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Abstract 

The molecular mechanisms by which plants respond to environmental stresses to sustain 

growth and yield have great importance to agriculture. Lipid metabolites are a major element of 

plant stress responses. The model plant Arabidopsis thaliana is well-suited to study stress-driven 

compositional dynamics, metabolism, and functions of lipid metabolites. When Arabidopsis 

plants were subjected to wounding, infection by Pseudomonas syringae pv tomato DC3000 

expressing AvrRpt2 (PstAvr), infection by Pseudomonas syringae pv. maculicola (Psm), and low 

temperature,  and 86 oxidized and acylated lipids were analyzed using mass spectrometry, 

different sets of lipids were found to change in level in response to the various stresses.  Analysis 

of plant species (wheat versus Arabidopsis), ecotypes (Arabidopsis Columbia 0 versus 

Arabidopsis C24), and stresses (wounding, bacterial infection, and freezing) showed that 

acylated monogalactosyldiacylglycerol was a major and diverse lipid class that differed in acyl 

composition among plant species when plants were subjected to different stresses. Mass 

spectrometry analysis provided evidence that oxophytodienoic acid, an oxidized fatty acid, is 

significantly more concentrated on the galactosyl ring of monogalactosyldiacylglycerol than on 

the glycerol backbone. A mass spectrometry method, measuring 272 lipid analytes with high 

precision in a relatively short time, was developed.  Application of the method to plants 

subjected to wounding and freezing stress in large-scale experiments showed the method 

produces data suitable for lipid co-occurrence analysis, which identifies groups of lipid analytes 

produced by identical or inter-twined enzymatic pathways. The mass spectrometry method and 

lipid co-occurrence analysis were utilized to study the nature of lipid modifications and the roles 

of lipoxygenases and patatin-like acyl hydrolases in Arabidopsis during cold acclimation, 

freezing, and thawing. 
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Chapter 1 - Introduction  

 Rationale of studying stress responses in plants 

The large and increasing human population requires continuous growth in global food 

production; such growth requires increasing yields on currently arable lands or increasing arable 

land area. And, as crude oil reserves diminish, humans may turn to crops for chemicals, 

materials, and biofuels, increasing pressure on food production even further. Environmental 

stresses limit crop yields and the arability of land. Indeed, many regions of the world are 

currently abandoned due to stresses such as high salinity, flooding, water deficit, and harsh 

winter weather. This not only reduces food production capacity but, in many parts of the world, 

leads to deforestation as people convert land to agriculture.  Deforestation, in turn, creates even 

more problems for agriculture such as erosion, drought, and flooding. The problem of providing 

for an enormous and growing human population in a world with limited resources requires 

multiple solutions, including increasing the efficiency of food production. More efficient food 

production can be achieved with better agricultural practices that minimize yield loss due to 

weather, pathogens, and pests and better crop varieties with increased stress tolerance and higher 

yields. Improved stress tolerance also translates to expansion of cultivated lands. For example, an 

improved salinity-tolerant rice variety can be grown in coastal areas otherwise abandoned due to 

salt stress. Similarly, development of more freezing-resistant winter wheat can help expand 

cultivation with winter wheat northward to increase grain production. All of these promising 

crop technologies are, however, not feasible without a deep basic understanding of how 

environmental stresses affect plants and how plants respond to those stresses.  

 Arabidopsis thaliana: a well-established model  

While essential in food production, crop plants are not best-suited for fast-paced basic research 

due to characteristics that include large sizes, long life cycles, and complicated genomes. 

Arabidopsis thaliana (Arabidopsis), on the other hand, is small in size, making it feasible to 

grow large numbers in well-controlled laboratory environments. Its short life cycle (40-45 days) 

is a great advantage in genetic studies. Its small and diploid genome facilitates genetic 

manipulation and its strict self-pollination allows easy maintenance of mutated lines. Arabidopsis 
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tissues are relatively soft, making handling, especially metabolite extraction, very easy. 

Arabidopsis is widely distributed across very different climate zones and its populations thus 

express great diversity in genetics, phenotype, and biochemistry which are valuable resources for 

basic research. Over the last two decades, a tremendous amount of Arabidopsis knowledge and 

research materials have been accumulated and made available to the scientific community. High 

similarities with crop species, including canola, turnip, cabbage, and broccoli, facilitate the 

transfer of Arabidopsis-based discoveries to crop plants.  

 Stress-induced damages and plant physiological responses 

In the living environment of most plants, there are many stress agents. Biotic stressors include 

living organisms such as bacteria, fungi, nematodes, insects, rodents, and grazers. Abiotic 

stressors are non-living agents such as temperature, wind, water, salt, heavy metals, and toxic 

chemicals. In this dissertation, I mainly focused on mechanical wounding, bacterial infection, 

cold, and freezing as plant stressors. These stresses have great agricultural significance, and yet 

are relatively simple so that they can be applied reproducibly to a large number of Arabidopsis 

plants, providing a system that is amenable to experimentation.  

 

Mechanical wounding (by hemostat or needle) is carried out in the laboratory to imitate wounds 

that plants sustain in nature, where wounding is caused by insect bites, large herbivore grazing, 

wind and hail damage. Wounded plants may suffer from both the primary damage, including 

ruptured cells, tissue and fluid loss, and secondary damage, caused by attack of opportunistic 

pathogens via wound openings.  

 

Bacterial pathogens infect plants via wound openings, stomata, root tips, or cracks created by 

lateral roots. There are intracellular, extracellular and vascular plant bacteria. Symptoms caused 

by bacterial pathogens include wilts, mosaics, blights, spots, rots or abnormal growths 

(Mansfield et al., 2012). Plant defense against biotic agents, including bacteria, may be  

constitutive or inducible. Constitutive defense includes specialized structures (e.g., thorns, 

trichomes); natural barriers (e.g., cell walls, epidermal wax cuticles, thick bark); preformed 

chemicals, such as phenolics (e.g., anthocyanin, tannins, lignin), nitrogenous compounds (e.g., 

caffeine, nicotine, capsaisin), and proteins (e.g., defensins, chitinases, glucanases) (Wittstock and 
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Gershenzon, 2002; Kaplan et al., 2008; Kempel et al., 2011). Inducible defense is triggered by 

the presence of pathogens or pests. There are different types of inducible defenses. Inducible 

defense of a plant species against a whole group of pathogens by recognition of microbe-

associated molecular patterns (MAMPs) is called basal resistance or innate immunity. Plant 

innate immunity against viral pathogens also includes small-RNA-based degradation of viral 

RNA or DNA (for review, see Peláez and Sanchez, 2013). Innate immunity is non-specific and is 

very difficult for pathogens to overcome. If a pathogen can overcome plant immunity and cause 

disease, the plant is called the host species. Within a host species, there are still individuals that 

will not develop disease when exposed to the pathogen; such interactions are deemed 

incompatible. Inducible defense that is specifically induced by a pathogen effector is called 

effector-triggered immunity (ETI). ETI results in what is termed the hypersensitive response 

(HR), a deliberate suicide of infected tissues to prevent the pathogen from extracting nutrients 

and spreading. Although effective, ETI is easily evaded by pathogens with a high mutation rate. 

When HR occurs in one tissue, other uninfected tissues of the plant can become resistant to a 

wide range of pathogens. This phenomenon is referred to as systemic-acquired resistance (SAR). 

 

In addition to wounding, freezing is another major abiotic plant stress. Freezing injuries to plant 

cells occur mainly at cell membranes. Ice crystals usually form first in the intercellular space due 

to its high freezing point because of low solute concentration; the ice crystals can directly rupture 

cell membranes. However, the major freezing damage is caused by intensive dehydration. As ice 

crystals form, the water potential drops drastically in the intercellular space, creating a massive 

rush of water from the cytoplasm. This dehydration causes membrane lysis induced by 

expansion, membrane lipids undergo a transition to hexagonal II phase, and fracture jump lesions 

occur (Uemura et al., 1995). Other dehydration-related factors that can cause injury include 

protein instability and accumulation of harmful reactive oxygen species (ROS). Freezing 

tolerance of Arabidopsis and many other plants growing in the temperate zone can be 

significantly increased by cold acclimation. Cold acclimation occurs when plants are exposed to 

low non-freezing temperatures. The plants change their gene expression, protein composition, 

and metabolite composition in ways that help them survive the coming freezing temperature.  
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 Overview of plant molecular responses to stresses 

Within the first few seconds or minutes after exposure to stress, a number of common molecular 

changes occur in plants. Oligosaccharides are released from cell walls (bacterial infection, 

Nothnagel et al., 1983). Plasma membrane microdomains may be rigidified, followed by 

rearrangement of actin in the cytoskeleton (cold acclimation, Örvar et al., 2000). These changes 

trigger activation of ROS-forming enzymes and changes in Ca
2+ 

fluxes (Prasad et al., 1994; 

Orozco-Cardenas and Ryan, 1999; León et al., 2001). The massive accumulation of superoxide 

anion and peroxide is referred to as oxidative burst. ROS and Ca
2+

 activate mitogen-activated 

protein kinase (MAPK), which in turn activates downstream gene expression. Massive changes 

in gene expression induced by stress lead to changes in protein and metabolite composition of 

the cells and ultimately to adaptive responses. For example, genes induced by cold acclimation 

include those encoding hydrophilic late embryogenesis abundant (LEA) polypeptides, such as 

COR15a in Arabidopsis (Wang and Hua, 2009). There is evidence suggesting that they might be 

involved in membrane stabilization (Koag et al., 2003; Koag et al., 2009).  

 

With the development of microarray and mass spectrometry technology and the availability of 

complete plant genome sequences, global changes in gene expression and protein profiles of 

plant cells in response to different environmental stresses have been intensively studied, 

especially in Arabidopsis thaliana (Fowler and Thomashow, 2002; Rabbani et al., 2003; 

Thilmony et al., 2006; Matsui et al., 2008; Li et al., 2012; Niehl et al., 2013; Rocco et al., 2013). 

As results of gene expression and protein changes, the totality of the cell metabolites changes, 

including sugars, amino acids, lipids, and secondary metabolites. Therefore, the study of the total 

composition of metabolites or metabolomics, is a critical tool (together with genomics, 

transcriptomics, and proteomics) in understanding plant adaptations to stresses. Lipidomics is the 

branch of metabolomics that deals with analysis of non-water-soluble metabolites. In this 

dissertation, I focus on the dynamics of plant lipid composition (the plant lipidome) under 

stresses.  
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 Plant lipid metabolism and stress-induced lipid modifications 

 Plant lipid metabolism under normal conditions 

In plants, fatty acid synthesis occurs in the plastid, where two type of fatty acids, palmitic acid, 

16:0 (number of carbon: number of double bond equivalent), and oleic acid, 18:1, are produced. 

In the plastid, 16:0 and 18:1 linked to acyl carrier protein (ACP) are used in the acylation of 

glycerol-3-phosphate (G3P) to form phosphatidic acid (PA) (Kunst et al., 1988; Bin et al., 2004; 

Kim and Huang, 2004; Xu et al., 2006), which can be hydrolyzed to form diacylglycerol (DAG) 

by the action of phosphatase (Ohlrogge and Browse, 1995). PA can then be converted to 

phosphatidylglycerol (PG) (Andrews and Mudd, 1985; Müller and Frentzen, 2001). DAG can be 

converted to monogalactosyldiacylglycerol (MGDG) and further to digalactosyldiacylglycerol 

(DGDG) by accepting galactose from UDP-Gal (Kelly and Dörmann, 2004). Esterified 16:0 and 

18:1 can be desaturated by various fatty acid desaturases (FADs). While the 18:1 at the sn-1 

position on the glycerol backbone can be desaturated from 18:1 to 18:3 in PG, MGDG, and 

DGDG, 16:0 at the sn-2 position can only be desaturated to 16:3 in MGDG; in PG, 16:0 is 

converted to 3,4-trans-16:1 (Gao et al., 2009) and in DGDG, 16:0 is not affected by FAD. 

MGDG and DGDG can also be synthesized using a DAG backbone imported to the plastid from 

the endoplasmic reticulum (ER) in the eukaryotic pathway. In the ER, 16:0 and 18:1 are linked to 

coenzyme A (CoA) and used to acylate G3P to form PA, which can be converted to PG, 

phosphatidylinositol (PI), and DAG. DAG may be the substrate for phosphatidylethanolamine 

(PE) and phosphatidylcholine (PC) synthesis. Phosphatidylserine (PS) can be synthesized from 

PE in a serine exchange reaction (Yamaoka et al., 2011). Fatty acids esterified to PC may 

undergo desaturation (Browse et al., 1993; Sperling and Heinz, 1993) and removal which feeds 

16:0-CoA, 18:2-CoA, and 18:3-CoA back to the fatty acyl pool.  In addition to incorporation of 

fatty acids from fatty acyl-CoAs into PA, an alternative route for phospholipid synthesis involves 

incorporation of acyl chains from fatty acyl-CoA directly into PC by ñacyl editingò, which may 

involve acylation of a lysophosphatidylcholine (LPC) (Bates et al., 2007; Bates et al., 2009). A 

fatty acyl group from PE can also be transferred to sterols to form sterol esters (BanaŜ et al., 

2005). In plants, the most abundant sterols are sitosterol, campesterol, and stigmasterol. Other 

major derivatives of sterols include steryl glycoside (SG) and acylated steryl glycoside (ASG). 

SG is synthesized from sterol and UDP-glucose by UDP-glucose: sterol glucosyltransferase 
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(DeBolt et al., 2009). Figure 1.1 shows some examples of the polar lipids mentioned above. 

Figure 1.2 summarizes the biosynthesis of polar lipids in plant cells (solid arrows).  

 Stress-induced membrane lipid modifications 

When a plant is stressed, several lipid modifications occur, including hydrolysis, fatty acid 

oxidation, polar head-group acylation, and trans-galactosylation (oligo-galactosyldiacylglycerol 

synthesis from MGDG). The dashed-arrows in Figure 1.2 indicate reactions that are induced by 

stresses.  

 

 Hydrolysis 

There are many types of enzymes carrying out membrane lipid hydrolysis by different reactions. 

Phospholipase A cleaves a fatty acyl group from the glycerol backbone, producing lyso-

phospholipids and free fatty acids. The patatin-related phospholipase A (pPLA) is an important 

enzyme family. In Arabidopsis, pPLA family consists of 10 genes divided into three subfamilies, 

pPLAI, pPLAII (Ŭ, ɓ, ɔ, ŭ, Ů), and pPLAIII (Ŭ, ɓ, ɔ, ŭ) (Scherer et al., 2010). Patatin is a group of 

storage glycoproteins first found in potato tubers (Galliard, 1971). Patatin-related enzymes 

usually contain an esterase-specific sequence, GXSXG (Scherer et al., 2010). In the pPLAIII 

subfamily, this sequence is GXGXG and in the pPLAI and pPLAII subfamilies, this sequence is 

GXSXG (Scherer et al., 2010). Although pPLAs are known as ñphospholipasesò, some members 

of the family can act on galactolipids as well as phospholipids, and in most cases, in-vivo 

substrates of these enzymes are not well characterized. pPLAs are involved in various processes, 

including plant responses to fungal and bacterial infection, phosphate deficiency, and cellulose 

content (La Camera et al., 2005; Yang et al., 2007; Rietz et al., 2010; Li et al., 2011). However, 

the detailed pPLA catalytic mechanism, as well as substrate and product identities of most 

pPLAs are still unclear. They might be involved in releasing bioactive oxidized fatty acids 

(oxylipins) from complex membrane lipids. AtPLAI (At1g61850) preferentially hydrolyzes 

oxidized galactolipids as compared to the non-oxidized substrates (Yang et al., 2007). pPLAIIIŭ 

was shown to promote the synthesis of TAG with 20- and 22-carbon fatty acids (Li et al., 2013). 

 

Phospholipase C hydrolyzes the glycerol-phosphate linkage in a glycerophospholipid, producing 

DAG, while phospholipase D hydrolyzes the head-group phosphoester linkage forming free 
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choline (from PC) or ethanolamine (from PE) and PA. Phospholipases C and D are activated in 

many stresses including wounding, bacterial infection and freezing. In Arabidopsis, recognition 

of avirulent factors, AvrRpm1 or AvrRpt2, causes two distinct activations of phospholipases. 

PLC is activated first, producing PA with the action of DAGK. This PA is shown to cause an 

influx of extracellular Ca
2+

, followed by the second, much greater accumulation of PA due to 

phospholipase D (PLD) activation (Andersson et al., 2006b). Finally, PA is found to regulate 

both ROS production via NADPH oxidase activity and stomata closing induced by ABA, H2O2, 

and NO (Zhang et al., 2009). When Arabidopsis is exposed to sub-lethal freezing, phospholipase 

DŬ (PLDŬ) catalyzes the degradation of phosphatidylcholine (PC), the major component of 

membrane bilayer, and produces PA, perhaps resulting in decreased cryostability of membranes 

(Welti et al., 2002). Interestingly, the membrane-bound PLDŭ, which produces about 20% of the 

total PA, has the opposite effect of PLDŬ. Its knockout decreases Arabidopsis freezing tolerance 

although it does not affect induction of cold-regulated genes COR47 and COR78, nor the 

accumulation of proline and soluble sugars (Li et al., 2004). Damage to plants not only occurrs 

during the freezing period but also during the thawing afterward (Steponkus and Lynch, 1989). 

Whereas during the freezing period, mainly extraplastidic membrane phospholipids (PC and PE) 

are hydrolyzed by PLDŬ (Welti et al., 2002), plastidic MGDG and PG are hydrolyzed intensively 

during the thawing period; hydrolysis is increased by knocking out PLDŭ (Li et al., 2008). 

PLDŭôs ability to decrease the post-freezing hydrolysis of plastidic membrane lipids might 

contribute to its beneficial effect on Arabidopsis freezing tolerance.  

 

 Oxidation 

Fatty acyl oxidation can occur enzymatically or non-enzymatically. Enzymatically, fatty acyl 

oxidation is often initiated by lipoxygenases (LOXs) or dioxygenases (DOXs). In Arabidopsis, 

there are two major groups of LOXs, 9-LOXs and 13-LOXs with designation dependent on the 

position of the introduced oxygen (Porta and Rocha-Sosa, 2002). In the Arabidopsis genome, 

there are two genes annotated as 9-LOX, AtLOX1 (At1G55020) and AtLOX5 (At3G22400) and 4 

genes annotated as 13-LOX, AtLOX2 (At3G45140), AtLOX3 (At1G17420), AtLOX4 

(At1G72520), and AtLOX6 (At1G67560). Two of the major products of enzymatic fatty acyl 

oxidation by 13-LOXs in Arabidopsis are oxophytodienoic acid (OPDA) and dinor-

oxophytodienoic acid (dnOPDA), which are precursors of jasmonic acid (JA). ODPA and 
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dnOPDA production is induced drastically in response to wounding and avirulent bacterial 

infection. Although it is still unclear whether the acyl substrates of LOXs can be esterified or not, 

the majority of induced OPDA and dnOPDA are found in galactolipids (Andersson et al., 2006a; 

Buseman et al., 2006; Kourtchenko et al., 2007). Some examples of oxidized glycerolipids are 

shown in Figure 1.3. Non-enzymatic fatty acyl peroxidation occurrs in wounding and fungal 

infection due to ROS, producing oxidized fatty acids such as malondialdehyde and 

phytoprostanes (Imbusch and Mueller, 2000; Thoma et al., 2003; Mène-Saffrané et al., 2009).  

 

 Acylation 

In Arabidopsis, a massive accumulation of OPDA- and dnOPDA-containing MGDG with the sn-

6 position of the galactose ring acylated to yet another OPDA occurred in response to wounding 

and avirulent bacterial infection (Andersson et al., 2006a; Kourtchenko et al., 2007). Very little 

is known about this acylation as well as the enzymes that catalyze the process. Much earlier in 

vitro experiments suggested that MGDG can be acylated with acyl groups from DGDG (Heinz, 

1972). An example of acylated MGDG (acMGDG), acMGDG(16:0/18:4-O/16:4-O), is shown in 

Figure 1.3.  

 

 Transgalactosylation 

Transgalactosylation has only been reported in Arabidopsis responding to freezing. The 

galactosyl group from an MGDG can be transferred to another MGDG to form DAG, DGDG 

and higher oligogalactolipids, which are believed to prevent the fusion of membrane bilayers 

following freezing. DAG, which is not desirable due to its nonlamellar phase forming nature, is 

converted to TAG (Moellering et al., 2010).  

 

 Hypotheses 

There are many remaining questions about stress-induced lipids and lipid metabolizing enzymes, 

including their identities, their substrates, biosynthesis, catabolism, and especially their functions 

in stress responses. The motivation for the research presented in this dissertation was to address 

these questions. The hypotheses tested are:  
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(1) Different stresses or stress responses result in distinct lipidomes (holistic lipid 

compositions). 

(2) In response to a stress, groups of lipid analytes that are metabolized by the same 

enzyme or pathway change together. 

(3) Ablation of LOXs and pPLAs lead to altered stress-induced lipidomes and altered 

stress response outcomes. 

 

 Lipidomics: an excellent tool  

To test the above hypotheses, lipidomes of wild-type Arabidopsis plants exposed to wounding, 

bacterial infection, and low temperature stresses were obtained and compared. Lipidomes of 

stressed knockout mutants are obtained and analyzed to reveal the roles of LOXs and pPLAs in 

stress responses.  

 

Throughout the research, the capacity to quantitatively monitor large numbers of lipids 

efficiently was critical. Mass spectrometry-based lipidomics was the method of choice due to its 

many advantages including low detection limit, high sensitivity, vast dynamic range, good 

resolution and precision, reliable compound identification, good compound coverage, and short 

sample analysis time. A low detection limit (low background noise) is critical to detect low 

abundant compounds, especially early signaling molecules. Sensitivity is the efficiency of 

detection. A high-sensitivity method requires a small number of ions to give a signal that is 

higher than the detection limit and vice versa. Linear dynamic range is the range of 

concentrations in which the quantification is linear; a wide dynamic range is required when a 

structural lipid is measured simultaneously with a signaling lipid. Resolution (resolving power) 

refers the mass difference between two compounds required for the mass spectrometer to 

accurately distinguish them. Reproducibility (precision) is evaluated by the variation between 

replicates of the same measurement. Compound identification quality is the type and amount of 

information utilized to identify compounds. For example, an identification based only on the 

mass of an intact ion is not as strong as one based on masses of an intact ion plus a fragment ion. 

Compound coverage or comprehensiveness is the number of lipid classes and compounds that 
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can be measured simultaneously. Time and labor consumption are critical aspects to consider, 

especially in large scale experiments. 

 

Lipidomics is a multi-step procedure starting from lipid extraction. The extracted total lipids can 

be separated into fractions by liquid chromatography (LC) or directly introduced into a mass 

spectrometer (direct infusion). For quantification purposes, internal standard(s) with known 

amounts are co-analyzed with target lipids. Inside a mass spectrometer, the lipid analytes are 

ionized, filtered, fragmented (in tandem MS analyses), and detected. This provides information 

on the identities (defined by the lipid ion masses and, in tandem MS analyses, their fragment 

masses) and the abundance of lipid analytes. For the purpose of this dissertation research, direct-

infusion electrospray ionization (ESI) tandem mass spectrometry (MS/MS), operated in neutral 

loss scan mode (NL scan), precursor scan mode (Pre scan), and multiple reaction monitoring 

(MRM), was employed to profile plant lipidomes. Rationales of key components of the 

employed analytical approaches are discussed below.   

 

 Internal standards  

An internal standard is a quantitative standard present in the same sample as the analytes. 

Without internal standards, mass spectral signals can be used to calculate the percentage of the 

target compounds of the total signals to compare samples of the same experiment. However, lack 

of quantification by normalization of MS intensity to internal standards will significantly limit 

comparison between different experiments among experiments in the literature. The two most 

important criteria for internal standards are: (1) they are not present in the biological samples 

being analyzed and (2) their chemistry and ionization are the same or highly similar to those of 

the target compounds. Therefore, it is ideal to use stable-isotope labeled lipids as internal 

standards since they satisfy both criteria. Since the cell lipidome is so diverse, stable isotope-

labeled internal standards are not available in every class of lipids in every organism. Non-native 

lipids, such as odd-chain lipids and saturated lipids, are currently the most commonly used 

internal standards (Koivusalo et al., 2001; Welti et al., 2002; Ejsing et al., 2006). Although these 

internal standards would not allow absolute quantification of many lipid classes, they provide 

good sample-to-sample quantification, which was the main goal of this dissertation research. 
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 Lipid extraction 

Total lipids are most commonly extracted by chloroform-based procedures developed by Bligh 

and Dyer (1959) and Folch et al. (1957). The total extracts produced by these procedures contain 

almost all lipid classes present in the samples. However, these extraction methods are time-

consuming, labor-consuming, and prone to human error. These disadvantages hinder their 

application in large-scale experiments. Therefore, a simpler extraction method is presented in 

Chapter 4. In this method, leaf tissues are directly submerged in a large volume (compared to 

tissue volume) of mass spectral solvent for a long period. The extracts can be injected directly to 

a mass spectrometer without any further treatment.  

 

 Ionization of lipid in mass spectrometer 

The ionization method of choice was ESI (Han and Gross, 1994; Kerwin et al., 1994; Kim et al., 

1994).  ESI has two main advantages: (1) its great sensitivity (several orders of magnitude higher 

than fast atom bombardment, FAB) and the ñsoftnessò of the ionization (producing a single 

intact ion for each target analyte, rather than fragmenting the intact ion). 

 

 Mass analyzer and ion fragmentation 

One or more mass analyzers, i.e., the electrical and physical components that guide, select and 

separate ions based on their mass-to-charge ratios, are the core of every mass spectrometer. A 

triple-quadrupole mass spectrometer contains three linearly arranged sets of four parallel metal 

rods (each called a quadrupole). From the front end of the mass spectrometer, the quadrupoles 

can be named Q1, Q2, and Q3, respectively. In Q1 and Q3, the opposing pairs of metal rods 

create an oscillating electric field by applying specific values of direct current (DC) and radio 

frequency (RF) potentials to move ions of particular mass to charge ratios (m/z). By varying the 

DC and RF values to transmit varied m/z, the mass spectrometer creates a mass spectrum.  Q2 is 

in the collision cell between the Q1 and Q3 mass analyzers.  In Q2, only RF potential is applied 

so that all ions (above a threshold) can pass through. Q2 is usually partly enclosed and inert gas 

(nitrogen or argon) can be introduced; collision of ions with the inert gas causes fragmentation 
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(collision induced dissociation, CID). Ion fragmentation in tandem mass spectrometry gives 

structural information (beside intact ion molecular mass information) on the targets being 

analyzed (de Hoffmann, 1996).  

 

In a triple quadrupole mass spectrometer, there are four scanning modes that involve CID: 

product ion scan, Pre scan, NL scan, and MRM. The latter 3 scanning modes are commonly 

utilized in both LC-MS and direct infusion lipidomics. In all three scanning modes, Q2 is always 

activated. In Pre scan, Q1 sequentially transmits precursor ions of a specified mass range, 

whereas Q3 only allow ions with a specified fragment mass to pass through to the ion detector. 

In NL scan, both Q1 and Q3 sequentially transmit precursor ions and fragments with a specified 

offset (the mass of the neutral fragment). In MRM, for a short specified period of time (the dwell 

time), Q1 and Q3 only transmit a pair of specified precursor ion and fragment. Although MRM 

does not produce a conventional spectrum, it is highly sensitive, precise and especially time 

efficient. MRM is usually coupled with LC in LC-MRM lipidomics (Bielawski et al., 2006; 

Deems et al., 2007; Ikeda et al., 2008; Ikeda et al., 2009; Mesaros et al., 2009; Scherer et al., 

2009). Inherent disadvantages of LC-MS include the unstable ion stream, which reduces 

precision, and the limited detection window per lipid analyte, which limits the 

comprehensiveness of LC-based lipidomics. In Chapter 4, MRM was combined with direct 

infusion MS to improve compound coverage and precision.  

 

 Data processing 

Lipidomics, like other ïomics research, produces large amounts of data. Due the intrinsic 

structural diversity of lipids, lipidomics data is also highly complicated. Multiple calculation 

steps have to be carried out to turn mass spectrometry output into meaningful data amenable to 

statistical study. These steps may include peak annotation, isotopic deconvolution, and 

quantification (normalization to internal standard). Especially in large scale experiments, it is 

impractical to manually process raw mass spectral data for statistical analysis. Several softwares 

have been developed to automate data processing in lipidomics. Lipid Profiler is commercially 

provided by MDS Sciex for handling LC-MS lipidomics data. LIMSA, TriglyAPCI, and 

MSPECTRA are open source software also designed for LC-MS lipidomics (Cvaļka et al., 2006; 
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Haimi et al., 2006). To improve data processing in this dissertation research, LipidomeDB Data 

Calculation Environment (LipidomeDB DCE) was utilized. This is an online calculating 

environment that can take spectrum lists (including mass and intensity information) in Excel files 

(exported from mass spectral raw data) and perform peak identification, isotopic deconvolution, 

and quantification based on researcher-provided target compound lists (Zhou et al., 2011). Also 

because of the bulkiness of lipidomic data, statistical analysis can be time consuming and error-

prone without suitable tools. The MetaboAnalyst website provides user-friendly, online 

statistical tools that are well designed to handle large datasets (Xia et al., 2009; Xia et al., 2012).  

 

In this dissertation research, Arabidopsis responses to environmental stresses were studied at the 

molecular level using reverse genetics and lipidomics. Firstly, lipidomics was used to globally 

monitor membrane lipid changes in stressed Arabidopsis (Chapter 2 and 3). From these data, 

hypotheses about roles of membrane lipid modifications in plant stress responses were made. An 

improved lipidomics strategy coupled with co-occurrence analysis was employed in Chapter 4 to 

study the metabolic modularity of lipid changes in response to wounding. The analytical 

approach and co-occurrence analysis were applied in a large scale experiment in which 

lipidomes of 22 Arabidopsis knockouts (21 lines ablated in membrane lipid metabolizing 

enzymes and an OPDA reductase knockout line) under cold acclimation and freezing stress were 

documented and analyzed (Chapter 5). 
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 Figures 

Figure 1.1 Examples of normal-chain plant lipids. 

This figure is adapted, with modifications, from Narashimhan et al. (Supplemental Figure 1, 

2013). 
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Figure 1.2 Arabidopsis lipid metabolism in normal and stress conditions. 

Solid arrows indicate reactions that occur in normal conditions. Dashed arrows indicate reaction 

that occurs in stress conditions. Abbreviations not explained elsewhere: CoA (Coenzyme A); ac-

PG, -MGDG, -DGDG (acylated PG, MGDG, DGDG); ox-PC, -PE, PG,-MGDG,-DGDG 

(oxidized PC, PE, PG, MGDG, DGDG); and ACP (acyl carrier protein). This figure is adapted, 

with modifications, from Maatta et al. (Figure 5, 2012).  
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Figure 1.3 Examples of oxidized and acylated membrane lipids in Arabidopsis. 

This figure is adapted from Vu et al. (2012) with modifications. 
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Chapter 2 - Direct infusion mass spectrometry of oxylipin-

containing Arabidopsis membrane lipids reveals varied patterns in 

different stress responses. 

 Abstract 

Direct infusion electrospray ionization triple quadrupole precursor scanning for three oxidized 

fatty acyl anions revealed 86 mass spectral peaks representing polar membrane lipids in extracts 

from Arabidopsis thaliana infected with Pseudomonas syringae pv tomato DC3000 expressing 

AvrRpt2 (PstAvr).  Quadrupole time-of-flight and Fourier transform ion cyclotron resonance 

mass spectrometry provided evidence for the presence of membrane lipids containing one or 

more oxidized acyl chains. The membrane lipids included molecular species of 

phosphatidylcholine, phosphatidylethanolamine, phosphatidylglycerol, 

digalactosyldiacylglycerol, monogalactosyldiacylglycerol, and acylated 

monogalactosyldiacylglycerol.  The oxidized chains were identified at the level of chemical 

formula and included C18H27O3 (abbreviated 18:4-O, to indicate four double bond equivalents 

and one oxygen beyond the carbonyl group), C18H29O3 (18:3-O), C18H31O3 (18:2-O), C18H29O4 

(18:3-2O), C18H31O4 (18:2-2O), and C16H23O3 (16:4-O). Mass spectral signals from the polar 

oxidized lipid (ox-lipid) species were quantified in extracts of Arabidopsis leaves subjected to 

wounding, infection by PstAvr, infection by a virulent strain of P. syringae, and low 

temperature. Ox-lipids produced low amounts of mass spectral signal, 0.1 to 3.2% as much as 

obtained in typical direct infusion profiling of normal-chain membrane lipids of the same classes.  

Analysis of the oxidized membrane lipid species and normal-chain phosphatidic acids indicated 

that stress-induced ox-lipid composition differs from the basal ox-lipid composition.  

Additionally, different stresses result in production of varied amounts, different timing, and 

different compositional patterns of stress-induced membrane lipids.  The data form the basis for 

a working hypothesis that the stress-specific signatures of ox-lipids, like those of oxylipins, are 

indicative of their functions. 
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 Introduction  

Biotic and abiotic stresses result in lipid oxidation, and there is strong evidence for the 

importance of oxidized free fatty acids, also known as oxylipins, in plant stress responses 

(Imbusch and Mueller, 2000; Vollenweider et al., 2000; Stintzi et al., 2001; Howe and 

Schilmiller, 2002; Stenzel et al., 2003; Thoma et al., 2003; Taki et al., 2005; Sattler et al., 2006; 

Thines et al., 2007; Chehab et al., 2008; Katsir et al., 2008; Mueller et al., 2008).  Recent studies 

indicate that oxidized fatty acyl chains also occur in complex polar lipids and that plants produce 

complex oxidized lipids under stress conditions, including wounding (Buseman et al., 2006), 

bacterial infection (Andersson et al., 2006; Grun et al., 2007; Kourtchenko et al., 2007), fungal 

infection (Thoma et al., 2003), extended dark (Seltmann et al., 2010), aging (Xiao et al., 2010), 

and osmotic stress (Seltmann et al., 2010).   

 

A number of plastid-derived, complex lipid molecular species that contain oxophytodienoic acid 

(OPDA) and dinor-oxophytodienoic acid (dnOPDA) have been characterized (Stelmach et al., 

2001; Hisamatsu et al., 2003; 2005; Andersson et al., 2006; Buseman et al., 2006; Kourtchenko 

et al., 2007; Glauser et al., 2008; Maeda et al., 2008). Some of the characterized oxidized lipid 

species have been shown to occur in thylakoid membranes (Böttcher and Weiler, 2007).  In 

Arabidopsis (Arabidopsis thaliana), some of the OPDA- and dnOPDA-containing 

monogalactosyldiacylglycerols (MGDGs) contain two esterified oxidized fatty acid chains or, 

when the 6-position of the MGDG galactose ring is acylated, three oxidized chains.  These lipid 

species with multiple isopentenone (OPDA or dnOPDA)-containing chains are sometimes called 

arabidopsides (Hisamatsu et al., 2003; 2005; Andersson et al., 2006).  Characterized galactose-

acylated MGDG (acMGDG) molecular species include OPDA/dnOPDA MGDG with OPDA on 

the galactose ring (arabidopside E) and a tri-OPDA MGDG species (arabidopside G; Andersson 

et al., 2006; Kourtchenko et al., 2007).  OPDA also has been identified in phosphatidylglycerol 

(PG) (Buseman et al., 2006).  MGDG and digalactosyldiacylglycerol (DGDG) contain, in 

addition to OPDA and dnOPDA, 16- and 18-carbon ketols, both in combination with normal 

chains and with OPDA (Buseman et al., 2006).  Membrane lipids also contain other oxidized 

acyl species, including phytoprostanes and hydroxy fatty acids (Thoma et al., 2003; Imbusch and 

Mueller, 2000; Grun et al., 2007).   
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In some studies of oxidized membrane lipids, the oxidized fatty acyl chains have been analyzed 

after releasing the chains from the membrane lipids (Thoma et al., 2003; Grun et al., 2007), 

while in other studies, the intact membrane lipid species have been measured directly (Stelmach 

et al., 2001; Andersson et al., 2006; Buseman et al., 2006; Böttcher and Weiler, 2007; 

Kourtchenko et al., 2007; Thiocone et al., 2008; Seltmann et al., 2010).  Several mass 

spectrometry strategies have been utilized for intact lipid oxylipin-containing plant lipid 

profiling. Buseman et al. (2006) used precursor ion scanning by direct infusion electrospray 

ionization (ESI) triple quadrupole mass spectrometry (MS) to quantify multiple oxylipin-

containing complex lipids. Liquid chromatography or liquid chromatography-mass spectrometry 

approaches have also been used (Stelmach et al., 2001; Andersson et al., 2006; Böttcher and 

Weiler, 2007; Kourtchenko et al., 2007; Glauser et al., 2008; Thiocone et al., 2008; Seltmann et 

al., 2010).  However, most analyses have been limited to fewer than 20 oxidized membrane lipid 

species.   

 

In the current work, we utilized a direct-infusion ESI triple quadrupole MS strategy to quantify a 

larger group of oxidized membrane lipids. By precursor scanning in negative mode, 86 peaks 

representing combinations of intact ion m/z and oxidized acyl fragment m/z were identified.  The 

chemical formulas of the fatty acyl substituents of each peak were determined by accurate mass 

analysis.  In so doing, oxidized Arabidopsis phosphatidylcholine (PC) and 

phosphatidylethanolamine (PE) molecular species, as well as PG, DGDG, MGDG, and 

acMGDG species, were characterized. We tested the hypothesis that different environmental 

cues trigger different changes in oxidized lipid profiles of Arabidopsis by challenging wild-type 

Arabidopsis with mechanical wounding, infection with avirulent and virulent bacteria, and low 

temperature, and monitoring the oxidized membrane lipid changes. 

 

 Results  

 

 Triple Quadrupole MS Precursor Scanning for Lipids with 18-Carbon Oxidized Acyl 

Chains  
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With the goal of investigating the formation of oxidized lipids in Arabidopsis leaves on a broad 

scale and in an expeditious manner, ionizable membrane lipids with at least one oxidized fatty 

acid of known chemical formula were identified using a semi-targeted, direct infusion mass 

spectrometry approach.  In the polar lipid fraction of Arabidopsis, five 18-carbon oxidized fatty 

acids (first 5 entries in Table 2.1) can be detected with three ESI triple quadrupole MS scans in 

negative mode.   The five 18-carbon oxidized fatty acids include C18H27O3 (designated as 18:4-

O; nomenclature indicates ñacyl carbons: double bond equivalents beyond the acid carbonyl-

number of oxygens in addition to the carbonyl groupò), C18H29O3 (18:3-O), C18H31O3 (18:2-O), 

C18H29O4 (18:3-2O), and C18H31O4 (18:2-2O).  18:3-2O and 18:2-2O each undergo a water loss 

during collision induced dissociation to produce 18:4-O and 18:3-O, respectively. The 

dehydration allows 18:3-2O and 18:2-2O to be detected by scans for 18:4-O and 18:3-O, 

respectively (Buseman et al., 2006; Maeda et al., 2008).  Thus, scanning for precursors of 291.2 

(Pre 291.2) detects precursors of 18:4-O and 18:3-2O, scanning for Pre 293.2 detects precursors 

of 18:3-O and 18:2-2O, and scanning for Pre 295.2 detects precursors of 18:2-O.  Using a single 

scan to detect membrane lipids with two different acyl species reduces scan time.  Also, 

importantly, using Pre 291.2 and Pre 293.2 to detect lipids containing oxidized acyl chains with 

m/z 309.2 (e.g. 18:3-2O) and 311.2 (e.g. 18:2-2O) provides increased specificity compared to 

scanning for Pre 309.2 and Pre 311.2, because anions of 18:3-2O and 18:2-2O share the same 

nominal m/z as normal-chain fatty acyl chains 20:1 and 20:0, respectively.  20:1 and 20:0 are not 

detected by scans for Pre 291.2 and Pre 293.2, because 20:1 and 20:0 do not undergo water 

losses. 

 

Scanning for negatively charged precursors of m/z 291.2, 293.2, and 295.2, while infusing an 

extract of Arabidopsis leaves infected with Pseudomonas syringae pv. tomato DC3000 

expressing the AvrRpt2 avirulence gene (PstAvr), reveals the spectral peaks shown in Figure 2.1.  

Scans were repeated on a series of similar samples, and peaks detected in any PstAvr-infected 

sample were numbered 1 through 86.   With the samples dissolved in solvent containing 

ammonium acetate, for various lipids, peaks represent [M ï H]
-
 (indicated by peak numbers in 

parentheses in Figure 2.1), [M + C2H3O2]
-
, where C2H3O2 is acetate (indicated by peak numbers 

without parentheses), or both adducts.   
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 Identification of the Detected Oxidized Complex Lipids using QTOF and FTICR MS  

 

Identifying information for the observed peaks is presented in Table 2.2 and Tables S2.1 and 

S2.2. Quadrupole time-of-flight (QTOF) MS aided in definition of the compounds. The extracts 

were batch-fractionated by normal-phase chromatography. A fraction or the whole extract (as 

indicated in Table S2.1) was directly infused into the ESI source, operating in negative mode, of 

a QTOF mass spectrometer.  Each oxidized lipid precursor ion, previously detected by precursor 

scanning by triple quadrupole MS (Figure 2.1), was selected with the first quadrupole and 

subjected to collision induced dissociation. The fragments were scanned with the time-of-flight 

analyzer to obtain accurate m/z ratios of the acyl anions; the m/zs were used to determine the 

chemical formulas of the acyl chains.  Together, the precursor and fragment m/zs allowed 

identification of lipid species indicated by nearly all of the peaks detected by precursor spectral 

scanning (Figure 2.1, Table 2.2, and Table S2.1).  The identities of 24 of the 86 observed peaks 

were additionally confirmed at the level of intact ion chemical formula by determination of 

accurate m/z of precursor ions in positive mode by Fourier transform ion cyclotron resonance 

(FTICR) MS.  The compounds confirmed in this way are indicated in Table 2.2, which 

summarizes the evidence for each identification, and the FTICR MS data are shown in Table 

S2.2. To help the reader in visualizing the observed compounds, Figure S2.1 shows examples of 

structures consistent with the data for some compounds.  As described in the legend, the depicted 

structures are possibilities only. 

 

Twelve oxidized PC (ox-PC; 1-12) and twelve oxidized PE (ox-PE) species (13-24) were 

identified by precursor scanning and confirmed by QTOF MS analysis (Table 2.2).  Each 

detected ox-PC and ox-PE molecular species has a normal chain fatty acid, 16:0, 18:3, or 18:2, in 

combination with an oxidized chain, 18:3-O, 18:3-2O, 18:2-O, or 18:2-2O.   The detected 

combinations are analogous to the most common Arabidopsis PC and PE species, which are 

16:0/18:3, 16:0/18:2, 18:3/18:3, 18:3/18:2, and 18:2/18:2 (Devaiah et al., 2006), if 18:3 were 

substituted with 18:4-O (OPDA), 18:3-O, and 18:3-2O, and 18:2 were substituted with 18:2-O 

and 18:2-2O.  Eight oxidized PG (ox-PG) species (25-32) were identified by triple quadrupole 

and QTOF MS (Table 2.2).  These species included a normal chain, 16:0 or 16:1, in combination 

with 18:4-O, 18:3-O, 18:2-O, or 18:2-2O.  The 18:4-O ox-PG species were identified previously 



29 

 

(Buseman et al., 2006).  The acyl combinations found in ox-PG are again analogous to the most 

common PG species, 18:3/16:1, 18:2/16:1, 18:3/16:0, and 18:2/16:0 (Devaiah et al., 2006). No 

ox-PC, ox-PE, or ox-PG species with multiple oxidized fatty acid chains were detected.   

 

Fifteen oxidized DGDG (ox-DGDG) species (Table 2.2, 33-47) were identified by triple 

quadrupole MS precursor scanning.  These include normal chains 16:3, 16:0, or 18:3, or oxidized 

chains 16:4-O or 18:4-O, in combination with oxidized chains 18:4-O, 18:3-O, or 18:3-2O.  Five 

of the detected species were previously identified (Hisamatsu et al., 2005; Buseman et al., 2006).  

Again, the acyl combinations found in the oxidized molecular species were structurally related to 

the major molecular species of Arabidopsis DGDGs, 18:3/16:3, 18:3/16:0, and 18:3/18:3 

(Devaiah et al., 2006).  Twelve oxidized MGDG (ox-MGDG) species (48-59) were characterized 

(Table 2.2).  16:3, 16:4-O, 18:3, or 18:4-O were found in combination with 18:4-O, 18:3-O, or 

18:3-2O.  The combinations observed also are analogous to the major molecular species of 

MGDG, 18:3/16:3 and 18:3/18:3 (Devaiah et al., 2006).  Identities of detected diacyl compounds 

(i.e., compounds 1-59) are summarized in brief form in Table S2.3. 

 

Twenty-seven oxidized acMGDG (ox-acMGDG) peaks (60-86) were identified by precursor 

scanning (Table 2.2).  Previous work has indicated that MGDG can be acylated at the 6-position 

on the galactose ring when plant leaves are wounded by grinding or stressed by bacterial 

infection (Heinz, 1967a;  Heinz and Tulloch, 1969; Andersson et al., 2006).  The current analysis 

did not determine the positions of the three chains, i.e., on the glycerol backbone or on the 

galactose.  Besides the two previously identified acMGDGs, with combinations of 16:4-O and 

18:4-O only, additional acMGDGs included various combinations of non-oxidized chains, 16:3, 

16:1, 16:0, 18:3, 18:2, 18:1, 18:0, and oxidized chains, 16:4-O, 18:4-O, 16:3-2O, and 18:3-2O.  

Identities of detected acMGDGs are summarized in brief form in Table S2.4. 

 

In addition to the species detected by precursor scanning, QTOF MS analysis detected two 

additional PCs (Table S2.1, 87-88), two PEs (89, 90), one PG (91), five DGDGs (92-96), two 

MGDGs (97, 98), and 17 acMGDGs (99-115). These entries represent oxidized and non-

oxidized species with the same nominal m/zs as peaks detected by triple quadrupole MS 

precursor scanning.  However, 87-115 were not targeted by the precursor scans because most 
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donôt contain the scanned precursor fragment.  Thus, although they were noted as being present 

in pathogen infection, lipids 87-115 were not determined, nor quantified, in the remaining 

analyses. 

 

Most of the 86 peaks listed in Table 2.2 represented a single combination of a head group and 

acyl species, and their identifications were straightforward (Table 2.2, Table S2.1), but a few 

identifications require some explanation. The identifications of several peaks (45, 78, 79, 80a, 

82), indicated by a prime symbol (') in Table 2.2, were ambiguous.  The precursor m/z, in 

combination with the acyl chains observed, indicated that one fragment was dehydrated.  

Because the QTOF mass spectra did not detect the hydrated fragment, its identity is not clear. 

Thus, both possible acyl chain combinations are indicated for peaks with the prime (') symbol; 

the peaks detected by triple quadrupole MS scanning may represent one or both of the indicated 

species.  Additionally, peak 31, representing an ox-PG species, occurred at the same nominal m/z 

as the [M - H]
-
 ion of an ox-MGDG species.  The same ox-MGDG species was detected 

separately in peak 53 as its [M + C2H3O2]
-
 ion. Lastly, thirteen spectral peaks (63, 67, 68, 69, 70, 

71, 72, 76, 77, 80, 81, 83, 84) observed by triple quadrupole MS scanning represented a 

combination of at least two members of the acMGDG class.  These species are designated with 

the same number, but with a different letter, in Table 2.2 and Tables S2.1 and S2.2.  The multiple 

identifications arose from two situations: (1) ox-acMGDG species with the same chemical 

formula, but multiple acyl combinations (e.g., 68a and b; 18:4-O/16:4-O/18:3 acMGDG and 

18:4-O/18:4-O/16:3 acMGDG), and (2) ox-acMGDG species with different chemical formulas 

with the same nominal m/z, also with heterogeneity derived from multiple acyl combinations 

(e.g., 84a and b; 18:3-2O/18:4-O/16:4-O acMGDG and 18:3-2O/18:3/18:3 acMGDG). 

 

In the current work, acyl components of the membrane lipids were identified at the level of 

chemical formula.  Potential identities of the identified oxidized acyl anions are indicated in 

Table 2.1 and possible structures for some detected compounds shown in Figure S2.1.  Previous 

data indicated that in Arabidopisis thaliana, 18:4-O and 16:4-O in the complex lipids represent 

primarily OPDA and dnOPDA (Stelmach et al., 2001; Hisamatsu et al., 2003; 2005; Buseman et 

al., 2006). 18:3-O may be a keto fatty acid (Vollenweider et al., 2000) and/or a hydroxy fatty 

acid, as may 16:3-O. 18:2-O also may be a hydroxy fatty acid.  18:3-2O and 16:3-2O may be 
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ketols (Hamberg, 1988; Weber et al., 1997), fatty acid hydroperoxides, and/or dihydroxy fatty 

acids (e.g., Hamberg et al., 2003). 18:2-2O may also represent a dihydroxy fatty acid or a fatty 

acid hydroperoxide. In future work, as links are established between specific oxidized membrane 

lipid species and physiological function via quantitative analyses of intact membrane lipid 

molecular species, the fatty acyl structures associated with the identified chemical formulas of 

the physiologically relevant membrane molecular species will be determined. The experiment 

described next is a start toward establishing functional links. 

 

 Experimental Design and Measurements of Oxidized Complex Leaf Membrane Lipids 

during Stress Responses 
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A and B, Pre 291.2. C, Pre 293.2. D, Pre 295.2.  Pre 291.2 scan detects ox-lipids 

containing 18:4-O and 18:3-2O, Pre 293.2 scan detects ox-lipids containing 18:3-O and 18:2-2O, 

and Pre 295.2 scan detects ox-lipids containing 18:2-O.  Peaks with labels in parentheses are [M 

- H]
-
 adducts. Peak labels with no parentheses indicate [M + C2H3O2]

-
 adducts.  Please note that 

intensity and m/z scales of the spectra differ. Panels A and B have breaks in the intensity axes.  

Details of peaks numbered 1-86 are shown in Table 2.2. 
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Figure 2.3 Oxidized membrane lipid levels following treatments shown in Figure 2.2.  

A, Total oxidized lipids with colors indicating classes. B, ox-PC. C, ox-PE. D, ox-PG. E, 

ox-DGDG. F, ox-MGDG. G, ox-acMGDG.  In B-G, colors indicate individual peaks detected by 

triple quadrupole MS precursor scanning in negative mode (Table 2.2). The size of each color-

coded block represents the quantity of the ox-lipid classes (A) or of individual peaks 1ï86 (B-G). 

Vertical axes have different scales. 
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Figure 2.4 Oxidized membrane lipids under stress conditions as quantified by triple 

quadrupole MS precursor scanning.  

A, Wounded, 15 min. B, Wounded, 45 min. C, Wounded, 6 h. D, PstAvr, 12 h. E, 

PstAvr, 24 h. F, Psm, 24 h. G, Freezing (-8° C, 2 h).  Numbers along top x-axis refer to 

peaks/compounds in Table 2.2.  In each panel, the white bars denote the basal amount as 

determined under the corresponding control condition: Unwounded, for A, B, and C; MgCl2, 12 

h, for D; MgCl2, 24 h, for E and F; and 4° C, 84 h, for G. The black bars denote the amount of 

each ox-lipid measured in each stress treatment. Both white and black bars start at the x-axis.  

The smaller of the white and black bars is ñin frontò of the other bar.  Increments on the vertical 

scales of panels A and B (below break) and C are the same; so are those on panel D and E 

(below break). p < 0.05, n = 5. 
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Table 2.1 Oxidized fatty acyl chains detected in extracts from leaves of Arabidopsis thaliana 

infected with PstAvr for 24 h.   

Figure S2.1 shows examples of possible structures and fragmentation of oxidized lipids 

from each class. 

 

 

Triple quadrupole 

MS precursor scan 

Chemical formula 

of oxidized fatty 

acyl anion 

m/z of anion Abbreviation Examples of 

compounds 

consistent with 

detected formula 

Acyl formulas directly scanned       

Pre 291.20 C18H27O3 291.1966 18:4-O OPDA, keto 18:3 

Pre 293.21 C18H29O3 293.2122 18:3-O hydroxy 18:3,  

keto fatty acid 

Pre 295.23 C18H31O3 295.2279 18:2-O hydroxy 18:2 

Pre 291.20 C18H29O4 309.2071 18:3-2O ketol fatty acid,  

hydroperoxy 18:3, 

dihydroxy 18:3 

Pre 293.21 C18H31O4 311.2228 18:2-2O hydroperoxy 18:2, 

dihydroxy 18:2 

Acyl formulas identified by scanning of above anions or as a result of QTOF MS analysis 

- C16H23O3 263.1653 16:4-O dnOPDA 

- C16H25O3 265.1809 16:3-O hydroxy 16:3 

- C16H25O4 281.1758 16:3-2O ketol fatty acid,  

hydroperoxy 16:3, 

dihydroxy 16:3 

- C18H25O4 305.1758 18:5-2O - 
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Table 2.2 Lipids detected by ESI MS/MS negative ion precursor ion scans, Pre 291.2, Pre 

293.2, and Pre 295.2.   

Tables S2.3 and S2.4 indicate the compounds detected in a simplified form. 

Number
a 

M 

mass M formula Identification
b 

Detection Method
c 

Identification 

Evidence
d 

1 771 C42H78O9PN 18:3-O/16:0 PC 

Pre 293.2, [M + 

C2H3O2]
-
 

Tentative, 

Table S2.1 

2 793 C44H76O9PN 18:3-O/18:3 PC 

Pre 293.2, [M + 

C2H3O2]
-
 Table S2.1 

3 795 C44H78O9PN 18:3-O/18:2 PC 

Pre 293.2, [M + 

C2H3O2]
-
 Table S2.1 

4 787 C42H78O10PN 18:3-2O/16:0 PC 

Pre 291.2, [M + 

C2H3O2]
-
 Table S2.1 

5 809 C44H76O10PN 18:3-2O/18:3 PC 

Pre 291.2, [M + 

C2H3O2]
-
 Table S2.1 

6 811 C44H78O10PN 18:3-2O/18:2 PC 

Pre 291.2, [M + 

C2H3O2]
-
 Table S2.1 

7 773 C42H80O9PN 18:2-O/16:0 PC 

Pre 295.2, [M + 

C2H3O2]
-
 Table S2.1 

8 795 C44H78O9PN 18:2-O/18:3 PC 

Pre 295.2, [M + 

2H3O2]
-
 Table S2.1 

9 797 C44H80O9PN 18:2-O/18:2 PC 

Pre 295.2, [M + 

C2H3O2]
-
 

Tentative, 

Table S2.1 

10 789 C42H80O10PN 18:2-2O/16:0 PC 

Pre 293.2, [M + 

C2H3O2]
-
 Table S2.1 

11 811 C44H78O10PN 18:2-2O/18:3 PC 

Pre 293.2, [M + 

C2H3O2]
-
 Table S2.1 

12 813 C44H80O10PN 18:2-2O/18:2 PC 

Pre 293.2, [M + 

C2H3O2]
-
 

Tentative, 

Table S2.1 
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13 729 C39H72O9PN 18:3-O/16:0 PE Pre 293.2, [M - H]
-
 Table S2.1 

14 751 C41H70O9PN 18:3-O/18:3 PE Pre 293.2, [M - H]
-
 Table S2.1 

15 753 C41H72O9PN 18:3-O/18:2 PE Pre 293.2, [M - H]
-
 Table S2.1 

16 745 C39H72O10PN 18:3-2O/16:0 PE Pre 291.2, [M - H]
-
 Table S2.1 

17 767 C41H70O10PN 18:3-2O/18:3 PE Pre 291.2, [M - H]
-
 Table S2.1 

18 769 C41H72O10PN 18:3-2O/18:2 PE Pre 291.2, [M - H]
-
 Table S2.1 

19 731 C39H74O9PN 18:2-O/16:0 PE Pre 295.2, [M - H]
-
 

Table S2.1, 

S2.2 

20 753 C41H72O9PN 18:2-O/18:3 PE Pre 295.2, [M - H]
-
 Table S2.1 

21 755 C41H74O9PN 18:2-O/18:2 PE Pre 295.2, [M - H]
-
 Table S2.1 

22 747 C39H74O10PN 18:2-2O/16:0 PE Pre 293.2, [M - H]
-
 

Table S2.1, 

S2.2 

23 769 C41H72O10PN 18:2-2O/18:3 PE Pre 293.2, [M - H]
-
 

Tentative, 

Table S2.1 

24 771 C41H74O10PN 18:2-2O/18:2 PE Pre 293.2, [M - H]
-
 

Tentative, 

Table S2.1 

25 756 C40H69O11P 18:4-O/16:1 PG Pre 291.2, [M - H]
-
 

Buseman et 

al.,  2006  

26 758 C40H71O11P 18:4-O/16:0 PG Pre 291.2, [M - H]
-
 

Buseman et 

al.,  2006 

27 758 C40H71O11P 18:3-O/16:1 PG Pre 293.2, [M - H]
-
 Table S2.1 

28 760 C40H73O11P 18:3-O/16:0 PG Pre 293.2, [M - H]
-
 Table S2.1 

29 760 C40H73O11P 18:2-O/16:1 PG Pre 295.2, [M - H]
-
 Table S2.1 

30 762 C40H75O11P 18:2-O/16:0 PG Pre 295.2, [M - H]
-
 Table S2.1 

31* 776 C40H73O12P 18:2-2O/16:1 PG Pre 293.2, [M - H]
-
 Table S2.1 

31* 776 C43H68O12 

18:3-O/16:4-O 

MGDG Pre 293.2, [M - H]
-
 Table S2.1 

32 778 C40H75O12P 18:2-2O/16:0 PG Pre 293.2, [M - H]
-
 Table S2.1 

33 922 C49H78O16 18:4-O/16:3 DGDG Pre 291.2, [M - H]
-
 Table S2.1 

34 928 C49H84O16 18:4-O/16:0 DGDG Pre 291.2, [M + Table S2.1 
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C2H3O2]
-
 

35 936 C49H76O17 

18:4-O/16:4-O 

DGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Hisamatsu et 

al.,  2005 

36 950 C51H82O16 18:4-O/18:3 DGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Buseman et 

al.,  2006 

37 964 C51H80O17 

18:4-O/18:4-O 

DGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Buseman et 

al.,  2006; 

Hisamatsu et 

al., 2005 

38 924 C49H80O16 18:3-O/16:3 DGDG 

Pre 293.2, [M + 

C2H3O2]
-
 Table S2.1 

39 930 C49H86O16 18:3-O/16:0 DGDG 

Pre 293.2, [M 

+C2H3O2]
-
 Table S2.1 

40 938 C49H78O17 

18:3-O/16:4-O 

DGDG 

Pre 293.2, [M + 

C2H3O2]
-
 Table S2.1 

41 952 C51H84O16 18:3-O/18:3 DGDG 

Pre 293.2, [M + 

C2H3O2]
-
 Table S2.1 

42 966 C51H82O17 

18:3-O/18:4-O 

DGDG 

Pre 293.2, [M + 

C2H3O2]
-
 Table S2.1 

43 940 C49H80O17 18:3-2O/16:3 DGDG 

Pre 291.2, [M + 

C2H3O2]
-
 Table S2.1 

44 946 C49H86O17 18:3-2O/16:0 DGDG Pre 291.2, [M - H]
-
 Table S2.1 

45' 954 C49H78O18 

18:3-2O/16:4-O 

DGDG 

Pre 291.2, [M + 

C2H3O2]
-
 Table S2.1 

45' 954 C49H78O18 

18:4-O/16:3-2O 

DGDG 

Pre 291.2, [M + 

C2H3O2]
-
 Table S2.1 

46 968 C51H84O17 18:3-2O/18:3 DGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Buseman et 

al.,  2006 

47 982 C51H82O18 

18:3-2O/18:4-O 

DGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Buseman et 

al.,  2006 
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48 760 C43H68O11 18:4-O/16:3 MGDG Pre 291.2, [M - H]
-
 

Table S2.2, 

Buseman et 

al.,  2006; 

Stelmach et 

al., 2001,  

49 774 C43H66O12 

18:4-O/16:4-O 

MGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Table S2.2, 

Buseman et 

al.,  2006; 

Hisamatsu et 

al., 2003 

50 788 C45H72O11 18:4-O/18:3 MGDG Pre 291.2, [M - H]
-
 

Buseman et 

al.,  2006 

51 802 C45H70O12 

18:4-O/18:4-O 

MGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Table S2.2, 

Buseman et 

al.,  2006; 

Hisamatsu et 

al., 2003 

52 762 C43H70O11 18:3-O/16:3 MGDG 

Pre 293.2, [M + 

C2H3O2]
-
 Table S2.1 

53 776 C43H68O12 

18:3-O/16:4-O 

MGDG 

Pre 293.2, [M + 

C2H3O2]
-
 

Tentative, 

Table S2.1 

54 790 C45H74O11 18:3-O/18:3 MGDG Pre 293.2, [M - H]
-
 Table S2.1 

55 804 C45H72O12 

18:3-O/18:4-O 

MGDG 

Pre 293.2, [M + 

C2H3O2]
-
 Table S2.1 

56 778 C43H70O12 

18:3-2O/16:3 

MGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Buseman et 

al.,  2006 

57 792 C43H68O13 

18:3-2O/16:4-O 

MGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Buseman et 

al.,  2006 

58 806 C45H74O12 

18:3-2O/18:3 

MGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Buseman et 

al.,  2006 

59 820 C45H72O13 18:3-2O/18:4-O Pre 291.2, [M + Buseman et 
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MGDG C2H3O2]
-
 al.,  2006 

60 992 C59H92O12 

18:4-O/16:3/16:3 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Table S2.1, 

S2.2 

61 998 C59H98O12 

18:4-O/16:3/16:0 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Table S2.1, 

S2.2 

62 1026 C61H102O12 

18:4-O/18:3/16:0 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 Table S2.1 

63a 1054 C63H106O12 

18:4-O/18:3/18:0 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 Table S2.1 

63b 1054 C63H106O12 

18:4-O/18:2/18:1 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 Table S2.1 

64 1006 C59H90O13 

18:4-O/16:4-O/16:3 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Table S2.1, 

S2.2 

65 1010 C59H94O13 

18:4-O/16:4-O/16:1 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Table S2.1, 

S2.2 

66 1012 C59H96O13 

18:4-O/16:4-O/16:0 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Table S2.1, 

S2.2 

67a 1020 C59H88O14 

18:4-O/16:4-O/16:4-

O acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Table S2.1, 

S2.2 

67b 1020 C61H96O12 

18:4-O/18:3/16:3 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 Table S2.1 

68a 1034 C61H94O13 

18:4-O/16:4-O/18:3 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Table S2.1, 

S2.2 

68b 1034 C61H94O13 

18:4-O/18:4-O/16:3 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Table S2.1, 

S2.2 

69a 1038 C61H98O13 

18:4-O/16:4-O/18:1 

acMGDG 

Pre 291.2, [M 

+C2H3O2]
-
 

Table S2.1, 

S2.2 

69b 1038 C61H98O13 

18:4-O/18:4-O/16:1 

acMGDG 

Pre 291.2, [M 

+C2H3O2]
-
 

Table S2.1, 

S2.2 

70a 1040 C61H100O13 18:4-O/16:4-O/18:0 Pre 291.2, [M + Table S2.1, 
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acMGDG C2H3O2]
-
 S2.2 

70b 1040 C61H100O13 

18:4-O/18:4-O/16:0 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Table S2.1, 

S2.2 

71a 1048 C61H92O14 

18:4-O/18:4-O/16:4-

O acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Table S2.1, 

S2.2, 

Andersson et 

al., 2006 

71b 1048 C63H100O12 

18:4-O/18:3/18:3 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Table S2.1, 

S2.2 

72a 1062 C63H98O13 

18:4-O/18:4-O/18:3 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Table S2.1, 

S2.2 

72b 1062 C61H90O15 

18:4-O/18:5-

2O/16:4-O acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Table S2.1, 

S2.2 

73 1068 C63H104O13 

18:4-O/18:4-O/18:0 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 Table S2.1 

74 1076 C63H96O14 

18:4-O/18:4-O/18:4-

O acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Table S2.1, 

S2.2, 

Kourtchenko 

et al., 2007 

75 1016 C59H100O13 

18:3-2O/16:0/16:3 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 Table S2.1 

76a 1044 C61H104O13 

18:3-2O/18:3/16:0 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 Table S2.1 

76b 1044 C61H104O13 

18:3-2O/18:0/16:3 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Tentative, 

Table S2.1 

77a 1072 C63H108O13 

18:3-2O/18:3/18:0 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 Table S2.1 

77b 1072 C61H100O15 

18:3-2O/18:2/16:3-

2O acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 Table S2.1 

77c 1072 C63H108O13 18:3-2O/18:2/18:1 Pre 291.2, [M + Table S2.1 
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acMGDG C2H3O2]
-
 

78' 1024 C59H92O14 

18:3-2O/16:4-O/16:3 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 Table S2.1 

78' 1024 C59H92O14 

18:4-O/16:3-2O/16:3 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 Table S2.1 

79' 1030 C59H98O14 

18:3-2O/16:4-O/16:0 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Table S2.1, 

S2.2 

79' 1030 C59H98O14 

18:4-O/16:3-2O/16:0 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Table S2.1, 

S2.2 

80a' 1052 C61H96O14 

18:3-2O/16:4-O/18:3 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 Table S2.1 

80a' 1052 C61H96O14 

18:4-O/16:3-2O/18:3 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 Table S2.1 

80b 1052 C61H96O14 

18:3-2O/18:4-O/16:3 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 Table S2.1 

81a 1070 C61H98O15 

18:3-2O/16:3-

2O/18:3 acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 Table S2.1 

81b 1070 C61H98O15 

18:3-2O/18:3-

2O/16:3 acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Tentative, 

Table S2.1 

81c 1070 C63H106O13 

18:3-2O/18:2/18:2 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 Table S2.1 

82' 1084 C61H96O16 

18:3-2O/16:3-

2O/18:4-O acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Table S2.1, 

S2.2 

82' 1084 C61H96O16 

18:3-2O/18:3-

2O/16:4-O acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Table S2.1, 

S2.2 

83a 1058 C61H102O14 

18:3-2O/18:4-O/16:0 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 Table S2.1 

83b 1058 C61H102O14 

18:3-2O/16:4-O/18:0 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Tentative, 

Table S2.1 

84a 1066 C61H94O15 18:3-2O/18:4- Pre 291.2, [M + Table S2.1, 
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O/16:4-O acMGDG C2H3O2]
-
 S2.2 

84b 1066 C63H102O13 

18:3-2O/18:3/18:3 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 

Table S2.1, 

S2.2 

85 1080 C63H100O14 

18:3-2O/18:4-O/18:3 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 Table S2.1 

86 1086 C63H106O14 

18:3-2O/18:4-O/18:0 

acMGDG 

Pre 291.2, [M + 

C2H3O2]
-
 Table S2.1 

a
Each number (1-86) represents a peak observed in triple quadrupole MS spectra (Figure 2.1). 

An asterisk (*) indicates peaks resulting from two compounds of different lipid classes with the 

same ion mass.  A prime symbol (') indicates peaks with at least two possible identifications, 

where it is unclear whether the peak represents one or both compounds. Numbers followed by a, 

b, or c signify that accurate m/z analysis indicates that the peak represents multiple lipid species 

detected by the stated precursor scan (Tables S2.1 and S2.2). 

 

b
Abbreviations: acMGDG, acylated monogalactosyldiacylglycerol; DGDG, 

digalactosyldiacylglycerol; MGDG, monogalactosyldiacylglycerol; PC, phosphatidylcholine; PE, 

phosphatidylethanolamine; PG, phosphatidylglycerol.  

 

c
Peaks were identified in triple quadrupole MS spectra with three negative precursor scans, Pre 

291.2, Pre 293.2, and Pre 295.2; each species was observed as the [M - H]
-
 and/or [M + C2H3O2]

-
 

ion. 

 

d
QTOF MS peak data are provided in Table S2.1. FTICR MS peak data are provided in Table 

S2.2. Peak identification is indicated as ñTentativeò if QTOF MS m/z values for one acyl group 

(or more) were greater than 10 parts per million (ppm) from the theoretical m/z, and the 

compound was not previously identified or identified by accurate m/z of the intact compound in 

FTICR MS spectra. Previously identified peaks/compounds are marked with corresponding 

references. 
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 Supplemental Data 

Supplemental Data in this chapter include: 

- Figure S2.1 Examples of possible structures and fragmentation of oxidized lipids from 

each class. 

- Figure S2.2 Bacterial counts (colony forming unit (CFU) per mg of leaf dry mass) at 12 h 

and 24 h post-infection.  

- Figure S2.3 Oxidized membrane lipid levels during various control conditions and 

conditions with low ox-lipid levels as quantified by triple quadrupole MS precursor 

scanning. 

- Figure S2.4 Levels of ox-MGDG, ox-acMGDG and PA in Arabidopsis leaves during 

stress and control treatments. 

- Figure S2.5 Levels of LPC, LPE, and PA, in Arabidopsis leaves during stress and control 

treatments. 

Tables S2.1-S2.8 are supplied as a separate Excel file. 

- Table S2.1 QTOF MS m/z data supporting compound identifications in Table 2.2. 

Analysis was performed on extracts from leaves of Arabidopsis thaliana infected with 

PstAvr for 24 h. 

- Table S2.2 FTICR MS m/z data supporting compound identifications in Table 2.2. 

Analysis was performed on extracts from leaves of Arabidopsis thaliana infected with 

PstAvr for 24 h. 

- Table S2.3 Simplified designation of diacyl oxidized compounds (1-59). 

- Table S2.4 Simplified table of acMGDGs (60-86) identified by precursor scanning. 

- Table S2.5 Levels (individual sample data) of ox-lipids during plant stress responses. 

- Table S2.6 Levels (averages and standard deviations) of ox-lipids during plant stress 

responses. 

- Table S2.7 Levels (individual sample data) of normal lipids during plant stress responses. 

- Table S2.8 Levels (averages and standard deviations) of normal lipids during plant stress 

responses. 
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Figure S2.1 Examples of possible structures for anions of oxidized lipids from each class.  

These structures are consistent with current data, but, in fact, the acyl chain structures shown in 

Table 2.1 and identified with specific compounds in Table 2.2 have been identified only at the 

level of chemical formula.  The specific structural features (e.g. presence of C=O vs. C=C double 

bonds vs. rings, presence of specific functional groups, positions of double bonds and functional 

groups, and positions of acyl chains on glycerol) have not been determined.   Table 2.1 indicates 

some additional possibilities for acyl chain structures.   

Compounds shown:  

 

7. 18:2-O/16:0 PC, shown as the [M + C2H3O2]
-
 ion of 1-hexadecanoyl-2-(9-hydroxy-10E,12Z-

octadecadienoyl)-sn-glycero-3-phosphocholine;  

 

23. 18:2-2O/18:3 PE, shown as the [M - H]
-
 ion of 1-(9-hydroperoxy-10E,12Z-octadecadienoyl 

)-2-(9Z,12Z,15Z-octadecatrienoyl)-sn-glycero-3-phosphoethanolamine;  

 

25. 18:4-O/16:1 PG, shown as the [M - H]
-
 ion of 1-(8-[2-(cis-pent-2'-enyl)-3-oxo-cis-cyclo-

pent-4-enyl]octanoyl)-2-(3E-hexadecenoyl)-sn-glycero-3-phospho-(1ô-sn-glycerol), where 8-[2-

(cis-pent-2'-enyl)-3-oxo-cis-cyclo-pent-4-enyl]octanoyl is also known as 12-oxo-10,15-

phytodienoyl and OPDA; 

 

46. 18:3-2O/18:3 DGDG, shown as the [M + C2H3O2]
-
 ion of 1-(9-hydroxy-12-oxo-10E,15Z-

octadecadienoyl)-2-(9Z,12Z, 15Z-octadecatrienoyl)-3-O-[Ŭ-D-galactosyl-(1Ÿ6)-O-ɓ-D-

galactosyl]-sn-glycerol, where 9-hydroxy-12-oxo-10E,15Z-octadecadienoyl is also known as ɔ-

ketol; 

 

52. 18:3-O/16:3 MGDG, shown as the [M + C2H3O2]
-
 ion of 1-(13-hydroxy-9Z,11E,15Z-

octadecatrienoyl)-2-(7Z,10Z,13Z-hexadecatrienoyl)-3-O-ɓ-D-galactosyl-sn-glycerol;  

 

66. 18:4-O/16:4-O/16:0 acMGDG, shown as the [M + C2H3O2]
-
 ion of 1-(8-[2-(cis-pent-2'-enyl)-

3-oxo-cis-cyclo-pent-4-enyl]octanoyl)-2-(6-[2-(cis-pent-2'-enyl)-3-oxo-cis-cyclo-pent-4-

enyl]hexanoyl)-3-O-(6-O-hexadecanoyl-ɓ-D-galactosyl)-sn-glycerol, where 8-[2-(cis-pent-2'-

enyl)-3-oxo-cis-cyclo-pent-4-enyl]octanoyl is also known as 12-oxo-10,15-phytodienoyl and 

OPDA, and 6-[2-(cis-pent-2'-enyl)-3-oxo-cis-cyclo-pent-4-enyl]hexanoyl is known as dinor-oxo-

phytodienoyl and dnOPDA. 

 

 

OPDA = 8-[2-(cis-pent-2'-enyl)-3-oxo-cis-cyclo-pent-4-enyl]octanoic acid 

 

dnOPDA =  6-[2-(cis-pent-2'-enyl)-3-oxo-cis-cyclo-pent-4-enyl]hexanoic acid
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Figure S2.2 Bacterial counts (colony forming unit (CFU) per mg of leaf dry mass) at 12 h and 

24 h post-infection.  
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Figure S2.3 Oxidized membrane lipid levels during various control conditions and 

conditions with low ox-lipid levels (indicated on the panels) as quantified by triple 

quadrupole MS precursor scanning. Numbers along top x-axis refer to peaks/compounds in 

Table 2.2.  Error bars indicate standard deviation. 
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Figure S2.4 Levels of ox-MGDG, ox-acMGDG and PA in Arabidopsis leaves during stress 

and control treatments. Panels A, B, and C are ox-MGDG and ox-acMGDG as indicated. 

Panels D, E and F are PA. Error bars indicate standard 

deviation.
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Figure S2.5 Levels of LPC, LPE, and PA, in Arabidopsis leaves during stress and control 

treatments. Average data used in this figure are presented in Table 2.8. Error bars indicate 

standard deviation. T-test was performed on 12 treatment-control pairs: Wounded, 15 min vs. 

Unwounded; Wounded, 45 min vs. Unwounded; Wounded, 6 h vs. Unwounded; PstAvr, 12 h 

vs. MgCl2, 12 h; Psm, 12 h vs. MgCl2, 12 h; MgCl2, 12 h vs. Untreated, 12 h; PstAvr, 24 h vs. 

MgCl2, 12 h; Psm, 24 h vs. MgCl2, 24 h; MgCl2, 24 h vs. Untreated, 24 h; 4°C, 3 h vs. 22°C, 3 

h; 4°C, 27 h vs. 22°C, 27 h; Freezing (-8°C, 2 h) vs. 4°C, 84 h; *p < 0.05, n = 5 (except for 4°C, 

3 h, n = 4). 

 



52 

 

 

Chapter 3 - Head-group acylation of monogalactosyldiacylglycerol is 

a common stress response, and the acyl-galactose acyl composition 

varies among plant species and with applied stress 

 

 Abstract 

Formation of galactose-acylated monogalactosyldiacylglycerols has been shown to be induced 

by leaf homogenization, mechanical wounding, avirulent bacterial infection and thawing after 

snap-freezing. Here, lipidomic analysis using mass spectrometry showed that galactose-acylated 

monogalactosyldiacylglycerols, formed in wheat (Triticum aestivum) and tomato (Solanum 

lycopersicum) leaves upon wounding, have acyl-galactose profiles that differ from those of 

wounded Arabidopsis thaliana, indicating that different plant species accumulate different acyl-

galactose components in response to the same stress. Additionally, the composition of the acyl-

galactose component of Arabidopsis acMGDG (galactose-acylated 

monogalactosyldiacylglycerol) depends on the stress treatment. After sub-lethal freezing 

treatment, acMGDG contained mainly non-oxidized fatty acids esterified to galactose, whereas 

mostly oxidized fatty acids accumulated on galactose after wounding or bacterial infection. 

Compositional data are consistent with acMGDG being formed in vivo by transacylation with 

fatty acids from digalactosyldiacylglycerols. Oxophytodienoic acid, an oxidized fatty acid, was 

more concentrated on the galactosyl ring of acylated monogalactosyldiacylglycerols than in 

galactolipids in general. Also, oxidized fatty acid-containing acylated 

monogalactosyldiacylglycerols increased cumulatively when wounded Arabidopsis leaves were 

wounded again. These findings suggest that, in Arabidopsis, the pool of galactose-acylated 

monogalactosyldiacylglycerols may serve to sequester oxidized fatty acids during stress 

responses. 
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 Introduction  

Membranes of plant chloroplasts contain glyco-glycerolipids with three major head groups: 

galactose (Gal, in monogalactosyldiacylglycerol, MGDG), digalactose (in 

digalactosyldiacylglycerol, DGDG) and sulfonated glucose (in sulfoquinovosyldiacylglycerol, 

SQDG). The Gal component of MGDG can be enzymatically modified by fatty acylation 

(esterification) at the 6ǋ-hydroxyl group. Over 40 years ago, this head group acylation was 

characterized in spinach homogenates (Heinz, 1967a; Heinz and Tulloch, 1969). Fatty acid 

compositional analysis of in vitro incubation products from an ammonium sulfate-precipitated 

protein fraction with purified lipid substrates indicated that, when only MGDG was present, 

galactose-acylated MGDG (acMGDG) was formed via a dismutation reaction, i.e. 2 MGDG Ÿ 

acMGDG + monogalactosylmonoacylglycerol (MGMG). However, when both MGDG and 

DGDG were present, acMGDG was formed exclusively by transacylation from DGDG, i.e. 

DGDG + MGDG Ÿ acMGDG + digalactosylmonoacylglycerol (DGMG; Heinz 1967b, Heinz 

1972). This early work focused on acMGDG formation in homogenized leaf tissues; however, 

the potential physiological role for the acylation reaction was not considered. 

 

More recently, acMGDGs with the structure 1-(12-oxophytodienoic acid) (OPDA), 2-dinor-

oxophytodienoic acid (dnOPDA), 3-(OPDA-Gal) glycerol (Arabidopside E) and acMGDG with 

3 OPDA chains (Arabidopside G) were identified in Arabidopsis leaves under stress. These 

acMGDGs can accumulate to as much as 8% of the Arabidopsis total leaf lipid when the leaves 

are infected with the bacteria Pseudomonas syringae carrying the avirulence factor AvrRpt2 

(Pst) or AvrRpm1 (Andersson et al., 2006; Kourtchenko et al., 2007). Indeed, in vitro testing 

indicated that Arabidopsides E and G have antimicrobial activities against the virulent bacterium 

Pseudomonas syringae DC3000 (Andersson et al., 2006) and the necrotrophic fungus Botrytis 

cinerea (Kourtchenko et al., 2007). Forty additional acMGDG molecular species (13 non-

oxidized and 27 oxidized) were measured after wounding of Arabidopsis leaves (Ibrahim et al., 

2011) and 27 additional acMGDGs, each with at least one oxidized fatty acid chain, were 

characterized as being induced significantly after wounding or avirulent bacterial infection of 

Arabidopsis leaves (Vu et al., 2012). 
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Galactolipids with cyclic oxidized acyl chains, or oxylipins, such as OPDA, esterified to glycerol 

are rare in plant species outside the genus Arabidopsis (Bottcher and Weiler, 2007). The current 

study adds to the evidence that, although cyclic fatty acids in membrane lipids may be restricted 

in occurrence, Gal acylation of MGDG is a relatively conserved process that occurs in tomato 

and wheat, in addition to Arabidopsis, spinach, and broad bean (Heinz, 1967b; Heinz, 1967a; 

Heinz and Tulloch, 1969; Heinz, 1972; Andersson et al., 2006; Kourtchenko et al., 2007; Ibrahim 

et al., 2011; Vu et al., 2012). MGDG Gal acylation is demonstrated to be a common response to 

stresses including wounding, freezing and infection with avirulent bacteria. The data show major 

variation in composition of the Gal-esterified acyl group, both among plant species and in 

response to different stresses. Furthermore, comparison of the profiles of the fatty acyl chain on 

the Gal of acMGDG and the fatty acyl chains of DGDG supports the notion that DGDG is the 

usual acyl donor for MGDG Gal acylation in vivo. 

 

 Materials and Methods 

 Plant materials 

Mature wheat leaves (Triticum aestivum óThatcherô) were collected from the North Agronomy 

Farm, Kansas State University, Manhattan, KS. Tomato plants (Solanum lycopersicum óBetter 

Boyô) were purchased from Westside Market, Manhattan, KS. Arabidopsis thaliana accessions 

Columbia-0 (Col-0) and C24 were grown one plant per well in Pro-Mix óPGXô soil (Hummert 

International, Earth City, MO) in 72-well plug trays (Hummert International, Earth City, MO). 

Trays were kept in a Conviron growth chamber under a 14/10 h light/dark cycle with 60% 

humidity at 21ÁC. Light intensity in growth chambers was maintained at 80 Õmol mī2 sī1 with 

cool white fluorescent lights (Sylvania, Danvers, MA). Plants were fertilized twice, once when 

sowing and once at 20 days old, by irrigation with a 1% solution of 20-20-20 Miracle-Gro plant 

food (Scotts Miracle-Gro, Marysville, OH). Col-0 was harvested after 30 days and C24 after 42 

days of growth. 
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 Treatments 

Arabidopsis plants were infected with bacteria (Pseudomonas syringae) as previously described 

(Vu et al., 2012). Cold acclimation was performed in a 4°C room equipped with light carts. 

Freezing treatment was performed in a programmable freezing chamber (Espec Corporation, 

Hudsonville, MI). Each tray of plants in soil was partly submerged in an ice slurry (made by 

adding tap water to approximately 1.5 kg of ice chips to a total volume of 4 l) to avoid 

supercooling during freezing treatment at ī8ÁC for 2 h. The soil was completely in contact with 

the ice slurry through the irrigation holes at the bottom of the growing tray. The temperature was 

dropped to ī8ÁC without gradual decreasing; at the end of the freezing treatment, plants were 

transferred to their growth condition (21°C, 60% humidity) and sampled after 3 and 24 h. Leaf 

numbers 5 and 6 were collected for ion leakage measurement (see next section), and the 

remaining portion of the rosette was dropped into 4 ml of 75°C isopropanol with 0.01% 

butylated hydroxytoluene (BHT) for lipid analysis. Leaf number is the order of leaf appearance, 

determined as described previously (Telfer et al., 1997). Wounding was performed by applying 

pressure with a hemostat across the leaf mid-vein, leaving wound marks about 6 mm apart. For 

the re-wounding experiment, plants were randomly assigned to one of three groups. Plants of the 

ócontrolô singly wounded group were harvested at 0 min, 5 min, 15 min, 45 min, 4 h, 24 h and 48 

h after wounding. For the other two groups, a second wound was applied at the same location as 

the first wound either 24 or 48 h after the first wound was applied. The leaves were harvested at 

0 min, 5 min, 15 min, 45 min, 4 h, 24 h and 48 h after the second wound. In the re-wounding 

experiment, four leaves (leaf numbers 5, 6, 7 and 8) were harvested at each time point; leaf 

number 5 was dropped into 2 ml of 75°C isopropanol with 0.01% BHT for lipid analysis, and 

leaf numbers 6, 7 and 8 were put together into a 1.5-ml tube and frozen in liquid nitrogen for 

phytohormone analysis by gas chromatography ï mass spectrometry (MS). 

 

 Ion leakage measurement 

Two leaves from each rosette were rinsed with deionized water before being dropped into a a 50-

ml PYREX glass tube (Corning Inc., Corning, NY) containing 25 ml of distilled water (Dillons 

Supermarket, Manhattan, KS). The tubes were shaken for 2 h at 100 rpm before the first ion 

conductivity reading with Oakton CON 510 electrical conductivity meter (Oakton Instruments, 
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Vernon Hills, IL). After the first reading, the tubes were incubated at 95ï100°C in a water bath 

for 2 h, and a second conductivity reading was taken. Relative ion leakage, as a percentage, was 

reported as (the first over the second conductivity reading) × 100 (%). 

 

 Lipid extraction 

 Modified BlighïDyer method (Bligh and Dyer, 1959) for polar lipid analysis 

For the Pst and wounding experiments, three leaves were dropped into 3 ml of 75°C isopropanol 

containing 0.01% BHT; heating at 75°C was continued for 15 min. Chloroform (1.5 ml) and 

water (0.6 ml) were added, and the tube was shaken for 1 h before the solvent was transferred to 

another tube. For the second round of extraction, 4 ml of chloroform: methanol (2:1) was added 

to the leaves, followed by shaking for 30 min and combination of the solvent with the previous 

extract. After repeating the extraction three more times and combining the extracts, the combined 

extract was evaporated under a nitrogen stream and re-dissolved in 1 ml of chloroform. The 

extracted leaf residue was dried overnight at 105°C and the dry mass obtained by weighing. 

 

 Alternate extraction method (for polar lipid analysis) 

For the freezing and re-wounding experiments, leaves were dropped into a 20-ml vial with a 

Teflon-lined cap containing 4 ml (2 ml in the re-wounding experiment) of 75°C isopropanol with 

0.01% BHT. After 15 min at 75°C, 12 ml (6 ml in the re-wounding experiment) of extraction 

solvent (chloroform: methanol: 300 mM ammonium acetate in water, 30:41.5:3.5, v/v/v) were 

added, and the tube was shaken at room temperature for 24 h. 

 

 For gas chromatography-MS (free oxylipin analysis) 

Extraction and derivatization were carried out as described previously (Schmelz et al., 2004). 

 

 Mass spectrometry 

For samples extracted by the modified BlighïDyer method (stored in 1 ml chloroform), a volume 

(x Õl) containing 0.2 mg leaf dry mass was diluted by adding (360 ī x) Õl of chloroform and 840 



57 

 

µl of methanol: 300 mM ammonium acetate in water (95:5, v/v). For samples extracted by the 

alternate method, a volume (y µl) containing 0.2 mg leaf dry mass was diluted with (1200 ī y) Õl 

of chloroform: methanol: isopropanol: 300 mM ammonium acetate in water (30:41.5:25:3.5, 

v/v/v/v). 

 

Phospholipids and galactolipids with normal chains were analyzed by triple quadrupole MS 

using head group-specific scans and standards as described previously (Xiao et al., 2010). 

Precursor scans of m/z 277.2 (Pre 277.2, 18:3), m/z 291.2 (Pre 291.2, 18:4-O), m/z 293.2 (Pre 

293.2, 18:3-O), m/z 295.2 (Pre 295.2, 18:2-O or 17:3-2O) and m/z 283.2 (Pre 283.2, 18:0, to 

detect internal standard 16:0/18:0 MGDG) were performed in negative mode as described 

previously (Vu et al., 2012), except that 1.505 nmol of 18:0/16:0 MGDG was used in each vial 

as an internal standard. 

 

Scans for neutral loss (NL) fragments composed of Gal and a fatty acid (Table 3.1) were carried 

out in positive mode using an ABI 4000 triple quadrupole mass spectrometer (Applied 

Biosystems, Foster City, CA) with an electrospray ionization (ESI) source. To perform the NL 

scans listed in Table 3.1, three identical sample vials were used to provide enough volume for the 

analysis of each sample. To each sample vial, 0.95 nmol of di18:0 DGDG was added as an 

internal standard; this was detected by NL scan of m/z 341.2 (NL 341.2), with a target of m/z 

966.7. The infusion flow rate was 30 Õl minī1. The scan rate was 36 u sī1 for 75 cycles. Other 

parameters were: collision gas, 2 (arbitrary units); curtain gas, 20 (arbitrary units); ion source 

gases 1 and 2, 45 (arbitrary units); source temperature, 100ÁC; interface heater, óonô; ion spray 

voltage, 5500 V; declustering potential, 90 V; entrance potential, 10 V; collision energy, 24 V 

and collision cell exit potential, 23 V. 

Accurate acyl mass analysis by quadrupole time-of-flight (Q-TOF) MS was performed on 

unfractionated lipid extracts with a Q-TOF-2 tandem mass spectrometer (Micromass Ltd., 

Manchester, UK), using the solvent, parameters and processing method described by Buseman et 

al. (2006), with a few changes. Charged precursor ions were subjected to product ion scanning in 

negative or positive ion mode. Precursor ions were selected by the quadrupole, tuned to transmit 

at 0.8 u full width at half height (i.e. monoisotopic selection). Extracts were infused into the ESI 

source at 20 µl min
ī1

; collision energy was 30 V. 
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Chemical ionization gas chromatography ï MS was used to profile phytohormones of samples 

harvested from the re-wounding experiment following the procedure described by Schmelz et al. 

(2004). 

 Mass spectral data processing and analysis 

Peak smoothing, background subtraction and peak centroiding for triple quadrupole MS data 

were carried out using a custom script with Applied Biosystems analyst software. After targeted 

peaks were identified, isotopic overlaps were calculated and subtracted from peaks within each 

spectrum. For NL scans, spectra were also corrected for isotopic overlaps of head group 

fragments. Signals of targeted peaks were normalized to the signal of the corresponding internal 

standard (18:0/16:0 MGDG for negative precursor scans and di18:0 DGDG for positive NL 

scans) and reported as normalized mass spectral signal per mg of leaf dry mass, where amount of 

signal produced by 1 nmol internal standard is 1 unit of signal. 

To calculate the OPDA to 18:3 signal ratio in MGDGs and DGDGs in Arabidopsis, the ESI 

triple quadrupole MS signals were detected by scanning in negative mode for Pre 291.2 (OPDA) 

and Pre 277.2 (18:3). The sum of signals from MGDGs and DGDGs containing combinations of 

OPDA (18:4-O) with each of the five major fatty acids [16:3, 16:0, dnOPDA (16:4-O), 18:3 and 

OPDA] was divided by the sum of MGDGs and DGDGs containing combinations of 18:3 with 

each of the same five major fatty acids. To calculate the Gal-OPDA to Gal-18:3 signal ratio in 

acMGDGs, the sum of signals of Gal-OPDA acMGDGs [with each of the 35 diacylglycerol 

(DAG) combinations listed in Table S3.1], detected by scanning in positive mode for NL 453.3 

(Gal-OPDA), was divided by the sum of signals of Gal-18:3 acMGDGs (with the 35 DAGs listed 

in Table S3.1), detected by scanning in positive mode for NL 439.3 (Gal-18:3). 

Q-TOF mass spectra obtained in negative mode were mass-corrected by using, as a lock mass, 

the theoretical exact mass of the acyl anion of 18:3 fatty acid or OPDA, m/z 277.2173 or 

291.1966, respectively. Q-TOF spectra obtained in positive mode were mass-corrected by 

locking on the mass of a fragment containing the glycerol backbone attached to either 18:3 fatty 

acid or OPDA (m/z 335.2581 or 349.2373, respectively). With the locked mass correction, the 

exact masses of product ions were determined to ten thousandths of a mass unit. 
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 Results 

 Wound-induced acylation of the galactose of MGDG occurs in multiple plant species 

acMGDGs are formed by acylation of MGDG on the carbon at the 6-position of galactose (Heinz 

and Tulloch, 1969). Utilizing direct infusion ESI triple quadrupole MS, acMGDG levels can be 

measured by NL scanning in the positive mode. Figure 3.1A depicts an acMGDG molecule, 

showing formation of the NL fragment, C22H43O6N (417.3 u), by collision-induced 

dissociation. The fragment is composed of a palmitoyl chain, 16:0 (where 16 is the number of 

carbons and 0 is the number of double bond equivalents, excluding the carbonyl double bond), 

esterified to Gal. Other NL fragments used for detection of acMGDGs are listed in Table 3.1. 

Each NL scan targets an acMGDG group with a common acyl-Gal component and varied DAG 

components. The DAG components targeted in each NL scan (Table 3.1) are listed in Table 

S3.1. In contrast to the previous method used by our group to detect acMGDGs by targeting fatty 

acyl anions (Vu et al., 2012), which did not identify the position of the detected fatty acid among 

the three positions in acMGDG, the current method detects the fatty acid linked to the galactose. 

To compare amounts of acMGDGs, signals were normalized to the signal of an internal standard, 

with an amount of signal equal to that of 1 nmol of the standard equal to 1. This approach allows 

sample-to-sample comparison of signals. More detail on the acMGDGs (as defined by DAG 

species in combination with each acyl-galactose species) may be viewed in Table S3.2. 

Figure 3.1B shows that various plant species, from the monocot wheat to eudicots tomato and 

Arabidopsis, produce acMGDG in response to wounding. acMGDG is formed within 45 min 

after wounding with a hemostat. Fold increases of acMGDG in leaves 45 min after wounding 

were 3 for tomato, 18 for wheat, 20 for Arabidopsis C24 and 130 for Arabidopsis Col-0. 

In acMGDG produced in response to wounding, the fatty acyl species linked to Gal varied 

among plant species (Figure 3.2). Figure 3.2A shows that in Arabidopsis Col-0, the most 

abundant Gal-linked fatty acids were 18:4-O, which has been identified as OPDA in 

galactolipids (Stelmach et al., 2001; Buseman et al., 2006), 16:0, 18:3-2O/20:1, 18:3 and 18:3-O 

(49, 19, 11, 7 and 4%, respectively, of the total acMGDG measured). Gal-linked fatty acids 18:3-

2O and 20:1 have the same nominal mass and thus are not differentiated by this method. In 

agreement with previous analyses of Arabidopsis thaliana Col-0, three acMGDGs with the most 

abundant signals were 1-OPDA,2-dnOPDA,3-(OPDA-galactosyl) glycerol (Arabidopside E, 
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38% of total acMGDG signal), 1-OPDA,2-dnOPDA,3-(16:0-galactosyl) glycerol (14%) and 1,2-

diOPDA,3-(OPDA-galactosyl) glycerol (7%, Arabidopside G) (Table S3.2; Andersson et 

al., 2006, Ibrahim et al., 2011, Kourtchenko et al., 2007, Vu et al., 2012). In Arabidopsis C24, 

Gal linkage of unoxidized fatty acids was more prevalent: 18:3 (32% of total acMGDG signal), 

16:0 (19%), OPDA (18%), 18:2 (6%), 18:3-O (6%) and 18:3-2O/20:1 (6%) compared to Col-0 

after the same wounding treatment (Figure 3.2B). While the amount of acMGDG with OPDA 

esterified to Gal is approximately 10-fold less in Arabidopsis C24 than in Arabidopsis Col-0, the 

amount of acMGDG with 18:3 esterified to Gal was slightly higher in C24 than in Col-0. 

Similarly, MS signals from acMGDGs in wounded tomato and wheat leaves were derived 

primarily from unoxidized Gal-linked fatty acids: 16:0 (40%), 18:3 (27%) and 18:2 (15%) in 

tomato; 18:3 (73%), 16:0 (9%) and 18:2 (6%) in wheat (Figure 3.2CïD). Scanning for NL 439.3 

(18:3-containing Gal) in samples from wheat 45 min after wounding produced a massive peak at 

m/z 1052.8, whose signal accounted for 72% of the total acMGDG signal (Table S3.2). 

Accurate-mass product ion analysis of this species (acetate adduct, [M + C2H3O2]
ī
, m/z 1093.8) 

by Q-TOF MS in the negative mode (Buseman et al., 2006, Vu et al., 2012) showed that this 

largest acMGDG component of wheat contained only 18:3 acyl chains, consistent with a 

structure of 1,2-di18:3,3-(18:3-galactosyl) glycerol (Figure S3.1). Table S3.3 shows the acyl 

composition (three chains) of the major acMGDG molecular species detected in Arabidopsis 

Col-0, tomato and wheat and the supporting accurate-mass product ion analysis. 

 acMGDGs accumulate following stress, including sub-lethal freezing 

The total amounts of acMGDG formed under different stress treatments were determined using 

the NL scans indicated in Table 3.1 (Figure 3.3). As shown previously by precursor scanning for 

acyl anions, infection of Arabidopsis thaliana Col-0 with the avirulent bacteria Pst induced large 

amounts of acMGDG (Figure 3.3A; Vu et al., 2012). Wounding also induced acMGDG (Figure 

3.3B). Similarly, sub-lethal freezing induced synthesis of acMGDG (Figure 3.3C). Levels of 

acMGDG with unoxidized fatty acyl chains had not been previously determined (Vu et al., 2012; 

next section). In the experiment shown in Figure 3.3CïE, Arabidopsis Col-0 plants were cold-

acclimated at 4°C for 3 days or not acclimated (remained at the growth temperature of 21°C) 

until the freezing treatment (2 h at ī8ÁC). Plants were returned to 21°C after freezing and 

sampled 3 h or 24 h later. As indicated by measurement of ion leakage at 24 h (Figure 3.3D), 
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non-acclimated plants sustained more damage than acclimated plants (P< 0.001). Figure 3.3C 

indicates that levels of acMGDG increased during the post-freezing period in both acclimated 

and non-acclimated plants, but that the levels were always higher in non-acclimated than in 

acclimated plants. Ion leakage measurements (Figure 3.3D) indicate that the membranes of 

acclimated plants were quite permeable at 3 h into the recovery period, but less so at 24 h (P < 

0.01). In contrast, the non-acclimated plants showed greater leaf membrane damage after 24 h 

post freezing than at 3 h (P < 0.05) and much more damage at 24 h than observed in acclimated 

plants. Indeed, acclimated plants sustained visible damage to leaves, but the leaves were able to 

recover, while the damaged leaves of non-acclimated plants died, although the plant did not (see 

Figure S3.2). Levels of the phospholipid hydrolytic product phosphatidic acid (PA) are shown in 

Figure 3.3E. (Levels of other membrane lipids are shown in Table S3.4). Whereas total PA levels 

(Figure 3.3E) were closely correlated with leaf ion leakage (Figure 3.3D), the total acMGDG 

signal (Figure 3.3C) did not correlate strictly with leaf injury. Acclimated plants tended to 

accumulate acMGDG between 3 h and 24 h (P < 0.1) after freezing treatment as ion leakage 

dropped. Taken together, comparison of acMGDG signals in acclimated and non-acclimated 

plants demonstrates a link between treatment and total acMGDG accumulation, but acMGDG 

accumulated even during recovery. 

 The composition of induced acMGDGs varies among stresses 

The most abundant acMGDGs in Col-0 leaves after infection of the plants by Pst (24 h) were 

those with Gal-linked fatty acids OPDA (56%), 16:0 (17%), 18:3 (10%), 18:3-2O/20:1 (6%) and 

16:4-O (4%) (Figure 3.4A). The acMGDG composition, with a prevalence of OPDA and 16:0 on 

Gal, was similar to that formed after wounding (Figure 3.4B). The acMGDG Gal-linked acyl 

composition was drastically different in plants 24 h after freezing. In acclimated plants (Figure 

3.4C), 18:3 (48%), 16:0 (14%), OPDA (14%), 16:3 (10%) and 18:2 (6%) were most prevalent, 

and in non-acclimated plants (Figure 3.4D), 18:3 (58%), 16:3 (13%), 16:0 (11%), 18:2 (7%) and 

OPDA (4%) were highest. Although acclimated plants accumulated approximately five-fold less 

acMGDG than non-acclimated plants, they accumulated approximately the same amount of 

OPDA-Gal acMGDG (0.48 ± 0.23 normalized MS units mg
ī1

 dry mass in acclimated plants 

compared with 0.59 ± 0.17 units in non-acclimated plants). 
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Overall, the data demonstrate that during recovery from freezing, as well as during Pst infection 

and after wounding, significant acylation of the Gal of MGDG was induced. However, in 

contrast to the composition during other stresses, after freezing, the Gal-linked acyl chains were 

mostly unoxidized. 

 The proportions of 16:3, 16:0 and 18:3 in the Gal-esterified acyl chains in acMGDGs 

resemble proportions in DGDG 

The formation of acMGDG, by a dismutation reaction when MGDG was the only substrate or by 

transacylation from DGDG when both MGDG and DGDG were present, has been demonstrated 

in in vitro experiments (Heinz, 1967b; Heinz, 1972). To define the in vivo substrate(s) for 

acMGDG formation, we considered the acyl compositions of Arabidopsis MGDG and DGDG. 

Leaf MGDG contains two major molecular species; 18:3/16:3 MGDG is present at higher levels 

than di18:3 MGDG. Leaf DGDG has three major molecular species: di18:3 DGDG > (16:0/18:3 

DGDG + 18:3/16:0 DGDG) > 18:3/16:3 DGDG. The acyl composition of MGDG has previously 

been analyzed: 59% 18:3, 33% 16:3 and only 1% 16:0, whereas the acyl composition of DGDG 

contains 77% 18:3, 3% 16:3 and 12% 16:0 (Miquel et al., 1998). Comparing the percentages of 

16:0 and 16:3 (and other acyls) esterified to the Gal of acMGDG of stressed (induced) samples to 

the percentages in MGDG and DGDG of untreated samples should shed light on the origin(s) of 

the acyl groups (Figure 3.5). The fatty acid compositions of MGDG and DGDG used in the 

current analysis were estimated from the percentage of each MGDG and DGDG molecular 

species determined by head-group scanning of untreated samples, with assignment of molecular 

species based on previous product ion analysis (Devaiah et al., 2006). Detailed estimation is 

shown in Table S3.5. The percentages of each fatty acid in MGDG and DGDG determined in 

this way on the untreated samples were in close agreement with the previously published data 

(Miquel et al., 1998). When acMGDG formation is induced by stresses in Col-0, fatty acid 

oxidation also occurs at various levels. Hence, for comparison of normal and head group-

acylated galactolipid compositions, the contents of unoxidized fatty acids and their oxidized 

derivatives were summed: i.e. 16:3 and its major oxidized derivative, 16:4-O, were combined; 

similarly, 18:3, 18:4-O, 18:3-O and 18:3-2O were combined, as were 18:2 and 18:2-2O. The 

composition of the fatty acids linked to Gal in acMGDG during stress responses, reveals that the 

percentage of 16:0, ranging from 11 to 19%, is similar to the percentage in DGDG (11%) and 
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much higher than in MGDG (0.1%, Figure 3.5). While it is possible that under certain 

circumstances, some fatty acyl chains used to esterify Gal might come from MGDG, as 

suggested by the somewhat higher percentage of 16:3 and 16:4-O incorporated on the Gal of 

acMGDG following freezing stress (Figure 3.5EïF), the data are consistent with DGDG as the 

major source of the Gal-esterified fatty acids in acMGDG formed in vivo. 

 

 The oxidized fatty acyl chain OPDA is enriched on the Gal of acMGDG 

To determine relative amounts of OPDA and 18:3 in MGDG, DGDG and acMGDG, ratios of 

MS signals for OPDA and 18:3 in MGDG and DGDG were measured using ESI triple 

quadrupole MS precursor scanning in negative mode, while ratios of MS signals for OPDA and 

18:3 on the Gal of acMGDG were measured using NL scanning in positive mode. Levels of 

MGDG and DGDG detected by negative precursor scans for 18:4-O (includes OPDA), 18:3-O 

and 18:2-O are shown in Table S3.6. The ratios of OPDA to 18:3 signals under different 

treatments are shown in Table 3.2. Pst infection and wounding of Col-0 significantly increased 

the OPDA level in MGDG and DGDG (P < 0.001) and the OPDA/18:3 signal ratio in MGDG 

and DGDG (P < 0.05). However, the OPDA/18:3 signal ratio was several orders of magnitude 

higher on the Gal of acMGDG than in MGDG and DGDG under both induced and non-induced 

conditions. Although neither acclimated nor non-acclimated plants accumulated much OPDA in 

galactolipids after freezing treatment, the OPDA/18:3 signal ratio from the acyl chains on the 

Gal of acMGDG was significantly greater than the OPDA/18:3 signal ratio from the acyl chains 

esterified to the glycerols of MGDG and DGDG. Interestingly, OPDA enrichment on the Gal of 

induced acMGDG in cold-acclimated Col-0 plants is greater than in non-acclimated Col-0 

recovering from sub-lethal freezing (Table 3.2). Taken together, the data in Table 3.2 indicate 

that the enrichment of OPDA on the Gal of acMGDG is roughly correlated with the availability 

of OPDA in MGDG and DGDG, and OPDA is concentrated in the pool of fatty acids linked to 

the Gal of acMGDG. 
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 Oxidized acMGDG induction is enhanced by re-wounding 

Although the existence of acMGDG has long been known, its physiological roles are still largely 

unclear. The fully oxidized acMGDGs Arabidopside E and Arabidopside G have been 

demonstrated to have anti-fungal and anti-bacterial activities in vitro (Andersson et al., 2006; 

Kourtchenko et al., 2007). One hypothesis about acMGDG function is that oxidized fatty acid-

containing complex lipids may serve as reservoirs for precursors of oxylipin-derived 

phytohormones such as jasmonic acid (JA). In order to test this hypothesis, we wounded Col-0 

leaves twice at the same place, with the second wound occurring either 24 or 48 h after the first. 

Leaves were harvested for lipid extraction at 0 min, 5 min, 15 min, 45 min, 4 h, 24 h and 48 h 

following each wounding event. Harvested leaves were extracted and analyzed for both complex 

lipids and the free phytohormones JA and OPDA. There was no enhancement by re-wounding in 

levels of induced total free JA and total free OPDA (Figure S3.3), indicating that the 

accumulation of pools of esterified oxylipins did not trigger a significantly faster or stronger 

response in levels of free JA or OPDA upon re-wounding. 

Figure 3.6 shows levels of plastidic complex lipids MGDG, DGDG and acMGDG. Whereas free 

oxylipin content was not significantly higher upon re-wounding, signals from oxidized MGDG 

and DGDG (Figure 3.6AïC) were clearly increased by a second wounding to levels higher than 

by a single wounding. The second wounding did not induce major and sustained increases in 

signals from unoxidized acMGDG (Figure 3.6DïF). In contrast, the levels of oxidized 

acMGDGs (Figure 3.6GïH) were much higher during re-wounding and remained higher than the 

levels induced by the first wounding for up to 48 h after re-wounding. 

 

 Discussion 

The present work demonstrates that acMGDGs are formed in planta across species (Figure 

3.1B). Prior work established that wounding and bacterial infection induce acMGDG production 

in Arabidopsis (Andersson et al., 2006; Kourtchenko et al., 2007; Vu et al., 2012). 

Homogenization was also reported to induce MGDG acylation in spinach and broad bean leaves 

(Heinz 1967a, Heinz 1972). Here, we demonstrated that acMGDG is also formed in tomato and 

wheat in response to wounding, suggesting that Gal acylation of MGDG is a conserved response 
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to stress in plants. We also demonstrate that sub-lethal freezing induces acMGDG synthesis in 

the post-freezing period (Figure 3.3C). This was not observed in our previous study, which 

focused only on oxidized acMGDG and analyzed lipid levels only to the end of the freezing 

period (Vu et al., 2012). 

 

The acyl composition of the acyl-Gal in acMGDG differs in different circumstances. Factors that 

affect the composition include the plant species, the applied stress, and, likely, other factors that 

affect the composition of the galactolipid pool. In general the data support the notion that in vivo 

formation of acMGDG occurs via transacylation from DGDG, as demonstrated previously for in 

vitro formation (Heinz, 1967b; Heinz, 1972). Species and accessions with more oxidized lipids 

in the galactolipid pool (Col-0 > C24 > other species) have more oxidized lipids in acMGDG. 

Stresses that induce more lipid oxidation (bacterial infection and wounding) vs those that induce 

less (freezing) also result in production of acMGDG with more oxidized molecular species. 

Wound-induced acMGDGs containing Gal-linked OPDA (Arabidopsides E and G) were not 

detected in Brassica napus, Nicotiana tabacum, Pisum sativum, Spinacia oleracea, Avena sativa 

and barley (Kourtchenko et al., 2007). However, we cannot rule out the possibility that acMGDG 

is produced in these species with unoxidized fatty acids linked to Gal, similar to the observed 

reaction products in wheat. 

 

At the same time, the composition of the acyl-Gal in Arabidopsis acMGDG was determined to 

be more oxidized than the galactolipid acyl pool as a whole. Ibrahim et al. (2011) reported that 

the ratio of unoxidized acMGDG to oxidized acMGDG in Col-0 leaves harvested 30 min after 

wounding (regardless of the positions of oxidized fatty acids on acMGDGs) is 0.6; the detection 

of such a high level of oxidation agrees with our data showing that oxidized fatty acids are 

enriched in acMGDG. Two possible explanations for the enrichment of OPDA on the Gal of 

acMGDG are: (1) that an acyltransferase preferentially acylates Gal with an oxidized fatty acid 

compared to an unoxidized one or (2) that an oxidizing enzyme, such as a lipoxygenase, can act 

efficiently and directly on an unoxidized fatty acid bound to Gal. The data suggest that, as 

previously demonstrated in vitro, DGDG in particular is likely to be the source of acyl chains for 

MGDG acylation to acMGDG in vivo. To date, no protein or gene directly responsible for 

acylation of acMGDG has been identified. The oxidized MGDGs and DGDGs, such as 
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Arabidopsides A, B and D (OPDA/dnOPDA MGDG, diOPDA MGDG and diOPDA DGDG, 

respectively, Figure 3.6AïC) are among the most rapidly formed compounds during stress 

responses, and the production of acMGDG always lags behind the production of these potential 

substrate species. This might support the idea of preferential acylation with oxidized fatty acids. 

On the other hand, Nilsson et al. (2012) presented data suggesting that oxidizing enzymes can 

directly catalyze oxidation of membrane bound fatty acids. Interaction between a soluble 

lipoxygenase and a Gal-linked acyl chain might be even more likely. If an oxidizing enzyme 

could preferentially interact with head group-linked fatty acyl chains, this would support the 

second possibility. 

 

One potential function for acMGDGs might be as a reservoir for signaling compounds. Another 

possibility is that acMGDGs are just signs of damage. The current work did not provide support 

for either of those possibilities. JA and OPDA production was not directly correlated with 

acMGDG levels, nor was leaf damage linked with acMGDG levels in the recovery period after 

freezing. An alternative notion is that the acMGDG pool serves to sequester potentially harmful 

fatty acids from the main membrane lipid pool. Two examples of accumulation of acMGDG 

during stress responses support this idea. In the period after freezing, cold-acclimated plants 

accumulated acMGDG as the leaves recovered and ion leakage decreased (Figure 3.3). This 

acMGDG in acclimated leaves was enriched in oxidized fatty acid more than the acMGDG 

accumulated in non-acclimated leaves which do not recover from freezing damage. The second 

example is accumulation of acMGDG during re-wounding (Figure 3.6). In this case, upon 

rewounding, levels of acMGDG with oxidized fatty acids linked to Gal appeared to increase 

more and to stay increased longer than other galactolipid derivatives. These examples imply that 

acMGDG species are relatively long-lived and may persist and increase as recovery from stress 

occurs. 
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 Figures and Tables 

Figure 3.1 acMGDG structure and occurrence upon wounding.  

A) Structure of a representative acMGDG molecule, 1-18:4-O,2-16:4-O,3-(16:0-

galactosyl)glycerol and the fragmentation that gives rise to the NL fragment by collision induced 

dissociation. A proton moves from right to left during fragmentation. B) Total acMGDG induced 

by wounding, measured by the 11 NL scans indicated in Table 3.1, in Arabidopsis Col-0 and 

C24, tomato, and wheat leaves. Units are in relation to amount of signal detected for 1 nmol of 

internal standard (di18:0 DGDG), which is denoted as 1. Error bars are standard deviation, n = 5. 

The numbers above the bars of wounded samples show the fold induction compared to 

corresponding unwounded samples.  
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Figure 3.2 Levels of acMGDG (grouped by fatty acyl moiety on the Gal) in leaves of 

Arabidopsis Col-0 (A) and C24 (B), tomato (C), and wheat (D) 45 min after wounding. 

The y axes have different scales. Error bars are standard deviation, n = 5. The numbers above the 

bars show the percentage of the corresponding acMGDG group over the sum of the 11 measured 

acMGDG groups.  
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Figure 3.3 acMGDG forms in leaves of Arabidopsis Col-0 after application of different 

stresses, and its occurrence during freezing is not directly associated with cell membrane 

ion leakage.  

Panels A, B, and C: acMGDG induced by Pst infection, wounding, and freezing. The y axes have 

different scales. Panel C shares an x-axis with Panels D and E. Panel D: Relative ion leakage (%) 

of acclimated and non-acclimated Arabidopsis Col-0 leaves at 3 h and 24 h after freezing 

treatment. Panel E: Level of total phosphatidic acid as measured by MS in acclimated and non-

acclimated Arabidopsis Col-0 leaves at 3 h and 24 h after freezing treatment. Error bars are 

standard deviation; panels A and B: n = 5; panels C, D, and E: n = 6. 
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Figure 3.4 Levels of acMGDG (grouped by fatty acyl moiety on the Gal) in leaves of 

Arabidopsis Col-0 after application of different stresses.  

Panel A: acMGDG at 24 h post Pst infection, n = 5; panel B: acMGDG at 45 min post wounding, 

n = 5; panel C: acMGDG of cold acclimated Col-0 plants at 24 h post freezing, n= 6; panel D: 

acMGDG of non-acclimated Col-0 plants at 24 h post freezing, n = 6. Y axes have different 

scales. Error bars are standard deviation. The numbers above the bars show the percentage of the 

corresponding acMGDG group over the sum of the 11 measured acMGDG groups. 
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Figure 3.5 Comparison of fatty acyl composition.  

Fatty acyl composition (%) of MGDG (A) and DGDG (B) in untreated leaves and fatty acid 

composition of acyl-Gal in acMGDG of Col-0 plants at 24 h post Pst infection (C), n = 5; and at 

45 min post wounding (D), n = 5; of cold acclimated (E) and of non-acclimated (F) Col-0 plants 

at 24 h post freezing, n = 6. 
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Figure 3.6 Levels of oxidized MGDG, DGDG, and acMGDG, measured by Pre 277.2 (18:3) 

and Pre 291.2 (18:4-O) using direct infusion ESI triple quadrupole MS in negative mode. 

Levels of lipids were measured at various time points after wounding was performed at 0 h 

(squares). Data denoted by circles show levels of lipids after a second wounding at the 24 h time 

point of the first wounding, and data denoted by triangles show levels of lipids after a second 

wounding at the 48 h time point of the first wounding. The x-axis indicates time (h) starting from 

the only wounding event (squares) or final wounding event (circles and triangles). Y axes are 

mass spectral signal for the indicated compound, where 1 is the amount of signal detected for 1 

nmol of internal standard (18:0/16:0 MGDG), The y axes have different scales. Error bars are 

standard deviation, n = 5. 
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Table 3.1 NL fragments used to detect acMGDGs by ESI triple quadrupole MS in positive 

mode 

m/z of NL fragment Fatty acyl chain Chemical formula of NL fragment 

411.3 16:3 C22H37O6N 

417.3 16:0 C22H43O6N 

425.3 16:4-O C22H35O7N 

439.3 18:3 C24H41O6N 

441.3 18:2 C24H43O6N 

443.3 18:1, 16:3-2O C24H45O6N, C22H37O7N 

445.3 18:0 C24H47O6N 

453.3 18:4-O C24H39O7N 

455.3 18:3-O C24H41O7N 

471.3 18:3-2O, 20:1 C24H41O8N, C26H49O6N 

473.3 18:2-2O, 20:0 C24H43O8N, C26H51O6N 
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Table 3.2 Ratio of signals from OPDA/18:3 in galactolipids of Arabidopsis thaliana. 

Total OPDA-containing MGDG and DGDG (normalized mass spectral signal unit per dry leaf 

mass), measured by scanning Pre 291.2 in negative mode (complete data in Table S3.6), are 

shown in the second column. Col-0 was subjected to Pst infection (ñPst, 24 hò, n = 5), freezing 

and post-freezing at 21 °C with or without prior cold acclimation (ñacclimated, 24 hò or ñnon-

acclimated, 24 hò, n = 6), and wounding (ñwounded, 45 minò, n = 5). C24 was also wounded and 

sampled after 45 min (ñwounded, 45 minò, n = 5). The third through fifth columns indicate the 

ratio of signals derived from OPDA to signals derived from 18:3 in acyl chains of MGDG, acyl 

chains of DGDG, or from the acyl chain on the Gal of acMGDG. Errors are standard deviation. 

 

Treatment OPDA-

containing 

MGDG and 

DGDG 

(intensity mg
-1

) 

Ratio of OPDA/18:3 signals 

 in MGDG  in DGDG on Gal of 

acMGDG 

Col-0, untreated 0.02 ± 0.01 0.0005 ± 0.0002 0.0049 ± 0.0005 5.39 ± 3.50 

Col-0, Pst, 24 h 0.81 ± 0.15 0.022 ± 0.006 0.041 ± 0.010 5.82 ± 1.95 

Col-0, acclimated, 24 h 0.013 ± 0.013 0.0006 ± 0.0010 0.0008 ± 0.0006 0.51 ± 0.36 

Col-0, non-acclimated, 

24 h 
0.017 ± 0.009 0.0092 ± 0.0080 0.0080 ± 0.0070 0.063 ± 0.017 

Col-0, wounded, 45 min 1.26 ± 0.23 0.0085 ± 0.0053 0.022 ± 0.011 24.1 ± 6.5 

C24, untreated 0.17 ± 0.07 0.0004 ± 0.0003 0.0027 ± 0.0026 0.39 ± 0.21 

C24, wounded, 45 min 0.26 ± 0.13 0.0013 ± 0.0007 0.0058 ± 0.0018 0.56 ± 0.07 
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 Supplemental Data 

Supplemental data for this chapter include: 

Figure S3.1 Tentative structure of 18:3/18:3/18:3 acMGDG detected in wounded wheat leaves 

Figure S3.2 Acclimated and non-acclimated Arabidopsis thaliana Col-0 after freezing at -8 °C 

for 2 h 

Figure S3.3 Total free OPDA and JA after wounding and re-wounding of Col-0 plants 

Tables S3.1-S3.6 are in a separate Excel file 

Table S3.1 DAG fragments of acMGDG determined during NL scanning by ESI triple 

quadrupole mass spectrometry in positive mode using scan modes listed in Table 3.1 

Table S3.2 Levels of acMGDG detected by NL scans of individual replicates (in normalized 

mass spectral signal unit mg-1 leaf dry mass) 

Table S3.3 Accurate masses of acyl groups of acMGDG from wounded Col-0, tomato and wheat 

provided by Q-TOF mass spectrometry in negative mode 

Table S3.4 Levels of normal chain phospholipids and galactolipids detected by triple quadrupole 

mass spectrometry (in nmol mg-1 leaf dry mass), performed as described in Xiao et al. (2010, 

supplemental data) 

Table S3.5 Estimation of fatty acid composition in MGDG and DGDG 

Table S3.6 Levels of 18:4-O- and 18:3-O-containing MGDG, DGDG, and phosphatidylglycerol 

(PG) detected by Pre scans of 291.2, 293.2 and 295.2 in negative mode, as described by Vu et al. 

(2012) 
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Figure S3.1 Tentative structure of 18:3/18:3/18:3 acMGDG detected in wounded wheat 

leaves.  
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Figure S3.2 Acclimated and non-acclimated Arabidopsis thaliana Col-0 after freezing at -8 

°C for 2 h. Numbers on the left indicate time (h) at 21 °C after freezing treatment. 
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Figure S3.3 Total free OPDA and JA after wounding and re-wounding of Col-0 plants. A: 

total free OPDA, B: total free JA in ng/mg of leaf fresh weight. Total OPDA is sum of cis- and 

trans-OPDA. Total JA is sum of cis- and trans-JA.  
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Chapter 4 - Lipid changes after leaf wounding in Arabidopsis 

thaliana: Expanded lipidomic data form the basis for lipid co-

occurrence analysis 

 Abstract 

A direct-infusion electrospray ionization triple quadrupole mass spectrometry method with 

multiple reaction monitoring (MRM) was employed to measure 272 lipid analytes extracted from 

leaves of Arabidopsis thaliana subjected to mechanical wounding.  The lipid classes analyzed 

comprised galactolipids and phospholipids (including monoacyl molecular species, molecular 

species with oxidized acyl chains, phosphatidic acids (PAs), tri-and tetra-

galactosyldiacylglycerols (TrGDGs and TeGDGs), head-group-acylated galactolipids,  and head-

group-acylated phosphatidylglycerol (acPG), sulfoquinovosyldiacylglycerols (SQDGs), 

sphingolipids, di- and tri-acylglycerols (DAGs and TAGs), and sterol derivatives.  Of the 272 

lipid analytes, 256 changed significantly in response to wounding.  In general, levels of structural 

lipids decreased, whereas monoacyl molecular species, galactolipids and phosphatidylglycerols 

(PGs) with oxidized fatty acyl chains, PAs, TrGDGs, TeGDGs, TAGs, head-group-acylated 

galactolipids, acPG, and some sterol derivatives increased, many transiently.  The observed 

changes are consistent with activation of lipid oxidizing, hydrolyzing, glycosylating, and 

acylating activities in the wounding response.  Correlation analysis of the levels of lipid analytes 

across individual control and treated plants was used to construct a lipid dendrogram and to 

define clusters and sub-clusters of lipid analytes, each composed of a group of lipids which 

occurred in a coordinated manner.  Current knowledge of metabolism supports the notion that 

observed sub-clusters comprise lipids generated by parallel metabolism or formed from sub-

cluster members by a non-rate-limiting process.   This work demonstrates that co-occurrence 

analysis, based on correlation of lipid levels among plants, is a powerful approach to defining 

lipids generated in vivo by identical or inter-twined enzymatic pathways. 
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 Introduction  

As lipid biochemists have long known, and computational biologists have recently confirmed, 

lipid metabolism contains more than its share of reactions catalyzed by enzymes with broad 

substrate selectivity, i.e., those that act on more than one substrate and produce multiple products 

(Carbonell et al., 2011). Indeed, knock-out or suppression of single genes has indicated that, 

during stress responses in plants, individual lipid-metabolizing enzymes act on multiple 

substrates and produce multiple products (e.g., Welti et al., 2002; Peters et al., 2010).  On the 

other hand, application of stress to a plant activates multiple metabolic pathways. In lipid 

metabolism, wounding stress causes phospholipase D activation, phospholipase A activation, 

oxidation of fatty acids on galactolipids, and head-group acylation of 

monogalactosyldiacylglycerols (Narváez-Vásquez et al., 1999; Zien et al., 2001; Ryu et al., 

2004; Buseman et al., 2006; Vu et al., 2014).  Steuer et al. (2003) observed that individual plants 

under the same treatment show small biological variations in the rate and extent of activation of 

various metabolic pathways.  Taken together, current knowledge suggests that (1) when a stress 

is applied, plant lipid composition will change due to activation of an array of enzymes, (2) 

under each treatment condition, individual plants will vary slightly in lipid composition, due to 

varied responses of individual pathways, and, (3) in most cases, activation of a pathway will 

result in simultaneous change in members of a group of lipids that represent substrates or 

products of the activated pathway. 

 

Lipidomic analysis can be employed to reveal the levels of plant lipid molecular species.  In the 

current work we have developed a direct-infusion electrospray ionization (ESI) triple-quadrupole 

mass spectrometry (MS) method to analyze a wide array of lipid species, with a focus on ability 

to analyze compositional patterns of lipids among individual plants and during stress.  This 

approach provides good sensitivity and precision. 

 

We predicted that lipid intermediates or products produced by the same enzyme(s) or pathway 

would co-occur when their metabolic pathway is activated and/or repressed in individual plants. 

Using tools developed for metabolomics and drawing on recent thinking about the use of 

metabolite level correlations to further understanding of metabolism (Camacho et al., 2005; Xia 

et al., 2009 and 2012; Toubiana et al., 2013), lipidomic data were analyzed to reveal lipid groups 
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defined by co-occurrence through stresses and among individual plants. The relationships 

between the revealed co-occurring groups and known plant lipid metabolism were examined. 

 

 Results 

 Plant wounding 

To test the hypothesis described in the Introduction, we conducted a leaf-wounding experiment.  

Wild-type Arabidopsis (accession Columbia-0) plants were wounded with a hemostat by 

crimping twice across the mid-vein of three leaves.  Wounded leaves were harvested 45 min and 

6 h after wounding as were the leaves in the same position on unwounded control plants (n = 31 

for each treatment group).  Wounding at this level produces ion leakage (Figure S4.1) and an 

increase in expression of genes encoding enzymes involved in production of oxidized fatty acids 

(ALLENE OXIDE SYNTHASE (AOS) and LIPOXYGENASE2 (LOX2); Figure S4.2a and b), but 

the leaves undergo recovery, as indicated by reduced ion leakage at 24 h (Figure S4.1).  Some 

crimped leaf areas appear to heal, while marks remain visible in other areas at 24 h (Figure S4.3). 

All leaves remain green, and improvement in appearance is apparent within 24 h after wounding 

(Figure S4.3). 

 

 Extraction of leaves 

Because our goal is to apply lipidomics in a high-throughput manner and because extraction can 

be a time-consuming part of lipid analysis, a streamlined extraction method was developed.  

After quenching of potential phospholipase D activity by immersion of leaves harvested 45 min 

after wounding in hot isopropanol for 15 min, a polar solvent mixture was added.  After shaking 

for 24 h and removing the leaves, the extract was subjected to mass spectral analysis.  

Comparison with a modified Bligh-Dyer method (Bligh and Dyer, 1959; Welti et al., 2002) and a 

Bligh-Dyer type extraction, followed by additional extraction targeted at sphingolipids (Toledo 

et al., 1995; Markham et al., 2006), showed that the three methods each extracted similar 

amounts of lipid and there was only minor variation in the composition of lipids extracted by the 

three methods (Table 4.1 and full data set in Table S4.1). 
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 MS analysis of lipids 

To analyze stress-induced Arabidopsis leaf lipids, a direct-infusion ESI triple quadrupole MS 

method with MRM was developed.  Each lipid analyte is defined by its mode of analysis 

(positive or negative), its intact ion mass/change (m/z), and a fragment m/z; an arbitrary ñlipid 

numberò corresponds to the set of parameters used in the analysis.  Each analyte has been 

annotated, based on available information; information supporting annotations (accurate mass 

and LC-MS data indicating the presence of the annotated lipids in Arabidopsis thaliana tissues) is 

compiled in Table S4.2.  Supporting quadrupole time-of-flight (QTOF) MS data not previously 

published are provided in Table S4.3. Abbreviations used in lipid annotations are summarized in 

Table 4.2, and examples of possible structures for oxidized fatty acid chains are provided in 

Table S4.4. MS settings for each analyte are also listed in Table S4.2.  Some analytes have 

multiple annotations because a triple quadrupole MS, in direct infusion mode, is unable to 

differentiate compounds and fragments with the same nominal m/zs.  Available data provide 

confidence that the vast majority of the annotations are correct, i.e., the annotation(s) indicates 

the major lipid(s) detected by the stated MS settings.   

 

Infusion profiles of representative lipid analytes showed that the detected intensity varied 

somewhat as a function of infusion time (Figure S4.4).  Some analytes, particularly negatively 

charged lipids including PA and phosphatidylserine (PS), were relatively retained in the loop 

and/or tubing, but elution of all analytes was essentially complete within 15 min of the start of 

infusion.  To avoid variation in analyte levels due to uneven infusion, the MRM transition 

intensity for each analyte was acquired repeatedly throughout the entire infusion period and the 

intensities were averaged.  Separate infusions were made for acquisition in the negative and 

positive modes, because initial experiments indicated that it took several seconds after mode 

switching for the intensity to stabilize.  Infusion of a single plant extract took 35 min: a 15 min 

infusion in positive mode with 2.5 min of washing, followed by a 15 min infusion in negative 

mode with 2.5 min of washing.  

 

Intensities were normalized to internal standards analyzed by the same method as the lipid 

analytes.  Instrumental parameters for the internal standards are indicated in Table S4.5, and 

Table S4.2 indicates the internal standard(s) used for normalization of each analyte.  Background 
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values for each lipid analyte were calculated in samples of the internal standards alone and 

subtracted from values in samples containing plant lipids.  

 

The goal of the quantification was to compare levels of each lipid analyte in various plant 

samples, rather than to compare various lipid levels with each other.   Absolute analyte levels are 

unreliable due to the limited number of internal standards and the variations in instrumental 

parameters among analytes and internal standards.  In many cases, analyte intensities were 

normalized to intensities of standards of substantially different structure.  To assure consistent 

data for each analyte throughout long periods of mass spectral data collection, an adaptation of 

the ñquality controlò approach suggested by Dunn et al. (2011) was employed. Representative 

samples from all treatments were pooled. The pooled sample, called the quality control (QC) 

sample, was analyzed recurrently among the experimental samples (Table S4.6). The QC analyte 

intensities were used to normalize the intensities in the experimental samples, as described in 

Experimental Procedures.  Data for the lipid analytes are presented as (1) normalized intensity 

per mg of leaf dry mass, where a value of 1 corresponds to the same amount of intensity as 

derived from 1 pmol of internal standard(s) and (2) autoscaled values, produced by dividing the 

difference between an intensity and the mean intensity of the 93 samples by the standard 

deviation of the intensity of the 93 samples (Xia et al., 2009; 2012). The autoscaled values allow 

easy comparison of lipid levels across various samples, because all analytes can be plotted on 

similar scales, but do not provide information about the absolute lipid levels. 

 

In total, the intensities of 377 MRM transitions were quantified and measurements of 272 of 

these lipid analytes are described here.  Of these, 268 represent unique analytes, whereas four 

represent the same lipid measured with different instrument parameters.  Each lipid analyte 

described in this work met the following criteria: (1) the background MRM intensity (in the 

internal standard-only samples) was less than 40% of the average intensity of the QC samples; 

and (2) the coefficient of variation, i.e., the standard deviation divided by the mean of the level 

of the analyte in the (identical) QC samples, was less than 20%.  Coefficients of variation for 

individual analytes are shown in Table S4.2. 
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 Variations in lipid analytes among individual plants and in response to wounding 

treatment 

The full set of data for lipid analyte levels in normalized intensity per mg of leaf dry mass and as 

autoscaled values is provided in Tables S4.6 and S4.7.  Original and autoscaled data of each lipid 

analyte are plotted as a function of wounding treatment (Figure S4.5). Of the 268 unique lipid 

analytes, 256 were significantly different in at least one of the three pairwise comparisons by 

ANOVA (p < 0.01) (Table 4.3 and Table S4.9).  Tukeyôs post-hoc test indicates that 143 lipids 

were significantly different in all three pairwise comparisons and 74 lipids in comparisons 

between both ñWounded; 45 minò versus ñUnwoundedò and ñWounded; 6 hò versus 

ñUnwoundedò (Table 4.3).  

 

The autoscaled lipid levels of individual samples are displayed as a heat map in Figure 1, and the 

levels of 10 lipid analytes as a function of autoscaled levels are shown in Figure 4.2.  The data in 

Figures 4.1 and 4.2 both show that variation in lipid levels was observed in samples subjected to 

the same treatment, in most cases, as well as among treatments.  To test the hypothesis that 

variation in lipid levels is due to increased or decreased activities of specific lipid pathways in 

individual plants and that analysis of the lipidomic data can reveal groups of lipids defined by 

lipid co-occurrence, correlations in the levels of the lipid analytes were determined.  Spearmanôs 

correlation coefficient, ɟ, was calculated for each lipid analyte with each other lipid analyte 

across all 93 lipid samples, including 31 samples subjected to each treatment (unwounded, 

wounded and harvested after 45 min, and wounded and harvested after 6 h) (Table S4.10).  

Spearmanôs correlation coefficient can range from -1 (perfect negative correlation) to 1 (perfect 

positive correlation) with 0 indicating no correlation.  

 

Levels of every lipid analyte were positively correlated with the levels of at least one other lipid 

analyte.  Of the 268 unique analytes, 264 were correlated with another lipid with a ɟ > 0.60.  By 

matching each lipid analyte with the one to which it was most highly correlated, a dendrogram 

was constructed (Figure 4.3).  The dendrogram includes seven clusters of lipids, labeled A-G, 

corresponding to groups in which every lipid is correlated with another lipid with ɟ > 0.80.  Two 

of the clusters, A and C, are large, and contain 60 and 146 lipid analytes, respectively.  

Comparison of various correlation ñcutoffsò in light of understanding of metabolism (described 
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in the Discussion) indicated that, within these clusters, lipids that were likely to be metabolically 

related were those with the highest correlation values, i.e., ɟ > 0.96.  There are 6 sub-clusters 

(A1-A6) in A with lipids with ɟ > 0.96.  Within C, there are 12 such sub-clusters (C1-C12).   

 

Cluster A contains structural (i.e., membrane) lipids that are decreased as a function of wounding 

treatment (Figures 4.2 and S4.5, Table 4.3).   These include normal chain species of DGDG, 

MGDG, GlcCer, GIPC, PC, PE, PG, and SQDG. Cluster B contains 3 PE species containing a 

normal acyl chain and 18:3-O.  These analytes exhibited no change in response to wounding at 

45 min but decreased at 6 h post-wounding.  Cluster C contains many lipids induced by 

wounding.  These include monoacyl lipids, including DGMGs, MGMGs, LPCs, and LPEs.  

Cluster C also contains head group-acylated galactolipids, acMGDG and acDGDG, as well as 

the only acPG species that was measured.  DAG, TAG, and PA species are located in Cluster C, 

as are poly-galactosylated lipids, TrGDG and TeGDG.  A large portion of the galactolipid 

analytes (acDGDG, acMGDG, DGDG, DGMG, MGDG, and MGMG) in Cluster C contains 

oxidized fatty acyl chains, whereas only 5 phospholipids with oxidized fatty acyl chains, i.e., 

PC(16:0/18:3-2O), PE(18:3/18:3-2O), PG(18:3-O/16:0), PG(18:4-O/16:0), and PG(18:4-O/16:1), 

fell within Cluster C.  Cluster C contains several normal diacyl lipids that are likely to contain 

16:3.  These lipids include DAG(34:6), PA(34:6), PC(34:6), PC(32:3), and PE(32:3). Finally, 

Cluster C contains sterol glucosides and acyl sterol glucosides.  Cluster D consists of sterol esters 

that change little in response to wounding.  Cluster E contains two PCs with long acyl chains, 

PC(40:2) and PC(40:3), while Cluster F consists of 3 PEs, each with a normal-chain fatty acid 

and 18:3-3O. Cluster G is composed of PC(34:4) and PE(34:4). 

 

The most highly correlated lipid analyte groups are the 18 sub-clusters, A1-A6 and C1-C12, each 

of which contains lipids linked by ɟ > 0.96.  Examples showing the correlation of lipid analyte 

levels in these clusters are provided in Figures 4.4, 4.5 and 4.6, and Figure 4.7 presents boxplots 

of lipid levels in response to wounding for an example lipid from each of the 18 sub-clusters. 

Figure 4.4 shows autoscaled values for the lipids in sub-cluster A1 (4.4a), A4 (4.4b), and A5 

(4.4c) as a function of individual plant and treatment.  Sub-cluster A1 includes PC(32:1) and 

PE(32:1), which has been identified previously as PE(16:0/16:1) (Samarakoon et al., 2012, Table 

S4.2). Sub-cluster A4 includes PE species (PE(34:3), PE(36:5) and PE(36:6)), which previous 
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analysis has shown to contain 18:3 (Welti et al., 2002; Table S4.2).  Sub-cluster A5 consists of 

PC and PE species (PC(34:2), PE(34:2), and PE(36:4)) containing 18:2 (Welti et al., 2002; Table 

S4.2).   Lipid analytes within the same sub-cluster vary similarly across the samples and 

treatments (Figure 4.4a-c).  There is slightly lower co-occurrence when an analyte from each of 

sub-clusters A1, A4, and A5 is compared (Figure 4.4d). In addition to A1, A4, and A5, A3 is an 

additional PC-PE sub-cluster, which contains PC species with limited desaturation and which 

may contain 18:1 and/or 18:2 (Welti et al., 2002; Table S4.2). On the other hand, sub-cluster A2 

consists of the incompletely desaturated MGDG species, MGDG(34:4) and MGDG(34:5), 

whereas A6 is comprised of completely desaturated galactolipid species, DGDG(34:6), 

DGDG(36:6), and MGDG(34:6). Each sub-cluster within Cluster A thus represents either a PC + 

PE or MGDG + DGDG group of molecular species related by acyl composition. 

 

Figure 4.5a and 4.5b show sub-cluster C2 (PA(34:6), TeGDG(34:6), and TrGDG(34:6)) and sub-

cluster C9, which includes PA(34:2), PA(34:3), PA(36:2), PA(36:3), PA(36:4), PA(36:5), and 

PA(36:6).  The analytes within each of these sub-clusters are closely correlated, but these sub-

clusters are not well correlated to each other, as illustrated by comparison of levels of PA(34:6) 

from sub-cluster C2 and PA(36:6) from sub-cluster C9 (Figure 4.5c).  Figure 4.6a, 4.6b, and 4.6c 

depict the changes in sterol glucosides and acyl sterol glucosides of sub-clusters C5, C7, and C8.  

Again, these show a higher level of in-sub-cluster lipid co-occurence compared with inter-sub-

cluster co-occurence (Figure 4.6d).  

 

Overall, sub-clusters in Cluster C are diverse.  In addition to previously mentioned sub-clusters, 

there is a sub-cluster (C4) composed of all four TAG species determined, a sub-cluster of 

Arabidopsides A and B (MGDG(18:4-O/16:4-O) and MGDG(18:4-O/18:4-O); C6), and 5 sub-

clusters containing acDGDG/acMGDG.  The five acDGDG/acMGDG sub-clusters (C1, C3, C10, 

C11, and C12) fall into two groups.  Sub-clusters C1 and C3 are moderately related with the 

highest inter-sub-cluster ɟ, ɟ(C1,C3), equal to 0.91 and sub-clusters C10, C11, and C12 are 

closely related with the highest ɟs among all 3 sub-clusters falling just short of 0.96.  On the 

other hand, the highest ɟ between any lipid in sub-clusters C1 or C3 with one in C10, C11, or 

C12 is 0.77. There is some potential ambiguity in annotation of the acylated galactolipid sub-

clusters, which makes it difficult to fully interpret the sub-clustering.    (Note that only one 
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annotation per lipid is shown in the dendrogram, but complete annotations including alternative 

interpretations are shown in Tables 4.3 and S4.2)  Still, sub-cluster C3 contains some clearly 

normal-chain acyl species, whereas sub-clusters C10, C11, and C12 contain highly oxidized 

acylated galactolipids.  Figure 4.7g, i, p, q, and r show examples of the patterns of lipid changes 

during the wounding response for a lipid from each of the 5 acylated galactolipid sub-clusters. 

The levels of lipids in sub-clusters C1 and C3 continued to rise between 45 min and 6 h post-

wounding, while the levels of acylated galactolipids in sub-clusters C10, C11, and C12 were 

reduced at 6 h compared to 45 min post-wounding. 

 

 Discussion 

Lipids are modular, with many different molecular species containing the same component acyl 

chain or head group.  This modularity goes hand-in-hand with the promiscuity of lipid-

metabolizing enzymes, many of which act on multiple, related substrates.  Here, we show that 

data support the hypothesis that correlation analysis can reveal groups of lipids acted on by the 

same enzyme(s), using lipidomic data from control plants and plants subjected to wounding. By 

metabolic control analysis and computer simulation, Camacho et al. (2005) found that many 

cases of high correlations in the levels of different metabolites among profiles of biological 

replicate samples are due to control of the metabolite levels by a single enzyme.  Based on 

current knowledge of lipid metabolism, we infer that the highly correlated sub-clusters detected 

here by correlation analysis (ɟ > 0.96) may (1) consist of substrates or products of the same 

enzyme(s), (2) may include a lipid formed from a common starting material by a metabolic 

branch, and/or (3) may include a lipid formed from another member of the group by a non-rate-

limiting process.   

 

Among the sub-clusters, several are likely to be produced by parallel metabolism by the same 

enzyme.  These include the steryl glucosides in sub-cluster C5, which are likely to have been 

produced by the glycosylation of sterols by UDP-Glc:sterol glycosyltransferase(s) described by 

DeBolt et al. (2009).  Itôs probable that each of the acyl sterol glucoside sub-clusters (C7 and C8) 

was formed by parallel acylation of two sterol glucosides with the same acyl chain, although the 

acylating enzymes acting on sterol glucosides have not been identified.  Sub-cluster C9, which 
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consists of PAs with fatty acids similar to extraplastidic phospholipids, may have been derived 

largely from the activity of phospholipases D (e.g., Zien et al., 2001; Welti et al., 2002), though 

it has been suggested that diacylglycerol kinase also can contribute to PA formation in stress 

conditions (e.g., Arisz et al., 2013).   Recent data support the notion that sub-cluster C6 

(Arabidopsides A and B) may have been formed by a common enzymatic pathway acting on 

similar, but distinct, substrates.  Nilsson et al. (2012) showed that 18:4-O (oxophytodienoic acid) 

and 16:4-O (dinor-oxophytodienoic acid) are formed without release of the acyl chains from the 

galactolipid pool.  It follows that the two molecular species in sub-cluster C6 would be formed 

from the two most abundant MGDG species, MGDG(18:3/16:3) and MGDG(18:3/18:3), by 

analogous pathways involving oxidation and cyclization of the esterified fatty acyl chains. 

 

The formation of sub-cluster C2, which consists of TrGDG(34:6), TeGDG(34:6), and PA(34:6) 

likely involves the action of SENSITIVE TO FREEZING 2 (SFR2) (Moellering et al., 2010), a 

processive galactosylating enzyme that transfers a galactose from MGDGs to successively yield 

ɓ-linked DGDG, TrGDG, and TeGDG from MGDG.  The resulting DAG does not accumulate 

(Moellering et al., 2010), and while Moellering et al. (2010) provide evidence that TAG may be 

formed from it, the inclusion of PA(34:6) in the sub-cluster suggests that a DAG kinase may 

phosphorylate the DAG in a branch step.  Several molecular species of TAGs are formed in 

response to wounding (sub-cluster C4); formation of these TAGs may involve 

phospholipid:diacylglycerol acyltransferase (PDAT1) (Fan et al., 2013). TAG may serve as a 

transient buffer for leaf acyl chains present in excess (Troncoso-Ponce et al., 2013).  

Unfortunately, we did not determine the level of a TAG species containing 34:6 (i.e., 18:3/16:3), 

which could be derived from MGDG by SFR2.   

 

While all the sub-clusters within Cluster A are quite closely correlated, the components of the 

four sub-clusters containing PC and PE (A1, A3, A4, A5) and two sub-clusters of MGDG and 

DGDG (A2, A6) vary in their fatty acyl composition.  In the plastid, DGDG is formed from 

MGDG by a UDP-galactose-dependent DGDG synthase (DGDGS; Kelly and Dörmann, 2002; 

reviewed in Li-Beisson et al., 2013). Fatty acyl chains can undergo desaturation on either 

MGDG or DGDG (except that FAD5 acts only on MGDG; Kunst et al., 1989).  Sub-cluster A2 

includes MGDG species that are not fully desaturated; their co-accumulation may indicate that 
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the rate of the final desaturation of MGDG acyl chains by FAD7 and/or FAD8 varied among 

plants and limited the rate of formation of fully desaturated species. Indeed, the level of plastidic 

trienoic fatty acids is regulated in stress responses and affects the ability of plants to withstand 

stresses, including cold and bacterial infection (Kodama et al., 1994; Routaboul et al., 2000; 

Yaeno et al., 2004; Chaturvedi et al., 2008).  On the other hand, the occurrence of DGDG(34:6) 

with MGDG(34:6) in sub-cluster A6 is due to a near-constant ratio of these lipids among plants, 

suggesting that the conversion of MGDG to DGDG is not rate-limiting.  The high correlation 

coefficients between PCs and PEs with the same acyl chains in sub-clusters A1 and A5 could 

mean either that the rate of production of acyl-identical PCs and PEs is similar and/or that 

enzymes involved in PC-PE (inter)conversion, perhaps through a DAG intermediate, function 

near equilibrium, maintaining a near-constant ratio of acyl-identical PE and PC molecular 

species (found together in sub-clusters). In pea leaves, PC is labeled from acetate much more 

rapidly than PE during a 10-min time course, suggesting that PC and PE molecular species with 

the same acyl chains are unlikely to be formed initially by parallel pathways (Bates et al., 2007), 

and that it is more likely that PC species are converted to PEs during the wounding experiment.  

 

The modular nature and the typical action of lipid-metabolizing enzymes on multiple substrates 

may make complex lipids especially amenable to co-occurrence analysis as a mechanism for 

extending our understanding of compound relationships and metabolism.  In the current analysis, 

acDGDGs, acPG, and many acMGDGs are a large group of lipids that has not been extensively 

studied.  Evidence has been presented that acMGDG is formed by the reaction MGDG + DGDG 

Ÿ acMGDG + DGMG (Heinz, 1967; Heinz, 1972; Vu et al., 2014).  The current results show 

that two groups of acMGDGs are formed with different kinetics.  acMGDGs  in sub-clusters 

C10, C11, and C12, most of which are rich in oxidized fatty acids, are formed rapidly (i.e., their 

levels are high at 45 min) and their levels drop by 6 h post-wounding (Figure 4.7p, 4.7q, 4.7r).  

Other acMGDGs (sub-clusters C1 and C3; Figure 4.7g, 4.7i), including all quantified molecular 

species unambiguously annotated as having entirely normal-chain fatty acids 

(acMGDG(16:0/34:6), acMGDG(16:3/34:6), acMGDG(18:2/34:6), acMGDG(18:3/34:6)), were 

formed more slowly, with levels considerably higher at 6 h than at 45 min.  A similar 

phenomenon was observed previously when galactolipids containing two oxidized acyl chains 

accumulated much faster in response to wounding than galactolipids with a single oxidized acyl 
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chain (Buseman et al., 2006).  Thus, the acMGDG pool reflects the diacyl species that serve as 

substrates for acMGDG formation; however, oxidized chains are concentrated in the acMGDG 

pool (Vu et al., 2014).  Still, the mechanism for the rapid rise and decline in species containing 

two oxidized chains and the identity of the acylating enzyme(s) forming the head-group-acylated 

molecular species remains unknown.  Additionally, the placement of a number of analytes that 

are not obviously structurally similar in sub-clusters C1 and C3 provides a catalyst for future 

reassessment of the tentative annotations. 

 

In the current work, we have developed an MS-based analytical approach targeting a wide range 

of lipid molecular species. The current approach has demonstrated that levels of lipids differed 

among individual Arabidopsis plants, and levels of nearly all of the lipids in wild-type plants 

changed in response to wounding, with normal-chain ñtraditionalò structural lipids decreasing 

and many other lipids increasing. The analytical precision was sufficient for a number of lipid 

species to be clustered based on co-occurrence among individual plants and across the stress 

conditions.  The levels of seventy-nine percent of the lipid analytes were correlated with ɟ > 0.80 

with at least one other analyte, placing them in a lipid cluster, and 24% of the lipids were 

correlated with ɟ > 0.96, placing them in a sub-cluster.  While lack of high correlation can be due 

to either excessive analytical variation or true lack of co-occurrence, interpretation of the lipid 

analytical results in light of knowledge of lipid metabolism demonstrates that high positive 

correlation reflects metabolic relationships.  At the current stage of plant lipidomic development, 

careful and highly replicated MS analysis can provide large amounts of information about lipid 

dynamics in plants under stress.  The current work highlights the value of co-occurrence analysis 

in defining groups of metabolically-related lipids.  Undoubtedly, application of co-occurrence 

analysis to additional lipids and to plants subjected to other perturbations will provide further 

metabolic insight. 

 

 Experimental procedures 

 Plant material, growth, and wounding treatment 

Plant material and growth are described in Method S4.1. For the wounding treatment, a hemostat 

was used to wound leaves number 5, 6, 7 and 8 of 30-day-old plants across the mid-vein, twice 
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and about 6 mm apart. Leaf numbers were determined as described by Telfer et al. (1997). 

Leaves 6, 7, and 8 were harvested 45 min or 6 h after being wounded.  For the control, leaves 6, 

7, and 8 were harvested from unwounded plants. For the extraction test, fifteen plants were 

harvested 45 min after wounding.  For the main experiment, thirty-two samples (one each from 

32 plants) were collected for each of the two wounding treatments and for control plants.  Each 

sample for lipid analysis corresponded to the three harvested leaves from one plant. In the main 

experiment, one sample in each treatment group (i.e., sample 23) was removed from the analysis 

due to technical problems; thus, n for each group is 31.  The extraction test and the main 

experiment were performed on separate sets of plants. 

 

 Lipid extraction 

In the main experiment, harvested leaves number 6, 7, and 8 were immediately dropped into 4 ml 

of isopropanol with 0.01% butylated hydroxytoluene (BHT) at 75°C in a 20-ml EPA vial with 

Teflon-lined screw-cap (Thermo Fisher Scientific, Inc., thermofisher.com).  Vials were kept at 

75°C for 15 min to deactivate lipid-hydrolyzing enzymes. Vials were cooled to room temperature 

and stored overnight at -80°C before adding 12 ml of chloroform: methanol: 300 mM 

ammonium acetate in water (30:41.5:3.5, v/v/v) and shaking at 100 rpm on an orbital shaker for 

24 h at room temperature. Extracted leaves were transferred to a new vial and dried overnight at 

105°C. The extract was stored at -80°C.  Dried extracted leaves were cooled and weighed on a 

balance with 2 µg detection limit (Mettler Toledo, mt.com). The precision and accuracy of the 

balance were previously described (Vu et al., 2012).  For the extraction test, 5 leaves harvested 

45 min after wounding were extracted as just described (Method 1), 5 leaves were extracted as 

described by Welti et al. (2002; Method 2), and 5 leaves were extracted as described by Welti et 

al. (2002), skipping the backwash steps, followed by 4 extractions with ñSolvent Hò (lower 

phase of isopropanol/hexane/water, 55:20:25, v/v/v; Toledo et al., 1995, Markham et al., 2006; 

Method 3). 

 

 Lipid profiling by ESI triple quadrupole MS 

To prepare analytical samples for mass spectrometry, from each sample, the volume 

corresponding to 0.04 mg extracted leaf dry mass was determined and that volume of sample was 
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transferred to a 2-ml amber vial, containing 20 µl of internal standard mix.  Components of the 

internal standard mix are listed in Table S4.5.  Isopropanol: chloroform: methanol: 300 mM 

ammonium acetate in water (25: 30: 41.5: 3.5, v/v/v/v) was added to make the total volume 1.4 

ml. The vial was sealed with a snap-cap with a crisscross, pre-slit septum.  

 

Quality control (QC) samples were prepared for data normalization by first pooling 300 µl of 

extract from samples 1-9 from each treatment (unwounded, wounded 45 min, and wounded 6 h) 

to make a QC stock solution. Based on the dry leaf mass of the samples used to make the 

combined extract, the concentration was calculated to be 0.40 mg (of leaf dry mass) ml-1 (8.1 ml 

total volume). To prepare working QC samples, the internal standard mixture was added and the 

stock was diluted, so that each working QC sample contained lipid extract corresponding to 0.04 

mg combined leaf dry mass, 20 µl of the internal standard mix (as used in the other samples), 

and mass spectrometry solvent (isopropanol: chloroform: methanol: 300 mM ammonium acetate 

in water, 25: 30: 41.5: 3.5, v/v/v/v) in 1.4 ml. The QC mass spectrometry samples were labeled 

ñQC1ò to ñQC39ò, stored at -80°C, and brought to room temperature 1 h before analysis. 

Analytical samples and QC samples from the main experiment were arranged in a VT 54 rack as 

shown in Table S4.6.  For the lipid extraction test, the same analytical set-up was used. 

 

Data were acquired with a Xevo TQ-S mass spectrometer (Waters Corporation, waters.com) 

equipped with an ESI source operating in direct infusion mode. Each sample was infused twice, 

once to acquire positive and once for negative multiple reaction monitoring (MRM) transitions. 

Samples were injected into a 300-µl PEEK sample loop with a 2777 autosampler (Waters 

Corporation). To make sure the loop was completely filled, the injection volume was set at 400 

µl. The sample in the loop was infused to the mass spectrometer with an Acquity pump (Waters 

Corporation) controlled by an ñinlet methodò in MassLynx (software from Waters Corporation). 

Each inlet method was 17.5 min with solvents and flow rates as follows: from 0 to 11 min, 

methanol at 0.03 ml min-1; from 11 to 15 min, methanol at 0.09 ml min-1; from 15 to 17 min, 

methanol: acetic acid (9: 1, v/v) at 0.5 ml min-1; from 17 to 17.1 min, 17.1 to 17.2 min, 17.2 to 

17.3 min, 17.3 to 17.4 min, and 17.4 to 17.5 min, methanol at 0.4, 0.3, 0.2, 0.1, and 0.03 ml min-

1, respectively. The mass spectrometer acquired data from 0 to 15 min. The positive mode and 

negative mode data acquisition methods had 13 and 7 functions, respectively. Every function 
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acquired data on lipid analytes and internal standard components in MRM mode throughout the 

15 min. Each function contained from 12 to 28 transitions which were allocated the same dwell 

time. In the positive mode, 130-131 scans (cycles) and, in the negative mode, 38 scans of each 

function were performed (Table S4.2).  Parameters for each MRM transition are listed in Table 

S4.2 for the plant lipid analytes and in Table S4.5 for the internal standards. Other mass 

spectrometry parameters are indicated Method S4.4. 

  

Samples were analyzed at the rate of 1 tray (Table S4.6) per day with a total daily analysis time 

of 22.75 h. Each day, a cleaned source cone was installed and an Xpertek 0.5-µm PEEK filter 

(P.J. Cobert Associates, Inc., cobertassociates.com) in the line between the autosampler and 

source was changed. 

 

 Data processing and calculation of normalized lipid intensities 

ñSpectrum Combineò software (a process file called SpectrumCombine_4p0p0) and a parameter 

file, custom-developed by Iggy Kass (Waters Corporation), was employed to process and export 

MassLynx data to Excel.  MRM scans were combined by averaging the scans for each MRM 

channel within each function before export.  Exported data were processed in an in-house Excel 

template in which the data from all samples (i.e., QC, ñinternal standard onlyò, and analytical 

samples) were isotopically deconvoluted.   The intensity per nmol of each internal standard in 

each sample was calculated; these values for internal standards for the same class were averaged.  

The deconvoluted data for each lipid were normalized to the internal standard(s) of the same 

lipid class (if possible) or another lipid class analyzed under similar experimental conditions (in 

cases where an appropriate internal standard was not available).  The internal standard used for 

normalization of each MRM signal is indicated in Table S4.2.    

 

Once normalized intensities were calculated, the average level of the background, as indicated by 

the average of the ñinternal standard onlyò samples from that tray, was subtracted from every 

other sample in the tray.  An adaptation of the method of Dunn et al. (2011) was used to assure 

that the data could be compared throughout extended acquisition periods.  The values for the first 

5 QC samples in each set of analytes (Table S4.6) were eliminated, due to potential instrument 
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instability when the instrument is first started after installation of a cleaned cone. To correct for 

any drift during acquisition of each trayôs data, a trend line was constructed of the intensity data 

for each lipid in the remaining 8 identical QC samples as a function of vial position number in 

the tray. Each lipid intensity in each analytical sample was multiplied by the average of that 

lipidôs level in the QC samples on that tray divided by the level of the lipid on the QC trend line 

at the sampleôs vial position. To correct for any variability across different trays (days), the 

trend-corrected value of each lipid in each sample was multiplied by the average of the QC 

values for that lipid from the entire acquisition process divided by the average of that lipidôs 

level in the QC samples on the sampleôs own tray.  After calculation of the lipid levels in each 

sample, the values were divided by the dry mass of the sample analyzed (0.04 mg). 

 

The lipid values are normalized intensity per mg leaf dry mass, where a value of 1 is the intensity 

of 1 pmol of internal standard.  Because the internal standards were not uniformly well-matched 

to the lipids analyzed (some differ in class; many differ substantially in m/z), the absolute values 

of the analytes provide only a rough guide to absolute amount of each lipid. 

 

 Statistical analysis and figure and table production 

Auto-scaling and analysis of variance (ANOVA) with Tukeyôs post hoc tests were performed 

(Table S4.9), and the heat map (Figure 4.1), correlation table (Table S4.10), and Figure S4.5 

were produced using utilities at the Metaboanalyst website (metabolanalyst.ca; Xia et al., 2009 

and 2012).  Autoscaling allows easy comparison of patterns of the levels of different lipids 

across samples.  The autoscaled value of a lipid in a sample is equal to: [(the original value of the 

lipid in the sample) ï (the average value for that lipid among all samples)] divided by (the 

standard deviation for that lipid among all samples).  Figures 4.2, 4.4, 4.5, 4.6, and 4.7 were 

produced using Origin 8.5 (OriginLab Corporation, originlab.com).  Clustering was performed 

using Cluster 3.0 (Eisen et al., 1997).  The output was imported to Dendroscope (Huson et al., 

2007; Huson and Scornavacca, 2012) to produce the dendrogram, which was modified in color. 
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 Figures and Tables 

Figure 4.1 Heatmap of autoscaled lipid levels determined by MS analysis.  

272 analytes are shown in 93 samples. Each sample represents one plant under control 

(unwounded) or wounding treatment (n = 31 for each treatment). 
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Figure 4.2 Autoscaled levels of representative lipid analytes in individual plants.  

Each sample represents one plant under control (unwounded) or wounding treatment (n = 31 for 

each treatment). Connections between points were included to make it easier to visualize the 

variations in lipid levels across samples. 
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Figure 4.3 Lipid dendrogram.  

272 lipid analytes were clustered using a single-linkage hierarchical algorithm based on 

Spearmanôs correlation coefficient, ɟ (Table S4.10). The center of the dendrogram is at ɟ = 

0.305. There is a scale break from ɟ = 0.340 to ɟ = 0.590. Eight analytes were excluded from the 

dendrogram due to their low level of correlation with other analytes (maximal ɟ < 0.6) or 

because they were repeat measurements of included lipids.  A single annotation is provided for 

each analyte; additional potential annotations are indicated in Table 4.3.  Seven clusters with ɟ > 

0.8 are indicated by letters and colors: A (blue), B (orange), C (green), D (lavender), E (aqua), F 

(pink), and G (rust).  Six sub-clusters of ɟ > 0.96 within cluster A and twelve sub-clusters of ɟ > 

0.96 within cluster C are indicated as A1-A6 and C1-C12.  The sub-cluster lines are red, and the 

lipid annotations within sub-clusters are bold. 
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Figure 4.4 Autoscaled levels of representative lipid analytes in sub-clusters A1, A4, and A5. 

 Points represent individual plants subjected to control or wounding treatment as indicated.  

Panels a, b, and c represent the three clusters, and panel d shows lipid levels for one lipid from 

each cluster.  Text or insets show Spearmanôs correlation coefficient for pairs of lipids within the 

clusters (a, b, and c) and for representative pairs of lipids in different clusters (d).  
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Figure 4.5 Autoscaled levels of representative lipid analytes in sub-clusters C2 and C9.  

 Points represent individual plants subjected to control or wounding treatment as indicated.  

Panels a and b represent the two clusters, and panel c shows lipid levels for one lipid from each 

cluster.  Text or insets show Spearmanôs correlation coefficient for pairs of lipids within the 

clusters (a and b) and for representative pairs of lipids in different clusters (c). 
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Figure 4.6 Autoscaled levels of representative lipid analytes in sub-clusters C5, C7, and C8.  

 Points represent individual plants subjected to control or wounding treatment as indicated.  

Panels a, b, and c represent the three clusters, and panel d shows lipid levels for one lipid from 

each cluster.  Text or insets show Spearmanôs correlation coefficient for pairs of lipids within the 

clusters (a, b, and c) and for representative pairs of lipids in different clusters (d). 
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