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Abstract

Here, we developed a robust lipidomics workflow gireg both targeted and untargeted approaches on a
single liquid chromatography coupled to quadrupiotee of flight (LC-QQTOF) mass spectrometry
platform with parallel reaction monitoring (PRM)RM! assays integrate both untargeted profiling from
MS1 scans and targeted profiling obtained from MS/Nata. This workflow enabled the discovery of
more than 2300 unidentified features and identificaof more than 600 lipid species from 23 lipid
classes at the level of fatty acid/long chain tsieedl composition in a barley root extracts. Wieedked

the presence of 142 glycosyl inositol phosphorgogdes (GIPC) with HN(Ac)-HA as the core structure
of the polar head, 12 cardiolipins and 17 glucusyhdiacylglycerols (GIcADG) which have been rarely
reported previously for cereal crops. Using a sahetlalgorithm with up to 100 precursors multipléxe
per duty cycle, the PRM assay was able to achieapid profiling of 291 species based on MS/MS data
by a single injection. We used this novel appro@cemonstrate the applicability and efficiencytiod
workflow to study salt stress induced changes éntthirley root lipidome. Results show that 221 tmde
lipids and 888 unknown features were found to hehanged significantly in response to salt strebis T
combined targeted and untargeted single workflomr@gch provides novel applications of lipidomics

addressing biological questions.

Keywords: Lipidomics; Mass spectrometry; Parallel reactiomitaring; Salt stress.

Abbreviations: MRM: multiple reaction monitoring; QqQ: triple quagbole; QTRAP: quadrupole
linear-ion trap; UHPLC: ultr&igh performance liquid chromatography; QQqTOF: quadrupole time-of-
flight mass spectrometry; sPRM/UPRM: schedulediuedoled parallel reaction monitoring; RT:
retention time; MRM-hr: high-resolution MRM; PBQ@ooled biological quality control; ASG: acylated
sterol glucoside; CDS: calibrant delivery systenk: €ollision energy; Cer: ceramide; CL: cardiolipin
DAG: diacylglycerol; DGDG: digalactosyl diacylglya#; DGMG: digalactosyl monoacylglycerol; DP:
declustering potential; EICC: extracted ion coumtomatogram; FC: fold change; FDR: false discovery
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rate; G1/2/3: Gradient 1/2/3; GIPC: glycosyl inokiphosphorylceramide; GL: glycerolipid; GIcADG:
glucuronosyl diacylglycerol; GlcCer: glucosyl celidey GP: glycerolphospholipid; HexCer:
monohexosyl ceramide; HA: hexuronic acid; Hex: tsgko HN: N-acetylhexosamine; HNAC:
hexosamine; HRMS: high-resolution mass spectrom&®&: inositol phosphoryl ceramide; ISVF: ion
spray voltage floating; LCB: long chain base; MGD@®&wonogalactosyl diacylglycerol;, MGMG:
monogalactosyl monoacylglycerol; Neg: negativenwrde; OAc: acetate; PC: phosphatidylcholine; PCA:
principal component analysis; PE: phosphatidylettemine; PG: phosphatidylglycerol; PI:
phosphatidylinositol; Pos: positive ion mode; PSogphatidylserine; SG: sterol glycoside; SP:
sphingolipid; SQDG: sulfoquinovosyl diacylglycerdbQMG: sulfoquinovosyl monoacylglycerol; ST:

sterol derivative; THF: tetrahydrofuran; VLCFA: ydong chain fatty acid.
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1. Introduction

Lipidomics is an emerging technology and a branéhmetabolomics which aims at the global
characterisation and quantification of lipids withdiological matrices including biofluids, cellshale
organs and tissues [1]. In the past 15 years,i¢ha df lipidomics has been largely driven by adsesin
modern analytical techniques, especially mass gpaetry. Targeted and untargeted lipidomics are the
two major approaches used in mass spectrometrghbgsdomics. Untargeted lipidomics involves a
non-biased screening of all the potential lipidsainsample but is often limited in sensitivity and
selectivity. By contrast, targeted lipidomics ishbeensitive and accurate for lipid analysis, mauses
only on expected (or known) lipid species while mokn lipid species are not detected [2]. To retieal
suite of differences between lipids and other nateds, a combination of different platforms and
techniques is often employed [3, 4]. Traditionatlytargeted strategy is achieved by employing mielti
reaction monitoring (MRM) on a triple quadrupoleg@® or quadrupole linear-ion trap (QTRAP)
coupled to high performance liquid chromatographyPI(C) or ultra-high performance liquid
chromatography (UHPLC) [2]. Untargeted lipidomicechiniques employ high-resolution mass
spectrometers (HRMS) including TOF, FT-ICR or Owdgit platforms with high resolution and high mass
accuracy to resolve isobaric lipid species whichehthe same nominal mass but different exact mg8ses
4]. However, one limiting factor of using multipiéatforms is the high economic cost of maintaingmgl
operating several instruments, as well as the ctatipnally more demanding integration of datasets
from different platforms. In addition, differentsmumental conditions and parameters used for atioiz
and fragmentation during MS/MS can lead to sevéfiewdties when integrating targeted and untargete
data.

Parallel reaction monitoring (PRM), also referred as high-resolution multiple reaction monitoring
(MRM-hr), is an example of a recently developedugsition strategy to integrate targeted and untadje
data by combining HPLC with quadrupole-equipped HR[]. In a PRM assay, a duty circle in the MS
is often initiated with a MS1 survey scan followlaga series of targeted MS/MS experiments. The MS1
survey collects untargeted high-resolution masstspenabling profiling of all precursors acrodarge

4
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m/zrange (approximately 50 — 200892). A MS/MS experiment in PRM mode isolates a presetursor
ion in the quadrupole and detects all product geserated from collision-induced dissociation (CtD)
the HRMS [6]. PRM has been shown to successfulgbknquantitative studies in both proteomics and
metabolomics applications [5, 7-9]. Very recendligou et al. used a SCIEX 4600 TripleT®Fsystem to
monitor 222 lipid species from 15 lipid classeshiiman serum in PRM mode [10]. Compared with
traditional MRM on QqQ instruments, PRM offers maeuratar/z and narrower peak width of ions in
MS spectra. The high resolution and mass accuratheaesulting MS/MS spectra enables more precise
identification of product ions of the correspondipggcursor ion. Moreover, with full MS/MS spectra
obtained in PRM mode, selection of fragment ionstéwgeted profiling can be determined post data
acquisition. Intensities of multiple fragment iaremn also be summed to achieve better sensitivity [5

One of the weaknesses of targeted analysis by Mkfp@riments in PRM is the low scan rate which
limits the capability of MS/MS experiments when fpemed on a large-scale [8, 11]. Recent
technological advances have included increased agdrdata acquisition rates on quadrupole time-of-
flight mass spectrometry (QqTOF) instruments toowallfor multiplexing large-scale numbers of
precursors [11, 12]. The latest SCIEX TripleT®F6600 QqTOF can deliver up to 100 MS/MS
experiments per duty cycle with high sensitivitydaresolution achieving considerable throughput gain
in targeted monitoring [11]. Furthermore, impleniegtretention time (RT) scheduling significantly
increases the capacity for targeting compoundsanguai whole LC chromatogram [8, 13]. In scheduled
acquisition, each compound is monitored for a spheriod of time in a specific time window aroune th
expected RT. This expands the total number of diverecursors that can be monitored in a single LC-
MS run without sacrificing accumulation or duty &ytime.

In previous PRM applications, the MS1 survey scas wften used only as a complementary profiling
strategy [9]. To exploit the full potential of MStans, a greater number of mass features withfigpeci
RTs, m/z and intensities can be extracted and used to peodiglobal lipid profile of the whole sample

extract.
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Lipids are important signaling messengers and mengbstructural regulators that play roles in many
plant responses, including those to abiotic steesseh as salinity and drought [14-16]. Barleyris of

the most salt-tolerant cereal crops and has besth as a model plant to study salt stress in regsars
[17]. Natera et al. studied salt-induced lipid casifional changes of two barley varieties differiimg
their ability to tolerate salinity [18]. A total af08 mass features were extracted from untargeRdCH
ESI-QqTOF analysis and 64 lipid species quantifigtHPLC-ESI-QqQ analysis were compared. A range
of alterations induced by salt stress were obsgpegticularly for glycerophospholipids.

In our study, we demonstrate the applicability afgilel analysis of untargeted and targeted lipigsrby
taking advantage of both untargeted profiling byIM®d targeted analysis by MS/MS experiments. This
novel approach enables the discovery of a large beunof unidentified lipid species, while
simultaneously identifying fatty acid compositiondathe head group of most of the lipid species. In
addition, this robust lipidomics platform using $®Rnode on a HPLC-ESI-QqTOF was established to
achieve comprehensive lipidome investigation ofidyaroot extracts and to apply the platform to the

study of plant salinity stress.
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2. Materials and methods

2.1 Lipid nomenclature and abbreviations

Lipid nomenclature used across the manuscript althe “Comprehensive Classification System for
Lipids” presented by the International Lipid Cldigsition and Nomenclature Committee (ILCNC) [19].
The nomenclature  can be  viewed online on the LIPIDIMAPS  website

(http://www.lipidmaps.org/data/classification/L M askification_exp.php). However, structural

information gained from mass spectrometry is ugualsufficient to cover the precise structural
information of LIPID MAPS nomenclature, requiriftetuse of an additional notation for simplified mas
spectrometry-based information. In this paper, depsed the simplified notation developed by Liehisc
et al. [20]. For example, the nomenclature PC(1&2) designates a phosphatidylcholine with fatiyl a
chains of length 16:0 and 18:2 found on shel andsn-2 position of the glycerol backbone respectively.
The nomenclature PC(16:0_18:2) indicates a PC spetith two fatty acyl chains, 16:0 and 18:2, but
that the exacsn-position of the esterified FA is unknown. The naowlature PC(34:2) indicates a PC
species with a fatty acyl sum composition of 3%hoas containing 2 unsaturated double bonds, with fa
acyl identity and position not yet resolved.

Abbreviations used for lipid or related chemicalsrevas follows: ASG: acylated sterol glucoside;: Cer
ceramide; CL: cardiolipin; DAG: diacylglycerol, DGR digalactosyl diacylglycerol; DGMG:
digalactosyl monoacylglycerol; GIPC: glycosyl inesiphosphorylceramide; GL: glycerolipid; GICADG:
glucuronosyl diacylglycerol; GlcCer: glucosyl celids GP: glycerolphospholipid; HexCer:
monohexosyl ceramide; Hex: hexosyl; HN: N-acetyreamine; HNAc: hexosamine; HA: hexuronic
acid; IPC: inositol phosphoryl ceramide; LCB: locigain base; MGDG: monogalactosyl diacylglycerol;
MGMG: monogalactosyl monoacylglycerol; PC: phosjahdtholine; PE: phosphatidylethanolamine; PG:
phosphatidylglycerol; Pl. phosphatidylinositol; P$hosphatidylserine; SG: sterol glycoside; SP:
sphingolipid; SQDG: sulfoquinovosyl diacylglycerdbQMG: sulfoquinovosyl monoacylglycerol; ST:

sterol derivative.
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2.2 Chemicals and lipid standards

Methanol (LC-MS grade) was purchased from Fishwentific (Scoresby, VIC, Australia); Hexane (LC
grade) was from Honeywell (Taren Point, NSW, Australia); 2-propanol (LC-MS grade) was from RCI
Labscan (Bangkok, Thailand). Deionized water wasipced by a Millipore Milli-Q system (Billerica,
MA, USA). Standards of PC(13:0/13:0), PE(12:0/12:95(12:0/12:0), PI(18:0/20:4), PG(12:0/12:0),
LysoPC(13:0), LysoPE(13:0), LysoPI(13:0), LysoPGQ)3 Cer(d18:1/12:0), GlcCer(d18:1/12:0),
CL(14:1/14:1/14:1/14:1) [CL(T14:1)] and DAG(18:0/2D were purchased from Avanti Polar Lipids
(Alabaster, Alabama, US). A mixture of 13 lipid retiards was prepared as a stock solution at a
concentration of 1 mM in methanol/chloroform 1:1vjvand stored at —2%C. All other chemicals were

purchased from Sigma-Aldrich (Castle Hill, NSW, fnafia).

2.3 Sample preparation and lipid extraction

Seeds of barleyHordeum vulgare L.) genotypeMundah were provided by the University of Adelaide
(SA, Australia). Barley was grown in hydroponics f& weeks as described previously [21]. Salt
treatment was implemented with a concentration 5 &hM NaCl in hydroponics solution for three
weeks. Roots were quickly separated from shooth stierilised scissors, gently washed with distilled
water to remove remaining hydroponics solutionzém in liquid nitrogen and stored at —8D until
extraction.

To extract lipids, frozen roots were homogenized im fine powder using liquid nitrogen and a mortar
and pestle. Lipids were extracted according toptieeedure previously described by Grillitsch ef24]].
Homogenized barley root powder (250 — 300 mg) waskly delivered into a monophasic mixture of 2-
propanol/hexane/water 60:26:14 (v/vlv, 6 mL) andubated at 60 °C for 30 min in an Eppendorf
Thermomixer Comfort (Hamburg, Germany) at 500 r@amples were vortexed for 10 s and sonicated
for 1 min every 10 min during incubation. The egtravas centrifuged at 2,000 g for 20 min at room
temperature. The supernatant was transferred tewatube, evaporated to dryness under a stream of
nitrogen, then re-constituted in 500 of 2-propanol/methanol/water 4:4:1 (v/v/v) andrsd at —20 °C.
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A total of four biological replicates were prepardd order to compensate for variations in sample
preparation and ionization efficiency, a total 6fl of internal standard mixture, consisting of 104

of PE(12:0/12:0) and Cer(d18:1/12:0), was spikei ieach replicate prior to extraction. A pooled
biological quality control (PBQC) sample was proeldidoy collecting 15QiL from each replicate as
described previously [23].

To evaluate profiling performance of PRM assaydtaekarley root extracts were prepared and spiked
with the mixture of 13 lipid standards. Six coneations (0.01, 0.05, 0.20, 1, 80 uM) of each standard

lipid species were measured in triplicate in PRMdmo

2.4 HPLC-ES-QqTOF conditions

The barley root extracts and lipid standards wemyaed using an Agilent 1290 HPLC system (Santa
Clara, CA, USA) coupled to a SCIEX TripleT®F 6600 QqTOF mass spectrometer (Framingham,
Massachusetts, USA). The 6600 TripleT®Rvas equipped with a Turbo™¥ dual-ion source (ESI and
APCI) and an automated calibrant delivery systeS

Separation of most lipid species was carried ourtguan Agilent Poroshell EC-C18 (100 mm x 2.1 mm,
2.7 um, Col A) at a flow rate of 0.40 mL/min at 5@ with an exception for glycosyl inositol
phosphorylceramides (GIPCs) which were indepengatblysed using an Agilent ZORBAX Eclipse
XDB C18 (100 mm x 2.1 mm, 1.8 um, Col B) at a floate of 0.20 mL/min at 56C. Three linear
gradients based on two mobile phases: mobile phaseethanol/20 mM ammonium acetate 3:7 (v/v)
and mobile phase B, 2-propanol/methanol/20 mM anmumoracetate 6:3:1 (v/v/v) were applied for
different lipid classes (Figure 1). Gradient 1 (@hy 2 (G2) were performed at a flow rate of 0.4mih
with starting conditions of 65% and 80% B for 2 miespectively. The subsequent conditions of G1 and
G2 were then the same: linear increase to 100% B fuin, followed by 100% B for 6 min and then re-
equilibration to starting conditions in 2 min. Giet 3 (G3), specifically for GIPCs on Col B, haflav

rate 0.20 mL/min starting with 80% B for 2 min,léed by a linear increase to 100% for 8 min, 100%
B held for 6 min and then re-equilibration to stagtconditions in 2 min. Gradients and adductshef t
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targeted analytes from the 23 lipid classes usedl RRM assays are listed in Table 1. Collisiorrgies
(CEs) optimized for each lipid class were as folow45 V for PC, PE, PG, MGDG, DGDG, PS and all
Lyso=species; —65 V for PI, SQDG, GlcADG and CL; +40 V for Cer, HexCer, ASG, SG and DAG; +65 V

with 10 V collision energy spread (CES) for GIPCSIEparameters were optimized and preset for all
measurements as follows: Source temperature, 450 °C; Curtain gas, 45 psi; Gas 1, 45 psi; Gas 2, 45 psi;
Declustering potential (DP): +100 V in positive ion mode, —200 V in negative ion mode; lon spray
voltage floating (ISVF) was set to —4,500 V in nidgaion mode and +5,500 V in positive ion mode.
Instrument was calibrated automatically via the GiE8vering APCI calibration solution (Foster City,
CA, USA) every 10 samples. CDS injected either thasior negative APCI calibration solution
depending on the polarity of ESI and calibrated rifess accuracy of the 6600 TripleT®Fsystem in
both ionization modes including TOF-MS and highssévity MS/MS. With calibration, the mass
resolution for precursor ions in MS1 spectra w&%,000, while the resolution for the resulting frants

in high sensitivity MS/MS scans (PRM transitiongsa20,000. Actual mass accuracy was below S5ppm
in MS1 spectra and 10 ppm in MS/MS spectra.

sPRM assays with a detection window of 120 s werspmsed of a MS1 scan (250 ms, scan range: 100 —
2000 Da) followed by different number of targete@MS scans (25 ms, scan range: 100 — 1600 Da)
resulting in an instrument duty cycle time of betwel and 2 s. These settings allowed a minimun®of 1
data points to be collected across each chromatbigrapeak. Parameters of targeted precursor
information on PRM assays includimyz, predicted RTs and RT window width were entere®&60
TripleTOF™ Analyst acquisition software (Version 2.2) via kg software as described by Schilling et

al. [5].

2.5 Data processing

2.5.1 Mass feature extraction from MSL data

MarkerView software (Version 1.2, SCIEX, Framinghavtassachusetts, USA) was used to extract mass
features from both positive (G2) and negative (®h)mode MS1 data. Mass features were extracted for

10



230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

ions with am/z range of 100 to 1,600 eluting between 0.5 and b6 Noise threshold was set at 300. RT

andn/z alignment of the mass features were performed toirances of 5% and 0.01 Da, respectively.

Intensities were normalised by manual scale faetbith is calculated from an internal standardrisity

and sample weight. Only features that were detettedt least three samples of each group were
extracted. Only features which contained an isatpairtner were selected for further data analy®is.

were aligned by internal standards.

2.5.2 Peak picking for lipid profiling based on MSMSdata

Lipid profiling using MS/MS data in PRM assays waased on the peak area of extracted ion count
chromatogram (EICC) for one or multiple fragmemsan MultiQuant (Version 3.0.2). For glycerol-
based monoacyl and diacyl lipids as well as CLdopered in negative ion mode, peak area of all
negative charged FA fragments were summsédle for DAGs detected in positive ion mode, total peak
area of all fragments resulting from neutral loba &A chain was used. For SPs, the sum of peakafre
positively charged long chain base (LCB) and itsydieates from up to three dehydration processes wer
used for profiling HexCer and Cer species. For Sfis, dehydrated sterol backbone was the only
fragment chosen. Peak picking for fragment ions firegdly set to 100 ppm width. Integration settings
were as follows: Noise percentage = 40%; Gaussian smooth width = 2 points. Peak areas were normalized

based on the intensity of internal standards angbkaweight.

2.5.3 Satistical analysis

For both targeted and untargeted analysis, peals arffecompounds/features in each sample (contrbl an
salt-treated) were acquired and normalised to thleevequivalent to 250 mg fresh sample weight.
Student's-tests were conducted on each compound/featureataae for significancepfvalue) between
two groups. Adjustedr-values were obtained with Benjamini-Hochberg fatiscovery rate (FDR)

correction. The heatmap was plotted using the regatpackage (Version 1.0.8) in R using Euclidean

11
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256  well as volcano plot were generated in MetaboAnghersion 3.0).
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3. Results and discussion

3.1 Optimization of chromatography conditions

The lipid separation was carried out on reverseasehcolumns with mobile phases modified from a
previously developed lipidomics platform by Taraaat al. [3]. To improve compatibility of the madbil
phases with our instruments, THF was replaced pyopanol, which has a similar polarity index (329)
THF (4.0). A significant disadvantage of 2-propaasla mobile solvent is the relatively higher vito
(2.4 cP at 20°C; THF: 0.55 cP at 20°C) which can generate high back pressure especially on HPLC
columns containing particles of small size. At@flrate of 0.40 mL/min with 100% mobile phase A (2-
propanol), the back pressure can reach up to 1ha@@vhen using an Agilent ZORBAX Eclipse XDB
C18 (100 mm x 2.1 mm, 1,8n, Column B). This high back pressure was overcbynesing a low flow
rate (0.20 mL/min) or using a core-shell column i{&gt Poroshell 120 series) with larger particleesi
(2.7 um) to achieve similar performancehree gradients, two for positive and one for negabn mode,
were then applied and optimized. For profiling m@& and GLs, charged FA fragments were chosen.
There is the possibility of interference arisingnfr the M+2 isotopologue during identification, o t
avoid this scenario chromatographic conditions wmytmized to separate lipid species (Figure 2b). |
SPs, positively charged LCBs and their dehydratadnients were used for profiling. SP species which

only have a double bond difference on the LCB vedse optimized to prevent isotopic interference.

3.2 Lipid identification from MS1 and MSMS data

3.2.1 Overall strategies and workflow

Identification of lipid species followed a combiitat of three filtering criteria described by Daétl al.
[24]: (i) MS1 spectra featuring high mass resolutfe 35,000) and accurate mass (< 5 ppm) for fadt a
straight-forward precursor ion search against apileah list, (ii) RT behavior on a C18 column related to
characteristics of molecular structure (double Bmtal carbon number/hydroxyl group number in
FA/LCB/sterol backbone etc.), which can signifi¢gnteduce false annotation caused by interference
from isobaric/isomeric species, in-source fragmemid (iii) complete high-resolution MS/MS spectra

13



284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

from MS/MS experiments in both ESI positive and ateg ion modes that capture characteristic
fragments enabling validation.

Methodologically, we first followed the approachTdrazona et al[3] to compile a target list based on
building block survey information (see Supplementaata) and previously published literature [3, 25]
(Figure 1). The compiled list contains over 3,0@3gble lipid species from 23 lipid classes. Then,
concentrated PBQC sample was analysed using undedeBRM assays for MS1 and MS/MS spectra
collection. Lipid identification was first done ngi MS1 data to search against the compiled listhWi
high resolution and mass accuracy of MS1 spectagmployed a strict MS1 precursor match (< 5 ppm)
combined with RT behavior restriction to identifipitl species. To further validate all lipid species
detected using MS1 data, MS/MS spectra acquired Wts/MS experiments from both ESI positive and
negative ion modes were compared with previousalitee [25-27]or the publicly available databases,
LIPID MAPS and LipidBlas{28].

Research by Tarazona et al. [3] utilised a platfoombining HPLC-ESI-QqTOF and HPLC-NanoESI-
QTRAP to investigate alterations of lipids from foucategories — glycerolipids (GL),
glycerophospholipid (GP), sphingolipid (SP), steddrivatives (ST) inArabidopsis under cold and
drought stress. A record number of 393 speciesSitipld classes were identified and then quantified
MRM mode on a HPLC-NanoESI-QTRAP. When comparethtir target list, a more extensive lipid
coverage was achieved in our experiments in abowe dategories with over 600 lipid species from 23
lipid classes, including 209 GPs, 190 GLs, 215 &RE520 STs analysed. Table 2 summarizes the number
of lipid species detected in each lipid class witlthe four categories. Detailed information of all
identified individual lipid species, including lighi class, compound name, precursolz, RTs and

gualitative fragments in MS/MS spectra can be founthe Supplementary data (Table S1).

3.2.2 Glycerolipids and glycerophospholipids
Neutral GP species such as DAGs exhibited muchehiginization efficiency in positive ion mode as
ammonium adducts than as acetate anion adducegetine ion mode in our system. GP and polar GL
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species (PC, PE, PG, PI, PS, MGDG, DGDG, SQDG, BBACL, lyso-species) could be ionized in
either ion mode in the presence of XOAc. In negative ion mode, fragmentation of GP aothr GL
species yielded rich characteristic ions correspantb the fatty-acyl group esterified at toel or/and
sn-2 positions; while in positive ion mode there were abundant fragments from either charged or neutral
loss of the polar head instead of fragments froms.FRTs of GPs and GLs in reversed phase
chromatography have an increasing correlation atiom to the total number of carbon atoms and a
competing decreasing correlation as the total nurobensaturations increases with respect to ristent
time of the least unsaturated precursor.

Lyso-GP and lyso-GLs are lower mass lipids contgjrinly one fatty acyl chain. Over 80 lyso-GPs and
lyso-GLs with varying acyl chain lengths from Cl1 €26 were identified by comparison to the MS1
database (search using mass error < 5 ppm) cotpM&/MS spectra identifying the FAs.

Diacyl-GP GLs observed by MS1 scan could only lmasented as the sum of fatty acyl chains, as from
MS1 data alone it is not possible to determinefaltty acyl distribution on the glycerol backbonesitgy
MS/MS data, a substantial number of constitutiés@iers with the same sum fatty acyl composition bu
differing in FA chains could be resolved (Figure).2bsing MS/MS scans in negative ion mode, the
transition of each precursor to specific charged Eduld differentiate the respective isomers, evban
they co-eluted. For example, using this methodolegywere able to identify 43 PE species includig 1
pairs of isomers, covering a total FA chain lerfgtim C30 to C44 (Figure 2a).

All detailed diacyl-GPs identified at level of FAmposition are listed in supplementary data (T&de
Notably, a recently discovered novel plant GL cldS8EADG [29] , was found including a total of 17
species with summed FA chain length ranging fror2 €3C36.

CLs were found containing only C16 and C18 fattyl @hains, with at least two of the four fatty hcy

chains detected in CL species found to be C18,ifayma total chain length from C68 to C72.

15



334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

3.2.3 Yhingolipids

HexCer, Cer and GIPC species, all of which contginteramide in the molecule structure can be
detected as [M+H]and [M+Na] in positive ion mode or [M—H]and [M+OAcT in negative ion mode.
Previous studies of the Cer class have shown iseteaensitivity for the respective precursor ion in
negative ion mode when compared to the correspgngdiecursor ion in positive ion mode [30].
However, MS/MS product ion spectra of [M+Hjrecursors contained high resolution mass spacita
were easier to interpret and assign both fatty-amjide substituents and the LCB when comparedeo th
deprotonated precursors.

Both isomeric and isobaric interferences were mwolatic when attempting to identify ceramide-
containing plant SP species. With a resolving powér~35,000 and < 5 ppm in MS1 spectra,
differentiation of some isobaric SP species suchCas(t18:0/23:0-OH) rntyz 668.6193, ES) and
Cer(t18:0/24:0) ¥z 668.6557, ES) can be achieved. However, for near-isomeric awineric SP
species, MS1 spectra alone is not enough to phec@smotate them. As an example, the isomers
HexCer(t18:1/24:0-OH) and HexCer(t18:0/24:1-OH) averedicted as thevz 844.687 in MS1 scan in
positive ion mode but an EICC afiz 844.687 showed three intense peaks at 8.44, 8@ &T min
respectively (Figure 3a). Further examination @& thspective MS1 spectra indicated that the pebks a
9.47 and 8.91 min likely corresponds to the twariscs and that the peak at 8.44 min likely corredpon
to an interference generated from the M+2 isotopato of HexCer(t18:1/24:1-OH). Also, in-source
dissociation raised another challenge to SP ideatibn. Cer and HexCer cations could dehydratesund
the source conditions used and a proportion ohthese head-groups of HexCer and GIPC molecules
were cleaved during the ionization process (Figs@e Supplementary data). The in-source dissociation
generated both intra-class interference in Cer,Gdexand GIPCs as well as inter-class interfereRoe.
example, the in-source hexose head cleavage of ¢étegfecies generates an ion corresponding to a
possible Cer, thereby producing interference whikamtifying Cer species. The in-source dehydration

caused intra-classes interference between lipidispavith a HO difference in molecular structure such
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as between SPs containing t18:1 and d18:2. Itid tarule out possible head-group cleavage and/or
dehydration and accurately identify sphingolipiéces by examination of the MS1 spectra alone.

One key point of differentiation was the clusteffraigments related to the positively charged LCanfib

in MS/MS spectra. For example, SPs with a t18:0 Le&#ibited ions withm/z 318.301, 300.293,
282.280 and 264.270, resulting from the charged @8 threelehydration processes on fragmentation;
while a cluster of fragment iomga/z 316.287, 298.276, 280.266 and 262.256 indicatestente of t18:1
LCB (Figure 3a). RT patterns related to FAs, LCBsl golar head were another important factor in
distinguishing between interferences. For SP spdni¢he same class, containing same FA but differe
LCBs, RT values based on LCBs were t18:1 < d18&P8:0 < d18:1 (Figure 3b). RT values also reduced
as more sugar units were attached to the head-gmotipe ceramide backbone. For example, specific Ce
species generally elute 0.8 — 1 min later tharctreesponding HexCer species (Figure 3b).

As a result, 26 Cer species and 47 HexCer spe@es identified. Ceramide was detected with onlyG18
(n = 17) and t18:1n = 9) LCBs; while HexCer species were predominantly d18:2 and t18:1 (n = 15)
species, with d18:1 and t18:0 as minor componélied. FAs are the main fatty acids in Cer with the
three most intensive Cer species being Cer(t18:0/2#H), Cer(t18:0/24:0-OH) and Cer(t18:1/24:1-OH).
Contrastingly in HexCer, HexCer(t18:0/16:0-OH) i&sly to be the most abundant species.

The structure of GIPCs consists of a ceramide maetl a polar head containing sugars linked to a
phosphorylated inositol. Combinations of differenimbers and types of sugar, and connectivity in the
head group can form diverse structures of GIPCssacdifferent plant species [31]. To our knowledge,
no reports exist that describe either qualitativguantitative analyses of GIPCs in barley.

In our experiment, we identified GIPCs in barleptoand characterised the polar head using praoiuct
surveys on a set of putative precursors from difieforms [32]. The Hex-HA-IPCs found Arabidopsis
were not detected in barley roots using either MEMS/MS scans. Instead, Hex-HNAc-HA-IPC and
Hex-HN-HA-IPC were observed to be the dominant Gl&t@icture alongside other minor species
including HN(Ac)-HA-IPC, (Hex3}HN(Ac)-HA-IPC and (Hex3HN-HA-IPC, which is similar to rice
root/leaveq25] and tobacco cultured cells [31]. Up to threxdse units were found to attach to the core
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structure in barley roots, while in tobacco cultuoells up to additional five sugar units linkedhe core

structure including pentose units were discovef@].[LCB composition of GIPC was similar to Cer
species, comprising t18:0 and t18:1. Unlike presiexperiments in the related cereal crop speacies ri
[25], we were not able to find GIPCs containingyditoxy LCBs in barley. We observed the LCBs in

GIPCs to be preferentially acylated with VLCEAZ2) with C24 as the predominant FA.

3.2.4 Serol derivatives

In contrast to mammalian cells, which contain owige sterol subclass (cholesterol), barley can
synthesize four subclasses of sterols includingpesterol (ST _28:1), sitosterol (ST_29:1), stignadte
(ST_29:2) and isofucosterol (ST_29:2) (Figure Sdpementary data). Fragmentation of ammonium
adducts of SG and ASG induces neutral loss oft@thed acyl and glucoside moieties on the respgecti
sterol backbone producing a characteristic stenibra The characteristic sterol anion observed in
MS/MS spectra, in conjunction with precursor iontchaand RT behavior, is vital in SG and ASG
identification (Table S1, Supplementary data).

The hydrophilic SGs were detected with early ehutiiones (3 — 5 min). Among them, Glc-stigmasterol
and Glc-isofucosterol are isomeric in both precuisa and the characteristic sterol anion. Based on
previous literature [34], separation of Glc-stigheas! and Glc-isofucosterol can be achieved using
reverse-phase chromatography. We predicted theig@catm/z 592.458 and conducted an EICC at the
MS1 level which showed two peaks eluting at 3.7d@ 4rl7 min, respectively. Further MS/MS spectra
showed that fragmentation of compounds from the paks generated a major cationn@f 395.368,
which was the [M-BHO+H]" of both the stigmasterol and isofucosterol backbdfhe fragment ions
below m/z 300 such as 295.227, 297.258 and 277.216 showtdeti€es in abundance indicating the
structural difference of the two compounds. Howewer found it was impossible to assign the iderdfty
Glc-stigmasterol and Glc-isofucosterol to eithealpavithout the use of authentic standards. Theeefor

we assigned the compound from the first peak asSEGH_ 29:2 (RT 3.77 min) and the following
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compound as Glc-ST-2_29:2 (RT 4.17 min) (Figure S®plementary data). A similar pair of isomers
for ASG of stigmasterol/isofucosterol were alsoestied and named in a corresponding manner.

ASGs are more hydrophobic because of the FAs a&fthth the sterol backbone which show a later
elution time in the system used in this study. JFaityl chains in ASGs were observed to be mainly
C16:0, C18:2 and C18:3, followed by C18:1. FA ckaimith carbon number above 20 were hardly

detected (Table S1, Supplementary data).

3.3 Construction of SPRM assays for rapid targeted profiling

As discussed previously, MS/MS data has severaargdges over MS1 data including the ability to
differentiate certain isomers of diacyl-GP/GLs, 3Rd STs. Therefore, targeted profiling was cardet
with MS/MS data acquired from sPRM assays. UsindRTa scheduling window of 2 min and
accumulation time of 25 ms, four SPRM assays madef less than 18 mins running time in each assay
were finally constructed to monitor the 634 idertflipid species. The first assay covers 291 gseci
from PC/LysoPC, PE/LysoPE, PG/LysoPG, PS, MGDG/MGHl@E DGDG/DGMG consisting of a total
of 74 MS/MS experiments conducted in every 1.9ty dycle. The second assay covers 76 species from
PI/LysoPI, SQDG/SQMG, GIcADG, and CL; the third assay covers 125 species from DAG, SG, ASG,

Cer and HexCer; and the fourth assay covers all 142 GIPC spetesd S1, Supplementary data).
Compared to MRM assays, the high-resolution MS/\8csa in PRM assays ensure more accurate
precursor-product transition detection. For example of the major characteristic ions of MGDG in
negative ion mode isvz 253.0923, corresponding to galactosylglycerol G§H1cOs] . For MGDG
species containing FA 16:1, a fatty acyl fragmenintz 253.2168 is also generated. In MRM assays on
QQqQ or QTRAP instruments, the above two fragmerits appear as a single peak due to the wide
isolation window of the quadrupole (~0.7 Dahile in comparison, the two ions can be completely
separated in high-resolution MS/MS by a TOF deteckince fatty acyl fragments were employed to

profile MGDG species, interference from the galaglglycerol fragment can be avoided (Figure 4).
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The acquisition rate is another major concern wperforming large-scale lipid profiling based on
precursor-product transitions. The number of comgguhat can be monitored in a PRM assay depends
largely on the MS/MS scan rate of the HRMS. Mostvipus PRM applications were achieved on Q-
Orbitrap, where a maximum 20 precursors can beiphetted in a PRM assay [8, 35]. Contrastingly, the
6600 QQqTOF is capable of a high MS/MS scan ratblergamultiplexing of up to 100 precursors without
sacrificing resolution on product ions, which cuthg provides the best HRMS for large scale profjli
using PRM [36]. Moreover, the wide polarity rangeptant lipids usually results in a scattered RT
distribution in reverse-phase chromatography, wigcin advantage to multiplex MS/MS experiments in
sPRM assays when using RT scheduling. Admittedijpared with MRM on a QgqQ or QTRAP which
can accommodate several hundreds of MS/MS experamgith a 1 — 5 ms dwell time\accumulation
time, the capacity of MS/MS experiments in PRM gssan a 6600 is still inferior [2]. One advantade o
PRM is that for a single compound, one MS/MS experit can achieve accurate identification and
precise product ion selection from complete andh-hesolution MS/MS spectra. While in MRM assays,
multiple MS/MS experiments are usually required eesure proper peak-picking for profiling or
guantification.

It is important to note that each lipid species wasiled by relative peak area of one or multipteduct
ions in our study instead of using absolute comaéinon. Absolute quantification of lipid speciegjueres
calibration curves for each analyte. To eliminabsgible matrix effects, calibration curves are &eql
via either spiking normal standards into analyeefmatrix or spiking isotope-labelled standard netal
samples. However, due to limited availability ofraoercial lipid standards, absolute quantificatidn o
over 600 lipid species in LC-MS based lipidomicsnpractical. Previous studies have also argued tha
the main advantage of LC/MS based lipidomics liescomparison across groups/treatments such as
plants under biotic and abiotic stress (i.e. shtbught, cold) or after modification of certain gsn(i.e.
silence, overexpression) rather than absolute tication [3]. Comparison of fold changes are usually

the major focus in these studies and can be cééclittirectly from peak area/response.
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sPRM assays in our experiment also offer a compaitaearity range (3 — 4 orders) and reprodudipili

to traditional MRM assays on QqQ or QTRAP instruteg37, 38]. Linearity and reproducibility were
evaluated by exogenous lipid standards. Each exagelipid was comprised of a combination of FAs
that were known not to be present in the sampléshétotal 23 lipid classes measured, we were tble
obtain 13 lipid standards. No commercial standavdee available for the other 10 classes (ASG, SG,
MGDG, MGMG, DGDG, DGMG, SQDG, SQMG, GIcADG and GIPJo evaluate linearity of PRM
assays, barley extracts were spiked with a sepiof $tandards. Six concentrations of each stanlijaict
species in barley extract, spanning from 00 (10 nM) to 20uM (20,000 nM), were measured in
triplicate in uUPRM mode. The and dynamic range were calculated for both lesel$ summarized in
Table 3.

All lipid standards displayed excellent peak aigadrity across the concentration range betweenMO
and 20,000 nM in the injected sample wittvalues above 0.9900 in MS/MS profiling. The sgeitif of
detection in MS/MS experiments was ensured by unigansitions and use of a narrow mass range
during product ion selection. Chromatography ofdoc ions from MS/MS experiments usually
displayed very low or even no background signaldieg to a lower LOD and wider linear range. The
percent coefficient of variation (CV) of peak ardas each standard in each concentration was also
calculated for each concentration level. Most CVisrevbelow 20% except at some of the lowest

concentrations, indicating good reproducibilityt@daot shown).

3.4 Integrating targeted and untargeted profiling to a salt stress study in barley roots

In our experiments, targeted lipid analysis wast firerformed on extracts from control and saltteéa
barley roots to unravel changes following exposiresalt stress. Four independent barley root lipid
extracts from each of the two groups (control aalt-tseated) were analysed for the 634 lipid specie
identified in untreated barley root extracts. Aseault, 577 lipid species were well profiled witlv &
30% in PBQCs from both control and salt-treatedt rextracts (Table S2, Supplementary data). A

heatmap (Figure 5) using Euclidean distances aadWhrd's algorithm was generated to provide an
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overview of the difference between the control aali-treated groups. Control and salt-treated sasnpl
were clustered with distinct variation of lipid kdg in several classes. Most diacyl-GPs and GIRQise
salt-treated group were present with higher aburelawhile more lyso-species and diacyl-GLs (except
DAG) were observed to be present in higher amaartsntrol samples.

To further investigate the significance of changemdividual species, compounds with an adjugied
value below 0.05 in Studetitest and FC-value above 2 or below 0.5 as cupafimeters were selected.
These 221 compounds included 101 GPs, 63 GLs, 5@6& 1 ST. Within GP classes, most Pls (13 out
of 15), PSs (24 out of 28) and PGs (17 out of 28jenamong them, with more than 2 times higher
abundance in the salt-treated group (Table S2, |Smgmtary data). Only 6 PEs (out of 43) and 7 PCs
(out of 42) show a significant higher concentratimich is surprising considering their relativerde
number of different individual lipids. In GL classeb5 of 56 species are from polar diacyl or mooy-a
classes. Only one DAG species was significantlecffd by salt stress. Almost 90% of significantly
altered SPs are GIPCs with 50 species changedsaghostress. Most of the GIPC species showing highe
levels in salt-treated samples (39 of 40) contaimgttoxylated FAs on ceramide backbone. In the chse
Hex-HNAc-HA-IPC series of GIPCs, all the speciesitaining a hydroxylated FA show significant
higher p < 0.01) concentrations in saitated samples; while only one non-FA-hydroxylated species was
observed with significant change (Figure 6a). Tgattern of change suggests that plant responsgtto
stress might induce FA-hydroxylation of GIPC. Hoee\vn the Hex-HN-HA-IPC series of GIPCs, such
significant changes in lipids with hydroxylated FAs were not evident; instead, two non-FA-hydroxylated
species exhibited decreased levels in salt-treatedples (Figure 6b). The FA-hydroxylation process
presumably has a bias to GIPCs with a sugar heaggrontaining HNAc.

The extended coverage on our platform incorpor@E®ADGs and CLs, which were only recently
profiled in plants [29, 39]. GICADG is a novel Glass found to be accumulated when plants encounter
phosphorus deficiency. GICADG are believed to béntpdocated in plastid/chloroplast membranes [29,
40]. We observed GIcADGs with a shorter FA chain0lgeems to accumulate upon salt stress (Figure
6¢). Cardiolipin has rarely been mentioned in prasilipid studies on abiotic stress. We found katls
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in most CL species were shown to be significaniitya&ed under salt stress (Figure 6d). CLs are Ignain
present in mitochondria and Arabidopsis they have been shown to play a crucial role innta&iing
mitochondrial function under stress in studies ARDIOLIPIN SYNTHASE gene(clsl) T-DNA
insertion mutants [41]. The various changes inlé¢lvels of plastidic lipids (PG, DGDG, GIcADG etc.)
and extra-plastidic lipids (CL, PC, PE, PS, PI, G$Petc.) suggests that salt-induced membrane
remodeling may occur differently for different orgdle membranes [29, 42].

Apart from comparison of identified lipid speciehtect comparison of mass features in MS1 data can
potentially generate unexpected insights (i.e. appee of novel lipids under stress) which might be
missed in a targeted approach. Using the Marker\deftware, 1281 unknown features in positive ion
mode and 1068 unknown features in negative ion made obtained with CVs 30% in PBQC samples
after excluding features belonging to the iderdifgpecies. Initially to process untargeted datdyaisa
principal component analysis (PCA) models on thelioation of positive and negative features were
employed to provide an overview of the clusterifiglb extracted mass features. Groups of contrdl an
salt-treated samples were clearly separated by (Fgfare 7a) with the total variance of PC1 and PC2
greater than 90%, suggesting the existence of cangsowhich exhibited significantly different levets
the two treatment groups in addition to the tamdifgd species.

To further investigate mass features that conteibtet the difference, similar Studettest with
Benjamini-Hochberg FDR correction and fold changalysis as in targeted lipidomics were employed
and displayed in a volcano plot (Figure 7b). Irstivay, 888 features including 479 features in pasit
ion mode and 309 features in negative mode are rsheith significant difference between the two
groups with adjusteg-values below 0.05 and FC values above 2 or bel®&wRurther annotation and

characterisation of these features is yet to beéecbout.
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4. Conclusion

In this study, comprehensive and accurate lipicalisry was achieved by combining strategies of
building block restriction, high mass accuracy dfMdata, RT behavior in reversed phase separatobn a
MS/MS spectral analysis. Simultaneously, we corstadl SPRM assays to achieve rapid profiling of
compounds with high-resolution MS/MS data. In addit MS1 data in PRM assays also enabled high-
resolution (~ resolving power of 35,000) untargeliped profiling. Emerging targeted and untargeted
lipidomics analysis on a single 6600 TripleT®Fplatform provides great economic benefits and
experimental accessibility. The targeted methodplamuld also be used in a semi- and fully quartitat

manner if appropriate standards are available aididbration curves are employed. In addition, the
untargeted profiling data obtained can be directynpared between groups to search for potential
biomarkers that, for example, could distinguishnigein disease states, stress-or toxicity-relatedgesa

and used to determine the most discriminant festuhe conclusion, our novel method combines
untargeted and targeted lipidomics methodologi¢és @ single platform and provides avenues for a

comprehensive investigation of lipidomic compositand alteration.
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565 Table 1. Chromatographic and mass spectrometry coritions for different lipid classes in SPRM
566  assays including gradient, ion polarity, precursotion type and collision energy (CE).

lonization Precurso

Category Class Gradient . CE (V)
mode ion type
Glycero- LysoPC Gl Nec [M+OAc]” -4&
phospholipid LysoPE Gl Nec [M=H]" -45
(GP) LysoPC G1 Nec [M-H]" -45
LysoP Gl Nec [M=H]" -65
PC G1 Nec [M+OAc]” —45
PE G1 Nec [M-H]" -45
PC G1 Nec [M-H]" -45
Pl G1 Nec [M-H]" -65
Ps G1 Nec [M-H]" -45
CL G1 Nec [M-H]" -65
Glycerolipic MGMG Gl Nec [M+OAc]” -4&
(GL) DGMG G1 Nec [M+OAc]” -—45
SQMC G1 Nec [M-H]" -65
MGDG G1 Nec [M+OAc]” -45
DGDG G1 Nec [M+OAc]” -—45
SQDC G1 Nec [M-H]" -65
GIcADG G1 Nec [M-H]" -65
DAG G2 Po:s [M+NH,]" +4C
SterolLipid ASG G2 Po: [M+NH, " +4C
(ST) SC G2 Po:s [M+NH " +4C
Sphingolipic Cel G2 Pos [M+H]" +4C
(SP) HexCe G2 Pos [M+H]" +4C
GIPC G3 Po:s [M+H]* +65+1(

567

568  Abbreviations: PC: phosphatidylcholine; PE: phosiolyethanolamine; PG: phosphatidylglycerol; PI:
569  phosphatidylinositol; PS: phosphatidylserine; Chrdiolipin; MGDG: monogalactosyl diacylglycerol,
570 MGMG: monogalactosyl monoacylglycerol; DGDG: digatasyl diacylglycerol; DGMG: digalactosyl
571  monoacylglycerol; SQDG: sulfoquinovosyl diacylglyoe SQMG: sulfoquinovosyl monoacylglycerol;
572  GIcADG: glucuronosyl diacylglycerol; DAG: diacylgtgrol; SG: sterol glycoside; ASG: acylated sterol
573  glucoside; Cer: ceramide; HexCer: monohexosyl celanGIPC: glycosyl inositol phosphorylceramide;
574 Pos: positive ion mode; Neg: negative ion mode; Gaketate; G1/2/3: Gradient 1/2/3.

575  Column A: Agilent Poroshell EC-C18 (100 mm x 2.1 p#h¥ um); Column B: Agilent ZORBAX

576  Eclipse XDB C18 (100 mm x 2.1 mm, 1.8 um).
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578

579
580
581
582
583
584
585
586
587

Table 2: Summary of lipid classes identified in baey root extracts shown as number of detected

IDs. Species were detected at the level of FA/LCBésol composition.

Categor Clas: Number of IDs
GF PC/LysoP( 42/17
(n = 209) PE/LysoPl 43/17
PG/LysoP( 22i7
Pl/LysoP 15/%
Ps 29
CL 12
GL MGDG/MGMG 43/1¢
(n =190) DGDG/DGMG 38/17
SQDG/SQM( 20/7
GIcADG 17
DAG 32
SF HexCe 47
(n=215) Cel 26
GIPC 14z
ST SC 4
(n =20) ASG 16
Total 634

Abbreviations: ASG: acylated sterol glucoside; Cer: ceramide; CL: cardiolipin; DAG: diacylglycerol;
DGDG: digalactosyl diacylglycerol; DGMG: digalactosyl monoacylglycerol; FA: fatty acid; GL:
glycerolipid; GlcADG: glucuronosyl diacylglycerol; GP: glycerolphospholipid; HexCer: monohexosyl
ceramide; LCB: long chain base; MGDG: monogalactosyl diacylglycerol; MGMG: monogalactosyl
monoacylglycerol; PC: phosphatidylcholine; PE: phosphatidylethanolamine; PG: phosphatidylglycerol;
PI: phosphatidylinositol; PS: phosphatidylserine; SG: sterol glycoside; SP: sphingolipid; SQDG:

sulfoquinovosyl diacylglycerol; SQMG: sulfoquinovosyl monoacylglycerol; ST: sterol derivative.
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588  Table 3: Evaluation of linearity (r’) and dynamic range in the PRM assay of standardshithe

589  presence of barley root extract.

Lipid standar re Dynamic range (nh
PC(13:0/13:C 0.995¢ 1C-20,00(
PE(12:0/12:C 0.995( 10-20,00(
PG(12:0/12:C 0.997( 1C-20,00(
PS(12:0/12:( 0.998( 1C-20,00(
P1(18:0/20:4 0.995¢ 1C-20,00(
LysoPC(13:C 0.995: 1C-20,00(
LysoPE(13:C 0.994« 1C-20,00(
LysoPG(13:0 0.993: 1C-20,00(
LysoPI(13:0 0.995: 1C-20,00(
CL(T14:0 0.991: 1C-20,00(
Cer(d18:1/12:( 0.999¢ 1C-20,00(
GlcCer(d18:1/12:( 0.997: 10-20,00(
DAG(18:0/20:4 0.990" 1C-20,00(

590

591  Abbreviations: Cer: ceramide; CL: cardiolipin; DAG: diacylglycerol; GlcCer: monoglucosyl ceramide;
592  PC: phosphatidylcholine; PE:  phosphatidylethanolamine; = PG:  phosphatidylglycerol;  PI:
593  phosphatidylinositol; PS: phosphatidylserine.

594
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Lipid discovery by building block
survey, Precursor ion match, RT
pattern and MS/MS spectra
confirmation

¥

Lipid profiling by sPRM assays

Untargeted , __— = ——0_ Targeted

. Profile of identified species
Unknown feature extraction from MS/MS data in

from MS1 data in MarkerView MultiQuant

—

Data analysis and integration using R,
MetaboAnalyst efc.

595
596  Figure 1. Workflow of lipid discovery and profiling by HPLC-ESI-QgTOF.

597  Abbreviations: sSPRM: scheduled parallel reaction monitoring; RT: retention time
598
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599
600  Figure 2: 2D LC-MS plot of PE and lysoPE species Jand differentiation of isomers using MS/MS

601 data (b).

602 (@) PEs: triangles; LysoPEs: circles. (b) PE(16832)land PE(16:1_18:1) have the exact same molecula
603  weight as [M-H] m/z 714.5230 but differ in fatty acyl distribution the sn-1/2 position. EICC of the
604  precursomyz 738.507 in MS1 scan exhibited two slightly sepadgteaks from 9.4 min to 10.0 min (left
605 figure). The two peaks are well deconvoluted andrpreted using MS/MS data (right figure). EICC of
606  the four carboxylate anions in MS/MS spectra shthas peak1) correspondeeb PE(16:0 18:2); while

607 peak(2) corresponded to PE(16:1_18:1). This graph alsavshoaseline chromatographic separation
608  between PE(34:3) (pe4R)) and PE(34:2), avoiding any isotopic interfereadsing from FA fragments.

609 EICC: extracted ion count chromatogram .
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Figure 3: Differentiation of isobaric and isomeric ceramide-containing sphingolipid species in
barley root extracts by MS/MS spectra (a) and RT p#ern (min) (b).

(@) MS/MS spectra oft) HexCer(t18:0/24:1-OH) (RT 8.91 min) ai@) HexCer(t18:1/24:0-OH) (RT
9.47 min). They have a similar charged ceramidgnfient (Wz 664.627+) and its dehydrates but differ in
the cluster of fragments from charged LCBs. (b) sfningolipid species containing the same fattg aci
chain, RT values according to LCBs were t18:1 <:2X8t18:0 < d18:1. Cer species eluted 0.8 — 1 min
later than its corresponding HexCer species. HexCer species: black circles; Cer species: X crosses. RT:

retention time; Cer: ceramide; HexCer: hexosyl ceramide; LCB: long chain base.
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Figure 4: The high-resolution MS/MS spectra in PRMassays ensure more accurate precursor-
product transition selection than in MRM assays whe profiling MGDG(16:1_18:1).
MGDG(16:1_18:1) and MGDG(16:0_18:2) were not wedlsalved chromatographically. Thevz
253.0920 ion corresponding to galactosylglycerdiGaH ¢Og] resulted from both species/z 253.2131
was picked as product ion only for profiling. MGDIKB(1_18:1) was not interfered with byz 253.0920
due to high-resolution MS/MS spectra and a 100 grakpicking width in PRM assays; while in
traditional MRM assays, the two ions could not beedted separately with a 0.7 Da isolation window.
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Figure 5: Heatmap visualization and hierarchical dlistering analysis on targeted lipid levels in
control and salt-treated barley root extracts usingEuclidean distances and the Ward's algorithm.
Clustering of control and salt-treated sampleseiscdbed by the dendrogram on the top. Rows: lipid
species; Columns: samples; Color key indicates fold change of peak area in control relative to salt. ASG:
acylated sterol glucoside; Cer: ceramide; CL: cardiolipin, DAG: diacylglycerol; DGDG: digalactosyl
diacylglycerol; DGMG: digalactosyl monoacylglycerol; FA: fatty acid; GIPC: glucosyl inositol
phosphorylceramide; GL: glycerolipid; GIcADG: glucuronosyl diacylglycerol; GP: glycerolphospholipid;
HexCer: monohexosyl cerade; LCB: long chain base; MGDG: monogalactosyl diacylglycerol;
MGMG: monogalactosyl monoacylglycerol; PC: phosphatidylcholine; PE: phosphatidylethanolamine;

PG: phosphatidylglycerol; PI: phosphatidylinositol; PS: phosphatidylserine; SG: sterol glycoside; SP:
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ACCEPTED MANUSCRIPT

639  sphingolipid; SQDG: sulfoquinovosyl diacylglycerol; SQMG: sulfoquinovosyl monoacylglycerol; ST:
640  sterol derivative.
641
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Figure 6: Profile of Hex-HN-HA-IPC (a) and Hex-HNAc-HA-IPC (b) series of GIPCs, GIcADG (c)
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and CL (d) in control and salt-treated barley root extracts (n = 4) expressed as normalized peak

area
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Black barscorrespond to control group; grey bars correspond to salt-treated group. Peak area is
normalised to the value equivalent to 250 mg freaHey weight. Significance was evaluated by the
Student’st-test followed by BenjaminHochberg false discovery rate (FDR) correction; *p < 0.05; **p <
0.0 mean + SE. CL: cardiolipin; GIcADG: glucuronosyl diacylglycerol; Hex: hexosyl; HN: N-

Acetylhexosamine; HNAc: hexosamine; HA: hexuronic acid; IPC: inositol phosphorylceramide.
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653
654  Figure 7: Principal Component Analysis(PCA) (a), and Volcano plot (b) for 2349 unidentifid
655 features together from positive and negative ion nmdes in control and salt-treated barley root

656  extracts.
657 (@) Two-dimensional scatter plot of PCA displayiigmponents 1 and 2, which account for 85.6% and

658  4.6%, respectively. Control and saltated samples are clearly separated by PCA. Control: red triangle;
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salt-treated: green X cross. (b) A volcano plot ywasformed to determine responsive difference for
individual lipids between two groups. Each circkpresents a lipid. Lipids with an adjustpdralue

below 0.05 and fold-change value above 2 or bel@afe represented as purple circles.
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