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Abstract

Engineering plant vegetative tissue to accumulate triacylglycerols (TAG, e.g. oil) can increase the amount of oil harvested per
acre to levels that exceed current oilseed crops. Engineered tobacco (Nicotiana tabacum) lines that accumulate 15% to 30% oil
of leaf dry weight resulted in starkly different metabolic phenotypes. In-depth analysis of the leaf lipid accumulation and '“CO,
tracking describe metabolic adaptations to the leaf oil engineering. An oil-for-membrane lipid tradeoff in the 15% oil line (re-
ferred to as HO) was surprisingly not further exacerbated when lipid production was enhanced to 30% (LEAFY COTYLEDON 2
(LEC2) line). The HO line exhibited a futile cycle that limited TAG yield through exchange with starch, altered carbon flux into
various metabolite pools and end products, and suggested interference of the glyoxylate cycle with photorespiration that
limited CO, assimilation by 50%. In contrast, inclusion of the LEC2 transcription factor in tobacco improved TAG stability,
alleviated the TAG-to-starch futile cycle, and recovered CO, assimilation and plant growth comparable to wild type but
with much higher lipid levels in leaves. Thus, the unstable production of storage reserves and futile cycling limit vegetative
oil engineering approaches. The capacity to overcome futile cycles and maintain enhanced stable TAG levels in LEC2 demon-
strated the importance of considering unanticipated metabolic adaptations while engineering vegetative oil crops.

photosynthetic carbon assimilation with over twice the en-
ergy density of sugars and can be utilized for food, feed, bio-
fuels, or as feedstocks to the chemical industry for various
products such as plastics, polymers, resins, lubricants, etc;
however, production of oil per acre is not comparable to cel-
lulosic levels in plants. Dramatic increases in plant oil produc-
tion on the same or less arable land are needed to meet the
growing global demands. Though most plants accumulate

Introduction

As world population continues to grow, so do societal needs
for energy feedstocks and chemicals obtained from finite
supplies of petrochemicals (Singh et al. 2021). An extensive
amount of biofuels research is focused on leafy biomass
(which is less than 5% lipid; Li-Beisson et al. 2013) and in-
volves the breakdown and fermentation of recalcitrant
carbohydrate polymers (Himmel et al. 2007; McCann and

Carpita 2015) that is an energetically intensive process.
Oleochemicals from natural sources are an alternative that
have comparable energy density to petrochemicals and a
range of chemical structures for use by the chemical industry
(Hill 2007). Oleochemicals derived from plant oils (e.g. tria-
cylglycerols, TAG) are the most energy-rich product of

substantial amounts of oil in the seeds or fruit, seed oil accu-
mulation occurs during the last one-third of the plant life-
cycle and does not capitalize on available vegetative
biomass production. Engineering leafy biomass crops to ac-
cumulate energy-dense lipids at oilseed levels would dramat-
ically enhance renewable energy feed stock production.
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Vegetative oil accumulation has been achieved to varied
extents (Xu and Shanklin 2016; Vanhercke et al. 2019a), in-
cluding 4.3% and 8% TAG in sugarcane (Saccharum spp.
Hybrids) stems and leaves, respectively (Parajuli et al.
2020); 3.3% in potato (Solanum tuberosum L.) tubers (Liu
et al. 2017); 8.4% in sorghum (Sorghum bicolor) (Vanhercke
et al. 2019b); 8.7% TAG in leaves of duckweed (Lemna japon-
ica) (Liang et al. 2023); 2.5% TAG in perennial ryegrass
(Lolium perenne L.) (Beechey-Gradwell et al. 2020); and 9%
in the leaves of the model plant Arabidopsis thaliana (Fan
et al. 2014) as a percent of dry weight. None of these compare
to that reported in tobacco (Nicotiana tabacum) leaves of
~15% to 30% oil (Vanhercke et al. 2014, 2017). Using a
“Push-Pull-Protect” strategy resulted in ~15% leaf dry weight
as TAG (high oil, HO) lines (Vanhercke et al. 2014). The
“Push” was generated by expression of the A. thaliana
WRINKLED1 (WRI1) transcription factor, which increased
fatty acid biosynthesis, the A. thaliana DIACYLGLYCEROL
ACYLTRANSFERASE 1 (DGAT1) provided the “Pull” of acyl
groups into TAG, and the oil-body packing protein
OLEOSIN (OLE) from sesame (Sesamum indicum) provided
a hypothetical “Protect” function. The HO lines accumulated
15% dry weight oil but were severely stunted in growth.
When the A. thaliana LEAFY COTYLEDON 2 (LEC2) tran-
scription factor (a regulator of embryogenesis) under control
of the A. thaliana SAG12 senescence-inducible promoter was
expressed in the HO background, leaf TAG content increased
to ~30% dry weight and surprisingly recovered plant growth
near wild-type (WT) level (Vanhercke et al. 2017).

One of the perceived challenges in engineering storage oil
production is to avoid compromising essential membrane li-
pid biosynthesis (Bates 2016) because of substantially over-
lapping fatty acid biosynthetic and lipid assembly steps.
However, the requirement for membranes in leaves presents
an opportunity to co-opt some capacity with additional
genes or transcription factors to enhance oil storage in vege-
tative tissues. With fatty acid biosynthesis in the plastid en-
hanced by AtWRI1 and TAG synthesis by AtDGAT1 in the
endoplasmic reticulum of the engineered lines, the required
enzymatic steps to produce TAG in leaves are in place
(Li-Beisson et al. 2013). Thus, the successful accumulation
of lipids in leaves depends on plant metabolism accommo-
dating the engineered increased push and pull of carbon
through endogenous metabolic networks into TAG.
Understanding how tobacco leaf metabolism adapts to the
engineered Push and Pull of carbon into leaf lipids in both
the HO and LEC2 lines is a crucial part of the Design—
Build—Test—Learn cycle to further enhance lipid metabolism
in any species including more productive biomass crops
(Pouvreau et al. 2018).

Metabolism is regulated at multiple levels (e.g. transcrip-
tional, translational, post-translational, metabolite activation
or inhibition, redox, pH, etc.). Changes in transcripts, pro-
teins, and metabolites can be discordant (Hajduch et al.
2010; Fernie and Stitt 2012; Vogel and Marcotte 2012;
Schwender et al. 2014) and may not correspond with flux
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that is the quantitative cellular phenotype. Thus, measure-
ment of carbon flux is a key complementary approach to glo-
bal multiomic systems biology analyses to understand the
metabolic adjustments associated with genetic engineering.
Prior transcriptomic, metabolomic, and lipid specific flux
analysis in HO leaves (Vanhercke et al. 2017; Mitchell et al.
2020; Zhou et al. 2020) could not identify the metabolic ad-
justments associated with vegetative tissue oil biosynthesis,
leaving open questions about the effect of the engineering.
For example, during HO vegetative growth genes involved
in photosynthesis and carbon capture were greatly increased
despite the stunted growth of HO. Likewise, the expression of
genes involved in fatty acid f-oxidation ether decreased or
remained the same in HO as compared to WT, suggesting
limited change to fatty acid degradation in the engineered
lines during vegetative growth by gene expression analysis
alone. Isotopic labeling studies can track altered acyl flux re-
sulting from lipid metabolic engineering and identify en-
dogenous bottlenecks that affect the accumulation of the
desired lipid products (Eccleston and Ohlrogge 1998; Bates
and Browse 2011; Bates et al. 2014; Yang et al. 2017; Regmi
et al. 2020). Previously ['“Clacetate tracing of lipid metabol-
ism in isolated leaf disks exposed to constant light indicated
that acyl flux in HO was diverted away from photosynthetic
membrane production to produce TAG with concomitant
increased lipid turnover (Vanhercke et al. 2017; Zhou et al.
2020). Thus, considering the gene expression changes it re-
mained unclear if the enhanced lipid breakdown was partial-
ly induced by incubation of excised leaf disks in constant
light, and further, what were the consequences of enhanced
synthesis/turnover of lipids on carbon partitioning into other
metabolic end products such as starch, protein, cell walls, or
aqueous-soluble metabolic intermediates. The production
and turnover of lipid and starch are crucial to optimal photo-
synthetic performance and plant growth (Huber and Hanson
1992; Yu et al. 2018; Koper et al. 2021), and the presence of
futile cycles wherein starch or lipid are made and turned
over and net ATP is consumed, can contribute to changes
in growth phenotypes observed in tobacco (Edwards et al.
1999; Baud et al. 2009; Fan et al. 2019; Zhai et al. 2021).
CO, has been successfully utilized in tobacco to track car-
bon uptake, source—sink transitions, and partitioning into
different metabolic products (Olesinski et al. 1995; Hausler
et al. 1998; Oparka et al. 1999). In this study, carbon metab-
olism in the WT, HO, and LEC2 tobacco lines was traced
with'*CO,, in planta, to examine the effects of leaf oil engin-
eering on resource partitioning of photosynthetically fixed
carbon into various metabolic products.

Results

'“CO, tracing indicates TAG in HO is metabolically
dynamic rather than a stable end-product

To understand the effects of the diurnal cycle on lipid pro-
duction and turnover, 62-d-old WT and HO tobacco plants
were pulsed with "“CO, for 1.5 h and allowed to grow for

20z Aeyy 1z uo Jasn Ausiaaiun a1els uolbuiysep Aq 26 1819//1ZLeen/sAydid/c601 01 /10p/aonle-soueape/sAydid/woo dno-oiwepese//:sdiy woll papeojumod



Oil-starch futile cycles in engineered oil leaves

2 d/night cycles. At the end of the second night, the plants
were maintained in the dark for an additional 61h
(Supplementary Fig. S1). The constant dark period was
used to assess if leaf TAG turnover may be induced by energy
starvation resulting from a lack of light which might occur
during harvest and transport of green leaves for biofuel pro-
duction. The "“C incorporation into total lipids, polar lipids
(membrane lipids), and TAG was tracked across the 88 h
time course (Supplementary Fig. S1).

WT leaves initially produced more "“C labeled lipids than
HO and reached a stable level over the time course; however,
total levels of "C lipids in HO were much more dynamic and
decreased over time (Supplementary Fig. STA). In WT, most
of the "C was associated with membrane lipids and ~1% in
TAG (Supplementary Fig. S1, B and C), consistent with previ-
ous leaf labeling and may reflect TAG involvement in leaf li-
pid homeostasis (Xu and Shanklin 2016; Karki et al. 2019;
Zhou et al. 2020). The HO line accumulated less labeled polar
lipids and more TAG than WT, suggesting carbon for mem-
brane lipids is re-routed to TAG in HO (Supplementary Fig.
S1B), consistent with ["“Clacetate labeling of HO leaf disks
(Zhou et al. 2020) and indicating good agreement between
excised leaf disk and whole plant metabolic labeling experi-
ments. TAG in HO, reached 17% of labeled lipids 3 h after
the pulse before declining to 3% to 4% at the end of the chase
(Supplementary Fig. S1C), indicating that HO leaves remobi-
lize carbon from TAG. This initial experiment demonstrated
the feasibility of utilizing '“CO, to trace differences in carbon
metabolism between WT and oil-producing tobacco plants
over extended periods; therefore, the approach was extended
to analyze more metabolites and include the LEC2 line.

Leaves in mid-development show the greatest
differences in oil accumulation

A development study was performed to determine the best
stage in plant development for '“CO, metabolic labeling
based on: (1) maximal differences in lipid accumulation be-
tween WT, HO, and LEC2 lines; and (2) plant size that (a)
maximized the available leaf tissue area for sampling and
(b) that accommodated the most plants within a 65 L cham-
ber for '“CO, labeling. Total lipid fatty acid content in leaf
disks were directly converted to fatty acid methyl esters
(FAMEs) and quantified by gas chromatography at 30, 44,
and 64 d after sowing (Fig. TA). The HO plants were smaller
than WT while LEC2 plants more closely approached the size
of WT (Vanhercke et al. 2017). In the relatively small 30-d
plants, the HO leaves accumulated an average of approxi-
mately 600 g FAMEs per leaf disk, nearly 3-fold more lipid
content than WT, but not significantly different than LEC2
at this stage. The medium-sized 44-d-old plants had the
most significant difference in lipid accumulation between
the lines, where LEC2 averaged approximately 900 ug (and
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Figure 1. Lipid accumulation in WT, HO, and LEC2 tobacco leaves. A)
Total leaf lipid accumulation at 30, 44, and 64 DAS. The box represents
the interquartile ranges of 25% to 75%, the upper whisker represents
the maximum value that is within 1.5 times over the 75th percentile
and the lower whisker represents the minimum value that is within
1.5 times under the 25th percentile, the cross bar in the box represents
the median, the shape represents the mean, and outliers are points out-
side of the range of the whiskers (>1.5 times interquartile range). Leaf
disks collected (n) during study (30 DAS: n =9 to 18; 44 DAS:n =31to
54; 64 DAS: n = 67 to 107). Significant differences between lines at each
age are indicated by comparison, A: WT-HO; B: WT-LEC2; C: HO-LEC2
and significance differences within a line are indicated across the x-axis
(reference group = 30 d) (*P-values < 0.05, **P-values < 0.01) were cal-
culated by ANOVA and Tukey Honest Significant Differences test for
multiple comparisons. All leaf tissue normalized to 254.5 mm?®. B)
Glycerolipid analysis for WT and oil-accumulating (HO, LEC2) tobacco.
A cork bore (18 mm diameter) was used to collect leaf disks from
40-d-old plants. Five leaf disks were collected from various leaves at ran-
dom from a single plant and combined for a single sample. Bars re-
present the mean (n =3, except LEC2 DAG which has n=2) and
error bars represent mean =+ one standard error. Asterisks above HO
and LEC2 bars indicate significant differences (P-value < 0.05) com-
pared to WT (reference group). No significant differences between
HO and LEC2. PC, phosphatidylcholine; PE, phosphatidylethanolamine;
Pl, phosphatidylinositol; PG, phosphatidylglycerol; MGDG, monogalac-
tosyldiacylglycerol; DGDG, digalactosyldiacylglycerol; DAG, diacylgly-
cerol; TAG, triacylglycerol; FAMEs, fatty acid methyl esters.
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up to 1,200 pg) FAMEs per leaf disk. While the large 64-d-old
plants (similar age to plants in Supplementary Fig. S1) indi-
cated the most oil in the LEC2 lines, they were too large to
be used in replicate with the other lines in the 65 L chamber.
To confirm that changes in total lipid content of mid-size
plants reflected leaf TAG production; we quantified the ma-
jor neutral and polar lipids (Fig. 1B) and associated fatty acid
composition (Supplementary Figs. S2 to S3) in each line from
40-d-old plants. The differences between WT and HO polar
lipids and TAG content indicated a large increase in HO
TAG content (~12,060%) with a concomitant ~43% de-
crease in galactolipids relative to WT. The further increase
in LEC2 TAG over HO at 40 d after sowing was modestly
compensated by an insignificant reduction in mean galacto-
lipid and phosphatidylglycerol content (Fig. 1B). Thus, the
LEC2 line greatly increased leaf oil content while maintaining
comparable chloroplast membrane content. Based on plant
size, leaf area, and differences in lipid accumulation, 40- to
45-d-old plants were chosen for additional "“CO, pulse-
chase analysis.

Differential lipid accumulation during a 145 r '“CO,
pulse—chase labeling of WT, HO, and LEC2 tobacco

A2 h '*CO, pulse and chase of 145 h was utilized to analyze
the partitioning of photosynthetically fixed carbon into ma-
jor metabolites between the tobacco lines. Figure 2, A and B
demonstrates the labeling chamber and the sampling proto-
col implemented to minimize differences in individual leaf
development between replicate plants and maximize the to-
tal leaf area available for sampling. Eight time points were col-
lected across three sequential horizontal leaves on each
replicate plant. Two WT replicate plants and three replicate
plants of both HO and LEC2 at 45-d-old were able to fit in the
65 L labeling chamber together. At the end of the pulse (de-
signated time 0 h), leaf disks were collected from three se-
quential leaves per plant (n =12 to 18 at 0 h), and from
one leaf per plant at later time points (n =4 to 6) (Fig. 2B).
Leaf disk biomass was separated into five major fractions:
aqueous soluble metabolites, total protein, cell wall, starch,
and total lipids (Fig. 2C). In addition, the lipid fraction was
further divided between TAG and polar lipids, and the aque-
ous fraction was further split out into sugars, organic acids,
and amino acids. Plants appeared healthy during the entire
experiment and did not show signs of growth defects from
sampling (Fig. 2D). The lines varied in lipid accumulation
over the 145-h chase time course (Fig. 2E). WT increased lipid
mass from 301 to 486 ug FAME per leaf disk over develop-
ment. At the end of the pulse, leaf disks collected from HO
and LEC2 had a similar amount of lipids which was ~1.3-
to 1.4-fold greater than WT. Though HO started with more
total lipid mass than WT, total FAME per leaf disk in HO
only increased slightly from 446 to 500 ug FAME over the
145 h time course. By 100 h after the pulse, total WT lipid
mass reached the level of HO and both did not change fur-
ther over the next 45 h. During the time course, LEC2 lipid
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mass per leaf disk increased significantly from 406 yg FAME
at hour 0 to 1,133 yg FAME at hour 145, an increase of nearly
300% in 7 d. Thus, the plants that were '“CO, labeled grew
well and had changes in carbon metabolism leading to differ-
ential lipid accumulation over the time course.

Metabolic partitioning of '*CO, into major
metabolite fractions differed significantly between
lines

At the end of the pulse (Fig. 3A, 0 h), total "*C accumulation
indicated significant differences in '“CO, assimilation be-
tween each tobacco line. Total '“C, measured as disintegra-
tions per minute (DPM) per leaf area, in WT was over
2-fold greater than HO, and more than 25% greater than
LEC2. Total radioactivity decreased over the first 55 h of
the chase period before mostly leveling off, indicating parti-
tioning into storage reserves that were less significantly
turned over. By 145 h, the total "C in each line was less
than half the value at the end of the pulse (Fig. 3A). The initial
decrease in total “C per leaf area most likely represented the
export of photosynthetically fixed carbon from the leaf to
other tissues. CO, converted into different metabolite frac-
tions was quantified as a percentage of the total radioactivity
across the time course (Fig. 3, B to F). The relative proportion
of carbon partitioning to aqueous soluble metabolites was
not initially significantly different at chase hour 0 between
any of the tobacco lines (Fig. 3B), however, the oil accumulat-
ing lines had a more rapid efflux of "“C out of the aqueous
fraction as the aqueous soluble metabolites were converted
to other metabolites during the chase period. By hour 55,
WT, HO, and LEC2 were similar in the percentage of '“C in
the aqueous fraction and protein (Fig. 3C). At the beginning
of the chase, "“C partitioning to the cell wall fraction in HO
(21.7%; Fig. 3D) was approximately 1.5-fold greater than WT
(14.1%) and more than 1.9-fold greater than LEC2 (11.2%).
HO had a higher percent of "C associated with the cell
wall fraction than both WT and LEC2 throughout the experi-
ment, though all lines exhibited similar '“C increases in cell
wall over the time course (Fig. 3D). There is no significant dif-
ference in the number of cells per leaf area between each line
(Supplementary Fig. S4), therefore the increased partition of
'C to HO cell walls, was not due to a higher number of cells
per leaf disk.

At the end of the pulse (time 0 h), WT contained signifi-
cantly more "C within starch (2.6- to 3.6-fold more) than
the HO lines (Fig. 3E, 0 h). Within the first 6 h of the chase,
labeled starch increased more rapidly within the oil lines.
Then labeled starch decreased in all lines between 6 and
16 h, consistent with starch turnover diurnally. Over the se-
cond light period (chase hours 16 to 30) the percent of total
Cin starch increased in all lines; though HO was significant-
ly greater, reaching 18.9% of total "“C, compared to only 7.9%
and 10.1% for WT and LEC2, respectively. At the end of the
second night (chase hour 40) diurnal starch turnover had re-
sulted in a decrease of '“C starch by approximately 50%.
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Figure 2. '“CO, pulse—chase experimental design. A) Labeling chamber, ~65 L volume, with two small fans inside to increase circulation of 1 mCi
"CO, during 2-h pulse. B) "“CO, pulse—chase sampling protocol: Two WT and three HO and LEC2 plants were sampled at eight time points dis-
tributed across three sequential horizontal leaves. Leaf disks were collected from all the leaves at the end of the pulse: 0 h, nowr) = 12, n(no, Leco) = 18
disks. At hours 6 to 100, duplicate leaf disks were collected to represent each leaf number at single time, in an alternating pattern as indicated by
colors; nowry = 4, N(no, Lec2) = 6. Hour 145 is not shown in (B) since leaf disks were collected randomly where space allowed. Leaf disks were collected
by a 14 mm diameter cork bore, ~154 mm? leaf tissue. C) Metabolite extraction by sequence of fractionations. D) Plants growth during time course.
Plants continued growing and appeared healthy after leaf disk collection with the picture taken after the fourth time point (30 h after pulse).
E) Total lipid mass in leaf disks from the 145 h "“CO, pulse—chase. The unlabeled lipid mass measured as FAMEs from lipid extracts in Fig, 3F.
All data points are mean =+ SE. Asterisks indicating significant differences between lines, A: WT-HO; B: WT-LEC2; C: HO-LEC2 (ANOVA and
Tukey Honest Significant Differences test for multiple comparisons) *P-value = 0.05 to 0.01, **P-value < 0.01.

A dampened increase in labeled starch was also apparent
during the third day period (chase hours 40 to 55) and de-
creased between 55 and 145 h of the chase in all lines. By
the end of the chase, HO contained more labeled starch
(7.3%) than LEC2 (5.6%) or WT (3.3%), distinct from the
end of the pulse (0 h) where WT was 2.6- to 3.6-fold higher
than the oil lines.

The partitioning of fixed "C into total lipids revealed
unique differences between each line (Fig. 3F). At hour 0,
LEC2 allocated 19.6% of total "“C to lipids, whereas WT and
HO were 12.6% and 10.7%, respectively. LEC2 maintained a
higher percentage of labeled lipids over both WT and HO un-
til hour 55, when total labeled lipid content on a percent basis
was similar in LEC2 and WT and remained so for the duration
of the time course. During the first 55 h of the time course,
'C lipid labeling within HO was changing more extensively
to offset starch levels and potentially accommodate diurnal

carbon needs. By the end of the time course, the fraction
of '“C accumulated in HO total lipids was significantly less
than WT and LEC2. In summary, total "“CO, uptake was de-
creased in the oil lines compared to WT, with HO having the
largest disparity of less than half the fractional level of lipid
relative to WT. LEC2 carbon uptake was measured to be
78.7% of WT, indicating a significant improvement in carbon
assimilation relative to HO. Both HO and LEC2 exhibited sig-
nificant differences in partitioning of fixed "“C from WT and
each other, particularly in the cell wall, lipid, and starch
fractions indicating metabolic alterations in addition to lipid
accumulation in HO and LEC2 lines.

Aqueous metabolite fractions show the greatest
differences in organic acid labeling

To further investigate the changes in carbon partitioning
between WT and the oil-producing lines, the aqueous
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0.05 to 0.01, **P-value < 0.01. DPM, disintegrations per minute.

metabolite fraction (Fig. 3B) was split into neutral, anionic,
and cationic aqueous metabolite fractions essentially com-
posed of soluble sugars, organic acids, and amino acids, re-
spectively (Fig. 4). At the end of the "“CO, pulse (0 h) the
organic acid portion (Fig. 4A) contained more '“C than other
aqueous fractions in all lines with WT accumulating the most
(30%, 27%, and 18% in WT, LEC2 and HO, respectively) as a
percent of total radioactivity (Fig. 4B). The amount of labeled
organic acids decreased more rapidly in both oil-producing
lines between 0 and 40 chase hours than WT (Fig. 4B), sug-
gesting more rapid turnover of organic acid pools in oil lines
than WT, less synthesis of labeled organic acids during the
chase period from turnover of other labeled pools in the

oil lines, and possibly larger organic acid concentrations in
the vacuoles within WT that were labeled. By 55 h into the
chase period, the labeled organic acid levels in the WT
were similar to the oil lines (Fig. 4B). The percent of total
radioactivity in the soluble sugar fraction was similar among
the lines and decreased from ~13% to 14% at the end of the
pulse (Fig. 4, C and D). The amino acid portion was the least
labeled in all lines (Fig. 4E), with percent of total radioactivity
in the HO line highest on average and significantly higher
than WT at six of the eight time points (Fig. 4F). The free ami-
no acid fraction indicated larger differences between HO and
the other two lines (Fig. 4F) than the total protein fraction
(Fig. 3C), suggesting that the chase turnover of labeled
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metabolites led to a higher flux through free amino acids
pools that was not directly involved in protein synthesis.

Distinct patterns of labeled lipid fluxes in each
tobacco line

The lipid fraction (Fig. 3F) was separated into neutral lipids
and polar lipids by thin-layer chromatography (TLC) and
radioactivity in each lipid class was quantified by phosphor
imaging (Supplementary Fig. S5). Similar to the initial
CO, labeling experiment (Supplementary Fig. S1) the WT
radiolabeled lipid fraction was predominantly composed of
polar lipids (e.g. membrane lipids) (Fig. 5, A, C, and E) with
lesser contribution from diacylglycerol (DAG), free sterols,
steryl esters, and pigments (Supplementary Fig. S6). TAG

represented less than 1% of the labeled lipids in WT (Fig. 5,
B, D, and F). The total radioactivity per leaf disk in WT polar
lipids reached a maximum at 6 h of the chase and remained
roughly constant over the time course (Fig. 5A); though total
fixed '“C was decreasing during the same initial period of the
chase (Fig. 3A), thus resulting in increased polar lipid per-
centage as a fraction of total radioactivity of 24.2%
(Fig. 5C). When considering the partitioning of "“C within li-
pids, the label in WT polar lipids was unchanged indicating
polar lipid composition was maintained (Fig. 5E). The results
indicated that WT membrane lipids synthesized during and
shortly after the pulse were stable over the time course.

As expected from the lipid mass quantification (Figs. 1A
and 4E) the HO lines both accumulated significantly more
"C-TAG (Fig. 5, B, D, and F) and less labeled polar lipids
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tions per minute.

(Fig. 5, A, C, and E) than WT by the end of the pulse. However,
each oil line exhibited distinct patterns of '“C lipid flux. In
HO, total radioactivity per leaf disk and percent of total
'C for both polar lipids and TAG increased from the end
of the pulse through the remaining day and first night
(0 to 16 chase hours, Fig. 5, A to D). After 16 h of chase
the total "“C per leaf disk for both polar lipids and TAG
(Fig. 5, A and B) rapidly decreased during the second day
(16 to 30 h), increased slightly during the second night (30
to 40 chase hours), then rapidly decreased again during the
third day (40 to 55 chase hours). At 55 h of chase the total
'4C per leaf disk in HO polar lipids was about half of the max-
imum at 16 h, however total '“C in TAG had decreased 94%
from the 16 h maximum (Fig. 5, A and B). From 55 to 145 h
the remaining total radioactivity in HO polar lipids was stable

while TAG continued to decrease (Fig. 5, A and B). As a per-
cent of total fixed "C (Fig. 3A), the total polar lipid labeling
fluctuations were dampened and became near constant
from 16 to 145 h (Fig. 5C). However, HO TAG as a percentage
of total "“C was similar to the total TAG "C per leaf disk
demonstrating a dynamic pattern (Fig. 5D). The results indi-
cated that labeled TAG in HO was not stable and “C flux
through the TAG pool was dependent on diurnal cycles,
with "C in TAG decreasing during the day and increasing
at night. In addition, '*C flux through the HO polar lipid
pools only partially mirrored the TAG pool. In LEC2, initial la-
beling of polar lipids at the end of the pulse was 35% and 43%
more than HO as total "C per leaf disk and percent of total
14¢C, respectively (Fig. 5, A and C), while LEC2 initial TAG la-
beling was more than double that of HO by both measures
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(Fig. 5, B and D). Total '“C per leaf disk for both polar lipids
and TAG of LEC2 reached a maximum by the end of the first
day (6 chase hours), and slowly decreased over the time
course by 43% and 50%, respectively (Fig. 5, A and B).
When considered as a percent of total fixed "“C, both polar
lipids and TAG in LEC2 were roughly constant over the
time course (Fig. 5, C and D). Together these results indicated
that both TAG and membrane lipids were more stable in
LEC2 than HO.

Membrane lipids and TAG are produced through a com-
plex metabolic network in which intermediates (e.g. fatty
acids, DAG) are exchanged between membrane lipids and
TAG (Bates 2016, 2022). Therefore, changes in relative lipid
class radioactivity were examined over the pulse—chase per-
iod (Fig. 5, E and F). In WT most lipid radioactivity was

partitioned into polar lipids with very little in TAG which re-
mained near constant over the time course (Fig. 5E). In both
the oil-producing lines the percent of '“C initially incorpo-
rated into polar lipids decreased over the first 6 h of chase
(Fig. 5E) and was accompanied by an increase in TAG
(Fig. 5F) consistent with fatty acids (and possibly DAG) tran-
siently incorporated into PC prior to accumulation in TAG
(Bates 2016; Zhou et al. 2020). In HO the percent of total lipid
"C-TAG decreased from 16 to 145 chase hours, and polar li-
pids increased slightly (Fig. 5, E and F) suggesting the turn-
over of HO TAG (Fig. 5 B and D) that consequently
increases percent polar lipid levels (Fig. 5, A and C) but
may also indicate some transfer of "“C from TAG to polar
lipids during the chase. In LEC2, the relative labeling of
polar lipids and TAG from 6 to 145 h was roughly constant
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further supporting the stability of TAG in the LEC2 line
(Fig. 5, E and F).

LEC2 alleviates a TAG-starch futile cycle present in
HO leading to higher TAG content

The relative accumulation of TAG and starch as both total
radioactivity (DPM) and percent of total '“C in WT, HO,
and LEC2 across the 145 h time course was compared
(Fig. 6). At 45 d, diurnal cycling of "*C-starch was apparent
in all lines (Fig. 6, A to F); however, the HO line exhibited an
inverse pattern of TAG diurnal cycling (Fig. 6, C and D).
During the first night (6 to 16 h) labeled starch decreased
and labeled TAG increased suggesting the breakdown of
starch at night fuels HO TAG biosynthesis. Surprisingly
"“C-TAG decreased concomitant with an increase in
"C-starch during the second day (16 to 30 h) indicating
the turnover of carbon from TAG to indirectly fuel
starch production in HO, which was not apparent in other
lines. The pattern repeated though with more dampened
response as '‘C intermediates of starch and TAG metabol-
ism were siphoned off for other products during the
extended chase. While some diurnal cycling of "“C-starch
was apparent in LEC2 (Fig. 6, E and F), the amplitude at
16 to 40 h was less than HO, and there was little change
in "“C-TAG content. The larger changes in both labeled
starch and TAG in HO suggest a TAG-starch futile cycle
which was alleviated in the LEC2 line. We hypothesize
that examples of turnover may be commonplace in engi-
neered systems that fail to meet expectations; however,
evidence for futile cycling requires dynamic labeling as
performed here or other data that can be difficult to ob-
tain in practice.

Discussion

In this study, we investigated carbon partitioning in engi-
neered tobacco with ~15% oil in leaves (HO line), and a se-
cond line (LEC2 line) that additionally co-expresses AtLEC2 in
the HO background resulting in increased plant growth and
accumulating significantly more oil (~30% of dry weight) in
leaves (Vanhercke et al. 2014, 2017). Through quantitative as-
sessment of the lipid phenotype and isotopic tracing into
biomass components and pathway intermediates we dem-
onstrate: (1) TAG within HO leaves can be remobilized out
of storage pools during an energy deficit of extended dark-
ness (Supplementary Fig. S1); (2) a period of rapid accumula-
tion of leaf oil in LEC2 leaves from (30 to 44 days after sowing
(DAS)) that was absent from HO and is consistent with the
delayed expression of the senescence-inducible promoter for
AtLEC2 (Fig. 1A); (3) oil accumulation in HO that coincides
with reduced photosynthetic membrane lipid production,
but increased TAG content of LEC2 that does not result in
additional reductions in photosynthetic membrane lipids
(Fig. 1B, Supplementary Figs. S2 and S3); and (4) differences
in carbon assimilation and partitioning to lipids, aqueous-
soluble, protein, starch, and cell wall components (Figs. 2

Johnson et al.

to 6) through a quantitative '“CO, pulse—chase labeling de-
sign over a ~7-d period (145 h).

“CO, labeling indicates differences in carbon
assimilation and partitioning between tobacco lines
The "CO, pulse—chase labeling study revealed that leaves
with enhanced TAG accumulation had significant alterations
in central carbon metabolism, most prominently in the HO
line. The HO line fixed approximately half as much '“CO,
as WT and exhibited significantly less "“C partitioned to
starch (Fig. 3E, hour 0), more to cell wall (Fig. 3D, hour 0),
and increased labeling in the amino acid fraction with con-
comitant decrease of "C in the organic acid fraction com-
pared to both WT and LEC2 (Fig. 4, hour 0). '“C in lipids
initially did not differ significantly between HO and WT
though LEC2 was nearly double the others (Fig. 3F, hour 0).
Over the chase period each line had a unique pattern of car-
bon partitioning as the metabolites labeled during the pulse
were converted to downstream products (Figs. 3 to 6). Thus,
the effect of the first iteration of leaf oil engineering (i.e. HO
line) impacted more than fatty acid synthesis and TAG accu-
mulation, it affected total CO, fixation and carbon partition-
ing with consequences on other aspects of metabolism and
biomass production. The inclusion of LEC2 did not further
magnify the differential partitioning of HO, but instead par-
tially compensated for the lost carbon assimilation and ex-
hibited metabolism more consistent with WT. The results
indicate that engineering leaf metabolism to accumulate
oil has a widespread impact on central metabolism, beyond
fatty acid synthesis and lipid assembly and may support sev-
eral intriguing hypotheses.

Hypothesis 1: FA B-oxidation and glyoxylate cycle
coinciding with photorespiration in leaf peroxisomes
may reduce photorespiratory flux and CO,
assimilation in HO

The flux of '“C through a TAG-starch futile cycle in HO
leaves (Fig. 6, C and D) would involve the mobilization of car-
bon from TAG through B-oxidation and result in acetyl-CoA
that could be used in the glyoxylate cycle or as a precursor of
other storage reserves (such as starch through the glyoxylate
cycle and gluconeogenesis). In a leaf, the production of glyox-
ylate occurs substantially through photorespiration (Fig. 7A)
(Pan et al. 2020). The additional potential source of glyoxy-
late may contribute to the observed phenotype. '“CO, enters
leaf metabolism through photosynthesis when ribulose 1,5,
bisphosphate carboxylase/oxygenase (Rubisco) carboxylates
ribulose 1,5 bisphosphate (RBP) that can be metabolically
partitioned for fatty acids (Fig. 7A2) and TAG (Fig. 7A3).
Photorespiration occurs when Rubisco oxygenates RBP
(Fig. 7A1). The pathways of photorespiration (Fig. 7A, purple
arrows), B-oxidation (Fig. 7A4), and glyoxylate cycle (Fig. 7A5,
7 to 8) have been extensively characterized and reviewed
for many plant species including tobacco (lgamberdiev
et al. 1995; Escher and Widmer 1997; Igamberdiev and
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Figure 7. Reorganizing central metabolism to accommodate TAG
turnover in tobacco leaves A. TAG-starch futile cycle. Carbon flux
through the TAG-starch futile cycle (red and blue arrows) and photo-
respiration (purple arrows) begins in the chloroplast (green) with (1)
photosynthetic carboxylation (*“CO,) or oxygenation (O,) of RUBP, re-
spectively. (2) Calvin cycle partitioning of triose phosphates (triP) to
fatty acid synthesis (FAS) is typically cytosolic, though expression ana-
lysis suggested a complete plastidial glycolytic pathway may be active
to form phosphoenolpyruvate (Vanhercke et al. 2017). New photosyn-
thetic carbon is partitioned to FAS for (3) TAG assembly while (4)
B-oxidation degrades TAG that, releases H,O,, NADH, and old carbon
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Kleczkowski 2000; Graham 2008; Bauwe et al. 2010;
Tjellstrom et al. 2015; D’Andrea 2016; Kelly and Feussner
2016; Timm 2020; Timm and Hagemann 2020; Shi and
Bloom 2021).

Efficient photorespiratory flux is necessary to maintain car-
bon assimilation (i.e. autotrophic metabolism) in atmospher-
ic conditions and effectors such as NADH and glyoxylate,
both produced within the peroxisome by [-oxidation and
glyoxylate cycle, respectively, can inhibit photorespiratory
flux (Peterson 1982; Havir 1986; Escher and Widmer 1997;
Pritchard et al. 2002; Timm et al. 2012; Lu et al. 2014;
Timm et al. 2016; Timm 2020; Timm and Hagemann 2020).
High flux through FA B-oxidation and glyoxylate cycle may
impair photosynthetic carbon fixation in several ways.
Increasing cellular glyoxylate concentration can inhibit en-
zymes involved in photosynthesis (Rubisco and Rubisco acti-
vase, Fig. 7B1) and photorespiration [glutamate:oxoglutarate
aminotransferase (GOGAT, Fig. 7B2), serine:glyoxylate ami-
notransferase (SGAT, Fig. 7B3), glycine decarboxylase com-
plex and serine hyrdroxymethyltransferase (GDC and
SHMT, Fig. 7B4)] (Peterson 1982; Havir 1986; Lu et al.
2014). B-Oxidation and regeneration of the glyoxylate cycle
substrate oxaloacetate (OAA) from succinate could also ele-
vate cellular redox potential leading to NADH inhibition of
GDC in photorespiration (Fig. 7A4, 5, 7 to 9 and B, 1 to 5)
(Igamberdiev and Lea 2002; Ma et al. 2016; Igamberdiev
and Bykova 2018; Igamberdiev 2020). Further, if GDC were in-
hibited in the mitochondria, this could result in accumula-
tion of photorespiratory metabolites that modulate Calvin
cycle and photorespiration (Fig. 7A9 and B4, 5) (Peterson
1982; Igamberdiev et al. 2004; Timm et al. 2012; Bykova
et al. 2014; Negi et al. 2018).

Figure 7. (Continued)

as acetyl-CoA that combines with OAA to form citrate in the glyoxy-
late cycle within the peroxisome (blue). The glyoxylate cycle converts
(5) citrate to glyoxylate and succinate, with the former accepting an
acetyl-CoA to form malate and the latter metabolized in the mitochon-
dria (red) (cytosolic aconitase reaction step not shown). (6) Malate en-
ters gluconeogenesis in the cytosol and some unknown intermediate is
imported to the chloroplast to synthesize starch. (7) Succinate metab-
olism at complex Il increases the redox potential in the mitochondrial
electron transport chain during illumination in conjunction with the
photosynthetic production of NADPH, while (8) replenishing OAA as
the precursor for the glyoxylate cycle. Photorespiratory flux produces
glyoxylate and H,O, in the peroxisome and (9) NADH in the mitochon-
dria via glycine decarboxylase complex (GDC). B) Inhibition via glyox-
ylate and NADH of photorespiratory flux stimulates cell wall synthesis.
Glyoxylate is a potent inhibitor of (1) Rubisco and Rubisco activase, (2)
glutamate:glyoxylate aminotransferase, (3) serine:glyoxylate amino-
transferase, and (4) GDC, with GDC also inhibited by NADH (5).
Photorespiratory flux to the chloroplast may be enhanced with the re-
ducing potential generated within -oxidation acting to reduce hydro-
xypyruvate to glycerate (6). Increased carbon partitioning to the cell
wall (orange) in HO (Fig. 3D) may result from the inhibitory effects ex-
cess glyoxylate and NADH which redirects carbon flux from photo-
respiration to gluconeogenesis.

20z Aeyy 1z uo Jasn Ausiaaiun a1els uolbuiysep Aq 26 1819//1ZLeen/sAydid/c601 01 /10p/aonle-soueape/sAydid/woo dno-oiwepese//:sdiy woll papeojumod



12 | PLANT PHYSIOLOGY 2024: 00; 1-16

Previous metabolomic and transcriptomic analysis com-
paring HO to WT (Vanhercke et al. 2017; Mitchell et al.
2020) are mostly consistent with the current metabolic
tracing results. The relative abundance of glycine (a
downstream product of glyoxylate within photorespiration)
was increased nearly 3-fold in HO, while serine (the next
metabolic intermediate, Fig. 7A) was not significantly differ-
ent. Recent reports indicate glycine accumulation as a
characteristic marker of alterations in photorespiratory flux
(Fu et al. 2023). Therefore, the increase in glyoxylate from
B-oxidation could inhibit photorespiration and manifest as
increased glycine with inhibition of GDC and SHMT. The in-
creased expression of Rubisco, GDC, SHMT, glutamine
synthetase, and hydroxy pyruvate reductase in HO is likely
a compensatory mechanism to inhibition by glyoxylate,
and together with the altered levels of glycerate and 2-oxo-
glutarate (Vanhercke et al. 2017; Mitchell et al. 2020) indicate
that the balance of photorespiration relative to carbon
assimilation has changed and are consistent with altered me-
tabolite and transcript levels of photorespiratory phenotypes
previously described (Timm and Bauwe 2013). Though the
glyoxylate cycle is normally involved in converting fats to su-
gars at germination, which is developmentally segregated
from photorespiration in leaves, the HO leaves support the
combined presence of these pathways that inhibits photo-
respiration and carbon assimilation, and results in a dramatic
reduction in CO, fixation and adverse growth phenotypes.

Hypothesis 2: TAG turnover feeds starch synthesis
and impairs sink strength leading to reduced CO,
assimilation in the HO line

The cycling of "C between TAG and starch in HO (Fig. 6, C
and D) suggests carbon from TAG production and turnover
is capable of partially offsetting photosynthetically derived
starch synthesis (Fig. 7A4 to 6) if enzymatic steps in gluco-
neogenesis were active. Specifically, the initial limited parti-
tioning of fixed "“CO, to starch in HO (Fig. 6, 0 h) may be
a consequence of TAG catabolism during this time
(Fig. 7A5 and 6) which would provide an unlabeled source
of carbon for starch synthesis. Use of TAG this way could re-
duce photosynthetic demand for starch, resulting in de-
creased photosynthetic carbon uptake as has been shown
for starchless mutants (Huber and Hanson 1992; Edwards
et al. 1999). A starchless A. thaliana mutant was improved
(i.e. carbon uptake and growth) by directing carbon flux
from sugars to lipids and suggests lipids synthesis can be le-
veraged to increase carbon sink strength (Fan et al. 2019).
Furthermore, when lipid storage capacity was enhanced in
ryegrass, the authors also observed increased photosynthesis
and total carbon content (Beechey-Gradwell et al. 2020).
Both studies are similar to the LEC2 line where enhanced
fatty acid synthesis and TAG stability (Fig. 5) corresponded
with enhanced CO, fixation (Fig. 3A). For a system that is
producing and turning over starch and fatty acids, net ATP
is consumed in the cyclic regeneration of storage reserves,
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therefore resulting in a futile cycle. The shift in carbon flux
to a TAG-starch futile cycle may reflect recently predicted
targets of WRI1 in the upper glycolysis and pentose phos-
phate pathways (Kuczynski et al. 2022) whereby WRI1, also
involved in the regulation of cell wall biosynthesis (Haigler
et al. 2009; Qu et al. 2012; Qaisar et al. 2017) may account
for the unexpected increase of 'C in the HO cell wall
(Fig. 3D). These reports support the assertion that altered
carbon partitioning and TAG catabolism negatively modu-
lates carbon fixation in photosynthetically active leaves engi-
neered to accumulate lipids. The reassimilation of carbon
from TAG turnover into starch biosynthesis reduces the
sink strength of starch for photosynthetic carbon to further
limit photosynthetic carbon capture.

Hypothesis 3: AtLEC2 stabilizes TAG accumulation
preventing the HO TAG-starch futile cycle and
increasing CO, assimilation and plant growth
Compared to the first-generation HO tobacco line, the LEC2
accumulated twice as much TAG while mostly alleviating the
growth defects of the HO (Vanhercke et al. 2014, 2017).
Previously, the metabolic causes for these differential pheno-
types were unclear. Here, we demonstrate that the increase
in leaf oil accumulation in LEC2 did not come from further
diversion of membrane lipids to TAG (Fig. 1), and the en-
hanced growth was likely associated in part with recovered
4CO, fixation (Fig. 3A). Interestingly partitioning of “new”
["“C]carbon to the lipid and TAG fractions increased for
LEC2 relative to HO (Figs. 3 and 5) and this increase was at-
tributed to a combination of new carbon partitioning to lipid
synthesis and improved TAG stability by reducing TAG deg-
radation in the LEC2 line (Figs. 1 and 5). Recent evidence sug-
gests that co-expressing LEC2 and WRIT promotes TAG
synthesis and stability beyond that of WRIT alone through
enhanced expression of fatty acid synthesis and oil body
packing (OLE1/OLE2/OLE3/OLE4/OLE5) (Baud et al. 2007;
Kim et al. 2015). We suggest the metabolic stability of TAG
in the LEC2 line (Fig. 5) limited the detrimental effects of
the TAG-starch futile cycle described in Hypotheses 1 and
2, and thus contributed to the enhanced growth and carbon
capture of LEC2 over HO.

Conclusion

The ability to greatly increase the production of plant oils per
area of land through the engineering of novel vegetative oil
crops holds great potential, but both the amount of oil pro-
duced and the effects on plant growth have varied widely in
various crop plants (Vanhercke et al. 2019a). Utilizing two
previously produced oil accumulating tobacco lines we find
that stability of engineered leaf oil accumulation is key to lim-
ited adverse metabolic responses in central carbon metabol-
ism (Fig. 7) that otherwise reduce CO, assimilation and
growth. An inefficient TAG-starch futile cycle in HO that is
alleviated in the LEC2 line likely accounts for much of the
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growth and metabolic differences between the lines.
Together with a recent report that tobacco accumulates non-
transient starch in leaves which can provide the excess carbon
for lipid synthesis (Chu et al. 2022), the results suggest the
capacity of tobacco to capture more CO, than needed for
vegetative growth and store it as a metabolically stable prod-
uct (nontransient starch, or TAG in LEC2) may account for
the success in tobacco leaf oil engineering relative to other
species. Interestingly, while the LEC2 is similar to WT in size,
%C0O, assimilation was 83.3% of WT suggesting further engin-
eering of the LEC2 line may be able to enhance metabolic per-
formance and further increase leaf oil accumulation.

Materials and methods

Plant growth

Tobacco (N. tabacum) seeds were germinated in a growth
chamber at 16 h light/8 h dark, 23 °C, and 100 to 300 ymol
photons m~” s~ light at pot level (3.5 in. pots). At 30 DAS,
plants were transferred to 2.8-L pots in a greenhouse with
supplemental lighting and heating set to 16 h light/8 h
dark, 28/20 °C, and 200 to 400 ymol photons m™>s™".
Watered daily, as needed, and fertilized twice per week
with 20/10/20 NPK (1 part fertilizer:15 parts water) with an
additional 200 ppm micronutrient solution of Scotts
Miracle-Gro.

Leaf lipid mass measurements

Three plants utilized per genotype for total fatty acid analysis,
7 mm diameter leaf disks were collected from 1 to 3 leaves at
30 DAS, 16 mm disks were collected from four to six leaves at
44 DAS, and from five to seven leaves at 64 DAS. Disks were sub-
merged in 1.5 mL 2.5% sulfuric acid in methanol (v/v) in glass
tubes containing 17:0 TAG standard and incubated at 80 °C
for 1 h to produce FAME. 0.5 mL hexanes and 3 mL 0.9% KCl
(w/v) was added to induce phase separation. FAME in the upper
hexanes phase concentrated under N, and re-suspended in
0.2 mL hexanes for quantification via gas chromatography
with flame ionization detection (GC-FID) on Restek FATwax
column (30 m, 0.25 inner diameter, 0.25 mm film thickness).
Five microliters injection, 1/40 split ratio, 0.9 mL/min helium
flow rate. Heating conditions: 170 °C ramped 10 °C per minute
to 230 °C, hold 5 min. FAME data was normalized to a leaf disk
area. For lipid class analysis, lipid extraction and TLC were done
as previously (Zhou et al. 2020). Lipid classes identified by TLC
migration with standards after staining with 0.05% (w/v) primu-
lin in acetone/water 80:20 (v/v) and visualized under UV light,
then removed from TLC for conversion to FAME and analyzed
by GC-FID.

14C0O, pulse chase

35-DAS plants were transferred to the lab for 10 d to accli-
mate to environmental conditions of ~350 pmol photons
m~2s~" of fluorescent light at 22 to 30 °C and ~20% to
30% humidity. The 45-d-old tobacco plants (2 WT, 3 HO, 3
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LEC2) were placed together in a 65 L desiccator under the
lights containing two small fans, and a vial of 1 mCi ['“C]bi-
carbonate (American Radiolabeled Chemicals, Inc). The 2 h
pulse (evolution of '“CO,) was triggered by delivering 2 mL
of 5 m sulfuric acid to the ["*C]bicarbonate via tubing and
syringe at 5 h into the day. At the end of the pulse the cham-
ber was purged inside a fume hood through a 1 m KOH base
trap to capture any remaining '“CO,. Once removed the
plants were placed under lights and the 0 h leaf disks were
collected from the first three sequential leaves above the co-
tyledons near the tip (12-WT, 18-HO, 18-LEC2 replicates). T
for subsequent time points, two disks were collected from
each side of the midrib moving toward the base 4-WT,
6-HO, 6-LEC2 replicates (Fig. 2A). All leaf disks were immedi-
ately frozen in liquid N, and stored at —80 °C.

Extraction and analysis of '“C fractions

All solvents and tools were stored at —20 °C or on ice until
use. Leaf disks were homogenized by bead beater in 2 mL
tubes with five 2.4 mm ceramic beads for three to four inter-
vals of 30 s on medium speed. After each interval, samples
were frozen in liquid nitrogen for 20 s. The extraction of li-
pids, organic acids, amino acids, sugars, protein, starch, and
cell wall was as in (Allen and Young 2013) except for modi-
fications of chloroform/methanol/1 m formic acid (20/10/1;
v/v/v) for lipid extraction solvent, and a 3 h Solusol
(National Diagnostics) digestion to dissolve the cell wall frac-
tion. Radioactivity in aliquots of each fraction was quantified
with a Packard Tri-Carb 2,200 scintillation counter and data
analyzed with Microsoft Excel and R. An aliquot of the la-
beled lipid fraction was also used to measure total mass by
GC-FID of FAME and individual lipid classes by TLC as above.

Statistical analysis
All statistical tests were performed with the programming
language R (version 4.3.1) (R Core Team 2023) for Windows.

Supplementary data

The following materials are available in the online version of
this article.

Supplementary Figure S1. "“CO, pulse—chase tracing of
lipid metabolism in 62-d-old WT and HO leaves under day
night cycles and constant darkness.

Supplementary Figure S2. Fatty acid composition (micro-
grams per 10 cm® leaf area) of glycerolipids for WT and
oil-accumulating (HO, LEC2) tobacco (Fig. 1B).

Supplementary Figure S3. Fatty acid composition (per-
cent of glycerolipid mass) of lipids for WT and
oil-accumulating (HO, LEC2) tobacco (Fig. 1B).

Supplementary Figure S4. Cell counts of leaf pavement
cells from 45-d-old WT, HO, and LEC2 tobacco at 20X
magnification.

Supplementary Figure S5. Total lipid extract visualized
after TLC in hexane/diethyl ether/acetic acid (70/30/1, v/v/v).
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Supplementary Figure S6. Minor lipid fractions from the
145 h "CO, pulse—chase of WT, HO, and LEC2 tobacco lines.
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