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Abstract:

The tnacylglycerols (TAGs; 1.e_, oils) that accumulate in plants represent the most
energy dense form of biological carbon storage, and are used for food, fuels, and
chemicals. The increasing human population and decreasing amount of arable land
have amplified the need to produce plant oil more efficiently. Engineering plants to
accumulate oils In vegetative tissues is a novel strategy, because most plants only
accumulate large amounts of lipids in the seeds. Recently, tobacco (Nicotiana tabacum)
leaves were engineered to accumulate oil at 15% of dry weight due to a push
(increased fatty acid synthesis) and pull (increased final step of TAG biosynthesis)
engineering strategy. However, to accumulate both TAG and essential membrane lipids,
fatty acid flux through non-engineered reactions of the endogenous metabolic network
must also adapt, which i1s not evident from total oil analysis. To increase our
understanding of endogenous leaf lipid metabolism and its ability to adapt to metabolic
engineering, we utilized a sernies of in wvitro and in vivo experiments to charactenze the
path of acyl flux in wild-type and transgenic oil-accumulating tobacco leaves. Acyl flux
around the phosphatidylcholine acyl editing cycle was the largest acyl flux reaction in
wild-type and engineered tobacco leaves. In oil-accumulating leaves, acyl flux into the
eukaryotic pathway of glycerolipid assembly was enhanced at the expense of the
prokaryotic pathway. However, a direct Kennedy pathway of TAG biosynthesis was not
detected as acyl flux through phosphatidylcholine preceded the incorporation into TAG.
These results provide insight into the plasticity and control of acyl lipid metabolism in

leaves.

Introduction

A finite supply of petroleum and a growing demand for energy to support

increasingly industrnialized nations are global factors that emphasize the vital need to
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develop renewable and sustainable sources of energy dense liquid fuels. The demand
is further exacerbated by growing populations and concems linked to fossil fuel use and
associated waste streams. Seed-denved vegetative oil, mainly consisting of
tnacylglycerol (TAG), provides a sustainable altemative. TAG-based plant oils are one
of the most energy-dense compounds found in nature. Plant oils are predominantly
used in the food industry (—~80%), with the remainder supplying oleochemical production
(Carlsson et al_, 2011). Due to their high energy density, they are increasingly viewed as
an attractive feed stock for production of biofuels (Lu et al_, 2011). Breeding programs
and crop research in the last half century have substantially raised yields of oilseed
production, taking advantage of improved land, nutrient management, and more
efficient farming practices. Nevertheless, further gains in yield will require innovative, if
not disruptive, scientific approaches. The amount of arable land is finite and decreasing
with urban sprawl. As the world population continues to grow, agriculture production
must do more with less to meet food and energy demands. Non-seed denved plant oils
which can accumulate more lipids per acre of land are an attractive strategy, including
the production of oils in vegetative tissues of high biomass crops (Vanhercke et al,
2019).

Attempts to engineer oil in non-seed tissues have demonstrated increased TAG
levels by targeting different aspects of lipid biosynthesis, storage, and protection. These
include leaf, stem, tuber, root, or vanous vegetative tissues, in multiple plant species
including: Arabidopsis (Arabidopsis thaliana), tobacco (Nicotiana tabacum), potato
(Solanum tuberosum), sorghum (Sorghum bicolor), and sugarcane (Saccharum
officinarum) (reviewed in: Rahman et al_, 2016; Xu and Shanklin, 2016; Vanhercke et
al_, 2019). Our previous work generated a high oil (HO) tobacco line that accumulated
more than 15% dry weight TAG in leaf tissue by overexpressing: the Arabidopsis
transcription factor WRINKLED1 (AtWRIT) that upregulates glycolysis and fatty acid
synthesis (Focks and Benning, 1998; Cemac and Benning, 2004; Ma et al_, 2013); the
Arabidopsis TAG  biosynthetic enzyme  ACYL-CoA: DIACYLGLYCEROL
ACYLTRANSFERASE 1 (AtDGATT) (Katavic et al., 1995; Zou et al_, 1999); and the
Sesamum indicum OLEQOSIN gene in a combined push and pull strategy (Vanhercke et
al_, 2014). The genetic changes in the HO line produced a large accumulation of fatty
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acids in leaf TAG. However, the relationship between TAG synthesis and the underlying
leaf lipid metabolic network (Fig. 1), including effects on the accumulation of essential
leaf photosynthetic membranes, i1s unknown. The path (or flux) of fatty acids from
synthesis in the chloroplast to assembly into TAG in the endoplasmic reticulum (ER) is
critical to effectively control the amount and fatty acid composition of TAG without
detnimentally affecting membrane production. In particular for plant oil-based biofuels,
TAG containing high levels of monounsaturated fatty acids (e.g. oleate, 18:1 (# carbons:
# double bonds)) are desirable for the optimal mix of energy density, cold flow
properties, and oxidative stability of the fuels (Durrett et al., 2008). The HO leaves
accumulate TAG containing ~30% oleate and ~33% polyunsaturated fatty acids (PUFA)

(Vanhercke et al_, 2014), indicating that substantial improvement of TAG composition

A
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may be possible through further engineenng. Changes to the PUFA level in plant TAG
are dependent on acyl flux through membrane lipid bound fatty acid desaturases
(Bates, 2016), however the impact of enhanced leaf oil production on acyl flux through
this biosynthetic network is less clear (Fig. 1).

Plant leaves have two parallel metabolic pathways of glycerol-3-phosphate (G3P)
acylation to produce membrane glycerolipids which have been charactenzed
biochemically and genetically over the past 50 years, and reviewed extensively, for
example: Roughan and Slack, 1982; Ohlrogge and Browse, 1995; Li-Beisson et al,
2013; Hurlock et al_, 2014; Allen et al_, 2015; LaBrant et al_, 2018; Holzl and Dormann,
2019._ In bnef, plants synthesize fatty acids while esterified to acyl camer proteins (ACP)
in the plastid. The plastid localized “prokaryotic” pathway of glycerolipid synthesis
utilizes acyl-ACPs to esterify 18:1 and 16:0 fatty acids to the sn-1 and sn-2 positions of
G3P respectively, producing first lysophosphatidic acid (LPA), then phosphatidic acid
(PA). Phosphatidylglycerol (PG) is produced from prokaryotic PA in the plastid, where
only “16:3" plants (including tobacco), also dephosphorylate PA to diacylglycerol (DAG)
producing a prokaryotic glycerolipid backbone containing a sn-2 16-carbon fatty acid for
synthesis of some of the plastid localized galactolipids, monogalactosyldiacyglycerol
(MGDG) and digalactosyldiacylglycerol (DGDG) (Mongrand et al., 1998). Plastid
localized desaturases produce the 16:3 by desaturation of the 16:0 incorporated into the
sn-2 position of MGDG and DGDG (Li-Beisson et al_, 2013). The glycerolipid backbone
for the remaining galactolipids (or all galactolipids in 18:3 plants) is produced by the
“eukaryotic” pathway in the endoplasmic reticulum (ER) utilizing ER localized lipid
assembly enzymes. In the eukaryotic pathway, free fatty acids are exported from the
plastid and activated to acyl-CoAs pnor to utilization by extra-plastidic acyltransferases.
The production of PA parallels that of the prokaryotic pathway except that 18-carbon
fatty acids are found at both sn-1 and sn-2. Any 16:0 present is localized to the sn-1
position (Frentzen et al, 1983), and is not further desaturated. Subsequent
dephosphorylation of PA produces the eukaryotic DAG backbone for synthesis of the
major ER membrane lipids phosphatidylcholine (PC) and phosphatidylethanolamine
(PE) (Li-Beisson et al., 2013). The production of eukaryotic galactolipids involves the
plastid localized assembly of MGDG from a eukaryotic DAG moiety denved from PC,



135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

although the exact lipid that is transported from the ER to the plastid is unclear, but
could be PC, or the PC-derived intermediates PA or DAG (Hurlock et al., 2014,
Maréchal and Bastien, 2014; LaBrant et al_, 2018; Karki et al_, 2019).

Direct production of leaf TAG containing oleate in the HO tobacco line could
occur through utilization of newly synthesized oleoyl-CoA by the Kennedy pathway (Fig.
1A); however, the presence of PUFA in HO TAG indicates that other mechanisms of
acyl flux must be involved. Reactions which exchange acyl groups on and off PC are
integral to the eukaryotic pathway. PC is the site of ER localized fatty acid desaturation
of oleate (18:1%%) to make the PUFAs linoleate (18:2%'?) and a-linolenate (18:3%%121%)
(Li-Beisson et al.,, 2013). PUFAs can enter the acyl-CoA pool to be used by the
eukaryotic pathway acyltransferases through a PC deacylation and lyso-PC acylation
cycle coined “acyl editing” (Fig. 1B) (Bates et al., 2007). Through acyl editing oleate is
incorporated into PC for desaturation, and the comesponding PUFA can reenter the
acyl-CoA pool to be used for the synthesis of glycerolipids by Kennedy pathway
reactions (Bates, 2016). Quantitative analysis of acyl flux through the eukaryotic
pathway with in vivo metabolic labeling has indicated that most nascent fatty acids first
are incorporated into PC through acyl editing prior to acylation of G3P, and that fatty
acid flux around the acyl editing cycle is the largest lipid metabolic flux in many plant
tissues including: developing pea (FPisum sativum) leaves (Bates et al_, 2007); soybean
(Glycine max) and camelina (Camelina sativa) embryos (Bates et al_, 2009; Yang et al_,
2017); and Arabidopsis seeds, leaves, and cell cultures (Bates et al_, 2012; Tjellstrom et
al., 2012; Wang et al, 2012; Karki et al.,, 2019). Mechanisms of acyl transfer from
membrane lipids into TAG also include membrane lipid tumover resulting in DAG
containing PUFAs that are used for TAG biosynthesis (Fig. 1C) (Bates, 2016). In
various ollseed tissues PC-denived DAG is the major source for TAG synthesis (Bates
et al_, 2009; Bates and Browse, 2011; Yang et al_, 2017). In leaves, DAG derived from
chloroplast galactolipids can also be used to produce TAG by homeostatic mechanisms
(Xu and Shanklin, 2016), and during stress (Sakaki et al_, 1990; Moellering et al_, 2010;
Marayanan et al_, 2016; Ansz et al_, 2018). Thus, the composition of TAG produced in
leaves I1s a consequence of the relative rates of acyl flux through vanous membrane

lipid pools, and the relative rate of fatty acid desaturation within these lipid pools.
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The expression of the genes encoding AIWRI1, AIDGAT1, and sesame
OLEOSIN have led to an increased level of fatty acid synthesis and accumulation of
TAG in leaves of the HO tobacco line (Vanhercke et al_, 2014). Transcriptomic analysis
of the HO line indicated upregulation of glycolysis and fatty acid synthesis (Vanhercke
et al_, 2017), consistent with the function of WRI1 in plant tissues (Focks and Benning,
1998; Ma et al., 2013). However, there was little to no change in expression of the
acyltransferases involved in TAG and membrane lipid assembly (Vanhercke et al,
2017). Previous studies have indicated that transcript abundance may not cormrelate with
protein levels (Hajduch et al, 2010; Vogel and Marcotte, 2012), and transcnpt
abundance alone is a poor indicator of metabolic flux (Femie and Stitt, 2012;
Schwender et al_, 2014; Allen et al_, 2015). Thus, the path of acyl flux through the lipid
metabolic network into TAG is unclear (Fig. 1A-C), including if tumover of the abundant
chloroplast lipids in leaves may be feeding TAG biosynthesis. Future leaf oil engineerning
efforts may need to specifically target these facets of the lipid metabolic network to
optimize leaf TAG accumulation and composition. Therefore, to better understand the
pathways of acyl flux in wild-type tobacco leaves, and how these pathways are altered
when accumulating high levels of leaf TAG in the transgenic HO line, we performed a
series of in vitro enzymatic assays, and in vivo continuous pulse and pulse-chase
metabolic labeling studies that provide new insights into tobacco leaf lipid metabolism

and its engineenng.
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Results

Engineering leaf TAG accumulation also effects the accumulation of leaf

membrane lipids

The HO line has a large increase in leaf TAG accumulation (Vanhercke et al,
2014), which was confirmed in the current effort. Our results indicate that the boost in
TAG was accompanied by changes to leaf membrane lipid abundance (Fig. 2). PC and
DAG increased whereas other membrane lipids including the galactolipids that are the
bulk of the chloroplast photosynthetic membranes, decreased, compared to the wild-
type (WT) (Fig. 2A). The difference in lipid abundance was also reflected through
changes In fatty acid compositions (Fig. 3). Total leaf fatty acid composition (Fig. 3A) of
the HO line reflected alterations in the fatty acid composition of TAG (Fig. 3B) which
accumulated as the major lipid product (Fig. 2A). PC had a notable decrease in the
unsaturation index as 18:3 decreased and 18:1 significantly increased (Fig. 3C). MGDG
16:3 content decreased by half and 18:2 significantly increased (Fig. 3D). The change in
MGDG fatty acid composition was predominantly due to a reduction in 16-carbon fatty
acids at the sn-2 position, indicating an ~40% reduction in the proportion of prokaryotic
pathway produced MGDG (Supplemental Fig. S1A-C).

Considenng that acyl and glycerol flux through PC is key to producing other
membrane lipids, we calculated the ratio of membrane lipids to PC (Fig. 2B). The
lipid/PC ratios dropped in the HO line and indicated a change in the redistribution of
fatty acid from PC to other lipids, though it is less clear iIf this i1s a consequence of
reduced biosynthesis, or enhanced tumover, or both. To better understand the changes
in the lipid metabolic network that accommodate TAG accumulation, the flux of acyl
groups through the lipid metabolic network was analyzed by both in vifro assays and in

vivo tracing of leaf lipid metabolism in the WT and HO line.

A direct linear Kennedy pathway of TAG biosynthesis is not active in WT or HO

leaf microsomes
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that produce TAG through the linear Kennedy pathway in plants (Barron and Stumpf,
1962; Stymne and Stobart, 1984; Bafor et al_, 1991). To determine if a direct Kennedy
pathway of TAG biosynthesis (Fig. 1A) is present, we assayed WT and HO tobacco leaf
microsomes for TAG production with [”C]GBP and 18:1-CoA (Fig. 4). No significant
TAG accumulation was detected within a 60 min assay, though the total label in lipids
produced by HO microsomes was approximately 5-fold higher than that in the WT
suggesting an overall upregulation in de novo glycerolipid assembly. In the HO line PA
was the maijor labeled product, suggesting that PA conversion to DAG may be limiting in
the isolated microsomes. The in wvifro results indicate that efficient channeling of
substrates into TAG through a Kennedy pathway (Fig. 1A) may not occur in the HO ling;
however, since some proteins can be lost dunng microsomal preparation, additional in
vivo pulse and pulse-chase metabolic labeling expenments were performed to further
study the acyl flux through lipids.

10
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TAG accumulation alters the relative flux of nascent fatty acids into the

eukaryotic and prokaryotic pathways of glycerolipid assembly

To understand how the push and pull engineering approach to produce leaf TAG
(Vanhercke et al_, 2014) affects the initial flux of newly synthesized fatty acids into the
endogenous leaf lipid metabolic network (Fig. 1), we performed a continuous
['*Clacetate metabolic labeling of 3-120 minutes on leaf disks from 66-day-old WT and
HO plants. [14C]a(:etate Is incorporated into the acetyl-CoA pool utilized for fatty acid

11
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synthesis (Fig. 1), and short time point labeling is instructive for charactenzing the initial
steps of nascent acyl flux into the lipid metabolic network (Allen et al., 2015). Total
incorporation of [*Clacetate into leaf lipids was linear for both the WT and the HO line
over the 120 min time course, and there was no statistical difference in total label
between genotypes at any time point (Supplemental Fig. 52). However, linear
regression indicated slopes of 50.5 = 1.9 DPM pg c:hl-:m::ph'_..r'lI'1 min™' in the WT, and 43.1
+ 1.3 DPM pg chlorophyll” min™ in the HO line. The slopes were significantly different
with a p-value = 0.0035. The reason for the reduced slope of [14C.]acetate incorporation
into lipids of the HO line is not immediately clear, however it could be due to dilution of

the exogenous [14C.]acetate by the much larger flux of endogenous carbon into acetyl-

12
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CoA and fatty acid production in the HO leaf cells compared to that in the WT.
Therefore, we nomrmalized the total accumulation of HO lipids to the WT average total
lipid accumulation at each time point (Fig. 5) so that the relative rates of synthesis of
individual lipid classes between the genotypes could be compared. The normalization
slightly increased the total DPM pg chlorophyll in each lipid class, but the pattern of
lipid synthesis essential for determining precursor-product relationships was unchanged
regardless of whether data was normalized (Fig. 5) or not (Supplemental Fig. S3).

In WT leaves most newly synthesized fatty acids accumulate in PC and MGDG
across the time course with only minor amounts in TAG (Fig. 5A). At early time points
PC is the major labeled lipid (Fig. 5C), and both PC and MGDG accumulate labeled
fatty acids at similar initial rates (Table 1) but by 120 min MGDG accumulates more
label (Fig. 5A, 5C). These resulis are consistent with: 1) PC as a first product of nascent
fatty acid incorporation into ER lipids (Bates et al., 2007; Tjellstrém et al_, 2012); 2) de
novo synthesis of MGDG through the prokaryotic pathway; and 3) the precursor-product
relationship of PC and MGDG over time as acyl groups move through the eukaryotic
pathway of galactolipid synthesis (Li-Beisson et al., 2013). All other membrane lipids
initially accumulated little radiolabel, but slowly increased over time. This is consistent
with the redistribution of nascent fatty acids from PC to other lipids through acyl editing
(Bates et al., 2007; Bates, 2016), and the conversion of MGDG to DGDG within the
plastid (Kelly and Dormann, 2004; Hurlock et al_, 2014; LaBrant et al_, 2018).

The incorporation of nascent fatty acids into lipids of HO leaves was dramatically
different (Fig. 5B, 5D). Similar to the WT, in the HO line PC was the most labeled lipid at
the earliest ime points (Fig. 5D) and had a similar rate of label accumulation (Table 1).
However, the next most labeled lipid was TAG (rather than MGDG of the WT, Fig. 5C)
and the initial rate of nascent fatty acid incorporation into TAG was 119-fold higher than
in the WT (Table 1). At the 3 min time point there was over twice the amount of nascent
fatty acids in PC (395 £ 3.9 DPM/ug chl) than TAG (17.0 = 4.4 DPM/ug chl). However,
the accumulation of labeled fatty acids in TAG continued to accelerate surpassing PC
by 15 min, and by 120 min TAG accumulated 1.7-fold more labeled fatty acids than PC,
representing ~48% of total labeled lipids (Fig. 5B, 5D). This result is consistent with the

very large mass accumulation of TAG in HO leaves (Fig. 2). Despite the larger mass

13
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accumulation of TAG over time, the more rapid labeling of PC at initial time points
suggests a PC-TAG precursor-product relationship for fatty acid flux.

PE which is produced in the ER through the eukaryotic pathway similar to PC
and TAG, did not have a significant difference in the rate of synthesis with nascent fatty
acids in the WT and the HO line (Table 1). However, there was a significant decrease in
the rates of nascent fatty acid incorporation into chloroplast lipids MGDG (-4.9 fold),
DGDG (-2.5 fold), and PG (-1.9 fold) (Fig. 5, Table 1) in the HO line as compared to the
WT . For each of these lipids the initial rates of labeling represents synthesis through the
prokaryotic pathway, whereas eukaryotic pathway synthesis occurs over much longer
time scales as labeled fatty acids move through PC and ER-derived lipids and
eventually retum to the chloroplast (Browse et al_, 1986). Therefore, the results suggest
a shift in fatty acid allocation to the eukaryotic pathway over the prokaryotic pathway for
the production of TAG in the transgenic line.

In Figure 6 we estimated the relative flux of nascent fatty acids into the
eukaryotic and prokaryotic glycerolipid assembly pathways by comparing the
accumulation of label in ER localized (PC, PE, TAG) and plastid localized (MGDG,
DGDG, PG) lipids. The metabolic labeling of WT leaves showed that nascent fatty acids
accumulated into ER lipids at a slightly greater rate than plastid lipids (Fig. 6A). Linear
regression of the initial phase of glycerolipid assembly (first 10 min) indicated that flux of
newly synthesized fatty acids into glycerolipids was 203 +46 and 17.1 £ 1.5 DPM pg
chlorophyll”’ min™ for ER and plastid lipids, respectively. The initial ER/plastid ratio at 3
min of labeling was ~2 .4 but dropped to 1.3 by 10 min. This change is likely reflected by
the lipids quantified at these time points. In the eukaryotic pathway nascent fatty acids
exported from the plastid are initially directly incorporated into PC, but in the prokaryotic
pathway nascent fatty acids are first incorporated into LPA, PA, and DAG pror to
MGDG synthesis (Allen et al., 2015). Considering that lipid classes LPA, PA, and DAG
occur in both pathways (Fig. 1) they were not included in the analysis. Therefore, the
lag in acyl flux through intermediates of the prokaryotic pathway at short ime points
may explain the ratio favoring the eukaryotic pathway at short time points. The changing
ratio of labeled fatty acids in ER/plastid lipids stabilized by 10 min, then slowly

decreased over the time course. However, in the HO line the relative initial rate of newly

14
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0.6 DPM pg chlorophyll”” min™, respectively. Thus, the eukaryotic pathway accounted
for a 9-fold higher flux of fatty acids into glycerolipids than the prokaryotic pathway of
the HO line. Similar to the WT, in the HO line the ER/plastid ratio for labeled fatty acid
accumulation stabilized by 10 min and then decreased over the time course (Fig. 6B).
The decrease in the ER/plastid ratio over time in both genotypes likely represents the
PC-galactolipid precursor-product relationship of the eukaryotic pathway.

In Figure 5 and 6, the accumulation of newly synthesized fatty acids in MGDG
can be due to both the prokaryotic and eukaryotic pathways. To determine if the
reduction in accumulation of labeled MGDG is due to reduced acyl flux through the
prokaryotic, eukaryotic, or both pathways we collected MGDG from the 30 and 120 min
time points and analyzed the radioactivity in individual molecular species (Supplemental
Fig. 54 and S5). The prokaryotic pathway initially produces the 18:1/16:0 molecular
species of MGDG which is further desaturated to predominantly 18:3/16:3 (Ohlrogge
and Browse, 1995). Eukaryotic MGDG is indicated to be synthesized from a
polyunsaturated-containing-DAG ultimately denved from PC, and is further desaturated
to predominantly 18:3/18:3 in the plastid (Slack et al., 1977; Ohlrogge and Browse,
1995). Therefore, 18/16-carbon-containing molecular species are representative of the
prokaryotic pathway, and 18/18-carbon molecular species are representative of the
eukaryotic pathway. The accumulation of MGDG through each pathway i1s summanzed
in Table 2. The analysis of MGDG molecular species gave four insights into the acyl flux
through the prokaryotic and eukaryotic pathways: (1) the HO line had a reduced
proportion of prokaryotic MGDG molecular species (and thus increased eukaryotic
proportion) as compared to the WT; (2) however with the very large decrease in total
“C-MGDG accumulation (Fig. 5), the total acyl flux into MGDG through the eukaryotic
pathway was reduced by over 30% and acyl flux through the prokaryotic pathway was
reduced by over 70% (Table 2); (3) both lines had an increase in eukaryotic molecular
species from 30 to 120 min of labeling (Table 2) consistent with the role of the
eukaryotic pathway for PC tumover to produce plastid galactolipids, and consistent with
the decrease in the ER/plastid accumulation ratio of Fig. 6; (4) the profile of prokaryotic
and eukaryotic MGDG molecular species in the HO line suggested a reduced rate of

plastid desaturation, as compared to the WT (Supplemental Fig. $5). Therefore, an
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increase In the total flux of newly synthesized acyl groups into ER lipids (mostly TAG,
Fig. 5, 6), and a reduction in acyl flux into plastid lipids through both the prokaryotic and
eukaryotic pathways (Table 2) contnbuted to the dramatic redistribution of acyl flux
through the lipid metabolic network in the HO tobacco line.

Regiochemical analysis indicates limited changes in pathway structure for initial

steps of ER glycerolipid assembly

To better understand which branches of the lipid metabolic network (Fig. 1) are
involved in the altered flux of nascent fatty acids into membrane lipids and TAG of the
HO line as compared to the WT, we performed regiochemical analysis (Fig. 7) of
labeled DAG, PC and TAG across the [14C]a{:etate labeling time course from Fig. 5. In
both the WT and the HO line newly synthesized fatty acids were initially incorporated
more on the sn-1 position relative to the sn-2 position of the total labeled DAG pool, but
this was quickly equilibrated to approximately equal distribution by 10 min (Fig. 7A, B),
and there was no statistical difference in stereochemical labeling in DAG between the
lines. The higher initial labeling of DAG sn-1 position over sn-2 has previously been
reported in the predominantly eukaryotic de novo DAG pools of developing soybean
embryos and Arabidopsis seeds (Bates et al, 2009; Bates et al., 2012). Rapid
equilibrium of labeling across stereochemical positions in tobacco plants may also
represent a substantial contribution of prokaryotic DAG which is produced from only
nascent fatty acids (Ohlrogge and Browse, 1995), and thus the labeled fatty acids will
be evenly distributed across both positions as demonstrated for prokaryotic lipids in
rapeseed (Brassica napus) leaves (Williams et al., 2000). In contrast to DAG, newly
synthesized fatty acids accumulated predominantly in the sn-2 position of PC across the
time course in both plants (~-63-70% WT and 67-76% HO). The slightly more nascent
fatty acids at the sn-2 position of PC in the HO line was only significant at the 3- and
120-min time points (Fig. 7C, D). The PC stereochemical labeling is consistent with
previous leaf, seed, and cell culture analyses where a single nascent fatty acid is initially
incorporated next to a previously synthesized fatty acid within PC (with preference for

sn-2 over sn-1) through acyl editing as nascent fatty acids leave the plastid (Bates et al_,
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2016; Karki et al_, 2019).

Partial TAG lipase digestions of labeled TAG from both plants revealed that most
labeled acyl groups were released by the lipase in the free fatty acid fraction (sn-1 or
sn-3) and little remained in the monoacylglycerol fraction (sn-2) (Figure 7E, F).
Considenng the similar labeling of the sn-1 and sn-2 position of DAG, the low sn-2
labeling of TAG suggests that most TAG labeling within this short time course
represents incorporation of a newly synthesized radiolabeled fatty acid onto the sn-3
position of an unlabeled DAG molecule, and does not reflect the rapidly produced
eukaryotic de novo DAG that might be expected from a direct Kennedy pathway of TAG
synthesis (Fig. 1A). Together the DAG, PC and TAG regiochemical analysis suggests
that even though there are big differences between the WT and the HO line for the
quantity of acyl flux into eukaryotic pathway lipids, the initial steps of eukaryotic
glycerolipid assembly (or the initial structure of the eukaryotic lipid network) between
these genotypes do not vary considerably.

Nascent acyl groups initially incorporated into PC are redistributed differently
between the WT and the HO line.

The short time point [14C]a{:etate labeling in Fig. 5 demonstrated that a majonty
of newly synthesized fatty acids are initially incorporated into PC of both genotypes. The
redistnbution of fatty acids from PC to other lipids over time was assessed through an
additional pulse-chase expenment (Fig. 8, Fig. 9). Leaf disks of 73-day-old plants were
pulsed with [“C]acetate for 0.5 hours, rinsed and incubated without the radiolabel for up
to 22 hrs. In both plants the total "C-labeled lipids increased throughout the pulse and
chase periods (Fig. 8). Dunng the pulse, labeled lipids accumulated at the most rapid
rates (4800 = 500 and 9600 + 900, DPM ug c:hl-:th::-[:uh'g.urll'1 hr' in WT and HO,
respectively). During the first 2 hrs of the chase perniod the rate of labeled lipid
accumulation was reduced 6-7 fold to 840 = 210 and 1300 + 340 DPM pg chi hr' in
WT and HO leaves respectively, which likely represents continued uptake of
[14C]acetate during the washes. Finally from 2-22 hrs radiolabel accumulated at even
slower but constant rates of 330 £ 90 and 250 = 50 DPM pug chi’ hr‘1, which may
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tissue during the pulse but utilized at a slower rate, as compared to the bulk of the
['*Clacetate substrate. Therefore, the experiment should be considered a rapid C
pulse that is followed by labeling with a significantly lower concentration of [14C]acetate
(15-38 fold lower based on initial and final rates). This distinction is relevant when
comparing the total accumulation of radiolabel in individual lipid classes (Fig. 9A-B) to
the relative radiolabel accumulation between lipid classes in each genotype (Fig. 9C-D).
Similar to the short time point pulse expenment (Fig. 5, Fig. 6), the HO line accumulated
labeled fatty acids predominantly in ER lipids across the time course, whereas labeling

of ER and plastid lipids was similar across the time course in the WT (Fig. 8).
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In the WT all individual lipid classes accumulated “C acyl groups during the
pulse-chase but at different rates across the time course (Fig. 9A). At the end of the
pulse, PC contained the most C with over 2.6-fold more *C than any other lipid, but
the rate of labeled fatty acid accumulation in PC continued to slow down across the
chase time course. During the chase, the accumulation of 'C fatty acids increased in
MGDG relative to PC such that by the end of the time course they contained similar
amounts of total labeled fatty acids. The results are consistent with the PC-MGDG
precursor-product relationship of the eukaryotic pathway in leaves, and the
redistnbution of nascent acyl groups from PC to other ER localized lipids through acyl
editing (Fig. 1). In HO leaves the [“Clacetate pulse-chase results are distinct. Initially
PC contained the most label after the pulse but was surpassed by TAG before the 2 hr
time point (Figure 98, D). By the end of the 22 hr chase penod TAG accumulated = 4 9-
fold more ™C fatty acids than any other lipid. Even though the total lipid labeling is
increasing over the chase penod (Fig. 8B), the amount of labeled fatty acids in PC of
the HO line decreases over the whole chase pernod (Figure 9B). The difference in
accumulation of *C fatty acids in PC between the WT and the HO line suggests that PC
tumover and redistribution of acyl groups occurs at a higher rate in the HO line. All other
membrane lipids in HO leaves increased slightly during the chase (Fig. 9B), but much
less than in WT leaves. In the WT, PC and MGDG had a clear precursor-product
relationship of acyl flux that is not directly evident in the HO line of Fig. 9B. To
determine if the small increases in HO MGDG “C acyl accumulation are due to (1) the
continued synthesis of e fatty acids and their incorporation into the metabolic network
during the chase (Figure 8B); or (2) are due to a reduced redistribution of acyl label from
PC, we compared the labeled MGDG molecular species distnbution at the 0 and 22 hr
time points (Supplemental Figure S6, summarized in Table 3). After the 30 min pulse,
the proportion of eukaryotic and prokaryotic MGDG molecular species in both the WT
and the HO line was similar to that of the 30 min continuous labeling time point (Table
2). During the 22 hr chase period in the WT, the eukaryotic MGDG molecular species
increased 3-fold as a proportion (Table 3), consistent with the PC-MGDG precursor-
product relationship of the eukaryotic pathway. However, during the chase in the HO
line, the proportion of eukaryotic MGDG molecular species only increased 1.5-fold
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(Table 3). Therefore, the reduced accumulation of MGDG in the HO line duning the
chase (Fig. 9B) is also consistent with a reduced redistnbution of acyl groups from PC
to MGDG through the eukaryotic pathway MGDG.

Pulse-chase expenments are commonly represented as the percent labeling in
the different products over time (Figure 9C, D), yet the interpretation is dependent on
the relative accumulation of the total lipids (Fig. 8A, B) and each individual lipid (Fig. 9A,
B) over the chase penod. In both genotypes PC had the largest decrease in proportional
labeling, consistent with the conclusions from above that acyl groups are redistributed
from PC to other lipids over the time course. However, considering that nascent C acyl
groups continue to enter the system over the chase (Fig. 8) and are predominantly
incorporated into PC first (Fig. 5, Fig. 9), the actual tumover of PC is greater than the
apparent turnover of half of the labeled PC in the WT, and over 76% of the labeled PC
in HO leaves. In addition, the proportional labeling of MGDG in both genotypes also
decreased from 2-22 hrs of the chase. This represents both the MGDG-DGDG
precursor-product relationship of lipid synthesis (Li-Beisson et al., 2013), as well as the
continual incorporation of labeled acyl groups into predominantly PC of the WT, and
both PC and TAG of the HO line. Hence the apparent 32% decrease in MGDG
accumulation in the HO line does not indicate that MGDG is turning over to feed the
large increase in TAG accumulation, but it is the result of the labeled acyl group
accumulation predominantly in TAG as more fatty acids are synthesized over the time
course (Fig. 8). Therefore, the combined HO pulse-chase results indicate that TAG
synthesis draws acyl groups predominantly from PC tumover (Fig. 9B, 9D), which may
compete with eukaryotic pathway MGDG synthesis for acyl groups (Table 3), but there
does not appear to be evidence of galactolipid tumover providing substrates for TAG

biosynthesis.
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Discussion

Biotechnology may help to meet societal needs by engineering metabolism to
enhance the production of biological resources for food or industry. Plant lipids can be
one part of this solution through increased oil yields per area of land for biofuel
production. The current state of vegetative oil engineering involves the expression of
only a few genes including: transcription factors to increase fatty acid synthesis, DGAT
to convert DAG to TAG, and oleosin to prevent TAG breakdown in a push-pull-protect
strategy (Vanhercke et al., 2014; Xu and Shanklin, 2016; Vanhercke et al., 2017).
However, TAG biosynthesis requires many additional enzymatic steps that directly
overlap with essential membrane lipid production (Fig. 1, (Bates and Browse, 2012)),
and quantitative analysis of the oil end product does little to explain the metabolic path
fatty acids take to accumulate in TAG. It i1s also unclear how an introduced DGAT fits
into the leaf lipid metabolic network designed to accumulate ER and chloroplast
membrane lipids, or which substrate pools are used in TAG biosynthesis (Fig. 1). For
biofuel production, newly synthesized 18:1 could be directly incorporated into TAG with
a minimal number of enzymatic steps using the Kennedy pathway (Fig. 1A), however
this would not account for the presence of 18:2 and 18:3 measured in TAG. To
understand the path of acyl flux through the lipid metabolic network in WT tobacco
leaves, and how the engineered changes in HO affect acyl flux, we analyzed the

mechanisms of acyl flux in WT and HO leaves.

A Kennedy pathway of TAG assembly is not present in HO leaves

TAG composed of oleate is a desirable quality for biofuel production (Durrett et
al_, 2008). The least number of steps to incorporate oleate into TAG Is directly through
the Kennedy pathway reactions: glycerol-3-phosphate acyltransferase (GPAT) and
lysophosphatidic acid acyltransferase (LPAT) to produce PA, dephosphorylation by
phosphatidic acid phosphatase (PAP) to produce DAG, and acylation of DAG by to
produce TAG. (Fig. 1A (Bates, 2016)). The large increase in 16:0 and 18:1 in HO TAG
suggests that a Kennedy pathway utilizing newly synthesized fatty acids could produce
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at least some of the TAG in the HO line (Fig. 2, 3). The only Kennedy pathway
acyltransferase that was directly engineered into tobacco was AtDGAT1 (Vanhercke et
al., 2014). Therefore, TAG fatty acid composition is also dependent on the acyl
selectivity and substrate pools of the endogenous tobacco GPAT and LPAT. In wvitro
assays did not produce TAG with microsomes from either the WT or the HO line (Fig.
4). This result may suggest that the four reactions of the Kennedy pathway in the HO
line are not associated together in the isolated microsomes for efficient shuttling of
substrates within the in vitro reactions. To further understand the path of acyl flux in WT
and HO leaves we utilized an in vivo labeling approach.

Multiple lines of evidence from the in vivo labeling results suggest a traditional
Kennedy pathway is not the major pathway of TAG synthesis in HO leaves. First, even
though fatty acids accumulate in HO TAG to levels that are 12-times that of PC (Fig.
2A), nascent fatty acids are incorporated into PC faster than into TAG (Fig. 5D).
Second, during the pulse-chase, fatty acids are redistnbuted predominantly from PC
into TAG (Fig. 9). Third, regiochemical analysis of de novo synthesized DAG indicated
an equal partitioning of labeled acyl chains at both sn-1 and sn-2 whereas TAG
contained nascent fatty acids only at sn-3 (Fig. 7). The regiochemical data indicates that
de novo DAG produced by Kennedy pathway GPAT/LPAT reactions (Fig. 1A) is not
directly used for TAG biosynthesis. In combination with the in witro assay, the results
suggest that overexpressed AtDGAT1 does not produce a Kennedy pathway that
channels newly synthesized fatty acids directly into TAG.

The results in this study are most consistent with Fig. 1 option C which indicates
that a second pool of DAG (other than Kennedy pathway de novo DAG) is used for TAG
synthesis. It is not immediately clear how the second DAG pool is produced, it could be
denved from de novo DAG, or PC, or a combination of the two. The pulse-chase results
indicate that galactolipids, including MGDG, are not used for TAG production (Fig. 9).
Thus, the reported mechanisms that turn over chloroplast lipids to produce DAG for leaf
TAG under stress conditions (Vanhercke et al,, 2019), are unlikely to be actively
contributing to TAG accumulation in HO tobacco leaves. Metabolic labeling with
[14C]glycerol in developing oil seed tissues has suggested that a PC-denved DAG pool
is utilized for TAG synthesis (Bates et al_, 2009; Bates and Browse, 2011; Yang et al_,

25



235

240

241

242

243

244

245

246

247

248

2435

230

251

252

253

254

255

256

257

358

258

260

561

562

563

264

565

266

267

268

565

2017). The current [“Clacetate acyl labeling cannot directly confirm a PC-derived DAG
pool, but the acyl labeling results are consistent with the previous studies. It is also
possible that immediately synthesized de novo DAG may feed into a larger and more
slow tumover DAG pool such as in oil bodies where AtDGAT1 may co-localize with
oleosin proteins. DAG can phase partition into oil bodies (Slack et al_, 1980; Kuerschner
et al_, 2008). Thus, if the rapidly labeled de novo DAG mixes with a larger unlabeled
pool in the oil body it would slow the apparent flux of the sn-1/2 labeled de novo DAG
into TAG relative to the sn-3 TAG labeling of the total mixed DAG pool.

Both WT and HO leaf acyl fluxes are dominated by phosphatidylcholine acyl
editing

In both WT and HO leaves, most newly synthesized fatty acids are immediately
incorporated into PC (Fig. 5). The difference in stereochemical incorporation of newly
synthesized fatty acid in DAG and PC (Fig. 7) indicates there is no DAG-PC precursor-
product relationship at the earliest labeling time points. PC labeling as a percent of ER
lipid labeling (Fig. 6) at 3 min indicates that PC is 94 9 + 1 5% of the total labeled ER
lipids in the WT, and 70 + 4% in the HO line. The simplest interpretation of this result is
a shift in acyl flux away from PC acyl editing in the HO line for direct incorporation of
nascent fatty acids into the sn-3 position of TAG (Fig. 7). However, the production of
TAG at heightened levels requires three acyl chains, of which a substantial percentage
are PUFAs. Acyl editing is a constant exchange of acyl groups in PC with the acyl-CoA
pool to accommodate desaturation. Thus, if the rate of acyl editing was increased in the
HO line, a proportion of the labeled fatty acids initially incorporated into PC at time zero
would be redistributed back to the acyl-CoA pool for use by AtDGAT1 to produce TAG
within 3 minutes. This concept Is supported with linear regression data used to
determine labeling rates in Table 1. Extrapolating back to time zero the x-intercepts of
PC are 0.91 for WT, and 0.93 for HO. For TAG the x-intercepts are 2.5 for WT, and 2.4
for HO. The similar labeling lag times between the WT and the HO line suggest a
common path of nascent fatty acid incorporation into ER lipids, though at a higher rate
(1.7-fold) for the HO line (Fig. 6). Thus, the rate of acyl editing in the HO line was
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enhanced by the same amount (i.e. 1.7-fold) to accommodate the increased rate of fatty
acid export from the plastid, and PC is the first product of nascent fatty acid
incorporation into glycerolipids of the eukaryotic pathway.

The stereochemical distribution of labeled fatty acids in PC indicates that the
initial incorporation of nascent fatty acids into PC can occur at both positions but with an
approximately 2-fold preference for sn-2 (Fig. 7). The slightly higher PC sn-2 labeling in
the HO line suggests that the increase in PC acyl editing favors sn-2 over sn-1
positions. Therefore, acyl flux around the PC acyl editing cycle (Figure 1, option B) is
the dominate acyl flux reaction in both WT and HO tobacco, similar to what has been
demonstrated in leaves of pea, Arabidopsis, and rapeseed (Williams et al_, 2000; Bates
et al, 2007; Karki et al., 2019), and developing seeds of soybean, camelina, and
Arabidopsis (Bates et al_, 2009; Bates and Browse, 2011; Yang et al_, 2017). Both PC
acyl chains are the major extra-plastidic sites for fatty acid desaturation (Sperling and
Heinz, 1993; Sperling et al_, 1993), therefore 18:1 flux through PC acyl editing at both
sn-1 and sn-2 likely contributes to a PUFA containing acyl-CoA pool that leads to the
incorporation of PUFA in TAG of HO leaves. The decrease in the PC desaturation index
(Fig. 3C) is also consistent with an increased rate of acyl flux through PC, because
membrane lipid desaturation is dependent on both the rate of desaturation and the rate
of acyl flux through the membrane lipid. Increases in the fatty acid synthesis rate have
been demonstrated to increase 18:1 and decrease PUFA content of membrane lipids
(Maatta et al., 2012; Mei et al., 2015; Botella et al., 2016). Considering that the
engineering of a very large pull of acyl chains into TAG in the HO line only increases PC
acyl editing instead of drawing acyl chains away from it, PC acyl editing may be
considered a key part of fatty acid export from the plastid into the eukaryotic pathway.

Interestingly, both the [*Clacetate continuous pulse and the pulse-chase
experiments produced similar initial labeling in lipids for the WT and the HO line (Fig. 6,
Fig. 8), but the pulse-chase expenment showed a more dramatic labeling in the
immediate chase period in the HO line relative to the WT (Fig. 8). Such a description of
initial labeling is consistent with hypothesized transport of acyl chains out of the
chloroplast and directly into PC that subverts the large bulk acyl-CoA pool as has been

previously documented through bulk pool kinetic measurements with time course
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labeling experiments (Tjellstrom et al., 2012; Allen, 2016) and isotopically labeled
mutant analysis (Bates et al., 2009; Karki et al_, 2019), and is likely part of the acyl
editing mechanism where rapid labeling in PC from [“C]acetate was initially observed
(Bates et al_, 2007; Bates et al_, 2009). During the pulse-chase experiment, it may be
that the bulk acyl-CoA pool in the HO line is larger and becomes more labeled over the
duration of the pulse by enhanced flux through the acyl editing cycle, and therefore can

make a greater contribution to total lipid labeling during the initial phase of chase.

Reduced prokaryotic pathway and altered redistribution of acyl chains from PC to
other lipids in the HO line

Engineerning the accumulation of TAG in the HO line reduced the steady-state
accumulation of chloroplast localized galactolipids by approximately 24% (Fig. 2). Total
MGDG content in the HO line was reduced ~19%, and the proportion of prokaryotic
pathway produced MGDG was reduced ~40% (Supplemental Fig. S1). DGDG is
produced mostly by eukaryotic pathway dernived substrates, and total DGDG levels were
reduced by ~32% in the HO line as compared to the WT. Therefore, the mass
accumulation of galactolipids indicates that TAG accumulation in the HO line negatively
affects galactolipid production through both the prokaryotic and eukaryotic pathways.

The reductions in galactolipid levels in the HO line could be due to reduced
synthesis, increased tumover, or both which cannot be determined from the
quantification of steady-state lipid levels; but are reflected in time course-based acyl flux
experiments. At short time points [14C]a{:etate labeling of nascent fatty acid flux into
MGDG represents predominantly prokaryotic MGDG, which is reduced almost 5-fold in
the HO line (Fig. 5, Tables 1-2). Therefore, the reduction in prokaryotic MGDG
accumulation i1s prnmarily due to reduced synthesis. It's also possible that homeostatic
tumover of galactolipids was reduced to allow higher accumulation of MGDG than
would be expected from the low rates of synthesis. To track the PC-MGDG precursor-
product relationship of eukaryotic MGDG synthesis, we used pulse-chase analyses with
longer time points. The [“C]acetate pulse-chase labeling indicated that the
redistnbution of acyl groups from PC in the HO line was predominantly into TAG with
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reduced flux into eukaryotic MGDG synthesis as well as other lipids when compared to
the WT (Figure 9, Table 3). As there was no reduction in total "*C-MGDG accumulation
during the chase penod in the HO line, the reduced eukaryotic MGDG accumulation
was due to reduced redistribution of acyl groups from PC to MGDG through the
eukaryotic pathway. Thus there is no evidence to suggest enhanced galactolipid
tumover in the HO line.

There are likely multiple alterations in enzymatic activity that led to the
redistnbution of acyl flux through the lipid metabolic network in the HO line. From the
acyl flux analysis, we can propose several related hypotheses for future studies. First,
the massive increase in fatty acid accumulation in TAG of the HO line combined with
the reduced prokaryotic pathway are likely both related to an increase in acyl-ACP
thioesterase activity, which removes the substrate for the prokaryotic pathway and
initiates fatty acid export from the chloroplast (Bates et al., 2013; Li-Beisson et al_,
2013). The gene expression of both thioesterases FATA and FATB were up regulated in
the HO line (Vanhercke et al_, 2017). The reduced prokaryotic pathway flux (Fig 5, 9,
Tables 2-3), combined with the reduced rates of MGDG desaturation in the HO line
(Supplemental Figs. 55-56) also suggest a possible general down regulation of
prokaryotic pathway enzymatic activity.

Second, within the eukaryotic pathway 1/3 of the fatty acids in TAG are
incorporated into TAG directly from the acyl-CoA pool by the acyltransferase activity of
the overexpressed AtDGAT1. In the WT the exchange of fatty acids from PC into the
acyl-CoA pool would be mostly used for de novo glycerolipid synthesis that would
produce the molecular species of PC used for eukaryotic galactolipid synthesis (Karki et
al_, 2019). Therefore, the increased flux around the PC acyl editing cycle combined with
enhanced DGAT activity in the HO line would draw acyl flux away from PC and into sn-3
TAG, and reduce the amount of fatty acids available for de novo PC and galactolipid
synthesis.

Third, the reduction in eukaryotic galactolipid synthesis of the HO line may also
be due to reduced tumover of PC to produce the PC-derived substrate for galactolipid
synthesis, or the commandeenng of that PC-derived substrate for TAG biosynthesis.
The identity of the eukaryotic pathway substrate that is transferred from the ER to the
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plastid is not clear, and leading candidates include PC, and PC-denved PA and/or DAG
(Hurlock et al_, 2014; LaBrant et al_, 2018; Karki et al_, 2019). If PC-derived DAG is the
substrate that is transferred from the ER to the chloroplast for galactolipid synthesis,
then the overexpressed AtDGAT1 may compete for the PC-derived DAG substrate in
the ER and reduce its transfer to the chloroplast for eukaryotic galactolipid synthesis.
However, if PA is the PC-denved species that is transfemed to the chloroplast, then it
would not be a substrate for AtDGAT1 activity unless PA phosphatase activity was also
upregulated to convert PA to DAG. Our previous transcriptomics in the HO line
indicated increased expression of two phospholipase D isoforms which could produce
PA from PC, however an increase in PA phosphatase expression was not detected
(Vanhercke et al., 2017). In Arabidopsis the TRIGALACTOSYLDIACYLGLYCEROL 1
mutant (fgd7) or overexpression of (PDATT) increases WT leaf TAG content from
<0.1% of dry weight to ~0.5% and —-1% of dry weight, respectively. Mutation of PA
phosphatase activity in the PHOSPHATIDIC ACID HYDROLASE 1 and 2 double mutant
(pah1 pah?2) reduces this TAG accumulation in both the fgd? and AtPDAT1
overexpression backgrounds suggesting that PA phosphatase activity may be involved
in leaf TAG production (Fan et al., 2014). However, the pah1 pah2 mutant has
increased synthesis and double the accumulation of leaf PC and PE content (Eastmond
et al_, 2010). In WT Arabidopsis leaves PC and PE accumulate 5- to 10-fold more fatty
acids than TAG (Fan et al_, 2014), therefore the effect of the pah1 pahZ2 double mutation
on leaf TAG accumulation in the fgd1 and AtPDAT1 overexpression lines may be due to
a shift in fatty acid allocation from TAG to ER membrane lipids, rather than a reduction
in TAG biosynthetic capacity. Therefore, the previous results in Arabidopsis and our
transcriptomics have not fully elucidated the role of PA phosphatases in leaf TAG
production. In addition, our analysis of acyl fluxes alone could not confirm if the DAG
pool for TAG synthesis was denved from PC or not. Therefore, further [14C]glycerol
labeling expenments to confirm if HO leaf TAG is derived from PC, combined with
analysis of changes in PC lipase and PAP enzymatic activities would be beneficial to
determining both the altered pathway fluxes in the HO line, as well as identifying the
PC-denved substrate that is used for eukaryotic galactolipid synthesis.

30



694

695

696

697

698

6935

700

701

702

703

704

705

706

707

708

703

710

711

712

713

714

715

716

717

718

718

720

721

722

723

724

The tobacco leaf acyl flux analysis suggests strategies to reduce PUFA

accumulation in leaf oil

To reduce the PUFA content of oilseed crops, research has focused on reducing
seed specific FATTY ACID DESATURASE 2 and 3 (FAD2 and FAD3) activity through
mutations of isoforms mostly expressed in seeds but not vegetative tissue (Pham et al_,
2010), or through seed specific RNA interference (Wood et al_, 2018; Islam et al_, 2019).
The purpose of the seed specific reduction in desaturase activity is to increase the
oleate content of the seed oil, but not effect leaf membrane lipid compositions in
vegetative tissue. ER membrane based FADZ2 activity is required for proper leaf
membrane function, especially at low temperatures (Miquel et al_, 1993). Due to the
importance of leaf desaturases for vegetative growth, a similar reduction of desaturase
activity would likely be counterproductive in a vegetative oil crop. The analysis of acyl
fluxes in WT and HO tobacco leaves presented here indicate that fatty acid flux through
the PC acyl editing cycle is the dominate reaction in the WT, and is enhanced at least
1.7-fold in the HO line. Because PC is the site for ER localized fatty acid desaturation
this movement of acyl groups through PC contributes to accumulation of PUFA in HO
leaf TAG. Therefore, an alternative strategy may be to alter acyl flux away from PC._ In
Arabidopsis The LYSOPHOSPHATIDYLCHOLINE ACYLTRANSFERASEs (LPCATT1,
LPCAT2) are responsible for the direct incorporation of nascent fatty acids into PC
through acyl editing in both leaves (Karki et al., 2019) and seeds (Bates et al., 2012).
The Ipcatl Ipcat? double mutant alters acyl flux such that nascent fatty acids are first
esterified into glycerol lipids through the GPAT and LPAT reactions of the Kennedy
pathway, rather than PC acyl editing (Bates et al_, 2012; Karki et al_, 2019). In seeds,
this leads to an increase in the seed oill monounsaturated/polyunsaturated fatty acid
ratio from 0.72 to 0.84. When reduced exchange of DAG in and out of PC of the
PHOSPHATIDYLCHOLINE: DIACYLGLYCEROL CHOLINEPHOSPHOTRANSFERASE
mutant rod7 is combined with the /pcat? Ipcat? double mutant, the ratio is further
increased to 3.95 in the Ipcat? Ipcat? rod71 tnple mutant (Bates et al., 2012). From our
current analysis it was unclear if leaf TAG was produced from PC-derived DAG, but if

PC-denved DAG also contributes to leaf TAG a similar approach reducing acyl editing
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and PC-derived DAG production may be valuable to alter acyl flux around PC to
increase the oleate content of leaf TAG while maintaining the PUFA content of
membranes. Therefore, the acyl flux analysis presented here has improved our
understanding of how leaf lipid metabolism responds to an increased push and pull of
fatty acids into TAG, as well as provided new hypotheses on how to further enhance

vegetative oil engineering.

In summary the analysis of acyl fluxes in WT and HO tobacco leaves indicate: (1)
The push and pull leaf oil production in the HO line reduces acyl flux into the prokaryotic
and enhances flux into the eukaryotic glycerolipid assembly pathways. (2) Fatty acids
entering the eukaryotic pathway are first incorporated into PC through acyl editing in
both the WT and the HO tobacco plants. (3) The high flux of nascent acyl groups
directly into PC acyl editing, and the initial labeled TAG regiochemical analysis both
indicate that a direct Kennedy pathway of TAG biosynthesis with nascent fatty acids is
not occurmng in HO leaves. (4) In HO leaves acyl groups are redistributed from PC
mostly into TAG, rather than eukaryotic MGDG production as in the WT. (5) The
enhanced flux of fatty acids into TAG combined with the reduced flux of fatty acids into
both the prokaryotic and eukaryotic pathways of galactolipid synthesis reduced the
steady-state accumulation of MGDG and DGDG. (6) The pulse-chase did not indicate
TAG synthesis from galactolipid tumover. (7) Charactenzation of the high rates of PC
acyl editing in the HO line suggests that limiting PC acyl editing may be a future
engineering strategy to increase the monounsaturated fatty acid content of leaf denved
biofuels.
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METHODS

Plant growth

For lipid mass analysis and metabolic labeling experiments, WT and HO tobacco
(Nicotiana tabacum) plants were grown in Percival E-41HO growth chambers set at
16/8 hours light/dark, 26/22°C, and fluorescent white light intensity at pot level across
the chamber was 300400 pmol photons m~ s Pots were watered three times a week,
with one watering replaced by Peters 20/20/20 NPK fertilizer at 0.97 g/L. once a week.
For microsomal assays, tobacco plants were grown in the glasshouse during summer
condition at 24°C/18°C for 16 hr/8 hr light/dark.

Chemicals and supplies

Unless specified all chemicals were purchased from Fisher Scientific
(www fishersci.com), and solvents were at least HPLC grade. [14C]acetate sodium salt
50 mCi/mmol (Amencan Radiolabeled Chemicals, Inc. St. Louis, MO). Glass TLC
plates: Analtech HL 250 pm, 20 x 20 em. Liquid scintillation fluid: EcoScint Original
(National Diagnostics, Atlanta, GA). Lipase from Rhizomucor miehei and Phospholipase
A2 lipase from Apis mellifera (Sigma-Aldnich, St. Louis, MO).

Microsomal assays

Leaves were harvested from 66-day-old tobacco plants, and the microsomal
proteins were prepared as described (Zhou et al, 2013). Protein content of the
microsomal preparations was measured with BCA reagents (Pierce Chemical
Company) with BSA as a standard. The enzyme assay was essentially done as
descnbed (Guan et al, 2014). Microsomal proteins (100 pg) were incubated at 30°C
with gentle shaking in 0.1 M Tris buffer pH 7.2 containing 4 mM MgClz, 10 mg/ml BSA,
12.5 nmol of [14C]gry{>erol—3—ph05phate (8000 dpm/nmol) and 25 nmol 18:1-CoA in a

final assay volume of 100 pL for 15 or 60 min. The assays were terminated by addition
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of 250 pL of methanol/chloroform/acetic acid (50:50:1) (v/v/v), followed by extraction of
the lipids into a chloroform phase. The total lipids were separated on silica TLC plates
by developing with chloroform/methanol/acetic acid/water, 90:15:10:3 (v/viviv) to half-
way of the plate to separate the polar lipids. After air drying for a few minutes, the plates
were redeveloped with hexane/diethyl either/acetic acid, 70:30:1 (v/v/v) to separate the
neutral lipids. Radioactive labels of 1000 dpm were spotted three times on each plate as
reference, before exposing to a phosphor image screen for overnight. The radioactivity
of each band was quantified with Fujifilm FLA-5000 Phosphor Imager.

Continuous pulse and pulse-chase ['*CJacetate metabolic labeling

The continuous pulse metabolic labeling of WT and HO leaf disks was done for
3, 6, 10, 30, 120 minutes in triplicate, within 20 mM MES pH 5.5, 0.1X MS salts, 0.01%
Tween 20, and 1 mM [*“Clacetate. Procedure: 10 mm diameter leaf disks were
collected from multiple plants (two WT and three HO) randomized across all horizontal
leaves. For each time point replicate, 12 disks were collected directly into 10 mL
incubation media (without [“Clacetate) in 100 mL beakers and placed in a 26°C water
bath under ~330 pmol photons m? s white light with gentle shaking for 10 min to
equilibrate temperature. To start the labeling time course the media was removed and
replaced with 5 mL of incubation media with [14C]acetate_ At each time point the media
was removed and the 12 leaf disks were placed into 85°C 2.5 ml isopropanol, 0.01%
(w/v) butylated hydroxytoluene for 10 min to quench metabolism. Each replicate time
course for each plant line used three 5 ml aliquots of 1 mM [14C]acetate labeling media.
The remaining [14C]acetate media after the 6 min time point was used for the 120 min
labeling, and the remaining media from the 10 min time point was used for the 30 min
labeling. The remaining [14C]a{:etate media from the 3 and 10/30 labeling time points
were mixed and used for the pulse-chase ['“Clacetate labeling.

For each of the tnplicate pulse-chase labeling time courses, 24 leaf disks were
collected as described above and pulsed with [*Clacetate labeling media independently
for 30 min. The *C media was removed and the disks were washed three times (10 mi
each) in media without [14C]acetate and a final 10 mL media was added for chase
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incubations. At each chase time point of 0, 2, 6, and 22 hours six leaf disks were

collected from each time course incubation and quenched as described above.

Lipid extraction and lipid class TIL.C separations

Lipids were extracted from isopropanol quenched tissue following a previous
method (Hara and Radin, 1978). After drying total extracts under N-, lipids of each
extract were dissolved in 0.5 ml toluene and aliquots were used for various analytical
procedures. Total C extracts were quantified by liquid scintillation counting on a
Beckman Coulter LS 6500 liquid scintillation counter. Neutral lipids were separated on
silica TLC plates in hexane/diethyl either/acetic acid, 70:30:1 (v/v/v). Polar lipids were
resolved with toluene/acetone/water (30/91/7, viviv) on silica TLC plates pre-treated
with 0.15 M ammonium sulfate and baked at 120°C for 3 hours prior to loading lipids.
Lipid classes were identified based on co-migration with standards. Relative
radioactivity of lipids separated by TLC was measured by phosphor imaging on a GE

Typhoon FLA7000, and ImageQuant analysis software.

L eaf lipid mass analysis

Leaf lipids extracted from 86-day-old plants were separated by TLC as descnbed
above, and stained with 0.05% primulin in acetone/water 80:20 (v/v) and visualized
under UV light. Scraped bands were transmethylated along with a 17:0 TAG intemal
standard of fatty acid methyl esters (FAMEs) in 2.5% (v/v) sulfuric acid in methanol at
80°C for 1 hr. FAMEs were collected into hexane by adding hexane and 0.88% (w/v)
MaCl to force a phase separation. FAMEs were separated and quantified by gas
chromatography with flame ionization detection on a Restek Stabilwax column: 30 m,
0.25 1D, 0.25 pm film thickness.

Regiochemical analysis of DAG, PC, and TAG
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Total lipids extracted as described above from the WT and the HO line were co-
loaded with 30 pyg PC and 30 pg DAG. For the WT, 30 pg TAG was also co-loaded.
Polar lipid and neutral lipid TLC and primulin staining was performed as descnbed
above. PC bands were scrapped off and eluted with chloroform/methanol/acetic acid
(5:5:1, viviv). Partial digestion of PC was performed with bee venom (Apis mellifera)
phospholipase PLA:; (Sigma) (Bates et al., 2007). The digested products were
separated by TLC in chloroform/methanol/acetic acid/water 50:30:8:4 (viviviv).
Regiochemical analysis of neutral lipids were performed as described (Cahoon et al_,
2006). DAG and TAG were digested with 0.2 ml of the Rhizomucor meihei lipase
(Sigma) for 30 and 60 min respectively. Digested products were separated by TLC in
hexane/diethyl ether/acetic acid (35:70:1, v/viv). Lipid standards were stained with
iodine vapor and marked with C. Identification of unknowns was based on co-
migration with standards. Radioactivity was quantified by using phosphor imaging as
described above.

Analysis of [*CJacetate labeled MGDG molecular species

MGDG was isolated by normal phase HPLC on an Agilent 1260 Infinity Il
(quatemary pump, autosampler, column thermostat, DAD set to 210 nm, fraction
collector, unning OpenLAB CDS Version C.01.09). The method is an adaption of
(Kotapati and Bates, 2018), with modifications as follows: injection volume 5-15 pyL in
toluene; flow rate 1 ml/min; mobile phases (A: 2-Propanol, B: hexanes, C: Methanaol,
D25 mM triethylamine + 25 mM Fomic acid (pH 4.1)). Linear gradients between steps
from: 0 min 19.3%A/80%B/0.5%C/0.20%D; 3 min 73.6%A/25%B/1%C/0.4%D; 6 min
87 5%A/10%B/1.5%C/1%D; 15 min 65%A/0%B/25%C/10%D; held for 3 min; 20 min
100%A; held for 3 min; 24 min is the starting composition, and equilibration between
samples is 10 min. MGDG was collected between 5.3 and 6.2 min. MGDG molecular
species were separated by HPLC on a Themmo Scientific Accucore C18 column (150
mm X 3mm; 2.6 y particle size), according to (Yamauchi et al_, 1982) except that the
flow rate was 0.35 ml/min for 35 minutes. Vial sampler was maintained at 20°C and the

column compartment at 35°C. Samples were injected in 815 pL methanol and

36



873

874

875

876

877

878

875

830

881

882

883

834

885

836

887

838

885

890

891

892

893

894

895

896

897

898

8935

900

901

902

903

contained 5000-20000 CPM. To measure radioactivity the column eluent flowed into a
Lablogic B-Ram 6 flow liquid scintillation detector, flow cell volume set at 300 pL,
eluant:scintillation cocktail (LablLogic FloLogic-U) ratio was 1:3, with a residence time of
129 s. Laura 6.0.1.40 software was used to acquire and process the “C data. To
confirm the identity of labeled molecular species, each fraction was collected, converted

to FAME as above, and separated by argentation TLC as in (Bates et al_, 2009).

Data analysis
All calculations from raw data were done in Microsoft Excel. Graphing and

statistical analysis done with GraphPad Prism version 7.05.

Accession Numbers

AtWRI1, AT3G54320; AIDGAT1, AT2G19450; SIOLEOSIN; EU999158; AtFAD?2,
AT3G12120; AtFAD3, AT2G29980; ALLPCAT1, AT1G12640; AtLPCATZ2, AT1G63050;
AtPAH1, AT3G09560;, AtPAH2, AT5G42870; AtPDAT1, ATS5G13640; AtROD1,
AT3G15820; AITGD1, AT1G19800.

Supplemental Data

Supplemental Figure S1. Stereochemical fatty acid composition of MGDG and DGDG
from WT and HO leaves.

Supplemental Figure S2. Total incorporation of [14C]acetate into WT and HO leaves.
Supplemental Figure $3. Initial incorporation of nascent ["*Clacetate labeled fattyacids
into lipids, non-normalized.

Supplemental Figure 54. Example of “C-MGDG molecular species analysis.
Supplemental Figure S5. Labeled MGDG molecular species from 30 and 120 minute
continuous [“Clacetate labeling.

Supplemental Figure S6. Labeled MGDG molecular species from 0 and 22 hours

pulse-chase [*Clacetate labeling.
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TABLES
PG PE 5G MGDG DGDG DAG TAG
1859  153% 031 16.49 & 028+
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Table 1. Initial rates of nascent fatty acid incorporation into individual lipid

classes.

Rates in DPM pchlorophyll'! min™ are the slope best fit + SE from the linear regression

of the first 10 minutes of [”C]acetate labeling from Fig. 5. The p-values indicate if the

slopes are significantly different (p-value < 0.05), those that are significant are marked

with an astensk. The fold change (F.C.) for lipids with significantly different rates are

indicated.
samples: WT_E{] HD_SEI HO % of WT _120 HO _12[) HO % of
min min WT DPM min min WT DPM
Ave, total DPM/ug chl 335.2 86.7 2066.4 646.6
Eukaryotic proportion 9.6% 20.9% 11.4% 25%
DPM/ug chl 32.2 18.1 56.3% 234.5 161.7 69%
Prokaryotic proportion 90.4% 79.1% 88.6% 75%
DPM/ug chl 303.0 68.2 22.6% 1831.9 484.6 26.5%

Table 2. Acyl flux into eukaryotic and prokaryotic molecular species of MGDG
The average total MGDG DPM/ug chl at 30 and 120 min is from Fig. 5. The proportion

of eukaryotic and prokaryotic molecular species are from Supplemental Figure S5. The

DPM/ug chl of eukaryotic and prokaryotic MGDG molecular species are calculated from
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the total label and the relative proportion of each. The “HO % of WT DPM" is the
amount of HO eukaryotic or prokaryotic MGDG as compared to the WT at each time

point.
0-22 hr 0-22 hr
Samples: WTOhr WT22hr EC HOOhr HOZ22hr f.C
Eukaryotic proportion 12.8% 38.6% 3.0 20.4% 31.5% 1.5
Prokaryotic proportion 87.2% 61.4% 0.7 79.5% 68.5% 0.86

Table 3. Change in MGDG eukaryotic and prokaryotic molecular species over the
["C]acetate pulse-chase. The proportion of eukaryotic and prokaryotic molecular

species are from Supplemental Figure S6. F.C_, fold-change.
Figure Legends

Figure 1. Model of leaf lipid pathways and hypotheses for acyl flux into TAG.
Plastid localized fatty acid synthesis (F.AS.) and chloroplast localized prokaryotic
pathway are in the green box. All other reactions represent exira-plastidial metabolism.
Filled arrowheads represent flux of the glycerol backbone, open amowheads represent
acyl transfer reactions. Dashed lines and boxes represent uncertainty in acyl flux in HO
tobacco lines, and large blue letters represent 3 hypotheses for altered acyl flux in HO
tobacco lines: A, the use of de novo DAG by AtDGAT1 for a Kennedy pathway TAG
synthesis; B, uncertain quantitative flux through acyl editing that affects incorporation of
PC-modified fatty acids in TAG; C, the use of a membrane lipid denved DAG by
AtDGAT1 for TAG synthesis. Abbreviations: DAG, diacylglycerol; DGDG,
digalactosyldiacylglycerol; G3P, glycerol-3-phosphate; LPA, Ilysophosphatidic acid;
MGDG; monogalactosyldiacylglycerol, PA, phosphatidic acid; PC, phosphatidylcholine;
PE, phosphatidylethanolamine; PG, phosphatidylglycerol; TAG, triacylglycerol.
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Figure 2. Accumulation of lipids in WT and HO leaves.

The abundance of polar membrane lipids and neutral lipids in leaves of 86-day-old
plants. A, mass abundance of each lipid. B, ratio of mass abundance of lipid to PC. WT,
blue. HO, red. Data is average + SEM for 34 replicates. Significant differences in the
HO line from the WT (Student's t-test, p-value < 0.05) are marked with an astensk.
Abbreviations: DAG, diacylglycerol, DGDG, digalactosyldiacylglycerol, MGDG;
monogalactosyldiacylglycerol, PC, phosphatidylcholine; PE, phosphatidylethanolamine;
PG, phosphatidylglycerol; Pl, phosphatidylinositol; PS, phosphatidylsenine; TAG,
tnacylglycerol.

Figure 3. Fatty acid composition of WT and HO leaf lipids.

Weight percent fatty acid composition of lipid classes isolated from leaves of 86-day-old
plants. A, total leaf extract. B, TAG. C, PC. D, MGDG. Abbreviations as in text. WT,
blue. HO, red. Data is average + SEM for 34 replicates. Significant differences in the
HO line from the WT (Student's t-test, p-value < 0.05) are marked with an astensk.
Abbreviations: PC, phosphatidylcholine; MGDG, monogalactosyldiacylglycerol; TAG,
fatty acids, # carbons: # double bonds, d#, delta double bond position.

Figure 4. In vitro assay of the Kennedy pathway in leaf microsomes.

Assay conditions: 100 ug of leaf microsomal protein, 12.5 nmole [“C]G?:P + 25 nmole
of 18:1-CoA, incubated for 15 or 60 min. For each line and assay length, data is the
average and SEM of 3 replicates. Abbreviations: DAG, diacylglycerol; LPA,
lysophosphatidic acid; PA, phosphatidic acid; MAG, monoacylglycerol; TAG,
tnacylglycerol.

Figure 5. Initial incorporation of nascent ['*Clacetate labeled fatty acids into
lipids.

A-B, major labeled lipids from continuous [14C]a{:etate labeling for 3-120 min In leaf
disks of 66-day-old plants of the WT and the HO line. C-D, an expanded view of the 0-
35 min portion of A & B_ All data points are average and SEM of 3 biological replicates.
Abbreviations: DAG, diacylglycerol, DGDG, digalactosyldiacylglycerol, MGDG;
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monogalactosyldiacylglycerol, PC, phosphatidylcholine; PE, phosphatidylethanolamine;
PG, phosphatidylglycerol; TAG, tnacylglycerol, DPM, disintegrations per minute; chi,
chlorophyll.

Figure 6. Relative incorporation of nascent fatty acids into the eukaryotic and
prokaryotic pathways of WT and HO leaves. A, the WT. B, the HO line. The
endoplasmic reticulum (ER) localized lipids (PC, PE, TAG) and the plastid localized
lipids (PG, MDGD, DGDG) from Fig. 5 were added together, and the ratio of the two.
DAG was not included because it can be localized to multiple compartments. All data
points are average and SEM of 3 biological replicates. Abbreviations: DPM,

disintegrations per minute; chl, chlorophyill.

Figure 7. Regiochemical analysis of initial incorporation of nascent ['*Clacetate
labeled fatty acids into DAG, PC, and TAG. A-B, TAG lipase digestion of DAG from
the WT and the HO line. C-D, phospholipase A- digestion of PC from the WT and the
HO lines. E-F, TAG lipase digestion of TAG from the WT and the HO line. All data
points are average and SEM of 3 biological replicates. In A-D, statistical significance of
the HO line from the WT (Student’s t-test, p-value < 0.05) is marked with an asterisk at
each data point. Abbreviations: DAG, diacylglycerol, FFA, free fatty acid; MAG,
monoacylglycerol, PC, phosphatidylcholine; TAG, triacylglycerol.

Figure 8. Pulse-Chase ["C]acetate accumulation in lipids of the WT and the HO
line. In all panels the pulse starts at -0.5 hours, and the chase starts at 0 hours. The
leaves of 73-day-old plants were used for both plants. A-B, the WT and the HO line
demonstrating the total e incorporated into the lipid exiract; the endoplasmic reticulum
(ER) localized lipids (PC, PE, TAG) and the plastid localized lipids (PG, MDGD, DGDG)
were added together, and the ratio of the two. DAG was not included because it can be
localized to multiple compartments. All data points are average and SEM of 3 biological

replicates. Abbreviations: DPM, disintegrations per minute; chl, chlorophyil.
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Figure 9. Pulse-Chase ['*C]acetate labeling of acyl flux through the lipid metabolic
network. In all panels the pulse starts at -0.5 hours, and the chase starts at 0 hours.
The leaves of 73-day-old plants were used for both plants. A-B, accumulation of
individual radiolabeled lipids as DPM/ug chlorophyll from the total labeled samples in
Fig. 8. C-D, the labeled lipids in A-B, represented as a percentage of the sum. All data
points are average and SEM of 3 biological replicates. Abbreviations: DAG,
diacylglycerol; DGDG, digalactosyldiacylglycerol, MGDG; monogalactosyldiacylglycerol;
PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol;
TAG, tnacylglycerol; DPM, disintegrations per minute; chl, chlorophyill.
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