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One sentence summary: The link between TAG accumulation and temperature tolerance was studied by

stressing Arabidopsis acyltransferase muatants, revealing that the two are not tightly linked.
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Abstract

The accumulation of triacylglycerol (TAG) in vegetative tissues is necessary to adapt to changing
temperatures. It has been hypothesized that TAG accumulation is required as a storage location for
maladaptive membrane lipids. The TAG acyltransferase family has five members (DGAT1/2/3 and PDAT
1/2), and their individual roles during temperature challenges were either described conflictingly or not
at all. Therefore, we used Arabidopsis thaliana loss of function mutants in each acyltransferase to
investigate the effects of temperature challenge on TAG accumulation, plasma membrane integrity, and
temperature tolerance. All mutants were tested under one high- and two low-temperature regimens,
during which we quantified lipids, assessed temperature sensitivity, and measured plasma membrane
electrolyte leakage. Our findings revealed reduced effectiveness in TAG production during at least one
temperature regimen for all acyltransferase mutants compared to the wildtype, resolved conflicting
roles of pdatl and dgatl by demonstrating their distinct temperature-specific actions, and uncovered
that plasma membrane integrity and TAG accumulation do not always coincide, suggesting a

multifaceted role of TAG beyond its conventional lipid reservoir function during temperature stress.
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Introduction

The ability of a plant to adapt and overcome environmental stressors is one of the strongest tools in
its arsenal. However, as the climate continues to change, plants have become increasingly challenged by
unseasonable temperature events, leading to decreases in agricultural yields and financial losses (Burke
and Emerick, 2016; Cohen et al., 2021). To prepare for temperature changes, plants acclimate via
exposure to non-lethal temperatures triggering molecular remodeling to survive more severe conditions
in both freezing (Wanner and Junttila, 1999), and heat (Lindquist, 1986). If acclimation is interrupted,
plants become susceptible to temperatures at which they would otherwise survive (Gusta et al., 2009).

During high and low temperatures, triacylglycerol (TAG) accumulates in leaves and is essential for
survival (Mueller et al., 2017; Arisz et al., 2018; Tan et al., 2018); however, the reason for TAG
accumulation is unclear. Several hypotheses have been proposed to explain this phenomenon. First, TAG
could accumulate as an energy reserve to aid in recovery from temperature stress by producing ATP via
B-oxidation. Studies in Chlamydomonas reinhardtii showed that TAG accumulates rapidly in response to
nitrogen deprivation but quickly degrades after adding back nitrogen, coinciding with the resynthesis of
organellar membranes (reviewed by Li-Beisson et al., 2015). Second, TAG may accumulate to prevent
oxidative damage to the photosystems during high heat and freezing conditions. Oxidation of thylakoid
membrane lipids occurs in Chlamydomonas reinhardtii (Du et al., 2018) and Arabidopsis (Schmid-Siegert
et al., 2016), and if not removed cause reductions in photosynthetic efficiency (Yu et al., 2021). Third,
TAG could serve as a reservoir for damaged and remodeled membrane lipids that could compromise
membrane integrity if not removed (reviewed by Lu et al., 2020). Support for this hypothesis comes from
the increase in plastid-derived fatty acids that appear in TAG during temperature stresses due to specific
remodeling enzymes. During heat stress, HEAT-INDUCIBLE LIPASE1 removes fluidizing polyunsaturated
fatty acids from the plastid that are stored as TAG (Higashi et al., 2018). Similarly during freezing,
SENSITIVE TO FREEZING2 (SFR2) remodels the outer envelope of the chloroplast ultimately moving
monogalactosyldiacylglycerol (MGDG) backbones into TAG (Moellering et al., 2010).

In each of these scenarios, TAG accumulation is related to maintaining interorganellar and plasma
membrane integrity. A stable membrane provides one of the first lines of defense against damage to cell
permeability and organellar leakage. To maintain fluidity, the types of lipids incorporated into
membranes must change. During low temperatures, the levels of rigidifying lipids decrease (Miquel et
al., 1993; Ghosh et al., 2021), whereas in high temperatures the incorporation of rigidifying lipids is
favored (Falcone et al., 2004; Shiva et al., 2020; Guihur et al., 2022). In both cases, unfavorable,

damaged, or oxidized lipids are removed via membrane remodeling to modify the degree of fatty acid
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saturation and headgroup abundance. These byproducts can be toxic and lead to programmed cell
death during heat (Fan et al., 2013a; Higashi et al., 2018) and chloroplast damage during freezing
(Moellering et al., 2010). Approximately four percent of fatty acids are degraded via turnover pathways
per day (Bao et al., 2000). Because temperature stress can occur within hours, plants need alternatives
to de novo synthesis pathways to quickly store remodeled fatty acids.

In Arabidopsis, there are two families of acyltransferases that generate TAG: the DIACYLGLYCEROL
ACYLTRANSFERASES (DGAT1, 2, and 3) and PHOSPHOLIPID: DIACYLGLYCEROL ACYLTRANSFERASES
(PDAT1 and PDAT2). The DGAT family catalyzes the transfer of soluble acyl-CoA with diacylglycerol
(DAG) to produce TAG (Liu et al., 2012). DGAT1 and DGAT2 have been shown to be membrane-bound in
the endoplasmic reticulum (ER) (Fig. 1A, Shockey et al., 2006), whereas the subcellular location of
soluble DGAT3 has been contended (Saha et al., 2006; Aymé et al., 2018; Carro et al., 2022). PDATs are
membrane-bound in the ER and catalyze the transfer of an acyl chain from a phospholipid, primarily
phosphatidylcholine (PC) in the ER to DAG, producing TAG and a lyso-phospholipid as a byproduct (Fig.
1A, Stahl et al., 2004; Mhaske et al., 2005).

A loss-of-function mutant in each acyltransferase family was previously shown to affect TAG
accumulation and temperature tolerance in either freezing or heat. During heat challenge, pdatl
mutants accumulated less TAG and had impaired recovery (Mueller et al., 2017). When challenged with
freezing conditions, plants lacking dgatl were unable to recover and had lower TAG levels, whereas
DGAT1 overexpression performed better than wild type (Arisz et al., 2018; Tan et al., 2018). However, a
recent study showed PDAT1 overexpression in Arabidopsis also improved low temperature tolerance
compared to wild type, and pdat1 loss-of-function mutants were susceptible (Demski et al., 2020). In
these studies, the methods used for plant growth and temperature treatment varied making
comparisons of the functions of acyltransferase enzymes in heat and freezing more challenging. The
type, temperature, duration, and relative severity of temperature treatments applied to a plant change
their physiological responses and tolerance to temperature stress (Lindquist, 1986; Gilmour et al., 1988;
Wanner and Junttila, 1999). Together, this suggested that the type of temperature treatment may allow
us to tease out the function of all DGAT and PDAT acyltransferase family members during temperature
stress.

Therefore, we hypothesized that both DGAT and PDAT family members are required for
temperature tolerance and that any changes to TAG accumulation would directly correlate with
impaired membrane integrity. To test this, we assayed loss-of-function mutants of Arabidopsis DGAT1,

2, 3, PDAT1, and 2 under the same conditions over a time course (Fig. 1). We used the sfr2-3 mutant as a



110
111
112
113
114
115
116
117
118
119

control for post-freezing recovery (Barnes et al., 2016). We also used a mutant deficient in MEMBRANE-
BOUND O-ACYL TRANSFERASE 5 (MBOATS5) as a control for TAG accumulation. The MBOATS enzyme has
been shown to catalyze wax biosynthesis (Klypina and Hanson, 2008), and has been renamed LONG-
CHAIN-ALCOHOL O-FATTY-ACYLTRANSFERASE 2 (AT2) since we began this work (Wang et al., 2018).

Our goal was to investigate whether the duration and severity of low and high temperatures affect
the importance of which acyltransferases respond. We used the resulting dataset to probe coincidence
of TAG production and plasma membrane integrity in low temperatures. We found that loss of either
DGAT or PDAT enzyme family members can reduce TAG accumulation during temperature stress ,
confirmed that deficits in TAG accumulation can lead to leaf damage, but that TAG accumulation does

not always coincide with plasma membrane integrity.
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Results

Previous work reported that a role for multiple acyltransferase mutants could be observed during
treatment with high and low temperatures (Mueller et al., 2017; Arisz et al., 2018; Tan et al., 2018;
Demski et al., 2020). To encompass all family members, address the apparent conflict between PDAT1
and DGAT1 roles at low temperatures, and explore the relationship of TAG accumulation to temperature
tolerance, we subjected Arabidopsis mutants (dgat1, 2, 3, or pdat1, 2) to two low-temperature and one

high-temperature regimen.

The first low-temperature step used multiple, long-term low-temperature steps, where each low
temperature was applied at the end of the light cycle, Fig. 1B. This and similar assays, commonly used to
simulate field conditions experienced by plants, mimic overnight freezing at the end of the relative day
(Wanner and Junttila, 1999; Gusta et al., 2009; Moellering et al., 2010; Barnes et al., 2016). It is a non-
lethal assay, that allows for scoring of leaf damage and plant recovery. The second low-temperature
ramp used a descending temperature ramp, Fig. 1C, to rapidly challenge plasma membrane integrity,
resembling an unseasonable cold spell (Warren et al., 1996; Thalhammer et al., 2020; Barnes et al.,
2023). In both assays, plants were exposed to a low but non-freezing temperature (4°C) for cold
acclimation in preparation for subzero freezing temperatures. The high-temperature step, Fig. 1D, was
based on a previous study that showed a 15-fold increase in some TAG species (Mueller et al., 2017). It
used a mild heat stress (37°C) and multiple timepoint samples to capture discrete changes in the TAG

profile.

TAG accumulation and recovery of pdat1 and dgat1 are uniquely impacted during the cold and
freezing

After three weeks of growth during normal conditions, lipids were extracted and relative mole percents
(%) of TAG were quantified. The TAG levels were similar in the mutants compared to wild type (Fig. 2A,
i). After two days at 4°C, dgat1 mutants only accumulated 1.2% TAG compared to 2.9% in wild type, a
difference of 42% (Fig. 2A, ii). After one week at 4°C, the percent of TAG in dgatl mutants was similar to
that of wild type, while the percent of TAG in pdat1 mutants was slightly increased (Fig. 2A, iii). At two
hours of -6°C treatment, the TAG levels in all the mutants were equivalent to wild type (Fig. 2A, iv).
After sixteen hours of -6°C treatment, pdat1 mutants had 52% less TAG than wild type, while all other
mutants accumulated TAG levels similar to wild type. We also checked for any visible phenotypes in any

of the acyltransferase mutants following three weeks growth and during the low-temperature regimen
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and found none (Fig. 2B, i-v). However, pdatl mutants displayed more leaf damage compared to
wildtype after returning to growing conditions for two days. (Fig. 2B, vi and C). All acyltransferase
mutants recovered, and after twelve days post-freezing they showed no changes in dry weight

compared to wildtype (Supplemental Fig. S7).

Cellular electrolyte leakage reveals a disconnect between membrane integrity and TAG accumulation
After observing that both acyltransferase families participated in TAG production during the stepped
low-temperature assay, but only loss of pdatl caused leaf damage, we decided to explore the link
between TAG production and plasma membrane integrity using a faster low-temperature ramp (Fig. 1C)
with paired measurements of electrolyte leakage (Willing and Leopold, 1983; Thalhammer et al., 2020).
We reasoned that transient changes in TAG levels might have a more pronounced effect on cell damage
when measured in a quickly changing environment, assuming that decreases in TAG represent
transiently reductions in membrane remodeling and therefore transiently increased plasma membrane
leakage. At -4.5°C, we measured TAG levels and found a decrease in pdatl (3.2%) and pdat2 (2.9%)
mutants, while all other mutants were similar to wild type (5.8%) (Fig. 3A). We hypothesized that
decreases in TAG accumulation would directly correlate with impaired plasma membrane integrity.
Therefore, we measured plasma membrane permeability and damage by assessing the electrical
conductivity of ions leaked during decreasing temperatures. The inflection points on each curve were
used to determine the LTs value, which served as a proxy for the temperature at which 50% of the total
electrolytes were released into solution. Results showed the LTso for dgatl (-3.1°C), dgat2 (-2.8°C), and
pdat2 (-2.6°C) occurred at significantly warmer temperatures compared to wild type (-4.1°C) (Fig. 3B).
Also, dgatl and dgat2 mutants reached their maximum leakages at warmer temperatures compared to
wild type, which occurred at -10°C (Fig. 3C) (Warren et al., 1996). The leftward shift of the curve in the

dgatl and dgat2 mutants indicated a more damaged membrane (Fig. 3C).

Both DGATs and PDATSs are necessary for high-temperature TAG production

To test the role of acyltransferase family members at high temperatures, we treated acyltransferase
mutants at 37°C from zero to 300 minutes following the schematic in Fig. 1D. From zero to 200 minutes,
TAG increased indistinguishably across all genotypes (Fig. 4 A-C). At 300 minutes there was statistically
less TAG in pdatl (5.2%), dgat2 (7.8%) and dgat3 (7.3%) mutants, compared to wild type (11.6% of total
fatty acids) (Fig. 4D). The pdatl decrease in TAG accumulation was approximately 45% and is in

agreement with previous reports (Mueller et al., 2017). Throughout the challenge with high
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temperatures, no phenotypic differences were observed in mutants compared to wild type (data not

shown).

Loss of PDATs affects levels of phosphatidylcholine and free fatty acids during low temperatures

To investigate the role of PC as a direct substrate for the PDAT family, we measured PC levels during the
stepped low-temperature assay for all mutants, as shown in Fig. 5A. For clarity, separate panels are
dedicated to displaying data for pdatl and pdat2 mutants, and TAG levels from all mutants (Fig. 2A) are

displayed in Fig. 5B.

In wild type plants, PC levels spiked after one week at 4°C, decreased at two hours at -6°C, and then
increased again at sixteen hours at -6°C (Fig. 5A). While most acyltransferase mutants followed this
pattern, some deviated. After one week at 4°C, pdatl mutants had decreased levels of PC (6.5%)
compared to wild type (16.7%), but their PC levels matched those of wild type after treatment with -6°C
for two hours (Fig. 5A). In an opposite pattern, pdat2 mutants had PC levels similar to wild type after
one week at 4°C, but decreased after sixteen hours at -6°C (9.5%) compared to wild type (14.9%, Fig.
5A). The PC levels in dgat2 and dgat3 mutants also decreased somewhat after one week at 4°C (10.1%,
and 9.9%, respectively), compared to wild type (Supplemental Fig. S2). While PC levels in dgat2 mutants
returned to wild type levels after 16 hours at -6°C, levels in dgat3 mutants remained lower
(Supplemental Fig. S2). The strongest changes in PC levels occurred in pdatl mutants and did not
coincide with the strongest impairment of TAG levels, which occurred at the 16 hour time point (Fig. 5B)
and coincided with leaf damage (Fig. 2B,C). We then considered the possibility that other substrates or
byproducts of PDAT or DGAT may explain the coincidence of leaf damage and TAG level impairment. We
qguantified accumulation of lyso-PC, free fatty acids and DAG after treatment with -6°C for sixteen hours
(Supplemental Fig. S8). Increases in lysolipids, free fatty acids, or DAG can damage membranes, as these
are non-bilayer forming (Cevc and Richardsen, 1999). However, we observed no changes in lyso-PC or
DAG levels, and there was a 4.6-fold decrease in free fatty acids in the pdat1 mutant (0.5%) compared to

wild type (2.3%).

Because plastid-derived fatty acids appear in TAG during temperature stress (Li-Beisson et al., 2010), we
checked for changes in levels of the two most abundant plastid-derived lipids, MGDG and DGDG.
Generally, MGDG levels remained constant until they decreased after sixteen hours at -6°C in both wild

type and the acyltransferase mutants (Fig. 5C). The dgatl mutants began the assay with relatively higher
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MGDG levels but returned to wild type levels after two days at 4°C. (Supplemental Fig. $2). The DGDG
levels remained constant throughout the low-temperature assay, increasing only after sixteen hours at -

6°C (Supplemental Fig. S2).

Loss of pdat1 but not dgat1 affects the accumulation of double bonds in TAG

Under normal conditions, TAG typically contains a relatively low number of double bonds. During
temperature stress, the number of double bonds increases, often attributed to accumulation of fatty
acids from membrane lipids due to membrane remodeling (Mueller et al., 2015; Tan et al., 2018). We
quantified changes in TAG double bonds using a double bond index (DBI). Throughout the low-
temperature step, the DBI of TAG steadily increased in wildtype (Fig. 6A) and all mutants (Supplemental
Fig. S3). In pdat1 mutants, the DBI of TAG increased less from the start of the assay (0.7) to 1.1 or 1.2
after two or 16 hours at -6°C, respectively (Fig. 6A). Notably, after 16 hours at -6°C, the DBI of pdat1
TAG became distinguishably lower than wild type (2.0) (Fig. 6A).

Plastid lipids are characterized by higher ratios of 16C fatty acids, while lipids in other parts of the cell
have higher ratios of 18C fatty acids (LaBrant et al., 2018). Despite the lower DBI of TAG from pdat1
mutants after 16 hours at -6°C, the ratio of 16:3 to 18:3 fatty acids in TAG of pdat1 mutants remained
similar to that of the wild type. (Fig. 6B). This contrasts with that of sfr2, known to change the 16:3 to
18:3 ratio (Barnes et al., 2016).

To determine whether the reduced DBI observed in TAG was attributed to changes in PC, we also
guantified the DBI of PC. Throughout the low-temperature regimen, the DBI in PC fluctuated slightly, but
none of the acyltransferase mutants deviated significantly from wild type (Fig. 6C). The ratio of 16:3 to
18:3 in PC remained similar between the pdat mutants and the wild type, while the ratio in the dgat2
mutants increased to 0.1 compared to wild type (0.08) (Fig. 6D). We also investigated the DBI of the
major plastid membrane lipids MGDG and DGDG. While there were slight trends in the DBI over the
course of the low-temperature regimen, no statistically significant changes were observed
(Supplemental Fig. S3). When investigating any changes in DBI for lyso-PC, free fatty acids and DAG in
the pdat1 mutant, we found that only free fatty acids were more saturated than wild type plants

(Supplemental Fig. S8).

Consistent with the observations in low temperatures, in high temperatures, all wildtype and mutant

lines had an increasing trend in the DBI of TAG (Fig. 6E, Supplemental Fig. S3). Specifically, the wildtype
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showed an increase in DBI from 0.4 at the start, to 1.0 after 200 minutes and 1.1 after 300 minutes. In
the pdatl mutants, the DBI of TAG increased more gradually. It was measurably different from time zero
after 300 minutes at 37°C (DBl increased from 0.29 to 0.55), but remained significantly lower than
wildtype at 200 and 300 minutes (Fig. 6E). Additionally, in the TAG of pdat1 mutants, there was a higher
16:3/18:3 ratio (0.3), compared to wild type (0.1) at 100 minutes (Fig. 6F). As the treatment at 37°C
continued, the incorporation of 18:3 fatty acids into TAG increased more significantly than that of 16:3

(Supplemental Fig. $6), thus we chose to depict the 100-minute timepoint in Fig. 6.

We also examined any changes in the levels of fully saturated 16:0 and 18:0 fatty acids in the
acyltransferase mutants during the high temperature. Generally, saturation levels decreased as time in
heat progressed, except for pdat1 mutants, which maintained higher saturation levels at 200 and at 300
minutes of 37°C treatment (0.8 and 0.7, respectively) compared to wild type (0.6 and 0.5, Supplemental
Fig. S3). In the pdat2 mutants, the TAG composition was more saturated (0.7) than wild type (0.5) at 300

minutes of 37°C (Supplemental Fig. S3).

Discussion

Previous studies described two TAG-producing acyltransferases as necessary for TAG accumulation
during temperature stress. However, no studies examined mutants of all DGATs and PDATs. In this
study, we aimed to investigate the requirement of all members of the two acyltransferase families
responsible for TAG accumulation, and to take advantage of this system to explore the assumption that
TAG accumulation is required for membrane integrity. We demonstrated that all five DGAT and PDAT
family members are necessary for wildtype levels of TAG accumulation in low or high temperatures
(Figs. 2 and 4), and that membrane integrity does not directly coincide with TAG accumulation (Fig. 3).
Our results suggest that the severity and duration of temperature challenges influence the importance
of specific acyltransferases, and that TAG accumulation may have a use in addition to being a lipid
reservoir. Moreover, our results suggest that a more comprehensive understanding of the roles of
multiple gene family members relevant to temperature tolerance can be obtained through the use of

temperature regimens that vary length, onset, and severity of stress.

TAG is produced by multiple acyltransferases during temperature stress
In plants lacking DGAT1 or PDAT1, decreases in TAG accumulation were correlated with decreased

freezing tolerance, while overexpression lines were more tolerant than wild type (Arisz et al., 2018; Tan
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et al., 2018; Demski et al., 2020). The periods of cold acclimation in these studies varied from two to
four days at 4°C, followed by differing chilling (Demski et al., 2020) or freezing stresses (Arisz et al.,
2018; Tan et al., 2018). In our study, we implemented a one-week cold acclimation period, as this is
known to maximize freezing tolerance (Uemura et al., 1995) (Fig. 1B). When we measured TAG after one
week at 4°C and after freezing, the dgat1 levels were similar to wild type, which differed from what had
been previously reported (Arisz et al., 2018; Tan et al., 2018). However, when we increased the sampling
frequency and measured TAG after two days at 4°C, we found that dgatl mutants had less TAG than
wild type, consistent with previous findings (Fig. 2A). We also expanded the known role of pdatl in
chilling tolerance (Demski et al., 2020), to include a role in freezing tolerance and TAG accumulation
during freezing (Fig. 2A, C) In high temperatures, impaired TAG accumulation has been associated with
pdatl1 mutants (Mueller et al., 2015; Mueller et al., 2017). Our study supports this previous finding as we
also observed 55% less TAG in pdatl mutants. By including the other acyltransferase family members,
we showed that TAG levels also decreased in dgat2 (by 33%) and dgat3 (by 37%) mutants compared to

wild type (Fig. 4).

To evaluate the functional significance of these observations, we measured freezing tolerance through
two mechanisms: leaf damage after freezing, and recovery potential twelve days later. Leaf damage
associated with insufficient freezing tolerance typically manifests within two days post-freezing (Wanner
and Junttila, 1999), while recovery assessments based on meristematic activity and new leaf growth
requires a longer timeframe (Minami et al., 2015; Saucedo-Garcia et al., 2021). Interestingly, while the
pdat1 mutant showed leaf damage two days post-freezing, all acyltransferase mutants, including pdat1,
had full recovery potential twelve days post-freezing (Fig. 2B, C, Supplemental Fig. S7). This suggests
that TAG accumulation plays a role in early protection of leaf tissue after freezing (Fig. 5). It also
suggests the role of TAG accumulation for meristem protection is minimal during the tested

temperature regimens.

Exploring potential mechanisms underlying pdat1 freezing sensitivity

Given the decreased TAG accumulation and observed leaf damage in pdat1 mutants, we investigated
the levels of potential acyl-transferase-derived toxic intermediates, DAG, lyso-PC, and free fatty acids.
Interestingly, after 16 hours of freezing, we observed no changes in DAG or lyso-PC levels, and a
surprising decrease in levels of free fatty acids (Supplemental Fig. S8). These findings suggest that the

mechanisms controlling accumulation of these potentially toxic intermediates may be more robust than
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those governing TAG accumulation. Therefore, the observed leaf damage in pdatl mutants is likely due
to impaired membrane remodeling, rather than accumulation of toxic intermediates.

Disassociation of TAG accumulation and plasma membrane integrity in low temperatures

Production of TAG during temperature stress has been suggested to be a necessary byproduct of lipid
remodeling to produce more tolerant membranes (Lu et al., 2020). Tan and colleagues found decreases
in both plasma membrane integrity and TAG amounts for dgatl mutants (Tan et al., 2018). We found a
similar decrease in membrane integrity for dgat1 and dgat2 mutants but without decreased TAG
accumulation (Fig. 3). Conversely, pdat1 mutants exhibited reduced TAG accumulation without
compromised plasma membranes (Fig. 3). This apparent disconnect is not unprecedented. Warren et al.,
(1996) reported similar observations in sfr2 and sfr6 mutants (Warren et al., 1996). Notably, loss of
either SFR2 (Moellering et al., 2010; Barnes et al., 2016) or SFR6 (Knight et al., 1999) causes membrane
damage to chloroplasts, further suggesting that disruptions in internal membrane remodeling may be
independent of plasma membrane integrity.

Taken together, these observations suggest that TAG accumulation and plasma membrane remodeling
are not always coupled. This raises intriguing questions about the freezing sensitivity of the pdat1
mutants (Fig. 2). It could be that pdat1 is freezing sensitive due to internal membrane damage. Similarly,
the loss of plasma membrane integrity in dgat1 and dgat2 mutants without changes in TAG levels
remains unexplained. Our findings underscore the complex interplay between acyltransferases and their
unique impact on membrane remodeling during low temperatures. The seemingly contradictory
changes in TAG and plasma membrane integrity point towards potential alterations in TAG metabolism.
Considering the pivotal role of plasma membrane remodeling in low-temperature tolerance (Willing and
Leopold, 1983; Zhang et al., 2013), any impairments in the ability of lipids to be removed from the

membrane, delaying remodeling could result in changes in integrity and leakage.

Acyl chain saturation of TAG during high and low-temperature stress is increased in the pdatl mutant
In the stepped low temperature assay, we found a decreased DBI in TAG of pdatl mutants (Fig. 6A) but
we did not observe any changes in plastidic acyl chain flux via 16:3/18:3 ratios in TAG in any of the
acyltransferase mutants (Fig. 6B), suggesting that plastid remodeling was not impaired. In high
temperatures, pdat1 mutants again showed a decreased DBI (Fig. 6E) and a corresponding increase in
the saturation of TAG (Supplemental Fig. S3). Unlike during low temperatures, pdatl mutants did have a
higher 16:3/18:3 ratio in the heat (Fig. 6F), which could indicate a lower 18:3 incorporation or a higher

16:3 incorporation into TAG. The PDAT1 enzyme has been reported to have a higher preference for 18:3
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(Stahl et al., 2004; Fan et al., 2013b) and its lack in the pdat1 mutant may drive a relatively lower
incorporation of 18:3 and higher 16:3/18:3 ratio. Alternatively, lipases specific to 18:3 may be impacted
in the pdatl background. Lipases active in high temperatures and that control 18:3 release include HIL1

(Higashi et al., 2018), and PHOSPHOLIPASE A2 of Chlamydomonas reinhardtii (Légeret et al., 2016).

In both high and low temperature stress, polyunsaturated TAG was shown to accumulate in leaf tissue
(Degenkolbe et al., 2012; Mueller et al., 2015; Shiva et al., 2020). Our results agree with these findings
for wildtype Arabidopsis (Fig. 6A, E). However, in both our high and low-temperature assays, pdatl
mutants showed a decreased DBI in TAG while all other mutants remained similar to wild type,
suggesting pdatl mutants are unable to effectively remove polyunsaturated fatty acids into TAG (Fig.
6A, E; Supplemental Fig. S3). Again, this is consistent with the known preference of PDAT1 for 18:3 fatty
acids (Stahl et al., 2004; Fan et al., 2013b) and the absence of this activity in the pdat1 mutants. Since
acyl chain composition of membrane lipids and TAG were shown to be a crucial factor for temperature
tolerance (Higashi and Saito, 2019), the altered DBI of the pdatl mutants could explain the impaired

freezing recovery phenotype we observed (Fig. 2).

Major chloroplast lipids are not affected by acyltransferase mutants in low temperatures
Glycerolipids make up the largest fraction of membrane lipids and contribute to temperature tolerance
via their relative ratios of head groups to one another. In the plastid, MGDG to DGDG ratios are essential
to maintain the correct membrane curvature and organelle structure (Rocha et al., 2018; Yu et al.,
2020). In both low and high temperatures, an increase in the lamellar lipid DGDG and a decrease in non-
lamellar MGDG are observed, and imbalances lead to impaired plastid membrane integrity (Chen et al.,
2006; Moellering et al., 2010; Zheng et al., 2016). Neither the MGDG and DGDG levels (Fig. 5), their DBI
(Supplemental Fig. S3), nor their 16:3 to 18:3 ratios (Supplemental Fig. S4) were affected in the
acyltransferase mutants. This suggests that the chloroplast was able to maintain relative levels of
membrane lipids and saturation levels even while TAG accumulation was impaired (Supplemental Fig.
S3), consistent with work showing that lipid synthesis not only occurs during low temperatures but is

necessary for survival (Miquel et al., 1993; Li et al., 2004; Arisz et al., 2013; Barrero-Sicilia et al., 2017).

pdatl mutants alter PC amount and saturation in low-temperature stress.
Just as MGDG and DGDG are the most abundant plastid lipids, PC is the most abundant extraplastidic

membrane lipid. Its relative levels are critical to maintain membrane structure and function (Hamai et
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al., 2006; Li et al., 2008; Ishiwata-Kimata et al., 2022). The PC levels were relatively lower in the pdat1
mutants at 1 week of 4°C treatment but returned to wild-type levels at the end of the low-temperature
step (Fig. 5). These changes to PC levels could have contributed to poor recovery of the pdatl mutants
after freezing (Fig. 2). Inside the cell, PC is also a sink for lipid trafficking and many membrane lipid
backbones are temporarily accumulated as PC prior to accumulation as TAG (Karki et al., 2019). We
showed that PC levels had an overall DBl increase, consistent with remodeled lipids being incorporated

into PC (Fig. 6C).

In conclusion, TAG accumulation in Arabidopsis during high and low temperatures is mediated by both
DGAT and PDAT families. We show the severity and duration of temperature stress impact which
acyltransferases are most critical for TAG production, and find that loss of any PDAT or DGAT family
member shows a reduction in TAG in at least one condition. We also find the role of TAG accumulation is
more complex than simply maintaining plasma membrane integrity. Taken together, this work highlights
the importance of both acyltransferase families for TAG accumulation, plasma membrane integrity, and

temperature tolerance.

Materials and Methods

Plant Materials

The Columbia ecotype of Arabidopsis thaliana was used for all wild-type samples. Homozygous T-DNA
insertions for dgat1 (SALK_039456C), dgat2 (SALK_067809C), dgat3 (GABI_696F08), pdatl
(SALK_065334), pdat2 (SALK_010854C), mboat5 (SALK_021674C), and sfr2-3 (SALK_106253) were
confirmed using PCR with primers listed in (Supplemental Table S1). Acyl transferase mutants dgat1,
pdatl, and mboat5 were a kind gift from Dr. Timothy Durrett (Kansas State University). The remaining T-
DNA mutants for the acyltransferase knockout lines were supplied from the Arabidopsis Biological

Research Center. All lines are currently available from the Arabidopsis Biological Research Center.

Low-Temperature Step Assay and Recovery

Before planting, seeds were surface sterilized by washing in 30% bleach (8.25% sodium hypochlorite) for
28 minutes followed by five washes with sterile ddH,0. Sterilized seeds were planted on solid %
Murashige and Skoog with vitamins, no glycine media (Caisson Labs) containing 1% sucrose, 0.5% MES,

and 0.6% Agargel (Sigma) at pH 5.7. Plated seeds were held at 4°C for two days in the dark and then
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moved to the growth chamber (18-hour day/22°C, 120 umol m2 st light; 6-hour night/18°C) for three

weeks.

After three weeks of growth, plants were moved to a cold acclimation chamber held at 4°C (12-hour
day/night, 60 umol-m-2-s? light) for 1 week. During cold acclimation, light intensity was decreased by
half to prevent the induction of photoinhibition and high light stress (reviewed in Janda et al., 2014).
Then, at the end of the relative day/night cycle plants were moved to a freezer (Darwin Chambers)
without light at -2°C for two hours. After two hours, nucleation of ice formation was initiated by placing
an ice chip on the media. Immediately following, the temperature was dropped to -6°C, and plants were
held at this temperature for sixteen hours. While the chamber cools within 45 minutes to -6°C, the
internal temperature of the agar plate reaches -6°C after seven hours as measured with a temperature

logger (Lascar Electronics).

To assess leaf damage, the frozen plates were placed on a Styrofoam surface with less than 10 pmol-
m2s? (+ 5%) of photosynthetically available light (Spectrum Technologies) for 24 hours where they
gradually warmed to 21°C. After 24 hours, the plates were then moved back to the growth chamber for
two day to assess leaf damage as described in (Fig. 1B, Moellering et al., 2010). Scoring of leaf damage
was measured using a 1-3 scale, with 1 representing severe damage, 2 being partially damaged, and 3

showing no observable damage. Representative rosettes for each scoring class are shown in Fig. 2B, vi.

To assess whole plant recovery a modified assay from Minami et al was used (2015). Briefly, frozen
plates were warmed on Styrofoam for 2.5 hours to 6°C and plants were transferred to chilled 8°C soil
(Berger BM2 Seed Germination and Propagation Mix). To prevent shock from transferring, the plants
were covered to prevent immediate high light stress and moved to a 10°C chamber for 24 hours. Plants
were then moved to a growth chamber (22°C, 16 hour day/8 hour night) with a clear dome for two days.
Following two days, the dome was removed, and plants were allowed to grow for a total of twelve days
at which point post-freezing recovery was scored and biomass measurements were taken
(Supplemental Fig. S7). For recovery scoring, a 1-3 scale was used with 1 being not able to recover, 2
being partially recovered, and 3 able to fully recover. Dry weight was measured on individual rosettes
that has been allowed to dry in foil bags for four days at 65°C, n > 60 rosettes sampled over four growth

trials.
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Sampling

At each indicated point in Fig. 1B, a subset of plants was sampled for lipid analysis, and others were
photographed. All samples were taken at the end of the respective day, except for freezing samples,
which were taken the indicated numbers of hours post-end of day, and beginning of freezing. For lipid
analysis, two rosettes were sampled in duplicate and immediately flash-frozen in liquid nitrogen and
stored at -80°C until lipid extraction and analysis were performed. Each sample was considered one
biological replicate Only rosette tissue was collected, roots were discarded. For quantification of low
abundance lipids (free fatty acids (FFA), DAG, and lyso-phosphatidyl choline (Lyso-PC), four rosettes
were sampled and lipids were immediately extracted as one biological replicate

For electrolyte leakage, two rosettes were harvested into a 5-mL snap cap tube containing 3-mL of 18.2
MQ-cm resistance water. Duplicates were made for each temperature point. Each sample was
considered one biological replicate.

For all experiments, there were a minimum of two growth trials conducted.

Lipid Extraction and Analysis

Lipids were extracted using the modified Bligh and Dyer method as described in (Mahboub et al., 2021).
Thin-layer chromatography was then used to isolate lipids of interest. After extraction, lipids were dried
down under N; gas, resuspended in an equal volume of chloroform, and loaded onto thin-layer
chromatography plates pretreated with ammonium sulfate (Macherey-Nagel 810063). The first resolving
solvent containing acetone: toluene: water (91:30:8, v/v/v) was run 12 cm from the loading site. The
plate was then dried with N, and further resolved with a second solvent containing petroleum ether:
diethyl ether: acetic (80:20:1 v/v/v).

For isolating FFA, DAG and Lyso-PC, dried lipids were resuspended in an equal volume of chloroform,
and loaded onto Silica60 thin-layer chromatography plates (Sigma Aldrich 1.0521.0001). The first
resolving solvent contained chloroform: methanol: acetic acid: acetone: water (35:25:4:14:2, v/v/v/v/v)
was run 10 cm from the loading site, as described in (Xu et al., 1996). The plate was then dried with N,
and further resolved with a second solvent containing petroleum ether: diethyl ether: acetic (80:20:1
v/V/ V).

Silica bands containing lipids of interest were scraped, and pentadecanoic acid was added as an internal
standard. Lipids were then derivatized into fatty acid methyl esters (FAMEs) as described in (Benning
and Somerville, 1992). FAMEs were then separated using a 30-m HP-Innowax capillary column (Agilent)

with hydrogen carrier gas. The separation method began at 90°C for one minute, ramped to 235°C at
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30°C/min, was held at 235°C for five minutes, and ended with flame ionized detection. Outliers were
first removed after analyzing the fatty acid composition of C16:3 and C18:3 for all mutants and wild type
at each temperature tested using ROUT analysis at a 10% threshold (GraphPad v9.5.0) (Motulsky and
Brown, 2006). Fatty acid profiles for lipids measured in the low- and high-temperature steps can be
found in Supplemental Figures S5 and S6. Any outliers detected resulted in the removal of the lipid from
further analysis. Following removal, relative mole percentages of MGDG, DGDG, PC, TAG, FFA, DAG,
Lyso-PC were calculated as compared to the total lipids present. The resulting mole percents were then
screened for outliers using one interquartile distance from the median for each lipid class of each
genotype at each temperature. Asterisks indicate a significance of P < 0.05 calculated with Brown-
Forsythe and Welch One-Way ANOVA compared to wild type control for MGDG, DGDG, PC, TAG.
Asterisks indicate a significance of P < 0.05 calculated with an unpaired t test with Welch’s correction for

pdat1 compared to wild type control.

(X:1)X14+(X:2)x2+(X:3)x3
100

Double bond index (DBI) was calculated using: where X represents the mole %

of 16:n and 18:n fatty acids, where n is one, two, or three double bonds.

16:0+18:0

The saturation index was calculated in a similar way using: 100

Multiple comparisons were corrected by using Dunnett’s test for comparisons to wild type directly, or
Tukey’s multiple comparisons test when genotypes were compared against one another. For all samples
n > 2 growth trials each containing n > 2 replicates. (Ex. A minimum of four biological replicates grown in

two separate growth trials).

Low-Temperature Ramp Assay and Electrolyte Leakage

To determine electrolyte leakage of the Arabidopsis at various subzero temperatures, a refrigerated
chiller (AP15R, VWR) was used, and conditions were performed essentially as described in (Warren et
al., 1996) chilling at a rate of 2°C/hour with slight modifications. Cellular leakage of electrolytes in the
samples was measured using a conductivity meter (Orion Star A212, Thermo Scientific). Plants were
grown as described in the Low-Temperature Step Assay and Recovery and were prepared as described in
Sampling. The growth scheme and temperature profile used is diagramed in Fig. 1C, and representative
images of rosettes following one week of cold acclimation are shown in Fig 2B, iii. Before application of
low-temperature, conductivity was measured and recorded as initial leakage. Samples were then placed
in floats to suspend in the refrigerated chiller set to 0°C and incubated for one hour. After one hour, ice

formation was initiated using an ice chip (18-MQ water) placed into the tube. Samples were then
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collected from 0°C to -10°C and left to thaw overnight at 4°C. The chilling rate began at 3°C for samples
collected above 0°C and no nucleation was used. The rate of cooling was the same as described.
Conductivity was then measured and recorded as the leakage at the temperate when the sample was
removed from the chiller. Finally, to measure the end-point leakage, samples were heated to 65°C for 30
minutes, cooled to room temperature, and then shaken at 250 rpm for fifteen minutes to release all

electrolytes into solution. Conductivity was measured and recorded as final leakage.

Leakage at T(°C)
Final Leakage - Average of Initial Leakage

Percent leakage was calculated using: X100

Percent leakage was normalized to zero using the initial leakage measurements, and outliers were
removed with ROUT analysis set to 10%. The data was plotted along with a non-linear fit constrained to
{x] 0<x< 100} (GraphPad v9.5.0). Asymptotic 95% confidence interval was graphed for error, and LTso

values were recorded.

To compare data from the discontinuous freezing assay, lipids from wild type and the acyltransferase
mutants were extracted from plants frozen to -4.5°C. Conditions for freezing with the refrigerated chiller
and sample preparation were performed as described above. Once the internal temperature reached -
4.5°C, samples were removed from the chiller and thawed at room temperature for 40 minutes.
Rosettes were removed and blotted dry and immediately transferred into 1-mL of cold extraction buffer
following the modified Bligh and Dyer described above. Lipids were then resolved using a ten-
centimeter Silica-60 TLC plate (Sigma Aldrich 1.05721.0001) using a mobile phase containing petroleum
ether: diethyl ether: acetic acid (80:20:1 v/v/v). Silica containing TAG was scraped derivatized into

FAMEs, quantified and outliers removed as described in Lipid Extraction and Analysis.

High-Temperature Treatment

For high-temperature experiments, seeds (genotypes listed in Plant Materials) were surface sterilized in
70% ethanol with 0.05% Triton X-100 for fifteen minutes, followed by six washes with 95% ethanol and
air-dried on sterile filter paper. Sterilized seeds were planted on solid %3 Murashige and Skoog media
(Phytotech) that contained 1% sucrose and 0.5% phytagel (Sigma) at pH 5.7 for germination. Plated
seeds were held at 4°C for three days in the dark and then moved to a growth chamber (18-hour
day/22°C, 140 umol-m st light; 6-hour night/18°C) for three days. After three days of incubation,

seedlings were transferred to larger plates (media as described above) for fourteen days of growth.
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Starting two hours after the start of their relative day, 17-day-old plants were subjected to non-lethal
heat treatment at 37°C, as described in Mueller et al 2017 using a Liebherr incubator equipped with
lamps at 140 pmol-m2-s'tillumination. Plates containing plants were placed into the incubator and were

sampled after 0, 100, 200, and 300 minutes of heat treatment, as diagramed in Fig. 1D.

Sampling and Lipid Extraction During High-Temperature Treatment

After sampling rosette tissue, lipid extraction for the high-temperature treatment was immediately
performed using the modified Shiva et al. (2018) method as described in (Mahboub et al., 2021). Rosette
tissue was placed into one volume of isopropanol and boiled at 75°C for fifteen minutes. Three volumes
of chloroform: methanol: water (30:41.5:3.5 v/v/v) were then added and samples were incubated at
37°C on an orbital shaker at 250 rpm for 24 hours. The plant tissue was then removed and the solvent
was evaporated under nitrogen gas. Dried lipids were stored at -20°C. n > 2 growth trials each
containing n > 2 biological replicates. (Ex. A minimum of four biological replicates grown in two separate

growth trials)

Lipid Analysis During High-Temperature Treatment

Dried lipids were resuspended in chloroform. An equal volume of resuspended lipids was loaded onto
TLC plates (SIL G, Macherey-Nagel) for TAG separation and total fatty acid analysis. Plates were placed
into tanks containing petroleum ether: diethyl ether: acetic acid (80:20:1 v/v/v). Silica bands containing
lipids of interest were scraped, derivatized, and standardized as described in (Benning and Somerville,
1992). Samples were separated using a 30 m capillary DB-23 column (Agilent) with helium carrier gas.
The separation method began at 90°C for 1 min, ramped to 235°C at 30°C min!, was held at 235°C for 5
min, and ended with detection flame ionization. Data analysis was completed as described in Lipid

Extraction and Analysis.

Author contributions

ZDS, RLR, and JW designed the research; ZDS, SM, HV, and JW performed research; TT contributed

analytic tools; ZDS analyzed the data and wrote the manuscript; all authors edited the article.

Supplemental Data

Supplemental Figure S1: Relative mole percents of MGDG, DGDG, and PC following the low-temperature

step.
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Supplemental Figure S2: Line graphs of the relative mole percents of MGDG, DGDG, PC, and TAG in low-
temperature step. Supplemental Fig. S3: Double bond and saturation index for TAG, MGDG, DGDG, and PC for
both the low- and high-temperature steps.

Supplemental Figure S4: 16:3/18:3 ratios for TAG, MGDG, DGDG, and PC during the low- and high-
temperature steps.

Supplemental Figure S5: Relative mole percent of fatty acids for TAG, MGDG, and DGDG following the low-
temperature step.

Supplemental Figure S6: Relative mole percent of fatty acids for PC in the low-temperature step and TAG in
the high-temperature step.

Supplemental Fig. S7: All acyltransferase mutants are able to recover after a 12-day period.
Supplemental Fig. S8: Relative mole percents, doiuble bond, and saturation indicies for lyso-PC, DAG,
and free fatty acids after sixteen hours of freezing.

Supplemental Table S1: Primers used for genotyping loss-of-function mutants

Supplemental Table S2: Average Scoring Percents of Leaf Damage Two Days Post-Freezing
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Fig. 1: Low and High-Temperature Treatment Regimens

(A) Enzymatic reaction of the DGAT and PDAT enzymes highlighting
the differences in substrates and products. (B) Schematic of the
low-temperature step used for lipid analysis and phenotyping. Red
Roman numerals indicate sampling after 3 weeks of growth (i), 2
days into cold acclimation at 4°C (ii), 1 week of cold acclimation at
4°C (iii), 2 hours into freezing at -6°C (iv), 16 hours of freezing at
-6°C (v), 2 (vi) or 12 (vii) days post-freezing at growing conditions.
Line for 22°C recovery after 12 days (vii) is offset for ease of viewing.
(C) Schematic of growth, cold acclimation, and low-temperature
ramp starting at 3°C and dropping to -10°C over the course of 8
hours to assess membrane integrity (viii). (D) Schematic of the
high-temperature step applied after seventeen days of growth.
Sampling was at 0 minutes (ix), 100 minutes (x), 200 minutes (xi),
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Fig. 2: dgat1 and pdat1 mutants uniquely affect TAG accumulation and leaf damage during the
low-temperature step. (A) Relative mole percents of TAG analyzed following the treatment in Fig.
1B denoted with Roman numerals. n = 4 biological replicates. Error bars show standard deviations,
and asterisks show significance of P < 0.05 using Brown-Forsythe and Welch one-way ANOVA
compared to wild type control. (B) Photographs of representative rosettes taken at each temperature
sampled; Roman numerals correspond to the schematic in Fig. 1B. (C) Quantification of leaf damage
in Fig. 2B, vi after two days of regrowth based on manual scoring. Representative rosettes given
each score of 1, 2, or 3 are labeled in Fig. 2B, vi. Percents used can be found in Supplemental
Table S2. n > 74 rosettes. Error bars show standard deviations, and asterisks show significance of P
< 0.05 using two-way ANOVA compared to wildtype control. Corresponding levels of MGDG, DGDG,
and PC can be found in Fig. S1.
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Fig. 3: Plasma membrane integrity and TAG accumulation are
not linked in the acyltransferase mutants. (A) TAG levels
quantified at -4.5°C using the assay in Fig. 1C. n = 16 biological
replicates. Error bars depict SD, and significance denoted with an
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one-way ANOVA compared to wild type control. n = 4 biological
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Fig. 5. Loss of PDATs affect the levels of PC when challenged
with low temperatures. Line graphs depicting the changes in levels
of PC (A), TAG (B), MGDG (C), and DGDG (D) during the
low-temperature step (Fig. 1B). All mutants along with wild type are
overlaid at the left of each panel, with pdat? and pdat2 shown to the
right for each lipid class respectively. n = 4 biological replicates. Error
bars represent standard deviations, and asterisks indicate
significance of P < 0.05 calculated with Brown-Forsythe and Welch
one-way ANOVA of the mutant compared to wild type control. Full
data can be found in Fig. S2.
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Fig. 6: pdat1 mutants affect unsaturation in TAG in low and
high-temperature treatments. DBI for TAG in pdat1 mutants (A, E)
and PC (C) in the low- or high-temperature step. Selected 16:3/18:3
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Fig. S1: Relative mole percents of MGDG, DGDG, and PC following the low-temperature step. The data show here was used to
generate the line graphs in Figure 5, and is separated here to view the entire dataset at once. Error bars represent standard
deviations, and asterisks indicate significance of P < 0.05 calculated with Brown-Forsythe and Welch one-way ANOVA compared
to wild type control. n = 4 biological replicates.
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Fig. S2: Line graphs of the relative mole percents of MGDG, DGDG, PC, and TAG in low-temperature step. Line graphs show
changes in percent of lipid in the acyltransferase mutants compared to the wild type control. One loss of function mutant is
shown per graph. Mole percents used were the same as Fig. S1, and overlayed graphs can be seen in Figure 5. Error bars
represent standard deviations, and asterisks indicate significance of P < 0.05 calculated with Brown-Forsythe and Welch one-
way ANOVA compared to wild type control. n = 4 biological replicates.
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Fig. S4: 16:3/18:3 ratios for TAG, MGDG, DGDG, and PC for the low-temperature assay step and the high-temperature assay.
Fatty acid mole percents for 16:3 and 18:3 were used. This figure also includes the graphs in Fig. 6 for completeness. Error bars
represent standard deviations, and asterisks indicate significance of P < 0.05 calculated with Brown-Forsythe and Welch One-

Way ANOVA compared to wild type control.
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Fig. S5: Relative mole percent of fatty acids for TAG, MGDG, and DGDG following the low-temperature step assay. Error bars
represent standard deviations, and asterisks indicate significance of P < 0.05 calculated with Brown-Forsythe and Welch
One-Way ANOVA compared to wild type control for each fatty acid species.
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Fig. S6: Relative mole percent of fatty acids for PC in the low-temperature step assay and TAG in the high-temperature
assay. Error bars represent standard deviations, and asterisks indicate significance of P < 0.05 calculated with Brown-
Forsythe and Welch One-Way ANOVA compared to wild type control for each fatty acid species.
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Fig. S7: All acyltransferase mutants are able to recover after a 12-day period. (A) Dry weight of individual Arabidopsis
plants for all acyltransferase mutants, wildtype and sfr2 mutants. (B) Quantification of the survival of the mutants twelve
days after freezing based on manual scoring. (C) Photographs of representative pots of recovered mutants taken after
twelve days of regrowth. n > 49 individual plants grown across four growth trials. Error bars show standard deviations, and

asterisks show significance of P < 0.05 using two-way ANOVA compared to wild type control.
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Fig. S8: Relative mole percents, doiuble bond, and saturation indicies for lyso-PC, DAG, and free fatty acids after

sixteen hours of freezing. All samples were taken after treatment with 16 hours at -6°C following the low-temperature step
depicted in Figure 1B. Error bars represent standard deviations, and asterisks indicate significance of P < 0.05 calculated with
an unpaired t test with Welch’s correction. n = 11 biological replicates taken over four growth trials.



Table S1: Primers used for genotyping loss-of-function mutants

Forward (5'-3')

Reverse (5'-3')

DGAT1 Salk CGACCGTCGGTTCCAGCTCATCGG GCGGCCAATCTCGCAGCGATCTTG
DGAT2 Salk GATATGGGTGGTTCCAGAGAGTTC TCAAAGAATTTTCAGCTCAAGATCATA
DGAT3 Gabbi CGCTTAAGGCTCAAGTCACAC TCACAACTCTAACGTTTGGGC

PDAT1 Salk CATGTGGTGTTGCATTTTCAG TTTTGTTTTCGGTCTTGTTGG

PDAT2 Salk CTTTCTCGGCTCATTTCATTG TTCCATAACACCGAGGTATGC
MBOATS (AT2) Salk CGATCAAGAACCTTTAAGCCC GCTGAAATCCAAAGCTTGATG

SFR2-3 Salk GAGCTTGATGTTCTGGAACT TTGAACTTTGAGCTGTCG

T-DNA Left Boarder Primer for Salk Lines (LBb1.3) ATTTTGCCGATTTCGGAAC

GABBI Left Boarder

CCCATTTGGACGTGAATGTAGACAC




Supplemental Table S2: Average Scoring Percents of Leaf Damage Two Days Post-Freezing

Average Percents

Score Col sfr2 dgatl dgat2 dgat3 pdatl pdat2 mboat5

Level 1 (least severe) 83% 1% 99% 77% 83% 35% 88% 84%
Level 2 16% 17% 1% 21% 17% 43% 12% 15%
Level 3 (most severe) 1% 82% 0% 1% 0% 23% 1% 1%




