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Abstrakt

Pro analyzu monogalaktosydiacylglyceroli (MGDG) a digalaktosydiacylglycerolti
(DGDG) byly vyvinuty metody zaloZené na RP-HPLC/ESI-MS® s vyuZitim datové
zavislého skenu. Optimalizaci podminek bylo docileno efektivni separace oxidovanych
1 neoxidovanych MGDG a DGDG na koloné¢ Nucleosil C18 s binarnim gradientem
methanolu s vodou v pfipadé MGDG a ternarnim gradientem acetonitrilu, methanolu a
vody v ptipadé¢ DGDG. Nejprve byla pozorovana eluce oxidovanych galaktolipidi a
nasledovala eluce neoxidovanych galaktolipidli, u nichZz byla zjiSténa souvislost
eluéntho chovani spoctem ekvivalentd uhlikd. Vzhledem k velké podobnosti
fragmentacnich hmotnostnich spekter oxidovanych a neoxidovanych galaktolipidi byla
demonstrovana nutnost pouziti hmotnostniho spektrometru s vysokym rozliSenim pro
spravnou identifikaci oxidovanych a neoxidovanych forem MGDG a DGDG. Metody
byly pouZzity pro charakterizaci galaktolipidi z listi huseni¢ku rolniho (Arabidopsis

thaliana) a medunky 1ékatské (Melissa officinalis).

Abstract

Data dependent RP-HPLC/ESI-MS? methods have been developed for the analysis of
monogalactosyldiacylglycerols (MGDGs) and digalactosyldiacylglycerols (DGDGs).
The methods allow the efficient separation of non-oxidised and oxidised galactolipids
and their unambiguous characterisation based on their collision induced dissociation
(CID) and exact mass measurement. The optimised reversed-phase chromatographic
systems are based on a 2.0 mm i.d. Nucleosil C18 column and methanol/water
(MGDGs) or acetonitrile/methanol/water (DGDGs) gradients. The oxidised
galactolipids eluted before the non-oxidised ones and the retention order of the non-
oxidised species was found to follow the equivalent carbon number. The use of exact
mass measurement MS was demonstrated to be essential for distinguishing the mass
spectra of the oxidised and non-oxidised species and thus for their correct interpretation.
The methods were applied for the characterisation of the MGDGs and DGDGs in the

leaves of Arabidopsis thaliana and Melissa officinalis.
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Seznam zkratek a symbolu

BHT butylovany hydroxytoluen, 2,6-di-terc-butyl-4-methylfenol

CID kolizemi indukovana disociace

CN:DB pomér celkového poctu uhlikii a celkového poctu dvojnych vazeb
v acylech lipidu

DGDG digalaktosyldiacylglycerol

dn-oPDA dinor-12-oxofytodienova kyselina

ECN pocet ekvivalentli uhliki (,,Equivalent Carbon Number*)

ESI ionizace elektrosprejem

FT-ICR iontova cyklotronova rezonance s Fourierovou transformaci

IT iontova past

IUPAC Mezinérodni unie pro €istou a uZitou chemii

m/z pomé&r hmotnosti ku naboji

MGDG monogalaktosyldiacylglycerol

MS/MS (MSZ) tandemova hmotnostni spektrometrie

oPDA 12-oxofytodienova kyselina

QqQ trojity kvadrupdl

Q-TOF hybridni hmotnostni spektrometr s kvadrupolovym analyzatorem a

analyzatorem doby letu

RP-HPLC vysokotc¢inna kapalinova chromatografie s reverznimi fazemi
TLC tenkovrstva chromatografie

IR reten¢ni Cas

UHPLC ultra vysokoucinnd kapalinova chromatografie



1 Uvod

Lipidy jsou jednou ze zakladnich stavebnich jednotek zivé hmoty, utvareji strukturu
biologickych membréan a jsou zdrojem energie v metabolismu. Vyzkum lipida v rdmci
rostlinné tiSe odhaluje jejich dlohu napf. pti fotosyntéze, ristu a vyvoji rostlin, bunééné
signalizaci a reakcich na bioticky a abioticky stres [1].

Galaktolipidy jsou piimou soucésti fotosyntetického aparatu [2]. Jednd se o
monogalaktosyldiacylglyceroly (MGDG) a digalaktosydiacylglyceroly (DGDG).
Jednotlivé molekuly MGDG a DGDG se 1iSi pfitomnosti mastnych kyselin vazanych v
poloze sn-1 a sn-2 na glycerolu [3]. Nenasycené mastné kyseliny mohou podléhat
oxidaci (enzymaticky fizené, nebo autooxidaci) a vznikaji tak velmi komplexni smeési
[4]. Detailni analyza slozeni MGDG a DGDG u rtiznych rostlinnych druhi a za riznych
Zajem o studium galaktolipidG mimo jiné vzrista i pro jejich protinddorové, protivirové
a protizanétlivé ucinky [5-7].

V ramci této price byly MGDG a DGDG izolovany z listi huseni¢ku rolniho
(Arabidopsis thaliana) a medunky lékaiské (Melissa officinalis). Separace galaktolipidii
byla provadéna v systému vysokouc¢inné kapalinové chromatografie s reverznimi fizemi
(RP-HPLC). Elu¢ni chovani bylo studovdno ve vztahu k poctu ekvivalenti uhlikl
(ECN). V ramci hmotnostni spektrometrie byla pouZivana elektrosprejova ionizace
(ESI). Hmotnostni spektra byla méfena za podminek nizkého (sféricka iontova past) a

vysokého rozliSeni (orbitrapova iontova past).



1.1 Cil prace

Cilem této priace je optimalizace chromatografickych a hmotnostné-
spektrometrickych podminek pro dosaZeni co nejucinnéjsi separace a jednoznacné

identifikace co nejvétsiho poctu galaktolipidii.



2 Teoreticka cast

2.1 Galaktolipidy

Studované galaktolipidy, tedy monogalaktosyldiacylglyceroly (MGDG) a
digalaktosyldiacylglyceroly (DGDG), se dle nazvoslovi IUPAC ftadi do skupiny
glycerolipida [8]. Poprvé byly MGDG a DGDG izolovany z pSeni¢né mouky v roce
1956 [9]. Jsou to polarni komplexni lipidy slozené z galaktosy a glycerolu, na kterém
jsou v poloze sn-1 a sn-2 vazany mastné kyseliny. Na obr. 1 je uvedena struktura 1,2-
di-O-acyl-3-0-f-D-galaktopyranosyl-sn-glycerolu (MGDG). Na obr. 2 je uvedena
struktura  1,2-di-O-acyl-3-O-( a-D-galaktopyranosyl-(1—6)-O-f-D-galaktopyranosyl)-
sn-glycerolu (DGDG). V tomto stereoisomernim uspofddani se MGDG a DGDG
vyskytuji nejcastéji [3].
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Obr. 1: 1,2-di-O-acyl-3-0--D-galaktopyranosyl-sn-glycerol (MGDG).
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Obr. 2: 1,2-di-O-acyl-3-O-(a-D-galaktopyranosyl-(1—6)-O--D-galaktopyranosyl)-sn-glycerol
(DGDQG).

MGDG a DGDG tvofi v rostlinné tisi stavebni jednotky chloroplasti. V membranach
thylakoidi jsou MGDG a DGDG zastoupeny pfiblizné¢ z 50 %, respektive z 30 %
celkovych lipidii [2]. Biosyntéza MGDG a DGDG souvisi s evoluénim vyvojem rostlin
a probiha eukaryotickou nebo prokaryotickou cestou [10]. Typ biosyntézy je nejcastéji

ur¢ovan podle MGDG, které jsou syntetizovany jako prvni. Eukaryotickd biosyntéza
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probiha v chloroplastech a endoplazmatickém retikulu, vznikajici MGDG jsou
charakteristické piitomnosti osmnécti uhlikaté nenasycené mastné kyseliny se tfemi
dvojnymi vazbami (18:3) v poloze sn-2 na glycerolu. Nejcastéji se jedna o cis,cis, cis-
oktadeka-9,12,15-trienovou kyselinu a rostliny vyuZivajici tento typ biosyntézy jsou
proto nazyvany 18:3 rostliny. Prokaryotické biosyntéza probiha pouze v chloroplastech.
Vznikajici MGDG jsou charakteristické piitomnosti Sestnacti uhlikaté nenasycené
mastné kyseliny se tfemi dvojnymi vazbami (16:3) v poloze sn-2 na glycerolu.
Nejcastéji se jednd o cis,cis,cis-hexadeka-7,10,13-trienovou kyselinu a rostliny s timto
typem biosyntézy jsou nazyvany 16:3 rostliny [10-14].

Zastoupeni mastnych kyselin v MGDG a DGDG je také ovlivnéno okolnimi
podminkami. Nejvyraznéjsi rozdily jsou pozorovany pii zménach teploty. Pfi niz§ich
teplotich jsou v membranovych lipidech vice zastoupeny nenasycené mastné kyseliny a

pti vysSich teplotach naopak nasycené mastné kyseliny [15, 16].

2.2 Oxylipiny

Oxylipiny vznikaji enzymatickou nebo chemickou oxidaci polynenasycenych
mastnych kyselin. V obou piipadech dochdzi v prvni fazi k tvorbé hydroperoxidi.
V piipad¢ oxylipint vzniklych enzymatickou cestou je produkt oxidace vzdy specificky
pro dany enzym [4]. Kuptikladu v pfipad€ kyseliny linolové (cis,cis-oktadeka-9,12-
dienova kyselina) vznikaji enzymatickou oxidaci vZdy hydroperoxidy v poloze 9 nebo
13 na uhlovodikovém fetézci [17]. V piipadé chemické oxidace nejsou vznikajici
oxylipiny polohov¢ specifické [4, 17, 18].

Oxylipiny v rostlindich vznikaji pfireakci na mechanické poSkozeni, napadeni
patogenem, nedostatek vody, starnuti atd. [19]. Molekuly oxylipinti nejcastéji obsahuji
hydroperoxidy, hydroxykyseliny, oxokyseliny a kyselinu jasmonovou [4, 20].
Vznikajici oxylipiny mohou byt esterifikovany v membranovych lipidech. Tento jev byl
dosud nejlépe popsdn na modelové rostliné huseni¢ku rolnim (Arabidopsis thaliana)
[21, 22]. V tomto pfipadé jsou nejznaméjSimi esterifikovanymi oxylipiny takzvané
arabidopsidy obsahujici prekurzory kyseliny jasmonové, 12-oxofytodienovou kyselinu
(oPDA) a dinor-12-oxofytodienovou kyselinu (dn-oPDA). Jejich struktura je uvedena

na obr. 3 a obr. 4. Detailné¢ bylo popsdno sedm arabidopsidi (arabidopsidy
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A-G) obsahujicich oPDA, respektive dn-oPDA esterifikované na membranové MGDG
a DGDG [23-26].

(e}

Obr. 3: 4-0x0-5S-(2Z)-2-penten-1-yl-2-cyklopenten-1S-oktanové kyselina (oPDA).

COOH

Obr. 4: 4-0x0-5S-(2Z)-2-penten-1-yl-2-cyklopenten-1S-hexanova kyselina (dn-oPDA).

2.4 Analyza galaktolipidt

K analyze MGDG a DGDG jsou nejcastéji pouzivany dva pfistupy. Prvni z nich je
lipidomické profilovani a druhou moZnosti je (U)HPLC separace. Ob¢ uvedené varianty
se dnes prakticky vyluéné pouZivaji v kombinaci shmotnostni spektrometrii.
Lipidomické profilovani umoziuje rychlou a ptehlednou analyzu majoritnich slozek ve
vzorku lipidi [1, 25, 27-29]. UHPLC) separace naopak poskytuji moZnost detailn&jsi
analyzy majoritnich 1 minoritnich slozek vzorku. Pro RP-UHPLC) separace
galaktolipidd  je  nejCastéji  pouZivana  silikagelovd  kolona s chemicky
vazanou oktadecylovou  stacionarni fazi [30-32]. Mobilni faze nejcastéji
obsahuje acetonitril a/nebo methanol s vodou, pifipadné aditiva usnadiiujici ionizaci
galaktolipidll [33-35]. VyuZzivana je isokraticka i gradientova eluce.

Elu¢ni chovani lze studovat ve vztahu k poc¢tu ekvivalentli uhlikii (ECN). Tento
vztah je bézné pouzivan v HPLC separacich neutrdlnich lipidi. Vyjadifuje zavislost
retence daného lipidu na délce fetézce a poctu dvojnych vazeb v acylech lipidu [36, 37].

ECN vypocitame podle vztahu (1).
ECN =CN -2DB (1)

kde ECN je pocet ekvivalentii uhlikt, CN je celkovy pocet uhlikl v acylech lipidu a DB je celkovy pocet

dvojnych vazeb v acylech lipidu.
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U polarnich lipida neni vyuziti ECN béZné a neni tedy zcela ziejmé, jak budou polarni
cukerné zbytky, ptipadné oxidované mastné kyseliny zasahovat do elu¢niho chovani
hodnoceného ve vztahu k ECN. VyuZiti ECN u galaktolipidd bylo doposud popsano pro
neoxidované DGDG [38, 39].

V ramci hmotnostni spektrometrie MGDG a DGDG je nejcastéji pouzivana
elektrosprejova ionizace (ESI) ve spojeni s analyzatory typu IT (iontova past), QqQ
(trojity kvadrupdl), Q-TOF (hybridni hmotnostni spektrometr s kvadrupdlovym
analyzatorem a analyzatorem doby letu) a FT-ICR (iontova cyklotronova rezonance
s Fourierovou transformaci) [22, 33, 40-44]. V kladném mo6du ESI jsou nejcastéji
identifikovany sodné adukty [M+Na]® a v zaporném moédu ESI deprotonované
molekuly [M-H]. Jednotlivé galaktolipidy jsou identifikovany z fragmentacnich
hmotnostnich spekter, pfiCemZ poloha mastnych kyselin na glycerolu mtiZe byt uréena

podle intenzity odpovidajicich fragmentt [45].
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3 Metodika
3.1 Rostlinny material

MGDG a DGDG byly izolovany z listl husenic¢ku rolniho (Arabidopsis thaliana) a
meduiky 1ékatské (Melissa officinalis). Huseniek rolni byl péstovan na sterilnim
médiu ze semen po dobu Sesti tydni v Ustavu experimentilni botaniky AV CR, v.v.i.
Rostliny meduniky 1ékafské byly zakoupeny v obchodé¢ s potravinami.

Pouzité rostliny nebyly pfed izolaci MGDG a DGDG zadmérn¢ stresovany.

3.2 Extrakce lipidu z listt

Cerstvé listy (15 g) byly natrhiny a umistény do Erlenmayerovy baiiky.
K pfipravenym listim bylo ptidano 30 ml 0,01% roztoku BHT v propan-2-olu (w/v).
Nésledovalo zahiivani na vodni l4zni pii 75 °C po dobu 15 minut. Poté bylo pfidano
15 ml chloroformu' a 6 ml deionizované vody. Nasledovalo tfepini jednu hodinu na
ttepacce. Ziskany extrakt byl Pasteurovou pipetou pieveden do Cisté Erlenmeyerovy
banky. Do extrakéni banky (s listy) bylo pfidano 20 ml smési chloroform:methanol (2:1,
v/v). Nasledovalo tfepani 1 hodinu. Ziskany extrakt byl pfidan do Erlenmeyerovy baiky
s extraktem po prvnim tfepani. Postup s pfidavkem 20 ml smési chloroform:methanol
(2:1, v/v) a naslednym tfepanim a odebranim extraktu byl opakovan Ctyfikrat.

Ke spojenému extraktu bylo pfiddano 10 ml roztoku chloridu draselného ve vod¢
(1 mol/l). Extrakt byl promichan na Vortexu. Po péti minutich stani byla Pasteurovou
pipetou odsata horni vrstva. Ke zbylému extraktu bylo pfidino 10 ml deionizované
vody a postup byl opakovan.

Ke zbylému extraktu byl pfiddn vyZihany siran hotfeCnaty (cca 7 g) a po promichani
na Vortexu byl ziskany extrakt prefiltrovan ve sklenéné kolonce s extrahovanou vatou.
Findlni extrakt byl odpafen na vakuové odparce na pfiblizn¢ tifetinovy objem

(170 mbar, 40 °C). Extrakty byly skladovany v mrazaku (-20 °C).

' Pro experimenty byl vzdy pouZivén destilovany chloroform stabilizovany 1 % ethanolu.
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3.3 Tenkovrstva chromatografie

Pro preparativni TLC byly pouZivany sklenéné desticky (36 x 76 mm) se silikagelem
(silikagel 60G, Merck, Darmstadt, Némecko) a 12 % sidry. Mobilni fize obsahovala
chloroform:methanol:vodu (80:18:2, v/v/v). Pro vizualizaci MGDG a DGDG pod UV
zétenim byl pouzivan postiik 0,05% roztokem primulinu v methanolu s vodou (8:2,
v/v). Z6ény odpovidajici MGDG a DGDG byly ze silikagelu extrahovany ve sklenéné
kolonce smési chloroform:methanol (2:1, v/v). Po odpateni do konstantni hmotnosti pod
proudem dusiku byly =ziskané MGDG a DGDG rozpuStény ve smeési
chloroform:methanol (2:1, v/v) na koncentraci 1 mg/ml. Takto ziskané vzorky byly

skladovany v mrazéaku (-20 °C).

3.4 Vysokoucinna kapalinova chromatografie s hmotnostni
detekci

Pro RP-HPLC/MS analyzy byly pouzivany dva systémy. Prvni z nich se skladal
z gradientového Cerpadla Rheos Allegro, automatického davkovace SpectraSYSTEM®
AS 3000 a hmotnostniho spektrometru LCQ Fleet s 3D iontovou pasti. Druhy systém se
skladal z gradientového Cerpadla Rheos Allegro, automatického davkovace CTC-Pal a
hybridniho hmotnostniho spektrometru LTQ Orbitrap XL (linearni iontova past a
orbitrapové past) s Fourierovou transformaci. U obou hmotnostnich spektrometrii byla
pouzivéana elektrosprejova ionizace. Pro sbér dat a vyhodnoceni chromatogramt byl
pouzit program Xcalibur, verze 2.0.7. VSechny pfistroje (a program) byly vyrobeny
spolecnosti Thermo Fischer Scientific (USA).

Pro RP-HPLC byla u obou vySe uvedenych systému pouZivana kolona Nucleosil
C18 (250 mm x 2 mm, 5 um, Macherey-Nagel, Némecko) s pfedkolonou Phenomenex
C18 (4 mm x 2 mm, Phenomenex, USA). Kolona byla temperovana na 30 °C
v termostatu RT04 (Labio, CR). Davkovéno bylo 5 ul vzorku. Pritok mobilni faze byl

200 wl/min. V tabulce 1 a tabulce 2 je uvedeno sloZeni optimalizovaného gradientu pro

separace MGDG, respektive DGDG.
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Tabulka 1: SloZeni optimalizovaného gradientu pro separace MGDG

t [min] methanol [%] voda [%]
0 75 25
80 100
90 100 0

Tabulka 2: SloZeni optimalizovaného gradientu pro separace DGDG

¢ [min] acetonitril [%] voda [%] methanol [%]
0 65 35 0
50 80 0 20
60 0 0 100
80 0 0 100

Detailni metodika je uvedena v pitiloze.
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4 Vysledky a diskuse

Vysledky byly ptevzaty z publikace: Analysis of plant galactolipids by reversed-
phase high-performance liquid chromatography/mass spectrometry with accurate mass

measurement (Zabranska et al. 2012), viz pfiloha.

4.1 Hmotnostni spektra galaktolipidu

Hmotnostni spektra neoxidovanych MGDG a DGDG byla méfena v kladném i
zaporném moédu ESI s vyuZitim komeréné dostupnych standardti. V kladném moédu byly
identifikovany sodné adukty [M+Na]" a v zdporném moédu deprotonované molekuly
galaktolipidt [M-H]. Pro charakterizaci MGDG a DGDG byla pouZita kolizemi
indukovana fragmentace (CID) v reZimu zavislého skenu (nastavené parametry viz
piiloha).

Fragmentac¢ni spektra sodnych adukti MGDG a DGDG obsahovala ve shodé
s publikacemi [27, 40, 45] fragmenty odpovidajici odStépeni jednotlivych mastnych
kyselin z polohy sn-1 respektive sn-2 na glycerolu. Tyto fragmenty byly
nejintenzivngj$i ve spektru. Ve shod¢€ s publikaci [45] byl fragment s vySSi intenzitou
pfifazen odstépeni mastné kyseliny z polohy sn-1. Dalsi fragmenty s nizsi intenzitou
odpovidaly odstépeni galaktosy [M+Na-162]" a oditépeni obou mastnych kyselin, tedy
[CoH1606Na]” u MGDG a [CisHa6011Na]" u DGDG [27].

Fragmentac¢ni spektra MGDG a DGDG v zaporném médu ESI obsahovala fragmenty
odpovidajici odstépeni mastnych kyselin vazanych v poloze sn-1 respektive sn-2 na
glycerolu (neutralni ztrdta kyseliny, nebo odpovidajictho ketenu) a fragmenty
odpovidajici karboxylatovym iontiim mastnych kyselin [R,COO] [35, 45].

Standardy oxidovanych MGDG a DGDG nebyly komeréné vyrabény. Jejich
hmotnostni spektra byla v této praci porovnavéana s neoxidovanymi MGDG a DGDG
pfitomnymi v analyzovanych vzorcich izolovanych rostlinnych extraktl. Stejn¢ jako
neoxidované MGDG a DGDG poskytovaly i oxidované galaktolipidy sodné adukty
[M+Na]" v kladném médu a deprotonované molekuly [M-H] v zdporném médu ESI.
Fragmentacni hmotnostni spektra byla u vétSiny analyti velmi podobnd (shodné
majoritni fragmenty). Ve fragmentaCnich spektrech sodnych aduktii oxidovanych

MGDG byly vtéto praci pozorovany fragmenty s nizkou intenzitou odpovidajici
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sodnému aduktu oxidované mastné kyseliny. Napiiklad u MGDG obsahujicich
oxidované osmnacti uhlikaté kyseliny (C;gH»503, CisH3003 nebo CigH3004) byly ve
fragmentacnich spektrech sodnych aduktl identifikovany fragmenty o m/z 315,2; 317,2
a 333,2. Na obr. S5A je uvedeno fragmentacni hmotnostni spektrum oxidovaného
MGDG z huseni¢ku (m/z 811,4966 [M+Na]®, C4sH7,,0;Na, r = 40,03 min). Ve
fragmentacnim spektru je viditelny fragment odpovidajici ztrat¢ galaktosy (m/z
649,4431, C39Hg,O6Na, 4 = -1,2 ppm), fragment odpovidajici ztrat¢ oxidované mastné
kyseliny véazané v poloze sn-1 na glycerolu (m/z 519,2919, Cy7H44OgNa,
4 = -1,8 ppm), fragment odpovidajici ztrat€ neoxidované mastné kyseliny vazané
v poloze sn-2 na glycerolu (m/z 533,2712, C;;H4,O9Na, 4 = -1,7 ppm) a fragment
odpovidajici sodnému aduktu oxidované mastné kyseliny (m/z 315,1925, C;sH303Na,
4 = -1,9 ppm). Fragment odpovidajici sodnému aduktu neoxidované mastné kyseliny

nebyl ve spektru pozorovan.
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Obr. 5: ESI-MS/MS spektrum (CID) oxidovaného MGDG z husenicku s obsahem mastnych kyselin
CsH»305/18:3 (sn-1/sn-2 pozice na glycerolu), fx = 40,03 min. (A) Pozitivni ionizace: m/z 811,4966
([M+Na]*, C4sH,,0,,Na); (B) Negativni ionizace: m/z 787,5013 ([M-H], C4sH;0,,). Experimentilni

podminky jsou uvedeny v pfiloze.
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Na obr. 5B je uvedeno fragmentacni spektrum stejného analytu (m/z 787,5013
[M-H], C4sH7,0;;) naméfené v zaporném moddu ESI. Ve fragmentaCnim spektru je
viditelny karboxylatovy iont oxidované mastné kyseliny [R;COO] (m/z 291,1959,
CisH2703, 4 = -2,2 ppm), karboxylatovy iont neoxidované mastné kyseliny [R,COO]
(m/z 277,2167, C1gH90,, 4 = -2,2 ppm) a fragment odpovidajici ztrat€¢ neoxidované
mastné kyseliny (m/z 509,2743, Cy7H4109, 4 = -2,5 ppm), respektive ztraté ketenu (m/z
527,2849, C7H43010, 4 = -2,5 ppm).

Fragmentacni hmotnostni spektra oxidovanych DGDG byla velmi podobna
fragmenta¢nim hmotnostnim spektrim neoxidovanych DGDG. Vzhledem k nizkému
zastoupeni oxidovanych DGDG ve zkoumanych vzorcich nebylo mozné vytvofit jejich
detailné&j$i porovnani.

Vzhledem k velké podobnosti fragmentacnich hmotnostnich spekter vétSiny
oxidovanych i neoxidovanych galaktolipidi nebylo mozné provést jejich spravnou
interpretaci s pouzitim hmotnostniho spektrometru s nizkym rozliSenim. Vezmeme-li v
uvahu napt. galaktolipid, ktery bude ve své struktufe obsahovat jednu oxidovanou
mastnou kyselinu a stejny galaktolipid, ktery bude misto oxidované mastné kyseliny
obsahovat neoxidovanou mastnou kyselinu s del§Sim fetézcem (jeden uhlikovy atom
navic) a niz8i nenasycenosti (o jednu dvojnou vazbu méné¢), tak m/z prekurzorového
iontu téchto galaktolipidi se bude liSit pouze o 36 mDa a nutnost pouziti vysokého
rozliSeni je tedy ziejma. Redlnym piikladem mohou byt MGDG ze vzorku husenicku,
ve kterém byly identifikovany dva analyty o m/z 813,5 (IM+Na]", tz; = 38,45 min,
fr2 = 65,45 min). Pii méfeni na hmotnostnim spektrometru s nizkym rozliSenim, nebylo
mozné rozliSit, zda tyto analyty obsahuji rizné mastné kyseliny (neutrdlni ztrity
odpovidajici odstépeni jednotlivych mastnych kyselin byly shodné) a z jakého diivodu
se tedy lisi jejich elu¢ni chovani. Pii pouZiti hmotnostniho spektrometru s vysokym
rozliSenim bylo zji§téno, Ze prvni z analytd (m/z 813,5132 [M+Na]*, C4sH740;;Na,
4 =0,7 ppm) je oxidovany a obsahuje mastné kyseliny C;sH3003/18:3 (poloha sn-1/sn-2
na glycerolu) a druhy z analyti (m/z 813,5502 [M+Na]", C46H735010Na, 4 = 1,7 ppm) je
neoxidovany a obsahuje mastné kyseliny 18:3/19:2. Fragmentacni hmotnostni spektra

obou analytl jsou uvedena na obr. 6.
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Obr. 6: ESI-MS/MS spektrum (CID) MGDG z huseni¢ku. (A) Oxidovany MGDG o m/z 813,5132
(IM+Na]”, CgH3y05/18:3, tz = 38,45 min). (B) Neoxidovany MGDG o m/z 813,5502 ([M+Na]®,
18:3/19:2, tg = 65,45 min). Experimentilni podminky jsou uvedeny v pfiloze.

V analyzovanych vzorcich galaktolipida z husenicku a medunky bylo identifikovano
nékolik analytd se stejnou nomindlni hmotnosti, av§ak riznymi mastnymi kyselinami

vazanymi na glycerolu (viz pfiloha Tabulka S1 a Tabulka S2).

4.2 Retencni chovani galaktolipidu

S vyuzitim  optimalizovanych gradientii byla pozorovdna eluce vétSiny
neoxidovanych MGDG a DGDG podle vzristajici hodnoty ECN (viz piiloha Tabulky
S1-S4). Retence MGDG a DGDG se zvysovala u analytii obsahujicich mastné kyseliny

s delSim fetézcem a niZ$i nenasycenosti (viz obr. 7A). Zarovein vSak bylo pozorovano,
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Ze ve skupin¢ neoxidovanych MGDG a DGDG se shodnou hodnotou ECN dochazi
k vyssi retenci analyti obsahujicich polynenasycené mastné kyseliny (viz obr. 7B).

U neoxidovanych MGDG bylo pozorovano nékolik vyjimek v eluénim poradi
podle ECN (viz pfiloha Tabulka S1, Tabulka S2). Naptiklad MGDG z husenicku
(tr = 54,62 min, ECN = 23) eluoval ve skupiné MGDG (tx = 52,74 - 57,90 min)
s hodnotou ECN 24. Tento jev mize byt zptusoben pifitomnosti rozvétvenych mastnych

kyselin ve struktufe galaktolipidu [31].
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Obr. 7: Rekonstruovany chromatogram MGDG z huseni¢ku. (A) MGDG o m/z 797,5173 ([M+Na]",
18:3/18:3, ECN = 24), m/z 799,5336 ([M+Na]", 18:2/18:3, ECN = 26) a m/z 803,5655 ([M+Na]",
18:0/18:3, ECN = 30). (B) MGDG o m/z 745,4855 ([M+Na]", 16:1/16:3 a 18:3/14:1), CN:DB 32:4,
ECN = 24, m/z 771,5023 ([M+Na]", 18:3/16:2 a 18:2/16:3), CN:DB 34:5, ECN = 24 a m/z 797,5173
([M+Na]", 18:3/18:3), CN:DB 36:6, ECN = 24. Experimentalni podminky jsou uvedeny v pfiloze.
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Navzdory ojedinélym vyjimkdm v eluénim potfadi neoxidovanych galaktolipidi
muze byt vypocet ECN vyznamnou pomoci, zvlast¢ pokud jsou dostupna hmotnostni
spektra pouze snizkym rozliSenim. V pfipadé mylné identifikace oxidovanych a
neoxidovanych galaktolipidi odhali vypocet ECN pievaZujici nesrovnalosti v elu¢nim

potadi.

4.3 Galaktolipidy z huseni¢cku a medunky

S vyuzitim optimalizovanych podminek bylo v husenicku identifikovano 55 MGDG
a 18 DGDG. V ptipad¢ meduiiky bylo identifikovano 25 MGDG a 13 DGDG. Celkova
(relativni) plocha piku oxidovanych galaktolipidii odpovidala 17,1 % MGDG; 5,0 %
DGDG ve vzorku husenicku a 4,4 % MGDG; 1,6 % DGDG ve vzorku meduiky.
Nameéfena data jsou ve shod€ se zafazenim huseni¢ku mezi 16:3 rostliny a medunky
mezi 18:3 rostliny [10]. Nejvétsi relativni plocha piku 38,86 % odpovidala
neoxidovanému MGDG s mastnymi kyselinami 18:3/16:3 (poloha sn-1/sn-2 na
glycerolu) ve vzorku husenicku, zatimco nejvétsi relativni plocha piku 61,38 %
odpovidala neoxidovanému MGDG s mastnymi kyselinami 18:3/18:3 (poloha sn-1/sn-2
na glycerolu) ve vzorku medunky.

Husenicek (A. thaliana) je pouZivan jako modelova rostlina. Namétena data l1ze tedy
porovnavat s jiz publikovanymi vysledky. V rdmci této prace bylo nové identifikovano
10 neoxidovanych MGDG (viz ptiloha Tabulka S1), u kterych pfevazuje pifitomnost
polynenasycenych mastnych kyselin (MGDG 18:4/16:3; MGDG 16:4/18:3) a mastnych
kyselin s lichym poc¢tem atomti uhliku (MGDG 17:3/18:3; MGDG 18:3/19:2). Celkova
(relativni) plocha piku nové identifikovanych MGDG byla 1,7 %. V pfipadé
neoxidovanych DGDG byl nové identifikovan jeden galaktolipid (DGDG 18:3/14:0).
Pti porovnavani obsahu mastnych kyselin v molekulaich MGDG a DGDG bylo zjisténo
n¢kolik piipadi galaktolipidii publikovanych jako neoxidované, které byly zarovein
méfeny pouze na hmotnostnim spektrometru s nizkym rozliSenim [1, 27, 28], a které
nebyly v této praci identifikovany, av§ak molekuly se stejnou nominalni hmotnosti byly
identifikovany jako oxidované galaktolipidy. Pfikladem mohou byt MGDG o m/z 829 a
827 [M+Na]", které byly v publikacich [1, 27, 28] identifikovany jako neoxidované;
MGDG o m/z 829 (C47Hg2010, CN:DB 38:4) a MGDG o m/z 827 (C47Hg9O19, CN:DB
38:5). V ramci této prace byly uvedené MGDG identifikovany jako oxidované; MGDG
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0 m/z 829 (CysH7401,, Ci13H3004/18:3) a MGDG o m/z 827 (C4sH72012, C1sH2304/18:3).
Shodnai interpretace uvedenych MGDG, tedy jejich identifikace jako oxidované MGDG
s vyuzitim vysokého rozliSeni, byla publikovana v nov¢jsi studii [22].

V piipad¢ oxidovanych galaktolipidii nebyla v ramci této prace detailné studovana
jejich struktura. Elementéarni slozeni nékolika oxidovanych galaktolipidii bylo shodné
s jiz publikovanymi vysledky. Napiiklad MGDG o m/z 797,4447 ((M+Na], tz = 10,14
min) s obsahem mastnych kyselin C;3sH»303/C16H2403 by mohl odpovidat arabidopsidu
A s obsahem mastnych kyselin oPDA/dn-oPDA (= C;gH»303/C6H2403) a MGDG o m/z
825,4752 ([M+Na]", r = 14,52 min) s obsahem mastnych kyselin C;gH»303/CsH2303
by mohl odpovidat arabidopsidu B sobsahem mastnych kyselin oPDA/oPDA
(= Ci18H2505/C15H2503) [46].

SloZzeni MGDG a DGDG ve vzorku medunky lékatské bylo poprvé studovano v této
praci. Oproti vzorku husenicku bylo v medunice identifikovdno mén¢ galaktolipidu.
Nejzajimavéjsi je pfitomnost dvou oxidovanych MGDG o m/z 783,4660 ([M+Na]",
fr = 37,89 min), respektive o m/z 811,4963 (IM+Na]", g = 39,93 min), ktera naznacuje,
Ze biosyntéza galaktolipidii s (dn)oPDA probihd i v dalSich rostlinich. Dosud byly
galaktolipidy s obsahem oPDA a dn-oPDA identifikovany pouze v husenicku
(A. thaliana a A. arenosa) [42].

Nov¢jsi studie potvrzuje, Ze galaktolipidy s obsahem (dn)oPDA se hojnéji vyskytuji
zejména v Celedi brukvovité (Brassicaceae), do niZ se tadi huseni¢ek a vyskyt téchto
galaktolipidti u dal$ich druhi rostlin je spiSe ojedin€ly [47]. Fylogenetickd souvislost

zatim nebyla objasnéna.
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5 Zaver

Vramci této prace byly vyvinuty RP-HPLC/ESI-MS®? metody pro detailni
charakterizaci oxidovanych i neoxidovanych MGDG a DGDG. Elu¢ni chovani
galaktolipidli bylo hodnoceno ve vztahu k ECN, a bylo zjiSténo, Ze neoxidované
MGDG a DGDG eluuji ve shodé¢ s ECN. Zaroveinl byla nalezena velkd podobnost
fragmentacnich hmotnostnich spekter (CID) oxidovanych a neoxidovanych
galaktolipidti, pro jejichZ spradvnou identifikaci je nutné mefeni hmotnostnich spekter
za podminek vysokého rozliSeni.

Optimalizované metody byly aplikoviny na vzorky MGDG a DGDG z husenicku
rolniho a meduiiky 1ékatfské. V husenicku bylo identifikovano 55 MGDG a 18 DGDG.
V medurice bylo identifikovano 25 MGDG a 13 DGDG. Relativné velky podil, zvIasté
s pithlédnutim k tomu, Ze rostliny nebyly pfed izolaci zamérné stresovany, tvofily
oxidované galaktolipidy. Celkova (relativni) plocha piku oxidovanych galaktolipidi
odpovidala 17,1 % MGDG; 5,0 % DGDG ve vzorku huseni¢ku a 4,4 % MGDG; 1,6 %
DGDG ve vzorku meduniky. Jeden DGDG a deset MGDG bylo v ramci této prace

identifikovano poprvé.
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The composition of plant membrane lipids was investigated by reversed-phase high performance liquid
chromatography mass spectrometry with accurate mass measurement. The data dependent methods for
the analysis of monogalactosyldiacylglycerols (MGDGs) and digalactosyldiacylglycerols (DGDGs) have
been developed. The optimised chromatographic systems were based on a 2.0 mm i.d. Nucleosil C18 col-
umn with methanol/water (MGDGs) or acetonitrile/methanol/water (DGDGs) gradients. The galactolipids
were ionised by electrospray operated in the positive ion mode and identified based on their MS/MS spec-

Keywords: tra. High resolution spectra with accurate masses were found to be essential for correct interpretation
Accurate mass measurement . Vg .

DGDG of the MS data. The elution order of non-oxidised MGDGs and DGDGs followed the equivalent carbon
Equivalent carbon number numbers. The methods were applied for detailed characterisation of the MGDGs and DGDGs in the leaves
MGDG of Arabidopsis thaliana and Melissa officinalis.

RP-HPLC/MS © 2012 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Monogalactosyldiacylglycerols (MGDGs) and digalactosyldia-
cylglycerols (DGDGs) are glycolipids, which form the main part of
the biological membranes in photosynthesising organisms, i.e., in
plants, algae and some bacteria (see the structures in Fig. 1). They
constitute about 80% of the total membrane lipids in plant leaves
(Lee, 2000; Ho6lzl and Dérmann, 2007). The molecular species dif-
fer in fatty acids (FAs) linked to the sn-1 and sn-2 positions on
the glycerol backbone. Plants are divided into two groups, namely
‘18:3 plants’ and ‘16:3 plants’ based on the predominant FAs in
the sn-2 position of MGDGs (Heemskerk et al., 1990; Maréchal
et al,, 1997). The distribution of FAs in MGDGs and DGDGs is influ-
enced by the environmental conditions, e.g., the temperature or
phosphate deprivation (Dérmann, 2006). Galactolipids are indis-
pensable components of photosynthesising complexes and they
are also of interest owing to their anticancer, antiviral and anti-
inflammatory activity (Maeda et al.,, 2009; Reshef et al., 1997;
Larsen et al., 2003).

Unsaturated MGDGs and DGDGs can be oxidised by enzymatic
processes or chemical oxidation (autooxidation). The predominant
oxidised lipids (oxylipins) formed from linoleic and a-linolenic acid
by enzymatic reactions are characterized by C-9 or C-13 positional
isomers, whereas those formed by autooxidation are C-10 and

* Corresponding author. Tel.: +420 220 183 303; fax: +420 220 183 583.
E-mail address: cvacka@uochb.cas.cz (J. Cvacka).

0009-3084/$ - see front matter © 2012 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.chemphyslip.2012.03.002

C-12 isomers (linoleic acid) or C-15 and C-16 isomers («-linolenic
acid). The biosynthesis of oxylipins is a highly dynamic process,
which occurs during leaf senescence or as a reaction to wound-
ing or pathogen attack (Mosblech et al., 2009; Yamauchi et al.,
1983). Oxylipins have distinct functions and biological activities
(Andreou et al., 2009). Those identified in the genus Arabidopsis
(arabidopsides) were shown to contain 12-oxophytodienoic acid;
oPDA; and/or dinor-oxophytodienoic acid; dn-oPDA (Hisamatsu
et al., 2003, 2005; Andersson et al., 2006), but various other types
of oxidised galactolipids containing hydroperoxy-, hydroxy-, oxo-
and epoxy-FAs have also been described (Buseman et al., 2006;
Mosblech et al., 2009; Gobel and Feussner, 2009; Ibrahim et al.,
2011; Vuetal, 2012).

The composition of the galactolipids is analysed using the ESI-
MS/MS lipid profiling approaches (Welti et al., 2003; Welti and
Wang, 2004; Devaiah et al., 2006; Andersson et al., 2006; Buseman
et al., 2006; Vu et al., 2012). The HPLC separation of MGDG and
DGDG molecular species is usually achieved in reversed-phase
mode on chemically bonded octadecyl stationary phases (Gil et al.,
2003; Yao et al., 2006; Napolitano et al., 2007; Ibrahim et al., 2011).
The mobile phases consist of methanol, acetonitrile and water,
occasionally with the addition of ammonium formate/acetate.
Recently, the use of ultra-high-performance liquid chromatogra-
phy (UHPLC) (Glauser et al., 2008; Li et al., 2008; Xu et al.,2010) and
nano-scale HPLC (He et al., 2011) has been demonstrated. Nowa-
days, the (U)HPLC is often coupled to MS with utilizing electrospray
ionization and quadrupole time-of-flight, triple quadrupole (Xu
et al., 2010; Stelmach et al., 2001; Bottcher and Weiler, 2007) or
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Fig. 1. The structures of the MGDGs (A) and DGDGs (B).

ion trap (Yao et al., 2006; Pacetti et al., 2007) mass spectrometers.
The most recent publications describe also the use of Fourier trans-
form ion cyclotron resonance mass spectrometry (He et al., 2011;
Vu et al,, 2012). The galactolipids are detected either in positive
or negative ion mode. The identification of the molecular species
is based on the MS/MS spectra allowing characterization of FAs
linked to glycerol backbone (Stelmach et al., 2001; Guella et al.,
2003; Xu et al., 2010). The regiochemical distribution of FAs can
be established based on the fragment ion intensities (Guella et al.,
2003).

The plant lipidome is quite complex, which demands carefully
optimized analytical methods for its thorough characterization.
When focused on galactolipids, a large number of MGDG and DGDG
molecular species both in non-oxidised and oxidised forms have
to be described. Here, we report on HPLC/ESI-MS/MS methods
carefully designed for separation and detection of lipids from two
galactolipid classes - MGDGs and DGDGs. The methods allowed
us a high number of non-oxidised and oxidised molecular species
to be characterised in unstressed plants. Two plant species were
used: Arabidopsis thaliana (‘16:3 plant’) and Melissa officinalis (‘18:3
plant’). The use of accurate mass measurement was shown to be
essential for distinguishing the mass spectra of the oxidised and
non-oxidised species and thus for their correct interpretation. The
elution order was found to be another useful tool for structural
characterization of galactolipids, especially when a high-resolution
spectrometer is not available.

2. Materials and methods
2.1. Chemicals

The gradient-grade acetonitrile and methanol were obtained
from LachNer (Neratovice, Czech Republic). The gradient-grade
propane-2-ol was purchased from Merck (Darmstadt, Germany).
The analytical-grade chloroform was distilled in glass and stabilised
by 1% of ethanol (Penta, Chrudim, Czech Republic). 2,6-Di-terc-
butyl-4-methylfenol (BHT) was purchased from Fluka (Buchs,
Switzerland) and primuline (dye content, 50%) from Sigma-Aldrich
(St. Louis, MO, USA). The deionised water was manufactured by
Milli Q system (Millipore, Milford, MA, USA). The reagent-grade
potassium chloride and magnesium sulphate was from Lachema

(Brno, Czech Republic). The MGDGs and DGDGs from whole wheat
flour were purchased from Sigma-Aldrich (St. Louis, MO, USA); no
information about the molecular species composition was avail-
able. The standards of MGDG and DGDG with stearic acids in both
sn-1 and sn-2 positions were purchased from Matreya (Pleasant
Gap, PA, USA).

2.2. Plant material

Thale cress A. thaliana (WT, cv. Columbia) plants were cultivated
from seeds at the Institute of Experimental Botany, ASCR, v.v.i. in
Prague. The seeds were surface sterilised with 60% ethanol and
0.5% NaClO, rinsed with sterile water and transferred onto modified
Murashige and Skoog medium (Murashige and Skoog, 1962) sup-
plemented with 3% sucrose and 0.8% agar, and the pH was adjusted
to 5.8. The seedlings were cultivated at 23 °C with 16/8 h light/dark
cycle at a light intensity of 7200 umolm—2s-1, in a growth cab-
inet (MLR-350, Sanyo Electric Co., Japan). After three weeks, the
plants were moved onto fresh media and cultivated for another
three weeks in the same conditions. Fresh lemon balm (M. offici-
nalis) plants were purchased at a local market. The plants were not
intentionally stressed to increase production of oxidised lipids.

2.3. Lipid extraction from leaves

The plant leaves (15g) were cut off into an Erlenmeyer flask;
propane-2-ol containing 0.01% of BHT (30 mL) was quickly added
and the flask was heated in a water bath for 15 min at 75 °C. After-
wards, chloroform (15 ml) and water (6 ml) were added followed
by a 1-h agitation. The extract was collected and the leaves were
reextracted with chloroform:methanol (2:1, v/v; 20 ml) four times.
The combined extract was washed with 1M potassium chloride
(10 ml) and deionised water (10 ml). Anhydrous magnesium sul-
phate (ca. 7 g) was added to remove the water residues. The extract
was filtered through purified cotton wool in a glass column and
concentrated on a rotary evaporator (40 °C, 170 mbar) to approxi-
mately one-third volume.

2.4. Thin-layer chromatography

The plant extracts were separated by TLC on glass plates
(36 mm x 76 mm) coated with a 0.2mm layer of silica gel 60 G
(Merck, Darmstadt, Germany) with gypsum (12%). The mobile
phase consisted of chloroform:methanol:water (80:18:2, v/v/v).
The MGDGs and DGDGs were visualised under UV light after
spraying the plates with a solution of primuline (0.05%) in
methanol:water (8:2, v/v). The TLC zones corresponding to the
MGDGs (R¢=0.69) and DGDGs (Rs = 0.40) were scraped off the plates
and extracted with chloroform:methanol (2:1, v/v). The solvent was
finally evaporated under a nitrogen stream and the residues were
dissolved in chloroform:methanol (2:1, v/v) at a concentration of
1 mg/ml and stored in a freezer (—20 °C). The samples were directly
used for HPLC/ion trap-MS or diluted 40x for HPLC/orbitrap-MS.

2.5. High-performance liquid chromatography/mass
spectrometry

The HPLC was performed on two instruments: 1/a system con-
sisting of a Rheos Allegro gradient pump, an AS 3000 autosampler
and an LCQ Fleet ion trap mass spectrometer and 2/a system con-
sisting of a Rheos Allegro gradient pump, a CTC-Pal autosampler
and an LTQ Orbitrap XL hybrid mass spectrometer. Both mass
spectrometers were equipped with an IonMax electrospray ion
source. All of the instruments were manufactured by Thermo Fis-
cher Scientific (San Jose, CA, USA). A Nucleosil C18 stainless steel
column (250 mm x 2 mm, 5 pm, Macherey-Nagel, Germany) with
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a C18 precolumn (4 mm x 2 mm, Phenomenex, USA) was used. For
each analysis, 5l of sample was injected. The flow rate of the
mobile phase was 200 wl/min and the column temperature was
30°C. The mobile phase for the MGDGs was mixed from water (A)
and methanol (B). The linear gradient increased from 75% of B to
100% of B in 80 min, followed by 10 min at 100% of B. The mobile
phase for the DGDGs was mixed from water (A), acetonitrile (B) and
methanol (C) as follows: 35% of A, 65% of B (O min); 80% of B and
20% of C (50 min); 100% of C (60 min); 100% of C (80 min).

The experimental parameters were the same for the both sys-
tems described above. The full scan electrospray mass spectra of
positive ions were recorded in the m/z 400-1500 range. The ion
source voltage, capillary voltage, tube lens voltage and capillary
temperature was 4.3kV, 87.5V, 187V and 315 °C, respectively, for
the MGDGs and 5.5kV, 30V, 205V and 330 °C, respectively, for the
DGDGs. Nitrogen was used as the sheath/auxiliary gas (65 a.u./24
a.u. for the MGDGs and 30 a.u./35 a.u. for the DGDGs) and helium
served as the collision gas. The MS/MS CID experiments were per-
formed in the data dependent mode using an isolation width of 1.0
and normalised collision energy of 31.5%; dynamic exclusion with
the repeat count, repeat duration and exclusion duration set to 3 s,
30sand 120s, respectively, was used. The samples were analysed in
two steps; the first HPLC/MS/MS run was based on a non-targeted
approach and served for finding a maximum number of molecu-
lar species. Subsequently, an inclusion parent mass list of MGDG
or DGDG sodium adducts was built for the following (targeted)
HPLC/MS/MS analysis. The accurate mass spectra were recorded
with a resolving power of 15,000 and diisooctyl phtalate ion (m/z
413.2668, [M+Na]*) lock mass.

The electrospray mass spectra of negative ions were recorded in
the m/z 150-1500 range. The ion source voltage, capillary voltage,
tube lens voltage and capillary temperature was 4.5kV, —40.0V,
—125.6V and 265°C, respectively, for the MGDGs and 4.5KkV,
—36.0V, —125.0V and 265 °C, respectively, for the DGDGs. Nitro-
gen was used as the sheath/auxiliary gas (20 a.u./25 a.u. for the
MGDGs and 56 a.u./24 a.u. for the DGDGs) and helium served as
the collision gas. The MS/MS CID experiments were performed in
analogous manner as described for positive ion mode.

The data were processed in Xcalibur 2.0.7 (Thermo Fischer Sci-
entific, USA).

3. Results and discussion
3.1. RP-HPLC separation of galactolipids

Two independent chromatographic methods were developed,
one for MGDGs and the second one for DGDGs. The methods
were based on reversed-phase systems allowing thorough separa-
tion based on the FA chains length and number of double bonds.
Two independent methods were found to be more appropriate
than a simultaneous separation of both galactolipid classes dif-
fering significantly in polarities. Taking into account high number
on naturally occurring molecular species, gradient elutions were
optimized using the standards of MGDGs and DGDGs from wheat
flour. The optimum separation of the MGDG molecular species
was achieved in a methanol/water gradient as specified above; all
attempts to use acetonitrile/water systems resulted in poor chro-
matographic resolutions. The best chromatographic conditions for
DGDGs were significantly different; acetonitrile was needed for
successful elution of DGDGs. The optimum separation of DGDG
molecular species was realized in an acetonitrile/methanol/water
gradient (see Section 2.5). The representative chromatograms of
MGDGs and DGDGs from A. thaliana and M. officinalis recorded
under optimised conditions are given in Figs. 2 and 3, respec-
tively.
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Fig. 2. The base peak chromatogram of the MGDGs from A. thaliana; the 10-40 min
region is ten times enlarged (A). The base peak chromatogram of the MGDGs from
M. officinalis, the 32-45 min region is ten times enlarged (B). RP-HPLC on a C18
column with a methanol/water gradient, positive ions generated by electrospray
(see Section 2.5 for details).

3.2. Electrospray mass spectra of galactolipids

The electrospray mass spectra of non-oxidised MGDGs and
DGDGs were studied in both ionisation modes using commercial
standards. The MGDGs provided sodium adducts in the positive
ion mode and deprotonated molecules in the negative ion mode.
The CID MS/MS spectra of the sodium adducts were dominated
by monogalactosylmonoacyl fragments corresponding to the elim-
ination of FA either from the sn-1 or sn-2 position (Xu et al., 2010).
Other fragments were significantly less abundant and included ions
corresponding to the loss of dehydrated galactose ([M+Na—162]*)
or both FAs (m/z 243.1; [CgH160¢Na]*); (Welti et al., 2003). In
addition, we found fragments consistent with a combine loss of
dehydrated galactose and sodium salt of FA. These fragments were
previously observed in in-source decay spectra of MGDGs (Guella
et al., 2003). The most prominent fragments in the CID spectra
of deprotonated molecules of MGDGs were FA carboxylate ions.
Other fragments encompassed fragments originated after elimina-
tion of FAs from the [M—H]~ either as neutral acid or corresponding
ketene. The measured spectra were in an agreement with pub-
lished data (Guella et al., 2003; Gil et al., 2003). DGDGs also
provided sodium adducts in the positive ion mode and deproto-
nated molecules in the negative ion mode. The MS/MS spectra of
the DGDG sodium adducts provided abundant digalactosylmonoa-
cyl fragments corresponding to the elimination of FA either from



604 M. Zdbranskd et al. / Chemistry and Physics of Lipids 165 (2012) 601-607

A ™
[e0]
Al
~
@
0]
~
100 + Q
©
) 1 =
o<
< 80 4 @
o0
m At
17} B
&
g 60 o>
3 4 ® N o ¢ =]
o 0 @0 - © ©
40—' z - ™ ~ ~—
~0 o O —=m ~ o
{ oo © 2l N N o
S 8 - || =< PO <
20 I T NIleT & N
® e ollg) 2 &
1 OO0 | \= & -
04

w

@
(ce)
A o
© ©
100 + S
= J ©
\ ~
80 4
(0]
17,3 .
c
g 60 -
3 J o m e
. w Nm
(1'e o -
40 T o |l od o 22
1 oo S |82 ol 53
204 T SHe) | L2
J 22 1~ «© ©
0 . , . , . . .
15 30 45 60 75
Time (min)

Fig. 3. The base peak chromatogram of the DGDGs from A. thaliana (A) and M. offic-
inalis (B). RP-HPLC on a C18 column with an acetonitrile/methanol/water gradient,
positive ions generated by electrospray (see Section 2.5 for details).

the sn-1 or sn-2 position. The [M+Na]* precursors as well as the
digalactosylmonoacyl fragments eliminated dehydrated galactose
(Guella et al.,, 2003; Xu et al., 2010); the precursors also eliminated
both FAs (m/z405.1; [C1sH5011Na]*) as described earlier (Xu et al.,
2010). A low abundant sodium adduct of dehydrated digalactose
was detected at m/z 347.1 (JC12H9019NaJ*). In the negative ion
mode the CID MS/MS spectra showed fragments consistent with
elimination of one or two FAs either as neutral acid or ketene. Less
abundant FA carboxylate ions were present as well.

As standards of oxidised MGDGs and DGDGs were unavailable
from commercial sources, their mass spectra were investigated in
the galactolipid fractions isolated from plant material. The oxidised
galactolipids provided sodium adducts or deprotonated molecules
in the full scan spectra. The MS/MS spectra of the non-oxidised
and oxidised species were quite similar in most cases, yielding the
same type of main fragments (elimination of FAs from sn-1 and sn-
2). Weak fragments specific for oxidised MGDGs were found in the
MS/MS spectra of [M+Na]*; the oxidised FAs in MGDGs formed very
low abundant sodium adducts which have not been reported pre-
viously. Thus, for instance, the oxidised MGDGs containing singly
and doubly oxidised C18 acids (C13H2803, C18H3003 or C13H3004)
provided sodium adducts at m/z 315.2, 317.2 or 333.2, respec-
tively. For example, the MS/MS spectrum of a singly oxidised MGDG
from A. thaliana eluting in 40.03 min ([M+Na]* at m/z 811.4966,
C45H72011Na) provided fragments corresponding to the loss of
dehydrated galactose (m/z 649.4431, C3gHgy0gNa, A=—1.2 ppm),
loss of FAs (m/z 519.2919, C;7H440gNa, A=—-1.8ppm and m/z
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Fig. 4. The CID positive ion mode MS/MS spectrum of MGDG CygH,503/18:3 (m/z
811.4966 [M+Na]*, tg =40.03 min) (A) and the CID negative ion mode MS/MS spec-
trum of the same compound (m/z 787.5013 [M—H]~) (B) from A. thaliana. The
CID positive ion mode MS/MS spectrum of an oxidised MGDG C;5H3004/18:3 (m/z
829.5066 [M+Na]*, tg =38.08 min) from A. thaliana (C).

533.2712, C37H4309Na, A=—-1.7 ppm) and sodium adduct of the
oxidised FA at m/z 315.1925 (CygH;303Na, A=-1.9ppm), see
Fig. 4A. Note that sodium adduct of the non-oxidised acid did not
appeared in the spectrum. The MS/MS spectrum of the same com-
pound recorded in the negative ion mode is shown in Fig. 4B.
Highly abundant carboxylate ions of both, non-oxidised and oxi-
dised FA appeared at m/z 291.1959 (C;gH703, A=-2.2 ppm) and
277.2167 (C1gHy90,, A=-2.2 ppm). The elimination of FA from
the deprotonated molecule was observed for the non-oxidised one
(m/z 509.2743, C37H4109, A =-2.5ppm, loss of neutral acid; m/z
527.2849, Cy7H43019, A =-2.5ppm, loss of ketene). The main CID
fragments of the oxidised DGDGs were analogous to non-oxidised
ones. A very small number of oxidised DGDGs in our samples pre-
vented us to make general conclusions about minor features in their
mass spectra.

As the mass spectra of oxidised and non-oxidised galactolipids
appeared almost the same, the low-resolution spectra did not allow
us to distinguish between non-oxidised and oxidised species. The
m/z values of the singly oxidised and non-oxidised precursors hav-
ing one extra carbon and lacking a double bond differs by just
36 mDa, which makes masses of oxidised and non-oxidised lipids
indistinguishable for low resolution mass spectrometers. Conse-
quently, the oxidised species could be interpreted incorrectly as
non-oxidised ones. For instance, the sample of A. thaliana MGDGs
contained two compounds with the same nominal mass (m/z813.5,
[M+Na]*), the first one eluting in 38.45 min and the second one in
65.45 min. The CID fragmentation provided similar spectra with
ions corresponding to the elimination of FAs 294 u and 278 u
(Fig. 5). The ion trap did not allow us to differentiate between
them. However, the accurate masses recorded by orbitrap revealed
that these peaks indeed represent different compounds. The first
one was identified as an oxidised MGDG C;gH3¢03/18:3 (m/z
813.5132 [M+Na]*, C45H74011Na, A=0.7 ppm), whereas the sec-
ond was a non-oxidised MGDG 18:3/19:2 (m/z 813.5502 [M+Na]*,
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Fig.5. The CID positive ion mode MS/MS spectrum of oxidised MGDG C1gH3003/18:3
(m/z813.5132 [M+Na]*, tg = 38.45 min) (A) and non-oxidised MGDG 18:3/19:2 (m/z
813.5502 [M+Nal*, tg =65.45 min) (B) from A. thaliana.

C46H78019Na, A=1.7ppm). There were also other pairs of non-
oxidised/oxidised MGDGs with the same nominal masses identified
in A. thaliana and M. officinalis samples (see Tables S1 and S2).
Therefore, the use of accurate mass measurement was found
to be essential to avoid erroneous identifications. An oxidised
MGDG eluting in 38.08 min ([M+Na]*; m/z 829.5066, C45H74012Na,
A=-0.8 ppm) provided highly abundant fragments corresponding
to the elimination of water and other species (e.g., C;HgO, C3HgO,
C4HgO, C4H70, or C4HgO,), see Fig. 4C. A similar spectrum was
previously reported in the literature (Napolitano et al., 2007) and
interpreted as non-oxidised MGDG 20:1/18:3. The published spec-
trum contained an appreciably abundant fragment m/z333.4 which
has not been discussed. The analogous fragment in our accurate
mass spectrum (m/z 333.2035; C1gH3904Na, A =—-0.4 ppm) clearly
indicated presence of an oxidised FA and the structure of this par-
ticular galactolipid was interpreted as MGDG C;gH3004/18:3. We
suppose that both spectra represented the same oxidised galac-
tolipid. The structure was further confirmed from the negative
ion mode spectrum showing carboxylate ions at m/z 277.2172
(C]3H2902, A=-04 ppm) and 309.2070 (C18H2904, A=-04 ppm),
see Fig. S1.

3.3. Retention behaviour of galactolipids

The elution order of the molecular species in the reversed-phase
HPLC is well understood in case of neutral lipids. The retention of
the FA methyl esters, wax esters, as well as triacylglycerols depends
on the chain length and the number of double bonds (Christie,
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Fig. 6. The dependence of the retention time on the ECN values for MGDGs (A) and
DGDGs (B) from A. thaliana.

2003). The elution order follows the equivalent carbon number
(ECN) calculated as a number of carbon atoms in acyls minus two
times the total number of double bonds. The ECN values are quite
useful for the prediction of retention times and thus for confir-
mation of the lipid structure deduced from its mass spectrum.
The elution order following ECN values is not that obvious in case
of lipids with the polar headgroups, as various polar interactions
might influence the retention mechanism. In case of galactolipids,
the ECN retention order relationship has previously been demon-
strated only for non-oxidised DGDGs (Bergqvist and Kaufmann,
1996; Deschamps et al., 2004).

In our separation systems optimized for MGDGs and DGDGs the
groups of oxidised species eluted before the groups of non-oxidised
ones, obviously due to their higher polarities. The elution order of
the non-oxidised forms of DGDGs as well as MGDGs was found
to follow the ECN values; within the groups with the same ECNs,
the most unsaturated species were the most strongly retained in
the column (Figs. 6 and 7). Only minor exceptions from the ECN
order were found in MGDGs (Fig. 6, Tables S1 and S2). For instance,
A. thaliana MGDG 17:3/18:3 (ECN =23) eluted within the group of
MGDGs with ECN = 24. As shown very recently, branched FAs occur
in galactolipids (Ibrahim et al., 2011). Therefore, the occasional
exceptions from the ECN order might be explained by branching in
the fatty acyl chains. Despite minor exceptions, the ECN values can
serve as a reliable tool for confirmation the galactolipid structures
established from their mass spectra. The ECN values were partic-
ularly useful in case of low resolution MS, which provides almost
the same spectra for oxidised and non-oxidised galactolipids; the
logic of elution order helped us to distinguish between them. The
elution order within the group of oxidised species was difficult to
rationalise because of the structural variability of the compounds.
The retention was affected by the nature of the oxygen-containing
moieties, their number and location within the chains. General con-
clusions on the retention behaviour could not be made without
detailed knowledge of their structures.

3.4. Galactolipids of A. thaliana and M. officinalis

The optimized HPLC/MS/MS methods were used for thorough
characterization of MGDGs and DGDGs in the two model plants.
The positive ionisation mode was used because of high sensitiv-
ity and reliable identification of both, non-oxidised and oxidised
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Fig. 7. The chromatogram of the MGDGs from A. thaliana reconstructed for m/z
797.5173 (MGDG 18:3/18:3, ECN =24), m/z 799.5336 (MGDG 18:2/18:3, ECN=26),
and m/z803.5655 (MGDG 18:0/18:3,ECN =30) (A). The chromatogram of the MGDGs
from A. thaliana reconstructed for m/z745.4855 (MGDG 16:1/16:3,MGDG 18:3/14:1,
CN:DB=32:4), m/z 771.5023 (MGDG 18:3/16:2, MGDG 18:2/16:3, CN:DB=34:5),
and m/z 797.5173 (MGDG 18:3/18:3, CN:DB=36:6), ECNs =24 (B).

lipids. Using the optimised conditions, 55 MGDGs (24 non-oxidised,
31 oxidised) and 18 DGDGs (16 non-oxidised, 2 oxidised) were
detected in A. thaliana and 25 MGDGs (15 non-oxidised, 10 oxi-
dised) and 13 DGDGs (11 non-oxidised, 2 oxidised) in M. officinalis.
The A. thaliana sample contained more galactolipid molecular
species than M. officinalis, with a substantial number of them being
oxidised. The total peak area of the oxidised lipids was much lower
than that of the non-oxidised; the oxidised species formed 17%
of the MGDGs and 5% of the DGDGs in A. thaliana. Some oxi-
dised species with the same molecular formula detected in both
plants were obviously dissimilar, as their retention times and mass
spectra were slightly different (e.g., MGDG CygH3003/18:3 elut-
ing in 38.45min in A. thaliana and 38.11 min in M. officinalis). A.
thaliana belongs to the family Brassicaceae classified as ‘16:3 plants’,
whereas M. officinalis belongs to the family Lamiaceae classified as
‘18:3 plants’ (Mongrand et al., 1998). Our data were in agreement
with this categorisation; the most abundant MGDG in A. thaliana
was MGDG 18:3/16:3 (rel. peak area 38.86%) whereas the most
abundant MGDG in M. officinalis was MGDG 18:3/18:3 (rel. peak
area 61.38%).

A. thaliana is a widely used plant model. The major galactolipid
components identified in this work (Tables S1 and S3) were in a
good agreement with the earlier published data. However, roughly
half of the twenty-four non-oxidised MGDGs detected in our work

have notbeen described previously. The total peak area of the newly
identified MGDGs was rather small (1.7% rel), but the FA compo-
sition of these species was interesting because of the presence of
odd carbon number acids (MGDG 17:3/18:3; MGDG 18:3/19:2) or
highly polyunsaturated acids (MGDG 18:4/16:3; MGDG 16:4/18:3).
The identity of several MGDGs analysed by a low resolution mass
spectrometry (Welti et al., 2003; Welti and Wang, 2004; Devaiah
et al.,, 2006) was not confirmed. For instance, MGDG molecu-
lar species 38:4 (number of carbons: number of double bonds)
and 38:5 were not found; instead, oxidised galactolipids with the
same nominal masses were identified based on accurate masses
(MGDG C1gH3004/18:3 and MGDG C;gH2804/18:3). The same oxi-
dised species were very recently reported in other study based on
high resolution MS (Vu et al., 2012). Good agreement with the
detected lipids and literature data was observed also in case of
non-oxidised DGDGs. We newly identified one compound (DGDG
18:3/14:0). The uncertainty of the low resolution MS-based identi-
fications is obvious also in case of DGDGs. For instance, DGDG 38:4
identified from low resolution spectra (Welti and Wang, 2004) was
not found in this work. However, an oxidised DGDG C;gH3904/18:3
with the same nominal mass existed. A recent paper of Ibrahim
et al. (2011) showed that stressed A. thaliana produces both the
above mentioned DGDGs (non-oxidised and oxidised) with the
same nominal mass (M =968).

The most abundant oxidised galactolipids in A. thaliana con-
tained two extra oxygens in FA; in MGDGs, they constituted
10.6% of the total peak area. The structure of the oxidised lipids
and their origin (enzymatic processes or autooxidation) were not
studied in detail. However, the elemental composition of many
oxidised species was consistent with previously published oxylip-
ins, e.g., with MGDG oPDA/dn-oPDA (or arabidopside A; tg = 10.14),
MGDG oPDA/oPDA (or arabidopside B; tg=14.52), MGDG C18-
ketol/16:3 (tg=22.57 and 28.87), MGDG oPDA/16:3 (tg =26.10),
or MGDG oPDA/18:3 (tg =40.03); (Gobel and Feussner, 2009), see
Tables S1 and S3.

Considerably fewer MGDG and DGDG molecular species were
identified in M. officinalis leaves (Tables S2 and S4). To the best of our
knowledge, this work s the first to report MGDGs and DGDGs in this
plant. Most of them were even-carbon FA, but some minor species
contained FA with seventeen carbons and up to three double bonds.
The even number of carbons may indicate branched acyl chains
(Ibrahim et al., 2011). In case of the oxidised MGDGs, the minor
components also contained short chain acids (C10, C13 and C15
oxidised FAs). Interestingly, the elemental compositions indicated
that dn-oPDA and oPDA might be present in some MGDG species.
These cyclopentenone-containing FAs were previously identified
only in A. thaliana and Arabidopsis arenosa (Bottcher and Weiler,
2007).

4. Conclusions

The low resolution MS/MS spectra of MGDGs and DGDGs did not
allow us to reliably decide if they represent molecular species with
non-oxidised or oxidised FA chain(s). High resolution analysis pro-
viding spectra with accurate masses was found to be essential for
correct interpretation of MS data. The elution order of non-oxidised
molecular species separated in the chromatographic systems opti-
mized in this work followed the ECN values. The oxidised MGDGs
or DGDGs eluted earlier than corresponding non-oxidised galac-
tolipids with the same nominal mass. Therefore, elution order is an
important clue that can help when only low resolution instruments
are available.

The study of chromatographic behaviour and mass spectra
allowed us to develop HPLC/MS/MS methods for detailed charac-
terization of MGDGs and DGDGs including oxidised species. Some
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spectral features were described for the first time. The optimised
methods allowed us to detect a high number of galactolipid molec-
ular species in the A. thaliana and M. officinalis samples; a number
of them have been described for the first time. The oxidised galac-
tolipids were detected at relatively high levels in spite of the fact
that the plants were not intentionally stressed before collecting the
samples. Interestingly, M. officinalis is likely another plant species
biosynthesizing oxylipins with cyclopentenone ring.
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Figure S1. The CID negative ion mode MS/MS spectrum of an oxidised MGDG C;sH3004/18:3 (m/z 805.5111 [M-HT,
tg=38.08 min) from A. thaliana) (A) and enlarged high-mass region of this spectrum (B).



Table S1. MGDGs identified in Arabidopsis thaliana.

. Relative peak
t (min) m/z [M+Na]" hglelfl‘:ll:r Fatey /‘;‘Z“;S CNDB  ECN area
(%)
10.14 797.4447 Cy3HesO12 Ci5H,303/ C16H2404 0.12
10.67 663.3708" C34Hs5601; CoH605/16:3 0.10
11.66 675.3706" Cs5Hs601, Ci0H605/16:3 0.19
13.02 663.3710" C34Hs601, C;H,,05/18:3 0.06
13.77 675.3708" C35Hs560 CsH,05/18:3 0.27
14.52 825.4752 C4sH70015 C13Ho303/ Ci1gH305 0.10
17.46 715.4022" C;sHg0O11 Ci13H,005/16:3 0.16
17.91 703.4022" C37H60011 C10H1603/183 0.26
21.52 703.4022" C37Hg0O11 Ci0H1604/18:3 0.13
22.57 801.4751 C43H70012 Ci5H3004/16:3 0.19
23.25 799.4594" C43HgsO12 Ci5H,504/16:3 0.24
24.07 743.4340" C4oHesO11 C5H,405/16:3 0.06
26.10 783.4645 C43Hes011 Ci5H,305/16:3 0.23
28.87 801.4752 Cy3H7012 Ci5H3004/16:3 1.85
28.94 675.3717" Cs5Hs601, Ci0H605/16:3 0.27
29.24 785.4819 Cy3H7004, Ci5H3005/16:3 0.72
29.40 715.4034" C;sHg0O11 Ci13H,005/16:3 0.26
29.92 755.4346" Cy1HgsO1y Ci6H,405/16:3 0.30
29.92 801.4780 Cy3H7012 18:3/ C1¢Hp604 1.66
30.22 785.4813 C43H70011 18:3/ C16H2605 0.98
30.74 829.5081 C45sH7401, Ci5H3004/18:3 0.21
31.19 801.4770 C43H70012 18:3/ C16H2604 2.67
31.87 675.3724" Cs5Hs601; CsH1,05/18:3 0.19
34.27 827.4917" C4sH7,012 CisH,304/18:3 0.08
37.26 703.4032" C37H60011 Ci0H605/16:3 0.20
37.26 829.5066 C4sH7401, Ci5H3004/18:3 2.00
37.63 743.4347" C4oHesO1, C3H,004/18:3 0.19
38.08 829.5066 C4sH74012 Ci5H3004/18:3 1.52
38.16 783.4660 Cy3Hes01y C16H2405/18:3 0.27
38.45 813.5132 Cy4sH7401y C13H3005/18:3 1.03
40.03 811.4966 C4sH7,04; Ci5H,304/18:3 0.57
42.72 741.4540" Cy1Hg6O10 16:3/16:3 32:6 20 0.33
46.93 767.4699" Ca3HgsO19 18:4/16:3 34:7 20 0.09
46.93 767.4699" Ca3HgsO19 16:4/18:3 34:7 20 '
47.08 755.4698" C42HgsO19 17:3/16:3 33:6 21 0.31
47.67 743.4695" C41HesO19 16:2/16:3 32:5 22 0.20
50.74 769.4862 C43H7019 18:3/16:3 34:6 22 38.86
52.74 745.4855" C41H7019 16:1/16:3 32:4 24 021
52.74 745.4855" C41H7019 18:3/14:1 32:4 24 '
54.62 783.5031" CusH7,04 17:3/18:3 35:6 23 0.26
55.29 771.5023 Cy3H7,04 18:3/16:2 34:5 24 572
55.29 771.5023 Cy3H7,04 18:2/16:3 34:5 24 '
57.90 797.5173 C4sH74019 18:3/18:3 36:6 24 27.67
59.61 747.5027" C4H7Oy 18:3/14:0 32:3 26 0.20
62.01 799.5336 C4sH7601 18:2/18:3 36:5 26 3.95
64.78 825.5503 C47H7504 20:3/18:3 38:6 26 0.10
65.45 813.5502" Ca6H75019 18:3/19:2 37:5 27 0.10
65.97 775.5344 C43H76019 16:0/18:3 34:3 28 247
65.97 775.5344 C43H76010 18:2/16:1 34:3 28 ’
66.81 801.5503 C45H75019 18:2/18:2 36:4 28 0.31
69.97 777.5501 C43H75019 18:1/16:1 34:2 30 042
69.97 777.5501 C43H75049 16:0/18:2 34:2 30 '
73.12 803.5655 C4sHgoO10 18:0/18:3 36:3 30 0.12
74.70 779.5658 C43Hg0010 18:1/16:0 34:1 32 0.14

" Newly identified species.



Table S2. MGDGs identified in Melissa officinalis.

. Relative peak
t (min) m/z [M+Na]" N;"lecular Fatty acids CNDB  ECN area
ormula sn-1/sn-2 %)
17.48 703.4022 C37Hg001; CioH1605/18:3 0.03
32.21 771.4653 CypHgsO1y CisHp404/18:3 0.04
36.84 829.5067 Cy4sH72401, CisH3004/18:3 1.53
37.14 703.4033 C;37Hg0013 CioH605/18:3 0.11
37.29 743.4348 C4oHesO1y Ci3Hp05/18:3 0.17
37.81 829.5084 Cy4sH7401, CisH3004/18:3 1.18
37.89 783.4660 Cy3HggO1y Ci6H2405/18:3 0.18
38.11 813.5132 C4sH7401; CisH3005/18:3 0.39
39.93 811.4963 C4sH7,0q; Ci1sHp05/18:3 0.34
44.76 813.5118 Cy4sH7401; CisH3005/18:3 0.40
50.69 769.4859 C43H70010 18:3/16:3 34:6 22 0.44
54.07 795.5011 C4sH701 18:3/18:4 36:7 22 0.14
54.44 783.5024 C44H701 17:3/18:3 35:6 23 1.33
55.12 771.5023 C43H709 16:2/18:3 34:5 24 0.49
57.95 797.5176 Cy4sH74049 18:3/18:3 36:6 24 61.38
59.54 773.5186 C43H74049 16:1/18:3 34:4 26 3.50
61.89 799.5338 C4sH76010 18:2/18:3 36:5 26 14.03
63.24 787.5342 C44H76010 17:1/18:3 354 27 0.57
64.59 825.5497 C47H75010 20:3/18:3 38:6 26 0.79
65.26 813.5488 C46H75010 18:3/19:2 37:5 27 0.18
65.93 775.5337 C43H76010 16:0/18:3 34:3 28 8.15
66.88 801.5494 Cy4sH75010 18:1/18:3 36:4 28 2.52
69.90 777.5499 C43H7501 16:0/18:2 34:2 30 0.95
70.72 803.5653 C4sHgoOqo 18:1/18:2 36:3 30 0.38
73.03 803.5649 Cy45HgoO10 18:0/18:3 36:3 30 0.78
Table S3. DGDGs identified in Arabidopsis thaliana.
. Relative peak
t (min) m/z [M#Na®  Molecular Fatty acids CN:DB  ECN area
formula sn-1/sn-2 %)
22.15 975.5643 Cs1Hg4O16 CisH3005/18:3 2.31
22.45 991.5599 Cs1Hg4Oy7 C1sH3004/18:3 2.66
35.01 931.5392 C4oHgoO15 18:3/16:3 34:6 22 7.96
38.89 945.5540 Cs5oHg,015 17:3/18:3 35:6 23 0.36
40.84 933.5540 C4Hg015 16:2/18:3 34:5 24 1.98
42.70 959.5693 Cs1Hg4O15 18:3/18:3 36:6 24 47.29
45.77 909.5544" C47HgO15 18:3/14:0 32:3 26 0.14
46.59 935.5703 C4oHg4O15 18:3/16:1 34:4 26 073
46.59 935.5703 C4oHg4O15 18:2/16:2 34:4 26 ‘
48.15 961.5851 Cs1HgsO15 18:2/18:3 36:5 26 4.66
50.08 987.6022 Cs3HgOg5 20:3/18:3 38:6 26 0.60
53.71 963.6007 Cs1HgsOg5 18:2/18:2 36:4 28 0.43
53.71 963.6007 Cs1HggO5 18:1/18:3 36:4 28 ’
54.60 937.5851 C4oHggO15 18:3/16:0 34:3 28 24.32
58.40 951.6007 CsoHggO15 17:0/18:3 35:3 29 0.43
61.49 965.6162 Cs1HgoO15 18:0/18:3 36:3 30 1.04
63.65 941.6181 C49Ho9O15 18:1/16:0 34:1 32 0.55

" Newly identified species.



Table S4. DGDGs identified in Melissa officinalis.

. Relative peak

W) e e Tl g gy ama

(%)
22.27 975.5643 Cs51HgqO 16 C5H3005/18:3 0.44
22.57 991.5599 CsHgqO17 Ci5H3004/18:3 1.17
38.98 945.5539 CsoHg205 17:3/18:3 35:6 23 0.33
42.65 959.5707 Cs51Hg4O5 18:3/18:3 36:6 24 46.76
46.66 935.5696 Ca9Hg4O5 18:3/16:1 34:4 26 1.28
48.22 961.5853 CsHggO 15 18:2/18:3 36:5 26 6.68
50.08 987.6006 Cs3HggO5 20:3/18:3 38:6 26 0.45
53.50 963.6011 CsHggO5 18:2/18:2 36:4 28 0.96
54.47 937.5851 C49HggO15 16:0/18:3 34:3 28 32.94
58.40 951.6007 CsoHgsO5 17:0/18:3 35:3 29 0.52
59.52 939.6011 C4oHggO5 16:0/18:2 34:2 30 4.00
60.48 965.6162 Cs51HgpO5 18:0/18:3 36:3 30 1.48
61.37 965.6165 Cs1HgpO5 18:0/18:3 36:3 30 2.99




