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Summary

e Photosynthetic organisms such as plants, algae and some cyanobacteria synthesize
tocochromanols, a group of compounds that encompasses tocopherols and tocotrienols and
that exhibits vitamin E activity in animals. While most vitamin E biosynthetic genes have been
identified in plant genomes, regulatory genes controlling tocopherol accumulation are cur-
rently unknown.

e We isolated by forward genetics Arabidopsis enhanced vitamin E (eve) mutants that
overaccumulate the classic tocopherols and plastochromanol-8, and a tocochromanol unknown
in this species. We mapped eve7 and eve4, and identified the unknown Arabidopsis tocochro-
manol by using a combination of analytical tools. In addition, we determined its biosynthetic
pathway with a series of tocochromanol biosynthetic mutants and transgenic lines.

e evel and eve4 are two seed lipid mutants affecting the WRINKLED1 (WRIT) and ACYL-
COA:DIACYLGLYCEROL ACYLTRANSFERASET (DGATT) genes, respectively. The unknown
tocochromanol is 11’-12" y-tocomonoenol, whose biosynthesis is VITAMIN E 1 (VTE1) - and
VTE2-dependent and is initiated by the condensation of homogentisate (HGA) and tetrahy-
drogeranylgeranyl pyrophosphate.

e This study identifies the first two regulatory genes, WRI7 and DGAT1, that control the syn-
thesis of all tocochromanol forms in seeds, and shows the existence of a metabolic trade-off
between lipid and tocochromanol metabolisms. Moreover, it shows that Arabidopsis pos-

sesses a tocomonoenol biosynthetic pathway that competes with tocopherol synthesis.

Introduction

Tocochromanols encompass a group of compounds with a chro-
manol ring and a variable prenyl side chain, some of which, such
as tocopherols and tocotrienols, exhibit vitamin E activity in ani-
mals (DellaPenna & Mene-Saffrané, 2011). Our current
understanding of tocochromanol biosynthesis derives from bio-
chemical and genetic studies mostly performed in angiosperms
that synthesize four different types of tocochromanols according
to the prenyl donor condensed to homogentisate (HGA). Toco-
pherol and tocotrienol biosyntheses use phytyl pyrophosphate
(PPP) and geranylgeranyl pyrophosphate (GGPP) as prenyl
donors, respectively (DellaPenna & Mene-Saffrané, 2011). For
both types of compound, most biosynthetic genes have been
identified in several plant genomes (Mene-Saffrané & Pellaud,
2017). A third type of tocochromanol, plastochromanol-8 (PC-
8), which results from the condensation of HGA and solanesyl
pyrophosphate, was identified in numerous plant species (Kruk
etal., 2014). A fourth tocochromanol type named tocomonoenol

has been detected in a few unrelated plant species and a biosyn-
thetic pathway involving the condensation of HGA with tetrahy-
drogeranylgeranyl pyrophosphate (THGGPP) has been proposed
(Kruk eral, 2011). In contrast to tocopherol, tocotrienol and
PC-8 biosyntheses, which have been well genetically delineated,
no tocomonoenol biosynthetic genes are currently known.
Among the organisms used to study tocochromanol biosynthe-
sis in plants, Arabidopsis is by far the one that provided the
most knowledge and resources and in which tocochromanol
biosynthesis is the best characterized. Since pioneer works that
identified the first tocopherol biosynthetic gene (Shintani &
DellaPenna, 1998), 17 tocochromanol biosynthetic genes and
many biosynthetic mutants have been described in this organism
(reviewed by Mene-Saffrané & Pellaud, 2017). Wild-type Ara-
bidopsis accessions naturally accumulate tocopherols and PC-8.
Tocotrienols, which have not been detected in wild-type Ara-
bidopsis accessions analyzed to date, are synthesized in Arabidop-
sis transgenic lines expressing HGA geranylgeranyl transferase
genes from Poaceae or in which HGA availability has been



increased by genetic engineering (Cahoon eral, 2003;
Karunanandaa ezal,, 2005; Zhang eral., 2013).

In contrast to our current knowledge on vitamin E biosynthe-
sis, much less is known about the regulatory gene(s) controlling
tocochromanol biosynthesis. Several quantitative trait locus
(QTL) and genome-wide association (GWA) studies on
tocochromanol synthesis have been performed in several plants
(References S1). Although numerous loci controlling tocochro-
manol synthesis have been identified in plant genomes, the few
that have been mapped control tocochromanol composition and
not synthesis. Thus, the genes regulating tocochromanol synthe-
sis remain largely unknown. Several metabolic engineering stud-
ies showed that overexpression of biosynthetic VITAMIN E
(VTE) genes modestly increased tocochromanol accumulation
(Karunanandaa eral, 2005). By contrast, overexpression of
upstream biosynthetic genes producing tocochromanol precur-
sors increased tocochromanol metabolism much more efficiently
(Karunanandaa etal, 2005; Zhang eral., 2013). In addition,
feeding experiments of cell cultures with biosynthetic precursors
such as HGA and/or phytol strongly increased tocochromanol
accumulation (Furuya etal, 1987; Karunanandaa ezal., 2005).
Thus, it has been previously concluded that the synthesis and
availability of biosynthetic precursors is a major mechanism regu-
lating tocochromanol accumulation. In order to identify the
genes regulating the availability of tocochromanol precursors in
Arabidopsis, we have isolated new tocochromanol mutants by
normal phase (NP)-HPLC-FLD. The enhanced vitamin e (eve) 1
to 8 mutants overaccumulated the classic tocopherols, PC-8, and a
tocochromanol unknown in Arabidopsis. By combining analytical
and genetic tools, we identified this compound as 11'-12" -
tocomonoenol and genetically delineated its biosynthetic pathway.
In addition, we mapped both evel and eve4 and found that
tocochromanol synthesis was strongly increased in these Arabidopsis
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seed lipid mutants. Our results indicate the existence of a trade-off
Qbetween the lipid and tocochromanol pathways which are both
whmed localized in plastids and utilize common biosynthetic precursors.

{

—C Materials and Methods

Biological material and growth conditions

The  Arabidopsis ~ thaliana (L.) Heynh T-DNA  vze5-3
(SALK_122415), vte5-4 (WiscDsLoxHs157_06H), geranylgerany!
reductase-1 (ggr-1) (SALK_0466006), ggr-2 (SAIL_856_A06),
wrinkled1-3 (wril-3; SALK_085693), wril-4 (SALK_008559),
and acyl-coa:diacylglycerol acyltransferase1-4 (dgatl-4;
SALK_039456) mutants (Columbia (Col-0) background) were
obtained from the Nottingham Arabidopsis Stock Center
(Nottingham, UK) and the ABX45/dgatl-2 mutant
(Wassilewskija (Ws) background) was obtained from the Versailles
Arabidopsis  Stock Center (Versailles, France). The ethyl
methanesulfonate (EMS)-mutagenized vtel-I and vze2-1 mutants
(Col-0 background) have been previously described (Satder ez al,
2004). The transgenic 35S:HOMOGENTISATE PHYTYL
TRANSFERASEI (HPTI) line is in the Col-0 accession (Col-
lakova & DellaPenna, 2003). Styrian pumpkin seed oil (COOP,

Basel, Switzerland; lot #41.351.287), rapeseed oil (SABO,
Lugano, Switzerland; #J155), linseed oil (Oleificio, Lugano,
Switzerland; #M046), and krill oil (Novakrill, Neptune, Canada;
#QC804891/1) were purchased in local stores. Sunflower oil was
extracted from the Sanluca variety (Syngenta, Basel, Switzerland).
Arabidopsis seeds were surface-sterilized and grown on half-
strength Murashige and Skoog (MS) medium supplemented with
1% (w/v) sucrose. For wril mutant alleles, plates were supple-
mented with 2% (w/v) sucrose and 0.1% (v/v) Tween 40. After
seed stratification at 4°C for 3 d in the dark, plates were transferred
to a growth chamber illuminated with fluorescent tubes (120 pmol
photons m™?s™") for 16hd ™" at 22°C during the day and 21°C
during the night. Seedlings were transferred to Jiffy-7 (Jiffy Prod-
ucts International AS, Stange, Norway) after 7 d and watered once
a week with Wuxal® universal fertilizer (Syngenta Agro AG,
Commugny, Switzerland) diluted at 2 ml1~" in water.

Seed weight determination

The weight of Arabidopsis seeds was determined from 200 seeds
with an analytical balance (Mettler AE 260 Deltarange, Mettler
Toledo, Columbus, OH, USA).

Arabidopsis chemical mutagenesis and seed tocochromanol
screening

The Arabidopsis evel and eve4 mutants identified in this study
come from an EMS-mutagenized population of transgenic seeds
containing the promAtlg51850:daol construct which was origi-
nally produced to screen for plant defenses. Details about the con-
struction of this T-DNA are provided in Supporting Information
Methods S1. One gram of the pArlg51850:daoi-9.3.3 transgenic
seeds were imbibed on wet Whatman 3MM paper for 4 d at 4°C in
the dark before being dried for 24 h. Seeds were removed from the
filter paper and soaked in 200 ml of water containing 0.3% EMS
for 8 h. After washing 15 times with 250 ml of water each time, M1
seeds were sown on soil and M2 seeds were collected. Approxi-
mately 1200 M2 plants were grown on soil and M3 seeds were col-
lected and analyzed by NP-HPLC for seed tocochromanols.

Genomic DNA preparation, eve7 mapping and eve4 Sanger
sequencing

For routine plant genotyping, gDNA was prepared from leaves
using the Shorty method (Visscher eral, 2010). For Illumina
sequencing, gDNA was extracted from 300 mg of leaves using
the peqGOLD Plant DNA Mini Kit (Axon Lab, Baden,
Switzerland). Sequencing was performed at the Next-Generation
Sequencing Platform of the University of Bern (Switzerland) with
the Illumina HiSeq2500 sequencer (Illumina Inc., San Diego,
CA, USA) using v3 chemistry (100-bp paired-end reads). Candi-
date mutations for the evel seed phenotype were identified using
the online bioinformatic pipeline SNPTRACK (http://genetics.b
wh.harvard.edu/snptrack/). For Sanger sequencing of the dgazl
mutation, three DNA overlapping fragments covering DGATI
were amplified by PCR using the three primer pairs included in



Methods S2. PCR products were purified with the QIAquick™
PCR purification kit (Qiagen, Hilden, Germany) and sequenced
at Fasteris SA (Plan-les-Ouates, Switzerland).

Mutant genotyping

T-DNA mutants were genotyped by PCR, while evel and eved
mutants (EMS-mutagenized) were genotyped with derived
cleaved amplified polymorphic sequence markers designed with
DCAPS FiNDER 2.0 (http://helix.wustl.edu/dcaps/dcaps.html).
All primer sequences are included in Methods S2. The evel and
eve4 PCR fragments were digested for 16 h at 37°C with Alu/
and Hinf/, respectively. PCRs were performed in a TProfessional
BASIC 96 thermocycler (Biometra GmbH, Gottingen, Ger-
many) according to standard laboratory protocols. PCR and
restriction products were separated and visualized on 1% and 3%
(w/v) agarose gels containing ethidium bromide, respectively.

Tocochromanol extraction

Arabidopsis seed tocochromanols were extracted from 5 or 10 mg
of dry mature seeds. Seed samples were ground with a mixer mill
(Retsch® MM400, Retsch Technology GmbH, Haan, Germany)
set at 30 Hz for 15 min in 1.5-ml Safe-Lock Eppendorf® tubes
(Eppendorf, Hamburg, Germany) containing two 3-mm glass
beads and 450 pl of extraction buffer (300 pl of MeOH, 150 pl
of CHCl3, 1 mgml™" butylated hydroxytoluene (BHT) and vari-
ous amount of tocol used as an internal standard). After grinding,
tubes were briefly spun down and 300 pl of milliQ water and
150 pl of CHCl; were added. Tubes were then shaken for 5 min
at 28 Hz with the mixer mill. The organic (lower) phase was
recovered by centrifugation at 2150 g (Mikro 20, Hettich-
Zentrifugen, Lauenau, Germany) for 5 min and transferred to a
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second 1.5-ml Safe-Lock tube. Extraction of lipophilic com-

P

pounds from the original samples was repeated two additional
whmed times with 150 pl of CHCl;. Combined organic phases were
whud  cyaporated (Speed-vac™ Plus SC 110A; Savant Instruments Inc.,
: Farmingdale, NY, USA) and resuspended in 7-hexane. For sam-
ples prepared with 5 and 10 mg of Arabidopsis seeds, residues
were resuspended in 40 and 80 pl of 7-hexane, respectively, from
which 20 pl was injected into the HPLC system. Edible oils were
directly diluted (1/3) in #-hexane and 20 pl was injected into the
HPLC system. Sunflower seed tocochromanols were extracted as
follows: dehulled seeds were crushed in a 2-ml Safe-Lock Eppen-
dorf® tube containing one 5-mm stainless steel bead, 450 pl of 7-
hexane : ethylacetate (9:1, v/v), 100 pl of BHT 0.1% (w/v) in
MeOH and 5 pg of tocol (internal standard). Seeds were crushed
with a mixer mill set at 20 Hz for 30 min. Samples were cen-
trifuged for 5 min at 6800 g (Mikro 20) and supernatants were
transferred to 7-ml collection glass tubes. Pellets were re-extracted
two additional times with 450 pul of 7-hexane : ethylacetate (9: 1,
v/v; second extraction) and 450 pl of 7-hexane (third extraction).
Pooled supernatants were evaporated under a flux of nitrogen
and resuspended in 1 ml of 7-hexane. Before HPLC analysis, a
100-pl aliquot was transferred to a 1.5-ml Safe-Lock Eppendorf™
tube and centrifuged for 5 min at 18 000 g (Mikro 20). Clear

supernatants (¢. 80 pl) were transferred to autosampler glass vials
from which 50 pl was analyzed by NP-HPLC-FLD.

Quantification of tocochromanols by NP-HPLC-FLD

Tocochromanols were quantified by NP-HPLC-FLD with an
Agilent Infinity 1260 system (Agilent Technologies, Santa Clara,
CA, USA). Samples were separated on a LiChroCART®
250 x 4 mm LiChrospher® 100 Diol 5pum column (Merck
KGaA, Darmstadt, Germany) at 25°C with a flow rate of
1.5mlmin~". The mobile phase used for isocratic separation
(35 min) was composed of n-hexane and methyl zer#-butyl ether
(96: 4, vlv). Tocochromanols were detected with the Agilent
1260 Fluorescence detector using excitation and emission wave-
lengths of 295 and 330 nm, respectively. Tocochromanols were
quantified using calibration curves directly constructed using the
instrument software AGILENT CHEMSTATION (Agilent Technolo-
gies) with known amounts of tocopherol and tocotrienol stan-
dards (Matreya LLC, State College, PA, USA). As o-
tocomonoenol standard is not commercially available, we quanti-
fied it with calibration curves constructed with a-tocopherol which
shares the same fluorescent chromanol ring.  Similarly,
y-tocomonoenol and PC-8 were quantified with y-tocopherol cali-
bration curves. Automated quantification used the internal stan-
dard tocol (Matreya) to normalize sample-to-sample variations
introduced at the extraction step and during sample injection.

Purification of tocomonoenols

Tocomonoenol purification was performed with the NP-HPLC-
FLD method described in the previous section. Fractions con-
taining o- or Y-tocomonoenol were collected with a fraction col-
lector connected to the HPLC instrument. For nuclear magnetic
resonance (NMR) characterization, y-tocomonoenol was purified
from pumpkin seed oil (210 ml) according to Beldean-Galea
etal. (2010). After extraction of the unsaponifiable material,
y-tocomonoenol was first purified by NP-HPLC according to the
protocol described in the previous section. Fractions containing -
tocomonoenol  were re-chromatographed to eliminate -
tocopherol traces by reverse-phase (RP) HPLC (Kruk ez al, 2011).

Separation of 11’-12" and 12’-13’ tocomonoenol positional
isomers

Separation of 11’-12" and 12'-13’ tocomonoenol positional iso-
mers was achieved using an RP-HPLC instrument coupled to a
fluorescence detector using two C18 analytical columns connected
in tandem (LiChrospher” 250 x 4 mm; 100 5pum C18; BGB
Analytik AG (Boeckten, Switzerland); and Discovery™ 250 x 4.6
mm; 180 5 pm C18; Supelco Analytical, Sigma-Aldrich, St Louis,
MO, USA) according to Yamamoto ez al. (2001).

NMR analysis of y-tocomonoenol from pumpkin seed oil

One-dimensional 'H, '’C, Distortionless Enhancement by

Polarization Transfer (DEPT) DEPT135 and DEPT90 NMR
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spectra of pumpkin y-tocomonoenol (1 mg in 500 pl of CDCl3)
were recorded on a Bruker Avance III 500-MHz NMR spectrom-
eter (Bruker, Billerica, MA, USA), while the two-dimensional
'H,'"’C-HSQC NMR spectrum was recorded on a Bruker
Avance 111 400-MHz NMR spectrometer, at 298 K.

Gas chromatography—mass spectrometry (GC-MS)
analysis of purified tocomonoenols and their ozonolysis
products

The HPLC-purified fractions containing tocomonoenols were
evaporated with nitrogen gas and trimethylsilylated at 65°C
for 20min in 25pul of pyridine and 25ul of N,O-bis
[trimethylsilyltrifluoroacetamide] containing 1% trimethylchlorosi-
lane (Restek, Lisses, France). After cooling down, solvents were
removed with nitrogen gas and residues were resuspended in 6 pl
of chloroform, from which 5 pl was analyzed by GC-MS in split-
less mode (HP 6890). For acetylation, purified tocomonoenols
were incubated at 60°C for 15 min in the presence of 50 pl of
pyridine and 50 pl of acetic anhydride (Sigma Aldrich, Buchs,
Switzerland). After cooling of samples at room temperature, sol-
vents were removed with nitrogen gas. Residues were resus-
pended in 100 pl of pentane and mixed with 200 pl of pentane
solution saturated with ozone kept at —72°C. The reaction was
incubated for 3 min, after which solvents were removed with
nitrogen gas. Residues were resuspended in 50 pl of dimethyl sul-
fide and incubated for 30 min at —72°C. Solvent was eliminated
with nitrogen gas and residues were resuspended in 5pl of
CHCI;. TMS tocomonoenols and ozonolysis products were ana-
lyzed by GC-MS on a 30 m x 250 pm x 0.25 pm HP-5MS
column (Agilent). The injection port and detector temperatures
were set to 200 and 260°C, respectively. The oven temperature,
originally set at 80°C for 1 min, was increased to 200°C at
20°C min""', and to 300°C at 5°C min~'. The final oven tem-
perature was held for 5 min.

Triacylglycerol (TAG) purification

Total seed lipids were extracted from 10 mg of seeds as described
for tocochromanols, except that lipids were resuspended in 80 pl
of n-hexane and tocol was omitted. An aliquot (8 pl) was loaded
on a 20 x 20 cm thin layer chromatography (TLC) silica gel 60
with a 2.5-cm concentrating zone (Merck). TLC was developed
with n-hexane/diethyl ether/acetic acid (70/30/1; v/v/v). TAGs
were revealed with brief staining with iodine vapors and marked.
TAGs were scraped off the TLC and transferred to a glass tube
containing 500 pl of 0.01% BHT in MeOH before being trans-
esterified into fatty acid methyl esters.

Fatty acid methyl ester analysis

Fatty acid methyl esters were typically prepared from 50 Ara-
bidopsis seeds. Intact seeds were incubated with 1 ml of 5%
H,SO4 in MeOH (v/v), 50 ul of 0.1% BHT (w/v) in MeOH
and 25pg of triheptadecanoic acid (Sigma Aldrich, Buchs,
Switzerland) used as an internal standard. The reaction was

carried out in a 7-ml glass tube closed with a cap equipped with a
teflon disposable septum (Septum 12 x 0.25 mm PTFE virginal;
VWR International GmbH, Dietikon, Switzerland). The transes-
terification reaction was performed in a digital dry block heater
(VWR International GmbH) set at 85°C for 100 min. Tubes
were then cooled down at room temperature, briefly centrifuged,
and 1.5ml of 0.9% NaCl (w/v) and 2ml of n-hexane were
added. Samples were thoroughly shaken and centrifuged for
5 min at 240 g (3K18 centrifuge; Sigma). The organic phase was
transferred into a new glass tube and the extraction was repeated
twice with 2 ml of n-hexane each time. The pooled organic
phases were evaporated under a flux of nitrogen and resuspended
in 300 pl of heptane from which 2 pl was analysed by GC-FID
(7980A GC  System; Agilent Technologies) on a
30 m x 250 pm x 0.25 pm DB-23 column (Agilent) with a split
ratio of 50 : 1. The oven initial temperature was 100°C held for
2 min, followed by an increase at 25°C min~" to 160°C and then
at 8°Cmin~' to 250°C. The temperature of the injection port
and detector was 250°C and 270°C, respectively. Fatty acid
methyl esters were quantified with calibration curves constructed

with the 37 component FAME mix (Supelco).

Statistical analyses

Statistical analyses were performed with Student’s #test using a
one-tailed distribution. Asterisks in figures and tables indicate sta-
tistically significant differences (**, £<0.01; *, 2<0.05) while
ns (not significant) indicates 2> 0.05.

Results

The Arabidopsis wriT and dgat? mutants overaccumulate
tocochromanols

We first cloned the evel mutation by next-generation mapping
using an F, backcrossed population derived from the Col-0
parental accession fertilized with evel pollen. Tocochromanol
analysis in progenies of 206 BC1F2 recombinants showed that
23.8% exhibited the evel phenotype while 76.2% were similar to
the Col-0 parent (Fig. 1a). This 3 : 1 Mendelian segregation indi-
cates that the evel phenotype is encoded by a single recessive
mutation (xz =0.107; P<0.01). We sequenced two gDNA sam-
ples prepared from Col-0 parental and BCIF2 evel leaves,
respectively (Fig. S1). Analysis of Illumina reads with the
SNPTRACK bioinformatic pipeline showed that a region of chro-
mosome 3 exhibiting a high degree of homozygosity for EMS-
induced mutations carried four candidate mutations (Fig. 1b).
We isolated insertion mutants for each candidate and quantified
tocochromanols in their progenies. Two independent mutants
for the WRINKLEDI gene (AT3G54320), wril-3 and wril-4,
displayed the enhanced vitamin E phenotype observed in evel
seeds (Table 1a). In addition, both wril-3 evel and wril-4 evel
hybrid seeds accumulated approximately twice as much tocochro-
manols as controls, indicating a lack of complementation
(Table 1a). Collectively, these data demonstrate that the evel
phenotype results from mutations of the WRII gene. The evel
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Fig. 1 Identification and mapping of the Arabidopsis enhanced vitamin e (eve) 1 and 4 mutants. (a) Analysis of seed tocochromanols in progenies of 206
backcross (BC) 1F2 recombinants derived from the pollination of the Columbia (Col-0) parental accession with eve7 pollen. BC1F3 seeds exhibiting the
evel phenotype are colored in blue, while those exhibiting the Col-0 parental phenotype are colored in gray. Four Col-0 parental individuals (green) and
eveT mutants (purple) were grown together with the BC1F2 mapping population as controls. (b) List of candidate mutations for eve? identified by next-
generation mapping. Ref. (reference genome) corresponds to the number of aligned reads without the mutation while non-ref. (nonreference genome)
corresponds to the number of reads exhibiting the mutation. (c) Seed fatty acid methyl ester composition and amounts in Col-0 parental (green) and the
eve4 mutant (blue). Data are the average =+ SD of three independent measurements. (d) DNA electropherogram showing the G-to-A mutation in eve4
At2g19450. (e) eve4 (acyl-CoA:diacylglycerol acyltransferase (dgat1-3))-derived cleaved amplified polymorphism sequence assayed on gDNA prepared
from Col-0 parental (1 and 2) and eve4 (3 and 4) plants. Orange arrows indicate the DNA bands. (f) Seed tocochromanols in Col-0 (1), wri1-4 (2), eve1l
(wri1-6; 3), eve4 (dgat1-3; 4), dgat1-4 (5), wri1-4 eve4 (6), and eveT dgat1-4 (7). Tocochromanol values are the average + SD of six independent
measurements. Asterisks indicate statistically significant differences using Student'’s t-test: **, P <0.01; *, P<0.05; ns, not significant (P> 0.05). bp, base

pair; E1, exon 1; 15-E6, intron5-exon6 splice site; par., parental; UTR, untranslated region.

EMS-induced alteration is a G-to-A mutation affecting the splice
site at position 20 116 058 of chromosome 3 (Fig. S2). We desig-
nated this new allele w77/-6 and authenticated it in evel gDNA
using a derived Cleaved Amplified Polymorphic Sequence
(dCAPS) marker (Fig. S2).

WRIL is a seed-specific transcription factor that regulates lipo-
genesis, and previously identified wri/ mutants were found to
accumulate less seed oil (Baud eral, 2007). To determine
whether other eve mutants isolated during the screen exhibited a
lipid phenotype as well, we analyzed their seed oil contents. The
eve4 mutant showed a striking fatty acid phenotype typified by a
strong decrease of both 18:1 and 20:1 and an increase of 18:3

(Fig. 1¢c). Searches in the Arabidopsis Lipid Mutant database
(http://aralip.plantbiology.msu.edu) revealed that this seed phe-
notype has been previously observed in mutants of the ACYL-
COA:DIACYLGLYCEROL ACYLTRANSFERASEI gene, which
encodes the last enzyme involved in seed oil synthesis. We ampli-
fied DGATI,,.; by PCR, sequenced it, and found a G-to-A
mutation converting tryptophan 419 into a premature stop
codon (Fig. 1d). As Sanger sequencing of DGAT1I,,.; was per-
formed on PCR products that may contain errors, we authenti-
cated this mutation in gDNA,,.; with a dCAPS marker. While
restriction of the eve4 allele produced two DNA fragments of
285 and 39 bp, respectively, the 324-bp wild-type DGATT allele



Table 1 Seed tocochromanol quantification including y-tocomonoenol in Arabidopsis wrinkled (wri1) and acyl-coa:diacylglycerol acyltransferase1
(dgat7) mutants; seed tocochromanol quantification in (a) wri7 mutants and (b) dgat? mutants

Genotypes Total tocs a-toc v-toc v-t1 PC-8 d-toc

(a) Seed tocochromanols in Arabidopsis wri7 mutants
Col-OWT 926.0 +£25.1 14.4+04 807.4+22.5 3.54+0.8 78.0+1.2 22.8+1.8
wril-3 1936.2 £ 135.9%* 23.3 £5.0%* 1712.6 £ 113.9%* 31.6 +£16.4* 116.1 £ 6.6%* 52.6 +3.9%*
wril-4 1921.0 £ 100.9%** 18.8 £ 2.0%* 1718.3 £87.1%* 20.0 + 1.2%* 106.1 + 6.3%* 58.6 +5.0**
Col-0 par. 981.5+52.7 1M15+1.2 862.1+46.9 45+1.1 80.0+3.4 235+15
evel (wril-6) 1851.5 +£51.9%* 17.3 £ 1.2%* 1547.6 +37.7%* 130.2 £19.1%* 109.6 £+ 2.8%* 46.8 £ 3.4%*
wri1-3 wri1-6 hybrids 2022.3 32.6 1761.4 55.3 123.9 49.0
wri1-4 wri1-6 hybrids 2113.2 16.1 1893.3 41.7 104.1 58.0

(b) Seed tocochromanols in Arabidopsis dgat7 mutants
Col-OWT 10353 +97.2 221+21 894.0+84.3 56+1.2 84.1+4.4 309+ 8.4
dgat1-4 2688.0 +230.1** 252 +1.4* 22245 +227.4%** 29.6 £ 9.1** 132.4 £ 13.4%* 276.2 +15.7%*
Col-0 par. 1192.8 £65.5 205+1.5 1035.5 +58.4 9.8+0.8 90.3+5.3 36.7+2.7
eve4 (dgat1-3) 2416.6 +277.5** 22.7*%%42.0 2057.6 + 247 .4%* 18.2 £2.5%* 126.4 +£7.8** 191.6 £ 28.0**
Ws-0 1010.7 £60.0 20.7+1.3 889.2 +51.2 2.8+0.7 79.1+3.9 18.9+4.8
ABX45 (dgat1-2) 2133.3 +30.3** 26.2 +1.6%* 1867.7 £ 23.4%* 13.9 £2.2%* 109.0 £ 4.1%* 116.5 + 4.4%*
dgat1-3 dgat1-4 hybrids 2608.6 42.3 2279.8 14.0 139.2 133.2
DGAT1 dgat1-3 hybrids 1120.2 33.7 988.7 1.9 82.0 15.7
DGAT1 dgat1-4 hybrids 1553.4 335 1395.3 8.1 95.7 28.9

wild-type.

remained undigested (Fig. le). This confirmed that the eved
mutant carries 2 mutated DGAT! gene that we designated dgatl-
3. Analysis of seed tocochromanols in eve4 and two independent
dgar]l mutants (dgarl-2 and dgatl-4 in Ws and Col-0 back-
grounds, respectively) showed that dgatl seeds accumulated
between 2.0 and 2.6 times more tocochromanols than controls
(Table 1b). In addition, individual and total tocochromanol con-
tents of eved dgatl-4 hybrid seeds were similar to those of both
parents, indicating a lack of complementation (Table 1b). We
also quantified tocochromanols in DGATI dgati-3 and DGATI

ngatl -4 seeds. In DGATI dgatl-3 hybrids, tocochromanol con-
whmed tents were similar to that of wild-type controls, suggesting that
whmd  /r11]-3 is recessive for seed tocochromanols (Table 1b). By con-
: trast, DGATI dgatl-4 hybrids accumulated 30% more total
tocochromanols than controls, indicating that dgazl-4 is semi-
-dominant for seed tocochromanols (Table 1b). Collectively,
these data demonstrate that dgaz! mutations induce an enhanced
tocochromanol phenotype in Arabidopsis seeds. In addition, they
show that two physiologically related genes involved in fatty acid
synthesis/oil deposition restrict tocochromanol synthesis in Ara-
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bidopsis seeds. Seed tocochromanol contents in two independent
wril dgat] double mutants were comparable to those of the
dgar]l parents (Fig. 1f). The lack of a major additive effect
between wril and dgat] mutations suggests that the enhancement
of tocochromanol metabolism in both mutants might proceed
from the same mechanism.

Enhancement of 11'-12" y-tocomonoenol synthesis in eve
and eve4 mutants

Detailed analysis of individual tocochromanols in evel(wril) and
eved(dgatl) seeds showed that they overaccumulated the classic

Tocochromanol values (pmol mg~") are the average + SD of five independent measurements. Asterisks indicate statistically significant differences using
Student's t-test: **, P<0.01; *, P<0.05; ns, not significant (P> 0.05). par., parental; PC-8, plastochromanol-8; t1, tocomonoenol; toc, tocopherol; WT,

y-tocopherol (1.8- to 2.5-fold), &-tocopherol (2.0- to 8.9-fold),
PC-8 (1.4- to 1.6-fold), and o-tocopherol (1.2- to 1.6-fold;
Table 1a,b). Seeds of dgat! mutants exhibited a secondary
tocochromanol phenotype as 6-tocopherol contents were much
higher than those of any other tocochromanols (up to 8.9 times;
Table 1b). In addition, FLD chromatograms of three indepen-
dent wril and dgat] mutants, respectively, exhibited an unknown
peak immediately after y-tocopherol (Figs 2a,b, S3, S4). As chro-
matograms were recorded with a fluorescence detector that con-
fers a strong chemical specificity, the compound probably carries
a chromanol ring that fluoresces at the selected wavelengths.
However, its retention time did not match any tocochromanols
known to accumulate in wild-type Arabidopsis seeds or
tocotrienols that accumulate in some Arabidopsis transgenic lines
(Karunanandaa et al., 2005; Zhang ez al., 2013). These findings
suggest that the Arabidopsis wril and dgat] mutants probably
overaccumulate a tocochromanol that has not yet been identified
in Arabidopsis seeds.

To identify this compound, we purified it, and analyzed it by
GC-MS. Searches for m/z 223, which corresponds to a fragment
of the y-tocochromanol ring, and later for m/z 486 showed a
peak in both seed extracts (Fig. 2¢c,d). The mass spectrum associ-
ated with this peak exhibited the ions 73, 223 and 263 also
observed in similar proportions in both y-tocopherol and
y-tocotrienol mass spectra (all trimethylsilyl derivatives; Fig. 2e).
These data confirm that the compound found in Arabidopsis has
a chromanol ring substituted with two methyl groups. However,
while the molecular ions of y-tocopherol and y-tocotrienol are
equal to 488 and 482, respectively, that of the compound was
equal to 486 (Fig. 2e). These data indicate that, in contrast to the
fully saturated prenyl side chain of y-tocopherol and to the tri-
unsaturated one of y-tocotrienol, the prenyl side chain of the
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unknown Arabidopsis tocochromanol probably carries a single
unsaturation. We searched the literature for this type of tocochro-
manol and found that few species accumulate tocomonoenols, a
group of tocochromanols with a mono-unsaturated prenyl side
chain (Matsumoto etal., 1995; Puah etal, 2007; Fiorentino
etal., 2009; Butinar ez al., 2011; Kruk ez al.,, 2011; Fig. S5). The
mass spectrum of the compound found in evel and eved seeds
and its chromatographic behavior in NP-HPLC were both iden-
tical to those of y-tocomonoenol identified in pumpkin seeds
(Butinar eral, 2011). This suggests that Arabidopsis evel and
eved seeds probably accumulate y-tocomonoenol. Two previous
NMR studies on o- and y-tocomonoenol purified from higher
plant material both located the double bond between C-11" and
C-12" (Matsumoto etal, 1995; Fiorentino eral, 2009). As
y-tocomonoenol is the precursor of a-tocomonoenol, it probably
carries its unsaturation at the same location (Fig. 2f). By contrast,
a-tocomonoenol produced by phytoplankton exhibits the double
bond between C-12" and C-13’ (Yamamoto efal, 1999, 2001;
Fig. S5). To determine the unsaturation position of Arabidopsis
y-tocomonoenol, we first determined the structure of pumpkin
v-tocomonoenol by NMR and used this characterized isomer to
elucidate the structure of the Arabidopsis Y-tocomonoenol.
NMR analysis of pumpkin y-tocomonoenol showed that chemi-
cal shifts of H and C atoms in position 11/ SH'"")=5.11 ppm;
S(C”/) =125.1 ppm), together with the positive signals observed
on DEPT spectra, were unequivocally assigned to a methine
group (Figs 3a, $6). Similarly, the 13C chemical shift of C-12/ (3
(C'?)=131.0 ppm), which was not observable on DEPT
spectra, was attributed to a quaternary carbon (Figs3a, S6).
Moreover, the chemical shift assignments previously observed for
y-tocopherol were identical to ours, with the exception of posi-
tions 10/, 11/, 12/, 13’ and 12a which were affected by the pres-
ence of the unsaturation between C-11" and C-12' (Fig. 3a;
Baker & Myers, 1991). In addition, '*C chemical shifts of the
chromanol substituents (8(C"%)=11.9 ppm; 3(C¥*=11.9 ppm;
3(C* =24.1 ppm) are typical for a y-tocochromanol (Baker &
Myers, 1991; Ohnmacht ezal., 2008). Together, these data show
that pumpkin seeds synthesize the 11’-12' y-tocomonoenol iso-
mer. We then compared its chromatographic behavior to that of
Arabidopsis y-tocomonoenol in an HPLC system that separates
11’-12" and 12’-13' tocomonoenol positional isomers (Fig. 3b;
Yamamoto et al., 2001). In this system, y-tocomonoenol purified
from evel and eve4 seeds produced a unique peak at 21.4 min,
indicating that each compound probably corresponds to a single
isomer (Fig. 3b). In addition, its retention time was identical to
that of the 11’-12" isomer characterized by NMR, indicating that
evel, eve4 and pumpkin y-tocomonoenols probably carry the
unsaturation at the same position (Fig. 3b). We further investi-
gated this by comparing the ozonolysis products of both evel and
eved y-tocomonoenol to those of 11’-12' y-tocomonoenol.
Indeed, ozone-mediated cleavage of the 11'-12" or 12’-13’ iso-
mers produced two products whose theoretical molecular masses
were equal to 430 and 458, respectively (Figs 3¢, S7). GC-MS
analysis of the ozonolysis products of 11’-12’ y-tocomonoenol
(pumpkin), evel y-tocomonoenol, and eve4 y-tocomonoenol (all
acetylated) showed a strong signal for 7/z 388 that corresponded

to the deacetylated derivative of the 11’-12’ isomer cleaved by
ozonolysis (Fig. 3d). The molecular ion of this compound was
equal to 430 and its mass spectrum exhibited the typical frag-
ments produced by acetylated y-tocochromanol rings (151, 152,
191, and 193; Figs 3e, S7). Together, these experiments conclu-
sively demonstrate that pumpkin seeds and the Arabidopsis
evel and eve4 mutants synthesize 2,7,8-trimethyl-2-(4,8,12-
trimethyl-11-tridecenyl)-3,4-dihydrochromen-6-ol (11’-12’ y-to
comonoenol).

y-tocomonoenol biosynthesis is VTE1 and VTE2 dependent
in Arabidopsis

A closer look on FLD chromatograms of Arabidopsis Col-0 seed
extracts showed that they exhibit a small peak at the retention
time of y-tocomonoenol (Fig. 4a,b, blue). We purified the com-
pound from Col-0 seeds and analyzed it by GC-MS after
trimethylsilylation. The mass spectrum was identical to that
found in both evel and eve4 seeds, and to that previously pub-
lished for pumpkin y-tocomonoenol (Fig. S8). This demonstrates
that, in addition to tocopherols and PC-8, wild-type Arabidopsis
seeds accumulate a third type of tocochromanol, y-toco-
monoenol. Quantification in Col-0 and Landsberg erecta (Ler)
seeds showed that y-tocomonoenol is a minor compound repre-
senting 0.9 and 0.3% of the tocochromanol pool, respectively
(Fig. 4c¢).

We analyzed y-tocomonoenol accumulation in seeds of the
vtel-1 mutant, which lacks all tocochromanols, and in seeds of
the wvte2-1 mutant, which lacks tocopherols but accumulates
PC-8 (Sattler ezal., 2004). To strengthen our conclusions, lipid
extracts of both wvrel-I and vte2-1 mutants were prepared with
twice as many seeds as in controls. While wild-type FLD chro-
matograms exhibited a peak of y-tocomonoenol at 20.5 min,
those obtained for vtel-I and vre2-1 extracts did not show any
detectable signal at this retention time (Fig. 4a,b). These results
demonstrate that y-tocomonoenol synthesis requires both VTE1
and VTE2 activities in Arabidopsis. We also quantified tocochro-
manols in seeds of transgenic Arabidopsis plants overexpressing
the HGA phytyl transferase HPT1/VTE2 which condenses HGA
with prenyl pyrophosphates. Compared with wild-type Col-0
controls, the 35S::HPTI seeds accumulated +66% tocochro-
manols, including +66% y-tocopherol and +160% &-tocopherol
(Fig. 4d). These results are in line with the original publication
showing the effects of HPTI overexpression on tocopherol
metabolism in Arabidopsis seeds (Collakova & DellaPenna,
2003). In addidon, HPTI overexpression increased the
y-tocomonoenol level by +770%, confirming the role of VTE2
in y-tocomonoenol synthesis.

VTE5 and GGR activities restrict y-tocomonoenol
biosynthesis in Arabidopsis seeds

Studies on tocopherol biosynthesis in Arabidopsis have shown
that ¢. 75-80% of their prenyl side chain originates from the
recycling of phytol released during chlorophyll catabolism.
Free phytol is phosphorylated first by the phytol kinase
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Fig. 3 Structural characterization of Arabidopsis and pumpkin y-tocomonoenol. (a) 'H, ">C nuclear magnetic resonance (NMR) chemical shifts and
distortionless enhancement by polarization transfer signature of y-tocomonoenol purified from pumpkin seed oil. (b) Chromatographic behaviors of 11'-
12" y-tocomonoenol (determined by NMR) and enhanced vitamin e 1 (eveT) and eve4 y-tocomonoenol in a high-performance liquid chromatography
(HPLC) system composed of two C18 columns connected in tandem. The presence of y-tocopherol in eve? and eve4 chromatograms is attributable to the
fact that this compound was purified from Arabidopsis seed lipid extract only by normal phase (NP) HPLC. By contrast, y-tocomonoenol purified from
pumpkin oil was first purified by NP-HPLC followed by reverse-phase HPLC to eliminate y-tocopherol. To make sure that this system separates 11’-12’ and
12'-13’ tocomonoenol isomers, 11'-12" and 12’-13" a-tocomonoenol isomers purified from pumpkin seed oil and krill oil, respectively, were analyzed. (c)
Structure of the ozonolysis products of the 11’-12" and 12’-13’ y-tocomonoenol isomer, respectively. Ozone-mediated cleavage of the double bond leaves
a carbonyl (red) at position C-11" or C-12'. (d) Gas chromatography—mass spectrometry chromatograms (m/z 388) corresponding to the deacetylated
derivative of the 11/-12’ y-tocomonoenol isomer. (e) Mass spectrum of the ozonolysis products of acetylated y-tocomonoenol purified from eve? seeds. d,
doublet; LU, light unit; m, multiplet; ov, overlapped; s, singlet; t, triplet; t1, tocomonoenol; toc, tocopherol.
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Fig. 4 Biosynthesis of y-tocomonoenol is VITAMIN E (VTE) 1- and VTE2-dependent. (a, b) Seed tocochromanol profiles of Arabidopsis wild-type controls
(blue), (a) the tocochromanol deficient mutant vte7-7 (red), and (b) the tocopherol-deficient mutant vte2-7 (red). vte7-7 and vte2-7 lipid extracts were
prepared with twice as many seeds as for the Columbia (Col-0) wild-type controls. Injection volumes were identical for all genotypes. The internal
standard, tocol, is labeled in red. (c) Tocochromanol quantification including y-tocomonoenol in Col-0 and Landsberg erecta (Ler) seeds. Tocochromanol

® values (pmol mg~" seed) are the average + SD of four independent measurements. (d) Quantification of tocochromanols including y-tocomonoenol in

seeds of transgenic Arabidopsis overexpressing the HOMOGENTISATE PHYTYL TRANSFERASET (HPT1, VTE2) gene (blue) and the Col-0 control (green).
Data are the average + SD of three measurements. a-tocopherol and PC-8 concentrations, which were not significantly different between the two
genotypes, are not represented. Asterisks indicate statistically significant differences using Student's ¢-test: **, P<0.01; *, P <0.05; ns, not significant
(P>0.05). LU, light unit; PC-8, plastochromanol-8; t1, tocomonoenol; toc, tocopherol.

VTES5 to form phytyl phosphate, which is further phosphory-
lated by VTEG6 to form PPP (Valentin eral, 2006; Vom
Dorp etal, 2015). In order to assess the relationship
between the tocopherol and tocomonoenol biosynthetic path-
ways which both require VTE2 activity and HGA, we
analyzed seed tocochromanols in two novel Arabidopsis vze5
T-DNA mutants. The »ze5-3 and vte5-4 mutations removed
75.5 and 83.6% of tocopherols in Arabidopsis seeds, respec-
tively (Fig.5a). In contrast to tocopherols, y-tocomonoenol
contents increased 2.3 and 4.0 times in seeds of the wre5-3
and wre5-4 mutants, respectively (Fig. 5a). These data show
that the tocopherol and tocomonoenol biosynthetic pathways
are competing for the VTE2 activity and/or for HGA. This
conclusion is further supported by the differences in the
degrees of penetrance of the w»f¢5 mutations, as the lowest
tocopherol accumulation induced by the wvze5-4 allele corre-
lated to the highest y-tocomonoenol accumulation (Fig. 5a).
In addition, these data indicate that tocomonoenols probably
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do not derive from the desaturation of pre-existing toco-
pherols, as vfe5 mutations decrease tocopherols but increase
Y-tocomonoenol.

The current model explaining the origin of the 20-25% of
seed tocopherols whose biosynthesis is VTE5-independent relies
on the fact that the GGR is capable of reducing both geranylger-
anylated chlorophyll 2 (Chlz) and GGPP to phytylated Chlz and
PPP, respectively (Keller ezal., 1998). Genetic and biochemical
studies have shown that geranylgeranyl reductions are sequen-
tially performed, as dihydro- and tetrahydrogeranylgeranyl inter-
mediates were detected when geranylgeranylated chlorophyll was
incubated with recombinant GGR, and in Arabidopsis /light-
harvesting  chlorophyll-binding-like (lil) 3:1 and [i[3:2 single
mutants in which GGR activity is reduced (Keller eral, 1998;
Tanaka ez al., 2010). These data indicate that THGGPP involved
in tocomonoenol synthesis might originate from the incomplete
desaturation of GGPP. To test this hypothesis, we isolated two
hemizygous GGR ggr T-DNA mutants (ggr-/ and ggr-2) and
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analyzed tocochromanols in their segregating progenies. Indeed,
the GGR activity is essentdal for chlorophyll biosynthesis and
homozygous ggr mutants are albino and cannot produce seeds
(Fig. 5b,c). Mixtures of seeds segregating for GGR and ggr-1 and
for GGR and ggr-2 accumulated 19 and 17% less tocopherols
compared with wild-type controls, respectively, thus confirming
the role of GGR in tocopherol synthesis (Fig. 5d). By contrast, y-
tocomonoenol content significantly increased 2.1- and 1.3-fold
in GGR ggr-1 and GGR ggr-2 segregating progenies, respectively
(Fig. 5d). These data suggest that reduced GGR activity favors
tocomonoenol synthesis, probably by limiting the reduction of

THGGPP to PPP.

Tocomonoenols are present in common plant oils
consumed daily by humans

To date, tocomonoenols have been identified in six plant
species and in marine cold-water phytoplankton (Fig. S5).
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The identification of y-tocomonoenol in Arabidopsis suggests
that oilseed species might also accumulate tocomonoenols. To
test this hypothesis, we analyzed whether the oil of several
common oilseed crops accumulated or did not accumulate
tocomonoenols. In contrast to Arabidopsis seed oil, whose
tocochromanol composition is dominated by vy-tocopherol,
rapeseed oil quantitatively accumulated both o- and v-
tocopherol forms (Table2). In addition, rapeseed oil also
accumulated small amounts of o- and y-tocomonoenols
(Table 2). Based on these results, we analyzed two other veg-
etable oils frequently consumed by humans and found that
linseed oil accumulated Y-tocomonoenol and sunflower oil
accumulated o-tocomonoenol (Table2). For all three seed
oils, the chemical identities of tocomonoenol forms were con-
firmed by GC-MS (Fig. S9). Collectively, our data demon-
strate that tocomonoenols are present in all tested vegetable
oils, indicating that their biosynthesis might be conserved in
oilseed species.



Table 2 Tocochromanols including tocomonoenol amounts in common plant seed oils

Tocochromanols Linseed oil Pumpkin seed oil Rapeseed oil Sunflower oil
a-Tocopherol 10.26 £0.05 66.58 +0.30 505.86 +2.74 1072.00+6.35
a-Tocomonoenol nd 12.65 +0.04 3.81+0.17 27.98 +£0.82
a-Tocotrienol nd 35.23+0.12 nd nd
f-Tocopherol nd 4.93 £0.02 5.08 +£0.07 37.74+0.34
y-Tocopherol 910.51 £5.52 969.16 £4.72 685.2.41+£2.41 2.00+0.24
y-Tocomonoenol 1.10 £0.01 115.67 £ 0.55 1.23+0.04 nd
y-Tocotrienol nd 3.71+0.61 nd nd
Plastochromanol-8 218.34+1.39 5.30+0.64 74.94 £2.05 3.40+0.05
y-Tocopherol 13.18 £ 0.11 8.88£0.01 17.92 £2.04 nd

Total tocochromanols 1153.40 £ 6.89 122212 +4.53 1294.67 +7.50 1139.12+£10.71

Tocochromanol quantification in linseed, Styrian pumpkin seed, rapeseed, and sunflower oils, respectively, is shown. Tocochromanol values are expressed
in pmol =" il for linseed, pumpkin and rapeseed oils, and in pmol mg~" dehulled seed for sunflower. Measurements are the average + SD of four
independent measurements. The identities of the tocochromanol isoforms colored in red have been confirmed by gas chromatography—mass spectrometry
(GC-MS) (Supporting Information Fig. S9). According to the literature, Styrian pumpkin seed oil is the richest source of y-tocomonoenol known to date (as

of August 2017). nd, not detected. Tocomonoenols are shown in red.

Discussion

Previous studies have concluded that the availability of tocochro-
manol biosynthetic precursors is an important regulatory mecha-
nism controlling vitamin E synthesis in plants (reviewed by
Mene-Saffrané & Pellaud, 2017). To date, only the
HOMOGENTISATE DIOXYGENASE (HGO]I) gene controlling
HGA availability has been shown to alter tocotrienol biosynthesis
in soybean (Glycine max) (Stacey et al., 2016). By contrast, toco-
pherol metabolism was not modified in the soybean /gol mutant,
and hence tocopherol regulatory genes remained unknown. In
order to identify such genes, we isolated Arabidopsis mutants in
which tocopherol metabolism is increased. The first identified eve
mutations affect WRI1 and DGAT1, which are seed-specific pro-
teins involved in fatty acid synthesis and TAG assembly, respec-
tively (Fig. 15 Cernac & Benning, 2004; Zou ezal, 1999). In
agreement with this, both evel and eve4 mutants accumulated less
whmd fatty acids and TAGs (Fig. S10a,b). Reduced lipid synthesis has
wmd  heen previously associated with a 5-20% decrease of wril seed
: weight (Baud eral, 2007). As the enhancement of tocochro-

manol metabolism in eve seeds was deduced from tocochromanol
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data expressed per mg seeds, we determined wril and dgarl seed
weights. Despite lower lipid contents, dgat! seeds were not signif-
icantly lighter than controls (Fig. S10c). The wril-4 and evel
seeds were 21 and 4.5% lighter than controls, respectively
(Fig. S10c). Although these data indicate that tocochromanol
enhancement is slightly overestimated, notably in wril-4, they
are not sufficient to explain the two-fold increase in tocochro-
manols measured in wril seeds (Table 1). Collectively, these
results confirm the genuine enhancement of tocochromanol
metabolism in both wril and dgat! seeds. Both phytyl and
solanesyl branches of the tocochromanol pathway were stimu-
lated in these mutants. Interestingly, in contrast to other
tocochromanol mutants or transgenic plants in which tocochro-
manol metabolism has been enhanced, wril and dgarl mutants
did not accumulate any tocotrienols (Fig. 3a,b; Karunanandaa
etal., 2005; Zhang er al., 2013; Stacey er al., 2016). This suggests
that, although HGA content is probably enhanced in wri/ and
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dgatl to support increased tocochromanol synthesis, the prenyl
pyrophosphate metabolism producing the phytyl side chain is
very probably enhanced too, thus preventing the synthesis of
tocotrienols.

To understand the inverse relationship between WRI1- and
DGAT1-mediated lipogenesis and tocochromanol synthesis, we
examined their respective biosynthetic pathways. Fatty acid syn-
thesis occurs in plastids and requires the successive conversion of
phosphoenolpyruvate (PEP) into pyruvate (PYR), acetyl-CoA
and malonyl-CoA (Bates eral., 2013). TAG synthesis occurs in
the endoplasmic reticulum and notably involves DGAT1 (Bates
eral., 2013). Although DGATT1 is not directly involved in fatty
acid synthesis, it was previously shown that dgar/ murtations
lower fatty acid metabolism (Fig. S10a). In addition, it was
shown that WRII pushes carbon into lipogenesis by stimulating
the expression of late glycolysis and lipogenesis genes, respec-
tively, while DGATT pulls carbon into lipogenesis by condensing
diacylglycerol and acyl-CoAs (Vanhercke ez a/., 2013). Tocochro-
manol synthesis occurs in plastids as well and is initiated by the
condensation of HGA and various prenyl pyrophosphates
(Mene-Saffrané & Pellaud, 2017). HGA derives from the degra-
dation of tyrosine produced by the shikimate pathway which is
located in plastids and is initiated by the condensation of PEP
and erythrose-4-phosphate (Mene-Saffrané & Pellaud, 2017).
Tocochromanol prenyl side chains are mostly produced by the
methyl erythritol phosphate (MEP) pathway, which is also
located in plastids and is initiated by the condensation of PYR
and glyceraldehyde-3-phosphate (Vranova etal, 2013; Zhao
etal., 2013). Thus, both tocochromanol, via the shikimate and
MEP pathways, and fatty acid syntheses occur in plastids and
utilize common biosynthetic precursors, namely PEP and PYR.
The interconnection of these pathways suggests that the inverse
relationship observed between seed lipid and tocochromanol
contents, respectively, might be a consequence of the competi-
tion between the pyruvate dehydrogenase complex which chan-
nels carbon into fatty acid synthesis and deoxyxylulose 5-
phosphate synthase (DXS) which channels it into the MEP path-
way. In agreement with this hypothesis, transgenic Arabidopsis
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plants overexpressing the DXS gene were previously shown to
accumulate more o-tocopherol in leaves (Estévez eral, 2001).
Importantly, only a fraction of the carbon not channeled into
fatty acid/TAG synthesis in wril and dgatl seeds was converted
into tocochromanols (Table 1; Fig. S10a,b). This indicates that a
factor(s) other than PYR availability is required to enhance the
synthesis of MEP derivatives such as tocochromanols.

A transcriptomic study on developing wril seeds previously
showed that this seed-specific Apetala2 transcription factor con-
trols relatively few genes (Ruuska eral, 2002). Interestingly,
although tocochromanol metabolism is enhanced in wril seeds,
we found that VTE3 expression (At3g63410) is significantly
downregulated in developing wril seeds (Supplementary Table 2
of Ruuska eral, 2002). In addition, other key tocopherol
biosynthetic genes present on the custom array including, VTEI,
GGR, TYROSINE AMINOTRANSFERASEI (TATI1,TAT)),
CHLOROPHYLL SYNTHASE (G4,CHLG) and GGPPS11, were
not differentially expressed between wril and Col-0 developing
seeds (Ruuska eral, 2002; the custom array did not include
probes for VTE2, VTES5, and VTEG6). These expression data fur-
ther support the idea that the availability of the vitamin E biosyn-
thetic precursor is a significant mechanism regulating
tocochromanol accumulation.

Several QTLs for seed vitamin E (QVE) were previously iden-
tified in an Arabidopsis Col-0 (high parent) x Ler (low parent)
population (Gilliland ezal., 2006). Interestingly, we found that
two overlapping QTLs, namely QVE4 for d-tocopherol and
QVES5 for y-tocopherol, co-localized with DGATT (Fig. S10d).
This, combined with the fact that dgasl mutants overaccumulate
v-tocopherol and exhibit a secondary 8-tocopherol phenotype
(Table 1b), defines DGAT1 as a candidate of choice for both
QTLs. We looked at the DGATT polymorphism between Col-0
and Ler and found that, while these accessions carry the same
DGATI coding sequences, they are polymorphic for the 5’
untranslated region (5'-UTR) and promoter region of this gene.
whmed This suggests that DGATI polymorphism might contribute to
whmd  (he differences in tocochromanol accumulation observed between
: Col-0 and Ler (Fig. 4c). We further explored this hypothesis by

quantifying seed lipids in Col-0 and Ler seeds according to three
different methods. We found that the accession with higher
tocochromanol content, Col-0, accumulated much less lipids
than Ler seeds, notably 25% less TAGs (Fig. S10e). Individual
fatty acid analysis showed that the additional oil deposited in Ler
seeds came predominantly from the two monounsaturated fatty
acids 18:1 and 20:1 (Fig. S10f). Interestingly, increases in these
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specific fatty acids have been previously observed in transgenic
Arabidopsis lines in which fatty acid synthesis was enhanced by
overexpressing DGAT1 (Vanhercke ezal., 2013; Van Erp eral.,
2014). Collectively, these data extend to the wild-type germplasm
the inverse relationship observed between lipid and tocochro-
manol metabolisms originally observed in laboratory-derived
Arabidopsis mutants. Moreover, they suggest DGATI as a
promising candidate for QVE4 and/or QVES5.

In addition to tocopherols and PC-8, both w#il and dgatl
mutants overaccumulated y-tocomonoenol (Table 1; Figs 2, 3).
This type of tocochromanol was previously identified in few plant
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species and in phytoplankton (Fig. S5). Like other tocomo-
noenols produced by land plants, Arabidopsis and pumpkin syn-
thesize the 11’-12 y-tocomonoenol isomer (Fig. 3). By contrast,
the marine-derived o-tocomonoenol produced by phytoplankton
carries the unsaturation between C-12" and C-13’ (Yamamoto
etal., 1999). This suggests that tocomonoenol synthesis is proba-
bly different between higher plants and phytoplankton, in which
either the prenyl donor is different or an extra enzymatic activity
changes the position of the unsaturation. In addition, both 11'-
12" and 12'-13’ isomers are found in animals such as in human
plasma and in the flesh of whales, cold-water fishes and krill, indi-
cating that animals absorb and transport them throughout the
body (Yamamoto et al., 1999, 2001; Dunlap et al., 2002). In Ara-
bidopsis, tocomonoenol synthesis, like tocopherol synthesis, is
dependent on VTEL and VTE2 activities (Figs 4, 5). The increase
of y-tocomonoenol and decrease of tocopherol contents in vte5
seeds suggest that both pathways are competing for the VTE2
activity and/or for HGA availability. Whereas data for the 35S::
VTE2 overexpressors support the first hypothesis (Fig. 4), it was
previously shown that exogenous supply of HGA to dark-grown
Phaseolus coccineus leaves stimulated y-tocomonoenol synthesis
without affecting ?y-tocopherol concentrations (Kruk eral,
2011). This indicates that the polar precursor HGA is also limit-
ing for tocomonoenol synthesis, at least in the absence of light. In
addition, the v#¢5 data suggest that y-tocomonoenol probably does
not originate from the desaturation of existing tocopherols but
from the condensation of HGA with THGGPP, an intermediate
in the reductive pathway of GGPP to PPP previously identified in
plants (Keller ezal, 1998; Tanaka et al., 2010). Data for the GGR
ggr segregating mutants showing an increase in y-tocomonoenol
accumulation further support this hypothesis. A synoptic model of
the plant tocochromanol biosynthetic pathways combining data
from previous studies with the data presented here is shown in

Fig. 6.
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