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Abstract

The molecular mechanisms by which plants respond to environmental stresses to sustain
growth and yield hae great importance to agriculture. Lipid metabolites are a major element of
plant stress responses. The model pfaabidopsis thalianas well-suited to study strestriven
compositional dynamics, metabolism, and functions of lipid metabolites. WhéidApsis
plants were subjected to wounding, infectiorHseudomonas syringgs tomatoDC3000
expressindAvrRpt2(PstAvr), infection byPseudomonas syringg®. maculicola(Psn), and low
temperature, and 86 oxidized and acylated lipids were analyzefdmass 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 O versus
Arabidopsis C24), and stresses (woungdbagteral infection andfreezing) showed that
acylated monogalactosyldiacylglycerol was a major and diverse lipid class that differed in acyl
composition amonglantspecies when plants were subjected to different stresses. Mass
spectrometry analysis providedigence that oxophytodienoic acid, an oxidized fatty dsid,
significantly moreconcentrate@n the galactosyl ring of monogalactosyldiacylglycerol than on
the glycerol backbone. A mass spectrometry method, measuring 272 lipid analytes with high
precisionin a relatively short time, was developed. Application of the method to plants
subjected to wounding and freezing stress in lagde experiments showed the method
produces data suitable for lipid-ocacurrence analysis, which identifies groups ofllighalytes
produced by identical or intéwined 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 patafike acyl hydrolases in rabidopsis during cold acclimation,

freezing, and thawing.
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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 pfaabidopsis thaliaais well-suited to study stresiriven
compositional dynamics, metabolism, and functions of lipid metabolites. When Arabidopsis
plants were subjected to wounding, infectiorHseudomonas syringgs tomatoDC3000
expressindAvrRpt2(PstAvr), infection by Pseudomonas syringg@®. maculicola(Psn), 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 speies (wheat versus Arabidopsis), ecotypes (Arabidopsis Columbia 0 versus
Arabidopsis C24), and stresses (woungdbagterial infectionandfreezing) showed that
acylated monogalactosyldiacylglycerol was a major and diverse lipid class that differetl in acy
composition amonglantspecies when plants were subjected to different stresses. Mass
spectrometry analysis provided evidence that oxophytodienoic acid, an oxidized fatty acid,
significantly moreconcentratedn the galactosyl ring of monogalactosgitylglycerol 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 lagke experiments showed the method
produces data suitable for lipid-ocacurrence analysis, which identifies groups of lipid analytes
produced by identical or intéwined enzymatic pathways. The mass spectrometry method and
lipid co-occurrence analysis weuntilized to study the nature of lipid modifications and the roles
of lipoxygenases and patafike 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 requiresntamts growth in global food
production; such growth requires increasing yields on currently arable lands or increasing arable
land area. And, as crude oil resexdaninish, humans may turn to crops for chemicals,
materials, and biofuels, increasing pregeson food production even further. Environmental
stresses limit crop yields and the arability of land. Indeed, many regions of the world are
currently abandoned due stresses such as high salinity, flooding, water deficit, and harsh
winter weather. Tis 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. Themrobproviding
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 agriculturaltpra@s that minimize yield loss due to
weather, pathogenand 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 salinitytolerant rice variety can be grown in coastal areas otherwise abandoned due to
salt stressSimilarly, development of more freezimgsistant winter wheat can help expand
cultivation with winter wheat northward to increase grain production. All of theseiging
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 productiparop plants are not bestited for fasfpaced basic research
due to characteristics that include large sizes, long life cycles, and complicated genomes.
Arabidopsis thaliangArabidopsis), on the other hand, is small in size, making it feasible to
grow large numbegin well-controlled laboratory environmemntts short life cycle (4815 days)
is a great advantage in genetic studies. Its small and diploid genome facilitates genetic

manipulation and its strict seffollination allows easy maintenance oftated lines. Arabidopsis



tissues are relatively sofhaking handling, especially metabolite extraction, very easy.
Arabidopsis is widelylistributed across very different climate zones ismgopulations thus
expresgreat diversity in genetics, phenogymnd biochemistry which are valuable resources for
basic research. Over the last two decades, a tremendous amount of Arabidopsis knowledge and
research materials have been accumulatedratt available to the scientific communitigh
similarities withcrop species, including canola, turnip, cabbage, and broccoli, facilitate the

transfer of Arabidopsibased discoveries to crop plants.

Stressinduced damages and plant physiological responses
In theliving environment of most plants, there are manysstagents. Biotic stressors include
living organisms such as bacteria, fungi, nematodes, insects, rodents, and grazers. Abiotic
stressors are ndiving agents such as temperature, wind, water, salt, heavy metals, and toxic
chemicals. In this dissertatiohmainly 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 Arnabidops

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 herbrnoge gra
wind and hail damage. Wounded plamay 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 plantgwound openings, stomata, root tips, or cracks created by
lateral roots. There are intracellular, extracellular and vasplaat bacteria. Symptoms caused

by bacterial pathogens include wilts, mosaics, blights, spots, rots or abnormal growths
(Mansfield et al., 2012)Plant defense against biotic ageiisluding bacteria, may be

constitutiveor inducible. Constitutive defense includes specialized structures (e.g., thorns,
trichomes); natural barriers (e.g.,loghlls, 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, gluc@iésssrk and



Gershenzon, 2002; Kaplan et al., 2008; Kempel et al., 20id)cible defense is triggered by

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

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 imRlanity.

innate immunity against viral pathogens also includes sRidf\-basd degradation of viral

RNA or DNA (for review, see Peladez and Sanchez, 2aQh8ate immunity is norspecific and is
very difficult for pathogens to overcome. If a pathogen can overcome plant immunitguzsel
diseasethe 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 pathéfgetoeis called
effectortriggered immunity (ETI). ETI results mwhat is termed thbByper®nsitive response

(HR), adeliberate suicide of infected tissues to prevent the pathogen from extracting nutrients
and spreading. Although effective, ETI is easiyaded by pathogens with a higlutation rate.
When HR occursn one tissue, other uninfected tissues of the plant can become resistant to a

wide range of pathogens. This phenomenon is referred to as systgquiced resistance (SAR).

In addition to wouading, 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 poirttecause of low solute concentratitime ice cystals 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 cytoplasrhis dehydration causes membrane lysis induced by

expansion, membrane lipids undergo a transition to hexagonal Il phase, and fracture jump lesions
occur(Uemura et al., 1995Dther dehydratiomelated factors that carause injury include

protein instability and accumulation of harmful reactive oxygen species (ROS). Freezing
tolerance of Arabidopsis and many other plants growinlgatemperate zone can be

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

low nonfreezing temperatuse The plantghange their gene expression, protein composition,

and metabolite composition in ways that help them survive the coming freezing temperature.



Overview of plant molecular response$o 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 eal., 1983) Plasma membrane microdomains may be rigidified, followed by
rearrangement of actin in the cytoskeleton (cold acclimafovar et al., 2000)These changes
trigger activation of ROSorming enzymes anchanges in Cd fluxes(Prasad et al., 1994;
OrozcoeCardenas and Ryan, 1999; Leon et al., 2008¢ massive accumulation of superoxide
anion and peroxide is referredds oxidative burst. ROS and Cactivate mitogeractivated
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 ad ultimately to adaptive responses. For example, genes induced by cold acclimation
include those encoding hydrophilic late embryogenesis abundant (LEA) polypeptides, such as
COR15a in Arabidopsi@Vang and Hua, 2009T here is evidence suggesting that they might be
involved in membrane stabilizatidgKoag et al., 2003; Koag et al., 2009)

With the development of microarray and mass spectrometry technology anailaility 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 inArabidopsis thaliangFowler and Thomashow, 2002; Rabbani et al., 2003;
Thilmony et al., 2006; Matsui et al., 2008; Li et al., 2012; Niehl et al.3;2RBcco 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 metdbmics, isa critical tool (together with genomigcs
transcriptomicsand proteomics) in understanding plant adaptations to strégseemics is the
branch of metabolomics that deals with analysis ofwatersoluble metabolitedn this

dissertation] focus on the dynamscof plant lipid composition (the plalpidome) under

stresses.



Plant lipid metabolism and stressinduced lipid modifications

Plant lipid metabolism under normal conditions
In plans, fatty acid synthesis occurs in the plastithere two type of fatty acids, palmitic agid
16:0(number of carbon: number of double bond equivalant) oleic acid18:1, are produced
In the plastid, 16:0 and 18:1 linked to acyl carrier protein (ACP) areingkd acylation of
glycerol3-phosphate@3P) to form phosphatidic acid (PAunst et al., 1988; Bin et al., 2004;
Kim and Huang, 2004; Xu et al., 200&)hich can béaydrolyzed to forndiacylglycerol (DAG)
by the action of phosphata@@hlrogge and Browse, 1993)A can then be converted to
phosphatidylglycerol (PQAndrews and Mudd, 1985; Miller and Frentz2d0Q1) DAG can be
converted to monogalactosyldiacylglycerol (MGDG) and further to digalactosyldiacylglycerol
(DGDG) by accepting galactose from Uil (Kelly and Dérmann, 2004 Esterified 16:0 and
18:1 can be desaiated by various fatty acid desaturases (FADs). While the 18:1 sxtthe
position on the glycerol backbone can be desatufeded18:1to 18:3 in PG, MGDG, and
DGDG, 16:0 at then-2 position can only be desaturated to 16:3 in MGDG; in PG, i$6:0
conwerted to 3,4rans16:1(Gao et al., 2009nd in DGDG, 16:0 is not affected by FAD.
MGDG and DGDG can also be synthesized usiBiAG backbonemported to the plastitfom
the endoplasmic reticulum (ER) in the eukarypathway. 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,
phosphatigilinositol (PI), and DAG. DAG may bthe substrate for phosphatidylethanolamine
(PE) and phosphatidylcholine (P§)nthesis. Phosphatidylserine (PS) can be synthesized from
PE in a serine exchange react{d@amaoka et al., 2011}atty acids esterified to P@ay
undergo desaturatiqiBrowse et al., 1993; Sperling and Heinz, 1983)removalwhich feeds
16:0-CoA, 18:2Co0A, and 18:3CoA back to the fatty acyl paolin addition to incorporation of
fatty acids from fatty acyCoAs into PA, an alternative routter phospholpid synthesisnvolves
incorporation of acyl chains from fattyae@lo A di rectly into PC by fdac)
involve acylation of a lysophosphatidylcholine (LRBates et al., 2007; Bates al., 2009)A
fatty acyl group from PE can also be transferred to sterols to form sterol(e®easn a S et al . |,
2005) In plants, the most abundant sterols are sitosterol, campesterol, and stigntasgterol.
major cerivatives of sterols include steryl glycoside (SG) and acylated steryl glycoside (ASG).
SG is synthesized from sterol and UDRcose by IDP-glucose: sterol glucosyltransferase



(DeBolt et al., 2009)Figure 1.1 showsomeexample of thepolar lipids mentioned above.

Figure 1.2 summarizes the biosynthesis of polar lipids in plant(selisl arrows)

Stressinduced membrane lipid modifications
When a plant is stressed, several lipid modifications gawtiuding hydolysis, fatty acid
oxidation, polar headroup acylation, and trargalactosylation (oligayalactosyldiacylglycerol
synthesis from MGDG). The dashadows in Figure 1.2 indicate reactions that are induced by
stresses.

Hydrolysis

There are many types ehzymes carrying out membrane lipid hydrolysyslifferentreactions
Phospholipase A cleaves a fatty acyl group from the glycerol backmamukicing lyse

phospholipids and free fatty acide patatirrelated phospholipase A (pPLA) is an important

enzyme family.In ArabidopsispPLA family consists of 10 genes divided into three subfamilies,
pPLAI, pPLAIIl (U, b, o(Schereret&l)20l0Ratathisp Gaupofl | (U
storage glycoprotegfirst found in potato tube(&alliard, 1971)Patatinrelated enzymes

usually contain an esteraspecific sequence, GXSXG (Scherer et al., 20ib0the pPLAIII

subfamily, this sequence is GXGXG and in ti Al and pPLAlIsubfamilies, this sequence is

GXSXG (Schereretal.,,200(A1 t hough pPLAs are known as Aphos
of the family can act on galactolipids as well as phospholipids, and in mostinases,

substrates of these enzymes arewsll characterizedoPLAs are involved in various processes,

including plant responses to fungal and bacterial infection, phosphate deficiency, and cellulose
content(La Camera et al., 200¥ang et al., 2007/Rietz et al., 2010Li et al., 201). Howeve,
thedetailedpPLA catalytic mechanism, as well as substrate and product identitiessbf

pPLAs are still unclear. They migheinvolved in releasing bioactive oxidized fatty acids
(oxylipins) from complex membrane lipid&tPLAI (At1g61850)prefeenially hydrolyzes

oxidized galactolipids as compared to the-+oaidized substrate&’ang et al., 2007p PL AT | | U
was shown to promote the synthesis of TAG with&td 22carbon fatty acids (Li et al., 2013).

Phospholipae C hydrolyzes the glycerphosphate linkage in a glycerophospholipid, producing
DAG, while phospholipase D hydrolyzes the hgadup phosphoester linkage forming free



choline (from PC) or ethanolamine (from PE) and PA. Phospholipases C and D arechativat

many stresses including wounding, bacterial infection and frednidgabidopsis, recognition

of avirulent factorsAvrRpm1 or AvrRpt2 causeswo distinct activations gbhospholipases.

PLC is activated firstprodudng PA with theactionof DAGK. This PAis shown tacausean

influx of extracellular C&, followed by the second, much greater accumulation of PA due to
phospholipase D (PLD) activatigAndersson et al., 2006inally, PA B found to regule

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

and NO(Zhang et al., 2009When Arabidopsiss exposed to sulethal freezing, phospholipase

DU PLDU) dhe tegradgtibreos phosphatidylcholine (PC), the major component of

membrane bilayer, and produces PA, perhaps resulting in decreased cryostability of membranes
(Welti et al., 2002)Interestingly, the mebtaneb ound PLDU, whi ch produces
total PA, haghe opposite effeas f P L DU. Il t s KAralbidopsie fueezingltelasance a s e s
althoughit doesnot affect induction of coldegulated gees COR47 and COR78, nor the

accumulation of proline and soluble sug@riset al., 2004) Damage to plants not only occurrs

during the freezing period but also during the thawing aften{@teponkus and Lynch, 1989)
Whereagluring the freezing period, mainly extraplastidic meame phospholipids (PC and PE)
arehydr ol y z e(Weltbeyal.,Ra0P)plastidic MGDG and P@rehydrolyzed intensively

during he thawing period; hydrolysisisn cr eased by kllnetalk2008)y out PLD
P L @ ability to decreas¢he postfreezing hydrolysis of plastidic membrane lipids might

contribute to its beneficial effect on Arabidopsis freezing tolerance

Oxidation

Fatty acyl oxidation can occur enzymatically or vesrzymatically. Enzymatically, fattgcyl
oxidation is often initated by lipoxygenases (LOXs) dioxygenases (DOXs). In Arabidopsis,
there are two major groups of LOXs . ®Xs and 13LOXs with designatiordepenénton the
position of the introduced oxygé€Rorta and Roch&osa, 2002)Iin the Arabidopsis genome,
there are two genes annotated 450X, AtLOX1(At1G55020) andhtLOX5(At3G22400) and 4
genes annotated as-L®X, AtLOX2(At3G45140) AtLOX3(At1G17420) AtLOX4
(At1G72520) andAtLOX6(At1G67560).Two of the major products of enzymatic fatty acyl
oxidation by 13L.OXs in Arabidopsis are oxophytodienoic acid (OPDA) and dinor
oxophytodienoic acid (dnOPDA), which are precursors of jasmonic acid (JA). ODPA and

7



dnOPDAproduction isnduced drastically inesponse to wounding and avirulent bacterial
infection. Although it is still unclear whether the acyl substrates of L&Xsbeesterified or not,
the majority of induced OPDA and dnOPDA are found in galactoliiidslersson et al., 2006a;
Buseman et al., 2006; Kourtchenko et al., 2066me examples aiidizedglycerdipids are
shown in Figure 1.3. Neanzymaticfatty acyl peroxidation occuria wounding and fungal
infection due to ROS, producing oxidized fatty acids such as malondialdehyde and
phytoprostanedmbusch and Mueller, 2000; Thoma et al., 2003; M8a#rané et al., 2009)

Acylation

In Arabidopsisa massive accumulation of OPBand dnOPDAcontaining MGDG with then

6 position of the galactose ring acylated to yet another OPDA occurred in response to wounding
and avirulent bacterial infectig\ndersson et al., 2006a; Kourtchenko et al., 200@)y little

is known about this acylation as well as the enzythatcatalyze the process. Much earlier in

vitro experiments suggested that MGDG can be acylated with acyl groups from MzD@,

1972) An example of acylated MGDG (acMGDG), acMGDG(16:0/18/4.6:40), is shown in
Figure 1.3.

Transgalactosylation

Transgalactosylation has only been reported irbii@psis responding to freezinghe
galactosylgroup 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 niatur
converted to TAGMoellering et al., 2010)

Hypotheses
There are many remaining questions about streksced lipids and lipid metabolizing enzymes,
including their identities, their substrates, biosysitecatabolism, and especially their functions
in stress responses. The motivation for the research presented in this dissesstiomddress

these questiong he hypotheses tested are:



(1) Different stresses or stress responses result in distinctriygsi¢holistic lipid
compositions).

(2) In response to a stress, groups of lipid analytasare metabolizeloly the same
enzyme or pathwaghange together

(3) Ablation of LOXsand pPLAdead to altered stressduced lipidomes and altered

stress response outcasne

Lipidomics: an excellent tool
To test the above hypotheses, lipidomes of yijse Arabidopsis plants exposed to wounding,
bacterial infectionand low temperature stressegavebtained and compared. Lipidomes of
stressed knockout mutants are obtdiaed analyzed to reveal the roles of LOXs and pPLAs in

stress responses.

Throughout the research, the capacity to quantitatively monitor mangéers of lipids

efficiently wes critical. Masspectrometrybased lipidomics wathe method of choice dueits

many advantages including low detection limit, high sensitivity, vast dynamic range, good
resolution and precision, reliable compound identificatjmod compound coverage, and short
sample analysis time. ldw detection limit (low background noises critical to detect low

abundant compounds, especially early signaling molecules. Sensitivity is the efficiency of
detection. A higksensitivity method requires a small number of ions to give a signal that is
higher than the detection limit and vice \&rkinear 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 differeabetween 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 lipicsaasseompounds that



can be measured simultaneously. Time and labor consumption are critical aspects to consider,

especially in large scale experiments.

Lipidomics is a multistep procedure starting from lipid extraction. The extracted total lipids can
beseparated 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 canalyzed with target lipids. Inside a mass spectromigetipid 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 analygesthe 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 emplogd 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 stanakds, 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 quantificationby normalization of MS intensity to internal standandk 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 ionizatrertlze same or highly similar to those of
the target compounds. Therefore, it is ideal to use sisdiiepe labeled lipids as internal
standards since they satisfy both criteria. Since the cell lipidome is so diverse, stable isotope
labeled internal stamdds are not available in every class of lipids in every organismniitive
lipids, such as oddhain lipids and saturated lipids, are currently the most commonly used
internal standard@oivusalo et al., 2001; Welti et al., 2002; Ejsing et al., 208@hough these
internal standards would not allow absolute quantification of many lipid classes, they provide

good sampldgo-sample quantification, which wahe main goal ahis dissertation research.
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Lipid extraction
Total lipids are most commonly extracted by chlorofdrasedorocedures developed by Bligh
andDyer (1959) and Folch et al. (1957). The total extracts produced by these procedures contain
almost all lipid classepresent in the samples. However, these extraction methods are time
consuming, labeconsuming, and prone to human error. These disadvantages hinder their
application in largescale experiment Therefore, a simpler extraction method isgenéd in
Chaper 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

amass spectromatgithout any further treatment

lonization of lipid in mass spectrometer
The ionization method of choice w&SI(Han and Gross, 1994; Kerwin et al., 1994; Kim et al.,
1994) ESI has two main advantages: (1) its great seitgi{several orders of magnitude higher
than fast atom bombar dment , FAB) and the nfAsof

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

Mass analyzer and ion fragmentation
One or moranass analyzers, i.e., the electrical and physical components that guide, select and
separate ions based on their mssharge ratios, are the core of every mass spectrometer. A
triple-quadrupole mass spectrometer contains three linearly arranged feetsparallel 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 applyingsiic values of direct currenDC) and radio
frequency RF) potentials to move ions of particular mass to charge ratit® By varying the
DC andRF values to transmit variemt/z the mass spectrometer creates a mass spectrum. Q2 is
in the collisioncell between the Q1 and Q3 mass anabyzér Q2, onlyRF 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 inertayaes fragmentation
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(collision induced dissociation, CID). lon fragmentation in tandem mass spectrometry gives
structural information (beside intact ion molecular mass information) on the targets being

analyzedde 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 LEMS and direct infusion lipidomics. lall 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 Q3aeentially 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 LG&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 {MS include the unstable ion streamhieh reduces

precision, and the limited detection window per lipid analyte, which limits the
comprehensiveness of Haased lipidomics. In Chapter 4, MRM was combined with direct

infusion MS to improve compound coverage and precision.

Data processing
Lipidomics, like othef omics 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 giebdé@ta amenable to
statistical study. These steps may include peak annotation, isotopic deconvolution, and
guantification flormalization tdnternal standard). Especially in large scale experiments, it is
impractical to manually process raw mass spedata for statistical analysis. Several softwares
have been developed to automate data processing in lipidomics. Lipid Profiler is commercially
provided by MDS Sciex for handling 8IS lipidomics data. LIMSA, TriglyAPCI, and
MSPECTRA are open source softie also designed for -MS lipidomics( Cval ka et al
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Haimi et al., 2006)To improve data processing in this dissertation research, LipidomeDB Data
Calculation Environment (LipidomeDB DCE) waitilized. 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 quantificatiolbased on researchprovided target compound listghou et al., 2011)Also
because of the bulkinestlipidomic datastatistical analysis cdve time consuming and error

prone without suitable tools. The MetaboAnal®bsite provides usdriendly, online

statistical tools thatre well designed to handle large datafeis et al., 2009; Xia et al., 2012)

In this dissertation research, Arabidopsis responses/imamental stressegerestudiedat 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 oembrane lipid modifications in plant stress responses were made. An
improved lipidomics strategy coupled with-oocurrence analysis was employed in Chapter 4 to
study the metabolic modularity of lipid changes in response to wounding. The analytical
appro&h and ceoccurrence analysis were applied in a large scale iexget in which

lipidomes of 22Arabidopsis knockout2(l linesablated in membrane lipid metabolizing
enzymesand an OPDA reductase knockout )ineder cold acclimation and freeziatyess wre

documengd and analyzed (Chapter 5).
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Figures

Figure 1.1 Examples d normal-chain plant lipids.
This figure is adapted, with modificatiorisgm Narashimhan et a{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 (Coenzyaze A)
PG,-MGDG, -DGDG (acylated PG, MGDG, DGD&x-PC, -PE PG;MGDG,-DGDG

(oxidized PCPE,PG, MGDG, DGDG)andACP (acyl carrier protein). This figure aglapted
with madifications, from Maatta et aFigure 5,2012).
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Figure 1.3 Examples of oxidized and acylated membramlipids in Arabidopsis.

This figure is adapted from Vu et §2012) with modifications.
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Chapter 2 - Direct infusion massspectrometry 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 thaliananfected withPseudomonas syring@® tomatoDC3000 expressing
AvrRpt2(PstAvr). Quadrupole tim@f-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 includekboular species of
phosphatidylcholine, phosphatidylethanolamine, phosphatidylglycerol,
digalactosyldiacylglycerol, monogalactosyldiacylglycerol, and acylated
monogalactosyldiacylglycerol. The oxidized chains were identified at the level of chemical
formula and included {gH,7O3 (abbreviated 18D, to indicate four double bond equivalents
and one oxygen beyond the carbonyl groupjHgsOs (18:3-0), CigH3105 (18:2-0), CigH2904
(18:3-20), GgH3104(18:2-20), and GgH2303(16:4-0). Mass spectral signalsoim the polar
oxidized lipid (oxlipid) species were quantified in extracts of Arabidopsis leaves subjected to
wounding, infection byPstAvr, infection by a virulent strain d?. syringae and low

temperature. Ofipids produced low amounts of mass spedigal, 0.1 to 3.2% as much as
obtained in typical direct infusion profiling of normehain membrane lipids of the same classes.
Analysis of the oxidized membrane lipid species and neamain phosphatidic acids indicated
that stressnduced oxlipid composition differs from the basal dipid composition.

Additionally, different stresses result in production of varied amounts, different timing, and
different compositional patterns of stresduced membrane lipids. The data form the basis for
a working hypothesis that the stresgsecific signatures of elpids, 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 feefatty acids, also known as oxylipins, in plant stress responses
(Imbusch and Muelle2000;Vollenweider et al., 200Gtintzi 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, ineigdvounding (Buseman et al., 2006),
bacterial infectionAndersson et al., 2006; Grun et al., 2007; Kourtchenko et al., 2007), fungal
infection (Thoma et al., 2003), extended d&@kl{mann et al., 2010), aging (Xiao et al., 2010),

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

A number of plastielerived, complex lipid molecular species that conteiophytodienoic acid
(OPDA) and dinofoxophytodienoic acid (dnOPDA) have been characterized (Stelmach et al.,
2001; Hisamatsu et al., 2003; 2005; Anderssal.eP006; Buseman et al., 2006; Kourtchenko

et al., 2007Glauser et al., 2008/aeda et al., 2008). Some of the characterized oxidized lipid
species have been shown to occur in thylakoid membranes (Bottcher and Weiler, 2007). In
Arabidopsis Arabidopsisthaliana), some of the OPDAand dnOPDAcontaining
monogalactosyldiacylglycerols (MGDGSs) contain two esterified oxidized fatty acid chains or,
when the éposition of the MGDG galactose ring is acylated, three oxidized chains. These lipid
species with mtiple isopentenone (OPDA or dnOPDB&dntaining 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 gahctose ring (arabidopside E) and aQPDA 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 (DGD@iopm

addition to OPDA and dnOPDA, 16nd 18carbon 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 (Teébata 2003jmbusch 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; Bottcher and Weiler, 2007,
Kourtchenko et al., 2007; Thiocone et al., 2008; Seltmann et al., 201Qrabexass

spectrometry strategies have been utilized for intact lipid oxytipimtaining plant lipid

profiling. Buseman et al. (2006) used precursor ion scanning by direct infusion electrospray
ionization (ESI) triple quadrupole mass spectrometry (M$utmtify multiple oxylipin

containing complex lipids. Liquid chromatography or liquid chromatograpaygs spectrometry
approaches have also been used (Stelmach et al., 2001; Andersson et al., 2006; Béttcher and
Weiler, 2007; Kourtchenko et al., 2007; Glaust 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 direicifusion ESI triple quadrupole MS strategy to quarsify
larger group of oxidized membrane lipids. By precursor scanning in negative mode, 86 peaks
representing combinations of intact imizand oxidized acyl fragmem/zwere identified. The
chemical formulas of the fatty acyl substituents of each peakdeteemined 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 thahtidfereonmental

cues trigger different changes in oxidized lipid profiles of Arabidopsis by challengingypid
Arabidopsis with mechanical wounding, infection with avirulent and virulent bacteria, and low

temperature, and monitoring the oxidized membrigpid changes.

Results

Triple Quadrupole MS Precursor Scanning for Lipids with A8arbon 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, iable membrane lipids with at least one oxidized fatty

acid of known chemical formula were identified using a stargeted, direct infusion mass

spectrometry approach. In the polar lipid fraction of Arabidopsis, fiveatBon oxidized fatty

acids (firsts entries inTable2.1) can be detected with three ESI triple quadrupole MS scans in
negative mode. The five 4&rbon oxidized fatty acids includedd,;03; (designated as 18:4

O; nomencl ature i ndi c aeqiisgaleritssbeygnd theaziddarbanyd : doub
number of oxygens i n ad ehdOi(IB130O)t GxHziON(EB:20)ar bony |
C18H2004 (18:3-20), and GgH3104 (18:220). 18:320 and 18:20 each undergo a water loss

during collision induced dissodian to produce 18D and 18:30, respectively. The

dehydration allows 18:20 and 18:220 to be detected by scans for 284nd 18:30,

respectively (Buseman et al., 2006; Maeda et al., 2008). Thus, scanning for precursors of 291.2
(Pre 291.2) detectwrecursors of 184D and 18:320, scanning for Pre 293.2 detects precursors

of 18:30 and 18:220, and scanning for Pre 295.2 detects precursors of.812sing a single

scan to detect membrane lipids with two different acyl species reduces scan sme. A

importantly, using Pre 291.2 and Pre 293.2 to detect lipids containing oxidized acyl chains with
m/z309.2 (e.g. 18:20) and 311.2 (e.g. 1820) provides increased specificity compared to

scanning for Pre 309.2 and Pre 311.2, because anions e?Q@&8d 18:20 share the same
nominalm/zas normaikhain 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 chagd precursors ah/z291.2, 293.2, and 295.2, while infusing an
extract of Arabidopsis leaves infected witkekeudomonas syringge. tomatoDC3000
expressing th@&vrRpt2avirulence geneRstAvr), reveals the spectral peaks showikigure2.1.
Scans were repeated on a series of similar samples, and peaks detect&stwaripfected
sample were numberddhrough86. With the samples dissolved in solvent containing
ammonium acetate, for various lipids, peaks represerit iyl (indicated by peak numbers in
parentheses iRigure2.1), [M + C;H30;]", where GH30.is acetate (indicated by peak humbers

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

Identifying information for the observed peaks is presentd@bie2.2 andTablesS21 and

S22. Quadrupole timef-flight (QTOF) MS aided in definition of the compounds. The extracts
were batcHractionated g normalphase chromatography. A fraction or the whole extract (as
indicated inTableS21) was directly infused into the ESI source, operating in negative mode, of
a QTOF mass spectrometer. Each oxidized lipid precursor ion, previously detected bgoprecur
scanning by triple quadrupole MBigure2.1), was selected with the first quadrupole and
subjected to collision induced dissociation. The fragments were scanned with tHoé-tilgiet
analyzer to obtain accurat@zratios d the acyl anions; then/z were used to determine the
chemical formulas of the acyl chains. Together, the precursor and fragyvizeiailowed
identification of lipid species indicated by nearly all of the peaks detected by precursor spectral
scanning Figure2.1, Table2.2, andTableS21). The identities of 24 of the 86 observed peaks
were additionally confirmed at the level of intact ion chemical formula by determination of
accuratan/zof precursorans in positive mode by Fourier transform ion cyclotron resonance
(FTICR) MS. The compounds confirmed in this way are indicat8able2.2, which

summarizes the evidence for each identification, and the FTICR MS data areis@bie

S22. To help the reader in visualizing the observed compotrigisre S21 shows examples of
structures consistent with the data for some compounds. As described in the legend, the depicted

structures are possibilities only.

Twelve oxidized PGox-PC;1-12) and twelve oxidized PE (eRE) speciesl3-24) were

identified by precursor scanning and confirmed by QTOF MS analyald€2.2). Each

detected o¥PC and oXPE molecular species has a normal chain fatty acid, 18:8, or 18:2, in
combination with an oxidized chain, 1828 18:320, 18:20, or 18:220. 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 18:2/18:24[aé et al., 2006), if 18:3 were
substituted with 184 (OPDA), 18:30, and 18:20, and 18:2 were substituted with 1-&2

and 18:220. Eight oxidized PG (6G) species25-32) were identified by triple quadrupole

and QTOF MSTable2.2). These species included a normal chain, 16:0 or 16:1, in combination
with 18:40, 18:30, 18:20, or 18:220. The 18:40 ox-PG species were identified previously
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(Buseman et al., 2006). The acyl combinations found iR@xare again analogeto 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, oxPE, or oxPG species with multiple oxidized fatty acid chains were detected.

Fifteen oxidized DGDG (00GDG) speciesTable2.2, 33-47) were identified by triple

guadrupole MS precursor scanning. These include normal chains 16:3, 16:0, or 18:3, or oxidized
chains 16:40 or 18:40, in combination with oxidized chains 182 18:30, or 18:320. Five

of the dete@d 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, 18:341%1(,8:3/18:3

(Devaiah et al., 2006). Twelve oxidized MGDG (@GDG) species48-59) were characterized
(Table2.2). 16:3, 16:40, 18:3, or 18:40 were found in combination with 18@, 18:30, or

18:320. The combinations obrved also are analogous to the major molecular species of

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

(i.e., compound4-59) are summarized in brief form ifableS23.

Twenty-seven oxidized acMGDG (eecMGDG) peaks§0-86) were identified by precursor

scanning Table2.2). Previous work has indicated that MGDG can be acylated atphbsition

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

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 acMGD@hk, s@mbinations of 16:0 and

18:4-0 only, additional acMGDGs included various combinations ofaadized chains, 16:3,

16:1, 16:0, 18:3, 18:2, 18:1, 18:0, and oxidized chains;0648:40, 16:320, and 18:20.

Identities of detected acMGDGs araersuarized in brief form iTableS24.

In addition to the species detected by precursor scanning, QTOF MS analysis detected two
additional PCsTableS21, 87-88), two PEs 89, 90), one PG 91), five DGDGs 02-96), two
MGDGs @7, 98), and 17 acMGDG98-115). These entries represent oxidized and-non
oxidized species with the same nomimdlis as peaks detected by triple quadrupole MS

precursor scanning. Howev@&7-115were not targeted by the precursor scans because most
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dondt cont ai n tflagnend. cThus, althalighpheyevera moteaas being present
in pathogen infection, lipid87-115were not determined, nor quantified, in the remaining

analyses.

Most of the 86 peaks listed Trable2.2 represented a single comhtion of a head group and

acyl species, and their identifications were straightforwaathle2.2, TableS21), but a few
identifications require some explanation. The identifications of several pEakis8(79, 803,

82), indicated by a prime symbol (') ifable2.2, were ambiguous. The precursofz in

combination with the acyl chains observed, indicated that one fragment was dehydrated.
Because the QTOF mass spectra did not detect the hydrateckfriagfs identity is not clear.

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

the peaks detected by triple quadrupole MS scanning may represent one or both of the indicated
species. Additionally, peakl, representing an eRG species, occurred at the same nonmmal

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

separately in peak3as its [M + GH3O,] ion. Lastly, thirteen spectral peal&3(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 lettefTable2.2 andTablesS21 andS22. The multiple
identifications arose from two situations: (1)asMGDG species with the same chemical

formula, but multiple acyl combinations (e.§8aandb; 18:40/16:40/18:3 acMGDG and
18:40/18:40/16:3 acMGDG), and (2) eacMGDG species with different chemical formulas

with the same nominah/z also with heterogeneity derived from multiple acyl combinations
(e.g.,84aandb; 18:320/18:40/16:40 acMGDG and 18:20/18:3/18:3 acMGDG).

In the current work, acyl componentstbé membrane lipids were identified at the level of
chemical formula. Potential identities of the identified oxidized acyl anions are indicated in
Table2.1 and possible structures for some detected compounds sh&iguia S21. Previous

data indicated that iArabidopisis thalianal18:40 and 16:40 in the complex lipids represent
primarily OPDA and dnOPDA (Stelmach et al., 2001; Hisamatsu et al., 2003; 2005; Buseman et
al., 2006). 18:3 may be a keto fatty acid (Vollenwerdet al., 2000) and/or a hydroxy fatty

acid, as may 16:8. 18:20 also may be a hydroxy fatty acid. 120 and 16:3220 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., 20088:220 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. DeR95.2. Pre 291.2 scan detectdipikis
containing 18:40 and 18:320, Pre 293.2 scan detectslgids containing 18:3 and 18:220,
and Pre 295.2 scan detectslimkds containing 18:2. Peaks with labels in parentheses are [M
- H]” adducts. Pealabels with no parentheses indicate [M 4HgD,] adducts. Please note that

intensity andn/zscales of the spectra differ. Panels A and B have breaks in the intensity axes.

Details of peaks numbered8b are shown in Tab22.
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Figure 2.3 Oxidized membrane lipid levels following treatments shown in Figre 2.2.

A, Total oxidized lipids with colors indicating classes. B;RR. C, oxPE. D, oxPG. E,
0x-DGDG. F, 0xMGDG. G, oxacMGDG. In BG, colors indicate individual peaks detected by
triple quadrupole MS precursor scanning in negative mode (Pa&leThe size of each color
coded block represents the quantity of thdipixl classes (A) or of individual peak$86 (B-G).

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

guadrupole MS precursor scanning.

peaks/compounds in Tali?e2.

A, Wounded, 15 min. B, Wounded5 min. C, Wounded, 6 h. PstAvr, 12 h. E,
PstAvr, 24 h. F,Psm, 24 h. G, Freezing8° C, 2 h). Numbers along topaxis refer to

In each panel, the white bars denote the basal amount as

determined under the corresporgltontrol condition: Unwounded, for A, B, and C; MgI2

h, for D;

r MgCly, 24 h, for E and Fand 4° C, 84 h, for G. The black bars denote the amount of

each oxlipid measured in each stress treatment. Both white and black bars star-akifhe

The

smal |

er

of

t he

whit e
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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 irextracts from leaves ofArabidopsis thaliana
infected with PstAvr for 24 h.
FigureS21 shows gamples of possible structures and fragmentation of oxidized lipids

from each class.

Triple quadrupole  Chemical formula  m/zof anion Abbreviation Examples of
MS precursor scan of oxidized fatty compounds
acyl anion consistent with

detected formula

Acyl formulas directly scanned

Pre 291.20 C1gH2705 291.1966 18:40 OPDA, keto 18:3

Pre 20221 Ci1gH2905 293.2122 18:30 hydroxy 18:3,
keto fatty acid

Pre 295.23 Ci1gH3105 295.2279 18:20 hydroxy 18:2

Pre 291.20 CigH2g04 309.2071 18:320 ketol fatty acid,
hydroperoxy 18:3,
dihydroxy 18:3

Pre 293.21 C1gH3:0, 311.2228 18:2-20 hydroperoxy 18:2,

dihydroxy 18:2

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

- Ci6H2403 263.1653 16:40 dnOPDA

- Ci6H2503 265.1809 16:30 hydroxy 16:3

- C16H250,4 281.1758 16:320 ketol fatty acid,
hydroperoxy 16:3,
dihydroxy 16:3

- C1gH250, 305.1758 18:520 -

36



Table 2.2 Lipids detected by ESI MS/MS negative ion precursor ion scans, Pre 291.2, Pre
293.2, and Pre 295.2.
TablesS23 andS24 indicate the compounds detected simaplified form.

M Identification

Numbef mass M formula Identificatior? Detection Methol ~ Evidencé
Pre 293.2, [M + Tentative,

1 771 CA42H7809PN 18:30/16:0 PC CoH30,) Table 2.1
Pre 293.2, [M +

2 793 C44H7609PN 18:30/18:3 PC CoH30,) Table 2.1
Pre 293.2, [M +

3 795  C44H7809PN 18:30/18:2 PC CoH30,] Table 2.1
Pre 291.2, [M +

4 787 C42H78010PI 18:320/16:0 PC CoH30,] Table 2.1
Pre 291.2, [M +

5 809 C44H76010PI 18:320/18:3 PC CoH30,] Table 2.1
Pre 291.2, [M +

6 811 C44H78010PI 18:320/18:2 PC CoH30,] Table 2.1
Pre 295.2, [M +

7 773 C42HB009PN 18:2-0/16:0 PC CoH30,) Table 2.1
Pre 295.2, [M +

8 795 C44H7809PN 18:20/18:3 PC oH30,] Table 2.1
Pre 295.2, [M + Tentative,

9 797 C44HB009PN 18:2-0/18:2 PC CoH30, Table 2.1
Pre 293.2, [M +

10 789 C42HB0010R 18:220/16:0 PC CoH30,) Table 2.1
Pre 293.2, [M +

11 811 C44H78010PI 18:220/18:3 PC CoH30,] Table 2.1
Pre 293.2, [M + Tentative,

12 813 C44H80010PI 18:220/18:2 PC CoH30,) Table 2.1
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13 729 C39H7209PN 18:30/16:0 PE Pre 293.2, [M- H] Table 2.1
14 751 C41H7009PN 18:30/18:3 PE Pre 293.2, [M H] Table 2.1
15 753 C41H7209PN 18:30/18:2 PE Pre 293.2, [M H] Table 2.1
16 745 C39H72010PI 18:320/16:0 PE Pre 291.2, [M- H] Table 2.1
17 767 C41H70010PI 18:320/18:3 PE Pre 1.2, [M-H] Table 2.1
18 769 C41H72010PI 18:320/18:2 PE Pre 291.2, [M H] Table 2.1
Table 2.1,
19 731 C39H7409PN 18:20/16:0 PE Pre 295.2, [M- H] S22
20 753 C41H7209PN 18:20/18:3 PE Pre 295.2, [M H] Table 2.1
21 755 C41H7409PN 18:2-0/18:2 PE Pre 295.2, [M- H] Table 2.1
Table 2.1,
22 747 C39H74010PI 18:220/16:0 PE Pre 293.2, [M- H] S22
Tentative,
23 769 C41H72010PI 18:220/18:3 PE Pre 293.2, [M- H] Table 2.1
Tentative,
24 771 C41H74010PI 18:220/18:2 PE Pre 293.2, [M H] Table 2.1
Buseman et
25 756 C40H69011P 18:40/16:1 PG Pre 291.2, [M- H] al., 2006
Buseman et
26 758 C40H71011P 18:40/16:0 PG Pre 291.2, [M- H] al., 2006
27 758 C40H71011P 18:30/16:1 PG Pre 293.2, [M H] Table 2.1
28 760 C40H73011P 18:30/16:0 PG Pre 293.2, [M- H] Table 2.1
29 760 C40H73011P 18:20/16:1 PG Pre 295.2, [M- H] Table 2.1
30 762 CA40H75011P 18:20/16:0 PG Pre 295.2, [M- H] Table 2.1
31* 776 CA40H73012P 18:220/16:1 PG Pre 293.2, [M- H] Table 2.1
18:3-0/16:40
31* 776 C43H68012 MGDG Pre 293.2, [M- H] Table 2.1
32 778 CA40H75012P 18:220/16:0 PG Pre 293.2, [M- H] Table 2.1
33 922 C49H78016 18:40/16:3 DGDG Pre 291.2, [M-H] Table 2.1
34 928 C49H84016 18:40/16:0 DGDG Pre 291.2,[M + Table 2.1
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CoH30,)

18:40/16:40 Pre 291.2, [M + Hisamatsu et
35 936 C49H76017 DGDG CoH30,) al., 2005
Pre 291.2, [M + Buseman et
36 950 C51H82016 18:40/18:3 DGDG C;H30;] al., 2006
Buseman et
al., 2006;
18:40/18:40 Pre 291.2, [M + Hisamats et
37 964 C51H80017 DGDG CoH30,) al., 2005
Pre 293.2, [M +
38 924 C49H80016 18:30/16:3 DGDG C;H30;] Table 2.1
Pre 293.2, [M
39 930 C49H86016 18:30/16:0 DGDG +CH30,] Table 2.1
18:30/16:40 Pre 293.2, [M +
40 938 C49H78017 DGDG CoH30,] Table 2.1
Pre 293.2, [M +
41 952 C51H84016 18:30/183 DGDG C;H30;] Table 2.1
18:30/18:40 Pre 293.2, [M +
42 966 C51H82017 DGDG CoH30,) Table 2.1
Pre 291.2, [M +
43 940 C49H80017 18:320/16:3 DGDG C;H30;] Table 2.1
44 946 C49H86017 18:320/16:0 DGDG Pre 291.2, [M H] Table 2.1
18:320/16:40 Pre 291.2, [M +
45' 954 C49H78018 DGDG CoH30,) Table 2.1
18:40/16:320 Pre 291.2, [M +
45' 954 C49H78018 DGDG CoH30,] Table 2.1
Pre 291.2, [M + Buseman et
46 968 C51H84017 18:320/18:3 DGDG C;H30;] al., 2006
18:320/18:40 Pre 291.2, [M + Buseman et
47 982 C51H82018 DGDG CoH30,) al., 2006
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Table 2.2,

Buseman et
al., 2006;
Stelmach et
48 760 C43H68011 18:40/16:3 MGDG Pre 291.2, [M-H] al., 2001,
Table 2.2,
Busema et
al., 2006;
18:40/16:40 Pre 291.2, [M + Hisamatsu et
49 774 C43H66012 MGDG CoH30,) al., 2003
Buseman et
50 788 C45H72011 18:40/18:3 MGDG Pre 291.2, [M-H] al., 2006
Table 2.2,
Buseman et
al., 2006;
18:40/18:40 Pre 291.2, [M + Hisamatsu et
51 802 C45H70012 MGDG CoH30,] al., 2003
Pre 293.2, [M +
52 762 C43H70011 18:3-0/16:3 MGDG C;H30;] Table 2.1
18:30/16:40 Pre 293.2, [M + Tentative,
53 776 C43H68012 MGDG CoH30,) Table 2.1
54 790 C45H74011 18:30/18:3 MGDG Pre 293.2, [M H] Table 2.1
18:30/18:40 Pre 293.2, [M +
55 804 C45H72012 MGDG CoH30,) Table 2.1
18:320/16:3 Pre 291.2, [M + Buseman et
56 778 C43H70012 MGDG CoH30,) al., 2006
18:320/16:40 Pre 291.2, [M + Buseman et
57 792 C43H68013 MGDG CoH30,) al., 2006
18:320/18:3 Pre 291.2, [M + Busemaret
58 806 C45H74012 MGDG CoH30,) al., 2006
59 820 C45H72013 18:320/18:40 Pre 291.2, [M + Buseman et
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MGDG CoH30,) al., 2006
18:40/16:3/16:3 Pre 291.2, [M + Table 2.1,

60 992 C59H92012 acMGDG CoH30,) S22
18:40/16:3/16:0 Pre 291.2, [M + TableS2.1,

61 998 C59H98012 acMGDG CoH30,) S22
18:4-0/18:3/16:0 Pre 291.2, [M +

62 1026 C61H102012 acMGDG CoH30,) Table 2.1
18:40/18:3/18:0 Pre 291.2, [M +

63a 1054 C63H106012 acMGDG CoH30,) Table 2.1
18:40/18:2/18:1 Pre 291.2, [M +

63b 1054 C63H106012 acMGDG CoH30,] Table 2.1
18:40/16:40/16:3 Pre 291.2,[M + Table 2.1,

64 1006 C59H90013 acMGDG CoH30,) S22
18:40/16:40/16:1 Pre 291.2, [M + Table 2.1,

65 1010 C59H94013 acMGDG CoH30,] S22
18:40/16:40/16:0 Pre 291.2,[M + Table 2.1,

66 1012 C59H96013 acMGDG CoH30,) S22
18:40/16:40/16:4 Pre 291.2,[M + Table 2.1,

67a 1020 C59H88014 O acMGDG CoH30,) S22
18:40/18:3/16:3 Pre 291.2, [M +

67b 1020 C61H96012 acMGDG CoH30,) Table 2.1
18:40/16:40/18:3 Pre 291.2,[M + Table 2.1,

68a 1034 C61H94013 acMGDG CoH30,] S2.2
18:40/18:40/16:3 Pre 291.2,[M + Table 2.1,

68b 1034 C61H94013 acMGDG CoH30,) S22
18:40/16:40/18:1 Pre 291.2, [M Table 2.1,

69a 1038 C61H98013 acMGDG +CoH30,] S22
18:40/18:40/16:1 Pre 291.2, [M Table 2.1,

69b 1038 C61H98013 acMGDG +CoH30,] S22

70a 1040 C61H100013 18:40/16:40/18:0 Pre 291.2,[M + Table 2.1,
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acMGDG CoH30,) S22
18:40/18:40/16:0 Pre 291.2,[M + Table 2.1,
70b 1040 C61H100013 acMGDG CoH30,) S22
Table 2.1,
S22,
18:40/18:40/16:4 Pre 291.2,[M + Andersson et
7la 1048 C61H92014 O acMGDG CoH30,) al., 2006
18:40/18:3/18:3 Pre 291.2, [M + Table 2.1,
71b 1048 C63H100012 acMGDG CoH30,) S22
18:40/18:40/18:3 Pre 291.2,[M + Table 2.1,
72a 1062 C63H98013 acMGDG CoH30,] S22
18:40/18:5 Pre 291.2, [M + Table 2.1,
72b 1062 C61H90015 20/16:40 acMGDG C,H30;] S22
18:40/18:40/18:0 Pre 291.2,[M +
73 1068 C63H104013 acMGDG CoH30,] Table 2.1
Table 2.1,
S22,
18:40/18:40/18:4 Pre 291.2,[M + Kourtchenko
74 1076 C63H96014 O acMGDG CoH30,) et al., 2007
18:320/16:0/16:3  Pre 291.2, [M +
75 1016 C59H100013 acMGDG CoH30,) Table 2.1
18:320/18:3/16:0 Pre 291.2, [M +
76a 1044 C61H104013 acMGDG CoH30,) Table 2.1
18:320/18:0/16:3 Pre 291.2, [M + Tentative,
76b 1044 C61H104013 acMGDG CoH30,) Table 2.1
18:320/18:3/18:0 Pre 291.2, [M +
77a 1072 C63H108013 acMGDG CoH30,) Table 2.1
18:320/18:2/16:3 Pre 291.2, [M +
77b 1072 C61H100015 20 acMGDG CoH30,) Table 2.1
77c 1072 C63H108013 18:320/18:2/18:1 Pre 291.2, [M + Table 2.1
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acMGDG CoH3O7]
18:320/16:40/16:3 Pre 291.2, [M +

78' 1024 C59H92014 acMGDG CoH30,) Table 2.1
18:40/16:320/16:3 Pre 291.2, [M +

78' 1024 C59H92014 acMGDG CoH30,) Table 2.1
18:320/16:40/16:0 Pre 291.2, [M + Table 2.1,

79' 1030 C59H98014 acMGDG CoH30,) S22
18:40/16:320/16:0 Pre 291.2, [M + Table 2.1,

79' 1030 C59H98014 acMGDG CoH30,) S22
18:320/16:40/18:3 Pre 291.2, [M +

80a' 1052 C61H96014 acMGDG CoH30,] Table 2.1
18:40/16:320/18:3 Pre 291.2, [M +

80a' 1052 C61H96014 acMGDG CoH30,) Table 2.1
18:320/18:40/16:3 Pre 291.2, [M +

80b 1052 C61H96014 acMGDG CoH30,] Table 2.1
18:320/16:3 Pre 291.2, [M +

8la 1070 C61H98015 20/18:3 acMGDG  C,H30; Table 2.1
18:320/18:3 Pre 291.2, [M + Tentative,

81b 1070 C61H98015 20/16:3 acMGDG  C,H30;] Table 2.1
18:320/18:2/18:2  Pre 291.2, [M +

81lc 1070 C63H106013 acMGDG CoH30,) Table 2.1
18:320/16:3 Pre 291.2, [M + Table 2.1,

82' 1084 C61H96016 20/18:40 acMGDG C,H30;] S22
18:320/18:3 Pre 291.2, [M + Table 2.1,

82' 1084 C61H96016 20/16:40 acMGDG C,H30;] S22
18:320/18:40/16:0 Pre 291.2, [M +

83a 1058 C61H102014 acMGDG CoH30,) Table 2.1
18:320/16:40/18:0 Pre 291.2, [M + Tentative,

83b 1058 C61H102014 acMGDG CoH30,) Table 2.1

84a 1066 C61H94015 18:320/18:4 Pre 291.2, [M + Table 2.1,
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0/16:40 acMGDG  CyH304] S22

18:320/18:3/18:3 Pre 291.2, [M + Table 2.1,

84b 1066 C63H102013 acMGDG CoH30,) S22
18:320/18:40/18:3 Pre 291.2, [M +

85 1080 C63H100014 acMGDG CoH30,) Table 2.1
18:320/18:40/18:0 Pre 291.2, [M +

86 1086 C63H106014 acMGDG CoH30,) Table 2.1

®Each number (B6) represents a peak observed in triple quadrupole MS specuige(EiD.

An asterisk (*) indicates peaks resulting from two compounds of different lipid classes with the
same ion mass. A prime symbol () indicateaksewith at least two possible identifications,

where it is unclear whether the peak represents one or both compounds. Numbers followed by a,
b, or ¢ signify that accurata/zanalysis indicates that the peak represents multiple lipid species
detected bythte stagd precursor scaéblesS21 andS22).

PAbbreviations: acMGDG, acylated monogalactosyldiacylglycerol; DGDG,
digalactosyldiacylglycerol; MGDG, monogalactosyldiacylglycerol; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PG, phosphatidydgtol.

‘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 ttig gd/or [M + GH30;]

ion.

YQTOF MS peak data are provided in TaB1. FTICR MS peak d& are provided iffable

S22 . Peak i dentification i s mizvaldes foronead/gagp A Tent
(or more) were greater than 10 parts per million (ppm) from the theonetizand the

compound was not previously idéied or identified by accurate/zof 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:

- FigureS21 Examples of posdib structures and fragmentation of oxidized lipids from
each class.

- FigureS22 Bacterial counts (colony forming unit (CFU) per mg of leaf dry mass) at 12 h
and 24 h posinfection.

- FigureS23 Oxidized membrane lipid levels during various control coowlgiand
conditions with low oxipid levels as quantified by triple quadrupole MS precursor
scanning.

- FigureS24 Levels of oxMGDG, oxacMGDG and PA in Arabidopsis leaves during
stress and control treatments.

- FigureS25 Levels of LPC, LPE, and PA, in Aralopsis leaves during stress and control
treatments.

TablesS21-S28 are supplied as a separate Excel file.

- TableS21 QTOF MS m/z data supporting compound identifications in TaBle
Analysis was performed on extracts from leaves of Arabidopsistiahdected with
PstAvr for 24 h.

- TableS22 FTICR MS m/z data supporting compound identifications in TaBle
Analysis was performed on extracts from leaves of Arabidopsis thaliana infected with
PstAvr for 24 h.

- TableS23 Simplified designation of digtoxidized compounds (59).
- TableS24 Simplified table of acMGDGs (686) identified by precursor scanning.
- TableS25 Levels (individual sample data) of-tipids during plant stress responses.

- TableS26 Levels (averages and standard deviations) gipads during plant stress
responses.

- TableS27 Levels (individual sample data) of normal lipids during plant stress responses.

- TableS28 Levels (averages and standard deviations) of normal lipids during plant stress
responses.
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Figure S21 Examples ofpossible 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

Table2.1 and identified with specific compounds in TaBl2 have been identified ongt the

level of chemical formula. The specific structural features (e.g. presence of C=0 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)ehaot been determined. TaRl& indicates

some additional possibilities for acyl chain structures.

Compounds shown:

7. 18:20/16:0 PC, shown as the [M +i30,] ion of 1-hexadecanoy®-(9-hydroxy-10E,12Z
octadecadienoy3n-glycerc-3-phosphocholig;

23. 18:220/18:3 PE, shown as the [M] ion of 1-(9-hydroperoxylOE,12Zoctadecadienoyl
)-2-(92,12Z,15Z0ctadecatrienoy¥n-glycero3-phosphoethanolamine;

25. 18:40/16:1 PG, shown as the [MH] ion of 1-(8-[2-(cis-pent2-enyl)-3-oxo-cis-cyclo-
pent4-enylloctanoyl)2-(3E-hexadecenoysnglycera3-phosphe( s@-glycerol), where §2-
(cis-pent2*-enyl}-3-oxo-cis-cyclo-pent4-enylJoctanoyl is also known as -biXo-10,15
phytodienoyl and OPDA,

46. 18:320/18:3 DGDG, shown as the [M +z0;] " ion of 1-(9-hydroxy-12-oxo-10E,152
octadecadienoy?-(9Z,12Z, 15ZoctadecatrienoyB-O-[ D-galactosy( 1 Y-&-p-D-
galactosyl}snglycerol, where Shydroxy-12-oxo-10E,15Z20 ct adecadi enoy}l i s
ketol;

52. 18:30/16:3 MGDG, shown as the [M +B30,] ion of 1-(13-hydroxy9Z,11E,152
octadecatrienoy®-(7Z,10Z,13Zhexadecatrienoy3-O-b-D-galactosysnglycerol;

66.18:40/16:40/16:0 acMGDG, shown dke [M + GH30;] ion of 1-(8-[2-(cis-pent2-enyl)»
3-oxo-cis-cyclo-pent4-enyl]octanoyl)2-(6-[2-(cis-pent2-enyl)}-3-oxo-cis-cyclo-pent4-
enyllhexanoylh3-O-(6-O-hexadecanoyb-D-galactosyBsn-glycerol, where §2-(cis-pent2*-
enyl)-3-oxo-cis-cyclo-pent4-enyljoctanoyl is also known as -tiXo-10,15phytodienoyl and
OPDA, and g2-(cis-pent2-enyl)-3-oxo-cis-cyclo-pent4-enyllhexanoyl is known as din@xo-
phytodienoyl and dnOPDA.

OPDA = 8[2-(cis-pent2-enyl)-3-oxo-cis-cyclo-pent4-enyljoctanoic acid

dnOPDA = 6[2-(cis-pent2-enyl}3-oxo-cis-cyclo-pent4-enyllhexanoic acid
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Figure S2.2Bacterial counts (colony forming unit (CFU) per mg of leaf dry mass) at 12 h and
24 h posiinfection.
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Figure S2.3 Oxidized membrane lipid levels during various control conditions and
conditions with low ax-lipid levels (indicated on the panels) as quantified by triple
guadrupole MS precursor scanningNumbers along top-axis refer to peaks/compounds in
Table2.2. Error bars indicate standard deviation.
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Figure S2.4 Levels of oMGDG, ox-acMGDG and PA in Arabidopsis leaves during stress
and control treatments.Panels A, B, and C are #MGDG and oxacMGDG 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 leas during stress and control
treatments. Average data used in this figuare presented ifable2.8. Error bars indicate
standard deviation.-Test was performed on 12 treatmenttrol pairsWounded, 15 minvs.
UnwoundedWounded, 45 minvs. Unwoundedyounded, 6 hvs. UnwoundedPstAvr, 12 h
vs. MgCb, 12 h;Psm 12 hvs. MgCbh, 12 h;MgCl,, 12 hvs. Untreated, 12 BstAvr, 24 h vs.
MgCl,, 12 h;Psm 24 hvs. MgCb, 24 h;MgCl,, 24 hvs. Untreated, 24 %°C, 3 hvs. 22°C, 3

h; 4°C, 27 hvs. 22°C, 2'h; Freezing (8°C, 2 h)vs. 4°C, 84 h; *p < 0.05, n = 5 (except for 4°C,
3 h,n=4).
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Chapter 3 - Head-group acylation of monogalactosyldiacylglycerols
a common stress responsand the acylgalactose acyl composition

varies among plant species and with appliedtress

Abstract
Formation of galactosacylated monogalactosyldiacylglycerols has been shown to be induced
by leaf homogenization, mechanical wounding, avirulent bacterial infection and thawing after
snapfreezing. Here, lipidomic analysis using mass spetetry showed that galacteaeylated
monogalactosyldiacylglycerols, formed in whehtiticum aestivurpand tomato$%olanum
lycopersicumnleaves upon wounding, have agglactose profiles that differ from those of
woundedArabidopsis thaliangindicatng 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 (galaehostated
monogalactosyldiacylglycerol) dependstbe stress treatment. After sldihal freezing
treatment, acMGDG contained mainly roxidized fatty acids esterified to galactose, whereas
mostly oxidized fatty acids accumulated on galactose after wounding or bacterial infection.
Compositional data a@nsistent 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
gdactolipids in general. Also, oxidized fatty agidntaining acylated
monogalactosyldiacylglycerols increased cumulatively when wounded Arabidopsis leaves were
wounded again. These findings suggest that, in Arabidopsis, the pool of gatmttzded
monog@lactosyldiacylglycerols may serve to sequester oxidized fatty acids during stress

responses.
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Introduction
Membranes of plant chloroplasts contain ghgtgcerolipids with three major head groups:
galactose (Gal, in monogalactosyldiacylglycerol, MGD&athctose (in
digalactosyldiacylglycerol, DGDG) and sulfonated glucose (in sulfoquinovosyldiacylglycerol,
SQDG). The Gal component of MGDG can be enzymatically modified by fatty acylation
(esteri fi chydroxybgnoup. @Qver 4Q yeaes agoNhmsad group acylation was
characterized in spinach homogenates (Hdii87a Heinz and Tulloch1969). Fatty acid
compositional analysis of in vitro incubation products from an ammonium splfadgitated
protein fraction with purified lipid substratasdicated that, when only MGDG was present,
galactosecy| at ed MGDG (acMGDG) was formed via a d
acMGDG + monogalactosylmonoacylglycerol (MGMG). However, when both MGDG and
DGDG were present, acMGDG was formed exclusivelyrégsacylation from DGDG, i.e.
DGDG + MGDG Y acMGDG + digalactosyl monoacyl gl
1972). This early work focused on acMGDG formation in homogenized leaf tissues; however,

the potential physiological role for the acylation reattivas not considered.

More recently, acMGDGs with the structurg1P-oxophytodienoic acid) (OPDA),-@inor-
oxophytodienoic acid (dnOPDA);®PDA-Gal) glycerol (Arabidopside E) and acMGDG with

3 OPDA chains (Arabidopside G) were identified in Arabidspsaves under stress. These
acMGDGs can accumulate to as much as 8% of the Arabidopsis total leaf lipid when the leaves
are infected with the bactef®seudomonas syringa&arrying the avirulence factor AvrRpt2

(Pst) or AvrRpm1 (Andersson et,&006;Kourtchenko et al2007). Indeed, in vitro testing
indicated that Arabidopsides E and G have antimicrobial activities against the virulent bacterium
Pseudomonas syring@C3000 (Andersson et aR006) and the necrotrophic fungBetrytis
cinerea(Kourtcherko et al, 2007). Forty additional acMGDG molecular species (13 non

oxidized and 27 oxidized) were measured after wounding of Arabidopsis leaves (Ibrahjm et al.
2011) and 27 additional acMGDGs, each with at least one oxidized fatty acid chain, were
charaterized as being induced significantly after wounding or avirulent bacterial infection of
Arabidopsis leaves (Vu et a2012).
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Galactolipids with cyclic oxidized acyl chains, or oxylipins, such as OPDA, esterified to glycerol
are rare in plant speciesteide the genu8rabidopsig(Bottcher and Weiler2007). 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 occursto tom

and wheat, in addition to Arabidopsis, spinach, and broad bean (H8®izb;Heinz 1967a;

Heinz and Tulloch1969;Heinz 1972 Andersson et 312006;Kourtchenko et al.2007;Ibrahim

et al, 2011;Vu et al, 2012). MGDG Gal acylation is demonsgdtto be a common response to
stresses including wounding, freezing and infection with avirulent bacteria. The data show major
variation in composition of the Galsterified acyl group, both among plant species and in
response to different stresses. Funti@re, 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 acylatiamvivo.

Materials and Methods

Plant materials
Mature wheat leave(Triticum aestivund That cher 6) were coll ected fr
Farm, Kansas State University, Manhattan, KS. Tomato pl8otarfum lycopersicumBet t e r
Boyd) were purchased f r omAMdspsisthaiaaacdéssioiset , Ma
Columbia0 (Col0) and C24 were grown one plant per wellin-Mto x 6 PGXd soi | ( Hu
International, Earth City, MO) in 7&ell plug trays (Hummert International, Earth City, MO).
Trays were kept in a Conviron growth chamber under a 14/10 h light/darkwayicl®0%
humidityat2 1 AC. Li ght intensity in growth chambers
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-@02Z0 MiracleGro plant
food (Scotts Miraclésro, Marysville, OH). CeD was harvested after 30 days and C24 after 42
days of growth.
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Treatments
Arabidopsis plants were infected with bacteRa€udomonas syringpas previously described
(Vu et al, 2012). Cold aclimation 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 t@ water to approximately 1.5 kg of ice chips to a total volume of 4 [) to avoid
supercooling during freezing treatment at T18A
the ice slurry through the irrigation holes at the bottom of the growing theytémperature was
dropped to T8AC without gradual decreasing; a
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 leakagasuement (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 previouslglfer et al, 1997). Wounding was performed by applying
pressure with a hemostat across the leafvaid, leaving wound marks about 6 mm apart. For
the rewounding experiment, plants were randomly assigned to one of three groups. Plants of the
0 ¢ o ndinglywowdnded 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. @hedavere harvested at
0 min, 5 min, 15 min, 45 min, 4 h, 24 h and 48 h after the second wound. Invtbemding
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 isoprapavith 0.01% BHT for lipid analysis, and
leaf numbers 6, 7 and 8 were put together into aril &ube and frozen in liquid nitrogen for

phytohormone analysis by gas chromatograpmass spectrometry (MS).

lon leakage measurement
Two leaves from each ree 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 incubatediat@% C in a water bath
for 2 h, and a second conductivity reading was taken. Relativeatage, as a percentage, was

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

Lipid extraction

Modified Blighi Dyer method (Bligh and Dyer1959) for polar lipid analysis

For thePstand wounding experiments, three leaves were dibpyie 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 roundxdfaction, 4 ml ofchloroform: methanol (2:1) waslded

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
extractwas evaporated under a nitrogen stream afulissolved 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 +wounding experiments, leaves were dropped into-mR@al with a
Teflonrlined cap containing 4 ml (2 ml in the-weounding experiment) of 75°C isopropanol with
0.01% BHT. After 15 min at 75°C, 12 ml (6 ml in theweunding experiment) axtraction
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 chromatograpmMS (free oxylipin analysis)

Extraction and derivatization were carried out as destipoeviously (Schmelz et ak004).

Mass spectrometry
For samples extracted by the modified Biiftyer method (stored in 1 ml chloroform), a volume

(x Ol) containing 0.2 mg | eaf dry mass was
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pl of methanol: 300 mM ammonium acetate in water (95:5, v/iv)skomples extracted by the
alternate method, a volume (y pl) containing 0.2 mg leaf dry mass was dilutedlw ( 1200 1T vy
of chloroform methanalisopropanal 300 mM ammonium acetate in water (30:41.5:25:3.5,

VIVIVIV).

Phospholipids and galactolipids tvihormal chains were analyzed by triple quadrupole MS
using head grouppecific 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:@) 184 293.2 (Pre
293.2, 18:30), m'z 295.2 (Pre 295.2, 18Q or 17:320) 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

asan internal standard.

Scans for neutral loss (NL) fragments composed of Gal and a fattyTatit:8.1) were carried

out in positive mode using an ABI 4000 triple quadrupole mass spectrometer (Applied

Biosystems, Foster City,A) with an electrospray ionization (ESI) source. To perform the NL

scans listed iTable3.1, three identical sample vials were used to provide enough volume for the
analysis of each sample. To each sample vial, 0.95 nmol oDdXBDG 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 Ol mi ni 1l
parameters were: collision gas, 2 (arbitramts); curtain gas, 20 (arbitrary units); ion source

gases 1 and 2, 45 (arbitrary wunits); source t
voltage, 5500 V; declustering potential, 90 V; entrance potential, 10 V; collision energy, 24 V

and colision cell exit potential, 23 V.

Accurate acyl mass analysis by quadrupole 4faélight (Q-TOF) MS was performed on

unfractionated lipid extracts with a QOF2 tandem mass spectrometer (Micromass Ltd.,

Manchester, UK), using the solvent, parameterspradessing 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 widthat half height (i.e. monoisotopic selection). Extracts were infused into the ESI

source at 20 pl mint collision energy was 30 V.

57



Chemical ionization gas chromatographyS was used to profile phytohormones of samples
harvested from the r&ounding experiment following the procedure described by Schmelz et al.
(2004).

Mass spectral data processing aadalysis
Peak smoothing, background subtraction and peak centroiding for triple quadrupole MS data
were carried out using a custom script with Applied Biosystmasystsoftware. After targeted
peaks were identified, isotopic overlaps were calculatedabulacted 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 negatipeecursor 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 ratidMiDGs 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 (18:40) with each of the fig major fatty acids [16:3, 16:0, dnOPDA (1€, 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 theéOB&A to Gal18:3 signal ratio in
acMGDGs, the surof signals of GalDPDA acMGDGs [with each of the 35 diacylglycerol
(DAG) combinations listed ifable $.1], detected by scanning in positive mode for NL 453.3
(GalOPDA), was divided by the sum of signals of &8tl3 acMGDGs (with the 35 DAGs listed
in Table S3.1), detected by scanning in positive mode for NL 439.3-(B8).
Q-TOF mass spectra obtained in negative mode were-coasscted 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. QOF spectra obtained in positive mode were ntaseected 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 lockesl coa®ction, the

exact masses of product ions were determined to ten thousandths of a mass unit.
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Results

Woundinduced acylation of the galactose of MGDG occurs in multiple plant species
acMGDGs are formed by acylation of MGDG on the carbon at-{mas€on of galactose (Heinz
and Tulloch, 1969). Utilizing direct infusion ESI triple quadrupole MS, acMGDG levels can be
measured by NL scamg in the positive modé&igure3.1A depicts an acMGDG molecule,
showing formation of the Nfragment, C22H4306N (417.3 u), by collistorduced
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 Gl Other NL fragments used for detection of acMGDGs are list@ale3.1.
Each NL scan targets an acMGDG group with a common@altomponent and varied DAG
components. The DAG components targeted in each NL $ednte@.1) are listed inTable
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 posions 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 bhislapproach allows
sampleto-sample comparison of signals. More detail on the acMGDGs (as defined by DAG
species in combination with each agglactose species) may be viewed able 3.2.
Figure3.1B shows that various planpacies, 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 whag 20 for Arabidopsis C24 and 130 for Arabidopsis-Col
In acMGDG produced in response to wounding, the fatty acyl species linked to Gal varied
among plant speciefigure3.2). Figure3.2A shows thatn Arabidopsis CaeD, the most
abundant Galinked fatty acids were 18:@, which has been identified as OPDA in
galactolipids (Stelmach et a2001;, Buseman et 312006), 16:0, 18:20/20:1, 18:3 and 18:0
(49, 19, 11, 7 and 4%, respectively, of thaltecMGDG measured). Ghhked fatty acids 18:3
20 and 20:1 have the same nominal mass and thus are not differentiated by this method. In
agreement with previous analysesfo@bidopsis thalianaCol-0, three acMGDGs with the most
abundant signals wereQPDA,2-dnOPDA,3(OPDA-galactosyl) glycerol (Arabidopside E,
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38% of total acMGDG signal),-OPDA,2dnOPDA,3(16:0-galactosyl) glycerol (14%) and 1,2
diOPDA,3(OPDA-galactosyl) glycerol (7%, Arabidopside Q)aple 8.2; Andersson et

al., 2006, Ibrahim et 12011, Kourtchenko et aR007, 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%), 18C8(6%) and 18:20/20:1 (6%) compared to GOl
afterthe same wounding treatmefRigure3.2B). While the amount of acMGDG with OPDA
esterified to Gal is approximately-f0ld less in Arabidopsis C24 than in Arabidopsis-Gpthe
amount of acMGDG with 18:3 esterified to Gal wagtdly higher in C24 than in Cé).

Similarly, MS signals from acMGDGs in wounded tomato and wheat leaves were derived
primarily from unoxidized Galinked fatty acids: 16:0 (40%), 18:3 (27%) and 18:2 (15%) in
tomato; 18:3 (73%), 16:0 (9%) and 18:2 (6%ineat Figure3.2Ci D). 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 sitatak(S3.2).
Accurae-mass product ion analysis of this species (acetate adduct, fMs0§', m/z 1093.8)

by Q TOF MS in the negative mode (Buseman et24l06, Vu et a].2012) showed that this
largest acMGDG component of wheat contained only 18:3 acyl chains, consisieat

structure of 1,21i18:3,3(18:3-galactosyl) glycerolRigure S3.1). Table .3 shows the acyl
composition (three chains) of the major acMGDG molecular species detected in Arabidopsis

Col-0, tomato and wheat and the supporting accuretes produciboin analysis.

acMGDGs accumulate following stress, including sidgthal freezing
The total amounts of acMGDG formed under different stress treatments were determined using
the NL scans indicated ifable3.1 (Figure3.3). As shown previously by precursor scanning for
acyl anions, infection oArabidopsis thaliana&ol-0 with the avirulent bacteridstinduced large
amounts of acMGDGHigure3.3A; Vu et al, 2012). Wounding also inded acMGDG Figure
3.3B). Similarly, sublethal freezing induced synthesis of acMGIKiy(re3.3C). Levels of
acMGDG with unoxidized fatty acyl chains had not been previously determined (Vp281a;
next section). In the experiment showrFigure3.3Ci E, Arabidopsis CaeD plants were cold
acclimated at 4°C for 3 days or not acclimated (remained at the growth temperature of 21°C)
unt il t he fr eezi ngantsweseadtumedra21°C aftertireeairtg arid8 AC) .
sampled 3 h or 24 h later. As indicated by measurement of ion leakage &igdra3.3D),
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nontacclimated plants sustained more damage than acclimated plar@$01).Figure3.3C
indicates that levels of acMGDG increased during the-fpesting period in both acclimated

and noracclimated plants, but that the levels were always higher raodimated than in
acclimated plants. lon leakage measuremditgi(e3.3D) indicate that the membranes of
acclimated plants were quite permeable at 3 h into the recovery period, but less soRa&24 h (
0.01). In contrast, the neacclimated plants showed greater leaf membrane damageafier 2
post freezing than at 3 R & 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 of4agclimated plantsidd, although the plant did not (see
Figure S3.2). Levels of the phospholipid hydrolytic product phosphatidic acid (PA) are shown in
Figure3.3E. (Levels of other membrane lipids are showiable S3.4). Whereas total PA levels
(Figure3.3E) were closely correlated with leaf ion leakagm(re3.3D), the total acMGDG

signal Figure3.3C) did not correlate strictly with leaf injury. Acclimated plantsckesh to
accumulate acMGDG between 3 h and 2Pk Q.1) after freezing treatment as ion leakage
dropped. Taken together, comparison of acMGDG signals in acclimated aadctiomated

plants demonstrates a link between treatment and total acMGDG accumuatiacMGDG

accumulated even during recovery.

The composition of induced acMGDGs varies among stresses
The most abundant acMGDGs in &@bleaves after infection of the plants Bgt(24 h) were
those with Galinked fatty acids OPDA (56%), 16:0 (17%),:28§10%), 18:320/20:1 (6%) and
16:40 (4%) Figure3.4A). The acMGDG composition, with a prevalence of OPDA and 16:0 on
Gal, was similar to that formed after woundifrggure3.4B). The acMGDG Galinked acyl
composition was drastically different in plants 24 h after freezing. In acclimated paguise(
3.4C), 18:3 (48%), 16:0 (14%), OPDA (14%), 16:3 (10%) and 18:2 (6%) were most prevalent,
and in noracclimated plantsHgure3.4D), 18:3 (58%), 16:3 (13%), 16:0 (11%), 18:2 (7%) and
OPDA (4%) were highest. Although acclimated plants accumulated approximatelglfivess
acMGDG than nofacclimated plants, they accumulated approximately the same aafount
OPDA-Gal acMGDG (0.48 + 0.23 normalized MS units' migry mass in acclimated plants

compared with 0.59 £ 0.17 units in ranclimated plants).
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Overall, the data demonstrate that during recovery from freezing, as well as during Pst infection
and after wunding, significant acylation of the Gal of MGDG was induced. However, in
contrast to the composition during other stresses, after freezing, thiakgdlacyl chains were

mostly unoxidized.

The proportions of 16:3, 16:0 and 18:3 in the Gasterified agl 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 (Hein4967h 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 dil8:3 MGDG. Laf 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% &:3, 3% 16:3 and 12% 16:0 (Miquel et, 41998). 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 ogirtite) af
the acyl groupsHigure 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 hegbup scanning of untreated samples, with assent of molecular
species based on previous product ion analysis (Devaiah22@). Detailed estimation is
shown inTable $.5. The percentages of each fatty acid in MGDG and DGDG determined in
this way on the untreated samples were in close agreéewitarthe previously published data
(Miguel et al, 1998). When acMGDG formation is induced by stresses irf0Cialtty acid
oxidation also occurs at various levels. Hence, for comparison of normal and head group
acylated galactolipid compositions, thentents of unoxidized fatty acids and their oxidized
derivatives were summed: i.e. 16:3 and its major oxidized derivatived,6rmre combined;
similarly, 18:3, 18:40, 18:30 and 18:320 were combined, as were 18:2 and 18X The
composition of the féy 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%igure 3.%. 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 anr@ 16cérporated on the Gal of
acMGDG following freezing stres&igure 3.%&i F), the data are consistent with DGDGlaes

major source of the Galsterified 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 18in MGDG and DGDG were measured using ESI triple
guadrupole 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 reggye precursor scans for 1834 (includes OPDA), 18:8®
and 18:20 are shown iTable 8.6. The ratios of OPDA to 18:3 signals under different
treatments are shown Trabe 3.2. Pstinfection and wounding of Cd) significantly ncreased
the OPDA level in MGDG and DGD@(< 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 ariddwced
conditions. Although neither acclimated nor raxclimated 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)8a8 ratio from the acyl chains
esterified to the glycerols of MGDG and DGDG. Interestingly, OPDA enrichment on the Gal of
induced acMGDG in cokdcclimated CaD plants is greater than in naeclimated CeD
recovering from sulethal freezing Tabe 3.2). Taken together, the dataTiade 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 tra pbfatty acids linked to
the Gal of acMGDG.
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Oxidized acMGDG induction is enhanced by-veounding
Although the existence of acMGDG has long been known, its physiological roles are still largely
unclear. The fully oxidized acMGDGs Arabidopside E andoitapside G have been
demonstrated to have affiingal and antbacterial activities in vitro (Andersson et, 2006
Kourtchenko et al2007). One hypothesis about acMGDG function is that oxidized fatty acid
containing complex lipids may serve as resés/for precursors of oxyliphderived
phytohormones such as jasmonic acid (JA). In order to test this hypothesis, we woun@ed Col
leaves twice at the same place, with the second wound occurring either 24 or 48 h after the first.
Leaves were harvested figpid 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 enhancementdunding in
levels of induced total free JA and total free OPBAg(re 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 upoiwaunding.
Figure3.6 shows levels of plastidic complex lipids MGDG, DGDG and acMGDG. Whereas free
oxylipin content was not significantly higher upoaweunding, signals from oxidized MGDG
and DGDG Figure3.6Ai C) were clearly incrased 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 acMGD@&igure3.6Di F). In contrast, the levels of oxidized
acMGDGs(Figure3.6Gi H) were much higher duringswounding and remained higher than the
levels induced by the first wounding for up to 48 h aftewvoeinding.

Discussion
The present work demonstrates that acMGDGs are formed in plaoss apecied{gure
3.1B). Prior work established that wounding and bacterial infection induce acMGDG production
in Arabidopsis (Andersson et a@2006;Kourtchenko et a].2007;Vu et al, 2012).
Homogenization was also reportedinduce 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 lants. We also demonstrate that -getinal freezing induces acMGDG synthesis in
the postfreezing periodigure3.3C). This was not observed in our previous study, which
focused only on oxidized acMGDG and analyzed lipid levelg to the end of the freezing
period (Vu et al.2012).

The acyl composition of the ae@@al 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 access with more oxidized lipids

in the galactolipid pool (Celd > 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 pradion of acMGDG with more oxidized molecular species.
Woundinduced acMGDGs containing Gltntked OPDA (Arabidopsides E and G) were not
detected irBrassica napudNicotiana tabacumPisum sativumSpinacia oleracegAvena sativa

and barley (Kourtchenko at., 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 a@gl in Arabidops 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-Odeaves harvested 30 min after
wounding (regardless of the positions &fdized 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) thatraacyltransferase 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 suggesistha
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 MGDGLHBDGs, such as
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Arabidopsides A, B and D (OPDA/dnOPDA MGDG, diOPDA MGDG and diOPDA DGDG,
respectivelyFigure3.6AT1 C) are among the most rapidly formed compounds during stress
responses, and the production of acMGDG always lagadbéte 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 oxidain of membrane bound fatty acids. Interaction between a soluble
lipoxygenase and a Ghhked acyl chain might be even more likely. If an oxidizing enzyme

could preferentially interact with head grelipked fatty acyl chains, this would support the

secom 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 prddutwas 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 memlma lipid pool. Two examples of accumulation of acMGDG

during stress responses support this idea. In the period after freezing¢cidated plants
accumulated acMGDG as the leaves recovered and ion leakage dedreased.3). This

acMGDG in acclimated leaves was enriched in oxidized fatty acid more than the acMGDG
accumulated in neacclimated leaves which do not recover from freezing damage. The second
example is accumulation of acMGDG duringweunding Figure3.6). 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 relativdyng-lived and may persist and increase as recovery from stress

OCcCurs.
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Figures and Tables
Figure 3.1 acMGDG structure and occurrence upon wounding.
A) Structureof a representative acMGDG moleculel&84-0,2-16:40,3(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 fragmenta@) otal acMGDG induced
by wounding, measured by the 11 NL scans indicated in TabJén Arabidopsis CeD 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 bassasu@ard 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 moietyon 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=a®l group over the sum of the 11 measured

acMGDG groups.
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Figure 3.3 acMGDG forms in leaves of Arabidopsis CaD after application of different

stresses, and its occurrence during freezing is not directlysaociated 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 aaxis with Panels D and E. Panel D: Relative ion leakage (%)

of acclimated and neacclimated Arabidopsis Cdl leaves at 3 h and 24 h after freezing

treatment. Panel Eevel of total phosphatidic acid as measured by MS in acclimated and non
acclimated Arabidopsis Cdl 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 streses.

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 ©gblants at 24 h post freezing, n= 6; panel D:
acMGDG of noracclimated CaD plants at 24 h post freezing, n =Y6axes 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 acylGal in acMGDG of CaD plants at 24 h post Pst infection (C), n = 5; and at
45 min post wounding (D), n 5 5f cold acclimated (E) and of natclimated (F) CaeD 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 (18:40) using direct infusion ESI triple quadrupole MS in negative mode.

Levels of lipids were measured at various time points after wounding was performed at O h
(squares). Data denoted by circles show levels of lipids after a second wounding at the 24 h time
point d 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. Tkexis indicates time (h) starting from

the only wounding event (squares) or final wounding event (ciral@sreangles). 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/zof NL fragment

Fatty acyl chain

Chemical formula of NL fragment

411.3
417.3
425.3
439.3
441.3
443.3
445.3
453.3
455.3
471.3
473.3

16:3

16:0

16:40

18:3

18:2

18:1, 16:320
18:0

18:40
18:30
18:320, 20:1
18:2-20, 20:0

Co2H3706N
C22H43()6N
C22H35()7N
C24H4106N
C24H4306N
C24Has06N, CoHa707N
Ca4H470eN
C24H3907N
C24H4107N
C24H4108Nv CZ6H4QOGN
C24H4308N, CogHs106N
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Table 3.2 Ratio of signals fromOPDA/18:3 in galactolipids of Arabidopsis thaliana

Total OPDAcontaining MGDG and DGDG (normalized mass spectral signal unit per dry leaf

mass), measured by scanning Pre 291r2gative mode (complete data in TabB6y are

shown in the second colum@ol-Owass ubj ect ed t o ,P4 {m=g9nfreeziogt i on (i
and posffreezingat21°@i t h or wi thout prior cold -accl i mat
acclimated, 24 @& n = 6) and woundng( i wo u n d e dn =544 was also wounded and
sampled after 45 min (Awounded, 45 mino, n =
ratio of signals derived from OPDA to signals derived from 18:3 in acyl chains of MGBG

chains of DGDG, or from the acyl chain on the Gal of acMGDG. Errors are standard deviation.

Treatment OPDA- Ratio of OPDA/18:3 signals
containing in MGDG in DGDG on Gal of
MGDG and acMGDG
DGDG
(intensity mg™)
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, nonacclimated,
0.017 = 0.009 0.0092 + 0.0080 0.0080+ 0.0070  0.063 + 0.017
24 h
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 S3.1Tentative structure of 18:3/18:3/18:3 acMGDG detected in wounded wheat leaves
Figure S3.2Acclimated and nomcclimatedArabidopsis thaliana&ol-0 after freezing a8 °C
for2 h
Figure S3.3Total free OPDA and JA after wounding anelweunding of ColO plants
Tables S3.453.6 are in a separate Excel file
Table S3.1DAG fragments of acMGDG determined during NL scanning by ESI triple
guadrupole mass spectrometry in positive modieguscan modes listed in Table 3.1
Table S3.2Levels of acMGDG detected by NL scans of individual replicates (in normalized
mass spectral signal unit rigeaf dry mass)
Table S3.3Accurate masses of acyl groups of acMGDG from woundeeDCmimato and whed
provided by QTOF mass spectrometry in negative mode
Table S3.4Levels of normal chain phospholipids and galactolipids detected by triple quadrupole
mass spectrometry (in nmol rigleaf dry mas), performed as describedXrao et al. (2010,
supplementiedata)
Table S3.5Estimation of fatty acid composition in MGDG and DGDG
Table S3.6Levels of 18:40- and 18:30-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 nonacclimated Arabidopsis thalianaCol-0 after freezing at-8

°C for 2 h. Numbers on the left indicate time (h)24t °C after freezing treatment.
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Figure S33 Total free OPDA and JA after wounding and rewounding of Col0 plants. A:
total free OPDA, B: total free JA in ng/mg of leaf fresh weight. Total OPDA is suwms-aind
transsOPDA. Total JA is sum otis- andtrans-JA.
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—e— wounded twice, 24 h apart A. Total OPDA
12 - —a— wounded twice, 48 h apart
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Chapter 4 - Lipid changes after leaf wounding inArabidopsis
thaliana: Expanded lipidomic data form the basis for lipid ce

occurrence analysis

Abstract
A directinfusion electrospray ionization triple ggirupole mass spectrometry method with
multiple reaction monitoring (MRM) was employed to measure 272 lipid analytes extracted from
leaves ofArabidopsis thalianaubjected to mechanical wounding. The lipid classes analyzed
comprised galactolipids and pdpholipids (including monoacyl molecular species, molecular
species with oxidized acyl chains, phosphatidic acids (PAsnttitetra
galactosyldiacylglycerols (TrGDGs and TeGDGs), hgemlp-acylated galactolipids, and head
groupacylated phosphatidylgterol (acPG), sulfoquinovosyldiacylglycerols (SQDGSs),
sphingolipids, diand triacylglycerols (DAGs and TAGSs), 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,-geagacylated
galactolipids, acPG, and some sterol derivatives increased, many transientgbs&hed
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 tsednstruct a lipid dendrogram and to
define clusters and stddusters 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 suglusters comprisedids generated by parallel metabolism or formed from sub
cluster members by a ngatelimiting process. This work demonstrates thabcourrence
analysis, based on correlation of lipid levels among plants, is a powerful approach to defining
lipids gereratedn vivoby identical or intetwined 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 enzymeoadth b
substrate selectivity, i.e., those that act on more than one substrate and produce multiple products
(Carbonell et al., 2011). Indeed, knealt or suppression of single genes has indicated that,
during stress responses in plants, individual fipetabolizing 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 sas phospholipase D activation, phospholipase A activation,
oxidation of fatty acids on galactolipids, and hemdup acylation of
monogalactosyldiacylglycerols (Narva¥asquez et al., 1999; Zien et al., 2001; Ryu et al.,
2004; Buseman et al., 2006; Vuadt, 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) wées a str
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 magtsgactivation 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. Int
current work we have developed a dirgdtision electrospray ionization (ESI) triptpiadrupole
mass spectrometry (MS) method to analyze a wide array of lipid species, with a focus on ability
to analyze compositional patterns of lipids among indivigleatts 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 caoccur when their metabolic pathway is activated and/or repressedvidirad 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), lipidarate were analyzed to reveal lipid groups
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defined by ceoccurrence through stresses and among individual plants. The relationships

between the revealed-omcurring groups and known plant lipid metabolism were examined.

Results

Plant wounding
To test thénypothesis described in the Introduction, we conducted aMeanding experiment.
Wild-type Arabidopsis (accession Columiipplants were wounded with a hemostat by
crimping twice across the migkein of three leaves. Wounded leaves were harvestedriandi
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 ledkiageq S4.] and an
increase in expression of genes encoding enzymes involveddagion of oxidized fatty acids
(ALLENE OXIDE SYNTHASROS andLIPOXYGENASEZ. OX2); Figure S4.2a and b), but
the leaves undergo recovery, as indicated by reduced ion leakage &i@dré §4.1. Some
crimped leaf areas appear to heal, while magksain visible in other areas at 24Figure 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 kigloughput manner andebause extraction can
be a timeconsuming 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 mirp@ar 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 Bligbyer method (Bligh and Dyer, 1959; Welti et al., 2002) and a
Bligh-Dyer type extractionfollowed 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 extracteel by th
three methods (Tabkel and full data set iable S4.).
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MS analysis of lipids
To analyze stressiduced Arabidopsis leaf lipids, a dir@otusion ESI triple quadrupole MS
method with MRM was developed. Each lipid analyte is defined by its modalyses
(positive or negative), its intact ion mass/chang&)( and afragmenn/z an ar bi trary i
number 0 corresponds to the set of parameters
annotated, based on available information; information stipgannotations (accurate mass
and LGMS data indicating the presence of the annotated lipids in Arabidopsis thaliana tissues) is
compiled inTable S4.2 Supporting quadrupole tirad-flight (QTOF) MS data not previously
published are provided ihableS4.3 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 S4.4MS settings for each analyte are also listeGahle 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 nomitzal Available data provide
confidence that the vast majority of the annotations are correct, i.e., thatam(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 tintequre S4.3 Some analytes, particularlygegively

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 duait@ven 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 initexperiments 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 indicBaddeils4.5and

Table S4.2ndicates the internal stdard(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 cpamne 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
parameteramong 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 aullactaalaptation of

t he Aquality control 06 approach suggested by D
samples from all treatments were pooled. The pooled sample, called the quality control (QC)
sample, was analyzed recurrently among the expetahsemmplesTable S4.% 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 massvhere 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 abslghddevels.

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 differeritungent parameters. Each lipid analyte
described in this work met the following criteria: (1) the background MRM intensity (in the
internal standardnly samples) was less than 40% of the average intensity of the QC samples;
and (2) the coefficient of veation, 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 Trable S4.2
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Variations in lipid analytes among individugplants 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 Tablds6and S1.7. Original and autoscaled data of each lipid
analyte & plotted as a function of wounding treatmeénggre S4.% 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 4.3andTable S4.9 . T u khegtéstsindipses that 143 lipids
were significantly different in all three pairwise comparisons and 74 lipids in comparisons
bet ween both AWounded; 45 mino versus AUnwoun
AUnwo unrdbéed.d. (

The autoscaled lipid levels of individusamples are displayed as a heat map in Figure 1, and the
levels of 10 lipid analytes as a function of autoscaled levels are shdwguie 4.2 The data in
Figures4.1 and4.2 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 datareaeal groups of lipids defined by
lipidcooccurrence, correlations in the | evels of
correlation coefficient, }J}, was calcul ated fo
across all 93 lipid sammeincluding 31 samples subjected to each treatment (unwounded,

wounded and harvested after 45 min, and wounded and harvested aft€ablé&)S4.1D
Spearmands correl at i oh(pedestedghtivecarrelation) te la(perfecta n g e

positve correlation) with O indicating no correlation.

Levels of every lipid analyte were positively correlated with the levels of at least one other lipid
anal yte. Of the 268 wunique analytes, 264 wer
matching each lipid analyte with the one to which it wasst highly correlated, a dendrogram

was constructed-{gure 4.3. The dendrogram includes seven clusters of lipids, labeléd A
corresponding to groups in which every I|lipid
of the clusters, A and Cralarge, and contain 60 and 146 lipid analytes, respectively.

Comparison of various correlation Acutoffso i

89



in the Discussion) indicated that, within these clusters, lipids that were likely to be meti&bolic
related were those with the highes<xlusiersr rel at i
(A2-A6) in A with lipids with } -clustefs (Ca32). Wit hin

Cluster A contains structural (i.e., membrane) lipids éinatdecreased as a function of wounding
treatment (Figured.2 and 4.5, Table4.3). 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 18Q. Theseanalytes exhibited no change in response to wounding at
45 min but decreased at 6 h pagiunding. Cluster C contains many lipids induced by
wounding. These include monoacyl lipids, including DGMGs, MGMGs, LPCs, and LPEs.
Cluster C also contains headygp-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 polgalactosylated lipids, TrGDG and TeGDG. A large portion of the galactolipid
analytes (acDGDGEacMGDG, 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(16:0/18:20), PE(18:3/18:20), PG(18:30/16:0), PG(18:40/16:0), and PG(18:0/16:1),

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. @usbasists 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 rotramafatty acid

and 18:330. Cluster G is composed o€E4:4) and PE(34:4).

The most highly correlated lipid analyte groups are the 1&8kdbers, A1A6 and C1C12, each

of which contains |lipids |inked by J} > 0.96.
levels in these clusters are providedrigures4.4, 4.5 and4.6, and Figurel.7 presents boxplots

of lipid levels in response to wounding for an example lipid from each of the 1dusibrs.

Figure4.4 shows autoscaled values for the lipids in-slister A1 4.4a), A4 @.4b), and A5

(4.4c) as a function of individual plant and treatment. Sllster Al includes PC(32:1) and

PE(32:1), which has been identified previously as PE(16:0/16:1) (Samarakoon et all,.at042,

S4.9. Subcluster A4 includes PE species (PE(34:3), PE(36:5) and PE(3@G¢h previous
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analysis hashown to contain 18:@Nelti et al., 2002Table S4.2. Subcluster A5 consists of
PC and PE species (PC(34:2), PE(34:2), and ®&)Bcontaining 18:2Welti et al., 2002Table
S4.2. Lipid analytes within the same sadloister vary similarly across the samples and
treatmentsKigure 4.4-c). There is slightly lower coccurrence when an analyte from each of
subclusters Al, A4, and A5 is compardedure 4.41). In addition to A1, A4, and A5, A3 is an
additional PGPE subcluster, which contains PC species with limited desaturation and which
may contain 18:1 and/or 18:2 (Welti et al., 200a@ble S4.2 On the other hand, swudiuster 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 sualuster within Cluster A thus represents either a PC +
PE or MGDG + DGDG group of molecular species related by acyl composition.

Figure4.5a and4.5b show sufzluster 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-clulsters are closely correlated, thutse sub

clusters are not well correlated to each other, as illustrated by comparison of levels of PA(34:6)
from subcluster C2 and PA(36:6) from sutuster C9 Figure 4.%). Figured.6a,4.6b, andd.6¢
depict the changes in sterol glucosides and steybl glucosides of sutlusters C5, C7, and C8.
Again, these show a higher level ofsab-cluster lipid ceoccurence compared with intsub

cluster ceoccurenceKigure 4.4).

Overall, sukclusters in Cluster C are diverse. In addition to previonntioned swalusters,
there is a suloluster (C4) composed of all four TAG species determined, -&lsster of
Arabidopsides A and B (MGDG(18@/16:40) and MGDG(18:40/18:40); C6), and 5 sub
clusters containing acDGDG/acMGDG. The five acDGDG/acNBXHDbclusters (C1, C3, C10,
C11, and C12) fall into two groups. Salusters C1 and C3 are moderately related with the
highestintersubc | ust er , |} ( C1l, C-8lYsters @, ChllandCi2abe. 9 1
closely related will8subctustees fahing gust shert of 0.96. Cath® n g
ot her hand, the hi ghelasters 1 ob@E3twitheomenn CaOn§ll,ori p i
C12is 0.77. There is some potential ambiguity in annotation of the acylated galactolipid sub

clusters, whib makes it difficult to fully interpret the sutdustering. (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 Tabe3 and 9.2) Still, subcluster C3 cordins some clearly
normalchain acyl species, whereas suisters C10, C11, and C12 contain highly oxidized
acylated galactolipidsFigure 4.9, i, p, q, and r show examples of the patterns of lipid changes
during the wounding response for a lipid froncleaf the 5 acylated galactolipid salusters.

The levels of lipids in sublusters C1 and C3 continued to rise between 45 min and 6-h post
wounding, while the levels of acylated galactolipids in-slusters C10, C11, and C12 were
reduced at 6 h comparéa45 min postvounding.

Discussion
Lipids are modular, with many different molecular species containing the same component acyl
chain or head group. This modularity goes hemtand with the promiscuity of lipid
metabolizing enzymes, many of which aatmultiple, 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
metaboliccontrol 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 er&yseel on
current knowledge of lipid metabolism, we infer tha thghly correlated sublusters detected
here by correlation analysis (}J > 0.96) may
enzyme(s), (2) may include a lipid formed from a common starting material by a metabolic
branch, and/or (3) may inclu@elipid formed from another member of the group by anate
limiting process.

Among the sufrlusters, several are likely to be produced by parallel metabolism by the same
enzyme. These include the steryl glucosides inctuster C5, which are likelo have been

produced by the glycosylation of sterols by UBR:sterol glycosyltransferase(s) described by

DeBolt et al. (2009). | t 6 s pr odustdrd (@7 andiC8t e ac

was formed by parallel acylation of two stegtlicosides with the same acyl chain, although the

acylating enzymes acting on sterol glucosides have not been identifieatluStds C9, which
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consists of PAs with fatty acids similar to extraplastidic phospholipids, may have been derived
largely from he 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 notisuthauster 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 thatOL@#ophytodienoic acid)
and 16:40 (dinoroxophytodienoic acid) are formed Wwiut release of the acyl chains from the
galactolipid pool. It follows that the two molecular species irdubter 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 oxidatiand cyclization of the esterified fatty acyl chains.

The formation of sueluster 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 galactosting enzyme that transfers a galactose from MGDGs to successively yield
b-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
formedfrom it, the inclusion of PA(34:6) in the sudtuster suggests that a DAG kinase may
phosphorylate the DAG in a branch step. Several molecular species of TAGs are formed in
response to wounding (suluster C4); formation of these TAGs may involve
phosplolipid:diacylglycerol acyltransferase (PDAT1) (Fan et al., 2013). TAG may serve as a
transient buffer for leaf acyl chains present in excess (Trorleoroe et al., 2013).

Unfortunately, we did not determine the level of a TAG species containing 34,4 8i.8/16:3),
which could be derived from MGDG by SFR2.

While all the sukclusters within Cluster A are quite closely correlated, the components of the
four subclusters containing PC and PE (Al, A3, A4, A5) and twoedubters of MGDG and
DGDG (A2, A6) vary in their fatty acyl composition. In the plastid, DGDG is formed from
MGDG by a UDPgalactosedependent DGDG synthase (DGDG&Ily and Dérmann, 2002;
reviewed in LiBeisson et al., 2013). Fatty acyl chains can undergo desaturation on either
MGDG o DGDG (except that FADS acts only on MGDG; Kunst et al., 1989).-cRudter A2

includes MGDG species that are not fully desaturated; theaccomulation may indicate that
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the rate of the final desaturation of MGDG acyl chains by FAD7 and/or FAD8 \ariedg

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 infectiKodama 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 sukcluster A6 is due to a neapnstant ratio of these lipids among plants,
suggesting thathe conversion of MGDG to DGDG is not rdieiting. The high correlation
coefficients between PCs and PEs with the same acyl chains-aiustdérs A1l and A5 could

mean either that the rate of production of adgntical PCs and PEs is similar and/aatth

enzymes involved in PEE (inter)conversion, perhaps through a DAG intermediate, function
near equilibrium, maintaining a neaonstant ratio of acyidentical PE and PC molecular

species (found together in salusters). In pea leaves, PC is labeledrfracetate much more

rapidly than PE during a 4@in 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 spexire converted to PEs during the wounding experiment.

The modular nature and the typical action of hpidtabolizing enzymes on multiple substrates
may make complex lipids especially amenable tooturrence analysis as a mechanism for
extending our nderstanding 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 MGI&+ DG

Y 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 ialasters

C10, C11, and C12, most of which are rich in oxidized fatty acids, are foapetly (i.e., their

levels are high at 45 min) and their levels drop by 6 hwosinding (Figuret.7p,4.7q,4.7r).

Other acMGDGs (sublusters C1 and C3; Figu#erg, 4.71), including all quantified molecular
species unambiguously annotated as hagmtgely normalchain 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 galactolgaid&ining 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 formati; 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 thegheagacylated
molecular species remains unknown. Additionally, the placement of a number of analytes that
are not obviously structurally similar in sghusters C1 and C3 provides a catalyst for future

reassessment of the tentative annotations.

In the current work, whave developed an Migased 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 intyplelplants

changed in response to wounding, withnormdl ai n fAtradi ti onal 0 struct
and many other lipids increasing. The analytical precision was sufficient for a number of lipid

species to be clustered based omcourrence among inddial plants and across the stress

conditions. The levels of seveatyi ne per cent of the | i pid anal yt
with at least one other analyte, placing them in a lipid cluster, and 24% of the lipids were
correl ated wingthem in a stioluster9 While lack od high correlation can be due

to either excessive analytical variation or true lack ebcourrence, interpretation of the lipid

analytical results in light of knowledge of lipid metabolism demonstrates that bsigivp

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 wagkligihts the value of coccurrence analysis

in defining groups of metabolicatielated lipids. Undoubtedly, application ofcocurrence

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 andgrowth are described in Meth&4.1. For the wounding treatment, a hemostat

was used to wound leaves number 5, 6, 7 and 8-da$0@ld plants across the mickin, 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 extréesio fifteen plants were

harvested 45 min after wounding. For the main experiment,-tiwdysamples (one each from

32 plants) were collected for each of the two wounding treatments and for control plants. Each
sample for lipid analysis correspondedhe 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 \ere 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 inmPBPA vial with
Teflon-lined screwcap (Thermo Fisher Scientific, Inc., thermofisher.com). Vials were kept at
75°C for 15 min to deactivate lipilalydrolyzing enzymes. Vials were cooled to room temperature
and stored overnight a80°C before adding 12 ml of chloroform: methanold 36M
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-80°C. Dried extracted &ves were cooled and weighed on a
balance with 2 ug 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 @atcted 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, foll
pha® 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 eacted leaf dry mass was determined and that volume of sample was
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transferred to a-2nl amber vial, containing 20 pl of internal standard mix. Components of the
internal standard mix are listedTiable 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 shre@p with a crisscross, psedit septum.

Quiality control (QC) samples were prepared for data normalization by first pooling 800

extract from samples-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 mgf(dfyanass) ml (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 ul of ihéernal 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/viviv) in 1.4 ml. The QC mass spectrometry samples were labeled
AQC10 t ostoie® &B0YCOand 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 inTable S4.6 For the lipid extraction test, the same analyticalpetvas used.

Data were acquired with a Xevo T® 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 monitoriRiyljNtansitions.
Samples were injected into a 3QDPEEK sample loop with a 2777 autosampler (Waters
Corporation). To make sure the loop was completely filled, the injection volume was set at 400
pl. The sample in the loop was infused to the mass spesteonvith an Acquity pump (Waters
Corporation) controlled by an dAinlet methodo
Each inlet method was 17.5 min with solvents and flow rates as follows: from 0 to 11 min,
methanol at 0.03 ml mifh; from 11 to  min, methanol at 0.09 ml miky from 15 to 17 min,
methanol: acetic acid (9: 1, v/v) at 0.5 ml plinfrom 17 to 17.1 min, 17.1to 17.2 min, 17.2 to

17.3 min, 17.3to 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, resgctively. 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 hmmaighout the

15 min. Each function contained from 12 to 28 transitions which were allocated the same dwell
time. In the positive mode, 13IB1 scans (cycles) and, in the negative mode, 38 scans of each
function were performedi@ble S4.2 Parameters farach MRM transition are listed able
S4.2for the plant lipid analytes and irable S4.5or the internal standards. Other mass

spectrometry parameters are indicdtgthod S4.4

Samples were analyzed at the rate of 1 tfaple S4.pper day with dotal daily analysis time
of 22.75 h. Each day, a cleaned source cone was installed and an XpeptekPEEK filter
(P.J. Cobert Associates, Inc., cobertassociates.com) in the line between the autosampler and

source was changed.

Data processing and calilation of normalized lipid intensities
ASpectrum Combined software (a process file c
file, customdeveloped by Iggy Kass (Waters Corporation), was employed to process and export
MassLynx data to Excel. MRM stawere combined by averaging the scans for each MRM
channel within each function before export. Exported data were processed-imoaisenExcel
template in which the data from all samples (
samples) wex 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 internabstiés)dof 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 irdited inTable S4.2

Once normalized intensities were calculated, the average level of the background, as indicated by
the average of the Ainternal standard onl yo s
other sample in the tray. An adaptatiaf 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 analyfEasble S4.%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 trayés d
for each lipid in the remaining 8 identical QC samplea asction of vial position number in

the tray. Each lipid intensity in each analytical sample was multiplied by the average of that

|l i piddés | evel in the QC samples on that tray
at t he s a st €odcarrect for ady vapability 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 gb thatlli6 s

l evel in the QC samples on the sampleds own t

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, wahatie of 1 is the intensity
of 1 pmol of internal standard. Because the internal standards were not uniformiyasatied
to the lipids analyzed (some differ in class; many differ substantially in m/z), the absolute values

of the analytes provide ong/rough guide to absolute amount of each lipid.

Statistical analysis and figure and table production
Auto.scal ing and analysis of variance (ANOVA) wi
(Table 1.9), and the heat map (Figudel), correlation table @ble $1.10), and Figure 8.5
were produced using utilities at the Metaboanalyst website (metabolanalyst.ca; Xia et al., 2009
and 2012). Autoscaling allows easy comparison of patterns of the levels of different lipids
across samples. The autoscaled vafuelipid in a sample is equal ti§the original value of the
lipid in the samplej (the average value for that lipid among all samples)] divided by (the
standardieviation for that lipid among all sampleg$jigures4.2,4.4,45,4.6, and4.7 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, whictoeasd in color.
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Figuresand 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 woundingeatment (n = 31 for each treatment).

103



|
—— | : : e I.i ‘
|-I|| |L1| ! ! “I _'lll

l I!I Jﬂ I|lI :

BRI AL
pofina "Il' |l
[ 4] i !
]

Unwounded

...‘..*!'ﬁ'ifrﬂ:'fﬂi st
b

Samples
Wounded; 45 min

Wounded; 6 h

Lipids (272 analytes)

Figure 4.2 Autoscaled levels of representative lipid analytes in individual plants.
Each sample represents one plant under control (unwounded) or wounding treatm@&htfor
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 clueted using a singlinkage hierarchical algorithm based on
Spearmands correl atdil@d@n dhef fcienitent of) thealdleend
0.305. There is a scale break from j} = 0.340
dendrogam due to their |l ow | evel of correlation
because they were repeat measurements of included lipids. A single annotation is provided for

each analyte; additional potential annotations are indicatedinZ&8bl&e en cl ust er s wi
0.8 are indicated by letters and colors: A (blue), B (orange), C (green), D (lavender), E (aqua), F
(pink), and G (rust). Sixseb|l ust ers of |} > 0.96 -wiubktarsl abt
0.96 within cluster C are indicateas AXA6 and C1C12. The sufzluster lines are red, and the

lipid annotations within sublusters are bold.
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Figure 4.4 Autoscaled levels of representative lipid analytes in sutlusters Al, A4, and /.
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Figure 4.5 Autoscaled levels of representative lipid analytes in sutlusters 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 i nianedefBciers forpairs @ lpelsawithimahe 6 s cor r

clusters (a and b) and for representative pairs of lipids in different clusters (c).

109



a) Sub-cluster C2 —l- PA(34:6)

4 - —@ TeGDG(34:6)
P PA(34:6) TeGDG(34:6) )
4/ TeGDG(34:6)  0.95 1 —A-TIGDG(34:6)
3 |[TGDGE46) 096 0.98

b) Sub-cluster C9 M- PA(34:2)
1 —@— PA(34:
p PA  PA  PA PA PA PA A P A(gﬁ'g)
34 (342) (34:3) (36:2) (36:3) (36:4) (36:5) (36:2)
PA 089 1 0986 087 098 098 PA(36:3)
T | (34:3) PA(36:4)
= (322) 098 096 1 088 097 096 € PA(36:5)
QL 2 pa o0ss o0sr o0s8 1 o0ss ose ~ | —p— PA(36:6)
o (36:3) b i
S 1 PA o099 o088 097 089 1 089 n SN,
g— (36:4) ‘ Y | ol
PA 0989 098 096 098 099 1 " ‘ ol \
- 14 (36:5) : I \ R & ,‘f‘. i
Q2 PA 087 098 094 036 098 099 . ;X n, L *
© ] [ 3 o i ud ‘
0. 43
Qo
et Y
= E 7
<
-1 4

{ ¢) PA(34:6) and PA(36:6) —l- PA(34:6)
34 p=049

@ PA(36:6)

LI B B B N N O N B N B

FMWWN{WQMF—WN*W@WNFMVU’& LOXOMCOTIO TN O 0O ONO NN OO~ 00 O CNOI X O~ 00NO TN THOON- OO N
=TT CNONCNOUCNONCNCN NI T T T ONOICICIONCN OO T T T OMCNONCN IO NI

Unwounded Wounded; 45 min Wounded; 6 h

110



Figure 4.6 Autoscaled levels of representative lipid analytes in sutlusters 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 Speawrdas cor r el ati on coefficient

clusters (a, b, and c) and for representative pairs of lipids in different clusters (d).
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