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Triacylglycerol (TAG) is a storage lipid used for food purposes and as a renewable feedstock for biodiesel production.
WRINKLED1 (WRI1) is a transcription factor that governs fatty acid (FA) synthesis and, indirectly, TAG accumulation in oil-storing
plant tissues, and its ectopic expression has led to TAG accumulation in vegetative tissues of different dicotyledonous plants. The
ectopic expression of BAWRII in the grass Brachypodium distachyon induced the transcription of predicted genes involved in
glycolysis and FA biosynthesis, and TAG content was increased up to 32.5-fold in 8-week-old leaf blades. However, the ectopic
expression of BdWRI1 also caused cell death in leaves, which has not been observed previously in dicotyledonous plants such as
Arabidopsis (Arabidopsis thaliana). Lipid analysis indicated that the free FA content was 2-fold elevated in BdWRI1-expressing leaf
blades of B. distachyon. The transcription of predicted genes involved in B-oxidation was induced. In addition, linoleic FA treatment
caused cell death in B. distachyon leaf blades, an effect that was reversed by the addition of the FA biosynthesis inhibitor cerulenin.
Taken together, ectopic expression of BIWRII in B. distachyon enhances FA biosynthesis and TAG accumulation in leaves, as
expected, but also leads to increased free FA content, which has cytotoxic effects leading to cell death. Thus, while WRI appears to
ubiquitously affect FA biosynthesis and TAG accumulation in diverse plants, its ectopic expression can lead to undesired side

effects depending on the context of the specific lipid metabolism of the respective plant species.

Triacylglycerol (TAG) derived from seed oil is used
as a vegetable oil but can also serve as a renewable
source for biofuels and chemicals with industrial
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applications (Durrett et al., 2008). An extensive
knowledge of TAG biosynthesis pathways and its
molecular regulation has been developed as reviewed
previously (Santos-Mendoza et al., 2008; Baud and
Lepiniec, 2010; Bates et al., 2013). Arabidopsis (Arabi-
dopsis thaliana) WRINKLED1 (AtWRI1; At3g54230)
encodes a transcription factor with two APETALA2
(AP2) DNA-binding domains and promotes the conver-
sion of sugars to oil by directly activating genes encoding
proteins involved in plastid glycolysis and fatty acid (FA)
synthesis (Baud et al., 2009; Maeo et al.,, 2009; Fukuda
et al., 2013). The Arabidopsis wril mutant has an 80%
reduction of seed oil content (Focks and Benning, 1998),
whereas overexpression of WRII increases seed oil con-
tent by 10% to 20% (Cernac and Benning, 2004). WRI1
orthologs from maize (Zea mays), rape (Brassica napus),
and oil palm (Elaeis guineensis) have been shown to be
involved in TAG production in embryos or fruit meso-
carps, and their overexpression leads to increased seed oil
content (Liu et al., 2010; Shen et al., 2010; Pouvreau et al.,
2011; Ma et al.,, 2013; van Erp et al,, 2014). Ectopic ex-
pression of WRII has also been used to stimulate oil
production in nonseed tissues in both Arabidopsis and
tobacco (Nicotiana tabacum; Cernac and Benning, 2004;
Sanjaya et al., 2011; Dussert et al., 2013; Kelly et al., 2013;
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Vanhercke et al., 2014; Grimberg et al., 2015; Ma et al,,
2015).

During seed germination, the oxidation of FAs de-
rived from TAGs provides energy for early seedling
development (Graham, 2008). In addition to essential
structural and nutritional functions, FAs and its de-
rivatives also have many signaling functions. For in-
stance, FAs are important signals in defense responses
(Farmer et al., 1998; Kachroo et al., 2003; Chandra-
Shekara et al., 2007). Very-long-chain FAs play a
role in cell differentiation in Arabidopsis with their
effect on polar auxin distribution (Roudier et al,,
2010). Thus, overaccumulation of free FAs is expected
to be detrimental to tissues. For example, exogenous
and endogenous FAs are known to inhibit coleoptile
elongation of oat (Avena fatua; Ando and Tsukamotoa,
1981; Ohkawa and Nishikawa, 1987), longitudinal cell
growth of Arabidopsis (Li et al., 2011), axillary bud
growth of tobacco (Tso, 1964), seedling growth of rice
(Oryza sativa; Tsuzuki et al., 1987), and germination of
lettuce (Lactuca sativa), oat, and mustard (Sinapsis alba;
Le Poidevin, 1965; Berrie, 1979; Stewart and Berrie,
1979; Metzger and Sebesta, 1982). Furthermore, the
accumulation of unsaturated FAs has been linked to
cell death. Palmitoleic acid is reported to be an in-
ducer of programmed cell death in tobacco and egg-
plant (Solanum melongena) protoplasts (Peters and
Chin, 2005, 2007). Palmitoleic acid and linolenic acid
cause the inhibition of photosynthetic electron trans-
port, loss of thylakoid proteins, and release of cyto-
chrome f in isolated chloroplasts from spinach
(Spinacia oleracea) and eggplant (Golbeck and Warden,
1984; Warden and Csatorday, 1987; Peters and Chin,
2003). Increase of free FAs is the primary cause of
chloroplast membrane damage and chlorophyll deg-
radation and leads to necrosis when the Arabidopsis
B-oxidation mutant peroxisomal ABC-transporterl is
subjected to prolonged darkness (Kunz et al., 2009;
Slocombe et al., 2009). Additionally, a recent study
suggests that the proteins LIPIN, PHOSPHOLIPID:
DIACYLGLYCEROL ACYLTRANSFERASE1 (PDATI),
and SUGAR-DEPENDENT1 (SDP1) function synergis-
tically in Arabidopsis to protect plants against FA-
induced cell death (Fan et al., 2013, 2014).

Brachypodium distachyon is an experimental model for
temperate grasses and belongs to the family Poaceae
(Draper et al., 2001; Opanowicz et al., 2008; Brkljacic et al.,
2011). Recently, engineering the accumulation of TAG
in vegetative tissues has been proposed for increasing the
energy density of biomass crops (Ohlrogge and Chapman,
2011). Although significant investments have been made
in developing and using B. distachyon as a model for bio-
fuel crops (Brkljacic et al., 2011), little is known about its
lipid metabolism pathways. In this study, we identified a
WRI1 ortholog of B. distachyon. Its role in FA biosynthesis
and TAG accumulation in both storage and vegetative
tissues was investigated. Furthermore, a cell death phe-
notype was observed in transgenic B. distachyon following
ectopic expression of WRII, suggesting that cytotoxic ef-
fects of free FAs might be the cause.
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RESULTS

Overexpression of BAWRI1 Increases Grain TAG Content
in B. distachyon

To identify possible WRI1 orthologs in B. distachyon, a
BLASTP analysis was performed with an e-value
threshold of 1.0E-10 in Phytozome (http://www.
phytozome.net/). The Arabidopsis WRI1 sequence was
used in a query against the B. distachyon protein data-
base, and 24 AP2 domain-containing proteins were
identified. Phylogenetic analysis by MEGA6 (Tamura
et al, 2013) showed that the protein encoded by
Bradi4g43877 was the closest ortholog to AtWRI1 (Fig. 1).
We tentatively designated Bradi4g43877 as BAWRII.
Further alignment of AtWRI1 and BAWRI1 revealed that
these two proteins share 76% sequence identity over 420
amino acids covering the full length of BAWRI1. In
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Figure 1. Phylogenetic tree of Arabidopsis WRIT homologs and pre-
sumed B. distachyon AP2 domain-containing WRI1 orthologs. A
neighbor-joining tree was generated using all full-length B. distachyon
AP2 domain-containing protein sequences that are presumed orthologs
of the WRIT proteins from Arabidopsis. The sequences were aligned
with ClustalW. An unrooted phylogenetic tree was constructed with
MEGAG6 using the neighbor-joining method, and the bootstrap values
were derived from 1,000 replicates. The gray box indicates AtWRI1 and
its presumed ortholog in B. distachyon.
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Figure 2. Overexpression of BAWRIT increases grain TAG content. A,
Phenotypes of 15-week-old UBI:BdWRIT plants. B, Phenotypes of
UBI::BdWRIT grains without lemma. Bars = T mm. C, Dry weights (DW)
of UBI::BAWRIT grains. Each sample contained 15 grains. Data repre-
sent three independent measurements, and the error bars represent sp.
Asterisks indicate significant differences by Student’s ttest: **, P=< 0.01.
D and E, TAG contents (D) and FA composition of TAG (E) from dry
grains of UBI::BdWRIT and Bd21-3. Total lipids were extracted from the
grains. Each sample contained five grains. Three independent mea-
surements were averaged, and the error bars represent sp. Asterisks in-
dicate significant differences by Student’s ttest: *, P < 0.05; and **, P<
0.01. WT, Wild type.

addition, the sequence VYL present in the first AP2
domain of AtWRI1, which is essential for its function
(Ma et al., 2013), was also conserved in BAdWRI1
(Supplemental Fig. S1).

To obtain in planta experimental verification that
BAWRIL1 is a true ortholog, we overexpressed BAWRI1
in B. distachyon under the control of the maize ubiquitin
promoter (ZmUBI1). Ten independent transgenic
B. distachyon lines were generated that harbored the
BAWRII overexpression construct. Two lines (2A and
5A; Fig. 2A) were found to have high ectopic WRI1
expression relative to wild-type Bd21-3 and were se-
lected for further analysis.

Since AtWRI1 overexpression affects seeds of Arabi-
dopsis (Cernac and Benning, 2004), we tested whether
the overexpression of BAWRI1 could influence grain
development and TAG accumulation in B. distachyon.
The grain dry weights were increased approximately
20% compared with Bd21-3 (Fig. 2, B and C). To further
determine the effect of BAWRI1 on storage oil accu-
mulation, total lipid was extracted from dry grains and
FA methylesters were analyzed by gas chromatog-
raphy. The UBI::WRI1 lines 2A and 5A showed

1838

considerably higher TAG content, 60% and 80% higher
(40.8 = 6.5 and 45.4 * 2.4 pg grain '), respectively,
compared with wild-type Bd21-3 (25.1 * 5.8 ug grain” ;
Fig. 2D). The acyl group profiles of grain TAGs changed
slightly, but statistically significantly, with slight de-
creases in 16:0 (carbon:double bonds) and 18:3 and an
increase in 18:1 (Fig. 2E).

To determine the tissue of grains in which TAG is
sequestered into lipid droplets, dry grains of Bd21-3,
together with the UBI:BdAWRI 2A and 5A lines, were
stained with Nile Red and observed by confocal mi-
croscopy. In Arabidopsis, most of the storage TAGs
accumulate in the embryo, whereas endosperm stores
only 10% of the seed TAG (Penfield et al., 2004; Miquel
et al., 2014). However, in B. distachyon Bd21-3 grains,
most of the storage lipid apparently accumulates in the
endosperm, indicated by the presence of lipid droplets
(Fig. 3, D-F), while no obvious lipid droplets were ob-
served in the embryo (Fig. 3, A-C). Similar to oat grains
(Heneen et al., 2008), most of the lipid droplets in the
starchy endosperm were fused with each other, form-
ing a continuous lipid matrix between the protein and
starch components. Only a few discrete lipid droplets
were observed in the endosperm (Fig. 3, D-F). In con-
trast, the number of lipid droplets was higher in the
endosperm of UBI::BAWRII line 2A (Fig. 3,]-L) and line
5A (Supplemental Fig. S2, D-F) compared with the wild
type (lipid droplets per cell of 10 cells examined: wild

Nile Red
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Merge

Bd21-3
Embryo

Bd21-3
Endosperm

2A
Embryo

2A
Endosperm

Figure 3. Lipid droplets are abundant in embryo and endosperm of
UBI::BAdWRIT dry grains. A to F, Confocal fluorescence images of dry
grains of Bd21-3 showing few lipid droplets (arrows) in the endosperm.
G to L, Confocal fluorescence micrographs of dry grains of UBI:
BdWRI1 line 2A. Lipid droplets were observed in both embryo and
endosperm. Bars = 20 um.
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type, 2.5 = 1; 2A, 4.1 = 1; and 5A, 7.6 = 2.8), but lipid
droplet size was not statistically different. Taken to-
gether, similar to AtWRI1 (Cernac and Benning, 2004;
Cernac et al., 2006), BAWRI1 also seems to affect TAG
biosynthesis in storage tissues, in the case of B. dis-
tachyon in the embryo and endosperm.

Ectopic Expression of BIWRI1 Leads to TAG
Accumulation in Leaf Blades

To explore whether the presence of BAWRI1 in vege-
tative tissues enhances TAG accumulation, the abun-
dance of BAWRI1 mRNA in the transgenic leaf blades
was determined by quantitative real-time (RT)-PCR using
UBIQUITIN-CONJUGATING ENZYME18 (BAUBC18,
Bradi4g00660) as an internal control (Hong et al., 2008).
In the UBI::WRI1 lines, transcription levels of WRII in
8-week-old plants were 552- and 380-fold higher than
in Bd21-3 (Fig. 4A). To test whether BAWRI1 affects
the metabolism required for FA biosynthesis in vege-
tative tissues, presumed orthologs of known WRI1
target genes in dicotyledonous plants (Maeo et al., 2009),
such as PLASTIDIC PYRUVATE KINASE B-SUBUNIT1
(PKPB1), ACYL-CARRIER PROTEIN1 (ACP1), and
KETOACYL-ACYL-CARRIER PROTEIN SYNTHASE
I (KASI), were identified in the B. distachyon protein
database. When normalized to Bd21-3, the mRINA levels
of PKPB1 (Bradi2g45620) and BAACP1 (Bradiig01000)
were enhanced 74- and 51-fold, respectively, whereas
BdKASI (Bradilg46610) expression increased 6.2-fold
(Fig. 4B). Taken together, ectopic expression of BiWRI1
led to the induction of presumed orthologs of genes
involved in FA biosynthesis in B. distachyon leaf blades.

In addition, TAG content in 8-week-old leaf blades
was increased. As shown in Figure 4C, TAG levels in
transgenic lines 2A and 5A were 32.5- and 30-fold higher
(1.3 = 04 and 1.2 = 0.1 ug mg ' dry weight) than in
Bd21-3 (0.04 = 0.01 ug mg ' dry weight). The ectopic
expression of BdAWRI1 also resulted in an increase in
polyunsaturated FAs at the expense of saturated FAs in
TAGs (Fig. 4D), which could be derived from membrane
lipids that are being turned over.

It should also be noted that an increased number
of lipid droplets was observed in stem internodes of
UBI::BAWRI1 transgenic B. distachyon (Supplemental
Fig. S3), suggesting that TAG accumulation is stimulated
in different vegetative tissues of the transgenic plants.

Ectopic Expression of BAWRI1 in B. distachyon Causes Cell
Death in Leaf Blades

In addition to TAG accumulation, browning of leaf
blades due to premature cell death was observed in the
vegetative tissues of UBIL:WRII transgenic plants. Leaf
necrotic lesions were first visible in 4-week-old trans-
genic lines and expanded rapidly during development,
whereas Bd21-3 leaves remained green and healthy
looking (Fig. 5A). A first sign of the readily ascertainable
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Figure 4. Ectopic expression of BdWRIT increases TAG content in
B. distachyon leaf blades. A and B, Expression levels of BAWRIT (A)
glycolysis and FA biosynthesis orthologs (B) in 8-week-old leaf blades.
Total RNA was isolated, and relative mRNA levels were determined by
quantitative RT-PCR using BdUBC18 as an internal control. Three in-
dependent measurements were averaged, and the error bars represent
sp. Asterisks indicate significant differences by Student’s t test: *, P <
0.05; and **, P= 0.01. C and D, TAG contents (C) and FA composition
of TAG (D) of 8-week-old leaf blades. Total lipids were extracted, and
TAG was separated by thin-layer chromatography (TLC). Three inde-
pendent measurements were averaged, and the error bars represent sp.
Asterisks indicate significant differences by Student’s t test: *, P < 0.05;
and **, P = 0.01. DW, Dry weight; WT, wild type.

consequence of cell death in plant tissue is increased
membrane permeability measured by increased electro-
lyte leakage, which can be used to quantify cell death
(Baker and Orlandi, 1995; Dellagi et al., 1998; Torres et al.,
2002; Hofius et al., 2009). Measurement of percentage of
electrolyte leakage in 8-week-old detached leaves was up
to 9.3-fold increased in UBI::BAWRI1 leave blades (Fig.
5B). It should be mentioned that constitutive expression
of AtWRI1 in B. distachyon under the control of the
ZmUBI1 promoter also led to brown lesions and reactive
oxygen species (ROS) accumulation (Supplemental Fig.
54), which suggests that cell death in UBI::BdWRI1 plants
is caused by the species context rather than by functional
differences between AtWRI1 and BAWRI1. However, it
should be noted that ectopic expression of AfWRII in
Arabidopsis did not cause visible cell death or electrolyte
leakage under comparable conditions (Supplemental
Fig. S5).

ROS including hydrogen peroxide (H,0,), superox-
ide, singlet oxygen, and hydroxyl radicals have been
closely associated with plant cell death (del Rio et al.,
1998; Apel and Hirt, 2004; Danon et al., 2005; Schmitt
et al., 2014). ROS not only cause oxidative damage to
cellular constituents, they also act as signals that play a
crucial role in the activation of processes leading to cell
death (Apel and Hirt, 2004; Baxter et al.,, 2014; Schmitt
et al., 2014). To test if ROS accumulate in UBIL:BAWRI1
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Figure 5. Premature cell death in the leaf blades of UBI::BdWRI1 lines.
A, Phenotypes of 8-week-old UBI::BdWRIT leaf blades. Bars = 1.25 mm.
B, Quantification of cell death by electrolyte leakage assay. Eight-week-
old detached leaf blades were inoculated with water for 3 h, and then
the conductivity of the water was measured. Each value represents the
mean and sp of three replicates per experiment. Asterisks indicate sig-
nificant differences by Student’s ttest: *, P < 0.05; and **, P =< 0.01. C,
ROS accumulation in 8-week-old leaf blades of UBI::BdWRIT lines and
the wild type (WT). General ROS accumulation was detected by
H,DCF-DA staining (top; bars = 20 um), and H,0, accumulation was
detected by DAB staining (bottom; bars = 1 mm).

leaves, 2',7'-dichlorofluorescein diacetate acetyl ester
(H,DCF-DA) was used as an indicator (Schmitt et al.,
2014). ROS-dependent fluorescence of H,DCF-DA in leaf
tissues was measurably stronger in UBL:BAWRII lines
(Fig. 5C, top). In addition, 3-diaminobenzidine (DAB) was
used as an indicator of H,O, accumulation (Fryer et al.,
2002; Ramel et al., 2009; Schmitt et al., 2014). Widespread
DARB staining was seen in UBI::BdWRI1 leaves even in the

1840

areas that did not yet have brown lesions (Fig. 5C, bot-
tom). Taken together, the ectopic expression of BAWRI1
causes cell death in the leaf tissues of B. distachyon, which
is likely preceded by an increase in ROS.

Free FAs Increased following BAWRI1 Ectopic Expression

In all previously reported cases of ectopic expression
of WRII to induce the accumulation of TAG in vege-
tative tissues (Cernac and Benning, 2004; Sanjaya et al.,
2011; Vanhercke et al., 2013, 2014), cell death has never
been observed. These studies were all done with di-
cotyledonous plants. Thus, we focused on determining
the possible mechanisms of cell death in UBI::BAWRI1
lines, as this might reveal differences in lipid metabo-
lism and regulation between dicotyledonous and
monocotyledonous plants. The accumulation of free
FAs is known to have cytotoxic effects not only in yeast
and mammalian cells (Garbarino et al., 2009; Kohlwein,
2010; Lee et al., 2010; Fakas et al., 2011) but also in
microalgae and plants (Wu et al., 2006; Bosma et al.,
2008; Fan et al., 2013, 2014). Since the expression of
several presumed orthologs of genes involved in FA
biosynthesis was highly induced in UBI::BdWRI1 plants
(Fig. 4B), possibly resulting in increased free FA levels,
we asked whether the accumulation of free FAs was a
factor in the observed induction of cell death. As shown
in Figure 6A, free FA contents in 8-week-old leaf blades
of UBI:BAWRII plants were up to 2-fold increased. In
contrast, ectopic expression of AtWRII in Arabidopsis
did not lead to substantial changes in free FAs
(Supplemental Fig. S6B), indicating that free FAs might
be the cause of species-specific cell death in B. distachyon
ectopically expressing WRII.

The majority of the free FAs in UBI::BAWRII leaves were
found to be 16:0, 18:2, and 18:3 (Fig. 6B), which corre-
sponded to the FA composition of leaf TAG (Fig. 4D).
Therefore, we reasoned that free FAs might be derived
from TAG turnover. To examine the origin of free FAs in
these lines, the expression of possible orthologs encoding
enzymes involved in the degradation of TAGs was analyzed
by RT-PCR. Arabidopsis SDP1 encodes a TAG lipase that
catalyzes the initial step in TAG breakdown (Eastmond,
2006; Padham et al., 2007), while the 8-oxidation pathway
subsequently breaks down the released FAs (Goepfert
and Poirier, 2007). As shown in Figure 6C, both pre-
sumed orthologs of SDP1 (BASDP1-1 [Bradi2g50610] and
BdSDP1-2 [Bradi1g04310]) and presumed S-oxidation
pathway genes, such as ACYL-CoA OXIDASE1 (ACXI;
Bradi1g52320), ACX2 (Bradi4g14090), KETOACYL-CoA
THIOLASE1 (KAT1; Bradi3g27960), KAT2 (Bradi3g55420),
LONG-CHAIN ACYL-CoA SYNTHEASE6 (LACSG;
Bradi4g26610), LACS7 (Bradi4g42950), and MULTIFUNC-
TIONAL PROTEIN2 (MFP2; BAMFP2-1 [Bradi2g43020],
BAMFP2-2 [Bradi4¢28310], and BAMFP2-3 [Bradi4g28310]),
were induced, indicating that ectopic expression of BiWRI1
also might cause accelerated TAG turnover. As H,0, is a
by-product of B-oxidation (Graham and Eastmond, 2002;
Eastmond, 2007), the observed induction of the B-oxidation
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Figure 6. Elevated free FA levels in UBI::BdWRIT leaf blades. A and B,
Free FA contents (A) and FA composition (B) in 8-week-old leaf blades.
Total lipids were extracted, and free FAs were separated by TLC. Three
independent measurements were averaged, and the error bars represent
sD. Asterisks indicate significant differences by Student’s t test: *, P <
0.05; and **, P = 0.01. C, Expression of genes predicted to encode
proteins involved in TAG degradation in 8-week-old leaf blades. Total
RNA was isolated, and relative mRNA levels were determined by
quantitative RT-PCR using BdUBCT18 as an internal control. Three in-
dependent measurements were averaged, and the error bars represent
sp. Asterisks indicate significant differences by Student’s t test: *, P <
0.05; and **, P = 0.01. DW, Dry weight; WT, wild type.

pathway raises the possibility that the accumulation of
H,O, in UBL:BAWRII plants may partially be caused by
increased TAG turnover.

Application of Free FAs to B. distachyon Leaf Blades Leads
to Cell Death

To test whether increased free FAs could be linked to
cell death in UBI::BAWRI1 plants, we examined the ef-
fects of free FA application to leaves of Bd21-3. Because
in UBL:BAWRII plants 18:2 and 16:0 were the most in-
creased free FAs (Fig. 6B), 3-week-old detached Bd21-3
leaf blades were inoculated with 200 um 18:2. After 48 h
of treatment, brown lesions were observed (Fig. 7A),
which resembled those present in UBI::BAWRI1 plants
(Fig. 5A). In addition, externally applied 16:0 also
caused brown lesions in Bd21-3 leaves (Supplemental
Fig. S7). But because of the low solubility of 16:0, 18:2
was chosen for the following experiments.

To further investigate the influence of free FAs on cell
death, 3-week-old Bd2-3 leaves were treated with 0, 50,
100, or 200 um 18:2. Electrolyte leakage was monitored
throughout a 48-h period. As shown in Figure 7B, the
18:2-treated leaves showed increases in electrolyte
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leakage, which were highest at 200 uM at every time
point. Therefore, B. distachyon is sensitive to 18:2 at low
concentrations and in a time-dependent manner.

Inhibition of FA Biosynthesis Decreases 18:2-Induced Cell
Death in Leaf Blades

Because WRI1 directly activates genes encoding pro-
teins involved in FA synthesis (Baud et al., 2009; Maeo
et al., 2009) and ectopic expression of BAWRI1 induced
free FA accumulation, appearing to cause premature
cell death in vegetative tissues, we postulated that an
inhibition of FA biosynthesis in UBIL:BAWRII plants
might reduce free FA levels in vivo, thus ameliorating
the observed cell death. To test this hypothesis, de-
tached 3-week-old leaf blades not yet showing lesions in
the transgenic lines were treated with 200 um 18:2 in the
presence or absence of 5 uM cerulenin, a specific inhib-
itor of KAS I and KAS 1II, which are key enzymes of de
novo FA biosynthesis (Awaya et al., 1975; Packter and
Stumpf, 1975; Koo et al., 2005). The extent of cell death
was evaluated by electrolyte leakage measurements.

lon Leakage %

Time (Hour)

Figure 7. 18:2 Treatment causes cell death in B. distachyon leaf blades.
A, Phenotypes of wild-type Bd21-3 detached leaf blades treated with
200 um 18:2 for 48 h. Bars = 0.5 mm. B, Quantification of electrolyte
leakage as an indicator for cell death during 18:2 treatment. Three-
week-old detached leaf blades were inoculated with water containing
different concentrations of 18:2, and conductivity changes were mea-
sured at different time points. Each value represents the mean and sp of
three replicates per experiment.
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During all the treatments without 18:2, ion leakage
stayed at a low level during 48 h. When 200 um 18:2 was
added to either UBI::BdAWRI1 plants or Bd21-3, the ion
leakage increased, whereas the addition of 5 um cer-
ulenin strongly inhibited 18:2-induced cell death (Fig. 8),
which demonstrated that premature cell death in leaf
blades of UBI::BAWRI was at least partially caused by
increased free FAs.

DISCUSSION

WRI1 Has a Conserved Function in FA Biosynthesis and
TAG Accumulation

In the Arabidopsis wril mutant, TAG contents in em-
bryo and endosperm were reduced (Cernac et al., 2006).
Conversely, we found that the number of lipid droplets
was higher in embryo and endosperm of UBI::BAWRI1
expressing B. distachyon (Fig. 3; Supplemental Fig. S2).
Thus, WRI1 has a conserved function during storage
TAG accumulation in seed tissues. It should also be
noted that the structural features of lipid droplets in the
B. distachyon endosperm changed when BAWRI1 was
overexpressed. Most of the lipid droplets tended to
fuse with each other in Bd21-3 (Fig. 3, D-F). In contrast,
more discrete lipid droplets were observed in the
UBI::BAWRI1 lines (Fig. 3, J-L; Supplemental Fig. S2, D-F).
Coalescence of the lipid droplets has also been observed
in oat endosperm (Heneen et al., 2008), probably related
to the amount of lipid droplet-associated proteins, such
as OLEOSIN, present in the tissue.

Furthermore, in addition to the increased TAG con-
tent in leaf blades, ectopic expression of BAWRII also
increased the number and size of lipid droplets in stem
internodes (Supplemental Fig. S3), suggesting that this
approach enhances TAG accumulation in all vegetative
tissues of B. distachyon. These results are consistent with
previous studies conducted in dicotyledonous plants
(Cernac and Benning, 2004; Sanjaya et al., 2011; Dussert
et al., 2013; Kelly et al., 2013; Vanhercke et al., 2013,
2014; Grimberg et al., 2015) and confirm that BAWRI1
has a conserved function in regulating FA and, indi-
rectly, TAG biosynthesis and that ectopic production of
WRIL1 serves as a promising tool for enhancing the en-
ergy density in vegetative tissues of plants.

Although TAG content increased in both storage and
vegetative tissues of UBI::BAWRII plants, the FA com-
position of TAGs in these tissues differed notably. In
grain TAGs, approximately 30% of the FAs were de
novo synthesized 18:1, whereas 18:3 was less than 6%
(Fig. 2E). In striking contrast, the most abundant FA in
leaf TAG was 18:3 (nearly 45% of the FAs in TAG),
while 18:1 made up only 4% (Fig. 4D). Plants can use
alternative routes to produce TAGs: first, TAG assem-
bly from newly synthesized FAs by the Kennedy
pathway, which generates TAGs rich in 18:1; and sec-
ond, from intermediates such as phosphatidylcholine
(PtdCho) subjected to acyl-chain editing, which pro-
vides polyunsaturated FAs or diacylglycerol rich in
polyunsaturated FAs for TAG assembly (Bates and
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Figure 8. Cerulenin strongly inhibits 18:2-induced electrolyte leakage
as an indicator for cell death in B. distachyon leaf blades. Detached
3-week-old leaf blades were inoculated with water containing 200 um
18:2 and 5 um cerulenin (Cer) for 48 h. Conductivity changes were
measured at different time points. Each value represents the mean
and sp of three replicates per experiment. Three-week-old Bd21-3 and
UBI::BdWRIT seedlings not yet showing the cell death phenotype are
shown in the insets. WT, Wild type.

Browse, 2011, 2012; Bates et al., 2012, 2013). Relative
fluxes through these pathways vary widely depending
on plant species, tissues, and developmental stages
(Bates and Browse, 2012), and they are still unclear for
B. distachyon. However, the current results provide ev-
idence that, in B. distachyon, TAG synthesis in storage
tissues may rely more on the Kennedy pathway, while
vegetative tissues may be more dependent on acyl
editing and PtdCho-derived precursors to produce
polyunsaturated FA-containing TAGs.

Functional Divergence of Lipid Metabolism between
Monocots and Dicots

Much of our current understanding of plant gene
function is based on the dicotyledonous model plant
Arabidopsis. Although many proteins show conserved
sequences in different plant species, even highly similar
proteins can play distinct, although related, roles in a
species-specific context. For instance, while grasses and
dicotyledonous plants share many orthologs determin-
ing inflorescence development, the corresponding grass
orthologs display variations in copy numbers, distinct
expression patterns, and functional complexity, which
are likely associated with the distinct inflorescence
morphogenesis in grasses (Zhang and Yuan, 2014). For
example, in the blue light signaling pathway, the inter-
action between CRYPTOCHROME-INTERACTING ba-
sic Helix-Loop-Helix1 (CIB) and CRYPTOCHROME (CRY)
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is evolutionarily conserved. However, the primary
function of the CRY2-CIB complex in Arabidopsis is
the regulation of flowering time, whereas the regula-
tion of leaf senescence appears to be the major physi-
ological function in soybean (Glycine max; Meng et al.,
2013).

Functional divergence between monocotyledonous
and dicotyledonous plants is also prominent in plant
storage lipid metabolism. For example, oilseed plants
such as Arabidopsis and some Brassica spp. have
evolved to accumulate large amounts of TAG as energy
stores in embryonic tissues, whereas B. distachyon and
other Poaceae accumulate large amounts of polysac-
charides in endosperm tissues instead (Penfield et al.,
2004; Guillon et al., 2012). Despite the fact that WRI1
shows conserved function in FA biosynthesis and oil
production in planta, different expression patterns of
WRI1 orthologs or additional phenotypes of the re-
spective overexpression or mutant lines have been
reported in many species. AtWRII is specifically ex-
pressed in siliques, whereas oil palm EQWRI1 is highly
expressed in mesocarp (Tranbarger et al., 2011; Dussert
et al., 2013). The Arabidopsis wril mutant does not
show any obvious phenotype in nonseed tissues (Focks
and Benning, 1998), whereas silencing of WRII ex-
pression in cotton (Gossypium spp.) resulted in in-
creased fiber length (Qu et al., 2012). Here, we observed
that ectopic expression of BIWRI1 caused cell death in
B. distachyon (Fig. 5), which is not observed for Arabi-
dopsis (Supplemental Fig. S5).

Taken together, these findings argue that WRI1-
dependent regulation of carbon flow from sugars to
FAs is an evolutionarily conserved mechanism in plants,
while the specific phenotypes of ectopic expression de-
pend on species context.

TAG Turnover Is Increased in Vegetative Tissues of
B. distachyon

During the course of this work, we specifically tried
to address the species differences between B. distachyon
and Arabidopsis leading to cell death only in B. dis-
tachyon when WRII is ectopically expressed. Since free
FAs could be the causal link to the cell death phenotype,
the metabolic origin of the free FAs in UBI::BAWRI1
plants may provide the necessary insight. The free FAs
accumulating in B. distachyon transgenic plants may
derive from at least three possible sources: (1) de novo
synthesized FAs that directly enter the free FA pool; (2)
recycled FAs derived from PtdCho acyl editing; and (3)
free FAs that arise from the enhanced turnover of leaf
TAG.

In UBI::BAWRI1 leaf blades, the FA composition of
TAG and free FAs was similar, as both contained more
than 60% of polyunsaturated FAs, while 18:1 was pre-
sent at less than 5% (Figs. 4D and 6B), which indicates
that most of the free FAs are unlikely from the de novo
synthesized FA pool. PtdCho is a major substrate for FA
desaturation, and acyl editing of PtdCho is an integral
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component of eukaryotic glycerolipid synthesis (Bates
et al.,, 2007). Therefore, increased amounts of polyun-
saturated free FAs may indicate that the formation of
FAs by PtdCho acyl editing is faster than FA utilization
for TAG and membrane lipid synthesis.

In addition, extensive experimental evidence indi-
cates that free FAs supplied to tissues are sequestered
into TAGs (Roughan et al., 1987; Koo et al., 2005;
Tjellstrom et al., 2015). These TAGs undergo substantial
and rapid turnover (Tjellstrom et al., 2015). Moreover,
the expression of many orthologs presumed to encode
enzymes involved in TAG degradation was induced,
suggesting that this pathway is highly active (Fig.
6C) in UBI::BAWRI plants. In contrast, the composi-
tion of free FAs (Supplemental Fig. S6C) and TAG
(Supplemental Fig. S6D) was strikingly different, and
the TAG degradation pathway was not induced
(Supplemental Fig. S6E) in 355:AtWRI1 Arabidopsis
plants. Based on these data and considerations, leaf
TAG turnover appears to occur more rapidly in B. dis-
tachyon than in Arabidopsis, resulting in the observed
increase in free FAs in UBI::BdWRI leaf blades.

Indirect support for the contribution of TAG turno-
ver to the free FA pool was obtained by a delayed effect
of 18:2 application-induced cell death in UBI::BdAWRI1-
expressing B. distachyon leaves (Fig. 8). Because TAG in
vegetative tissues can serve as a buffer for FAs and,
thereby, protect against free FA-induced cell death
(Kunz et al., 2009; Fan et al., 2013), increased TAG ac-
cumulation in UBI:BAWRI1 vegetative tissues may
enhance the TAG-buffering capacity, allowing the in-
termittent sequestration of applied 18:2. Alternatively,
we cannot rule out that the delayed cell death in
UBI::BdWRI1 lines may be caused by the sequestration
of FAs in other structures such as the epidermis or that
there may be an adaptive response to sublethal levels of
18:2.

Mammalian cells have at least two mechanisms to
prevent free FA-induced cell death: (1) inhibition of FA
synthesis; and (2) sequestration of excess free FAs into
TAGs in lipid droplets (Lee et al., 2010). Similar mech-
anisms exist in plants. For instance, feedback inhibition
of FA biosynthesis has been demonstrated in various
plant systems (Terzaghi, 1986; Shintani and Ohlrogge,
1995; Andre et al., 2012). Additionally, changing the
TAG accumulation in plant cells can influence the
sensitivity to free FA-induced cell death. PDAT1 is
reported to play a role in TAG biosynthesis and lipid
homeostasis in Arabidopsis leaves (Fan et al., 2013,
2014); an Arabidopsis pdat1 trigalactosyldiacylglyceroll
(tgd1) double mutant showed reduced leaf TAG content
compared with a tgdl single mutant and displayed a
hypersensitive response to free FAs (Fan et al., 2013).
Here, we demonstrate an opposite scenario. Although it
has been shown that WRI1 is not directly involved in
the transcriptional control of genes encoding the final
enzymes of TAG synthesis (Baud et al.,, 2009; Maeo
et al., 2009), TAG content increased in UBI::BAWRI1
lines (Fig. 4C). This increased TAG content may have
led to an enhanced protective capacity for free FAs
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applied to the transgenic plants, leading to a delayed
cell death (Fig. 8). These results are consistent with the
notion that TAG pools play an important role in de-
toxifying free FAs also in plants.

CONCLUSION

Increasing energy density in plant biomass by in-
creasing the TAG content is synergistic with efforts to
develop lignocellulosic feedstock for biofuel produc-
tion. Producing only 10% of TAG (by dry weight) in
vegetative tissues will increase the energy yield ap-
proximately 40% in biomass crops compared with fer-
mentation to ethanol alone (Ohlrogge and Chapman,
2011). Thus, the accumulation of TAGs in the vegetative
tissues of biomass crops is a promising strategy. Al-
though ectopic expression of BAWRII induced TAG
accumulation in vegetative tissues of B. distachyon, cell
death was also observed. Second-generation transgenic
B. distachyon plants have to encompass tissue-specific
or inducible expression of WRII to avoid these dele-
terious effects. Because TAGs seem to be rapidly
turned over in B. distachyon leaf blades, inhibition of
TAG degradation along with ectopic expression of
WRII might provide a more viable strategy to
enhance the energy density in monocotyledonous
plants.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) Columbia-2 and 35S:AtWRI1 seeds
(Sanjaya et al., 2011) were sterilized and plated on Murashige and Skoog me-
dium (Murashige and Skoog, 1962) containing 1% (w/v) Suc. After 7 d, the
seedlings were transferred to soil containing 22 pug g ' nitrate, 3.8 ug g '
phosphorus, 63 ug g~ potassium, 75 ug g ' calcium, 57 ug g~ ' magnesium,
34 ug g ' sodium, and 16 ug g~ chloride. Seeds were kept at 4°C for 72 h in the
dark and then grown in 100 to 200 uE m 2 s™* with a 16-h-light/8-h-dark cycle
and 22°C/18°C (day/night). Brachypodium distachyon Bd21-3 and UBI::BAWRI1
grains were wet briefly with 70% (v/v) ethanol and then surface sterilized with
10% (v/v) bleach containing 0.01% (v/v) SDS for 5 min. Grains were rinsed
thoroughly with sterile water five times. The surface-sterilized grains were
placed onto Murashige and Skoog medium without Suc. After 7 d, the seedlings
were transferred to the same soil mentioned above. Plants were grown under
150 wE m % s~ ! with a 16-h-light/8-h-dark cycle and 22°C/18°C (day/night).

Plasmid Construction and B. distachyon Transformation

Total RNA was isolated from 44-d-old Bd21-3 flowers using the Plant RNeasy
RNA extraction kit (Qiagen), and then 0.5 ug of RNA was reverse transcribed using
Moloney murine Leukemia Virus Reverse Transcriptase (Promega) and oligo(dT), fol-
lowing the manufacturers” protocols. A BiWRI1 (Bradi4g43877) overexpression con-
struct was built by amplifying a 1.27-kb full-length complementary DNA sequence
using forward 5-GGGGGTACCCATGAAGAGATCCCCTCCTCAGCCGTC-3'
and reverse 5-GGGGAATTCTCAATTGCACACAGTGATCATTTTTGG-3' primers
and inserting it using restriction enzymes into pENTR2B (Thermo Fisher). These entry
clones are recombined into the plant expression vector pIPKb002 (Himmelbach et al.,
2007) using LR clonase (Thermo Fisher). Entry and expression clones were verified by
sequencing. Transgenic B. distachyon plants harboring the BiWRII overexpression
construct were regenerated from Agrobacterium tumefaciens-mediated transformed
Bd21-3 embryonic callus tissue (Vogel and Hill, 2008) using A. tumefaciens strain
AGL-1 and medium supplemented with 40 units mL ™" hygromycin B (Phyto-
technology Laboratories).
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Lipid Analysis

TAG and free FA analyses were performed as described previously but with
minor modifications (Sanjaya et al., 2013). B. distachyon or Arabidopsis leaf
tissues were harvested and freeze dried. Total lipids were extracted from ap-
proximately 20 mg of dry tissues or five dry grains with lipid extraction buffer
(chloroform:methanol:formic acid, 10:20:1, v/v), with 10 ug of tri-17:0 TAG
(Sigma) and 10 ug of 15:0 (Sigma) added as internal standards. Total lipid
samples were separated by TLC on silica plates (Si250PA; Mallinckrodt Baker)
developed with ether:ethyl ether:acetic acid (80:20:1, v/v). After development,
TAG and free FA bands were sprayed with 0.01% (v/v) Primuline in 80% (v/v)
acetone and visualized under UV light. TAG or free FA bands were isolated
from the TLC plate. FA methyl esters were prepared and quantified as de-
scribed (Wang and Benning, 2011).

Quantitative Real-Time PCR

Total RNA from 4-week-old Arabidopsis leaves or 8-week-old B. distachyon
leaf blades was isolated using an RNeasy Plant Mini Kit (Qiagen). One micro-
gram of total RNA was used to synthesize complementary DNA using Su-
perScript IIT Reverse Transcriptase (Invitrogen). Quantitative RT-PCR was
performed using the SYBR Green PCR Core Reagents mix (Thermo Fisher)
following the manufacturer’s manual. Supplemental Table S1 lists the primers
used in this research. The 2" calculation as described in (Livak and
Schmittgen, 2001) was used to determine the relative mRNA levels.

Electrolyte Leakage Assay

Electrolyte leakage assays were performed as described (Gilmour et al.,
1988), but with minor modifications. Three to four 3-week-old detached
B. distachyon leaf blades were immersed in 5 mL of deionized water, and the
samples were gently agitated for 3 h. Conductivity was measured using a
conductance meter (YSI model 35). One hundred percent leakage was obtained
by placing the leaves in —80°C for 1 h. Electrolyte leakage was expressed as a
percentage of the final ion leakage.

Microscopy

Lipid droplets were observed using Nile Red staining. B. distachyon dry
grains were first treated with fixation buffer (4% [v/v] paraformaldehyde and
0.25% [v/v] glutaraldehyde in phosphate-buffered saline [PBS], pH 7), then
stained with 0.1% (w/v) Nile Red (Molecular Probes) in acetone for 20 min at
room temperature, and briefly rinsed with PBS buffer (8.0 gL' NaCl,02 g L' KCl,
144 ¢ L' Na,HPO,, and 0.24 g L' KH,PO,, pH 7.4). B. distachyon leaf blades and
internodes were directly stained with 0.1% (w/v) Nile Red for 20 min at room
temperature without fixation and briefly rinsed with PBS buffer. Neutral
lipids were observed using an Olympus FluoView 1000 Laser Scanning
Confocal Microscope with excitation at 488 nm and emission at 550 to 670 nm.
The number and size of lipid droplets in B. distachyon grains were measured
using Fluoview Viewer (Olympus).

ROS production was analyzed using H,DCF-DA (Invitrogen) following the
manufacturer’s manual. Detached leaf tissues from 8-week-old B. distachyon or
4-week-old Arabidopsis were incubated in H,DCF-DA staining buffer (10 um
H,DCF-DA in PBS buffer). Vacuum was applied for 20 min followed by
staining for 20 min at room temperature. After staining, the tissues were briefly
washed with PBS buffer. The fluorescence signal was detected using an
Olympus FluoView 1000 Laser Scanning Confocal Microscope with excitation
at 488 nm and emission at 535 nm.

Production of H,0, was examined following staining with DAB. B. dis-
tachyon leaf blades (8 weeks old) were harvested and immersed in 1 mg mL ™"
DARB solution (pH 3.8). Vacuum was applied for 20 min followed by staining for 8 h
in the dark at room temperature. After staining, samples were cleared with clearing
buffer (ethanol:acetic acid:glycerol, 3:3:1, v/v) at 95°C. Samples were examined
using a Leica MZ125 microscope.

FA Treatment

The 18:2 and 16:0 FAs and cerulenin were purchased from Sigma and dis-
solved in ethanol. FA treatment was performed as described (Fan et al., 2013),
with minor modifications. Detached 3-week-old B. distachyon leaf blades were

floated in water containing 0.0005% (v/v) Tween 20, 0.25% (v/v) ethanol, and
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various concentrations of free FAs (0, 50, 100, or 200 um) in light. The control
was treated with water containing 0.0005% (v/v) Tween 20 and 0.25% (v/v)
ethanol. Cerulenin was added at a final concentration of 5 ug mL .

The Arabidopsis Genome Initiative locus identifiers (https://www.
arabidopsis.org/) used in this study are as follows: At3g54230 (AtWRI1), At5g04040
(AtSDPI), Atdg16760 (AtACXI), At5g65110 (AtACX2), At3g05970 (AHLACSG),
At5g27600 (AtLACS7), At1g04710 (AtKATI), At2¢33150 (AtKAT2), At3g06860
(AtMFP2), and At2¢37620 (AtACTIN1I). Accession numbers for B. distachyon locus
identifiers (http:/ /www.phytozome.net/) are as follows: Brai4g43877 (BAWRII),
Bradi2g45620 (BAPKPB1), Bradilg46610 (BAKAS), Bradilg01000 (BAACP1),
Bradi2g50610 (BASDP1-1), Bradilg04310 (BASDP1-2), Bradilg52320 (BAACXI),
Bradidg14090 (BAACX2), Bradidg26610 (BALACS6), Bradidgd2950 (BALACSY?),
Bradi2g43020 (BAMFP2-1), Bradi4g28310 (BAMFP2-2), Bradidg28310 (BAMFP2-3),
Bradi3g27960 (BAKAT1), Bradi3g55420 (BAKAT2), and Bradidg00660 (BAUBC1S).
Accession numbers for all the AP2-containing proteins in B. distachyon were
obtained from Phytozome (https://www .arabidopsis.org/) and are shown in

Figure 1.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Alignment of WRI1 amino acid sequences from
B. distachyon and Arabidopsis.

Supplemental Figure S2. Lipid droplets are abundant in embryo and en-
dosperm of UBI::BAWRI1 line 5A dry grains.

Supplemental Figure S3. Lipid droplets in the internodes of UBI::BAWRI1
plants.

Supplemental Figure S4. Ectopic expression of AtWRII also led to cell
death in B. distachyon.

Supplemental Figure S5. Ectopic expression of AtWRII in Arabidopsis did
not lead to cell death.

Supplemental Figure S6. No induction of TAG turnover in 35S::AtWRI1
vegetative tissues of Arabidopsis.

Supplemental Figure S7. Palmitic acid (16:0) treatment of B. distachyon leaf
blade results in cell death.

Supplemental Table S1. PCR primers used in RT-PCR.
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