, 0.92 221.1 (7), 189.1 (100), 

157.0 (21), 129.0 (39), 

115.0 (41), 113.1 (36) 

375.1 (18), 213.1 (100) 277 RLSITCAUHU

NHRO-

BGWRNRDFS

A-N 

Bn-T1-T2 

5′ 2.85 Vanillic acid 

hexoside ester 

Hydroxybenzoate 

glycoside 

C14H18O9 329.0878 329.0868 

[M-H]- 

169.0495b 169.0490b 

[M+H]+ 

3.09, 3.13 167.0 (100), 152.0 (36), 

123.0 (16), 108.0 (58) 

151.0 (77), 110.0 (100), 

93.0 (38) 

285 YROOZUQRT

LHXIO-

DIACKHNES

A-N 

Bn-T1 

6′ 8.62 Quercetin 

acetylhexoside 

Flavonol glycoside C23H22O13 505.0988 505.0972 

[M-H]- 

507.1133 507.1121 

[M+H]+ 

3.12, 2.49 505.1 (93), 300.0 (100), 

271.0 (72), 255.0 (30), 

243.0 (14) 

303.0 (100), 187.1 (10) 268, 355 IGLUNMMND

NWZOA-

LNNZMUSMS

A-N 

Bn-T1-T2 

7′ 7.49 Myricetin 

acetylhexoside 

Flavonol glycoside C23H22O14 521.0937 521.0919 

[M-H]- 

523.1082 523.1072 

[M+H]+ 

3.35, 1.97 521.1 (95), 316.0 (100), 

287.0 (32), 271.0 (48) 

319.0 (100) 187. 1 (9) 

127.0 (5) 

266, 355 SVRJGKAZQ

HHOSZ-

UHFFFAOYS

A-N 

Bn-T1 

8′ 1.14 Dihydroxy-

dihydrobenzoic acid 

2,3-Dihydroxy 

benzoate 

C7H8O4 155.0350 155.0342 

[M-H]- 

139.0390 139.0385 [M-

H2O+H]+ 

5.20, 3.61 n.d 139,0 (15), 121.0 (19), 

111.0 (100), 95.0 (10) 

n.d. INCSWYKICI

YAHB-

WDSKDSINS

A-N 

Bn-T1-T2 

9′ 1.00 Unknown Unknown C6H6N2O7 n.d. n.d. 219.0248 219.0255 

[M+H]+ 

n.d., 3.27 n.d 156.0 (50), 143.0 (97), 

97.0 (100), 85.0 (70) 

n.d. - Dn-T1-T2 

10′ 1.22 Pyridoxine hexoside Hydroxymethyl 

pyridine glycoside 

C14H21NO8 330.1194 330.1182 

[M-H]- 

332.1340 332.1333 

[M+H]+ 

3.71, 1.98 283.2 (69), 269.0 (40), 

195.0 (56), 150.1 (83), 

136.0 (59), 97.0 (100) 

332.1 (100), 314.1 (93), 

170.1 (15), 152.1 (91), 

134.1 (20), 124.1 (39), 

108.1 (90) 

278 MDLTWTOQ

CHCLSZ-

RGCYKPLRS

A-N 

Bn-T1 
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11′ 1.03 3-Hydroxy-3-methyl 

glutaric acid 

Dicarboxylic acid C6H10O5 207.0510 207.0509 

[M+HCOO

H-H]- 

163.0601 163.0598 

[M+H]+ 

0.71, 1.94 207.1 (100), 147.0 (5), 

129.0 (7), 109.0 (5), 

99.0 (5) 

127.0 (71), 103.0 (73), 

99.0 (100) 

n.d. NPOAOTPXW

NWTSH-

UHFFFAOYS

A-N 

B n-T1-T2 

12′ 1.23 Glutathione Oligopeptide C10H17N3O6S 306.0765 306.0772 

[M-H]- 

308.0911 308.0911 

[M+H]+ 

2.05, 0.03 306.1 (14), 272.1 (17), 

254.1 (21), 179.0 (14), 

143.0 (100), 128.0 (95), 

115.0 (25), 99.0 (13) 

233.1 (28), 291.1 (14), 

179.0 (100), 162.0 (91), 

130.0 (29), 116.0 (27) 

n.d RWSXRVCM

GQZWBV-

WDSKDSINS

A-N 

Bn-T1 

13′ 1.02 Glutamic acid Amino acid C5H9NO4 146.0459 146.0455 

[M-H]- 

148.0604 148.0606 

[M+H]+ 

2.81, 1.24 n.d. 84.0 (100) n.d. WHUUTDBJX

JRKMK-

VKHMYHEAS

A-N 

Bn-T1-T2 

14′ 4.76 2-[4-(3-

Hydroxypropyl)-2-

methoxyphenoxy]-

1,3-propanediol 

hexoside 

Phenylpropanoid 

glycoside 

C19H30O10 463.1821 463.1810 

[M+HCOO

H-H]- 

441.1731 441.1721 

[M+Na]+ 

2.40, 2.27 463.2 (9), 417.2 (52), 

235.1 (10), 181.1 (100), 

166.1 (60), 121.0 (9) 

419.2 (8), 257.1 (31), 

183.1 (25), 165.1 (51), 

137.1 (100), 133.1 (37), 

105.1 (24) 

n.d. LRRKTNFBBS

NZEN-

UHFFFAOYS

A-N 

Bn-T1 

15′ 3.27 1,2-Diguaiacyl-1,3-

propanediol hexoside 

Lignan glycoside C23H30O11 481.1715 481.1704 

[M-H]- 

n.d. n.d. 2.36, n.d. 319.1 (28), 271.1 (100), 

256.1 (63), 241.1 (56) 

n.d. 276 SUJSUXUCRO

GYLL-

HDKVOMASS

A-N 

Bn-T1 

16′ 1.23 Trehalose Disaccharide C12H22O11 341.1089 341.1085 

[M-H]- 

343.1235 343.1221 

[M+H]+ 

1.20, 4.16 341.1 (100), 179.1 (96), 

119.0 (90) 

n.d. n.d. HDTRYLNUV

ZCQOY-

LIZSDCNHSA

-N 

Bw-T2, n-T2 

17′ 6.30 Dimethoxy-

tetrahydroxy-8,4′-

oxyneolignan 

pentoside 

Oxyneolignan 

glycoside 

C25H34O11 555.2083 555.2066 

[M+HCOO

H-H]- 

533.1993 533.1969 

[M+Na]+ 

3.17, 4.54 555.2 (11), 377.2 (100), 

329.1 (34), 314.1 (10), 

195.1 (6) 

533.2 (100), 401.2 (37), 

335.1 (23), 204.1 (37) 

279 WKWOMGUC

NMHNPD-

CFCXQZMHS

A-N 

Bw-T2 

18′ 1.25 Glyceroheptosyl-

dihexoside 

Trisaccharide C19H34O17 533.1723 533.1720 

[M-H]- 

n.d n.d 0.63, n.d. 191.1 (100) n.d n.d KGHSEEBNC

XPOMY-

SNJCTUIQSA-

N 

Bw-T2, n-T2 

19′ 5.94 Methoxy-

pentahydroxy-8,4′-

oxyneolignan 

pentoside 

Oxyneolignan 

glycoside 

C24H32O11 495.1872 495.1858 

[M-H]- 

519.1837 519.1811 

[M+Na]+ 

2.89, 4.90 495.2 (5), 363.1 (43), 

315.1 (13), 179.1 (37), 

167.1 (100) 

519.2 (100), 387.1 (45) 279 XBHWAKRD

NVCHEC-

UHFFFAOYS

A-N 

Bw-T2 

20′ 4.46 Feruloyl-hexose Hydroxycinnamic 

acid glycoside 

C16H20O9 355.1035 355.1026 

[M-H]- 

379.0999 379.0979 

[M+Na]+ 

2.45, 5.39 193.1 (100), 178.0 (16), 

149.1 (21), 134.0 (54) 

379.1 (100) 286, 315 JWRQVQWB

NRGGPK-

PMQCXRHVS

A-N 

Bw-T2 

21′ 1.28 Unknown Trisaccharide C19H32O16 515.1618 515.1610 

[M-H]- 

n.d. n.d. 1.57, n.d. 515.2 (10), 341.1 (100), 

173.0 (70), 93.0 (8) 

n.d. n.d. - Dw-T2, n-T2 

22′ 6.98 Taxifolin hexoside Flavanonol C21H22O12 465.1038 465.1027 

[M-H]- 

n.d. n.d. 2.46, n.d. 465.1 (100), 437.1 (19), 

303.1 (12), 285.0 (10), 

152.0 (12), 125.0 (23)  

n.d. 286 FVQOMEDMF

UMIMO-

UTZHSPHRSA

-N 

Bw-T2 
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a: Mean accurate mass error for negative and positive ESI acquisition modes, respectively; b: in-source fragmented; n: metabolite found in 

needles; w: metabolite found in wood; T1: up- or down-regulated during first sampling time; T2: up- or down-regulated during second 

sampling time; n.d.: not detected; *: metabolite also down-regulated in wood at T2; Hex: hexosyl; UV/Vis: absorbance maxima; InChi-

Key: IUPAC international identifier for chemicals according to PubChem; Level of identification (A-D): A-standard or NMR, B-MS/MS, 

C-MSE, D-MS only. 
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The following Supporting Information is available for this article: 

Fig. S1 Photos showing the symptoms in P. radiata trees after the infestation by S. 

noctilio. 

Fig. S2 OPLS-DA models validation. 

Fig. S3 Individual ROC curve analysis for each significant metabolite. 

Fig. S4 Quantitative data for up-regulated metabolites in P. radiata needles at T1. 

Fig. S5 Quantitative data for down-regulated metabolites in P. radiata needles at 

T1. 

Fig. S6 Quantitative data for up-regulated metabolites in P. radiata needles at T2. 

Fig. S7 Quantitative data for down-regulated metabolites in P. radiata needles at 

T2. 

Fig. S8 Quantitative data for up and down-regulated metabolites in P. radiata wood 

at T2. 

Fig. S9 Quantitative data for the metabolite Pinosylvin in wood at T2. 

Table S1 Expression data of metabolites in needles and wood at T1 and at T2. 

Method S1 Climatic conditions during sampling. 

Note S1 Antioxidant hypothesis for the up-regulated flavonols in needles.  

Note S2 Additional systemic defense triggered in foliage after S. noctilio infestation.  
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Figure S1-2: Original photos of P. radiata trees from the sampling place, showing the 

visual symptoms of infestation by S. noctilio. The black arrow shows a hole drilled by a female 

woodwasp in the act of oviposition (a). Oleoresin exudation as droplets in drilling sites of a tree 

being under attack (b). Wilting and chlorotic needles in the whole foliage (c) and in the crown (d) 

of two infested trees. Holes left in the trunk of an already dead tree by the emergence of woodwasp 

adults approximately after a year from the oviposition I.  
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Figure S2-2 Validation of OPLS-DA models based on LC-MS dataset by random 

permutation test of class membership with 1000 permutations, showing the observed and cross-

validated R2Y and Q2 coefficients for needles at T1 in –ESI (a) and +ESI (b), for wood at T2 in –

ESI (c) and +ESI (d), and for needles at T2 in –ESI I and +ESI (f).  
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Figure S3-2: ROC curves obtained for each individual metabolite up-regulated (a) and 

down-regulated (b) in needles at T1, sorted in descending order of their AUC value. 
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Figure S4-2: Quantitative data for metabolites significantly overexpressed in the needles 

of P. radiata infested trees at T1. Per each compound, box-and-whisker plots on the left show the 

original values of peak intensities in healthy (HT, blue) and infested trees (IT, red). The plots on 

the right summarize the normalized values. In each box plot, black dots represent the actual 

concentration (intensity) of the given metabolite in each analysed sample, the notch indicates the 

95% confidence interval around the median of each group, and the yellow diamond indicates the 

mean concentration of each group.  
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Figure S5-2: Quantitative data for metabolites significantly 146rabidopsi in the needles of 

P. radiata infested trees at T1. Per each compound, box-and-whisker plots on the left show the 

original values of peak intensities in healthy (HT, blue) and infested trees (IT, red). The plots on 

the right summarize the normalized values. In each box plot, black dots represent the actual 

concentration (intensity) of the given metabolite in each analysed sample, the notch indicates the 

95% confidence interval around the median of each group, and the yellow diamond indicates the 

mean concentration of each group.  
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Figure S6-2: Quantitative data for metabolites significantly overexpressed in the needles 

of P. radiata infested trees at T2. Per each compound, box-and-whisker plots on the left show the 

original values of peak intensities in healthy (HT, blue) and infested trees (IT, red). The plots on 

the right summarize the normalized values.  
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Figure S7-2: Quantitative data for metabolites significantly 149rabidopsi in the needles of 

P. radiata infested trees at T2. Per each compound, box-and-whisker plots on the left show the 

original values of peak intensities in healthy (HT, blue) and infested trees (IT, red). The plots on 

the right summarize the normalized values. 
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Figure S8-2: Quantitative data for metabolites significantly up and down-regulated in 

wood of P. radiata infested trees at T2. Per each compound, box-and-whisker plots on the left 

show the original values of peak intensities in healthy (HT, blue) and infested trees (IT, red). The 

plots on the right summarize the normalized values. 
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Figure S9-2: Quantitative data for the metabolite Pinosylvin found not significantly 

changed in the wood of P. radiata trees at T2. Box-and-whisker plots on the left show the original 

values of peak intensities in healthy (HT, blue) and infested trees (IT, red). The plots on the right 

summarize the normalized values. 

 

  



Chapter 2 

152 

 

Table S1-2:. Expression data of metabolites in needles and wood at T1 and at T2. 

 

Compound number/name identifier System code Fold Change "IT/ HT" log2FC p-value Type

1 CHEBI:15600 Ce 1,749 0,8065 0 Metabolomics

2 44259475 Cpc 1,156 0,2091 0 Metabolomics

3 HMDB29754 Ch 3,8 1,9260 0,000001 Metabolomics

4 CHEBI:30797 Ce 1,4 0,4854 0 Metabolomics

5 CHEBI:17203 Ce 4,715 2,2373 0 Metabolomics

6 9841162 Cpc 2,726 1,4468 0 Metabolomics

7 12314759 Cpc 2,224 1,1532 0 Metabolomics

8 MHPLKAPNUFHKRF-SLHLPCJXSA-N Ik 6,189 2,6297 0,000001 Metabolomics

9 BUSMKRODPAQUMM-NAPQKZHBSA-N Ik 1,339 0,4212 0 Metabolomics

10 20056942 Cpc 1,359 0,4425 0 Metabolomics

11 NUEVO11 Ik 3,14 1,6508 0,000027 Metabolomics

12 CHEBI:16947 Ce 1,202 0,2654 0 Metabolomics

13 CHEBI:16828 Ce 1,215 0,2810 0,000131 Metabolomics

14 7099087 Cpc 1,394 0,4792 0,000098 Metabolomics

15 KMYQEVOSRSCASE-UHFFFAOYSA-N Ik 1,302 0,3807 0,000011 Metabolomics

16 CHEBI:81685 Ce 1,248 0,3196 0,000005 Metabolomics

17 101791981 Cpc 1,393 0,4782 0 Metabolomics

18 CHEBI:75813 Ce 1,047 0,0663 0 Metabolomics

19 CHEBI:15682 Ce 4,778 2,2564 0 Metabolomics

20 CHEBI:28548 Ce 1,428 0,5140 0 Metabolomics

21 139310259 Cpc 1,959 0,9701 0,000118 Metabolomics

22 CHEBI:28429 Ce 0,667 -0,5842 0,368279 Metabolomics

25 NA 3,463 1,7920 0,0000037

1' CHEBI:29751 Ce 0,584 -0,7760 0,00011 Metabolomics

2' CHEBI:16119 Ce 0,267 -1,9051 0 Metabolomics

3' CHEBI:29073 Ce 0,011 -6,5064 0 Metabolomics

4' 10521921 Cpc 0,207 -2,2723 0 Metabolomics

5' 14132344 Cpc 0,335 -1,5778 0 Metabolomics

6' HMDB0037366 Ch 0,288 -1,7959 0 Metabolomics

7' 101068307 Cpc 0,314 -1,6712 0,00014 Metabolomics

8' CHEBI:48968 Ce 0,202 -2,3076 0 Metabolomics

10' CHEBI:17382 Ce 0,611 -0,7108 0,000005 Metabolomics

11' 1662 Cpc 0,416 -1,2653 0 Metabolomics

12' CHEBI:16856 Ce 0,057 -4,1329 0 Metabolomics

13' CHEBI:14321 Ce 0,1 -3,3219 0 Metabolomics

14' 131752798 Cpc 0,449 -1,1552 0,000001 Metabolomics

15' 11465803 Cpc 0,347 -1,5270 0 Metabolomics

Naringenin CHEBI:17846 Ce 2,746 1,4573 0,000009 Metabolomics

Dihydrokaempferol CHEBI:15401 Ce 3 1,5850 0 Metabolomics

Myricetin CHEBI:18152 Ce 0,703 -0,5084 0,278323 Metabolomics

Laricitrin acetylglucoside 44259481 Cpc 0,553 -0,8546 0,008362 Metabolomics

Syringetin acetylglucoside 44259495 Cpc 0,475 -1,0740 0,010146 Metabolomics

Quercetin CHEBI:16243 Ce 0,623 -0,6827 0,068034 Metabolomics

Quercetin glucoside CHEBI:68352 Ce 1,111 0,1519 0,000591 Metabolomics

Coniferyl alcohol CHEBI:17745 Ce 1,16 0,2141 0,000157 Metabolomics

Piceatannol hexoside (trans-Astringin) CHEBI:2899 Ce 0,913 -0,1313 0,268066 Metabolomics

Phenylalanine CHEBI:68528 Ce 1,083 0,1150 0,160999 Metabolomics

p coumaric acid CHEBI:36090 Ce 1,115 0,1570 0,648952 Metabolomics

2-oxoglutarate CHEBI:16810 Ce 0,453 -1,1424 0,000009 Metabolomics

Glutamine CHEBI:18050 Ce 0,451 -1,1488 0,00262 Metabolomics

Fumarate CHEBI:29806 Ce 0,583 -0,7784 0,000044 Metabolomics

Ornithine CHEBI:15729 Ce 1,636 0,7102 0,010935 Metabolomics

Aspartate CHEBI:17053 Ce 0,18 -2,4739 0 Metabolomics

Arginine CHEBI:16467 Ce 3,349 1,7437 0,000357 Metabolomics

Dehydroquinate CHEBI:32364 Ce 1,257 0,3300 0,024812 Metabolomics

Dehydroshikimate CHEBI:16630 Ce 0,881 -0,1828 0,69581 Metabolomics

myo-Inositol CHEBI:17268 Ce 0,76 -0,3959 0,456215 Metabolomics

Geniposidic acid CHEBI:5301 Ce 0,714 -0,4860 0,15543 Metabolomics

Indole-3-acetate 802 Cpc 11,054 3,4665 0,004737 Metabolomics

Vanillate CHEBI:16632 Ce 1,718 0,7807 0 Metabolomics

Caffeic acid CHEBI:16433 Ce 0,849 -0,2362 0,778845 Metabolomics

Ferulic acid CHEBI:17620 Ce 2,341 1,2271 0 Metabolomics

3,4-Dihydroxybenzoate CHEBI:36062 Ce 1,822 0,8655 0,013696 Metabolomics

Pyridoxine CHEBI:16709 Ce 2,839 1,5054 0 Metabolomics

Indole-3-pyruvate CHEBI:29750 Ce 10,591 3,40 0,006486 Metabolomics

Hydroxyindol-3-lactate CHEBI:36665 Ce 11,407 3,51 0,000016 Metabolomics

Dihydrocaffeyl-alcohol 11217464 Cpc 1,551 0,63 0,000205 Metabolomics

NEEDLES AT T1
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Compound number/name identifier System code Fold Change "IT/ HT" log2FC p-value Type

1 CHEBI:15600 Ce 1,328 0,41 0,000558 Metabolomics

2 44259475 Cpc 1,126 0,17 0,000727 Metabolomics

3 HMDB29754 Ch 2,494 1,32 0,000412 Metabolomics

4 CHEBI:30797 Ce 1,892 0,92 0 Metabolomics

5 CHEBI:17203 Ce 2,544 1,35 0,000433 Metabolomics

6 9841162 Cpc 1,002 0,00 0,001663 Metabolomics

7 12314759 Cpc 2,182 1,13 0 Metabolomics

9 BUSMKRODPAQUMM-NAPQKZHBSA-N Ik 1,421 0,51 0,000007 Metabolomics

10 20056942 Cpc 1,114 0,16 0,010547 Metabolomics

11 NUEVO11 Ik 5,99 2,58 0,000053 Metabolomics

12 CHEBI:16947 Ce 1,087 0,12 0,000162 Metabolomics

15 KMYQEVOSRSCASE-UHFFFAOYSA-N Ik 1,472 0,56 0,001198 Metabolomics

16 CHEBI:81685 Ce 1,88 0,91 0,00001 Metabolomics

17 101791981 Cpc 1,652 0,72 0,000072 Metabolomics

18 CHEBI:75813 Ce 1,042 0,06 0,008469 Metabolomics

21 139310259 Cpc 2,864 1,52 0,000078 Metabolomics

25 NA 6,604 2,72 0,000065 Metabolomics

3' CHEBI:29073 Ce 0,319 -1,65 0 Metabolomics

12' CHEBI:16856 Ce 0,393 -1,35 0 Metabolomics

13' CHEBI:14321 Ce 0,209 -2,26 0 Metabolomics

2-oxoglutarate CHEBI:16810 Ce 0,476 -1,07 0 Metabolomics

5-Hydroxyindol-3-lactate CHEBI:36665 Ce 5,795 2,53 0,000016 Metabolomics

Arginine CHEBI:16467 Ce 9,93 3,31 0,000364 Metabolomics

Coniferyl alcohol CHEBI:17745 Ce 1,268 0,34 0,003431 Metabolomics

Dihydrocaffeyl-alcohol 11217464 Cpc 1,345 0,43 0,00179 Metabolomics

Fumarate CHEBI:29806 Ce 0,888 -0,17 0,732092 Metabolomics

Glutamine CHEBI:18050 Ce 2,281 1,19 0,007796 Metabolomics

Indole-3-acetate 802 Cpc 11,074 3,47 0,001633 Metabolomics

Indole-3-pyruvate NA 13,184 3,72 0,002499 Metabolomics

Naringenin CHEBI:17846 Ce 1,335 0,42 0,011594 Metabolomics

NEEDLES AT T2

Compound number/name identifier System code Fold Change "IT/ HT" log2FC p-value Type

6 9841162 Cpc 0,661 -0,5973 0,004398 Metabolomics

22 CHEBI:28429 Ce 3,483 1,8003 0,000319 Metabolomics

23 5192 Cpc 19,775 4,3056 0 Metabolomics

24 6251 Cpc 4,997 2,3211 0,000007 Metabolomics

22' NA 0,409 -1,2898 0

Piceatannol hexoside (trans-Astringin) CHEBI:2899 Ce 1,303 0,3818 0,141763 Metabolomics

Resveratrol CHEBI:27881 Ce 2,042 1,0300 0,001533 Metabolomics

Piceatannol CHEBI:28814 Ce 1,032 0,0454 0,961404 Metabolomics

Pinosylvin CHEBI:17323 Ce 1,06 0,0841 0,85015 Metabolomics

Pinocembrin CHEBI:28157 Ce 0,739 -0,4364 0,114992 Metabolomics

Salycilic acid CHEBI:16914 Ce 2,75 1,4594 0,002109 Metabolomics

Quercetin CHEBI:16243 Ce 0,985 -0,0218 0,879948 Metabolomics

Taxifolin CHEBI:17948 Ce 1,296 0,3741 0,221807 Metabolomics

Dihydrokaempferol CHEBI:15401 Ce 1,047 0,0663 0,83742 Metabolomics

Naringenin CHEBI:17846 Ce 1,242 0,3127 0,175739 Metabolomics

Coniferyl alcohol CHEBI:17745 Ce 3,775 1,9165 0,008144 Metabolomics

*NA: The metabolite identifier is not available

WOOD AT T2
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Method S1 Climatic conditions during sampling time, T1 and T2.  

Weather conditions in April 2018 (T1) according to the nearest available 

stations of the Chilean Meteorological Department, located at Chillán (36°35′8.99′′S 

72°2′11.99′′W) (code 360011) and Concepción (36°46′49.99′′S 73°3′58.99′′W) 

(code 360019), were as follow: mean maximum and minimum temperatures of 19.7 

°C and 6.0 °C, respectively; accumulated rainfall of 60.8 mm, with 21.6 mm 

accumulated only in the day before sampling; a daily average of the UVB (280-315 

nm) maximum radiation intensity was 3.2 kWh m-2; and relative humidity mean of 

82.5%, with 79.9% for the day of sampling. During the second sampling (T2) on 

July 2018, weather conditions were as follows: mean maximum and minimum 

temperatures of 12.7 °C and 2.4 °C, respectively; accumulated rainfall of 80.2 mm, 

with 0.0 mm on the day before sampling; daily average of the UVB (280-315 nm) 

maximum radiation intensity was 1.53 kWh m-2; and relative humidity mean of 

90.4%, with 97.9% for the day of sampling.

 

Note S1 Antioxidant hypothesis for the up-regulated flavonols (2, 10 and 18) 

in needles of P. radiata infested trees. 

It is well known that quercetin is a more effective antioxidant than kaempferol, 

and luteolin than apigenin, and given that their structural differences consist only in 

an additional hydroxyl group in the B-ring in the case of the former (Agati & Tattini, 

2010), we can hypothesize that the more hydroxyl groups are attached to the same 

ring, the higher antioxidant capacity they achieve. This is the case of myricetin, 

laricitrin, and syringetin, which are aglycones of 18, 2, and 10, respectively, having 

a trihydroxylated B-ring. In this scenario, these flavonols could potentially function 

as ROS-quenching antioxidants and, together with 1 and 3, represent the plant’s 

photoprotective response to progressive chlorosis caused by S. noctilio infestation. 
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Note S2 Additional systemic defense triggered in foliage after S. noctilio 

infestation. 

An additional indication of P. radiata defense was the significant up-

regulation of pungenin (7) in needles at T1 (2.22-fold) and T2 (2.18-fold) (Fig. 5, 

Table S1). It is a glycosyl derivative of pungenol, acetophenone usually associated 

with a defense response in white spruce (Picea glauca) against the budworm 

Choristoneura fumiferiana (Delvas et al., 2011; Mageroy et al., 2015, 2017). 

Pungenin, along with another acetophenone glycosyl derivative (picein), 

accumulates in white spruce leaves that, upon budworm herbivory, are hydrolyzed 

by the action of β-glucosidase (PgβGLU-1), releasing the corresponding toxic 

aglycones, pungenol and piceol (Mageroy et al., 2015, 2017). In our case, only the 

inactive form (pungenin) was up-regulated in needles of infested P. radiata trees, 

which leads us to think that it is a systemic response that, upon reaching target tissues 

or upon foliar damage, can be cleaved to fight the threat. Neither pungenin nor 

pungenol was up-regulated in wood at any time during the infestation, even though 

is in wood that S. Noctilio larvae form galleries during feeding and development for 

nearly a year before adult emergence. This may be due to the aforementioned 

impediment to translocation unless it is a nonspecific response triggered in the 

Pinaceae family after any biotic stress to protect foliage from some opportunistic 

organisms or herbivores. 
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Lipidomics analysis reveals the effect of Sirex noctilio infestation on the 

lipid metabolism in Pinus radiata needles 
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1.  SUMMARY 

The Sirex noctilio’s climatic adaption and rapid proliferation have 

caused Pinus mortality worldwide. The infestation combines the early effect 

of female S. noctilio gland secretion that causes crown foliage wilting with 

premature needle abscission. The spreading symbiotic fungus Amylostereum 

areolatum causes a water deficit in the crown. The water deficit caused by the 

fungus, along with the defoliation of the tree crown induced by the secretion 

of sirex, gradually weakens the tree until its death.  

Lipid signals in plant-pathogen interactions occur at multiple levels in 

plant metabolism, from communicating virulence factors to activating plant 

host defence responses. ‘Lipidomics’ is the study of all non-water-soluble 

components of the metabolome. Most of these non-water-soluble compounds 

correspond to lipids which can provide information about a biological activity, 

an organelle, an organism, or a disease. Using HPLC-MS/MS based 

lipidomics, 122 lipids were identified in P. radiata needles during S. noctilio 

infestation. Twenty fatty acids (FA) were detected in the early infestation and 

seventeen in the prolonged infestation. In addition, phosphatidic acids (PA), 

N- acylethanolamines (NAE), and phosphatidylinositol-ceramides (PI-cer) 

accumulated in IT suggest a high level of phospholipases (PLs) activity. The 
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phosphatidylcholines (PC) were the most down-regulated species during 

infection, suggesting that this compound may be used as a substrate for up-

regulated lipids. The accumulation of very long-chain fatty acids (VLCFA) 

and long-chain fatty acids (LCFA) during the infestation could imply the tree 

defence response to create a barrier in the drilled zone to avoid larvae 

development and fungus proliferation. On the other hand, the growth arrest 

phase of the trees during the prolonged infestation suggests a resistance 

response of the trees, regulated by the accumulation of NAE, potentially 

shifting the tree energy to respond to the infestation. 

 

Keywords: Lipidomics, Pinus radiata, Sirex noctilio, glycerolipids, pathogenesis.  
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2. INTRODUCTION 

The woodwasp, Sirex noctilio Fabricius (Hymenoptera: Siricidae), is one of 

the most damaging invasive forest pests causing several economic losses in 

commercial conifer stands (Klapwijk et al., 2016b). The good S. noctilio climate 

adaptation and its relatively fast spread hinder plague management causing high 

mortality in Pinus plantations worldwide (Lantschner et al., 2014b; Xu et al., 2019b). 

The lethality of the infestation combines the early effect of the female S. Noctilio 

gland secretion (injected in the oviposition) that induces foliage wilting at the crown 

with premature abscission and yellowing of the needles. Subsequently, the spreading 

symbiotic fungus Amylostereum areolatum in wood tissue causes a prolonged water 

deficit in the crown, killing the trees (Coutts, 1969b,c). The alteration of P. radiata 

metabolome by S. noctilio infestation as a catechin accumulation to avoid UV-light 

damage in chlorotic needles,  auxins accumulation to develop new needles after 

abscission and the catabolism of glutathione as a substitute respiration substrate in a 

prolonged infestation are reported (Riquelme et al., 2022). However, the alterations 

of pine lipidome against S. noctilio infection have not been reported.  

Plants constantly exposed to environmental pathogens have evolved complex 

mechanisms to identify and protect themselves (Rojas et al., 2014). Cell membrane 

disruptions and alterations allow plants to detect environmental stimuli, and 

biotic/abiotic stresses can alter the structure and composition of cell membranes 
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(Beccaccioli et al., 2019).  Lipids are related to the primary metabolism of plants 

and compose 30–70 % of the membrane structures (Li-beisson, 2016). 

Phosphoglycerides and glycosylglycerides are higher plants’ most abundant lipids 

specie (Schmid, 2016a). Membrane phospholipids can act as co-factor for membrane 

enzymes, precursors for second messengers activating ion channels, receptor 

kinases, or receptor-activated effector enzymes (Munnik et al., 1998). Lipids signals 

in plant-pathogen interactions act at several levels in plant metabolism extending 

from the communication of virulence factors to the activation and implementation 

of plant host immune defences (Mehta et al., 2021). Most plant-membranes consist 

of lipids with a hydrophilic, polar head attached to a glycerol backbone and a 

hydrophobic tail composed of two FA. Lipids form a hydrophobic barrier between 

cells and organelles and the surrounding environment. The fundamental constituent 

of FA is a hydrocarbon chain with an attached carboxyl group (-COOH). FA are 

classified according to their chain length as follows: short-chain (aliphatic tails of 

up to 5 or 7 carbons), medium-chain (aliphatic tails of 8 to 14 carbons), long-chain 

(aliphatic tails of 14 to 22 carbons), and very-long-chain (aliphatic tails longer than 

22 carbons) (Reszczyńska & Hanaka, 2013). The plant biosynthesis of Fas has been 

widely reported. In plastids, Fas species are synthesized de novo from acetyl-

coenzyme A (CoA) and malonyl-CoA, due to the joint activity of acetyl-CoA 

carboxylase (ACC) and fatty acid synthase (FAS) involving more than 30 enzymatic 
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reactions (Ohlrogge & Browse, 1995). FA build the acyl chains of all glycerolipids. 

FA are dynamic molecules whose degree of unsaturation can vary. Saturated FA 

becomes unsaturated via desaturase enzymes regulated by fatty acid desaturase 

genes (van der Hoeven & Steffens, 1995). Critical steps in fatty acid biosynthesis 

are the desaturation of the FA 18:0 to FA 18:1 catalyzed by the stearoyl-desaturase 

(Lightner et al., 1994). Two acylation reactions transfer fatty acids to glycerol-3-

phosphate to form phosphatidic acid during the initial stages of glycerolipid 

synthesis. Diacylglycerol (DG) is produced from phosphatidic acid (PA) by a 

specific phosphatase; alternatively, the cytidine 5’-diphosphate (CDP)-DG is 

produced from the reaction of PA with cytidine 5’-triphosphate (CTP). CDP-choline, 

CDP-ethanolamine, and CDP-methylethanolamine can serve as substrates for 

phospholipid synthesis using DG as substrate, UDP-galactose and UDP-sulfo-

quinovose serve as substrates for monogalactosyldiacylglycerol (MGDG) and 

sulfoquinovosyldiacylglycerol (SQDG) respectively. Digalactosyl-diacylglycerol 

(DGDG) is synthesized from MGDG. CDP-DG act as a substrate reacting with myo-

inositol, serine, and glycerol-3-phosphate to produce phosphatidylinositol (Pl), 

phosphatidylserine (PS), and phosphatidyl glycerol (PG) respectively (Ohlrogge & 

Browse, 1995). The primary storage lipid TG is produced from DG by two key 

processes, acyl-CoA dependent and independent reactions catalyzed by a 
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diacylglycerol acyltransferase (DGAT) and diacylglycerol acyltransferase (PDAT), 

respectively (Li-beisson, 2016).  

In chloroplast, glycerolipids such as MGDG, DGDG, SQDG, PG form the 

lipid bilayer of the thylakoid membrane, which has a specific role in the biogenesis 

and maintenance of the photosynthetic machinery (Kobayashi & Wada, 2016). In 

the extra-chloroplastic membrane, PC and PE are prevalent over other lipids species. 

PC is the central intermediate for TG production (Correa et al., 2020). The 

accumulation of TG and DG is the primary mechanism for lipids fuel storage in plant 

tissue (Schmid, 2016b). TG formation is crucial to sequester FA, PA and DG into 

lipid droplets protecting cells from lipotoxic death (Ding et al., 2017).  

Plants under stress can mobilise chloroplast lipids via the glyoxylate cycle as 

respiration substitutes. In pathogen-plant interaction, lipids signalling plays an 

essential role in pathogen detection and the forward defensive cascade responses. N-

acylethanolamines (NAE) are a functionally varied class of signalling lipids. NAE 

consist of a FA linked by an amide bond to ethanolamine (Teaster et al., 2007). The 

synthesis NAE species activates phenylalanine ammonia-lyase (PAL) expression at 

a sub-micromolar level acting as elicitors (Tripathy et al., 1999). PAL is a crucial 

enzyme of the phenylpropanoid pathway for supplying the basic structures to 

produce polyphenolic compounds that act as defensive compounds against fungi, 

insects, and viruses (Dixon & Paiva, 1995; Ferrer et al., 2008a). 
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‘Lipidomics’ is the broad analysis of all non-water-soluble components in the 

metabolome, although in practice commonly involves a wide number of class lipids 

giving helpful knowledge about a biological process, organelle, entire organism 

or/and pathological state of interest (Kenwood & Merrill, 2016). Comprehensive 

lipidomics analysis, validation of the methodology, and the increment of lipids 

coverage (Tobias et al., 2013), made feasible the identification of thousand lipids 

compounds in the biological samples (Cajka & Fiehn, 2014, 2016; Cajka et al., 

2017). Applying lipidomics to P. radiata trees infected with S. noctilio it is possible 

to know the alterations in the lipidome caused by the infection by noctilio. 

Understanding these alterations can help focus pinus breeding programs selection. 

 

3. EXPERIMENTAL PROCEDURES  

3.1  Origin of plant material and collection  

Unmanaged Stand of Pinus radiata D. Don with 14-year-old belonging to 

commercial plantations of the forestry company MININCO S.A. was selected. The 

plantation was in a high-incidence area of S. noctilio (36°26’18.0”S 72°14’32.0”W) 

(Ide et al., 2018). Early S. noctilio infestation was confirmed by visual inspection of 

the main reported symptoms (Bordeaux & Dean, 2012c). Ten infested trees (IT) with 

several S. noctilio oviposition holes in the tree trunk and wilting needles at the crown 
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were randomly selected. Also, ten healthy trees (HT) without visual symptoms of S. 

noctilio attack as closely as possible to each (IT) were chosen as control. 

The lipidome analysis was focused on two infestation states. The first period 

(early infestation) was chosen to study the lipidome changes of P. radiata related to 

the S. noctilio venom. The early infestation sampling (T1) was performed on April 

12, 2018 (fall). April marks the end of the S. noctilio flight season in Chile, 

safeguarding that (HT) remain without attack throughout the experiment. The 

second sampling (T2) was performed on July 12, 2018.  

Approximately 200 g of needles from the upper third of each tree was harvested. 

Only green needles from infected trees were considered to prevent advanced 

senescence symptoms. Immediately after collection, samples were quenched in 

liquid nitrogen and transported to the lab. Samples were kept at -80 °C until their 

analysis.  

 

3.2  Sample preparation and lipidome extraction 

Sample preparation for the analysis was performed for metabolome/lipidome 

extraction with minor modifications (Valledor et al., 2014c). Needles frozen-fresh 

samples (FFS) were cryogenically ground to a fine powder employing a ball mill at 

30 Hz for 5 min (Retsch MM-400, GmbH, Haan, Germany). The moisture content 

of each FFS was determined by a thermogravimetric method to normalize the weight 
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for extraction. In an independent 167rabidopsi block, samples were processed in 

triplicate for each sampling time (T1 or T2). For the extraction, 800 µl of cold (4°C) 

MeOH/H2O/CHCl3 (2.5:0.5:1) were added to 100 mg (dry weight basis) of powdered 

FFS contained in a 2 ml microcentrifuge tube and shaken for 60 s at 30 Hz. Then, 

samples were centrifuged at 13300 g for 10 min at 4°C. Next, 600 µl of the 

supernatants were transferred to new tubes, and 400 µl of water and 400 µl of CHCl3 

were added, shaking for 30 s at 20 Hz. The two phases were centrifuged at 13300 g 

for 5 min at 4°C. Hydrophilic (top layer) and lipophilic (bottom layer) fractions were 

transferred to new microcentrifuge tubes, 600 µl each, and dried in a vacuum 

centrifuge (Eppendorf, Concentrator plus). Dried extracts were stored at -80°C until 

needed. Only the lipophilic fractions were used in this study. 

 

3.3  LC-MS lipidomics analysis 

 

Dried lipophilic extracts were resuspended in 488 µl of ice-cold (3:10) methanol: 

methyl tertbutyl ether with quality control mix 22:1 cholesterol ester standard, vortex 

for 10 sec, and dried for 4 hrs at 1500 rpm in a Centrivap I. Then, 1000 µl of 

methanol:toluene (9:1 v/v) with 12-[[(cyclohexylamino)carbonyl]amino]-

dodecanoic acid (50 ng/ml) were added to each sample. The samples were vortexed 

for 10 sec, sonicated for 5 min, and centrifuged for 2 min at 16000 g. Aliquots of 50 
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µl per sample were collected for pooled quality control (QC). Two aliquots of 450 

ul of each sample were taken separately for positive and negative UPLC-MSMS 

analysis modes.  

Data are acquired by LC-MS/MS on an ultra-high performance liquid 

chromatography system Agilent 1290 Infinity LC system (Agilent Technologies, 

Santa Clara, CA, USA) with a pump (G4220A), a column oven (G1316C), and 

autosampler (G4226A). Lipids were separated on an Acquity UPLC CSH C18 

column (100 mm length, 2.1 mm id., 1.7 m) coupled to an Acquity CSH C18 

VanGuard pre-column (5 mm length, 2.1 mm id., 1.7 m) (Waters, Milford, MA, 

USA). Separations were carried out at 65° C at a flow rate of 0.6 ml/min. The mobile 

phases consisted of (A) 60:40 (v/v) acetonitrile:water and (B) 90:10 (v/v) 

isopropanol:acetonitrile, both with ammonium acetate 10 mM for negative mode and 

both with ammonium formate 10 mM plus 0.1% formic acid for positive mode. The 

gradient for each mode was: 0 min 15 % (B); 0–2 min 30 % (B); 2–2.5 min 48 % 

(B); 2.5–11 min 82 % (B); 11–11.5 min 99 % (B); 11.5–12 min 99 % (B); 12–12.1 

min 15 % (B); 12.1–15 min 15 % (B). 

 

3.4  Data processing and statistics 
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Data were converted into open raw files using Reifycs Analysis Base File (ABF) 

software. Time correction for Lipidblast library annotation was done with a 

Microsoft excel sheet using the retention time of the standards quality control 

mixture. General workflow for data processing: data collection, peak detection, 

deconvolution, identification, adducts and alignment were made in MS-DIAL 

(Tsugawa et al., 2015b). Generated bucket tables were first manually cured using 

Microsoft excel for blank subtraction, feature filter using intragroup covariant upper 

limits of 50%, features present in almost 50% of the biological replicates per group, 

and signal/noise ratio higher than ten were selected. Potential duplicates, adducts 

and isotopes were filtered using MS-FLO (DeFelice et al., 2017a). Curated data with 

only annotated lipids species from (+) and (-) ESI modes were combined in a single 

dataset used in the subsequent statistical analysis.  

Statistical analysis was done in the Metaboanalyst platform. The data was 

Pareto-scaled and normalized by sum. Then, exploratory statistics were done using 

principal component analysis (PCA) to reduce data dimensionality and uncover the 

inherent cluster pattern in the combined data (features in ESI positive and negative 

mode) (Worley & Powers, 2013b). Also, Orthogonal Projection to Latent Structures 

Discriminant Analysis (OPLS-DA) was applied for the T1 and T2 data sets. The 

supervised modelling method was applied to the dataset to discover features 

correlated with systemic lipids alteration in needles of P. radiata after infestation by 
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S. noctilio. Cross-validations and a permutation test of class labels using internal 

leave-n-out cross-validation were done (Worley & Powers, 2013b, 2016c). The VIP 

score of a variable is calculated as a weighted sum of the squared correlations 

between the PLS-DA components and the original variable. The most contributory 

variables in class discrimination are estimated with the highest VIP scores. In the 

VIP score, each variable corresponds to each identified lipid.  Finally, the volcano 

plot analysis method was used to visualize statistically significant lipids 

characterizing IT and HT in both early and prolonged infection. The analyses were 

set at 2.0 Fold-change threshold and 0.01 P-value threshold. Each point corresponds 

to identified lipids in the volcano plot. The lipids placed at the upper extremities of 

the volcano plots and further from the centre correspond to the most significant lipids 

for the model and contribute significatively to the separation of the groups. 
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4. RESULTS 

4.1  Lipids profile in P. radiata needles under S. noctilio infestation  

One hundred twenty-two lipids were identified in P. radiata needles, 90 and 

32 compounds using ESI negative and ESI positive mode, respectively (detailed in 

Table S1-3). The identified lipids correspond to 40 phospholipids, 20 glycolipids 

and 62 neutral lipids. The identified phospholipids were subdivided into PA: 2 

compounds, PG: 4 compounds, PC: 19 compounds, lysophosphatidylcholine (LPC): 

4 compounds, PE: 8 compounds, PI: 1 compound, phosphatidylinositol-ceramide 

(PI-cer): 2 compounds. The identified glycolipids were subdivided into DGDG: 12 

compounds, and MGDG: 8 compounds. The identified Neutral lipids were DG: 25 

compounds, TG: 2 compounds, NAE: 11 compounds. FA: 24 compounds, and two 

fatty acyl esters of hydroxy fatty acid (FAHFA). 

The lipid library and species were selected considering glycerolipids 

representing the most abundant class present in higher plants. Sulfoquinovosyl 

diacylglycerol (SQDG) species were not detected in the analysed data. 

 

4.2  Statistical models of P. radiata trees upon infestation by S. noctilio 

Unsupervised statistical analysis by PCA in T1 and T2 was used to evaluate 

each tree condition’s spontaneous differentiation. The results of PCA lipidomic 

analysis in trees during early and prolonged S. noctilio infestation are shown in Fig. 
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S1-3. The lipidomic response in the score plot during the early infestation (T1) 

showed a clear separation between healthy HT and infested IT with red and green 

dots, respectively (Fig. S1-3a). The groups are within their 95% confidence regions 

with an explained variance of 63.2% for PC1 and 14.6% for PC2 (combined 

explained variation of 77.8%). On the other hand, a partial separation between 

groups during prolonged S. noctilio infestation (Fig. S1-3b) shows an overlapping 

of their 95% confidence region. However, the model showed a separation trend 

between groups, with acceptable variance explained in PC1 of 60.8% and 14.8% for 

PC2, with a combined explained variation of 75.6%. The separation in the score 

graphs in the PCA model indicates significant intrinsic differences in the level of the 

features of each analyzed group (IT and HT). The PCA model can be used as a 

quality indicator of the subsequent supervised models (Worley & Powers, 2016b). 

The score plots of the supervised model oPLS-DA to discover features correlated 

with systemic lipids alteration in needles of P. radiata during T1 and T2  infestation 

by S. noctilio showed a clear group separation (Fig. 1-3).  
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Figure 1-3: Score plot of OPLS-DA models based on combined datasets (+) ESI and (-) 

ESI among healthy trees (HT, green circles) and infested (IT, red circles), with their 95% 

confidence regions for (a) T1 (sampling 1) and (b) T2 (sampling 2). Graphics of OPLS-DA 

predictive model performance by (c) cross-validation, and (d) permutation with 1000 random 

permutation tests of class membership for T1 and I and (f) T2, respectively.  

 

The supervised model of early S. noctilio infestation (Figure 1-3a) revealed a 

substantial difference in lipid levels between HT (green dots) and IT (red dots) 

groups, as well as their 95% confidence region. To avoid an overfitted model or 

biological nonsense feature explanation, the OPLS-DA model was validated using 

permutation and cross-validation tests (Figure 1-3c) with R2X (explained variance 

in X) of 0.643 and Q2 (goodness of prediction) of 0.977, as well as the test leave-n-

out approach (Figure 1-3d) with Q2: 0.976 and R2Y: 0.985. In the same way, the 

score plot of prolonged infestation by S. noctilio (Figure 1-3b) showed a significant 

differentiation of HT (green dots) and IT (red dots) groups with their 95% confidence 

regions. Validation of the oPLS-DA model by permutation (Figure 1-3e) revealed a 

strong correlation with R2X values of 0.51 and Q2 values of 0.973 (goodness of 

prediction). In cross-validation (Figure 1-3f), Q2 was 0.74, and R2Y was 0.99. The 

oPLS-DA results in T1 and T2, presented an excellent statistical performance, 

demonstrating consistency between projected and original data and good model-to-

data fitting quality for both models, confirming statistically significant differences 

in features between HT and IT during the early and prolonged S. noctilio infestation. 
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4.3  The Early effect of S. noctilio infestation in lipids of P. radiata trees 

VIP scores extracted from the oPLS-DA model indicate the contribution of 

each variable in the separation (Worley & Powers, 2016b). The results of VIP 

analysis of the leading twenty lipids species with high-score are represented in Fig. 

S2-3. During the early stage of S. noctilio infestation (Fig. S2-3a), the IT group (red 

square) showed a high correlation with the increase of the concentrations of two fatty 

acyl ester of hydroxy fatty acid (FAHFA): FAHFA 26:0;O|FAHFA 12:0/14:0;O, and 

FAHFA 28:0;O|FAHFA 12:0/16:0;O. Likewise, with seven FA:  FA 18:3;O, FA 

20:0, FA 17:0, FA 18:1, FA 23:0, FA 22:0, and FA 38:6|FA18:2_20:4. Finally, with 

one PI: PI 34:3 was correlated with IT. In contrast, HT-related lipids (blue square) 

with a high VIP value which were in low concentrations in IT during an incipient 

infestation, thus were consumed or no longer synthesized during this process were 

mainly PC: PC 36:3 B, PC 38:5 B, PC 40:6|PC 20:3_20:3, PC 36:3|PC 18:1_18:2, 

PC 36:3|PC 18:1_18:2, PC 38:5 A, PC 34:1, PC 36:5|PC 18:2_18:3, and PC 38:8, 

and one saturated PI-Cer 37:0;3O.  

On the other hand, using the volcano plot model applied to T1 (Figure 2-3), 

fifty-nine lipids were identified such as significant lipids in needles of P. radiata. 

Twenty-nine lipids were upregulated (red circles), and thirty lipids were 

downregulated (blue circles) during early S. noctilio infestation. PCs with fifteen 

significant compounds were the most abundant lipids downregulated, reaching fifty 
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per cent of the group. The second most abundant type of lipids corresponds to DG 

with six significant compounds (20%), followed by MGDG with five compounds 

(17%), PE with three compounds (10%) and PI-cer with 1 compound (3%). In 

contrast, FA were the most abundant lipid upregulated with 18 significant 

compounds (69%), followed by DG with four compounds (14%), and LPC and PA 

with two compounds each (7% each). 

The results of the statistical models using volcano plot and VIP score extracted 

from the oPLS-DA, applied to P. radiata needles during the early infestation of S. 

noctilio confirm that the most abundant significant lipid species correspond to FA 

and PC, up and downregulated, respectively. 

 

Figure 2-3: Volcano plot of IT vs HT in T1 from using Fold Change (FC) analysis and T-

tests to select significant features based on biological significance and statistical significance of 

features present in P. radiata needles under S. noctilio infestation (a) and whisker and box plot of 
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the first 9 significant feature related with IT plotted by decreasing magnitude order (b). (Suggested 

2-column fitting image) 

 

4.4  The prolonged effect of S. noctilio infestation in lipids of P. radiata trees 

 

VIP analysis results during the prolonged stage of S. noctilio infestation (Fig. 

S2-3b) were similar to those obtained during the early stage of infestation. The IT 

group (red squares) showed an upregulation of two FAHFA: FAHFA 

26:0;O|FAHFA 12:0/14:0;O, and FAHFA 28:0;O|FAHFA 12:0/16:0;O. likewise 

with eight FA:  FA 18:1, FA 20:3, FA 17:0, FA 28:0, FA 30:0, FA 12:0, FA 23:0, 

and FA 20:4. Also, the results showed an increase in the levels of LPC 18:1, and PI-

Cer 37:1;3O. On the other hand, lipids present in higher concentrations in HT (blue 

squares) correspond to four PC: PC 36:3 B, PC 36:3 A, PC 34:2, and PC 36:3|PC 

18:1_18:2. One MGDG: MGDG 34:6|MGDG 16:3_18: 3 and one PI-cer: PI-Cer 

37:1;3O.  

  Interestingly, upregulation of a PI-cer lipid was associated with HT during 

the early infestation stage. However, during the prolonged infestation stage, one PI-

cer lipid was bound to the Its. It is important to point out that both PI-cers differ in 

one unsaturation in their aliphatic chain, presenting saturation in IT and unsaturation 

in HT. 



 

178 

 

On the other hand, the volcano plot model applied to T2 (Figure 3-3) showed 

forty tree significant lipids in needles of P. radiata. Twenty-eight lipids were 

upregulated (red circles), while only seventeen were downregulated (blue circles). 

PC were the most abundant downregulated lipid class with ten significant 

compounds (59% of down-regulated lipids), followed by 2 DG (12%), 2 PE (12%), 

1 PI-Cer (6%), and 1 MGDG (6%). Instead, the most abundant up-regulated 

compounds were FA with 17 compounds (60%), followed by 4 DG (14%), LPC and 

PA, each with two compounds (7%each), and one NAE (4%). 

 

Figure 3-3: Volcano plot of IT vs HT in T2 from using Fold Change (FC) analysis and T-

tests to select significant features based on biological significance and statistical significance of 

features present in P. radiata needles under S. noctilio infestation (a) and whisker and box plot of 

the first 9 significant feature related with IT plotted by decreasing magnitude order (b). 
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5. DISCUSSION 

 

The following discussion focuses on the lipid groups with the most significant 

number of compounds, particularly those activated in infected trees. 

In early infection of S. noctilio on P. radiata trees, the results of the volcano 

plot (Figure 2-3a) The most significant lipids in early infestation of S. noctilio on P. 

radiata trees correspond to the FA class with 18 FA and 2 FAHFA. FAHFA 

26:0;O|FAHFA 12:0/14:0;O was the most upregulated significant lipid (8.8-fold), 

followed by FA 18:3;O (18.9-fold), FA 17:0 (6.6 fold), FA 20:0 (2.8-fold), FAHFA 

28:0;O|FAHFA 12:0/16:0;O (3.8-fold) FA 23:0 (3.9-fold), and FA18:1 (4.2-fold). 

FAHFA are a recently discovered class of lipids with attractive biological 

activity in mammals, highlighting their anti-inflammatory effect. Interesting 

amounts of FAHFA have been found in foods such as vegetable oils, grains, fruits, 

and meats. However, its biological activity in the plant has not been investigated. On 

the other hand, activating phospholipase genes in plants, particularly Fas formation, 

has been reported as an early signalling mechanism in plant defence responses 

(Laxalt & Munnik, 2002a). Female S. noctilio inject venom gland secretion into their 

conifer hosts during oviposition. As a result, the mucus must be responsible for the 

early physiological changes in P. radiata detected following S. noctilio infection 

(Coutts, 1969a). Pathogens typically induce nonhost resistance, PTI [pathogen-

associated molecular pattern (PAMP)-triggered immunity], and ETI in the host 
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(effector-triggered immunity). When pathogen-derived elicitors are recognized by 

the host-encoded pattern-recognition receptors (PRRs), PTI or basal resistance is 

activated. Induction of PTI reduces the spread of pathogens but cannot prevent it 

entirely (Lim et al., 2017).  

In Arabidopsis models, the activation of phospholipases D (PLD) by the 

accumulation of oleic acid (FA 18:3) was reported. The Fas accumulation trigger 

changes such as water loss, stomatal activity and the generation of ROS. The PLD 

activity affects mature leaves, which have comparatively higher PLDs than juvenile 

leaves (Wang & Wang, 2001). P. radiata under S. noctilio infestation, the early 

physiological change is the increase of starch in the leaves, and, in some instances, 

caused photosynthate accumulation in the needles, and chlorophyll begins to 

decrease, the older needles turn yellow, and yellowing spreads to younger needles 

(Coutts, 1969b).  In the early stage of infestation, apparent symptoms of S. noctilio 

infestation were the needle wilt and senescence of older foliage (see Fig. S3-3). The 

accumulation of FA is characteristic of natural leaves senescence (Hong et al., 

2000). Consequently, it could be suggested that the venom of S. noctilio activates 

PLs that increase the concentration of FA in the needles, promoting their natural 

senescence. Moreover, the report of glutathione consumption in needles after S. 

noctilio infestation (Riquelme et al., 2022) suggests the senescence could act as a 

resistance mechanism to the removal of xenobiotic substances by the glutathione S-
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transferase (GST) detoxification (Gullner et al., 2018b). However, the specific 

mechanism of venom-needle interaction remains unclear. 

On the other hand, the significant accumulation of LCFA (ten compounds) 

and VLCFA (nine compounds) produced in needles in the early stage of infestation 

could suggest a defence response to form a barrier defence in the drilling zone 

(Raffaele et al., 2009). Besides, the prolonged infestation found a similar activity 

with seventeen FA. Also, the increase in chain length of VLCFA species could be 

related to an antifungal defensive response of pine trees, which involves the 

production of a polyphenolic resinous barrier in the cell wall to prevent the fungi 

spread (M. P. Coutts & Dolezal, 1966). In this regard, seven VLCFAs with chain 

lengths between 22 and 32 carbon units were triggered. For the above, the reports of 

some resistance pines to S. noctilio attack with high activity of resin formation were 

reported (Ryan & Hurley, 2012). In the field experiment in T2, the resin in the 

oviposition site of S. noctilio to form a barrier kept working until the P. radiata tree 

died, even in non-resistance trees (see Fig. S3-3). However, the evidence indicates 

that polyphenols were not part of the resins in the defence mechanism, possibly due 

to difficulties with their translocation (Riquelme et al., 2022). In this context, the 

evidence suggests that the translocation of FA through the resin ducts could be 

altered but not entirely prevented. 
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The trigger of unsaturated C18 FAs (UFAs) such as FA 18:3 (2.0, 2.2-fold), 

FA 18:2 (2.6, 2.4-fold), and FA 18:1 (4.2, 2.6-fold) was observed in the early and 

prolonged infestation stage, respectively (details shown in table S2-3 and S3-3). FA 

are precursors of bioactive molecules such as NAEs, oxylipins and jasmonates in 

responding to biotic and abiotic stresses (He & Ding, 2020). For example, the 

accumulation in plants of FA 16:0, 16:1, 18:1, 18:2 and 18:3 is associated with 

resistance to fungus and pathogens, serving as energy sources in the plant defence 

response. Also, FA C16 and C18 upregulate the R-gene transcription and control the 

ROS-generating enzyme  (Lim et al., 2017). During prolonged infection, metabolic 

activity associated with C18 FA was maintained, indicating that infected trees were 

unsuccessfully attempting to respond to S. noctilio attack.  

During the early stage of infection, the PC group exhibited the ten compounds 

downregulated (50% of the significant lipids in HT group). PCs are a primary 

glycerolipid of most plant cell membranes but are virtually absent from the internal 

plastid membranes. In green tissue senescing, PC begins to diminish, along with PE 

and PI. Decreased phospholipid levels associated with ageing reduces membrane 

integrity and allows nutrient leakage (Ferguson & Simon, 1973). At the time of 

natural leaf senescence, galactolipases and phospholipases release FA from 

glycerolipids in the chloroplast, endoplasmic reticulum, and other membranes. The 
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process for lipid turnover feeds the tricarboxylic acids (TCA) cycle, glyoxylate 

cycle, or the gluthamate-glutamine cycle to produce primary metabolites from the 

senescing leaf to the phloem and sink tissue (Troncoso-Ponce et al., 2013). 

Chloroplast PC are potential precursors for the manufacture of eukaryotic 

galactolipids. Galactolipids are produced in the plastid envelope by galactosylation 

of DG with UDP-galactose. Feeding eukaryotic galactolipid synthesis with DG from 

the PC requires FAD2-desaturation in the ER and the transfer of lipids from the ER 

to the chloroplast envelope (Botella et al., 2017). This cycle on PC (the Lands cycle) 

transiently creates PA and LPC with higher water solubility than PC, which could 

enhance the transfer of PC across aqueous compartments and membranes (Zhao, 

2015). During the early infestation stage, the LPC 18:1 (7.3-fold) and LPC 18:2 (2.9-

fold) were triggered, which can be attributed to hydrolysis of the chloroplast 

membranes, possibly to recycle compounds from chlorotic leaves to sink organs 

during senescence caused by S. noctilio’s venom (Millner & Ekin Atilla-Gokcumen, 

2020; Troncoso-Ponce et al., 2013). 

Phospholipases A1 (PLA1) and A2 (PLA2) can remove acyl groups from both 

sn-1 and sn-2 positions of PCs yielding FA and lysophospholipids formation. Plant 

PLD and PLA1-2 release FA during the host-pathogen interaction (Beccaccioli et 

al., 2019). Mainly, PLD may regulate the temporal and spatial creation of particular 

PA, which may serve a specialized role (Wang et al., 2006). For instance, a previous 
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study demonstrated that PLD and its derivative PA were necessary for the 

Arabidopsis response to ROS. The absence of PLD makes plants more susceptible 

to H2O2-induced cell death (Zhang et al., 2003). In addition, the reduction of PA 

synthesis by a PLD inhibitor decreased penetration resistance of powdery mildew 

(Pinosa et al., 2013). PA participate in the ROS response during plant-endophyte 

contact (Camehl et al., 2011). During the early stage of the infestation, the 

concentrations of PA 36:4|PA 18:2_18:2 and PA 38:6|PA 18:2_20:4, were 3.1-fold 

and 4.1-fold, respectively. Also, during the prolonged infestation, they were 2.5 and 

2.3-fold, suggesting the infected trees maintained PLD activity to combat the S. 

noctilio infection.  However, an increase in PA concentration has been reported in 

plants exposed to UV radiation damage. Considering that P. radiata trees synthesize 

flavonoids to reduce UV radiation damage during chlorosis, it is possible to suggest 

a relationship in PA signalling with UV-B radiation damage (Dong et al., 2012) 

Various PLD produces NAE in plants (Blancaflor et al., 2014). NAE can influencing 

the expression of defensive genes such as phenylalanine ammonia-lyase (PAL) in 

plant-pathogen interactions (Tripathy et al., 1999). In addition, NAE metabolism and 

abscisic acid signalling influence growth regulation in response to abiotic stresses 

(Teaster et al., 2007). NAE regulate secondary dormancy and growth arrest mediated 

by the ABA signalling pathway that controls the seed-to-seedling transition (Lopez-

Molina et al., 2001). In the early stages of an infestation, no detectable NAE was 
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induced in IT (Figure 2-3A). In contrast, prolonged S. noctilio infestation resulted in 

a 2.2-fold upregulation of NAE 16:2 (Figure 3-3a). Hence the NAE response could 

be due to a growth stop to redirect the tree’s energy to respond to the infestation.  

During the prolonged infestation stage, the upregulation of PI-Cer 37:1;3O could be 

attributable to the interaction with A. areolatum by 185rabidopsis the cell-surface 

pattern recognition receptor. In 185rabidopsis, the ceramide D (Pi-Cer D) triggers a 

defence response to the plant pathogenic oomycete Phytophthora infestans. Further, 

PI-Cer 37:0;3O was downregulated in early (0.08-fold) and prolonged infestation 

(0.24-fold), suggesting a feasible relation in the synthesis of both species.  

Finally, DG species showed variable trends in the early infestation with the 

upregulation of DG 36:6|DG 18:3_18:3 (8.0-fold), DG 25:5(3-fold), DG 27:1 (2.7-

fold), DG 43:1 (2.7-fold), and downregulation of DG 49:13 A (0.038-fold), DG 

47:12 (0.12-fold), DG 36:6|DG 18:3_18:3 (0.3-fold), DG 34:2 (0.41-fold), DG 49:13 

B (0.42-fold), DG 34:3 A (0.48-fold). The same trend was observed in the prolonged 

infestation with the upregulation of DG 36:6|DG 18:3_18:3 (11.2-fold). However, 

DG 29:1, and DG 49:13 were upregulated in P. radiata needles under the prolonged 

infestation by S. noctilio.  Typically, the DG level of plant cells is minimal, and no 

plant proteins involved in signal transduction have been found. However, it is known 

that DG levels change in response to numerous developmental and environmental 

signals. For instance, the accumulation of DG from the PC/PLC route under salinity 
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stress (Ha & Thompson, 1991), phosphate starvation (Pierrugues et al., 2001), and 

the conversion of MGDG to DG by PLCs in response to freezing stress (Tan et al., 

2018). 

 

6. CONCLUSION 

The attack of S. noctilio on P. radiata trees triggers a marked change in the 

lipid profile of the leaves. The most notable changes in both early and late infection 

were an increase in FA, being the family of significant compounds triggered in 

infected trees with high activity in C18 FA with several functions in plant defence 

and VLCFA with activity in the resin formation (Fett-Neto & Rodrigues-Corrêa, 

2012; Lloyd, 1975). Also, FAHFA were upregulated in both infection periods. 

However, it was not possible to attribute its specific biochemical function. On the 

other hand, the upregulation of LPC and PA can be observed, suggesting a marked 

activity of phospholipases (Canonne et al., 2011; Laxalt & Munnik, 2002b; Wang & 

Wang, 2001; Zhao, 2015). A remarkable decrease in the PC family was observed in 

early and late infestations. Lipid changes can be attributed to pathogen recognition 

by the tree, with marked early leaf senescence playing a dominant role in the 

outcome of infection. In prolonged infection, NAE accumulation could be 

participating, signalling the arresting growth of infected P. radiata trees. Finally, 

compounds such as PA that interfere with the ROS balance and the direct response 
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against pathogens suggest that the plant invests energy in a defence mechanism, 

which is ultimately unsuccessful and culminates in the death of infected individuals 

(Shiva et al., 2018; Zhao, 2015).  

The attack of S. noctilio causes a series of alterations in the lipidome of P. 

radiata trees. Our investigation is the first report of alterations in the pine lipidome 

caused by the infestation of the insect. We believe that the reported results help to 

understand how the tree responds to the insect attack. Although more studies are 

necessary to understand the specific mechanisms involved in the plant-insect 

interaction, we believe that the reported information could help future crop 

improvement programs. 
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Figure S1-3: Scores plots of PCA models based on combined datasets (+) ESI 

and (-) ESI, for unsupervised exploration clustering patterns between principal 

components (PCs) 1 and 2, among healthy trees (HT, green circles) and infested (IT, 

red circles), with their 95% confidence regions for (a) T1 (sampling 1) and (b) T2 

(sampling 2). 
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Figure S2-3: VIP-score plots of most significant features based on combined 

datasets from oPLS-DA models among healthy trees (HT, blue square) and infested 

trees (IT, red square) for (a) T1 (sampling 1) and (b) T2 (sampling 2). 
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Figure S3-3:  Pinus radiata under S. noctilio early infestation: Resin in S. 

noctilio holes in the tree trunk  (a), the visual absence of A. areolatum spread in the 

wood (b), and the needles wilt in the tree crown and early senescence and abscission 

in older needles (c). Death tree for multiples attack in the tree trunk on the prolonger 

infestation (d). 
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Table S1-3 Annotated lipids present in P. radiata needles identified in lipidomics analysis related to S. noctilio 

infestation 

Lipids INCHIKEY Species (ion) m/z (dalton) RT (min) Total 
score 

*RT 
similarity 

*Dot 
product 

FA 12:0 POULHZVOKOAJMA-UHFFFAOYSA-N [M-H]- 199,1711 1,012 100 99,9 75 

FA 14:0 TUNFSRHWOTWDNC-UHFFFAOYSA-N [M-H]- 227,2037 1,644 100 99,9 75 

FA 16:0 IPCSVZSSVZVIGE-UHFFFAOYSA-N [M-H]- 255,2335 2,518 100 99,9 75 

FA 16:0;O KMEKMXBMYZGGDT-UHFFFAOYSA-N [M-H]- 271,2291 0,736 100 99,9 73,4 

FA 16:1 SECPZKHBENQXJG-UHFFFAOYSA-N [M-H]- 253,2187 1,912 100 99,9 72,5 

FA 17:0 KEMQGTRYUADPNZ-UHFFFAOYSA-N [M-H]- 269,2498 2,947 100 99,9 75 

FA 18:1 ZQPPMHVWECSIRJ-UHFFFAOYSA-N [M-H]- 281,2507 2,746 100 99,9 75 

FA 18:2 OYHQOLUKZRVURQ-UHFFFAOYSA-N [M-H]- 279,2353 2,076 100 99,9 75 

FA 18:3 DTOSIQBPPRVQHS-UHFFFAOYSA-N [M-H]- 277,2184 1,599 100 99,9 74,8 

FA 18:3;O NFIYYIXFARWVBH-UHFFFAOYSA-N [M-H]- 293,2133 0,681 100 99,9 16,5 

FA 20:0 VKOBVWXKNCXXDE-UHFFFAOYSA-N [M-H]- 311,2966 3,883 100 99,9 75 

FA 20:3 AHANXAKGNAKFSK-UHFFFAOYSA-N [M-H]- 305,25 2,418 100 99,9 75 

FA 20:4 HQPCSDADVLFHHO-UHFFFAOYSA-N [M-H]- 303,2332 1,867 100 99,9 75 

FA 20:5 JAZBEHYOTPTENJ-UHFFFAOYSA-N [M-H]- 301,2182 2,135 100 99,9 75 

FA 20:5 JAZBEHYOTPTENJ-UHFFFAOYSA-N [M-H]- 301,2195 2,235 100 99,9 75 

FA 20:5;2º RWHZIKMTLJOOEH-UHFFFAOYSA-N [M-H]- 333,209 0,735 100 99,9 62,4 

FA 20:5;O KONMRYXTSAJFFW-UHFFFAOYSA-N [M-H]- 317,2138 0,728 100 99,9 70,7 

FA 22:0 UKMSUNONTOPOIO-UHFFFAOYSA-N [M-H]- 339,3277 4,558 100 99,9 75 

FA 22:1 DPUOLQHDNGRHBS-UHFFFAOYSA-N [M-H]- 337,3122 3,905 100 99,9 75 

FA 23:0 XEZVDURJDFGERA-UHFFFAOYSA-N [M-H]- 353,3434 4,93 100 99,9 74,3 

FA 24:0 QZZGJDVWLFXDLK-UHFFFAOYSA-N [M-H]- 367,3593 5,304 100 100 75 

FA 26:0 XMHIUKTWLZUKEX-UHFFFAOYSA-N [M-H]- 395,3899 6,146 100 99,9 75 

FA 28:0 UTOPWMOLSKOLTQ-UHFFFAOYSA-N [M-H]- 423,4197 6,958 100 99,9 73,9 

FA 30:0 VHOCUJPBKOZGJD-UHFFFAOYSA-N [M-H]- 451,4516 7,717 100 99,9 74,5 

FA 32:0 ICAIHSUWWZJGHD-UHFFFAOYSA-N [M-H]- 479,483 8,485 100 99,9 74,6 
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FAHFA 26:0;O|FAHFA 
12:0/14:0;O GEAPRHIXZVIFGV-UHFFFAOYSA-N [M-H]- 425,3625 3,728 100 99,9 74,6 
FAHFA 28:0;O|FAHFA 
12:0/16:0;O XYJRGHPUHMUHHQ-UHFFFAOYSA-N [M-H]- 453,3954 4,249 100 99,9 72,8 

PA 36:4|PA 18:2_18:2 OBXRDFNCKFWKNY-UHFFFAOYSA-N [M-H]- 695,4667 4,323 100 99,9 49,5 

PA 38:6|PA 18:2_20:4 DLGBYDWDFKWEBP-UHFFFAOYSA-N [M-H]- 719,4656 4,157 95,9 99,9 54,4 

PG 32:0|PG 16:0_16:0 BIABMEZBCHDPBV-UHFFFAOYSA-N [M-H]- 721,5014 4,842 100 99,9 44,6 

PG 34:0|PG 17:0_17:0 ZBVHXVKEMAIWQQ-UHFFFAOYSA-N [M-H]- 749,5347 5,375 100 99,9 55 

PG 34:2|PG 16:0_18:2 ATBOMIWRCZXYSZ-UHFFFAOYSA-N [M-H]- 745,5027 4,458 100 99,9 85,3 

PG 34:3|PG 16:0_18:3 MLANVLMRGHBUJH-UHFFFAOYSA-N [M-H]- 743,4861 4,098 99,6 99,9 77,1 

DG 24:0 ULWFPIOQPKBMLO-UHFFFAOYSA-N [M+Na]+ 479,3688 4,349 100 99,9 69,4 

DG 25:4 XJIUNQSPNHVSOG-UHFFFAOYSA-N [M+Na]+ 485,3228 0,597 100 99,8 43,3 

DG 26:5 LFQQBMCSQGTBCP-UHFFFAOYSA-N [M+Na]+ 497,3115 1,154 91,9 99,9 14,5 

DG 27:1 HNEDSTVXDVHKGW-UHFFFAOYSA-N [M+Na]+ 519,4007 3,641 100 99,9 58,9 

DG 29:1 FTQGBVUFCDQLFK-UHFFFAOYSA-N [M+Na]+ 547,4338 4,079 100 99,9 74 

DG 34:1 GXKVCDAYOVXTID-UHFFFAOYSA-N [M+Na]+ 617,5143 5,278 100 99,8 16,7 

DG 34:2 DPWHHRVJHABNSH-UHFFFAOYSA-N [M+Na]+ 615,4941 4,825 100 99,8 33,3 

DG 34:3 A CJKXNIAUCJAYKE-UHFFFAOYSA-N [M+Na]+ 613,4779 4,422 100 99,8 25,3 

DG 34:3 B CJKXNIAUCJAYKE-UHFFFAOYSA-N [M+Na]+ 613,4814 4,041 97,9 99,8 25,8 

DG 34:4 VCQRWKKLJZNMEO-UHFFFAOYSA-N [M+Na]+ 611,4663 4,164 100 99,9 15,7 

DG 34:4|DG 16:1_18:3 UUPFPLJLQPYEKS-UHFFFAOYSA-N [M+NH4]+ 606,5065 5,778 100 99,9 52,4 

DG 36:3|DG 16:0_20:3 HDLOYNMDVJLGBF-UHFFFAOYSA-N [M+NH4]+ 636,5533 6,803 100 99,9 51,8 

DG 36:6|DG 18:3_18:3 RAPBJBKXYYMYAY-UHFFFAOYSA-N [M+NH4]+ 630,5099 5,14 100 99,9 37,6 

DG 38:6 MAVBOFOXLFFASS-UHFFFAOYSA-N [M+Na]+ 663,497 5,849 99,5 99,9 2,3 

DG 38:6|DG 18:2_20:4 XQKXAZZSUMABAU-UHFFFAOYSA-N [M+NH4]+ 658,5366 5,835 97,9 99,9 29,2 

DG 40:4 VKHXVQHJSQUHDB-UHFFFAOYSA-N [M+Na]+ 695,5608 3,04 100 99,5 48 
DG 43:11_w/o MS2:PC 
7:0_26:4 

NLPVEMQXXOUMGX-UHFFFAOYSA-N_NLVIOGOLRBEOHF-
UHFFFAOYSA-N 

[M+Na]+_[M+H
]+ 

723,5001_740,
5217 

4,825_4,82
8 

100_99,
7 99,9 8,8 

DG 44:10 KERCMTWAJRDWJL-UHFFFAOYSA-N [M+Na]+ 739,5224 4,101 93,9 99,7 15,9 

DG 44:4 RKSVJQKAZINLQY-UHFFFAOYSA-N [M+Na]+ 751,6133 4,186 100 99,6 44,5 

DG 45:4 VAFHOKSLPWIVOF-UHFFFAOYSA-N [M+Na]+ 765,626 5,097 94,2 99,7 23,8 

DG 46:8 VEJMZYASEABXMZ-UHFFFAOYSA-N [M+Na]+ 771,6066 9,568 92,9 99,9 70 
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DG 47:12 XZJRNGBBOYVPBO-UHFFFAOYSA-N [M+Na]+ 777,5463 5,711 100 99,8 68,9 

DG 48:10 KUGPCOHBSVFOMJ-UHFFFAOYSA-N [M+Na]+ 795,5718 3,592 87,8 99,6 32 

DG 49:13 A UDRROSXCOBRMMC-UHFFFAOYSA-N [M+Na]+ 803,5661 5,762 100 99,8 66,6 

DG 49:13 B UDRROSXCOBRMMC-UHFFFAOYSA-N [M+Na]+ 803,5631 5,917 100 99,8 69,3 
DGDG 33:3|DGDG 
16:0_17:3 FXIQWNUNSKWHDF-UHFFFAOYSA-N [M+NH4]+ 918,6179 4,489 90,4 99,9 41,4 
DGDG 34:1|DGDG 
16:0_18:1 JRCZTCGPEBCBPF-UHFFFAOYSA-N [M+NH4]+ 936,6593 5,716 100 99,9 80,9 
DGDG 34:2|DGDG 
16:0_18:2 QZXMUPATKGLZAP-UHFFFAOYSA-N [M+NH4]+ 934,6489 5,203 100 99,9 57,9 
DGDG 34:4|DGDG 
16:1_18:3 MHPLFRBUCCWBIP-UHFFFAOYSA-N_null [M+NH4]+ 9.306.226 4.290 92,1 99,9 48,2 
DGDG 35:3|DGDG 
17:0_18:3 PUNVOFSUTXXFBB-UHFFFAOYSA-N [M+NH4]+ 946,6468 5,093 100 99,9 51,6 
DGDG 35:4|DGDG 
17:1_18:3 AHVPUHVAYBFSNC-UHFFFAOYSA-N [M+NH4]+ 944,6294 4,554 90,8 99,9 39,9 
DGDG 35:6|DGDG 
17:3_18:3 GBZGMNJFQHOHOA-UHFFFAOYSA-N_null 

[M+NH4]+_[M+
H]+ 

940,5951_945,
5540 

3,812_3,81
2 100 99,9 31,5 

DGDG 36:3|DGDG 
18:0_18:3 PPVUDDOGWKXFPF-UHFFFAOYSA-N [M+NH4]+ 960,6625 5,443 100 99,9 53 
DGDG 36:4|DGDG 
18:1_18:3 OTTULVKDNCZNKY-UHFFFAOYSA-N [M+NH4]+ 958,6409 4,828 93,1 99,9 46,4 
DGDG 36:5|DGDG 
18:2_18:3 GKSHYDZIFVNLSS-UHFFFAOYSA-N [M+NH4]+ 956,6297 4,399 100 99,9 51,1 
DGDG 36:6|DGDG 
18:3_18:3 KDYAPQVYJXUQNY-UHFFFAOYSA-N [M+NH4]+ 954,6171 4,04 100 99,9 45,8 
DGDG 38:6|DGDG 
18:3_20:3 QCSRHVIANKLEOG-UHFFFAOYSA-N [M+NH4]+ 982,6458 4,525 100 99,9 40,3 

LPC 18:0/0:0 IHNKQIMGVNPMTC-UHFFFAOYSA-N 
[M+H]+_[M+Na
]+ 

524,3688_546,
3513 

2,327_2,33
1 

91,4_98,
6 99,9 41,2 

LPC 18:1 YAMUFBLWGFFICM-UHFFFAOYSA-N [M+H]+ 522,3478 1,542 91,1 99,9 73,5 

LPC 18:1/0:0 YAMUFBLWGFFICM-UHFFFAOYSA-N [M+H]+ 522,3536 1,677 98,1 99,9 47,5 

LPC 18:2 SPJFYYJXNPEZDW-UHFFFAOYSA-N [M+H]+ 520,3402 1,253 95,6 99,9 76 
MGDG 34:3|MGDG 
16:0_18:3 NAUNPPRXNUXMCK-UHFFFAOYSA-N [M+NH4]+ 770,5801 5,246 100 99,9 63 
MGDG 34:6|MGDG 
16:3_18:3 ICYUEMSNVJJVHR-UHFFFAOYSA-N [M+NH4]+ 764,531 3,975 100 99,9 44,1 
MGDG 36:4|MGDG 
18:2_18:2 BROOMPUVDPTGEG-UHFFFAOYSA-N [M+NH4]+ 796,5929 5,278 100 99,9 45,4 



 

196 

 

MGDG 36:5 GDYSXKGGNCUYFD-UHFFFAOYSA-N [M+NH4]+ 794,5729 4,825 92,3 99,9 16,2 
MGDG 36:6|MGDG 
18:3_18:3 QUZHZFAQJATMCA-UHFFFAOYSA-N [M+NH4]+ 792,5679 4,423 100 99,9 43,7 

MGDG 38:6 AAZCMGYBBROTDK-UHFFFAOYSA-N [M+NH4]+ 820,5925 5,03 84,1 99,9 20,3 

NAE 16:2 KULZUVXNSCAVNT-UHFFFAOYSA-N_null [M+H]+ 
296,2567_301,

2147 
2,334_2,33

7 100 99,9 1,8 

NAE 18:4 BSEHZAIYCIVZNE-UHFFFAOYSA-N [M+H]+ 320,2583 2,513 100 99,9 22,8 

NAE 20:1 YDKRGMXLBRWZJR-UHFFFAOYSA-N [M+H]+ 354,3348 2,705 100 99,9 1,8 

NAE 20:3 IGERBKTWMBMXMC-UHFFFAOYSA-N [M+H]+ 350,3021 0,927 100 99,8 4,9 

NAE 22:2 OQONQUAYXRQQLX-UHFFFAOYSA-N [M+H]+ 380,3506 2,833 100 99,9 11 

NAE 22:4 A NCECEOHSWNHORM-UHFFFAOYSA-N [M+H]+ 376,3177 1,87 100 99,9 74,5 

NAE 22:4 B NCECEOHSWNHORM-UHFFFAOYSA-N [M+H]+ 376,3156 2,541 100 99,9 75 

NAE 22:4 C NCECEOHSWNHORM-UHFFFAOYSA-N [M+H]+ 376,3175 2,003 100 99,9 74 

NAE 22:5 A XZURZCGSKALDLA-UHFFFAOYSA-N [M+H]+ 374,3032 2,443 100 99,9 70,6 

NAE 22:5 B XZURZCGSKALDLA-UHFFFAOYSA-N [M+H]+ 374,3016 2,336 100 99,9 72,7 

NAE 22:5 C XZURZCGSKALDLA-UHFFFAOYSA-N [M+H]+ 374,2999 2,126 100 99,9 75 

PC 32:3 AGQKQQAJRFTOGL-UHFFFAOYSA-N [M+H]+ 728,5211 4,186 83,7 99,9 57,8 

PC 34:1 
IZGAXEWHRFTGIW-UHFFFAOYSA-N_DPRKXQMMMQTCGD-
UHFFFAOYSA-N 

[M+H]+_[M+Na
]+ 

760,5817_782,
5667 

5,696_5,69
9 

85,7_10
0 99,9 57,3 

PC 34:2 DMKGBZJOEARPBA-UHFFFAOYSA-N [M+Na]+ 780,5522 5,165 91,1 99,9 52,9 

PC 34:4 FJCUMLVANOXIFV-UHFFFAOYSA-N [M+H]+ 754,5404 4,498 86,7 99,9 56,8 

PC 35:2|PC 17:0_18:2 ZSKWZJYUVZYDQU-UHFFFAOYSA-N [M+H]+ 772,5888 5,694 93,6 99,9 80,9 

PC 36:1 GQRONIVZDUCCCG-UHFFFAOYSA-N [M+H]+ 788,6132 6,354 80,5 99,9 56,4 

PC 36:2 SNKAWJBJQDLSFF-UHFFFAOYSA-N [M+H]+ 786,5992 5,826 86,2 99,9 59,2 

PC 36:3 A WSXZDAPARWPHLV-UHFFFAOYSA-N [M+Na]+ 806,5651 5,267 81,6 99,9 38,4 

PC 36:3 B 
FHYXYDNOQOCPNC-UHFFFAOYSA-N_KKVDMSZJVFAMDW-
UHFFFAOYSA-N 

[M+H]+_[M+Na
]+ 

784,5839_806,
5682 

5,458_5,45
1 85,3 99,9 59,1 

PC 36:3|PC 18:1_18:2 GDWULUGDXGHJIJ-UHFFFAOYSA-N [M+H]+ 784,5887 5,251 100 99,9 86 

PC 36:4|PC 18:1_18:3 FVQGNFUBHWGFCY-UHFFFAOYSA-N [M+H]+ 782,5661 4,795 100 99,9 85,7 
PC 36:5|PC 18:2_18:3_PC 
38:8 

HZGAVPNEGHQJID-UHFFFAOYSA-N_JAJDBGJIFGOXMW-
UHFFFAOYSA-N [M+H]+ 

780,5523_802,
5356 

4,388_4,37
2 

100_85,
1 99,9 59,3_22,2 

PC 36:6 QHAXKXZLHMWFBX-UHFFFAOYSA-N [M+Na]+ 800,5192 4,007 82,9 99,9 67 

PC 36:6|PC 18:3_18:3 XXKFQTJOJZELMD-UHFFFAOYSA-N [M+H]+ 778,5359 4,147 100 99,9 86,2 
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PC 38:2 HJYITXYOCDILBF-UHFFFAOYSA-N [M+H]+ 814,6293 6,524 87,4 99,9 40,7 

PC 38:5 A ARDJUHDXABDVFH-UHFFFAOYSA-N [M+H]+ 808,5814 5,857 86,6 99,9 28,6 

PC 38:5 B 
LSNIXSHXTMSKGF-UHFFFAOYSA-N_CANZVNSRAPPYKG-
UHFFFAOYSA-N 

[M+H]+_[M+Na
]+ 

808,5775_830,
5666 

5,008_5,01
3 

84,3_99,
9 99,9 55,6 

PC 40:6|PC 20:3_20:3 SUSAZHLUBGMSDJ-UHFFFAOYSA-N [M+H]+ 834,5966 5,225 100 99,9 81,1 

PC 41:2 DJMWTIFDEXNIOA-UHFFFAOYSA-N [M+H]+ 856,68 7,511 81,7 99,9 23,2 

PE 34:2 GIXVVPGFMACMOZ-UHFFFAOYSA-N [M+H]+ 716,5208 5,358 88 99,9 42 

PE 34:3 YPQQUIROQBQXEF-UHFFFAOYSA-N [M+H]+ 714,5053 4,924 86,7 99,9 39,8 

PE 36:3 A IOCJUBADWAXZRO-UHFFFAOYSA-N [M+H]+ 742,5389 5,45 87,4 99,9 53,2 

PE 36:3 B DCPDPBCUPLKQNQ-UHFFFAOYSA-N [M+H]+ 742,5329 5,588 87,8 99,9 46,8 

PE 36:4 SSCDRSKJTAQNNB-UHFFFAOYSA-N [M+H]+ 740,5251 5,157 81,4 99,9 34,7 

PE 36:5 MBVGZVLTSQSWFJ-UHFFFAOYSA-N [M+H]+ 738,5112 4,507 87 99,9 30,5 

PE 38:3 KTTDFPCEOHXQBY-UHFFFAOYSA-N [M+H]+ 770,5655 6,31 86,7 99,9 28,9 

PE 38:4 VASYAYHJSUUNNT-UHFFFAOYSA-N [M+H]+ 768,5601 5,674 83,3 99,9 45,3 

PI 34:3 SVJIMWKNBYJOKD-UHFFFAOYSA-N [M+NH4]+ 850,5474 4,192 100 99,9 64,4 

PI-Cer 37:0;3º FLBVHFLLZJOVCV-UHFFFAOYSA-N [M+H]+ 840,5933 5,516 97,9 99,9 7,5 

PI-Cer 37:1;3º JOXWGEGNKTYZFB-UHFFFAOYSA-N [M+H]+ 838,5727 4,945 95,6 99,9 5,6 
TG 52:4|TG 
16:0_18:2_18:2 

LXAWUIOWWNQCQA-UHFFFAOYSA-N_TVCXNLFXLACFHK-
UHFFFAOYSA-N 

[M+NH4]+_[M+
Na]+ 

872,7698_877,
7242 

10,350_10,
350 100_99 99,9 63,5 

TG 54:5|TG 
18:1_18:2_18:2 

VVEBTVMJPTZDHO-UHFFFAOYSA-N_QEUNXFKXMXOSEM-
UHFFFAOYSA-N 

[M+NH4]+_[M+
Na]+ 

898,7861_903,
7410 

10,364_10,
357 100 99,9 34,6 

*The spectral similarity and dot product for de identification using the spectrum library were calculated in MS-dial 
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Table S2-3: Volcano plots results of P. radiata needles identified in lipidomics 

analysis related to early S. noctilio infestation 

Lipids FC log2(FC) p.ajusted -log10(p) 

FA 18:3;O 18.867 4,2378 1.0478e-21 20.98 

LPC 18:1 12.522 3,6464 2.3364e-08 7.6315 

FAHFA 26:0;O|FAHFA 12:0/14:0;O 8.8873 3,1517 1.9131e-25 24.718 

DG 36:6|DG 18:3_18:3 7.9994 2,9999 8.6603e-14 13.062 

FA 17:0 6.5926 2,7209 2.7852e-17 16.555 

FA 12:0 5.791 2,5338 7.7357e-13 12.111 

FA 18:1 4.261 2,0912 9.6785e-15 14.014 

PA 38:6|PA 18:2_20:4 4.1519 2,0538 5.6562e-15 14.247 

FA 23:0 3.9307 1,9748 3.48e-15 14.458 

FA 32:0 3.909 1,9668 0.00036255 3.4406 

FAHFA 28:0;O|FAHFA 12:0/16:0;O 3.8843 1,9577 9.4188e-17 16.026 

FA 20:3 3.218 1,6862 1.857e-11 10.731 

PA 36:4|PA 18:2_18:2 3.1551 1,6577 6.9022e-10 9.161 

FA 22:0 3.0915 1,6283 8.6603e-14 13.062 

PI 34:3 3.0476 1,6077 7.072e-17 16.15 

DG 26:5 3.0348 1,6016 0.052302 1.2815 

FA 20:0 2.8294 1,5005 1.856e-18 17.731 

FA 30:0 2.7635 1,4665 3.2802e-08 7.4841 

DG 27:1 2.7157 1,4413 7.0685e-12 11.151 

FA 20:4 2.715 1,4409 6.4093e-09 8.1932 

FA 28:0 2.6726 1,4182 9.8711e-11 10.006 

DG 43:11 2.6673 1,4154 1.9159e-09 8.7176 

FA 16:1 2.5856 1,3705 1.8391e-05 4.7354 

FA 18:2 2.5508 1,3509 5.6483e-11 10.248 

FA 16:0 2.5166 1,3314 1.0432e-08 7.9816 

LPC 18:2 2.3992 1,2626 1.9069e-06 5.7197 

FA 24:0 2.3106 1,2082 1.857e-11 10.731 

FA 26:0 2.1961 1,1349 4.6212e-12 11.335 

FA 18:3 2.0001 1 1.0147e-06 5.9937 

DG 34:3 A 0.48574 -1,0417 0.00030469 3.5161 

MGDG 38:6 0.46034 -1,1192 0.0075982 2.1193 

MGDG 36:4|MGDG 18:2_18:2 0.44254 -1,1761 0.0013921 2.8563 

DG 49:13 B 0.42057 -1,2496 0.0012594 2.8998 

DG 34:2 0.41808 -1,2582 0.0013424 2.8721 

PC 36:6|PC 18:3_18:3 0.37854 -1,4015 1.1544e-07 6.9376 

PE 36:3 B 0.37128 -1,4294 3.4604e-11 10.461 

PC 36:5|PC 18:2_18:3_PC 38:8 0.37015 -1,4338 5.9994e-13 12.222 

MGDG 36:5 0.36941 -1,4367 0.00079635 3.0989 

PC 36:4|PC 18:1_18:3 0.34935 -1,5173 1.04e-17 16.983 

PC 35:2|PC 17:0_18:2 0.34695 -1,5272 2.4968e-05 4.6026 
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DG 34:4|DG 16:1_18:3 0.3059 -1,7089 0.0068006 2.1675 

PC 34:2 0.2688 -1,8954 7.6384e-13 12.117 

MGDG 34:3|MGDG 16:0_18:3 0.26656 -1,9075 7.8248e-05 4.1065 

PC 36:3 B 0.26535 -1,914 3.8492e-23 22.415 

MGDG 34:6|MGDG 16:3_18:3 0.22568 -2,1477 3.7262e-05 4.4287 

PC 38:5 B 0.2128 -2,2324 8.2663e-22 21.083 

PC 36:6 0.20854 -2,2616 1.7515e-07 6.7566 

PC 36:2 0.20824 -2,2637 2.1249e-10 9.6727 

PE 36:4 0.17457 -2,5181 7.4737e-07 6.1265 

PC 34:1 0.17335 -2,5283 8.6603e-14 13.062 

PC 36:3|PC 18:1_18:2 0.17005 -2,556 1.4129e-20 19.85 

PC 34:4 0.14431 -2,7928 5.6775e-06 5.2458 

DG 47:12 0.12552 -2,9941 1.3051e-07 6.8844 

PC 40:6|PC 20:3_20:3 0.12323 -3,0206 8.2663e-22 21.083 

PI-Cer 37:0;3º 0.085503 -3,5479 1.5192e-13 12.818 

PE 38:4 0.045002 -4,4739 1.2699e-10 9.8962 

DG 49:13 A 0.037869 -4,7228 3.1868e-10 9.4966 

PC 38:5 A 0.03677 -4,7653 1.1744e-17 16.93 

PC 36:3 A 0.032646 -4,9369 3.0547e-20 19.515 
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Table S3-3: Volcano plots results of P. radiata needles identified in 

lipidomics analysis related to prolonged S. noctilio infestation. 

Lipids FC log2(FC) p.ajusted -log10(p) 

DG 36:6|DG 18:3_18:3 11.214 3,4872 4.5778e-09 8.3393 

LPC 18:1 7.3109 2,8701 3.6572e-16 15.437 

FAHFA 26:0;O|FAHFA 12:0/14:0;O 6.8824 2,7829 9.9012e-14 13.004 

FA 18:3;O 6.722 2,7489 1.2335e-07 6.9089 

FA 12:0 3.6909 1,884 9.623e-12 11.017 

PI-Cer 37:1;3º 3.6111 1,8524 4.2299e-15 14.374 

FA 32:0 3.4484 1,7859 1.005e-05 4.9978 

FAHFA 28:0;O|FAHFA 12:0/16:0;O 3.3755 1,7551 3.682e-11 10.434 

FA 17:0 3.2142 1,6845 1.3163e-11 10.881 

FA 20:3 3.1081 1,636 3.6084e-14 13.443 

LPC 18:2 2.8977 1,5349 1.9586e-06 5.708 

FA 30:0 2.7936 1,4821 4.7799e-11 10.321 

DG 26:5 2.7589 1,4641 1.9121e-13 12.718 

FA 23:0 2.641 1,4011 1.1117e-10 9.954 

FA 18:1 2.6309 1,3956 1.9915e-14 13.701 

FA 28:0 2.5568 1,3543 6.1927e-11 10.208 

PA 36:4|PA 18:2_18:2 2.5267 1,3373 7.3781e-10 9.1321 

FA 22:0 2.4683 1,3035 4.4717e-08 7.3495 

DG 29:1 2.4073 1,2674 6.6283e-07 6.1786 

FA 18:2 2.3812 1,2517 1.4169e-08 7.8487 

DG 49:13 B 2.3532 1,2346 1.3924e-07 6.8562 

PA 38:6|PA 18:2_20:4 2.3451 1,2296 1.9857e-08 7.7021 

NAE 16:2 2.2319 1,1583 4.8212e-08 7.3168 

FA 18:3 2.2189 1,1499 1.2886e-09 8.8899 

FA 20:4 2.2143 1,1469 1.3869e-10 9.858 

DG 43:11 2.1161 1,0814 9.0409e-11 10.044 

FA 26:0 2.1057 1,0743 9.2481e-09 8.0339 

FA 24:0 2.0629 1,0447 5.7154e-07 6.243 

PE 36:4 0.49146 -1,0248 1.7728e-07 6.7513 

TG 54:5|TG 18:1_18:2_18:2 0.49012 -1,0288 0.01744 1.7585 

PC 36:6|PC 18:3_18:3 0.48352 -1,0484 1.1675e-07 6.9327 

PC 34:4 0.43058 -1,2157 1.2509e-07 6.9028 

PC 36:3|PC 18:1_18:2 0.39909 -1,3252 6.6792e-11 10.175 

PC 36:3 B 0.35607 -1,4898 1.6319e-19 18.787 

PE 38:4 0.35396 -1,4984 3.2895e-09 8.4829 

DG 49:13 A 0.33439 -1,5804 6.4024e-07 6.1937 

PC 34:1 0.31721 -1,6565 1.7073e-09 8.7677 

DG 34:4|DG 16:1_18:3 0.3123 -1,679 0.0059672 2.2242 

PC 38:5 B 0.30705 -1,7035 1.2268e-11 10.911 

PC 36:2 0.3013 -1,7307 3.4797e-09 8.4585 
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MGDG 34:6|MGDG 16:3_18:3 0.28525 -1,8097 6.1927e-11 10.208 

PC 36:3 A 0.27281 -1,874 1.3592e-11 10.867 

PI-Cer 37:0;3º 0.24361 -2,0374 2.4558e-10 9.6098 

PC 40:6|PC 20:3_20:3 0.22445 -2,1555 9.623e-12 11.017 

PC 38:5 A 0.11014 -3,1827 5.6294e-10 9.2495 

 

Method S1: Climatic conditions during sampling time, T1 and T2.  

Weather conditions in April 2018 (T1) according to the nearest available 

stations of the Chilean Meteorological Department, located at Chillán 

(36°35′8.99′′S 72°x2′11.99′′W) (code 360011) and Concepción (36°46′49.99′′S 

73°3′58.99′′W) (code 360019), were as follow: mean maximum and minimum 

temperatures of 19.7 °C and 6.0 °C, respectively; accumulated rainfall of 60.8 mm, 

with 21.6 mm accumulated only in the day before sampling; a daily average of the 

UVB (280-315 nm) maximum radiation intensity was 3.2 kWh m-2; and relative 

humidity mean of 82.5%, with 79.9% for the day of sampling. During the second 

sampling (T2) in July 2018, weather conditions were as follows: mean maximum 

and minimum temperatures of 12.7 °C and 2.4 °C, respectively; accumulated 

rainfall of 80.2 mm, with 0.0 mm on the day before sampling; a daily average of 

the UVB (280-315 nm) maximum radiation intensity was 1.53 kWh m-2; and 

relative humidity mean of 90.4%, with 97.9% for the day of sampling 
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4. CHAPTER 4 

1. CONCLUSION 

1.1 General conclusions 

• Due to the overall complexity of the metabolome of individuals, new methods 

of analysis have been developed. Lipidomics focuses on non-polar 

metabolites, such as lipids and phospholipids, that are as extensive as 

specialized metabolites. The application of libraries in lipidomics has enabled 

the identification of hundreds of thousands of compounds, altering the 

paradigms regarding their functions in organisms, which were previously 

limited to energy storage and membrane structural components. 

• Using specialized software and platforms such as Metaboanalyst, 

Metaboscape, MSDIAL and CSI:Finder allowed us to perform the workflow 

involving chromatogram processing, feature extraction, statistical analysis 

and subsequent biomarker identification. 

• With the combined metabolomic and lipidomic approach, it was possible to 

identify metabolites that are directly associated with the resistance and 

defensive response of Pinus radiata to S. noctilio attack. However, new 

research avenues are now available to investigate their functions and roles in 

plant-insect interaction. 
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• Pine bark did not show significant changes comparing the metabolome IT 

and HT through metabolomics by LC-MSMS. However, it was possible to 

differentiate both groups by identifying specific biomarkers in wood and 

needles.  

• Changes in the metabolome and lipidome were identified in both early and 

prolonged infestation. 

• The identification of lipid biomarkers was established by calculating their 

exact mass, fragmentation pattern and coincidence of the mass spectral 

pattern with available libraries and analysis of pure spectrum.  
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1.2  Specific conclusions: 

The metabolomics strategy used in this study revealed the fundamental roles of 

plants’ chemical defence on P. radiata during the infestation of S. noctilio 

• The infestation of S. noctilio caused in needles of P. radiata the upregulation 

of flavonols, catechins, oxyneolignans, auxins, proline, and tryptophan 

during the early stage. The accumulation of catechins suggests a 

photoprotective response for weakened photosynthetic tissues.  Instead, 

proline accumulation during the early stage of infestation and its subsequent 

decline may be associated with an alternative respiration mechanism that uses 

proline as an alternative substrate when the photosystem collapses during 

chlorosis. Glutathione, glutamate, and ascorbate levels dropped in needles, 

indicating high oxidative stress triggered during the infestation. The redox 

balance was not fully replenished in the prolonged infestation stage, 

compromising tree survival. Auxin accumulation may be associated with an 

attempt to produce new needles during the early stage of infestation to 

produce new photosynthetic tissues. 

• The alteration in the translocation of the tree produced by the mucus of S. 

noctilio prevents the oxyneolignans accumulated in the needles from 

reaching the wood. 
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The lipidomics analysis applied in needles of P. radiata showed the alteration 

of the lipidome of P. radiata during the S. noctilio infestation. 

• Fas were the most abundant upregulated lipids. Among the FA, the 

accumulation of lipids C16 and C18 can regulate the tree’s defensive 

response. Also, VLCFA and LCFA with activity in the synthesis of resins 

increased significantly during both early and late infection. In addition, the 

high level of LPC and PA and the downregulation of PC suggest a high 

activity of phospholipases. 

• Finally, a statistical model using ROC curve was evaluated to identify P. 

radiata trees presumably infested by S. noctilio. The model will be applied 

in cases of suspected attack by S. noctilio, confirming or not its presence in 

forest land. The ROC curve of the constructed biomarker model 

demonstrated excellent performance. These results validated the efficacy of 

a biomarker model based on the combination of 21 up-regulated metabolites 

to detect an early infestation of P. radiata trees by S. noctilio. The developed 

ROC models can serve as a platform for confirming the presence of S. 

noctilio in trees. 

• We anticipate that our work will contribute to the development of new 

research line and breeding programs for resistant plant production. 
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2. Anexos 

Other antecedent of the candidate: 

2.1  Research project participation 

Research project contribution list developed during the doctorate period: 

CORFO 21CVC2-183630- Unidad de Desarrollo Tecnológico UDT, Enginier 

2022: “Espuma agricola biobasada, de buen desempeño técnico, costo 

competitivo y baja huella ambiental” 

FONDEF ID19I10206 IDeA: Universidad de Concepción, Engenier, 2019-

2021. “Development of a product for the control of eucalyptus weevil, based on 

scientific evidence obtained from new metabolomics approaches”  

CONTEC83617- Universidad de Concepción, Engenier, 2018 - 2019. Project: 

"Vinculación asociativa para el desarrollo de un proceso de obtención de 

colágeno de alta pureza a partir de los subproductos de la pesquería de la jibia” 

  UCO1795- Universidad de Concepción, Chemist, 2017 - 2018. Project: 

“Fortalecimiento de las capacidades y gestión analítica de la Universidad de 

Concepción para contribuir a la producción y comercialización de productos 

hortofrutícolas inocuos en las VI, VII y VIII regiones” 

CORFO 14IDL2-30156- Universidad de Concepción/Unidad de Desarrollo 

Tecnológico UDT, Área Productos Químicos. Chemist, 2015 - 2017. Project: 

“Estílbenos y procianidinas extraídas de residuos de poda de Vitis vinífera: 
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Producto purificado y micro encapsulado para la industria cosmética y/o 

nutracéutica” 
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2.4 Patents 

Formulación de micropartículas de extracto de sarmiento de Vitis vinifera 

útil en la industria nutraceútica y cosmética que comprende extracto de 

sarmiento con estilbenos y flavon-3-oles, ciclodextrina y maltodextrina; 

proceso para su elaboración y usos. N° 201702902 

Un procesamiento para aumentar el contenido de estilbenos, 

esencialmente resveratrol, en sarmientos provenientes de las podas de Vitis 

vinífera. N°2014-03417 

 


