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a b s t r a c t

Photosynthetic membranes have a unique lipid composition that has been remarkably well conserved
from cyanobacteria to chloroplasts. These membranes are characterized by a very high content in galac-
toglycerolipids, i.e., mono- and digalactosyldiacylglycerol (MGDG and DGDG, respectively). Galactoglyc-
erolipids make up the bulk of the lipid matrix in which photosynthetic complexes are embedded. They
are also known to fulfill specific functions, such as stabilizing photosystems, being a source of polyunsat-
urated fatty acids for various purposes and, in some eukaryotes, being exported to other subcellular com-
partments. The conservation of MGDG and DGDG suggests that selection pressures might have conserved
the enzymes involved in their biosynthesis, but this does not appear to be the case. Important evolution-
ary transitions comprise primary endosymbiosis (from a symbiotic cyanobacterium to a primary chloro-
plast) and secondary endosymbiosis (from a symbiotic unicellular algal eukaryote to a secondary plastid).
In this review, we compare biosynthetic pathways based on available molecular and biochemical data,
highlighting enzymatic reactions that have been conserved and others that have diverged or been lost,
as well as the emergence of parallel and alternative biosynthetic systems originating from other meta-
bolic pathways. Questions for future research are highlighted.

� 2014 Elsevier Ltd. All rights reserved.

Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
1.1. Galactoglycerolipids are a landmark of oxygen-evolving photosynthetic organisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
1.2. How has galactoglycerolipid metabolism evolved in photosynthetic organisms, following primary and secondary endosymbioses? . . . . 70

2. Biosynthesis of galactoglycerolipids in cyanobacteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
2.1. Enzymes synthesizing MGlcDG . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
2.2. Epimerases converting MGlcDG into MGDG . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
2.3. Enzymes synthesizing DGDG . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

3. From cyanobacteria to primary plastids: emergence of a new galactolipid synthetic pathway . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
3.1. Diacyl-precursors for MGDG and DGDG synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

3.1.1. Neosynthesis of C18/C16 phosphatidic acid and diacylglycerol in the stroma of chloroplasts (prokaryotic pathway) . . . . . . . . . 74
3.1.2. Import of extraplastidial C18/C18 and C16/C18 diacyl-precursors (eukaryotic pathway) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
3.1.3. Import of extraplastidial x3/x6 very-long chain polyunsaturated acyl precursors (omega pathway) . . . . . . . . . . . . . . . . . . . . . . 75

http://dx.doi.org/10.1016/j.plipres.2014.02.001
0163-7827/� 2014 Elsevier Ltd. All rights reserved.

⇑ Corresponding author. Tel.: +33 438784985.
E-mail address: eric.marechal@cea.fr (E. Maréchal).

Progress in Lipid Research 54 (2014) 68–85

Contents lists available at ScienceDirect

Progress in Lipid Research

journal homepage: www.elsevier .com/locate /pl ipres

http://crossmark.crossref.org/dialog/?doi=10.1016/j.plipres.2014.02.001&domain=pdf
http://dx.doi.org/10.1016/j.plipres.2014.02.001
mailto:eric.marechal@cea.fr
http://dx.doi.org/10.1016/j.plipres.2014.02.001
http://www.sciencedirect.com/science/journal/01637827
http://www.elsevier.com/locate/plipres


3.1.4. Evolution of plastidial and extra-plastidial pathways . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
3.2. Evolution of galactoglycerolipid synthesis in primary endosymbionts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

3.2.1. MGDs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
3.2.2. Cyanobacterial-type dgdA in Cyanidiales, a subdivision of Rhodophyta. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
3.2.3. DGDs in all other primary endosymbionts (Rhodophyta, Glaucophyta, Chlorophyta and Plants). . . . . . . . . . . . . . . . . . . . . . . . . . 79

4. From primary plastids to secondary plastids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
4.1. The puzzling question of the lipidome of secondary plastids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
4.2. Multiple possible systems to synthesize fatty acids de novo in the stroma and the cytosol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
4.3. The conservation of the omega pathway . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
4.4. Mapping galactolipid-synthesizing enzymes in the multiple membranes that delimit secondary plastids . . . . . . . . . . . . . . . . . . . . . . . . . 80
4.5. Origin of MGDs and DGDs in Chromalveolates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.6. Loss of galactolipids in the secondary plastid of Apicomplexa. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5. Conclusion and perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
Appendix A. Supplementary data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

1. Introduction

1.1. Galactoglycerolipids are a landmark of oxygen-evolving
photosynthetic organisms

Photosynthetic eukaryotes (algae, plants and some protists) are
characterized by the presence of a chlorophyll-containing orga-
nelle, the chloroplast, whose origin dates back to a primary endo-
symbiotic event, when an ancestral cyanobacterium was engulfed
within or invaded a primary eukaryotic host (for review, [1–8]).
The membrane architecture of cyanobacteria and primary chloro-
plasts are similar: both are delimited by a two-membrane enve-
lope and contain flattened membrane sacs, or thylakoids, in
which the photosynthetic complexes are embedded. These mem-
branes have a lipid composition, which has been remarkably well
conserved through evolution. In particular, they are characterized
by a very high content in galactoglycerolipids, i.e., mono- and diga-
lactosyldiacylglycerol (MGDG and DGDG, respectively). The ano-
mery of the terminal galactosyl groups differs in these two
lipids: in MGDG, the galactose is in b conformation, forming the
1,2-diacyl-3-O-(b-D-galactopyranosyl)-sn-glycerol structure,
whereas in DGDG, the second galactose is in a conformation, form-
ing 1,2-diacyl-3-O-(a-D-galactopyranosyl-(1?6)-O-b-D-galacto-
pyranosyl)-sn-glycerol [9,10] (Fig. 1). In this review, we shall
refer to these structures as b�MGDG and ab�DGDG. The transfer
of galactose from one galactolipid to another, which occurs in
Angiosperms during certain environmental stresses including
exposure to ozone or cold, and leading to the production of
bb�DGDG, bbb�triGDG and bbbb�tetraGDG [11,12] shall not be
discussed here.

MGDG and DGDG were first isolated from the benzene extract
of wheat flour (Triticum aestivum) by Carter et al. in 1956 [9]. The
systematic inventory of lipids in photosynthetic organisms was
initiated a decade later, taking advantage of the thin-layer chro-
matography separation methods developed by Nichols in 1963
[13] and Allen et al. in 1966 [14]. The ubiquity of galactolipids
in all photosynthetic organisms emerged as they were discovered
successively in cyanobacteria, e.g., Anacystis nidulans and Ana-
baena variabilis [15], various green algae, firstly Chlorella vulgaris
[16,17] and then Chlamydomonas reinhardtii [18,19], various
embryophyta (plants), e.g., the moss Hypnum cupressiforme [20],
the fern Adiantum capillus-veneris [21], the gymnosperm Pinus syl-
vestris [22] and the angiosperm Spinacia oleracea [23], and even-
tually to various photosynthetic protists deriving from green
algae, such as Euglena gracilis [24] or deriving from red algae,
such as the diatom Phaeodactylum tricornutum [25]. The presence
of MGDG and DGDG was recognized as a hallmark of all

oxygen-evolving photosynthetic organisms [10], and conse-
quently as the most abundant lipid classes on Earth [26]. Analyt-
ical technologies (mass spectrometry, NMR) have increased in
sensitivity and throughput the last 15 years. Lipidomic

Fig. 1. Galactoglycerolipids conserved in photosynthetic membranes from cyano-
bacteria to primary chloroplasts of algae and plants. Positions sn-1 and sn-2 of the
glycerol backbone are esterified to fatty acids and position sn-3 harbors the polar
head. The a and b anomery are indicated. The precursor of galactolipids in
cyanobacteria, MGlcDG, is also shown. MGlcDG, monoglucosyldiacylglycerol;
MGDG, monogalactosyldiacylglycerol; DGDG, diagalactosyldiacylglycerol.
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