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Abstract:
Modulation of membrane lipid composition under varying environmental conditions is an
important part of plant stress adaptation. Most notably, proportional changes of lipid composition
in response to temperature changes are a major cellular response to requirements of membrane
fluidity adjustment. In higher plants, synthesis of glycerolipids is accomplished by two major
pathways, the prokaryotic and eukaryotic pathway, located in the chloroplast and the
endoplasmic reticulum (ER), respectively. Recently, we systematically investigated the readjustments of glycerolipid pathways under temperature stress at the metabolite and transcript
levels using three plant species with distinct lipid profiles. The relative contributions of two
pathways and lipid channeling from the ER and chloroplast were both observed in plants under
temperature stress. Potential factors controlling the lipid flux were identified through
transcriptome analysis.
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A key aspect of plant adaptation to temperature stress concerns modulation of membrane
fluidity.1-3 Membrane fluidity is affected by two key aspects of lipid composition: (1) the degree
of unsaturation in the fatty acyl groups of glycerolipid molecules and (2) the relative proportions
of various lipid classes in the lipid bilayer.2-5 We recently conducted a comprehensive survey on
glycerolipid metabolite as well as enzyme gene transcript changes under temperature stress in
three plant species, Arabidopsis thaliana (Arabidopsis), Atriplex lentiformis (saltbush) and
Triticum aestivum L. (wheat).6 Our results show that glycerolipid pathway adjustment between
the chloroplast and cytosolic compartments are fundamental to the modulation of membrane
lipid attributes pertinent to temperature stress adaptation.
In plant cells, the cytosolic and chloroplast compartment each possesses its own set of
glycerolipid assembly pathway and generates glycerolipid species of defined molecular
characteristics.7-9 The lipid pathway located in the chloroplast, which traces its origin to
symbiogenesis, is called the prokaryotic pathway. The cytosolic endoplasmic reticulum (ER)
lipid pathway, on the other hand, is known as the eukaryotic pathway. The two pathways are
separated by barriers of the chloroplast envelope, but they are by no means insulated from each
other. In fact, a significant portion of the glycerolipid moieties required for the biogenesis of
photosynthetic membrane systems in the chloroplast is supplied by the eukaryotic pathway. The
relative contributions of the two pathways, however, are very different among plant species.10,11
In species like Arabidopsis, about half of the glycerolipid moieties in chloroplast come from the
eukaryotic pathway.8 In species, such as wheat, construction of photosynthesis apparatus relies

almost entirely on the eukaryotic pathway, while the contribution of prokaryotic pathway is
limited to the production of phosphatidylglycerol (PG) only.11,12 Despite the divergent pattern of
relevant inputs from the two pathways, at the core is a basic requirement of glycerolipid
channeling from the ER to chloroplasts in all plant species.
Changes in the proportion of glycerolipid classes under temperature stress have been
previously reported in different plant species. The most common change is the adjustment
between monoglactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG), and it
has been proposed that this metabolic change aids in survival at sub-optimal temperatures.13 A
greater proportion of DGDG has been observed at high temperatures in Arabidopsis, while low
temperature induced the synthesis of MGDG in Brassica napus.13,14 In addition to the alterations
in the proportion of glycerolipid species, changes were also observed in the same lipid species
with different fatty acid combinations. In Brassica napus, the major molecular species of MGDG
is a mixture of sn-118:3/sn-2 16:3 and sn-1 18:3/sn-2 18:3 molecule species.8,11 An increase in
MGDG (18:3/16:3) relative to MGDG (18:3/18:3) molecule species were observed in Brassica
napus leaves grown at low temperature.14 In contrast, a decrease in MGDG (18:3/16:3) relative
to MGDG (18:3/18:3) was observed in Arabidopsis grown at high temperatures.13
Rebalancing of the two glycerolipid pathways influences both the distribution of
glycerolipid classes of different head groups and the degree of fatty acid desaturation in
glycerolipid molecules. Due to substrate specificity of the plastidic lysophosphatidic
acyltransferase, the prokaryotic pathway produces glycerolipids with C16 fatty acyl moiety at the
sn-2 position of the glycerol backbone, and hence a molecular configuration of C34 (C18/ C16,
sn-1/ sn-2).8,11 The sn-2 C16 fatty acids in the MGDG originating from the prokaryotic pathway
are subsequently desaturated to form C16:3 fatty acids, leading to the formation of the highly
unsaturated C34:6 (18:3/16:3) MGDG. The eukaryotic pathway generates glycerolipids with
only C18 fatty acid at the sn-2, and produces C36 (C18/C18) and C34 (C16:0/C18). Since the
sn-1 16:0 does not undergo any further desaturation, the eukaryotic C34:3 (16:0/18:3) has a level
of desaturation much lower than that of the prokaryotic C34:6 (18:3/16:3). Through
comprehensive lipid profiling and lipidomics analysis, we have shown that high temperatures
repress the input of the prokaryotic pathway and promote the channeling of eukaryotic lipids to
the chloroplast, thereby reducing potential of fatty acid desaturation in the photosynthesis
apparatus. Significantly, we also observed that there was a differential channeling of eukaryotic

glycerolipid species from the ER to the chloroplast: C34 diacylglycerol (DAG) moieties of
16:0/C18 (sn-1/ sn-2) from the ER were preferentially transported to the chloroplast over that of
C36 (C18/C18) under high temperature. These two layers of metabolic adjustments collectively
reduce the overall degree of fatty acid desaturation in chloroplast lipids, particularly that of
MGDG, at higher temperature. In wheat, where chloroplast lipid synthesis is dependent
completely on imports from the ER, a differential channeling of C34 (C16/C18) DAG versus
C36 (C18/ C18) DAG was also observed. Under low temperature, there was a reduction of C34
DAG with a corresponding increase of C36 DAG. This metabolic alteration increased the overall
potential of glycerolipid unsaturation in the chloroplast, i.e. increased level of C36 (18:3/18:3).
The California desert plant A. lentiformis presents an exceptional case, which shuts off its
prokaryotic pathways at high temperature, and falls back on the eukaryotic pathway completely
for chloroplast lipid synthesis.15 This metabolic rebalancing allows the ER to deliver more C34
DAG (16:0/C18), thereby reducing the degree of lipid desaturation under extreme heat. These
three species demonstrate the essential role glycerolipid pathway adjustment during adaptation to
temperature stress.
Transcript analysis of our study and previous reports showed that, consistent with changes
observed at the metabolite level, glycerolipid pathway coordination was reflected at the level of
gene transcripts.16,17 The prokaryotic glycerol-3-phosphate acyltransferase ACT1 18,19 and the
chloroplast desaturase FATTY ACID DESATURASE 5 (FAD5)20,21 are key components
influencing the prokaryotic glycerolipid pathway, while the FATTY ACID DESATURASE 2
(FAD2)22-24 in the ER was tightly associated with activities of the eukaryotic pathway. In
addition to polar lipid biosynthesis pathways, we also detected a large number of differentially
expressed genes involved in other branches of lipid metabolism (Figure 1).6, 25 Triacylglycerols
(TAGs) in Arabidopsis leaf tissues has been implicated in short-term glycerolipid intermediate
provision during membrane lipid remodeling.26,27 Accumulation of TAGs in plant leaves has
been reported in Arabidopsis under freezing temperature.28 In wheat, about 50 genes related to
TAG synthesis were induced at 4 oC. This was contrasted by only a few genes affected under
heat at 43 oC in A. lentiformis. We also detected up-regulation of a large number of genes
involved in fatty acid elongation and wax biosynthesis at 4 oC in wheat. In both A.lentiformis and
wheat, significant numbers of phospholipid signaling genes were perturbed, suggesting active
lipid signaling and lipid transfer events in this process.

Our work draws attention to the importance of glycerolipid pathway coordination during
adaptation to temperature stress. Differential channeling of DAG moieties with various
combinations of fatty acid moieties from the ER to chloroplast presents another layer of
regulatory fine tuning for membrane unsaturation in chloroplast. A challenging question is why
plants possess so many desaturase genes but still depend on glycerolipid pathway adjustment to
modulate membrane desaturation. The simplest explanation would be that different intracellular
compartments as well as developmental and tissues specific regulations demand the participation
of multiple members of desaturase. Members of the desaturase family generally have defined
glycerolipid substrate and/or fatty acid chain length specificity 29, 30. Hence, their roles in
mediating the desaturation of non-glycerolipids components of membrane systems during stress
adaptation are also important. 30, 31 We suggest that specification of desaturases and pathway
integration are two sides of one regulatory regime; together it allows the membrane system
responding to temperature changes, but not in a fashion of a one way extreme, because in nature
temperature fluctuates constantly. Adjustment of the two pathways provide a framework for
desaturases to impart membrane compositional changes, but at the same time, stabilizes the lipid
metabolic network against drastic changes to ensure biological robustness. Questions remain as
to how lipids are selectively transported between chloroplast and the ER. In addition, the roles of
other lipid species such as triacylglycerol, wax, oxylipin are also worthy topics for further
investigation.
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Figure Legend
Figure 1 Number of lipid metabolism genes with significant changes in plants grown at low
or high temperatures. A.lentiformis plants were grown at 43 oC (high temperature) and 23 oC
(control) while wheat plants were grown at 4 oC (low temperature) and 23 oC (control). RNA
sequencing was performed for A.lentiformis and wheat at high or low temperature respectively.
Differentially expression genes (fold change >2 or <-2, p value <0.05) in A.lentiformis (43 oC vs
23 oC) and wheat (4 oC vs 23 oC) were identified.6 Genes involved in lipid metabolism were
compiled from the Arabidopsis Lipid Gene Database (http://aralip.plantbiology.msu.edu/) 25 and
categorized based on different pathways.

Figure 1

References
1. Murata N and Los DA. Membrane fluidity and temperature perception. Plant Physiol.
1997; 115:875–879
2. Harwood J. Strategies for coping with low environmental temperatures. Trends
Biochem Sci. 1991; 16:126-127.
3. Iba K. Acclimative response to temperature stress in higher plants: approaches of gene
engineering for temperature tolerance. Ann. Rev. Plant. Biol. 2002; 53:225–245
4. Murakami Y, Tsuyama M, Kobayashi Y, Kodama H and Iba K. Trienoic fatty acids and
plant tolerance of high temperature. Science 2000; 287:476-479
5. Murata N, Ishizaki-Nishizawa O, Higashi S, Hayashi H, TasakaY and Nishida I.
Genetically engineered alteration in the chilling sensitivity of plants. Nature 1992;
356:710–713
6. Li Q, Zheng Q, Shen W, Cram D, Fowler DB, Wei Y, Zou J. Understanding the
biochemical basis of temperature-induced lipid pathway adjustments in plants. Plant
Cell 2015; 27:86-103.
7. Browse J and Somerville C. Glycerolipids synthesis: biochemistry and regulation.
Annu. Rev. Plant Physiol. Plant Mol. Biol. 1991; 42:467–506.
8. Ohlrogge J and Browse J. Lipid biosynthesis. Plant Cell 1995; 7: 957-970
9. Hölzl G, Witt S, Gaude N, Melzer M, Schöttler MA, and Dörmann P. The role of
diglycosyl lipids in photosynthesis and membrane lipid homeostasis in Arabidopsis.
Plant Physiol 2009; 150:1147–1159
10. Mongrand S, Bessoule J, Cabantous F and Cassagne C. The C16:3/C18:3 fatty acid
balance in photosynthetic tissues from 468 plant species. Phytochemistry 1998;
49:1049-1064
11. Heinz E and Roughan PG. Similarities and differences in lipid metabolism of
chloroplasts isolated from 18:3 and 16:3 Plants. Plant Physiol. 1983; 72:273-279
12. Arunga RO and Morrison WR. The structural analysis of wheat flour glycerolipids.
Lipids 1971; 6:768-776
13. Chen J, Burke JJ, Xin Z, Xu C and Velten J. Characterization of the Arabidopsis
thermosensitive mutant atts02 reveals an important role for galactolipids in
thermotolerance. Plant, Cell and Environment 2006; 29:1437–1448

14. Johnson G, Williams JP. Effect of growth temperature on the biosynthesis of
chloroplastic galactosyldiacylglycerol molecular species in Brassica napus leaves.
Plant Physiol. 1989; 91:924-929
15. Pearcy RW. Effects of growth temperature on the fatty acid composition of the leaf
lipids in Atriplex lentiformis (Torr.) Wats. Plant Physiol. 1978; 61:484-486
16. Shen W, Li JQ, Dauk M, Huang Y, Periappuram C, Wei Y and Zou J. Metabolic and
transcriptional responses of glycerolipid pathways to a perturbation of glycerol-3phosphate metabolism in Arabidopsis. J. Biol. Chem. 2010; 285:22957-22965
17. Szymanski J, Brotman Y, Willmiter L, Cuadros-Inostroza A. Linking gene expression
and membrane lipid composition of Arabidopsis. Plant Cell 2014; 26:915-928
18. Kunst L, Browse J and Somerville CR. Altered regulation of lipid biosynthesis in a
mutant of Arabidopsis deficient in chloroplast glycerol-3-phosphate acyltransferase
activity. Proc. Natl. Acad. Sci. USA 1988; 85:4143-4147
19. Kunst L, Browse J and Somerville C. Enhanced thermal tolerance in a mutant of
Arabidopsis deficient in palmitic Acid unsaturation. Plant Physiol. 1989; 91:401-408
20. Heilmann I, Mekhedov S, King B, Browse J and Shanklin J. Identification of the
Arabidopsis palmitoyl-monogalactosyldiacylglycerol delta7-desaturase gene FAD5,
and effects of plastidial retargeting of Arabidopsis desaturases on the fad5 mutant
phenotype. Plant Physiol. 2004; 136:4237-4245
21. Hugly S, Kunst L, Browse J and Somerville C. Enhanced thermal tolerance of
photosynthesis and altered chloroplast ultrastructure in a mutant of Arabidopsis
deficient in lipid desaturation. Plant Physiol. 1989; 90:1134-1142
22. Hugly S and Somerville C. A role for membrane lipid polyunsaturation in chloroplast
biogenesis at low temperature. Plant Physiol. 1992; 99:197-202
23. Miquel M, James D Jr, Dooner H and Browse J. Arabidopsis requires polyunsaturated
lipids for low temperature survival. Proc. Natl. Acad. Sci. USA 1993; 90: 6208-6212
24. Miquel M, and Browse J. Arabidopsis mutants deficient in polyunsaturated fatty acid
synthesis. Biochemical and genetic characterization of a plant oleoylphosphatidylcholine desaturase. J. Biol. Chem. 1992; 267: 1502-1509
25. Beisson F, Koo AJK, Ruuska S, Schwender J, Pollard M, Thelen JJ, Paddock T, Salas
JJ, Savage L, Milcamps A, Mhaske VB, Cho YH, and Ohlrogge JB. Arabidopsis Genes

Involved in Acyl Lipid Metabolism. A 2003 Census of the Candidates, a Study of the
Distribution of Expressed Sequence Tags in Organs, and a Web-Based Database. Plant
Physiol. 2003; 132, 681-697
26. Fan J, Yan C, Zhang X and Xu C. Dual role for phospholipid:diacylglycerol
acyltransferase: enhancing fatty acid synthesis and diverting fatty acids from membrane
lipids to triacylglycerol in Arabidopsis leaves. Plant Cell 2013; 25:3506-3518
27. Winichayakul S, Scott RW, Roldan M, Hatier JH, Livingston S, Cookson R, Curran AC
and Roberts NJ. In vivo packaging of triacylglycerols enhances Arabidopsis leaf
biomass and energy density. Plant Physiol. 2013; 162:626-639
28. Moellering ER, Muthan B and Benning C. Freezing tolerance in plants requires lipid
remodeling at the outer chloroplast membrane. Science 2010; 330:226-228
29. Smith MA, Dauk M, Ramadan H, Yang H, Seamons LE, Haslam RP, Beaudoin F,
Ramirez-Erosa I, Forseille L Involvement of Arabidopsis ACYL-COENZYME A
DESATURASE-LIKE2 (At2g31360) in the biosynthesis of the very-long-chain
monounsaturated fatty acid components of membrane lipids. Plant Physiol. 2013
161:81-96
30. Chen M, Thelen JJ. ACYL-LIPID DESATURASE2 is required for chilling and
freezing tolerance in Arabidopsis. Plant Cell. 2013 25:1430-44
31. Chen M, Markham JE, Cahoon EB. Sphingolipid Δ8 unsaturation is important for
glucosylceramide biosynthesis and low-temperature performance in Arabidopsis. Plant
J. 2012 69:769-81

