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  Pref ace   

 This book titled  Lipids in Plant and Algae Development  aims at summarizing recent 
advances in function of lipids in plant and algal development. 

 As a primary biomolecule, lipids have structural as well as diverse physiological 
functions such as essential constituents of biological membranes, sustainable car-
bon energy storage, and active signal transducer in cellular processes. In the past 
few decades, plant and algal lipids have gone through an established biochemistry, 
enzymology, and analytical chemistry, which revealed distinct functions of specifi c 
lipid classes based on their physical and biochemical properties. Upon entry into the 
postgenomic era, gene knockout studies on the lipid-related genes rapidly uncover 
functional aspects of lipids. Owing to a pile of recent publications that discuss how 
lipids modulate critical biological processes in plants and algae, a new axis is being 
developed which classifi es global lipidome on a physiological basis. 

 Our conceptual novelty in this book is to summarize our recent understanding of 
lipids from the viewpoint of developmental context. Furthermore, we put together 
the discussion of algal and plant lipids so as to contrast the lipid function and under-
lying evolutionary context in photosynthetic unicellular and multicellular organ-
isms. The fi rst chapter gives a general overview on lipids, including their structures, 
metabolism, and analytical tools. The subsequent chapters can be grouped into three 
major parts: part I, lipids in photosynthesis (Chaps.   2    ,   3    ,   4    ,   5    ,   6    , and   7    ); part II, lipids 
in development and signaling (Chaps.   8    ,   9    ,   10    ,   11    ,   12    ,   13    ,   14    ,   15    ,   16    , and   17    ); and 
part III, lipids in industrial applications (Chaps.   18    ,   19    , and   20    ). The subjects of 
each chapter cover the fast-moving topics in the fi eld of plant and algal lipids, invit-
ing contribution by the internationally recognized expert groups, so that the book 
provides refreshing viewpoint in addition to the solid discussion by established 
authority. Given the current fascination of plants and algae in carbon fi xation and 
their potential as an alternative source for production of energies or novel chemical 
molecules, this book would also encompass what plants or algae can do in the fi eld 
of industrial applications. 

 This book would not have been published without valuable contributions by 
many of our friends and colleagues. First of all, we are grateful to the authors of the 
individual chapters who kindly agreed to devote their time and effort to provide this 
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book with the highest degree of expertise. Thanks are also due to the scientists in the 
relevant research fi elds who have contributed tremendous original articles and form 
the intellectual basis of this book. We thank Thijs van Vlijmen, Sara Germans, and 
other editorial staffs of Springer for their professional support to make the publica-
tion of this book possible.  

    Taipei ,  Taiwan      Yuki     Nakamura    
   Saint-Paul-lez-Durance ,  France      Yonghua     Li-Beisson   
     22 July 2015 
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    Chapter 1   
 Lipids: From Chemical Structures, 
Biosynthesis, and Analyses to Industrial 
Applications                     

       Yonghua     Li-Beisson     ,     Yuki     Nakamura     , and     John     Harwood    

    Abstract     Lipids are one of the major subcellular components, and play numerous 
essential functions. As well as their physiological roles, oils stored in biomass are 
useful commodities for a variety of biotechnological applications including food, 
chemical feedstocks, and fuel. Due to their agronomic as well as economic and 
societal importance, lipids have historically been subjected to intensive studies. 
Major current efforts are to increase the energy density of cell biomass, and/or cre-
ate designer oils suitable for specifi c applications. This chapter covers some basic 
aspects of what one needs to know about lipids: defi nition, structure, function, 
metabolism and focus is also given on the development of modern lipid analytical 
tools and major current engineering approaches for biotechnological applications. 
This introductory chapter is intended to serve as a primer for all subsequent chapters 
in this book outlining current development in specifi c areas of lipids and their 
metabolism.  
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      Introduction 

 This article is the fi rst chapter opening our current book on ‘Lipids in plant and 
algae development’ including chapters on specifi c topics contributed by leading 
experts in their respective fi elds. We consider it necessary to use the fi rst chapter to 
introduce what are lipids, their chemical structures and biosynthesis. We also cover 
topics that are less explored in the other chapters, i.e. defi nition, classical and new 
development in lipid analysis technologies, and also summarize the applications of 
lipids and current biotechnological goals in a variety of domains. Due to limitations 
of space and scope, focus is given here on knowledge gained specifi cally from the 
study of higher plants and algae.  

    Defi nition and Importance 

 Whereas most lipid biochemists have a working understanding of what is meant by 
the term lipid (derived from the Greek  lipos - or fat) there is no generally-accepted 
defi nition. Often  lipids   are described as  hydrophobic or amphipathic small mole-
cules   that are readily soluble in organic solvents such as chloroform, ethers or alco-
hols. In fact, the solubility defi nition can be misleading because many lipids are 
nearly as soluble in water as in organic solvents (Christie  2013 ). 

 Although there are a huge number of different  classes of   lipids, the most abun-
dant in most organisms, including algae and higher plants, are glycerolipids (which 
are based on the trihydric alcohol glycerol). Other types of lipids which have often 
been used for the classifi cation of algae are the pigments, principal of which are the 
carotenoids and the chlorophylls (or their derivatives). 

 Lipids play four major roles in different organisms (Gurr et al.  2002 ). First, they 
naturally form  membrane structures   where they represent 30–70 % of the total dry 
weight. Phosphoglycerides and glycosylglycerides are the main such lipids in plants 
and algae. Sometimes, ether lipids are important for this purpose in algae. Second, 
where  storage lipids   are present they are usually triacylglycerols (TAGs) although 
some algae can accumulate hydrocarbons, such as in  Botryococcus braunii  (Banerjee 
et al.  2002 ). A few plants (e.g. jojoba seeds) accumulate wax esters for storage. 
Third, lipids or their metabolites can act as  signaling molecules  . For algae this area 
is still in its infancy but, by comparison with higher plants, is likely to expand rap-
idly in the next few years. Fourth, in many organisms lipids contribute to the  surface 
coverings  . This function has not really been examined in depth for algae but is 
likely to be more important for macro-species. In plants, the surface coverings 
(including surface waxes, cutin and suberin) have been well examined (Kunst and 
Samuels  2009 ; Pollard et al.  2008 ; Kolattukudy  2001 ). 

 There are a number of rather specialized functions for individual classes of lipids 
of which photosynthesis is clearly of vital importance in algae and in many higher 
plant tissues (Mizusawa and Wada  2012 ).  

Y. Li-Beisson et al.
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      Structures   of Important Lipids in Algae and Higher Plants 

 Depending on the alga concerned, the quantitative importance of different lipids 
will vary. However, as mentioned above phosphoglycerides, glycosylglycerides 
and some ether lipids are important (Guschina and Harwood  2013 ). In extra- 
chloroplastic membranes, phosphatidylcholine (PC) and phosphatidylethanolamine 
(PE) (Fig.  1.1 ) are prominent while the chloroplast thylakoids typically contain 
three  glycosylglycerides   (monogalactosyldiacylglycerol, MGDG; digalactosyldiac-
ylglycerol, DGDG; sulfoquinovosyldiacylglycerol, sulfolipid, SQDG) and  phos-
phatidylglycerol (PG)   (Fig.  1.1 ) (Harwood and Guschina  2009 ; Harwood and Jones 
 1989 ). For higher plants, the same general remarks apply (Table  1.1 ) although ether 
lipids are not usually signifi cant.

    In non-photosynthetic tissues such as roots the relative contribution of the glyco-
sylglycerides is reduced because plastids are less abundant organelles compared 
with leaves (Gunstone et al.  2007 ). 

 The structure of some important algal ether lipids is shown in Fig.  1.2 . Of these, 
DGTS (diacylglyceryltrimethylhomoserine ether lipid) is found in many green 
algae while DGTA (diacylglycerylhydroxymethyl trimethyl-β-alanine) and DGCC 
(diacylglycerylcarboxy(hydroxylmethyl) choline) are signifi cant in some brown 
algae (Guschina and Harwood  2006 ).

  Fig. 1.1    Some examples of major membrane and storage lipid structures.  R  represents any acyl 
group. Abbreviations:  MGDG  monogalactosyldiacylglycerol,  DGDG  digalactosyldiacylglycerol, 
 PC  phosphatidylcholine,  PE  phosphatidylethanolamine,  PG  phosphatidylglycerol,  SQDG  sulfo-
quinovosyldiacylglycerol,  TAG  triacylglycerol       
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   The storage compound, i.e. TAG, is also shown in Fig.  1.1 . Accumulation of this 
lipid is usually dependent on algal growth conditions and can be enhanced by (nutri-
ent) stress (Hu et al.  2008 ). This is important for the potential commercial exploita-
tion of algae such as for the provision of long-chain polyunsaturated fatty acids. For 
higher plants, TAG is almost the exclusive lipid accumulated and typical oil seeds 
may have up to 70 % dry weight as lipid. Plants contain a spectacular variety of fatty 
acids within their accumulated oils although most commercially-important crops 
have palmitate, oleate and linoleate as major components. However, many plant 
TAGs have niche markets including as renewable materials for the chemical indus-
try. Two examples are shown in Table  1.1  where palm kernel oil is used in the deter-
gent industry and castor oil as a lubricant (Murphy  2005 ; Carlsson et al.  2011 ; 
Vanhercke et al.  2013 ). On the other hand, rapeseed and palm oils contain the usual 
fatty acids (above) as their main components. 

 All the above compounds are acyl lipids. Therefore, within each lipid class there 
will be a host of molecular species, each containing different combinations and 

       Table 1.1    Lipid composition of some plant tissues   

 % total lipids 

 MGDG  DGDG  SQDG  PC  PE  PG  PI  DPG  TAG  Other 

 Potato tuber  6  16  1  26  13  1  6  1  15  15 a  
 Apple fruit  1  5  1  23  11  1  6  1  5  48 b  
 Soybean  tr.  tr.  tr.  4  2  tr.  2  tr.  88  4 
 Maize leaf  42  31  5  6  3  7  1  tr.  tr.  5 
 Clover leaf  46  28  4  7  5  6  1  tr.  tr.  3 

 Fatty acid composition (% total) 

 16:0  16:1 c   18:0  18:1  18:2  18:3  Other 

 Rapeseed (LEAR) oil  4  –  2  62  20  10  2 
 Palm oil  44  tr.  4  39  11  1  1 
 Palm kernel oil  9  tr.  2  15  2  tr.  72 d  
 Castor bean oil  1  –  tr.  3  5  –  91 e  
 Maize leaf  8  4  2  7  8  66  5 
 Pea leaf  12  3  1  2  22  56  4 
 Spinach leaf  13  3  tr.  7  16  56  5 f  

  For more information see Gunstone et al. ( 2007 ), Gurr et al. ( 2002 ), and Harwood ( 1980 ) 
 Fatty acids are abbreviated with the numbers before and after the colon showing the number of 
carbon atoms and the number of double bonds, respectively. 18:1 is oleate, 18:2 is linoleate and 
18:3 is α-linolenate 
 Abbreviations:  PI  phosphatidylinositol,  DPG  diphosphatidylglycerol (cardiolipin),  tr.  trace (<0.5), 
the others as in Fig.  1.1  
  a Cerebroside, sterol glycoside and acyl sterol glycosides are signifi cant 
  b Cerebrosides, sterol glycosides and sterols are signifi cant 
  c In leaf tissue,  trans -3-hexadecenoate is a signifi cant component of the PG fraction 
  d Contains 48 % laurate and 16 % myristate 
  e Contains 90 % ricinoleate 
  f a  c 16:3-plant’ with a prokaryotic-like fatty acid metabolism and 5 %  cis -7, 10, 13- hexadecatrienoic 
acid, almost entirely located in MGDG  

Y. Li-Beisson et al.
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positional distributions of fatty acids. Freshwater algae contain similar fatty acids to 
terrestrial plants although their proportions vary considerably. In general, freshwa-
ter algae contain higher proportions of 16C (carbon) and less 18C fatty acids than 
plants. Unlike marine algae, 20C (or 22C) polyunsaturated fatty acids (PUFA) are 
usually absent (or only present in trace amounts) in freshwater species. However, in 
those algae growing in high-salt environments, such as the Dead Sea, arachidonate 
(ARA) and n-3 eicosapentaenoate (EPA) are often major components (Pohl and 
Zurheide  1979 ; Harwood and Jones  1989 ). 

 The leaves, shoots and roots of higher plants are dominated by palmitate as the 
main saturated fatty acid, oleate as the principal monounsaturated and linoleate and 
α-linolenate as the prominent polyunsaturated acids. The latter is particularly 
enriched in chloroplast thylakoids and, hence, in leaf tissue (Table  1.1 ).   

  Fig. 1.2    Examples of structures of ether lipids found in algae.  R  represents any acyl group. 
Abbreviations:  DGTS  1,2-diacylglyceryl-3- O -4′-( N,N,N -trimethyl)-homoserine,  DGTA  
1,2-diacylglyceryl-3- O -2′-(hydroxymethyl)-( N,N,N -trimethyl)-β-alanine,  DGCC  1,2-diacylglyceryl-
3- O -carboxy-(hydroxymethyl)-choline       
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    Different Algae and Plants Often Contain Contrasting Lipid 
 Compositions   

 Algae are a very diverse group of organisms so, unsurprisingly, their lipid composi-
tions can vary markedly. The fatty acid compositions of a range of different algae 
are shown in Table  1.2 . As mentioned above, 16C unsaturated fatty acids are often 

   Table 1.2    Fatty acid composition of different algae   

 Fatty acid composition (% total) 

 14:0  16:0  16:1  16:2  16:3  16:4  18:1  18:2  18:3  18:4  20:4  20:5  22:6 

  Freshwater spp.  
  Scenedesmus 
obliquus  

 1  35  2  tr.  tr.  15  9  6  30  20  –  –  – 

  Chorella vulgaris   2  26  8  7  2  –  2  33  20  –  –  –  – 
  Chlamydomonas 
reinhardtii  

 1  21  4  1  4  23  7  6  31  2  –  –  – 

  Salt-tolerant spp.  
  Ankistrodesmus  sp .   tr.  13  3  1  1  14  25  2  29  2  –  1  – 
  Isochrysis  sp .   16  15  4  1  1  –  21  5  4  17  tr.  tr.  9 
  Nannochlorsis 
atomus  

 1  20  10  4  15  –  5  10  22  3  2  3  tr. 

  Marine phytoplankton  
  Monochrysis lutheri 
(Chrysophyceae)  

 10  13  22  5  7  1  3  1  tr.  2  1  18  7 

  Olisthodiscus  spp . 
(Xanthophyceae)  

 8  14  10  2  2  1  4  4  6  18  2  19  2 

  Lauderia borealis 
(Bacillariophyceae)  

 7  12  21  3  12  1  2  1  tr.  –  1  3  – 

  Amphidinium 
carterale 
(Dinophyceae)  

 3  24  1  1  tr.  –  5  1  2  15  –  14  25 

  Dunaliella salina 
(Chlorophyceae)  

 tr.  41  15  tr.  –  –  11  8  19  –  –  –  – 

  Hemiselmis 
brunescens 
(Cryptophyceae)  

 1  13  3  3  tr.  tr.  2  tr.  9  30  tr.  14  – 

  Marine macroalgae  
  Fucus vesiculosus 
(Phaeophyceae)  

 tr.  21  2  tr.  –  tr.  26  10  7  4  15  8  – 

  Chondrus crispus 
(Rhodophyceae)  

 tr.  34  6  tr.  –  –  9  1  1  4  18  22  – 

  Ulva lactuca 
(Chlorophyceae)  

 1  18  2  tr.  1  18  9  2  17  24  1  2  tr. 

  Fatty acids are abbreviated with the fi gure before the colon indicating the number of carbon atoms 
and the fi gure after the colon showing the number of double bonds. See Harwood and Jones ( 1989 ) 
for sources of information. Although the precise structure of individual fatty acids reported was 
not always determined the unsaturated components are likely to be mainly 16:1n-7, 16:2n-4, 
16:3n-4 or 16:3n-3, 16:4n-3, 18:1n-9, 18:2n-6, 18:3n-3, 18:4n-3, 20:4n-6, 20:5n-3, 22:6n-3  
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signifi cant while 20 or 22C PUFA are prominent in marine or salt-tolerant species. 
Since algae are often at the bottom of food chains then nutritionally-important 
PUFA (EPA or DHA i.e. docosahexaenoic acid), often referred to as ‘ fi sh oil com-
ponents’  , are extremely important and may be more exploited commercially in the 
future.

   Just as the fatty acid composition of algae varies considerably so does their rela-
tive acyl lipid content. Some examples are shown in Fig.  1.3 . For more information, 
the reader is referred to Ratledge and Cohen ( 2010 ), Guschina and Harwood ( 2006 ), 
Harwood and Scrimgeour ( 2007 ), and Harwood and Jones ( 1989 ). By comparison, 
the acyl lipid compositions of higher plant tissues are much more consistent. Thus, 
in Table  1.1 , monocotyledon leaves (e.g. maize) are rather similar to those of dicot-
yledons (e.g. clover). Moreover, the overall fatty acid compositions of leaves are 
also consistent even when a particular species (e.g. spinach) may have some subtle 
differences in metabolism (see Table  1.1 ). More details of higher plant lipids and 
their distribution will be found in Harwood and Gunstone ( 2007 ) and Murphy 
( 2005 ). Nonetheless, little is known about the evolutionary advantage or physiolog-
ical needs whereby particular cell types preferentially synthesize one type of fatty 
acid rather than another.

       Biosynthesis of Major Glycerolipids and Their Cellular 
Functions 

 Lipid biosynthesis is a complex hub, so the detailed lipid metabolic map may be 
somewhat overwhelming. Here, we present a simplifi ed view of lipid biosynthesis 
(Fig.  1.4 ). We emphasize the aspects that will be covered by the subsequent chapters 
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in this book. For more complete information on current knowledge of acyl-lipid 
metabolism, readers are referred to Li-Beisson et al. ( 2013 ) for the higher plant 
model  Arabidopsis thaliana ; and to Li-Beisson et al. ( 2015 ) and Liu and Benning 
( 2013 ) for the model green microalga  Chlamydomonas reinhardtii .

       Carbon Source and Two-Carbon   by Two-Carbon Fatty Acid 
Elongation in the Plastid 

 Most of lipid classes discussed in this book contain both glycerol and fatty acids, 
thus their biosyntheses share some common pathways. After carbon fi xation through 
photosynthetic reactions, glycolysis provides two major substrates for biosynthesis 
of glycerolipids, i.e. glycerol 3-phosphate (G3P) and acetyl-Coenzyme A (CoA). 
Acetyl-CoA is the major source for  plastidial fatty acid biosynthesis  . Although two 
reactions have been proposed to supply acetyl-CoA for de novo fatty acid synthesis, 
now several lines of evidence indicate that pyruvate is the major source (Schwender 
et al.  2003 ; Bao et al.  1998 ; Lin et al.  2003 ). This reaction is catalyzed by  pyruvate 
dehydrogenase (PDH)  . The contribution of plastidial  acetyl-CoA synthetase (ACS)   
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  Fig. 1.4    A simplifi ed view of lipid biosynthesis in green photosynthetic cells. Abbreviations: 
 ACBP  acyl-CoA binding protein,  CDP-DAG  cytidinediphosphate-diacylglycerol,  CoA  coenzyme 
A,  FAS  fatty acid synthase,  FFA  free (non-esterifi ed) fatty acid,  PA  phosphatidic acid,  PI  phospha-
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to supply acetyl-CoA for fatty acid synthesis is considered marginal in several plant 
tissue types (Bao et al.  1998 ; Lin et al.  2003 ). In algae, genes encoding orthologous 
enzymes to PDH and ACS occur, but their detailed contribution to fatty acid synthe-
sis awaits experimental evidence. 

 The fi rst committed step is catalyzed by  acetyl-CoA carboxylase (ACCase)   pro-
ducing malonyl-CoA. The chain elongates 2C at a time, and these reactions are 
catalyzed by four well characterized enzymes together called  fatty acid synthase 
(FAS)  , and the reactions terminate, in most species, when the chain length reaches 
16C or 18C. The acyl chain length beyond 16C or 18C can be further elongated by 
ER-resident fatty acid elongases to produce very-long-chain fatty acid (VLCFA)-
CoA (>20C), which are substrates for sphingolipids or surface lipids such as waxes 
and cutin (Kunst and Samuels  2009 ).  

     Glycerolipid Assembly   

 Acyl-chains produced in the chloroplasts serve either as substrates for chloroplastic 
glycerolipid biosynthesis or are exported to the ER where they act as an acyl donor 
for ER-located glycerolipid synthesis pathways. Glycerolipids are assembled by 
two sequential transfers of acyl chains to G3P resulting in production of phospha-
tidic acid (PA), which occurs in both plastids and the ER (Kennedy pathway) 
(Kennedy  1956 ) (Fig.  1.4 ). PA is a substrate for both diacylglycerol (DAG) and 
cytidine diphosphate-DAG (CDP-DAG), which are further converted to different 
classes of glycerolipids. In addition, PA itself functions as a signaling molecule. In 
chloroplasts, four major glycerolipid classes, PG, MGDG, DGDG, SQDG, are syn-
thesized. MGDG, DGDG and SQDG are synthesized from DAG, whereas PG is 
produced from CDP-DAG. These lipid classes are synthesized exclusively in chlo-
roplasts except PG, which can be also produced in the ER and mitochondria. In the 
ER, major phospholipid classes are synthesized, including PA, PC, PE, PG, PI and 
PS. PC and PE are produced from DAG using CDP-Cho or CDP-Etn, respectively, 
while PS is synthesized from PE by a base-exchange reaction (Yamaoka et al. 
 2011 ). PI is synthesized from CDP-DAG, which is also a substrate of PG biosynthe-
sis. The major storage lipid TAG is synthesized from DAG by two complementary 
reactions, acyl-CoA dependent and acyl-CoA independent reactions catalyzed by a 
diacylglycerol acyltransferase (DGAT) and a phospholipid: diacylglycerol acyl-
transferase (PDAT), respectively (Zhang et al.  2009 ).  

    Major  Cellular Functions   of Lipids 

 The galactolipids (MGDG and DGDG) are the most predominant glycerolipid class 
in photosynthetic tissues of plants as well as algal cells under photoautotrophic 
growth. MGDG and DGDG are essential in the development and function of 
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thylakoids and entire plastids. PG is the only phospholipid produced in the chloro-
plasts and it is an essential component in the center of photosystem II. 

 As well as their role in plastid function, galactolipids are also substrates for pro-
duction of oxylipins, because polyunsaturated fatty acids released from the galacto-
lipids are preferred substrates for oxidation reactions catalyzed by lipoxygenases 
(Feussner and Wasternack  2002 ). Initial biosynthetic steps to jasmonic acid (JA), a 
representative oxylipin signal, occur in chloroplasts. Moreover, galactolipids are 
the substrates of various volatile oxylipin derivatives, named green leaf volatiles, in 
plant signaling, response and communications. PI can be further phosphorylated to 
produce phosphatidylinositol phosphates (or phosphoinositides). A representative 
phosphoinositide, phosphatidylinositol 4,5-bisphosphate (PI(4,5)P 2 ), has functions 
in lipid signaling (Boss and Im  2012 ). 

 Surface lipids represent an essential role of lipids to coat the outermost surfaces 
of plant tissues to protect from environmental stresses. Therefore, their metabolism 
is tightly linked to the developmental regulation of plant body shape. Sphingolipids 
are a lipid class containing a backbone of aliphatic amino alcohols. They are major 
components in plasma membranes, tonoplast and endomembranes, playing struc-
tural and bioactive roles.   

    Major Tools in Lipid Analyses: From Chemical Composition 
to Lipid Imaging 

 As a fi rst step toward attributing functions to lipids, chemical composition analyses 
of the tissue studied are obviously important. Due to their hydrophobic nature, lipid 
analyses usually start with their extraction into an organic solvent, which remove 
many hydrophilic cellular components such as carbohydrate, sugars and proteins. 
The extracted lipids contained in the solvent are usually dried down with a stream 
of nitrogen gas. An estimation of total lipid content can be determined by dry weight 
at this stage; but this measurement takes into account the weight of all solvent- 
soluble components and, thus, represents a total of lipophilic compounds including 
fatty acids, glycerolipids, sphingolipids, triterpenoids and chlorophyll or other pig-
ments as well as non-lipid contaminants. To further evaluate the quantity and com-
position of each class of lipids, chromatographic methods have been developed 
since the 1950s. Two most popular and affordable ones are those of Thin Layer 
Chromatography (TLC) and Gas Chromatography (GC). 

 A recent method that has been developed for plant tissues in 2003 is that of direct 
infusion electron spray ionization-mass spectrometry (ESI-MS/MS), as well as liq-
uid chromatography-mass spectrometry (ESI-MS/MS). Both methods are referred 
to as lipidomics, allowing a snapshot of all lipid molecular species present in a 
sample. Mass spectrometry imaging has also been developed and used in analyzing 
plant cells, which gives additional information in relation to lipid chemical compo-
sition. The major characteristics of each technique are summarized in Fig.  1.5 . 
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These methods can be used alone or in combination. Below we describe in more 
detail some of the above mentioned analytical tools. 

     Thin Layer Chromatography (TLC)   

  TLC   is probably one of the most highly used lipid analytical tools. It is highly repro-
ducible and low cost, which makes it accessible to all laboratories interested in lip-
ids and was developed over 60 years ago. It is simple in setup requiring a glass tank, 
a glass plate pre-coated with a thin layer of silica gel (stationary phase), and organic 
solvents (mobile phase). After the sample (i.e. the lipid extracts) has been applied to 
one end of the plate, a solvent or solvent mixture is drawn up the plate via capillary 
action. Because different lipid classes possess different polarity, each lipid class 
ascends the TLC plate at different rates. Thus separation is achieved. An example 
of separation of polar lipids is shown in Fig.  1.5a . For separation of some complex 
lipids, two-dimensional TLC plate can also be applied.
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  Fig. 1.5    A summary of major lipid analytical tools. Abbreviations:  GC-MS  gas chromatography – 
mass spectrometry,  LC-MS/MS  liquid chromatography-tandem mass spectrometry. Other abbre-
viations as detailed in Fig.  1.1 . We acknowledge Dr. Fred Beisson in conception of this fi gure       
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   Most lipids are colorless. Therefore once they are separated, several methods can 
be used to reveal them. These methods can be classifi ed as destructive or non- 
destructive. A common technique is to spray the TLC plate with concentrated sulfu-
ric acid in methanol, followed by charring in an oven, when lipids turn dark. This 
method renders all carbon-rich compounds a black color and, thus, is suitable for 
universal detection. Iodine vapor is widely used but may cause problems with poly-
unsaturated fatty acids which cannot always be recovered intact. Indeed, because 
iodine adds to double bonds it will stain unsaturated lipids more intensely than 
 saturated compounds. Otherwise, specifi c or preferential staining of particular lipid 
classes are also available; for example, molybolic acid staining is often used for 
phospholipids staining because molybolic acid renders compounds containing 
phosphate ester show up as blue spots on a TLC plate; and betaine lipid can be 
detected by spraying the TLC plate with Dragendorff’s reagent spray solution. For 
non-destructive and more general detection, spraying the TLC plates with a solution 
of primulin (0.01 % w/v in acetone-water 60:40 v/v) is popular. After spraying and 
allowing it to dry under the hood, lipids can be visualized under UV as distinct light 
spots, which can be recovered from the silica gel with organic solvent, prior to 
analyses by other means. 

 During the visualization, if quantifi cation is also desirable, then authentic stan-
dards can be applied alongside. Quantifi cation can be obtained based on a densitom-
etry method. More accurate quantifi cation can be further obtained if the lipids are to 
be recovered, and then analyzed by GC-FID. Other information related to TLC 
methods can be found in Christie et al. ( 2007 ) and the AOCS Lipid Library website 
(  http://lipidlibrary.aocs.org/index.html    ).  

     Gas Chromatography (GC)   

 In plants and algal cells, the majority of lipids contain fatty acids, such as glycero-
lipids, sphingolipids, wax esters and monomers of cutin and suberins. These fatty 
acid-containing lipids can be converted to fatty acid methyl esters (FAMEs), which 
can be analyzed by  GC. GC   is often coupled to a Flame Ionization Detector 
(GC-FID) or Mass Spectrometer (GC-MS). Fatty acids are provisionally identifi ed 
based on their retention time and then the mass split patterns used to compare with 
authentic standards. Quantifi cation can be achieved with addition of an internal 
standard, often heptadecanoic acid (17:0 fatty acid) because this odd-chain fatty 
acid is usually absent in eukaryotic cells. 

 Conversion of acyl-lipids to their respective FAMEs can be catalyzed either by 
an acid- or a base- mediated transmethylation reaction. In most cases, both methods 
are inter-changeable. Having said these, it is worth noting that base catalysts do not 
esterify free (non-esterifi ed) fatty acids (FFAs) and neither trans-esterify amide- 
bond fatty acids in sphingolipids; whereas acid catalysts are usually too strong and 
are not suited for certain fatty acids with sensitive functional groups, such as epoxy, 
cyclopropane or cylopropene rings (Bao et al.  2002 ). Although free fatty acids are 
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only very minor cellular components, largely due to their detergent properties, deri-
vation of FFAs themselves can be achieved by using a mixture of 1-ethyl-3-3-di-
methylaminopropylcarbodiimide containing methanolic solution (Kaczmarzyk and 
Fulda  2010 ). This ability to measure the content of FFA alone (without the bulk of 
glycerolipids) is desirable in some genetic engineering studies. 

  FAME  s are then subjected to separation, identifi cation and quantifi cation by 
GC-FID or GC-MS. An example of elution of FAMEs from cell extracts of 
 Chlamydomonas reinhardtii  is shown in Fig.  1.5b . For detailed methods on 
 preparation of fatty acid derivatives and GC conditions, please consult the AOCS 
Lipid Library site (  http://lipidlibrary.aocs.org/topics/ester_93/index.htm    ).  

     Lipidomics   

 With the development in modern analytical tools, especially in mass spectrometry, 
we can now not only determine the total lipid content, lipid classes, or fatty acid 
profi le for a given sample, but also we can determine the type, number and quantity 
of each lipid molecular species present in a tissue (Fig.  1.5c ). The determination of 
the total number and type of lipid molecular species present in a sample is called 
‘lipidomics’. In general well over 200 lipid molecular species have been identifi ed 
in plants and algal cells (Welti et al.  2002 ,  2007 ; Nguyen et al.  2013 ; Liu et al. 
 2013 ). Application of modern lipidomic tools to the green lineage was fi rst estab-
lished in the Kansas Lipidomics Centre (  http://www.k-state.edu/lipid/lipidomics/    ) 
funded and directed by Professor Ruth Welti since 2003 and has since also been 
setup and routinely operated in a few other laboratories including the author’s labo-
ratory at CEA Cadarache. 

 Lipidomic analysis is one sub-branch of metabolomics, in that the former deal 
principally with hydrophobic molecules. Currently, two major types of lipidomics 
are in use, direct-infusion electron spray-MS/MS (ESI-MS/MS) or separation by 
liquid chromatography followed by mass spectrometry (LC-MS/MS). Most lipid 
types can be analyzed by either method. Organelle or sub-cellular lipidomics can be 
achieved by extracting lipids from isolated subcellular organelles or fractions. Due 
to the requirement for authentic standards, lipidomics are often used in a compara-
tive context, for example, comparing wild-type to a mutant, or comparing one 
developmental stage to another, comparing one condition to a stress condition etc. 
The power of lipidomics in linking genes to function can be seen in numerous pub-
lications (Welti et al.  2002 ; Yoon et al.  2012 ). As compared to other analytical 
tools, lipidomics profi ling gives an instaneous snapshot of the lipidomic state of a 
cell, interpretation of which can be combined together with transcriptomic and pro-
teomic dataset thus allowing a systematic understanding of cell physiology. 
Nonetheless, it has also the disadvantages that the apparatus is still quite expensive, 
and the handling and processing of data needs specialist knowledge. This means 
that it is not accessible to most laboratories.  
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    Lipid Imaging: From Lipophilic Stains to Mass Spectrometry 
Imaging 

 The above mentioned methods have largely focused on the chemical analyses of 
lipid compositions. As with other subcellular components, lipids can also be visual-
ized. Classical techniques of lipid imaging include fi rst staining with a lipophilic 
dye such as Nile red followed by observation under a microscope; or can also be 
visualized by electron microscopic techniques. Examples of these analytical tools in 
advancing our understanding of gene functions are abundant, and some examples 
can be found in Li-Beisson et al. ( 2013 ), Cagnon et al. ( 2013 ), and Xie et al. ( 2014 ). 

 Recently a coordinated analysis of the lipid composition with their sub-cellular 
localizations at a high spatial resolution have been developed, and one such approach 
is called mass spectrometry imaging ( MSI     ) (Fig.  1.5d ). MSI integrates in situ visu-
alization with chemical based lipidomics. Three major types of MSI are now avail-
able, which differ in their ionization sources, i.e.  secondary ion MS (SIMS)  , 
 desorption electrospray ionization (DESI)  ,  laser desorption/ionization 
(MALDI)-MS  . For detailed description of these platforms, readers are referred to 
Horn et al. ( 2012 ), Horn and Chapman ( 2014 ) and other references there-in. These 
technologies have been applied to a number of plant tissues.   

     Biotechnological Applications   of Lipids Derived from Algae 
and Plants 

 Over several hundred fatty acid structures have been identifi ed in nature, many of 
which are present only in particular species. For example, ricinoleic acid is found 
almost exclusively in castor bean. Due to their large structural diversity, lipid appli-
cations are also diverse including sectors like food, chemicals, bioenergy, and 
nutraceuticals and the cosmetics industry. Among all lipid structures presented, oils 
are the most exploitable ones for two major reasons: oils are one of the most abun-
dant lipids stored in cells; and industrial processes of oil extraction and processing 
are affordable and represent a mature technology as compared to extraction and 
recovery of membrane lipids (i.e. galactolipids and phospholipids). 

 The most abundant fatty acid species present in most plant and algae cells are 
less than ten. Fatty acids with secondary modifi cations (for example oxygenation) or 
unusual chain length were often called unusual fatty acids. These ‘unusual’ fatty 
acids can be of particular industrial value. However, they are often synthesized 
naturally only in some non-agronomic plant species, or are present in a less-easily 
accessible form such as polymers coating plant surfaces (Li and Beisson  2009 ). 

 The current major biotechnological objectives in the area of plant/algal lipid 
research include: (i), increasing the productivity of current oilseed crops to meet the 
increasing demand of the world population; (ii), introducing novel genes thus allow-
ing synthesis and production of unusual fatty acids in the oil fraction of existing 
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crop species; (iii), increasing oil/energy content of plant vegetative tissues or algal 
cells, thus establishing new platforms for oil production and having the advantage 
of not competing with oil crops for food usage; and (iv), pathway reconstruction for 
production of very long chain polyunsaturated fatty acids for the nutraceutical 
industry (Fig.  1.6 ). Abundant successful proof-of-the-concept examples are avail-
able in the literature (Napier and Graham  2010 ; Jaworski and Cahoon  2003 ; Lu 
et al.  2011 ). Now one major challenge for the next step is the commercialization of 
these fi ndings, thus requiring fi eld trials, techno-economic and life cycle analyses.

       Conclusion 

 In this chapter, we have highlighted a few key points related to lipids: structures, 
biosynthesis, analysis and applications, which we consider important to appreciate 
the following chapters in this book. Part of this book describes the latest develop-
ments in the functions of lipids in photosynthesis, and part of this book deals with 
the roles of lipids in plant and algal development and signaling; emerging platforms 
for industrial applications of lipids are also covered.     
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    Chapter 2   
 Roles of Lipids in Photosynthesis                     

       Koichi     Kobayashi    ,     Kaichiro     Endo    , and     Hajime     Wada    

    Abstract     Thylakoid membranes in cyanobacterial cells and chloroplasts of algae 
and higher plants are the sites of oxygenic photosynthesis. The lipid composition of 
the thylakoid membrane is unique and highly conserved among oxygenic photosyn-
thetic organisms. Major lipids in thylakoid membranes are glycolipids, monogalac-
tosyldiacylglycerol, digalactosyldiacylglycerol and sulfoquinovosyldiacylglycerol, 
and the phospholipid, phosphatidylglycerol. The identifi cation of almost all genes 
involved in the biosynthesis of each lipid class over the past decade has allowed the 
generation and isolation of mutants of various photosynthetic organisms incapable 
of synthesizing specifi c lipids. Numerous studies using such mutants have revealed 
that these lipids play important roles not only in the formation of the lipid bilayers 
of thylakoid membranes but also in the folding and assembly of the protein subunits 
in photosynthetic complexes. In addition to the studies with the mutants, recent 
X-ray crystallography studies of photosynthetic complexes in thylakoid membranes 
have also provided critical information on the association of lipids with photosyn-
thetic complexes and their activities. In this chapter, we summarize our current 
understanding about the structural and functional involvement of thylakoid lipids in 
oxygenic photosynthesis.  

  Keywords     Digalactosyldiacylglycerol   •   Monogalactosyldiacylglycerol   • 
  Phosphatidylglycerol   •   Photosynthesis   •   Sulfoquinovosyldiacylglycerol   •   Thylakoid 
membrane  
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  DGDG    Digalactosyldiacylglycerol   
  GlcADG    Glucuronosyldiacylglycerol   
  LHC    Light-harvesting chlorophyll-protein complex   
  MGDG    Monogalactosyldiacylglycerol   
  MGlcDG    Monoglucosyldiacylglycerol   
  PG    Phosphatidylglycerol   
  PGP    Phosphatidylglycerophosphate   
  Pi    Phosphate   
  PQ    Plastoquinone   
  PSI    Photosystem I   
  PSII    Photosystem II   
  SQDG    Sulfoquinovosyldiacylglycerol   
  UDP    Uridine 5′-diphosphate   

        Introduction 

 The thylakoid membrane is the site of photochemical and electron transport 
reactions of oxygenic photosynthesis in cyanobacteria, algae, and higher plants. 
The photosynthetic electron transport chain consists of photosystem (PS) II, the 
cytochrome (Cyt)  b  6  /f  and PSI complexes, with the mobile electron carriers plasto-
quinone (PQ) and plastocyanin. PSII performs light-induced electron transfer reac-
tions by splitting water molecules into protons and molecular oxygen to reduce PQ 
molecules. Electrons excited in PSII are stepwise transferred to the PQ pool, Cyt 
 b  6  /f  complex, plastocyanin and PSI, where another charge separation creates a 
strong reductant capable of reducing NADP +  (Rochaix  2011 ). The  core photosyn-
thetic protein–cofactor complexes   are embedded with ATP synthase in a membrane 
lipid bilayer, which avoids free diffusion of ions and allows for generating an elec-
trochemical potential difference across the membrane for ATP synthesis. The lipid 
composition of the thylakoid membrane is unique and highly conserved among 
oxygenic photosynthetic organisms; uncharged galactolipids, monogalactosyldiac-
ylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG) account for 60–80 
mol% of total thylakoid lipids, with anionic lipids, sulfoquinovosyldiacylglycerol 
(SQDG) and phosphatidylglycerol (PG) constituting the remainder (Fig.  2.1 ). 
As revealed by X-ray crystallography studies, photosynthetic complexes include 
these lipid molecules as structural and functional components. Thus,  thylakoid 
glycerolipids   are essential for forming the lipid bilayer and for activity of photosyn-
thetic complexes, as described in detail later.

   Each lipid in a different class has a specifi c role in thylakoid membrane biogen-
esis and photosynthesis depending on the nature of its head group. MGDG has a 
cone-like shape with a small galactose head group and fl exible poly-unsaturated 
fatty acid tails, which allow for the formation of an inverted hexagonal II structure 
and a non-bilayer lipid phase. In contrast to MGDG, DGDG has a more cylindrical 
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shape, with two galactoses in the polar head, and forms bilayer lamellar phases in 
mixture with water (Shipley et al.  1973 ). These neutral galactolipids constitute the 
bulk of the thylakoid lipid bilayer, and the MGDG/DGDG ratio may be important 
for the structure and stability of the thylakoid membrane (Murphy  1982 ; Demé 
et al.  2014 ). 

 SQDG and PG are classifi ed as acidic lipids, with their negative charge at neutral 
pH. PG is the only major phospholipid in thylakoid membranes (Dorne et al.  1990 ; 
Wada and Murata  1998 ) and has indispensable roles in photosynthesis. SQDG too 
has an important function in photosynthesis, although the requirement for this lipid 
differs among species. PG and SQDG are at least partially functionally redundant, 
which may be related to maintenance of an anionic charge on the surface of the 
thylakoid membrane (Apostolova et al.  2008 ). 

 Almost all genes involved in the biosynthesis of each lipid class have been iden-
tifi ed, and many mutants have been made in various photosynthetic organisms over 
the past decade, which has allowed for elucidating the specifi c roles of lipids in 
oxygenic photosynthesis in addition to the common function as building blocks of 
the membrane lipid bilayer. In parallel with molecular genetic studies, biochemical 
and biophysical analyses as well as X-ray crystallography studies have provided 
critical information on the association of lipids with photosynthetic complexes and 
their activities. In this chapter, we highlight the current understanding about the 
structural and functional involvement of thylakoid membrane lipids in oxygenic 
photosynthesis.  

    Composition and Localization of Lipids in Photosynthetic 
Protein–Cofactor Complexes 

 X-ray crystallography studies revealed lipid molecules in PSI (Jordan et al.  2001 ), 
PSII (Loll et al.  2005 ; Guskov et al.  2009 ; Umena et al.  2011 ), Cyt  b  6  /f  (Stroebel 
et al.  2003 ; Kurisu et al.  2003 ), and light-harvesting chlorophyll-protein complex 

  Fig. 2.1    Composition of 
major lipids in thylakoid 
membranes from the 
cyanobacterium 
 Synechocystis  sp. PCC 
6803 and the higher plant 
 Spinacia oleracea . The 
original data of lipid 
analysis of thylakoid 
membranes are from 
Sakurai et al. ( 2006 )       
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(LHC) II (Liu et al.  2004 ; Standfuss et al.  2005 ). The presence of thylakoid lipids in 
photosynthetic complexes was confi rmed by lipid analyses of these complexes puri-
fi ed from various organisms (Nussberger et al.  1993 ; Sakurai et al.  2006 ; Kubota 
et al.  2010 ; Hasan et al.  2011 ). Table  2.1  summarizes the lipid molecules that have 
been identifi ed in photosynthetic complexes.

       Table 2.1    Lipid molecules identifi ed in protein–cofactor complexes from thylakoid membranes 
by X-ray crystallography analysis and by biochemical analysis of lipids extracted from the 
complexes. The number of lipid molecules per monomer is shown for each protein complex   

 Protein 
complex  Organism 

 No. of lipid 
molecules  References 

  X-ray crystallography  
 PSII   Thermosynechococcus elongatus   MGDG  11  Guskov et al. ( 2009 ) 

 DGDG  7 
 SQDG  5 
 PG  2 

 PSII   Thermosynechococcus vulcanus   MGDG  6  Umena et al. ( 2011 ) 
 DGDG  5 
 SQDG  4 
 PG  5 

 PSI   T. elongatus   MGDG  1  Jordan et al. ( 2001 ) 
 PG  3 

 LHCII   Spinacia oleracea   DGDG  1  Liu et al. ( 2004 ) 
 PG  1 

 LHCII   Pisum sativum   DGDG  1  Standfuss et al. ( 2005 ) 
 PG  1 

 Cyt  b  6 / f    Mastigocladus laminosus   PC  2  Kurisu et al. ( 2003 ) 
 Cyt  b  6 / f    Chlamydomonas reinhardtii   MGDG(?)  2  Stroebel et al. ( 2003 ) 

 SQDG  1 
  Lipid analysis  
 PSI   Synechocystis  sp. PCC 6803  MGDG  2  Kubota et al. ( 2010 ) 

 DGDG  1 
 SQDG  1 
 PG  2 

 PSII   Synechocystis  sp. PCC 6803  MGDG  6  Sakurai et al. ( 2006 ) 
 DGDG  3 
 SQDG  5 
 PG  6 

  T. vulcanus   MGDG  8  Sakurai et al. ( 2006 ) 
 DGDG  6 
 SQDG  6 
 PG  8 
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      PSI 

 X-ray crystallography analysis of PSI from  Thermosynechococcus elongatus  at 
2.5-Å resolution demonstrated one molecule of MGDG and three molecules of PG 
present in the PSI complex, together with approximately 15 protein subunits and 
many cofactors such as chlorophylls (Chls) and carotenoids (Jordan et al.  2001 ). In 
the  PSI      crystal structure, lipids are positioned at the stromal side of the membrane 
plane forming hydrogen bonds with PsaA/PsaB. One of the 3 PG molecules (lipid 
I) and the MGDG molecule (lipid II) are located symmetrically relative to one 
another in the vicinity of the core of PSI. These two lipids may be specifi cally 
important for the formation of the photochemical reaction center of the PSI com-
plex. One of the other two PG molecules, lipid III, is close to the monomer–mono-
mer interface and associates with the antenna Chl  a  in its phosphodiester group, 
whereas the other molecule, lipid IV, is in the contact site with PsaX. Because severe 
PG deprivation in a  Synechocystis  sp. PCC 6803 mutant caused dissociation of PSI 
trimers and concomitant accumulation of the PSI monomer (Domonkos et al.  2004 ), 
the PG (lipid III) located at the monomer–monomer interface may participate in the 
PSI trimerization. 

 The content of lipid molecules in the  PSI      structure was determined in 
 Synechocystis  sp. PCC 6803 (Kubota et al.  2010 ). The PSI complex was purifi ed 
from transgenic strains expressing an His-tagged PsaF or PsaJ subunit by Ni-affi nity 
column chromatography. Lipid analysis of the purifi ed PSI trimer identifi ed 6 lipid 
molecules (2 MGDGs, 1 DGDG, 1 SQDG, and 2 PGs) per monomer (Table  2.1 ). 
Although the number of lipids in  Synechocystis  PSI was close to that in the crystal 
structure of  T. elongatus  PSI (Jordan et al.  2001 ), the lipid composition differs 
between these two cyanobacteria. The lipid composition of PSI may differ among 
species, and DGDG and SQDG molecules found in  Synechocystis  PSI may be 
replaced by PG in  T. elongatus .  

    PSII 

  PSII      comprises approximately 20 protein subunits in addition to many cofactors, 
such as pigments, metals, and lipids (Murata et al.  1984 ; Nanba and Satoh  1987 ; 
Boekema et al.  1995 ; Hankamer et al.  2001 ). Crystallography analysis of the PSII 
dimer complex from  T. elongatus  at 2.9-Å resolution identifi ed 25 lipid molecules 
(11 MGDGs, 7 DGDGs, 5 SQDGs, and 2 PGs) per monomer in the structure 
(Guskov et al.  2009 ). Meanwhile, in the crystal structure of the  Thermosynechococcus 
vulcanus  PSII dimer resolved at 1.9 Å, 20 lipid molecules (6 MGDGs, 5 DGDGs, 4 
SQDGs, and 5 PGs) per monomer were assigned, with three unknown diglycerides 
(Table  2.1 ) (Umena et al.  2011 ). Gas chromatography revealed that the lipid com-
position of PSII dimers from  Synechocystis  sp. PCC 6803 (Sakurai et al.  2006 ) was 
similar to that in the crystal structure of  T. vulcanus  PSII. These data indicate 
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enriched PG molecules in the PSII dimer as compared with the relatively lower 
abundance of PG in the thylakoid membrane. 

 Of the 20 lipid molecules found in the crystal structure of  T. vulcanus  PSII 
(Umena et al.  2011 ), 3 (1 MGDG and 2 SQDGs) were located at the monomer–
monomer interface, 4 (2 MGDGs, 1 DGDG, and 1 SQDG) were at the periphery of 
PSII, and 13 (3 MGDGs, 4 DGDGs, 1 SQDG, and 5 PGs) were buried in the vicin-
ity of the D1/D2 heterodimer. The head groups of all anionic lipids in PSII faced the 
cytoplasmic side, whereas those of all galactolipids except for one MGDG molecule 
faced the lumenal side. Of the 13 inner lipids surrounding the reaction center, 3 PGs 
(PG664, PG694, and PG702) were located around the Q A  binding site, whereas 2 
MGDGs (MGDG729 and MGDG751), 3 DGDGs (DGDG657, DGDG660, and 
DGDG661), 1 SQDG (SQDG659) and 1 PG (PG714) were present at the interface 
of D1 and CP43. PG molecules in the vicinity of the Q A  binding site may participate 
in electron transport activity (described in section “ Roles of PG in photosynthesis ”), 
whereas other lipids at the D1–CP43 interface may be important for the binding of 
these proteins. The lipid-rich environment in  PSII      would provide a structural fl exi-
bility around the reaction center. PSII damaged during the photochemical reaction 
is repaired via a multi-step process that includes replacing degraded D1 protein with 
newly synthesized protein (Komenda et al.  2012 ; Järvi et al.  2015 ). Lipids abun-
dantly present in PSII may facilitate effi cient turnover of the D1 protein.  

    Cyt  b   6   /f  

 The crystal structure of the dimeric  Cyt  b  6  /f       complex, which mediates electron 
transfer between PSII and PSI by generating an electrochemical proton gradient 
across the thylakoid membrane, has been determined for  C. reinhardtii  (Stroebel 
et al.  2003 ) and the cyanobacteria  Mastigocladus laminosus  (Kurisu et al.  2003 ) and 
 Nostoc  sp. PCC 7120 (Baniulis et al.  2009 ). From these data, eight lipid-binding 
sites per monomer were defi ned by the presence of two natural lipids (SQDG and 
eicosane) and detergents or synthetic lipids used for purifi cation and crystallization 
(Hasan et al.  2011 ). In the  C. reinhardtii  Cyt  b  6  /f  crystal structure, two neutral lipids 
at the lumenal side were modeled as MGDGs. Mass spectroscopy analysis of Cyt 
 b  6  /f  purifi ed from spinach detected PG and DGDG, which were not identifi ed in the 
crystal structures, as well as SQDG and MGDG, so PG and DGDG may also occupy 
some lipid binding sites in the complex (Hasan et al.  2011 ). Lipids in the lumenal 
side, including an MGDG, may function as anchors that link peripheral transmem-
brane helixes to the core and stabilize the complex. On the stromal side, SQDG may 
function as a cross-linker between transmembrane helixes of the Cyt  f  and Rieske 
[2Fe-2S] iron-sulfur proteins. The SQDG molecule has a mobile head group and 
disordered fatty acid tails in the crystal and forms an inter-monomer cavity with two 
lipid-binding sites, which may function as a pathway for quinone/quinol diffusion 
(Hasan et al.  2011 ). Because mutations of amino acid residues that interact with 
the SQDG molecule resulted in disassembly of the Rieske iron-sulfur protein 
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(De Vitry et al.  2004 ) and impaired regulation of Cyt   f       synthesis (Choquet et al. 
 2003 ), SQDG may have an important role in the formation and organization of the 
Cyt  b  6  /f  complex.  

     LHCII 

 In plants and green algae, LHCs function in collecting and transferring solar energy 
to the reaction centers and avoiding photodamage from excess light energy. The 
crystal structure of  LHCII  , the antenna complex associated with PSII, was resolved 
in an icosahedral proteoliposome assembly from spinach at 2.7 Å (Liu et al.  2004 ) 
and in thin hexagonal plates from pea at 2.5 Å (Standfuss et al.  2005 ). In the crystal 
structure of spinach  LHCII  , 2 DGDG molecules are located at the contact surfaces 
between adjacent trimers and mediate their interactions in the icosahedral structure. 
Meanwhile, in pea LHCII, 3 DGDG molecules occupy a hydrophobic cavity at the 
threefold axis on the lumenal side. An  Arabidopsis thaliana  DGDG-defi cient 
mutant ( dgd1 ) showed a decreased level of the LHCII trimer with an increased level 
of the monomer (Hölzl et al.  2006 ). Thus, DGDG molecules associated with LHCII 
may play a role in its trimerization. In both LHCII crystal structures from spinach 
and pea (Liu et al.  2004 ; Standfuss et al.  2005 ), one PG molecule was buried at the 
monomer–monomer interface with its phosphodiester group coordinating a Chl  a . 
Of the two fatty acid chains of the PG molecule, the  trans -Δ 3 -hexadecenoic acid 
(t16:1), which is exclusively found at the  sn -2 position of chloroplast PG, penetrates 
the deep binding pocket of the trimer. The amino acid sequence WYXXXR of 
LHCII, which contributes to the binding of the PG molecule (Pan et al.  2013 ), is 
essential for trimer formation (Hobe et al.  1995 ), and removal of the N-terminal 
domain including the WYXXXR motif resulted in loss of PG and complete disso-
ciation of the trimer into monomers (Nussberger et al.  1993 ). Moreover, phospholi-
pase A 2  hydrolysis of the LHCII-binding PGs disrupted their trimeric form 
(Nussberger et al.  1993 ; Kim et al.  2007 ). Mutant analysis in  C. reinhardtii  supports 
these data; trimeric  LHCII      level was decreased in a PG-defi cient mutant but was 
partially recovered by supplementing t16:1-binding PG to the mutant (Dubertret 
et al.  1994 ). This evidence demonstrates an essential role of PG in LHCII 
trimerization.   

    Roles of MGDG in Photosynthesis 

     Plants 

 MGDG  in plants   is synthesized by MGDG synthase, which transfers galactose from 
uridine 5′-diphosphate (UDP)-galactose to diacylglycerol (Shimojima et al.  1997 ). 
MGDG is not only the main constituent of thylakoid membranes; it is also a 
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substrate for DGDG synthesis. Of the three MGDG  synthase genes   ( MGD1 ,  MGD2  
and  MGD3 ) in  A. thaliana  (Miège et al.  1999 ; Awai et al.  2001 ),  MGD2  and  MGD3  
have only a marginal role in  thylakoid membrane biogenesis   but conditionally con-
tribute to DGDG accumulation under phosphate (Pi)-defi cient conditions, presum-
ably to economize Pi in membranes (Kobayashi et al.  2009 ). MGD1 is the major 
 isoform   in photosynthetic tissues (Awai et al.  2001 ; Kobayashi et al.  2004 ) and 
contributes to the bulk of galactolipid synthesis in chloroplasts (Jarvis et al.  2000 ; 
Kobayashi et al.  2007 ). 

 Identifi cation of an   Arabidopsis mgd1-1  mutant     , which carries a T-DNA inser-
tion in the  MGD1  promoter region, allowed for detailed analysis of the role of 
MGDG in photosynthesis (Jarvis et al.  2000 ). The  mgd1-1  mutant showed 75 % 
reduced  MGD1  expression and MGDG synthase activity as compared with the wild 
type, which resulted in 42 % reduced MGDG content. The reduced  MGD1  expres-
sion caused a 50 % defi ciency in total Chl levels per plant and impaired develop-
ment of thylakoid membranes but did not affect etioplast development in dark-grown 
seedlings. In the  mgd1-1  mutant, the maximal PSII effi ciency (F V /F M ) was almost 
the same as in the wild type, so the 42 % reduced MGDG content had no effect on 
the intrinsic PSII activity (Aronsson et al.  2008 ). Meanwhile, the partial MGDG 
defi ciency in  mgd1-1  increased the conductivity of thylakoid membranes at high 
light intensity, which led to a reduced proton motive force and less acidity in the 
thylakoid lumen. The  mgd1 - 1  mutant contained less zeaxanthin and more violaxan-
thin than the wild type, presumably because of decreased pH-dependent conversion 
from violaxanthin to zeaxanthin by the violaxanthin de-epoxidase (Aronsson et al. 
 2008 ). Consequently, the mutant was more susceptible to photoinhibition of PSII 
with the impaired capacity for thermal dissipation of excess light. In vitro analysis 
revealed that MGDG and phosphatidylethanolamine, which have small head groups 
and form the hexagonal lipid structure, solubilize the xanthophylls diadinoxanthin 
and violaxanthin more effi ciently than the bilayer-forming lipids DGDG and phos-
phatidylcholine (Goss et al.  2005 ; Yamamoto  2006 ). Moreover, MGDG mediates 
binding of violaxanthin de-epoxidase to the thylakoid membrane (Jahns et al.  2009 ) 
and strongly enhances the de-epoxidation of LHCII-associated violaxanthin 
(Schaller et al.  2010 ). These data indicate an essential role of MGDG in the  photo-
protective mechanism   of photosynthesis by promoting the xanthophyll cycle. 

 In contrast to the moderate defects with the leaky  mgd1-1  mutation, a knockout 
 MGD1  mutation ( mgd1-2 ) caused severe loss of both MGDG and DGDG, for 
absence of thylakoid membranes and photosynthetic components under nutrient- 
suffi cient conditions (Kobayashi et al.  2007 ). However, under P-defi cient condi-
tions, the alternative MGD2/MGD3 pathway was activated and induced biosynthesis 
of thylakoid-like membranes with a large accumulation of DGDGs in  mgd1-2  
(Kobayashi et al.  2013 ). Despite increased levels of photosynthetic membrane pro-
teins in Pi-defi cient  mgd1-2  seedlings, photosynthetic electron transport was still 
fully dysfunctional. The formation of LHC–PS complexes was severely perturbed, 
with disordered LHC aggregates, which suggests that MGDG is crucial for the 
proper assembly of these complexes (Kobayashi et al.  2013 ). This observation is 
consistent with the addition of MGDG in vitro modifying the disorganized structures 
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of the lipid-depleted LHCII and inducing formation of the ordered macro- arrays of 
LHCII (Simidjiev et al.  2000 ; Schaller et al.  2011 ). Furthermore, MGDG strongly 
induced dimerization of the monomeric PSII in vitro (Kansy et al.  2014 ), which 
indicates the importance of MGDG in organization of LHC–PS complexes. The 
involvement of MGDG in the interaction between LHC and core complexes was 
confi rmed in inducible  MGD1 -knockdown mutants ( amiR-MGD1 ), which express 
an artifi cial microRNA targeting  MGD1  under the control of a dexamethasone- 
inducible promoter (Fujii et al.  2014 ).  Chl fl uorescence analysis      at 77 K suggested 
that MGDG defi ciency weakens interactions between PS core complexes and 
LHC. Consistent with the mutant analysis, in vitro assembly analysis revealed 
that MGDG intensifi es the physical interactions between LHCII and PSII core 
complexes and increases their energy coupling (Zhou et al.  2009 ). 

 Although the partial MGDG loss in the  mgd1-1  mutant had no impact on intrin-
sic PSII activity (Aronsson et al.  2008 ), stronger reduced MGDG content by   amiR- 
MGD1    decreased PSII activity in  Arabidopsis  cotyledons (Fujii et al.  2014 ). Because 
the reduced PSII activity was correlated with the severity of  MGD1  suppression, 
MGDG biosynthesis would be closely associated with the PSII activity. Induction 
analysis of Chl fl uorescence revealed that the strong MGDG defi ciency by  amiR- 
MGD1  decreased the electron-accepting capacity of Q A  and impaired electron trans-
fer from excited Chls to downstream within the PSII, which may reduce the 
effi ciency of light utilization in PSII (Fujii et al.  2014 ). In addition to the defective 
intrinsic PSII activity, actual PSII effi ciency under light was decreased by the  MGD1  
suppression via impaired electron transfer downstream of PSII. The tobacco  MGD1  
mutant M18, in which MGDG abundance was decreased by 53 % as compared with 
the wild type, showed blocked intersystem electron transport with decreased Cyt 
 b  6  /f  complex levels (Wu et al.  2013 ). MGDG is structurally involved in the Cyt  b  6  /f  
complex (Hasan et al.  2011 ) and specifi cally interacts with the complex (Georgiev 
et al.  2012 ), so it may be required for the structure or activity of the Cyt  b  6  /f  com-
plex. In   amiR-MGD1    plants, excess light energy caused by the small electron trans-
port capacity was mainly dissipated in non-regulated forms of heat and fl uorescence, 
which refl ects a limitation of photoprotective capacity with the MGDG defi ciency 
(Fujii et al.  2014 ). The reduced photoprotective capacity may reduce photostability 
of the PSII apparatus and cause cumulative photodamage under long-term exposure 
to high light, as was observed in the tobacco M18 mutant (Wu et al.  2013 ).   

    Cyanobacteria 

 Plants synthesize MGDG from UDP-galactose and diacylglycerol in one step, 
whereas  cyanobacteria      fi rst synthesize monoglucosyldiacylglycerol (MGlcDG) 
using UDP-glucose and then epimerize it to MGDG (Awai et al.  2006 ,  2014 ). 
Identifi cation of the epimerase (MgdE) that converts MGlcDG to MGDG in 
 Synechocystis  sp. PCC 6803 allowed for generation of the  mgdE  mutant, which 
accumulates MGlcDG instead of MGDG and DGDG (Awai et al.  2014 ). 
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Photosynthetic activity of the  mgdE  mutant was comparable to that of the wild type 
at saturating light intensity but signifi cantly lower at low light conditions because of 
greater nonphotochemical energy dissipation than in the wild type. Pulse amplitude 
modulation fl uorescence analysis revealed that the  mgdE  mutation partially 
decreased F V /F M  and the coeffi cient of photochemical quenching (qP), which sug-
gests that the electron transport within and downstream of PSII were both partially 
inhibited in the  mgdE  mutant (Awai et al.  2014 ). MGlcDG can partially comple-
ment loss of galactolipids in  Synechocystis  sp. PCC 6803, and thus galactose head 
groups are not a prerequisite for oxygenic photosynthesis. 

 Leng et al. ( 2008 ) examined the effects of lipase treatment on the structure and 
function of a PSII dimer isolated from  T. vulcanus . Lipase treatment degraded 
MGDG from ten to fi ve molecules per PSII monomer without changing the content 
of other lipid classes. Despite the degradation of half of the total MGDG in PSII, 
oxygen-evolving activity was reduced only by 16 % as compared with the untreated 
control, so MGDG molecules digested by lipase have no crucial roles in PSII activ-
ity. The remaining half of the MGDG molecules resistant to lipase treatment may 
be deeply buried inside PSII and involved in maintaining the structure and function 
of PSII.   

    Roles of DGDG in Photosynthesis 

     Plants 

 DGDG biosynthesis  in plants   is predominantly catalyzed by DGDG synthase, 
which transfers a second galactose to MGDG from UDP-galactose (Kelly and 
Dörmann  2002 ; Kelly et al.  2003 ). Of two homologous genes ( DGD1  and   DGD2   ) 
encoding DGDG synthase in  A. thaliana ,  DGD1  plays a major role in DGDG 
biosynthesis, as illustrated by more than 90 % reduced DGDG content in the  dgd1  
mutant, which has a point mutation in the  DGD1  gene (Dörmann et al.  1995 ). 
The substantial decrease in DGDG content in  dgd1  causes a dwarf phenotype, 
pale green leaves, altered chloroplast structure with a highly curved thylakoid 
membrane, and decreased quantum yield of photosynthesis. Although a T-DNA 
insertional mutant of  DGD2  ( dgd2 ) grew normally without signifi cantly reduced 
DGDG content under optimal conditions, the double  dgd1dgd2  mutant contained 
only negligible amounts of DGDG and showed more severe growth retardation than 
 dgd1 , with a reduced ability for photoautotrophic growth (Kelly et al.  2003 ). 
Interestingly,  transgenic expression   of a bacterial glucosyltransferase and consequent 
accumulation of  glucosylgalactosyldiacylglycerol (GlcGalDG)   almost completely 
rescued the growth retardation and disordered chloroplast ultrastructure in  dgd1  and 
 dgd1dgd2  (Hölzl et al.  2006 ,  2009 ). These data suggest that the second galactose 
residue of DGDG has no essential function unique to its chemical property in the 
structural organization of the thylakoid membrane and effi cient plant growth. 
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Meanwhile, photosynthetic dysfunction with DGDG defi ciency was not fully 
complemented by the GlcGalDG accumulation, as described later. 

 The levels of  LHCII   relative to PSII core proteins (D1 and α-subunit of Cyt  b  559 ) 
and inner antenna complexes (Lhcb4 and Lhcb5) were higher in the  dgd1  mutant 
than the wild type (Härtel et al.  1997 ). Consistent with the increased LHCII levels, 
levels of carotenoids involved in xanthophyll cycle were increased in the mutant 
(Steffen et al.  2005 ). In  dgd1 , the PSII/PSI ratio was reduced to 60 %, although 
oxygen-evolving activity was almost the same as in the wild type (Härtel et al. 
 1997 ).  Fluorometric analysis   of  dgd1  revealed that the properties of the oxygen- 
evolving complex were modifi ed by the decreased DGDG content, with the accep-
tor side of PSII only marginally affected (Reifarth et al.  1997 ). The data suggest that 
DGDG does not play a key role in establishing the structure of the Q B  binding site 
but is required for the functional and structural integrity of the oxygen-evolving 
complex. Further analysis with a laser fl ash fl uorometer demonstrated that the 
DGDG defi ciency increased the probability of the dissipative recombination reac-
tion between P680 +  and Q A  − , presumably because of slower electron donation to 
PSII from water (Steffen et al.  2005 ). A comparison of  dgd1  and  dgd1dgd2  mutants 
revealed a nonlinear relationship between DGDG content and functional effects on 
PSII (Steffen et al.  2005 ). The results indicate that the total DGDG pool is highly 
heterogeneous in its functional relevance for PSII; only a small fraction is closely 
associated with PSII, whereas the bulk of DGDG has no particular role in PSII. 

  Complementation analysis   of DGDG-defi cient mutants with GlcGalDG biosyn-
thesis demonstrated specifi c roles of DGDG in photosynthesis. In the  dgd1  mutant, 
the level of LHCII trimers, which would be functionally relevant structures in vivo, 
was decreased along with reduced photosynthetic effi ciency (Hölzl et al.  2006 ). 
The reduced photosynthetic effi ciency of PSII in  dgd1  and  dgd1dgd2  mutants was 
partially attributed to increased nonphotochemical quenching by  photoinhibition  . 
In particular,  dgd1dgd2  was highly susceptible to high light stress (Hölzl et al. 
 2009 ). These defects in photosynthetic components were only partially restored by 
the accumulation of GlcGalDG, so the second galactose residue of DGDG has a 
 specifi c function in maintaining effi cient photosynthetic machinery (Hölzl et al. 
 2006 ,  2009 ). 

 DGDG plays an important role in the structure and function of  PSI  .  In vitro pro-
tein analysis      demonstrated that on treatment with chaotropic salts, the PSI subunits 
PsaD and PsaE on the stromal side are less stable in  dgd1  than the wild type (Guo 
et al.  2005 ). Blue native polyacrylamide gel electrophoresis (BN- PAGE     ) analysis 
showed accumulation of a PSI supercomplex lacking LHCI and PsaD in  dgd1  thy-
lakoids. Therefore, DGDG is required for stability of the PSI complex. Ivanov et al. 
( 2006 ) reported substantially lower levels of PSI core proteins (PsaA and PsaB) 
along with PsaC, PsaL and PsaH subunits in  dgd1  than the wild type, with no change 
in levels of PSII-related proteins (PsbA, Lhcb1, Lhcb2, Lhcb3 and Lhcb5). The 
  dgd1  mutation   caused a PSI acceptor-side limitation, which was accompanied by 
restricted intersystem electron transport, increased reduction rate of the PQ pool, 
increased capacity for cyclic electron fl ow around PSI, and decreased capacity for 
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state transitions. These modifi cations were associated with increased susceptibility 
of PSI to photoinhibition (Ivanov et al.  2006 ). 

 Severe DGDG  defi ciency   in the  dgd1  mutant increased thermal instability of 
PSII affecting Q A  re-oxidation by Q B  (Reifarth et al.  1997 ). At high temperature, 
disassembly of the LHCII-PSII – containing macrodomain, degradation of PSI 
complexes, excitation energy quenching, and impaired energization of thylakoid 
membranes with increased permeability were signifi cantly greater in  dgd1  than the 
wild type (Krumova et al.  2010 ). Thus, DGDG plays a crucial role in  thermostabil-
ity   of photosynthetic complexes and the thylakoid membrane, which is consistent 
with increased DGDG level and DGDG/MGDG ratio being associated with the 
ability of plants to acquire thermotolerance (Chen et al.  2006 ).   

     Cyanobacteria 

 In  cyanobacteria  , the  dgdA  gene encodes a DGDG synthase, which presumably 
transfers a second galactose to MGDG but not MGlcDG (Awai et al.  2007 ; Sakurai 
et al.  2007b ). Although a  dgdA  mutant of  Synechocystis  sp. PCC 6803 failed to 
accumulate DGDG, its growth was not greatly affected under standard conditions, 
so DGDG is not essential for normal growth of this cyanobacterium (Awai et al. 
 2007 ; Sakurai et al.  2007b ). However, in the mutant,  in vitro PSII activity   at the 
donor side was strongly inhibited, along with a slight decrease in net photosynthetic 
activity from H 2 O to CO 2  (Sakurai et al.  2007b ), which is consistent with the impor-
tant role of DGDG in the oxygen-evolving complex in  A. thaliana . In the  dgdA  
mutant, the extrinsic PSII proteins PsbU, PsbV, and PsbO, which stabilize the 
oxygen- evolving complex, were dissociated in PSII purifi ed from the mutant. 
Comparison of  dgdA  with mutants for  psbO ,  psbV , or  psbU  suggested that PsbU but 
not psbO and psbV is dissociated from PSII in vivo on DGDG defi ciency (Sakurai 
et al.  2007b ). Thus, DGDG may mediate PsbU binding to PSII, which subsequently 
stabilizes the association of PsbO and PsbV with PSII and increases the integrity of 
the oxygen-evolving complex. 

 Cell growth of  dgdA  was impaired under high temperature (38 °C) (Mizusawa 
et al.  2009a ), high light and CaCl 2 -limited conditions (Mizusawa et al.  2009b ). As 
observed in mutants lacking the extrinsic PSII proteins (Clarke and Eaton-Rye 
 1999 ; Kimura et al.  2002 ; Roose et al.  2007 ), sensitivity of oxygen-evolving activity 
to heat and hydroxylamine treatment was increased in the  dgdA  mutant (Sakurai 
et al.  2007a ; Mizusawa et al.  2009a ). In these mutants, defi ciency of extrinsic pro-
teins could lead to an unprotected manganese cluster, so oxygen-evolving activity 
may be easily inactivated by heat (Nishiyama et al.  1994 ,  1997 ; Shen et al.  1995 ) or 
hydroxylamine treatment (Ghanotakis et al.  1984 ). Furthermore, the  dgdA  mutant 
was susceptible to photoinhibition especially at elevated growth temperature 
(Mizusawa et al.  2009a ,  b ). Although both  photodamage   and  repair processes   of 
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photosynthesis were affected in  dgdA , the repair process was more severely 
impaired. In a recent photoinhibition model, photodamage was suggested to pro-
ceed in two steps (Tyystjärvi  2008 ; Murata et al.  2012 ). First, the manganese cluster 
of the  oxygen-evolving complex   is disrupted with release of manganese ions by 
light. Then, the positive charge is overaccumulated on P680 +  because of the lack of 
electron donors, which causes irreversible damage to the D1 protein at the PSII 
reaction center. In  dgdA , manganese ions may be easily released from the PsbU- 
dissociated oxygen-evolving complex particularly at high temperature, which leads 
to irreversible photodamage to P680. This fi nding is consistent with a report that the 
photodamage proceeds with high effi ciency in the PsbU-lacking mutant (Inoue- 
Kashino et al.  2005 ). Although only the photodamage process was affected in the 
PsbU-lacking mutant, the repair process was also affected in  dgdA . Therefore, 
DGDG may be required for multiple processes of the photoprotective machinery 
other than the binding of PsbU protein to the oxygen-evolving complex. 

 The  repair process   of inactivated PSII includes monomerization of dimers, dis-
sociation of the core antenna CP43 protein and extrinsic proteins from the reaction 
center, replacement of damaged D1 with newly synthesized D1 precursor, re- 
association of CP43 and extrinsic proteins, D1 protein maturation, assembly of the 
manganese cluster, and PSII dimerization (Nixon et al.  2010 ; Komenda et al.  2012 ). 
Biochemical characterization of monomeric PSII core complexes isolated from  T. 
elongatus  revealed that Psb27 was associated with a monomeric PSII intermediate 
that lacks PsbO, PsbU, and PsbV proteins and oxygen-evolving activity (Nowaczyk 
et al.  2006 ). Another extrinsic protein, Psb28, is mainly associated with the mono-
meric PSII lacking CP43 (Sakata et al.  2013 ). Interestingly, the   Synechocystis dgdA  
mutant   showed marked accumulation of an inactive PSII monomer that binds Psb27 
and Psb28 (Sakurai et al.  2007b ). Moreover,  BN-PAGE analysis   revealed a notable 
accumulation of the monomeric PSII intermediate lacking CP43 in  dgdA , presum-
ably because of inhibited association of CP43 with the monomeric PSII intermedi-
ate during the repair process (Sakata et al.  2013 ). Thus, DGDG may mediate 
reassembly of the active PSII dimer from monomer intermediates during the repair 
process, which is crucial for the recovery of PSII from photoinhibition. 

  Crystallography analysis      of the dimeric PSII complex revealed that the polar 
head group of all DGDG molecules faced the lumenal side, with 3 DGDG mole-
cules located between D1 and CP43 subunits (Umena et al.  2011 ). None of the 
DGDG molecules directly interact with the extrinsic proteins or the manganese 
cluster. In the  dgdA  mutant, complete loss of DGDG (~3.5 molecules per monomer) 
from PSII complexes was compensated by an equivalent increase in MGDG con-
tent, with PG and SQDG contents unchanged, which suggests that all DGDG mol-
ecules integrated in the wild-type PSII may be replaced by MGDG in  dgdA  (Sakurai 
et al.  2007b ). In  dgdA , the absence of one galactose moiety from each DGDG mol-
ecule may inhibit interactions among the PSII proteins, especially between CP43 
and D1, and cause a conformational change on the lumenal side of PSII.    
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     Roles of PG in Photosynthesis 

      Plants 

 Roles of PG in  plant      photosynthesis were initially studied in phospholipase-treated 
thylakoid membranes in which PG was specifi cally degraded. Jordan et al. ( 1983 ) 
showed that phospholipase A 2  treatment eliminated approximately 70 % of the orig-
inal PG from thylakoid membranes isolated from  Pisum sativum  (pea), which led to 
dysfunctional electron transport in PSII without any signifi cant effect on PSI activ-
ity. Similarly, Droppa et al. ( 1995 ) reported that degradation of approximately half 
of the original PG in pea thylakoid membranes by phospholipase C abolished elec-
tron transport in PSII. Moreover, the PSII dimer prepared from spinach was dissoci-
ated to monomers by phospholipase A 2  treatment, whereas monomers were 
reversibly converted to dimers by the addition of PG (Kruse et al.  2000 ). In addition, 
LHCII trimers in pea thylakoid membranes were dissociated into monomers by 
phospholipase A 2  treatment (Nussberger et al.  1993 ). These data were confi rmed in 
thylakoid membranes from  A. thaliana ; phospholipase A 2  treatment inhibited the 
PSII electron transport at both donor and acceptor sides and disassembled the 
PSII–LHCII complexes into PSII and LHCII monomers (Kim et al.  2007 ). These data 
suggest a crucial role of PG in electron transport and structural organization of the 
plant PSII complex. 

 In addition to the biochemical approach, molecular genetics approaches have 
revealed roles of PG in plant photosynthesis. In the  C. reinhardtii  mutants  mf1  and 
 mf2 , complete lack of t16:1-binding PG, which resulted in a 60–70 % reduction in 
overall PG content, abolished PSII activity with decreasing trimeric LHCII levels 
and grana stacking of thylakoid membranes (Dubertret et al.  1994 ; El Maanni et al. 
 1998 ). These data suggest a requirement of t16:1-binding PG for LHCII trimeriza-
tion. However, the t16:1-binding species itself may not be essential for the role of 
PG in LHCII trimerization; an  Arabidopsis  mutant that lacks a desaturase required 
for t16:1 synthesis showed no signifi cant impairment of trimeric LHCII formation 
or energy transfer from LHC antenna to reaction centers (McCourt et al.  1985 ). 
Because PG is required for the LHCII trimerization (see section “ LHCII ”), the sub-
stantial decrease in overall PG content in  Chlamydomonas mf1  and  mf2  mutants 
may impair trimeric LHCII formation. 

 In  A. thaliana , phosphatidylglycerophosphate (PGP) synthase1 (PGP1) is essen-
tial for PG biosynthesis in chloroplasts (Hagio et al.  2002 ; Babiychuk et al.  2003 ). 
The PG content in leaves of the  pgp1-1  mutant, with a point mutation in  PGP1 , was 
decreased by 30 % from the wild-type level, with an 80 % reduction in plastidic 
PGP synthase activity (Xu et al.  2002 ). The mutant had pale green leaves and a 
slightly reduced capacity for photosynthesis. Hagio et al. ( 2002 ) and Babiychuk 
et al. ( 2003 ) isolated null mutants for  PGP1 , in which the level of PG was decreased 
by ~80 % as compared with the wild type. These mutants had pale yellow-green 
leaves with severely undeveloped chloroplasts and required sucrose supplementa-
tion for growth. In-depth analysis of one of the null  pgp1  mutants ( pgp1-2 ) revealed 
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that PG defi ciency in chloroplasts strongly perturbed the formation of PS–LHC 
complexes and photosynthetic electron transport (Kobayashi et al.  2015 ). 
Interestingly, Pi limitation activated glycolipid biosynthesis and increased the pro-
portion of glycolipids (MGDG, DGDG and SQDG) with a further decrease in PG 
content in  pgp1-2 . Although the thylakoid membrane was developed along with 
accumulation of Chls and photosynthetic proteins in the Pi-limited mutant leaves, 
PSII photochemical reaction was completely abolished (Kobayashi et al.  2015 ). 
The data suggest that glycolipids cannot compensate the function of PG in photo-
synthesis, although they can form thylakoid membrane networks without PG.    

      Cyanobacteria 

 Among the genes for the three enzymes specifi cally involved in the biosynthesis of 
PG in  cyanobacteria     , the  cdsA  gene for CDP-DG synthase (Sato et al.  2000 ) and the 
 pgsA  gene for PGP synthase (Hagio et al.  2000 ) have been identifi ed in  Synechocystis  
sp. PCC 6803. The gene for PGP phosphatase, which catalyzes the last step of PG 
biosynthesis, has not yet been identifi ed. Identifi cation of these genes has allowed 
targeted mutagenesis to generate mutants of  Synechocystis  sp. PCC 6803 that can-
not synthesize PG. The  cdsA  (Sato et al.  2000 ) and  pgsA  (Hagio et al.  2000 ) mutants 
were both unable to synthesize PG and required an exogenous supply of PG for 
growth under photoautotrophic conditions. Other phospholipids, phosphatidylcho-
line, phosphatidylethanolamine, phosphatidylserine, phosphatidic acid and cardio-
lipin, which except for phosphatidic acid are not present in cyanobacterial cells, 
failed to support the growth of the mutant cells (Hagio et al.  2000 ). Therefore, PG 
can be taken up by  Synechocystis  sp. PCC 6803 cells from the growth medium and 
plays an indispensable function for their growth. 

 With the mutants of  Synechocystis  sp. PCC 6803, the role of PG in photosynthe-
sis was comprehensively revealed (Sato et al.  2000 ,  2004 ; Hagio et al.  2000 ; 
Gombos et al.  2002 ; Sakurai et al.  2003 ,  2007a ; Domonkos et al.  2004 ). The content 
of PG in the mutant cells decreased after transfer of cells from PG-replete to 
-depleted media. The photosynthetic activity of the  pgsA  and  cdsA  mutants decreased 
markedly with a concomitant decrease of PG content in thylakoid membranes after 
short-term PG deprivation (3–7 days), whereas the decreased activity was fully 
recovered to the original level after the re-addition of PG to the growth medium. 
The impaired photosynthetic activity by the short-term PG deprivation was attrib-
uted to the decrease of PSII but not PSI activity, which suggests that PG plays an 
important role in PSII (Sato et al.  2000 ; Hagio et al.  2000 ). A decrease in PSI activ-
ity was observed only after a longer period of PG deprivation (>2 weeks) and fur-
ther longer deprivation of PG induced cell death (Domonkos et al.  2004 ). 

 PG plays a crucial role in both acceptor- and donor-side activities of 
PSII. Measurements of fl uorescent yield of Chl indicated that electron transport 
from Q A  to Q B  was inhibited in  pgsA  mutant cells after PG deprivation, which 
resulted in the accumulation of the reduced form of Q A  (Q A  − ) (Gombos et al.  2002 ). 
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Thermoluminescence measurements confi rmed the accumulation of Q A  −  with PG 
deprivation in the mutant. These results are consistent with the observation that Q B - 
mediated electron transport was inhibited on digestion of PG by treating the PSII 
complex with phospholipase A 2  (Sakurai et al.  2006 ; Leng et al.  2008 ). The effect 
of PG deprivation in the donor side of PSII was revealed in the purifi ed PSII com-
plex; PSII from PG-depleted  pgsA  mutant cells sustained only ~50 % of the oxygen- 
evolving activity as compared with the wild-type PSII (Sakurai et al.  2007a ). 
Extrinsic proteins PsbO, PsbV, and PsbU, which are essential for the stabilization of 
the manganese cluster and maintain oxygen-evolving activity, were dissociated 
from the PSII core purifi ed from the PG-depleted  pgsA  mutant, whereas the released 
PsbO re-bound to PSII when PG was added back to the PG-depleted mutant cells, 
even in the presence of lincomycin, which inhibits de novo protein synthesis 
(Sakurai et al.  2007a ). As observed in ∆ psbO , ∆ psbV , and ∆ psbU  mutant cells, 
PG-depleted  pgsA  mutant cells showed decreased oxygen-evolving activity with 
heat treatment (Sakurai et al.  2007a ). This property of the  pgsA  mutant resembles 
that of the  dgdA  mutant, which is unable to synthesize DGDG (Sakurai et al.  2007b ). 
However,  psgA  but not  dgdA  cells were susceptible to dark inactivation of oxygen- 
evolving activity in addition to heat treatment. Because the inactivation of oxygen- 
evolving activity under darkness indicates the dissociation of PsbO and/or PsbV 
in vivo (Burnap et al.  1996 ; Shen et al.  1998 ), PSII of the PG-depleted mutant cells 
may be unable to functionally bind extrinsic proteins, possibly PsbO and/or PsbV, 
even in vivo. By contrast, in  dgdA , only PsbU protein appears to be dissociated from 
PSII in vivo (Sakurai et al.  2007b ), which leads to sensitivity to heat treatment but 
not dark inactivation of oxygen-evolving activity. 

 In PG-depleted  pgsA  mutant cells, the dimerization of the PSII core monomers 
was impaired, which implies an involvement of PG in dimerization of PSII (Sakurai 
et al.  2003 ). Dimeric formation of PSII was also severely impaired in the  ΔpsbO  
mutant and partially inhibited in the  ΔpsbV  and  ΔpsbU  mutants (Sakurai et al. 
 2007a ). Therefore, dissociation of extrinsic proteins from PG-depleted PSII may 
lead to monomerization of the PSII complex, although a direct involvement of PG 
in the PSII dimerization cannot be excluded. 

 Lipid analysis revealed that the PSII dimer from PG-depleted  pgsA  mutant cells 
contained 3 PG molecules per monomer, whereas that from wild-type cells had ~6 
PG molecules (Sakurai et al.  2006 ,  2007a ). Thus, the 3 PG molecules lost from the 
mutant PSII complex may play an important role in electron transport from Q A  to 
Q B  and assembly of extrinsic proteins in the oxygen-evolving complex. 

 The structure of the PSII dimer complex from  Thermosynechococcus elongatus  
was analyzed by X-ray crystallography at 2.9-Å resolution (Guskov et al.  2009 ): 25 
lipid molecules (11 MGDGs, 7 DGDGs, 5 SQDGs, 2 PGs) per monomer were 
bound to the PSII dimer (Table  2.1 ). Recently, a more precise PSII dimer crystal 
structure, determined in  T. vulcanus  at 1.9-Å resolution, contained 20 lipid mole-
cules (6 MGDGs, 5 DGDGs, 4 SQDGs, 5 PGs) per monomer (Umena et al.  2011 ) 
(Table  2.1 , Fig.  2.2b ). The lipid composition in the crystal structure at 1.9-Å resolu-
tion was similar to that obtained by biochemical analysis of PSII complex purifi ed 
from the same cyanobacterial strain (Sakurai et al.  2006 ). In the crystal structure, 
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3 PG molecules (PG664, PG694, PG702) are located near the Q A  binding site, in the 
vicinity of PsbT, PsbL and PsbM, and surrounded by α-helixes of D2 protein at the 
monomer–monomer interface (Fig.  2.2c ). The other PG molecules, PG772 and 
PG714, are located near the Q B  binding site and the region between CP43 and the 
D1/D2 heterodimer, respectively (Fig.  2.2d ). The head groups of all PG molecules 
face the cytoplasmic side. Therefore, loss of the former 3 PG molecules are expected 
to cause dysfunction of Q A , whereas that of the latter 2 PG molecules would induce 
impaired function of Q B .

   Itoh et al. ( 2012 ) speculated that the inhibition of electron transfer from Q A  to Q B  
observed in the  pgsA  mutant is caused by dissociation of PG772 because this PG 
molecule is close to the Q B  binding site. They assumed that PG772 is a low-affi nity 
PG and is dissociated easily from PSII; thereby, a loss of the PG772 at the Q B - 
binding site inhibits electron transfer from Q A  to Q B  and makes Q B  function sensi-
tive to  p -benzoquinone. However, we recently performed site-directed mutagenesis 
of amino-acid residues of PsbE, Thr5 and Ser11, interacting with PG772, and found 
that the mutations of PsbE do not affect the electron transfer from Q A  to Q B  (Kaichiro 
Endo, Naoki Mizusawa, Jian-Ren Shen, Hsiu-An Chu, Koichi Kobayashi and 
Hajime Wada, unpublished data). We also mutagenized amino-acid residues of D1, 
Ser232 and Asp234, interacting with PG664 and PG694, and found that the muta-
tions of D1 affected the redox potential of Q B  but not Q A , and approximately one PG 
molecule, PG664 or PG694, was lost from the PSII complex of the mutants 
(Endo et al.  2015 ). These PG molecules are located near the Q A  binding site, and 
therefore loss of any of the PG molecules would likely affect the function of Q A . 
Moreover, as described above, these PG molecules are located near PsbT, PsbL, and 
PsbM and are surrounded by α-helixes of D2 protein at the monomer–monomer 
interface. Therefore, dissociation of these PG molecules is expected to cause mono-
merization of PSII complexes along with release of the small subunit proteins. 
However, the site-directed mutations mainly affected the function of Q B  but not Q A  
and dimerization of PSII. Therefore, even loss of PG close to the Q A  binding site 
affects the structure around the Q B  binding site and the function of Q B . Modifi cations 
of the S232 and N234 residues are assumed to induce a small change in the structure 
of the Q A  site, located on the D2 protein, and a larger effect on the Q B  site, located 
farther away on the same D1 protein, but with a more fl exible structure. 

 From the results obtained with the  pgsA  mutant of  Synechocystis  sp. PCC 6803, 
we suggest that some PG molecules are involved in the binding of extrinsic proteins 
in PSII. However, in the crystal structure of PSII at 1.9-Å resolution (Umena et al. 
 2011 ), all PG molecules face the cytoplasmic side, with no direct interaction of PG 
molecules with extrinsic proteins. Thus, loss of PG molecules likely induces con-
formational changes in the lumenal sides of proteins such as D1 and CP43 that 
interact with the extrinsic proteins and cause the dissociation of extrinsic proteins. 
Nevertheless, some PG molecules within the crystal structure that directly interact 
with extrinsic proteins may remain to be identifi ed. 

 In addition to PSII, PSI was affected after a longer period of PG deprivation 
(>2 weeks) in the  pgsA  mutant (Domonkos et al.  2004 ); decreased PSI activity and 
accumulation of PSI monomer were observed. Jordan et al. ( 2001 ) analyzed the 
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  Fig. 2.2    Lipids in photosystem I (PSI) and PSII complexes. ( a ) Location of lipid molecules in PSI 
trimer complex from  Thermosynechococcus elongatus  (Jordan et al.  2001 ). Only the monomer 
structure in the PSI trimer is shown in the fi gures.  Left fi gure , side view;  right fi gure , top view. 
Monogalactosyldiacylglycerol (MGDG) ( purple spheres ), digalactosyldiacylglycerol (DGDG) 
( yellow spheres ), sulfoquinovosyldiacylglycerol (SQDG) ( aqua spheres ), phosphatidylglycerol 
(PG) ( green spheres ). The polar head groups of all lipid molecules (four lipid molecules; one 
MGDG and three PGs) face the cytoplasmic side. Oxygen atoms in each lipid molecule are repre-
sented by  orange spheres . ( b ) Location of lipid molecules in the PSII dimer complex from 
 Thermosynechococcus vulcanus  (Umena et al.  2011 ). Lipid molecules (20 lipid molecules; 
6 MGDGs, 5 DGDGs, 4 SQDGs, 5 PGs) are as shown in ( a ).  Left fi gure , side view;  right fi gure , 
top view. The polar head groups of all SQDG and PG molecules face the cytoplasmic side, whereas 
those of all MGDG and DGDG molecules except for one MGDG molecule face the lumenal side. 
( c ) Location and structure of 3 PG molecules, PG664, PG694, and PG702, located near the Q A  
binding site in PSII. In the structure of PG molecules, oxygen, phosphorus, and carbon atoms are 
shown in  red ,  purple , and  green , respectively. ( d ) Location and structure of 2 PG molecules, 
PG772 and PG714, located near the Q B  binding site in PSII. PG molecules are as shown in ( c )       
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structure of the PSI trimer complex from  T. elongatus  by X-ray crystallography at 
2.5-Å resolution and identifi ed one molecule of MGDG and three molecules of PG 
per monomer of the complex (Fig.  2.2a ). One (lipid I) of the 3 PG molecules and the 
MGDG molecule (lipid II) were located symmetrically relative to one another in the 
complex, which suggests that these two lipid molecules might be specifi cally impor-
tant in the formation of the photochemical reaction center of the PSI complex. A 
second PG molecule (lipid III) was located near the monomer–monomer interface 
in the trimeric structure of the PSI complex. This PG molecule might participate in 
the trimerization of the complex. A third PG molecule (lipid IV) was found between 
the PsaB and PsaX subunits, so it might contribute to the binding of PsaX to the PSI 
complex. The presence and location of PG molecules in the crystal structure of PSI 
are consistent with the observation that PSI activity decreased and PSI monomer 
accumulated after a long period of PG deprivation in the  pgsA  mutant of  Synechocystis  
sp. PCC 6803 (Domonkos et al.  2004 ).     

    Roles of SQDG in Photosynthesis 

      Plants 

 Roles of  SQDG      in oxygenic photosynthesis were comprehensively analyzed in a 
 Chlamydomonas  SQDG-defi cient mutant,  hf-2 , isolated from a population of 
UV-induced mutants showing high-Chl fl uorescence yields (Sato et al.  1995b ). 
The  hf-2  cells contained extremely curled thylakoid membranes (Sato et al.  1995b ) 
with decreased PSII activity, 30–40 % of the wild-type level (Sato et al.  1995a ). 
The lowered PSII activity in the  hf-2  cells was recovered by SQDG supplementation 
in growth media (Minoda et al.  2002 ), which indicates a requirement of SQDG for 
the PSII function in  C. reinhardtii . In the  hf-2  mutant, the sensitivity to 3-(3, 
4-dichlorophenyl)-1,1-dimethylurea (DCMU), which inhibits electron transport 
from Q A  to Q B , was increased as compared with the wild type, with no effect on 
sensitivity toward atrazine, another inhibitor of the Q A  to Q B  electron transport 
(Minoda et al.  2002 ; Sato et al.  2003 ). Therefore, a limited region around the Q B  
binding site, where DCMU but not atrazine can interact, may be modifi ed by SQDG 
defi ciency. In-depth analyses revealed that the reduced PSII activity in the mutant 
was derived from decreased effi ciency of electron donation from water to Y Z  +  
(i.e., redox-active Tyr 161  of the D1 protein) rather than from retarded electron trans-
port from Q A  to Q B  (Minoda et al.  2003 ). Because the PSII activity in the  hf-2  
mutant was also sensitive to treatment with hydroxylamine (Minoda et al.  2003 ) or 
high temperature (Sato et al.  2003 ), binding of the manganese cluster and extrinsic 
proteins to PSII may be unstabilized by SQDG defi ciency. In contrast to the strong 
impairment of PSII activity, PSI function was not affected by the  hf-2  mutation, so 
SQDG has no crucial roles in PSI. 
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 In  A. thaliana , SQDG defi ciency has no notable effect on photosynthesis under 
optimal growth conditions. Yu et al. ( 2002 ) isolated a T-DNA insertional mutant of 
the  SQD2  gene ( sqd2 ), which is responsible for the fi nal step of SQDG biosynthesis, 
namely the transfer of sulfoquinovose from UDP-sulfoquinovose to diacylglycerol. 
Although the  sqd2  mutant completely lacked SQDG, it showed no obvious growth 
defects under nutrient-suffi cient conditions. Chl fl uorescence measurements 
revealed that the F V /F M  value in  sqd2  was similar to that of the wild type, with the 
actual quantum effi ciency of PSII under light only slightly decreased. However, 
SQDG defi ciency strongly affected photosynthesis and growth when chloroplast 
PG biosynthesis was partially reduced by the  pgp1-1  mutation at the same time (Yu 
and Benning  2003 ). Chl content was further decreased in the  sqd2pgp1-1  double 
mutant as compared with the pale-green  pgp1-1  single mutant. The double mutant 
showed a strong decrease in actual PSII quantum effi ciency with a decreased frac-
tion of oxidized Q A . Moreover, sensitivity to DCMU treatment was enhanced in the 
 sqd2pgp1-1  double mutant as compared with the wild type and each mutant alone. 
These data suggest that SQDG is not essential under normal conditions but is 
required for photosynthetic electron transport with limited availability of PG. This 
fi nding is consistent with increased SQDG content under Pi-limited conditions in 
parallel with decreased PG content, so the proportion of total anionic lipids remains 
constant (Essigmann et al.  1998 ). Unlike in the wild type, in the  sqd2  mutant, the 
proportion of PG was not decreased by Pi defi ciency (Yu and Benning  2003 ), which 
demonstrates the existence of a regulatory mechanism that maintains constant levels 
of total anionic lipids in chloroplasts. Therefore, the main role of SQDG in higher 
plants may be substitution for PG under Pi-limited conditions to maintain the proper 
balance of anionic charge in the thylakoid membrane. 

 The  sqd2  mutant showed more severe growth retardation than the wild type 
under Pi-limited conditions (Yu et al.  2002 ; Okazaki et al.  2013 ). However, this 
fi nding may not be attributed to SQDG defi ciency, because knockout mutants for 
SQD1, which catalyze UDP-sulfoquinovose synthesis essential for SQDG biosyn-
thesis, did not show such growth defects under Pi-limited conditions despite com-
plete lack of SQDG (Okazaki et al.  2013 ). Levels of another anionic glycolipid, 
glucuronosyldiacylglycerol (GlcADG), were increased, as were SQDG levels in 
Pi-limited wild-type and  sqd1  seedlings. However,  sqd2  could not accumulate 
GlcADG under Pi-limited conditions, presumably because SQD2 is required for 
GlcADG biosynthesis as a glucuronic acid transferase (Okazaki et al.  2013 ). 
Loss of GlcADG along with SQDG in  sqd2  may cause strong growth retardation 
under Pi-limited conditions, although an involvement of GlcADG in photosynthesis 
remains unknown.    

    Cyanobacteria 

 The proportion and importance of SQDG differ considerably among  cyanobacterial 
     species. SQDG accounts for up to 60 % of the total lipids in  Prochlorococcus  strains 
but is absent in  Gloeobacter violaceus  (Van Mooy et al.  2006 ). SQDG-defi cient 
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mutants were generated in  Synechocystis  sp. PCC 6803 (Aoki et al.  2004 ) and 
 Synechococcus  sp. PCC 7942 (Güler et al.  1996 ; Aoki et al.  2004 ) by disrupting 
 sqdB  genes encoding a UDP-sulfoquinovose synthase. The  Synechocystis sqdB  
mutant, designated SD1, lost the ability to produce SQDG and required supplemen-
tation with SQDG for photoautotrophic growth. SQDG deprivation in SD1 cells 
strongly decreased PSII activity and increased sensitivity to DCMU and atrazine, so 
SQDG is crucial for the photosynthetic electron transport activity in  Synechocystis  
(Aoki et al.  2004 ). By contrast, two independent studies revealed that SQDG defi -
ciency did not severely affect PSII activity and growth of  Synechococcus  sp. PCC 
7942 (Güler et al.  1996 ; Aoki et al.  2004 ). SQDG is also used for photosynthetic 
membranes in an anoxygenic photosynthetic bacterium,  Rhodobacter sphaeroides . 
The  Rhodobacter  SQDG-defi cient mutant with  sqdB  disruption was not dysfunc-
tional in the photosynthetic electron transport chain, although its growth was inhib-
ited under Pi-limited conditions (Benning et al.  1993 ). Thus, the requirement of 
SQDG for photosynthesis is species-dependent among photosynthetic organisms.   

    Conclusions and Future Perspectives 

 Recent advances in the identifi cation of genes involved in the biosynthesis of thyla-
koid lipids in cyanobacteria and higher plants have provided important information 
on the biosynthesis of thylakoid lipids and regulation and have allowed for reverse 
genetic approaches by targeted mutagenesis in cyanobacteria and T-DNA inser-
tional mutagenesis in higher plants. The obtained gene-manipulated cyanobacteria 
and higher plants have been powerful tools to study the functions of thylakoid lipids 
in photosynthesis. Extensive studies with the mutants have revealed that depletion 
or reduction of thylakoid lipids, MGDG, DGDG, SQDG, and PG, cause defects in 
photosynthesis, and that each of these lipids plays important functions in photosyn-
thesis. PG is required for structural integrity of the Q B  binding site in PSII and 
development of thylakoid membranes in chloroplasts. DGDG and PG are involved 
in the binding of extrinsic proteins, which stabilize the manganese cluster in 
PSII. Galactolipids, MGDG and DGDG as well as PG are required for development 
of thylakoid membranes in chloroplasts. Galactolipids are not essential for photo-
synthesis and can be substituted with a glucolipid MGlcDG in cyanobacteria. 
SQDG plays an important role in substituting for PG under Pi-limited conditions to 
maintain the proper balance of anionic charge in thylakoid membranes. However, 
the mutants used for studies of the roles of thylakoid lipids in photosynthesis lack or 
contain a reduced amount of one of four lipid classes, and modifi cation of lipid 
composition occurs in thylakoid membranes and in other membranes, such as 
the cytoplasmic membrane in cyanobacterial cells and envelope membranes of 
chloroplasts in higher plants. Such changes in lipids in genetically manipulated 
cyanobacterial cells and higher plants affect photosynthesis and also many other 
processes, inducing a variety of phenotypic alterations. Although changes in pheno-
type can suggest important roles for individual lipids in photosynthesis, they do not 
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necessarily reveal the specifi c function of each lipid because changes in the 
phenotype can be induced indirectly and directly. 

 Recent X-ray crystallography analyses of PSI, Cyt  b  6 / f , PSII, and LHCII com-
plexes have provided a great deal of information regarding the structural and func-
tional roles of lipids in photosynthetic complexes. Lipids are essential as the major 
components of the thylakoid matrix for embedding the complexes and as integral 
components of the complexes. Although lipid molecules have been identifi ed in the 
crystal structures of the complexes, each complex likely binds larger numbers of 
lipid molecules than those identifi ed in the crystal structures. In the crystal structure 
of the PSII dimer, about ten lipid molecules per monomer remain to be assigned 
even at 1.9-Å resolution. X-ray crystallography analysis at higher resolution may 
reveal additional lipid molecules in the photosynthetic complexes. The lipids in the 
complexes might play important roles in the folding of protein subunits and in the 
assembly and stabilization of the complexes. Future studies will need to clarify the 
roles of individual lipid molecules bound to the photosynthetic complexes by site- 
directed mutagenesis directed toward substitution of the specifi c amino acid resi-
dues interacting with each lipid molecule. Structural studies of the photosynthetic 
complexes from various photosynthetic organisms are needed. By comparing the 
conserved and non-conserved lipid binding sites among different photosynthetic 
organisms, we can understand the universality and diversity of roles of individual 
lipid molecules in the photosynthetic complexes. 

 Methods for the analysis of lipids have greatly improved in recent years, and 
detailed analysis of lipids can now involve very small amounts of materials. 
Improvements in analytical methods have allowed us to monitor even a tiny change 
in the lipid composition of thylakoid membranes. However, analytical methods that 
reveal the distribution and topology of lipid molecules in thylakoid membranes 
remain rudimentary, and molecular probes that allow for monitoring the location of 
individual lipid molecules in thylakoid membranes are urgently needed. Further 
analyses are necessary to fully understand the contribution of lipids to the struc-
tures, functions, and assembly of the photosynthetic complexes and development of 
thylakoid membranes.     
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    Chapter 3   
 DGDG and Glycolipids in Plants and Algae                     

       Barbara     Kalisch     ,     Peter     Dörmann     , and     Georg     Hölzl    

    Abstract     Photosynthetic organelles in plants and algae are characterized by the 
high abundance of glycolipids, including the galactolipids mono- and digalactosyl-
diacylglycerol (MGDG, DGDG) and the sulfolipid sulfoquinovosyldiacylglycerol 
(SQDG). Glycolipids are crucial to maintain an optimal effi ciency of photosynthe-
sis. During phosphate limitation, the amounts of DGDG and SQDG increase in the 
plastids of plants, and DGDG is exported to extraplastidial membranes to replace 
phospholipids. Algae often use betaine lipids as surrogate for phospholipids. 
Glucuronosyldiacylglycerol (GlcADG) is a further glycolipid that accumulates 
under phosphate deprived conditions. In contrast to plants, a number of eukaryotic 
algae contain very long chain polyunsaturated fatty acids of 20 or more carbon 
atoms in their glycolipids. The pathways and genes for galactolipid and sulfolipid 
synthesis are largely conserved between plants, Chlorophyta, Rhodophyta and algae 
with complex plastids derived from secondary or tertiary endosymbiosis. However, 
the relative contribution of the endoplasmic reticulum- and plastid-derived lipid 
pathways for glycolipid synthesis varies between plants and algae. The genes for 
glycolipid synthesis encode precursor proteins imported into the photosynthetic 
organelles. While most eukaryotic algae contain the plant-like galactolipid (MGD1, 
DGD1) and sulfolipid (SQD1, SQD2) synthases, the red alga  Cyanidioschyzon  har-
bors a cyanobacterium-type DGDG synthase (DgdA), and the amoeba  Paulinella , 
derived from a more recent endosymbiosis event, contains cyanobacterium-type 
enzymes for MGDG and DGDG synthesis (MgdA, MgdE, DgdA).  

  Keywords     Chlorophyta   •   Chloroplast   •   Endosymbiosis   •   Eukaryotic   •   Galactolipid   
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      Introduction 

 Photosynthetic membranes of plants, eukaryotic algae and cyanobacteria contain 
large amounts of the two galactolipids MGDG and DGDG. A further important 
glycolipid is the negatively charged SQDG. Together with the phospholipid phos-
phatidylglycerol (PG), they build the matrix for the photosynthetic apparatus in the 
thylakoids and are integral components in the photosystems and in light-harvesting 
complex II (Siegenthaler  1998 ; Jones  2007 ; Douce and Joyard  1980 ). In contrast to 
the highly conserved lipid composition of photosynthetic membranes, the composi-
tion of non-photosynthetic, extraplastidial membranes differs between plants and 
algae. Besides, extraplastidial membranes mainly contain phospholipids, sphingo-
lipids and sterol lipids. Interestingly, lipid backbones derived from extraplastidial 
lipids oftentimes serve as precursors for the synthesis of plastidial glycolipids. 

 Extraplastidial membranes of many nonseed plants and algae contain betaine lip-
ids which are phosphate-free glycerolipids structurally related to phosphatidylcho-
line (PC), e.g. diacylglyceryl-trimethylhomoserine (DGTS), diacylglyceryl- 
hydroxymethyltrimethyl- β-alanine (DGTA) and diacylglyceryl-carboxyhydroxy-
methylcholine (DGCC). Table  3.1  presents an overview on the  lipid composition   of 
representative species of plants and  algae  .  DGTS   is found in many green algae, 
ferns and mosses, and in different algal species with complex red plastids, which 
also contain DGTA or DGCC (Eichenberger and Gribi  1997 ; Kato et al.  1996 ; Araki 
et al.  1991 a; Sato  1992 ). Algae with high levels of betaine lipids often have low 

    Table 3.1    Glycerolipid composition (mol%) of plants and algae   

  A. thaliana  a    C. reinhardtii  b  
  Euglena 
gracilis  c  

  Gracilaria 
verrucosa  d  

  Dictyota 
dichotoma  e  

  Pavlova 
lutheri  f  

 MGDG  48.9  38.2  37.0  23.6  32.5  34.0 
 DGDG  14.5  14.8  17.3  26.1  15.1  26.5 
 SQDG  1.6  5.0  3.0  16.7  24.3  14.6 
 GlcADG  –  –  –  –  –  2.1 
 DGTS g   –  25.8  –  –  –  – 
 DGTA  –  –  –  –  19.7  7.7 
 DGCC  –  –  –  –  –  14.0 
 PG  8.6  7.7  6.7  2.8  2.6  1.0 
 PC  19.7  –  24.4  28.9  –  – 
 PE  6.7  6.1  11.6  1.8  –  – 
 PI  –  2.3  –  –  0.7  – 
 PS  –  –  –  –  1.2  – 

   a Kelly et al. ( 2003 ) 
  b Riekhof et al. ( 2003 ) 
  c Kaoua and Laval-Martin ( 1995 ) 
  d Araki et al. ( 1990 ) 
  e Araki et al. ( 1991 ) 
  f Eichenberger and Gribi ( 1997 ) 
  g DGTS and acylated SQDG were not separated in this study 
 – not measured or not detected  
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amounts or lack PC, suggesting a reciprocal relationship of DGTS/DGTA/DGCC 
and PC. Betaine lipids are of extraplastidial origin and therefore resemble phospho-
lipids in their fatty acid distribution (Künzler et al.  1997 ; Sato  1992 ).

   Fatty acids are synthesized in the stroma of plant and algal plastids by a fatty acid 
synthase of type II (FASII) (Ohlrogge and Browse  1995 ). The products are mainly 
16:0 and 18:0 bound to acyl carrier protein (ACP).  Δ9-acyl-ACP desaturase   (FAB2, 
stearoyl-ACP desaturase, SAD) introduces a double bond into 18:0-ACP to form 
18:1-ACP (Shanklin and Somerville  1991 ). The newly synthesized fatty acids are 
employed for the production of  plastidial lipids (prokaryotic pathway)     , or are exported 
to the endoplasmatic reticulum (ER) to produce extraplastidial lipids (eukaryotic 
pathway). Lipids originating from the  prokaryotic or eukaryotic pathways   can be dis-
tinguished by a C16 or C18 fatty acid linked to the  sn 2 position of glycerol, respec-
tively. ER-derived lipids can be re-imported into the plastid to serve as precursors for 
galactolipids or SQDG with eukaryotic structure. Plants which employ the two path-
ways for the production of chloroplast lipids are called “16:3- plants  ”, because they 
contain galactolipids enriched in 16:3 fatty acids, while “18:3”- plants   use mainly the 
eukaryotic pathway for galactolipid synthesis and therefore lack 16:3 fatty acids 
(Ohlrogge and Browse  1995 ; Browse et al.  1986 ). Arabidopsis and spinach (16:3 
plants) derive diacylglycerol (DAG) for glycolipid biosynthesis from the prokaryotic 
and the eukaryotic pathway, while pea or corn (18:3 plants) produce galactolipids only 
from the eukaryotic pathway. The plastidial pathway was lost independently during 
evolution in several Angiosperm families (Mongrand et al.  1998 ). 

 In algae, further pathways (designated as ω3/ω6 pathways) exist to synthesize  very 
long chain polyunsaturated fatty acids (VLCPUFAs)  , particularly 20:4 (arachidonic 
acid), 20:5 (eicosapentaenoic acid) and 22:6 (docosahexaenoic acid) (Goss and Wilhelm 
 2009 ). The formation of VLCPUFAs requires the involvement of elongases and desatu-
rases from the ER. However, information about the transport form and import mecha-
nism of these fatty acids into the plastid is scarce. Some algae with complex plastids 
might also use a dual system of FASII in combination with a cytosolic FASI for fatty 
acid production (Petroutsos et al.  2014 ). Therefore, the origin of fatty acids and precur-
sors for glycolipid synthesis is more complicated in these algae as compared to plants. 
Furthermore, the defi nition of prokaryotic and eukaryotic structures as outlined above 
for plants might not be applicable to algae with complex plastids. 

 Cyanobacteria, which according to the endosymbiont theory are related to the 
progenitors of chloroplasts, use a different pathway for galactolipid biosynthesis. 
First,  monoglucosyldiacylglycerol (MGlcDG)   is formed by action of MgdA. 
 MGlcDG   is epimerized to MGDG by MgdE and galactosylated by a cyanobacterial- 
type DGDG synthase (DgdA) to DGDG (Awai et al.  2006a ,  2007 ,  2014 ) (Chapter   4    ).  

    Glycolipids in Plants 

 Glycolipids including  MGDG  ,  DGDG   and  SQDG   are prevalent in the plant king-
dom, representing around 70–85 % of membrane lipids in chloroplasts (Block et al. 
 1983 ). As characteristic chloroplast lipids, lower amounts of MGDG, DGDG and 
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SQDG are also found in non-photosynthetic plastids such as chromoplasts and amy-
loplasts (Kleinig and Liedvogel  1978 ; Fishwick and Wright  1980 ). In general, gly-
colipids are highly enriched with polyunsaturated fatty acids (PUFAs), in particular 
hexadecatrienoic acid (16:3) and α-linolenic acid (18:3).  Angiosperms   contain a 
characteristic set of acyl groups in each glycolipid (Table  3.1 ). In Arabidopsis, 
MGDG contains prokaryotic and eukaryotic molecular species (70 mol% C16, 30 
mol% C18 at  sn 2; Table  3.2 ) (Browse et al.  1986 ). In contrast,  DGDG   is primarily 
derived from the eukaryotic pathway (88 mol% C18, 12 mol% C16 at  sn 2) (Browse 
et al.  1986 ). The mechanism leading to the differences in fatty acid composition of 
the two galactolipids is not understood.  SQDG   is composed of more saturated fatty 
acids in comparison to galactolipids, and comprises eukaryotic and prokaryotic spe-
cies in varying amounts depending on the plant species (Heinz  1977 ). The main 
SQDG molecular species in spinach are 18:3/16:0- (~2/3) and 16:0/18:3-SQDG 
(~1/3) (Murata and Hoshi  1984 ; Okazaki et al.  2009 ).

   In contrast to Angiosperms, galactolipids from mosses like   Pleurozium schreberi  
and  Ceratodon purpureus  (Bryophyta)   are highly enriched with VLCPUFAs (C20 – 
C24), comparable to algae (Aro and Karunen  1979 ). Other mosses like   Sphagnum 
fi mbriatum    contain only traces of VLCPUFAs bound to glycolipids (Koskimies- 
Soininen and Nyberg  1991 ). Ferns like  Polypodium vulgare  or  Pteridium    aquilinum    
harbor glycolipids with high amounts of 16:0, 16:3 and 18:3 comparable to 
Angiosperms, whereas VLCPUFAs are only present in negligible amounts 
(Jamieson and Reid  1975 ). Galactolipids of conifers like   Pinus sylvestris  and  Picea 
abies    contain the unusual C18-fatty acids 18:3 Δ5,9,12  (pinolenic acid) and 18:4 Δ5,9,12,15  
(coniferonic acid), in addition to 18:3 Δ9,12,15  (α-linolenic acid) (Jamieson and Reid 
 1972 ). 

    Enzymes, Localization and Regulation of Glycolipid 
Biosynthesis in Plants 

 In plants, MGDG is synthesized by transfer of galactose onto DAG by MGDG syn-
thases, and DGDG by galactosylation of MGDG by DGDG synthases, with UDP- 
galactose (UDP-Gal) as sugar donor (Miège et al.  1999 ; Kelly et al.  2003 ; Neufeld 
and Hall  1964 ). The sugar in MGDG is linked in β-anomeric confi guration, while 
the outermost galactose in DGDG is α-anomeric (Fig.  3.1 ).

   Arabidopsis contains three  MGDG synthase   isoforms that can be organized into 
two types (A and B) (Awai et al.  2001 ). Type A MGDG synthase MGD1 catalyzes 
the bulk of MGDG synthesis and is highly expressed in photosynthetic tissues and 
throughout leaf development (Awai et al.  2001 ; Kobayashi et al.  2004 ). MGDG pro-
duction by MGD1 is essential for embryogenesis and for thylakoid assembly and 
therefore for photosynthesis (Kobayashi et al.  2007 ; Jarvis et al.  2000 ; Fujii et al. 
 2014 ). The precursor protein sequence contains a cleavable transit peptide guiding 
MDG1 to the inner chloroplast envelope (Maréchal et al.  2000 ). Heterologously 
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  Fig. 3.1    Structures of glycolipids and oxylipins in plants and algae. ( a ) The major glycolipids are 
MGDG, DGDG and SQDG. Minor glycolipids present only under certain conditions are GlcADG 
and oligogalactolipids, such as TriGDG. ( b ) Two representatives of the oxylipins, dn-OPDA and 
OPDA, derived from hexadecatrienoic and α-linolenic acid, respectively, accumulate after wound-
ing in plants. R1, R2, fatty acid residues bound to  sn 1 and  sn 2 of glycerol       
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expressed MGD1 does not show preference for prokaryotic or eukaryotic DAG, and 
its activity depends on the anionic lipids PA and PG (Dubots et al.  2010 ; Awai et al. 
 2001 ). Type B MGDG synthases (MGD2 and MGD3) harbor shorter N-terminal 
transit peptides and localize to the outer chloroplast envelope. The sequences of 
MGD2 and MGD3 are highly similar, and presumably MGD2 emerged from gene 
duplication of MGD3 (Awai et al.  2001 ). MGD2/MGD3 expression is elevated in 
whole seedlings during germination, whereas in adult plants, expression is restricted 
to the leaf tip and non-photosynthetic tissues like infl orescences (particularly stig-
mata and pollen grains) and roots (Awai et al.  2001 ; Kobayashi et al.  2004 ). During 
phosphate starvation, the expression of type B MGDG synthases is increased to pro-
vide MGDG as precursor for DGDG synthesis (see below) (Awai et al.  2001 ; 
Kobayashi et al.  2004 ,  2009 ). Recombinant MGD2 and MGD3 proteins show prefer-
ence for eukaryotic DAG consistent with the increase of eukaryotic galactolipids 
under phosphate deprivation (Awai et al.  2001 ). 

 In Arabidopsis, DGDG is synthesized by two  DGDG synthases  , DGD1 and its 
paralog DGD2. The two proteins differ in their N-terminal portions. DGD1 as the 
main activity includes an N-terminal domain of 338 amino acids comprising the 
targeting information for the outer envelope (Dörmann et al.  1999 ; Froehlich et al. 
 2001 ). In photosynthetic tissues, DGD1 is responsible for DGDG production for 
thylakoid biogenesis (Dörmann et al.  1995 ; Härtel et al.  1997 ; Ivanov et al.  2006 ). 
 DGD1   also plays an important role during phosphate starvation (see below) (Kelly 
et al.  2003 ). The second DGDG synthase, DGD2, is synthesized as a precursor 
including a short cleavable targeting sequence guiding the protein to the outer enve-
lope (Kelly et al.  2003 ). Under standard growth conditions, DGD2 expression is 
low, while under phosphate deprivation, the amount of DGD2 transcripts is increased 
(Kelly and Dörmann  2002 ). MGD2/MGD3 and DGD2 establish an additional 
galactolipid biosynthetic pathway active under phosphate limited conditions to pro-
vide DGDG as a substitute for extraplastidial phospholipids (Härtel et al.  2000 ) (see 
below). Besides DGD1 and DGD2, a further activity exists in plants, which pro-
duces oligogalactolipids under freezing conditions, the galactolipid: galactolipid 
galactosyltransferase (GGGT or sensitive to freezing2, SFR2). SFR2 localizes to 
the outer envelope (Fourrier et al.  2008 ; Moellering et al.  2010 ) where it transfers 
galactose from MGDG onto galactolipids producing DGDG and oligogalactolipids 
with β-anomeric bonds. The second product of this reaction is DAG which is acyl-
ated to triaycylglycerol (TAG). The formation of oligogalactolipids and TAGs is 
thought to prevent membrane aggregation under freezing conditions (Moellering 
and Benning  2011 ). 

  SQDG synthesis   is catalyzed by  UDP-glucose pyrophsophorylase (UGP3)  , 
 UDP-sulfoquinovose synthase (SQD1)   and  sulfoquinovose transferase (SQD1)   
(Shimojima  2011 ). UGP3 converts glucose-1-phosphate and UTP into  UDP- Glucose 
(UDP-Glc) in the stroma (Okazaki et al.  2009 ). UDP-Glc and sulfi te are employed 
for UDP-sulfoquinovose (UDP-SQ) synthesis by the stroma-localized SQD1 
(Essigmann et al.  1998 ; Sanda et al.  2001 ). The third step of SQDG production is 
the transfer of sulfoquinovose to DAG by SQD2 at the inner envelope (Yu et al. 
 2002 ). SQD2 is also involved in the synthesis of GlcADG, a glycolipid with 
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 glucuronic acid in the head group (Fig.  3.1 ) (Okazaki et al.  2013b ). Expression of 
SQD1, SQD2 and UGP3 is strongly increased when phosphate is limited, leading to 
an increased synthesis of SQDG and GlcADG, which is not detectable under nor-
mal growth conditions (Fig.  3.2 ) (see below).

FAS
C18,C16

18
16

HO

16
18

HO

16
18

18
18(16)

iE

oE

ER

Thylakoids

18
18

Chol-P

MGD1

18
18

P

18
18

HO 18
16/18

DGD1

16/18
16/18

UDP-Glc UDP-SQ
16/18
16/18

HO SQD2

SQD1

MGD2/3 16
18

DGD2

SQD2

extraplastidic
membranes

18
16/18

18
16/18

18
16/18

18
16/18

18

HO
16/18

18

HO
16/18

18
16/18SFR2 SFR2

18
16/18

18

HO
16/18

UDP

+/- Pi - Pi

Freezing Stress

SQDG GlcADGMGDG
HO
DAGDGDG

P
PATriGDG

Chol-P
PC

- Pi

UTP + Glc1P
UGP3

extraplastidic
membranes

  Fig. 3.2    Biosynthesis of glycolipids in Arabidopsis. The bulk of galactolipids present under phos-
phate replete conditions (+P) is synthesized by MGD1 and DGD1 in the inner and outer envelope, 
respectively. DAG, the substrate for MGDG synthesis, is formed in the plastid (prokaryotic path-
way, C16 at  sn 2,  green ) or derived from a phospholipid precursor formed in the ER (eukaryotic 
pathway, C18 at  sn 2,  red ). While MGDG is composed of prokaryotic and eukaryotic species, 
DGDG synthesized by DGD1 mainly consists of eukaryotic species. The pathway for SQDG bio-
synthesis comprises the production of UDP-Glc by UGP3 in the chloroplast, conversion of UDP-
Glc to UDP-SQ by SQD1, and the glycosylation of DAG by SQD2 with UDP-SQ. Phosphate 
deprivation (-P) leads to the increased synthesis of DGDG after induced expression of DGD1, 
DGD2 and MGD2, MGD3, and of SQDG after induction of SQD2 and SQD1 expression. The 
additional DGDG formed accumulates in the thylakoids and is exported to replace extraplastidial 
phospholipids. A fraction of PG in the plastid is replaced by SQDG. GlcADG is also formed under 
phosphate deprivation by SQD2. Oligogalactolipids with all sugars in β-anomeric confi guration 
occur only under stress conditions like freezing. Oligogalactolipids are synthesized by SFR2 via 
glycosylation of galactolipids with MGDG as galactosyl donor       
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       Characteristics and Function of Plant Glycolipids 

 The three glycolipids MGDG, DGDG, and SQDG in chloroplasts of plants exhibit 
different biophysical and biochemical characteristics. MGDG with its small head 
group is self-organized in a reversed hexagonal phase, and thus is bilayer destabiliz-
ing, whereas DGDG and the anionic SQDG form lamellar phases (bilayer-forming) 
(Shipley et al.  1973 ; Webb and Green  1991 ). Lipid mixtures containing MGDG, 
DGDG, PG and SQDG, mimicking the thylakoid lipid composition, self-organize 
as regular stacks of bilayers that can switch between hexagonal and lamellar phases 
upon hydration in vitro (Demé et al.  2014 ). In particular, the DGDG content is criti-
cal for membrane stacking due to the formation of hydrogen bonds between adja-
cent head groups. DGDG confers thermotolerance to plants due to its 
bilayer-stabilizing properties as demonstrated by the failure of DGDG-defi cient 
 dgd1  mutant plants to adapt to high growth temperatures (Chen et al.  2006 ). In wild 
type plants, the MDGD to DGDG ratio is decreased upon heat stress to stabilize 
plastidial membranes. The opposite effect was observed after decreasing the growth 
temperature to 5 °C (Hendrickson et al.  2006 ). At this temperature,  dgd1  plants 
show a partially complemented phenotype, with an increase of chlorophyll content 
and photosynthetic effi ciency. 

 Glycolipids play an important role  in chloroplast development and morphology  , 
as revealed by studies on Arabidopsis mutants. Decreased galactolipid synthesis 
capacity affects chloroplast ultrastructure, with less and disordered thylakoid stacks 
as well as reduced chlorophyll content and photosynthetic effi ciency (Jarvis et al. 
 2000 ; Kobayashi et al.  2007 ; Dörmann et al.  1995 ). Due to their role in photosyn-
thetic membranes, galactolipid biosynthesis is indispensable for embryogenesis and 
germination (Kobayashi et al.  2007 ; Fujii et al.  2014 ) (Chap.   4    ). During fl ower 
development and pollen tube elongation, an increase in the amounts of galactolip-
ids, especially DGDG, was observed (Nakamura et al.  2009 ) (Chap.   12    ). The   mgd1  
mutant defi cient   in MGDG synthesis contains only trace amounts of galactolipids 
and is impaired in photosynthetic ability and photoautotrophic growth (Jarvis et al. 
 2000 ; Kobayashi et al.  2007 ). The depletion of DGDG in the  dgd1  or  dgd1dgd2  
mutants leads to strong morphological changes with retarded growth and abnormal 
thylakoid morphology (Dörmann et al.  1995 ; Kelly et al.  2003 ). Interestingly, 
defects in growth and chloroplast morphology of  dgd1  can be complemented with 
the bacterial lipid glucosylgalactosyldiacylglycerol (GlcGalDG) after expression of 
a GlcGalDG synthase from  Chlorofl exus aurantiacus  in the  dgd1  or  dgd1dgd2  
mutants (Hölzl et al.  2006 ,  2009 ). Therefore, GlcGalDG can fulfi ll the bulk mem-
brane functions of DGDG, but it cannot fully complement the impaired photosyn-
thetic effi ciency of PSII, indicating the presence of specifi c interactions of the sugar 
headgroup with photosynthetic protein complexes. 

 The   sqd2  mutant   of Arabidopsis inhibited in SQDG synthesis shows normal 
growth under phosphate replete conditions, presumably because it still contains PG 
as anionic lipid. However,  sqd2  grows poorly under phosphate deprivation when 
additional amounts of SQDG are required to replace phospholipids (Yu et al.  2002 ). 
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The   pgp1  mutant   carrying a leaky mutation in the PGP1 (phosphatidylglycerol- 
phosphate synthase) gene involved in PG synthesis contains reduced amounts of 
PG. Growth and photosynthesis of the  pgp1  mutant are affected to a minor extent 
(Xu et al.  2002 ). However,  sqd2 pgp1  double mutants are strongly impaired in their 
photoautotrophic growth and photosynthetic capacity (Yu and Benning  2003 ). 
SQDG and PG can be mutually replaced in the single mutants, but not in the double 
mutant, and therefore, the presence of at least one anionic lipid in the chloroplast is 
crucial for thylakoid membrane integrity. 

  Phosphate   is an essential macronutrient for plants. Around one third of the 
organic phosphate is bound to phospholipids (Poirier et al.  1991 ), thus representing 
as a potential phosphate reservoir. During phosphate limited growth, plants reorga-
nize their membranes by partially replacing the phospholipids with glycolipids to 
save phosphate for other metabolic processes. Next to the activity of the main path-
way involving MGD1 and DGD1, plants activate an additional pathway involving 
MGD2/MGD3 and DGD2 for the synthesis of galactolipids (Fig.  3.1 ) (Awai et al. 
 2001 ; Kobayashi et al.  2004 ; Härtel et al.  2000 ; Kelly and Dörmann  2002 ). The 
MGDG content is not altered in phosphate starved plants, as the additional MGDG 
produced is employed for the production of DGDG (Kelly et al.  2003 ). In thyla-
koids, DGDG increases during phosphate deprivation due to the induced expression 
of DGD1. The additional DGDG synthesized by the  MGD2/MGD3/DGD2 pathway   
is transported to extraplastidial membranes including the plasma membrane, the 
tonoplast or mitochondrial membranes, for the replacement of phospholipids (Fig. 
 3.1 ) (Härtel et al.  2000 ; Andersson et al.  2005 ; Jouhet et al.  2004 ). In the plasma 
membrane, this replacement is restricted to the inner leafl et, while in the apoplastic 
leafl et phospholipids are substituted with sterols presumably to maintain a high 
degree of lipid order (Tjellström et al.  2010 ). DGDG also occurs in specialized 
extraplastidial membranes, e.g. the peribacteroid membrane surrounding the rhizo-
bial bacteria in nodules as shown for  Lotus japonicus  and  Glycine max  to save 
phosphate for nodule formation (Gaude et al.  2004 ). Furthermore, PG is partially 
replaced with SQDG during phosphate limitation (Essigmann et al.  1998 ; Yu et al. 
 2002 ; Siegenthaler  1998 ). As mentioned above,  SQD2   is also involved in the bio-
synthesis of GlcADG under phosphate deprivation (Okazaki et al.  2013b ,  2015 ). 

 Different studies suggest the involvement of glycolipids in the response to vari-
ous abiotic stresses. For example, an elevated expression of MGD1 was observed in 
Arabidopsis shoots after wounding. Expression of MGDG synthases is upregulated 
during high salinity treatment as well as submergence and drought in Arabidopsis 
and rice (Qi et al.  2004 ; Klecker et al.  2014 ). The increase in MGD1 transcript 
abundance might provide the means for increased galactolipid synthesis for mem-
brane repair, or as oxylipin defense precursors (Kobayashi et al.  2009 ).  Oxylipins      
such as oxophytodienoic acid (OPDA) or dinor-OPDA (dnOPDA) are synthesized 
from 18:3 to 16:3 by the consecutive action of a 13-lipoxygenase, allene oxide- 
synthase and a cyclase. The fatty acids remain esterifi ed to the galactolipids during 
conversion into oxylipins, or are released by lipases prior to the lipoxygenation 
(Schaller and Stintzi  2009 ; Nilsson et al.  2012 ; Bonaventure  2014 ). In particular, the 
oxylipin-galactolipids or “arabidopsides”, galactolipids with one or two  oxylipins 
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esterifi ed to glycerol were detected in Arabidopsis after wounding (Böttcher and 
Weiler  2007 ). Free OPDA and dnOPDA serve as precursors for the biosynthesis of 
other oxylipins including the phytohormone jasmonate (Schaller and Stintzi  2009 ). 

 Another glycolipid modifi cation observed as a response to stress is the acylation 
of the C6 carbon of the galactose of MGDG and DGDG in various plant species. 
The function of 6-acyl-MGDG or 6-acyl-DGDG is unknown (Vu et al.  2014 ; Heinz 
 1967a ). Synthesis of  6-acyl-MGDG   is mediated by acyl transfer from DGDG to 
MGDG (Heinz  1967b ).  

      Lipid Traffi cking   in Plants 

 The integration of chloroplast lipid synthesis into host cell metabolism requires the 
transfer of numerous lipid precursors and metabolites between the ER and the enve-
lope membranes, and between the envelopes and the thylakoids. In plants, fatty acid 
de novo synthesis localizes to the stroma of plastids. C16 and C18 fatty acids enter-
ing the eukaryotic pathway have to pass the inner and outer envelope and are trans-
ported to the ER (Hurlock et al.  2014 ). Fatty acid export from the chloroplast is 
believed to be mediated by FAX1 in the inner envelope (Li et al.  2015 ). Fatty acids 
are converted into acyl-CoA esters by long-chain acyl-CoA synthases (Joyard and 
Stumpf  1981 ; Roughan and Slack  1977 ) and imported into the ER presumably via 
ABCA9, an ATP-binding cassette (ABC) transporter (Kim et al.  2013 ). At the ER, 
acyl groups are incorporated into phospholipids and desaturated. 

 The lipid backbones of a proportion of the eukaryotic phospholipids are re- 
imported to the chloroplast to provide precursors for glycolipid synthesis. An 
ABC transporter consisting of three subunits, TGD1, TGD2 and TGD3, in the 
inner envelope is involved in the transfer of lipid moieties from the ER to the 
plastid. TGD1 encodes a permease-like protein, TGD2 carries the substrate-bind-
ing site, and TGD3 the ATPase (Xu et al.  2003 ; Awai et al.  2006b ; Lu et al.  2007 ). 
TGD4 which localizes to the outer envelope is required for the import of eukary-
otic lipid precursors to the chloroplast (Xu et al.  2008 ; Wang et al.  2012 ). TGD2 
and TGD4 bind to PA, but it is not clear whether PA is also transported by these 
proteins (Awai et al.  2006b ; Wang et al.  2012 ). Because Arabidopsis mutants of 
 TGD  genes accumulate TriGDG, they were named  tgd1  to  tgd4 . Alternative lipid 
moieties potentially imported into the chloroplast are PC or lyso-PC (Mongrand 
et al.  2000 ; Hurlock et al.  2014 ; Jessen et al.  2015 ). Lipid transport is presumably 
facilitated at contact sites between the ER and the outer chloroplast envelope 
(Andersson et al.  2007 ). 

 It is assumed that the transfer of glycolipids from the envelopes, the site of their 
biosynthesis, to the thylakoids could be mediated by vesicles. The  vesicle-inducing 
protein in plastids 1 (VIPP1)   is required for the formation of cold-induced vesicles 
at the inner envelope and for envelope integrity, but the in vivo function of this 
protein remains unclear (Kroll et al.  2001 ; Zhang et al.  2012 ). Alternatively, the 
formation of protrusions derived from the inner envelope into the stroma might be 
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involved in thylakoid membrane formation (Kobayashi et al.  2007 ). During phos-
phate deprivation, DGDG is exported from the plastid envelopes to extraplastidial 
membranes. The mechanism of this transport is unknown, but it was shown that 
lipid export is not specifi c, because GlcGalDG produced in Arabidopsis  dgd1  plants 
expressing the  Chlorofl exus  GlcGalDG synthase, is also exported to extraplastidial 
membranes (Hölzl et al.  2009 ).    

    Glycolipids in Eukaryotic Algae 

 Eukaryotic algae comprise a highly diverse group of photosynthetic organisms. 
Their evolution started with the uptake of a free-living ancient cyanobacterium by a 
heterotrophic eukaryotic host cell. The transition of this symbiotic cyanobacterium 
into the plastidial ancestor according to the endosymbiont theory occurred about 1.2 
billion years ago (Parfrey et al.  2011 ).  Primary endosymbiosis   can be traced back to 
a common ancestor (Rodríguez-Ezpeleta et al.  2005 ) leading to three lineages of 
Glaucophyta, Chlorophyta (green algae and land plants) and Rhodophyta (red 
algae). The best evidence for the single origin of primary plastids is the similarity of 
the protein import machinery, the TOC and TIC systems (translocon of the inner 
and outer chloroplast membrane) (Kalanon and McFadden  2008 ).  Primary plastids   
are located in the cytosol of the cell and surrounded by two membranes, both 
derived from the cyanobacterial endosymbiont. The transition into an organelle 
involved the transfer of most of the endosymbiont genes to the host nucleus. The 
protein products of many of these genes carry transit peptides at their N-terminus 
and are targeted back to the organelle. Indeed, most of the enzymes of galactolipid 
and sulfolipid synthesis in eukaryotic algae are predicted to carry such N-terminal, 
plastid-targeting sequences. 

 Subsequent to primary endosymbiosis, primary eukaryotic algae were incorpo-
rated by other eukaryotic host cells in secondary endosymbiosis (Keeling  2013 ). 
The secondary endosymbiont was reduced to a photosynthetic organelle, the “ com-
plex plastid  ”. This process included the loss and the transfer of many endosymbiont 
genes to the host nucleus. Complex plastids are surrounded by three or four mem-
branes. The two innermost membranes represent the original plastidial membranes 
of the primary endosymbiont. A further (second outermost) membrane originates 
from the plasma membrane of the algal endosymbiont, which is lost in some com-
plex plastids, while the outermost membrane is derived from the phagosomal or ER 
membrane of the secondary host. The secondary plastids are located within the 
endomembrane system. Consequently, secondary algae of the red and green lin-
eages established a different plastidial targeting and import system as primary plas-
tids. Nuclear-encoded plastidial proteins are composed of a bipartite leader peptide, 
targeting the protein fi rst to the endomembrane system and further to the plastid 
(Keeling  2013 ). Indeed, MGDG and DGDG synthases of complex plastids often 
harbor a bipartite targeting sequence implicating their transport to the innermost 
envelope membrane (Petroutsos et al.  2014 ). The absence of targeting sequences 
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might localize the enzymes to the outermost membranes of the complex plastid. 
 Secondary endosymbiosis   with green and red algae occurred at least three times 
during evolution. Secondary endosymbiosis involving Glaucophyta is not known 
(Gould et al.  2008 ). 

 Genes involved in  plastidial glycolipid metabolism   of plants (MGD1, DGD1, 
SQD1, SQD2) often show high similarity with the orthologs in algae. For example, 
MGDG synthases from eukaryotic algae and higher plants are monophyletic and 
can be traced back to a single ancestor (Petroutsos et al.  2014 ). Furthermore, most 
eukaryotic algae employ plant-type DGDG synthases for galactolipid synthesis 
(Riekhof et al.  2003 ; Sato et al.  1995 ). Despite of the availability of numerous 
genome sequences, gene expression data for algae are scarce. Furthermore, the 
complexity of secondary plastids complicates membrane separation and thus analy-
sis of lipid composition and localization of enzymes (Petroutsos et al.  2014 ). 

    Glycolipids in Glaucophyta 

 The  Glaucophyta   are a small group of microalgae containing a relict of a peptido-
glycan layer between the two plastid envelopes. Their photosynthetic chlorophyll 
a-containing organelles are termed cyanelles (Keeling  2010 ; Gould et al.  2008 ). 
Glaucophyta contain MGDG, DGDG and SQDG (Leblond et al.  2010 ). No sequence 
data are available for the enzymes involved in MGDG synthesis (Botté et al.  2005 ), 
and no eukaryotic DGDG synthase orthologs were detected. Contradictory reports 
exist on the presence or absence of DgdA orthologs, e.g. in  Cyanophora paradoxa  
(Botté et al.  2011 ; Awai et al.  2007 ). Therefore, the question of the involvement of 
plant-like or cyanobacterium-type galactolipid synthases in Glaucophyta remains 
open. Because of the conservation of the SQDG synthesis pathway in plants, 
eukaryotic algae and cyanobacteria, SQDG biosynthesis in Glaucophyta might be 
similar to plants and  Chlamydomonas  (see below) with the involvement of ortho-
logs of SQD1 and SQD2.  

     Glycolipids in  Chlorophyta   

 The photosynthetic organelles in Chlorophyta (“chloroplasts”) contain chlorophyll 
a and b (Keeling  2010 ). The lipid and fatty acid composition of Chlorophyta is 
highly similar to plants with large amounts of polyunsaturated C16 and C18 fatty 
acids (Table  3.2 ). The green alga  Chlamydomonas  contains the unusual fatty acids 
16:4 ∆4,7,10,13 , 18:3 ∆5,9,12  (pinolenic acid) and 18:4 ∆5,9,12,15  (coniferonic acid), which are 
absent from Arabidopsis (Sato et al.  1995 ). The Δ5 double bonds are introduced by 
an ω13 desaturase with 18:2 ∆9,12  or 18:3 ∆9,12,15  as substrates, while 16:2 ∆7,10  and 
16:3 ∆7,10,13  are not accepted by this enzyme (Kajikawa et al.  2006 ). 16:4 ∆4,7,10,13  is 
exclusively found in galactolipids, especially in MGDG. The ∆4 double bond is 
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introduced by a ∆4 desaturase specifi c for 16:3 ∆7,10,13  bound to MGDG (Zäuner 
et al.  2012 ). This ∆4 desaturase presumably has a regulatory role in MGDG synthe-
sis, because over-expression or knock down in  Chlamydomonas  affects the content 
of MGDG. Another C18 fatty acid with 4 double bonds, often found in Chlorophyta 
(e.g.  Ulva  sp.), is stearidonic acid (18:4 ∆6,9,12,15 ) (Kumari et al.  2013 ). VLCPUFAs, 
like 20:4, 20:5, are in general absent or only found in traces in fresh water green 
algae, while these two fatty acids are often present in low proportions in marine 
green algae, such as  Ulva fenestrata  where they are mainly found in DGTS, but not 
in glycolipids (Thompson  1996 ). In contrast, considerable amounts of 20:4 are 
found in membrane lipids and in TAGs of the oleaginous alga  Parietochloris incisa  
(Bigogno et al.  2002 ). 

 Green algae can be divided into two groups, with the fi rst group producing gly-
colipids structurally similar to glycolipids in 16:3 plants involving the plastidial and 
ER pathway, while the second group forms only prokaryotic lipids, exclusively 
derived from the plastidial pathway.  Chlorella kessleri  (Sato et al.  2003b ) belongs 
to the fi rst group, with a lipid biosynthesis pathway comparable to 16:3 plants. The 
precursor for eukaryotic galactolipids in  Chlorella  is derived from PC. Most of the 
green algae (e.g.  Chlamydomonas ,  Dunaliella ) belong to the second group, using 
only the prokaryotic pathway for glycolipid biosynthesis (Fig.  3.3a ). In contrast to 
plants, prokaryotic lipid backbones can also be found in extraplastidial lipids like 
DGTS (14 %) and PE (11 %) in  Chlamydomonas . This curiosity may be explained 
by a less pronounced fatty acid specifi city of the microsomal lysophosphatidic acid 
acyltransferase.

   The characteristic MGDG species in most green algae are 18:3/16:4- and to a 
less amount 18:3/16:3-MGDG (Cho and Thompson  1987 a; Giroud et al.  1988 ; 
Sanina et al.  2004 ), which are produced by sequential desaturation of 18:1/16:0- 
MGDG as shown for  Chlamydomonas  or  Dunaliella . DGDG is more saturated, and 

  Fig. 3.3    Pathways for galactolipid biosynthesis in green and red algae. ( a )  Dunaliella salina  
(green alga) employs only the prokaryotic pathway for glycolipid synthesis (Cho and Thompson 
 1987 b). 18:1/16:0-MGDG is desaturated to 18:3/16:4-MGDG. DGDG synthesis follows two 
routes. The fi rst rout starts with galactosylation of 18:1/16:0-MGDG, with further desaturation 
leading to 18:3/16:0-DGDG. The second route starts with 18:1/16:1-MGDG or higher unsaturated 
MGDG leading to the formation of the respective DGDG molecular species. Further desaturation 
of DGDG results in production of 18:3/16:3- or 18:3/16:4-DGDG. ( b ) MGDG in  Porphyridium 
cruentum  (red alga) consists of eukaryotic and prokaryotic molecules, while DGDG has a prokary-
otic structure with 20:5/16:0 as the main species (Cohen et al.  1997 ). Eukaryotic MGDG contains 
C20 fatty acids at  sn 1 and  sn 2, derived from PC. Prokaryotic MGDG is synthesized via a coupled 
pathway, with 16:0 derived from the chloroplast, and C20 imported from the ER. 20:4 fatty acids 
are synthesized by desaturation and elongation of C18 fatty acids at the ER. ( c )  Cyanidioschyzon 
merolae  (red alga) lacks a plastidial Δ9-acyl-ACP desaturase. Therefore fatty acid desaturation 
occurs only at the ER (Sakurai et al.  2007 ). The precursors for galactolipid synthesis are derived 
from 18:2/18:2-PC or from a coupled pathway with 18:2 originating from 16:0/18:2-PC and 16:0 
from the plastid leading to eukaryotic (18:2/18:2) and prokaryotic (18:2/16:0) galactolipids, 
respectively. For simplifi cation, the two envelope membranes are presented as one line ( red  or 
 green ).  Grey line , ER; MGDS and DGDS, plant-type MGDG and DGDG synthases, respectively; 
DgdA, cyanobacterial-type DGDG synthase; Des, Desaturase       
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contains mainly 18:1, 18:2 or 18:3 at  sn 1 and 16:0 at  sn 2. In  Dunaliella  and possibly 
also in other green algae, two routes for DGDG synthesis exist. One route employs 
18:1/16:0-MGDG to form 18:1/16:0-DGDG which is stepwise desaturated to 
18:2/16:0- and 18:3/16:0-DGDG. In the second route, MGDG species with differ-
ent degrees of desaturation are used, such as 18:1/16:1-MGDG, to form the respec-
tive DGDG species. Further desaturation can lead to the formation of 18:3/16:3- or 
18:3/16:4-DGDG. The MGDG synthases of Chlorophyta and land plants form a 
different clade separated from the Rhodophyta and all the lineages with red com-
plex plastids (Botté et al.  2005 ,  2011 ). Chlorophyta ( Chlamydomonas ,  Volvox ) usu-
ally contain one MGD1 sequence in contrast to the presence of three  MGD  genes in 
plants (Botté et al.  2005 ,  2011 ; Petroutsos et al.  2014 ; Riekhof et al.  2005 ; Abida 
et al.  2015 ). Similarly, the eukaryotic DGDG synthases from the green lineages 
form a different phylogenetic cluster separated from the red lineages (Botté et al. 
 2011 ). One DGDG synthase gene is found in  Chlamydomonas  (Riekhof et al.  2005 ), 
 Ostreococcus tauri  (GenBank: Ot11g01480) and many other green algae. This 
sequence harbors the typical N-terminal extension as present in DGD1 of plants 
(Petroutsos et al.  2014 ; Ulvskov et al.  2013 ; Froehlich et al.  2001 ), and thus might 
be located to the outer chloroplast envelope. A second isoform (Ulvskov et al. 
 2013 ), which is additionally found in  Ostreococcus tauri  (GenBank: Ot07g02970), 
but not in  Chlamydomonas , lacks the characteristic N-terminal extension, and thus 
resembling DGD2. 

 SQDG in green algae contains more saturated acyl groups, with 16:0/16:0- 
SQDG as the major, and 18:1/16:0-, 18:2/16:0- and 18:3/16:0-SQDG as minor 
species (Giroud et al.  1988 ; Khotimchenko  2002 ; Bigogno et al.  2002 ; Sanina 
et al.  2004 ). The pathway for SQDG synthesis in green algae is similar to plants 
involving SQD1 and SQD2, as shown for  Chlamydomonas . SQD1 sequences are 
highly conserved in plants and algae, and in bacteria where they are named SqdB 
(Riekhof et al.  2003 ; Villanueva et al.  2014 ). The SQD1 sequences form three 
distinct clusters. Cluster 1 comprises SQD1 sequences from plants and green 
algae, together with SqdB sequences of one group of cyanobacteria including 
 Synechocystis . Cluster 2 contains sequences from the red lineages with primary 
and secondary plastids and SqdB from bacteria and from cyanobacteria like 
 Synechococcus . The putative SQD1/SqdB sequences from Archaea form a third 
cluster. SQD1 from  Chlamydomonas  was characterized by insertional mutagene-
sis and heterologous expression. It contains a predicted N-terminal chloroplast 
targeting sequence (Sato et al.  2003a ; Riekhof et al.  2003 ). SQD2 in 
 Chlamydomonas  and different representatives of the green and red lineages was 
identifi ed by sequence similarity to Arabidopsis (Ulvskov et al.  2013 ; Riekhof 
et al.  2005 ).  Chlamydomonas  harbors a further, unusual sulfolipid with unknown 
function, 2- O -acyl-SQDG, a derivative of SQDG with acylation of the sulfoqui-
novose (Riekhof et al.  2003 ). Acylation of SQDG occurs only with C18/16:0-
SQDG, employing 18:3 ∆5,9,12  or 18:4 ∆5,9,12,15  fatty acids derived from the ER, but 
the acyltransferase is unknown (Riekhof et al.  2005 ).   
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     Glycolipids in  Rhodophyta   

 Rhodoplasts, the photosynthetic organelles in the red lineage, contain phycoerythrin 
and chlorophyll a as photosynthetic pigments (Keeling  2010 ). The main fatty acids 
in red algae are 16:0, 18:1 (∆9 and ∆11), 20:4 and 20:5 (Table  3.2 ) (Li et al.  2002 ; 
Khozin-Goldberg et al.  2000 ; Sanina et al.  2004 ; Khotimchenko  2002 ). The pres-
ence of high amounts of C20 fatty acids sets Rhodophyta apart from Chlorophyta 
and higher plants. These differences are also refl ected in the structure and biosyn-
thesis of galactolipids and sulfolipids. Similar to Arabidopsis, Rhodophyta employ 
two pathways for galactolipid biosynthesis with eukaryotic (C20/C20) or prokary-
otic (C20/C16) structure (Fig.  3.3b ). In plants, the fatty acids at  sn 1 of prokaryotic 
lipids are synthesized exclusively in the chloroplast. In red algae, however, the C20 
fatty acids at  sn 1 of prokaryotic-type lipids originate from the extraplastidial com-
partment. Therefore, the galactolipids with prokaryotic structure in  Porphyridium 
cruentum  and other Rhodophyta are structurally, but not biosynthetically related to 
prokaryotic lipids of plants. The main molecular MGDG species in red algae such 
as  Porphyridium cruentum  or  Porphyra yezoensis  are 20:5/20:5- and 20:5/16:0- 
MGDG (Khozin et al.  1997 ; Araki et al.  1987 ). The precursor for the synthesis of 
eukaryotic (20:4/20:4) lipids is derived from PC, and after import into the rhodo-
plast, converted into 20:4/20:4-MGDG. Additionally, single fatty acids (20:4) can 
be imported and inserted into the  sn 1 position to synthesize prokaryotic-type 
20:4/16:0-MGDG (Khozin et al.  1997 ). Besides PC, TAG is a further source of C20 
fatty acids and it serves as a reservoir of C20 for the rapid production of eukaryotic 
MGDG involving an unknown mechanism (Khozin-Goldberg et al.  2000 ). 
Interestingly, DGDG in different Rhodophyta is mainly prokaryotic (20:5/16:0), in 
contrast to plants where the major fraction of DGDG is eukaryotic. The major 
SQDG species in red algae is also 20:5/16:0 (Araki et al.  1987 ). 

 MGDG synthases and DGDG synthases of Rhodophyta and all the lineages with 
red complex plastids form a clade separated from the Chlorophyta and plants (Botté 
et al.  2005 ,  2011 ). Rhodophyta contain one MGD1 sequence and most of them one 
or two plant-like DGDG synthases. DGD2-like isoforms are found in many red 
algae, such as  Chondrus crispus  (Petroutsos et al.  2014 ). Sulfolipid genes ( SQD1 , 
 SQD2 ) in Rhodophyta are highly related to the plant orthologs. 

 In contrast to most Rhodophyta, a small group of primitive red algae of the 
order Cyanidiales ( Cyanidioschyzon merolae ,  Cyanidium caldarium ) are charac-
terized by a very simple fatty acid composition (Allen et al.  1970 ; Sato and 
Moriyama  2007 ) with 16:0 and 18:2 predominating. They further contain 18:0 and 
18:1, but lack the characteristic C20 fatty acids found in most Rhodophyta. The 
membrane lipid composition of Cyanidiales is similar to plants with the same set 
of glycolipids and phospholipids. The galactolipids comprise a mixture of prokary-
otic (mainly 18:2/16:0) and eukaryotic (mainly 18:2/18:2) species, while SQDG is 
only prokaryotic and more saturated (16:0/16:0, 18:2/16:0). As shown for 
 Cyanidioschyzon merolae , Cyanidiales lack the Δ9-acyl-ACP desaturase (SAD) 
producing 18:1-ACP as in plants. Desaturation of 18:0 and 18:1 occurs only at the 
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ER. Therefore, the production of prokaryotic-type MGDG (18:2/16:0) employs a 
coupled pathway with 18:2 derived from the ER and 16:0 produced in the plastid 
(Fig.  3.3c ). This pathway might operate in a similar manner as in other Rhodophyta, 
employing 20:5 fatty acids for the synthesis of prokaryotic MGDG (see above). It 
is not known whether all red algae lack the plastidial Δ9-acyl-ACP desaturase 
(Sato and Moriyama  2007  #7831) because candidate genes for Δ9 acyl-ACP desat-
urases were identifi ed in complex plastids of the diatoms (Stramenopiles) (Abida 
et al.  2015 ). Members of the Cyanidiales like  Cyanidioschyzon merolae  lack the 
plant-like DGDG synthases, but contain an ortholog of the cyanobacterial  dgdA  
gene in their plastid genome (Petroutsos et al.  2014 ; Sato and Moriyama  2007 ; 
Botté et al.  2011 ; Awai et al.  2007 ). Homology searches in  Cyanidioschyzon  led to 
the identifi cation of genes coding for a plant-like MGDG synthase and a putative 
cyanobacterial-type MGlcDG synthase (Sato and Moriyama  2007 ). 
 Cyanidioschyzon  synthesizes MGDG via the typical MGDG synthase pathway of 
plants with UDP-Gal as substrate (Awai et al.  2007 ). The function of the putative 
MGlcDG synthase is unknown, because MGlcDG could not be detected (Sato and 
Moriyama  2007 ; Petroutsos et al.  2014 ). The localization of the DgdA ortholog 
and the MGDG synthase in  Cyanidioschyzon  is unknown (Botté et al.  2011 ). It has 
been suggested that cyanobacterium-derived DgdA was present in the ancestors of 
eukaryotic algae, but was lost during evolution and replaced with the eukaryotic 
DGDG synthases (Botté et al.  2011 ). Consistent with this scenario, DgdA sequences 
are absent from multicellular red algae and green lineages including plants (Awai 
et al.  2007 ; Petroutsos et al.  2014 ). SQD1 and SQD2 from  Cyanidioschyzon mero-
lae  are highly related to the plant orthologs.   

    Algae Derived from  Secondary Endosymbiosis    with Chlorophyta   

 Two independent endosymbiotic events with green algae led to the evolution of 
Chlorarachniophyta and Euglenophyta. The plastidial genomes of these two 
lineages are not closer related as compared to the green algae, and the hosts are 
also phylogenetically distant. Further differences concern the organization and 
structure of their plastids. While Euglenophyta are characterized by three plas-
tidial membranes, Chlorarachniophyta plastids are surrounded by four mem-
branes. They further contain a relict nucleus called nucleomorph, originating 
from the green algal endosymbiont, which is absent from Euglenophyta. 
 Euglena  contains MGDG, DGDG and SQDG similar to plants and green algae, 
but with higher amounts of VLCPUFAs (Regnault et al.  1995 ; Kaoua and 
Laval-Martin  1995 ).  
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    Algae Derived from Secondary Endosymbiosis with Rhodophyta 

 The initial step of secondary red plastid evolution was monophyletic (Keeling  2013 ; 
Zimorski et al.  2014 ). The further radiation of the complex red plastids is not fully 
resolved, because it is likely that further downstream hosts are involved and there-
fore possible additional endosymbiotic events have to be considered (Keeling  2013 ; 
Zimorski et al.  2014 ). Secondary red plastids are found in Cryptophyta, Haptophyta, 
Heterokonta (or Stramenopiles) and Dinofl agellata. The plastids in the fi rst three 
groups are surrounded by four, in Dinofl agellata by three membranes. In addition, 
the Cryptophyta contain a nucleomorph. All four groups are characterized by the 
presence of chlorophyll a and c. 

    Glycolipids in Haptophyta 

 The  haptophyte    Pavlova lutheri  is characterized by its conspicuous lipid composi-
tion (Eichenberger and Gribi  1997 ). Besides of galactolipids and SQDG, it contains 
a further glycolipid, GlcADG, as described for Arabidopsis and a few algae and 
more recently for other plants (Eichenberger and Gribi  1994 ; Okazaki et al.  2013 a, 
 2015 ). GlcADG from  Pavlova  has a eukaryotic structure, is localized outside of the 
plastid and synthesized by an unknown enzyme, while the plant counterpart is pro-
duced in the chloroplast by SQD2. Moreover,  Pavlova  contains DGTA and DGCC, 
while the only phospholipid PG is present in very low amounts. DGCC is the pre-
cursor for redistribution of fatty acids for plastidial glycolipids. It has been sug-
gested that C18 and C20 fatty acids, but not intact DAG entities, are individually 
transported to the plastid to form eukaryotic-type MGDG by an unknown mecha-
nism. A major fraction of MGDG and DGDG are of eukaryotic structure (20:5/18:4). 
SQDG contains mainly of 16:0 and 14:0 fatty acids. Further fatty acids in  Pavlova  
are 22:5 (docosapentaenoic acid) and 22:6 (docosahexaenoic acid), which are espe-
cially enriched in GlcADG, but hardly detectable in MGDG, DGDG, and SQDG.  

     Glycolipids  in Heterokonts (Strameopiles)   

 The main fatty acids in brown algae (Phaeophyta, Stramenopiles) are 14:0, 16:0, 
different C18 fatty acids (including stearidonic acid, 18:4 ∆6,9,12,15 ), 20:4 and 20:5 (Li 
et al.  2002 ; Khotimchenko  2002 ; Sanina et al.  2004 ; Dembitsky et al.  1990 ; Kumari 
et al.  2013 ). The high amounts of C18 fatty acids typical for Phaeophyta separate 
them from the Rhodophyta. As in other algae, MGDG is the most unsaturated and 
SQDG the most saturated glycolipid (Hofmann and Eichenberger  1997 ). 18:4 ∆6,9,12,15  
is almost completely restricted to  sn 2 of MGDG and DGDG, and to a minor extent 
to SQDG which instead contains more 18:3 ∆9,12,15  (Hofmann and Eichenberger 
 1997 ). Galactolipids further contain C16 fatty acids and are enriched with 20:5. 
16:0 is dominant in SQDG and 14:0 is found at  sn 1 of galactolipids, SQDG and 
DGTA (Araki et al.  1991 a; Khotimchenko  2002 ). The desaturation of 18:1 and 20:4 
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fatty acids occurs on MGDG, which is mainly of eukaryotic structure. The main 
species in  Dictyopteris membranacea  are 18:3/18:4-, 18:4/18:4- and 20:5/18:4- 
MGDG (Hofmann and Eichenberger  1997 ). In contrast, DGDG comprises both 
eukaryotic and prokaryotic (16:0 at  sn 2) species. The prokaryotic species with more 
saturated fatty acids predominate in SQDG (Hofmann and Eichenberger  1997 ). 
Many brown algae contain DGTA. If present, then they often lack PC or both PC 
and PE (Kato et al.  1996 ; Araki et al.  1991 a). DGTA possibly plays a key role in the 
formation of eukaryotic-type glycolipids, similar to PC in plants (Ohlrogge and 
Browse  1995 ; Roughan and Slack  1982 ; Hofmann and Eichenberger  1998 ). 

 Diatoms (Bacillariophyta, Stramenopiles) contain the same glycolipids and 
phospholipids as plants. However, compared to brown algae, most diatoms lack 
betaine lipids, while DGTA was recently detected in  Phaeodactylum tricornutum  
(Abida et al.  2015 ). The majority of diatom species investigated synthesize glyco-
lipids with a prokaryotic structure. The characteristic fatty acids of diatoms are 
14:0, 16:0, 16:1, 16:2, 16:3 ∆6,9,12 , 16:4 ∆6,9,12,15  and 20:5 (Arao et al.  1987 ; Alonso 
et al.  2000 ; Abida et al.  2015 ), whereas C18 fatty acids are in general low. The 
desaturation degree and the amount of C16 fatty acids vary in the different diatom 
species (Yongmanitchai and Ward  1993 ; d’Ippolito et al.  2004 ; Xu et al.  2010 ; 
Liang et al.  2014 ). 16:3 and 16:4 are only present in glycolipids, while 20:5 is found 
in all lipids, but in glycolipids restricted to  sn 1. The main MGDG species in many 
diatoms ( Phaeodactylum tricornutum ,  Stephanodiscus  sp.,  Skeletonema costatum , 
 Fistulifera solaris ) are 20:5/C16- and C16/C16-MGDG. In general, DGDG is more 
saturated than MGDG, and SQDG is characterized by high amounts of 14:0. Similar 
to  Chlamydomonas , an acylated form of SQDG was found in  Phaeodactylum tri-
cornutum  with 20:5 linked to the sugar (Abida et al.  2015 ). Some diatoms like 
 Cyclotella meneghiniana  contain additionally eukaryotic-type galactolipids such as 
18:4/18:4-MGDG and 18:3/18:4-DGDG (Vieler et al.  2007 ). Interestingly, the non- 
photosynthetic diatom  Nitzschia alba  also contains high levels of galactolipids in 
contrast to the Apicomplexa, which also harbor non-photosynthetic plastids (see 
below) (Anderson et al.  1978 ). PC plays a central role in the synthesis of galactolip-
ids in diatoms as shown for  Phaeodactylum  or  Fistulifera solaris  (Fig.  3.4 ) (Arao 
et al.  1994 ; Liang et al.  2014 ). 20:5/16:1-PC provides the DAG moiety for the syn-
thesis of 20:5/16:1-MGDG, which can be further desaturated to 20:5/16:3- 
MGDG. C16/C16-MGDG is suggested to be synthesized in the plastid. MGDG 
molecules carrying C16 at  sn 1 (such as 16:1/16:1-MGDG in  Phaeodactylum ) are 
very unusual, because in analogy to Arabidopsis, it is believed that the presence of 
 sn 1 bound C16 fatty acids is characteristic for extraplastidial lipids (16:0/C18). 
Interestingly, in diatoms C16 fatty acids also occur at  sn 2 of extraplastidial lipids 
such as 20:5/16:1- or 16:0/16:0-PC leading to a prokaryotic-type structure of extra-
plastidial phospholipids. These unusual lipid structures in diatoms raise the ques-
tion about the nature of lipid precursors and their transport. It is suggested that 20:5/
C16-PC or 20:5/C16-DAG are possible precursors or 20:5-acyl donors for galacto-
lipid synthesis, and they are formed by acyl-editing or head group exchange (Liang 
et al.  2014 ). Diatoms harbor one or several candidate genes for Δ9-acyl-CoA desat-
urases at the ER and for plastidial Δ9-acyl-ACP desaturases (DES) (Muto et al. 
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 2013 ). The plastidial Δ9-acyl-ACP desaturases in  Phaeodactylum  presumably act 
on 16:0-ACP rather than on 18:0-ACP (Abida et al.  2015 ). The galactolipid and 
SQDG synthesis in diatoms is closely related to that of Rhodophyta. Interestingly, 
 Phaeodactylum tricornutum  contains up to three paralogs for MGDG synthases and 
for DGDG synthases, 2 isoforms of SQD2 (Abida et al.  2015 ) and one isoform of 
SQD1 (see above). 

       Glycolipids  in Alveolata   (Dinofl agellata, Apicomplexa) 

 Plastid bearing eukaryotes of the Dinofl agellata and Apicomplexa together with 
further groups form the superphylum of Alveolata (Janouškovec et al.  2010 ). Some 
Dinofl agellata went a step further in evolution and replaced their secondary com-
plex plastid with an endosymbiont of secondary red origin leading to tertiary endo-
symbiosis, or with a green alga to form a serial secondary endosymbiosis. The serial 
secondary endosymbiosis occurred only once with a Chlorophyta as endosymbiont. 
The tertiary plastids were acquired from Haptophyta, Cryptophyta or diatoms 
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  Fig. 3.4    Two routes of galactolipid biosynthesis in complex red plastids of diatoms ( Fistulifera 
solaris ,  Phaeodactylum tricornutum ). The fi rst route employs C16 fatty acids synthesized in the 
plastid to form 16/16-MGDG and 16/16-DGDG with different desaturation degrees. The second 
route involves 20:5 imported from the ER, which may be transported as single fatty acid or in lipid 
bound form to synthesize 20:5/16-MGDG and 20:5/16-DGDG. 20:5 is produced in the ER with 
C18 fatty acids as starting molecules. Prokaryotic-type PC (20:5/16) is formed by acyl editing 
(Liang et al.  2014 ). For simplifi cation, the two innermost membranes of the complex plastid are 
presented as one  red line ; the  yellow line  represents the second outermost and the  grey line  the 
outermost or chloroplast-ER membrane. MGDS and DGDS, plant-type MGDG and DGDG syn-
thases, respectively       

 

3 DGDG and Glycolipids in Plants and Algae



74

(Stamenopiles) (Zimorski et al.  2014 ; Gould et al.  2008 ; Hehenberger et al.  2014 ; 
Keeling  2013 ). 

 The Apicomplexa, parasitic protists including malaria parasites ( Plasmodium ), 
reduced the complexity of the plastid organelle. These organisms contain a non- 
photosynthetic plastid-like organelle called apicoplast. However, although galacto-
lipids are typical lipids of plastids in plants and algae, Apicomplexa do not contain 
galactolipids (Botté et al.  2013 ). Apicomplexa have lost the genes for MGDG and 
DGDG synthesis, whereas  Chromera velia  a photosynthetic relative to Apicomplexa, 
contains MGDG, DGDG and SQDG, and harbors a plant-like MGDG synthase 
employing UDP-Gal as sugar donor, and a candidate gene for a plant-like DGDG 
synthase (Botté et al.  2011 ).   

    Glycolipids in  Paulinella  

 Independent of the plastid bearing lineages discussed above, an independent pri-
mary endosymbiosis event occurred more recently. The unicellular eukaryote 
 Paulinella chromatophora  acquired its photosynthetic organelle about 60 million 
years ago (Nowack et al.  2008 ).   Paulinella    is a fresh-water amoeba of the phylum 
Cercozoa (in the Rhizaria supergroup), contains one or two blue-green organelles 
called chromatophores and is only distantly related to other eukaryotic algae 
(Nakayama and Archibald  2012 ). The chromatophores resemble free-living cyano-
bacteria especially  Synechococcus . However, the chromatophore is not just an endo-
symbiotic cyanobacterium, but a true photosynthetic organelle. It already lost 75 % 
of its coding genes, and at least 30 endosymbiont-derived genes are expressed in the 
host nucleus (Bodył et al.  2012 ). Nuclear encoded proteins are imported into the 
chromatophore via vesicle transport from the ER/Golgi, in contrast to the TOC/TIC 
import system of plastids. Classical plastid transit peptides are not involved, and the 
nature of the targeting system is far from clear (Mackiewicz et al.  2012 ; Nakayama 
and Archibald  2012 ). Therefore, the current developmental stage of the chromato-
phore can be regarded as an early step in organelle evolution.  Paulinella  contains 
the typical galactolipids as found in algae and plants, but it might employ a pathway 
for MGDG and DGDG biosynthesis as found in present-day cyanobacteria. 
 Paulinella  contains genes coding for a putative cyanobacterium-type MGlcDG syn-
thase (MgdA), an epimerase converting MGlcDG into MGDG (MgdE), and 
DgdA. Orthologs of plant-type MGDG synthases have not been detected in Rhizaria 
(Petroutsos et al.  2014 ; Awai et al.  2014 ).  
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    Lipid Response of Algae to Phosphate Deprivation 

  Phosphate   supply is often a growth limiting factor not only for plants, but also for 
algae. The replacement of phospholipids with non-phospholipids is a general mech-
anism of plants, algae and some bacteria to reduce the phosphate requirement in 
phosphate defi cient environments. Marine ecosystems are often characterized by 
low amounts of phosphate, with the phytoplankton as major consumer. Phytoplankton 
communities are dominated by cyanobacteria, and under certain conditions also by 
small eukaryotic algae. Phytoplankton can reduce its physiological phosphate 
demand by 50 % in response to phosphate deprivation (Van Mooy et al.  2009 ). The 
most important surrogates for phospholipids in phytoplankton are SQDG and beta-
ine lipids. PG is replaced with SQDG in cyanobacteria and to a minor extent in 
eukaryotic algae, which mainly use betaine lipids as structural counterparts for 
PC. Galactolipids do not seem to be involved in the response to phosphate depriva-
tion in many marine algae that contain betaine lipids, because betaine lipids act as 
the main surrogates for phospholipids in extraplastidial membranes, while SQDG 
replaces PG in the plastids (Abida et al.  2015 ). In contrast, DGTS is not involved in 
the response to phosphate deprivation in  Chlamydomonas , which might be explained 
by the fact that this fresh water alga a priori has no PC. Therefore, SQDG plays the 
most important role during phosphate deprivation in  Chlamydomonas  (Riekhof 
et al.  2003 ; Sato et al.  2000 ). As in plants, PG and SQDG in  Chlamydomonas  con-
tents are in a reciprocal relationship to maintain a certain level of anionic lipids. 
DGDG participates only moderately in the response to phosphate deprivation, but it 
can quantitatively compensate for the loss of SQDG in the  Chlamydomonas  Δ sqd1  
mutant. A stronger response to phosphate deprivation can be observed in the diatom 
 Phaeodactylum tricornutm  with a complete reduction of all phospholipids, accom-
panied by the accumulation of large amounts of DGTA and SQDG and minor 
amounts of DGDG. Therefore, PG can be fully replaced with SQDG during phos-
phate limitation in  Phaeodactylum . In contrast, the reduction of PG in the 
Arabidopsis  pgp1  mutant affects growth and photosynthesis (Xu et al.  2002 ). 
DGDG, DGTS and SQDG play major roles as surrogates for phospholipids in the 
freshwater Eustigmatophyta  Monodus subterraneus  (Stramenopiles) (Khozin- 
Goldberg and Cohen  2006 ). Interestingly, two prokaryotic-type DGDG species are 
involved in the lipid response to phosphate deprivation, with 20:5/16:1-DGDG 
being strongly increased and 16:1/16:0-DGDG strongly reduced. In contrast to 
plants, where eukaryotic 16:0/C18-DGDG is exported to extraplastidial membranes 
under phosphate deprivation (Härtel et al.  2000 ), no information is available about 
the localization or possible export of 20:5/16:1-DGDG in  Mondus , as well as for 
other DGDG molecular species in algae.      
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    Chapter 4   
 Thylakoid Development and Galactolipid 
Synthesis in Cyanobacteria                     

       Koichiro     Awai    

    Abstract     Cyanobacteria carry out oxygenic photosynthesis and share many fea-
tures with chloroplasts, including thylakoid membranes, which are mainly com-
posed of membrane lipids and protein complexes that mediate photosynthetic 
electron transport. Although the functions of the various thylakoid protein com-
plexes have been well characterized, the details underlying the biogenesis of thyla-
koid membranes remain unclear. Galactolipids are the major constituents of the 
thylakoid membrane system, and all the genes involved in galactolipid biosynthesis 
were recently identifi ed. In this chapter, I summarize recent advances in our under-
standing of the factors involved in thylakoid development, including regulatory pro-
teins and enzymes that mediate lipid biosynthesis.  

  Keywords     Thylakoid membrane   •   Galactolipid   •   Glycosyltransferase   •   Epimerase   
•   Photosynthetic protein complex   •   VIPP1  

      Introduction 

 Cyanobacteria are the only prokaryotes known to conduct oxygenic photosynthesis, 
which is very similar to that carried out in chloroplasts of photosynthetic eukaryotic 
cells such as land plants and algae. Because cyanobacteria and chloroplasts share 
many aspects, e.g., oxygenic photosynthesis, genome structure and lipid composi-
tion, it is generally accepted that cyanobacteria and chloroplasts share a common 
ancestor. Oxygenic photosynthesis produces oxygen via the electron transport 
chain, which comprises three large membrane protein complexes, namely photosys-
tem II, cytochrome  b  6  f  and photosystem I. These complexes are also conserved in 
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both cyanobacteria and chloroplasts and are embedded in thylakoid membranes. 
The word “thylakoid” comes from the Greek word θύλακος (thylakos), which 
means “a bag, sack or pocket”. Indeed, thylakoid membranes surround the thyla-
koid lumen where oxygen is produced during photosynthesis. Thylakoid mem-
branes are composed of proteins (~60 % by weight) and lipids (~40 %) (Chapman 
et al.  1983 ). Thus, it is obvious that proteins and lipids are important for thylakoid 
membrane biogenesis. 

 Despite the accumulated research on the biochemical, chemical and physical 
properties of the photosynthetic apparatus, the mechanisms underlying thylakoid 
membrane biogenesis have not been examined in depth, probably because of diffi -
culties inherent in the analysis of  de novo  synthesis of a membrane system. In 
plants, if thylakoid membranes do not develop, there is no photosynthetic activity 
and plants cannot survive. Indeed, a mutant of the major thylakoid lipid synthase is 
seedling lethal (Kobayashi et al.  2007 ). If plants are kept in the dark before germina-
tion, plastids will differentiate into etioplasts and develop prolamellar bodies. This 
inter-organelle structure is formed by crystallization of protochlorophyllide, 
NADPH-protochlorophyllide oxidoreductase, and lipids (mainly galactolipids), and 
thylakoid differentiation occurs upon illumination (Selstam  1998 ). Thus, this non- 
natural paradigm of thylakoid development cannot be considered to refl ect  de novo  
biogenesis. As for cyanobacteria, they essentially cannot survive in the dark. Under 
appropriate light intensity, cyanobacteria divide into two daughter cells that share 
thylakoid membranes, and thus it is diffi cult to observe  de novo  biogenesis of thyla-
koids. Even with these diffi culties, however, recent advances in omics techniques 
have fostered the identifi cation of key components involved in thylakoid membrane 
development. 

 This chapter summarizes the structure of thylakoid membranes as well as the 
proteins and lipids involved in thylakoid biogenesis. For further details on individ-
ual topics, please refer to the following reviews: thylakoid membrane organization/
structure (Liberton and Pakrasi  2008 ); lipid biosynthesis/regulation in cyanobacte-
ria (Sato and Wada  2010 ); evolution of galactolipid synthesis in photosynthetic 
organisms (Petroutsos et al.  2014 ); biogenesis of thylakoid membranes (Rast et al. 
 2015 ); and function(s) of VIPP1 (Zhang and Sakamoto  2015 ).  

       Structure of   Thylakoid Membranes in Oxygenic 
Photosynthetic Organisms 

 Thylakoid membrane structure is relatively conserved in chloroplasts of land plants. 
In the photosynthetic mesophyll cells, thylakoid membranes have a multi-layer 
structure with highly stacked areas called grana (Fig.  4.1a ). The detailed structure 
of grana is still a matter of debate, but its basic structure comprises stacks of 300- to 
600-nm membrane discs that presumably are connected to each other (Mustardy 
and Garab  2003 ; Mullineaux  2005 ). Another component of thylakoids is the lamella, 
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which connects adjacent stacks of grana. Interestingly, lamellar structure can be 
reconstituted by mixing thylakoid lipids with thylakoid-specifi c integral membrane 
proteins (Simidjiev et al.  2000 ). A similar grana structure is also seen in chloro-
plasts of green algae such as  Chlamydomonas reinhardtii . Deme et al. ( 2014 ) pro-
posed that grana stacking is aided by the hydroxyl groups of galactolipids, and this 
may explain why galactolipids are the predominant lipid type in thylakoid mem-
branes (see below). In red algae, glaucophytes and cyanobacteria, however, grana 
are not observed in thylakoid membranes. For example, in the primitive red alga 
 Cyanidioschyzon merolae , thylakoid membranes lie along the inner-envelope mem-
branes of chloroplasts and are not stacked (Fig.  4.1b ). Chloroplasts of the glauco-
phyte  Cyanophora paradoxa  have thylakoid membranes with a “wavy” structure 
(Fig.  4.1c ; Miyagishima et al.  2014 ) but have no grana. These algae utilize soluble 
phycobilisomes for the antenna protein complex to carry out photosynthesis. Each 
phycobilisome comprises a large complex of ~600 proteins and pigments (e.g., phy-
cocyanobilin and phycoerythrobilin). Because this protein complex attaches to the 
stroma site of photosynthetic protein complexes (mainly photosystem II), it is 
widely believed that phycobilisomes physically prevent the stacking of thylakoid 
membranes in these algae.

  Fig. 4.1    Schematic representation of typical thylakoid structure in plants, algae and cyanobacte-
ria. ( a ) Thylakoid membranes of plant chloroplasts with highly stacked grana structure. ( b ) 
Thylakoid membranes of unicellular cyanobacteria (e.g.,  Synechococcus elongatus  PCC 7942) and 
red algal chloroplasts. ( c ) Thylakoid membranes of unicellular cyanobacteria (e.g.,  Synechocystis  
sp. PCC 6803) and glaucophyte chloroplasts. ( d ) Thylakoid membranes of fi lamentous cyanobac-
teria (e.g.,  Anabaena  sp. PCC 7120)       
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   In cyanobacteria, thylakoid membrane structure is diverse. Figure  4.1b–d  illus-
trates the various structures observed in representative unicellular cyanobacteria 
(e.g.,  Synechococcus elongatus  PCC 7942 or  Synechocystis  sp. PCC 6803) or fi la-
mentous cyanobacteria (e.g.,  Anabaena  sp. PCC 7120). Thylakoid membranes in 
 Synechococcus  species are positioned alongside the plasma membrane (Fig.  4.1b ), 
as in red algae. Based on this structural similarity, it is plausible that this type of 
cyanobacteria might retain a common feature to the original chloroplasts. However, 
 Synechocystis  sp. PCC 6803 has a wavy thylakoid structure resembling that of glau-
cophyte chloroplasts (Fig.  4.1c ). Thus, it remains unclear which structure type con-
stitutes the developmental predecessor of thylakoid membranes. The structural 
details of thylakoid membranes in  Synechocystis  sp. PCC 6803 have been examined 
intensively by electron tomography (van de Meene et al.  2006 ) and neutron scatter-
ing (Liberton et al.  2013 ). Interestingly, Liberton et al. ( 2013 ) reported that the dis-
tance between the thylakoid layers can vary depending on light conditions. They 
also found that, in the phycobilisome mutants, this distance was smaller, supporting 
the hypothesis that phycobilisomes prevent membrane stacking. Most of heterocyst- 
forming fi lamentous cyanobacteria have a disordered thylakoid structure compared 
with other such cyanobacteria (Fig.  4.1d ) (Peschek and Sleytr  1983 ). In heterocysts, 
which specialize in nitrogen fi xation, the thylakoid membranes are more contorted 
(Lang and Fay  1971 ). The molecular basis for the diversity of thylakoid structure in 
cyanobacteria has not been explored, and thus how these structures mature remains 
an open question.    

     Proteins Involved in the  Biogenesis   of Thylakoid Membranes 

 Besides the major constituent protein complexes of thylakoid membranes, such as 
photosystem I/II, cytochrome  b  6  f  and ATP synthase,   V esicle- I nducing  P rotein in 
 P lastid 1 (VIPP1)   is the most widely acknowledged protein reported to be involved 
in thylakoid development from cyanobacteria to plants. VIPP1 was fi rst identifi ed as 
a protein localized to both the inner envelope and thylakoid membranes of plastids 
(Li et al.  1994 ). Later, the gene encoding VIPP1 was identifi ed in both  Arabidopsis 
thaliana  and  Synechocystis  sp. PCC 6803 (Kroll et al.  2001 ; Westphal et al.  2001 ). 
A mutant of Arabidopsis VIPP1, which can survive only on synthetic medium con-
taining sucrose, has a T-DNA insertion in the promoter region of the gene and 
expresses only ~20 % of the VIPP1 of wild-type plants (Kroll et al.  2001 ). 
Cyanobacteria have a multi-copy genome, and Vipp1 null mutants cannot be segre-
gated even after 4 years on selective medium (Fuhrmann et al.  2009 ). These results 
indicate that the  VIPP1  gene is essential in both plants and cyanobacteria. These 
mutants have facilitated analysis of the physiological functions of VIPP1. In 
response to cold stress, plastids accumulate vesicles in the stroma (Carde et al. 
 1982 ). Arabidopsis  vipp1  mutants have lesser vesicle formation than wild type 
under the same cold stress. These data indicated that VIPP1 may be involved in 
vesicle formation in plastids (Kroll et al.  2001 ). However, VIPP1 is now known to 
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have promiscuous function. Zhang et al. ( 2012 ) proposed that VIPP1 is involved in 
the maintenance of chloroplast envelopes. They found that, in  vipp1  knockout and 
knockdown mutants of Arabidopsis, chloroplasts have a balloon-like structure and 
thylakoids are located in a limited area (Zhang and Sakamoto  2013 ). They also 
showed that VIPP1 moves along the surface of the envelope depending on whether 
there is osmotic stress, and they concluded that VIPP1 makes lattice-like macro- 
complexes that facilitate the resealing of osmotically damaged envelope membranes 
of chloroplasts. The amino-terminal α-helix of recombinant VIPP1, when produced 
in  Escherichia coli , binds tightly to  E. coli  lipids (Otters et al.  2013 ). In the green 
alga  Chlamydomonas , VIPP1 is purportedly involved in the biogenesis and/or 
assembly of photosystem core complexes by delivering specifi c structural lipids 
required for core complex assembly (Nordhues et al.  2012 ). It is not known which 
lipid species attaches to VIPP1, but phosphatidylglycerol is a bona fi de candidate 
because it is the only membrane lipid that exists in both thylakoid and  E. coli  mem-
branes. Zhang and Sakamoto ( 2015 ) suggested that VIPP1 can also bind galactolip-
ids for the maintenance of envelope membranes. Future work, such as carrying out 
lipid binding assays, is required to determine which lipid species binds VIPP1. 

 Recently, a  vipp1  knockout mutant was isolated from the cyanobacterium 
 Synechococcus  sp. PCC 7002 using a sophisticated strategy (Zhang et al.  2014 ). 
They fi rst found that merodiploid mutants of  vipp1  had a reduced level of photosys-
tem I. Based on this result, the gene  psaAB , which encodes core proteins of photo-
system I, were knocked out and then the mutants were grown in medium 
supplemented with glycerol as the only carbon and energy source. Using this strain, 
 vipp1  was disrupted and the  psaAB  genes were rescued to obtain a  vipp1  null mutant. 
This mutant grew photoheterotrophically with glycerol under dim light and had 
vestigial, yet clear, thylakoid membranes. This result indicates that Vipp1 is not 
essential for the biogenesis of thylakoid membranes at least in  Synechococcus  sp. 
PCC 7002. A similar result was obtained using an inducible promoter system in 
 Synechocystis  sp. PCC 6803. Under conditions in which VIPP1 content was low, the 
thylakoid membranes were still well developed but photosynthetic activity was 
much less than that of wild type (Gao and Xu  2009 ), indicating that Vipp1 is impor-
tant for photosynthesis rather than thylakoid development. It remains unclear 
whether VIPP1 has a central role(s) in thylakoid development via vesicle traffi ck-
ing, but VIPP1 seems to be involved in the assembly of photosystem complexes 
and/or membrane maintenance, and failure of these functions results in retarded 
thylakoid development. According to these results, Vothknecht et al. ( 2012 ) pro-
posed that the protein be renamed as  V ery  I mportant  P rotein in  P lastids 1. 

 A few other proteins have also been found to be involved in thylakoid develop-
ment. The Arabidopsis  CURVATURE THYLAKOID 1 (CURT1)   helps to ensure 
proper grana architecture (Armbruster et al.  2013 ). CURT1 is conserved from plants 
to cyanobacteria but not in the particular cyanobacterium  Gloeobacter violaceus  
PCC 7421.  Gloeobacter  species lack thylakoid structure (Rippka et al.  1974 ), sug-
gesting that CURT1 functions in thylakoid development and that this particular 
function is evolutionarily conserved (Armbruster et al.  2013 ). A knockout mutant of 
a CURT1 homolog ( slr0483 ) in  Synechocystis  sp. PCC 6803 could not be  segregated 

4 Thylakoid Development and Galactolipid Synthesis in Cyanobacteria



90

as a null mutant, indicating that CURT1 is essential in cyanobacteria. Because cya-
nobacteria do not have grana structure, the exact function of CURT1 in cyanobacte-
ria is unknown. 

 Stengel et al. ( 2012 ) reported that  Processing-Associated Tetratricopeptide 
Repeat protein (PratA)   in  Synechocystis  sp. PCC 6803 is indirectly involved in thy-
lakoid development. They proposed that PratA has a role in delivering Mn 2+  to pho-
tosystem II and localizes to the thylakoid center—the site of thylakoid biogenesis 
(Kunkel  1982 ). The structure of the thylakoid center is altered in a PratA knockout 
mutant (Klinkert et al.  2004 ), suggesting that PratA not only is involved in photo-
system II assembly but also has a role in maintaining the integrity of the thylakoid 
center. However, a PratA homolog also exists in  Gloeobacter  species, and thus this 
protein may have a function other than Mn 2+  delivery in these thylakoid-less 
cyanobacteria.   

     Lipids in Thylakoid Membranes  of Cyanobacteria   

 As in plant chloroplasts, cyanobacterial thylakoid membranes contain four main 
membrane lipids, namely monogalactosyldiacylglycerol (MGDG), digalactosyldia-
cylglycerol (DGDG), sulfoquinovosyldiacylglycerol (SQDG) and phosphatidylg-
lycerol (Table  4.1 , Fig.  4.2 ) (Stanier and Cohen-Bazire  1977 ). One exception is 
 Gloeobacter  species, which do not have SQDG (Selstam and Campbell  1996 ) and 
lack thylakoids (Rippka et al.  1974 ). The  Gloeobacter  lineage is predicted to have 
diverged from other cyanobacteria before the initial chloroplast endosymbiosis 
(Nelissen et al.  1995 ; Shih et al.  2013 ). Recently, Rexroth et al. ( 2011 ) found that 
cytoplasmic membranes of  Gloeobacter violaceus  contain domains enriched with 
photosynthetic and respiratory complexes, which might have the same evolutionary 
origin(s) as thylakoid membranes.

     Table 4.1    Lipid composition of representative cyanobacteria   

 GlcDG  MGDG  DGDG  SQDG  PG  TGDG  Ref. 

  Synechocystis  sp. 
PCC 6803 

 0.6  46.2  17.9  25.0  10.3  Sato ( 1994 ) 

  Synechocystis  sp. 
PCC 6803 (+5 mM 
glucose) 

 12.4  39.0  15.6  23.8  9.3  Sato ( 1994 ) 

  Synechococcus 
elongatus  PCC 7942 

 57  13  9  21  Murata et al. 
( 1992 ) 

  Anabaena  sp. PCC 
7120 

 63.8  14.9  8.2  10.2  2.9  Nakaya and 
Awai 
unpublished 

   GlcDG  monoglucosyldiacylglycerol (βGlcDG),  MGDG  monogalactosyldiacylglycerol (βMGDG), 
 DGDG  digalactosyldiacylglycerol (αβDGDG),  SQDG  sulfoquinovosyldiacylglycerol,  PG  phos-
phatidylglycerol,  TGDG  trigalactosyldiacylglycerol (cyanobacterial ααβTGDG)  
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    In addition to the four major membrane lipids, cyanobacteria also contain another 
glycolipid, monoglucosyldiacylglycerol (GlcDG), which is an intermediate of 
MGDG synthesis (Feige et al.  1980 ; Sato and Murata  1982b ). This glycolipid does 
not accumulate substantially in cyanobacteria, e.g., generally <2 % of total cellular 
lipids (Petroutsos et al.  2014 ). In some fi lamentous cyanobacteria,  trigalactosyldia-
cylglycerol (TGDG)   is a minor lipid (Table  4.1 ) (Nakaya and Awai unpublished 
data). TGDG is also found in land plants, but the anomeric confi guration depends 
on the plant species. In Arabidopsis, TGDG is involved in freezing tolerance 
(Moellering et al.  2010 ). This lipid is synthesized by a β-galactosidase, originally 

  Fig. 4.2    Lipids of thylakoid membranes in cyanobacteria. Five glycolipids and one phospholipid 
(phosphatidylglycerol) are shown, and the various α and β linkages are indicated       
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called Wintermans enzyme or galactolipid:galactolipid  galactosyltransferase   (van 
Besouw and Wintermans  1978 ), to make β-1,6 linkages between the fi rst-second 
and second-third galactose residues (βββTGDG). Cyanobacterial TGDG has a dif-
ferent anomeric linkage of galactoses (ααβTGDG), which is the same as that of 
TGDG reported in rice bran (Fujino and Miyazawa  1979 ). Cyanobacterial TGDG is 
not induced by cold stress (Nakaya and Awai, unpublished data), and its physiologi-
cal function is unknown.   

     Galactolipid  Biosynthesis   in Cyanobacteria 

 Although galactolipids constitute the major membrane component of oxygenic pho-
tosynthetic organisms, their biosynthetic pathways differ among cyanobacteria and 
land plants (Fig.  4.3 ). In land plants, galactolipids are synthesized via two galacto-
sylation events of diacylglycerol. The fi rst is catalyzed by the galactosyltransferase 
MGDG synthase, which is encoded in the nuclear genome (Shimojima et al.  1997 ) 
and transported to the outer leafl et of the inner-envelope membrane of chloroplasts 
(Xu et al.  2005 ). DGDG is synthesized by DGDG synthase, which is also encoded 
in the nuclear genome (Dörmann et al.  1999 ); this synthase has two predicted 
membrane- spanning domains and resides in the outer-envelope membrane 
(Froehlich et al.  2001 ).

   In cyanobacteria, MGDG is synthesized in two steps. The fi rst step is catalyzed 
by a glucosyltransferase, which transfers the glucose moiety from UDP-glucose to 

  Fig. 4.3    Biosynthetic pathway for galactolipids in plant chloroplasts and cyanobacteria.  DAG  
diacylglycerol,  DGD1  plant-type DGDG synthase,  DgdA  cyanobacterial DGDG synthase,  MGD1  
plant-type MGDG synthase,  MgdA  cyanobacterial GlcDG synthase,  MgdE  cyanobacterial GlcDG 
epimerase,  UDP-Gal  UDP-galactose,  UDP-Glc  UDP-glucose       
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diacylglycerol to yield GlcDG. In the second step, an epimerase isomerizes the 
glucose moiety of GlcDG to galactose, yielding MGDG. This pathway was fi rst 
proposed by Feige et al. ( 1980 ), who identifi ed GlcDG as a cyanobacteria-specifi c 
lipid, and this was confi rmed by Sato and Murata ( 1982b ) via pulse-chase labeling. 
Awai et al. ( 2006 ) later confi rmed this pathway at the molecular level. The gene 
encoding GlcDG synthase was identifi ed by comparative genomic analysis using 
genomic sequences of the representative unicellular cyanobacterium  Synechocystis  
sp. PCC 6803 (Kaneko et al.  1996 ) and fi lamentous cyanobacterium  Anabaena  sp. 
PCC 7120 (Kaneko et al.  2001 ). Only 40 % of genes in both genomes are ortholo-
gous, e.g., genes involved in basic reactions such as photosynthesis, nucleic acid 
metabolism, and fatty acid synthesis (Kaneko et al.  2001 ). It was hypothesized that, 
because the cyanobacterial galactolipid synthetic pathway is conserved only among 
cyanobacteria, the genes corresponding to the enzymes should be conserved in cya-
nobacterial genomes. To identify the gene for GlcDG synthase, genes encoding 
enzymes containing a sugar transferase motif were selected in  Synechocystis  sp. 
PCC 6803. Those genes were then analyzed with regard to their conservation in 
 Anabaena  sp. PCC 7120, and four conserved genes were fl agged. One of them was 
shown to encode a GlcDG synthase (MgdA) based on an  in vitro  enzyme assay with 
subsequent NMR-based structure analysis of the accumulated glycolipid in  E. coli  
cell membranes (Awai et al.  2006 ). 

 Sato and Murata ( 1982b ) proposed that DGDG biosynthesis occurs by the same 
mechanism in cyanobacteria and plants, i.e., via galactosylation of MGDG. However, 
the enzyme for the reaction was predicted to differ between cyanobacteria and 
plants because no homolog for the plant-type DGDG synthase has been found in the 
cyanobacterial genomes that have been sequenced. The gene for DGDG synthase 
( dgdA ) was later identifi ed in  Synechocystis  sp. PCC 6803 (Awai et al.  2007 ) using 
the same method used to identify  mgdA . Sakurai et al. ( 2007 ) also identifi ed  dgdA  
from  Synechocystis  sp. PCC 6803 using comparative genomics. Knockout mutants 
of  dgdA  have no detectable DGDG, indicating that this galactolipid is not essential 
for thylakoid membranes—at least in  Synechocystis  sp. PCC 6803. DGDG was seen 
in the crystal structure of the photosystem II complex, i.e., fi ve molecules of DGDG 
per complex (Umena et al.  2011 ). Although these DGDG molecules are not located 
in the periphery of the oxygen-evolving complex, the  dgdA  mutants of  Synechocystis  
sp. PCC 6803 have a defect in stabilization of the oxygen-evolving complex of 
photosystem II (Sakurai et al.  2007 ); this leads to increased sensitivity to light and 
high temperature (Mizusawa et al.  2009a ,  b ). These results suggest that some 
DGDGs are not tightly bound to photosystem II but rather are loosely associated 
with the oxygen-evolving complex. 

 The last part of the cyanobacterial galactolipid synthetic pathway to be identifi ed 
was the epimerase. The epimerase-encoding gene was recently identifi ed by Awai 
et al. ( 2014 ), who used cluster analysis because the method used to identify  mgdA  
and  dgdA  proved ineffi cient. The key aspect in this cluster analysis was the com-
plete genome sequence obtained from the chromatophore of the photosynthetic cer-
cozoan  Paulinella chromatophora  (Nowack et al.  2008 ). The chromatophore is a 
chloroplast-like organelle, phylogenetically close to the  Prochlorococcus  species of 
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cyanobacteria. In the genome of the chromatophore, all the genes reported to be 
involved in cyanobacterial lipid biosynthesis, including  mgdA  and  dgdA , are con-
served. Because the epimerase reaction should couple with glucosylation of diacyl-
glycerol to synthesize MGDG, the analysis identifi ed candidate genes with a similar 
phylogenetic cluster to MgdA with a redox reaction motif. One of the candidates, 
 mgdE , was co-expressed with  mgdA  in  E. coli , and the epimerase activity was thus 
confi rmed. 

 MgdE belongs to the short-chain dehydrogenase/reductase family (Kramm et al. 
 2012 ) and is predicted to have two domains—a fatty acid hydroxylase domain at the 
amino-terminus and a Rossmann fold domain at the carboxy-terminus. In the 
hydroxylase domain, all the typical histidine residues involved in the hydroxylase 
reaction are conserved (Shanklin et al.  1994 ). However, hydroxylated fatty acids 
were not detected in either the wild-type  Synechocystis  sp. PCC 6803 or the  E. coli  
that expressed  mgdE . Thus, the exact function of this domain remains unknown. 
The Rossmann fold domain is involved in redox reactions that use the cofactor 
NAD. Because epimerases catalyze a redox reaction, it is not surprising that MgdE 
contains this motif.   

    Substrate Specifi cities and Localization of Galactolipid 
Synthases 

  The  substrate specifi city   of MgdE was fi rst analyzed by expressing glycolipid syn-
thases of other bacteria. Hölzl et al. ( 2005 ) introduced a glycosyltransferase from 
the bacteria  Deinococcus radiodurans  or  Thermotoga maritima  (α-GlcT) into  S. 
elongatus  PCC 7942. These enzymes are distant homologs of a glycosyltransferase 
of the mycobacterium  Acholeplasma laidlawii , and they synthesize GlcDG—but 
this GlcDG has an α linkage between glucose and glycerol (αGlcDG), which is dif-
ferent from GlcDG of cyanobacteria (βGlcDG) (Berg et al.  2001 ). Interestingly, 
cyanobacteria expressing α-GlcT accumulated both αGlcDG and αMGDG, indicat-
ing that MgdE also can epimerize αGlcDG. This was confi rmed by co-expression of 
MgdE with α-GlcT from  A. laidlawii  in  E. coli  (Inoue and Awai, unpublished data). 
These results indicate that MgdE alone is suffi cient to epimerize αGlcDG, i.e., no 
other cyanobacterial factors are required. 

 MgdA has restricted substrate specifi city. MgdA transfers the glucose of UDP- 
Glc and makes a β-linkage at the  sn -3 position of glycerol. Using cyanobacterial 
membrane fractions and recombinant MgdA, two groups confi rmed that UDP-Gal 
is not the substrate for MGDG synthesis (Sato and Murata  1982a ; Awai et al.  2006 ). 
MgdA is activated by high temperature (Shimojima et al.  2009 ), whereas MgdE is 
inactivated by high temperature (Awai et al.  2014 ), leading to the accumulation of 
GlcDG at high temperature  in vivo  (Balogi et al.  2005 ). GlcDG is also reported to 
accumulate upon addition of 5 mM glucose to the culture medium (Table  4.1 ) (Sato 

K. Awai



95

 1994 ). However, the mechanism underlying this accumulation, e.g., activation of 
MgdA and/or inactivation of MgdE, is unknown. 

 Because no  in vitro  enzyme assay for purifi ed or recombinant cyanobacterial 
DgdA is yet available, the exact substrates for DGDG synthesis in cyanobacteria 
remain unknown. However, using the membrane fraction of the cyanobacterium 
 Anabaena variabilis , Sato and Murata ( 1982a ) proposed that DGDG is synthesized 
from MGDG and UDP-galactose, as seen in plants (Kelly and Dormann  2002 ). As 
for the sugar acceptor, DgdA is probably specifi c for MGDG. In the  mgdE  mutant, 
MGDG cannot be detected yet GlcDG accumulates. However, neither DGDG nor 
galactosyl-glucosyl-diacylglycerol accumulates in this mutant, indicating that 
DgdA does not utilize GlcDG as a substrate (Awai et al.  2014 ). Hölzl et al. ( 2005 ) 
expressed α-GlcT from  D. radiodurans  or  T. maritima  in  S. elongatus  PCC 7942 as 
described above. These transformants accumulated αGlcDG and αMGDG but not 
α-galactosyl-α-glucosyl-diacylglycerol or α-galactosyl-α-galactosyl-diacylglycerol, 
again indicating that MGDG is the specifi c substrate for DgdA.  

  Localization   of GlcDG synthase activity in cyanobacteria was fi rst analyzed in  S. 
elongatus  PCC 6301 (formally called  Anacystis nidulans ), which is a very close 
relative of  S. elongatus  PCC 7942 (Omata and Murata  1986 ). Separation of thyla-
koid membranes, cytoplasmic membranes, and cell walls containing the outer mem-
branes was done by sucrose gradient centrifugation; subsequent assessment of 
enzyme activity revealed that the glucosyltransferase exists both in the thylakoid 
and cytoplasmic membranes. Later, Selao et al. ( 2014 ) carried out a similar analysis 
in  Synechocystis  sp. PCC 6803 and also found that the glucosyltransferase activity 
and MgdA localize to both the thylakoid and cytoplasmic membranes separated by 
sucrose gradient centrifugation coupled with two-phase partitioning. Interestingly, 
DgdA was detected only in the cytoplasmic membrane, indicating that the site of 
DGDG synthesis does not completely overlap with that of GlcDG synthesis.  

    Structure of Thylakoid Membranes in Mutants of Genes 
for Galactolipid Biosynthesis and Components of Photosystem 
Complexes 

 Thylakoid  structure   in the  mgdE  mutant was analyzed by transmission electron 
microscopy (Awai et al.  2014 ). The mutant had normal thylakoid structure but did 
not have detectable amounts of MGDG and DGDG, indicating that these two galac-
tolipids are not necessary for thylakoid membrane development. This result also 
showed that the glucolipid GlcDG can substitute for MGDG and DGDG during 
thylakoid development. The knockout of  mgdA  was found to be lethal, and thus it 
was not possible to assess the effect of  mgdA  deletion on thylakoid structure (Awai 
et al.  2006 ; Shimojima et al.  2009 ). 
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 The ultrastructure of thylakoid membranes in DGDG-defi cient mutants has not 
been determined in cyanobacteria. As described above, however, the  mgdE  mutant 
produced neither MGDG nor DGDG yet had a thylakoid structure similar to that of 
wild type. Thus, a  dgdA  mutant probably would not have a noticeably altered thyla-
koid structure. In plants, DGDG defi ciency reportedly causes the dwarf phenotype 
and altered thylakoid structure (Dörmann et al.  1995 ). In the  dgd1  mutant, which 
has a stop codon in the glycosyltransferase motif in the principal DGDG synthase 
DGD1 (Dörmann et al.  1999 ), the thylakoid membranes are highly curved and 
located closer to the inner-envelope membranes. The number of grana per chloro-
plast and the number of thylakoids per granum were increased, with concomitant 
increases in the length of both the lamella and grana. As such, it will be interesting 
to assess the morphological consequences of altering the expression and/or localiza-
tion of CURT1 in the  dgd1  mutant. 

 Thylakoid structure in a knockout mutant of photosystem II was also investi-
gated in  Synechocystis  sp. PCC 6803 (Nilsson et al.  1992 ). Three  psbA  genes encod-
ing the D1 protein of photosystem II were disrupted toward the goal of isolating a 
D1 null mutant. The mutant had a thylakoid structure similar to that of wild type. 
Because the mutant retained other subunits of photosystem II, i.e., CP43, cyto-
chrome  b  559 , and the 33- and 22-kDa proteins, these proteins might be integral for 
maintaining the structure of thylakoid membranes. 

 On the other hand, a mutant of photosystem  I   had an altered thylakoid structure 
compared with wild type (van de Meene et al.  2012 ). The mutant lacking the  psaAB  
genes (Shen et al.  1993 ) was grown under dim light and analyzed with electron 
microscopy; the thylakoid membranes had a tubular structure. Furthermore, in a 
photosystem I/II-less mutant (Ermakova-Gerdes et al.  1995 ), the tubular structures 
were seen but much less so compared with the photosystem I mutant (van de Meene 
et al.  2012 ). As described above, Vipp1 seems to be involved in the assembly of 
photosystem I, and thus it is likely that photosystem I, but not photosystem II, is 
important for thylakoid development.  

      De Novo  Biogenesis   of Thylakoid Membranes 

 The mechanism underlying thylakoid membrane development remains uncertain. It 
will be very informative if one could temporarily halt thylakoid biogenesis in living 
cells and then later allow biogenesis to proceed so as to facilitate observation of  de 
novo  development. Cyanobacteria are sensitive to glucose concentration, and most 
cyanobacteria cannot grow heterotrophically. Anderson and McIntosh ( 1991 ) devel-
oped a method to grow  Synechocystis  sp. PCC 6803 in the dark using 5 min of full- 
light illumination per day and 5 mM glucose in the medium. Using this method, 
Barthel et al. ( 2013 ) analyzed thylakoid membrane development; they grew cells in 
the dark and exposed them to light. Time-course electron microscopy revealed that 
the dark-grown cells had rudimentary thylakoids, indicating that thylakoid mem-
branes do not arise via  de novo  biogenesis but are rebuilt using the existing structure 
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as a site of nucleation. Interestingly, both photosystems I and II were present in the 
rudimentary thylakoid and/or cytoplasmic membranes of dark-grown cells, but pho-
tosystem I was active and photosystem II was inactive. Subsequently, proteomics 
and lipidomics analyses of these dark-grown cells were conducted and the results 
compared with those obtained for light-grown cells (Plohnke et al.  2015 ). In accor-
dance with the results above, the levels of proteins involved in photosystem II—
including PratA—decreased, whereas those of photosystem I increased or were 
unchanged. On the other hand, there was no signifi cant difference in lipid composi-
tion between the dark- and light-grown cells except for a slight increase in SQDG in 
the dark-grown cells. These lipid results were based on relative content and not 
absolute values, and thus it would be of interest to determine how lipid content 
increases along with thylakoid membrane development. 

 Many key components, including the genes involved in galactolipid synthesis, 
have been identifi ed, and thus comprehensive analyses of the development mecha-
nism underlying thylakoid membranes are now possible.     
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    Chapter 5   
 Role of Lipids in Chloroplast Biogenesis                     

       Koichi     Kobayashi      and     Hajime     Wada   

    Abstract     Chloroplasts are plant organelles that develop the thylakoid membrane 
inside to perform oxygenic photosynthesis. The biogenesis of the thylakoid 
 membrane requires coordinated synthesis and assembly of proteins, pigments and 
many photosynthetic cofactors with membrane glycerolipids. The lipid bilayer of 
the thylakoid membrane mainly consists of four lipid classes; monogalactosyldiacyl-
glycerol (MGDG), digalactosyldiacylglycerol (DGDG), sulfoquinovosyldiacylg-
lycerol (SQDG) and phosphatidylglycerol (PG), each of which has specifi c roles in 
biogenesis and maintenance of thylakoid membranes and photosynthesis. 
Galactolipids MGDG and DGDG constitute the bulk of membrane lipids in 
chloroplasts and are essential as major structural components of the thylakoid 
membrane. In addition to galactolipids, the thylakoid membrane requires a certain 
level of anionic lipids SQDG and PG for its function. Although SQDG and PG 
substitute for each other to maintain the amount of total anionic lipids in chloro-
plasts, PG has specifi c roles in photosynthesis that cannot be compensated by 
SQDG and galactolipids. 

 In this chapter, we summarize roles of lipids in chloroplast functions with their 
biosynthetic pathways, which have been mainly established in  Arabidopsis , and 
discuss an involvement of lipid biosynthesis in coordinated development of photo-
synthetic machinery during chloroplast biogenesis.  

  Keywords     Arabidopsis   •   Digalactosyldiacylglycerol   •   Monogalactosyldia 
cylglycerol   •   Phosphatidylglycerol   •   Photosynthesis   •   Sulfoquinovosyldiacylglycerol   
•   Thylakoid membrane  
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      Introduction 

 Plastids are semi-autonomous plant organelles that originated from a photosynthetic 
cyanobacterium engulfed by the eukaryotic ancestor of algae and land plants 
(McFadden  2014 ). Chloroplasts, which have the main role in photosynthesis, are 
the major form of plastids in most plants and algae. However, plant plastids have 
diversifi ed from their original function as photosynthetic organelles to fulfi ll a 
 variety of other important roles depending on the host cell type. Plastid family 
members include undifferentiated proplastids in meristems, carotenoid-accumulat-
ing chromoplasts in fl owers and fruits, and starch-rich amyloplasts in storage tissues 
and root tips (Lopez-Juez and Pyke  2005 ). In addition to specifi c roles related to 
their unique characteristics, plastids have fundamental functions in support of 
plant growth and life cycle that involve the synthesis of lipids, amino acids, purine 
and pyrimidine bases, various hormones and secondary metabolites as well as the 
assimilation of nitrogen and sulfur (Neuhaus and Emes  2000 ). 

 All plant plastids are bounded by a double-membrane system with an inner and 
outer envelope. In addition, chloroplasts have an extensively developed internal 
membrane system, the thylakoid membrane, where the photosynthetic electron 
transport reaction occurs. Compared to typical cellular membranes of animals, 
fungi, or nonphotosynthetic bacteria, the chloroplast thylakoid membrane is unique 
in lipid composition, with nonphosphorous mono- and digalactosyldiacylglycerol 
(MGDG and DGDG, respectively) as major constituents (Fig.  5.1 ). MGDG and 
DGDG account for approximately 50 % and 25 % of total thylakoid membrane 
lipids, respectively (Fig.  5.2a ) (Dorne et al.  1990 ). The remainder comprises the 
anionic glycerolipids, sulfoquinovosyldiacylglycerol (SQDG) and phosphatidylg-
lycerol (PG) (Fig.  5.1 ), with a marginal proportion of phosphatidylinositol. These 
lipids are also the main constituents of envelope membranes of chloroplasts and 
non-photosynthetic plastids, with galactolipids accounting for ~60 % of total 
envelope lipids (Fig.  5.2a ) (Block et al.  1983 ; Alban et al.  1988 ); galactolipids and 

  Fig. 5.1    Structure of glycerolipids in thylakoid membranes. R 1  and R 2  denote hydrocarbon chains 
of fatty acids       
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SQDG are minor constituents or are absent in extraplastidic membranes of plant 
cells (Fig.  5.2b ). The membrane lipid composition of cyanobacteria, which share a 
common ancestor with plant plastids, is similar to that of plant thylakoids 
(Fig.  5.2b ) (Omata and Murata  1983 ; Wada and Murata  1998 ). The similarity in lipid 
composition between chloroplasts and cyanobacteria may refl ect the same origin of 
their unique lipids from the common ancestor, although enzymes and pathways for 
galactolipid biosynthesis differ between plants and cyanobacteria (see Chap.   4    ).

    The highly conserved lipid composition among chloroplasts and cyanobacteria 
suggests a special requirement of these lipids for oxygenic photosynthesis. 

  Fig. 5.2    Composition of polar glycerolipids. ( a ) Glycerolipid composition in the thylakoid mem-
brane (Dorne et al.  1990 ) and in inner and outer envelope membranes (Block et al.  1983 ) from spin-
ach chloroplasts and total envelope membranes from caulifl ower bud plastids (Alban et al.  1988 ). ( b ) 
Comparison of glycerolipid composition in chloroplasts (Yu and Benning  2003 ), mitochondria 
(Jouhet et al.  2004 ), and plasma membranes (Uemura et al.  1995 ) from  Arabidopsis  and that in the 
total membranes from the cyanobacterium  Synechocystis  sp. PCC 6803 (Wada and Murata  1989 ). 
 MGDG  monogalactosyldiacylglycerol,  DGDG  digalactosyldiacylglycerol,  SQDG  sulfoquinovosyl-
diacylglycerol,  PG  phosphatidylglycerol,  PI  phosphatidylinositol,  PE  phosphatidylethanolamine, 
 PC  phosphatidylcholine,  CL  cardiolipin,  PA  phosphatidic acid. * PI + phosphatidylserine       
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Thylakoid glycerolipids play an essential role in providing a lipid bilayer matrix 
embedded with photosynthesis protein-cofactor complexes. In addition, thylakoid 
lipids are involved in photosynthetic reactions in plants, algae and cyanobacteria, as 
described later in brief and in Chap.   2     in detail. Therefore, a coordinated biosynthe-
sis of thylakoid lipids with chlorophylls and photosynthetic proteins during 
 chloroplast biogenesis is essential for construction of thylakoid membrane networks 
and effi cient photosynthesis. This chapter focuses on the involvement of thylakoid 
lipid biosynthesis in coordinated development of photosynthetic machinery and 
chloroplast biogenesis.  

    Role of Lipids in Thylakoid Biogenesis and Photosynthesis 

     Role of Lipids in Thylakoid  Biogenesis   

 Because thylakoid glycerolipids provide a lipid bilayer matrix for protein-cofactor 
complexes forming the photosynthetic electron transport chain, modifi cations of 
lipid composition strongly affect the structure and characteristics of the thylakoid 
membrane. A crucial lack of both galactolipids, MGDG and DGDG, in  Arabidopsis  
caused no or severely underdeveloped internal membrane structures in leaf plastids 
(Kobayashi et al.  2007 ,  2013 ); partial defi ciency of MGDG resulted in decreased 
amount of thylakoid membranes with altered architecture (Jarvis et al.  2000 ; Myers 
et al.  2011 ; Wu et al.  2013 ; Fujii et al.  2014 ). In DGDG-defi cient  Arabidopsis  
mutants, the thylakoid membrane of leaf chloroplasts was strongly bent, with large 
thylakoid-free areas in the stroma, which suggests that DGDG is required for the 
proper formation and maintenance of the thylakoid membrane in plant chloroplasts 
(Dörmann et al.  1995 ; Hölzl et al.  2009 ).  In vitro  analysis revealed that DGDG 
 contributes to the membrane stacking via formation of hydrogen bonds between 
polar heads of adjacent bilayers (Demé et al.  2014 ). The distorted thylakoid struc-
ture in the  Arabidopsis  DGDG-defi cient mutant was complemented by transgenic 
expression of a bacterial glucosyltransferase and consequent accumulation of 
 glucosylgalactosyldiacylglycerol (Hölzl et al.  2009 ); thus, disaccharide head groups 
are important for the fl at thylakoid architecture. MGDG has a cone-like shape with 
a small head group, which allows it to form an inverted hexagonal phase, whereas 
DGDG has a more cylindrical shape and forms a bilayer lamellar phase in mixtures 
with water (Shipley et al.  1973 ). The ratio of bilayer-forming DGDG to non-bilayer- 
forming MGDG affects the properties of chloroplast membranes by altering the 
lipid bilayer from hexagonal II to lamellar phases (Demé et al.  2014 ) and thus is 
tightly regulated in response to various stresses (Moellering and Benning  2011 ). 

 Acidic lipids with negative charge in their head groups (PG and SQDG) also 
affect the organization of thylakoid membranes. PG has a crucial role in proper 
thylakoid biogenesis; defi ciency of chloroplast PG in  Arabidopsis  resulted in the 
formation of vesicles, enlarged vacuolated structures, or underdeveloped membrane 
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fragments instead of thylakoid membrane networks (Hagio et al.  2002 ; Babiychuk 
et al.  2003 ; Haselier et al.  2010 ; Kobayashi et al.  2015 ). Meanwhile, defi ciency of 
SQDG caused strong curling of thylakoid membranes with little effect on grana 
stacking in  Chlamydomonas  (Sato et al.  1995b ). Although lack of SQDG biosynthe-
sis in  Arabidopsis  had no effect on the thylakoid architecture, loss of SQDG together 
with a small reduction in PG content decreased grana stacking in leaf chloroplasts 
(Yu and Benning  2003 ).   

     Role of Lipids in  Photosynthesis   

 In addition to providing a lipid bilayer matrix, thylakoid lipids are required for the 
structure and function of photosynthetic complexes. X-ray crystallography studies 
of cyanobacterial photosystem I (PSI) and PSII revealed that both complexes 
involve thylakoid lipids in their crystal structures, with MGDG and PG near reac-
tion centers in both cases (Jordan et al.  2001 ; Guskov et al.  2009 ; Umena et al. 
 2011 ). In-depth analyses of PG-defi cient mutants in a cyanobacterium,  Synechocystis  
sp. PCC 6803, demonstrated that PG is essential for the PSII electron transport from 
the primary plastoquinone Q A  to the secondary Q B , stabilization of the oxygen- 
evolving complex via extrinsic proteins, and trimerization and activity of the PSI 
complex (Sato et al.  2000 ; Hagio et al.  2000 ; Gombos et al.  2002 ; Sakurai et al. 
 2003 ,  2007a ). PG is required for chloroplast development and photosynthesis, as 
revealed by mutant analyses in  Arabidopsis  (Xu et al.  2002 ; Hagio et al.  2002 ; 
Babiychuk et al.  2003 ; Haselier et al.  2010 ; Kobayashi et al.  2015 ) and 
 Chlamydomonas  (Dubertret et al.  1994 ; Maanni et al.  1998 ). In addition, another 
anionic thylakoid lipid, SQDG, is crucial for activity of PSII at both donor and 
acceptor sides in  Chlamydomonas  (Sato et al.  1995a ; Minoda et al.  2002 ,  2003 ) and 
 Synechocystis  sp. PCC 6803 (Aoki et al.  2004 ) but does not affect PSI activity. 
SQDG was not important for growth and photosynthesis in the cyanobacterium 
 Synechococcus  sp. PCC 7942 (Güler et al.  1996 ; Aoki et al.  2004 ). Although SQDG 
is not required for photosynthesis and chloroplast biogenesis in  Arabidopsis  
under nutrient-suffi cient conditions (Yu et al.  2002 ), this lipid would be required to 
maintain the amount of total anionic lipids in chloroplasts when PG content is 
decreased under phosphate (P)-defi cient conditions (Essigmann et al.  1998 ; Yu and 
Benning  2003 ). Thus, the requirement of SQDG for photosynthesis differs among 
organisms. 

 Analyses of a DGDG-defi cient mutant ( dgdA ) of  Synechocystis  sp. PCC6803 
revealed that DGDG is required for PSII activity by binding extrinsic proteins, 
which stabilize the oxygen-evolving complex (Sakurai et al.  2007b ). The  dgdA  
mutation increased the sensitivity to photoinhibition under high temperature and 
high light, with the repair cycle of photoinhibition more severely affected than the 
photodamage process (Mizusawa et al.  2009a ,  b ). In  Arabidopsis , DGDG is impor-
tant for the structure and function of PSII (Härtel et al.  1997 ; Hölzl et al.  2006 , 
 2009 ), primarily on the donor side, which catalyzes the oxidative water cleavage 
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(Reifarth et al.  1997 ; Steffen et al.  2005 ), and for the function and stability of the 
PSI complex (Guo et al.  2005 ; Ivanov et al.  2006 ). As in  Synechocystis  sp. PCC 
6803, in  Arabidopsis , DGDG plays a role in decreasing photoinhibition under high 
light (Hölzl et al.  2009 ). DGDG is also required for trimerization of the light- 
harvesting complex II (LHCII) in  Arabidopsis  (Hölzl et al.  2006 ), which may be 
related to DGDG molecules in the LHCII found in spinach and pea (Liu et al.  2004 ; 
Standfuss et al.  2005 ). Because accumulation of glucosylgalactosyldiacylglycerol 
in DGDG-defi cient mutants could not fully restore the PSII functionality and trimer-
ization of the LHCII complex (Hölzl et al.  2006 ,  2009 ), the galactose moiety of 
DGDG may be important for interactions with photosynthetic protein complexes. 

 A ~40 % decrease in MGDG level in an  Arabidopsis  mutant ( mgd1 - 1 ) had no 
effect on intrinsic PSII activity but impaired thylakoid membrane energization and 
photoprotection by increased conductivity of the thylakoid membrane (Aronsson 
et al.  2008 ). A similar loss of MGDG in tobacco decreased levels of the cytochrome 
 b  6  f  complex and blocked intersystem electron transport (Wu et al.  2013 ). Further 
MGDG loss (~80 % from wild-type levels) with partial DGDG reduction strongly 
impaired the PSII photochemical reaction and disrupted energy coupling between 
reaction centers and antenna complexes (Fujii et al.  2014 ). Moreover, almost 
depleted MGDG levels (~5 % of wild-type levels) caused severely disordered PS 
complexes and complete defi ciency of photosynthetic electron transport (Kobayashi 
et al.  2013 ), which is consistent with  in vitro  fi ndings of MGDG inducing ordered 
oligomerization of LHCII (Schaller et al.  2011 ) and PSII dimerization (Kansy et al. 
 2014 ) and enhancing the energy coupling between LHCII and PSII core complexes 
(Zhou et al.  2009 ). These data demonstrate a critical role for MGDG in photosyn-
thetic activities in plants. However, identifi cation of a mutant for the epimerase 
converting monoglucosyldiacylglycerol (MGlcDG) to MGDG in  Synechocystis  sp. 
PCC 6803 revealed that the accumulation of MGlcDG instead of MGDG and 
DGDG was not fully but was largely suffi cient for oxygenic photosynthesis or 
development of the thylakoid membrane structure, which may revise the long- 
standing belief that galactolipids are among the prerequisite components for oxy-
genic photosynthesis (Awai et al.  2014 ). However, considering that galactolipid 
biosynthetic pathways are largely different between plants and cyanobacteria – 
plants produce MGDG from diacylglycerol in one step (Fig.  5.3 ), whereas cyano-
bacteria synthesize it in two steps via MGlcDG (Chap.   4    ) – whether MGlcDG can 
substitute MGDG in plant chloroplasts remains elusive. 

         Biosynthesis of  Thylakoid Membrane Lipids   in  Arabidopsis  

 Figure  5.3  shows the biosynthetic pathway of thylakoid membrane lipids in 
 Arabidopsis . In plants, MGDG is synthesized by MGDG synthase, which transfers 
galactose from UDP-galactose to diacylglycerol in plastid envelopes (Shimojima 
et al.  1997 ). Of three MGDG synthase homologs (MGD1, MGD2, and MGD3) 
identifi ed in  Arabidopsis  (Miège et al.  1999 ; Awai et al.  2001 ), inner 
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envelope-localized MGD1 has a major role in galactolipid synthesis in chloroplasts 
(Jarvis et al.  2000 ; Kobayashi et al.  2007 ), whereas MGD2 and MGD3, which are 
localized to the outer envelope membrane (Awai et al.  2001 ), constitute an alterna-
tive pathway that conditionally functions under P-limited conditions (Kobayashi 
et al.  2004 ,  2009a ). In addition to being a building block for constituting chloroplast 
membranes, MGDG is used for DGDG biosynthesis as a substrate. DGDG biosyn-
thesis is predominantly catalyzed by DGDG synthase, which transfers a second 
galactose to MGDG from UDP-galactose in the plastid outer-envelope membrane 
(Froehlich et al.  2001 ; Kelly and Dörmann  2002 ; Kelly et al.  2003 ). Similar to 
MGD, two paralogous enzymes (DGD1 and DGD2) have been identifi ed for DGDG 
synthase in  Arabidopsis  and other angiosperms. DGD1 catalyzes the bulk of DGDG 
synthesis in chloroplasts in combination with MGD1, whereas DGD2 functions in 
the alternative pathway with MGD2 and MGD3 (Benning and Ohta  2005 ; Kobayashi 
et al.  2009b ). Yet another enzyme, SENSITIVE TO FREEZING 2 (SFR2), which is 
enzymatically different from DGDG synthase, functions to form DGDG and 
 oligogalactolipids. SFR2, located on the plastid envelope membrane, transfers the 
galactose head group from MGDG to a second MGDG or to an oligogalactolipid, 
which results in increased number of galactose moieties in the polar head (Moellering 
et al.  2010 ). SFR2 does not contribute signifi cantly to DGDG synthesis during 
 normal growth but is required for freezing tolerance in cold-acclimated  Arabidopsis , 
presumably via stabilizing the chloroplast membrane both by increasing the hydra-
tion of the membrane and by adjusting the ratio of bilayer-forming to non- bilayer- 
forming lipids (Moellering et al.  2010 ). 

  Fig. 5.3    Biosynthetic pathway of membrane glycerolipids from phosphatidic acid (PA) in the 
 Arabidopsis  plastid.  PA  phosphatidic acid,  DAG  diacylglycerol,  PG  phosphatidylglycerol,  PGP  
phosphatidylglycerol phosphate,  MGDG  monogalactosyldiacylglycerol,  DGDG  digalactosyldiac-
ylglycerol,  TGDG  trigalactosyldiacylglycerol,  SQDG  sulfoquinovosyldiacylglycerol,  GlcADG  
glucuronosyldiacylglycerol,  CMP  cytidine 5′-monophosphate,  CDP  cytidine 5′-diphosphate,  CTP  
cytidine 5′-triphosphate,  UDP  uridine 5′-diphosphate,  G3P  glycerol 3-phosphate,  Gal  galactose, 
 Glc  glucose,  Glc1P  glucose 1-phosphate,  PPi  pyrophosphate,  SQ  sulfoquinovose,  GlcA  glucuronic 
acid. Enzymes involved in each step are in  bold . All enzymes except for those in  gray , which are 
localized to the endoplasmic reticulum, are targeted to the plastid       
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 In plants, PG biosynthesis takes place in plastids, mitochondria and endoplasmic 
reticulum (ER) membranes (Wada and Murata  2007 ). The fi rst step of PG biosyn-
thesis is the conversion of phosphatidic acid into CDP-diacylglycerol by CDP- 
diacylglycerol synthase (CDS). Five genes,  CDS1  to  CDS5 , encode functional 
CDSs in the  Arabidopsis  genome (Haselier et al.  2010 ). CDS1, CDS2 and CDS3 are 
targeted to ER membranes (Zhou et al.  2013 ), and CDS4 and CDS5 are localized to 
plastids and function in thylakoid membrane biogenesis (Haselier et al.  2010 ). Then 
CDP-diacylglycerol is converted to PG phosphate (PGP) with glycerol 3-P by PGP 
synthase. The  Arabidopsis  genome encodes two functional homologs, PGP1 and 
PGP2, for PGP synthase. PGP1 is dual-localized in plastids and mitochondria 
(Babiychuk et al.  2003 ), whereas PGP2 is targeted to the ER (Tanoue et al.  2014 ). 
PGP1 is responsible for thylakoid membrane biogenesis and its disruption greatly 
reduces total PG content in leaves, with a severe defect in thylakoid membrane 
development (Hagio et al.  2002 ; Babiychuk et al.  2003 ; Kobayashi et al.  2015 ). 
PGP2 has a minor role in PG biosynthesis, and the  pgp2  single mutant shows no 
obvious growth defects. However, a  pgp1pgp2  double mutant could not synthesize 
PG and therefore showed an embryonic lethal phenotype (Tanoue et al.  2014 ). 
Despite strongly impaired chloroplast development in  PGP1 -knockout mutants, 
loss of PGP1 did not affect mitochondria features (Hagio et al.  2002 ; Babiychuk 
et al.  2003 ), which indicates that ER-localized PGP2 can complement the PGP1 
function in mitochondria. The last step for PG biosynthesis is dephosphorylation 
of PGP by PGP phosphatase. Genes responsible for this step in plants remain 
unidentifi ed. 

 For SQDG synthesis in plants, UDP-glucose is synthesized from glucose 1-P and 
UTP by UDP-glucose pyrophosphorylase 3 in the plastid (Okazaki et al.  2009 ). 
Then UDP-sulfoquinovose (SQ) synthase (SQD1) converts UDP-glucose to 
UDP-SQ with sulfi te. The fi nal step is transfer of SQ from UDP-SQ to diacylglyc-
erol, which is catalyzed by SQDG synthase (SQD2). Both SQD1 and SQD2 are 
encoded by single loci in the  Arabidopsis  genome (Essigmann et al.  1998 ; Yu et al. 
 2002 ; Okazaki et al.  2009 ). Mutant analyses of  Arabidopsis  revealed that SQDG is 
not required for chloroplast biogenesis during normal growth conditions but is 
important under P-defi cient conditions (Yu et al.  2002 ; Yu and Benning  2003 ). The 
expression of both SQD1 and SQD2 is greatly upregulated during P defi ciency 
(Essigmann et al.  1998 ; Yu et al.  2002 ). Therefore, the amount of SQDG increases 
in response to P defi ciency in parallel with decreased PG content, which may help 
maintain proper balance of anionic charge in the thylakoid membrane. SQD2 is also 
involved in the formation of another acidic glycolipid, glucuronosyldiacylglycerol 
(GlcADG). GlcADG level is increased in response to P defi ciency and may play a 
role in protecting plants against P limitation stress, but its function and subcellular 
localization remain unclear (Okazaki et al.  2013 ).   
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     Regulation of Galactolipid  Biosynthesis   in Coordination 
with Formation of Photosynthetic Machinery 

 The development of chloroplasts and photosynthetic machinery is strictly regulated 
in response to various developmental and environmental cues (Jarvis and López- 
Juez  2013 ). Thylakoid membrane biogenesis is one of the most remarkable changes 
during chloroplast development and requires a substantial increase in content of 
galactolipids. Thus, the biosynthesis of galactolipids could be regulated in coordi-
nation with chlorophyll and photosynthetic protein synthesis and formation of pho-
tosynthetic machinery. In cucumber seedlings, the expression of the  MGD1  homolog 
( csMGD1 ) and MGDG synthesis activity were induced in response to light, which 
led to greatly increased galactolipid content (Yamaryo et al.  2003 ). Although the 
light response of  csMGD1  was weakened in detached cotyledons, galactolipid syn-
thesis was still increased by illumination. The data suggest that light is not suffi cient 
for full upregulation of  csMGD1  and requires other factors presumably transported 
from the hypocotyl or roots but can activate galactolipid biosynthesis in a post- 
transcriptional manner. By contrast, exogenous cytokinin treatment to detached 
cotyledons in the dark induced the  csMGD1  expression with a small increase in 
galactolipid content (Yamaryo et al.  2003 ). Thus, cytokinin, which may be trans-
ported from the hypocotyl or roots to cotyledons, may play a pivotal role in the 
upregulation of  csMGD1  but is not suffi cient for full accumulation of galactolipids. 
Taken together, the marked accumulation of galactolipids for chloroplast develop-
ment during photomorphogenesis may require transcriptional activation of  csMGD1  
by cytokinin signaling and post-transcriptional activation of MGDG synthesis by 
light in an additive manner (Yamaryo et al.  2003 ). 

  In vitro  analysis revealed that the enzymatic activity of csMGD1 is increased by 
chloroplast thioredoxins in a redox-dependent manner (Yamaryo et al.  2006 ). Redox 
regulation of MGD enzymes was also reported in sesame (Shimojima et al.  2013 ). 
Thioredoxin is a class of small oxidoreductase enzymes containing a redox-reactive 
cysteine pair within the active site that facilitate the reduction of target proteins by 
cysteine thiol-disulfi de exchange. Various important biological processes, which 
include transcription and translation of nuclear and plastid genes, carbon metabo-
lism including the Calvin cycle, synthesis of chlorophylls and fatty acids, and 
assembly of photosynthetic protein-cofactor complexes, are regulated in a light- 
dependent manner by the thioredoxin redox system during chloroplast development 
(Geigenberger et al.  2005 ; Serrato et al.  2013 ). In parallel with these processes, the 
thioredoxin system may regulate galactolipid synthesis in response to light (Yamaryo 
et al.  2006 ). Fatty acid synthesis is also activated in response to light via redox 
 regulation of acetyl-CoA carboxylase, which catalyzes the fi rst committed step of 
 de novo  fatty acid synthesis (Sasaki et al.  1997 ). Thus, galactolipid synthesis and  de 
novo  fatty acid synthesis may be linked with photosynthetic electron transport via 
the thioredoxin system. In addition to redox regulation, activation of plant MGDG 
synthases may occur by anionic phospholipids, phosphatidic acid and PG (Covés 
et al.  1988 ; Ohta et al.  1995 ; Dubots et al.  2010 ; Shimojima et al.  2013 ). 
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Complementation of the  Arabidopsis MGD1  knockout mutant ( mgd1 - 2 ) with 
MGDG synthase from the green sulfur bacterium  Chlorobaculum tepidum , which 
could be insensitive to redox and acidic lipid regulation, resulted in disorganized 
thylakoid formation in some chloroplasts (Masuda et al.  2011 ), so the enzymatic 
regulation of MGDG synthesis may be important for the proper development of the 
thylakoid membrane in  Arabidopsis . Although the effects of acidic lipids on galac-
tolipid accumulation in response to light remain unknown, the post-translational 
regulation of MGDG synthesis may play a role in coordinating galactolipid synthe-
sis with the formation of the photosynthetic machinery during thylakoid biogenesis. 
In addition to regulation at the enzymatic activity level, localization and affi nity of 
the MGD1 protein to the plastid envelope may be affected by local lipid composi-
tion, because MGD1 is attracted to lipid monolayers enriched with MGDG but 
excluded from those enriched with DGDG (Sarkis et al.  2014 ). 

 In addition to post-translational regulation, transcriptional regulation may be 
involved in coordinating galactolipid biosynthesis with chloroplast development. 
As seen in cucumber (Yamaryo et al.  2003 ), cytokinin signaling plays a role in 
upregulation of galactolipid biosynthesis genes in  Arabidopsis  (Awai et al.  2001 ; 
Kobayashi et al.  2014 ). The expression of  MGD1  and  DGD1  was induced by light, 
but the induction was suppressed by loss of cytokinin receptors, so cytokinin signal-
ing may be required for light-induced upregulation of these galactolipid genes, as 
observed in other photosynthesis-associated nuclear genes (Kobayashi et al.  2014 ). 
A basic Leu zipper transcription factor, HY5, a central regulator of photomorpho-
genesis functioning downstream of photoreceptors (Bae and Choi  2008 ), is essential 
for the upregulation of  MGD1  and  DGD1  in response to light (Kobayashi et al. 
 2014 ).  DGD1  but not  MGD1  has been identifi ed as a putative direct target of HY5 
along with many other photosynthesis-associated nuclear genes (Lee et al.  2007 ). 
Other transcription factors functioning in chloroplast development downstream of 
light and cytokinin signaling also affect the expression of galactolipid genes. 
Particularly, GOLDEN2-LIKE (GLK) transcription factors, which directly upregu-
late genes involved in chlorophyll biosynthesis and light harvesting (Waters et al. 
 2009 ), strongly affect the transcript level of  DGD1  (Kobayashi et al.  2014 ). Although 
regulatory mechanisms may differ somewhat between  MGD1  and  DGD1 , greening- 
promoting signaling such as light and cytokinin may be important for the coordi-
nated formation of the thylakoid membrane system at the transcriptional level. 

 Transcriptional regulation may be also involved in fi ne-tuning galactolipid 
 biosynthesis to the varying needs of the thylakoid membrane in response to 
developmental and environmental conditions surrounding chloroplasts. In fact, the 
expression of  MGD1  and  DGD1  was partially suppressed in mutants defi cient in 
chlorophyll biosynthesis (Kobayashi et al.  2014 ), so the expression of these 
galactolipid genes could be coordinated with chlorophyll biosynthesis. Many 
photosynthesis- associated nuclear genes are downregulated when the photosyn-
thetic machinery is exposed to disrupted stress and impaired chloroplast biogenesis 
(Woodson and Chory  2008 ; Larkin and Ruckle  2008 ). Thus, the functional state of 
chloroplasts may be monitored by the nucleus via signals retrogradely transmitted 
from chloroplasts to optimize the expression of nuclear genes involved in  chloroplast 
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functions. Various  Arabidopsis  mutants that fail to downregulate photosynthesis- 
associated nuclear genes in response to chloroplast dysfunction have been identifi ed 
and named  genomes - uncoupled  ( gun ) mutants, which supports the existence of the 
plastid-to-nucleus retrograde signaling, simply called “plastid signaling” (Woodson 
and Chory  2008 ; Larkin and Ruckle  2008 ). As observed for many photosynthesis- 
associated genes, the expression of  MGD1  and  DGD1  in  Arabidopsis  was sup-
pressed in response to chloroplast dysfunction on treatment with the herbicide 
norfl urazon, which inhibits carotenoid biosynthesis. However, the norfl urazon- 
induced suppression of  MGD1  and  DGD1  was attenuated in the mutant for GUN1, 
a central regulator of plastid signaling (Kobayashi et al.  2014 ). Therefore,  MGD1  
and  DGD1  expression is under plastid signal regulation, with GUN1 playing a 
 pivotal role. GUN1 is a plastidic pentatricopeptide repeat protein that integrates 
multiple plastid signals to downregulate photosynthesis-associated nuclear genes in 
response to chloroplast defects (Koussevitzky et al.  2007 ). Thus, galactolipid 
 biosynthesis may be coordinated with the formation of the photosynthetic machin-
ery at the transcriptional level according to the chloroplast functionality via GUN1- 
mediated plastid signaling. Consistent with these data, the expression of  MGD1  and 
 DGD1  was downregulated in a PG-defi cient mutant that failed to develop functional 
chloroplasts (Kobayashi et al.  2015 ). Furthermore, other genes involved in galacto-
lipid and SQDG biosynthesis were downregulated along with  MGD1  and  DGD1 . 
Thus, chloroplast functionality or lipid homeostasis in chloroplasts may globally 
affect the transcription of genes involved in biosynthesis of thylakoid membrane 
glycolipids.   

    Role of Thylakoid Lipid Synthesis in Regulating Chloroplast 
Biogenesis 

 Photosynthesis with highly photoreactive chlorophylls allows plants to convert light 
energy from the sun into chemical energy to grow photoautotrophically, but with 
simultaneous threat of photooxidative damage. To develop functional chloroplasts 
while preventing photooxidative damage from intermediate complexes or unbal-
anced electron transfer systems, plants strictly regulate the construction of the pho-
tosynthetic machinery by orchestrating myriad components with the formation of 
the thylakoid lipid bilayer (Walters  2005 ; Takahashi and Badger  2011 ). The  photo-
protection machinery   includes the light-dependent xanthophyll cycle, which 
switches LHC systems between a light-harvesting state under low light and a ther-
mal dissipating state under high light via reversible conversion between violaxan-
thin and zeaxanthin. MGDG plays a crucial role in the xanthophyll cycle via 
solubilization of violaxanthin and mediating the binding of violaxanthin de- 
epoxidase to the thylakoid membrane (Jahns et al.  2009 ). The hexagonal lipid struc-
ture, formed by MGDG in the thylakoid membrane, is essential for de-epoxidation 
of xanthophylls and therefore involved in photoprotective nonphotochemical 
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quenching of photosynthesis. In thylakoid membranes, an MGDG phase surround-
ing the LHCII strongly enhances the de-epoxidation of LHCII-associated violaxan-
thin (Schaller et al.  2010 ). These fi ndings agree with the report of inhibited 
conversion of violaxanthin to zeaxanthin in the  mgd1 - 1  mutant, for increased PSII 
photoinhibition (Aronsson et al.  2008 ). 

  MGDG biosynthesis   is indispensable for thylakoid membrane biogenesis: a 
knockout mutation of  MGD1  ( mgd1 - 2 ) by a T-DNA insertion in the fi rst exon 
resulted in loss of thylakoid membranes, chlorophylls, and membrane photosyn-
thetic proteins in leaf plastids, along with a substantial reduction in content of 
both galactolipids (Kobayashi et al.  2007 ). In the  mgd1 - 2  plastids, invaginated 
inner- envelope membranes, which are scarcely observed in mature wild-type 
 chloroplasts, were observed instead of thylakoid membrane structures (Kobayashi 
et al.  2007 ,  2013 ). Similar membrane structures from the inner envelope were 
observed in plastids treated with galvestine-1, a specifi c inhibitor of MGDG syn-
thase (Botté et al.  2011 ). Because the invagination of the inner envelope membrane 
is sometimes observed at the very early stage of chloroplast differentiation 
(Vothknecht and Westhoff  2001 ), the impaired MGDG synthesis may inhibit an 
early stage of thylakoid biogenesis initiated from invagination of inner-envelope 
membranes. In parallel with the inhibition of thylakoid biogenesis in the  mgd1 - 2  
mutant, plastid nucleoids appeared aggregated in the stroma (Kobayashi et al.  2013 ). 
Because the morphology and distribution of  plastid nucleoids   are associated with 
development of the thylakoid membrane (Powikrowska et al.  2014 ), loss of the 
thylakoid membrane may cause nucleoid aggregation in  mgd1 - 2  plastids. Moreover, 
in the  mgd1 - 2  mutant, photosynthesis-associated genes were strongly downregulated 
both in the nucleus and plastids (Kobayashi et al.  2013 ), which suggests that galac-
tolipid biosynthesis and subsequent thylakoid biogenesis are involved in regulating 
photosynthesis- associated gene expression in both the nucleus and plastids. 

 Although MGD2 and MGD3 in the outer-envelope membrane could not com-
pensate for loss of MGD1 under nutrient-suffi cient growth conditions, they were 
strongly induced by P defi ciency and produced DGDG in the  mgd1 - 2  mutant in 
collaboration with DGDG synthase (Kobayashi et al.  2013 ). Activation of the  alter-
native galactolipid pathway   in response to P defi ciency resulted in thylakoid-like 
internal membrane biogenesis in  mgd1 - 2  plastids (Kobayashi et al..  2013 ; Fig.  5.4 ). 
Moreover, the partial formation of the internal membranes in Pi-defi cient  mgd1 - 2  
plastids was accompanied by a change in nucleoid morphologic features and upreg-
ulation of photosynthesis-associated genes encoded in the nucleus and plastids. 
Although the internal-membrane biogenesis under P defi ciency induced chlorophyll 
accumulation and partial formation of PS complexes in  mgd1 - 2 , photosynthetic 
electron transport was still dysfunctional in the mutant (Kobayashi et al.  2013 ). 
Thus, upregulation of photosynthesis-associated genes in P-defi cient  mgd1 - 2  could 
be independent of photosynthetic activities.

   The involvement of thylakoid lipids in regulating chloroplast biogenesis was also 
evidenced by analysis of a  PGP1 -knockout mutant ( pgp1 - 2 ) (Kobayashi et al. 
 2015 ). The   pgp1 - 2  mutant   has a pale yellow-green phenotype with severely under-
developed internal membranes in leaf plastids under nutrient-suffi cient conditions 
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(Fig.  5.4 ). Similar to the  mgd1 - 2  mutant, in the  pgp1 - 2  mutant, the expression of 
photosynthesis-associated genes encoded in the plastid and nucleus was strongly 
suppressed. Moreover, plastid nucleoids in the  pgp1 - 2  mutant were larger than those 
in wild-type  Arabidopsis , although to a lesser extent than in the  mgd1 - 2  mutant 
(Kobayashi et al.  2015 ). These results suggest that lipid biosynthesis is essential for 
nucleoid modifi cation during thylakoid membrane biogenesis and the expression of 
photosynthesis-associated genes in the nucleus and plastids. 

 Under P-defi cient conditions,  MGD2 ,  MGD3 ,  DGD1 ,  DGD2 ,  SQD1  and  SQD2 , 
all inducible by P defi ciency, were upregulated in the  pgp1 - 2  mutant. In addition to 
these genes, the expression of  MGD1 , which is unresponsive to P defi ciency in 
wild-type  Arabidopsis  (Awai et al.  2001 ; Kobayashi et al.  2004 ), was increased with 
P defi ciency (Kobayashi et al.  2015 ). Consequently, the proportion of all glycolipids 
was substantially increased in the P-defi cient  pgp1 - 2  mutant in parallel with the 
decrease in content of phospholipids including PG (Kobayashi et al.  2015 ). These 
drastic changes in the glycolipid metabolism led to the development of thylakoid 
membranes and changes in nucleoid morphologic features in plastids of the  pgp1 - 2  
leaves (Kobayashi et al.  2015 ; Fig.  5.4 ). As observed in  mgd1 - 2  (Kobayashi et al. 

  Fig. 5.4    Ultrastructure of leaf plastids in  mgd1 - 2  and  pgp1 - 2  under phosphate-suffi cient (+P) or – 
defi cient (−P) conditions. Bars = 1.0 μm       
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 2013 ), in P-defi cient  pgp1 - 2 , thylakoid biogenesis was accompanied by upregula-
tion of  photosynthesis-associated genes   encoded in the plastid and nucleus. Because 
mutants for the chlorophyll biosynthetic pathway did not show upregulation of 
photosynthesis-associated genes or changes in nucleoid morphology with P defi -
ciency (Kobayashi et al.  2013 ),  P defi ciency   would specifi cally affect thylakoid 
lipid mutants in terms of plastid biogenesis by activating glycolipid biosynthesis. 
These data suggest that formation of the thylakoid membrane is tightly linked with 
nucleoid morphology and distribution, consistent with fi ndings that several nucleoid- 
associated proteins are associated with the thylakoid membrane and may tether 
nucleoids there (Powikrowska et al.  2014 ). Considering that plastid transcription is 
regulated by the structural organization of plastid DNA in addition to the activity of 
RNA polymerase complexes (Sekine et al.  2002 ), lipid biosynthesis and subsequent 
thylakoid membrane development possibly change transcriptional activities in 
nucleoids. Furthermore, transcription and translation activities in plastids are 
linked to the expression of photosynthesis-associated genes in the nucleus via the 
nucleoid- associated protein GUN1 (Koussevitzky et al.  2007 ; Woodson and Chory 
 2008 ). Thus, lipid-mediated thylakoid biogenesis may affect the expression of 
photosynthesis- associated nuclear genes at the onset of chloroplast biogenesis 
through a plastid signaling pathway, which could be independent of photosynthetic 
activity because both  mgd1 - 2  and  pgp1 - 2  showed no photosynthetic electron trans-
port activities under P-defi cient conditions (Kobayashi et al.  2013 ,  2015 ). 

 Interestingly, reciprocal regulation of plastid protein translation and fatty acid 
synthesis has been reported in  Chlamydomonas . The E2 dihydrolipoyl transacety-
lase subunit ( DLA2  ) of the chloroplast pyruvate dehydrogenase complex (cpPDC) 
binds  psbA  mRNA, encoding the PSII D1, and targets it to a translation zone in an 
acetate- and light-dependent manner (Bohne et al.  2013 ). The interaction of  psbA  
mRNA and DLA2 induces D1 translation but reduces PDC activity. PDC catalyzes 
the fi rst step of fatty acid synthesis by converting pyruvate into acetyl-CoA, which 
suggests a reciprocal regulation of D1 translation and fatty acid synthesis. This 
regulation may link lipid synthesis and photosynthetic protein synthesis during 
thylakoid biogenesis.  

    Involvement of Thylakoid Membrane Biogenesis in Cell 
and Tissue Development in Leaves 

    Role of  Galactolipid Biosynthesis   in Coordinated Development 
of Chloroplasts and Other Organelles during Cotyledon 
Development 

 During the transition from heterotrophic to photoautotrophic growth, a tight meta-
bolic coordination occurs between chloroplasts and other organelles such as peroxi-
somes and mitochondria in leaf cells. In oilseed plants such as  Arabidopsis , which 
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store triacylglycerols in seed cells, peroxisomes convert fatty acids bound to triac-
ylglycerols to succinate via β-oxidation and the glyoxylate cycle during initial 
growth stages after germination (Graham  2008 ). Mitochondrial metabolism and 
gluconeogenesis in cytosol are required for progression of the glyoxylate cycle to 
provide sugars, carbon and energy sources for heterotrophic growth. At the onset of 
activation of photosynthesis in cotyledon cells, mitochondria and peroxisomes 
transform their function in coordination with chloroplast biogenesis to operate pho-
torespiratory metabolism, which recycles 2-phosphoglycolate, the product of oxy-
genation reaction instead of carboxylation by Rubisco in chloroplasts (Peterhansel 
et al.  2010 ). Thus, close cooperation among these organelles with strict regulation 
is essential for plant growth. 

  Arabidopsis  transgenic lines that suppress  MGD1  expression by an  MGD1 - 
specifi c artifi cial microRNA ( amiR - MGD1 ) under the control of a dexamethasone 
(DEX)-inducible promoter can reveal the impact of galactolipid biosynthesis on the 
initial stage of chloroplast biogenesis (Fujii et al.  2014 ). The induction of  amiR - 
 MGD1  by DEX treatment suppressed  MGD1  expression in cotyledons to 25 % of 
the untreated control level, for substantial reduction in MGDG synthesis rate and 
galactolipid contents. As observed in the  mgd1 - 2  mutant (Kobayashi et al.  2013 ), in 
 amiR - MGD1  lines, decreased galactolipid contents and impaired thylakoid mem-
brane biogenesis led to downregulated photosynthesis-associated genes encoded in 
plastids and the nucleus during cotyledon development. Furthermore, nuclear genes 
involved in photorespiratory metabolism in peroxisomes and mitochondria were 
downregulated concomitantly with photosynthesis-associated genes by  MGD1  sup-
pression (Fujii et al.  2014 ). The data are consistent with photorespiration being 
associated with photosynthetic activity and thus peroxisomal and mitochondrial 
functions changing in concert with the chloroplast functionality (Peterhansel et al. 
 2010 ). By contrast, the expression of genes involved in the glyoxylate cycle, which 
is rapidly downregulated after cotyledon development in the wild type (Graham 
 2008 ), remained at high levels in  amiR - MGD1  lines grown with DEX (Fujii et al. 
 2014 ). The expression of glyoxylate cycle genes was not simply associated with 
triacylglycerol levels in cotyledons but rather appeared to be linked to lipid metabo-
lism in plastids. The data suggest that galactolipid biosynthesis plays an important 
role in the coordinated transcriptional regulation of chloroplasts and other organ-
elles during cotyledon development.  

     Role of  Thylakoid Lipid Biosynthesis   in Leaf Development 

 Mutations that impair chloroplast differentiation are repeatedly observed to perturb 
leaf cell differentiation. In fact, impaired thylakoid lipid biosynthesis strongly 
affects mesophyll cell organization and leaf development. In the  mgd1 - 2  mutant, 
embryogenesis was stunted at the globular stage, thus resulting in loss of cotyledons 
after seedling germination (Kobayashi et al.  2007 ; Kobayashi and Ohta  2008 ). This 
mutant could develop true leaves but with large intercellular spaces and reduced 
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numbers of mesophyll cells. The inducible knockdown of  MGD1  by  amiR - MGD1  
further revealed the effect of galactolipid biosynthesis in cotyledon development 
(Fujii et al.  2014 ). Postgerminative growth of both epidermal and mesophyll cells in 
cotyledons was affected by the  MGD1  suppression, as illustrated in their irregular 
shapes with indented cell outlines. Moreover, the palisade and spongy cell align-
ment in cotyledon mesophylls was largely disorganized in  amiR - MGD1  lines treated 
with DEX. Galactolipid biosynthesis and consequent chloroplast development may 
play a role in regulating cell development during embryogenesis, true leaf biogen-
esis, and even postgerminative development of cotyledons. 

 In addition to galactolipids, anionic thylakoid lipids are essential for leaf 
 development. In the  pgp1 - 2  mutant defi cient in plastid PG biosynthesis, leaf meso-
phyll cells were observed only around vascular structures with large intercellular 
spaces under nutrient-suffi cient conditions (Hagio et al.  2002 ; Kobayashi et al. 
 2015 ). Epidermal cell layers of the  pgp1 - 2  leaves were also distorted and abnor-
mally crooked. However, under P-defi cient conditions, intercellular spaces were 
decreased and the distortion of epidermal cell layers was moderated in  pgp1 - 2  
leaves (Kobayashi et al.  2015 ). Because glycolipid biosynthesis in the  pgp1 - 2  
mutant was strongly activated in response to P defi ciency without functional photo-
synthesis, glycolipid accumulation in leaf plastids would lead to leaf cell develop-
ment independent of photosynthetic activity. Impaired mesophyll cell development 
was observed even in the leaky mutant carrying a point mutation in the  PGP1  gene 
( pgp1 - 1 ). In the  pgp1 - 1  mutant, a 30 % reduction in the PG content with a 80 % 
reduction in plastidic PGP activity caused decreased number of mesophyll cells 
with intercellular spaces in leaves, although thylakoid membrane biogenesis inside 
leaf chloroplasts was not markedly affected (Xu et al.  2002 ; Yu and Benning  2003 ). 
The double mutation of  pgp1 - 1  and  sqd2  further decreased number of mesophyll 
cells and increased intercellular spaces in leaves (Yu and Benning  2003 ). These 
results suggest a special requirement of anionic lipids for differentiation, develop-
ment and alignment of mesophyll cells. An involvement of plastid signaling in 
 coordinating the development of leaf cells with chloroplast functionalities has been 
proposed. When chloroplast biogenesis was impaired in young true leaves under 
norfl urazon treatment, the transition of leaf cells from the proliferation to expansion 
stage was inhibited, for decreased cell size (Andriankaja et al.  2012 ). Likewise, 
impaired chloroplast biogenesis by the plastid translation inhibitor lincomycin 
inhibited cotyledon opening and expansion (Ruckle and Larkin  2009 ). However, 
disruption of plastid signaling by the  gun1  mutation attenuated the lincomycin- 
inhibited cotyledon development. These data suggest that GUN1-mediated plastid 
signaling inhibits leaf cell development in response to chloroplast dysfunction. 
Although the association of thylakoid lipids and nucleoid-localized GUN1 protein 
is unknown, thylakoid lipid biosynthesis may be involved in plastid signaling, 
which coordinates leaf cell development and chloroplast functionalities.    
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    Conclusions and Perspectives 

 Concerted synthesis and assembly of membrane lipids with proteins, pigments and 
cofactors are required for the formation of effi cient photosynthetic systems and 
chloroplast biogenesis. Thylakoid lipid biosynthesis can trigger the expression of 
photosynthesis-associated genes in both the nucleus and plastids. In addition, fatty 
acid synthesis may be linked to plastid protein synthesis. Thus, formation of thyla-
koid membrane precursors may function as a determinant process for chloroplast 
biogenesis and leaf development. Meanwhile, biosynthesis of thylakoid lipids is 
coordinated with biosynthesis of photosynthetic protein-cofactor complexes at 
 transcriptional and post-translational levels in response to endogenous and environ-
mental cues. The reciprocal regulation coordinating biosynthesis of lipids, proteins 
and pigments would guarantee effi cient formation of photosynthetic systems but 
avoid the unbalanced accumulation of thylakoid constituents and intermediates that 
are potential sources of photooxidative stresses. 

 Thylakoid lipid biosynthesis in regulating chloroplast biogenesis and leaf devel-
opment has been revealed, but the detailed mechanisms remain elusive. There are 
few reports about transcription factors and related regulators involved in thylakoid 
lipid biosynthesis as compared with the increasing knowledge about regulators for 
chlorophyll and photosynthetic protein synthesis. The molecular mechanism of how 
the functional state of lipid biosynthesis is linked to photosynthesis-associated gene 
expression in plastids and nucleus is also unknown. In addition, the physiological 
importance of post-translational regulation of galactolipid biosynthesis needs to be 
addressed. Elucidation of the lipid traffi cking mechanism involved in thylakoid 
membrane biogenesis (e.g., via envelope invagination, vesicle transport) is required 
to understand the molecular processes of the assembly of entire sets of photosyn-
thetic complexes during chloroplast biogenesis.     
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    Chapter 6   
 Role of MGDG and Non-bilayer Lipid Phases 
in the Structure and Dynamics of Chloroplast 
Thylakoid Membranes                     

       Gy z      Garab     ,     Bettina     Ughy     , and     Reimund     Goss    

    Abstract     In this chapter we focus our attention on the enigmatic structural and 
functional roles of the major, non-bilayer lipid monogalactosyl-diacylglycerol 
(MGDG) in the thylakoid membrane. We give an overview on the state of the art on 
the role of MGDG and non-bilayer lipid phases in the xanthophyll cycles in differ-
ent organisms. We also discuss data on the roles of MGDG and other lipid mole-
cules found in crystal structures of different photosynthetic protein complexes and 
in lipid-protein assemblies, as well as in the self-assembly of the multilamellar 
membrane system. Comparison and critical evaluation of different membrane mod-
els – that take into account and capitalize on the special properties of non-bilayer 
lipids and/or non-bilayer lipid phases, and thus to smaller or larger extents deviate 
from the ‘standard’ Singer-Nicolson model – will conclude this review. With this 
chapter the authors hope to further stimulate the discussion about, what we think, is 
perhaps the most exciting question of membrane biophysics: the why and wherefore 
of non-bilayer lipids and lipid phases in, or in association with, bilayer biological 
membranes.  
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      Introduction 

 In oxygenic photosynthetic organisms the light reactions of photosynthesis occur in 
the thylakoid membrane, fl attened lipid vesicles, which are densely packed with 
pigment-protein complexes and other constituents of the photosynthetic machinery. 
They contain the two photosystems: PSII (photosystem II or water-plastoquinone 
oxidoreductase) – responsible for the production of molecular oxygen, and PSI 
(photosystem I or plastocyanin:ferredoxin oxidoreductase) – responsible for the 
reduction of NADP to NADPH 2 , which is then used as reducing power to assimilate 
carbon dioxide. The two photochemical reaction centers are fed by excitation 
energy via their associated core antenna complexes and the main, peripheral light- 
harvesting antenna complexes, LHCII and LHCI, for PSII and PSI, respectively. 
The membranes also embed the cytochrome  b6f  complex and some further constitu-
ents of the electron transport system. The operation of the vectorial electron trans-
port, linked to proton transport, generate the energized state of the thylakoid 
membrane: an electrochemical potential gradient, which consists of a transmem-
brane ΔpH and an electric potential gradient (ΔΨ) – which are utilized for the syn-
thesis of the energy carrier molecule ATP with the aid of ATP-synthase. 

 The build-up of the energized state of thylakoid membranes, and thus the ATP 
synthesis, requires the separation of the two aqueous phases, the lumenal and stro-
mal sides, and requires, in particular, the impermeability of membranes to most 
water-soluble molecules and to ions. This is warranted by the organization of thyla-
koid membranes as bilayers (Williams  1998 ), a requirement in all energy- converting 
membranes. 

 Given this strong restriction of the bilayer state of the functional membrane, for 
the fi rst glance (and perhaps also for second and third glances), it is diffi cult to 
understand that the major lipid species in thylakoid membranes is the non-bilayer 
lipid monogalatosyl-diacylglycerol (MGDG), which constitutes about half of the 
total lipid content of thylakoid membranes. This is because, non-lamella-forming or 
non-bilayer lipids are not capable to self-assemble into bilayers in aqueous media 
under physiologically relevant conditions; instead, they are assembled into different 
non-lamellar or non-bilayer lipid phases (see section “ Phase behaviour of thylakoid 
membrane lipids ”). Only about the other half of the thylakoid membrane lipids, 
digalactolsyl-diacylglycerol (DGDG), sulfoquinosyl-diacylglycerol (SQDG) and 
phosphatidylglycerol (PG) are bilayer lipids (see section “ Thylakoid Lipids ”). 

 The problem is not limited to thylakoid membranes. All energy converting mem-
branes are (and evidently must be, for their functioning) organized as bilayers. On 
the other hand, their dominant lipid species are non-bilayer lipids. This is most 
remarkable because the chemical composition of the major constituent lipids and 
proteins are quite different: mainly galactolipids and pigment-protein complexes in 
the thylakoid membranes; while e.g. the inner mitochondrial membranes are com-
posed mainly of phosopholipids, phosphatidylcholine (PC) and phosphatidyletha-
nolamine (PE), and cardiolipin (CL), and respiratory proteins. Only in small part 
they both contain essentially identical or similar protein complexes, the  ATP- synthase 
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and the cytochrome  b6f / bc  complex. Further, albeit at lower concentrations, appar-
ently all biological membranes contain non-bilayer lipid species (Epand  1998 ). 
Hence, while probably all non-bilayer lipids participate in essential lipid- protein 
interactions, the general answer to their roles in lipid bilayers of biological mem-
branes must be related to their non-lamella-forming property rather than in their 
chemical composition. Also, while the signifi cance of specifi c lipid-protein interac-
tions, e.g. between MGDG and the key protein complexes of the thylakoid mem-
brane should not be ignored (cf.  MGDG bound to protein complexes .), explanation 
must be offered for the behaviour of bulk lipids, about 60 % of the total thylakoid 
lipids, which are found in a fl uid-like phase at room temperature (Páli et al.  2003  and 
references therein), i.e. which constitute the bulk bilayer membrane structure. 

 Because of the presence of non-bilayer lipids in the bulk phase and the absence 
of lateral heterogeneity on mesoscopic scale (Van Eerden et al.  2015 ), the bulk 
phase lipid mixture acquires a strong non-bilayer propensity (see also Garab et al. 
 2000 ). Several membrane models have been proposed in the past years to answer 
this enigmatic question, i.e. on the roles of non-bilayer lipids in the bilayer mem-
branes, and on the possible physiological roles of non-bilayer lipid phases in, or in 
association with, the thylakoid membranes, and biomembranes in general. In the 
present chapter, while we will also outline recent experimental data on the role of 
MGDG and non-bilayer lipid phases in the xanthophyll cycle, as well as on bound 
MGDG and other lipid molecules found in different crystal structures, our attention 
will be focused on the above basic question. For many details, on the composition 
of thylakoid membranes, the phase behaviour of different isolated lipids and lipid 
mixtures, the physical mechanisms and physiological signifi cances of phase transi-
tions etc., the readers are referred to excellent reviews in the literature both on thy-
lakoid membranes and on broader subjects, on non-bilayer lipids and lipid phases 
(Epand  1998 ; Sackman  1995 ; Seddon and Templer  1995 ; Selstam  1998 ; Williams 
 1998 ; Van den Brink-van der Laan et al.  2004 ; Vigh et al.  2005 ; Quinn  2012 ; 
Koynova and Tenchov  2013 ; Jouhet  2013 ; Boudière et al.  2014 ). 

       Thylakoid Lipids 

 Thylakoid membranes contain glycolipids, MGDG, DGDG and SQDG, and only 
one phospholipid, PG. The neutral galactolipids, DGDG and mainly MGDG, are 
the major lipid components and only smaller amounts of negatively charged lipids 
SQDG and PG contribute to the thylakoid membranes. This membrane composition 
is different from other types of eukaryotic and bacterial membranes, which are built 
up mainly from phospholipids and may also contain sphingolipids and sterols. Thus, 
the  lipid composition   of thylakoid membranes is quite unique; nevertheless, as 
pointed out in the Introduction, with their high non-bilayer lipid content they resem-
ble the energy-converting mitochondrial and retinal membranes. As most biological 
membranes, thylakoids also consist of lipid bilayers and membrane-intrinsic pro-
teins and protein complexes and some other compounds. 
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 The  galactolipid MGDG   is the main thylakoid membrane lipid of higher plants 
and green algae, which accounts for about 40–55 % of the total membrane lipid 
content (Murata and Siegenthaler  1998 ; Goss and Wilhelm  2009 ; Lepetit et al. 
 2012 ). The second most abundant lipid is the other galactolipid, DGDG, which is 
normally found in a concentration of around 25–30 %. The negatively charged lip-
ids, SQDG and PG, contribute with about 10–15 % to the total lipid content of the 
thylakoid membrane. This typical lipid composition results in a ratio of neutral to 
negatively charged lipids of around 4 (Goss et al.  2009 ; Lepetit et al.  2012 ). This 
composition also means that thylakoids, to a signifi cant degree, are built up from the 
non-bilayer lipid MGDG. This lipid has been proposed to be ‘forced’ into the 
bilayer by proteins – as shown by the self-assembly of LHCII:MGDG membranes 
(Simidjiev et al.  2000 ). This, i.e. the formation of a bilayer membrane, composed of 
thylakoid lipid mixture and photosynthetic proteins, however, also depends on the 
nature of proteins. As it has been thoroughly documented, essentially the same thy-
lakoid lipids, and the proteins that are involved in the phototransformation of proto-
chlorophylls assemble into cubic, rather than lamellar phases (Selstam  1998 ). 

 In the absence of proteins, the thylakoid lipid mixture, under physiologically 
relevant conditions is not capable of forming lamellar phases; instead, it assumes 
different non-bilayer structures (Williams  1998 ). The  non-bilayer propensity   of 
MGDG-containing lipid mixtures strongly depends on the proportion of MGDG in 
the lipid mixture. For instance, in the binary mixture of MGDG and DMPC (dimy-
ristoylphosphatidylcholine) it was found that lipid bilayers are formed only when 
the mole fraction of MGDG is ≤0.6 (Castro et al.  2007 ). The fatty acid composition 
of MGDG also strongly infl uences the non-bilayer propensity of lipid mixtures; in 
particular, polyunsaturated lipids facilitate the transition from bilayer to non-bilayer 
lipid structures (Van Eerden et al.  2015  and references therein). 

 The  negatively charged PG   is the only phospholipid of thylakoid membranes; 
although represented in relatively small amount, it plays a crucial role in the struc-
ture formation and function of photosynthetic complexes (Sato et al.  2000 ; Wada 
and Murata  2007 ; Domonkos et al.  2008 ; Sozer et al.  2011 ). It appears that specifi c 
PG species are needed for the proper performance of the cyanobacterial cellular 
processes since the PG defi cient  Synechocystis  cells retailored the supplied artifi cial 
dioleoyl PG molecules, and created more natural molecular species (Laczko-Dobos 
et al.  2010 ). 

  SQDG  , the other negatively charged lipid of the thylakoids in some cases could 
substitute for PG – apparently replacing its negative charge (Yu and Benning  2003 ; 
Benning et al.  1993 ; Güler et al.  1996 ). SQDG could contribute to the activity of 
PSII by associating with PSII and LHCII complexes (Sato et al.  1995 ; Minoda et al. 
 2002 ). It also had an impact on the assembly and the function of photosynthetic 
complexes (Kansy et al.  2014 ; Mizusawa and Wada  2012 ). 

 The galactolipids, DGDG and MGDG, are the dominant thylakoid lipids and 
they appear to be very important for functional photosynthesis. DGDG plays an 
important role in the stability and activity of PSII and PSI and also in the 
 stabilization of LHCII trimers (Dörmann and Hölzl, Chap.   3    ). Changes in the ratio 
of MGDG per DGDG affected the membrane organization and the protein folding 
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and insertion, which exerted an impact on the photosynthetic performance 
(Dörmann and Benning  2002 ; Kobayashi et al.  2013 ).  Proteoliposome experiments   
have revealed that MGDG enhances the assembly and energetic coupling of LHCII 
to the core of PSII (Zhou et al.  2009 ). As suggested by the experiments of Wang 
et al. ( 2014 ), using MGDG synthase mutants, the two galactolipids play an impor-
tant structural role in salt-stress response of vascular plants. MGDG defi ciency 
also affected the photoprotection capability of plants, evidently via hindering the 
functioning of the xanthophyll-cycle (Aronsson et al.  2008 ) (cf. “ Roles of MGDG 
in xanthophyll cycles ”). Changes in the relative amounts of non-bilayer lipids are 
usually observed in plants in response to variations of the environmental condi-
tions (Harwood  1998 ). Such alterations are of special physiological importance in 
photosynthetic organisms, which encounter a wide range of temperatures and other 
environmental stresses, such as drought and high light. 

 The lipid composition of the thylakoid membranes of diatoms is different from 
that of higher plants and green algae, and MGDG may not be the main membrane 
lipid (Vieler et al.  2007 ; Goss and Wilhelm  2009 ; Goss et al.  2009 ; Lepetit et al. 
 2012 ). Diatom thylakoid  membranes   are strongly enriched in the negatively charged 
lipids, SQDG and PG, and high light illumination during the cultivation of the algal 
cells further increased the amount of the negatively charged lipids (Lepetit et al. 
 2012 ). Thus, the most abundant lipid in diatom thylakoids is the anionic lipid 
SQDG, which is found in equal or even higher concentrations than MGDG. The 
high amount of SQDG and PG in the diatom thylakoid membranes results in a ratio 
of neutral to negatively charged lipids of around 1 (Goss et al.  2009 ; Lepetit et al. 
 2012 ), whereas this ratio has a value between 3 and 4 in higher plants and green 
algae due to the high MGDG concentration. It has been proposed that the high 
amount of SQDG and PG in the diatom thylakoids has signifi cant consequences for 
the structure of the diatom thylakoid membrane and for the function of the diatom 
xanthophyll cycle (see section “ Roles of MGDG in xanthophyll cycles ”). A recent 
model for the distribution of the membrane lipids and photosynthetic pigment- 
protein complexes (Lepetit et al.  2012 ) predicts an enrichment of MGDG in the 
inner membranes of the stacks of three thylakoid membranes that are typical for the 
diatom chloroplasts (for further details see section “ Localization and operation of 
xanthophyll cycles in the native thylakoid membrane ”).  

       Phase Behaviour   of Thylakoid Membrane Lipids 

 The large amounts of the non-bilayer lipid MGDG in the thylakoid membranes 
lends its lipid mixture a high propensity to form non-lamellar (non-bilayer) phases. 
This propensity, as it has been thoroughly documented in the literature (for reviews 
see e.g. Epand  1998 ; Williams  1998 ) arises from the conical shape of the non- 
bilayer lipid molecules, as opposed to the cylindrical shapes of the lamella-forming 
lipids. For thylakoid membrane lipids, this is illustrated in Fig.  6.1 , which shows the 
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preferred, inverted hexagonal (H II ) phase of MGDG in aqueous media, while 
DGDG, PG and SQDG spontaneously form lamellar phases.

   Depending on their composition and the physico-chemical and external environ-
mental conditions (e.g. ionic strength, pH, hydration state, and ambient temperature 
and drought stress, respectively), thylakoid membrane lipids  in vitro  and  in vivo  can 
form different lamellar and non-lamellar phases. For the phase behavior and transi-
tions of different thylakoid lipids the reader is referred to the reviews by Williams 
( 1998 ) and Selstam ( 1998 ); and for membrane lipids and phase transitions, in gen-
eral, to the reviews of Sackman ( 1995 ), Seddon and Templer ( 1995 ), and Koynova 
and Tenchov ( 2013 ). These latter authors display the structure of six different 
lamellar phases, fi ve micellar structures and six non-lamellar liquid-crystalline 
phases with various topologies, including the inverted hexagonal (H II ) phase and 
some cubic phases of different space group symmetry, and show how these differ-
ent phases are capable to transform into each other – a key feature of lipid 
membranes. 

 As concerns the detection of these different phases the most straightforward and 
most commonly used techniques are X-ray diffraction (or SAXS/WAXS small- 
angle/wide-angle X-ray scattering) (Tyler et al.  2015 ; Pan et al.  2015 ) and neutron 
diffraction (also measured as SANS, small-angle neutron scattering) (Deme et al. 
 2014 ). They detect the periodic structures and measure all lattice constants. Hence, 
these techniques can be used primarily on lipid aggregates, rather than on biological 

  Fig. 6.1    ( a ) Structure formation of thylakoid lipid molecules. Small polar-headgroup containing 
lipid molecules possess a conical shape and thus form inverted hexagonal (H II ) phases or cubic 
(bicontinuous) structures. Lipids that have similar headgroup and tail size look like cylinders and 
form lamellar phases, with no curvatures. ( b ) Simplifi ed model of thylakoid membrane ( a ) con-
taining a bilayer and membrane-embedded proteins, which via ( b ) local, transient non-bilayer 
structures extrudes lipids which, in turn, assemble into ( c ) cubic or ( d ) H II  phases (From Garab 
et al. ( 2000 ) with permission)       
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membranes, where diffractions may be smeared or the lattice-structures perturbed. 
Freeze fracture electron microscopy, which is often used in combination with SAXS 
(e.g. Csiszár et al.  2003 ), can more readily be used to detect e.g. H II  phases even in 
thylakoid membrane preparations (Kirchhoff et al.  2007  and references therein). 
This, i.e. the detectability on biomembranes, is an important issue because, as 
already pointed out above, the phase behaviour of thylakoid membranes (and of 
biological membranes, in general) is largely infl uenced by their protein contents. 
The best example is the cubic phase of the prolamellar body of etiolated plastids, as 
opposed to the lamellar phase of thylakoids in mature chloroplasts – despite the 
virtually identical lipid composition in the two lipid phases (Selstam  1998 ). 

 Another powerful and commonly used technique, which can be applied both for 
model and native systems, is  31 P-NMR (Fig.  6.2 ) (Gruner  1985 ; Castro et al.  2007 ). 
The signature of  31 P-NMR is based on the sensitivity of this measurement on the 
degree of diffusional freedom of the phospholipid molecule in the lipid phase. There 
is a ‘weakness’ of this technique, namely, that it can be used for phospholipids 
only – and PG is only a minor lipid in thylakoid membranes (see section “ Thylakoid 

  Fig. 6.2     31 P-NMR signatures of different lipid phases (Based on NMR data of Cullis and de 
Kruijff ( 1979 ) with permission)       
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Lipids ”). Nevertheless, as shown fi rst by Haranczyk et al. ( 1995 ) it can be used for 
thylakoid membrane preparations. As demonstrated recently on model membranes 
composed of glycolipids and phospholipids, it readily detects the co-existence of 
lipid phases, a feature of special interest, which will be discussed in section 
“ Membrane models using the properties of non-bilayer lipids ” in conjunction with 
 31 P-NMR data of Krumova et al. ( 2008a ) obtained on intact thylakoid membranes. 

        Non-bilayer Lipids and Lipid Phases: Facts and Hypotheses 

 The most widely established role of  MGDG   in the thylakoid membranes is in the 
operation of the  xanthophyll cycle (XC)  . This will be discussed in depth in section 
“ Roles of MGDG in xanthophyll cycles ” – focusing on molecular mechanisms and 
some open questions. Although the role of MGDG and the involvement of a non- 
bilayer lipid phase have been fi rmly established in this case, it evidently does not 
answer the why and wherefore of non-bilayer lipids in energy converting mem-
branes; not even in thylakoid membranes, in general, since MGDG is present in 
cyanobacteria, the ancestors of chloroplast, but these prokaryotic thylakoids do not 
operate a XC. 

 With regard to other possible roles of MGDG, as the non-bilayer lipid of thyla-
koid membranes, and the phase behaviour of thylakoid lipids  in vivo , the main 
boundary condition is that the thylakoid membranes (again, similar to all energy 
converting membranes) are densely packed with proteins, which constitute ∼80 % of 
the dry mass and likewise the lipid content is as low as ~20 % (Williams  1998 ). 
Accordingly, thylakoid membranes contain large protein domains, ordered arrays of 
protein complexes and supercomplexes separated by relatively narrow lipid ‘chan-
nels’ (Dekker and Boekema  2005 ; Kouril et al.  2013 ; Garab  2014 ; Tietz et al.  2015 ). 

 The high protein content of thylakoid membranes and the presence of  extended 
ordered protein arrays   in the stacked region (grana) determine the overall appear-
ance of thylakoid membranes of higher plants and green algae. In particular, they 
self-assemble into stacks of fl at membrane vesicles. Although it is generally agreed 
that non-bilayer lipids, because of their conical shape, tend to induce curvatures 
(Gruner  1985 ), this does not take effect on the overall shape of thylakoids – evi-
dently the protein arrays span the membrane sheet (cf. Garab  2014 ). Further, recent 
data show that the extreme curvatures at the margins depend on the CURVATURE 
THYLAKOID1 ( CURT1     ) protein family (Armbruster et al.  2013 ), rather than on 
the non-bilayer lipid MGDG. 

 As indicated by  EPR measurements  , somewhat more than half of the total thy-
lakoid lipid content are found in a fl uid-like phase, i.e. not bound to proteins and/
or not found in their inner shell layer (cf. Páli et al.  2003 ; Lee  2003  and references 
therein). Conversely, a large fraction of the lipids are bound tightly or loosely to 
proteins. Indeed, as revealed by crystal structures, the membrane-intrinsic proteins 
bind a number of lipids – while it must also be realized that often only a fraction of 
them is resolved in the X-ray structure. These lipid-protein interactions are of 
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interest from the point of view of protein functions – examples will be shown in 
section “ MGDG bound to protein complexes ”. More often, however, bound lipids 
do not appear to have a well discernible, specifi c role related to the structure and 
function of proteins – the majority of cases in section “ MGDG bound to protein 
complexes ”. In fact, as pointed out by Lee ( 2003 ), because the transmembrane 
domains of membrane- embedded proteins contain protrusions, fatty acyl chains of 
lipids fi ll the grooves. By this means, the permeability barrier of membranes can be 
maintained, which is of paramount importance with regard to the energization of 
thylakoid membranes. 

 Another fraction of the bound lipids are found in the immediate molecular envi-
ronment of protein complexes but are dynamically exchanging with the bulk lipids. 
These lipids surrounding the membrane-intrinsic proteins, non-bilayer lipids like 
MGDG, in particular, might exert strong effects on the structure and function of 
proteins. Different models have been proposed which are ‘using’ the special fea-
tures of MGDG and non-bilayer lipids in the bilayer membranes and complex mem-
brane systems (see section “ Membrane models using the properties of non-bilayer 
lipids ”). 

 The loose association of non-bilayer lipids with proteins might play important 
roles. Zick et al. ( 2014 ) have demonstrated that the  membrane fusions   of yeast 
vacuoles, which had been known to be mediated by SNARE proteins, require the 
presence of three types of non-bilayer phospholipid molecules. This fi nding is per-
fectly in line with earlier data and models suggesting the crucial role of non-bilayer 
lipids in membrane fusion (Seddon and Templer  1995 ; Lohner  1996 ; Epand  1998 ), 
which is proposed to occur via the formation of local and temporal non-bilayer 
structures (Pomorski et al.  2014  and references therein). 

 As follows from previous arguments, the thylakoid membranes also contain 
areas occupied by ‘free’ lipids – which, in turn, can be directly exposed to water, 
sugars etc., factors that infl uence their phase behavior. In section “ Membrane mod-
els using the properties of non-bilayer lipids ”, a membrane model will be outlined, 
which is based on the experimentally proven co-existence of bilayer and non-bilayer 
lipid phases and their ‘communication’. 

       MGDG Bound to Protein Complexes 

     Importance of MGDG  in LHCII Structures   

 The crystal structure of LHCII shows the existence of one PG and one DGDG 
molecule per LHCII monomer (Liu et al.  2004 ). The main thylakoid membrane 
lipid MGDG is not observed as intrinsic LHCII lipid in the crystal structures. 
However, LHCII preparations obtained by solubilisation of the thylakoid mem-
brane, followed by protein separation, contain signifi cant amounts of this galacto-
lipid (Schaller et al.  2010 ). The close association between MGDG and LHCII also 
appears to be important in the higher order, multilamellar, onion-like structures 
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adopted by LHCII, somewhat similar to those in the grana (Simidjiev et al.  1998 ). 
Addition of DGDG to the isolated LHCII induced the formation of stacked unila-
mellar vesicles, while in the presence of externally added PG and SQDG lamellar 
sheets were observed (Simidjiev et al.  1998 ), suggesting specifi c roles of each of 
the lipid species (cf. also Zhou et al.  2009 ). The structural fl exibility of lamellar 
aggregates of LHCII enriched with MGDG exhibited the most prominent struc-
tural fl exibility, which manifested in intense light-induced reversible changes in 
their macrodomain- associated CD signals (Simidjiev et al.  1998 ). MGDG and 
DGDG have also been shown to play crucial roles in the structurally fl exible mul-
tibilayer LHCII-containing macro-assemblies (Janik et al.  2013 ). 

 Recent measurements have investigated the infl uence of purifi ed lipids on the 
isolated, lipid-depleted and highly aggregated LHCII (Schaller et al.  2011 ). Addition 
of MGDG (and DGDG) induced a modifi cation of the disorganized structures of the 
lipid-depleted LHCII and supported the aggregated state of the complex. In con-
trast, the negatively charged lipids SQDG and PG exerted a strong disaggregating 
effect on the isolated LHCII. LHCII disaggregation was suppressed under a high 
proton concentration and in the presence of cations (Mg 2+ ). This suggested that the 
negative charge of the anionic lipids in conjunction with negatively charged 
domains of the LHCII proteins was responsible for the disaggregation. Additional 
measurements by photon correlation spectroscopy, which were used to gain infor-
mation about the size of the LHCII aggregates, showed that in the presence of 
MGDG (and DGDG) an increased number of LHCII aggregates with large particle 
sizes in the μm-range were formed. This observation is in line with results that 
reported the establishment of LHCII macrodomains upon the interaction with 
MGDG (Simidjiev et al.  2000 , see above). The incubation with the negatively 
charged lipids, on the other hand, led to much smaller LHCII particles (around 
40 nm in the case of PG) with a homogeneous distribution (Schaller et al.  2011 ).  

    Association of MGDG with the  Light-Harvesting Complexes      of Diatoms 

 The peripheral antenna system of the diatom PSII core complex is composed of the 
so-called  fucoxanthin chlorophyll protein (FCP) complexes      (for recent review, see 
Büchel  2015 ). Depending on the detergent used for the preparation of isolated FCP 
complexes, i.e. dodecylmaltoside or Triton X-100, these antenna systems can be 
isolated with a shield of MGDG molecules (Lepetit et al.  2010 , see also Dörmann 
and Hölzl Chap.   2    ) or in a form that contains high amounts of surrounding SQDG 
and PG molecules (Schaller et al.  2014 ). For the latter FCP preparation from the 
diatom  P. tricornutum  it was shown that it was less sensitive to Mg 2+  and low pH 
than LHCII, which was characterized by lower amounts of SQDG and a higher 
concentration of MGDG. High MgCl 2  concentrations and pH-values below pH 6 
induced signifi cant changes in the spectroscopic features of LHCII, and were 
accompanied by a strong aggregation, which was also visible as a pellet after cen-
trifugation on a sucrose cushion. The FCP enriched in SQDG and PG responded 
with less pronounced changes in the absorption and fl uorescence spectra to low pH 
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and Mg 2+  incubation, and did not show a visible pellet after incubation with either 
low pH or high Mg 2+  concentrations. Only the combined action of Mg 2+  and pH 5 
led to FCP aggregates of a size that could be pelleted by centrifugation. The 
decreased sensitivity of the SQDG- and PG-containing FCP to aggregation at high 
Mg 2+  and low pH is in line with other data that show that neutral galactolipids, and 
especially MGDG, are able to stabilize or induce the formation of large, ordered 
aggregates of light-harvesting complexes (Simidjiev et al.  1998 ,  2000 ). Another 
study on the lipid dependence of FCP aggregation employed artifi cial lipid mem-
branes, i.e. liposomes, to incorporate isolated FCP complexes of the diatom 
 C. meneghiniana  (Gundermann and Büchel  2012 ). The lipid composition of the 
liposomes was comparable to the lipid composition of the diatom thylakoid mem-
brane, which was shown to contain signifi cantly higher concentrations of the nega-
tively charged lipids SQDG and PG and a reduced amount of the neutral galactolipids 
MGDG and DGDG (Goss et al.  2009 ; Lepetit et al.  2012 , see Wada Chap.   2    ). In this 
study (Gundermann and Büchel  2012 ) it was shown that high lipid concentrations 
in general reduced the ability of FCP complexes to form aggregates. Reduction of 
the lipid per protein ratio led to an aggregation of FCP complexes and a quenching 
of Chl  a  fl uorescence. Additionally, FCP complexes at low lipid concentrations 
were sensitive to low pH.  

      Roles of MGDG in the Structure and Function of  PSII      

 As revealed by the crystal structures of the PSII core complex of the cyanobacte-
rium  T. elongatus  (Guskov et al.  2009 ; Kern and Guskov  2011 ) a PSII monomer 
binds 11 molecules of MGDG. In addition, seven DGDG, fi ve SQDG and two PG 
are found within the PSII core complex. In contrast to the negatively charged lipids 
SQDG and PG, whose headgroups are only oriented towards the lumenal side, the 
headgroups of the MGDG molecules are oriented towards both the cytoplasmic and 
lumenal side of the thylakoid membrane (Guskov et al.  2009 ). Umena and co- 
workers identifi ed six MGDG, fi ve DGDG, four SQDG and fi ve PG molecules in 
the crystal structure of oxygen-evolving PSII at a resolution of 1.9 Å of  T. vulcanus  
(Umena et al.  2011 ). The MGDG and DGDG molecules, except one MGDG mol-
ecule are located on the lumenal side, while the headgroups of SQDG and PG mol-
ecules were located at the cytoplasmic surface of the thylakoid membrane. Together 
with SQDG, MGDG shows an enrichment at the monomer-monomer interface of 
the PSII dimer, where 14 lipids are found (Guskov et al.  2009 ; Kern and Guskov 
 2011 ). Six of these 14 lipids are arranged in such a way that they form contact with 
protein subunits from both monomers, six other lipids mediate interactions between 
a protein subunit of one monomer and a lipid of the other monomer. The lipids 
mediating the dimerization of PSII core complexes show an enrichment of MGDG 
and 8 of the 14 lipids located at the interface are MGDG molecules. The enrichment 
of MGDG at the monomer-monomer interface points to an important role of MGDG 
in PSII dimerization. This was recently supported by experiments where isolated 
monomeric PSII core complexes were incubated with a surplus of purifi ed MGDG 
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(Kansy et al.  2014 ). Size exclusion chromatography showed that after the  incubation 
with MGDG the complete fraction of PSII monomers had been transformed into 
dimeric PSII core complexes. The ability of MGDG to induce dimerization of PSII 
monomers was in sharp contrast to the effect of the negatively charged lipids SQDG 
and PG. Incubation with the anionic lipids led to further destabilization of the 
monomeric PSII by the dissociation of the inner antenna protein CP43 and part of 
the D1 protein of the reaction center. A second important cluster of lipids within the 
PSII structure is found at the PSII acceptor side and is composed of eight lipids 
(Loll et al.  2007 ; Guskov et al.  2009 ; Kern and Guskov  2011 ). These lipids are 
located close to the Q B  binding site and form a lipid bilayer within the PSII core 
complex. The cluster of lipids is thought to act as a transfer pathway, which targets 
Q B  molecules to their PSII binding site at the D1 protein. Alternative mechanisms 
for the entry and exit of Q B  molecules have been proposed (Kern and Guskov  2011 ). 
In addition, the lipids also serve as a storage pool for additional Q B  (plastoquinone) 
molecules. Interestingly, the area around Q A , which is tightly bound to the D2 pro-
tein, is dominated by MGDG whereas the Q B  region is enriched in the negatively 
charged lipids SQDG and PG (Kern and Guskov  2011 ). It has been proposed that 
different lipids within the vicinity of the two quinone sites modulate the properties 
of Q A  and Q B  in different ways without the need to change the protein environment. 
With respect to lipid-protein interactions at the donor side of PSII it seems that 
MGDG does not play a crucial role. Three DGDG molecules are located in the area 
of OEC (Guskov et al.  2009 ) and it has been shown that depletion of DGDG has a 
negative infl uence on the functionality of water splitting (Reifarth et al.  1997 ; 
Steffen et al.  2005 ). MGDG is most probably also not involved in the interaction 
between the inner antenna proteins CP43 and CP47 with the PSII reaction center. In 
this case, PG seems to play a major role in this interaction via two PG molecules 
located at the interface between CP43 and the D1/D2 heterodimer (Guskov et al. 
 2009 ; Kern and Guskov  2011 ). Depletion of PG in mutant strains of  Synechocystis  
sp. PCC6803 led to the dissociation of CP43 from the PSII core complex (Laczko- 
Dobos et al.  2008 ). 

 With regard to the infl uence of lipids on the functionality of PSII a recent study 
(Kansy et al.  2014 ) has shown that neutral galactolipids have a tendency to stabi-
lize the PSII electron transport. MGDG and DGDG molecules are involved in the 
maintenance of the fl exibility and assembly of PSII even under stress conditions 
(Loll et al.  2005 ; Mizusawa and Wada  2012 ; Wang et al. ( 2014 ). It should be also 
noted that lipase treatment of isolated PSII leads to the degradation of only half of 
the bound MGDG molecules (Leng et al.  2008 ), which might indicate that the 
other half are more strongly bound to the protein subunits and therefore protected 
from the lipase. Conversely, about half of the MGDG molecules are found in the 
bulk lipid phase. The lipase treatment did not induce signifi cant changes in the 
function of PSII, although, the strongly bound MGDG molecules may play more 
important role in the structure and function of PSII, as it was suggested by 
Mizusawa and Wada ( 2012 ). This fi nding is in good agreement with reports 
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 showing that phase  separation of lipids with non-bilayer propensity from the 
 thylakoid membrane, upon the addition of cosolutes, does not inhibit PSII but 
increases its thermal stability (Williams et al.  1992 ).    

    MGDG Bound to  Cytochrome  b6f       

 Kurisu and co-workers identifi ed two phosphatidylcholine molecules in the cyto-
chrome  b6f  monomers of  Mastogocladus laminosus  (Kurisu et al.  2003 ), while 
Stroebel and co-workers found one SQDG and two other lipid, most probably 
MGDG, molecules at the lumenal side in the crystalized cytochrome  b6f  of 
 Chlamydomonas reinhardtii  (Stroebel et al.  2003 ). Investigations using MGDG 
Langmuir monolayer and isolated cytochrome  b6f  indicated specifi c interaction 
between MGDG and cytochrome  b6f  that could be attributed to hydrogen bonding 
between the galactose headgroup of MGDG and the protein (Georgiev et al.  2012 ). 
Characterization of transgenic M18 tobacco plants containing reduced MGDG con-
tent by 53 % indicated that MGDG defi ciency reduces the amount of cytochrome 
 b6f  in the mutant plants, which may be due to unstable integration of the complex 
into the membrane (Wu et al.  2013 ). The lowered MGDG content also could be the 
reason of the ineffi cient intersystem electron transport in the mutant plants.  In vitro  
experiments also indicated that MGDG effi ciently stimulates the electron transfer 
activity of cytochrome  b6f  (Yan et al.  2000 ).  

    Roles of MGDG in the Structure and Function of  PSI   

 One MGDG molecule and three PG molecules were identifi ed in the PSI complex 
of  T. elongatus  by X-ray crystallography at 2.5 Å resolution (Jordan et al.  2001 ). 
The MGDG molecule and two of the PG molecules are bound to PsaA and PsaB 
(Jordan et al.  2001 ; Domonkos et al.  2008 ). One of the PG molecule and the MGDG 
located symmetrically to each other in the complex may have an important role in 
the photochemical reaction center of PSI (Mizusawa and Wada  2012 ). Investigation 
of the  dgd1  mutant of  Arabidopsis thaliana  indicated that MGDG could have a role 
in the stability of the PSI complex (Guo et al.  2005 ; see also Krumova et al.  2010 ). 
Recently in the architecture of the PSI-LHCI supercomplex six PG, three MGDG 
and one DGDG molecules were assigned (Qin et al.  2015 ). Two of the MGDG 
molecules were identifi ed as cofactors in the four Lhca subunits and the third 
MGDG was found in PsaG.   

6 Role of MGDG and Non-bilayer Lipid Phases in the Structure and Dynamics…



140

        Roles of MGDG in Xanthophyll Cycles 

       Xanthophyll Cycles of  Higher Plants and Algae      

 The xanthophyll cycles (XC) of higher plants and algae are important photoprotec-
tive mechanisms, which help to prevent an overexcitation of the photosynthetic 
apparatus during illumination with high light intensities (for recent reviews see 
Goss and Jakob  2010 ; Lavaud and Goss  2014 ; Goss and Lepetit  2015 ). The opera-
tion of the XCs is associated with the thylakoid membrane and strongly depends on 
the presence of MGDG (see sections “ Role of MGDG in the solubilisation of xan-
thophyll cycle pigments ”, “ Importance of the MGDG-dependent non-bilayer phases 
for the activity of xanthophyll cycles ”, and “ Localization and operation of xantho-
phyll cycles in the native thylakoid membrane ”). The conversion of special xantho-
phyll molecules in the XCs plays a key role in switching LHCII from a light-harvesting 
state into a state where the excessive excitation energy is dissipated as heat (reviewed 
by Horton and Ruban  2005 ; Jahns and Holzwarth  2012 ; Niyogi and Truong  2013 ; 
Domonkos et al.  2013 ). This is made possible by a structural change, i.e. an aggre-
gation of the antenna complexes. The enhanced heat dissipation from the aggre-
gated LHCII is visible as a strong quenching of the chlorophyll (Chl)  a  fl uorescence 
(Krause and Jahns  2004 ), termed non-photochemical quenching of Chl  a  fl uores-
cence (NPQ) (Demmig-Adams et al. Eds.  2014 ). 

 The main XCs that are presently known are the violaxanthin, antheraxanthin, 
zeaxanthin (VAZ) cycle of higher plants, green and brown algae, and the diadinox-
athin, diatoxanthin (DD/Dt) cycle of diatoms, haptophytes and dinophytes (for 
recent review see Goss and Jakob  2010 ; Lavaud and Goss  2014 ; Goss and Lepetit 
 2015 ). Both cycles consist of a forward reaction that is taking place during illumina-
tion with high light intensities and a back reaction that is observed during low light 
or dark periods that follow the high light phase. In the VAZ cycle V, which contains 
two epoxy-groups, is de-epoxidized in two steps to the epoxy-free Z with A as inter-
mediate (Yamamoto et al.  1962 ; Hager  1967a ). The forward reaction of the DD/Dt 
cycle comprises only one de-epoxidation step from DD to Dt since DD contains 
only one epoxy-group (Hager and Stransky  1970 ; Stransky and Hager  1970 ). The 
back reaction of the cycle reintroduces the epoxy group into Z or Dt and converts 
these molecules back to V or DD, respectively (Hager  1967b ; Hager and Stransky 
 1970 ; Stransky and Hager  1970 ). The forward reaction is triggered by the enzymes 
V or DD de-epoxidase (VDE, DDE). These enzymes are water-soluble and located 
in the thylakoid lumen in their inactive form (Hager and Holocher  1994 ; Arnoux 
et al.  2009 ; Saga et al.  2010 ). After their activation, which is induced by the decrease 
of the lumenal pH during photosynthetic electron transport and possibly includes a 
dimerization (Arnoux et al.  2009 ; Saga et al.  2010 ), the enzymes bind to the thyla-
koid membrane (see Chap.   2.2.4    ) and convert the respective epoxy-xanthophylls 
(Hager and Holocher  1994 ; Schaller et al.  2010 ). Both enzymes have a pH-optimum 
at around pH 5 (VDE, pH 5.2; DDE, pH 5.5) and use ascorbate as cosubstrate, i.e. 
as electron donor for the reduction of the epoxy-group (Hager  1969 ; Pfündel et al. 
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 1994 ; Jakob et al.  2001 ). The back reaction of the cycles is catalysed by the Z or Dt 
epoxidase (ZEP, DEP). These enzymes are most probably peripheral membrane 
proteins located at the stromal side of the thylakoid membrane (Schaller et al.  2012 ). 
Recent results have indicated that DEP might contain an additional membrane span-
ning domain (Coesel et al.  2008 ). Both enzymes have a broad pH-optimum in the 
neutral to slightly basic pH-range and use O 2  and NADPH+H +  as cosubstrates to 
reintroduce the epoxy-group (Hager  1975 ; Siefermann and Yamamoto  1975 ; Büch 
et al.  1995 ). The de-epoxidases as well as the epoxidases belong to the lipocalin 
family of proteins (Hieber et al.  2000 ; Grzyb et al.  2006 ), a protein family that 
mainly binds small hydrophobic substrates. The catalytic site is composed of eight 
β-strands which form a hydrophobic barrel-like structure. The binding of the hydro-
phobic xanthophylls takes place in the central cavity of the barrel and is realized by 
a penetration of the catalytic site into MGDG-enriched regions of the thylakoid 
membrane where the XC pigments are located (see sections “ Role of MGDG in the 
solubilisation of xanthophyll cycle pigments ”, “ Importance of the MGDG- 
dependent non-bilayer phases for the activity of xanthophyll cycles ”, and 
“ Localization and operation of xanthophyll cycles in the native thylakoid 
membrane ”).    

          Role of MGDG in the Solubilisation of Xanthophyll Cycle  Pigments      

 In the thylakoid membrane a part of the XC pigments is bound to the antenna pro-
teins of PSII and PSI whereas another part is localized in the lipid phase of the 
membrane. In higher plants and green algae the majority of the VAZ cycle pigments 
are located in LHCII and the minor Chl  a / b  binding proteins of the PSII antenna, 
CP29, CP26 and CP24 (Bassi et al.  1993 ; Ruban et al.  1994 ; Goss et al.  1997 ). In 
diatoms the DD/Dt cycle pigments are bound to the fucoxanthin chlorophyll pro-
teins (FCP) that form the peripheral antenna complex for both PSII and PSI (Büchel 
 2003 ; Lavaud et al.  2003 ; Lepetit et al.  2007 ). Data of Lepetit et al. ( 2008 ) have 
indicated that special FCP proteins which are associated with PSI, i.e. form a PSI 
specifi c antenna, are enriched in DD/Dt cycle pigments. In addition to the XC pig-
ments bound to the respective antenna proteins a part of the hydrophobic xantho-
phylls are freely located in the lipid phase of the membrane. The existence of free Z 
in the thylakoid membrane of higher plants was proposed to account for the anti- 
oxidative function of the de-epoxidized XC pigments against the harmful action of 
reactive oxygen species (ROS) (Havaux and Niyogi  1999 ). More recent results 
obtained with isolated LHCII of higher plants have shown that part of the total pool 
of VAZ cycle pigments is bound to the LHCII apoproteins whereas another part of 
the VAZ pool is localized in a lipid shield purifi ed with the trimeric LHCII (Schaller 
et al.  2010 ). This lipid shield consisted mainly of MGDG molecules and it was pro-
posed that in the native thylakoid membrane an MGDG phase is surrounding the 
antenna complexes and serves to solubilise the VAZ cycle pigments. In diatoms a 
comparable separation of DD/Dt cycle pigments between protein bound and lipid 
solubilised pigments has been detected (Lepetit et al.  2010 ). Especially in high-light 
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cultivated diatom cells a large pool of DD/Dt cycle pigments was found. Since the 
additional high-light synthesized DD/Dt pigments were unable to participate in the 
process of NPQ (Schumann et al.  2007 ) it was hypothesized that these pigments are 
not bound to the FCP complexes. Later, comparing isolated FCP complexes from 
high-light and low-light cultures, it could be shown that the additional DD/Dt syn-
thesized during high-light cultivation has the same spectroscopic features as DD/Dt 
dissolved in purifi ed MGDG (Lepetit et al.  2010 ). This observation together with 
the fi nding that the isolated FCP complexes were enriched in MGDG led to the 
conclusion that especially in high-light cultivated diatoms a signifi cant part of the 
total XC pigment pool is located in an MGDG phase surrounding the antenna com-
plexes. This observation is in line with the fi nding that, similar to Z in higher plants, 
the lipid-dissolved Dt has an antioxidative function (Lepetit et al.  2010 ). 

 The localization of XC pigments in MGDG phases of the thylakoid membrane is 
in line with  in vitro  experiments with isolated XC pigments, isolated de-epoxidases 
and different membrane lipids. The fi rst studies were conducted by Yamamoto and 
Higashi ( 1978 ), who found that MGDG is able to enhance the de-epoxidation of V 
to Z, and concluded that one of the functions of MGDG is the solubilisation of the 
XC pigments. More recent experiments have shown that non-bilayer lipids which 
form inverted hexagonal structures (H II  phases) in aqueous media, i.e. MGDG and 
PE, are much better suited to solubilise the VAZ and DD/Dt cycle pigments than 
lipids which form bilayer structures, i.e. DGDG, SQDG or PC (Goss et al.  2005 ). In 
addition, it was demonstrated that the XC pigments are preferentially located in 
MGDG or PE phases in liposome systems composed of non-bilayer and bilayer 
lipids that served as a model for the native membrane (Goss et al.  2007 ). This, 
together with the data on the isolated LHCII and FCP complexes indicate that a 
large part of the free XC pigments is localized within MGDG phases in the native 
thylakoid membrane of higher plants and diatoms. Furthermore, the experiments 
(Goss et al.  2005 ,  2007 ) showed that solubilisation of V or DD is essential for the 
operation of the VAZ and DD/Dt cycles, respectively. Without solubilisation of the 
xanthophylls in MGDG the pigments form aggregates in an aqueous medium which 
cannot be converted by the enzymes VDE and DDE, respectively.    

       Importance of the MGDG-Dependent Non-bilayer Phases for the Activity 
of Xanthophyll Cycles 

 The higher  solubilisation capacity      of the non-bilayer lipids is one of the two main 
functions of these lipids with respect to xanthophyll cycling (see section “ Role of 
MGDG in the solubilisation of xanthophyll cycle pigments ”). The second main 
function is the provision of a  non-bilayer phase     , possibly inverted hexagonal phase, 
itself which has fi rst been observed by Latowski et al. ( 2002 ,  2004 ). Later, it has 
been demonstrated that bilayer lipids are able to completely solubilise the XC pig-
ments V and DD, albeit at a signifi cantly higher lipid concentrations (Goss et al. 
 2005 ). However, despite the complete solubilisation of the pigments no or only a 
very minor conversion of V to Z and DD to Dt have been observed in lipid bilayer 
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systems (Goss et al.  2005 ). The situation is comparable in liposome system consist-
ing of bilayer and non-bilayer lipids, where despite the complete pigment  solubili-
sation      a certain percentage of non-bilayer lipids are needed before xanthophyll 
de-epoxidation can be observed (Goss et al.  2007 ). These results have implied that 
not only the effi cient solubilisation of the xanthophyll but also the three- dimensional 
lipid structure is important for the activity of the XC enzymes VDE and DDE. It has 
been proposed that only a non-bilayer phase allows the penetration of the enzyme 
into the hydrophobic membrane interior where the XC pigments are located (Goss 
et al.  2007 ). The penetration has to be deep enough to allow the catalytic site of the 
enzyme, i.e. the central cavity of the barrel-like structure (see section “ Xanthophyll 
cycles of higher plants and algae ”) to come into contact with its substrate. 
Furthermore, it has been suggested that the penetration of VDE or DDE into the 
lipid phase is made possible by a reduced surface tension in the non-bilayer phase 
due to the reduced size of the headgroup of MGDG (Goss et al.  2007 , for a review 
concerning lipids and the lateral pressure profi le see Van den Brink-van der Laan 
et al.  2004 ). In contrast, bilayer lipids like DGDG are characterized by a compara-
ble size of the headgroup area and the area which is occupied by the fatty acid 
chains; leading to a rather tightly closed surface of the lipid bilayer (Van den Brink- 
van der Laan et al.  2004 ). 

 At present it is not clear to what extent  non-bilayer phases      exist in the native 
thylakoid membrane of higher plants and diatoms and where these phases may be 
located. It has been proposed that non-bilayer phases may be established within the 
membrane (Jahns et al.  2009 ) or that these phases are excluded from the membrane 
but remain in tight local and functional association with the membrane bilayer 
(Garab et al.  2000 ; Goss et al.  2007 , see also section “ Localization and operation of 
xanthophyll cycles in the native thylakoid membrane ”). Data on the interaction 
between LHCII and MGDG (Simidjiev et al.  1998 ,  2000 ), which show that this 
interaction forces MGDG into the membrane bilayer, suggest a co-existence and 
interaction of bilayer and non-bilayer phases in the native membrane (for further 
arguments, see section “ Membrane models using the properties of non-bilayer 
lipids ”).  

           Localization and Operation of      Xanthophyll Cycles in the Native Thylakoid 
Membrane 

 Recent models of NPQ predict a dissociation and aggregation of LHCII and FCP 
complexes from the PSII core complex in higher plants and diatoms, respectively 
(Miloslavina et al.  2009 ; Holzwarth et al.  2009 ; Lavaud and Goss  2014 ; Goss and 
Lepetit  2015 ). This dissociation and aggregation leads to the formation of the so- 
called quenching site Q1 during high-light illumination of plants or algal cells. 
Since both LHCII and FCPs have been shown to be surrounded by an MGDG shield 
that incorporates the VAZ or DD/Dt cycle pigments (Schaller et al.  2010 ; Lepetit 
et al.  2010 , see sections “ Role of MGDG in the solubilisation of xanthophyll cycle 
pigments ”, and “ Importance of the MGDG-dependent non-bilayer phases for the 

6 Role of MGDG and Non-bilayer Lipid Phases in the Structure and Dynamics…



144

activity of xanthophyll cycles ”) it has been proposed that the aggregation of antenna 
complexes leads to a dissociation of MGDG from the complexes (Goss et al.  2007 ). 
The dissociation of a higher amount of MGDG molecules is thought to result in an 
increased non-bilayer phase, possibly an inverted hexagonal phase, in the thyla-
koids. With respect to the operation of the XC (Fig.  6.3 ) it has been proposed that 
after the activation of the VDE and DDE the enzymes bind to the non-bilayer lipid 
phase, which contains the free XC pigments (Goss et al.  2007 ; Schaller et al.  2010 ; 
Goss and Lepetit  2015 ). These pigments can exist as free pigments in the lipid phase 
of the membrane or can detach from the LHCII/FCP during illumination and diffuse 
into the non-bilayer phase. The de-epoxidases can then penetrate into the hydropho-
bic core of the non-bilayer phase, where they gain access to V or DD. The conver-
sion results in the generation of Z in higher plants and Dt in diatoms. It is reasonable 
to believe that the establishment of the non-bilayer phase takes place in the vicinity 
of the light-harvesting complexes because the de-epoxidized XC pigments have to 
rebind to the antenna proteins to participate in the process of NPQ (Horton and 
Ruban  2005 ; Lavaud and Goss  2014 ; Goss and Lepetit  2015 ). This reasoning is sup-
ported by the fi nding that the de-epoxidized DD/Dt cycle pigment Dt exhibits a 
decreased solubility in MGDG compared to the epoxidized DD thus facilitating the 
rebinding of Dt to the antenna apoproteins (Goss et al.  2007 ).

   With respect to the possible localization of the non-bilayer phase in diatom thy-
lakoids it has to be taken into account that the diatom membrane is not differenti-
ated into grana and stroma thylakoids as in higher plants (for a review see Garab and 
Mustárdy  1999 ) but shows regular stacks of three membranes (Gibbs  1962 ,  1970 ). 
Based on the fi nding that MGDG forms a lipid shield around the FCP complexes, 
which incorporates the free DD/Dt cycle pigments (Lepetit et al.  2010 ), and the 
observation that the negatively charged lipid SQDG, which is present in high con-
centration in the diatom membranes, inhibits the de-epoxidation of DD (Goss et al. 
 2009 ) a model for the lipid and protein arrangement in the thylakoids has been 
presented (Lepetit et al.  2012 ). This model predicts that in the inner membranes of 
the stacks of three PSII with its peripheral antenna complexes is located. Since the 
FCP complexes are surrounded by an MGDG phase, MGDG may also be enriched 
in the inner membranes. The enrichment of MGDG in the inner membranes, 
together with an aggregation of FCP complexes, may lead to the formation of non- 
bilayer structures in the inner membranes, which then represent an attraction site for 
the enzyme DDE and support the effi cient conversion of DD to Dt. Finally, it has 
been demonstrated that the effi ciency of the VAZ cycle is hindered in mutants defi -
cient in MGDG, which displayed reduced XC activity and contained less Z after a 
high-light illumination compared to the wild type (Aronsson et al.  2008 ). The lower 
Z concentration resulted in a decreased capacity for NPQ and thus a higher photo-
inhibition of PSII. The authors ascribed the reduced Z concentration to a higher 
conductivity of the thylakoid membrane for protons, resulting in a decreased activa-
tion of the VDE. However, taking into account the results described in sections 
above, it is likely that MGDG defi ciency had an impact on the formation and extent 
of non-bilayer phases in the thylakoids, thus affecting both the solubilisation of V 
and the activity of VDE.     
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  Fig. 6.3    Model for the MGDG dependence of xanthophyll de-epoxidation in thylakoid mem-
branes. High-light illumination of thylakoid membranes of higher plants that contain the VAZ 
cycle leads to a disconnection and aggregation of LHCII. The MGDG molecules surrounding the 
LHCII dissociate and form non-bilayer phases. The VAZ cycle pigment V is disconnected from its 
binding site at the LHCII apoproteins and diffuses into the non-bilayer phase. The non-bilayer 
phase acts as an attraction site for the enzyme VDE, which forms a dimer upon activation by the 
pH-drop of the thylakoid lumen. The non-bilayer phase with its reduced surface tension allows the 
penetration of the enzyme and its catalytic site into the hydrophobic area of the lipid phase, where 
it gains access to the hydrophobic V which is preferentially solubilised in MGDG. After the con-
version of V to Z, Z rebinds to the LHCII, possibly due to a reduced solubility in the non-bilayer 
phase compared to V. Z bound to the LHCII increases NPQ and thus the protection against an 
excess of excitation energy under high-light illumination       
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        Membrane Models Using the Properties of Non-bilayer Lipids 

 The ‘standard’,  fl uid mosaic membrane model   of Singer and Nicolson ( 1972 ) 
describes the biological membranes as a two-dimensional liquid, a bilayer, in which 
lipid and protein molecules diffuse easily. Although the existence and phase behav-
iour of non-bilayer lipids were known from early works of Luzzati ( 1968 ), the pro-
posed model provides no hint on their possible roles (the phase behaviour of MGDG 
was described a year later by Shipley et al. ( 1973 )). In the past more than four 
decades the standard model has been refi ned many times and by many research 
groups in order to accommodate special features, such as the asymmetry of the two 
membrane leafl ets, protein-lipid interactions, lipid rafts, membrane curvature etc. 
(  https://en.wikipedia.org/wiki/Fluid_mosaic_model    ). In the following sections, 
focusing on the roles of non-bilayer lipids and possible occurrence of non-lamellar 
lipid phases, two different approaches, refi ned models will be briefl y discussed, not-
ing that they appear to us as mutually non-exclusive models. Nonetheless, they 
differ from each other in the proposed localization and roles of non-bilayer lipids 
and non-lamellar lipid phases in relation to the bilayer membrane. A common, 
important feature in both approaches is that the appearance of non-bilayer phases is 
restricted only locally and transiently in the bilayer membranes, e.g. to allow mem-
brane fusion. 

    Models Focusing on the Role of Non-bilayer Lipids in the Bilayer 
Membrane 

 In a series of systematic works Ben de Kruijff, Antoinette Killian and coworkers 
elaborated a model, which might be named as “ lateral pressure bilayer membrane 
model  ”. This is based on the special geometry of non-bilayer lipids, i.e. their conical 
shapes, which thus, when incorporated in the bilayer will cause a frustration, and 
exert higher lateral pressure on the membrane-embedded proteins than the cylindri-
cal bilayer lipids (de Kruijff  1997 ). The model explains several important features 
of biomembranes and properties of membrane-intrinsic and peripheral proteins 
(reviewed by van den Brink-van der Laan et al.  2004 ). In particular, it is pointed out 
that in order to understand the properties of a protein, the lateral pressure profi le, 
which largely depends on the presence of non-bilayer lipids, must be understood. 
Their experimental data also suggest that non-bilayer lipids facilitate membrane 
binding of peripheral membrane proteins via changes in the lateral pressure profi les 
(for further details see the above cited review). In thylakoid membranes, the regula-
tion of the MGDG/DGDG ratio might be correlated with the lateral pressure – 
which evidently affects the structural fl exibility of membranes (see section 
“ Importance of MGDG in LHCII structures ”); this might be of high physiological 
signifi cance in light adaptation and stress tolerance mechanisms. 

 The fl exible surface  model      (FSM) proposed by Brown ( 2012 ) also focuses on 
lipid-protein interactions in the membrane. It challenges the standard model, to a 
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large extent via assigned structural roles of non-bilayer lipid molecules in the 
bilayer membrane and roles of curvature forces. The FSM model also offers expla-
nation on a number of earlier experimental results on membranes enriched in non- 
bilayer lipids. It emphasizes that the “polymorphism of membrane lipids is 
connected with their spontaneous curvature (or molecular packing)” and points out 
that both curvature matching and hydrophobic thickness matching must be taken 
into account. This concept would probably help the construction of theoretical mod-
els on lipid:LHCII assemblies and eventually of the bilayer thylakoid membranes.  

     A Model Proposing the Co-existence and Close Association of Bilayer 
and Non-bilayer Lipid Phases 

 The model presented here can be considered as a  refi ned model   proposed earlier by 
Garab et al. ( 2000 ). It focuses on the properties of bulk lipids, i.e. which are found 
in fl uid-like phase and constitute at least half of the total lipid content of thylakoid 
membranes; this bulk lipid mixture, on mesoscopic scale, displays no lateral hetero-
geneity (see Introduction). The model described below on thylakoid membranes is 
thought to be applicable,  mutatis mutandis , for other energy-converting membranes 
and might be adapted to other biological membranes with substantial amounts of 
non-bilayer lipids and thus lending a signifi cant degree of non-bilayer propensity to 
their lipids. The model is based on several premises, which will be outlined below. 

 Although it might look trivial, we (here and below, GG and his coworkers) pro-
posed that the most important property of non-bilayer lipids, what we should take 
into account in the fi rst place, is that, if the lipids are in surplus they segregate from 
the bilayer (Garab et al.  2000 ). This offered an explanation on the apparently con-
stant and high protein to lipid ratio in the thylakoids and in all energy-converting 
membranes. This self-regulatory (physical) mechanism prevents the ‘dilution’ of 
membranes, which otherwise could easily occur in the absence of strict synchroni-
zation of lipid and protein syntheses. The dilution of membranes could easily exert 
devastating effects on the protein macro-assemblies and the entire, highly organized 
membrane system (Garab  2014 ). 

 As already mentioned (section “ Thylakoid Lipids ”), we have shown, by using 
purifi ed MGDG and LHCII that non-bilayer lipids can be forced into the bilayer, 
apparently in a frustrated state (Simidjiev et al.  1998 ,  2000 ). These experimental 
fi ndings suggested to us that non-bilayer lipids can be traffi cking between the non- 
bilayer phase and the bilayer (Garab et al.  2000 ). In other terms we assumed that 
non-bilayer lipids, via this putative dynamic exchange mechanism, contribute to the 
structural fl exibility of thylakoid membranes. It must be stressed, however, that with 
this assumption we hypothesized that the two  phases  , the bilayer phase and a non-
bilayer phase, co-exist in the thylakoids; further, the non-bilayer lipids (lipid mix-
tures with high non-bilayer propensity) are hypothesized to enter the membrane not 
only occasionally (as examples have shown), or become excluded from the mem-
brane not only under special conditions (known in the literature), but dynamically. 
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 To test these  hypotheses  , fi rst, experimental evidence had to be found that the 
bilayer and non-bilayer lipid phases co-exist in a way which allows their interaction. 
Although EM data showed the presence of non-bilayer lipid phases in mature chlo-
roplasts, they, in lipid droplets, were remotely located from the thylakoid mem-
branes, allowing no interaction between the two structures (see Williams  1998 , 
Garab et al.  2000  and references therein). Thus, we turned to the technique of  31 P- 
NMR and performed experiments on isolated intact thylakoid membranes (Krumova 
et al.  2008a ). Earlier, using Tris-washed thylakoids, which, as we also showed, 
severely affects the organization of thylakoid membranes, Haranczyk et al. ( 1995 ) 
reported on the appearance of H II  phases in the sample. Our experiments provided 
clear evidence that in intact thylakoid membranes at low (but still physiological) 
temperatures the lamellar phase co-existed with a non-bilayer phase (Krumova 
et al.  2008a ) (Fig.  6.4a ). Surprisingly, however, the NMR signature of the lamellar 
phase disappeared already around 20 °C, while we had convincing experimental 
evidences that the bilayer structure was maintained (Fig.  6.4b ). These experimental 
fi ndings could only be attributed to the interconnection of the two lipid phases – the 
bilayer membrane and a non-bilayer lipid phase thought to be located primarily in 
the lumenal aqueous phase. (The lipids that were expelled from the membranes on 
the stromal side could easily detach in the absence of the native stroma liquid, 
which was replaced by a buffered medium.) Figure  6.4c  shows the irreversible heat- 
induced formation of the isotropic and non-bilayer phases at 0 and ~4 ppm, respec-
tively. Additional experiments, using the fl uorescent lipid probe Merocyanine-540 
corroborated the NMR data by showing complex, temperature-dependent phase 
behaviour of lipids, which could not be accounted for by the sole, bilayer phase 
(Krumova et al.  2008b ). These experiments also revealed that at elevated  temperature 
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  Fig. 6.4     31 P-NMR spectrum of thylakoid membranes at 7 °C. ( a ) The positions (in ppm) of the 
different resonances are denoted by  arrows  and are assigned to the lamellar (L) (bilayer) phase, 
isotropic structures and a non-bilayer lipid structure. ( b )  31 P-NMR spectra of thylakoid membranes 
at different temperatures, as indicated, and, for comparison, ( c ) the spectra at 7 °C obtained before 
and after heating of the sample to 49 °C. The  dashed lines  indicate the positions of the different 
resonances (Based on fi gures from Krumova et al. ( 2008a ) with permission)       
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the lipids tend to be found in a lipid phase that could be assigned to a non- bilayer 
phase. Further, using a DGDG-defi cient Arabidopsis mutant, Krumova et al. ( 2010 ) 
have also shown that the substantially increased relative abundance of MGDG 
brings about signifi cant alterations in the overall organization of the thylakoid 
membranes and decreased thermal stabilities and an enhanced lipid extrusion from 
the bilayer membrane of the mutant thylakoids.

   These data are explained within the frameworks of a simplifi ed model shown in 
Fig.  6.5  illustrating that the thylakoid lumen contains a non-bilayer lipid phase, that 
is associated with the bilayer phase and the two phases form a continuum. Because 
of the narrow space the extruded lipids in the aqueous phase will not be able to 
assume a periodic structure, such as a ‘true’ H II  but will nevertheless be distinguish-
able from the bilayer phase. The model also points to the proposed roles of VDE 
and other lipocalin  proteins   in the lumen, which are capable of binding lipid mole-
cules (see section ‘‘ Roles of MGDG in xanthophyll cycles ’’). These proteins might 
be capable of mediating between the two phases. Recent molecular dynamics simu-
lations on two adjacent bilayers that contain plant lipid mixtures have “demon-
strated that the thylakoid membrane is close to the formation of an inverted 
hexagonal phase”. Further, the simulations revealed that these thylakoid model lipid 
membranes have a strong, hydration-dependent propensity to the formation of stalk, 
the main intermediate between bilayer and hexagonal phases (Van Eerden et al. 
 2015 ). These fi ndings are fully consistent with our model, which nevertheless 
requires further rigorous experimental and molecular dynamics tests.

  Fig. 6.5    Simplifi ed thylakoid membrane model illustrating that the bilayer and non-bilayer lipid 
phases are closely associated with each other and interact both with membrane proteins (LHCII) 
and lumenal proteins (VDE/lipocalin) (The model is based on the experimental fi ndings of 
Krumova et al.  2008a ,  b . Drawing, courtesy of Dr. Sashka B. Krumova)       
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    Chapter 7   
 Chemical Genetics in Dissecting Membrane 
Glycerolipid Functions                     

       Florian     Chevalier    ,     Laura     Cuyàs     Carrera    ,     Laurent     Nussaume    , 
and     Eric     Maréchal    

    Abstract     Chemical genetics has emerged as a powerful approach to dissect bio-
logical processes, based on the utilization of small molecules disturbing the func-
tion of specifi c target proteins. By analogy with classical genetics, ‘reverse chemical 
genetics’ refers to the utilization of drugs acting on a known target, enabling its 
functional characterization at the levels of the cells, tissues and organisms. Likewise, 
‘direct chemical genetics’ refers to the utilization of a drug of unknown mode of 
action, but triggering a phenotype of interest. In that case, one has to identify the 
target(s) possibly blocked (or possibly activated) by the small molecule. This chap-
ter illustrates both approaches, like the analysis of the elongation of fatty acids, the 
biosynthesis of galactoglycerolipids or the catabolism of phosphoglycerolipids by 
reverse chemical genetics or the study of the membrane glycerolipid remodeling 
triggered upon phosphate starvation, by direct chemical genetics.  

  Keywords     Cerulenin   •   Diacylglycerol   •   Galactolipids   •   Galvestine   •   Halopemide   • 
  Haloxyfop   •   Phosphate starvation   •   Phosphatidic acid   •   Phostatin   •   Thiolactomycin   
•   Triclosan  

      Introduction 

 ‘Chemical genetics’ is a recent discipline, making benefi t from small molecules 
(chemicals) that interfere with biological processes (targets) to perform functional 
studies. The search for active drugs is probably one of the oldest human scientifi c 
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activities, with strategies ranging from traditional pharmacopeia to rationalized 
medicinal chemistry. A ‘small molecule’ can be considered as drug-like if respect-
ing some general criteria, called the Lipinski rule of fi ve (Lipinski et al.  2001 ; 
Ganesan  2008 ; Walters  2012 ), i.e. more than 5 hydrogen-bond donors, more than 10 
hydrogen-bond acceptors, a molecular weight greater than 500 and a calculated Log 
 P  greater than 5 ( P  corresponding to the water-octanol partition coeffi cient, i.e. a 
measure of molecule’s hydrophobicity). The search for ‘drug targets’ has been 
made possible only after extensive biochemical and functional analyses of biologi-
cal macromolecules, and particularly proteins. The drugability of a target is a much 
more complex issue, since the protein molecular surface should allow the docking 
of drugs, the protein should be located so as to be available to an applied drug and 
eventually, the interference with the protein function should lead to a validated 
impact on the phenotype. Blocking or activating the function of a protein with a 
small molecule is close to an impairment or activation of the expression of its encod-
ing gene: the term ‘chemical genetics’ (Haggarty et al.  2000 ; Mayer et al.  1999 ; 
Marechal  2008 ) has been proposed in the early 2000s, although pharmacological 
studies had been performed for decades. 

 Like for conventional genetics, ‘reverse chemical genetics’ refers to the utiliza-
tion of drugs acting on a known target, enabling its functional characterization at the 
levels of the cells, tissues and organisms. Likewise, ‘direct chemical genetics’ refers 
to the utilization of a drug of unknown mode of action, but triggering a phenotype 
of interest. In that case, one has to identify the target possibly blocked (or possibly 
activated) by the small molecule. 

 What are the advantages over genetics? The fi rst one is the  possibility   to use all 
small molecules previously developed in chemistry laboratories or made available 
in public or private collections of compounds (chemolibraries). Very large collec-
tions of small molecules have been developed to act on different model organisms, 
for a large number of agrochemical or biomedical applications, including herbicides 
killing weeds or drugs acting on human diseases. They can be tested rapidly on any 
biological model without any prior genomic knowledge or molecular tools. A sec-
ond advantage is the versatility of application of the drug and the possibility to 
provide variable doses, which is particularly useful to study proteins playing vital 
roles. When a gene knock out (KO) is lethal, it is still possible to use alternative 
genetic approaches, like inducible gene inactivation systems or RNA interference in 
contexts that do not silence completely a gene expression. These approaches can be 
diffi cult to establish, to reproduce and can ultimately be unsuccessful. Small mole-
cules allow a control of the activity of the gene product at non-lethal concentrations 
and at variable doses, allowing a refi ned characterization of the phenotypic response 
correlated to the level of inhibition of the protein target. It is possible to inhibit a 
protein target in a single cell or a small part of a tissue or an organ and analyze the 
impact at the level of the full organism. It is also possible to apply a small molecule 
at various development stages. A third advantage is to perform time-course experi-
ments to study rapid phenomenon blocked or activated at the protein level at the 
time of application of the compound. This can be combined with dose variations. A 
fourth advantage is the possibility to target complete gene families, using a com-
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pound docking to a conserved active site. Eventually, a small molecule is a very 
powerful tool to apply a selective pressure, trigger a phenotype and perform genetic 
screens based on this phenotype. It is therefore possible to exploit small molecules 
in many ways so as to advance knowledge and identify novel genes involved in a 
given biological process. 

 What are the drawbacks?    They are numerous. In the most favorable situation, 
researchers simply order a commercial compound known to act on a target of inter-
est with high levels of specifi city. Some proteins like tubulin subunits are the targets 
of multiple drugs and cytoskeleton analyses can really benefi t from a very rich tool-
box of small molecules (e.g. Lafanechere  2008 ). For other proteins, no active drugs 
is known and a screening has to be performed. Following the screening process, 
some ‘hit’ compounds can be identifi ed and their chemical scaffold has to be opti-
mized by chemists. In all cases, it is important to control that the treatment with the 
selected small molecule has no impact on other biological processes. Drugs are 
often promiscuous, and side effects can be observed on so called ‘off targets’ (e.g. 
Botte et al.  2012 ). Small molecules can be also diffi cult to dissolve in water and 
need ‘vehicles’ like dimethyl-sulfoxide (DMSO) or polysorbate/Tween to go across 
biological barriers. DMSO and polysorbate/Tween can trigger their own side effects. 
Regardless of these diffi culties, a small molecule remains a powerful and fl exible 
tool, one can utilize in different contexts and on different organisms. Chemical 
genetics allows therefore some functional characterizations, which cannot be under-
gone by other means. 

 ‘Genetics’ and ‘chemical genetics’ can be used in combination, especially when 
analyzing the effect of a compound on various mutants. When considering a bio-
logical process, like glycerolipid metabolism, as a ‘system’, one can use chemicals 
as a mean to disturb this system, trigger a phenotype, induce the up-regulation or 
down-regulation of some genes, etc., and consequently advance knowledge. In this 
chapter, we shall illustrate both reverse and direct chemical genetic strategies. We 
introduce some of the chemical tools currently available to study glycerolipid 
metabolism and highlight some of the progresses that could be performed using 
small molecules and detail some important perspectives.  

    Reverse Chemical Genetics 

     Screening Strategies 

 When a drug is not available commercially, the  development   of an active small 
molecule or a series of small molecules requires a screening of a chemolibrary. 
Private companies have collected very large chemolibraries, ranging from hundreds 
of thousands to millions of small molecules (for reviews, Marechal  2008 ; Saidani 
et al.  2009 ; Maréchal et al.  2011 ; Awale and Reymond  2014 ; Irwin and Shoichet 
 2005 ; Monika et al.  2013 ). The ZINC database is an electronic repository for the 
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chemical structures of commercially available compounds (>13 million molecules) 
(Awale and Reymond  2014 ; Irwin and Shoichet  2005 ; Monika et al.  2013 ). It is pos-
sible to screen these collections on a specifi c protein target using an automated 
system that (i) collects molecules usually stored in 96-well to 384-well microplates, 
(ii) transfers these molecules with a multi-pipetting device to microplates contain-
ing the target and (iii) performs a miniature assay so as to detect the ‘hit’ molecules 
acting on the protein function. The screen is designed to operate with a high through-
put. The readout is a measure of the activity of the protein in case of an enzyme, a 
protein-protein interaction assay, etc. The miniature assay is usually designed to 
allow a simple detection of the enzymatic activity, protein-protein interaction, etc., 
using colorimetric, fl uorescence or chemi-luminescence detections (for review, 
Maréchal et al.  2011 ). Alternatively, if the 3D-structure of the protein is known, a 
virtual screen can be performed using specifi c docking algorithms (Awale and 
Reymond  2014 ; Irwin and Shoichet  2005 ; Monika et al.  2013 ). 

 In academia, access to very large collections of compounds is only possible if the 
target has an added value for a critical human disease or an objective of industrial 
interest. Most often, automated screens can be performed using well selected col-
lections of a few hundreds to a few thousands of molecules. Virtual screening of 
millions of molecules of the ZINC database is possible using the power of super-
computers or computer grids (distributed computers or clusters). 

 In this section, it is not possible to detail all known molecules acting on plant 
glycerolipid metabolism, which can be used for reverse chemical genetics. We illus-
trate therefore different possible strategies, ranging from the use of an existing 
molecular toolbox made of commercially available drugs acting on a metabolic 
pathway, i.e. fatty acid biosynthesis in the stroma of chloroplast, to the complete 
development of a drug, like galvestine-1 inhibiting the synthesis of galactolipids in 
the plastid envelope membrane.   

     Inhibition of  Fatty Acid Biosynthesis   

 The structure of membrane glycerolipids is obtained by the assembly of three build-
ing blocks: a three-carbon glycerol backbone originating from glycerol-3-phosphate 
(G3P); fatty acids (FAs) esterifi ed at positions  sn -1 and  sn -2 of glycerol and a polar 
head at position  sn -3. Storage glycerolipids, or triacylglycerol, correspond to the 
addition of a third FA at position  sn -3. The fatty acid synthase of type II (FAS II, 
Fig.  7.2 ) has been demonstrated to be an effi cient drug target to develop herbicide, 
in particular because mammals synthesize their own FAs using another system, a 
cytosolic FAS I. FAS II is a multicatalytic system composed of several proteins, 
which are targetable by multiple drugs. The biosynthesis of FAs is an iterative pro-
cess that requires acetyl-CoA as an initiator and malonyl-CoA as a 2C-donor for 
elongation of the acyl chain. Upstream the FAS I or II systems, malonyl-CoA is 
generated by the activity of an acetyl-CoA carboxylase (ACCase). FAS II is found 
in all bacteria and in the plastid of plants, algae and plastid-containing protists 
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(Goodman and McFadden  2008 ; Ben Mamoun et al.  2010 ; Botte et al.  2012 ). FA 
synthesis requires the attachment of a malonyl group to acyl carrier protein (ACP), 
a reaction catalyzed by a malonyl-CoA: ACP malonyltransférase (MAT) also known 
as FabD. The sequential addition of two carbons begins at this point. Initially, a 
keto-acyl-ACP synthase (KS; FabH) activity catalyzes the transfer of 2C from 
malonyl- ACP to acetyl forming an acetoacetyl-ACP (or β-keto(oxo)acyl-ACP for 
longer substrates). The ketone group is reduced to alcohol by a NADPH-dependent 
β-keto acyl-ACP reduction (KR; FabB/F). The enoyl-ACP hydrase (DH; FabZ) then 
catalyzes the formation of a  cis -2,3-enoyl, which is reduced by enoyl-ACP reduc-
tase (ER; FabI). Seven cycles are required for the synthesis of palmitate (16:0) and 
eight for stearate (18:0). Produced acyl chains then serve for acyl-lipid syntheses. 

 Multiple herbicides are known to act at the level of FAS II, including the ‘fop’ 
herbicides, thiolactomycin, cerulenin and triclosan (Fig.  7.1 ). They allow the inhibi-
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tion of different enzymatic activities of the FAS II system and constitute therefore a 
complete molecular toolbox for chemical genetics.

   The fop herbicides, like clodinafop or haloxyfop, are known to inhibit ACCases, 
but with a high specifi city for the cytosolic ACCase isoform (Xiang et al.  2009 ). 
Thiolactomycin is an antibiotic interfering with two activities of FASII: i.e. an inhi-
bition of the ACP acetyltransferase, by competing with ACP binding and being 
non-competitive with acetyl-CoA; and inhibition of the keto-acyl-ACP synthase 
activities, competitive with respect to malonyl-ACP and non-competitive with 
respect to acetyl-ACP (Nishida et al.  1986 ). Triclosan is a biocide inhibiting FabI 
(Xiang et al.  2009 ). The cerulenin scaffold initially unspecifi c for FASI/FASII, acts 
at the level of the FabS enzyme (Heath and Rock  2004 ) (Fig.  7.1 ). 

 Numerous molecular tools are therefore available for studying the role of FAS II, 
without the need of genetic mutations that are made diffi cult due to the importance 
of the FAS II system. As an illustration, FAS II inhibitors have proven useful to 
comprehend how plant cells could elongate exogenously provided FA (Koo et al. 
 2005 ). When  Arabidopsis  leaves were incubated with radiolabelled FAs with chain 
lengths lower than 16C, the label appeared in elongated and desaturated products. 
The elongation of 12C-FA was inhibited by 50 μm cerulenin. By contrast,  haloxyfop 
inhibited only the elongation into very long chain FAs, whereas it did not alter the 
synthesis of 16C- and 18C-FAs. Metabolic labelling experiments and biochemical 
analyses of isolated chloroplast further demonstrated that the elongation of exoge-
nous FAs to 16C- and 18C- FAs occurred primarily in the chloroplasts, most likely 
via the enzymes of  de novo  FA synthesis. Very interestingly, an  Arabidopsis  mutant 
displaying an 80 % reduction in 12C-FA elongation into 16C- and 18C-FAs sug-
gested that a long-chain acyl-CoA synthetase homologue, with a predicted 
N-terminal chloroplast targeting sequence could be involved in this process. Direct 
acyl-ACP-forming activity from FA and ACP was observed in extracts of  Arabidopsis  
leaves and isolated chloroplasts but mutants had markedly reduced  in vitro  acyl- 
ACP synthesis activity. Combining chemical genetic impairment of FAS II and con-
ventional genetics, it was thus possible to demonstrate that plants possessed a 
mechanism for direct activation of FA to ACP in the plastid via an acyl-ACP syn-
thetase (Koo et al.  2005 ).   

    Inhibition of Enzymes Using or Generating Diacylglycerol 
and Phosphatidic Acid 

    Following FA biosynthesis, the fi rst step of the  de novo  biosynthesis of glycerolip-
ids is achieved by the action of two acyl-transferase activities, generating  lyso- 
phosphatidic (lyso-PA)   and then  phosphatidic (PA) acids  . On the one hand,  lyso-PA 
and PA   can be synthesized in the ER by the stepwise action of an acyl-CoA:glycerol- 
3- phosphate acyltransferase (or GPAT) and an acyl-CoA:1-acylglycerol - 3- 
phosphate acyltransferase (or AGPAT). On the other hand, PA neosynthesis can 
occur in plastids by the action of an acyl-ACP:glycerol-3-phosphate acyltransferase 
(or ATS1) and an acyl-ACP:1-acylglycerol - 3-phosphate acyltransferase (or ATS2) 

F. Chevalier et al.



165

(Dubots et al.  2012 ). The following important precursor for glycerolipid synthesis 
is diacylglycerol (DAG), which is neosynthesized from PA. In this case, DAG is 
produced by the hydrolysis of PA by phosphatidate phosphatases (PAP). DAG can 
be phosphorylated into PA by diacylglycerol kinases (DGK). PA and DAG can also 
be generated from existing phospholipids via the action of phospholipases D (PLDs) 
and phospholipases C (PLCs), respectively. DAG and cytidine diphosphate diacyl-
glycerol (CDP-DAG), which directly derives from PA, serve as precursors for all 
membrane glycerolipids (Saidani et al.  2014 ). 

 The biosynthesis of glycerolipids is therefore constituted of three major ‘meta-
bolic blocks’: (1) the neosynthesis/recycling of FAs, (2) a PA ↔ DAG hub, and (3) 
the synthesis of complex glycerolipids from PA/CDP-DAG and DAG. Two subcel-
lular compartments are involved: one is the ER, synthesizing most phospholipids 
that are then sorted to compartments of the endomembrane system via vesicular 
traffi cking; the other one is the plastid, synthesizing non-phosphated glyco-glycer-
olipids, in particular monogalactosyldiacylglycerol (MGDG), and digalactosyldiac-
ylglycerol (DGDG). Given the importance of glycerolipids for membrane biogenesis 
and dynamics, detailed in other chapters of this book, the metabolic routes for their 
synthesis have appeared as a target for the search of herbicides that could then serve 
for chemical genetic studies. 

 Numerous inhibitors of MGDG synthases have been described, but none was 
active or selective enough to be used for a chemical genetic strategy. Chemical 
impairment of galactolipid synthesis has been made possible after the discovery of 
a specifi c blocking agent, following a 10-year drug-development program. Firstly, a 
miniature and robust assay was developed to allow a robotic high throughput screen-
ing (Nishiyama et al.  2003 ). Inhibitors of  Arabidopsis  MGD1 (monogalactolsyldia-
cylglycerol synthase 1) were then obtained from a screen of a 23,360 compounds 
and the active structure was optimized based on the synthesis and analysis of 250 
analogues. The molecule with optimal activity both  in vitro  and  in vivo  was called 
galvestine-1 (Botte et al.  2011 ) (Fig.  7.2 ).   

  Fig. 7.2    Galvestine-1 acting at the level of monogalactosyldiacylglycerol synthesis       
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   At molecular level, galvestine-1 acts by competing with DAG for the binding on 
MGD1 (Botte et al.  2011 ). The inhibitory constant of  gavestine-1 (Ki)   relative to 
DAG is 11 times lower than the Km measured for the DAG substrate. Conformational 
models of DAG and galvestine-1 have been compared and they showed a superposi-
tion of structural portions of both molecules, including H-bond acceptors, at the 
levels of the glycerol backbone of DAG and of the (1,2-dihydro-2-oxobenzo[δ]
imidazol-3-yl)piperidine-1-carboxylate scaffold of galvestine-1. Galvestine-1 is 
thus one of the very few competitive inhibitors of DAG, besides phorbol esters, hav-
ing a clearly distinct scaffold compared to the acyl-glycerol structure. 

  Galvestine-1   was shown to inhibit the activity of all the isoforms of MGDs 
(MGD1, MGD2 and MGD3 multigenic family) and is thus a molecular tool enabling 
the impairment of all MGDG synthases, which could not be attained by genetic 
knock out (as discussed below). The addition of increasing amounts of galvestine-1 
to the growing medium of  Arabidopsis  led to a dose-dependent control of MGDG 
level  in planta  (Botte et al.  2011 ), with a severe chlorosis at highest doses. At low 
doses, chlorosis was more pronounced around vascular tissues, consistently with an 
uptake by the roots and a circulation in the xylem and mesophyll.  In vivo  inhibition 
of MGDG synthesis was measured by metabolic labeling. 

 Conventional genetics allowed important advances in the comprehension of the 
complicate processes governing MGDG and DGDG syntheses and relative propor-
tions. In  Arabidopsis , MGDG mostly contains 16:3 and 18:3 acyls, indicating that 
the neosynthesized MGDG (C18:1/C16:0) is very rapidly desaturated by FAD5 and 
then by FAD6 and FAD7/8, producing polyunsaturated MGDG (C18:3/C16:3). By 
contrast, DGDG mostly contains 16:0 and 18:3 fatty acids, with C16:0 at position 
 sn -1 (C16:0/C18:3), indicating that a bifurcation in the utilization of MGDG occurs 
between DGD1/DGD2 and FAD5. In the knocked down  mgd1-1  mutant (Jarvis 
et al.  2000 ), the MGDG content decreases, whereas that of DGDG is stable, indicat-
ing that MGDG is not limiting for the production of DGDG. A channeling of C16:0- 
rich MGDG toward the production of DGDG, via MGD2 or MGD3, might thus 
occur. In the knocked out  mgd1-2  mutant (Kobayashi et al.  2007 ), seedling could 
grow only on sugar-rich medium, and were albino. Very low levels of MGDG and 
DGDG could be detected, showing that in this severe genetic background, MGD2 
and MGD3 were not suffi cient to allow a sustained production of DGDG. The  acyl 
profi le   of MGDG was enriched in C16:0, C18:0, C18:1 and C18:2, indicating that 
this lipid has been produced using precursors imported from the cytosol. The DGDG 
acyl profi le was identical to that of MGDG supporting, again, a channeling via 
MGD2 or MGD3 and the DGD1 or DGD2 enzymes. The lack of any C16:3 MGDG 
indicated that a channeling via MGD1 and FAD5 is very likely to occur in the wild 
type background. The  mgd2 ,  mgd3  and  mgd2 x mgd3  mutants (Kobayashi et al. 
 2009 ) had no striking phenotype A change in the lipid profi le could be assessed for 
 mgd3-1  upon phosphate starvation, showing a role for this gene in response to phos-
phate variations. Besides this condition, MGD1 apparently complemented the loss 
of  MGD2  and  MGD3 . A possible function for  MGD2  and  MGD3  was highlighted 
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by the expression pattern during the elongation of the pollen tube (Kobayashi et al. 
 2004 ), whereas the expression of  MGD1  in this cell type remained very low. This 
correlates with an increase of the synthesis of MGDG and DGDG in the growing 
pollen tube (Nakamura et al.  2009 ), but the  mgd2 x mgd3  double mutant (Kobayashi 
et al.  2009 ) was not male sterile. Given the impossibility to study a triple mutant, no 
conclusive role for MGDG synthesis in the pollen tube could be deduced. 

 Chemical genetics could then highlight some specifi c properties of MGDG syn-
thases that could not be demonstrated before. In particular, the treatment of 
 Arabidopsis  with galvestine-1 allowed the analysis of a condition that could not be 
tested by genetic approaches, i.e. a targeting of all members of the MGD gene fam-
ily in the same background (Botte et al.  2011 ). The  acyl profi le   of MGDG was 
enriched in C16:0, C18:0, C18:1 and C18:2 in a galvestine-1 dose-dependent man-
ner and this evolution was mirrored in the PC acyl profi le. Thus, the targeting of all 
MGDG synthases highlights the stimulation of the ‘eukaryotic’ route to produce 
galactolipids, to the expense of the ‘prokaryotic’ one and a dose-dependent impair-
ment of the MGDG desaturation initiated by FAD5. The phenotype of treated plants 
was mostly consistent with an impairment of  MGD1 . 

 Very interestingly, the role of MGDG in specifi c cell types, such as pollen tube, 
could eventually be explored in more details. The  in vitro  growth of  Arabidopsis  
pollen tubes was partly inhibited by galvestine-   1 in a dose-dependent manner (Botte 
et al.  2011 ), showing that half of the growth could be attributed to galactolipids. 
Accumulation of DGDG in the plasma membrane of pollen tube could be immuno-
detected (Botte et al.  2011 ) and suggested that in the pollen tube, plastids contribute 
to the very high demand for lipids requested by the plasma membrane expansion in 
one of the fastest cellular elongating systems. 

 The effect of  galvestine-1   treatment on the transcriptome could also be studies 
(Botte et al.  2011 ). The expression of 525 genes was downregulated in a dose- and 
time-dependent manner, including genes coding for thylakoid/chloroplast proteins, 
consistently with the strong effect of galvestine-1 on chloroplast biogenesis. These 
downregulated genes include  LOX2 , and  AOS  coding for enzymes converting 
PUFAs hydrolyzed from galactolipids into oxylipin precursors. A relation between 
the level of 16:3- and 18:3-rich MGDG and the activation of systemic acquired 
resistance (SAR), a mechanism induced by a broad spectrum of pathogens, had 
been shown in the  Arabidopsis sfd1  mutant (Lorenc-Kukula et al.  2012 ). In the list 
of galvestine-1 downregulated genes, 22 were reported to be upregulated following 
Pi starvation, including  SQD2 , cording for the enzyme synthesizing sulfoquinovo-
syldiacylglycerol,  PHO1;H1  and  PHO81  coding for Pi transporters and  SRG3  
encoding a glycerophosphoryldiester phosphodiesterase. Among the 182 genes 
upregulated in a dose- and time-dependent manner, 69 were mostly overexpressed 
after a short exposure, 90 had an expression increasing with duration and concentra-
tion and 23 were strongly overexpressed in all conditions. An important series of 
genes have been highlighted by the analysis of the transcriptomic response to 
galvestine-1 and are now analyzed by conventional genetics. 
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 As mentioned in the introduction, the specifi city of a drug is critical. Specifi city 
of  galvestine-1   on MGD enzymes has been checked by the innocuous effect on 
glycerolipid metabolism of cell types that do not produce galactolipids, like bacteria 
systems, and on the absence of other visible impact on plant cells besides an initial 
decrease in MGDG (Botte et al.  2011 ). Nevertheless, a survey of the screening proj-
ects aiming at discovering drugs acting on glycerolipid metabolism has shown a 
striking structural similarity between [( S )-2-(dibenzylamino)propyl] 4-(2-oxo- 3H-
benzimidazol-1-yl)piperidine-1-carboxylate (or galvestine-1; PubChem ID CID 
25192811) with drugs acting on phospholipases D (Saidani et al.  2014 ). Indeed, 
N-[2-[4-(5-chloro-2-oxo-3H-benzimidazol-1-yl)piperidin-1-yl]ethyl]-4- 
fl uorobenzamide (or halopemide; PubChem ID CID 65490) was shown to selec-
tively inhibit humans PLD1 and PLD2 (Monovich et al.  2007 ; Scott et al.  2009 ) 
(Fig.  7.3 ). Inhibition studies of truncated PLD1 supports that halopemide analogs 
act by direct binding to the catalytic site, in which  phosphatidylcholine (PC)   is 
hydrolyzed into PA. An exploration of the chemical space of halopemide analogs 
has further shown that compounds could be equally effi cient on PLD1 and PLD2 or 
more specifi c to one or the other. Thus compounds with a 1-phenyl-1,3,8- 
triazaspiro[4,5]decan-4-one scaffold, like VU0285655 (PubChem ID CID 
44138050), had a higher selectivity for PLD2 (Scott et al.  2009 ; Selvy et al.  2011 ).

   Chemical tuning of the  piperidinyl-benzimidazolidinone scaffold   can therefore 
determine the target specifi city of the obtained small molecules. Mammal PLD1 
and 2 are similar to  Arabidopsis  PLDζ1 and PLDζ2, and the developed inhibitors 

  Fig. 7.3    Small molecules acting at the level of phospholipases D       
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could be used for a chemical genetic analyses of these enzymes in plants. One can 
attempt to develop specifi c analogs based on this structure. 

 The reverse chemical genetic approach can be extremely useful and complemen-
tary to other approaches. The search for drugs triggering a phenotype at the level of 
glycerolipid metabolism can also be achieved, following a direct chemical genetic 
strategy.   

    Direct Chemical Genetics 

      Screening Strategies   

 Direct chemical genetic strategy essentially refers to the use of drugs of unknown 
mode of action to screen whole organisms or cells for candidates presenting a phe-
notype of interest. Once this phenotype of interest is confi rmed, next objective 
becomes the identifi cation of the target, which is usually pursued through biochemi-
cal approaches (Sadhukhan et al.  2012 ). 

 Several features must be taken into consideration before starting a chemical 
genetic screen. One of the main limitations of this strategy is the little amount of 
drug provided in a chemolibrary. So it is essential to optimize conditions in order to 
carry out the experiment using the minimum amount of drug. As miniaturization is 
often here a necessity, plants with reduced development or cell culture were favored 
for these approaches. Roots architecture in plants has evolved for the effi cient 
uptake of mineral and nutrients providing an excellent route for chemical genetic 
studies (Blackwell and Zhao  2003 ). The small size combined with the well- 
established genomics and proteomics tools makes  Arabidopsis  plants ideal for this 
type of experiments (Raikhel and Pirrung  2005 ). It is then essential to screen for 
phenotypes that can be observed during early days of development (germination 
disorders, alteration in early seedling growth or early responding genes). This strat-
egy has allowed the fi nding of several valuable compounds like the selective ABA 
(abscisic acid) agonist pyrabactin that mimics ABA effect (Zhao et al.  2007 ), morlin 
which interacts with cellulose synthase causing cytoskeletal alterations by disorders 
in micro-fi bril orientation (DeBolt et al.  2007 ) or phosphatin, a drug alleviating 
phosphate starvation response (Arnaud et al.  2014 ), detailed in the next section. 
Morlin was identifi ed in a screen of 20,000 compounds using 96-well format fi lled 
with Murashige and Skoog (MS) agar media completed with drugs at a fi nal con-
centration of 20–40 μM. Approximately 10 sterilized seeds were sown per well, and 
after 3 days of continuous fl uorescent light incubation, seedlings were analyzed 
with a microscope to identify molecules triggering hypocotyl or root swelling 
(DeBolt et al.  2007 ). Pyrabactin was identifi ed in a screen for germination inhibi-
tors. Sterilized seeds were suspended in 0.1 % agar and distributed in 96-well plates 
containing the drugs (10,000 in total, DIVERSet library) at 25 μM in MS agar 
media. Seeds were scored after 4 days of growth. Pyrabactin caused the etiolation 
of the seedlings (Zhao et al.  2007 ). 
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 Other attractive systems for chemical genomics include tobacco BY-2 suspen-
sion cell lines or tobacco pollen tubes. These single cells are suitable for cell mor-
phological and subcellular organization observation. Some compounds identifi ed 
using this approach include cobtorin (Yoneda et al.  2007 ) or endosidin 1 (Drakakaki 
et al.  2009 ). Endosidin 1 blocks the endocytosis of several plasma membrane auxin 
transporters providing a unique tool to dissect recycling pathways (Robert et al. 
 2008 ). Endosidin 1 was isolated in a screen for compounds that perturb tobacco cell 
growth, which depends essentially on endomembrane traffi cking. In this screen, 
pollen from 30 wild-type tobacco fl owers was distributed in 384-well assay plates. 
Each well contained a compound from a 2,016 chemical library (Microsource 
Spectrum) that had already been distributed using a pipetting robot. Plates were 
incubated at room temperature with shaking for a minimum of 3 h to permit germi-
nation. Pollen tube morphology was observed by using transmitted confocal imag-
ing (Robert et al.  2008 ). Cobtorin would also cause swollen phenotype, by the 
inhibition of the parallel alignment of the cortical microtubules with the cellulose 
micro-fi brils. In this screen, suspension of BY-2 cells expressing a GFP-α-tubulin 
fusion protein were cultured for 2 days in 96-well plates in a medium containing 
25 μM of each compound (4,000 in total, two different libraries were used, LATCA 
and Spectrum). Tubulin organization of each cell was analyzed after these 2 days by 
confocal microscopy (Yoneda et al.  2007 ).   

    Search for Molecules Interfering with the Response of Plants 
to Phosphate Supply, with an Effect on the Lipid Remodeling 
Phenotype 

  Phosphate (Pi)   is a vital macro-nutriment limiting plants growth in a vast majority 
of soils. Several physiological adaptive processes allow Pi recovery and utilization. 
One of these processes consists in the remodelling of membrane phospholids, which 
are replaced by sulfolipids or galactolipids (for recent reviews, Nakamura  2013 ; 
Boudière et al.  2012 ,  2014 ; Petroutsos et al.  2014 ). Such phenomenon was fi rst 
reported in non-photosynthetic bacterium  Pseudomonas diminuta  (Minnikin et al. 
 1974 ) and then in the photosynthetic purple bacterium  Rhodobacter sphaeroides  
(Benning et al.  1993 ). If multiple levels of regulations have been identifi ed, the 
transcriptional control of this process remains a key step involving the gene family 
of the PHR1 master regulator (Rubio et al.  2001 ; Misson et al.  2005 ; Thibaud et al. 
 2010 ). A chemical genetics strategy was considered to identify drugs altering the 
transcriptional control of Pi starvation response. To that purpose, an  Arabidopsis  
gene trap line containing a GUS transcriptional fusion with the high-affi nity Pi 
transporter PHT1;4 (Misson et al.  2004 ) was used. This reporter gene is strongly 
induced in primary roots, offering the opportunity to perform the selection of very 
young plantlets. Four to fi ve seeds germinated in 96-well plates have been used to 
screen the Library of Active Compounds on Arabidopsis collection of 3,600 
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biologically active compounds (Arnaud et al.  2014 ). Two classes of molecules were 
identifi ed. The fi rst series, named phostatin analogues (Pi- sta rvation  in hibitor) alle-
viates phosphate starvation responses (Arnaud et al.  2014 ), whereas the second 
series called phostin analogues ( Pi in hibitor) trigger phosphate starvation traits 
despite the presence of Pi in the medium (C. Bonnot et al., manuscript in prepara-
tion). The analysis of the activity of phostatin 1 (PTN1) and of commercially avail-
able structural analogues has allowed the identifi cation of a common structure 
composed of a benzene aromatic ring with sulfur and chlorine residues in para posi-
tions (Fig.  7.4 ).

    PTN   addition reduced various traits of   Pi    -starvation, such as the accumulation of 
starch and anthocyanins and most importantly the phospholipid/glycolipid conver-
sion. A transcriptomic analysis revealed the broad impact of PTN addition on the 
expression of a majority of genes regulated by low Pi availability. The phospholipid/
glycolipid ratio varied from 46/54 in Pi-rich conditions to 19/81 in Pi-defi cient con-
ditions. The addition of PTN to a Pi-starved medium increased the proportion of 
phospholipids (the ratio observed reached 25/75). The analysis of the lipid composi-
tion revealed that modifi cations affected mostly DGDG, PI, PE and PC. It is inter-
esting to notice that the extent of these modifi cations is signifi cant but still lags 
behind the transcriptomic changes observed for many enzymes of these pathway 
(such as SQD2, MGD3, SQD1, MGD2 and PLDζ). These drugs offer therefore 
interesting tools to reveal and/or analyze additional levels of regulation (Arnaud 
et al.  2014 ). The search for PTN target(s) should now be undergone and could lead 
to the unravelling of still unknown processes regulating the complete metabolic 
scheme of glycerolipids, governing in particular the balance between various lipid 
classes.   

    Conclusion 

 This chapter illustrates the strength of chemical genetics applied to the study of 
glycerolipid metabolism in plants, with small molecules used as fl exible tools for a 
wide range of purposes, from functional  in vivo  dissection of some lipid intermedi-
ates (FAs, glycerolipid classes like MGDG, PC, etc.) to the search of novel genes 
involved in the regulation of the complete lipid metabolic scheme. Two main 
approaches can be considered, one from target to drug and the other one from drug 
to target. The possibility to hit biological processes that cannot be analyzed by clas-
sical genetics (lethal genes, multigenic families) can be a clear advantage to search 

  Fig. 7.4    Structure of 
PTN1, or phostatin 1 
(Pi-starvation inhibitor 1)       
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for unknown mechanisms. For instance, the possibility to uncouple the lipid remod-
eling from other responses triggered by Pi starvation shows that specifi c mecha-
nisms are orchestrated downstream a complex system sensing environmental cues, 
which could not be identifi ed by another mean. Small molecules are then tools for 
research opening novel fi elds of investigation. In the case of reverse chemical genet-
ics, the analysis of the transcriptome response to variable doses of compounds can 
point genes/proteins that were not previously positioned in the glycerolipid meta-
bolic scheme or genes/proteins that indicate a connection between the lipid meta-
bolic scheme and other biological processes. The screen of  Arabidopsis  mutants 
resisting to the developed drugs is an additional approach that can allow the discov-
ery of novel actors. In the case of direct chemical genetics, the search for the 
target(s), using chemical derivatives grafted onto affi nity matrices or via mutant 
screening strategies is also a way to advance knowledge signifi cantly. The pace of 
chemical genetic studies is slow, and the risk of failure is not null, but combined 
with other approaches, the benefi ts can really lead to important breakthroughs.     
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    Chapter 8   
 Triacylglycerol Accumulation 
in Photosynthetic Cells in Plants and Algae                     

       Zhi-Yan     Du     and     Christoph     Benning    

    Abstract     Plant and algal oils are some of the most energy-dense renewable com-
pounds provided by nature. Triacylglycerols (TAGs) are the major constituent of 
plant oils, which can be converted into fatty acid methyl esters commonly known as 
biodiesel. As one of the most effi cient producers of TAGs, photosynthetic microal-
gae have attracted substantial interest for renewable fuel production. Currently, the 
big challenge of microalgae based TAGs for biofuels is their high cost compared to 
fossil fuels. A conundrum is that microalgae accumulate large amounts of TAGs 
only during stress conditions such as nutrient deprivation and temperature stress, 
which inevitably will inhibit growth. Thus, a better understanding of why and how 
microalgae induce TAG biosynthesis under stress conditions would allow the devel-
opment of engineered microalgae with increased TAG production during conditions 
optimal for growth. Land plants also synthesize TAGs during stresses and we will 
compare new fi ndings on environmental stress-induced TAG accumulation in plants 
and microalgae especially in the well-characterized model alga  Chlamydomonas 
reinhardtii  and a biotechnologically relevant genus Nannochloropsis.  

  Keywords     Nutrient deprivation   •   Photosynthesis   •   Lipid droplet   •   Lipid remodel-
ing   •   Lipid metabolism  

      Introduction 

 During the past decade, basic research on lipid metabolism in microalgae and plants 
has greatly benefi tted from funding available for the exploration of sustainable, 
domestic production of liquid fuels. As fossil carbon-derived fuels are diminishing 
and will eventually be depleted by the increasing demand of modern societies, the 
search for sustainable sources of energy has become more urgent. As a result of the 
burning of fossil fuels, carbon dioxide (CO 2 ) is released to the atmosphere, which is 
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a greenhouse gas and a likely contributor to global warming as its atmospheric con-
centration has steadily increased since the onset of the industrial revolution (Cheah 
et al.  2014 ; Martinez-Boti et al.  2015 ). Therefore, alternative energy sources should 
not only be reliable and renewable, but also not further contribute to the increase of 
atmospheric CO 2 . Biofuel products from photosynthetic organisms can potentially 
meet this challenge. By converting sunlight into chemical energy, photosynthetic 
organisms such as plants and algae produce biomass and storage compounds, i.e. 
carbohydrates and TAGs, which can be converted to liquid transportation fuels 
equivalent to fossil fuels. A big advantage of biofuel is that photosynthetic organ-
isms consume CO 2  from the atmosphere or directly from anthropogenic sources 
along with the conversion of solar energy, resulting in greenhouse gas reduction as 
they displace fossil fuels (Barber  2009 ; Merchant et al.  2012 ; Ohlrogge and 
Chapman  2011 ). Currently, two major forms of biofuels, ethanol and biodiesel, are 
available in the market and substitute a small portion of global fossil fuels con-
sumed annually (Ohlrogge and Chapman  2011 ). 

 The focus here is on biodiesel, one of the commonly used biofuels which is cur-
rently primarily produced from edible plant vegetable oils obtained from agricul-
tural crops such as soybean and oil palm (Durrett et al.  2008 ). Compared with 
bioethanol, biodiesel has several advantages. First, plant oils as fuel feedstocks 
have a higher energy density than carbohydrates; biodiesel has a 25 % higher energy 
content per volume than ethanol (Durrett et al.  2008 ). Secondly, the net positive 
energy balance for biodiesel production is much higher than that for ethanol. 
Although the exact numbers are still debated, by one estimation, biodiesel from soy 
oil yields 93 % more energy over the total energy input into its production, whereas 
ethanol from corn starch yields only 25 % more, including extra energy credits from 
co-products, e.g. for animal feed (Hill et al.  2006 ). Thirdly, greenhouse gas emis-
sions are reduced 41 % by the production and combustion of biodiesel compared to 
the fossil fuels it replaced, whereas the number for ethanol is only 12 % (Hill et al. 
 2006 ). Biodiesel also generates less air and chemical pollutants derived from pesti-
cides and fertilizers per net energy gain than ethanol (Hill et al.  2006 ). Fourthly, 
with respect to transportation fuel, biodiesel can be used directly for diesel engines 
which are 30 % more effi cient than gasoline engines, whereas ethanol has to be 
blended with conventional petrol/gasoline before it is used. In addition, ethanol 
needs to be stored separately before use because it can lead to corrosion of pipe-
lines, and it is not practical for certain applications, such as jet fuel or heavy vehi-
cles (Dismukes et al.  2008 ; Durrett et al.  2008 ). All these benefi ts have motivated 
research into the biosynthesis of TAGs and its regulation in algae and plants, and 
substantial effort has been spent on the engineering of TAG quality.  
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    Fatty Acid and Triacylglycerol Production in Non-seed 
Tissues of Plants 

  Plant oils  , primarily TAGs, are abundantly stored in cytosolic lipid droplets of oil 
seeds, and have been traditionally a common source for edible vegetable oil and 
biodiesel feedstocks. For example, in 2005, 1.5 % of the soybean harvest in the 
USA produced 256 million liters of biodiesel, providing 0.09 % of the total USA 
diesel consumption (US Department of Energy  2007 ). During the same year, bio-
diesel contributed ~1.6 % of the EU diesel usage (Commission of the European 
Communities  2007 ) and ~0.21 % of that in the USA (US Department of Energy 
 2007 ). By 2030, worldwide demand for edible vegetable oils is expected to double 
due to an increasing population (Bruinsma  2003 ; Chapman and Ohlrogge  2012 ). 
One approach to avoid a direct competition with food supplies has been the intro-
duction of dedicated oleaginous biofuel crops producing non-edible oils such as 
 Sapindus mukorossi  (soap-nut tree) and  Jatropha curcas  (physic-nut tree) which 
also can tolerate marginal agricultural land less suitable for the common agricul-
tural crops (Abdulla et al.  2011 ; Chhetri et al.  2008 ). 

      Genetic Engineering   of Oil Accumulation 
in Non-seed Plant Tissues 

 Another new strategy for non-food oil feedstocks is to produce oil in non-seed plant 
tissues such as leaves and stems in high biomass crops (Chapman et al.  2013 ; 
Durrett et al.  2008 ). Plant oils can be easily extracted from vegetative tissues, and 
the residual lignocellulosic biomass can be converted to biofuel feedstocks by 
deconstruction followed by fermentation or can be burned directly to produce bio-
electricity for electric vehicles (Ohlrogge et al.  2009 ; Vanhercke et al.  2014 ). If 
harvestable vegetative tissues accumulate 10 % TAGs on a dry weight basis, the 
energy yield from the crop would be increased by at least 30 % (Ohlrogge and 
Chapman  2011 ). 

 Most plant leaves already contain ~5 % fatty acids by dry weight in the form of 
polar membrane lipids that are not easy to use (Yang and Ohlrogge  2009 ). Neutral 
lipids such as TAGs can in principle be synthesized in most plant cells, although 
they primarily accumulate in plant seeds, and only minor amounts are found in 
leaves, stems, and roots (Yang and Ohlrogge  2009 ). However, there are intriguing 
exceptions. Examples include copious amounts of oil in the fruit mesocarp of olive 
( Olea europaea ), avocado ( Persea americana ), and oil palm ( Elaeis guineensis ) 
(Ross et al.  1993 ; Tranbarger et al.  2011 ), in tubers of nutsedge ( Cyperus esculen-
tus ) (Stoller and Weber  1975 ; Zhang et al.  1996 ), and in stem tissues of Mongolian 
oilwood ( Tetraena mongolica ) (Wang et al.  2007 ), suggesting that vegetative-tissue 
based oil could be a realistic approach for oil production. 
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 In fact, numerous attempts towards the engineering TAG accumulation in veg-
etative tissues have been carried out over the past decade with various strategies that 
are generally trying to optimize the fl ux of carbon into TAG by overexpressing seed 
transcription factors, increasing TAG/fatty acid synthesis or blocking TAG turn-
over. For example, transcription factors that normally control plant oil biosynthesis 
in developing embryos as summarized in recent reviews (Bates et al.  2013 ; Baud 
and Lepiniec  2010 ; Santos-Mendoza et al.  2008 ) have been explored to produce oil 
in non-seed tissues by their ectopic production, including   WRINKLED1  ( WRI1 )   
(Cernac and Benning  2004 ; Sanjaya et al.  2011 ),   ABSCISIC ACID INSENSITIVE4  
( ABI4 )   (Yang et al.  2011 ),   LEAFY COTYLEDON1  ( LEC1 )   or  LEC2  (Mu et al.  2008 ; 
Santos-Mendoza et al.  2005 ; Stone et al.  2008 ). In developing embryos of plants, a 
fraction of TAG is synthesized through acylation of diacylglycerol (DAG) by diac-
ylglycerol acyltransferase (DGAT) (Cases et al.  1998 ; Lardizabal et al.  2001 ), and 
ectopic expression of DGAT or monoacylglycerol acyltransferase (MGAT) 
increases TAG content in leaves (Andrianov et al.  2010 ; Bouvier-Nave et al.  2000 ; 
Petrie et al.  2012 ; Sanjaya et al.  2013 ). In potato tubers, overexpression of the 
Arabidopsis acetyl-CoA carboxylase leads to increases in TAG and fatty acid syn-
thesis (Klaus et al.  2004 ). By reducing TAG turnover in a  cgi - 58  knockout mutant, 
mature Arabidopsis leaves show increases in TAG accumulation, while seed stor-
age, germination and plant growth are not affected (James et al.  2010 ). TAG accu-
mulation has also been observed in leaves and roots in an Arabidopsis 
 trigalactosyldiacylglycerol1  ( tgd1 ) mutant which is disrupted in lipid transfer 
between the endoplasmic reticulum (ER) and the chloroplast (Xu et al.  2005 ). 
Another intriguing Arabidopsis mutant designated  pickle  has embryo-like roots that 
produce seed storage compounds including oil (Ogas et al.  1997 ,  1999 ). 

 These studies have achieved the goal of engineering oil in non-seed tissues. 
However, the levels of oil production were initially still far below the 10 % dry 
weight benchmark most likely because of their single-gene strategies. More recent 
studies have attempted to further increase TAG content in non-seed tissues by 
manipulating the expression of multiple genes from different pathways. Various 
gene combinations have been tried and examined in transgenic plants such as 
Arabidopsis and tobacco ( Nicotiana tabacum ). Examples include the overexpres-
sion of  LEC2  in the fatty acid breakdown mutant  COMATOSE  ( cts2 ) (Slocombe 
et al.  2009 ), the overexpression of  WRI1  in an Arabidopsis RNAi line designated 
 AGP RNAi that reduces the expression of  APS1 , a gene encoding the ADP-glucose 
pyrophosphorylase (Sanjaya et al.  2011 ), the coexpression of DGAT1 and oil-body 
protein oleosin that increases both TAG and leaf biomass (Winichayakul et al. 
 2013 ), the disruption of a TAG lipase gene  SUGAR - DEPENDENT1  ( SDP1 ) or 
 PEROXISOMAL TRANSPORTER1  ( PXA1 ) in the  tgd1  mutant (Fan et al.  2014 ), and 
the coexpression of  WRI1  and  DGAT1  in tobacco (Vanhercke et al.  2013 ). Compared 
to these two-gene attempts, three-gene combinations were even more successful in 
enhancing TAG accumulation. In Arabidopsis, the coexpression of  OLEOSIN1  and 
the gene encoding phospholipid:diacylglycerol acyltransferase 1 ( PDAT1 ) in the 
 tgd1  mutant boosted leaf TAG content to ~9 % of the dry weight (Fan et al.  2013 ). 
In contrast, the coexpression of  WRI1  and  DGAT1  in the lipase mutant 
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 sugar- dependent1 ( sdp1 ) resulted in TAG accumulation in leaves, stems and roots 
ranging from 5 to 8 % of dry weight but along with a ~20 % reduction in leaf bio-
mass (Kelly et al.  2013 ). By the provision of 3 % (w/v) sucrose, TAG content in the 
roots of these transgenic plants could be further increased up to 17 % of dry weight 
(Kelly et al.  2013 ). Another report showed over 10 % TAG by dry weight in mature 
tobacco leaves and ~15 % TAG in stems and roots by the coexpression of  WRI1 , 
 DGAT1  and  OLEOSIN , three genes involved in different aspects of TAG synthesis 
(Vanhercke et al.  2014 ).   

       Environmental Stresses   Induce Oil Accumulation in Plant 
Vegetative Tissues 

 Besides manipulation of gene expression, various environmental stresses, such as 
ozone fumigation, freezing and desiccation, appear to stimulate plant oil accumula-
tion in vegetative tissues (Fig.  8.1 ) (El-Hafi d et al.  1989 ; Moellering et al.  2010 ; 
Navari-Izzo and Rascio  1999 ; Sakaki et al.  1985 ). For example, after approximately 
6 h fumigation with ozone (0.5 μL/L), TAG accumulation in spinach leaves reached 
a maximum, whereas three polar lipids, phosphatidylcholine (PtdCho), mono- and 
digalactosyldiacylglycerol (MGDG and DGDG) decreased strongly during the 
same period (Sakaki et al.  1985 ,  1990c ). Further analysis such as fatty acid profi ling 
and pulse-chase acetate labeling has revealed that these TAGs are derived from 
diacylglycerol (DAG) and free fatty acids (FFA) from MGDG due to the activity of 
a galactolipid:galactolipid galactosyltransferase (GGGT) (Sakaki et al.  1990b ,  c ). 
Subsequent  in vitro  enzyme activity assays of spinach GGGT suggested its activa-
tion by FFA and divalent cations such as Mg 2+ , Mn 2+  and Ca 2+  (Sakaki et al.  1990a ). 
However, the signifi cance of the TAG accumulation in relation to GGGT activation 
in spinach leaves upon ozone treatment is still not clear.

   Stress-induced TAG accumulation has also been observed in Arabidopsis during 
freezing (Moellering and Benning  2011 ; Moellering et al.  2010 ). Studies on 
Arabidopsis  SENSITIVE TO FREEZING 2  ( SFR2 ) (Moellering et al.  2010 ), a gene 
encoding a protein annotated as a glycosyl hydrolase family 1 protein at the outer 
chloroplast envelope membrane (Fourrier et al.  2008 ; Thorlby et al.  2004 ), sug-
gested that SFR2 likely is the GGGT in plants and participates in the protection of 
chloroplast under freezing stress due to its activity causing the formation of oligo-
galactolipids and DAG by processive transfer of galactosyl moieties from MGDG 
onto an galactolipid acceptor (Moellering et al.  2010 ). A more recent study con-
fi rmed that SFR2 acts solely as a glycosyltransferase rather than a glycosyl hydro-
lase and provided insights into its reaction mechanism through structure function 
studies assisted by a structural homology model (Roston et al.  2014 ). Under freez-
ing stress, Arabidopsis SFR2 converts nonbilayer-MGDG to bilayer-forming mem-
brane lipids such as tri- and tetra-galactosyldiacylglycerol (TGDG and TeGDG, 
respectively), as well as DAG that is further acylated to TAG (Moellering et al. 
 2010 ). In case of ozone fumigation of spinach leaves, the acyl groups are most 
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likely derived from MGDG hydrolysis (Moellering et al.  2010 ; Sakaki et al.  1990b , 
 c ). The remodeling of membrane lipids by SFR2 upon freezing stress, which leads 
to severe dehydration of the cell as ice forms fi rst in the apoplast, reduces the ten-
dency of the formation of inter-bilayer hexagonal II phase, increases stabilization of 
the envelope membranes and, therefore, enhances freezing tolerance (Moellering 
and Benning  2011 ; Moellering et al.  2010 ; Roston et al.  2014 ). Furthermore, TAG 
accumulation in Arabidopsis leaves can contribute to the removal of excess mem-
brane lipids like MGDG from the envelope membranes as the organelle shrinks in 
response to dehydration by the combined activity of TAG-biosynthetic enzymes 
and SFR2 during freezing treatment or general osmotic stress (Moellering and 
Benning  2011 ; Moellering et al.  2010 ). 

  Fig. 8.1    Triacylglycerol 
accumulation occurs in 
plant vegetative tissues 
under environmental 
stresses. The plant model 
shown in the fi gure 
represents plants described 
in section “ Environmental 
stresses induce oil 
accumulation in plant 
vegetative tissues ”, e.g. 
 Arabidopsis thaliana , 
 Spinacia oleracea  L. 
(spinach) and  Gossypium 
hirsutum  (cotton) plants. 
The  white  snow fl ake and 
the  yellow  leaf indicate 
freezing condition and leaf 
senescence, respectively. 
 TAG  triacylglycerol,  -N  
nitrogen deprived,  salt  high 
salt       

 

Z.-Y. Du and C. Benning



185

 Under water-defi cit stress conditions, a decrease in MGDG and increase in TAG 
levels has been observed in a variety of plants such as desiccation-tolerant plants 
 Craterostigma plantagineum  (blue carpet),  Lindernia brevidens  and  Ramonda ser-
bica  (Serbian-phoenix fl ower), desiccation-sensitive plants Arabidopsis and 
 Lindernia subracemosa , as well as the crops  Gossypium hirsutum  (cotton),  Triticum 
aestivum  (wheat) and  Zea mays  (maize), indicating an important role of lipid remod-
eling in plant adaptation to desiccation stress (El-Hafi d et al.  1989 ; Gasulla et al. 
 2013 ; Navari-Izzo and Rascio  1999 ). For instance, a recent study has shown that 
TAGs in  C. plantagineum  increase from 0.146 to 3.11 nmol mg −1  of dry cell weight 
in desiccated leaves and decrease again following rehydration (Gasulla et al.  2013 ). 
Analysis of molecular species has revealed that these TAGs are synthesized from 
DAG derived either directly from MGDG hydrolysis or due to the activity of SFR2 
that converts multiple MGDGs into TGDG/TeGDG and DAG. Simultaneously, a 
fraction of MGDG is converted into DGDG by UDP-Gal-dependent DGDG syn-
thases DGD1/DGD2 (Gasulla et al.  2013 ). This conversion of MGDG to DGDG/
TGDG/TeGDG and TAG is believed to contribute to the stabilization of membranes 
during desiccation stress. In addition, TAG accumulation can be induced (or TAG 
degradation delayed) in Arabidopsis seedlings by the treatment with abscisic acid 
(Yang et al.  2011 ), an important plant stress hormone also involved in responses to 
freezing and desiccation. 

 TAG accumulation is also observed following senescence/dark treatment in 
Arabidopsis leaves (Slocombe et al.  2009 ), which is interpreted as the sequestration 
of FFA derived from galactolipids (Kaup et al.  2002 ). During leaf senescence or 
environmental stresses, disintegration of thylakoid membranes, as well as degrada-
tion of chlorophyll and galactolipids, results in the accumulation of toxic intermedi-
ates such as free phytol and FFA. In Arabidopsis,  PHYTYL ESTER SYNTHASE1  
( PES1 ) and  PES2  encode two acyltransferases (of the esterase/lipase/thioesterase 
family) performing both phytyl ester synthesis and diacylglycerol acyltransferase 
activities with broad substrate specifi cities (Lippold et al.  2012 ). During develop-
mental senescence or nitrogen deprivation induced senescence, TAG and phytyl 
esters accumulate in the wild type, whereas the  pes1 pes2  double mutant contains 
~30 % less TAG than the wild type but much higher free phytol. This observation 
indicates that PES1 and PES2 help avoid the accumulation of toxic products of 
thylakoid membrane degradation during leaf senescence and nitrogen deprivation, 
by the removal of free phytol and FFA in the form of phytyl esters and eventually 
sequestration of FFA into TAG (Lippold et al.  2012 ). TAG accumulation has also 
been reported by another group using nitrogen-deprived Arabidopsis seedlings 
(Yang et al.  2011 ). These fi ndings are particularly intriguing because nitrogen defi -
ciency is currently widely used in laboratory and aquaculture settings to induce 
TAG accumulation in microalgae, another attractive source of sustainable feed-
stocks for bioenergy.    

8 Triacylglycerol Accumulation in Photosynthetic Cells in Plants and Algae



186

    Microalgae Accumulate Triacylglycerol upon 
Different Stresses 

 Microalgae are eukaryotic photosynthetic microorganisms that are masters at using 
sunlight, CO 2  and water to produce biomass (Georgianna and Mayfi eld  2012 ; Hu 
et al.  2008 ). Under optimal growth conditions, microalgae are very effi cient in the 
utilization of solar energy for the production biochemical compounds such as starch, 
cellulose and other carbohydrates which can readily be used as feedstocks for  bio-
ethanol production   due to the absence, or low content of lignin from algal biomass 
compared to biomass derived from land plants (John et al.  2011 ; Jones and Mayfi eld 
 2012 ). When placed under stress conditions, many species of microalgae produce 
large amounts of neutral lipids typically in the form of TAGs as storage products for 
carbon and energy, and they are therefore referred to as oleaginous microalgae 
(Chisti  2007 ; Hu et al.  2008 ). As this typically happens in photosynthetically active 
cells, TAG accumulation in microalgae is conceptually more similar to stress- 
induced TAG accumulation in vegetative tissues of plants than the related process 
in developing plant seeds. Therefore, gaining an understanding of TAG accumula-
tion in microalgae may also provide important insights for the engineering of TAG 
accumulation in vegetative tissues of plants. 

 Algal TAGs usually have  acyl chains   with 16 or 18 carbons esterifi ed to the 
glycerol (Fig.  8.2 ) (Liu et al.  2013 ). These fatty acyl chains are chemically similar 
to diesel fuel components that typically have 10–15 carbons per molecule, and alga- 
derived biodiesel is directly compatible with diesel engines (ASTM  2002 ; Durrett 
et al.  2008 ). Thus, oleaginous microalgae can theoretically be used for producing 
both biodiesel derived from their oil and bioethanol/bioelectricity derived from the 
biomass left after oil extraction maximizing the overall energy yield (Jones and 
Mayfi eld  2012 ; Ohlrogge et al.  2009 ).

   Moreover, using microalgae as feedstocks for biofuel  products   has potential 
advantages as compared to current biofuel crops such as corn and oil palm. Firstly, 
microalgae accumulate a substantial amount of TAG, commonly 20–50 % of dry 
weight (Chisti  2007 ; Hu et al.  2008 ). Secondly, microalgae grow fast (usually 1–3 
doublings per day) and they are more effi cient than terrestrial plants in the conver-
sion of solar energy to biomass (Chisti  2013 ; Stephenson et al.  2011 ). Thirdly, in 
principle microalgae require less land area for the same yield of biofuel compared 
with terrestrial crops and their cultivation can utilize marginal lands such as deserts 
and saline lake beds that cannot be used for conventional agriculture (Georgianna 
and Mayfi eld  2012 ; Stephenson et al.  2011 ). Microalgae can be incubated in 
enclosed photobioreactors throughout the year independent of seasons (Georgianna 
and Mayfi eld  2012 ; John et al.  2011 ), and can use nutrient-rich wastewater to meet 
the relatively high demand for water (Venkata Mohan et al.  2015 ). Marine microal-
gae cultivation can utilize abundant sea water, but requires a costal location of the 
production site (Stephenson et al.  2011 ). Thus, cultivation of microalgae has the 
potential to minimize or avoid the competition with food crops for arable land and 
other crop-based agricultural production schemes for biofuels. Fourthly, microalgae 
produce a variety of valuable co-products or by-products such as biopolymers, pro-
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teins, animal feed and fertilizer (Brennan and Owende  2010 ; Hu et al.  2008 ). All 
these advantages promise a great potential for microalgae-based production of fuels 
and other products, a promise that, however, still needs to be realized in  cost effec-
tive   ways. But the promise of algae as sustainable feed stocks certainly has globally 
“fueled” research to explore mechanisms of TAG accumulation in microalgae and 
to develop algae-based production schemes (Liu and Benning  2013 ). 

    Factors Affecting Triacylglycerol Accumulation in Microalgae 

 Oleaginous microalgae produce only small amounts of TAG during optimal growth 
or under favorable environmental conditions, under which polar membrane lipids 
(5–20 % of dry weight) are generally the major lipid compounds (Hu et al.  2008 ). 

  Fig. 8.2    Triacylglycerol is accumulated in nutrient-limited cultures of  Chlamydomonas rein-
hardtii . Triacylglycerol (TAG) consists of three acyl chains (in  black ) that are esterifi ed to a glyc-
erol (in  red ). Cells of wild-type Chlamydomonas strain dw 15-1 were incubated in 
Tris-acetate-phosphate medium supplemented with or without 10 mM NH 4 Cl. The ratio of fatty 
acids (FA) from TAG over total-lipid fatty acids was calculated in Chlamydomonas samples fol-
lowing indicated nitrogen deprivation.  +N  nitrogen replete,  −N  nitrogen deprived. Averages of 
three independent measurements are given.  Error bars  indicate SD       
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As already mentioned, synthesis and accumulation of TAG in microalgae is induced 
by stress conditions, accompanied by complicated changes in overall fatty acid and 
lipid composition. Stresses can be  chemical or non-chemical   in nature and the major 
chemical-based inducers of TAG accumulation are various nutrient limitations, 
whereas the major non-chemical stress inducers are temperature and light intensity. 
Growth phase of a  culture and aging   of microalgal cultures also affect TAG content 
and fatty acid composition, likely because nutrients become limited and toxins 
accumulate as the cultures enter stationary phase. 

  Nitrogen defi ciency   is the most frequently studied condition inducing TAG 
accumulation in different algae (Hu et al.  2008 ). Microalgae including green algae 
and diatoms accumulate TAG ~20–50 % upon nitrogen defi ciency (Hu et al.  2008 ). 
Silicon is another important nutrient that affects cellular lipid metabolism especially 
in diatoms. In the brackish-water diatom  Cyclotella cryptica , silicon defi ciency 
induces TAG accumulation in lipid droplets with higher proportions of saturated 
and mono-unsaturated fatty acids over silicon-replete cells (Roessler  1988 ; Traller 
and Hildebrand  2013 ). Other macro nutrients affecting cellular lipid metabolism 
include sulfur and phosphorus. For example, sulfur starvation increases the neutral 
lipids in the green algae  Chlorella ellipsoidea  (Otsuka  1961 ) and  Chlamydomonas 
reinhardtii  (Matthew et al.  2009 ).  Phosphorus starvation   also promotes TAG accu-
mulation in the fresh water alga  Monodus subterraneus  (Khozin-Goldberg and 
Cohen  2006 ) and various marine microalgae such as the diatom  Phaeodactylum 
tricornutum  and the haptophyte alga  Isochrysis galbana  (Abida et al.  2015 ; Reitan 
et al.  1994 ). Besides macro nutrients, studies on the green alga Chlamydomonas 
have shown that defi ciency in micro nutrients such as zinc and iron also induce 
TAG accumulation (Kropat et al.  2011 ; Urzica et al.  2013 ). In addition, drugs such 
as  Brefeldin A   (an ER-stress inducer) have been found to rapidly stimulate TAG 
accumulation in Chlamydomonas and the freshwater alga  Chlorella vulgaris  (Kim 
et al.  2013 ). 

 Many studies have reported that  non-chemical based stresses   lead to the forma-
tion of TAG in microalgae including unfavorable temperature, light intensity, high 
salinity and dehydration. For example, increased temperature results in the eleva-
tion of lipid content in the freshwater phytofl agellate  Ochromonas danica  (Aaronson 
 1973 ), the marine alga  Nannochloropsis salina  (Boussiba et al.  1987 ) and 
Chlamydomonas (Hemme et al.  2014 ). High light intensity increases neutral storage 
lipid content, mainly TAGs, accompanied by a decrease in total polar lipids (Brown 
et al.  1996 ; Khotimchenko and Yakovleva  2005 ; Napolitano  1994 ). Furthermore, 
TAG accumulates in Chlamydomonas during hypoxia in darkness or during 
extended (24 h) darkness alone (Hemschemeier et al.  2013 ). Synthesis of TAG can 
also be induced by high salinity as seen in the green algae  Dunaliella salina  (Takagi 
et al.  2006 ) and Chlamydomonas (Siaut et al.  2011 ), or by dehydration during illu-
mination in the green alga  Chlorella kessleri  (Shiratake et al.  2013 ). 

 When reaching the stationary phase, some microalgae such as the green alga 
 Parietochloris incisa  and the marine dinofl agellate  Gymnodinium  sp. have shown an 
increase in TAG content (Bigogno et al.  2002 ; Mansour et al.  2003 ), which is probably 
a consequence of nutrient depletion or accumulation of toxic metabolic products. 
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Culture aging or  senescence   during prolonged stationary phase also affects lipid 
metabolism in microalgae. For example, the total lipid content increases along with 
culture aging in the green alga  Chlorococcum macrostigma  (Collins and Kalnins 
 1969 ), and diatoms such as  Thalassiosira fl uviatillis  (Conover  1975 ) and  Coscinodiscus 
eccentricus  (Pugh  1971 ). These fi ndings indicate possible roles of TAG accumulation 
in response to various stimuli, and a better understanding of the mechanism of TAG 
induction during stress conditions will provide strategies for the engineering of TAG 
accumulation and TAG quality under conditions favorable for biomass accumulation 
of microalgae.  

     Chlamydomonas   as a Reference Microalgae to Answer 
Questions about TAG Accumulation 

 The unicellular green alga Chlamydomonas traditionally has been used as a model 
for studies of  photosynthesis   (Rochaix  1995 ) or fl agella biogenesis (Harris  2001 ), 
and has recently been widely adopted as a reference organism for algal TAG metab-
olism research. Reasons are its simple life cycle and well-developed genetic tools 
and techniques (Liu and Benning  2013 ; Merchant et al.  2012 ). As summarized 
above, Chlamydomonas cells accumulate TAGs upon various unfavorable condi-
tions such as nutrient defi ciency and non-chemical stresses (Liu and Benning  2013 ; 
Merchant et al.  2012 ).  Nitrogen deprivation   is frequently used to induce TAG accu-
mulation in Chlamydomonas (Fig.  8.2 ), and will lead to a cessation of cell division 
and eventually to a cellular state known as cellular quiescence (Tsai et al.  2014 ). 

 To understand the  mechanism   of TAG accumulation in Chlamydomonas, sev-
eral studies have been carried out to identify key genes by reverse and forward 
genetic approaches (Liu and Benning  2013 ; Merchant et al.  2012 ). For instance, 
forward genetic screening using  insertional mutagenesis   (Khozin-Goldberg and 
Cohen  2011 ; Li et al.  2012 ; Merchant et al.  2012 ; Zhang et al.  2014 ), deep transcrip-
tome analysis by RNA sequencing (Blaby et al.  2013 ; Hemschemeier et al.  2013 ; 
Juergens et al.  2015 ; Miller et al.  2010 ; Park et al.  2015 ; Schmollinger et al.  2014 ; 
Tsai et al.  2014 ), and proteomics by mass spectrometry (Hemme et al.  2014 ; 
Schmollinger et al.  2014 ; Wang et al.  2009 ) using wild-type Chlamydomonas or 
mutant strains have identifi ed genes involved in TAG accumulation and its regula-
tion. Several lipid droplet-focused proteomic studies have reported the presence of 
a major lipid droplet protein MLDP, which is considered a functional equivalent of 
plant oleosins (James et al.  2011 ; Moellering and Benning  2010 ; Nguyen et al. 
 2011 ).  Reverse genetic screening   based on the analysis of orthologs of character-
ized genes from yeast, animals and plants have provided candidates for genes 
involved in TAG biosynthesis (Khozin-Goldberg and Cohen  2011 ; Merchant et al. 
 2012 ; Riekhof and Benning  2009 ). Previous studies on other eukaryotes such as 
yeast and Arabidopsis identifi ed two key enzyme families in TAG synthesis, 
DGATs and PDATs, which are also found in Chlamydomonas (Merchant et al. 
 2012 ). Currently, six genes encoding DGATs from two families, type one DGAT 
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and type two DGTT, are known in Chlamydomonas including  DGAT1  and  DGTT1 - 
to-  DGTT5  (Boyle et al.  2012 ; La Russa et al.  2012 ; Miller et al.  2010 ). In contrast, 
only one   PDAT    has been described for Chlamydomonas, which participates in 
membrane lipid turnover and TAG synthesis (Boyle et al.  2012 ; Yoon et al.  2012 ). 

 A recent mutant screening for Chlamydomonas low TAG mutants led to the dis-
covery of a galactoglycerolipid lipase designated  PGD1   (PLASTID GALACTOLIPID 
DEGRADATION 1), and the respective  pgd1  null-mutant provides a tool to experi-
mentally test the role of TAG accumulation following  nitrogen deprivation   (Fig.  8.3 ) 
(Li et al.  2012 ). A  classic hypothesis   is that  de novo  TAG synthesis serves as an 
electron sink to sequester excess electrons from the photosynthetic electron transport 
chain, thereby counteracting its possible overreduction which can lead to the forma-
tion of harmful reactive oxygen species (ROS) at photosystem I through the Mehler 
reaction (Hu et al.  2008 ). The study of the  pdg1  mutant supports the hypothesis that 

  Fig. 8.3    Proposed roles of triacylglycerol accumulation in Chlamydomonas in response to abiotic 
stresses.  ER  endoplasmic reticulum,  PtdOH  phosphatidic acid,  PL  phospholipid,  DAG  diacylglyc-
erol,  TAG  triacylglycerol,  DGAT  diacylglycerol acyltransferase,  PDAT  phospholipid:diacylglycerol 
acyltransferase,  LD  lipid droplet,  MLDP  Chlamydomonas major lipid droplet protein,  acyl-CoA  
acyl-coenzyme A,  FA  fatty acid,  oE  outer envelope,  iE  inner envelope,  PGD1  PLASTID 
GALACTOLIPID DEGRADATION 1,  MGDG  monogalactosyldiacylglycerol,  acyl-ACP  acyl- 
acyl carrier protein,  FAS  fatty acid synthase complex,  e  -  electron,  FD  ferredoxin,  FNR  
ferredoxin:NADP +  reductase,  PQ  plastoquinone and plastoquinol,  b   6   f , cytochrome  b   6   f  complex, 
 PC  plastocyanin; H + , proton,  LHCII  light-harvesting complex II,  PSI and II  photosystems I and II, 
 ATPs  ATP synthase,  ADP/ATP  adenosine di-/triphosphate,  Thy  thylakoid. Different  color arrows  
indicate different fl uxes:  black , fatty acid and lipid pathway;  orange , linear electron fl ow;  blue , 
proton;  brown , others       
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TAG accumulation is essential for Chlamydomonas cells to survive under nitrogen 
starvation (Li et al.  2012 ). Results of activity assay,  in vivo  pulse-chase and lipid 
analysis have shown that Chlamydomonas PGD1 hydrolyzes newly incorporated 
acyl groups at the  sn - 1  position of MGDG that can be converted to acyl-CoA for  de 
novo  TAG synthesis in the cytosol. During nitrogen deprivation, the  pgd1  mutant 
produces only about 50 % of TAG compared to the wild type, and becomes chlorotic 
after ~7 days of treatment. Because of the large TAG decrease in the  pgd1  mutant, 
presumably reduction pressure of the electron transport chain is increased and 
molecular oxygen at photosystem I (PSI) could serve under these conditions as an 
alternative electron acceptor to form ROS that will cause damage to thylakoid mem-
branes and chloroplasts and eventually lead to cell death. Indeed, formation of ROS 
indicated by  thiobarbituric acid reactive substances (TBARS     ) (Baroli et al.  2003 ) has 
been observed in the  pgd1  mutant by day 7 of nitrogen deprivation concomitant with 
chlorosis (Li et al.  2012 ). Moreover, blocking of electron transfer at the acceptor side 
of PSII by 3-(3,4-dichlorophenyl)-1,1-dimethylurea ( DCMU     ) can reverse the chloro-
sis of the  pgd1  mutant, but not TAG accumulation, supporting a possible role of TAG 
as a sink for electrons (Li et al.  2012 ). However, it should be noted that comparative 
transcriptome analysis has shown that following nitrogen deprivation, protein bio-
synthesis in general and the expression of genes encoding many photosynthesis com-
ponents is down-regulated (Blaby et al.  2013 ; Juergens et al.  2015 ; Miller et al.  2010 ; 
Park et al.  2015 ; Schmollinger et al.  2014 ). Therefore other explanations for the role 
of TAG accumulation, such as the transient and safe storage of acyl chains for latter 
resynthesis of membranes, when conditions improve, need to be considered. 
Furthermore, these experiments were conducted in acetate medium and hence under 
photoheterotrophic conditions that may promote TAG formation from acetate. In 
fact, nitrogen deprivation also leads to a redirection of carbon metabolism such that 
acetate in the medium is no longer converted to cell building blocks by the glyoxylate 
cycle and gluconeogenesis, but channeled directly into fatty acid biosynthesis (Miller 
et al.  2010 ). Recently, it has been suggested that TAG accumulates to particularly 
high levels when carbon supply exceeds the capacity of starch synthesis in 
Chlamydomonas, which is usually the case for microalgae under stress conditions 
such as nutrient defi ciency (Fan et al.  2012 ). Hence, Chlamydomonas starchless 
mutants are capable to produce more TAG compared to the wild type (Li et al.  2010 ; 
Wang et al.  2009 ; Work et al.  2010 ). In some microalgae, TAG synthesis is coordi-
nated with the synthesis of carotenoids such as  β -carotene, lutein and astaxanthin 
that can be sequestered in cytosolic carotenoid-rich lipid droplets. Their  peripheral 
distribution   in cells has been proposed to serve as a sun screen to prevent excessive 
photons from striking the chloroplast and photosynthetic membrane under stress 
conditions (Rabbani et al.  1998 ; Zhekisheva et al.  2002 ). An increase in TAG synthe-
sis has also been observed in the marine alga  Desmodesmus  sp. during high light 
growth following nitrogen deprivation, which is believed to prevent at least in part 
photo-oxidative damage under these stress conditions (Gorelova et al.  2015 ).

   Even though Chlamydomonas  PGD1   is a galactolipid lipase, it is proposed to not 
contribute to degradation of membranes but aide in the  de novo  synthesis of TAGs 
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from newly formed fatty acids (Li et al.  2012 ). However, loss of PGD1 only leads 
to 50 % reduction in TAG content and other mechanisms to supply precursors of 
TAG biosynthesis have to be considered.  Global transcript analysis   indicates that 
during nitrogen deprivation, genes encoding putative lipases are among those dis-
playing the strongest variations in transcript abundance in Chlamydomonas, which 
could be a sign for degradation of structural membrane lipids, such as mature 
MGDG containing 18:3 and 16:4 acyl chains. In fact, a small fraction of TAG con-
tains 16:4 acyl chains, otherwise only found in MDGD of the thylakoid membrane 
(Liu et al.  2013 ). These fi ndings are further supported by microscopic observation 
and lipid analyses indicating that nitrogen deprivation-induced TAG accumulation 
in lipid droplets occurs concomitantly with the breakdown of thylakoid membranes 
(Boyle et al.  2012 ; Iwai et al.  2014 ). Thus  lipid droplet formation   is at least in part 
accompanied by the conversion of polar membrane lipids such as mature MGDG 
and phosphatidylglycerol (PG) to TAG (Yoon et al.  2012 ). 

 Aside from the mechanisms discussed thus far, TAG synthesis involving a 
PDAT, designated PDAT1, was observed in Chlamydomonas (Fig.  8.3 ) (Boyle 
et al.  2012 ; Yoon et al.  2012 ). Based on mutants obtained by insertional mutagen-
esis or artifi cial microRNA silencing, Chlamydomonas PDAT1 was estimated to 
contribute up to ~25 % of the total TAG accumulating following nitrogen depriva-
tion due to the turnover of chloroplast membrane lipids, particularly MGDG, sulfo-
quinovosyldiacylglycerol (SQDG) and PG (Boyle et al.  2012 ; Yoon et al.  2012 ). 
Besides nitrogen deprivation, limitation of iron and zinc in Chlamydomonas cells 
can also lead to chloroplast/chlorophyll degradation and lipid remodeling (Kropat 
et al.  2011 ; Urzica et al.  2013 ). Under nitrogen deprivation, similar lipid remodeling 
events that occur in Chlamydomonas have been observed for other algal species 
such as the model diatom  P. tricornutum  (Abida et al.  2015 ; Yang et al.  2013 ), the 
freshwater alga  M. subterraneus  (Khozin-Goldberg and Cohen  2006 ), the marine 
algae  Nannochloropsis gaditana  (Simionato et al.  2013 ) and  Nannochloropsis oce-
anica  IMET1 (Jia et al.  2015 ), and even land plants such as Arabidopsis (Lippold 
et al.  2012 ). Thus, TAG accumulation from precursors derived from lipids of the 
photosynthetic membrane could serve in part as a mechanism to sequester acyl 
groups for later use, when membranes have to be resynthesized. 

 Other than nutrient deprivation, stresses such as heat and dark anoxia also trigger 
TAG accumulation in Chlamydomonas cells (Hemme et al.  2014 ; Hemschemeier 
et al.  2013 ). These stresses lead to the conversion of membrane lipids to TAG which 
is similar to the observations under nutrient deprivation. However, heat- and dark 
anoxia-induced TAGs tend to accumulate unsaturated fatty acids, particularly 
 polyunsaturated ones such as linolenic acid (C18:3), compared with TAG produced 
during nutrient deprivation (Hemme et al.  2014 ; Hemschemeier et al.  2013 ).  Factors   
such as temperature and light intensity strongly affect the fatty acid composition in 
microalgae. For example, it has been observed in many microalgae that increasing 
temperature leads to more saturated fatty acids whereas decreasing temperature pro-
motes unsaturation of fatty acids (Lynch and Thompson  1982 ; Renaud et al.  2002 ; 
Sato and Murata  1980 ). High light intensity can also increase the saturation of fatty 
acids in  Nannochloropsis  sp. cells (Fabregas et al.  2004 ). It has been reported that 
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TAG serves as a reservoir of polyunsaturated fatty acids for the rapid formation of 
membrane lipids upon changes in environmental conditions (e.g. sudden decreases 
in temperature) in the red alga  Porphyridium cruentum  (Cohen et al.  2000 ). Thus, in 
Chlamydomonas polyunsaturated fatty acids derived from the degradation of mem-
brane lipids are likely stored in TAG during non-nutrient deprivation-induced envi-
ronmental stresses (e.g. heat and dark anoxia) for future utilization. Interestingly, 
ER stress by Brefeldin A can induce a similar membrane lipid turnover and increase 
in unsaturation of TAG in Chlamydomonas and  Chlroella vulgaris  (Kim et al. 
 2013 ). 

 Several attempts have been carried out to engineer TAG production in 
Chlamydomonas (La Russa et al.  2012 ). For example, three type-two  DGATs , 
 DGTT1  to  DGTT3  (also referred to as  DGAT2a ,  b  and  c ) have been independently 
overexpressed in Chlamydomonas cells but did not increase the intracellular TAG 
accumulation or signifi cantly alter the composition of the fatty acids compared to 
the wild type during regular growth condition or under nitrogen or sulfur depriva-
tion (La Russa et al.  2012 ). In contrast, another research group overexpressed 
 DGTT4  using a sulphoquinovosyldiacylglycerol 2 ( SQD2     ) promoter that is up- 
regulated during phosphorus starvation, resulting in strongly increased TAG accu-
mulation over the wild type. However, the respective TAG production (~15 mg L −1 ) 
was still far below the levels needed for commercial use (Iwai et al.  2014 ). 

 A recent study has identifi ed a gene encoding a   SQUAMOSA  promoter-binding- 
protein-domain   containing protein designated  NRR1  (Boyle et al.  2012 ). It is con-
sidered to be an important regulator of TAG synthesis following nitrogen starvation 
because the  nrr1  mutant produces only ~50 % TAG over the wild type (Boyle et al. 
 2012 ). Considering that the single-gene strategies in plant engineering were not 
very successful whereas triple-gene coexpression of  OLEOSIN ,  WRI1  and  DGAT1  
(genes encoding lipid droplet protein, transcription factor and type-one DGAT, 
respectively) substantially increased TAG production in tobacco vegetative tissues 
(Vanhercke et al.  2014 ), multiple-gene coexpression in starchless mutants could be 
employed to enhance TAG production in Chlamydomonas using its  endogenous 
genes   such as  MLDP ,  NRR1  and DGATs in the future. While Chlamydomonas is 
usually not considered an oleaginous alga for biodiesel production, but a reference 
organism for the research on lipid metabolism in microalgae, the fi ndings on 
Chlamydomonas could direct studies on more biotechnologically relevant species 
such as Nannochloropsis.  

      Nannochloropsis  , an Emerging Model to Study Lipid 
Metabolism 

 The oleaginous microalga Nannochloropsis sp., belonging to a genus of unicellular 
photosynthetic microalgae of the heterokonts, accumulates TAG as the major car-
bon and energy storage compound under regular or stress conditions (Liu et al. 
 2013 ; Meng et al.  2015 ; Simionato et al.  2013 ). Nannochloropsis does not 
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accumulate starch (Vieler et al.  2012b ; Wang et al.  2014 ), which is very similar to 
the starch-less Chlamydomonas mutants that accumulate substantially more TAG 
than the starch-containing wild type under nitrogen deprivation (Li et al.  2010 ; 
Wang et al.  2009 ; Work et al.  2010 ). Thus, TAG may serve as an essential sink for 
photosynthate and as a primary storage compound during stresses in Nannochloropsis 
and Chlamydomonas. However, unlike Chlamydomonas, Nannochloropsis already 
synthesizes substantial amounts of TAG (~10 % of dry weight) under nutrient-rich 
conditions (Taleb et al.  2015 ). Even though Nannochloropsis produces up to 20 % 
of dry weight of carbohydrates such as mono- and polysaccharides under nutrient 
deprivation (Jia et al.  2015 ; Vieler et al.  2012b ; Wang et al.  2014 ), TAG is the major 
reserve compound under those conditions (Jia et al.  2015 ; Simionato et al.  2013 ; 
Taleb et al.  2015 ; Vieler et al.  2012b ), making Nannochloropsis an interesting 
model genus for lipid metabolism research. In terms of lipid metabolism, another 
big difference between the green alga Chlamydomonas and the oleaginous alga 
Nannochloropsis is that Chlamydomonas only contains the betaine lipid 
diacylglyceryl- N,N,N-trimethyl-homoserine (DGTS) that is believed to be a substi-
tution for PtdCho, a common structural lipid in plants and alga with a similar struc-
ture as DGTS (Klug and Benning  2001 ), whereas Nannochloropsis possesses both 
DGTS and PtdCho (Jia et al.  2015 ). In addition, Nannochloropsis has been consid-
ered one of the more suitable algal species for feedstocks for biofuel production due 
to its rapid growth and high oil content (Taleb et al.  2015 ). It also produces large 
amounts of high-value polyunsaturated fatty acids such as eicosapentaenoic acid 
(EPA) that can be used for nutritional supplements (Vieler et al.  2012b ). Previous 
studies have focused on six species of Nannochloropsis, and fi ve of them are marine 
algae that are widely distributed in the marine ecosystems especially in coastal 
regions (Andersen et al.  1998 ; Vieler et al.  2012b ). In recent years, the genomes of 
several Nannochloropsis species have been sequenced, e.g.  N. oceanica  CCMP1779 
(Vieler et al.  2012b ),  N. gaditana  (Radakovits et al.  2012 ) and  N. oceanica  IMET1 
(Wang et al.  2014 ), and genetic tools and techniques such as nuclear transformation 
have been developed to facilitate investigations on gene functions and engineering 
of metabolic pathways (Li et al.  2014a ; Radakovits et al.  2012 ; Vieler et al.  2012b ). 
For example,  N. oceanica  CCMP1779, a small marine alga of ~3 μm in diameter 
(Fig.  8.4a ), has a relative small genome (28.7 Mb) with ~12,000 genes (Vieler et al. 
 2012b ). It can accumulate considerable amounts of TAG in lipid droplets following 
nitrogen deprivation, and remetabolizes TAG for growth during nitrogen resupply 
(Fig.  8.4b, c ). RNA sequencing analyses of nitrogen-replete or -deprived cells have 
identifi ed 19 putative genes that are probably directly involved in TAG synthesis, 
including 13  DGAT  and 2  PDAT  genes (Table  8.1 ) (Vieler et al.  2012b ). Most of the 
genes are up-regulated in response to nitrogen deprivation with the exception of a 
phosphatidate phosphatase ( PAP ) and  DGAT1  (Table  8.1 ). Another proteomic study 
of the lipid droplet of CCMP1779 cells has identifi ed a predominant lipid droplet 
surface protein, designated as LDSP. Expression of the respective cDNA in the 
embryo of an Arabidopsis oleosin mutant,  oleo1 , could partially rescue the function 
of Arabidopsis OLEOSIN1 (Vieler et al.  2012a ).
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    Besides  N. oceanica  CCMP1779, genome sequencing and comparative analysis 
of transcriptomes and lipidomes of other Nannochloropsis species such as  N. gadi-
tana  (Corteggiani Carpinelli et al.  2014 ) and  N. oceanica  IMET1 (Li et al.  2014b ; 
Wang et al.  2014 ) have shown putative TAG synthesis pathways and genes involved. 
Transcriptomic analyses of  N. oceanica  IMET1 cells under nitrogen-replete and 
-deprived conditions have revealed that many TAG synthesis genes of the Kennedy 
pathway (acyl-CoA dependent), especially genes encoding seven putative DGATs, 
are up-regulated upon nitrogen deprivation (Li et al.  2014b ). Simultaneously, many 
genes involved in carbohydrate and protein degradation, as well as genes supplying 
carbon precursors and energy for  de novo  fatty acid biosynthesis, are increased in 
their expression and eventually contribute to TAG accumulation. Furthermore, lipi-
domic analyses using the same Nannochloropsis strain have shown recycling of 
fatty acids from membrane glycerolipids for TAG biosynthesis following nitrogen 
deprivation (Li et al.  2014b ). Thus, similar lipid remodeling events as shown for 

  Fig. 8.4    Accumulation of triacylglycerol in  Nannochloropsis oceanica  CCMP1779 following 
nitrogen deprivation. ( a ) Wild-type  N. oceanica  grown in nitrogen-replete medium. Bar = 10 μm. 
( b ) Confocal microscopy images of Nile red-stained wild-type  N. oceanica  cells grown in nitrogen- 
replete (−N0) or -deprived (−N24) media. Nile red fl uorescence ( orange ) indicates lipid droplets 
(TAG, triacylglycerol). Bars = 10 μm. ( c ) Thin-layer chromatogram of lipid extracts stained for 
neutral lipids from nitrogen-replete (−N0), -deprived (−N24 to –N120) and -resupplied (NR24–
NR72) cultures of wild-type  N. oceanica  at times (hours) indicated. Stained TAG is marked by 
 black arrows        
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Chlamydomonas have been found in Nannochloropsis, indicating that the fi ndings 
in Chlamydomonas are invaluable for further research on Nannochloropsis (Jia 
et al.  2015 ; Martin et al.  2014 ; Simionato et al.  2013 ). Taken together, 
Nannochloropsis information and tool development is rapidly establishing this alga 
as a potential new reference organism for lipid metabolism research in a biotechno-
logically relevant microalga.    

    Conclusions and Perspectives 

 Plants and algae are highly effi cient photosynthetic organisms providing sustainable 
and clean feedstocks for the production of liquid transportation fuels. Since photo-
synthetic cells of plants and algae tend to accumulate oils under stress conditions, 
understanding the mechanism of lipid biosynthesis and metabolism under these 
condition may provide novel avenues towards the genetic engineering and breeding 
of stress-tolerant crops and algae. Furthermore, more complete mechanistic insights 
into stress-induced TAG accumulation will enable the engineering of plants and 
algae with higher oil content in vegetative cells, but without growth inhibition or 
yield penalty. Current fi ndings demonstrate similar pathways of TAG biosynthesis 

    Table 8.1    Putative genes involved in triacylglycerol biosynthesis in  Nannochloropsis oceanica  
CCMP1779   

 Gene  ID  Function  −N/+N 

  GPAT1   CCMP1779_4533  Glycerol-3-phosphate acyltransferase  1.3 
  LPAT1   CCMP1779_2512  1-sn-acyl-glycerol-3-phosphate acyltransferase  2.8 
  LIPIN   CCMP1779_161  Lipin like/ Phosphatidate phosphatase  1.7 
  PAP   CCMP1779_4742  Phosphatidate phosphatase  1.0 
  DGAT1   CCMP1779_4340  Diacylglycerol acyltransferase, DGAT Type2  0.6 
  DGAT2   CCMP1779_3705  Mono/diacylglycerol acyltransferase, Type2  1.2 
  DGAT3   CCMP1779_7206  Mono/diacylglycerol acyltransferase, Type2  1.7 
  DGAT4   CCMP1779_9929  Mono/diacylglycerol acyltransferase, Type2  2.8 
  DGAT5   CCMP1779_3915  Mono/diacylglycerol acyltransferase, Type2  1.4 
  DGAT6   CCMP1779_9590  Mono/diacylglycerol acyltransferase, Type2  2.5 
  DGAT7   CCMP1779_3159  Mono/diacylglycerol acyltransferase, Type2  1.5 
  DGAT8   CCMP1779_358  Mono/diacylglycerol acyltransferase, Type2  1.5 
  DGAT9   CCMP1779_10272  Mono/diacylglycerol acyltransferase, Type2  2.1 
  DGAT10   CCMP1779_3159  Mono/diacylglycerol acyltransferase, Type2  1.5 
  DGAT11   CCMP1779_5368  Mono/diacylglycerol acyltransferase, Type2  3.2 
  DGAT12   CCMP1779_3592  Mono/diacylglycerol acyltransferase, Type2  3.8 
  DGAT13   CCMP1779_3520  Diacylglycerol acyltransferase, DGAT Type1  1.8 
  PDAT1   CCMP1779_2212  Phospholipid/diacylglycerol acyltranferase  1.3 
  PDAT2   CCMP1779_8602  Phospholipid/diacylglycerol acyltranferase  1.7 

   −N  N-deprived for 30 h,  +N  N-replete  
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in response to stresses for plants and algae, indicating that the discoveries made dur-
ing plant or algal studies, especially the knowledge gained for reference organisms 
such as Arabidopsis and Chlamydomonas, may be widely applicable. By broadly 
screening of naturally occurring species, high oil algae such as Nannochloropsis 
were selected as candidates for industrial production. The recent genome sequenc-
ing of several Nannochloropsis species, as well as establishment of transcriptome, 
proteome, lipidome, transformation and cultivation, have provided resources and 
tools for the engineering of oil content and algal biomass quality to eventually over-
come the barriers for the commercialization of algal oil. Likewise, fi ndings about 
stress-induced accumulation of TAGs in algae have the potential to inspire new 
strategies for the engineering of oil content in vegetative tissues of plants. Taking a 
multipronged approach learning from algal and plant system is expected to create 
synergy towards efforts to meet the challenge of green- sustainable biofuel produc-
tion in the future.     
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    Chapter 9   
 Cellular Organization of Triacylglycerol 
Biosynthesis in Microalgae                     

       Changcheng     Xu     ,     Carl     Andre    ,     Jilian     Fan    , and     John     Shanklin   

    Abstract     Eukaryotic cells are characterized by compartmentalization and 
 specialization of metabolism within membrane-bound organelles. Nevertheless, 
many fundamental processes extend across multiple subcellular compartments. 
Here, we describe and assess the pathways and cellular organization of triacylglycerol 
biosynthesis in microalgae. In particular, we emphases the dynamic interplay among 
the endoplasmic reticulum, lipid droplets and chloroplasts in acyl remodeling 
and triacylglycerol accumulation under nitrogen starvation in the model alga 
 Chlamydomonas reinhardtii .  

  Keywords     Triacylglycerol   •   Acyl remodeling   •   Oil droplet   •   Chloroplast   • 
  Endoplasmic reticulum  

   One of the defi ning features of photosynthetic eukaryotic organisms is the presence 
of the chloroplast. Beyond their role in photosynthesis, chloroplasts contribute to a 
wide array of fundamental functions that include the de novo synthesis of fatty 
acids, the building blocks of membrane lipids and storage triacylglycerol. Under 
normal growth conditions, the vast majority of de novo-synthesized fatty acids are 
used for membrane lipid assembly to support cell growth, organelle biogenesis and 
membrane proliferation. Under stress conditions such as nutrient deprivation, many 
microalgae can accumulate large amounts of triacylglycerol by diverting fatty acids 
from membrane lipid synthesis to the synthesis of TAG and/or by converting preformed 
membrane lipids to TAG. In most eukaryotic cells, storage lipids are packaged in 
simple structures termed lipid droplets (also referred to as oil bodies), which consist 
of a central core of TAG within a monolayer of membrane lipids with a small 
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amount of embedded specifi c proteins. The current model of lipid body biogenesis 
favors formation of lipid droplets through budding from the ER (Thiele and Spandl 
 2008 ; Walther and Farese  2009 ; Chapman et al.  2012 ; Wilfl ing et al.  2014 ). 
According to this hypothesis, lipid droplets originate from specialized ER subdo-
mains enriched with enzymes involved in TAG biosynthesis. Because the newly 
formed TAGs in these ER domains are unable to integrate into membrane bilayers 
due to lack of polar head groups, they accumulate in the hydrophobic region between 
the two leafl ets of the ER membrane which leads to swelling of the membrane 
bilayer and eventually the budding of growing lipid droplets from ER into the 
 cytosol. Recent years have seen rapid progress in identifying and characterizing 
molecular components of lipid droplets, revealing the genes and enzymes in lipid 
metabolic pathways and deciphering the regulatory networks controlling carbon 
metabolism and storage reserve accumulation in microalgae, particularly in the 
model alga  Chlamydomonas . Here we review data on the pathways and cellular 
compartmentalization of glycerolipid biosynthesis in microalgae, focusing on 
 interconnections among the endoplasmic reticulum, chloroplasts and lipid droplets 
in lipid remodeling and TAG biosynthesis in  Chlamydomonas . Where appropriate, 
knowledge gained from higher plants, yeast and mammals will be discussed to 
highlight similarities and differences between these experimental systems. 

      Diacylglycerol and  Glycerolipid Synthesis   

  Biosynthesis   of diacylglycerol ( DAG)   and glycerolipids in plants and algae 
encompasses two parallel pathways involving multiple subcellular compartments. 
Fatty acid synthesis occurs almost exclusively in the plastid and is catalyzed by 
two large, evolutionarily conserved enzyme complexes:  acetyl-CoA carboxylase   
(ACCase) and  fatty acid synthase   (Ohlrogge and Jaworski  1997 ). In most 
photosynthetic organisms, the major end products of fatty acid synthesis are 16:0- 
and 18:0 fatty acids esterifi ed to acyl carrier protein (ACP), which are subsequently 
processed by stearoyl-ACP desaturase to generate 18:1-ACP and/or by acyl-ACP 
thioesterases to release fatty acids and ACP. A fraction of newly synthesized  acyl-
ACPs are used in plastids for the sequential acylation of glycerol- 3- phosphate (G-3-
P) catalyzed by plastidic acyltransferases, leading to the generation of  phosphatidic 
acid (PA).   PA is a key intermediate in the formation of the thylakoid membrane 
phospholipid phosphatidylglycerol. In addition, PA can be dephosphorylated by PA 
phosphohydrolases (PAHs) to generate DAG, which is normally used for assembly 
of thylakoid glycolipids including galactolipids, monogalactosyldiacylglycerol 
(MGDG), digalactosyldiacylglycerol (DGDG) and the sulfolipid sulfoquino 
vosyldiacylglycerol (SQDG) in the plastid envelope membranes. This sequence of 
reactions is commonly referred to as the  prokaryotic pathway   (Browse et al.  1986 ; 
Browse and Somerville  1991 ). In photosynthetic cells, two galactolipids MGDG 
and DGDG account for the bulk (i.e., up to 80 %) of thylakoid lipids (Dörmann 
et al.  1999 ). 
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 Alternatively, fatty acids can be exported from the plastid to enter into glycero-
lipid biosynthetic pathways in the endoplasmic reticulum (ER), leading to the 
 formation of DAG by sequential G-3-P acylation and PA dephosphorylation 
 catalyzed by ER-resident acyltransferases and PAHs, respectively (Browse and 
Somerville  1991 ). The resulting DAG can be used to  synthesize extraplastidic 
 membrane lipids   including phosphatidylcholine (PC), phosphatidylethanolamine 
(PE) and a non- phosporus- containing polar lipid diacylglycerol- N,N,N -trimethyl-
homoserine (DGTS) (Thompson  1996 ; Harwood and Guschina  2009 ). Some of the 
phospholipids assembled in the ER return to the plastid, thus providing the DAG 
moieties for the synthesis of thylakoid glycolipids in the plastid (Roughan and Slack 
 1982 ; Browse et al.  1986 ). This sequence of events is referred to as the  eukaryotic 
pathway   of thylakoid lipid synthesis. Because of the different substrate specifi city 
of acyltransferases present in the plastid and endoplasmic reticulum, glycerolipids 
made via the prokaryotic and eukaryotic pathway are characterized by the presence 
of a 16-carbon (C16) or 18-carbon (C18) fatty acid at the sn-2 position of the 
 glycerol backbone, respectively (Frentzen  1998 ). 

   Chlamydomonas  chloroplast lipid biosynthesis   is thought to be almost  completely 
autonomous because it lacks thylakoid lipids derived from the eukaryotic pathway 
characterized by the presence of C18 acyl chains at the sn-2 position (Giroud et al. 
 1988 ; Giroud and Eichenberger  1989 ; Harwood and Guschina  2009 ). On the other 
hand, the galactolipids in the marine brown alga  Dictyopteris membranacea  
(Hofmann and Eichenberger  1997 ) and several other brown algal species (Jones and 
Harwood  1992 ) are almost completely of the eukaryotic type. A few green algae 
such as  Chlorella kessleri  (Sato et al.  2003 ) and  Acetabularia mediterranea  
(Thompson  1996 ) and some red and brown algae (Hofmann and Eichenberger  1997 ; 
Makewicz et al.  1997 ; Sato and Moriyama  2007 ) contain substantial amounts of 
ER-derived eukaryotic lipids in photosynthetic membranes and therefore employ 
two parallel pathways for chloroplast lipid assembly. 

 A characteristic feature of lipid metabolism in  Chlamydomonas  is the absence of 
PC (Sakurai et al.  2014 ). In higher plants, this  phospholipid   is known to play a 
 critical role in supply of DAG moieties for the synthesis of eukaryotic thylakoid 
(Benning  2008 ,  2009 ). Therefore, the absence of the eukaryotic thylakoid lipid 
 synthesis in  Chlamydomonas  has been assumed to be due to the lack of PC 
(Moellering et al.  2009 ; Riekhof and Benning  2009 ). However, radiotracer labeling 
studies in the marine brown alga  Dictyopteris membranacea  have shown that the 
absence of PC does not compromise the eukaryotic pathway of galactolipid biosyn-
thesis (Hofmann and Eichenberger  1997 ). In addition, several brown algae contain 
almost exclusively eukaryotic thylakoid glycolipids despite the lack of PC (Jones 
and Harwood  1992 ). Together, these results suggest that PC is not absolutely 
required for the eukaryotic pathway of chloroplast lipid biosynthesis. 

 TAG synthesis shares the common precursor DAG produced by  sequential G-3-P 
acylation   and  PA dephosphorylation reactions   as described above with the synthesis 
of membrane lipids. Results from yeast, plant and mammals indicate that DAG 
partitioning between membrane lipids and TAG is, to a major extent, modulated by 
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lipin family of PAHs (Harris and Finck  2011 ; Pascual and Carman  2013 ; Siniossoglou 
 2013 ; Fan et al.  2014 ). Disruption of the yeast lipin homolog impairs TAG synthesis 
(Han et al.  2006 ) and lipid droplet formation (Adeyo et al.  2011 ), causing an increase 
in phospholipid synthesis and a massive proliferation of ER and nuclear membranes 
(Santos-Rosa et al.  2005 ). Similarly, Arabidopsis lipins have been implicated in the 
regulation of TAG accumulation (Fan et al.  2014 ), phospholipid synthesis and ER 
membrane expansion (Eastmond et al.  2010 ). Mammalian lipins are bifunctional 
intracellular proteins, acting as regulators of DNA-bound transcription factors, in 
addition to catalyzing the dephosphorylation of PA (Harris and Finck  2011 ). A 
recent study showed that genetic modifi cations of PAHs result in altered TAG 
 content in  Chlamydomonas  (Deng et al.  2013 ), suggesting that the role of lipin family 
of PAHs in TAG synthesis and regulation may be evolutionally conserved in eukaryotes 
ranging from yeast, algae to humans.    

    Acyl-CoA-Dependent and -Independent  Pathways   
of TAG Synthesis 

 Microsomal membranes have long been recognized as the primary site of TAG 
assembly in yeast, plants and mammals. In support of the ER-localization of TAG 
biosynthesis, key enzymes involved in the fi nal step of TAG synthesis are also 
 associated with the ER network (Wakimoto et al.  2003 ; Shockey et al.  2006 ; 
Cao et al.  2007 ) and TAGs are packaged in oil droplets in the cytosol. Both acyl-
CoA- dependent and –independent pathways contribute to the last step of TAG 
 synthesis in yeast and higher plants and a similar situation may also apply to algae. 
The acyl- CoA- dependent TAG synthesis is catalyzed by diacylglycerol:acyl-CoA 
acyltransferases (DGATs) using acyl-CoA and DAG as substrates to form TAG. Two 
types of membrane-bound DGATs with distinct protein sequences, functionality, 
expression patterns and subcellular localization are known. The acyl-CoA-indepen-
dent reaction is catalyzed by phospholipid:diacylglycerol acyltransferase (PDAT), 
which use phospholipids as acyl donor and DAG as acyl acceptor to produce TAG 
and lysophospholipids. The  Chlamydomonas  genome codes for fi ve type 2 DGATs 
(DGTT1–DGTT5), one type 1 DGAT (DGAT1) and one PDAT (PDAT1). Among 
them, the functionality of DGTT1-DGTT3 and PDAT1 has been validated by heter-
ologous complementation of a yeast  ∆dga1∆lro1  mutant lacking both DGAT and 
PDAT activity (Sanjaya et al.  2013 ; Boyle et al.  2012 ; Yoon et al.  2012 ). In addition, 
DGTT4 has also been demonstrated to possess DGAT activity in vitro assays using 
recombinant proteins, while  DGTT5  is likely to be an inactive pseudogene (Sanjaya 
et al.  2013 ). 

 Studies in both yeast (Oelkers et al.  2000 ,  2002 ) and plants (Fan et al.  2013a ,  b ) 
have indicated that PDAT plays a major role in TAG synthesis during stages of 
active cell growth and division, while DGATs appear to be more important in non- 
growing cells (Oelkers et al.  2002 ; Fan et al.  2013a ,  b ). Similarly, A recent study has 
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shown that artifi cial microRNA-mediated silencing of PDAT1 specifi cally compromises 
cell growth and TAG synthesis under favorable growth conditions in  Chlamydomonas  
(Yoon et al.  2012 ). Taken together, these results point to  evolutionarily conserved 
PDAT functions associated with rapid cell growth and membrane proliferation in 
yeast, microalgae and plants, and may suggest a role for TAG metabolism in 
 membrane lipid homeostasis during cell growth.  

      The  Origin of    DAG   for TAG Assembly 

 In plants, DAG used for TAG synthesis is mostly derived from PC (Bates et al. 
 2009 ) and TAG assembled in the ER is characterized by the exclusive presence of 
C18 fatty acids at the sn-2 position of the glycerol backbone in many plants (Mattson 
and Volpenhein  1963 ). In nitrogen-starved  Chlamydomonas  cells, however, as much 
as 90 % DAG used for TAG synthesis is of the prokaryotic type characterized by the 
presence of C16 fatty acids at the sn-2 position (Fan et al.  2011 ; Li et al.  2012 ; 
Urzica et al.  2013 ). In addition, while TAG is stored in cytosolic oil droplets in wild- 
type strains (Goodson et al.  2011 ), it is deposited in both the cytosol and the chloro-
plast in TAG hyperaccumulating  Chlamydomonas  starchless mutants (Fan et al. 
 2011 ; Goodson  2011 ). The use of the prokaryotic type of DAG for TAG assembly 
appears not to be restricted to  Chlamydomonas  cells, as TAGs from a wide variety 
of other algae were reported to be also highly enriched in C16 fatty acids (Suen 
et al.  1987 ; Yongmanitchai and Ward  1993 ; Davidi et al.  2014b ). Our analysis of the 
fatty acid distribution of TAG isolated from N-starved  Nannochloropsis  sp. revealed 
that the sn-2 position of TAG is mostly occupied by 16:0 with less than 10 % of 14:0 
and 18:0 (Fig.  9.1 ), whereas more than 20 % of acyl chains at the sn-1+3 positions 
are C18 fatty acids. Very similar results were obtained in the diatom  Phaeodactylum 
tricornutum . TAG isolated from the N-starved, fresh water alga  Chlorella vulgaris  
contains more than 70 % of C16 fatty acids at the sn-2 position, whereas the C16 
and C18 fatty acids are equally present at the sn-1+3 positions, suggesting that the 
prokaryotic type of DAG may be the major precursor used for TAG assembly in 
many algal species.

   We envision three pathways for accumulating the prokaryotic type of TAG in the 
cytosol in algae. In the fi rst pathway, this prokaryotic type of TAG is assembled at 
the chloroplast envelope using DAG derived from the prokaryotic pathway and TAG 
is deposited in lipid droplets originating from the chloroplast envelope membranes. 
This hypothesis is supported by the presence of chloroplast envelope proteins such 
as TGD1, TGD2 and TGD3 in lipid droplets isolated from nitrogen-starved 
 Chlamydomonas  cells (Nguyen et al.  2011 ) and the association of TAG synthetic 
activities with chloroplast envelope membranes in plants (Martin and Wilson  1984 ; 
Kaup et al.  2002 ). A recent study has showed that phytyl ester synthases (PESs) 
from chloroplasts of Arabidopsis process diacylglycerol acyltransferase activities in 
addition to catalyzing the synthesis of fatty acid phytyl esters (Lippold et al.  2012 ). 
Homologs of Arabidopsis PESs were identifi ed in  Chlamydomonas  (Moellering 
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and Benning  2010 ; Nguyen et al.  2011 ) and D unaliella bardawil  (Davidi et al. 
 2014a ) and these putative PES enzymes may be involved in TAG assembly in algal 
chloroplasts (Davidi et al.  2014a ). Interestingly, a recent study has shown that 
PDAT1 from  Chlamydomonas  can catalyze transacylation reactions between 
 galactolipids and the prokaryotic type of DAG, leading to generation of TAG and 
lysogalactolipids (Yoon et al.  2012 ), suggesting that PDAT1 may be important in 
generating the prokaryotic type of TAG in  Chlamydomonas . 

 In the second pathway, TAG is assembled in the ER using DAG pools exported 
from the chloroplast and lipid droplets originate from the ER. In the third pathway, 
both DAG and TAG are assembled in the ER. This hypothesis requires the existence 
of acyltransferases in the ER that specifi cally incorporate C16 acyl chains into the 
sn-2 position of DAG used for TAG synthesis or selective channeling of C16 fatty 
acids toward the sn-2 position esterifi cation catalyzed by ER-resident acyltransfer-
ases to generate “the prokaryotic form” of DAG in the ER. All three pathways are 
distinct from the relatively well known pathways present in higher plants and yeast. 
Testing these hypotheses awaits the identifi cation and detailed characterization of 
acyltransferases from algae.    
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  Fig. 9.1    Enrichment of 
16-carbon fatty acids at the 
sn-2 position of TAG in 
algae. Fatty acid 
composition exclusively at 
the sn-2 ( a ) or sn-1+3 ( b ) 
positions of TAGs isolated 
from  C. vulgaris  (UTEX 
259)  P. tricornutm  (UTEX 
640)  or Nannochloropsis 
sp.  (CCMP 1779) grown in 
media lacking N for 1 day 
is shown. TAG positional 
analysis was done as 
described by Fan et al. 
( 2011 ). Data are presented 
as the means and standard 
deviation of three or four 
replicates       
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     TAG Synthesis and  Acyl Remodeling   

 In plants, fatty acids exported from the plastid are fi rst incorporated into PC through 
acyl editing (remodeling) involving PC deacylation and reacylation reactions and 
acyl groups released from PC remodeling, rather than nascent fatty acids exported 
from the plastid, are used for the de novo-synthesis of membrane lipids and storage 
TAG in the ER (Bates and Browse  2011 ). In nitrogen-starved  Chlamydomonas  
cells, a major fraction of fatty acids stored in TAG are derived from MGDG (Li 
et al.  2012 ). Both PDAT1 (Yoon et al.  2012 ) and a galactoglycerolipid lipase named 
PGD1 (Li et al.  2012 ) are implicated in the deacylation of MGDG, generating free 
fatty acids and lysoMGDG. Disruption of PDAT1 or PGD1 leads to a 20 or 50 % 
reduction in TAG content, respectively, but the exact subcellular localization of 
PDAT1- and PGD1-mediated deacylation reactions and the fate of resulting lyso 
MGDG remain uncertain. 

 Because the similarities in structure and biophysical properties between PC and 
DGTS (Sato and Murata  1991 ), it has been widely assumed that the betaine lipid 
DGTS may play some of the metabolic roles of PC in algae. Indeed, the presence of 
DGTS is often correlated with a decrease in the level of PC (Thompson  1996 ). Like 
PC, the betaine lipid DGTS was also found to be involved in lipid-linked fatty acid 
desaturation (Giroud and Eichenberger  1989 ), acyl remodeling and distribution in 
algal species  Dictyopteris membranacea  (Hofmann and Eichenberger  1997 ),  Fucus 
serratus  (Smith and Harwood  1984 ) and  Ascophyllum nodosum  and  Fucus 
 vesiculosus  (Jones and Harwood  1993 ). 

 Consistent with a role of DGTS and other extraplastidic membrane lipids in 
 supplying fatty acids for TAG synthesis, TAG isolated from nitrogen-starved cells 
also contains signifi cant amounts of C18 polyunsaturated fatty acids specifi c to 
extraplastidic membrane lipids such as DGTS and PE at the sn-1 and sn-3 positions 
(Fan et al.  2011 ; Li et al.  2012 ; Sakurai et al.  2014 ). Additional evidence supporting 
the role of extraplasitidic membrane lipid turnover in TAG accumulation comes 
from pulse-chase labeling studies using radiolabeled free fatty acids. In these exper-
iments,  Chlamydomonas  cells in the logarithmic growth phase were pulse-labeled 
with [1- 14 C] labeled 16:0 or 18:1 for 16 h in complete growth medium and the 
movement of label was subsequently chased for 3 days. Because of the acyl asym-
metrical distribution of fatty acids in glycerolipids, [1- 14 C] 16:0 was reported to 
label mainly the  sn-2  position of chloroplast lipids such as MGDG and DGDG, but 
the  sn-1  position of extraplastidic lipids such as DGTS in  Chlamydomonas  (Giroud 
and Eichenberger  1989 ). As shown in Fig.  9.2a , immediately after the pulse, DGTS 
and SQDG/PI were the most strongly labeled lipids. During the chase in complete 
growth medium, DGTS, SQDG/PI and PG lost label over time. TAG contained 
minor amounts of label and stayed largely unchanged during the chase (Fig.  9.2c ), 
whereas label in MGDG and DGDG increased signifi cantly, suggesting that chloro-
plast membrane proliferation is the major sink for lipid intermediates derived from 
membrane lipid turnover in cells grown in nitrogen-replete medium. Under nitrogen 
starvation conditions, the labeled 16:0 fatty acid was rapidly decreased in DGTS, 
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SL/PI, PE and PG, but slowly in MGDG and DGDG (Fig.  9.2b ), while the labeled 
TAG increased. At 2 days of chase, more than 60 % of total label was accumulated 
in TAG (Fig.  9.2c ). Very similar results were obtained in pulse-chase experiments 
with [1- 14 C] 18:1 (Fig.  9.3 ), which was previously shown to label mainly the  sn-1  
position of MGDG and DGDG, but the  sn-2  position of DGTS (Giroud and 
Eichenberger  1989 ). Together, these results suggest an enhanced turnover of acyl 
groups at both the  sn-1  and  sn-2  positions of membrane lipids and the released fatty 
acids and/or other lipid intermediates are recycled into the TAG biosynthetic 
 pathway under nitrogen starvation conditions. Because the losses in radioactivity in 
DGTS and PE (Figs.  9.2  and  9.3 ) are not accompanied by decreases in their mass 
under our growth conditions (Fan et al.  2011 ), the turnover of these membrane 
 lipids is unlikely to be merely a consequence of net catabolism of membrane lipids 
but rather it may refl ect the process of lipid remodeling involving deacylation and 
reacylation, a common mechanism widely conserved in yeasts (de Kroon  2007 ), 
plants (Bates et al.  2007 ,  2009 ) and mammals (Schmid et al.  1991 ). Thus, like PC 
in plants (Bates et al.  2007 ,  2009 ), the acyl remodeling of DGTS represents an 
important mechanism mediating the fl ux of fatty acids to TAG in  Chlamydomonas  
under nitrogen starvation conditions. 

         The Role of  Lipid Droplets   in TAG Synthesis 

 Research in the past couple of decades has completely changed our perception of 
lipid droplets. It is now well recognized that rather than serving as inert globules of 
fats, lipid droplets are dynamic subcellular organelles that play vital roles in lipid 
metabolism, homeostasis and traffi cking (Martin and Parton  2006 ; Beller et al. 
 2008 ; Guo et al.  2008 ; Olofsson et al.  2009 ; Chapman et al.  2012 ; Kohlwein et al. 
 2013 ; Wilfl ing et al.  2014 ). Thus, it is not surprising that many enzymes in lipid 
metabolic pathways are often found to be associated with lipid droplets (Sorger and 
Daum  2002 ; Rajakumari et al.  2008 ; Kohlwein  2010 ; Moessinger et al.  2011 ). 
Intriguingly, recent studies in mammalian cells have showed that the core machin-
ery for TAG synthesis re-localizes from the ER to lipid droplets via membrane 
bridges between the organelles under conditions of fatty acid overload (Xu et al. 
 2012 ; Wilfl ing et al.  2013 ) and that such relocalization of TAG synthesis enzymes 
is essential for lipid droplet expansion (Wilfl ing et al.  2013 ). Similarly, although 
yeast DGAT2 is an integral ER membrane protein, it relocates to lipid droplets dur-
ing stationary phase of growth, when rapid neutral lipid accumulation is occurring 
(Jacquier et al.  2011 ; Markgraf et al.  2014 ). These results suggest a coupling of 
TAG synthesis with lipid droplet expansion under conditions of lipid excess. 

 Recent functional genomic screens have identifi ed as much as 1.5 % of all known 
genes functioning in oil-droplet formation and regulation in  Drosophila  (Guo et al. 
 2008 ) and 1.2 % in yeast (Szymanski et al.  2007 ). In plants, 25 oil droplet- associated 
proteins from mature  Brassica napus  seeds were identifi ed in recent proteomic 
analysis (Jolivet et al.  2009 ), with oleosins being the most abundant proteins of seed 
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oil droplets. Genetic studies showed that oleosins play an important role in  regulating 
the size of lipid droplets in Arabidopsis seeds (Siloto et al.  2006 ). In addition, an 
OLEOSIN3 isoform from peanut cotyledons has been demonstrated to exhibit both 
a monoacylglycerol acyltransferase and a phospholipase activity, and overexpres-
sion of peanut OLEOSIN3 results in increased accumulation of DAG and TAG in 
yeast (Parthibane et al.  2012 ). Interestingly, a  Nannochloropsis  lipid droplet protein 
was recently shown to partially complement the OLEOSIN-defi ciency with respect 
to lipid droplet size in Arabidopsis seeds (Vieler et al.  2012 ). Proteomic analysis 
yielded over 600 lipid droplet-associated proteins in  Chlamydomonas , and many of 
them are likely involved in lipid metabolism (Moellering and Benning  2010 ; 
Nguyen et al.  2011 ). Notably, key enzymes in the TAG synthesis pathway including 
a glycerol-3-phosphate acyltransferase, a lysophosphatidic acid acyltransferase and 
a PDAT, along with proteins putatively involved in acyl remodeling, sterol synthesis 
and lipid traffi cking were found in the recently reported  Chlamydomonas  oil 
 droplets (Nguyen et al.  2011 ). Taken together, these results suggest that lipid drop-
lets may play an evolutionary conserved role in many aspects of lipid metabolism 
including TAG synthesis in wide variety of organisms, ranging from microalgae to 
mammals and higher plants.   

    Conclusion 

 The study of biochemistry and cell biology of TAG metabolism in algae is still in its 
infancy but recent advances have been rapid, due primarily to a recent surge of inter-
est in developing renewable fuels from microalgae. In particular, the discovery that 
TAG derived from the prokaryotic pathway accumulates in cytosolic lipid droplets 
in  Chlamydomonas  offers a new paradigm for interpreting TAG synthesis pathways 
and their organization in microalgae. In addition, the number of proteins involved in 
TAG synthesis, remodeling and regulation that are associated with lipid droplets has 
increased substantially and offers insights into the cellular compartmentalization of 
TAG metabolism. Future studies to exploit the molecular identity, biochemical 
properties, subcellular localization and dynamics of acyltransferases involved in 
DAG synthesis and the mechanisms underlying lipid droplet biogenesis and growth 
will be fundamental to our understanding of TAG metabolism and storage in micro-
algae and other organisms.     
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    Chapter 10   
 High-Throughput Genetics Strategies 
for Identifying New Components of Lipid 
Metabolism in the Green Alga 
 Chlamydomonas reinhardtii                      

       Xiaobo     Li     and     Martin     C.     Jonikas    

    Abstract     Microalgal lipid metabolism is of broad interest because microalgae 
accumulate large amounts of triacylglycerols (TAGs) that can be used for biodiesel 
production (Durrett et al Plant J 54(4):593–607, 2008; Hu et al Plant J 54(4):621–
639, 2008). Additionally, green algae are close relatives of land plants and serve as 
models to understand conserved lipid metabolism pathways in the green lineage. 
The green alga  Chlamydomonas reinhardtii  (Chlamydomonas hereafter) is a power-
ful model organism for understanding algal lipid metabolism. Various methods have 
been used to screen Chlamydomonas mutants for lipid amount or composition, and 
for identifi cation of the mutated loci in mutants of interest. In this chapter, we sum-
marize the advantages and caveats for each of these methods with a focus on screens 
for mutants with perturbed TAG content. We also discuss technical opportunities 
and new tools that are becoming available for screens of mutants altered in TAG 
content or perturbed in other processes in Chlamydomonas.  

  Keywords     Triacylglycerol   •   Lipids   •   High-throughput genetics   •   Chlamydomonas   
•   Algae   •   Nitrogen deprivation   •   Lipid analysis   •   Fluorescence-activated cell sorting   
•   Lipid droplets  

       Chlamydomonas Is a Powerful Model Organism 
for Answering Key Questions in Microalgal Lipid Metabolism 

  Chlamydomonas   is a unicellular green alga that can be used to study a broad spec-
trum of biological processes, including photosynthesis, the algal carbon concentrat-
ing mechanism, cell motility, light reception, phototaxis, nutrient stress responses 
and the cell cycle. Chlamydomonas has a number of useful features that make it 
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convenient for genetic characterization of these processes. It is haploid during veg-
etative growth, so phenotypes of mutants can be observed without the need to gen-
erate homozygous lines (Harris et al.  2009 ). The nuclear (Merchant et al.  2007 ), 
chloroplast (Maul et al.  2002 ) and mitochondrial (GenBank accession number 
U03843) genomes have all been sequenced and can be transformed (Boynton et al. 
 1988 ; Kindle et al.  1989 ; Randolph-Anderson et al.  1993 ). A collection of selection 
markers, expression cassettes and fl uorescent tags has been developed (Harris et al. 
 2009 ; Rasala et al.  2014 ). Large numbers of nuclear mutants can be generated by 
chemical or random insertional mutagenesis (Tam and Lefebvre  1993 ). 
Chlamydomonas has a well-characterized and rapid mating cycle, allowing combi-
nation of mutations and the analysis of segregation patterns by tetrad and random 
spore analyses (Harris et al.  2009 ). 

 Chlamydomonas is also a powerful model system for studies of lipid metabo-
lism. Four qualities make it particularly useful for this application: (1) 
Chlamydomonas can be induced to accumulate TAGs in lipid droplets under 
nutrient- deprived conditions, for example under nitrogen (N) deprivation 
(Moellering and Benning  2010 ; Wang et al.  2009 ). Thus, Chlamydomonas can be 
used to understand how TAG is synthesized and assembled into lipid droplets and 
how algal lipid metabolism is regulated. (2) Its lipid metabolism is primarily regu-
lated by environmental conditions, unlike in land plants, where lipid synthesis and 
turnover are also tissue-dependent (To et al.  2012 ). This simplifi es the design, anal-
ysis and interpretation of experiments. (3) Chlamydomonas is unicellular, which 
enables higher throughput mutant screens. (4) Chlamydomonas is a member of the 
green lineage, with thylakoids and a chloroplast similar to those of land plants in 
structure and composition. Thus, Chlamydomonas can be used to understand pro-
cesses that are conserved between green algae and land plants, such as the export of 
fatty acids from the chloroplast (Riekhof et al.  2005 ). 

 A signifi cant fraction of current Chlamydomonas lipid studies is focused on the 
discovery of genes involved in TAG metabolism. Candidate genes with possible 
functions in TAG metabolism have been found by homology search (Riekhof et al. 
 2005 ), transcript profi ling under normal growth conditions and N-deprived condi-
tions (Blaby et al.  2013 ; Boyle et al.  2012 ; Goodenough et al.  2014 ; Miller et al. 
 2010 ; Schmollinger et al.  2014 ), and proteomic characterization of lipid droplets 
(Moellering and Benning  2010 ; Nguyen et al.  2011 ). However, the functions of 
only a handful of these candidate genes have been confi rmed experimentally (Boyle 
et al.  2012 ; Li et al.  2012c ; Yoon et al.  2012 ). Additionally, mutants with defects in 
lipids have been identifi ed in screens, but the genes responsible for the lipid pheno-
types have only been identifi ed in a small fraction of cases (Cagnon et al.  2013 ; Xie 
et al.  2014 ; Yan et al.  2013 ; Li et al.  2012c ). A comprehensive understanding of 
Chlamydomonas TAG metabolism will require additional unbiased screens for 
TAG mutants, combined with effi cient methods for identifying the genes disrupted 
in the hits. Below, we review existing screening and genotyping tools, and present 
some tools that are in development.   
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    High-Throughput Genetic Analyses of  TAG Metabolism   
Traditionally Include Three Parts 

 A traditional forward genetic study consists of three major stages: mutagenesis, 
phenotypic screen and identifi cation of mutated genes. Typically, a screen starts by 
randomly mutagenizing wild-type cells by radiation, chemicals or DNA insertions 
(Fig.  10.1 ). The TAG content in mutants is then analyzed by direct or indirect meth-
ods, in single cells or in a clonal population of each mutant. As there is usually a 
tradeoff between the throughput and the accuracy of phenotypic analyses, pheno-
typing is often performed in two stages: a high-throughput screen that rapidly iden-
tifi es candidate mutants (called “primary screen” here) followed by a 
lower-throughput but higher accuracy analysis of the hits (“secondary screen”). 
Once mutants with abnormal TAG content are identifi ed, mutated genes can be 
identifi ed. We will fi rst discuss screen growth conditions and methods of measuring 
TAG content. We will then discuss available approaches for generating mutants and 
for identifying mutated genes.

Mutagenesis

Phenotypic screen

Identification of mutated gene

All mutants

Hits

A novel gene involved in
lipid metabolism

Wild-type

  Fig. 10.1    A forward 
genetic study for mutants 
with abnormal TAG 
content consists of three 
steps. Mutants are 
generated from wild-type 
cells using random 
mutagenesis, followed by 
high-throughput 
phenotypic analysis (TAG 
content analysis in this 
case). Mutants with higher 
or lower amounts of TAG 
than wild-type cells, 
referred as “hits” in the 
fi gure and depicted as two 
cells with large and small 
lipid droplets, are isolated. 
The causative mutation in 
these mutants is then 
identifi ed using map-based 
cloning, whole-genome 
sequencing or PCR-based 
methods. An example is 
given for an insertional 
mutant where a piece of 
exogenous DNA inserted 
into an exon of a gene 
results in perturbed TAG 
levels       
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        Growth Conditions   Can Affect TAG Content and the Classes 
of Mutants That Can Be Isolated 

 The most common environmental perturbation used for inducing TAG accumula-
tion is N deprivation. Many other stress conditions such as high light and high salin-
ity also induce TAG accumulation, but to a lesser extent (Fan et al.  2011 ). When N 
is replete, TAG is detectable but minimal. Under N deprivation, growth stops and 
TAG is gradually accumulated (Moellering and Benning  2010 ; Wang et al.  2009 ). 
Upon the resupply of N to N-deprived cells, growth resumes and TAG is gradually 
degraded or diluted by cell division until it reaches a level comparable with the level 
before N deprivation (Fig.  10.2a ) (Cagnon et al.  2013 ; Li et al.  2012b ,  2014 ; Tsai 
et al.  2014 ).

   Broadly speaking, a N starvation and re-feeding experiment can reveal mutants 
that differ from wild-type in up to three stages: (1) Under N-replete conditions, 
some mutants may already accumulate excess or insuffi cient TAG (e.g. mutant with 
high steady state TAG, Fig.  10.2a ); such mutants could have mis-regulated signal 
transduction or metabolism during vegetative growth. Considering the low levels of 
TAG in wild-type Chlamydomonas cells under N-replete conditions, it would be 
challenging to screen for mutants with lower steady-state TAG levels. However, this 
may be possible, as one mutant with such a phenotype was isolated with reverse 
genetic approaches (Yoon et al.  2012 ). (2) When N is deprived, mutants with defec-
tive or enhanced TAG synthesis or signaling pathways will accumulate less or more 
TAG, respectively, than wild-type cells (e.g. mutant with high TAG induction, Fig. 
 10.2a ). (3) Finally, one could also identify mutants that degrade TAG faster or 
slower than wild-type cells (e.g. mutants defective in TAG turnover, Fig.  10.2a ). In 
fact, mutants in all three categories have been identifi ed through forward or reverse 
genetic studies, demonstrating the power of this N deprivation and re-feeding pro-
cess for revealing processes affecting TAG metabolism (Li et al.  2012c ; Terashima 
et al.  2014 ; Tsai et al.  2014 ; Wang et al.  2009 ; Work et al.  2010 ; Boyle et al.  2012 ; 
Xie et al.  2014 ; Yan et al.  2013 ; Cagnon et al.  2013 ).  

Fig. 10.2 (continued) point. ( b ) In dot-thinFig. 10.2 (continued) layer chromatography (Dot-
TLC), lipids are extracted and resolved radially. Each  circle  corresponds to a lipid species. A 
scheme is shown for eight mutants with two mutants depicted in  black . Note that one of the two 
mutants over-accumulates one lipid species. ( c ) In gas chromatography-fl ame ionization detector 
(GC-FID) analysis, whole cell transesterifi cation is performed, followed by gas chromatography 
separation of fatty acid methyl esters (FAMEs). Each FAME is depicted as one peak. FAME pro-
fi les are presented for two strains (the solid line depicts one strain; the dashed line depicts the 
other). Ratios between different FAMEs can be used to estimate the relative abundance of lipid 
species. The abundance of total FAMEs can also be obtained. ( d ) After staining with a lipid sensi-
tive dye, cells of each mutant can be analyzed in bulk with the fl uorescence quantifi ed in 96-well 
format. ( e ) Flow cytometry allows the analysis of the lipid content of each cell of a mutant. Each 
 dot  in the graph represents a single cell. For each cell, the fl uorescence emitted from a lipid sensi-
tive dye is typically compared to chlorophyll fl uorescence to offset the noise caused by extrinsic 
factors. Median fl uorescence from the lipid sensitive dye across the whole population of cells is 
used as a metric of the TAG content of each mutant. ( f ) A mixed population of cells of different 
mutants is subjected to staining and fl uorescence-activated cell sorting. Cells with high-TAG or 
low-TAG content (in the regions indicated by the  red triangles ) are isolated       
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  Fig. 10.2    Mutants can be screened for aberrations in the content of TAG or other lipids under 
several conditions with a variety of approaches. ( a ) Three examples of mutants with abnormal 
TAG contents in a certain stage within an N deprivation/resupply cycle are shown. One mutant 
accumulates a signifi cant amount of TAG without nitrogen deprivation. Another mutant accumu-
lates more TAG than wild-type under nitrogen deprivation. A third mutant has a defect in degrad-
ing the TAG accumulated when nitrogen is re-supplied. Note that this is not an exhaustive list of 
TAG phenotypes, and some mutants exhibit phenotypes under more than one condition. ( b – f ) 
Several methods are available for identifying mutants with perturbed lipid content at any time 
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    Primary Screens Have Assessed TAG Content by Lipid Stains, 
Lipid Chromatography or a Protein Bio-marker 

 The major technical goal in a primary screen is maximizing throughput while 
enriching for mutants of interest. Biochemical methods can quantify absolute TAG 
amount but are relatively time-consuming. Staining with lipid-sensitive dyes 
enables high-throughput analysis with a microtiter plate reader or fl ow cytometer, 
although one must be cautious, as artifacts can be caused by factors such as ineffi -
cient dye penetration. 

    Screens Based on Lipid Stains Enable Very High Throughput 

    Lipid-Binding Dyes Differ in Their Spectral Overlap with Chlorophyll, 
and Propensity for Photobleaching 

 Several  fl uorescent dyes   have been used to stain lipid droplets in algae and other 
organisms. These include Nile Red, BODIPY493/503, BODIPY505/515 and 
LD540 (Moellering and Benning  2010 ; Spandl et al.  2009 ; Wang et al.  2009 ; 
Govender et al.  2012 ). For fl uorometric estimation of TAG content in 
Chlamydomonas, the fi rst concern is the spectral overlap between the dye and chlo-
rophylls. Nile Red is the most frequently used dye for Chlamydomonas because 
Nile Red fl uorescence and chlorophyll fl uorescence minimally interfere with each 
other when certain excitation and emission wavelengths are selected (Terashima 
et al.  2014 ). 

 Another concern for a  fl uorescent dye   is its propensity for photobleaching, which 
compromises the robustness of the measurement. In an in vitro study, photobleach-
ing of LD540 was determined to be threefold slower than Nile Red and 15-fold 
slower than BODIPY493/503 (Thiele  2011 ). BODIPY505/515 was reported to pho-
tobleach slower than Nile Red (Govender et al.  2012 ). 

 To accurately refl ect the amount of TAG in cells, the fl uorescence from the dye 
needs to be linearly correlated with the amount of TAG present. In Chlamydomonas, 
one staining protocol has been shown to yield a decent correlation (R-squared value 
of 0.7) between the intensity of Nile Red fl uorescence and TAG content (Cagnon 
et al.  2013 ).  

    Staining Can Be Improved by  Permeabilizing Cells   to Facilitate Dye Entry 

 One major challenge for quantitative staining of lipid droplets is ensuring that the 
dye can effi ciently enter cells. Several treatments, such as heating by microwaving 
(Chen et al.  2011 ), a low amount of detergents (Terashima et al.  2014 ), or presence 
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of organic solvents (Doan and Obbard  2011 ) have been reported to enhance the 
staining effi ciency in Chlamydomonas or other algae. The concentration of the dye 
also needs to be optimized, as a very high concentration can cause fl uorescence 
from dye precipitates in addition to lipid droplets (Cirulis et al.  2012 ).  

    Lipid Content Can Be Quantifi ed with a  Plate Reader   or by  Flow 
Cytometry   

 Three general formats have been used for screening mutants stained with fl uores-
cent lipid-sensitive dyes: a microtiter plate reader, fl ow cytometry of individual 
mutants, and fl ow cytometry of pools of mutants (Fig.  10.2b ). Li et al. and Yan et al. 
stained mutants in 96-well plates and measured fl uorescence emitted by 
 lipid-sensitive dyes with a plate reader (Li et al.  2012c ; Yan et al.  2013 ). Cagnon 
et al. also stained mutants in 96-well plates, but individually analyzed each mutant 
by fl ow cytometry (Cagnon et al.  2013 ). Deviation of the mutant population from 
the wild-type population in the lipid-sensitive dye fl uorescence dimension was con-
sidered a phenotype. As fl ow cytometry measures the fl uorescence of single cells, 
Xie et al. and Terashima et al. isolated high-TAG or low-TAG mutants from a mixed 
pool of mutants using fl uorescence-activated cell sorting (FACS) (Terashima et al. 
 2014 ; Xie et al.  2014 ). Combined with high-throughput sequencing, FACS of pools 
of mutants has the potential to reveal all the genes involved in TAG metabolism in a 
single experiment. The throughput and other features of the above methods are sum-
marized in Table  10.1 .

   Table 10.1    Properties of different TAG primary screen strategies in Chlamydomonas   

 Method  Throughput in 1 month  Properties  References 

 Dot-thin layer 
chromatography 

 ~2,000 plants 
(Changcheng Xu, personal 
communication) 

 Can be used to 
estimate major 
lipid species 

 Xu et al. ( 2003 ) 

 Gas chromatography- 
fl ame ionization detector 

 ~500 (Yonghua 
Li-Beisson, personal 
communication) 

 Can be used to 
estimate 
content of lipid 
species 

 Nguyen et al. 
( 2013 ) and Pfl aster 
et al. ( 2014 ) 

 Staining coupled with 
plate reader 

 ~3,000 (Changcheng Xu, 
personal communication) 

 TAG specifi c  Li et al. ( 2012c ) 
and Yan et al. 
( 2013 ) 

 Staining coupled with 
fl ow cytometry 

 ~1,000 (Yonghua 
Li-Beisson, personal 
communication) 

 TAG specifi c  Cagnon et al. 
( 2013 ) 

 Staining coupled with 
FACS 

 60,000 for Terashima 
et al. 

 TAG specifi c  Xie et al. ( 2014 ) 
and Terashima 
et al. ( 2014 ) 
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        Lipid Species Can Be Separated Physically in Medium- 
Throughput Screens 

 In contrast to fl uorophore staining, analysis of extracted lipids can reveal differ-
ences in the abundances of individual lipid species. Transesterifi cation of lipids into 
fatty acid methyl esters (FAMEs) followed by gas chromatography-fl ame ioniza-
tion detector (GC- FID  )  analysis   provides the composition as well as the amount of 
fatty acids contained in the lipid substrates used (Fig.  10.2b ). For the purpose of 
high-throughput screens, direct transesterifi cation with unprocessed algal cells has 
been developed. Fatty acid profi le analysis has enabled the identifi cation of the sole 
ω-3 fatty acid desaturase in Chlamydomonas (Nguyen et al.  2013 ; Pfl aster et al. 
 2014 ). If the starting number of cells is known, this analysis yields the total amount 
of fatty acids per cell, which is often affected when TAG content is changed 
(Terashima et al.  2014 ). Additionally, certain fatty acid species are enriched in one 
lipid species compared to the others. The ratio of the abundance of a fatty acid spe-
cies to the total abundance of all fatty acids serves as an indicator of the amount of 
the corresponding lipid. Because TAG is generally more saturated than membrane 
lipids, the ratio of C16:0 to C16:4 fatty acid was shown to correlate with TAG con-
tent (Liu et al.  2013 ). 

 Chlamydomonas studies could benefi t from the adaptation of other high- 
throughput biochemical lipid screening techniques developed for other organisms. 
In Arabidopsis, Xu et al. screened for suppressors of a mutant defi cient in synthesis 
of digalactosyldiacylglycerol (DGDG) by performing lipid extraction and TLC 
robotically (Xu et al.  2003 ). While lipids are resolved vertically in a traditional 
TLC, Xu et al. spotted lipid extracts on a TLC plate and applied a solvent mixture 
to each spot to separate lipid species radially outwards from the spot (Fig.  10.2b ). 
This approach allows parallel analysis of 384 samples, and could be adapted to 
TAG mutant screens in algae, which are even more amenable to robotic 
operations.  

    Screens Based on  Lipid Bio-markers   Have Also Been Performed 

 High-throughput screens for lipid aberrations are also facilitated when a biomarker 
is available for the lipid of interest. The most abundant constituent of the 
Chlamydomonas lipid droplet proteome, Major Lipid Droplet Protein (MLDP), is 
highly correlated with TAG in abundance (Moellering and Benning  2010 ; Tsai 
et al.  2014 ). Tsai et al. screened for mutants with defects in TAG degradation by 
performing immuno-dot blots against MLDP in mutants arrayed in 96-well format. 
This allowed the identifi cation of a mutant that exhibits a delay in TAG degradation 
(Tsai et al.  2014 ).  
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    Raman Spectroscopy Has Potential for Single 
Cell-Based Screens 

 Since staining with fl uorescent dyes can be biased by the cell penetration effi ciency 
and provides little composition information on lipids, some groups have sought 
alternative approaches for rapid, single-cell lipid analysis. Single-cell Raman spec-
troscopy ( SCRS     ) is a label-free technique for analyzing the in vivo chemical pro-
fi les of single cells (Li et al.  2012a ). It detects the emitted light from light-excited 
molecules, with each wave number shift representing a distinct mode of vibration 
from a specifi c molecular structure. In contrast to infrared spectroscopy, Raman 
spectrometry is not compromised by water molecules thus is suitable for analyzing 
live biological samples. Recently, several groups have developed techniques based 
on Raman spectroscopy for analysis of lipids in single algal cells and obtained 
information on lipid amount and unsaturation levels (Wang et al.  2014 ; Wu et al. 
 2011 ). In addition to lipids, SCRS is also capable of quantitatively measuring the 
concentration of starch in individual microalgal cells such as  Chlamydomonas  spp. 
and  Chlorella  spp. (Ji et al.  2014 ). Furthermore, new technologies that isolate and 
sort single cells based on their Raman spectrum have recently been demonstrated 
(Wang et al.  2013 ; Zhang et al.  2014a ,  2015 ). The SCRS approach is label-free, 
non-invasive, culture-independent, rapid, low-cost, and potentially able to simulta-
neously track multiple metabolites in individual live cells. As throughput, ease of 
deployment, cost, and multiplexing are all important considerations in design of 
assays for detecting and measuring intracellular compounds, such advantages can 
be exploited for development of many novel applications such as screening of 
microbial cell factories and optimization of bioprocesses.   

    Quantitative Analysis and Microscopy Are Used to Confi rm 
TAG Phenotypes 

    GC-FID Can Be Used to Analyze the Fatty Acid 
Composition of TAG 

 The profi le of the fatty acids contained in TAG is very useful for determining which 
pathway is responsible for the extra or missing fatty acids. For example, the  pgd1  
mutant showed a major defi ciency in the 18:1Δ9 fatty acid in TAG and other extra-
plastidic lipids, indicating a defect in exporting de novo synthesized fatty acids 
from the chloroplast rather than recycling of membrane lipid species (Li et al. 
 2012c ). To analyze the fatty acid content of TAG specifi cally, instead of that of 
whole cells, lipids need to be extracted from cells and resolved, e.g. by TLC. The 
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TAG fraction can then be transesterifi ed and analyzed by GC-FID. In this way, the 
molar amount of TAG as well as the fatty acid profi le of TAG can be determined. A 
major limitation of  GC-FID   is that it cannot identify the molecular species of TAG, 
because the origins of FAMEs are not traceable.  

     Mass Spectroscopy (MS)   Can Be Used to Identify and Quantify 
TAG Species 

  MS   has been increasingly utilized to quantify TAG content in Chlamydomonas (Liu 
et al.  2013 ; Terashima et al.  2014 ; Wang et al.  2009 ; Yoon et al.  2012 ; Vieler et al. 
 2007 ). Direct infusion MS minimizes oxidation of polyunsaturated fatty acid spe-
cies (Danielewicz et al.  2011 ) while liquid chromatography (LC) prior to MS 
enables separation and identifi cation of positional isomers of TAG (Kind et al. 
 2012 ; MacDougall et al.  2011 ). With ultrahigh performance liquid chromatogra-
phy–tandem mass spectrometry (UHPLC–MS/MS), 140 molecular species of TAG 
were identifi ed for Chlamydomonas. Quantifi cation with this method yielded a con-
sistently lower amount for TAG compared to GC-FID performed on the same sam-
ples, possibly due to the difference in ionization effi ciency between different TAG 
species (Liu et al.  2013 ).  

    Microscopy Can Be Used to Characterize the Size and Quantity 
of Lipid Droplets 

 Hyper or hypo-accumulation of TAG is expected to affect the number or size of 
lipid droplets. Disruption of different pathways may affect one metric over the 
other, depending on whether the pathway mainly affects the initial generation or the 
enlargement of lipid droplets (Wilfl ing et al.  2013 ). These parameters can be mea-
sured by microscopy on cells stained with lipid sensitive dyes. In a lipid droplet 
morphology mutant screen performed on a Drosophila cell line, fi ve categories of 
abnormal lipid droplet morphology were observed (Guo et al.  2008 ). Microscopy 
has not yet been used for large-scale primary screens in Chlamydomonas, but it has 
been employed to visualize the phenotypes of specifi c mutants. For example, the 
over-accumulation of TAG in the  sta6  starchless mutant was initially observed as 
an increase in lipid droplet area by microscopy after Nile Red staining (Wang et al. 
 2009 ).  Electron microscopy   revealed a previously unknown association between 
lipid droplets and the chloroplast and allowed the discovery of large lipid droplets 
within the chloroplast in the  sta6  mutant (Fan et al.  2011 ; Goodson et al.  2011 ).   
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    Point Mutations and Insertional Mutations Can Be Used 
to Disrupt Genes 

    Point Mutations Can Be Generated by Irradiation or Chemical 
Mutagens 

  Point mutations   can produce gain-of-function and temperature-sensitive mutants. In 
Chlamydomonas, point mutations are commonly induced using ultraviolet (UV) 
radiation or chemical mutagens such as ethyl methane sulfonate (EMS). A general 
concern with these two approaches is the extent of mutation, which is correlated 
with the percentage of cells killed during mutagenesis (the “kill rate”). A low kill 
rate generally means that a larger number of cells need to be mutagenized to cover 
the genome. A very high kill rate indicates a higher density of point mutations, 
which may complicate the identifi cation of the mutation causing the phenotype, as 
many mutations will be genetically linked to the phenotype. EMS mutagenesis has 
been employed by two groups for the purpose of obtaining high-TAG strains (Xie 
et al.  2014 ; Lee et al.  2014 ). 

 Traditionally,  point mutations   are identifi ed through map-based cloning, which 
requires multiple rounds of crossing and a high-density molecular marker system, 
which is under-developed in Chlamydomonas compared with the plant model  A. 
thaliana  (Jander et al.  2002 ; Rymarquis et al.  2005 ). In recent years, next- generation 
sequencing technology has greatly facilitated the mapping of point mutations. Tulin 
and Cross were able to map 52 mutants by crossing each mutant to wild-type and 
performing whole-genome sequencing on pools of 10–12 progeny that showed the 
mutant phenotype. Candidate mutations were identifi ed based on the expectation 
that only the causative point mutation or tightly linked ones would be uniform in the 
mutant progeny population (Tulin and Cross  2014 ).  

    Insertional Mutagenesis Is Broadly Used in Chlamydomonas 

 Transformation of an insertion cassette containing a resistance marker into 
Chlamydomonas cells disrupts the genome at random sites (Tam and Lefebvre 
 1993 ; Zhang et al.  2014b ). Thus,  insertional mutagenesis   has been extensively 
employed to understand many processes including TAG metabolism (Cagnon et al. 
 2013 ; Li et al.  2012c ; Terashima et al.  2014 ; Tsai et al.  2014 ; Yan et al.  2013 ). 
General considerations regarding the insertion cassette sequence and transforma-
tion method are summarized below. 
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    Selection Is Facilitated with Antibiotic Resistance Markers or Auxotrophy 
Markers 

 Commonly used  antibiotic resistance markers   for Chlamydomonas nuclear genome 
transformation include  ble  for resistance to bleomycin,  aph7”  for resistance to 
hygromycin B and  aphVIII  for resistance to paromomycin (Berthold et al.  2002 ; 
Sizova et al.  2001 ; Stevens et al.  1996 ).  aph7”  and  aphVIII  each encode an amino-
glycoside phosphotransferase but both can be used in the same strain without inter-
fering with each other (Berthold et al.  2002 ). Recently, the chloroplast marker 
 AadA , which confers resistance to spectinomycin, has been recoded for the nuclear 
genome and can be used as a shuttle marker between  E. coli  and Chlamydomonas 
(Meslet-Cladiere and Vallon  2012 ). Other  drug-selectable markers   include mutant 
ALS, encoding a mutated form of acetolactate synthase that confers resistance to 
sulfometuron methyl (Kovar et al.  2002 ), and  CRY1-1 , encoding a mutant ribosomal 
protein that confers resistance to emetine (Nelson et al.  1994 ). 

 Besides drug resistance markers,  auxotrophy markers   are also available for 
auxotrophic strains. Introduction of the  NIT1  gene (encoding the nitrate reductase) 
into a  nit1  background strain enables it to grow on nitrate as the nitrogen source 
(Kindle et al.  1989 ); the  ARG7  gene (encoding the argininosuccinate lyase) rescues 
the arginine auxotrophy of  arg7  mutants (Debuchy et al.  1989 ); NIC7 (encoding a 
quinolinate synthetase) rescues the nicotinamide auxotrophy of  nic7  mutants (Ferris 
 1995 ); and THI10 (encoding a hydroxyethylthiazole kinase) rescues thiamine aux-
otrophy of  thi10  mutants (Ferris  1995 ). 

 Most drug resistance markers are several-fold smaller than  NIT1  and  ARG7  in 
size. This makes drug resistance markers easier to manipulate and potentially less 
vulnerable to endonuclease cleavage during transformation (as discussed later).  

    Expression of Selection Marker Genes Can Be Enhanced by Strong 
Promoters or Introns 

 A strong  promoter   is desired for abundant production of resistance proteins and 
optimal transformation effi ciency. The Chlamydomonas  PSAD  promoter (Fischer 
and Rochaix  2001 ),  RBCS2  promoter (Ribulose Bisphosphate Carboxylase/
Oxygenase Small Subunit 2), β-2 tubulin promoter (Brunke et al.  1984 ; Kozminski 
et al.  1993 ) and a hybrid  HSP70A-RBCS2  promoter (Schroda et al.  2000 ) drive high 
expression of nuclear genes and are extensively used to drive selection markers. 

 Besides a strong  promoter  , the presence of the fi rst intron of RBCS2 upstream or 
downstream of the start codon was demonstrated to enhance the abundance of the 
marker protein and the transformation effi ciency (Berthold et al.  2002 ; Lumbreras 
and Purton  1998 ).  
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    The Extent of Gene Disruption Is Affected by the Gene Feature 
of the Insertion Site 

 Insertions into exons typically disrupt gene functions. However, in the absence of a 
transcriptional terminator, insertions into introns can be spliced out. Commonly, a 
gene with an insertion in an intron will produce a normal protein but at a lower 
abundance (Wang  2008 ).  

    DNA Can Be Delivered into the Chlamydomonas Genome by Biolistics, 
Glass Bead Transformation, Electroporation or Agrobacterium-Mediated 
Gene Transfer 

 Early transformations of the Chlamydomonas nuclear genome were mostly achieved 
using  biolistic particle delivery  . Auxotrophic mutants were successfully comple-
mented with native Chlamydomonas genes using this method (Debuchy et al.  1989 ; 
Kindle et al.  1989 ). However, the transformation effi ciency of the biolistic method 
is typically much lower than the methods developed later. Moreover, it requires a 
sophisticated particle bombardment system. Soon afterwards, it was observed that 
exogenous DNA could be delivered into Chlamydomonas genome by agitating the 
cell/DNA mixture with  glass beads  . This method does not require specialized equip-
ment but only yielded ~1,000 colonies with 1 μg DNA used in a cell wall- defi cient 
strain (Kindle  1990 ). A protocol based on  electroporation   was later developed, 
enabling transformation effi ciencies of up to 100,000 colonies per μg DNA 
(Shimogawara et al.  1998 ). More recently,   Agrobacterium tumefaciens   , which has 
been primarily used for transferring DNA into dicotyledonous plants, was also 
shown to introduce DNA into the Chlamydomonas genome (Kumar et al.  2004 ).  

    The Number of Insertions Needed to Obtain the Desired Genome 
Coverage Depends on the Number of Insertions per Mutant 

 Before mutagenesis, it is important to decide how many mutants are needed to 
cover a certain fraction of the genome. Results from a simulation suggest that 
120,000 insertions are required to cover 80 % of Chlamydomonas genes with one 
or more allele for each gene (Zhang et al.  2014b ). The number of mutants required 
to cover a certain fraction of the genome can be reduced by increasing the  number 
of insertions per mutant  , which can be achieved using a higher amount of trans-
forming DNA per cell (Shimogawara et al.  1998 ).  

    Insertion Sites Can Be Identifi ed Using Plasmid Rescue 
or Various PCR- Based  Methods   

 Several methods have been applied in Chlamydomonas for identifi cation of inser-
tion loci (Table  10.2 ). If the insertion cassette contains  E. coli  plasmid sequences, it 
can be retrieved by restriction digestion of the mutant genome, circularization and 
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transformation back into  E. coli  (Tam and Lefebvre  1993 ). Sequencing of the 
Chlamydomonas genomic regions in the resulting plasmid can reveal the insertion 
site. This method does not involve PCR and can be used when fl anking regions are 
hard to amplify. However, it requires transformation of an entire plasmid, including 
bacterial replication origin and bacterial selection marker in addition to the 
Chlamydomonas selection marker.

   Multiple methods developed later use nested PCR to amplify the junction 
between the insertion and the genome fl anking sequence followed by sequencing of 
the PCR products. Examples include thermal asymmetric interlaced PCR (TAIL- 
PCR) (Dent et al.  2005 ), restriction enzyme site-directed amplifi cation PCR 
(RESDA-PCR) (Gonzalez-Ballester et al.  2005a ), and SiteFinding PCR (Li et al. 
 2012c ). 

 In cases where the insertion cassette lacks a transcriptional terminator, a chime-
ric mRNA will be produced, containing both the sequence of the selection marker 
gene and the genomic sequence between the marker gene and the fi rst native tran-
scriptional terminator encountered in the genome. 3′ rapid amplifi cation of cDNA 
ends (3′ RACE) can be applied to recover the sequence downstream of the marker 
gene (Meslet-Cladiere and Vallon  2012 ). Both 3′ RACE and nested PCR methods 
only require thermal cycling that can be easily performed on multiple microtiter 
tubes in parallel. 

 One challenge with 3′ RACE and nested PCR approaches is that the distance 
between the annealing location of the degenerate primer and the insertion junction 
varies between mutants. In some mutants, the distance may be too large for robust 

   Table 10.2    Comparison of different strategies for insertion site identifi cation in Chlamydomonas   

 Method  Advantage  Limitation 
 Time 
required 

 Application in 
chlamydomonas 

 Plasmid rescue  Can be 
applied to 
cases where 
the fl anking 
sequences 
are hard to 
amplify 

 Requires an entire 
plasmid to be 
transformed 

 1 week 
for 10 
mutants 

 Tam and Lefebvre 
( 1993 ) 

 Nested PCR based 
methods 

 Relatively 
quick and 
simple 

 Sensitive to the 
distance to the 
annealing site of 
the genome side 
primer 

 1 week 
for 10 
mutants 

 Dent et al. ( 2005 ), 
González-Ballester 
et al. (2005a, b), and 
Li et al. (2012) 

 3′ RACE  Relatively 
quick and 
simple 

 Requires an 
insertion cassette 
lacking a 
transcriptional 
terminator 

 1 week 
for 10 
mutants 

 Meslet-Cladiere and 
Vallon ( 2012 ) 

 Chlamydomonas 
MmeI-based insertion 
site sequencing 

 Can be used 
for a pool of 
mutants 

 Requires digestion 
and ligation; short 
fl anking sequence 
(20–21 bp) 

 2 weeks 
for 
10,000 
mutants 

 Zhang et al. ( 2014b ) 
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amplifi cation. Additionally, differences in PCR effi ciency between different sizes 
of DNA makes it diffi cult to adapt these methods to pools of mutants. 

 Recently, we developed a method for mapping insertion cassettes in pools of 
tens of thousands of Chlamydomonas mutants (Zhang et al.  2014b ). This method, 
named Chlamydomonas  Mme I-based insertion site sequencing (ChlaMmeSeq), 
relies on the presence of recognition sites for the type IIS restriction enzyme  Mme I 
at the two ends of the cassette. To extract fl anking sequences, the genome is digested 
with MmeI, which binds in the cassette and cleaves 20–21 base pairs into the fl ank-
ing DNA. This produces a fragment containing 20–21 bases of fl anking sequence 
attached to the cassette, onto which an adapter can be ligated to allow PCR amplifi -
cation of the fl anking sequence. When coupled with high-throughput sequencing, 
ChlaMmeSeq enables parallel retrieval of 20–21 bp of fl anking sequences from 
more than 10,000 mutants. Approximately 70 % of short fl anking sequences 
obtained can be aligned to a unique locus in the Chlamydomonas genome.  

    Insertion Sites Are Frequently Messy 

 The complex nature of many insertions can make it diffi cult to identify the insertion 
site and the gene whose disruption causes the observed phenotype. Insertions can con-
tain large deletions, truncated cassettes, and insertions of genomic sequence between 
the cassette(s) and fl anking genomic DNA (Fig.  10.3 ). In an ideal insertion site, the 
insertion cassette is inserted without any deletion in the cassette sequence or the 
genomic sequence at the  insertion site   (Fig.  10.3a ). In this scenario, fl anking sequences 
can be obtained from both sides of the inserted cassette, and a single gene will be 
directly disrupted by the insertion. However, insertion sites are rarely this clean.

   Some insertions include a large deletion of genomic DNA that eliminates mul-
tiple genes. In such cases, one common strategy to identify the gene whose disrup-
tion causes the observed phenotype is to attempt complementation of the mutant 
with each of the disrupted genes (Fig.  10.3b ) (Matsuo et al.  2008 ; Tsai et al.  2014 ). 

 Regardless of the presence of a deletion of genomic sequence, one or both sides 
of the insertion cassette can be truncated (Fig.  10.3c ) (Zhang et al.  2014b ). Such 
truncations can lead to the failure of fl anking sequence extraction protocols, due to 
the loss of the necessary sequences, e.g. primer binding sites or sequences required 
for plasmid propagation in bacteria. 

 In addition to possible genomic deletions and cassette truncations, genomic 
DNA from a distant locus (referred as “junk DNA” here; Fig.  10.3d ) can sometimes 
be found inserted between the cassette and the genomic sequence from the dis-
rupted locus (Zhang et al.  2014b ). The presence of junk DNA can make it challeng-
ing to identify the insertion site, as the DNA sequence fl anking the cassette maps to 
the genome but does not indicate the true insertion site. 

 Last but not least, even when the insertion site can be correctly identifi ed, the 
phenotype of a mutant could be caused by unmarked mutations, such as point muta-
tions that occur during the transformation process (Fig.  10.3e ). Thus, the causative 
relationship between the mutation and the phenotype should always be verifi ed as 
suggested in the next part.   
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    A  Mapped Insertional Mutant Library   Will 
Be a Transformative Tool 

 Our lab is developing an indexed Chlamydomonas insertional mutant library in 
which the insertion site is known for each mutant. Mutants are maintained as colony 
arrays on solid medium, and also preserved cryogenically. This resource will 
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insertion cassette

insertional mutation point mutation

e

large deletion

insertion with junk DNA

cassette truncation

clean insertion

Key:

junk DNA

gene 1 gene 2

  Fig. 10.3    Insertion sites are often complex in Chlamydomonas. Models of cassette insertions in 
genomic sequence are presented. ( a ) The cassette is inserted cleanly into the genome. ( b ) An inser-
tion can be associated with a deletion of genomic DNA. ( c ) A cassette can be truncated on one or 
both ends. ( d ) Genomic DNA from a distant locus (“junk DNA”, shown in  yellow ) can be inserted 
next to the cassette. ( e ) In addition to the mutation caused by cassette insertion, mutations can be 
present at one or more other loci. Note that a mutant may harbor a combination of these 
scenarios       
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provide mutants in many genes of interest for reverse genetic studies. Additionally, 
this library will also be usable for various forward genetic screens, eliminating the 
time- consuming steps of mutant generation and mapping. 

 One scheme for a genome-saturating TAG mutant screen using this library takes 
advantage of a feature that enables tracking of the abundance of individual mutants 
in pools. The mutants in this library are generated with a cassette containing  Mme I 
recognition sites at both ends, allowing the retrieval of a 20–21 bp fl anking sequence 
from each end. If thousands of mutants are pooled together, the fl anking sequence 
of each mutant can serve as a molecular barcode that indicates the abundance of that 
mutant in the pool (Fig.  10.4 ). To identify genes with a role in TAG metabolism, 
mutants can be combined into a single pool, and mutants with unusually high or low 
TAG content can be enriched by staining with a TAG-binding dye and Fluorescence- 
Activated Cell Sorting (FACS) (Terashima et al.  2014 ). Mutants enriched in a high- 

Fluorescence activated cell sorting

high TAG

Barcode extraction to identify all mutants

Indexed library

A
121

H

.............
...

...
.

Isolate individual mutants 
for further characterization

Combine mutants

low TAG

Isolate mutants with pertubed TAG

Barcoded mutants

  Fig. 10.4    An indexed library of insertional mutants will facilitate genetic screens for TAG pheno-
types. Application of ChlaMmeSeq to each mutant produces a unique 20–21 bp genomic fl anking 
sequence. This unique fl anking sequence can serve as a barcode for detecting the presence or 
quantifying the abundance of the mutant in a pool. For a TAG mutant screen, the colonies from the 
library can be combined, grown and nitrogen deprived as a pooled sample. Fluorescence activated 
cell sorting (FACS) can be employed to sort out high-TAG mutants and low-TAG mutants as two 
pools of hits (depicted as cells with large and small lipid droplets, respectively). ChlaMmeSeq can 
then be applied to the two pooled samples to obtain insertion fl anking sequences/barcodes. 
Individual mutants for genes of interest can be cherry-picked from the library for further studies       
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TAG or low-TAG pool can be identifi ed because their barcodes will be enriched in 
those pools. Since the physical coordinates of each mutant in the library are already 
known prior to the screen, mutants in hit genes of interest can then be individually 
cherry-picked for further characterization.

        The Causative Relationship between the Mutation 
and the Phenotype Needs to Be Confi rmed by Mutant 
Complementation 

 In the prior part, we mentioned the possibility that some mutations can be challeng-
ing to locate, and the mutation identifi ed may not always be the one causing the 
phenotype. Thus, experiments should always be performed to confi rm the causative 
relationship between the mutation and the mutant phenotype. 

    The Mutation  Locus   in Insertional Mutants Should 
Be Characterized by PCR 

 For insertional mutants, as shown in Fig.  10.3d , the fl anking sequence obtained may 
not reveal the actual insertion site. To gain more confi dence on the fl anking sequence, 
one can attempt to retrieve longer fl anking sequence beyond a possible junk DNA 
region. The challenge here is that this method can never tell conclusively that one has 
read into the actual fl anking genomic sequence. A more robust approach is to obtain 
fl anking sequences for both sides of the insertion and see whether they align to the 
same locus. If they do, it is extremely likely that the insertion is truly at that site. 
Finally, the most conclusive evidence that a region is disrupted is the absence of a 
wild-type product when the region spanning the insertion site is amplifi ed by PCR.  

     Multiple Alleles   Increase Confi dence 
in a Genotype-Phenotype Link 

 When multiple independent mutants in the same gene exhibit the same phenotype, the 
likelihood that mutation of this gene causes the phenotype is greatly increased. Indeed, 
this principle is used extensively in Arabidopsis research (Krysan et al.  1999 ).  

     Genetic Linkage Analysis   Can Be Used to Rule out 
Non- causative Mutations 

 In genetic linkage analysis, a mutant is crossed to the wild-type and the phenotypes 
and genotypes of progeny are determined. A non-causative mutation will typically 
be found in both progeny with and without the phenotype. However, co-segregation 
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of the phenotype with a mutation of interest does not conclusively establish that the 
mutation of interest causes the phenotype, as the mutation of interest could merely be 
at a chromosomal location near the causative mutation.  

     Genetic Complementation   Is Critical for Establishing 
the Causative Relationship between the Mutation 
and the Phenotype 

 The strongest evidence that a recessive mutation in a specifi c gene causes the 
observed phenotype is the observation that expression of the wild-type gene com-
plements the mutant phenotype. To establish complementation robustly, multiple 
independent transformants of the wild-type gene into the mutant should be 
analyzed. 

 Investigators should be cautious as second site mutations can give the false 
appearance of complementation. During transformation, suppressor or reversion 
mutations can arise and revert the phenotype, giving the impression that the mutant 
has been complemented. To safeguard against this possibility, complementation 
transformations should include a parallel control transformation with a construct 
that is not expected to complement. If this latter construct produces colonies that 
revert the phenotype, reversion mutations are arising, and the investigator should 
perform multiple independent transformations and test whether the construct of 
interest yields a signifi cantly greater number of wild-type-like transformants than 
the control construct.   

    Concluding Remarks 

 Algae are a promising platform for producing TAG for biodiesel. Many chal-
lenges remain to be overcome before algal biofuels are profi table, including our 
limited understanding of genes involved in algal TAG metabolism (Chisti  2007 ). 
The green alga Chlamydomonas is a powerful model organism for this process. 
However, due to diffi culties in identifying the mutation sites, only a handful of 
genes have been identifi ed with a role in TAG metabolism. Future efforts should 
focus on improving the throughput and robustness of screens and the success rate 
of mutation mapping. 

 More broadly, TAG serves as a universal storage lipid in eukaryotic organisms 
(Farese and Walther  2009 ), while glycerolipids are essential membrane components 
of all cells. Research on plant and animal lipid metabolism provides important 
insights into human nutrition and health. Yet, the multicellular nature of land plants 
and animals limits the throughput of genetic screens. For Chlamydomonas, in con-
trast, emerging tools including the genome-wide mutant library will enable 
 high- throughput genome-saturating screens. We anticipate that future screens will 
reveal many conserved aspects of lipid metabolism.     
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    Chapter 11   
 Plant Sphingolipid Metabolism and Function                     

       Kyle     D.     Luttgeharm    ,     Athen     N.     Kimberlin    , and     Edgar     B.     Cahoon    

    Abstract     Sphingolipids, a once overlooked class of lipids in plants, are now recog-
nized as abundant and essential components of plasma membrane and other endo-
membranes of plant cells. In addition to providing structural integrity to plant 
membranes, sphingolipids contribute to Golgi traffi cking and protein organizational 
domains in the plasma membrane. Sphingolipid metabolites have also been linked 
to the regulation of cellular processes, including programmed cell death. Advances 
in mass spectrometry-based sphingolipid profi ling and analyses of Arabidopsis 
mutants have enabled fundamental discoveries in sphingolipid structural diversity, 
metabolism, and function that are reviewed here. These discoveries are laying the 
groundwork for the tailoring of sphingolipid biosynthesis and catabolism for 
improved tolerance of plants to biotic and abiotic stresses.  

  Keywords     Sphingolipid   •   Ceramide   •   Long-chain bases   •   Plasma membrane   • 
  Lipid-signaling   •   Lipid rafts   •   Programed cell death  

      Introduction 

 Sphingolipids were originally identifi ed in the late nineteenth century by Johann 
Thudichum as an “enigmatic” major lipidic component of the brain (Thudichum 
 1884 ). Since this discovery, sphingolipids have been recognized as essential com-
ponents of eukaryotic cells and have been extensively studied in humans due to 
their association with a number of lipid storage disorders, including Tay-Sachs dis-
ease and Niemann-Pick disease (Sandhoff  2013 ). Sphingolipids, however, were not 
identifi ed in plants until the late 1950s (Carter et al.  1958 ) and for nearly four 
decades following this discovery, sphingolipid research in plants was limited mainly 
to structural and compositional analyses, including studies of sphingolipid compo-
sitional changes in response to abiotic stresses. Since the late 1990s, plant 
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sphingolipids have become an increasing research focus. Driving this heightened 
interest is the realization that sphingolipids are among the most abundant endo-
membrane lipids in plant cells and that they contribute not only to membrane struc-
ture and function that underlies abiotic and biotic stress resistance but also to the 
regulation of cellular processes. Recent advances in plant sphingolipid research 
have been spurred by development and application of advanced mass spectrometry 
methods that enable the rapid and quantitative measurement of molecular species of 
specifi c sphingolipid classes (Markham and Jaworski  2007 ). Coupling of these 
methods with the characterization of Arabidopsis mutants has resulted in advances 
in our fundamental understanding of plant sphingolipid metabolism and its regula-
tion. The availability of Arabidopsis mutants has also led to discoveries of the 
involvement of sphingolipids in plant growth and responses to environmental stim-
uli. In addition, unexpected connections between sphingolipids and physiological 
processes such as programmed cell death and the related hypersensitive response 
that is important for plant resistance to bacterial and fungal pathogens have arisen 
from forward genetic studies of Arabidopsis. Recent research has also been directed 
at understanding the specialized functions of sphingolipids in plasma membrane 
microdomains that are believed to contribute to cell surface processes such as cell 
wall metabolism and ion and auxin transport. This chapter provides an overview of 
our recent understanding of plant sphingolipid structure, metabolism, and function 
and highlights unanswered questions in plant sphingolipid biology.  

     Sphingolipid  Structure   

 Sphingolipids consist of hydrophobic ceramide backbones that are typically linked 
to polar sugar residues to form amphipathic lipid components of membranes (Lynch 
and Dunn  2004 ; Chen et al.  2010 ). The ceramide backbone contains a long chain 
amino alcohol referred to as a sphingoid long-chain base (LCB) linked through an 
amide bond to a fatty acid. LCBs are unique to sphingolipids. In plants, LCBs typi-
cally have chain lengths of 18 carbon atoms and can contain double bonds in the Δ4 
or Δ8 positions (Fig.  11.1a ). The Δ4 double bond is found only in the  trans  confi gu-
ration, while the Δ8 double bond can be found in either the  trans  or  cis  confi gura-
tions. Following its initial synthesis, a LCB has two hydroxyl groups at the C-1 and 
C-3 carbons (Lynch and Dunn  2004 ; Chen et al.  2010 ). These LCBs are referred to 
as dihydroxy LCBs. A third hydroxyl group can be enzymatically added at the C-4 
carbon to form a trihydroxy LCB. In the short-hand nomenclature, a dihydroxy 
LCB with 18 carbons and 1 double bond is referred to as “d18:1”, and a trihydroxy 
LCB with 18 carbons and 1 double bond is referred to as “t18:1”. LCBs can be 
phosphorylated at the C-1 position to form LCB-phosphates (LCB-P). Free LCBs 
and their phosphorylated forms are typically in low abundance in plant cells 
(Markham and Jaworski  2007 ; Markham et al.  2006 ). Instead, the majority of LCBs 
are found linked to fatty acids in ceramides (Fig.  11.1b ). The chain-lengths of plant 
ceramide fatty acids range from 16 to 26 carbon atoms, the majority of which con-
tain an enzymatically added hydroxyl group at the C-2 or α-position (Lynch and 
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  Fig. 11.1    Examples of long-chain bases ( LCB ) and sphingolipids found in plants. ( a ) Examples of 
LCB modifi cations found in plants. Shown are examples of dihydroxy and trihydroxy LCBs The 
nomenclature “d18:0” indicates that the LCB has two hydroxyl groups (d) and 18 carbon atoms 
and no double bonds, and the nomenclature “t18:0” indicates that the LCB has three hydroxyl 
groups (t) and 18 carbon atoms and no double bonds. ( b ) Hydoxyceramide composed of the LCB 
t18:1 Δ8 trans  and the fatty acid 24:1 ω9 cis  that is hydroxylated at the C-2 position. ( c ) Most abun-
dant glycosyl inositolphosphoceramide (GIPC) found in Arabidopsis leaves. ( d ) Glucosylceramide       
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Dunn  2004 ; Chen et al.  2010 ). Analogous to the diacylglycerol backbone of glyc-
erolipids, ceramides serve as the hydrophobic component of complex sphingolipids. 
The polar head group of ceramides is attached at its C-1 position and can be a phos-
phate residue or a variety of sugar residues (Chen et al.  2010 ). The latter are referred 
to as glycosphingolipids. The simplest glycosphingolipid in plants is the glucosyl-
ceramide (GlcCer) with a single glucose residue and comprises approximately one-
third of the glycosphingolipids of Arabidopsis leaves (Markham and Jaworski  2007 ; 
Markham et al.  2006 ) (Fig.  11.1c ). The most abundant glycosphingolipid in plants 
contains an inositol phosphate bound to the ceramide with up to seven additional 
hexose and pentose residues (Fig.  11.1c ) (Cacas et al.  2013 ). These molecules are 
referred to as glycosyl inositolphosphoceramides or GIPCs and comprise approxi-
mately two-thirds of the glycosphingolipids of Arabidopsis leaves (Markham and 
Jaworski  2007 ; Markham et al.  2006 ). The quantitative signifi cance of GIPCs in 
plants was overlooked for many years due to the diffi culty in their extraction using 
standard lipid analytical protocols because of the high polarity of their glycosylated 
head groups. Between the different carbon chain-lengths and hydroxylation and 
unsaturation states of LCBs and fatty acids and the array of polar head groups, hun-
dreds of potentially different sphingolipid species can occur in plants, the individual 
signifi cance of which are only beginning to be elucidated (Markham et al.  2013 ; 
Bure et al.  2011 ). 

       Biosynthesis  of   Long-Chain Bases 

      Serine Palmitoyltransferase Complex   

 The biosynthesis of LCBs is initiated through an endoplasmic reticulum-localized 
reaction catalyzed by serine palmitoyltransferase (SPT) that condenses serine and 
palmitoyl-CoA to form the 18 carbon intermediate 3-ketosphinganine (Figs.  11.2  
and  11.3 ) (Chen et al.  2006 ; Dietrich et al.  2008 ; Teng et al.  2008 ). The product of 
this reaction is then reduced by 3-ketosphinganine reductase (KSR) to form sphin-
ganine or d18:0, the simplest long-chain base in plants and other eukaryotes (Chao 
et al.  2011 ). SPT is a member of the α-oxoamine synthase subfamily and is gener-
ally regarded as the main regulated step in sphingolipid biosynthesis (Hanada  2003 ). 
Similar to other eukaryotes, the Arabidopsis SPT functions as a heterodimer com-
prised of LCB1 and LCB2 subunits (Table  11.1 ) (Tamura et al.  2001 ; Chen et al. 
 2006 ; Dietrich et al.  2008 ; Teng et al.  2008 ). Although both LCB1 and LCB2 show 
similarity with α-oxoamine synthases, the catalytic lysine residue that forms a 
Schiff base with pyridoxal phosphate is found in the LCB2 subunit (Tamura et al. 
 2001 ; Hanada  2003 ). A third smaller subunit, termed the small subunit of SPT or 
ssSPT, also interacts with the LCB1/LCB2 subunits (Table  11.1 ) (Han et al.  2004 ; 
Kimberlin et al.  2013 ). ssSPT polypeptides in Arabidopsis contain only 56 amino 
acids that lack any predicted enzymatic activity but contain a single transmembrane 
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domain (Kimberlin et al.  2013 ). It is believed that the active site of SPT occurs at 
the interface of LCB1 and LCB2 with LCB1 and ssSPT acting to stabilize the com-
plex (Gable et al.  2000 ,  2002 ). Although SPT can function as a heterodimer (LCB1 
and LCB2) with minimal enzymatic activity, ssSPT enhances SPT activity to levels 
that produce LCBs in amounts that are suffi cient to support cell viability in 
Arabidopsis (Kimberlin et al.  2013 ).

     Studies of  LCB1 ,  LCB2 , and  ssSPT  mutants have demonstrated that SPT activity 
is essential, and consequently, sphingolipids are required for the viability of plant 
cells (Kimberlin et al.  2013 ; Dietrich et al.  2008 ; Teng et al.  2008 ). In this regard, 
the  fbr11 - 2  mutant of the single Arabidopsis  LCB1  gene (At4g36480) displays male 
gametophytic lethality (Teng et al.  2008 ). Loss of pollen viability is also observed 
in double mutants of the two redundant LCB2 genes  LCB2a  (At5g23670) and 
 LCB2b  (At3g48780) (Dietrich et al.  2008 ) as well as in null mutants of  ssSPTa  
(At1g06515), the more highly expressed of the two  ssSPT  genes in  Arabidopsis  
(Kimberlin et al.  2013 ). Pollen defi cient in sphingolipid synthesis in  lcb2a  −/−  lcb2b  −/+  
mutants lack Golgi stacks and surrounding intine layer and have vesiculated ER, all 
of which are consistent with the contributions of sphingolipids to the structural and 
functional integrity of the endomembrane system (Dietrich et al.  2008 ). 

 The regulation of SPT is thought to occur primarily through ssSPT and a second 
class of interacting proteins termed orosomucoid or ORM polypeptides, rather than 
transcriptional mechanisms (Fig.  11.2  and Table  11.1 ) (Markham et al.  2013 ). The 
ssSPTs appear to be limiting and so modulation of their expression alters SPT 

  Fig. 11.2    Schematic of the serine palmitoyltransferase ( SPT ) complex. In plants, SPT exists as an 
ER-localized heterodimer of LCB1 and LCB2 subunits that interacts with several regulatory pro-
teins. A stimulatory small subunit of SPT ( ssSPT ) binds to the core SPT heterodimer to increase 
SPT activity. Sac1 phosphatase and Ypk1 have been shown in  Saccharomyces cerevisiae  to cata-
lyze reversible phosphorylation of the inhibitory regulator ORM in response to intracellular sphin-
golipid levels. The regulatory mechanism of ORM in plants remains to be elucidated. Long-chain 
bases ( LCBs ) produced by SPT and 3-ketosphinganine reductase ( KSR ) are used by ceramide 
synthase ( CS ) along with fatty acid acyl-CoAs to produce ceramides. Fumonisin B 1  ( FB  1 ) is a 
mycotoxin that inhibits CS and triggers programmed cell death (Figure is derived from Kimberlin 
et al.  2013 )       
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 activity. This has been shown in Arabidopsis with ssSPT over-expression leading to 
increased SPT activity and ssSPT RNAi suppression resulting in reduced SPT activ-
ity (Kimberlin et al.  2013 ). Whether alteration of ssSPT levels occurs naturally in 
response to intracellular cues to mediate sphingolipid homeostasis is unclear. In 
addition, no evidence currently exists for regulation of SPT activity through post- 
translational modifi cations of ssSPT polypeptides. 

 It is also notable that ssSPTs can dictate the acyl-CoA specifi city of SPT (Han 
et al.  2009 ). In this regard, human ssSPTa and ssSPTb polypeptides have been 
shown to confer different acyl-CoA specifi city when bound to SPT leading to the 
production of either C18 LCBs using palmitoyl (16:0)-CoA substrates or C20 LCBs 
using stearoyl (18:0)-CoA substrates (Han et al.  2009 ). These differences in acyl- 
CoA substrate specifi cities were shown to result from a single amino acid residue 
that is a Met in the human ssSPTa and Val in human ssSPTb (Han et al.  2009 ). The 
Arabidopsis ssSPTa and ssSPTb polypeptides both contain Met at the analogous 
position, but mutation of Met to Val results in the aberrant production of C20 LCBs 
when expressed in transgenic Arabidopsis (Kimberlin et al.  2013 ). 

 In yeast, ORM proteins have been shown to act as homeostatic negative regula-
tors of SPT in response to intracellular sphingolipid levels (Roelants et al.  2011 ; 
Han et al.  2010 ; Breslow et al.  2010 ). The regulation involves TORC2-dependent 
phosphorylation of ORM to gradually relieve ORM suppression of SPT to enhance 
LCB synthesis in response to sub-optimal intracellular sphingolipid levels and 
reversible dephosphorylation of ORM by SAC1 phosphatase to engage ORM sup-
pression of SPT activity in response to excess intracellular sphingolipid levels (Muir 
et al.  2014 ; Roelants et al.  2011 ). Arabidopsis has two homologs of the yeast  ORM  
genes,  ORM1  (At1g01230) and  ORM2  (At5g42000). Although these proteins have 
not yet been characterized, RNAi suppression of  ORM  genes in rice results in tem-
perature sensitivity and pollen abnormalities (Chueasiri et al.  2014 ). 

 Regulation of SPT by ORM proteins in plants and other eukaryotes appears to be 
more complex than ORM phosphorylation/dephosphorylation in yeast. As described 
above, the primary regulatory mechanism of ORM in yeast occurs through TORC2 
dependent YPK1 phosphorylation of ORM that relieves inhibition of SPT that can 
be reversed by SAC1 phosphatase activity that restores inhibition of SPT (Han et al. 
 2010 ; Muir et al.  2014 ). This mechanism is adjustable and dependent on intracel-
lular sphingolipid levels and has been shown to be coordinated with ceramide syn-
thase activity (Muir et al.  2014 ). An N-terminal extension of approximately 80 
amino acids in yeast ORM was found to contain several Ser residues that are respon-
sible for this phosphorylation mechanism (Roelants et al.  2011 ). This phosphoryla-
tion domain, however, is absent in plant and mammalian ORM homologs (Roelants 
et al.  2011 ). As a result, it is unclear if ORM phosphorylation/dephosphorylation 
also regulates SPT activity in plants and mammals. Overall, homeostatic regulation 
of SPT in plants and mammals remains an open and active area of research.   
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    3-Ketosphinganine  Reductase   

 In the second step of LCB synthesis, the SPT product 3-ketosphinganine is reduced 
by the enzyme 3-ketosphinganine reductase ( KSR  ) to form sphinganine (d18:0), the 
simplest LCB found in plants (Fig.  11.3  and Table  11.1 ). KSR is encoded by two 
genes in  Arabidopsis thaliana ,  KSR - 1  (At3g06060) and  KSR - 2  (At5g19200). Both 
genes are essential and contribute to the reductase activity (Chao et al.  2011 ), 
although  KSR - 1  is more highly expressed throughout the plant (Chao et al.  2011 ). 
 KSR - 1  and  KSR - 2  are functionally redundant, but  KSR - 1  is the primary contributor 
to the reductase activity (Chao et al.  2011 ). Loss-of-function mutants of  KSR - 1  are 
viable but display greatly reduced reductase activity (Chao et al.  2011 ). These 

  Fig. 11.3    Abbreviated plant sphingolipid biosynthetic pathway. Abbreviations:  LCB  long-
chain base,  Glc  glucose,  PI  phosphatidylinositol,  DAG  diacylglycerol,  IP  inositolphosphate, 
 GIPCase  glycosyl inositolphosphoceramidase,  IPUT1  inositol phosphorylceramide glucurono-
syltransferase 1       
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mutants also display an altered leaf ionome that is associated with increased root 
suberization, altered root morphology, and altered root iron homeostasis (Chao 
et al.  2011 ). The sphinganine (d18:0) produced from the combined activities of SPT 
and KSR can be used directly by ceramide synthase or modifi ed by hydroxylation 
or desaturation at the C-4 position prior to use for ceramide synthesis.   

    LCB Modifi cations 

    LCB  C-4 Hydroxylation   

 The d18:0 LCB resulting from the sequential activities of SPT and KSR can undergo 
combinations of three modifi cation reactions to generate trihydroxylated and unsat-
urated LCBs (Figs.  11.1a ,  11.3 , and Table  11.1 ). In Arabidopsis leaves, ~90 % of the 
total LCBs contain three hydroxyl groups and Δ8 unsaturation. The third hydroxyl 
group of these LCBs occurs at the C-4 position and is introduced by a LCB C-4 
hydroxylase (Chen et al.  2008 ; Sperling et al.  2001 ). This enzyme is a di- iron oxo 
protein with homology to desaturases and hydroxylases (Sperling et al.  2001 ). The 
two genes that encode the LCB C-4 hydroxylase in Arabidopsis are designated 
 SPHINGOID BASE HYDROXYLASE  ( SBH ) 1  (At1g69640) and  2  (At1g14290). 
Expression of these genes in mutants of the  Saccharomyces cerevisiae SUR2  gene 
(Haak et al.  1997 ) that encodes a related LCB C-4 hydroxylase restores trihydroxy 
LCB synthesis (Chen et al.  2008 ; Sperling et al.  2001 ). It is presumed that the 
Arabidopsis LCB C-4 hydroxylase uses a free dihydroxy LCB as its substrate, in 
part, because of the prevalence of trihydroxy LCBs in the free LCB pool (Markham 
and Jaworski  2007 ).  

    LCB Δ8 Desaturation 

 LCBs with  Δ8 unsaturation  , either in the dihydroxy or trihydroxy form, are also 
abundant in sphingolipids of most plant species (Lynch and Dunn  2004 ) (Figs.  11.1a  
and  11.3 ). Like the LCB C-4 hydroxylase, LCB Δ8 desaturases are di-iron oxo 
enzymes (Shanklin and Cahoon  1998 ). The plant Δ8 LCB desaturase was originally 
identifi ed in sunfl ower as a desaturase-like enzyme that also contains an N-terminal 
cytochrome b 5  domain and shown to confer production of Δ8 unsaturated LCBs 
when expressed in  Saccharomyces cerevisiae  (Sperling et al.  1995 ). Notably, the 
LCB Δ8 desaturase is not found in mammals and  Saccharomyces cerevisiae , but is 
present in plants and fi lamentous or dimorphic fungi such as  Pichia patoris  and 
 Yarrowia lipolytica . Two homologs,  SLD1  (At3g61580) and  SLD2  (At2g46210), 
were identifi ed in Arabidopsis and confi rmed to be Δ8 desaturases through yeast and 
 in planta  studies (Sperling et al.  1998 ; Chen et al.  2012 ). To further add to the 
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structural diversity found in LCBs, the Δ8 double bond can be introduced in either 
the  cis  or  trans  confi guration (Markham et al.  2006 ), which likely results from pre-
sentation of LCB substrates in alternative conformations relative to the di-iron oxo 
atoms in the active site of these enzymes (Beckmann et al.  2002 ). Though evidence 
to date cannot preclude that at least a portion of LCB Δ8 desaturation uses free LCBs 
as substrates, it is presumed that these enzymes largely use LCBs bound in ceramides 
as substrates (Beckmann et al.  2002 ; Sperling et al.  1998 ).  

    LCB  Δ4 Desaturation   

 Long-chain bases (LCBs) with Δ4 unsaturation are also prevalent in sphingolipids 
in many plant species. LCB Δ4 unsaturation occurs almost entirely in combination 
with LCB Δ8 unsaturation in dihydroxy LCBs. These di-unsaturated, dihydroxy 
LCBs (d18:2) also are found almost exclusively in ceramides of GlcCer, but absent 
from ceramides of GIPCs (Markham and Jaworski  2007 ; Markham et al.  2006 ; 
Sperling et al.  2005 ) (Figs.  11.1a, c ,  11.3 , and Table  11.1 ). Arabidopsis contains one 
Δ4 desaturase gene (At4g04930) that was identifi ed by homology to analogous 
genes in fi lamentous fungi and mammals (Ternes et al.  2002 ). In contrast to the 
LCB Δ8 desaturase, the Δ4 desaturase introduces double bonds exclusively in the 
 trans  confi guration, most likely using free LCBs as substrates (Ternes et al.  2002 ). 
As a result, two d18:2 isomers occur in plants: d18:2- trans Δ4,  trans Δ8 and d18:2- 
 trans Δ4,  cis Δ8. It is notable that LCB C-4 hydroxylases and LCB Δ4 desaturase 
can both use d18:0 as substrates. As a result, C-4 hydroxylation precludes Δ4 desat-
uration, and conversely, Δ4 desaturation prevents C-4 hydroxylation. In Arabidopsis 
and likely other Brassicaceae, the LCB Δ4 desaturase gene has little or no expres-
sion in leaves (Michaelson et al.  2009 ). Instead, expression is limited almost entirely 
to fl owers and, specifi cally, pollen, which is consistent with the occurrence of 
d18:2 in Arabidopsis organs (Michaelson et al.  2009 ). In most species outside of the 
Brassicaceae family, LCB Δ4 desaturation, as evidenced by d18:2 production, 
occurs throughout the plant, and in species such as tomato and soybean, d18:2 is the 
most abundant LCB in GlcCer (Markham et al.  2006 ; Sperling et al.  2005 ).  

    Infl uence of Long-Chain Base  Hydroxylation and Desaturation   
on Metabolic Routing 

 Evidence that has emerged from sphingolipid compositional profi ling of Arabidopsis 
mutants indicates that LCB hydroxylation and desaturation affect metabolic 
 outcomes in sphingolipid biosynthesis. LCB C-4 hydroxylase mutants, for example, 
accumulate high levels of sphingolipids with ceramide backbones containing C16 
fatty acids and dihydroxy LCBs, rather than the more typical ceramides with very 
long-chain fatty acids and trihydroxy LCBs (Chen et al.  2008 ). As discussed below, 
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this metabolic phenotype arises from the substrate preferences of ceramide syn-
thases. In addition, Arabidopsis  sld1sld2  double mutants lacking LCB Δ8 unsatura-
tion have a 50 % reduction of GlcCer, perhaps due to the substrate specifi city of 
GlcCer synthase (Chen et al.  2012 ). Similarly, Arabidopsis mutants for the LCB Δ4 
desaturase, have a 50 % reduction in GlcCer in pollen (Michaelson et al.  2009 ). This 
phenotype is more extreme in LCB Δ4 mutants of the yeast  Pichia pastoris  
(Michaelson et al.  2009 ). Disruption of this LCB Δ4 desaturase in  P. pastoris  results 
in nearly complete loss of GlcCer, likely due to a ceramide synthase that exclu-
sively uses LCBs with Δ4 unsaturation and is dedicated to GlcCer synthesis 
(Michaelson et al.  2009 ). 

 In addition to metabolic alterations, loss of LCB C-4 hydroxylation and Δ8 
desaturation affects plant performance. LCB C-4 hydroxylase mutants have 
impaired growth and constitutive up-regulation of PCD (Chen et al.  2008 ). In addi-
tion, Arabidopsis mutants lacking LCB Δ8 unsaturation are more sensitive to low 
temperature (Chen et al.  2012 ), and the relative ratio of  cis - trans  Δ8 unsaturation 
affects resistance of Arabidopsis to aluminum (Ryan et al.  2007 ). However, 
Arabidopsis LCB Δ4 desaturase mutants have no detectable impairment of pollen 
viability or germination or other growth phenotypes, despite the reduction of GlcCer 
levels (Michaelson et al.  2009 ). These fi ndings bring into question the quantitative 
signifi cance of GlcCer for plant performance.   

     Sphingolipid  Fatty Acid Synthesis and Structural 
Modifi cations   

 Carbon chain-length, unsaturation, and hydroxylation of fatty acids also contribute 
to the structural diversity of the ceramide backbone of sphingolipids (Table  11.1 ). 
In plants, the fatty acid component ranges from 16 to 26 carbon atoms (Markham 
and Jaworski  2007 ), including small amounts of odd-chain fatty acids with 21, 23, 
and 25 carbon atoms (Cahoon and Lynch  1991 ). In Arabidopsis leaves, C16, C24, 
and C26 fatty acids predominate (Markham and Jaworski  2007 ; Markham et al. 
 2006 ). The C16 fatty acids of ceramides arise from palmitic acid formed by de novo 
fatty acid synthesis, whereas the very long-chain fatty acids or VLCFAs (i.e., fatty 
acids with ≥C20) of sphingolipids arise from the ER-localized reactions involving 
the two-carbon sequential elongation of fatty acids produced de novo in plastids 
(Smith et al.  2013 ). Each two carbon elongation cycle involves the four successive 
reactions catalyzed by 3-ketoacyl-CoA synthase (KCS), 3-ketoacyl-CoA reductase 
(KCR), hydroxyacyl-CoA dehydratase (HACD), and enoyl-CoA reductase (ECR) 
(Smith et al.  2013 ). Interestingly, KCS enzymes do not occur in  Saccharomyces 
cerevisiae  (Paul et al.  2006 ). Instead, fatty acid elongation is initiated by ELO 
enzymes that are structurally unrelated, but functionally equivalent to KCS (Paul 
et al.  2006 ). Four ELO homologs occur in Arabidopsis, but no fi ndings to date link 
these enzymes to the synthesis of sphingolipid VLCFAs (Haslam and Kunst  2013 ). 
Arabidopsis mutants of the  PAS2  gene (At5g10480) encoding HACD are defective 
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in VLCFA synthesis and have demonstrated the importance of sphingolipid 
VLCFAs for cellular function. Partial  PAS2  mutants are defective in growth and 
phragmoplast (or cell plate) formation resulting in impaired cell division, and null 
 PAS2  mutants display embryo lethality (Bach et al.  2008 ,  2011 ). 

 Sphingolipid VLCFAs are typically saturated in the plant kingdom, but monoun-
saturated VLCFAs occur in sphingolipids of Brassicaceae and some Poaceae spe-
cies as well as selected species from other families (Cahoon and Lynch  1991 ; Lynch 
and Dunn  2004 ; Markham et al.  2006 ; Sperling et al.  2005 ). The double bond in 
sphingolipid VLCFAs of these species is at the ω-9 position (Imai et al.  2000 ). In 
Arabidopsis, this double bond is introduced by an enzyme encoded by  ADS2  
(At2g31360) that has homology to acyl-CoA desaturases (Smith et al.  2013 ). The 
 ADS2  gene is induced by low temperatures and  ADS2  null mutants display chilling 
sensitivity, indicating a link between sphingolipid structure and low temperature 
performance, as also shown for the LCB Δ8 desaturase (Chen and Thelen  2013 ). 
Notably,  ADS2 -encoded enzymes do not occur in Poaceae and other monocots 
(unpublished observation), suggesting that a distinct pathway has evolved for bio-
synthesis of monounsaturated VLCFA synthesis in Poaceae. 

 Fatty acids in ceramides of glycosphingolipids occur almost entirely with C-2 or 
α-hydroxylation (Lynch and Dunn  2004 ). The C-2 hydroxyl group is introduced by 
a di-iron-oxo enzyme related to the  Saccharomyces cerevisiae  fatty acid C-2 
hydroxylase encoded by the  FAH1  or  SCS7  gene (Haak et al.  1997 ; Mitchell and 
Martin  1997 ). The Arabidopsis homologs AtFAH1 (encoded by At2g34770) and 
AtFAH2 (encoded by At4g20870) notably lack the N-terminal cytochrome b 5  
domain that is found in the  Saccharomyces cerevisiae  enzyme (Konig et al.  2012 ; 
Mitchell and Martin  1997 ; Nagano et al.  2012 ). Based on phenotypes in T-DNA 
insertion mutants and RNAi suppression lines, AtFAH1 appears to be primarily 
associated with hydroxylation of VLCFAs, and AtFAH2 appears to be primarily 
associated with hydroxylation of C16 fatty acids  in planta  (Nagano et al.  2012 ). It 
is presumed that AtFAH1 and AtFAH2 use fatty acids in ceramides rather than free 
or CoA esters of fatty acids as substrates, given that a substantial portion of fatty 
acids in the free ceramide pool lack C-2 hydroxylation, even though hydroxylated 
fatty acids predominate in glycosphingolipid ceramide backbones (Markham and 
Jaworski  2007 ). Double mutants of the At FAH1  and At FAH2  genes have elevated 
levels of ceramides but ~25 % reduction in glucosylceramide level (Konig et al. 
 2012 ). These results suggest that ceramides with C-2 hydroxylated fatty acids are 
important for metabolic channeling of ceramides to form glycosphingolipids, due 
possibly to the substrate preference of enzymes such as glucosylceramide synthase 
(see below). Suppression of PCD by ER-associated Bax inhibitor-1 protein in 
Arabidopsis has been shown to be dependent on functional fatty acid C-2 hydroxy-
lases, and overexpression of the Bax inhibitor 1 gene increases fatty acid C-2 
hydroxylation of ceramides through direct interaction with cytochrome b 5  (Nagano 
et al.  2009 ,  2012 ). From these fi ndings, it has been speculated that accumulation of 
ceramides with fatty acids lacking the C-2 hydroxyl group initiates PCD, whereas 
this response is reduced when the fatty acids of these ceramides are hydroxylated 
(Nagano et al.  2012 ).   
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      Ceramide Synthesis   

 Ceramides are synthesized by the condensation of a long-chain base and fatty acyl- 
CoA through an acyltransferase-type reaction catalyzed by ceramide synthase (Fig. 
 11.3  and Table  11.1 ). Three ceramide synthases have been identifi ed in Arabidopsis 
through homology with the yeast ceramide synthase encoded by  LAG1  ( LONGEVITY 
ASSURANCE GENE1 ). These enzymes are designated Lag One Homolog (LOH)-
1, -2, and -3 and correspond to genes encoded by  LOH1 , At3g25440;  LOH2 , 
At3g19260; and  LOH3 , At1g13580, respectively (Ternes et al.  2011 ; Markham 
et al.  2011 ). Homologs of these three enzymes are found throughout the plant king-
dom and appear to form two distinct evolutionary branches, LOH1/LOH3-related 
isoforms and LOH2-related isoforms (Markham et al.  2011 ; Ternes et al.  2011 ). 
Arabidopsis LOH1 and LOH3 share approximately 90 % amino acid sequence 
identity, while LOH2 shares approximately 60 % identity with LOH1 and LOH3 
(Ternes et al.  2011 ; Markham et al.  2011 ). In other mammals, multiple ceramide 
synthases occur that have distinct specifi city for fatty acyl-CoAs and/or long-chain 
bases (Venkataraman et al.  2002 ; Laviad et al.  2008 ; Mizutani et al.  2005 ,  2006 ; 
Riebeling et al.  2003 ). Studies of Arabidopsis LCB C-4 hydroxylase mutants ini-
tially pointed to the likelihood that two functional classes of ceramide synthases 
occur in plants (Chen et al.  2008 ). Loss of or reduced LCB C-4 hydroxylation has 
been shown to result in the aberrant accumulation of high levels of sphingolipids 
with ceramides containing C16 fatty acids bound to dihydroxy LCBs (Chen et al. 
 2008 ). Based on this observation, it was proposed that Arabidopsis has one class of 
ceramide synthase that links C16 fatty acyl-CoAs with dihydoxy LCBs (termed 
“Class I”), and a second class (“Class II”) that primarily links very long-chain fatty 
acyl CoAs with trihydroxy LCBs (Chen et al.  2008 ) (Fig.  11.4 ). This prediction was 
supported by the identifi cation, biochemical and genetic characterization of LOH1, 
LOH2, and LOH3 in Arabidopsis. Studies using yeast complementation showed 
that LOH2 prefers C16 acyl-CoAs, similar to the predicted Class I ceramide syn-
thase (Ternes et al.  2011 ). Similarly, Arabidopsis  LOH2  mutants were found to be 
defi cient in sphingolipids with ceramide backbones containing C16 fatty acids and 
dihydroxy fatty acids (Markham et al.  2011 ). Consistent with the substrate proper-
ties of Class II ceramide synthase, partial knock-out mutants of  LOH1  and  LOH3  
contained reduced amounts of ceramides with very long-chain fatty acids and trihy-
droxy LCBs (Markham et al.  2011 ). It is notable that under ideal growth conditions, 
null mutants of  LOH2  are viable, suggesting that the Class I ceramide synthase and 
hence ceramides with C16 fatty acids and dihydroxy LCBs are not essential in 
Arabidopsis (Markham et al.  2011 ). Conversely, double null mutants of  LOH1  and 
 LOH3  were not recoverable, indicating that the Class II ceramide synthase and 
ceramides with very long-chain fatty acids and trihydroxy LCBs are essential 
(Markham et al.  2011 ).

   Ceramide synthases are known targets for competitive inhibition by sphinganine 
analog mycotoxins (SAMs) such as fumonisin B 1  or FB 1  produced by a variety of 
 Fusarium  species and AAL toxin produced by  Alternaria alternata  f. sp.  lycoper-
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sici  (Abbas et al.  1994 ). These compounds, particularly FB 1 , have been widely used 
as tools for induction of programmed cell death (PCD) in plants, presumably due to 
the accumulation of cytotoxic LCBs from their inhibition of ceramide synthases 
(Stone et al.  2000 ). Recent evidence using FB 1  treatment of Arabidopsis ceramide 
synthase mutants has suggested that FB 1  is a more potent inhibitor of Class II 
ceramide synthases (i.e. LOH1 and LOH3 ceramide synthases) (Markham et al. 
 2011 ). Interestingly, in addition to accumulation of free LCBs, elevated levels of 
ceramides with C16 fatty acids and dihydroxy LCBs formed by Class I ceramide 
synthases (i.e. LOH2 ceramide synthase) are detectable following treatment of 
Arabidopsis with FB 1  (Markham et al.  2011 ). These results suggest that FB 1  
 cytotoxicity and PCD induction may be triggered by accumulated ceramides rather 
than or in addition to accumulated LCBs. FB 1  has also been used as a tool to study 
sphingolipid homeostasis in plants based on the observation that down-regulation of 
serine palmitoyltransferase (SPT) activity reduces FB 1  cytotoxicity and up-regula-
tion of SPT activity enhances sensitivity of plants to FB 1  (Kimberlin et al.  2013 ; Shi 
et al.  2007 ).   

  Fig. 11.4    Model of ceramide synthase mediated long-chain base ( LCB ) and fatty acid routing. 
The Arabidopsis gene names are shown as reference. As indicated, Class I ceramide synthase 
( CSI ) encoded by  LOH2  displays strict substrate specifi city of C16 fatty acid acyl-CoAs and dihy-
droxy LCBs, and Class II ceramide synthase ( CSII ) encoded by  LOH1  or  LOH3  display strict 
substrate specifi city for very long-chain fatty acyl-CoAs and trihydroxy LCBs. One or more prod-
ucts of the CSII pathway appear to negatively regulate serine palmitoyltransferase ( SPT ) activity. 
In addition, sphingolipids with ceramides from the CSI pathway do not support growth, while 
those from the CSII pathway are essential for plant growth. The mycotoxin fumonisin B 1  ( FB  1 ) 
appears to preferentially inhibit CSII enzymes. KSR, 3-ketosphinganine reductase; SBH, LCB C-4 
hydroxylase       
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      Glucosylceramide Synthesis   

 Following its synthesis by Class I or Class II ceramide synthases, the ceramide 
backbone can be glycosylated at its C-1 OH to form either of two classes of glyco-
sphingolipids: glucosylceramides (GlcCer) or glycosyl inositolphosphoceramides 
(GIPCs) (Fig.  11.3  and Table  11.1 ). GlcCer are the simplest glycosphingolipid and 
occur broadly in eukaryotes, with the notable exception of  Saccharomyces cerevi-
siae  (Lynch and Dunn  2004 ). GlcCer consist of a glucose bound to the ceramide 
backbone by a 1,4-glycosidic linkage and are formed by the condensation of a 
ceramide substrate with UDP-glucose (Leipelt et al.  2001 ). This reaction is cata-
lyzed by GlcCer synthase, an ER-localized enzyme in Arabidopsis that is encoded 
by At2g19980 (Melser et al.  2010 ). Compared to GIPCs, GlcCer are more enriched 
in ceramides with C16 fatty acids and dihydroxy LCBs (Markham et al.  2006 ; 
Sperling et al.  2005 ). In plants such as tomato and soybean, ceramides with C16 
fatty acids and the LCB d18:2 predominate (Markham et al.  2006 ; Sperling et al. 
 2005 ). Based on this composition, it appears that a large portion of the GlcCer 
ceramide backbone is channeled from Class I-type ceramide synthases that have 
substrate preference for C16 fatty acids and dihydroxy LCBs (Markham et al. 
 2011 ). Although it is an abundant glycosphingolipid in plants, null mutants of the 
LCB Δ4 deasaturase in Arabidopsis have 30 % reductions in GlcCer levels in fl ow-
ers (Michaelson et al.  2009 ) and 50 % reduction in GlcCer levels in pollen 
(Luttgeharm et al.  2015 ) without any apparent effect on fl ower and pollen physiol-
ogy and function (Michaelson et al.  2009 ). GlcCer synthase is potently inhibited by 
d,l- threo -1-phenyl-2-decanoylamino-3-morpholino-1-propanol (PDMP) (Melser 
et al.  2010 ). Treatment of Arabidopsis roots with PDMP results in altered Golgi 
morphology, including reduced numbers of Golgi stacks, and defects in endomem-
brane traffi cking (Melser et al.  2010 ,  2011 ). PDMP application to Arabidopsis root 
cells has also been shown to result in rapid vacuolar fusion and altered vacuole 
morphology including the appearance of vacuolar invaginations (Kruger et al. 
 2013 ). Arabidopsis GlcCer synthase mutants devoid of GlcCer have yet to be 
described. Such mutants will clarify whether GlcCer are essential in plants, which 
is an open question because viable fungal cells can be recovered that lack GlcCer 
(Michaelson et al.  2009 ; Rittenour et al.  2011 ).   

      Inositolphosphoceramide Synthesis   

 As an alternative fate to GlcCer synthesis, ceramides can be used for the production 
of GIPCs. GIPCs, which are approximately twofold more abundant in Arabidopsis 
leaves than GlcCer, are typically enriched in ceramides with VLCFAs and trihy-
droxy LCBs that arise from Class II ceramide synthases (Markham et al.  2006 ). The 
fi rst step in GIPC synthesis occurs by the transfer of the inositolphosphoryl head 
group of phosphatidylinositol (PI) onto ceramide to form inositolphosphoceramides 
(IPCs) (Mina et al.  2010 ; Wang et al.  2008 ) (Fig.  11.3  and Table  11.1 ). This activity 
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is catalyzed by IPC synthase, a phosphatidic acid phosphatase-2 (PAP2)-related 
enzyme, that is encoded by three genes in Arabidopsis:  IPCS1  (or  ERH1 ), 
At2g37940;  IPCS2 , At2g37940;  IPCS3 , At2g29525 (Mina et al.  2010 ; Wang et al. 
 2008 ). In contrast to the ER localization of GlcCer synthase, IPC synthases pre-
dominantly occur in Golgi bodies of Arabidopsis. Plant IPC synthases are most 
closely related to analogous enzymes in the protozoa  Leishmania major  and 
 Trypanosoma brucei  than to the  Saccharomyces cerevisiae  IPC synthase (encoded 
by the  AUR1  gene) (Mina et al.  2010 ; Wang et al.  2008 ). Despite this, the three 
Arabidopsis IPC synthase genes are able to rescue lethality associated with the loss 
of IPC production in the  Saccharomyces cerevisiae  AUR1 mutant (Mina et al.  2010 ; 
Wang et al.  2008 ). Although triple mutants of the three Arabidopsis IPC synthase 
genes have not been reported, it is presumed that IPC biosynthesis is essential, as 
the three genes are likely partially redundant. 

 Following the synthesis of IPC, up to seven additional sugar residues can be 
added to the inositolphosphoryl head group to form an array of different GIPCs 
(Bure et al.  2011 ; Cacas et al.  2013 ). The fi rst residue added to the inositophospho-
ryl head group is a glucuronic acid moiety (Rennie et al.  2014 ). This reaction, which 
uses a UDP-glucuronic acid substrate, was recently shown to be catalyzed by a 
glycosyltransferase encoded by  IPUT1  (At5g18480) in Arabidopsis (Rennie et al. 
 2014 ). T-DNA null mutants of  IPUT1  are not transmitted through pollen, indicating 
that this gene is essential in Arabidopsis (Rennie et al.  2014 ). The remaining glyco-
syltransferases associated with GIPC synthesis have yet to be identifi ed. Interestingly, 
a Golgi lumen-localized GDP-mannose transporter encoded by  GOLGI -
 LOCALIZED NUCLEOTIDE SUGAR TRANSPORTER 1  ( GONST1 , At2g13650) in 
Arabidopsis was found to be defi cient in GIPCs with glycosylation beyond the gluc-
uronic acid introduced by the  IPUT1 -encoded glycosyltransferase (Mortimer et al. 
 2013 ). This suggests that like  Saccharomyces cerevisiae , Arabidopsis GIPCs con-
tain mannose, presumably bound to the glucuronic acid moiety. Interestingly, 
 GONST1  mutants display a dwarfed phenotype, constitutive induction of the hyper-
sensitive response, and elevated salicylic acid levels, consistent with a connection 
between GIPC synthesis and plant pathogen defense (Mortimer et al.  2013 ).   

    LCB and Ceramide Phosphorylation/Dephosphorylation 

 In addition to their occurrence in free form and in ceramides, LCBs are also detect-
able in low levels as phosphate derivatives that have been attributed to triggers of 
physiological responses, such as ABA-dependent guard cell closure (Coursol et al. 
 2003 ; Ng et al.  2001 ) (Figs.  11.5 ,  11.6  and Table  11.1 ). Phosphorylation of LCBs at 
their C-1 hydroxyl group is catalyzed by LCB kinases (often referred to sphingosine 
kinases or SPHKs). To date three LCB kinases have been identifi ed in Arabidopsis: 
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 SPHK1  (At5g23450),  SPHK2  (At2g46090), and  AtLCBK1  (At5g23450) (Imai and 
Nishiura  2005 ; Worrall et al.  2008 ; Guo et al.  2012 ). Release of the phosphate group 
from LCB-P molecules is catalyzed by the enzyme LCB-P phosphatase, which are 
encoded by two genes in Arabidopsis (At3g58490 and At5g03080) (Nakagawa 
et al.  2012 ; Worrall et al.  2008 ). As described below, the interplay between LCB 
kinases and LCB-P phosphatases are believed to be important for signaling path-
ways in plants (Nakagawa et al.  2012 ; Worrall et al.  2008 ).

    Similar to LCBs,  ceramides   can also be found in phosphorylated forms (Figs. 
 11.5 ,  11.6 . and Table  11.1 ). Although ceramide-1-phosphates are believed to be of 
low abundance in plants, they have proven diffi cult to measure by recently devel-
oped mass spectrometry-based protocols. Mutants of the proposed ceramide kinase 
(encoded by At5g51290), termed  accelerated death 5  or  acd5  display spontaneous 
onset of programmed cell death or PCD in late development (Greenberg et al.  2000 ; 
Liang et al.  2003 ). This is accompanied by enhanced accumulation of ceramides 
(Greenberg et al.  2000 ; Liang et al.  2003 ). This observation led to the hypothesis, 
now accepted as dogma, that elevation of ceramide levels triggers PCD in plants 
(Greenberg et al.  2000 ; Liang et al.  2003 ) via accumulation of mitochondrial- 
derived hydrogen peroxide (Bi et al.  2014 ). A ceramide-1-phosphate phosphatase 
that would convert ceramide-1-phosphates to their free form has yet to be identifi ed 
in plants.  

  Fig. 11.5    Sphingolipid catabolic and ceramide and long-chain base phosphorylation/dephosphor-
ylation pathways.  Dashed arrows  represent enzymatic steps involved in catabolism. Abbreviations: 
 LCB  long-chain base,  LCB-P  long-chain base-1-phosphate,  Glc  glucose,  PI  phosphatidylinositol, 
 DAG  diacylglycerol,  IP  inositolphosphate,  IPCase  inositolphosphoceramidase       
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    Sphingolipid Turnover 

 The  net content and composition   of sphingolipids in membranes are determined by 
rates of synthesis and turnover. Little is currently known about rates of sphingolipid 
turnover, and the contributions of sphingolipid catabolism to membrane function 
and plant responses to altered environmental conditions. Also unexplored to date in 
plants are enzymes associated with removal of glycosphingolipid head groups, 

  Fig. 11.6    Phosphorylated/dephosphorylated long-chain bases ( LCBs ) and ceramides serve as 
mediators of physiological processes in plants. The interplay between LCBs and ceramides and 
their phosphorylated forms regulates cellular process and responses to environmental stimuli. 
Abbreviations:  LCB  long-chain base,  LCB-P  long-chain base-1-phosphate,  ABA  Abscisic acid, 
 ROS  Reactive oxygen species,  NO  nitrous oxide       
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although candidate genes have been proposed (Chen et al.  2010 ). More is known 
about ceramide turnover. Enzymes referred to as ceramidases convert ceramides to 
free LCBs and fatty acids. Ceramidases are classifi ed into three distinct forms based 
upon their optimal pH preferences in  in vitro  assays:  acid  ,  neutral  , and  alkaline 
ceramidases   (Mao and Obeid  2008 ). Three predicted neutral ceramidase genes and 
one predicted alkaline ceramidase have been identifi ed by homology with human 
ceramidase genes (Chen et al.  2010 ; Wu et al.  2015 ). The Arabidopsis alkaline 
ceramidase homolog, AtACER (At4g22330), has been shown to function as a 
ceramidase with mutant, and RNAi suppression lines for this gene had elevated 
ceramide levels and increased salt sensitivity and enhanced susceptibility to a bacte-
rial pathogen (Wu et al.  2015 ). A second gene  TOD1  corresponding to At5g46220 
was recently shown to encode a polypeptide with alkaline ceramidase activity, but 
notably, lacked close homology to known alkaline ceramidases (Chen et al.  2015 ). 
Based on mutant phenotypes, this enzyme was linked to control of turgor pressure 
in pollen tubes and silique guard cells (Chen et al.  2015 ). A neutral ceramidase has 
also been cloned from rice and confi rmed  in vitro  to be a member of the neutral 
ceramidase subclass (Pata et al.  2008 ) (Fig.  11.5  and Table  11.1 ). 

 LCBs, including those released by ceramidase activity, can be degraded follow-
ing phosphorylation by LCB kinases. This process is catalyzed by LCB-P lyase 
(often referred to as DPL1, based on homology to the yeast enzyme), which gener-
ates C16-fatty aldehyde and phosphoethanolamine from a C18 LCB-P. Arabidopsis 
contains only a single  DPL1  gene (At1g27980) (Nishikawa et al.  2008 ; Tsegaye 
et al.  2007 ; Worrall et al.  2008 ) that is constitutively expressed and strongly upregu-
lated by senescence (Tsegaye et al.  2007 ). Null mutants of  DPL1  displayed small 
increases in accumulation of the LCB-P t18:1-P, but surprisingly no obvious growth 
phenotypes (Tsegaye et al.  2007 ) (Fig.  11.5  and Table  11.1 ).  

    Sphingolipids and Membrane Structure-Function 

      Membrane Function   

 Sphingolipids compose an estimated ~40 % of the total lipids in plasma membrane 
of plants (Sperling et al.  2005 ), where they are enriched in the outer leafl et (van 
Genderen et al.  1991 ; Burger et al.  1996 ; Tjellstrom et al.  2010 ). Sphingolipids are 
also abundant lipid components of other endomembranes in the plant, including ER, 
Golgi, and tonoplast (Bayer et al.  2014 ; Mongrand et al.  2004 ; Sperling et al.  2005 ; 
Verhoek et al.  1983 ). GlcCer was fi rst identifi ed in the plasma membrane and tono-
plast of plant cells in a number of studies conducted in the 1980s (Cahoon and 
Lynch  1991 ; Lynch and Steponkus  1987 ; Verhoek et al.  1983 ; Yoshida et al.  1986 ). 
In these membranes, GlcCer was reported to compose between 7 and 30 % of 
plasma membrane and tonoplast, depending on the plant species and tissue type 
analyzed (Cahoon and Lynch  1991 ; Lynch and Steponkus  1987 ; Uemura et al. 
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 1995 ; Uemura and Steponkus  1994 ; Verhoek et al.  1983 ; Yoshida et al.  1986 ). More 
recently, it has been shown that GIPCs, rather than GlcCer, are the more abundant 
glycosphingolipid in plants (Markham and Jaworski  2007 ; Markham et al.  2006 ). 
The quantitative importance of GIPCs was largely overlooked until very recently 
because their highly glycosylated head groups offer challenges for extraction using 
typical organic solvents, such as mixtures of chloroform and methanol (Markham 
et al.  2006 ). Initially, by quantifi cation of long-chain bases of GIPCs and GlcCer 
and later by LC-MS/MS analysis, GIPCs were found to be nearly twofold more 
abundant than GlcCer in Arabidopsis leaves, whereas amounts of GIPCs and GlcCer 
were nearly the same in tomato leaves (Markham and Jaworski  2007 ; Markham 
et al.  2006 ). GIPCs have subsequently been identifi ed as one of the most abundant 
lipids of plant plasma membrane and are also enriched in detergent resistant mem-
branes (DRMs) derived from isolated plasma membrane and in plasmodesmata 
(Grison et al.  2015 ; Cacas et al.  2012 ). Given their abundance in plasma membrane 
and tonoplast, it is likely that the content and composition of sphingolipids affect 
the ability of plants to respond to abiotic stress, particularly osmotic stresses such as 
freezing, drought, and salinity. For example, GlcCer concentrations were shown to 
decrease by nearly half in plasma membrane during cold acclimation of rye and 
Arabidopsis (Lynch and Steponkus  1987 ; Uemura et al.  1995 ; Uemura and 
Steponkus  1994 ). More recently, it was reported that GIPCs increase and GlcCer 
decrease in response to chilling of Arabidopsis (Nagano et al.  2014 ). Although this 
is likely an adaptive response to low temperatures, the impact of such adjustments 
in relative amounts of GIPCs and GlcCer on plant performance has not yet been 
established. In addition, the fatty acid and long-chain base composition of sphingo-
lipids also affects plant resistance to abiotic stress. For example, Arabidopsis 
mutants lacking LCB Δ8 and ceramide fatty acid unsaturation display sensitivity to 
low temperature growth and alterations in the relative amounts of LCB cis-trans Δ8 
unsaturation affects resistance of plants to aluminum (Chen et al.  2012 ; Chen and 
Thelen  2013 ; Ryan et al.  2007 ). 

 The unique structural components of sphingolipid hydrophobic ceramide back-
bones include VLCFAs and an abundance of hydroxyl groups distributed between 
the LCB and fatty acid moieties. Through these structural features, sphingolipids 
confer rigidity to membranes. In addition, the hydroxyl groups enable the formation 
of extensive hydrogen bonding networks that result in elevated phase transition tem-
peratures and reduced ion permeability (Lunden et al.  1977 ; Pascher  1976 ). The 
rigidity and high phase transition temperatures of sphingolipid micelles is moder-
ated by interactions with other lipids, including sterols (Curatolo  1987 ). 
Sphingolipids have been shown to cluster with sterol in membrane microdomains or 
lipid rafts (Cacas et al.  2012 ). Lipid microdomains have long been hypothesized to 
be present in membranes (Karnovsky et al.  1982 ) with sphingolipids potentially 
aiding in the sorting of membrane proteins, such as GPI-anchored proteins, by 
forming lipid domains that slow lateral protein diffusion (Simons and van Meer 
 1988 ; van Meer and Simons  1988 ; Brown and Rose  1992 ; Simons and Ikonen  1997 ; 
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de Almeida et al.  2003 ). Indeed, pure sphingolipid membranes form a ‘solid gel’ 
phase with little lateral movement that is fl uidized by the presence of sterols (van 
Meer et al.  2008 ; Estep et al.  1980 ; Roche et al.  2008 ; Grosjean et al.  2015 ). The 
co-localization of sterols and sphingolipids in the membrane may be due to sphin-
golipids complex sugar head group’s ability to shield the non-polar sterol from the 
bulk solvent, much like an umbrella (Huang and Feigenson  1999 ; Ali et al.  2006 ). 
Raft formation is also dependent on the various sphingolipid modifi cations, includ-
ing fatty acid chain length and fatty acid and LCB hydroxylation (Klose et al.  2010 ). 

 Proteomic analysis of DRMs prepared from plant plasma membrane has revealed 
an enrichment of proteins in lipid rafts related to signaling, responses to biotic and 
abiotic stress, cellular traffi cking, auxin transport, and cell wall synthesis and deg-
radation (Brodersen et al.  2002 ; Lefebvre et al.  2007 ; Lin et al.  2008 ; Morel et al. 
 2006 ), suggesting that raft regions contribute to these cellular functions. Similar to 
DRMs, plasmodesmata have also recently been shown to be enriched in sphingolip-
ids and sterols and contain specifi c GPI-anchored proteins (Bayer et al.  2014 ; 
Grison et al.  2015 ).   

      Endomembrane Traffi cking   

 Given their abundance in the endomembrane system, sphingolipids are presumed 
to play a major role in ER export and Golgi-mediated traffi cking of proteins 
through the secretory system. Consistent with this, Arabidopsis pollen defi cient in 
sphingolipids have been shown to have vesiculated ER and lack Golgi stacks 
(Dietrich et al.  2008 ). Consistent with defects in Golgi-traffi cking to the plasma 
membrane, the sphingolipid-defi cient pollen lacked a surrounding intine layer 
(Dietrich et al.  2008 ). Similarly, chemical inhibition of GlcCer synthesis has been 
shown to alter Golgi morphology and impair Golgi-mediated traffi cking of secre-
tory proteins to the plasma membrane (Melser et al.  2010 ,  2011 ). Recent studies 
using an Arabidiopsis  KSR  mutant and GlcCer synthase and ceramide synthase 
inhibitors demonstrated the importance of sphingolipids in traffi cking of ATP-
binding cassette B19 (ABCB19) auxin transporter to the Golgi,  trans -Golgi net-
work, and plasma membrane (Yang et al.  2012 ). Similar studies targeting sterols 
indicated that sterols have greater signifi cance for post-Golgi transport of ABCB19 
from  trans - Golgi to the plasma membrane (Yang et al.  2012 ). Of particular impor-
tance for traffi cking of proteins through the secretory system is the presence of the 
very long- fatty acid (VLCFA) component of sphingolipids, which are enriched in 
GIPCs. Mutants defective in VLCFA synthesis or that have reduced activity of 
Class II ceramide synthases that incorporate VLCFAs in ceramides have impaired 
traffi cking of secretory proteins, including PIN1 and AUX1 that are required for 
auxin transport and plant growth (Bach et al.  2008 ,  2011 ; Markham et al.  2011 ; 
Zheng et al.  2005 ).    
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    Sphingolipids as Physiological Mediators 

      ABA-Dependent Guard Cell Closure   

 In addition to the contributions of the glycosphingolipids GIPCs and GlcCer to mem-
brane structure and function, the less abundant sphingolipid biosynthetic intermedi-
ates LCBs, LCBPs, ceramides, and ceramide-1-phosphates have been linked to the 
mediation of numerous, diverse physiological processes in plant cells. An important 
contributor to the formation of these physiological mediators are kinase and phos-
phatase reactions that convert LCBs and ceramides between their phosphorylated 
and free forms, as described above. The phosphorylation status of LCBs and cerami-
des are key to the particular physiological process that they regulate (Fig.  11.6 ). 

 One of the fi rst links between sphingolipids and control of cellular processes was 
the observation that the LCB-P sphingosine-1-phosphate or S1P participates in the 
ABA-mediated signaling pathway that controls stomatal aperture by elevating cyto-
solic Ca 2+  levels which, in turn, activates ion channels in guard cell membranes, 
with the resulting K +  effl ux causing loss of guard cell turgor pressure and stomatal 
closing (Kim et al.  2010 ). After drought treatment of the plant  Commelina commu-
nis , S1P levels were found to increase in leaves, and when applied exogenously, 
S1P resulted in a Ca2 +  spike followed by stomatal closure (Ng et al.  2001 ). 
Phytosphingosine-1-phosphate elicits the same response, although sphinganine- 1- 
phosphate does not, indicating some level of LCB specifi city in the mediation of 
guard cell closure (Coursol et al.  2003 ). Treatment of Arabidopsis plants with ABA 
was found to activate LCB kinase, and this activity was sensitive to the mammalian 
LCB kinase inhibitor, N,N-dimethylsphingosine (Coursol et al.  2003 ). As in mam-
mals, the target of S1P in plants is presumed to be a G-protein coupled receptor, and 
Arabidopsis mutants lacking the G-protein α-subunit (GPA1) did not respond upon 
exogenous S1P application (Coursol et al.  2005 ; Strub et al.  2010 ). More recently, 
a connection between phospholipids and sphingolipids in the signaling pathway for 
ABA-dependent guard cell closure has been proposed. In this regard, ABA and 
phosphatidic acid (PA) produced by phospholipase Dα1 (PLDα1) have been shown 
to activate sphingosine kinase (SPK) to promote production of LCB-P (Guo et al. 
 2012 ; Guo and Wang  2012 ; Worrall et al.  2008 ). PA enhancement of SPK activity 
was found to occur by direct interaction of PA with this enzyme (Guo et al.  2012 ; 
Guo and Wang  2012 ). Given that LCB-P induction of guard cell closure requires a 
functional PLDα1, it was proposed that LCB-P functions upstream of PLDα1 in this 
signaling pathway (Guo et al.  2012 ; Guo and Wang  2012 ).   

      Programmed Cell Death 

 Sphingolipids, primarily in the form of ceramides and LCBs, have also been 
strongly implicated in mediation of programmed cell death ( PCD     ) in plants. As 
described above, an initial indication of the role of ceramides as PCD triggers was 
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obtained from the Arabidopsis  acd5  mutant that is defective in a proposed ceramide 
kinase (Greenberg et al.  2000 ; Liang et al.  2003 ). This mutant accumulates enhanced 
levels of free ceramides and displays early onset of PCD relative to wild-type con-
trols (Greenberg et al.  2000 ; Liang et al.  2003 ), resulting in part to the enhanced 
release of mitochondrial reactive oxygen species (Bi et al.  2014 ). PCD induction in 
the  acd11  mutant has also been linked to ceramide accumulation associated with 
defects in ceramide-1-phosphate transport in this mutant (Simanshu et al.  2014 ). 
Similar fi ndings have been obtained by treatment of Arabidopsis cell cultures with 
C2 ceramide at a concentration of 50 μM (Townley et al.  2005 ). This treatment 
induces a transient increase in cytosolic Ca 2+ and hydrogen peroxide production, 
followed by cell death, which was reversed by inhibition of Ca 2+  release (Townley 
et al.  2005 ). These fi ndings implicate Ca 2+  as an essential component of ceramide 
induction of PCD. Notably, C2 ceramides containing 2- or α-hydroxylated fatty 
acids were not effective in PCD induction in Arabidopsis cell cultures (Townley 
et al.  2005 ). Consistent with this observation, the ability of Bax inhibitor-1 (BI-1) to 
suppress cell death in Arabidopsis is dependent on 2-hydroxylation of ceramide 
VLCFAs (Nagano et al.  2012 ). 

 Similar to results with ceramides, application of the free LCBs d18:1, d18:0, and 
t18:0 to Arabidopsis leaves also induces PCD, albeit at concentrations lower than 
that observed with ceramides (Shi et al.  2007 ). This induction of PCD was also 
dependent on ROS generation, but was suppressed by application of LCB-P along 
with free LCBs (Alden et al.  2011 ; Shi et al.  2007 ). These fi ndings suggest that the 
ratio of free LCB to LCB-P, mediated by LCB kinases and LCB-P phosphatases, is 
an important “rheostat” for regulation of PCD (Fig.  11.6 ) (Alden et al.  2011 ; Shi 
et al.  2007 ). This is analogous to the dependence of PCD induction on relative lev-
els of ceramides and ceramide-1-phosphates (Greenberg et al.  2000 ; Liang et al. 
 2003 ). The transduction pathway for elicitation of PCD by free LCBs has been 
shown to be dependent in Arabidopsis on mitogen-activated protein kinase 6 
(MPK6) (Saucedo-García et al.  2011 ) as well as 14-3-3 protein phosphorylation by 
calcium-dependent kinase 3 (CPK3) that is activated by LCB-triggered release of 
cytosolic Ca 2+  (Lachaud et al.  2013 ). 

 Fungal-derived  sphingosine-analog mycotoxins (SAMs)   including fumonisin B 1  
produced by  Fusarium  species and AAL toxin produced by  Alternaria alternata 
lycopersici  are also potent triggers of PCD in plants. These molecules competitively 
inhibit ceramide synthases leading to the accumulation of free LCBs that, in turn, 
elicit PCD (Abbas et al.  1994 ). Consistent with this, reduction of LCB synthesis by 
chemical inhibition of  serine palmitoyltransferase (SPT) activity   enhances resis-
tance of plants to SAMs (Spassieva et al.  2002 ). Increased resistance to FB 1 - 
triggered PCD induction has also been observed in an Arabidopsis LCB1 mutant 
and in small subunit of SPT RNAi suppression lines that have reduced SPT activity 
(Kimberlin et al.  2013 ; Shi et al.  2007 ). Recent evidence has also emerged that FB 1  
not only increases levels of free LCBs in plant cells but also elevates levels of 
ceramides containing C16 fatty acids (Markham et al.  2011 ; Ternes et al.  2011 ). 
This fi nding suggests that FB 1  most effectively inhibits Class II ceramide synthases 
(i.e., LOH1, LOH3) that produce ceramides with VLCFAs and are less effective 
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inhibitors of Class I ceramide synthase (i.e., LOH2) that produces ceramides with 
C16 fatty acids (Markham et al.  2011 ; Ternes et al.  2011 ). These fi ndings suggest 
that the potency of SAMs for PCD-induction is due to their ability to enhance accu-
mulation of LCBs and ceramides.    

     Pathogen Resistance   

 The  hypersensitive response (HR)   is an important process for resistance to bacterial 
and fungal pathogens that is characterized by localized induction of PCD that 
reduces or prevents the spread of pathogens in plants. Given the importance of 
LCBs and ceramides to PCD induction, a considerable body of research has emerged 
linking sphingolipids to bacterial and fungal pathogen resistance as described in a 
recent review (Berkey et al.  2012 ). Notably, ceramide accumulation in  acd5  and 
 acd11  mutants has been shown to be associated with salicylic acid (SA)-dependent 
upregulation of HR-type PCD and pathogen-resistance genes, including genes for 
PR1, ERD11, and chitinase (Brodersen et al.  2002 ; Greenberg et al.  2000 ). More 
recently, Arabidopsis mutants defective in 2-hydroxylation of ceramide fatty acids 
were found to have elevated LCB and ceramide levels, as well as, increased levels 
of free and glycosylated SA and constitutive induction of  PR1  and  PR2  genes 
(Konig et al.  2012 ). These mutants also displayed enhanced resistance to the biotro-
phic fungal pathogen  Golovinomyces cichoracearum  (Konig et al.  2012 ). In addi-
tion, infection of Arabidopsis with the bacterial pathogen  Pseudomonas syringae  
was accompanied by transient increases in the LCB phytosphingosine (t18:0) and 
induction of ROS and cell death (Fig.  11.6 ) (Peer et al.  2010 ; Bach et al.  2011 ). 
Furthermore, resistance to the bacterial pathogen  Pseudomonas cichorii  was com-
promised in tobacco upon chemical inhibition of SPT and an accompanying reduc-
tion in LCB synthesis (Takahashi et al.  2009 ). This resistance appears to be mediated 
by MPK6, as FB 1 -elicited Arabidopsis  mpk6  mutants displayed reduced resistance 
to the bacterial pathogen  Pseudomonas syringae  pv.  tomato avrRpm1  due to com-
promised induction of PCD in this mutant (Saucedo-García et al.  2011 ).  

     Cold Stress Signaling      

 Sphingolipids as abundant components of plasma membrane and tonoplast contrib-
ute to the ability of plants to resist chilling and freezing stresses. As evidence of this, 
Arabidopsis mutants lacking LCB Δ8 unsaturation have increased sensitivity to 
prolonged exposure to low, non-freezing temperatures (Chen et al.  2012 ). In addi-
tion to their roles as membrane components, recent studies have implicated sphin-
golipids in cold stress signaling pathways (Cantrel et al.  2011 ; Guillas et al.  2011 , 
 2013 ). Exposure of Arabidopsis plants to 4 °C resulted in accumulation of PA and 
nitrous oxide (NO). In addition, within 5 min of this cold treatment amounts of the 
LCB-P phytosphingosine phosphate and ceramide-1-phosphate increased by ~50 % 
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(Fig.  11.6 ) (Cantrel et al.  2011 ). This increase was negatively regulated by NO, as 
chemical inhibition of NO production enhanced the accumulation of these mole-
cules but chemically-induced enhancement of NO levels reduced accumulation of 
the phosphorylated LCB and ceramides (Cantrel et al.  2011 ). From these fi ndings, 
it was suggested that NO may regulate the relative levels of phosphorylated and 
dephosphorylated LCBs and ceramides as part of a rapid signaling response path-
way to low, non-freezing temperatures (Cantrel et al.  2011 ; Guillas et al.  2011 ). The 
mechanistic details of this potential signaling pathway remain uncharacterized.   

    Conclusions 

 As outlined here, signifi cant advances have been made in plant sphingolipid biology 
during the past 15 years. Nearly all of the genes involved in sphingolipid synthesis 
have now been identifi ed and numerous insights have been made in understanding 
the role of sphingolipids in membrane function and physiological mediation path-
ways. In addition, the combination of mass spectrometry-based sphingolipid com-
positional profi ling or sphingolipidomics and the characterization of Arabidopsis 
mutants have revealed the unexpected importance of LCB modifi cations in regulat-
ing fl ux into glycosphingolipids due, in part, to the narrow substrate specifi cities of 
the two functional classes of ceramide synthases. Furthermore, the biological 
importance of sphingolipids in processes such as programmed cell death and patho-
gen resistance have been fortuitously discovered by forward genetic screens. 
Despite the large amount of progress to date, many open questions and challenges 
remain for plant sphingolipid research. For example, sphingolipid biosynthesis and 
its regulation have been mostly examined in isolation, and metabolic networks that 
supply the serine and fatty acid precursors to sphingolipid synthesis have not been 
examined. We also have yet to understand the interconnections of sphingolipid met-
abolic and phospholipid and sterol metabolic pathways, particularly in response to 
environmental stimuli, such as altered growth temperature, that together lead to 
adjustments in membrane properties. In addition, details of sphingolipid homeo-
static regulation in plants have yet to be fully resolved. Also missing in our knowl-
edge is the contributions of sphingolipid turnover and the identities of many of the 
catabolic enzymes that contribute to mediation of sphingolipid levels in plants. 
Furthermore, the exact sugar residues, their linkages, and the enzymes that intro-
duce these residues in GIPC head groups have yet to be fully identifi ed. Moreover, 
it is not currently understood if the distinctive ceramide compositions in GlcCer and 
GIPCs arise from substrate preferences of GlcCer and IPC synthases or from dif-
ferential partitioning of specifi c ceramides to the GlcCer synthase in the ER and to 
IPC synthase in the Golgi. Similarly, the distinct roles of GlcCer and GIPCs in 
plants have yet to be elucidated. Finally, an understanding of sphingolipid- associated 
signaling pathways and their possible interconnections await further resolution. 
Ultimately, with this information, it will be possible to more precisely genetically 
tailor sphingolipid metabolism for improved plant performance, particularly in 
response to environmental perturbations.     
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    Chapter 12   
 Plant Surface Lipids and Epidermis 
Development                     

       Camille     Delude    ,     Steven     Moussu    ,     Jérôme     Joubès    ,     Gwyneth     Ingram    , 
and     Frédéric     Domergue    

    Abstract     The epidermis has a strategic position at the interface between the plant 
and the environment. In order to control exchanges with the environment as well as 
to protect the plant from external threats, the epidermis synthesises and secretes 
surface lipids to form a continuous, transparent and hydrophobic layer known as the 
cuticle. Cuticle formation is a strictly epidermal property in plants and all aerial 
epidermal cells produce some sort of cuticle on their surface. Conversely, all cuticu-
larized plant surfaces are of epidermal origin. This seemingly anodyne observation 
has surprisingly profound implications in terms of understanding the function of the 
plant cuticle, since it underlies in part, the diffi cultly of functionally separating epi-
dermal cell fate specifi cation from cuticle biogenesis.  

  Keywords     Cuticle   •   Epidermis   •   Regulation   •   Waxes   •   Development   •   Arabidopsis  

      Introduction 

 The lipid metabolism of the epidermis is highly specialized because this cell mono-
layer is located at the interface between the plant and its surrounding environment. 
Due to this highly strategic positioning, one important function of the epidermis is 
to form a hydrophobic barrier over aerial surfaces to permit the regulation of water 
and gas exchange as well as protecting the plant from both biotic and abiotic 
stresses. In order to achieve this role, the epidermis synthesises and secretes surface 
lipids to form a continuous transparent and hydrophobic layer on the outside of 
leaves, stems and fl owers. In contrast to the lipid metabolism of most cortical cells, 
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which is mainly channelled towards the generation of thylakoid membranes for 
photosynthesis, that of epidermal cells is therefore principally devoted to the bio-
synthesis of surface lipids. 

 All aerial parts of the plants as well as parts of the root system are delimitated by 
a layer of epidermal cells. Above ground epidermal cells include a “basal” cell type, 
known as  pavement cells     , which are abundant and show a highly organ dependent 
morphology, as well as trichomes, also known as leaf hairs, and the guard cells of 
stomata. Underground, young primary roots possess an epidermis layer, but this 
tissue, together with the endodermis and the cortex, disappears during secondary 
development, when a periderm originating from the pericycle develops. Aerial and 
mature root surfaces are covered by lipid layers known as the cuticle and suberin, 
respectively. Over the last 20 years, the biosynthetic pathways producing the lipids 
of these apoplastic diffusion barriers have been well described, especially in the 
plant model  Arabidopsis thaliana , where many mutants have been isolated and 
characterised (Nawrath et al.  2013 ). None of the suberin mutants identifi ed to date 
have been associated with root epidermal or peridermal defects, but this may be due 
to technical diffi culties in studying the precise morphology of these underground 
tissues. In contrast, the fact that several mutants affected in their cuticle composi-
tion and/or content also display defects in epidermal development, such as organ 
fusions, abnormal trichome morphology or decreased stomatal index, suggests a 
link between surface lipids and the differentiation of epidermal cells (Bird and Gray 
 2003 ). Furthermore, two studies have highlighted a potential role of the epidermis 
 in restricting plant growth   (Savaldi-Goldstein et al.  2007 ; Nobusawa et al.  2013a ). 
Interestingly, cutinase treatments in rapidly growing internodes of deepwater rice 
suggest that the cuticle acts as a growth-limiting structure, and could thus be a key 
epidermal element in keeping the underlying parenchyma cells under compression 
(Hoffmann-Benning and Kende  1994 ). 

 In this chapter, we will present our current knowledge of the biosynthesis of 
surface lipids and describe in more detail how certain mutants with defects in their 
surface lipid content and/or composition are also affected in their epidermal devel-
opment. We will then discuss the complex transcriptional regulation of plant sur-
face lipid biosynthesis and epidermis development. Finally, we will take advantage 
of recent advances in our understanding of the establishment of the protocuticule in 
Arabidopsis embryos to present the inter-cellular signaling pathway monitoring the 
formation of a functional embryonic cuticle and enabling the physical separation of 
the embryo from the endosperm.  

    Biosynthesis of the Cuticular Barrier by Epidermal Cells 

 The plant cuticle is a continuous lipophilic layer, of which the main roles are to limit 
non-stomatal water loss, control gaseous exchanges, protect the plant from both 
biotic and abiotic environmental stresses, provide mechanical strength, and prevent 
organ fusion during development. The cuticle is  composed   of a fatty acid derived 
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polymer, known as  cutin  , which is impregnated with, and covered by, a mixture of 
very long-chain (VLC) aliphatic compounds, called  cuticular waxes   (Yeats and 
Rose  2013 ). 

  Cuticular waxes   consist of a mixture of very-long chain aliphatic compounds, 
containing from 22 to 48 carbon atoms, which are produced in the endoplasmic 
reticulum (ER) (Bernard and Joubès  2013 ). Their biosynthesis relies on the elon-
gase complex, which produces VLC-acyl-CoAs (and free VLC fatty acids; 
VLCFAs), the alcohol-forming pathway, which converts these into even-numbered 
primary alcohols and alkyl esters, and the alkane-forming pathway, which yields 
aldehydes and odd-numbered alkanes, secondary alcohols and ketones (Fig.  12.1 ). 
The cutin polymer is mainly made of interesterifi ed hydroxy fatty acids, but also 
contains some glycerol and dicarboxilic acids, as well as phenolic compounds. 
Cutin biosynthesis starts in the ER where hydroxyl fatty acids are produced and 
esterifi ed to mono-acyl glycerol (MAG), and ends in the apoplasm where polymer-
ization takes place (Fig.  12.1 ). A key step in surface lipid biosynthesis is therefore 
the transport of the cutin monomers and cuticular waxes across both the plasma 
membrane and the hydrophilic cell wall (Fig.  12.1 ).

       The  Fatty Acid Elongase Complex   Produces Very Long Chain 
Fatty Acids 

 Free C 16  and C 18  fatty acids, issuing from  de novo  fatty acid synthesis in the plastids, 
are used as precursors for fatty acid elongation (Haslam and Kunst  2013 ). Recent 
reports revealed the important role of at least three Long-Chain-Acyl-CoA 
Synthetase (LACS) iso-enzymes, which activate free fatty acids into CoA thioes-
ters, in Arabidopsis wax synthesis (Lü et al.  2009 ; Weng et al.  2010 ; Jessen et al. 
 2011 ). Each cycle of the ER-bound multi-enzymatic fatty acid elongase (FAE) con-
sists of four successive reactions that generate an acyl-chain extended by two car-
bons. The reactions involve (1) formation of β-ketoacyl-CoA by condensation of 
malonyl-CoA with an a C n -acyl-CoA catalysed by a β-ketoacyl-CoA synthase 
(KCS), (2) reduction to β-hydroxyacyl-CoA by a β-ketoacyl-CoA reductase (KCR), 
(3) dehydration to enoyl-CoA by a β-hydroxyacyl-CoA dehydratase (HCD) and (4) 
a fi nal reduction by a enoyl-CoA reductase (ECR) yielding a C n+2 -acyl- 
CoA. Biochemical studies and the co-existence of 21 putative KCS-encoding genes 
annotated in the Arabidopsis genome (Joubès et al.  2008 ), led to the idea that mul-
tiple elongase complexes with distinct chain-length specifi cities perform sequential 
and parallel reactions to produce the wide range of chain-lengths found in plant 
VLCFAs (von Wettstein-Knowles  1982 ). 

 Over the last decade, major advances in understanding VLCFA synthesis in 
yeast have permitted the identifi cation of the ECR, KCR and HCD enzymes of 
Arabidopsis. Sequence similarity searches with ECR from yeast revealed one single 
locus in Arabidopsis. Complementation of the Arabidopsis  cer10  ( cer  standing for 
 eceriferum , i.e. wax-less) mutant by expression of  AtECR  demonstrated that  CER10  
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  Fig. 12.1    Cuticle biosynthetic pathways. The genes in  red  are those discovered in  Arabidopsis thali-
ana .  Wax biosynthetic pathways:  Very long chain fatty acyl-CoAs are synthesized by the Fatty 
Acid Elongase (FAE) multienzymatic complex from C16-C18 fatty acids. VLCFAs are then modi-
fi ed via two distinct biosynthetic pathways to generate the aliphatic compounds of waxes; the alcohol 
forming pathway resulting in the formation of primary alcohols (1° alcohols) and wax esters, and the 
alkane forming pathway which leads to the production of aldehydes, alkanes, secondary alcohols (2° 
alcohols) and ketones.  Cutin biosynthetic pathways:  Addition of a hydroxyl group at the terminal or 
mid-chain position of C16 and C18 is catalyzed by members of the cytochrome P450 family (CYPs). 
Formation of dicarboxylic acids (DCA) from ω-hydroxyacids (ω-OH) may involve oxydoreductases. 
Intermediates are annotated “COOR”, where R could be H, CoA or glycerol, since the extact sub-
strate of P450 and order of reaction remains unclear. Esterifi cation of ω-OH and DCA to glycerol-
3-phosphate by glycerol-3-phosphate acyl-CoA transferase (GPATs) produces  sn -2-monoacylglycerol. 
Incorporation of phenolic components into the cutin polymer requires BAHD-type acyltransferases. 
Extracellular polymerisation are performed by cutin synthases.  Export of precursors to the cuticular 
matrix:  Cuticle precursors produced in the endoplasmic reticulum (ER) reach the plasma membrane 
(PM) via the Golgi apparatus through the secretory pathway. Export of cuticle compounds from the 
plasma membrane is carried out by ATP-Binding Cassette (ABCs) transporters and glyco-
sylphosphatidylinositol-anchored Lipid Transfer Proteins (LTPGs)       
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encodes a functional ECR activity (Zheng et al.  2005 ). Likewise, two Arabidopsis 
loci were identifi ed as encoding potential HCDs and two loci as encoding potential 
KCRs (Bach et al.  2008 ; Beaudoin et al.  2009 ). Surprisingly, complementation 
assays in corresponding yeast mutants revealed that only  PASTICCINO2  encodes a 
functional HCD and only  KCR1  has KCR activity. Although several  KCS  mutants 
show defects in their cuticular waxes,  CER6  is the only one considered to be strictly 
wax-specifi c (Millar et al.  1999 ; Hooker et al.  2002 ), indicating a preponderant role 
in wax synthesis. The recent functional characterization of CER2 and related pro-
teins suggests that these proteins are necessary for elongation up to C 34 , even though 
the precise function of these proteins remains to be elucidated (Haslam et al.  2012 , 
 2015 ; Pascal et al.  2013 ). 

 The VLC-acyl-CoAs produced by the FAEs are either used as precursors in the 
alcohol- and alkane-forming pathways (below), or simply converted by thioesterase(s) 
to free VLCFAs, a signifi cant quantity of which are detected in surface lipids.   

    The  Alcohol Forming Pathway   Produces Primary Alcohols 
and Alkyl Esters 

 The fi rst biochemical studies of primary alcohol formation suggested a two-step 
reaction in which fatty acyl reductase (FAR) reduces VLCFAs to aldehydes, which 
are further reduced to primary alcohol by an aldehyde reductase (Kolattukudy 
 1971 ). However, biochemical studies on jojoba seeds and pea leaves, as well as 
expression of genes encoding FAR alcohol-forming activities in heterologous sys-
tems, revealed that a single enzyme produced fatty alcohols, with the potential 
intermediate aldehyde remaining bound to the enzyme (Rowland and Domergue 
 2012 ). In Arabidopsis, the  cer4  mutant shows a severe reduction of primary alco-
hols and wax esters, suggesting that  CER4  could play a role in this biosynthetic 
pathway (Jenks et al.  1995 ). Expression of  CER4  in yeast resulted in the production 
of VLC-primary alcohols with C 24  and C 26  chain lengths, confi rming the FAR activ-
ity of CER4 (Rowland et al.  2006 ). However, the activity of CER4 on C 28  and C 30  
fatty acids has never been demonstrated, indicating that another FAR or function-
ally related enzyme, is likely responsible for C 30  primary alcohol formation 
(Rowland and Domergue  2012 ). Detailed analysis of wax ester chain-lengths from 
the stems of Arabidopsis  cer4  mutants indicated that primary alcohols formed by 
CER4 act as substrates for subsequent alkyl ester formation (Lai et al.  2007 ). Wax 
Synthase (WS) enzymes catalyze the esterifi cation of primary alcohols with acyl- 
CoAs in higher plants, mammals and bacteria (Lardizabal et al.  2000 ; Cheng and 
Russell  2004 ; Stoveken et al.  2005 ). In Arabidopsis, sequence similarity with jojoba 
seed WS and bi-functional WS/Diacylglycerol acyltransferases (DGATs) from 
 Acinetobacter calcoaceticus , revealed 12 and 11 similar sequences respectively. 
Analysis of a putative WS/DGAT encoding gene ( WSD1 ), highly expressed in the 
epidermis, subsequently confi rmed its involvement as the major WS in cuticular 
wax synthesis (Li et al.  2008 ).  
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    The Alkane Forming  Pathway   Produces Aldehydes and Odd- 
Numbered Alkanes, Secondary Alcohols and Ketones 

 Analyses of  cer  mutants and biochemical experiments established a putative alkane 
forming pathway in which VLCFAs are used as precursors to form alkanes via a 
potential aldehyde intermediate (Bernard and Joubès  2013 ). Several  cer  mutants 
with a decreased alkane load have been biochemically characterized (Jenks et al. 
 1995 ). The  cer3  mutant showed a dramatic reduction in aldehydes, alkanes, second-
ary alcohols and ketones, while the  cer1  mutant exhibits a drastic decrease in 
alkanes and a near abolition of secondary alcohol and ketone production, accompa-
nied by a slight increase in aldehyde content (Aarts et al.  1995 ; Chen et al.  2003 ; 
Kurata et al.  2003 ; Bourdenx et al.  2011 ). It has been proposed from these pheno-
types that  CER3  could encode a potential VLCFA reductase producing aldehydes, 
whereas  CER1  could encode the alkane-forming enzyme, catalyzing the presumed 
decarbonylation of aldehydes to alkanes. Consistent with a role in wax associated 
processes, the expression of  CER1  and  CER3  was found to be restricted to the aerial 
epidermis, and to be up-regulated in drought conditions when wax synthesis is par-
ticularly active (Kurata et al.  2003 ; Bourdenx et al.  2011 ). Additionally, wax analy-
ses of  CER1  overexpressors revealed a specifi c increase in alkanes with chain-lengths 
between 27 and 33 carbon atoms, consistent with  CER1  encoding an alkane- forming 
activity with strict substrate specifi city for compounds containing more than 27 
carbon atoms (Bourdenx et al.  2011 ). Recently, the proof that CER1 and CER3 act 
as an enzymatic complex catalyzing the synthesis of VLC-alkanes was provided by 
co-expression of the two proteins in yeast (Bernard et al.  2012 ). 

 Whereas alkanes are the end products of the  alkane-forming pathway   in 
Arabidopsis leaves, they can also be further modifi ed by consecutive oxidation to 
produce secondary alcohols, and subsequently ketones, in stems. By looking for 
genes up-regulated in the epidermis and encoding proteins potentially involved in 
lipid oxidation, a cytochrome P 450  encoding gene,  CYP96A15 , was pinpointed as a 
candidate for a catalytic role in secondary alcohol and ketone formation (Greer 
et al.  2007 ). Its ectopic expression resulted in the production of secondary alcohols 
and ketones in leaves, suggesting that CYP96A15 functions as a mid-chain alkane 
hydroxylase (MAH1).  

    Acyl-Oxydation, Esterifi cation to Glycerol and Extracellular 
Polymerization Generate the Insoluble Cutin Polymer 

 Although the major steps involved in the biosynthesis of cutin have been elucidated 
over the last 10 years, its exact three-dimensional structure remains unknown. Cutin 
isolation followed by  depolymerization reactions   have shown that it is a polyester 
mostly composed of C16 and C18 ω-hydroxyacid, polyhydroxyacid and α,ω- 
dicarboxylic acid (DCA), as well as of glycerol and small amounts of 
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phenylpropanoids (Beisson et al.  2012 ). In Arabidopsis, the cutin of leaves and 
stems in enriched in DCA, while that of fl owers is dominated by polyhydroxyacids, 
suggesting that the composition of cutin varies between different organs of the same 
plant species (Bonaventure et al.  2004 ; Franke et al.  2005 ). The oxidative reactions 
converting fatty acids to ω-hydroxyacids are catalyzed by members of the CYP86 
cytochrome P450 family. The characterization of the   lcr  and  att1  mutants   showed 
that LCR (CYP86A8) and ATT1 (CYP86A2) are the two major cytochrome P450s 
involved in the acyl-oxydation of cutin precursors in Arabidopsis leaves and stems 
(Wellesen et al.  2001 ; Xiao et al.  2004 ). The mechanism underlying further conver-
sion to DCA is still unclear but could involve oxydoreductases such as HOTHEAD 
(HTH), even though HTH is not specifi cally expressed in the epidermis (Krolikowski 
et al.  2003 ; Kurdyukov et al.  2006a ). In Arabidopsis fl owers, CYP86A4 and 
CYPA77 respectively are the ω-hydroxylase and in-chain hydroxylase responsible 
for the formation of 10,16-dihydroxypalmitate, the main fl oral cutin precursor 
(Li-Beisson et al.  2009 ). Although the sequential order of reactions is still a matter 
of debate, substrate specifi cities tested in vitro suggest that fatty acyl oxidation is 
most probably followed by acyl activation before transfer to glycerol. 

 Two long chain acyl-CoA acyltransferases, LACS1 and LACS2 have been 
shown to be important for cutin synthesis in Arabidopsis (Lü et al.  2009 ; Schnurr 
et al.  2004 ). Once activated as acyl-CoAs, hydroxylated fatty acyls are most prob-
ably esterifi ed to the  sn - 2  position of glycerol by glycerol-3-phosphate:acyl-CoA 
acyltransferases such as GPAT4 and GPAT8 in leaves and stems (Li et al.  2007 ) 
and GPAT6 in fl owers (Li-Beisson et al.  2009 ). These enzymes also possess phos-
phatase activity so that end products are 2-monoacylglycerol instead of 2-acyl- 
lysophos- phatidic acids. This additional activity could be instrumental in the 
separation of glycerolipid precursors for cutin and membrane lipid biosynthesis 
(Yang et al.  2012 ; Rautengarten et al.  2012 ). Incorporation of phenylpropanoids 
into the cutin polyester requires BAHD acyltransferases such as  Defi cient in Cutin 
Ferulate (DCF)   and possibly  Defective in Cuticular Ridges (DCR)   which transfer 
ferulic acid to ω-hydroxyacids (Rautengarten et al.  2012 ; Panikashvili et al.  2009 ). 

 Using  fl uorescent fusion proteins  , all the reactions described above, with the 
exception of those catalyzed by BAHD-type proteins which could be cytosolic, 
were shown to take place in the endoplasmic reticulum. Thus precursors must be 
transported across the plasma membrane and through the cell wall (see below) 
before polymerization occurs. Although this process is the least well understood 
part of cutin biosynthesis, the recent identifi cation of a extracellular tomato cutin 
synthase (GDSL1/CD1), has provided a major step forward (Yeats et al.  2012 ; 
Girard et al.  2012 ). The  cd1  mutant shows a dramatic reduction in polymerized 
cutin, and in vitro assays showed that CD1 catalyzes the formation of polyester 
oligomers from 2-monoacylglycerol (Girard et al.  2012 ). Loss of function of 
Li-tolerant lipase 1 (LTL1), which encodes an Arabidopsis ortholog of CD1, causes 
typical characteristics of cutin mutants, while LTL1 can also catalyze cutin polym-
erization in vitro (Yeats et al.  2014 ).  
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      ABC Transporters and LTPs   Are Involved in the Export 
of Precursors to the Cuticular Matrix 

 Although most cuticle biosynthetic enzymes have been shown to be localized in the 
ER, little is known about the intracellular traffi cking of the cuticular precursors 
before their export out of epidermal cells. Nevertheless, the recent use of mutants 
defective in vesicle traffi cking and protein secretion suggests that the transfer of 
these hydrophobic molecules through the hydrophilic cytoplasm involves vesicles, 
and that they transit through the ER-Golgi interface and the trans-Golgi network to 
deliver cargo to the plasma membrane (PM) (McFarlane et al.  2014 ). Once the 
cuticle components have reached the PM, their export is carried out by ABC trans-
porters. The gene encoding the fi rst ABC transporter identifi ed as required for wax 
transport was found to be allelic to  CER5 , and was named  ABCG12  (Pighin et al. 
 2004 ). A search for ABC protein-encoding genes with an expression pattern similar 
to  ABCG12  revealed  ABCG11  as a potential candidate for a role in wax export (Bird 
et al.  2007 ; Panikashvili et al.  2007 ). The  abcg11  mutant and the double mutant 
 abcg11 cer5  show similar wax composition, suggesting that ABCG11 and ABCG12 
act in the same pathway or ABC transporter unit. Furthermore,  abcg11  showed 
organ fusions, defects in cuticle permeability and reduced cutin load, indicating that 
ABCG11 is also involved in cutin monomer export in vegetative organs (Panikashvili 
et al.  2007 ) as well as in fl owers, siliques and seedcoats (Panikashvili et al.  2010 ). 
However, residual export of waxes and cutin monomers onto the plant surface in the 
absence of ABCG11 and ABCG12 indicates that other ABC transporters might also 
export these compounds. Interestingly, ABCG11 and ABCG12 are half transport-
ers, and ABCG11/ABCG12 heterodimers have a function in wax export, while 
ABCG11 can also homodimerize or heterodimerize with other unknown 
component(s) to transport cutin monomers (McFarlane et al.  2010 ). Recently, two 
other ABCG transporters have been characterized. ABCG13, which is closely 
related to ABCG11 and ABCG12, contributes to cutin formation in fl owers 
(Panikashvili et al.  2011 ). In contrast, ABCG32/PEC1, which is a full length trans-
porter, is required for hydroxylated fatty acid transport in leaves and fl owers 
(Bessire et al.  2011 ). 

 Based on transcriptome analysis of Arabidopsis stems and stem epidermal cells, 
seven candidate LTPs, which could play a role in wax and/or cutin monomer 
 transport were isolated (Suh et al.  2005 ). The analysis of the cuticle phenotype of 
 ltpg1  and  ltpg2  mutants suggests that both of these glycosylphosphatidylinositol-
anchored LTPs (LTPGs) could be involved in cuticle formation (DeBono et al. 
 2009 ; Lee et al.  2009 ; Kim et al.  2012 ). However, the very specifi c transport shown 
to be affected in  ltpg1  or  ltpg2  mutants has given rise to the proposition that multi-
ple specialized LTPs, possibly with overlapping functions, are required to deliver 
the whole diversity of cuticle compounds to the epidermal surface.    
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    Cuticle Mutants with Epidermal Defects 

 As illustrated above, numerous Arabidopsis lines with mutations in genes involved 
in cuticle metabolism have been characterized by reverse and forward genetics. 
Besides their defects in surface lipid composition and/or content, several also pres-
ent abnormalities in the development of their epidermis, the most common being 
post-genital organ fusions. The severity of these phenotypes seems to vary dramati-
cally depending on the enzymatic step affected, as summarized in Table  12.1 .

       Mutations in Genes of the  Fatty Elongation Complex   Affect 
Epidermal Development to Various Degrees 

 Loss of KCR or HCD, two of the three activities of the elongation complex that are 
encoded by a single functional gene, causes embryo lethality. Corresponding knock- 
down mutants ( AtKCR - RNAi  lines or  pas2 -1, a weak allele of  HCD ) display strong 
developmental defects, such as dwarfi sm, spontaneous organ fusions and abnormal 
epidermal cell morphology. For example,  pas2 - 1  lines show ectopic cell divisions 
and loss of cell adhesion (Faure et al.  1998 ), while  AtKCR - RNAi  lines have abnor-
mally short trichomes with fused branches, and produce swollen pavement cells 
with adhesion defects (Beaudoin et al.  2009 ). Knock-out mutants in the other activ-
ity of the elongation complex encoded by a single functional gene ( ECR ) are viable 
because of a partial functional complementation by a yet unidentifi ed enzyme. 
Nevertheless,  ecr  mutants exhibit severe morphological abnormalities such as size 
reduction in aerial organs, and fl ower buds with fused tissues (Zheng et al.  2005 ). 
However, because the elongation complex is also necessary for the production of 
the VLCFAs present in sphingolipids, it is not possible to distinguish whether epi-
dermal defects are linked to abnormal surface lipid composition or to impaired 
sphingolipid metabolism and/or plasma membrane abnormality. 

 Among the  KCS  multigene family, loss of function alleles of four genes show 
epidermal abnormalities, amongst which  kcs10 / fi ddlehead / fdh  is the most strongly 
affected.  fdh  mutant lines are dwarf, show fusions in both fl oral organs and leaves, 
have an increased cuticular permeability, allow pollen to germinate on leaves, and 
show a 50 % reduction in trichome density (Lolle et al.  1997 ; Yephremov et al. 
 1999 .). Although  FDH  is specifi cally expressed in the epidermis and appears to 
affect epidermal cell interactions (Pruitt et al.  2000 ), no strong alterations in the 
lipid composition of  fdh  has been reported, even though mutant cell walls are 
enriched in one particular C24-VLCFA (Lolle et al.  1997 ). Similarly, the  kcs13 / hic  
mutant shows no major modifi cation in its lipid profi les, but exhibits a 20–25 % 
increase in stomatal index at elevated atmospheric CO 2  concentrations (Gray et al. 
 2000 ). Consistent with this phenotype,  KCS13  is specifi cally expressed in guard 
cells. KCS6/CER6/CUT1 is the most important condensing enzyme for cuticular 
wax biosynthesis since  cer6  mutants show a 48 and 81 % decreases in leaf and stem 
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wax loads, respectively (Millar et al.  1999 ; Fiebig et al.  2000 ). Despite these dra-
matic reductions in wax load,  cer6  mutants do not display any major epidermal 
defect, with the exception of a 30 % increase in stomatal index (Gray et al.  2000 ). 
The defects observed in  kcs1  mutants depend on the relative humidity (RH) used for 
growth. At high RH,  kcs1 - 1  plants resemble wild-type segregants but have 25 % 
fewer fl owers, a 35 % reduction in silique length and very thin stems. In contrast, at 
low RH, 2 week old seedlings are very small and have a mortality rate of over 90 % 
(Todd et al.  1999 ). Finally, no epidermal defects were reported in plants with a 
mutation in  KCS9  or any CER2-like protein, although the corresponding mutants 
are affected in fatty acid elongation and/or the chain length of epicuticular wax 
compounds (Haslam et al.  2012 ; Pascal et al.  2013 ; Kim et al.  2013 ).   

     Knock-Out Mutations   in Cuticular Wax Biosynthesis 
Have no Major Epidermal Defects 

 The  cer4  and  wsd1  mutants, which are affected in the reduction pathway producing 
fatty alcohols and wax esters, are phenotypically similar to wild-type plants, and 
show normal epidermis development (Rowland et al.  2006 ; Li et al.  2008 ). A muta-
tion in  CER1 , which is responsible for the synthesis of the major wax components 
in Arabidopsis (alkanes), results in conditional male sterility (at low RH) despite the 
fact that the pollen coat (tryphine) of the mutant looks like that of wild-type (Aarts 
et al.  1995 ). Contradictory results have been reported concerning the stomatal index 
of  cer1  plants: Gray et al. ( 2000 ) report an increase, but in contrast Bourdenx et al. 
( 2011 ) report no difference compared to wild-type, suggesting that in a  cer1  back-
ground, growth conditions could affect the development of stomata. Conversely, 
mutations in  CER3 , which is also involved in the biosynthesis of alkanes, cause a 
reduced stomatal index but also result in male sterility at low RH (Chen et al.  2003 ). 
Depending on the study,  cer3  mutants either have no other epidermal defect 
(Ariizumi et al.  2003 ; Rowland et al.  2007 ), show smaller trichomes and aerial organ 
adhesions (Kurata et al.  2003 ), or can even display postgenital organ fusions in 
leaves and fl ower buds (Chen et al.  2003 ). Although this last study attributed fusions 
to a putative role for CER3 in cutin formation, lipid analysis later showed that CER3 
has no role in the biosynthesis of cutin, at least in leaves (Rowland et al.  2007 ).  

     Cutin Mutants Often Present  Pleiotropic Defects   in Epidermal 
Development 

 In contrast to cuticular wax mutants in which development and morphology is often 
indistinguishable from that of wild-type plants, many cutin mutants present 
extremely severe phenotypes with multiple epidermal defects, especially in repro-
ductive organs. Mutations in the ABC transporters responsible for the export of 
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cuticle precursors best exemplify this discrepancy. The  cer5  mutant, which is 
affected in wax load (54 % less wax on stems) but not in cutin content, does not 
present any visible phenotype (Pighin et al.  2004 ; Bird et al.  2007 ). In contrast, the 
 wbc11  mutant, which is affected in both wax and cutin loads, shows many surface 
defects which are typical of an abnormal epidermal development (Bird et al.  2007 ; 
Panikashvili et al.  2007 ). Mutant plants present a strong growth retardation at the 
vegetative stage, and multiple thin-stemmed short infl orescences at the reproductive 
stage (loss of apical dominance). Numerous fusion events between leaves or 
between leaves and fl ower buds are also observed in this background, as are the 
production of misshapen rosette leaves, an increase in permeability to solutes and 
the appearance of pavement cell abnormalities. In addition the production of asym-
metric stomata, shorter trichomes with irregular branching and frequent trichome 
collapse has been reported. Finally fl ower morphology is affected in the  wbc11  
mutant where the fertility of pollen and the functionality of stigmatic papillae are 
reduced, and siliques are shorter and contain fewer seeds than those of wild-type 
plants. Consistent with the strong expression of  ABCG13  in fl owers, the  abcg13  
mutant also shows inter-organ post-genital fusions in infl orescences, but shows no 
defects during the vegetative phase (Panikashvili et al.  2011 ). The analysis of 
 abcg13  fl ower surface lipids showed that although wax load is normal, cutin load is 
reduced by 50 %. Petals are most strongly affected, with a loss of the typical conical 
shape of the epidermal cells and an absence of cuticular ridges (Panikashvili et al. 
 2011 ). An identical fl oral phenotype was observed in the  gpat6 ,  cyp77a6 , and  dcr  
mutants, which all show a reduction in 10,16-dihydroxypalmitate, the main fl oral 
cutin precursor, of over 90 % (Li-Beisson et al.  2009 ; Panikashvili et al.  2009 ). 

 Although mutants with reduced fl oral organ cutin always show strong epidermal 
defects such as post genital organ fusions, phenotypes associated with a reduction 
in leaf cutin content can vary dramatically. For example, the  lcr  mutant has multiple 
developmental abnormalities whereas the  att1  mutant looks morphologically nor-
mal, although both genes are thought to code for P450 hydroxylases involved in 
fatty acid oxidation (Wellesen et al.  2001 ; Xiao et al.  2004 ). Unfortunately, lipid 
analyses were only conducted for  att1 , where the authors did not report any epider-
mal defects although the stem cutin load was decreased by 70 % (Xiao et al.  2004 ). 
Similar to the situation for  lcr , the effect of a mutation in  LACS2  on cutin content 
and/or composition has not been reported, even though epidermis development is 
strongly affected in  lacs2  mutants (Schnurr et al.  2004 ). In particular leaf pavement 
cells, which are shaped like jigsaw puzzle pieces in wild-type, have fewer lobes or 
even collapse in  lacs2  mutants. This phenotype is reminiscent to that of  dcr  mutants, 
in which the pavement cell patterning is disrupted and trichomes often collapse 
(Panikashvili et al.  2009 ). In contrast, mutation in the  DCF  gene, encoding another 
BAHD, does not result in any epidermal defect even though the leaf cutin of  dcf  is 
devoid of ferulate. Finally,  gapt4gpat8  double mutants, containing 65 % less cutin 
in their stems, have deformed pavement cells and stomata lacking cuticular edges, 
while  bdg  mutants, in which cutin load is 1.2–3 times higher than that of wild type, 
have deformed leaves with fl attened trichomes that often collapse and adhere to 
neighboring pavement cells (Kurdyukov et al.  2006b ). It should nevertheless be 
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noted that growing conditions can apparently strongly modulate the consequences 
of cutin defects on epidermis development, since  lacs1lacs2  double mutants were 
described as unaffected in size, growth and development by Lü and coworkers (Lü 
et al.  2009 ), but severely disrupted with temporary organ fusion in fl owers, by 
Weng and coworkers (Weng et al.  2010 ). 

 Together, these results suggest that epidermal developmental defects are related 
to modifi cations in the composition and/or content of cutin, rather than waxes. This 
idea is further supported by the fact that similar epidermal defects have been 
observed in Arabidopsis transgenic plants expressing a fungal cutinase (Sieber et al. 
 2000 ) or an Arabidopsis putative cutinase (Takahashi et al.  2010 ). In addition, the 
primary role of cuticular waxes is widely considered to be related to the waterproof 
function of the cuticle, consistent with their having a much stronger hydrophobic 
character than cutin monomers. In contrast, cutin monomers or derivatives have 
been shown to function as elicitors of plant defense suggesting that plants actively 
monitor cutin integrity (Schweizer et al.  1996 ; Fauth et al.  1998 ). Intriguingly, an 
increased permeability of the cuticle to pathogen-derived lipid-signals eliciting 
plant defenses was proposed as an explanation for the enhanced biotic resistance 
observed in certain cutin-defi cient mutants (Reina-Pinto and Yephremov  2009 ). 
Similarly, Bird and Grey ( 2003 ) suggested that a lipid molecule, most probably a 
VLCFA (or derivative) produced in guard cells, could diffuse in the cutin matrix 
and prevent surrounding cells from differentiating in guard cells, thereby participat-
ing in the fi ne-tuning of stomatal patterning. The control of epidermal cell fate by 
non-autonomous VLCFA-derivative signals is further supported by the  fdh  mutant 
which presents higher levels of a cell-wall localized C24:0 fatty acid derivative and 
strong developmental defects (Lolle et al.  1997 ), as well as by the recent demonstra-
tion that synthesis of VLCFAs in the epidermis can restrict cell proliferation in the 
vasculature (Nobusawa et al.  2013b ). The cutin polymer could therefore function to 
restrict the mobility of lipid signaling molecules within the cuticle, thus fi ne tuning 
the development of the epidermis.    

       Transcriptional Regulation      of Cuticular Lipid Biosynthesis 
and Epidermis Specifi cation 

 The epidermis-specifi c expression of many genes involved in the biosynthesis and 
transport of cuticle components suggests that these processes must be under strict 
transcription regulation. Large-scale screens of Arabidopsis overexpressor/activa-
tion tagged lines identifi ed the AP2/EREBP transcription factor SHN1/WIN1 as a 
major positive regulator of cuticle production (Broun et al.  2004 ; Aharoni et al. 
 2004 ). Plants over expressing SHN1/WIN1, or one the two other members of this 
small AP2/EREBP clade (SHN2 and SHN3), display clear visual phenotypes 
including dwarfi sm, shiny leaves that curl, smaller and more shiny siliques, and 
fl owers with affected morphology, especially in petals. In addition, the differentia-
tion of their leaf epidermal cells was clearly altered as trichomes were less abundant 
and often single branched, pavement cells were enlarged, and stomatal density was 
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decreased by two thirds (Aharoni et al.  2004 ). The fi rst published lipid analyses 
conducted on these plants indicated that their wax load was several fold increased, 
consistent with their shiny appearance (Broun et al.  2004 ; Aharoni et al.  2004 ). 
However, further analyses showed that cutin production was the primary target of 
regulation (resulting in a 2–3 times higher cutin load in leaves), with  LACS2  identi-
fi ed as a direct target of WIN1, while wax deposition was only up-regulated in a 
second later phase (Kannangara et al.  2007 ). 

 The redundant functions of SHN1, 2 and 3 in shaping the surface and morphol-
ogy of Arabidopsis fl owers was shown using microRNA technology. Plants silenced 
simultaneously for all three genes displayed fl owers with organs fusions and lack-
ing the typical nanoridges on the adaxial epidermis of petals (Shi et al.  2011 ). 
Transcriptomic analyses further showed that downstream targets are either related 
to cutin biosynthesis or to cell wall metabolism, suggesting that SHN transcription 
factors not only regulate the deposition of cuticular lipids, but also modulate cell 
wall pectins and epidermal cell elongation, adhesion and separation, to prevent 
organ fusion. The relation between cutin metabolism and epidermal development is 
further supported by a study conducted on  SlSHN3  in tomato. In fruits from  SlSHN3 - 
silenced lines, a 60 % decrease in cutin load was correlated with strong modifi cation 
of the morphology and patterning of the fruit epidermal cells. Most interestingly, 
among the putative SlSHN3 target genes were several encoding transcription fac-
tors associated with epidermal cell patterning. These included  SlSHN2 , the R2R3- 
MYB- encoding  SlMIXTA , and three HDZIPIV genes ( SlGL2 ,  SlHDG11a  and 
 SlANL2c ). In Arabidopsis, the MIXTA-like MYB transcription factor MYB106, 
which was known to regulate the formation and branching of trichomes, was 
recently shown to act as a positive regulator of WIN1/SHNs, supporting the link 
between cuticle and epidermal cell differentiation (Oshima et al.  2013 ). Similarly, 
Arabidopsis HDG1, a member of the HDZIP IV family of homeodomain transcrip-
tion factors, was shown to bind the promoter of the cutin-related genes  BDG  and 
 FDH , and HDG1 chimeric repressor plants were shown to have a defective cuticle 
resulting in leaf fusion events (Wu et al.  2011 ). 

 In Arabidopsis, the  HDZIP IV  gene family comprises 16 members, of which 
several have been shown to be involved in both epidermal specifi cation and differ-
entiation (Abe et al.  2003 ; Nakamura et al.  2006 ; Marks et al.  2009 ; Vernoud et al. 
 2009 ; Depege-Fargeix et al.  2011 ; Javelle et al.  2011a ; Nadakuduti et al.  2012 ; 
Roeder et al.  2012 ; Takada et al.  2013 ; San-Bento et al.  2014 ). This gene family 
encodes plant-specifi c transcription factors which play a key role in regulating the 
intimately intertwined processes of epidermal fate specifi cation and cuticle biogen-
esis. Loss of function of two closely related family members, ATML1 and PDF2, 
leads to a complete loss of epidermal cell fate specifi cation during early embryo-
genesis (Abe et al.  2003 ; San-Bento et al.  2014 ). Conversely, the ectopic expression 
of  ATML1 , and/or of the closely related  HDG2  gene leads to the ectopic formation 
of stomata in internal positions within developing organs, suggesting that these pro-
teins are not only necessary, but also suffi cient for the specifi cation of some epi-
dermal cell types (Takada et al.  2013 ; Peterson et al.  2013 ). Transcriptional analyses 
of  ATML1  and  HDG2  ectopic expression lines show an over-expression (probably 
also ectopic) of other members of the  HDZIPIV  gene family, such as PDF2. 
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Interestingly however, over-expression of either  ATML1  or  PDF2  specifi cally 
within the epidermis leads to a repression of the endogenous  ATML1  and  PDF2  
genes during post- embryonic development, suggesting that the level of expression 
of these two genes, and probably of other family members, is tightly regulated by 
complex feedback mechanisms. In support of this hypothesis, it has been shown that 
ATML1 and PDF2 are capable of binding to their own, and each other’s, promoters. 
Furthermore, the normal expression of the ATML1 gene is at least in part dependent 
upon the presence of an L1 box, the cognate binding site for HDZIPIV proteins 
(Sessions et al.  1999 ; Abe et al.  2001 ; Nakamura et al.  2006 ; Takada and Jurgens 
 2007 ). Interestingly, ATML1 and PDF2 are capable of both homodimerization and 
heterodimerization  in planta , the latter both with each other and with other HDZIPIV 
proteins (our unpublished results) and indeed with other transcription factor fami-
lies (San-Bento et al.  2014 ; Rombola-Caldentey et al.  2014 ). Taken together, these 
observations suggest a complex picture in which the production of multiple differ-
ent heterodimeric complexes could fi ne-tune both feedback regulation and target 
gene activation by this protein family. 

 Because of their important role in specifying epidermal cell fate it could be 
argued that the effects of altering HDZIPIV activity on cuticle composition are 
largely indirect. Nonetheless, several pieces of evidence support a more direct role 
for members of the HDZIPIV family in the control of cuticle production. Ectopic 
overexpression of the maize HDZIPIV protein OCL1 leads to changes in cuticle 
composition associated with regulation of several genes involved in cuticle biogen-
esis. In the case of at least one gene,  ZmWBC11a , this regulation requires an L1 box 
(Javelle et al.  2010 ). More evidence for regulation of cuticle biogenesis by HDZIP 
proteins, albeit potentially indirect, comes from  Arabidopsis  lines ectopically over- 
expressing  ATML1  and  HDG2 , which show strong up-regulation of both  FDH  and 
 WBC12 / CER5  (Takada et al.  2013 ). Furthermore the defective trichomes of  hdg2  
mutants show reduced cuticle load and reduced expression of  CYP94C , a gene 
required for the production of dicarboxylic acids potentially involved in cutin 
 biosynthesis (Marks et al.  2009 ). Finally, defects in both the tomato HDZIPIV 
encoding  CUTIN DEFICIENT2  gene, and its  Arabidopsis  orthologue 
 ANTHOCYANINLESS2  ( ANL2 ) reduce cuticle loads (Nadakuduti et al.  2012 ). At a 
more global level, both co-expression data and the presence of L1 boxes in the pro-
moters of a subset of genes with important roles in cuticle production support a link 
between HDZIPIV expression and cuticle biogenesis (unpublished results), 
although how this is integrated with the activity of other key cuticle-regulating tran-
scription factors, such as members of the WIN/SHINE clade, remains rather unclear.    

    Protocuticle and Epidermal Cell Fate 

 Early plant embryogenesis involves the sequential specifi cation of key cell types 
including the epidermis. In Arabidopsis, where this process has perhaps been most 
extensively studied, epidermal cell fate is generally considered to be “fi xed” at the 
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 dermatogen stage   of embryogenesis. At this stage, the eight roughly geometrically 
equivalent cells derived from the original apical cell of the two celled embryo by 
two perpendicular longitudinal and one latitudinal rounds of division, each undergo 
a periclinal cell division to give 16 cells, of which 8 form the skin (protoderm) of 
the embryo. Interestingly, markers of epidermal cell fate, including the  ATML1  
gene, are expressed as early as the two cell embryo stage suggesting that “epider-
mis” or at least “protoderm” may be a default state, at least of the embryo proper. 
Our unpublished results suggest that at this stage in embryo development, and 
indeed during early preglobular stages, there is no detectable trace of cuticle deposi-
tion within the cell wall separating the membrane of the embryo from that of the 
surrounding syncytial endosperm. However, in silico transcriptomic data issuing 
from painstaking laser microdissection and microarray analysis of Arabidopsis seed 
development (Le et al.  2010 ), shows that many key components of the cuticle bio-
synthesis pathway including  LACS2 ,  FDH , and   BDG1    are already strongly expressed 
in the pre-globular embryo proper, suggesting that cuticle biogenesis and deposition 
is likely initiated very early in the developing embryo. Both  FDH  and  BDG1  con-
tain L1 boxes upstream their transcription start sites, consistent with a potential 
regulation by HDZIPIV proteins (Abe et al.  2001 ,  2003 ; Nakamura et al.  2006 ). 
However, although it is clear that well before embryo maturity cotyledons are cov-
ered in a layer of cuticular material (Tanaka et al.  2001 ), frustratingly little is known 
about the biogenesis of the embryonic cuticle. 

 In terms of cuticle biogenesis, plant embryos are unique from two important 
points of view. Firstly, because they arise from gametophyte cells, which in turn are 
derived from non-epidermal cells buried within the ovule nucellus, their cuticle, 
like the epidermal identity of the cells on which it appears, arises de novo. In con-
trast,  clonal analyses   in several species suggests that after early embryogenesis the 
overwhelming majority of, if not all plant epidermal cells arise from anticlinal divi-
sions of existing epidermal cells, and are thus “pre-equipped” with a cuticle bearing 
surface (Javelle et al.  2011b ). Secondly, not only does the embryonic epidermis and 
therefore its cuticle arise de novo, but it also arises in a position where it is not jux-
taposed by another cuticularized surface. In angiosperms, the embryo develops in 
an invagination of the endosperm, which initially takes the form of a rapidly grow-
ing coenocytic single cell (commonly called the  syncytial endosperm     ). This cell 
subsequently undergoes cellularization in a wave, starting in the zone surrounding 
the developing embryo. There is no evidence in the literature or from TEM data (our 
unpublished results) that the endosperm produces a cuticle at its junction with the 
developing embryo. The embryonic cuticle, and thus the apoplastic separation of 
the embryo from the endosperm, therefore arises in developmentally unique cir-
cumstances since in all other aerial plant organs the outer, cuticle bearing surfaces 
of all epidermal cells juxtapose the equivalent surfaces of other epidermal cells. The 
 juxtaposed cuticles   of these cells play a seminal role in preventing post genital 
fusion of epidermal surfaces, no matter how tightly they are packed together in 
developing buds. The developmental importance of this “separation” function is 
manifest in the many cuticle-related mutants where this function is impacted, and in 
which organs fuse, impacting growth, fertility and viability (see previous section). 
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 The unique circumstances surrounding angiosperm embryonic cuticle formation 
might be predicted to demand the deployment of specifi c  molecular and cellular 
mechanisms   which permit the correct defi nition and positioning of the nascent cuti-
cle, and the successful separation of the embryo from surrounding endosperm tis-
sues. Consistent with this idea, recent research has uncovered a seed-specifi c 
signaling pathway, involving both endosperm and embryonically expressed compo-
nents, which is necessary for the formation of a functional embryonic cuticle, and 
for physical separation of the embryo and endosperm, in  Arabidopsis . In the inter-
ests of conciseness, we will refer to this pathway as the Embryo Cuticle Functionality 
( ECF  )  pathway  . To date, fi ve critical components of this pathway have been identi-
fi ed. The fi rst two comprise two very distantly related bHLH transcription factors: 
ZHOUPI (ZOU)/RGE1 which is expressed specifi cally in the embryo surrounding 
endosperm (Kondou et al.  2008 ; Yang et al.  2008 ; Xing et al.  2013 ), and ICE1/
SCREAM which acts as a heterodimer with ZOU (Denay et al.  2014 ), but is also 
involved in several other developmental and physiological processes (Shirakawa 
et al.  2014 ; Kanaoka et al.  2008 ; Chinnusamy et al.  2003 ; Lee et al.  2005 ; Miura 
et al.  2007 ). Both  zou  and  ice1  mutants fail to form a functional embryonic cuticle, 
and their cotyledons are highly permeable to toluidine blue (Denay et al.  2014 ). In 
addition mutant embryos fail to physically separate from the surrounding endo-
sperm (Yang et al.  2008 ). Interestingly however, cuticle components appear to be 
present at the surface of  zou  mutant embryos, and, importantly, the expression of 
neither epidermal markers (Yang et al.  2008 ; Xing et al.  2013 ; Denay et al.  2014 ) 
nor genes involved in cuticle biosynthesis (our unpublished results) is strongly 
affected in either mutant background. The third gene involved in the ECF pathway 
is again expressed specifi cally in the embryo-surrounding endosperm, but in this 
case encodes a Subtilisin-like serine protease called ABNORMAL LEAF SHAPE1 
(ALE1), which is necessary for normal embryonic surface formation and endo-
sperm/embryo separation (Tanaka et al.  2001 ). ALE1 is predicted to act in the 
secretory pathway or apoplast, and therefore represents a  non-cell autonomous 
component   of the pathway. The expression of  ALE1  is almost completely abolished 
in  zou  and  ice1  mutants, and reintroduction of  ALE1  expression into  zou  mutants 
partially complements their cuticle defects (Yang et al.  2008 ; Xing et al.  2013 ; 
Denay et al.  2014 ). Consistent with the fact that  ZOU  and  ALE1  act in the same 
genetic pathway their mutant phenotypes show no additivity in double mutants 
(Yang et al.  2008 ). Finally, two genes encoding the closely related receptor kinases 
GASSHO1 (GSO1) and GSO2, and which show strong expression in developing 
embryos, act redundantly to promote the production of a functional embryonic cuti-
cle and embryo/endosperm separation (Tsuwamoto et al.  2008 ).  Double  gso1 gso2  
mutant   shows remarkably similar phenotypes to  ale1  mutants and non-additive 
genetic interactions with both  ale1  and  zou  mutants, confi rming its likely participa-
tion in a signaling processes involving communication between the developing 
embryo and endosperm necessary for normal embryonic cuticle biogenesis (Xing 
et al.  2013 ; Waters et al.  2013 ). 

 Despite their defective cuticle phenotypes, like  zou  mutants, neither  gso1 gso2  
double mutants nor  ale1  mutants show signifi cant changes in the expression of epi-
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dermal marker genes such as  ATML1  and  PDF2  (San-Bento et al.  2014 ). Consistent 
with this observation, the formation of an epidermal cell layer does not appear to be 
signifi cantly affected in these mutants suggesting that the defects in cuticle integrity 
which they display are not linked to a fundamental defect in epidermal cell fate 
specifi cation. Interestingly however, mutants in the ECF pathway show very strong 
synergistic interactions with single mutants in either  ATML1 ,  PDF2  and with mutant 
alleles of  ACR4 , a receptor-kinase encoding gene, homologues of which are required 
for normal epidermal development in several species (Roeder et al.  2012 ; Pu et al. 
 2012 ; Becraft et al.  1996 ; Gifford et al.  2005 ; Tanaka et al.  2004 ,  2007 ) and which 
has recently been shown to be both directly regulated by, and necessary for the 
maintained expression of, ATML1 and PDF2 (San-Bento et al.  2014 ) (Fig.  12.2 ). 
Although  atml1 pdf2  mutants show early embryo lethality, single mutant  atml1 , 

  Fig. 12.2    Transcriptional control of cuticle biosynthesis and epidermis specifi cation during devel-
opment. During plant development, epidermis identity is thought to be specifi ed by the HDZIPIV 
transcription factors ATML1 and PDF2. Cell-cell signaling, for example mediated by the ACR4 
receptor, generates a feedback loop allowing identity maintenance. During zygotic embryogene-
sis, cuticle biogenesis is affected by two different genetic pathways. The fi rst involves an inter- 
compartmental signaling pathway between the endosperm and the embryo. The second is poorly 
understood but may be regulated by ATML1, PDF2 and other HDZIPIV transcription factors, and 
thus be intricately linked to epidermis identity. Later during development, many transcription fac-
tors from different classes, including HDZIPIV transcription factors have been shown to regulate 
the expression of different effectors involved in cuticle biosynthesis. Similar transcription factors 
could be involved in cuticle biogenesis during embryogenesis, although evidence to support this is 
currently lacking. Transcription factors are represented by circles, effectors by rectangles and 
receptor by round-cornered boxes.  Left  panel shows an epidermal cell and its environment during 
early embryogenesis.  Right  panel shows the same cell after germination       
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 pdf2  or  acr4  seedlings show only very weak defects in cotyledon permeability, and 
no major morphological abnormalities (Abe et al.  2003 ; San-Bento et al.  2014 ; 
Tanaka et al.  2004 ). In addition genetic interactions between  acr4  mutants and 
either  atml1  or  pdf2  single mutants are consistent with the signaling feedback loop 
described above (San-Bento et al.  2014 ; Moussu et al.  2013 ). In contrast, mutants in 
the  ECF pathway  , when combined with either  atml1 ,  pdf2  or  acr4  mutant alleles, 
lead at best to the production of extremely abnormal seedlings with highly abnor-
mal epidermal surfaces, and in most cases to early embryo lethality and a loss of 
epidermal identity (San-Bento et al.  2014 ; Xing et al.  2013 ; Tanaka et al.  2007 ), 
effectively phenocopying  atml1 pdf2  double mutants.

   The genetic interactions described in the above paragraph are complex and rather 
non-intuitive. In addition, the fact that they involve a pathways active in specifi c 
compartments of the developing seed makes them extremely diffi cult to dissect. 
However a possible explanation for the observed genetic synergism between the 
 ECF pathway   and the  epidermal specifi cation pathway   described above, was pro-
vided by mathematical modeling of the predicted behavior of the feedback loop 
involved in epidermal cell fate specifi cation and maintenance (San-Bento et al. 
 2014 ).  Molecular and genetic analysis   of the regulatory behavior of this feedback 
loop post germination suggested that although ACR4 mediated signaling was nec-
essary for maintaining the expression levels of ATML1 and PDF2, these two pro-
teins fed back negatively on the expression of the  ACR4 ,  ATML1  and  PDF2  genes. 
In mathematical models, this scenario gives a robust maintenance of  ATML1  and 
 PDF2  expression (and thus epidermal identity) over a wide range of possible values 
for ACR4 signaling activity (which can be considered to be equivalent to the pres-
ence of the, as yet unidentifi ed, ligand of ACR4). Interestingly however, data con-
cerning the regulation of elements of the epidermal specifi cation feedback loop in 
developing seeds suggested that during early embryogenesis the net regulation of 
 ACR4  expression, and likely the expression of  ATML1  and  PDF2  by HDZIP IV 
class proteins, is likely to be positive rather than negative (San-Bento et al.  2014 ; 
Takada et al.  2013 ; Takada and Jurgens  2007 ).  Mathematical modeling   of this sce-
nario leads to an unstable scenario, in which modestly decreasing the level of ACR4 
signaling activity can lead to a sudden and irreversible loss of expression of  ATML1  
and  PDF2  (San-Bento et al.  2014 ). A plausible scenario then is that the production 
of a functional embryonic cuticle, mediated by the ECF pathway, is necessary for 
the maintenance of ACR4 signaling activity, possibly via the restriction of a diffus-
ible apoplastically localized ligand to the embryo. In an otherwise wild-type back-
ground, defects in the ECF pathway are not suffi cient to destabilize the epidermal 
specifi cation feedback loop. However in backgrounds where this loop is defective, 
cuticle defects are able to “tip the balance” leading to a sudden and catastrophic loss 
of epidermal identity. Interestingly, and in accord with this hypothesis, loss of epi-
dermal cell fate in ECF component mutant combinations with mutants in elements 
of the epidermal feedback loop, occurs at the early heart stage, at the time when 
endosperm dramatically increases the potential for apoplastic diffusion in the 
embryo-surrounding endosperm. However, until more is known about when and 
where the cuticle is formed during embryogenesis, it will be diffi cult to address its 
function as a developmentally important diffusion barrier in more detail.  
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    Concluding Remarks 

 The differentiation of a distinct, continuous epidermal cell layer containing highly 
specialized cells such as stomata, and the appearance of a cuticle on the surface of 
epidermal cells, represent key adaptive responses developed by the green phyla to 
cope with dry conditions when plants colonized non-aqueous environments about 
450 million years ago. Ever since, epidermal differentiation and the biosynthesis of 
surface lipids, and their respective regulation, have co-evolved to allow plants to 
successfully colonize an astounding range of terrestrial habitats. Recent studies 
focusing on the transcriptional regulation of epidermal characters have started to 
unravel a highly complex network and have highlighted interplay in the regulation 
of key epidermal traits. Major cuticle regulators interact with proteins necessary for 
epidermal cell differentiation, which in turn can control the expression of genes 
coding for proteins involved in surface lipid biosynthesis. Tantalizingly, HDZIPIV 
transcription factors, which play a central role in specifying epidermal cell fate and 
in the differentiation of various epidermal cell types, contain a START domain that 
has the potential to bind regulatory lipids, while VLCFA derivatives have been 
identifi ed as candidate signaling lipids involved in fi ne-tuning the development of 
both the epidermis and the cuticle in response to environmental clues. Together, 
these data hint at mechanisms underlying a complex cross-talk between cuticle for-
mation and epidermis differentiation both at the transcriptional and metabolic level.     
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    Chapter 13   
 Role of Lipid Metabolism in Plant Pollen 
Exine Development                     

       Dabing     Zhang     ,     Jianxin     Shi     , and     Xijia     Yang    

    Abstract     Pollen plays important roles in the life cycle of angiosperms plants. It 
acts as not only a biological protector of male sperms but also a communicator 
between the male and the female reproductive organs, facilitating pollination and 
fertilization. Pollen is produced within the anther, and covered by the specialized 
outer envelope, pollen wall. Although the morphology of pollen varies among dif-
ferent plant species, the pollen wall is mainly comprised of three layers: the pollen 
coat, the outer exine layer, and the inner intine layer. Except the intine layer, the 
other two layers are basically of lipidic nature. Particularly, the outer pollen wall 
layer, the exine, is a highly resistant biopolymer of phenylpropanoid and lipidic 
monomers covalently coupled by ether and ester linkages. The precise molecular 
mechanisms underlying pollen coat formation and exine patterning remain largely 
elusive. Herein, we summarize the current genetic, phenotypic and biochemical 
studies regarding to the pollen exine development and underlying molecular regula-
tory mechanisms mainly obtained from monocot rice ( Oryza sativa ) and dicot 
 Arabidopsis thaliana , aiming to extend our understandings of plant male reproduc-
tive biology. Genes, enzymes/proteins and regulatory factors that appear to play 
conserved and diversifi ed roles in lipid biosynthesis, transportation and modifi ca-
tion during pollen exine formation, were highlighted.  

  Keywords     ABC transporter   •   Exine   •   Lipid transport protein   •   Sporopollenin   • 
  Tapetum  

      Introduction 

 The alternation of the life cycle of  angiosperms   relies on the male reproductive 
development, which forms the haploid male gametes within pollen grains via meio-
sis and mitosis. During the pollen development, pollination and fertilization, the 
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pollen wall, a lipidic structure surrounding pollen grains, provides not only a protec-
tive role for male gametes (Scott et al.  2004 ), but also functions in pollen-stigma 
communication (Zinkl et al.  1999 ). Disruption of pollen wall structure frequently 
causes pollen degradation and/or abortion, leading to partial or complete male ste-
rility (Wilson and Zhang  2009 ; Li and Zhang  2010 ). In plant kingdom, pollen grains 
exhibit remarkable biodiversity in shape and surface patterning. For example, the 
pollen grains of model dicot plant  Arabidopsis thaliana  display ellipsoidal epider-
mis covered by reticulate exine, while those of the model monocot plant rice ( Oryza 
sativa ) exhibit globular epidermis with smooth surface without reticulate cavities 
(Zhang et al.  2011 ). The diversity of plant pollen surface results mainly from the 
structure of the exine (the outer pollen wall), which is also likely associated with 
pollination, adhesion to vectors and stigmas during pollen-stigma contact, facilitat-
ing communication between pollen and stigma and subsequent hydration response 
during germination (Heslop-Harrison  1979 ; Murphy  2006 ). Due to its biological 
importance, the mechanism underlying the biosynthesis of pollen wall, particularly 
exine, is an interesting biological question to be addressed for plant biologists.  

    Structure and Development of Pollen Wall Structure 

 Although the morphology of pollen grains varies among different species, the pol-
len wall is mainly comprised of three layers: the pollen coat, the outer exine, and the 
inner intine (Blackmore et al.  2007 ; Zinkl et al.  1999 ; Edlund et al.  2004 ). The  pol-
len coat  , the outermost stratum of the pollen surface, is extremely hydrophobic, and 
can be eluted from the exine using organic solvents. It is mainly composed of lipids, 
and ever-expending list of proteins, pigments, aromatic substances, and other 
unknown compounds. The pollen coat fi lls in the depressions or the interspace of 
the pollen exine, protecting male gametophytes from dehydration and facilitating 
subsequent pollen-stigma communication and adhesion (Piffanelli et al.  1998 ; 
Edlund et al.  2004 ). Current evidence indicates that mono- and di-cot plants dis-
played diverse pollen coat proteins (Murphy  2006 ; Wu et al.  2015 ), even though 
limited is known about the lipids in the pollen coat. The report that sterol esters are 
the major components of pollen coat, indicating that pollen coat is different from 
membrane lipid, sharing similarity to oil droplet. The  intine  , an innermost bilayered 
structure of pollen wall, is mainly composed of exintine and the endintine. The main 
components of intine are pectin, cellulose, hemicellulose, hydrolytic enzymes and 
hydrophobic proteins, are required for the maintaining the structural integrity of 
pollen grains, pollen germination and pollen tube growing into the stigma (Scott 
et al.  2004 ; Knox and Heslop-Harrison  1971 ). 

  Exine  , the most complex layer of the pollen wall, contains two layers, the inner 
nexine and the outer sexine. The nexine is a bilayer structure, consisting of nexine I 
(foot layer) and nexine II (endexine) (Ariizumi and Toriyama  2011 ), and the sexine 
is composed of tectum and bacula (Zhang et al.  2011 ; Li and Zhang  2010 ). Exine has 
extremely physical and chemical stability resistant to biotic and abiotic stresses 
such as high temperature, desiccation, ultraviolet (UV) irradiation and mechanical 
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damage (Scott et al.  2004 ) due to its major component, sporopollenin, a highly resis-
tant biopolymer of phenylpropanoid and lipidic monomers covalently coupled by 
ether and ester linkages (Ahlers et al.  2000 ). Sporopollenin provides the rigid and 
sculptured framework of the exine, functions to encapsulate and protect the pollen 
contents, and to aid in stigmatic capture. Despite the evolutionary history of sporo-
pollenin in land plants is not clear, sporopollenin has been found in ferns, moss, fos-
silized green algae, and even in fungi, suggesting that it has remained evolutionarily 
conserved since the initial colonization of land (Scott  1994 ). Since  sporopollenin   is 
one of the most durable substances in nature, the biochemical mechanism on the 
biosynthesis of sporopollenin are still largely uncharacterized (Blackmore et al. 
 2007 ). Recent metabolomic analysis with MALDI-TOF mass spectrometer on lipids 
revealed that plant pollen contains also membrane- associated phospholipids (phos-
phatidylserine and phosphatidylcholine) and diacylglycerol (Liang et al.  2013 ). 

 Although the fundamental structure of pollen wall shares similarity among spe-
cies, morphological analysis reveals that the pollen wall of rice is distinct from that 
of  Arabidopsis  (Li and Zhang  2010 ).  Arabidopsis   exine   has thin nexine layer, semi- 
open tectum layer and longer baculum, with an abundant pollen coat deposited in 
the sculptured cavities of exine (Zhang et al.  2011 ; Edlund et al.  2004 ). Compared 
with  Arabidopsis , rice exine has thicker tectum and nexine, and higher density of 
bacula, with much less pollen coat fi lled in the space between tectum and nexine (Li 
and Zhang  2010 ; Zhang et al.  2011 ; Ariizumi and Toriyama  2011 ). In addition, the 
outer surface of  Arabidopsis  pollen grains is fully reticulate while that of rice is 
relatively smooth. This morphological difference may be associated with different 
pollination methods between rice and  Arabidopsis . The pollen grains of  Arabidopsis  
are mainly distributed by insects, while rice pollen grains are transmitted by wind 
(Ariizumi and Toriyama  2011 ). 

    Exine Development 

 Current evidence shows that most plant species share similar  biological processes   
in exine development (Fig.  13.1 ) even though different plants exhibit diversity of 
pollen grain morphology (Zhang et al.  2011 ; Ariizumi and Toriyama  2011 ; Li and 
Zhang  2010 ; Blackmore et al.  2007 ; Wilson and Zhang  2009 ).  Morphological anal-
ysis   indicates that the development of pollen wall starts from the formation of cal-
lose wall before meiosis (Blackmore et al.  2007 ; Ariizumi and Toriyama  2011 ; Scott 
et al.  2004 ). The callose wall consists of the linear β-1,3-glucan polymer, and it was 
assumed to act as a temporary cell wall between the anther wall and the plasma 
membrane from the meiosis stage to the end of the tetrad stage. After the formation 
of tetrads, the surrounding callose wall is digested by β-1,3-glucanase secreted from 
the tapetum (Ariizumi and Toriyama  2007 ; Piffanelli et al.  1998 ; Verma and Hong 
 2001 ; Worrall et al.  1992 ).

   Several genes, such as  AtMYB103  (Zhang et al.  2007 ),  Callose Synthase  ( CALS5 ) 
(Dong et al.  2005 ),  AUXIN RESPONSE FACTOR17  ( ARF17 ) (Yang et al.  2013 ) and 
 CYCLIN - DEPENDENT KINASE G1  ( CDKG1 ) (Huang et al.  2013b ), have been 
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reported to be required for callose formation or dissolution in  Arabidopsis . Mutations 
of these genes causes defective pollen exine formation and patterning. It is proposed 
that the callose wall around the tetrad may recruit the primexine and provide a struc-
tural support for the exine formation. During the meiosis, pollen mother cells develop 
into the tetrad, each containing four newly formed haploid microspores enclosed by 
callose, and the primexine with the low electron density is synthesized around each 
microspore, between the callose wall and the plasma membrane (Ariizumi and 
Toriyama  2011 ; Blackmore et al.  2007 ; Paxson-Sowders et al.  1997 ).  Chemical stain-
ing experiments   show that the primexine is a microfi brillar matrix mainly composed 
of cellulose components (Paxson-Sowders et al.  1997 ). Some reports also suggest that 
the primexine may serve as a template for initial sporopollenin deposition and follow-
ing polymerization and patterning because of a kind of enzymes called sporopollenin 
acceptor particles ( SAPs  ),    which exist in the primexine and initiate the sporopollenin 
accumulation and the appearance of the exine pattern (Gabarayeva et al.  2009 ; 
Gabarayeva and Grigorjeva  2004 ) In  Arabidopsis , there are some genes known to be 
involved in the primexine formation including  DEX1  (Paxson-Sowders et al.  2001 ), 
 RUPTURED POLLEN GRAIN1  ( RPG1 ) (Guan et al.  2008 ; Sun et al.  2013 ), 
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  Fig. 13.1    Current model of pollen wall formation in monocot rice and dicot Arabidopsis (Adopted 
from Ariizumi and Toriyama  2011 ; Xu et al.  2014a  with modifi cation). Developmental stages for 
rice and Arabidopsis are defi ned by Zhang et al. ( 2011 ) and Blackmore et al. ( 2007 ), respectively       
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 NOEXINEFORMATION1  ( NEF1 ) (Ariizumi et al.  2004 ) and  NO PRIMEXINE AND 
PLASMA MEMBRANE UNDULATION  ( NPU ) (Ariizumi et al.  2004 ; Chang et al. 
 2012 ; Guan et al.  2008 ; Paxson-Sowders et al.  2001 ; Sun et al.  2013 ). But there is no 
gene identifi ed to be involved in primexine development in rice. 

 At stage 8 during the tetrad formation, according to the classifi cation of rice 
anther development  stage   (Zhang et al.  2011 ), the probaculum is formed and depos-
ited onto the primexine (Paxson-Sowders et al.  1997 ). At stage 9, when microspores 
are released from the tetrad, massive sporopollenin precursors putatively secreted 
by the tapetum are deposited onto the primexine to form a very thin tectum (sexine) 
(Bedinger  1992 ; Li and Zhang  2010 ). Meanwhile, the formation of nexine is seen 
on the surface of microspores. With the development of microspores, the sporopol-
lenin gradually accumulates to thicken and consolidate the exine structure, a two- 
layer high density structure with low electron density intervals or channels across 
the exine is mostly completed by the late stage 10, when the microspores become 
vacuolated (Li and Zhang  2010 ). Subsequently, during the fi rst mitosis each micro-
spore generates one generative cell and one vegetative cell, and the microspore 
starts the synthesis of intine below the exine (Paxson-Sowders et al.  1997 ; Owen 
and Makaroff  1995 ). Finally, at stage 13, after the second mitosis of microspores to 
form mature pollen grains with two sperm cells and one vegetative nucleus, the pol-
len exine shape is almost established by the accumulation of sporopollenin compo-
sitions and pollen coat deposition (Li and Zhang  2010 ; Owen and Makaroff  1995 ). 
It is notably that different from the exine development, which appears to be actively 
produced and deposited by intact tapetal cells at the early stages of pollen develop-
ment, the components of lipidic pollen coat are produced and deposited by degen-
erating tapetal cells at the late stages of pollen development (Murgia et al.  1991 ). 

 Additionally, all abovementioned information associated with the developmen-
tal course of pollen wall and anther wall layers are almost obtained from the com-
mon light and electron microscopy in which the chemical fi xation is used. Increasing 
evidence demonstrated that the tapetum is a transitory tissue, which is very sensitive 
to chemical fi xation, so do those early emerging ultra-structures of developing pol-
lens. In a recent study, cryo-fi xation combined with transmission electron micros-
copy were employed to examine the sequence of developmental events in anther 
and pollen development in  Arabidopsis , and revealed novel information on middle 
layer, locule fl uid and the morphology of tapetal cells (Quilichini et al.  2014 ). The 
new features of  tapetal cells   observed by Quilichini et al. ( 2014 ) included: tapetal 
cell lacks a cell wall as early as the tetrad stage; tapetal cell ultrastructure does not 
show the sign of active endomembrane secretion system; tapetal cell is distinguish-
able at the tricellular pollen stage; tapetosomes and elaioplastes, two specifi c organ-
elles within tapetal cells during the late stage are the major contributors to pollen 
coat development (Quilichini et al.  2014 ). In addition, unlike to previous reports 
from chemical fi xation, the middle layer cell persists after the release of pollen and 
into the late stage of uninucleate microscope development. Furthermore, this analy-
sis revealed a clear and dense presence of locule fl uid from the tetrad stage to the 
early bicellular pollen stage, after which it becomes less dense or absent when loc-
ule is fi lled with tricellular pollen grains, indicating its involvement in the traffi c of 
sporopollenin from tapetal cells to microspores, because at this stage, the locule 
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fl uid is abundant with various lipid transfer proteins (LTPs) (Huang et al.  2013a ; 
Zhang et al.  2010 ). These  morphological features   in developing anthers of plants 
rather than  Arabidopsis  need to be performed to update current knowledge regard-
ing pollen wall formation.   

      Tapetum  : The Supportive Tissue for Exine Formation 

 The anther, the male organ of fl owering plants, consists of four somatic cell layers, 
the epidermis, endothecium, middle layer, and tapetum from the surface to interior, 
surrounding the developing microspores inside. Pollen development relies heavily 
on the surrounding tissues of the anther wall layers, especially the tapetum, which 
has the most intimate contact with the microspores and plays an secretory role by 
supporting developing microspores with enzymes, nutrients, metabolites, sporopol-
lenin precursors and pollen coat components during the exine and pollen coat for-
mation (Blackmore et al.  2007 ; Pacini and Hesse  1984 ; Shivanna et al.  1997 ). The 
tapetal cytoplasm is usually fi lled with ribosomes, plastids, mitochondria, Golgi 
bodies, and both rough and smooth endoplasmic reticulum (ER), and plastids and 
ER are the places for fatty acid synthesis and modifi cation [i.e., unsaturation, 
hydroxylation, fatty acid chain elongation, or diversifi cation of aliphatic compounds 
of very long-chain fatty acid (VLCFAs)] (Yang et al.  2014a ,  b ), respectively, sug-
gesting the essential function of tapetal cells in lipid biogenesis. 

 The anther primordium in angiosperms is composed initially of three layers, L1, 
L2, and L3 from the outer to the inner (Poethig  1987 ), with the L1 developing into 
the epidermis, and the L3 forming the connective cells and vascular tissues (Ma 
 2005 ; Zhang et al.  2011 ). At the same time, the L2 layer differentiates into the 
peripheral L2-derived (L2-d) cells dividing and forming the endothecium, the mid-
dle layer and the tapetum, and the central L2-d cells developing into the sporogenous 
cells (Kelliher and Walbot  2011 , 2012; Zhang and Yang  2014 ; Zhang et al.  2011 ). 

 When  microspore mother cells (MMCs)   are formed, the tapetal cell with a single 
nucleus keep integrity has clear boundaries from MMCs. When entering meiosis 
stage, the tapetal cells undergo a series of changes to obtain the unique cytological 
features consisted with the biological function, such as exuberantly synthetized pro-
teins and RNAs, high levels of DNA, and abundant mitochondria, plastids, ERs and 
other organelles, these characteristics are different from those of other sporophytic 
cells (Gunning and Steer  1996 ). At the end of meiosis I, the tapetum cytoplasm 
becomes condensed and the nuclear DNA becomes fragmented, indicating the tape-
tum degradation initiated by programmed cell death (PCD) (Li et al.  2006 ,  2011 ; 
Varnier et al.  2005 ). During this stage, the condensed cytoplasm of tapetal cells 
contains abundant mitochondria, ribosomes, varisized vacuoles, ERs, and plastids 
with high electron density substance. After meiosis II, when the tetrads are formed, 
the tapetum becomes more condensed and vacuolated, but there are still abundant 
organelles, of which the highly developed ER is the most obvious (Li et al.  2006 ). 

 The metabolism in the tapetum is most active during the tetrad stage of anther 
development, and the β-1,3-glucanase produced by the tapetum breaks down the 
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callose wall to release the microspores into the locule (Ariizumi and Toriyama 
 2011 ; Verma and Hong  2001 ). With the degradation of tapetum cells after micro-
spores released from tetrads, the tapetum-synthesized nutrition and structural mat-
ters, such as sporopollenin precursors, fl avonoids and proteins, are provided for 
pollen development including exine formation. When the trinucleated pollen grains 
are formed, the tapetum is almost completely degraded, and the proteins and lipids 
that compose the tryphine as the last materials supplied by the tapetum are depos-
ited on the pollen exine (Edlund et al.  2004 ; Piffanelli et al.  1998 ). Throughout the 
whole process of pollen development, the tapetum, as a source for synthesis, storage 
and transport of various nutrients and structural compositions, is an important layer of 
anther wall, and its abnormal structure and function is closely related to pollen abor-
tion (Ariizumi and Toriyama  2011 ; Wilson and Zhang  2009 ; Zhang et al.  2011 ). 

 Increasing evidence indicates that exine synthesis and patterning rely on the 
tapetal PCD, which has been shown to be controlled by regulators such as  basic 
helix-loop-helix (bHLH) transcription factors  ,  MYB transcription factors   and  PHD- 
fi nger proteins   (Aya et al.  2009 ; Fu et al.  2014 ; Ji et al.  2013 ; Li et al.  2006 ; Wilson 
and Zhang  2009 ; Xu et al.  2010 ,  2014a ; Yang et al.  2007 ; Zhang et al.  2011 ). Loss 
of function of these regulators frequently causes defective tapetal PCD and abnor-
mal exine formation. Emerging evidence suggests that many other genetic factors 
such as pollen specifi c mRNA-like non-coding RNA gene (Song et al.  2013 ) and 
cysteine protease encoding genes (Lee et al.  2004 ; Yang et al.  2014b ; Zhang et al. 
 2014 ) also play important roles in tapetum and microspore development in plants. 
These fi ndings suggest the possible close link between tapetal PCD and nutritive 
support for exine biosynthesis. However, it is not clear whether these two processes 
function in the same pathway or in parallel.   

    Biosynthesis of Exine 

 As the major component of pollen exine, the chemical compositions of sporopol-
lenin are still elusive due to its highly insoluble and resistant to various degradations 
(Scott  1994 ). However, with the application of a series of elaborate physical and 
chemical techniques, such as nuclear magnetic resonance (NMR) spectroscopy 
(Bubert et al.  2002 ) and thiocarbamate herbicides treatment (Wilmesmeier and 
Wiermann  1995 ), our knowledge about the chemical compounds in sporopollenin 
is substantially updated. Increasing evidence indicates that the sporopollenin mainly 
consists of complex aliphatic monomers including VLCFAs and their polyhydrox-
ylated derivatives, and phenolic compounds, which means the lipid metabolism is 
critical for sporopollenin biosynthesis (Kim and Douglas  2013 ; Scott  1994 ; 
Piffanelli et al.  1998 ). Comparison with pollen transcriptomes from lilly (Lang et al. 
 2015 ),  Arabidopsis  (Honys and Twell  2003 ), soybean (Haerizadeh et al.  2009 ), rice 
(Wei et al.  2010 ) and tobacco (Hafi dh et al.  2012 ) clearly shows that similar protein/
transcript categories including lipid metabolism and transport are highly expressed 
as compared with vegetative tissues, indicating the roles of lipid metabolism in pol-
len development (Fig.  13.2 ).
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VLCFA-CoA

Sporopollenin precursors

WDA1
FLP1?

plastid

C12:0-ACP
C18:X-ACP
C16:0-ACP

C12:0C18:X
C16:0

FATA
FATB

FATA
FATB

KAS

ACOS5 like
C16:0-CoA
C18:x-CoA

C16:0
C18:x

CYP704B1
CYP704B2

16-OH-C16:0
18-OH-C18:x

C16:0 alcohol

MS2
DPW

ACOS like ?
C12:0-CoA

thioesterase

C12:0
CYP703A2
CYP703A3

7-OH-C12:0

ACOS5
PKSA/PKSB
TKPR1/TKPR2

thioesterase

O
sC

6
/L

T
P

s?

Tapetal
cell

ACOS5
PKSA/PKSB
TKPR1/TKPR2

LACS1
LACS4

Pollen coat

A
B

C
G

1
A

B
C

G
9

A
B

C
G

16
A

B
C

G
31

A
B

C
G

26
P

D
A

1
A

B
C

G
15

Z

Exine

Pollen coat

Nucleus

U
n

kn
o

w
n

m
o

le
cu

le

PHD zinc 
finger 

(MS1/PTC
TAZ1)

bHLH

AMS/TDR, 
TIP2, 
EAT1,DYT1/
UDT1

MYB

(MYB103, 
MYB0,GAM
YB)

�

�

�

  Fig. 13.2    The metabolic network of pollen wall development in monocot rice and dicot 
Arabidopsis (Adopted from Yang et al.  2014a  with modifi cation). In the endoplasmic reticulum 
(ER) of tapetal cells, plastid produced fatty acids (C12, C16, and C18) conversed from their cor-
responding CoAs by thioesterase are hydroxylated by CYP703/704 proteins, and resulting hydro-
ylated fatty acids are further converted to phenolic compounds via pathway involving ACOS/like, 
PKS/like and TKPR/like proteins. In ER, VLCFA-CoA pool contributes signifi cantly to aliphatic 
components of sproropollenin precursors and perhaps pollen coat compositions as well. VLCFA-
CoA pool is produced either from fatty acids produced in plastid by the joint activity of LACS 
proteins or from the likely condensation of fatty alcohols, generated by the plastidic fatty acid 
reductase activity of MS2/DPW protein, by WDA1 like proteins. The synthesized sproropollenin 
precursors are transported by several ABCG transporters, LTPs and unknown molecules, and the 
transportation of pollen coat components remains unknown. There are at least three transcription 
factor families that are involved in the regulation of exine development and pollen coat formation 
individually or interactively.  FATA/B  fatty acyl thioesterase A/B,  KAS  ketoacyl-ACP synthase, 
 VLCFA  very long chain fatty acid. Genes in  blue  and  green  color are ortholog ones from rice and 
Arabidopsis, respectively       
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       Fatty Acid Synthesis   

 Biochemical and genetic investigations have recently revealed a number of enzymes 
catalyzing the metabolism of fatty acids and their derivatives, required for sporo-
pollenin biosynthesis (Aarts et al.  1997 ; Ariizumi and Toriyama  2011 ; Chang et al. 
 2012 ; Chen et al.  2011b ; de Azevedo Souza et al.  2009 ; Dobritsa et al.  2009 ,  2010 ; 
Grienenberger et al.  2010 ; Jung et al.  2006 ; Morant et al.  2007 ; Shi et al.  2011 ; Tang 
et al.  2009 ). In heterotrophic eukaryotes, the synthesis of fatty acids usually occurs 
in the cytosol, whereas plants de novo fatty acids are produced in plastids (Li-Beisson 
et al.  2010 ,  2013 ; Ohlrogge et al.  1979 ), and the elongation (>C18) and modifi cation 
(i.e., unsaturation, hydroxylation) of fatty acids usually occur in the ER or cytosol 
(Kunst and Samuels  2003 ; Li-Beisson et al.  2013 ).  

      De Novo  Fatty Acid  Synthesis   in Plastids 

 Simply, the fatty acid synthesis is a complex cyclic process, and during each cycle, 
there are four reactions: condensation, reduction, dehydration, and reduction, cata-
lyzed by fatty acid synthase (FAS), a multi-subunit complex composed of mono-
functional enzymes (Brown et al.  2006 ; Li-Beisson et al.  2013 ). The plastidial 
acetyl-coenzyme A (CoA), a two-carbon molecule rapidly generated by the plas-
tidial pyruvate dehydrogenase complex (PDHC) (Johnston et al.  1997 ), is used as a 
building block for the process. During the fatty acid synthesis, acetyl-CoA is the 
starting unit, and malonyl-ACP, catalyzed from acetyl-CoA (Konishi et al.  1996 ), is 
used as a carbon donor in each cycle of elongation (Li-Beisson et al.  2013 ). The 
condensation reaction is catalyzed by 3-ketoacyl-ACP synthases (KAS) to mediate 
the combination of two-carbon units provided by malonyl-ACP and the acetyl-CoA 
(subsequently acyl-ACP acceptors) and release one CO 2  (Li-Beisson et al.  2013 ). 
There are three KAS isoforms identifi es: the KAS I catalyzes the subsequent con-
densations (up to 16:0-ACP), the KAS II catalyzes the fi nal condensation of 16:0- 
ACP to 18:0-ACP, and the KAS III catalyzes the condensation of malonyl-ACP and 
acetyl-CoA at the fi rst step of the fatty acid synthesis (Pidkowich et al.  2007 ). To 
complete a whole cycle of fatty acid elongation, additional two reductases and a 
dehydrase are necessary. At last, fatty acids or alcohols with the carbon chain length 
up to C18 are exported from the plastids to the ER for further modifi cation or elon-
gation and compose the sporopollenin precursors. 

   MALE STERILITY2  ( MS2 )   is the fi rst gene identifi ed to participate in the exine 
development, as evidenced by the aborted pollen grains without exine in the  ms2  
mutant (Aarts et al.  1997 ). Rice   DEFECTIVE POLLEN WALL  ( DPW ),   the ortholog 
gene of  MS2 , is capable of complementing the  ms2  mutant.  dpw  mutant displays 
completely male sterility and defective pollen exine (Shi et al.  2011 ), suggesting 
that DPW/MS2 represents a conserved pathway in pollen wall formation. Subsequent 
studies revealed that DPW and MS2, expressed in both tapetal cells and micro-
spores, encode a class of plastid-localized novel fatty acid reductases that catalyze 
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fatty acyl carrier proteins (ACPs) into fatty alcohols, with a strong preference for 
C16:0-ACP, uncovering a conserved step in fatty alcohols biosynthesis in the plas-
tid for anther cuticle and pollen sporopollenin biosynthesis in monocots and dicots 
(Chen et al.  2011b ; Shi et al.  2011 ). Rice Wax-Defi cient Anther1 (WDA1) (Jung 
et al.  2006 ) and its ortholog  FACELESS POLLEN - 1  ( FLP1 ) (Ariizumi et al.  2003 ) 
in  Arabidopsis  are both the orthologs of  ECERIFERUM1  ( CER1 ) (Bourdenx et al. 
 2011 ) in  Arabidopsis , which was predicted to encode an enzyme involved in the 
decarbonylation pathway of alkane biosynthesis. The mutation of both  WDA1  and 
 FLP1  caused the abnormal sporopollenin deposition, indicating their possible roles 
in the sporopollenin biosynthesis. Further gene expression and biochemical analysis 
in  wda1  showed that WDA1 probably participate in the biosynthesis of VLCFAs 
and affect the exine formation directly or indirectly (Bourdenx et al.  2011 ). 

 Among the  cytochrome P450 family  , members of CYP703A and CYP704B sub-
families play essential roles in hydroxylating fatty acids in ER for sporopollenin 
biosynthesis (Dobritsa et al.  2009 ,  2010 ; Li et al.  2010 ; Li and Zhang  2010 ; Morant 
et al.  2007 ; Yang et al.  2014a ; Yi et al.  2010 ). CYP703As catalyze the in-chain 
hydroxylation of fatty acids. The  cyp703a2  mutants can produce partial fertile pol-
len grains with abnormally developed exine, on which sporopollenin deposited. The 
heterologous CYP703A2 protein catalyzes in-chain hydroxylase of fatty acids with 
the chain length from C10 to C16, and the productions are thought to be sporopol-
lenin precursors (Morant et al.  2007 ). By contrast, the  cyp703a3  mutant is com-
pletely male sterile with defective exine formation (Aya et al.  2009 ; Yang et al. 
 2014a ).  In vitro  enzyme activity assay showed that CYP703A3 catalyzes the 
 in- chain hydroxylation of lauric acid specifi cally, to produce 7OH-C12 fatty acid 
(Yang et al.  2014a ). While CYP703As encode in-chain hydroxylases with sub-
strates preference for lauric acid, CYP704Bs catalyze the ω-hydroxylation of long- 
chain fatty acids (Yang et al.  2014a ; Dobritsa et al.  2009 ,  2010 ; Li et al.  2010 ; 
Morant et al.  2007 ).  Arabidopsis  CYP704B1 (Dobritsa et al.  2009 ) and rice 
CYP704B2 (Li et al.  2010 ) have similar biochemical functions, which can catalyze 
the ω-hydroxylation of C16 and C18 fatty acids to produce the important precursors 
involved in sporopollenin synthesis. The  cyp704b1  and  cyp704b2  mutants produce 
aborted pollens with abnormal exine (Dobritsa et al.  2009 ,  2010 ; Li et al.  2010 ). The 
mutants of  BnMS1  and  BnMS2 , the orthologs of  CYP704B1  in  Brassica napus , dis-
play delayed tapetum PCD and defective exine without sporopollenin accumulation 
(Yi et al.  2010 ). The  hydroxylated fatty acids   by CYP703A and CYP704B can be 
further catalyzed by cytoplasm-localized fatty acyl-CoA synthetase (ACOS) to gen-
erate CoA esters for sporopollenin synthesis (de Azevedo Souza et al.  2009 ).   

    Synthesis of Phenolic Compounds 

 The other important sporopollenin precursors are the  phenolic compounds   derived 
from the phenylpropanoid pathway, involving several key enzymes encoded by the 
tapetum-expressed Acyl-CoA Synthetase5 (ACOS5) (de Azevedo Souza et al. 
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 2009 ), LAP6 (LESS ADHESIVE POLLEN)/PKSA (POLYKETIDE SYNTHASE 
A) and LAP5/PKSB (Dobritsa et al.  2010 ; Grienenberger et al.  2010 ), and 
TETRAKETIDE α-PYRONE REDUCTASE1 (TKPR1) and TKPR2 (Grienenberger 
et al.  2010 ) in  Arabidopsis . ACOS5 functions  in vitro  as a fatty acyl-CoA synthetase 
taking medium- to long-chain fatty acids including hydroxylated fatty acids as the 
substrates. The fatty acyl-CoA esters are considered as a central intermediate during 
the sporopollenin precursor synthesis, and the CoA esters are likely essential for the 
fatty acids traveling across the membrane (de Azevedo Souza et al.  2009 ). Loss of 
function mutant of ACOS5 displays defective pollen exine without sporopollenin 
(de Azevedo Souza et al.  2009 ). The products of ACOS5, fatty acyl-CoA esters, are 
further utilized as the substrates of ER-localized LAP6/PKSA and LAP5/PKSB to 
yield tri- and tetra-ketide alpha-pyrones required for sporopollenin synthesis (de 
Azevedo Souza et al.  2009 ; Dobritsa et al.  2010 ; Kim et al.  2010 ). The  pksa / pksb  
double mutant lacks pollen exine and sporopollenin deposition (Kim et al.  2010 ). 
Next, the reductase encoded by  TKPR1  and  TKPR2  takes tri- and tetra-ketide 
α-pyrones generated by PKSA/B as the substrates to produce the hydroxylated 
alpha-pyrone for sporopollenin synthesis (Grienenberger et al.  2010 ). In accordance 
with the direct upstream and downstream relations in the common sporopollenin 
synthesis pathway,  ACOS5 ,  PKSA / B  and  TKPR1  (Grienenberger et al.  2010 ) are 
tightly co-expressed as predicted, which suggests the possibility that these enzymes 
function as a metabolon for sporopollenin biosynthesis. Interestingly, it was recently 
reported that the ACOS5, PKSA/B and TKPR1 are all localized on the ER of the 
tapetal cells and can interact together  in vivo , which strongly supports the existence 
of sporopollenin metabolon (Lallemand et al.  2013 ). Notably, none of the orthologs 
of these  Arabidopsis  synthetic genes of phenolic compounds has been reported in 
rice. 

 As compared with exine biosynthesis, studies on pollen coat biosynthesis are 
much less. It is well known that in  Arabidopsis , the biosynthesis of pollen coat is 
derived from the tapetum degenerative debris, which shares the same fatty acid 
CoA pools as those of VLCFAs, in which long-chain acyl-CoA synthetases (LACS), 
such as LACS1 and LACS4, play important roles. It is reported that the biosynthesis 
of pollen coat depends on the combined activity of both LACS1 and LACS4 pro-
teins (Jessen et al.  2011 ). It is not clear whether other genes affecting long chain 
fatty acid CoA pools in plants affect pollen coat development in plants or not.   

    Potential Carriers for Sporopollenin Precursors 

 How tapetum derived chemicals are exported into the locule for the assembly of 
sporopollenin is a mysterious question for biologists. Up to date, ABC transporters, 
LTPs and other molecules (Zhang and Li  2014 ) have been proved to be responsible 
for cargo transport of exine constituents (Fig.  13.2 ). 
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    ABC Transporters 

 Plant  ABC transporters   have been shown to be involved in a wide range of cellular 
activities, such as hormone homeostasis, detoxifi cation, antibiotics resistance and 
secondary metabolism (Kang et al.  2011 ). Among these ABC transporters, some G 
subfamily members such as  Arabidopsis ABCG26  ( WBC27 ), ABCG9 and ABCG31, 
and ABCG1 and ABCG16 are reported to be responsible for transport of sporopol-
lenin precursors from tapetal cells into microspore surface for exine development. 
Knockdown of either one of those ABCG proteins leads to the aborted exine forma-
tion (Choi et al.  2011 ,  2014 ; Dou et al.  2011 ; Kuromori et al.  2010 ; Quilichini et al. 
 2010 ; Xu et al.  2010 ; Yadav et al.  2014 ). These fi ndings suggest that the ABC 
transporter plays a key role in exine formation, likely secreting the sporopollenin 
precursors from the tapetum to developing microspores. 

 Recently, rice ABCG15 (also called  Post - meiotic Defi cient Anther 1 ,  PDA1 ), an 
ortholog of Arabidopsis  ABCG26 , has been shown to be required for exine develop-
ment (Hu et al.  2010 ; Niu et al.  2013a ; Qin et al.  2013 ; Wu et al.  2014 ; Zhu et al. 
 2013 ). Mutation of the tapetum-expressed  ABCG15 / PDA1  leads to aborted micro-
scope without exine formation and vanished orbicules on tapetal cells (Niu et al. 
 2013a ; Qin et al.  2013 ; Wu et al.  2014 ; Zhu et al.  2013 ). Besides, chemical analysis 
data shows that  ABCG15 /PDA1-mdeidated transport of sporepollenin precursors in 
turn affects the synthesis of lipidic components. Consistently, the expression of two 
pollen exine biosynthetic genes  CYP704B2  and  CYP703A3  was decreased in  pda1  
anthers (Zhu et al.  2013 ). These fi ndings suggest that the tapetum-expressed ABC 
transporters play a conserved role in secreting lipidic sporopollenin precursors from 
the tapetum to developing microspores. However, the biochemical evidence on how 
ABC transporters translocate sporopollenin precursors and what are the exact sub-
strates remain to be investigated. Future biochemical function assay of ABCG26/
ABCG15 may help us in better understanding of the roles of ABC transporters in 
plant pollen exine development.  

     Lipid Transfer Proteins   

 Beside the possible role of transmembrane ABCG transporters in actively delivering 
the lipid molecules across the membranes, other lipid transporters such as low 
molecular weight (LTPs) have also been shown to be involved in lipid traffi cking 
(Huang et al.  2013a ,  b ; Hu et al.  2010 ; Yeats and Rose  2008 ; Kader  1996 ). LTPs 
were termed as they have the capacity to transfer phospholipids and fatty acids 
between membranes  in vitro  (Kader  1996 ). Expression analysis showed that some 
tapetal PCD regulators affect the expression of LTPs (Aya et al.  2009 ; Ariizumi and 
Toriyama  2011 ; Brown et al.  2006 ; Jung et al.  2005 ), implying that LTPs regulate 
the pollen development. Nevertheless, CaMF2, an anther-specifi c LTP gene, affects 
pollen development in  Capsicum annuum  L (Chen et al.  2011a ).  OsC6 , a rice LTP, 
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was shown to function as lipidic transporter from tapetal cells to anther wall layers 
and microspore surface (Zhang et al.  2010 ). OsC6 has the typical eight-Cys motif, 
and its transcription is highly detectable in tepetal cell. However, the localization of 
OsC6 protein is seen in tapetal cells, anther locule, anther epidermis, as well as the 
extracellular space between the tapetum and the middle layer, indicating that the 
tapetum expressed OsC6 can be secreted among anther cells. In addition, the recom-
binant OsC6 protein has the bind ability of fatty acid molecules (Zhang et al.  2010 ), 
suggesting that OsC6 is involved in distribution of lipidic molecules for male repro-
duction. Furthermore, knock-down of  OsC6  caused aborted exine and orbicule 
development in rice. This work demonstrates the key role of LTPs in secreting 
lipidic molecule from the tapetum for exine development. Recently, Huang et al. 
( 2013a ) also demonstrated that the tapetum-expressed type III LTP plays a role for 
the lipid molecular traffi cking from tapetum into the pollen exine in  Arabidopsis , 
confi rming the novel vesicular traffi cking mechanism for pollen exine development 
(Huang et al.  2013a ). However, the substrates and molecular mechanisms of LTPs 
remain to be analyzed in the future. 

 In addition to ABCG transporters and LTPs, multidrug and toxic effl ux (MATE) 
transporters are also involved in traffi cking of sporopollenin precursors across tape-
tal cells for exine development in plants (reviewed by Zhang and Li  2014 ).   

    Regulation Network 

 Pollen wall development is one of the most important events of plant organ devel-
opment, involving hundreds of genes and proteins (Honys and Twell  2003 ,  2004 ; 
Xu et al.  2010 ,  2014a ). The transcription factor is the regulatory point of many 
genes. In higher plants, a number of conserved transcription factors have been 
shown to be associated with tapetal function and pollen development. So far the 
known transcription factors involved in pollen development were fallen into follow-
ing families, forming specifi c and crosstalk regulatory networks governing the 
microspore development in plants, which will continue to be the hotpot of this 
research area (Fig.  13.2 ). 

  MALE STERILITY 1  (  MS1   ),    is a tapetum-expressed gene encoding a plant PHD- 
zinc fi nger transcription factor (Ito et al.  2007 ; Ito and Shinozaki  2002 ; Wilson et al. 
 2001 ). Loss of function of  MS1  results in severe vacuolation of tapetal cells, exine 
structural defects and microspore degradation. By analyzing the microarray data of 
 MS1 , over 260 genes, the majority of which are required for tapetum development 
and exine formation like the genes encoding cysteine proteases and  LTP s, are 
directly or indirectly regulated by  MS1  (Ito et al.  2007 ; Ito and Shinozaki  2002 ; 
Wilson et al.  2001 ).  PERSISTENT TAPETAL CELL1  ( PTC1 ), an ortholog of  MS1  in 
rice, encodes a PHD-zinc fi nger transcription factor that is specifi cally expressed in 
tapetum and microspores (Li et al.  2011 ). The  ptc1  mutant exhibited many similar 
phenotypes to those of  ms1 , such as lack of DNA fragmentation in tapetal cells, 
delayed tapetum PCD and pollen exine defect. In addition,  ptc1  mutants also 
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showed uncontrolled proliferation of tapetal cells and abnormal orbicules (Li et al. 
 2011 ). It is reported that mutation of  PTC1  signifi cantly alters the expression of 
2,417 genes involved mainly in tapetum development and exine formation (Li et al. 
 2011 ). In addition, mutation in  TAPETUM DEVELOPMENT ZINC FINGER 
PROTEIN1  (  TAZ1      ), an anther-specifi c TFIIIA-type zinc fi nger transcription factor 
in petunia, leads to defective in exine formation due to precocious degeneration of 
tapetum (Kapoor et al.  2002 ), which is similar to  cp51  (Yang et al.  2014b ). 

  ABORTED MICROSPORE  (  AMS   )    in Arabidopsis, encoding a bHLH transcrip-
tion factor, affects the tapetum development and PCD (Sorensen et al.  2003 ). The 
 ams  mutants display enlarged tapetal cells and aborted microspore development. 
In-depth analysis on  AMS  revealed that  AMS  plays a central role in tapetal PCD and 
pollen exine formation by directly regulating target genes involved in different 
developmental events of pollen formation, those affected developmental processes 
include the separation of the microspore mother cell, callose dissociation, and spo-
ropollenin precursor biosynthesis and secretion at the transcription level, such as 
 ABCG26  (Xu et al.  2010 ,  2014a ).  Tapetum Degeneration Retardation  (  TDR / bHLH5   )    
(Li et al.  2006 ), the ortholog of  AMS  in rice, is preferentially expressed in the tape-
tum from the meiosis stage to the young microspore stage (Li et al.  2006 ), which 
functions as a key regulator in tapetum PCD and pollen exine development (Li et al. 
 2006 ; Zhang et al.  2008 ). The pollen wall was severely defective in the  tdr  mutant. 
Similarly, the expression of a group of genes encoding putative enzymes involved 
in lipid metabolism is altered in  tdr , including  OsC6 ,  CYP703A3 , both are con-
fi rmed to be directly targeted by  TDR  (Li et al.  2006 ; Yang et al.  2014a ; Zhang et al. 
 2010 ). In addition, TDR can affect the pollen development by regulating other tran-
scription factors. Rice  ETERNAL TAPETUM 1  ( EAT1 ), another bHLH transcription 
factor, is also a direct target gene of  TDR  (Niu et al.  2013b ).  eat1  mutant showed 
delayed tapetum PCD and abnormal pollen development. The third rice bHLH tran-
scription factor,  TDR INTERACTING PROTEIN2  ( TIP2 ), functions as an upstream 
regulator of  TDR  and  EAT1 , and determines the differentiation of the inner three 
layers of anther wall and tapetum PCD (Fu et al.  2014 ). Recently, it is reported that 
TDR controls tapetal cell development and pollen formation via triggering the pos-
sible ADF-mediated proteolysis pathway via its target gene  OsADF , an anther 
development F-Box protein (Li et al.  2015 ). Those data demonstrate that TDR play 
important roles in the regulation of tapetal and pollen development in rice. 

 Moreover,   AMS       directly regulates the expression of  ABCG26  via binding to 
 ABCG26  promoter and coordinates the synthesis of aliphatic molecules in the tape-
tum (Xu et al.  2010 ).   Delayed Tapetum Degeneration  (DTD),   the rice bHLH 141 
transcription factor (EAT1), functions coordinately with  TDR  to regulate lipidic 
orbicules and exine synthesis, through  OsC6  and  OsC4 , two LTPs, to affect pollen 
development (Ji et al.  2013 ; Niu et al.  2013b ). In addition, the  bHLH142  coordi-
nates with  TDR  to modulate the expression of  EAT1  and regulate pollen develop-
ment in rice (Ko et al.  2014 ). Recently, it is reported that  MS10   35   encodes a tomato 
ortholog of  AtDYT1  and  OsUDT1  ( bHLH164 ) (Jung et al.  2005 ), positively regu-
lates genes for lipid metabolism, cell wall modifi cation/degradation, pollen wall/
coat proteins, and transporters. There was neither orbicules nor normal sporopollenin 

D. Zhang et al.



329

structures in  ms10   35   and the expression of sporopollenin biosynthesis-related genes, 
such as Solyc12g010920.1.1 (LCFA reductases) and Solyc04g081780.2.1 (lipase), 
was also reduced in  ms10   35   (Jeong et al.  2014 ). 

   AtMYB103      , a R2R3 MYB family member, is important for tapetum and pollen 
development. Cytological observation showed that the mutation of AtMYB103 
caused the defective tapetum development and blocked callose degradation, further 
leading to aborted microspores without exine. RT-PCR analysis showed that 
 AtMYB103  regulates the  A6  gene relative to the callose degradation (Zhang et al. 
 2007 ). Rice   GAMYB    plays an important role in pollen development (Aya et al. 
 2009 ; Kaneko et al.  2004 ). Loss-of-function of  GAMYB  results in defective tapetum 
PCD and exine development, and abnormal orbicules (Kaneko et al.  2004 ). It is 
reported that cytochrome P450 hydroxylase  CYP703A3  was directly regulated by 
 GAMYB , indicating an essential role of   GAMYB    in sporopollenin biosynthesis (Aya 
et al.  2009 ). In addition, MYB80, a known MYB protein required for the regulation 
of tapetal programmed cell death and pollen development in Arabidopsis (Phan 
et al.  2011 ), is conserved in its structure and function in all tested monocot and dicot 
species (Xu et al.  2014b ). 

 Notably, interactions between different group transcription factors play essential 
roles in the regulation of lipid metabolism during pollen development, In Arabidopsis, 
a recent study shows that DYT1, a putative bHLH transcription factor, plays a role 
during the synthesis and transport of pollen wall lipidic materials via TDF1, a puta-
tive R2R3 MYB transcription factor, by forming a heterodimer to bind to the E-box 
motif of the TDF1 promoter (Gu et al.  2014 ). Further investigation into the correla-
tion network of different regulatory transcription factors governing the lipid metab-
olism during pollen development would expend greatly our understanding of the 
molecular interactive network for gametogenesis and reproductive development.  

    Evolutionary 

 The  colonization   of land by plants was a highly signifi cant event in Earth’s history 
(Beerling  2007 ), during which key adaptations include rooting structures, conduct-
ing tissues, cuticle, stomata, and sex organs such as gametangia and spores/pollen 
(Menand et al.  2007 ), play important roles in the successful colonization. Another 
important innovation was the development of a durable spore wall structure capable 
of withstanding physical abrasion, desiccation and UV-B radiation environment 
encountered on land (Wellman  2004 ). The major component of the spore/pollen 
wall proposed to be of primary importance in enabling resistance to the conditions 
described above is the highly resistant biopolymer sporopollenin (Cronk and Cronk 
 2009 ; Ito et al.  2007 ). It seems reasonable to hypothesize that colonization of the 
land by plants was not possible prior to the evolution of the sporopollenin spore 
wall, and this adaptation is considered to be a synapomorphy of the embryophytes. 
Additionally, spore walls are not present in the green algae (Wellman  2004 ). 
However, the production of sporopollenin is highly likely to be pre-adaptive as it is 
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present in a number of different algal groups. Fossil green algae dating back to the 
Devonian period have been shown to contain sporopollenin (Wall  1962 ), and there 
are reports that sporopollenin also occurs in fungi (Shaw  1970 ), indicating an origin 
predating the appearance of plants. 

  Phylogenetic studies   and fossil evidence have shown that the most basal living 
land plants are the paraphyletic ‘bryophytes’ (Kenrick and Crane  1997 ). They com-
prise the liverworts, mosses and hornworts. The moss Physcomitrella patens is the 
fi rst ‘bryophyte’ genome to be sequenced. This genome, through comparisons with 
angiosperm genomes, is proved to be a valuable tool in experimental studies that 
attempt to reconstruct genome evolution during the colonization of land (Quatrano 
et al.  2007 ; Rensing et al.  2008 ). Bioinformatic studies have suggested that genes 
implicated in pollen wall development in angiosperms are also present in moss and 
lycopsids, and may therefore be involved in spore wall development in basal plants 
(Wallace et al.  2011 ). This suggests that the molecular genetics of sporopollenin 
biosynthesis are highly conserved among all land plants, despite the large morpho-
logical and functional differences between spores and pollens. Comparative phylo-
genetic and genomic analyses support this hypothesis, as putative orthologs of 
ACOS5, PKSA, PKSB, CYP703A2 and CYP704B1 are broadly distributed in fl ow-
ering plants, and in the moss Physcomitrella patens (Colpitts et al.  2011 ; de Azevedo 
Souza et al.  2009 ; Dobritsa et al.  2010 ; Grienenberger et al.  2010 ; Kim et al.  2010 ). 
These genes are apparently absent from the green algal lineage, supporting a key 
role for acquisition of these genes in the progression of plant life onto land (Colpitts 
et al.  2011 ; de Azevedo Souza et al.  2009 ; Dobritsa et al.  2010 ; Grienenberger et al. 
 2010 ; Kim et al.  2010 ; Morant et al.  2007 ). Recently,  reverse genetic analysis   on 
moss MS2 ortholog gene revealed a core component of the biochemical and devel-
opmental pathway required for angiosperm pollen wall development was recruited 
early in land plant evolution but the continued increase in pollen wall complexity 
observed in angiosperms has been accompanied by divergence in MS2 gene func-
tion. Knock out of moss  MS2  homolog results in defective spore wall and extremely 
compromised germination. Nevertheless, the moss  MS2  gene could not rescue the 
 Arabidopsis ms2  phenotype (Wallace et al.  2015 ). The hypothesis that a highly con-
served biochemical pathway leading to sporopollenin biosynthesis exists among 
land plants has been further supported by genetic and biochemical approaches used 
to study a variety of plant species (Quilichini et al.  2014 ). In particular,  Physcomitrella 
patens  ASCL encodes an enzyme with  in vitro  preference for hydroxy fatty acyl- 
CoA esters that is capable of hydroxyalkylpyrone synthase activity, suggesting that 
PpASCL is a functional ortholog of Arabidopsis PKSA and that the pathway to 
sporopollenin may be conserved among land plants (Colpitts et al.  2011 ). The simi-
lar  functions and enzymatic activities   of Arabidopsis MS2, CYP704B1, CYP703A2 
and there rice orthologs DPW, CYP704B2 and CYP703A3 support the conserva-
tion of sporopollenin synthesis among monocotyledonous and dicotyledonous 
plants (Aya et al.  2009 ; Chen et al.  2011b ; de Azevedo Souza et al.  2009 ; Dobritsa 
et al.  2009 ; Morant et al.  2007 ; Shi et al.  2011 ; Yang et al.  2014a ).  
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    Perspective 

 Lipidic and phenolic molecules secreted from tapetum cell are considered to be the 
key compounds determining the framework for pollen exine. Even though this pro-
cess is essential for reproduction success in fl owering plants, many questions remain 
to be addressed. For instance, how about the link between tapetal PCD and the sup-
ply of sporopollen precursors? How about the signaling between the microspore 
and tapetal cells for coordinating the developmental programs, and how about the 
complex transcriptional regulation of tapetal cell PCD and pollen development? 
Furthermore, during the microspore development, the microspore always attaches 
to the inner side of tapetal cells, whether the liquid in the anther locule plays a short- 
distance transport role for exine formation? Moreover, the substrates of different 
transport machineries/molecules during exine formation remain to be elucidated. 
As the advance of the tools for cell biology, biochemistry, in-depth understandings 
will be revealed on the mechanism underlying the synthesis and transport of sporo-
pollenin precursors during plant exine formation. 

 In addition, tapetal cell layer is a key player in forming the highly sculptured 
sporopollenin wall of the exine. However, the dynamic cellular structures of tape-
tum and developing pollen walls are not fully understood due to the limitation of 
current microscopy examination. It is reported that those fi ne structures are sensi-
tive to the chemical fi xation (Ariizumi et al.  2003 ). Combination with the advance 
in living scanning technology and tapetal cell-specifi c expression system would 
facilitate our fully understanding of the dynamic molecular and ultra-structural 
changes of this specifi c cell layer occurring along the pollen development in general 
and of the role of lipids in pollen development in particular. 

 Finally, although pollen development relies heavily on the tapetum, other cell 
layers of the anther, namely middle layer, endothecium and epidermal cell layer, 
may also play important roles in pollen development, particularly the epidermis. 
Mutation in  WDA1 , an epidermal cell specifi c expressed gene in rice, causes defec-
tive exine development, indicating that  WDA1  might affect pollen development via 
affecting biosynthesis of lipidic components of sporopollenin.     
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    Chapter 14   
 Long-Distance Lipid Signaling and its Role 
in Plant Development and Stress Response                     

       Allison M.     Barbaglia     and     Susanne     Hoffmann-Benning    

    Abstract     Lipids are important signaling compounds in plants. They can range 
from small lipophilic molecules like the dicarboxylic acid Azelaic acid to complex 
phosphoglycerolipids and regulate plant development as well as the response to 
biotic and abiotic stress. While their intracellular function is well described, several 
lipophilic signals are known to be found in the plant phloem and can, thus, also play 
a role in long-distance signaling. Mostly, they play a role in the pathogen response 
and systemic acquired resistance. This is particularly true for oxylipins, dehydroabi-
etinal, and azelaic acid. However, several phospholipids have now been described in 
phloem exudates. Their intracellular function as well as implications and a model 
for long-distance signaling are discussed in this chapter.  

  Keywords     Lipid signaling   •   Phloem lipids   •   Lipid-binding proteins   •   Abiotic and 
biotic stress signaling  

      Introduction 

 The world population is projected to increase by 2.4 billion, from 7.2 billion in 2013 
to 9.6 billion in 2050, with most of the increase occurring within less developed 
regions (  www.un.com    ). Combined with the encroachment of cities onto arable land 
this necessitates an increase in agricultural yields. When faced with similar issues in 
the 1940s, the “green revolution,” led by Norman Borlaug, provided solutions 
through the development of high-yielding varieties of cereal grains, the moderniza-
tion of management techniques and irrigation systems, as well as distribution of 
hybrid seeds, synthetic fertilizers, and pesticides to farmers. Today, the amount of 
arable land is limited and often, there is now a competition between food and fuel 
crops. In addition, changes in the global climate may impact future yields. Unlike 
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animals, plants cannot move to escape adverse conditions. Plants had to develop 
mechanisms to detect changes in their environment, communicate these changes to 
different organs, and adjust development accordingly (Thomas and Vince-Prue 
 1997 ). These responses can occur within one cell or tissue; however, often we see a 
systemic response at a location distal from the detection of those environmental 
changes. One path to move these long-distance signals is the plant phloem. Its main 
 conductive system   is composed of large tubular cells, the sieve elements, which 
connect to form sieve tubes. The length of the phloem can reach up to 100 m in tall 
trees. To allow for an unobstructed fl ow, the sieve elements, cells through which 
transport occurs, have lost their nuclei, ribosomes, and most organelles during 
development. Cell walls at the interphase between two sieve elements contain large 
sieve pores. Sieve elements are left with the plasma membrane and a thin cyto-
plasm containing ER, phloem-specifi c plastids, and a few dilated mitochondria 
(VanBel and Knoblauch  2000 ; Turgeon and Wolfe  2009 ). The residual ER is found 
near the plasmodesmata which connect the sieve elements with the companion cells 
(Lucas et al.  2013 ). Molecules found within the sieve element are largely synthe-
sized in the companion cells. For long-distance movement, these molecules need to 
be transported into the sieve element via plasmodesmata, moved along the sieve 
tube, and are either perceived at their target location or transported out of the 
phloem. Transport of photoassimilates as well as signaling molecules is thought to 
occur from source (photosynthetically active mature leaves) to sink (immature 
leaves, roots, fruits, fl owers, etc.) in a mechanism driven by the osmotic gradient 
(“ Pressure fl ow hypothesis  ”; Münch  1930 ; for a review see Froehlich et al.  2011 ; 
Lucas et al.  2013 ). The view of the phloem function has evolved from that of simple 
assimilate transport to a complex traffi cking system for stress signals and develop-
mental regulators (Zeevaart  1976 ; Wu et al.  2003 ; Ding et al.  2003 ; Ayre and 
Turgeon  2004 ; Haywood et al.  2005 ) in the form of small molecules (Corbesier 
et al.  2003 ; Chen et al.  2001 ), peptides/proteins (Fisher et al.  1992 ; Kühn et al. 
 1997 ; Marentes and Grusak  1998 ; Kehr et al.  1999 ; Xoconostle-Cazares et al.  1999 ; 
Haebel and Kehr  2001 ; Hoffmann-Benning et al.  2002 ; Giavalisco et al.  2006 ; Lin 
et al.  2009 ; Benning et al.  2012 ), nucleic acids (Citovsky and Zambryski  2000 ; 
Haywood et al.  2005 ; Ding et al.  2003 ; Ruiz-Medrano et al.  1999 ; Yoo et al.  2004 ), 
and more recently, lipids (Madey et al.  2002 ; Behmer et al.  2010 ; Guelette et al. 
 2012 ; Benning et al.  2012 ; Tetyuk et al.  2013 ). Thus, the study of  signaling com-
pounds   within the phloem is essential for our understanding of the transmission of 
environmental cues throughout the plant. While there is a large focus on the func-
tion of proteins, mRNAs and microRNAs in long-distance signaling, less attention 
has been paid to small lipophilic metabolites, and even less to more complex lipids. 
Yet, both, small lipophilic molecules as well as several phospholipids, di- and triac-
ylglycerols (DAG and TAG, respectively) have been found in phloem exudates 
(Table  14.1 ). The former have already been shown to play an important role  in long- 
distance signaling  . Most play a role in the response to biotic stress and systemic- 
acquired resistance (SAR). Others are plant hormones with functions ranging from 
pathogen response to plant development. Their known function as well as possible 
roles of phospholipids will be discussed below.
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   Table 14.1    Hydrophobic molecules in the phloem and their possible function   

 Name  Category  Long-distance function  Example- structures 

 Indole-acetic acid 
(IAA) 

 Aromatic ring with 
carboxylic acid 

 Root growth; apical 
dominance; vascular 
bundle development 

  

OH

O

N
H     

 Abscisic acid 
(ABA) 

 Isoprenoid 
(Sesquiterpene) 

 Abiotic stress signal in 
response to drought, cold, 
salt stress 

  
OH

OHOO     
 Gibberellins (GA)  Isoprenoid 

(Pentacyclic 
diterpene) 

 Germination; plant 
growth 

  
COOH

OH

CH
2

O

H
3
C

HO

CO

    
 Cytokinin  Adenine derivatives; 

often isoprenylated 
 Vascular bundle 
development; root 
development; cell 
division/differentiation 

      
 Salicylic acid 
(SA) 

 Monohydroxybenzoic 
acid 

 Pathogen defense; 
systemic acquired 
resistance (SAR) 

      
 Dehydroabietinal 
(DA) 

 Isoprenoid (Abietane 
diterpenoid) 

 SAR; fl owering? 

  

CH3

CH3

CH3

CH3

H

H

O

    
 Azelaic acid  Dicarboxylic acid  SAR 

      
 Glycerol-3- 
phosphate* 

 Unknown 
G-3-P-derivative 

 SAR 

 Jasmonic acid/
oxylipins 

 Oxylipins  SAR; wounding; 
senescence; drought 
response 

      
 Diacylglycerols  Diacylglycerols  Precursor for PtdOH 

through the PLC-DGK 
pathway       

 Triacylglycerols  Triacylglycerols  Storage lipid 

  

O

H
2
C

H
2
C

HC

O

9 12 15
O

O

O

O

α
ω
    

(continued)
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       Lipophilic Compounds in the Phloem 

    Plant Hormones 

 The phloem has been shown to contain several “lipid”  plant hormones   including 
Auxin, Gibberellins, Cytokinins, Jasmonate, and Abscisic acid (ABA; Hoad  1995 ), 
all of which signal different aspects of plant development and, in the case of ABA, 
certain abiotic stresses. Auxins, Cytokinins and ABA are found in the xylem as 
well.   Auxins    have been detected in the phloem of over 14 species and shown to be 
mobile. Whether auxin is synthesized in the sieve elements or imported from other 
cells is, as of yet, unknown (Hoad  1995 ). Auxin and Cytokinin play an important 
role in signaling/regulating the development of both the xylem and the phloem (see 
Lucas et al.  2013 ). Auxin is thought to integrate the phosphate status with the plant 
growth response by changing root architecture (López-Bucio et al.  2002 ; Chiou and 
Lin  2011 ). It is also implied in systemic acquired resistance (Truman et al.  2010 ). 
  ABA    is transported in the phloem of many woody and herbaceous species in 
response to many stresses including drought. A function in phloem loading and 
unloading has also been proposed (Hoad  1995 ). It will be discussed further below. 
Plant hormones such as systemin,   salicylic acid  ( SA )   and   jasmonic acid   (JA)   , 
which provoke a pathogen response, have been identifi ed and transported within the 
phloem in response to pathogen infection (Schilmiller and Howe  2005 ; Truman 
et al.  2007 ). In addition, the phloem contains methyl salicylate (2-hydroxy benzoic 
acid), which plays a role in thermogenesis (Raskin  1992 ) and plant defense/sys-
temic acquired resistance:  

       Small Lipophilic Metabolites   and Systemic Acquired 
Resistance (SAR)  

 Systemic acquired resistance is a response to pathogen infection that puts distal, 
pathogen-free parts of a plant into a state of increased preparedness against further 
infections. As a result, defense molecules are induced faster and stronger during 

Table 14.1 (continued)

 Name  Category  Long-distance function  Example- structures 

 Phosphatidyl 
choline 

 Phosphoglyerolipid  Precursor for PtdOH 
through PLD pathway   

O

O
O

O O O

OO
NP

    
 Phosphatidyl 
inositol 

 Phosphoglyerolipid  Abiotic stress; light- and 
gravitropic signaling; 
vesicle traffi cking 

  

O

O
O

O

H

(where X = H, Na, K, Ca, etc)

O
P

X

O

OO

OH
HO

OH
OH

OH
+

−

1 2

    

 Phosphatidic acid  Phosphoglyerolipid  Drought, salt, osmotic, 
wounding, pathogen? 
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subsequent infections. This response can be passed on through several generations 
in an epigenetic mechanism (Luna and Ton  2012 ). However, its origin lies within 
one plant and is mediated by proteins and small metabolites. An essential compo-
nent of SAR is the movement of a  SAR  -signal from the infection site to distal organs 
of the plant, most likely through the phloem (Tuzun and Kuc  1985 ; Maldonado et al. 
 2002 ; Chaturvedi et al.  2008 ; Jung et al.  2009 ; Chanda et al.  2011 ). Candidates for 
such a SAR-signal include several small lipophilic molecules: methyl salicylate 
(Chaturvedi and Shah  2007 ), dehydroabietinal (Chaturvedi et al.  2012 ), a Glycerol-
3-phosphate-dependent factor (Chanda et al.  2011 ; Mandal et al.  2011 ), and azelaic 
acid (Jung et al.  2009 ). All four are increased in leaves infected with pathogens. 

   Salicylic acid  (SA)   is considered one of the key factors in SAR. Both, SA as well as 
its glucoside are increased in tissues infected by a variety of pathogens (Shah et al. 
 2014 ). There they lead to the subsequent expression of SA-responsive genes like 
PR1 (pathogenesis-related 1) and a local defense response. In addition to this local-
ized response, SA is converted to methyl salicylate (Me-SA) and elicits a systemic 
response as well. While SA has been found in phloem exudates, its movement is 
still debated and not suffi cient to explain the increase of SA in distal leaves (Malamy 
et al.  1990 ; Métraux et al.  1990 ). One possibility is an increased SA biosynthesis in 
the distal leaves in response to additional mobile signals. This includes Me-SA, 
which is produced from SA in Tobacco-Mosaic-Virus (TMW)-infected leaves, and 
moves through the phloem to elicit a SAR response in the distal (non-infected) 
tobacco leaves (Park et al.  2007 ). A second important factor in SA accumulation and 
SAR is the abietane diterpenoid  dehydroabietinal  ( DA  ; Chaturvedi et al.  2012 ): DA 
was purifi ed and identifi ed as a small hydrophobic factor in SAR. Picomolar appli-
cations of DA to leaves led to its movement to distal leaves as well as SA accumula-
tion and a SAR response. While the DA level does not increase in petiole exudates 
from infected plants,  2 H-DA can rapidly translocate from the point of application to 
the rest of the plant, suggesting a mobile DA-derivative (Chaturvedi et al.  2012 ). 
Interestingly, free dehydroabietic acid was found in phloem exudates from non-
infected plants (Guelette et al.  2012 ). DA, on the other hand, is found in a pathogen-
induced high-molecular-weight complex (HMW), which also includes DIR1 (see 
Shah et al.  2014 ). While this complex is likely not phloem mobile, it is possible that 
DIR 1 facilitates the long-distance movement of DA. An additional factor in sys-
temic signaling is a   Glycerol - 3 - phosphate - derivative    of unknown structure. 
Glycerol-3-phosphate (G3P) in itself is not a lipid; yet, it forms the backbone of 
glycerolipids, which include membrane-, storage-, and signaling lipids. During 
SAR, G3P-levels increase in the infected leaf, petiole exudates, and the distal, non-
infected leaves, however, when radiolabeled G3P was applied to leaves, it did not 
move. Instead, the radioactivity was recovered in an unknown compound within the 
distal leaf (Chanda et al.  2011 ). This suggests that rather than G3P, an as of yet, 
unidentifi ed G3P derivative (G3P*) may be the mobile signal.   Azelaic acid  (AzA)  , 
a small dicarboxylic acid, was found in phloem exudates of infected plants (Jung 
et al.  2009 ). It is derived through the oxidation of C18 unsaturated fatty acids in a 
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ROS-mediated process. Only a small fraction of the labeled AzA that had been 
applied to a leaf could be recovered in a distal leaf making long-distance movement 
questionable. It may, however, act in SAR by increasing the production of G3P (Yu 
et al.  2013 ). 

 In addition to these four lipophilic molecules, the SAR response is mediated by 
two proteins: DIR1 (Defective in induced resistance  1  ) and AZI1 (Azelaic acid 
induced  1  ). DIR1 is a lipid transfer protein that has been found within the phloem 
(Maldonado et al.  2002 ; Mitton et al.  2009 ) and was shown to move systemically 
throughout the plant (Champigny et al.  2013 ; Yu et al.  2013 ); DIR1 can interact 
with itself as well as with AZI1. The proposed networking between these proteins 
and G3P, DA, and AzA has been summarized comprehensively in Shah et al.  2014 .    

    Oxylipins/Jasmonic  Acid   

     Additional, more complex lipophilic signals moving through the phloem are the 
oxylipins.  Oxylipins      are oxygenated polyunsaturated fatty acids derived from the 
polyunsaturated acyl groups in chloroplast membrane galactolipids (Howe and 
Schilmiller  2002 ; Feussner and Wasternack  2002 ; Yan et al.  2013 ).  Jasmonates   are 
formed though a LOX-catalyzed peroxidation of the trienoic fatty acids to form 
13-hydroperoxide. They are further modifi ed through the allene oxide synthase 
pathway (AOS) or the hydrodyperoxide lyase pathway (HPL), which partition oxy-
lipin biosynthesis into two pools of molecules with varying functions (Chehab et al. 
 2008 ). In the AOS pathway, 12-OPDA ( cis 12-oxo-phytodienoic acid) and JA are 
produced, while the HPL pathway produces aldehydes and their volatile relatives 
(green leaf volatiles; GLV). Jasmonates include Jasmonic acid (JA), methyl- 
jasmonate (Me-JA), jasmonate-isoleucine (JA-Ile), and OPDA. They play a role in 
the regulation of plant growth and development as well as in the response to biotic 
and abiotic stress. 12-OPDA is not just a JA precursor but a signaling molecule itself 
(Dave and Graham  2012 ). In response to wounding or herbivory, JA is synthesized 
and moves throughout the plant to elicit a (systemic) defense response (Truman 
et al.  2007 ; Thorpe et al.  2007 ). This response is not limited to herbivores but 
extends to bacterial and fungal pathogens as well (Yan et al.  2012 ). In many cases 
jasmonates display a cooperative response with other plant hormones – it can 
act synergistically with ethylene, salicylic acid, ABA, and gibberellins (Yan et al. 
 2013 ). Different environmental stresses produce different oxylipins profi les: 
Savchenko et al. ( 2014 ) found that while wounding induces JA and its precursor 
12-OPDA, drought only induces 12-OPDA. This induction is correlated with a dif-
ferential increase in plant ABA levels under the same conditions. More importantly, 
external application of ABA and/or 12-OPDA could overcome the defect in stoma-
tal closure in ABA- and 12-OPDA biosynthesis mutants, suggesting ABA/OPDA 
crosstalk during drought signaling (Savchenko et al.  2014 ). Interestingly, this 
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mirrors fi ndings that OPDA plays a role in seed development and germination, 
which are cellular processes that are also mediated by ABA (Dave et al.  2011 ).      

      (Phospho-)Glycerolipids   in the Phloem: A Possible Model 
of their Transport 

 In analogy to animal systems, lipids and lipid-binding proteins may play an 
important role in stress and developmental signaling in plants. Lipids, specifi cally 
phospholipids, are mainly found within cell membranes to which they provide 
both structure and act as mediators that regulate various aspects of plant develop-
ment and environmental interactions (Wang and Chapman  2013 ; Wang  2004 ; Xue 
et al.  2009 ). Signaling lipids include glycerolipids, sphingolipids, fatty acids, 
oxylipins, and sterols. Phospholipid signaling cascades are normally grouped 
according to the phospholipase that catalyzes the formation of other messengers 
such as PtdOH, DAG, DAG pyrophosphate (DGPP), lysophospholipids, free fatty 
acids, oxylipins, phosphoinositides, and inositol phosphates (Zhu  2002 ; Wang 
 2004 ; Wang et al.  2007 ). 

 Unlike structural lipids, signaling lipids occur only in minute amounts, but 
increase rapidly and transiently in response to certain stimuli. The resulting signal 
is quickly downregulated. Consequently, signaling lipids typically have a higher 
turnover than other structural lipids (Testerink and Munnik  2005 ). Lipids such as 
phosphatidic acid (PtdOH), phosphatidyl inositol (PtdIns), and its phosphates 
(PtdInsPs) are well-known secondary messengers  within  plant cells (Wang  2004 ; 
Munnik and Testerink  2009 ), but essentially nothing is known about their involve-
ment in  long-distance signaling . A recent analysis of phloem exudates of  Arabidopsis 
thaliana , led to the identifi cation of several glycerolipids within the phloem includ-
ing phosphatidic acid (PtdOH), phosphatidyl choline (PtdCho), phosphatidyl inosi-
tol (PtdIns), di- and triacylglycerols (DAG and TAG, respectively; see Guelette 
et al.  2012 ; Benning et al.  2012 ; Tetyuk et al.  2013 ). Similarly, lipids have been 
detected in canola phloem as well (Madey et al.  2002 ). Several possibilities exist for 
the function of these lipids in the phloem:

    I.    Lipids could be transported through the phloem as energy carriers, assimilates, 
or building blocks. However, most tissues including seeds are capable of mak-
ing their own (storage) lipids, hence, transport as energy carriers or building 
blocks would be ineffi cient (Ohlrogge and Browse  1995 ).   

   II.    Lipids could be the product of regular membrane turnover within the sieve ele-
ment (Lucas et al.  2013 ). When we compared leaf and phloem lipids, the lipid 
profi les were distinct, with several lipids being unique to the phloem (Guelette 
et al.  2012 ). It does not exclude the possibility though, that they are generated 
from other membrane lipids to serve as anchors for proteins or precursors for 
signaling molecules. For example, one of the PtdCho species found in phloem 
exudates contains a 18:3 acyl group. Polyunsaturated lipids are known precur-
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sors to signaling lipids, such as oxylipins, which are phloem mobile. However, 
the fi rst step of oxylipins biosynthesis occurs in the chloroplast, a plastid that is 
not present in sieve elements. Moreover, Buseman et al. ( 2006 ) had proposed 
that galactolipids, which are plastidal lipids, are the substrate for the production 
of OPDA. This suggests that phloem lipids have phloem-specifi c functions and 
are likely not products of non-specifi c membrane turnover. Similarly, as part of 
the seasonal senescence-related mobilization, cellular components includ-
ing lipids are metabolized and moved. However, this mobilization tends to occur 
in the form of sucrose rather than lipids (Thomas and Stoddard  1980 ).   

   III.    Phloem lipids could serve as long distance signals. Long-distance transport of 
hydrophobic compounds does occur in aqueous biological systems: For exam-
ple, lipids in the blood are transported while bound to proteins. These lipid- 
protein complexes are transported to other tissues for storage, modifi cation, or 
degradation (e.g. cholesterol; Glatz et al.  1995 ; Charbonneau et al.  2009 ), oth-
ers transport vitamins (e.g., vitamin A: Blaner  1989 ) or serve as messengers 
and modulate transcription factor activity (Tontonez et al.  1994 ; Nagy and 
Szanto  2005 ; Musille et al.  2013 ). While these lipid-protein mechanisms are 
key to mammalian development their possible importance in plants is virtually 
unexplored.    

  All three of the above mechanisms would require the assistance/binding of pro-
teins. As a result, we and others proposed that phloem (phospho-) lipids could act 
as   long-distance developmental signals    or in response to abiotic stress and that 
phloem lipid-binding proteins participate in different aspects of this signaling cas-
cade (Benning et al.  2012 ; Zheng et al.  2012 ):

     (i)    Proteins could release the lipid into the phloem, either by generating it in 
within the sieve element, possibly from the membrane and through a lipase-
like activity; or they could transport the lipid into the phloem via 
plasmodesmata.   

    (ii)    Proteins could solubilize the lipid and transport it to its target organ. This 
would imply that the lipid is the mobile signal. Alternatively, the protein could 
be a signal which needs a bound lipid for functionality. An example for such 
a mechanism would be the Frizzled- Wnt interaction. Wnt is an important 
developmental regulator in animal systems, which binds to its receptor, 
Frizzled. It had long been known that Wnt can only solicit the downstream 
signaling cascade when bound to a lipid, palmitoleic acid. In 2012, crystal-
lographic analysis showed that palmitoleic acid binding to Wnt is essential for 
Wnt-Frz interaction (Janda et al.  2012 ). A similar mechanism is conceivable 
in plants.   

  (iii)    Proteins either transport the lipid out of the sieve element or are part of a recep-
tor that binds the signaling lipid and leads to a change in development 
(Fig.  14.1 ).    
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  To identify possible proteinaceous components of long-distance lipid signaling 
and transport in  Arabidopsis  we had used a proteomics (LC-ESI-MS/MS) approach. 
This allowed us to identify phloem proteins with predicted lipid-binding sites 
(Guelette et al.  2012 ). These fi ndings together with the analysis of other phloem 
proteome databases led to the identifi cation of 13 putative lipid-binding proteins 
(LBPs; Guelette et al.  2012 ; Benning et al.  2012 ) in  Arabidopsis  and additional 
plant species such as rice, canola, cucurbits, lupine, and  Perilla  (Hayashi et al.  2000 ; 
Hoffmann-Benning et al.  2002 ; Barnes et al.  2004 ; Giavalisco et al.  2006 ; Lin et al. 
 2009 ; Guelette et al.  2012 ). Genes encoding most of these proteins are expressed in 
companion cells (CC; Mustroph et al.  2009 ). References describing their fi rst 
description in the phloem as well as their function according to the model above are 
summarized in Table  14.2 .

   The question arises whether any of the glycerolipids identifi ed in phloem exu-
dates are binding to any of the phloem lipid-binding proteins (LBPs)? And could 
they be signaling molecules? The answer is a defi nite yes. Six of these predicted 
phloem lipid-binding proteins have been studied further:   DIR1   , a  lipid transfer pro-
tein (LTP)   plays a role in systemic acquired resistance in  Arabidopsis  and tomato 
(Maldonado et al.  2002 ; Lascombe et al.  2008 ; Mitton et al.  2009 ; see Shah et al. 
 2014 ). It has been discussed above.   Annexin    binds phospholipids and is involved in 
intracellular Ca 2+ -signaling as well as callose formation (Andrawis et al.  1993 ; 
Mortimer et al.  2008 ).   FT  signals   the induction of fl owering and seasonal leaf 
abscission (Corbesier et al.  2007 ; Tamaki et al.  2007 ; Lin et al.  2007 ). It binds 
PtdChos, however, whether this interaction occurs in the phloem/SE, leaf mesophyll 
cells or apical meristem, remains to be elucidated (Nakamura et al.  2014 ).  14 - 3 - 3 
proteins  are a component of the receptor system detecting the presence of FT in the 
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Lipid-Protein Complex
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  Fig. 14.1    Model 
of possible lipid 
signaling (derived from 
Hoffmann-Benning  2015 )       
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phloem near the apical meristem (Taoka et al.  2011 ). While lipid-binding of these 
proteins has been shown, no connection has been made between these proteins and 
phloem lipids.   Acyl - CoA - binding proteins  ( ACBPs )   have been identifi ed in 
phloem exudates from rice (Hayashi et al.  2000 ) and associated with vascular bun-
dles in  Arabidopsis  (Chen et al.  2008 ; Zheng et al.  2012 ). ACBPs will be discussed 
in a separate chapter in this book.   PLAFP   , is a 20 kDa protein with a PLAT/LH2 
domain (Polycystin-1, Lipoxygenase, Alpha-Toxin-domain). This domain is thought 
to mediate interaction with lipids or membrane-bound proteins (Bateman and 
Sandford  1999 ). Proteins containing this domain are typically induced by stress. 
PLAFP binds PtdOH, one of the lipid species found in phloem exudates (Benning 
et al.  2012 ). PLAFP and its possible function in long-distance lipid signaling will be 
discussed below.   

   Table 14.2    i: release of signaling lipid; ii: transport of lipid signal; iii: receptor for a lipid signal; 
iv: protein signal, which needs lipid-partner for receptor binding similar to the Frz – wnt interaction   

 Protein name 

 Possible 
function 
(i–iv) 

 Expressed in 
CCs (Mustroph 
et al.  2009 )  Lipid identifi ed 

 First report of 
phloem 
localization 

 Dir1/LTP  i–iii  DA?; Shah et al. 
 2014 ; PtdCho: 
Lascombe et al.  2008  

 Maldonado et al. 
( 2002 ) 

 ACBP  i  X  ACBP6: PC; Chen 
et al. ( 2008 ) 

 Hayashi et al. 
( 2000 ) 

 Annexin  ii  X  Phospholipids (PL); 
Rescher and Gerke 
( 2004 ) 

 Barnes et al. 
( 2004 ) 

 GRP17/oleosin  ii  X  PL; Tzen and Huang 
( 1992 ) 

 Guelette et al. 
( 2012 ) 

 Put. lipase  i  Guelette et al. 
( 2012 ) 

 GDSL-lipase  i  X  (unpub)  Guelette et al. 
( 2012 ) 

 PLAFP  i–iv  X  PtdOH; Benning 
et al. ( 2012 ) 

 Guelette et al. 
( 2012 ) 

 Aspartic protease  i  X  Guelette et al. 
( 2012 ) 

 14-3-3 protein  iii  X  Guelette et al. 
( 2012 ) 

 Major latex protein  ii, iv  X  Giavalisco et al. 
( 2006 ) 

 Bet v1 allergen  ii, iv  X  Guelette et al. 
( 2012 ) 

 PIG-P-like protein  iii  (unpub)  Guelette et al. 
( 2012 ) 

 Flowering locus T  ii, iv  X  PtdCho; Nakamura 
et al. ( 2014 ) 

 Giavalisco et al. 
( 2006 ) 
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     The Role of  Phospholipases   in Phospholipid Signaling 

 Phospholipids are more than just membrane lipids. Phospholipid signaling cascades 
are normally grouped according to the phospholipase that catalyzes their formation 
(Zhu  2002 ; Wang  2004 , ; Wang et al.  2007 ): phospholipase D (PLD), phospholipase 
C (PLC), phospholipase A1 (PLA 1 ), and phospholipase A2 (PLA 2 ). PLC and PLD 
cleave at the fi rst and the second phosphodiester bond, respectively, while the PLAs 
cleave the acyl chains from the membrane lipid. Plant phospholipases participate in 
different cellular and physiological processes, which are classifi ed into three cate-
gories: cellular regulation, membrane lipid remodeling, and lipid degradation; fur-
thermore, some phospholipases can participate in the biosynthesis of storage lipids 
(Wang et al.  2012 ). Phospholipase D catalyzes the hydrolysis of glycerophospholip-
ids into phosphatidic acid (PtdOH) and a free head group, such as choline or serine. 
 Arabidopsis  encodes 12 distinct PLDs: PLDα(1,2,3), PLDβ(1,2), PLDγ(1,2,3), 
PLDδ, PLDε, and PLDζ (Wang et al.  2012 ). Each of these subgroups is based on 
molecular and biochemical properties. Additionally, PLD can be classifi ed into two 
groups based on their lipid binding domains; those with both pleckstrin homology 
(PH) and phox homology (PX) domains belong to the PLDζ class. The majority of 
PLDs fall into a class known as C2, which contain a C2 (calcium- and lipid- bind-
ing) domain. Phospholipase C cleaves phospholipids generating diacylglycerol 
(DAG) and a phosphorylated head group. Plants possess two distinct PLC families: 
phosphoinositide-specifi c PLC (PtdIns-PLC) and nonspecifi c PLC (NPC). PtdIns- 
PLC facilitates the hydrolysis of phosphatidylinositol 4, 5-bisphosphate (PtdInP 2 ) 
to generate 1, 4, 5-triphosphate (InsP 3 ) and DAG. The resulting DAG remains bound 
to the membrane, while InsP 3  is released into the cytosol to act as a mediator (Wang 
et al.  2012 ). NPC functions in cleaving other membrane phospholipids, such as 
PtdCho and PtdEtn. PhospholipaseAs hydrolyze phospholipids leading to the pro-
duction of lysophospholipids and free fatty acids. PLA 1  and PLA 2  cleave the fatty 
acid from sn-1 and sn-2 positions, respectively. In plants, there are four families of 
PLAs: the PC-hydrolyzing PLA 1  (PLA 1 ), the PA-preferring PLA 1  (PA-PLA 1 ), the 
secretory low molecular weight PLA 2  (sPLA 2 ), and the patatin-like PLA (pPLA; 
Wang et al.  2012 ). 

 In our phloem sap analysis, we detected PtdChos, PtdIns, PtdOHs, TAGs, and 
DAGs. While all of those play a role in intracellular signaling, PtdCho and PtdIns 
are likely precursors to the signaling molecules PtdOH and inositol phosphates. 
Their role in intracellular signaling and its possible implications for long-distance 
signaling are discussed below:   

     Phosphatidyl Inositol and Its  Phosphates   

 Early fi ndings in animal systems had suggested the existence of a phosphoinositide 
(PtdIns)/phospholipase C (PLC) intracellular signaling system: upon receptor stim-
ulation, PLC hydrolyses phosphatidyl inositol 4,5-bisphosphate into the second 
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messengers diacylglycerol and inositol- 1,4,5-trisphosphate (InsP 3 ) and leads to a 
downstream change in developmental processes. The scenario is different in plants 
due to their low PtdInsP 2  concentration (Munnik and Testerink  2009 ). Plant PLCs 
will hydrolyze phosphatidylinositol-4-phosphate but can also use phosphatidylino-
sitol (PtdIns) as a substrate (Munnik et al.  1998 ). In addition, so far no InsP 3  recep-
tor has been found. However, InsP 3  is an intermediate in the lipid-mediated 
biosynthesis as well as in the new lipid-independent biosynthesis of InsP 6 , a known 
signaling molecule in plants (Gillaspy  2013 ). 

   Phosphoinositides   , the phosphorylated versions of PtdIns play an important role 
in lipid signaling, membrane signaling (through regulating ion channels and pumps), 
and vesicle traffi cking. They appear to be localized in discrete signaling regions 
within the membrane (Boss et al.  2006 ). The lipid-soluble phosphatidylinosi-
tol phosphates and water-soluble inositolphosphates (InsPs) are interrelated in that 
InsP 3  and  diacylglycerol  (DAG) are produced from PtdInsP 2  through the action of 
PLCs (Berridge  1993 ). Some PLCs have the capability to hydrolyze PtdIns(4)P or 
PtdIns (Munnik et al.  1998 ). DAG remains in the membrane where, in animals, it 
can activate a kinase C localized near the membrane and lead to the phosphorylation 
of target proteins (PKC; Newton  2010 ). However, so far, DAG could not be shown 
to activate any of the plant PKC homologues (Gillaspy  2013 ). In plants, the result-
ing DAG is further converted to phosphatidic acid (PtdOH; Arisz et al.  2009 ) while 
InsP 3  can be increasingly phosphorylated up to InsP 6  (hexakisphosphate). InsP 6  is a 
high-energy storage compound in plants, but inositol polyphosphates can also func-
tion as a signaling molecule, regulate plant hormone receptors like those for IAA 
(Tan et al.  2007 ) and JA (Mosblech et al.  2011 ), and affect traffi cking (Nagy et al. 
 2009 ). In addition, it can be converted to inositol pyrophosphates (InsP 7 , InsP 8 ; 
Bennett et al.  2006 ; Burton et al.  2009 ). These high-energy molecules have been 
linked to energy sensing in yeast and animal systems. In plants, their role is yet to 
be determined. The phosphoinositide pathway and inositol-1,4,5-triphosphate 
(InsP 3 ) were shown to be involved in the response to many abiotic stresses (Im et al. 
 2007 ), however, more recent fi ndings suggest a role in the signaling of biotic stress 
as well (Hung et al.  2014 ): One of the early responses in both pathogen- and effector- 
triggered immunity (PTI and ETI, respectively) is a transient increase in cytosolic 
Ca 2+ , likely mediated by an infl ux through a plasma membrane localized Ca 2+  -chan-
nel/pump or release of intracellular stores of Ca 2+ . This is likely due to the PLC- 
dependent generation of InsP 3  and InsP 6 :  Arabidopsis  plants expressing the human 
type I inositol polyphosphate 5-phosphatase (InsP5-ptase), which specifi cally 
hydrolyzes soluble inositol phosphates and thus, interferes with InsP 3 -mediated sig-
naling, exhibit reduced InsP 3  and InsP 6  levels as well as a reduced response to grav-
ity and impaired Ca signaling following salt and cold-stress (Perera et al.  2008 ). 
Hung et al. ( 2014 ) further showed that InsP5-ptase expressing plants lacked the 
pathogen-induced Ca 2+  increase in response to the elicitor fl agellin 22 (fl g22). 
Expression of pathogenesis related genes, SA levels and SAR in response to  P. 
syringae  were reduced as well. These fi ndings suggest that reduced levels of InsP 3  
(or InsP 6 ) lead to a reduced intracellular Ca 2+  release and impaired downstream 
responses. Interestingly, both PtdIns, as well as one of the PLC-cleavage products, 
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DAG, have been found in the phloem exudates of  Arabidopsis  (Guelette et al.  2012 ). 
While similar responses within the sieve elements or the companion cells are pos-
sible, so far, no experimental evidence points at their long-distance function in 
biotic stress. 

 The same holds true for the role of PtdInsPs in abiotic stress: drought, ABA, salt 
stress, cold, anoxia, light, or gravitropic signals all lead to the production of, albeit 
different, InsPs from PtdInsPs. Plants contain a variety of PLCs, all of which appear 
to be regulated by different environmental stimuli (Dowd and Gilroy  2010 ) and can 
be, at least in response to fl g22, post-translationally modifi ed. These increases in 
InsPs, however, may not solely be due to an increase in PLC activity, but can also be 
founded in the increase of PtdInsP 2  production. Contrary to animals, plants have a 
lower PtdIns(4,5)P 2  to PtdIns(4)P ratio (1:20 instead of 1:2). It has been suggested 
that PtdIns(4)P may have a dual function as membrane anchor for proteins as well 
as PtdIns(4,5)P 2  precursor. As the former, they may anchor proteins to the mem-
brane and thus remove them from their signaling path. In addition, PtdInsPs may 
function as second messengers themselves (see Gillaspy  2013 ). 

 A recent report suggested that the regulatory functions of  PtdIns ( 4 , 5 ) P   2   in plant 
cells is dependent on the phosphatidylinositol 4-phosphate 5-kinases isoform which 
generates the lipid (PtdIns4P 5-kinases/PIP5K; Stenzel et al.  2012 ). In plants, 
PtdIns4P 5-kinases belong to a family of 11 proteins, which act in pairs of closely 
related proteins (Müller-Röber and Pical  2002 ). PtdIns(4,5)P 2  is membrane local-
ized and appears to play a role in vesicle traffi cking. For example it is necessary for 
the polarized distribution of the PIN1 auxin effl ux carrier and thus, indirectly for the 
directional auxin transport and gravitropism in root and shoot (Salinas-Mondragon 
et al.  2010 ; Thole and Nielsen  2008 ; Heilmann  2009 ). It was proposed that PIN 
cycling is impaired in  Arabidopsis pi5k2  mutants possibly due to interference with 
clathrin-mediated endocytosis (König et al.  2008 ; Mei et al.  2012 ). Indeed, 
Ischebeck et al. ( 2013 ) showed that  pip5K1 / pip5K2  double mutants showed signifi -
cantly reduced PtdIns(4,5)P 2  levels, which was accompanied by an attenuated gra-
vitropic response and reduced shoot and root growth. The lack of PtdIns(4,5)P 2  in 
 pip5K1 / pip5K2  double mutants affected PIN2 localization through the perturbation 
of clathrin-mediated endocytic traffi cking. 

 While PtdIns has been identifi ed in phloem exudates, the methodology employed 
could not unambiguously identify phosphoinositides. Hence, any possible function 
in long-distance signaling may be indirect, for example through the enhancement of 
traffi cking of signaling molecules to the sieve element or through the conversion of 
PtdIns to DAG to PtdOH as signaling molecules.   

      Phosphatidic Acid 

 Phosphatidic acid ( PtdOH     ) is an important intermediate in lipid biosynthesis, a 
membrane component, and a signaling molecule. As membrane component it may 
affect the membrane curvature, and, as a consequence, can regulate traffi cking and 
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membrane biogenesis (Kooijman et al.  2003 ; Wang  2004 ). In addition, it partici-
pates in signaling pathways, often by tethering components of these pathways to the 
membrane, thus alternating their location and function. 

 PtdOH is rapidly and transiently generated in response to several biotic and abi-
otic stresses, such as pathogen infection, drought, salinity, wounding, cold, cell 
death, and oxylipin production by either the PLC-DGK pathway or directly by PLD 
(Munnik and Testerink  2009 ; Xue et al.  2009 ; Wang et al.  2007 ; Hong et al.  2010 ; 
Kim et al.  2013 ; Testerink and Munnik  2011 ; Wang et al.  2014 ; Julkowska et al. 
 2015 ). PLD cleaves structural phospholipids such as phosphatidylcholine (PtdCho) 
and phosphatidylethanolamine (PtdEtn) in order to generate PtdOH and a free head 
group. PLC, on the other hand, hydrolyzes PtdIns(4,5)P 2  into Ins(1,4,5)P 3  and DAG 
(Julkowska et al.  2015 ). InsP 3  diffuses into the cytosol where it triggers Ca 2+  release 
from intracellular stores, while DAG remains within the membrane and is phos-
phorylated to PtdOH by DAG kinase (DGK) (Testerink and Munnik  2005 ,  2011 ). 

 Different stresses elicit different PtdOH production paths. For example, PtdOH 
produced in response to cold stress is generated via the PLC-DGK pathway. 
However, mutations in individual DGK genes did not affect this increase in PtdOH, 
likely due to redundancy (Arisz et al.  2013 ). Similarly, pathogens appear to induce 
the PLC-DGK pathway: an infection-mimicking treatment with xylanase inducers 
leads to an increased transcription of  StPLC5  and  StPLC2  in tomato cell suspension 
cultures (Gonorazky et al.  2014 ). On the other hand, the responses to drought, nutri-
ent defi ciency, and salt stress are largely mediated by PLD pathways (McLoughlin 
and Testerink  2013 ): PLDζ2 is involved in the response to salt and phosphate stress 
by not only affecting PtdOH production but PIN redistribution and, as a result, root 
curvature and root growth (Li and Xue  2007 ; Oropeza-Aburto et al.  2011 ; Galvan- 
Ampudia et al.  2013 ). PLDα1 and PLDδ mediate drought/ABA-induced and ROS- 
induced PtdOH production, respectively (Uraji et al.  2012 ). They appear to play a 
role in freezing tolerance as well (Welti et al.  2002 ). The drought response will be 
discussed further below. 

 PtdOH binds a myriad of proteins, including transcription factors, protein 
kinases, lipid kinases, protein phosphatases, as well as proteins involved in vesicu-
lar traffi cking and cytoskeletal rearrangements (Guo et al.  2011 ). Examples of 
PtdOH -interacting proteins include abscisic acid insensitive 1 (ABI1), 
phosphoinositide- dependent protein kinase (PDK1), constitutive triple response 1 
(CTR1), trigalactosyldiacylglycerol 2 (TGD2), and NADPH oxidase (Guo et al. 
 2011 ). When PtdOH binds to ABI1, CTR1, and phosphoethanolamine 
N-methyltransferase (PEAMT), it prevents their phosphatase or kinase activity. On 
the other hand, through direct interaction, PtdOH stimulates the catalytic activity of 
PDK1, NADPH oxidases (RESPIRATORY BURST OXIDASE HOMOLOG D/F; 
RbohD/F), sphingosine kinases (SPHK1/2), mitogen activated protein kinase 6 
(MPK6), and SNF1-related kinase 2 and glyceraldehyde-3-phosphate dehydroge-
nase (G3PDH; SnRK2; Kim et al.  2013 ; McLoughlin and Testerink  2013 ). 

 In addition to regulating protein activity through their active site, PtdOH has 
been shown to tether some of these proteins to the membrane. A well-known exam-
ple is the function of PtdOH in the response to drought/ABA-signaling cascade: In 
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response to ABA, PtdOH is produced by PLDα1. This phospholipase, in addition to 
PLDδ, participates in mediating the plant’s response to ABA as well as promoting 
stomatal closure, although the two lipases regulate different areas of the signaling 
pathway. PLDδ facilitates ROS response, while PLDα1 acts upstream of PLDδ and 
promotes ROS production (Uraji et al.  2012 ; Lu et al.  2013 ). Both, PLDα1 and 
PLDδ positively regulate ABA-induced stomatal closure and are involved in ABA- 
induced ROS and NO production. It appears that PLDα1 functions mainly under 
moderate environmental conditions while PLDα1 and PLDδ, together work under 
more severe environmental stress conditions (Uraji et al.  2012 ). Under drought 
stress, ABA binds to the pyrabactin resistance/pyr1-like protein/regulatory compo-
nents of its receptor (PYR/PYL/RCAR), which results the inhibition of ABI1, a 
type 2C phosphatase (PP2C) and a negative regulator, allowing SNF1-related kinase 
2 (SnRK2) to be activated, which mediates downstream signaling such as the phos-
phorylation of transcription factors and ABA-induced gene expression (Julkowska 
et al.  2015 ; Dorosh et al.  2013 ). In turn, PtdOH is produced by PLDα1 and interacts 
with SPHK (sphingosine kinase). Increased phyto-S1P (a phosphorylated long- 
chain base-1-phosphate) activates more PLDα1, leading to an increase in PtdOH 
levels. PtdOH regulates proteins such as ABI1, NADPH oxidase, and ion channels 
to facilitate stomatal closure (Guo et al.  2012 ). As part of this response, PtdOH 
binds and tethers ABI1 to the plasma membrane which prevents ABI1 from trans-
locating to the nucleus thus preventing its binding to ATHB6, a transcription factor 
that negatively regulates ABA responses (Klingler et al.  2010 ; Kim et al.  2013 ; 
Zhang et al.  2013 ). A recent study noted that under drought conditions, PtdOH 
binds the MYB transcription factor WEREWOLF, and may tether it to the nuclear 
membrane, which would allow for the localization of the proteins from the cytosol 
to the nucleus (Yao et al.  2013 ). This could aid in further transcriptional regulation 
of other drought-responsive genes. 

 In addition to its effect on stomatal closure, PtdOH is important for normal root 
development and thus normal water and nutrient uptake in plants: PLDα knock- 
down mutants display shorter roots and reduced lateral roots ( pld α3) as well as an 
altered PtdOH accumulation in response to water defi cit and ABA ( pld α1 and  pld α3; 
Wang  2005 ; Singh et al.  2012 ). This suggests that under standard conditions, PtdOH 
regulates normal root development, possibly via the action of PIN proteins (Gao 
et al.  2013 ).     

    Outlook 

 So far, the described role of PtdOH in stress responses has solely been of  intracel-
lular nature . Recently, we have been able to show that PtdOH is present in phloem 
exudates (Guelette et al.  2012 ). Its function there could be to tether a signaling 
protein to the membrane and thus change its activity, it could tether a receptor to the 
membrane, or it could participate in the movement of essential components of ABA/
drought-related signaling from the companion cell into the sieve element. In 
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addition, it could be part of the signal itself, similar to the Wnt-palmitoleic acid 
interaction (Janda et al.  2012 ). We have identifi ed at least one phloem-localized 
PtdOH-binding protein, PLAFP (phloem-localized lipid-associated protein), a 20 
kDa uncharacterized protein with a PLAT/LH2 domain. In humans and animals, 
PLAT domains (Polycystin-1, Lipoxygenase, Alpha-Toxin-domains) are found in a 
variety of lipid- or membrane-associated proteins. The domain contains eight beta- 
strands and forms a beta-sandwich composed of two sheets of four strands each. 
While structurally similar, the PLAT domain of a group of PLAFPs is very different 
from that of humans: the plant-specifi c PLAT_plant_stress domain (cd01754) is 
loosely related but not identical to lipase and lipoxygenase domains. Homology to 
human lipoxygenases is less than 30 %. Plant proteins with this domain, on the 
contrary, are highly conserved in different plant species. Most importantly, these 
PLAFP proteins do not contain the lipoxygenase catalytic domain but only their 
PLAT domain with a role in protein-protein interaction. Contrary to larger, usually 
polymeric lipoxygenases, their size of only 20 kDa would allow for movement 
through plasmodesmata and through the phloem. Thus, PLAFP could function in 
the transport of lipid-signals into, out, or through the phloem sieve element, the 
detection of lipid-signals, or be part of a signal itself. PtdOH is an important signal-
ing compound, yet the characteristics of the PtdOH-binding site in proteins remain 
elusive. SnRK2.4, a known PtdOH-binding protein, contains a 42-amino acid 
PtdOH-binding domain with fi ve conserved basic amino acids (Julkowska et al. 
 2015 ). These conserved amino acids are essential for PtdOH binding but not suffi -
cient to mediate salt-induced re-localization of the protein. Hence, additional fac-
tors may be necessary. If PtdOH anchors a protein to the membrane, a conserved 
hydrophilic pocket with basic amino acids as found in SnrRK.4 could interact with 
the head group while the remainder of the lipid remains integrated in the membrane. 
However, if the PtdOH-binding specifi city extends beyond the binding of the head 
group and protein–lipid interaction is also based on the characteristics of the acyl 
groups, it would suggest that the protein binds the entire lipid, in which case the 
latter may not remain integrated in the membrane but instead is embedded in a 
hydrophobic groove on the surface of the protein . This is particularly interesting in 
the context of fi ndings by other labs that different stresses are involving distinct 
PtdOH species (Guo et al.  2012 ). A dynamic modeling approach (Visual Molecular 
Dynamics – VMD;   http://www.ks.uiuc.edu/Research/vmd/    ) using a ligand obtained 
from the RCSB-protein data bank (  http://www.rcsb.org/    ; (R)-2-(formyloxy)-3-
(phosphonooxy) propyl pentanoate) as approximation for an, albeit short-chain-, 
PtdOH suggested the presence of a hydrophobic grove on the surface of PLAFP 
bordered by amino acids with basic side chains (Fig.  14.2 ). These features would 
facilitate not only the interaction of the protein with the phosphatidic acid head 
group but with the acyl chains as well, suggesting interaction with the entire length 
of the molecule and thus possible PtdOH movement away from the membrane and 
intracellular or long-distance transport. While this model, at this point, is entirely 
speculative, it provides further avenues for studying possible mechanisms of phos-
pholipid movement between membranes and throughout the plant.
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    Chapter 15   
 Acyl-CoA-Binding Proteins (ACBPs) in Plant 
Development                     

       Shiu-Cheung     Lung     and     Mee-Len     Chye    

    Abstract     Acyl-CoA-binding proteins (ACBPs) play a pivotal role in fatty acid 
metabolism because they can transport medium- and long-chain acyl-CoA esters. In 
eukaryotic cells, ACBPs are involved in intracellular traffi cking of acyl-CoA esters 
and formation of a cytosolic acyl-CoA pool. In addition to these ubiquitous func-
tions, more specifi c non-redundant roles of plant ACBP subclasses are implicated 
by the existence of multigene families with variable molecular masses, ligand speci-
fi cities, functional domains (e.g. protein-protein interaction domains), subcellular 
locations and gene expression patterns. In this chapter, recent progress in the char-
acterization of ACBPs from the model dicot plant,  Arabidopsis thaliana , and the 
model monocot,  Oryza sativa , and their emerging roles in plant growth and devel-
opment are discussed. The functional signifi cance of respective members of the 
plant ACBP families in various developmental and physiological processes such as 
seed development and germination, stem cuticle formation, pollen development, 
leaf senescence, peroxisomal fatty acid β-oxidation and phloem-mediated lipid 
transport is highlighted.  

  Keywords     Acyl-CoA esters   •   Fatty acids   •   Lipid traffi cking   •   Phospholipid metab-
olism   •   Transporters  

      Introduction 

 In eukaryotic cells, the metabolism of fatty acids (FAs) takes place at various sub-
cellular locations and requires extensive metabolite exchange  via  intracellular lipid 
traffi cking. Plant FAs are synthesized  de novo  predominantly in the stroma of plas-
tids, which houses acetyl-CoA carboxylase for acetyl-CoA carboxylation as the fi rst 
committed step and FA synthetase for subsequent acyl-chain extension (Rawsthorne 
 2002 ). These nascent FAs are either utilized directly for plastidial lipid biosynthesis 
 via  the prokaryotic pathway (Roughan et al.  1980 ; Sparace and Mudd  1982 ; Heinz 
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and Roughan  1983 ) or exported into the cytosol after activation into CoA-esters by 
acyl-CoA synthetase at the outer membrane of the plastidial envelope (Andrews and 
Keegstra  1983 ; Block et al.  1983 ). The plant mitochondria are also capable of lim-
ited FA synthesis, mainly for the production of lipoic acid (Wada et al.  1997 ; 
Gueguen et al.  2000 ). At the endoplasmic reticulum (ER) membrane, the cytosolic 
acyl-CoA pool fuels the assembly of triacylglycerols (TAGs) and extraplastidial 
membrane lipids such as phosphatidylcholine (PC)  via  the eukaryotic pathway 
(Slack and Roughan  1975 ; Simpson and Williams  1979 ; Dubacq et al.  1983 ). 
During this process, an acyl group is released from PC by the reverse reaction of 
acyl-CoA:lyso-PC acyltransferase (LPCAT) or phospholipase A, and the resulting 
lyso-PC can be reacylated by the forward reaction of LPCAT (Stymne and Stobart 
 1984 ; Wang  2001 ). The net outcome of this deacylation-reacylation cycle, often 
known as “acyl editing”, is an exchange of acyl groups between the cytosolic acyl- 
CoA pool and PC at the ER (Bates et al.  2007 ; Bates and Browse  2012 ). PC, after 
the removal of its phosphocholine headgroup, can return to the diacylglycerol 
(DAG) pool at the ER membrane for TAG assembly, or it can enter the DAG pool at 
the inner membrane of plastid envelope for the assembly of thylakoid glycerolipids 
(Browse et al.  1986 ; Benning  2009 ). In the ER of epidermal cells, an acyl-CoA 
elongase catalyzes the formation of very-long-chain (VLC; C22 or longer) acyl- 
CoA esters (Lessire et al.  1985 ; Bessoule et al.  1989 ), which can be further metabo-
lized to wax constituents  via  the primary alcohol and alkane pathways (Rowland 
et al.  2006 ; Greer et al.  2007 ). The wax molecules are delivered from the plasma 
membrane into the apoplast for cuticle formation (Samuels et al.  2008 ). During seed 
germination, FAs are liberated from TAGs by lipase activities on oil bodies, translo-
cated across the single-membraned glyoxysomes (i.e. specialized peroxisomes) in 
the form of free FAs or activated CoA-esters, and eventually β-oxidized to acetyl- 
CoA molecules (Beisson et al.  2001 ; Fulda et al.  2002 ,  2004 ). In view of the subcel-
lular nature of plant FA metabolism in the compartmentation of discrete pathways, 
highly dynamic lipid transfer mechanisms are essential to route the substrates, inter-
mediates and products to destinations including the endomembrane system, the 
cytosol, plastids, mitochondria, peroxisomes and the extracellular space. 

 Due to their hydrophobic nature and lack of sorting signals in contrast to nascent 
polypeptides, lipids and their derivatives are delivered intracellularly in a facilitated 
manner. In vesicular traffi cking, lipophilic metabolites are sorted between organ-
elles  via  vesicle budding and fusion. Movement of a shorter distance (i.e. a few nm) 
across organellar membranes can be mediated by transbilayer fl ip-fl op mechanisms 
or direct contact between the membranes (Raggers et al.  2000 ; Sprong et al.  2001 ; 
Holthuis and Levine  2005 ; van Meer et al.  2008 ; Toulmay and Prinz  2011 ). In a 
membrane-independent mode of transfer, lipids and their derivatives rely on protein 
facilitators or transporters such as ATP-binding cassette (ABC) transporters (Zolman 
et al.  2001 ; Kim et al.  2013 ), lipid transfer proteins (Kader  1997 ; Yeats and Rose 
 2008 ) and acyl-CoA-binding proteins (ACBPs; Xiao and Chye  2011a ). For an in- 
depth discussion of the various mechanisms of lipid transfer within the plant cell 
and how they affect organelle biogenesis, readers are referred to recent review 
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 articles (Benning  2009 ; Hurlock et al.  2014 ). This chapter focuses on new progress 
in the biochemical and functional characterization of plant ACBPs and their emerg-
ing roles in various facets of plant growth and development.  

    Conservation of ACBP Families  in Eukaryotes   

 ACBPs, virtually found in all eukaryotic species and a few pathogenic prokaryotes, 
represent a multigene family conserved phylogenetically and functionally (Burton 
et al.  2005 ; Faergeman et al.  2007 ). ACBPs bind acyl-CoA esters (C12–C26) with 
high specifi cities and affi nities in a non-covalent, reversible manner (Rasmussen 
et al.  1993 ; Faergeman and Knudsen  1997 ; Chye  1998 ; Chye et al.  2000 ; Knudsen 
et al.  2000 ; Burton et al.  2005 ; Leung et al.  2004 ,  2006 ; Hsiao et al.  2014a ; Xue 
et al.  2014 ). The  prototype form   in ACBP families is represented by highly- 
conserved, low molecular mass (ca. 10-kDa) cytosolic proteins, which may be 
accompanied by larger variants identifi ed previously from the majority of eukary-
otic phyla except the fungi (Kragelund et al.  1999 ; Faergeman et al.  2007 ). The 
yeast ( Saccharomyces cerevisiae ) genome encodes a single-copy ACBP homolog, 
and its depletion adversely affected FA elongation as well as membrane assembly 
and organization (Gaigg et al.  2001 ), whilst its overexpression signifi cantly altered 
acyl-CoA pool size and composition (Mandrup et al.  1993 ; Knudsen et al.  1994 ). 
The fi rst characterized ACBP was purifi ed from rat brain as a neurotransmitter 
termed diazepam-binding inhibitor (Guidotti et al.  1983 ), which shares sequence 
homology with the ACBPs subsequently purifi ed from rat and bovine livers 
(Mogensen et al.  1987 ; Knudsen et al.  1989 ). 

 Following the discoveries of mammalian ACBPs, the prototype 10-kDa ACBP 
homologs were identifi ed from a number of plant species, including  Brassica napus  
(oilseed rape; Hills et al.  1994 ; Brown et al.  1998 ),  Ricinus communis  (castor bean; 
van de Loo et al.  1995 ),  Arabidopsis thaliana  (thale cress; Engeseth et al.  1996 ), 
 Gossypium hirsutum  (cotton; Reddy et al.  1996 ),  Digitalis lanata  (foxglove; Metzner 
et al.  2000 ),  Oryza sativa  (rice; Suzui et al.  2006 ) and  Vernicia fordii  (tung tree; 
Pastor et al.  2013 ). In addition to the 10-kDa ACBP isoforms, the acyl-CoA- binding 
(ACB) domain is conserved in larger multi-domain proteins from  A. thaliana  (Chye 
 1998 ; Chye et al.  2000 ; Leung et al.  2004 ,  2006 ; Xiao and Chye  2009 ),  Agave ameri-
cana  (century plant; Guerrero et al.  2006 ),  O. sativa  (Meng et al.  2011 ,  2014 ; Meng 
and Chye  2014 ),  V. fordii  (Pastor et al.  2013 ) and  Vitis vinifera  (grape; Takato et al. 
 2013 ). A recent BLASTP search using sequences of Arabidopsis paralogs retrieved 
84 ACB domain-containing sequences comprising 66–682 amino acid residues from 
14 plant species and 2 green algae (Meng et al.  2011 ). The majority of these proteins 
possess a conserved  N -terminal ACB domain accompanied by highly dissimilar 
 C -terminal regions (Meng et al.  2011 ). Based on molecular mass and domain archi-
tecture, Meng et al. ( 2011 ) classifi ed plant ACBPs into four subgroups (Fig.  15.1 ; 
Table  15.1 ), namely small ACBPs (Class I), ankyrin- repeat ACBPs (Class II), large 
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ACBPs (Class III) and kelch-ACBPs (Class IV), which are each represented in 12 of 
the 13 higher plant species analyzed (except  Picea sitchensis ) using genome sequence 
information available to date. The indispensability of the diverse subclasses of plant 
ACBPs implicates their functional non-redundancy with respect to their specifi c 
roles for normal plant growth and development.

    Over the years, a combination of  techniques   including molecular genetics, 
microscopy, cell biology, biochemistry and mass spectrometry have been utilized in 
this laboratory to unravel the discrete functions of the six ACBP members in 

  Fig. 15.1    Domain architecture of Classes I–IV ACBP members from plant and non-plant species. 
Representative members from Arabidopsis ( Arabidopsis thaliana ; At), rice ( Oryza sativa ; Os), 
green alga ( Chlamydomonas reinhardtii ; Cr) and the nematode worm ( Caenorhabditis elegans ; 
Ce). Classes III and IV ACBPs were not identifi ed from  C.   elegans . Protein queries were submitted 
to NCBI’s protein BLAST search (  http://blast.ncbi.nlm.nih.gov/Blast.cgi    ) to scan for the presence 
of conserved domains and their intervals were annotated by alignment with the Conserved Domain 
Database (CDD) collection including acyl-CoA-binding domain (cd00435), ankyrin-repeat 
domain (cd00204), short-chain dehydrogenase/reductase (pfam01113) and kelch motif 
(pfam01344, pfam07646, pfam13415, pfam13418 and pfam13854). Amino acid residues are indi-
cated in parentheses. AtACBPs, OsACBPs and CeACBPs are numbered according to Xiao and 
Chye ( 2009 ), Meng et al. ( 2011 ), and Elle et al. ( 2011 ), respectively. Their sequence data can be 
found under the following GenBank accession number: AtACBP1 (AED96361), AtACBP2 
(AEE85391), AtACBP3 (AEE84874), AtACBP4 (AEE74237), AtACBP5 (AED93708), AtACBP6 
(AEE31396), OsACBP1 (BAG86980), OsACBP2 (BAG86809), OsACBP3 (ABF97253), 
OsACBP4 (BAF16206), OsACBP5 (BAG93201), OsACBP6 (ABF99748), CeACBP1 
(CCD67306), CeACBP3 (CAA91987), CeACBP4 (CCD61830), CeACBP5 (CAB03343) and 
CeACBP6 (CAA19448)       
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Arabidopsis, constituting the fi rst comprehensive study on an ACBP family in the 
Plant Kingdom (Xiao and Chye  2009 ). Our recent work on the rice ACBP family 
has also provided insights into similarities and differences between the representa-
tive dicot (Arabidopsis) and monocot (rice) ACBP families (Meng et al.  2011 , 
 2014 ). The important features and specifi c roles of the Arabidopsis and rice ACBP 
subclasses in plant growth and development are described herein. 

     Arabidopsis ACBPs 

 The Arabidopsis genome contains six  ACBP   paralogs   (i.e.  AtACBP1 – AtACBP6 ), all 
of which encode functional proteins as demonstrated  in vitro  through the binding of 
 Escherichia coli -expressed recombinant (r) ACBPs to acyl-CoA esters (Engeseth 
et al.  1996 ; Chye  1998 ; Chye et al.  2000 ; Leung et al.  2004 ,  2006 ; Gao et al.  2009 ; 
Xiao et al.  2009a ,  2010 ; Xue et al.  2014 ; Hsiao et al.  2014a ; Xie et al.  2015 ). In 
addition to the prototype 10-kDa AtACBP6 (Class I), fi ve other AtACBPs ranging 
from 37.5 to 73.2 kDa exist (Xiao and Chye  2009 ). Class II members, AtACBP1 
and AtACBP2, are highly homologous sharing 71 % amino acid sequence identity, 
and are transmembrane proteins that are targeted to the ER and plasma membrane 
(Chye  1998 ; Chye et al.  1999 ,  2000 ; Li and Chye  2003 ). Both proteins harbor a 
 C -terminal domain of ankyrin repeats (Li and Chye  2004 ; Gao et al.  2009 ,  2010a ; 
Du et al.  2013a ), a potential domain for protein-protein interactions (Michaely and 
Bennett  1992 ; Bork  1993 ), subsequently substantiated for AtACBP2 (Gao et al. 
 2009 ,  2010a ). AtACBP3 (Class III) contains an  N -terminal cleavable signal peptide 
which directs the protein to the endomembrane system and the apoplastic space, as 
verifi ed using confocal laser scanning microscopy of green fl uorescent protein 
( GFP  )-tagged proteins and  subcellular fractionation experiments   followed by 
 Western blot analysis   using AtACBP3-specifi c antibodies (Leung et al.  2006 ; Xiao 
et al.  2010 ). The location of an ACB domain within the  C -terminal region of 
AtACBP3 contrasts with the more common appearance of this domain at the 
 N -termini in the other ACBPs (Meng et al.  2011 ; Xiao and Chye  2011a ). Besides 
the prototype AtACBP6, Class IV AtACBP4 and AtACBP5 are the two other cyto-
solic isoforms, and they represent the largest (i.e. 73.2 and 71.0 kDa, respectively) 
members in the AtACBP family (Leung et al.  2004 ; Xiao et al.  2008a ). The core 
regions of AtACBP4 and AtACBP5 invariably feature kelch motifs (Leung et al. 
 2004 ; Li et al.  2008 ), that constitute potential sites for protein-protein interactions 
(Adams et al.  2000 ). 

  Sequence alignment   of the ACB domains from the six AtACBPs and other plant 
ACBPs shows high conservation of the ‘‘YKQA’’ and ‘‘KWDAW’’ motifs (Xiao 
and Chye  2011a ), which correlates well with the X-ray and nuclear magnetic reso-
nance structures of ligand-bound ACBP complexes from cow, man,  Plasmodium 
falciparum  and yeast (Kragelund et al.  1993 ; van Aalten et al.  2001 ; Faergeman 
et al.  2007 ; Taskinen et al.  2007 ). Site-directed mutagenesis of either one of these 
two motifs affected the binding of rAtACBP2 to palmitoyl-CoA ester (Chye et al. 
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 2000 ; Leung et al.  2004 ) and rAtACBP4 and rAtACBP5 to oleoyl-CoA ester (Leung 
et al.  2004 ), but not rAtACBP1 or rAtACBP3 to arachidonyl-CoA ester, which was 
instead disrupted by amino acid substitution of an arginine residue upstream of the 
‘‘YKQA’’ motif (Leung et al.  2006 ). Thus, the  amino acid determinants   of ACB 
functions in AtACBPs appear to be isoform- and ligand-dependant. In fact, the six 
AtACBPs, which show more or less sequence variations within their ACB domains, 
exhibit varying ligand specifi cities. Both rAtACBP1 and rAtACBP2 displayed pref-
erences for linoleoyl- and linolenoyl-CoA esters (Gao et al.  2009 ), and recent data 
from isothermal titration calorimetry (ITC) also revealed high affi nities of 
rAtACBP1 to VLC acyl-CoA esters (Xue et al.  2014 ). Also, rAtACBP3 bound VLC 
acyl-CoA esters (Xie et al.  2015 ), and exhibited higher affi nity for arachidonyl-CoA 
ester than linoleoyl- and linolenoyl-CoA esters (Leung et al.  2006 ; Xiao et al.  2010 ). 
Recently, the thermodynamics of interactions between the three cytosolic AtACBPs 
and long-chain (C16–C18) acyl-CoA esters were quantitatively compared using 
ITC (Hsiao et al.  2014a ), and the binding affi nities of rAtACBP4 and rAtACBP5 
(dissociation constants  K  d  in the micromolar range) were reported to be much 
weaker than that of rACBP6 ( K  d  in the nanomolar range). Other than acyl-CoA 
esters, AtACBPs exhibited affi nities for phospholipids, as typifi ed by the binding of 
all six rAtACBPs to PC  in vitro  (Chen et al.  2008 ,  2010 ; Xiao et al.  2009a ,  2010 ). 
In addition, rAtACBP1 and rAtACBP2 bind phosphatidic acid (PA; Du et al.  2010a ) 
and lyso-PC (Gao et al.  2010a ), respectively, whilst rAtACBP3 binds phosphatidyl-
ethanolamine (PE; Xiao et al.  2010 ). 

 While the  differential subcellular localization and ligand specifi cities   of AtACBPs 
for different acyl-CoA esters and (lyso-)phospholipids  in vitro  are in favor of the 
hypothesis that individual ACBPs play non-redundant roles, studies of protein inter-
actome have provided insights on their functions (Du and Chye  2013 ). Bimolecular 
fl uorescence complementation ( BiFC  ) and  yeast 2-hybrid (Y2H) assays   indicated 
that one of the protein partners of the ankyrin repeat-containing isoform, AtACBP1, 
is phospholipase Dα1 (PLDα1; Du et al.  2013a ), which hydrolyzes structural phos-
pholipids to produce PA as a second messenger in abscisic acid (ABA) signaling 
(Jacob et al.  1999 ; Zhang et al.  2004 ; Li et al.  2009 ). The studies of Arabidopsis 
AtACBP1-overexpressors (AtACBP1-OEs) and the  acbp1  knockout mutant 
revealed the potential of AtACBP1 in promoting PLDα1 activity related to ABA 
signaling during seed germination and seedling development (Du et al.  2013a ; see 
Sect.  AtACBPs in the Regulation of Seed Germination and Seedling Development  
for details). Using AtACBP2, another ankyrin repeat-containing isoform, as bait in 
Y2H screening of an Arabidopsis cDNA library identifi ed a member of the ethylene 
response factor ( ERF     ) family, termed ethylene-responsive element-binding protein 
(AtEBP) or RELATED TO APETALA2.3 (RAP2.3), as a protein interactor (Li and 
Chye  2004 ). The  AtACBP2-AtEBP interaction   was confi rmed by an  in vitro  pull-
down assay, and their fl uorescent fusion proteins were found to co-localize at the 
plasma membrane (Li and Chye  2004 ). The same interactor AtEBP/RAP2.3 was 
also found in another Y2H screen using AtACBP4 as bait, and this interaction was 
confi rmed by co-immunoprecipitation and fl uorescence resonance energy transfer, 
the latter of which revealed that they interact predominantly in the cytosol (Li et al. 
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 2008 ). In  Northern blot analysis  , the concomitant induction of  AtACBP4  and  AtEBP  
expression by the treatment with the ethylene precursor 1-aminocyclopropane-
1-carboxylic acid (ACC), methyl jasmonate (MeJA) or the pathogen  Botrytis cine-
rea  suggested that AtACBP4 may play a role in AtEBP-mediated defense response 
 via  ethylene and/or jasmonate (JA) signaling (Li et al.  2008 ). AtACBP1 and 
AtACBP2 were also demonstrated to interact with another related ERF member, 
RAP2.12, using BiFC and Y2H assays (Licausi et al.  2011 ). Under aerobic condi-
tions, AtACBP1 and AtACBP2 sequester the soluble RAP2.12 at the plasma mem-
brane and protect it from degradation  via  the ubiquitin- dependent  N -end rule 
pathway, whereas low oxygen concentration triggers the release of RAP2.12 from 
the plasma membrane into the nucleus for activation of  hypoxia-responsive gene 
expression   (Licausi et al.  2011 ). More recently, a role for AtACBP3 was identifi ed 
in VLCFA-mediated response to hypoxic stress in conjugation with salicylic 
acid (SA) and ethylene signaling (Xie et al.  2015 ). 

 AtACBP2 also interacts at the plasma membrane with other stress-responsive 
proteins including a farnesylated protein AtFP6 (Gao et al.  2009 ) and a lyso- 
phospholipase AtLYSOPL2 (Gao et al.  2010a ), both of which have roles in confer-
ring plant tolerance to heavy metal stress. AtFP6 is a member of the isoprenylated 
protein family (i.e. farnesylated proteins) featuring at least one characteristic metal- 
binding motif (core sequence: M/LXCXXC; Dykema et al.  1999 ). In roots,  AtFP6  
mRNA expression was induced by cadmium and zinc (Gao et al.  2009 ), whereas 
 AtACBP2  expression was lead-inducible (Xiao et al.  2008b ). The   in vitro  binding   of 
AtFP6 and AtACBP2 to lead, cadmium and copper, in conjunction with the 
enhanced cadmium-tolerance of Arabidopsis overexpressing either protein, led to 
the assumption that the AtACBP2-AtFP6 interaction at the plasma membrane of 
root cells facilitates the transport of these heavy metal ions (Xiao et al.  2008b ; Gao 
et al.  2009 ). Another AtACBP2-interactor, AtLYSOPL2, is one of the few known 
plant LYSOPLs to degrade lyso-phospholipids into FAs and glycerolphosphate 
derivatives (Wang and Dennis  1999 ), representing an important step in the  detoxifi -
cation   of lyso-phospholipids, the intermediates of phospholipid metabolism post- 
stress (Flieger et al.  2002 ; Ryu  2004 ). In Arabidopsis, the overexpression of 
 AtLYSOPL2  or  AtACBP2  improved plant tolerance to cadmium and hydrogen per-
oxide (H 2 O 2 ), whilst  lysopl2  knockout mutants were more sensitive to zinc and 
H 2 O 2  (Gao et al.  2009 ,  2010a ), suggesting a protective role of AtLYSOPL2 and 
AtACBP2 against metal-induced oxidative stress (Gao et al.  2010a ). Considering 
the binding activity of rAtACBP2 to linoleoyl-CoA ester, linolenoyl-CoA ester, PC 
and lyso-PC (Gao et al.  2010a ), and the tight association of AtACBP2 with two 
metal-inducible proteins AtFP6 and AtLYSOPL2, it is possible that AtACBP2 has 
a role in phospholipid repair following lipid peroxidation upon heavy metal-induced 
stress (Gao et al.  2009 ,  2010a ,  b ). In another study, quantitative real-time PCR 
(qRT- PCR  ) further identifi ed the up-regulation of  AtACBP1  and  AtACBP4 , besides 
 AtACBP2 , mRNAs in Arabidopsis shoots and roots upon lead (II) treatment (Du 
et al.  2015 ). The overexpression of  AtACBP1  or  AtACBP4  in transgenic  Brassica 
juncea  culminated in an enhanced accumulation of lead (II) in the cytosol of root 
cells without increasing lead (II) tolerance (Du et al.  2015 ). 
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 Other than  hypoxia, heavy metal and oxidative stresses  , some members of the 
AtACBP family function in responses to other abiotic stresses including low tem-
perature and drought. Chen et al. ( 2008 ) indicated relatively higher mRNA and pro-
tein levels of AtACBP6 in rosettes of wild-type Arabidopsis upon cold treatment. 
The freezing-tolerant phenotype of AtACBP6-OEs was attributed to the up- 
regulated expression of  PLDδ  in rosettes, leading to the elevation of PA and the 
decline in PC (Chen et al.  2008 ), but the freezing-tolerant fl owers of the same 
AtACBP6-OEs were recently shown to be directly associated with elevations of PC 
and monogalactosyldiacylglycerol and decline in PA (Liao et al.  2014 ). On the other 
hand, the overexpression of AtACBP1 rendered transgenic Arabidopsis more sensi-
tive to freezing stress accompanied by a decrease in PC and an increase in PA (Du 
et al.  2010a ). Reciprocally, the Arabidopsis  acbp1  mutant plants exhibited freezing 
tolerance accompanied by PC accumulation and PA reduction in rosette leaves, pos-
sibly due to suppression in hydrolysis of PC to PA as evident from the down- 
regulated expression of  PLDα1  (Du et al.  2010a ). In spite of the high homology to 
AtACBP1, AtACBP2 was not associated with the freezing response (Du et al. 
 2010b ). Instead, it has been ascribed a role in drought response (Du et al.  2013b ). 
Du et al. ( 2013b ) showed that the overexpression of  AtACBP2  in Arabidopsis altered 
the expression profi les of ABA signaling genes, including the up-regulation of 
Respiratory Burst Oxidase Homolog D ( AtRBOHD ) and  AtRBOHF  and the down- 
regulation of   HYPERSENSITIVE TO ABA1 .      The over-production of ABA-mediated 
reactive oxygen species in the guard cells induced stomatal closure and reduced 
transpiration loss leading to an enhanced drought tolerance in  AtACBP2-OEs , in 
comparison with  acbp2  mutant plants which were more sensitive to drought than 
the wild type (Du et al.  2013b ). 

 In addition to abiotic stresses, AtACBPs have been linked to defense responses 
against pathogens. Expression of both  AtACBP3  and  AtACBP4  was shown to be 
inducible by treatment with the defense-related phytohormones including MeJA 
and ACC and necrotrophic fungus  B. cinerea  (Li et al.  2008 ; Xiao and Chye  2011b ). 
 AtACBP3  expression was also up-regulated by treatment with SA, arachidonic acid 
(a fungal elicitor) and bacterial pathogen  Pseudomonas syringae  pv  tomato  DC3000 
(Xiao and Chye  2011b ). These phytohormones and pathogens induced 
β-glucuronidase ( GUS ) expression in transgenic Arabidopsis expressing  GUS  from 
 AtACBP3  (Zheng et al.  2012 ). Electrophoretic mobility shift assays (EMSA) further 
revealed that an S-box of AT-rich sequence (−516/−512) binds nuclear extracts from 
pathogen-infected leaves (Zheng et al.  2012 ). In Arabidopsis AtACBP3-OEs, the 
constitutive activation of pathogenesis-related ( PR ) gene expression and the induc-
tion of cell death and hydrogen peroxide production likely account for the enhanced 
resistance to  P. syringae  DC3000 (Xiao and Chye  2011b ). Conversely, Arabidopsis 
 acbp3  knock-out mutant and  AtACBP3  RNA interference (RNAi) transgenic plants 
were more susceptible to  P. syringae  attack and exhibited lower mRNAs of the 
defense-related  PR1 ,  PR2  and  PR5  (Xiao and Chye  2011b ). Consistently, trans-
genic Arabidopsis expressing an  AtACBP3  homolog from grape (i.e.  VvACBP ) 
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showed resistance to  P. syringae  DC3000 and a hemibiotrophic fungus, 
 Colletotrichum higginsianum  (Takato et al.  2013 ). 

 Besides the  stress-responsiveness   of  AtACBPs , the expression of some is subject 
to diurnal oscillation during light/dark cycles (Xiao et al.  2009a ,  b ,  2010 ; Zheng 
et al.  2012 ; Hsiao et al.  2014b ). In Arabidopsis rosettes, the expression patterns of 
 AtACBP4  and  AtACBP5  in light/dark cycling (Xiao et al.  2009a ,  b ) correlated well 
with that of  FAD7  which encodes an Arabidopsis plastidial ω-3 FA desaturase 
(Nishiuchi et al.  1995 ). All three genes are expressed at higher levels during the day 
than night, and their expression was rapidly silenced in continuous darkness (Xiao 
et al.  2009a ). On the other hand, an opposing pattern was observed for  AtACBP3  
and  AtACBP6 , both of which were up-regulated in the dark (Xiao et al.  2009a ). 
Similar  RNA gel blot analysis   indicated that  AtACBP3  was highly expressed in 
continuous darkness (Xiao et al.  2010 ). By using  transgenic   Arabidopsis expressing 
GUS driven by various deletions of the  AtACBP3  promoter, the  cis -elements respon-
sible for the dark-induced expression of  AtACBP3  were mapped to a 160-bp 
5′-fl anking region (−434/−274), within which a  DNA-BINDING WITH ONE 
FINGER (DOF) box   and a GT-1  motif   were shown to interact specifi cally with 
nuclear proteins from dark-treated Arabidopsis leaves in EMSA and DNase I foot-
printing assays (Zheng et al.  2012 ). In Arabidopsis seedlings, the biological clock 
regulates  AtACBPs  transcriptionally, amongst which  AtACBP3  most diurnally 
oscillates (Hsiao et al.  2014b ). The diurnal patterns of all six  AtACBPs  appeared 
slightly altered in an arrhythmic line (i.e.  cca1lhy  double mutant) with defects in 
internal clock functions (Hsiao et al .  2014b ).  

     Rice   ACBPs 

 As our studies on AtACBPs and their stress-responsive protein interactors have 
opened new possibilities in protecting plant against abiotic stresses and phytopatho-
gens (Xiao and Chye  2011a ; Chen et al.  2014 ), we sought to investigate if genetic 
engineering strategies could be extended to agronomically important species includ-
ing those taxonomically distant from the eudicot Arabidopsis. In this regard, rice 
represents an excellent candidate as a monocot model plant that is arguably the most 
important staple crop in Asia. The completion of the rice genome sequence (Goff 
et al.  2002 ; Yu et al.  2002 ) facilitated the retrieval of homologous sequences from 
available rice genome databases. BLASTP searches using the amino acid sequences 
of AtACBP1, AtACBP3, AtACBP4 and AtACBP6 as query identifi ed six rice 
ACBP homologs designated as OsACBP1 to OsACBP6, respectively (Meng et al. 
 2011 ). Meng et al. ( 2011 ) studied the phylogeny, gene expression and biochemical 
analyses of the rice ACBP family. The characterization of the six rice ACBPs in 
comparison to AtACBPs has revealed similarities and differences (Meng et al.  2011 , 
 2014 ; Meng and Chye  2014 ), as summarized below. 

 Resembling the prototype AtACBP6 (Class I), OsACBP1, OsACBP2 and 
OsACBP3 are of relatively low molecular masses (i.e. 10.2–17.7 kDa) (Meng et al. 
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 2011 ). In contrast to Class I in which three members exist in rice, the remaining 
three classes (Classes II, III and IV) of OsACBPs are each represented by a single 
member (Meng et al.  2011 ). The 36.0-kDa OsACBP4 resembles the ankyrin-repeat- 
containing Class II AtACBP1 and AtACBP2. The 61.2-kDa OsACBP5 belongs to 
Class III (large ACBPs), whilst the largest (71.4-kDa) kelch-motif-containing 
OsACBP6 falls under Class IV. 

 Analysis by qRT-PCR on organ-specifi city and stress-responsiveness of the rice 
 ACBP  family provided the initial clues on their possible functions (Meng et al. 
 2011 ). In terms of spatial expression, transcripts of the six rice  ACBPs  were detect-
able in all organs tested, in descending order of relative expression levels from 
leaves, roots to stems in 7-week-old plants (Meng et al.  2011 ). The expression pat-
terns of the six rice  ACBP s varied during seed development (Meng et al.  2011 ). 
Both  OsACBP1  and  OsACBP5  were stably expressed throughout the entire repro-
ductive phase, but  OsACBP3  and  OsACBP4  expression were elevated at anthesis, 
and  OsACBP2  expression peaked at the more mature soft dough-staged seeds 
(Meng et al.  2011 ). On the other hand,  OsACBP6  expression was higher in anthesis- 
and soft dough- than milk-staged seeds (Meng et al.  2011 ). The highest expression 
of Class III  OsACBP5  occurred during seed development, resembling Class II 
 AtACBP1  and  AtACBP2  (Chen et al.  2010 ), and deviated from  AtACBP3  (Class III) 
which was expressed at a low level in siliques (Zheng et al.  2012 ). When the regula-
tion of rice  ACBP  expression in response to abiotic and biotic stresses was tested by 
qRT-PCR (Meng et al.  2011 ), they appeared to be consistent with microarray data 
(  http://www.ricearray.org/    ).  OsACBP4  and  OsACBP5  were induced by high- salinity 
treatment and  OsACBP4  was also induced by drought (Meng et al.  2011 ). Upon 
cold stress,  OsACBP6  expression slightly declined after 24 h, whilst down- regulation 
of the other fi ve  OsACBPs  occurred within 12 h. After wounding, the transcripts of 
the three Class I  OsACBPs  and Class II  OsACBP4  declined but  OsACBP5  and 
 OsACBP6  were induced at 30 min post-treatment followed by a signifi cant decrease 
below the basal level. Inoculation with the rice blast fungus  Magnaporthe grisea  
up-regulated  OsACBP5  but reduced the expression of the other fi ve  OsACBPs  
(Meng et al.  2011 ). These varying expression patterns of respective rice  ACBPs  in 
response to environmental and biotic stresses appeared to differ from their 
Arabidopsis counterparts within the same subclasses (see Sect.  Arabidopsis ACBPs ). 
Differential spatial and stress-responsive expression patterns between rice and 
Arabidopsis  ACBPs  indicate functional divergence of ACBPs following gene dupli-
cation during the evolution of monocot and eudicot genomes (Meng et al.  2011 ). 

  In vitro  binding assays confi rmed that the six  OsACBP s encode functional pro-
teins (Meng et al.  2011 ,  2014 ). In rice, as in Arabidopsis, individual ACBP homo-
logs exhibited differential binding preferences for acyl-CoA species (Meng et al. 
 2011 ), implicating that rice ACBPs play non-redundant physiological roles. Meng 
et al. ( 2011 ) tested the binding of rOsACBPs to four selected acyl-CoA species 
representing saturated (i.e. palmitoyl-CoA ester), monounsaturated (i.e. oleoyl- 
CoA ester) and polyunsaturated (i.e. linoleoyl- and linolenoyl-CoA esters) fatty 
acyl-CoA esters. While only rOsACBP1 binds oleoyl-CoA ester, all six rOsACBPs 
bind linolenoyl-CoA ester (Meng et al.  2011 ). Also, rOsACBP1, rOsACBP4 and 
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rOsACBP5 showed binding activities to palmitoyl-CoA ester (Meng et al.  2011 ). 
Linoleoyl-CoA ester was bound by rOsACBP1, rOsACBP4 and rOsACBP6 (Meng 
et al.  2011 ). In addition to acyl-CoA esters, the interactions of rOsACBPs with 
phospholipids were tested (Meng et al.  2014 ). While all rOsACBPs bind 18:0-PC, 
18:1-PC and 18:2-PC, none bind 14:0-PC, 16:0-PC or lyso-PC (Meng et al.  2014 ). 
All rOsACBPs also bind 18:0-PA and 18:1-PA but only rOsACBP4 binds 16:0-PA 
(Meng et al.  2014 ). Although rAtACBP3 binds PE (Xiao et al.  2010 ) and rAtACBP2 
binds lyso-PC (Gao et al.  2010a ), no rOsACBP emerged to bind PE, lyso-PC or 
phosphatidylserine (PS) (Meng et al.  2014 ). 

 In terms of subcellular localization, differences were also observed between 
Arabidopsis and rice ACBPs within the same subclasses (Meng et al.  2014 ; Meng 
and Chye  2014 ). The Class I ACBPs from rice (i.e. OsACBP1, OsACBP2 and 
OsACBP3) were localized to the cytosol of agroinfi ltrated tobacco leaf epidermal 
cells as well as the cotyledonary and root cells of transgenic Arabidopsis using fl uo-
rescent protein fusions (Meng et al.  2014 ). In addition, GFP-tagged OsACBP3 
which has a 64-amino acid  C -terminal extension was localized to some irregular 
membranous structures and randomly-scattered punctate structures in transgenic 
Arabidopsis (Meng et al.  2014 ). The ER localization of Class II OsACBP4 resem-
bled AtACBP1 and AtACBP2 belonging to the same class, but OsACBP4, unlike its 
Arabidopsis counterparts, was not sorted to the plasma membrane. However, Class 
III OsACBP5 was confi ned to the ER and was not targeted extracellularly (Meng 
et al.  2014 ), unlike Class III AtACBP3 which was localized to the endomembranes 
and the apoplastic space (Leung et al.  2006 ; Xiao et al.  2010 ). In transgenic 
Arabidopsis seedlings, both OsACBP4 and OsACBP5 were visualized at the periph-
eral tubular ER, whereas OsACBP4 was also observed at the central and peripheral 
cisternal ER structures (Meng et al.  2014 ; Meng and Chye  2014 ), which are special-
ized for ribosome binding and cotranslational translocation of proteins (Friedman 
and Voeltz  2011 ). In addition, both OsACBP4 and OsACBP5 were localized to the 
membranes of ER bodies (Meng and Chye  2014 ), which have been identifi ed as 
ribosome-surrounded, spindle-shaped ER structures in healthy seedlings or 
wounded/JA-treated rosette leaves of Arabidopsis (Hayashi et al.  2001 ; Matsushima 
et al.  2003 ). Interestingly, OsACBP6 represented the fi rst plant ACBP demonstrated 
to be targeted to the peroxisomes (Meng et al.  2014 ). OsACBP6::GFP fusion pro-
teins were confi rmed to colocalize with the peroxisomal marker DsRed::SKL in 
primary roots and leaves of transgenic Arabidopsis as well as particle-bombarded 
rice sheath cells (Meng et al.  2014 ). Proteomic analysis of rat liver and mouse kid-
ney peroxisomes had previously identifi ed 56.6-kDa ACBP homologs (Kikuchi 
et al.  2004 ; Wiese et al.  2007 ).    

    Roles of ACBPs in Plant Development 

 Lipids are vital macromolecules acting as a major constituent of biological mem-
branes and other structural components, fuel for many metabolic processes and key 
mediator of signal transduction (Wang  2004 ). Apart from the involvement of plant 
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ACBPs in different stress responses to environmental and biotic cues (Xiao and 
Chye  2011a ), accumulating evidence suggests that ACBPs are crucial for normal 
plant growth and development (Table  15.2 ). The current knowledge of the physio-
logical roles of individual plant ACBP homologs in plant development is 
discussed.

       ACBPs  in Seed Oil Biosynthesis   

 In oleaginous plants, TAG is the major form of seed storage lipids. Its synthesis 
involves the sequential incorporation of three FA moieties onto a glycerol backbone 
 via  a series of acyl-CoA-dependent acylation steps in the Kennedy pathway 
(Kennedy  1961 ). This pathway starts from the acylation of glycerol-3-phosphate to 
form lyso-PA by the action of glycerol-3-phosphate acyltransferase (GPAT) 
(Kennedy  1961 ). Lyso-PA acyltransferase (LPAAT) catalyzes the acylation of lyso-
 PA to PA, which is dephosphorylated into DAG by the action of phosphatidate phos-
phatase (Kennedy  1961 ). The fi nal acylation of DAG to form TAG is catalyzed by 
DAG acyltransferase (DGAT), although acyl-CoA-independent reactions also exist 
(Lung and Weselake  2006 ). During the acyl transfer reactions, ACBP facilitates 
TAG assembly by maintaining a cytosolic acyl-CoA pool as a source of FAs, while 
the free acyl-CoA concentration in the cytosol is typically maintained below 10 nM 
(Knudsen et al.  1999 ). The ACBP:acyl-CoA ratio regulates the feedback inhibitory 
effect of substrates on enzyme activities (Rasmussen et al.  1993 ). ACBP also pro-
tects long-chain acyl-CoA esters from degradation by microsomal acyl-hydrolases 
(Rasmussen et al.  1993 ; Engeseth et al.  1996 ; Jolly et al.  2000 ). The tendency of 
ACBP to associate with acyl-CoA esters on the membrane periphery suggests its 
potential role in intermembrane acyl-CoA transport (Simonsen et al.  2003 ), and in 
the protection of membranes and membrane-associated enzymes from the deleteri-
ous detergent effect of amphiphilic acyl-CoA esters (Rasmussen et al.  1990 ). More 
specifi cally, mammalian ACBPs are known to modulate the activities of GPAT 
(Jolly et al.  2000 ; Kannan et al.  2003 ; Huang et al.  2005 ), acyl-CoA:lyso- 
phospholipid acyltransferase (Fyrst et al.  1995 ) and acyl-CoA:cholesterol acyltrans-
ferase (Kerkhoff et al.  1997 ; Chao et al.  2003 ). 

 In  B. napus , the activities of TAG biosynthetic enzymes are also regulated by a 
10-kDa cytosolic ACBP (Brown et al.  1998 ; Hobbs and Hills  2000 ; Yurchenko and 
Weselake  2011 ). GPAT activity was stimulated  in vitro  in the presence of rBnACBP 
if its concentration exceeded that of the [ 14 C]-oleoyl-CoA substrate; otherwise 
GPAT activity was inhibited (Brown et al.  1998 ). In fact, the level of BnACBP was 
elevated 12-fold during seed maturation coinciding with peak TAG accumulation, 
implicating an important role of ACBP in seed oil biosynthesis (Engeseth et al. 
 1996 ). In contrast, BnACBP was near undetectable in desiccating seeds at maturity 
(Brown et al.  1998 ). In addition, rBnACBP stimulated the activity of BnDGAT, 
when expressed in  B. napus  microspore-derived cell suspension cultures or in a 
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yeast knockout mutant, at an ACBP:oleoyl-CoA ratio of 1:3, but DGAT activity 
declined if the ratio exceeded 1:1 (Yurchenko and Weselake  2011 ). Also, rBnACBP 
showed a subtle stimulatory effect on AtDGAT activity when expressed in insect 
cells at all (5, 15 or 30 μM) oleoyl-CoA ester concentrations tested (Hobbs and Hills 
 2000 ). 

 Apart from being incorporated into the glycerol backbone during glycerolipid 
production, palmitoyl, stearoyl and oleoyl-CoA esters exported from the plastids 
are subject to further modifi cations at the ER membrane  via  two major pathways for 
VLCFA and polyunsaturated FA (PUFA) syntheses (Harwood  1988 ). While FA 
elongases use acyl-CoA substrates (Pollard et al.  1979 ; Pollard and Stumpf  1980a , 
 b ), the newly synthesized oleic acid for desaturation into linoleic acid and α-linolenic 
acid must fi rst be incorporated into PC (Slack et al.  1979 ; Citharel et al.  1983 ; 
Stymne et al.  1983 ; Murphy et al.  1985 ), predominantly at the  sn -2 position (Bates 
et al.  2007 ,  2009 ; Tjellström et al.  2012 ). The resulting PUFAs may be released 
from PC by the reverse reaction of LPCAT, and its forward reaction can then incor-
porate another FA during the next round of acyl editing, leading to the enrichment 
of polyunsaturated acyl-CoA esters in the cytosolic pool for TAG assembly (Stymne 
and Stobart  1984 ; Wang  2001 ). In transgenic Arabidopsis, this acyl exchange 
between acyl-CoA esters and PC was stimulated by the expression of the cytosolic 
10-kDa BnACBP under the control of seed-specifi c phaseolin promoter, resulting in 
a higher PUFA (linoleic and linolenic acids) seed content at the expense of eicose-
noic acid and saturated FAs (Yurchenko et al.  2009 ). Similar acyl compositional 
change was reported in transgenic lines expressing an ER-targeted BnACBP, despite 
lower linolenic acid contents in both the acyl-CoA pool and seed oil compared with 
the cytosolic BnACBP lines (Yurchenko et al.  2014 ). As rBnACBP stimulated 
AtLPCAT activity  in vitro,  it has been proposed that a higher number of available 
ACB sites in the cytosol or on the ER may favor the partitioning of oleoyl-CoA ester 
into PC for subsequent desaturation rather than elongation (Yurchenko et al.  2009 , 
 2014 ). To support this hypothesis, protein-protein interactions of BnACBP with 
acyl-CoA metabolic enzymes have been proposed for future investigations 
(Yurchenko and Weselake  2011 ). 

 In Arabidopsis, the three cytosolic isoforms (i.e. AtACBP4, AtACBP5 and 
AtACBP6) are potential candidates as cytosolic acyl-CoA pool formers that can 
facilitate acyl transfer from plastids to the ER for glycerolipid synthesis (Xiao and 
Chye  2009 ). ITC revealed that all three proteins bind palmitoyl-, oleoyl-, linoleoyl- 
and linolenoyl-CoA esters  in vitro,  although rAtACBP6 showed much stronger 
affi nities than rAtACBP4 and rAtACBP5 (Hsiao et al.  2014a ). The cotyledonary- 
staged embryos of the  acbp6  mutant accumulated a higher level of oleoyl-CoA ester 
(Hsiao et al.  2014a ), in agreement with its reduction in developing seeds (20 days 
after fl owering) in  BnACBP -overexpressing Arabidopsis in comparison with the 
wild type (Yurchenko et al.  2014 ). Given that GUS was also strongly expressed in 
the cotyledonary-staged embryos of transgenic  AtACBP6pro :: GUS  lines, AtACBP6 
appears to have a potential role in seed oil biosynthesis (Hsiao et al.  2014a ). On the 
other hand, the possibility that AtACBP4 and AtACBP5 play overlapping roles with 
AtACBP6 cannot be ruled out.  AtACBP4  and  AtACBP5  expression, coincided with 
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that of  FAD7  (Nishiuchi et al.  1995 ), and were up-regulated during the day (Xiao 
et al.  2009a ,  b ), consistent with the light/dark cycles of acetyl-CoA production from 
carbon fi xation that fuels plastidial FA biosynthesis (Sasaki et al.  1997 ; Harmer 
et al.  2000 ). In fact, the depletion of all three cytosolic AtACBPs in a triple mutant 
resulted in the most notable reduction in seed weight when compared with the dou-
ble mutants, implicating the involvement of AtACBP4, AtACBP5 and AtACBP6 in 
seed development (Hsiao et al.  2014a ).   

     OsACBP6 in Peroxisomal FA β- Oxidation   

 A novel ACBP function in plant lipid catabolism has been proposed recently after 
observations that OsACBP6 is targeted to the peroxisomes (Meng et al.  2014 ). In 
higher plants, the peroxisomes are microbodies specialized for a variety of meta-
bolic functions, including β-oxidative breakdown of FAs into acetyl-CoA units 
which can be further metabolized into succinate through the glyoxylate cycle, hence 
converting FAs into carbohydrates (Tolbert and Essner  1981 ; Olsen  1998 ; Graham 
and Eastmond  2002 ). Despite the presence of peroxisomal FA β-oxidation in most 
plant tissues (Gerhardt  1983 ), it is most active during seed germination and early 
seedling growth when FAs are liberated from TAGs in oil bodies and activated into 
CoA-esters as substrates for β-oxidation (Fulda et al.  2004 ). The import of FAs into 
the peroxisomes, despite the uncertainty whether it is in the form of free acids or 
CoA esters (Fulda et al.  2004 ; van Roermund et al.  2012 ; De Marcos Lousa et al. 
 2013 ), is mediated by a peroxisomal membrane-localized ABC transporter encoded 
by a single gene,  COMATOSE  ( CTS ; Footitt et al.  2002 ), which is also named 
 PEROXISOMAL ABC TRANSPORTER1  ( PXA1 ; Zolman et al.  2001 ) and 
 PEROXISOME DEFICIENT3  ( PED3 ; Hayashi et al.  2002 ). 

 In the Arabidopsis  pxa1  mutant, carbon reserves from seed oil cannot be mobi-
lized into sugars owing to the defects in peroxisomal FA β-oxidation, resulting in 
the arrest of seedlings during post-germinative growth if no sucrose were to be 
supplemented (Zolman et al.  2001 ). In fact, the  ped3  mutants cannot degrade seed 
reserve lipids for gluconeogenesis as verifi ed by its unaltered lipid content 5 days 
post-germination (Hayashi et al.  2002 ). In addition, root elongation of the  pxa1  
mutant was not inhibited by the auxin precursor indole-3-butyric acid (IBA) because 
it cannot be converted into active indole-3-acetic acid when peroxisomal β-oxidation 
activities are impaired (Zolman et al.  2000 ,  2001 ). Similarly, the  ped3  mutants were 
resistant to the herbicide precursor 2,4-dichlorophenoxybutyric acid as it could not 
be β-oxidized into toxic 2,4-dichlorophenoxyacetic acid (Hayashi et al.  1998 ,  2002 ). 
On the other hand, the overexpression of  OsACBP6  complemented the  pxa1  mutant 
phenotypes (Meng et al.  2014 ). In the  OsACBP6 - OE / pxa1  lines, hypocotyl elonga-
tion of seedlings was restored in a sucrose-free medium, and the number and diam-
eter of rosettes from 3-week-old plants appeared similar to the wild type (Meng 
et al.  2014 ). Root elongation of the  OsACBP6 - OE / pxa1  lines was inhibited signifi -
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cantly by 10 μM IBA, in contrast to the subtly-affected root length of the  pxa1  
mutant (Meng et al.  2014 ). 

 In addition to acyl-CoA esters, 12-oxo-phytodienoic acid (OPDA) is another 
potential import substrate of CTS (Theodoulou et al.  2005 ). In chloroplasts, the JA 
biosynthetic pathway starts with the phospholipase-catalyzed hydrolysis of mem-
brane lipids to release linolenic acid, which is oxidized and further modifi ed to form 
OPDA (Vick and Zimmerman  1983 ). In the peroxisomes, OPDA is subject to sev-
eral rounds of β-oxidation in JA formation (Vick and Zimmerman  1983 ). Despite its 
membrane-permeable nature, OPDA enters the peroxisomes in a transporter- 
regulated manner (Stenzel et al.  2003 ). CTS is believed to facilitate the transfer of 
OPDA as the basal and wound-induced JA levels in the  cts  mutant were detected to 
be lower than the wild type (Theodoulou et al.  2005 ). The expression of a 
JA-responsive gene,  VEGETATIVE STORAGE PROTEIN1  ( VSP1 ), was also down- 
regulated by nearly 50 % in fl owers of the  cts  mutant in comparison with the wild 
type (Theodoulou et al.  2005 ). On the other hand, the overexpression of  OsACBP6  
in the  pxa1  mutant led to the recovery of induced JA production 1.5 h after wound- 
treatment (Meng et al.  2014 ). Concomitantly,  VSP1  expression in the  OsACBP6 - 
 OE / pxa1  lines was rapidly up-regulated 0.5 h post-wounding (Meng et al.  2014 ). 

 ITC was further used to test if rOsACBP6 binds potential CTS substrates includ-
ing linolenoyl-CoA ester, OPDA and IBA (Meng et al.  2014 ). Although rOsACBP6 
binds linolenoyl-CoA ester in ITC consistent with previous data from Lipidex 1000 
binding assays (Meng et al.  2011 ,  2014 ), it did not bind IBA or OPDA (Meng et al. 
 2014 ). Hence, the possibility of IBA and OPDA being transported into the peroxi-
somes in the form of CoA-thioesters cannot be ruled out (Hu et al.  2012 ). Especially, 
given the potential existence of an alternative CTS-independent route which 
accounts for the low but detectable JA levels in the  cts  mutant (Theodoulou et al. 
 2005 ; Dave et al.  2011 ), OsACBP6 may emerge to be such a candidate that regu-
lates peroxisomal FA β-oxidation (Meng et al.  2014 ).   

       AtACBPs   in the Regulation of  Seed Germination and Seedling 
Development   

 While a new role has been ascribed to OsACBP6 (Class IV) in lipid catabolism dur-
ing seed germination and seedling growth, no such peroxisome-localized homolog 
was identifi ed in Arabidopsis. However, another ACBP isoform, AtACBP1 (Class 
II), is linked to ABA signaling during seed germination and seedling development 
in Arabidopsis (Du et al.  2013a ). ABA is an osmotic stress-related phytohormone 
that plays important roles in adaptive responses to abiotic and biotic stresses 
(Hirayama and Shinozaki  2007 ; Ton et al.  2009 ; Cutler et al.  2010 ), as well as in 
plant growth and development such as seed maturation and dormancy (Cheng et al. 
 2002 ; Fujii and Zhu  2009 ; Nakashima et al.  2009 ). The ABA receptors, 
REGULATORY COMPONENTS OF ABA RECEPTOR/PYRABACTIN 
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RESISTANCE1/PYRABACTIN RESISTANCE1-LIKE, have been recently identi-
fi ed as members of the START domain superfamily (Ma et al.  2009 ; Park et al. 
 2009 ; Klingler et al.  2010 ; Nishimura et al.  2010 ). Upon ABC transporter-mediated 
uptake into the cells (Kang et al.  2010 ; Kuromori et al.  2010 ; Boursiac et al.  2013 ), 
ABA binds to the cytosolic receptors, which in turn suppress phosphatase activity 
of type 2C protein phosphatase (PP2C), a negative regulator of ABA responses (Ma 
et al.  2009 ; Park et al.  2009 ; Santiago et al.  2009 ; Szostkiewicz et al.  2010 ). PP2C 
inhibition in the presence of ABA triggers the release of SNF1-related protein 
kinases 2, which phosphorylate and regulate the activity of downstream transcrip-
tion factors, ABA-RESPONSIVE ELEMENT-BINDING PROTEIN/FACTOR 
(Nakashima and Yamaguchi-Shinozaki  2013 ). During seed germination, PA is pro-
duced as an important second messenger in ABA responses (Katagiri et al.  2005 ). 
The signaling PA molecules are generated by the PLD-catalyzed hydrolysis of 
structural phospholipids or by the sequential action of phospholipase C and DAG 
kinase (Testerink and Munnik  2005 ). It has been previously shown that PLD and its 
product, PA, inhibit the function of the negative regulator ABA INSENSITIVE1 
(ABI1; Zhang et al.  2004 ), a member of the PP2C family (Gosti et al.  1999 ). 

 In Arabidopsis seedlings,  ACBP1  is highly expressed and its expression is induc-
ible by ABA or drought treatment (Du et al.  2013a ). In addition, the overexpression 
of  AtACBP1  up-regulated  PLDα1  and three ABA/stress-responsive genes including 
 AREB1 ,  RESPONSE TO DESICCATION29A  ( RD29A ) and  bHLH -  TRANSCRIPTION 
FACTOR MYC2  ( MYC2 ) with or without ABA treatment, whilst  PLDα1  and  AREB1  
were suppressed in the  acbp1  mutant upon ABA treatment (Du et al.  2013a ). These 
observations are consistent with the higher accumulation of PA in the ABA-treated 
germinating seeds of AtACBP1-OEs and its lower level in the  acbp1  mutant (Du 
et al.  2013a ). Functionally, the overexpression of  AtACBP1  rendered the freshly- 
harvested seeds more dormant than the wild type, whereas the  acbp1  mutant seeds 
became less dormant (Du et al.  2013a ). The dry after-ripened seeds from AtACBP1- 
OEs were more sensitive to inhibition by exogenous ABA during germination in 
comparison with the wild type, while the  acbp1  mutant seeds became more resistant 
(Du et al.  2013a ). Thus, AtACBP1 likely plays a role in ABA signaling during seed 
dormancy, germination and seedling development. As rAtACBP1 is the sole mem-
ber of the AtACBP family that binds both PC and PA  in vitro  (Du et al.  2010a , 
 2013a ), and that AtACBP1 and PLDα1 proteins were identifi ed to interact at the 
plasma membrane in BiFC assays (Du et al.  2013a ), AtACBP1 probably promotes 
PLDα1 activities  via  protein-protein interactions during ABA-mediated regulation 
of seed germination and seedling development in Arabidopsis. 

 Recently, Hsiao et al. ( 2014a ) reported the accumulation of oleoyl- and linoleoyl- 
CoA esters in Arabidopsis  acbp6  seedlings in comparison to the wild type. During 
seed germination in the presence of exogenous ABA, double mutants of  acb-
p4acbp5 ,  acbp4acbp6  and  acbp5acbp6  and the  acbp4acbp5acbp6  triple mutant 
exhibited a lower germination rate than the wild type, implicating an overlapping 
role of the three cytosolic AtACBPs in seed germination (Hsiao et al.  2014a ).   
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    AtACBP1 and AtACBP2  in Embryo Development   

  In the attempt to unravel the physiological functions of AtACBPs using a reverse 
genetics approach, embryo lethality of the  acbp1acbp2  double mutant represents 
the only severe phenotype observed thus far (Chen et al.  2010 ). On the other hand, 
neither  acbp1  nor  acbp2  single mutant plants exhibited morphological anomaly 
during seed development or seedling growth (Chen et al.  2010 ). It is plausible that 
AtACBP1 and AtACBP2 share an overlapping function in lipid metabolism during 
embryogenesis as both proteins are endomembrane-localized and highly conserved 
with 71 % sequence identity (Chye  1998 ; Chye et al.  1999 ,  2000 ; Li and Chye 
 2003 ). Microarray data also suggested that the temporal expression pattern of 
 AtACBP1  during seed development coincides with  AtACBP2  (Chen et al.  2010 ), and 
immunohistochemical staining confi rmed that both proteins accumulated in cotyle-
donary-staged embryos (Chye et al.  1999 ; Chen et al.  2010 ). The ovules of  acb-
p1acbp2  double mutants aborted during early embryo development at either zygotic, 
two-cell or eight-cell stages, preceding the active phase of FA and TAG accumula-
tion (Chen et al.  2010 ). The aborted embryos could not be induced to form calli, 
confi rming that the embryos were arrested at the very early stages of development 
(Chen et al.  2010 ). Lipid profi ling further revealed that siliques of the  acbp1  single 
mutant accumulated more galactolipid monogalactosyldiacylglycerol and stearoyl-
CoA ester than the wild type, but most of the polyunsaturated species of phospho-
lipids, including PC, PE, PS and phosphatidylinositol (PI), were notably reduced 
(Chen et al.  2010 ). As rAtACBP1 binds both acyl-CoA esters and phospholipids 
(PC and PA)  in vitro  (Chye  1998 ; Gao et al.  2009 ; Du et al.  2010a ,  2013a ; Xue et al. 
 2014 ), AtACBP1 possibly contributes to acyl-CoA metabolism and membrane 
phospholipid biogenesis during embryo development. AtACBP1- and AtACBP2- 
mediated acyl exchange between the acyl-CoA and phospholipid pools is one such 
possibility (Napier and Haslam  2010 ). 

 The importance of normal lipid metabolism during seed development can be 
refl ected by the embryo-lethality phenotypes observed in several loss-of-function 
mutants that have impaired acyl-CoA-dependent enzymes in Arabidopsis. For 
instance, embryo development was arrested at the heart-torpedo stage by a T-DNA 
insertion within the  LPAAT1  gene that encodes a plastid LPAAT for the acylation of 
lyso-PA into PA (Kim and Huang  2004 ). In addition, depletion of the 3-hydroxy- 
acyl-CoA dehydratase PASTICCINO2 (PAS2), a component of the microsomal 
fatty acyl elongase complex, affected cotyledon development as visualized at the 
torpedo stage (Bach et al.  2008 ; Bach and Faure  2010 ). Multiple allelic mutants in 
the  PAS3 / ACC1  gene that encodes an acetyl-CoA carboxylase also resulted in 
defective embryo morphogenesis (Baud et al.  2003 ,  2004 ). In the  pas2  and  acc1  
mutants, the VLCFA content signifi cantly declined or was barely detectable in seed 
storage TAGs, respectively (Baud et al.  2003 ; Bach et al.  2008 ). Similarly, inser-
tional mutants in  AtKCR1  which encodes β-ketoacyl-CoA reductase in the fatty acyl 
elongase complex also resulted in embryo lethality (Beaudoin et al.  2009 ). 
Collectively, reverse genetics studies indicate a link between embryogenesis and the 
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synthesis of VLCFAs, which constitute a signifi cant proportion (i.e. 13–21 %) of 
total FAs in Arabidopsis seeds (O’Neill et al.  2003 ). Although the modifi ed content 
of VLCFAs in the TAG pool may not severely infl uence plant development, their 
altered compositions in phospholipids and complex sphinogolipids may lead to pro-
found consequences in plant development affecting embryogenesis (Bach and Faure 
 2010 ). With respect to the phospholipid profi le of siliques from the  acbp1  mutant 
(Chen et al.  2010 ), the levels of VLCFAs esterifi ed to PS (i.e. C40:3- and C40:4-PS) 
were particularly reduced (Napier and Haslam  2010 ). Given our recent evidence 
that rAtACBP1 binds VLC acyl-CoA esters  in vitro  (Xue et al.  2014 ), an alternative 
role of AtACBP1 in VLCFA formation in seed development may now be proposed. 
However, it is noteworthy that the differences in lipid profi le and acyl-CoA content 
between the  acbp2  mutant and the wild type were statistically insignifi cant (Chen 
et al.  2010 ). Whether AtACBP2 acts concertedly with AtACBP1 in binding VLC 
acyl-CoA esters that may account for the embryo lethality of the  acbp1acbp2  dou-
ble mutant remains to be investigated.   

     AtACBPs  in Cuticle Formation   

 In terrestrial plants, the cuticle is a highly hydrophobic layer that covers the surface 
of all aerial organs as a protective barrier against non-stomatal water loss (Riederer 
and Schreiber  2001 ) and pathogens (Barthlott and Neinhuis  1997 ), and as an inter-
face for interaction with the environment in stress responses and adaptations 
(Bernard and Joubès  2013 ). It also has a role in contact-mediated cell-cell interac-
tions such as pollen-stigma interaction and in the prevention of fusions between 
different plant organs (Pruitt et al.  2000 ; Sieber et al.  2000 ). The cuticle is composed 
of cutin and wax, both of which are synthesized exclusively in the epidermal cells 
(Bernard and Joubès  2013 ; Lee and Suh  2013 ). Cutin forms the structural skeleton 
of the cuticle and is a polyester built from monomers of hydroxylated and epoxy- 
hydroxylated C16 and C18 FAs, glycerol and minute amounts of phenolic com-
pounds (Heredia  2003 ; Nawrath  2006 ; Samuels et al.  2008 ). Intracuticular waxes 
are embedded within the cutin in the cuticle membrane which is covered by an 
outermost layer of epicuticular waxes (Jenks et al.  2002 ; Kunst and Samuels  2003 ). 
On the ER membrane, cuticular waxes are produced by the extension of leucoplast- 
synthesized C16 and C18 FAs as CoA-esters to form VLCFAs, which are reduced 
into primary alcohols and wax esters  via  acyl reduction or modifi ed into aldehydes, 
alkanes, secondary alcohols and ketones  via  the decarbonylation pathway (Jenks 
et al.  2002 ; Nawrath  2006 ; Samuels et al.  2008 ; Lee and Suh  2013 ). 

 The binding specifi cities of rAtACBP1 to C18 and VLC acyl-CoA esters  in vitro  
coinciding with strong GUS expression in stem epidermis from the  AtACBP1pro :: GUS  
transformants led to investigations to address whether ER-localized AtACBP1 
facilitates cutin and wax biosyntheses from such acyl-CoA precursors (Xue et al. 
 2014 ). This novel role of AtACBP1 was supported by phenotypic abnormalities of 
its loss-of-function mutant (Xue et al.  2014 ). Scanning and transmission electron 
microscopy showed fewer epicuticular wax crystals and a ruptured cuticle mem-
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brane in Arabidopsis  acbp1  mutant stems (Xue et al.  2014 ). Gas chromatography- 
mass spectrometry (GC-MS) further revealed an aberrant composition of cuticular 
wax in  acbp1  mutant stems with signifi cantly reduced levels of C29 alkane, C28 
and C30 primary alcohols, and C29 secondary alcohol and ketone (Xue et al.  2014 ). 
GC-MS also indicated lower levels of C18:1 and C18:2 ω-hydroxyl and dicarbox-
ylic FAs, which are the constituents of cutin monomers (Xue et al.  2014 ). 
Concomitantly, the expression of several wax and cutin biosynthetic genes was 
down-regulated in stems of the  acbp1  mutant in comparison with the wild type and 
 acbp1 -complemented lines (Xue et al.  2014 ). Although AtACBP1 may not play a 
direct role in leaf wax synthesis as evident from the lack of  AtACBP1pro :: GUS  
signal in leaf epidermis, the wax content was reduced in  acbp1  mutant leaves, which 
became more susceptible to  B. cinerea  infection (Xue et al.  2014 ). As cuticular wax 
biosynthesis is tightly controlled by a number of transcription factors in response to 
diverse external cues (Aharoni et al.  2004 ; Zhang et al.  2007 ; Cominelli et al.  2008 ; 
Lü et al.  2009 ; Seo et al.  2011 ), defective stem cuticle formation in the  acbp1  mutant 
may possibly alter the status of the plant as a whole and exert an indirect effect on 
leaf wax synthesis (Xue et al.  2014 ). 

 In another study, AtACBP3, AtACBP4 and AtACBP6 were shown to be crucial 
for normal leaf cuticle development as knockout mutant plants exhibited higher 
water loss under drought stress, increased folding on the adaxial leaf surface, irregu-
larity in cuticular appearance and permeability of leaves to toluidine blue staining 
(Xia et al.  2012 ). The aberrant cuticle structures of knockout mutant plants were 
linked to higher levels of several components of cuticular wax including FA (C16:0, 
C18:0), alkanes (C29, C31 and C33) and primary alcohols (C28 and C32), and 
reduced levels of cutin monomers including C16:0, C18:1 and C18:2 dicarboxylic 
FAs (Xia et al.  2012 ). The defective cuticles of the  acbp3 ,  acbp4  and  acbp6  mutant 
plants also account for their higher susceptibility to  P. syringae  (both virulent 
DC3000 and avirulent  avrRpt2  strains) and, occasionally, to  B. cinerea  and  C. hig-
ginsianum  (Xia et al.  2012 ). When petiole exudates from  avrRpt2 -challenged leaves 
of the wild type were infi ltrated into  acbp3 ,  acbp4  and  acbp6 , the mutant plants 
were protected against virulent bacteria inoculated at distal leaves away from the 
exudate-infi ltrated leaves (Xia et al.  2012 ). On the other hand, the petiole exudates 
from  acbp3 ,  acbp4  and  acbp6  did not confer comparable protection of the wild type 
against virulent bacteria in similar experimental set-ups (Xia et al.  2012 ). 
Accordingly, it was concluded that AtACBP3, AtACBP4 and AtACBP6 are essen-
tial for the formation of an intact cuticle and the generation of mobile systemic 
acquired resistance (SAR) signals in response to microbial pathogens but not for the 
perception of SAR signals (Xia et al.  2012 ).   

     Cytosolic AtACBPs  in Pollen Development   

 Lipids form a structurally and metabolically essential constituent in pollen, which 
contain extracellular lipidic deposits (i.e. tryphine) covering the exine wall surface 
(primarily composed of the chemically-stable polymer sporopollenin) and 
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intracellular lipid pools as storage oil bodies and extensive membranous structures 
(Evans et al.  1991 ,  1992 ; Piffanelli et al.  1997 ; Murphy  2006 ). The importance of 
pollen lipids is evident from aberrant pollen development resulting by the manipula-
tion of gene expression affecting acyl lipid metabolism, including intracellular stor-
age lipid accumulation (Zhang et al.  2009 ), extracellular pollen lipid secretion 
(Zheng et al.  2003 ), wax deposition (Aarts et al.  1995 ,  1997 ; Millar et al.  1999 ; 
Ariizumi et al.  2003 ; Chen et al.  2003 ; Kurata et al.  2003 ) and membrane lipid 
catabolism (Kim et al.  2011 ). As potential intracellular acyl transporters involved in 
lipid metabolic processes, the three cytosolic AtACBPs (i.e. AtACBP4, AtACBP5 
and AtACBP6) were recently investigated with respect to their roles in pollen lipid 
formation (Hsiao et al.  2015 ). 

 Normal pollen development in single mutants of the three cytosolic AtACBPs 
has been attributed to the overlapping roles of AtACBP4 and AtACBP5 with 
AtACBP6, as  AtACBP6pro :: GUS  signals coincided with  AtACBP5pro :: GUS  in 
microspores and tapetal cells, and with  AtACBP4pro :: GUS  in pollen grains at later 
stages (Hsiao et al.  2015 ). On the other hand, the  acbp4acbp6  and  acbp5acbp6  
double mutants, but not  acbp4acbp5 , exhibited morphological aberrance in fl oral 
development, such as reduction in the number of normal pollen, appearance of 
aborted pollen, reduction in seed number per silique and more prominent cytoplas-
mic vacuolation in mature pollen grains (Hsiao et al.  2015 ). The morphology of 
fl owers and siliques appeared to be the most affected in the  acbp4acbp5acbp6  triple 
mutant (Hsiao et al.  2015 ). Scanning and transmission electron microscopy further 
confi rmed defects in the exine of the triple mutant in a smoother pollen surface and 
an irregular arrangement between the bacula and tryphine in comparison with the 
wild type, whilst lower abundance of oil bodies in its pollen was in agreement with 
the decreased pollen activity (Hsiao et al.  2015 ). 

 Although the composition of the sporopollenin polymer and its biosynthetic 
pathways in the tapetum remain elusive, the inter-organellar transport (e.g. from 
plastids to ER) and some modifi cations (e.g. acyl reduction) of the acyl-lipid inter-
mediates require their esterifi cation into CoA-esters, as mutation of Arabidopsis 
 ACYL - COA SYNTHETASE5  led to defective pollen exine formation (de Azevedo 
Souza et al.  2009 ; Grienenberger et al.  2010 ; Ariizumi and Toriyama  2011 ). The 
subsequent secretion of lipidic sporopollenin precursors across the plasma mem-
brane of tapetal cells onto the surface of developing microspore walls is mediated 
by ABC TRANSPORTER G26 (ABCG26), and  abcg26  mutants showed reduced 
male fertility and exine-less microspores (Quilichini et al.  2010 ; Choi et al.  2011 ). 
The comparable but less severe phenotypic changes in pollen of the  acbp4acb-
p5acbp6  triple mutant implicate overlapping roles for the three cytosolic AtACBPs 
in sporopollenin biosynthesis, potentially by intracellular transport of the acyl-lipid 
precursors (Hsiao et al.  2015 ).   
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     AtACBP3  in Leaf Senescence   

 During senescence and nutrient starvation, dysfunctional or unwanted organelles 
and cellular constituents are rapidly recycled to remobilize the supply of carbon and 
nitrogen for sustaining growth and survival in a turnover process known as autoph-
agy (Li and Vierstra  2012 ). The sophisticated machinery for autophagy is now 
known to be conserved from yeast to higher eukaryotes including plants (He and 
Klionsky  2009 ; Liu and Bassham  2012 ). Autophagy is mediated by the sequestra-
tion of intracellular components in double-membrane autophagosomes, which sub-
sequently fuse with lysosomes or plant vacuoles for breakdown and recycling of 
degradation products (He and Klionsky  2009 ). The biogenesis of autophagosomes 
requires two ubiquitination-like conjugation systems. The ubiquitin-like proteins 
ATG8 and ATG12 conjugate to PE and ATG5, respectively (Geng and Klionsky 
 2008 ; Liu and Bassham  2012 ). ATG8-PE constitutes a scaffold for membrane 
expansion of autophagosomes, the size of which correlates with the amount of 
ATG8 (Geng and Klionsky  2008 ; Xie et al.  2008 ). The lipidation of ATG8 is facili-
tated by the ATG12-ATG5 conjugate, and is reversible by the action of PLD (Fujioka 
et al.  2008 ; Chung et al.  2009 ,  2010 ). 

 In Arabidopsis, the ATG8-PE association during starvation-induced and age- 
dependent leaf senescence may also be modulated by AtACBP3, which has been 
demonstrated to bind PE  in vitro  and its expression was up-regulated in continuous 
darkness and senescing rosettes (Xiao et al.  2010 ). The overexpression of  AtACBP3  
led to higher accumulation of PE in rosettes, whereas its level decreased in the 
 acbp3  mutant and  AtACBP3-RNAi  transgenic lines (Xiao et al.  2010 ). AtACBP3- 
OEs exhibited faster leaf senescence upon dark treatment or nitrogen starvation, and 
they also showed early senescence of 5-week-old rosettes in a SA signaling- 
dependent manner under normal light/dark condition (Xiao et al.  2010 ). These 
stress-inducible and age-dependent senescence phenotypes of AtACBP3-OEs 
resemble those of Arabidopsis  atg2 ,  atg5 ,  atg7 ,  atg10  and  atg18a  mutants defective 
in the autophagic pathway (Doelling et al.  2002 ; Thompson et al.  2005 ; Xiong et al. 
 2005 ; Phillips et al.  2008 ; Yoshimoto et al.  2009 ). Consistently, the  acbp3  mutant 
and  AtACBP3 - RNAi  transgenic lines showed delayed dark-induced leaf senescence 
(Xiao et al.  2010 ). The root cells of AtACBP3-OE seedlings had fewer autophago-
some structures as visualized by the expression of the autophagy marker GFP- 
ATG8e or in monodansylcadaverine staining in comparison with the wild type 
(Xiao et al.  2010 ). As protein degradation of GFP-ATG8e was also stimulated in an 
AtACBP3-OE background, AtACBP3 may regulate autophagosome formation by 
controlling ATG8-PE lipidation, possibly  via  competition for a common ligand, PE 
(Xiao et al.  2010 ; Xiao and Chye  2010 ). Apart from the modulation of ATG8 stabil-
ity, AtACBP3 may affect membrane lipid metabolism during leaf senescence as 
membrane phospholipids (e.g. PC and PI) were lost and their degradative and oxi-
dative products (e.g. PA, lyso-phospholipids, arabidopsides) increased in dark- 
treated and premature senescing AtACBP3-OE plants (Xiao et al.  2010 ; Xiao and 
Chye  2010 ).   
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    ACBPs in Systemic  Transport   via the Phloem 

 In vascular plants, the phloem conducts long-distance translocation of phytohor-
mones, inorganic ions and assimilates such as sugars, amino acids and organic 
acids. A number of soluble mobile proteins have also been identifi ed from the 
phloem sap in earlier studies (Fisher et al.  1992 ; Ishiwatari et al.  1995 ; Hayashi 
et al.  2000 ), prompting subsequent comprehensive analyses of the protein comple-
ments in phloem exudates by peptide sequencing and tandem mass spectrometry- 
based proteomic studies (Walz et al.  2004 ; Suzui et al.  2006 ; Guelette et al.  2012 ). 
Partial peptide sequences from the phloem exudates of cucumber ( Cucumis sativus ) 
and pumpkin ( Cucurbita maxima ) were highly homologous to ACBP and some 
other defense-related proteins (Walz et al.  2004 ). In another study, ACBP was iden-
tifi ed as a major phloem sap protein in rice, and its existence was also confi rmed in 
the phloem exudates of winter squash ( C. maxima ),  B. napus  and coconut palm 
( Cocos nucifera ) by Western blot analysis using an anti-BnACBP antibody (Suzui 
et al.  2006 ). More recently, proteomic analysis of the Arabidopsis phloem exudate 
revealed the identities of 65 proteins, 11 of which were lipid-binding proteins 
(Guelette et al.  2012 ). The same study also identifi ed several FAs and lipids, some 
of which function as signaling compounds (e.g. PA and phosphatidyl bisphosphate), 
leading to a hypothesis that some lipid-binding proteins in the phloem sap may play 
a role in long-distance transport of lipid signals (Guelette et al.  2012 ). As to whether 
the ACBPs present in phloem exudates play a role in systemic lipid traffi cking 
remains to be determined. In Arabidopsis,  AtACBP3 , which was expressed in the 
phloem as indicated by promoter- GUS  fusions in transgenic Arabidopsis (Zheng 
et al.  2012 ), presents a promising candidate for future investigations.   

    Conclusion 

 Lipids have widespread biological roles in energy storage and provision, cellular 
structure formation and signal transduction. ACBPs, as “lipid chaperones”, are 
emerging to be versatile proteins that contribute to a number of different processes 
in plant growth and development, besides their elucidated functions in stress 
responses. In addition to the binding of acyl-CoA esters as prototypical ligands 
highlighting the pertinence of ACBPs to acyl-CoA-dependent biosyntheses of lipids 
(e.g. seed oils and cuticle), the phospholipid-binding affi nities of ACBPs further 
diversify their functions in the regulation of specifi c plant developmental events 
such as seed germination, seedling development and leaf senescence. Whilst the 
vast majority of novel ACBP functions were identifi ed in the eudicot model plant 
Arabidopsis, recent studies in the monocot rice have unravelled substantial differ-
ences between the two ACBP families in terms of ligand specifi cities, domain archi-
tecture, subcellular localization patterns and stress-responsiveness in gene 
expression. The possible involvement of the peroxisome-localized OsACBP6 in 
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FA catabolism represents the fi rst example of a unique rice ACBP function not pre-
viously reported in Arabidopsis, marking a contrast between rice and Arabidopsis. 
Further dissection of the functions of rice ACBP homologs and phloem-mobile 
ACBPs from other species will provide a more thorough understanding of the devel-
opmental roles of plant ACBPs in the future.     
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    Chapter 16   
 The Rise and Fall of Jasmonate Biological 
Activities                     

       Thierry     Heitz     ,     Ekaterina     Smirnova    ,     Emilie     Widemann    ,     Yann     Aubert    , 
    Franck     Pinot    , and     Rozenn     Ménard   

    Abstract     Jasmonates (JAs) constitute a major class of plant regulators that coordi-
nate responses to biotic and abiotic threats and important aspects of plant develop-
ment. The core biosynthetic pathway converts linolenic acid released from plastid 
membrane lipids to the cyclopentenone  cis -oxo-phytodienoic acid (OPDA) that is 
further reduced and shortened to jasmonic acid (JA) in peroxisomes. Abundant 
pools of OPDA esterifi ed to plastid lipids also occur upon stress, mainly in the 
 Arabidopsis  genus. Long thought to be the bioactive hormone, JA only gains its 
pleiotropic hormonal properties upon conjugation into jasmonoyl-isoleucine 
(JA-Ile). The signaling pathway triggered when JA-Ile promotes the assembly of 
COI1-JAZ (Coronatine Insensitive 1-JAsmonate Zim domain) co-receptor com-
plexes has been the focus of most recent research in the jasmonate fi eld. In parallel, 
OPDA and several other JA derivatives are recognized for their separate activities 
and contribute to the diversity of jasmonate action in plant physiology. We summa-
rize in this chapter the properties of different bioactive JAs and review elements 
known for their perception and signal transduction. Much progress has also been 
gained on the enzymatic processes governing JA-Ile removal. Two JA-Ile catabolic 
pathways, operating through ω-oxidation (cytochromes P450) or conjugate cleav-
age (amido hydrolases) shape signal dynamics to allow optimal control on defense. 
JA-Ile turnover not only participates in signal attenuation, but also impact the 
homeostasis of the entire JA metabolic pathway.  

  Keywords     Jasmonic acid   •   JA-Ile   •   OPDA   •   Biological activity   •   Catabolism   • 
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      Introduction 

 Plants perform their lifecycle and adapt to changing environmental conditions under 
the complex control of hormonal compounds endowed with signaling properties. 
Among the wide class of active fatty acid-derived compounds known as  phytoox-
ylipins   (Blée  2002 ; Feussner and Wasternack  2002 ), the best studied regulators are 
members of the jasmonate family. These compounds are collectively referred to as 
jasmonates (JAs), a name originating from their founding member, jasmonic acid 
(JA). JAs are cyclopente(a)none compounds formed under developmental or exter-
nal cues via a cascade of reactions involving lipoxygenase oxidation of plastidial 
polyinsaturated fatty acids. An abundant literature has documented the widespread 
occurrence and diverse activities of JAs in examined plant species (for review, see 
Wasternack and Hause  2013 ). This knowledge is dominated by the master control 
exerted on defense and development by jasmonic acid (JA), and more precisely by 
the conjugate jasmonoyl-isoleucine (JA-Ile) with the elucidation of mechanistic 
insights into the COI1-JAZ signaling module. 

 JAs have been repeatedly associated with induced defense against attacks by 
herbivores and a subclass of microbial pathogens,    generally of the necrotrophic 
type. JA-defective lines are highly susceptible to such attackers, and JA-controlled 
defense against herbivores is not limited to leaf-chewing insects but extends to 
other arthropods, nematodes, slugs, or even vertebrate herbivores (Campos et al. 
 2014 ). The JA pathway also seems to modulate further types of plant interactions 
with microorganisms, including growth-promoting bacteria or mycorrhiza 
(Wasternack and Hause  2013 ). Widespread genetic evidence supports a central role 
of JA promoting arrays of chemical and morphological defenses that will curtail 
fi tness of attackers. JA-triggered plant immunity encompasses  most   major classes 
of secondary metabolites including alcaloids, phenylpropanoids and terpenoids, as 
well as antimicrobial and anti-nutritive proteins (Campos et al.  2014 ). Such chemi-
cals are frequently sequestered into specialized structures like glandular trichomes 
or nectaries. Substantial cross-talk of the JA pathway with other hormonal path-
ways offers a wealth of synergistic or antagonistic signaling combinations that 
result in the induction of a stimulus-specifi c set of defenses (Pieterse et al.  2009 ). 

 While defense-eliciting properties of JA along with initial evidence for  in planta  
JA accumulation were established in the early 1990s, mechanistic insights and a 
unifying signaling model were only elucidated by  molecular   genetics approaches in 
the late 2000s. This central JA mode of action is not limited to defense-related 
responses, as mutants defective in the core JA biosynthetic or perception pathway 
were known to be affected in specifi c development processes such as root growth 
inhibition, light signaling, reproduction or senescence. Particularly, Arabidopsis 
JA-defi cient lines are male sterile due to defects in stamen fi lament elongation, 
anther dehiscence and pollen maturation. JA is embedded in a complex hormone 
cascade where it controls late steps in stamen development (Song et al.  2013 ). JA 
requirement in reproduction seems to be a general feature across  plant   species, but 
JAs promotes distinct developmental programs underlying female fertility in tomato 
(Goetz et al.  2012 ) or sex determination in maize (Acosta et al.  2009 ). 
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 Besides this core pathway directing conserved development and adaptation pro-
grams in all examined plant species, more specialized jasmonates are accumulated 
specifi cally in some plant species or organs. Their study offers potential insight into 
original metabolic routes and modes of action in the control of specialized responses. 

 This review will focus on the diversity of biologically active jasmonates (Fig. 
 16.1 ), the ways they are generated, and their perception and turnover systems when 
described. The chapter will also illustrate how co-regulation tools applied to a sim-
ple biological model – mechanical leaf wounding – allowed to decipher novel 

JA

C18:3 (C16:3)

Phospho/galacto-lipidsArabidopside G 
an�microbial

DEFENSE
An�-herbivore 

and 
an�-microbial

responses

DEVELOPMENT
Male and female
(Tomato) fer�lity
Growth control

Photomorphogenesis

JAZ-COI1
Perception

COI1-indep. gene regulation
Embryo development (Tomato)
Tendril coiling (Bryonia)

Other
JA-amino acid conjugates

leaf closing
(motor cells, Samanea)

O

OHO

Perception
38 kDa protein ?

?
JAR1

lipases

LOX
AOS
AOC

ß-oxidation

GH3.X ?

Tuberiza�on (Potato)

O

O

OH

OPDA

cis-Jasmone
O

JA-Ile

O

O NH

HOOC

JA-Phe

phytoalexin
induc�on 

(Rice)

JA-Trp

auxin
inhibitor

O

COOH

OH

12OH-JA (TA)

O
O

COOH

Glc

CYP20-3
Signaling ?

TGA TFs

COI1-indep. gene regula�on
Direct and indirect
plant-insect interac�ons

Catabolism

OPR3

COI1-dep PHO1;H10, root growth

(-)-LCF Large-scale gene regulation

O

NHO

O

HO

O

NHO

O

HO NH

O

O

O

O

OO

O
O

OO
OH

OH

O

OH

12-O-Glc-JA

  Fig. 16.1    Diversity of structures and biological activities in the jasmonate family. Major biologi-
cal  activities   characterized along the jasmonate pathway are depicted and range from direct anti-
fungal properties to a large array of developmental and defensive processes. Most responses are 
mediated by JA-Ile through COI1-JAZ signaling, but other sensing systems for distinct jasmonates 
are emerging ( red background ).  TF  transcription factor,  LCF  leaf-closing factor. Enzyme and 
other protein acronyms are detailed in main text. Plant name is indicated when effect was specifi -
cally evidenced in a given species       

 

16 The Rise and Fall of Jasmonate Biological Activities



408

catabolic pathways that orchestrate the dynamics of JA-Ile and provide a renewed 
view of JA homeostasis.

       The Core Jasmonate Biosynthetic and Signaling Pathway 

    Jasmonate Biosynthesis 

 Jasmonates are  synthetized   through a pathway termed as “octadecanoid pathway” 
because the main precursor is the polyinsaturated fatty acid linolenic acid (C18:3), 
in reference to the “eicosanoid pathway” that generates pro-infl ammatory leukotri-
enes and prostaglandins from arachidonic acid (C20:4) in animals (Blée  2002 ; 
Kazan and Manners  2008 ). Several excellent reviews described extensively the 
activity and regulation of enzymes in the core jasmonate biosynthetic pathway 
(Browse  2009 ; Schaller and Stintzi  2009 ; Acosta and Farmer  2010 ; Wasternack and 
Hause  2013 ; Yan et al.  2013 ) and that will not be detailed here. 

 The initiating event of  JA   synthesis still needs further investigation and relies on 
the activation of pre-existing lipase(s) that mobilize linolenic and other fatty acids 
from plastidial lipids. The biochemical factors triggering lipolytic catalysis at plas-
tid membranes are still unknown. In arabidopsis, several redundant lipases of the 
 defi cient in anther dehiscence  ( dad1 -like protein or DLP) family (Ishiguro et al. 
 2001 ; Grienenberger et al.  2010 ) with preferential PLA 1  activity are at work in 
stressed leaves, suggesting that no individual lipase has a dominant role (Ellinger 
et al.  2010 ). In contrast, defi ciency of GLA1, a related lipase in the wild tobacco 
 Nicotiana attenuata  reduced signifi cantly JA synthesis after wounding, but not after 
 Phythophthora  infection; in this latter case, other classes of oxylipins were affected 
(Bonaventure et al.  2011 ). Therefore, the lipolytic step mobilizing fatty  acid   precur-
sors for oxylipin synthesis seems to be species-, stimulus-, and pathway-specifi c. 
13-lipoxygenases (LOX) convert C18:3 into the formation of a 13-hydroperoxide. 
One of several possible oxylipin branches metabolizing FA-hydroperoxides 
(Feussner and Wasternack  2002 ) is the  allene oxide synthase (AOS)   branch, and the 
fi rst committed step towards JA formation. The resulting unstable allene oxide is 
cyclized in a stereospecifi c manner by allene oxide cyclase (AOS) into 12-oxo- 
phytodienoic acid ( cis- OPDA), the most upstream member of the jasmonate family 
of regulators. OPDA has its own homeostasis and biological activity (see below), 
but a major fate is as a JA precursor through the OPDA reductase 3 (OPR3)-
catalyzed reduction of the pentenone cycle to pentanone, preceding three rounds of 
ß-oxidation to generate jasmonic acid (JA). Among many possible subsequent JA 
modifi cations, the enzyme Jasmonate Resistant 1 (JAR1) catalyzes JA conjugation 
to the amino acid isoleucine, generating  the   active hormonal signal jasmonoyl- 
isoleucine (JA-Ile).  
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    The Canonical Jasmonate Signaling Pathway 

  The   jasmonate signaling pathway has been the topic of numerous reviews (Katsir 
et al.  2008 ; Browse  2009 ; Fonseca et al.  2009a ; Wasternack and Hause  2013 ) and 
only major elements needed for understanding the general concept will be men-
tioned here. In 2007, a breakthrough by several laboratories has connected some 
previous fi ndings on JAR1-catalyzed JA conjugation with COI1-based perception, 
and has provided a mechanistic frame to explain JA action at the molecular level. 
The so-called “ relief of repression model  ” is widespread in plant hormone percep-
tion, and was initially discovered for auxin signaling (Santner and Estelle  2009 ). 
JA-Ile was identifi ed as a specifi c ligand promoting assembly of a multiprotein co- 
receptor complex whose minimal elements are the F-box protein COI1 and mem-
bers of the family of JAZ repressors (Chini et al.  2007 ; Thines et al.  2007 ; Yan et al. 
 2007 ). Further studies have identifi ed the associated co-repressors  TOPLESS   and 
 NINJA   (Perez and Goossens  2013 ). Under non- induced   conditions with low or no 
JA-Ile, JAZ proteins repress JA-regulated genes by blocking the action of specifi c 
transcription factors (TF). Upon stress or in specifi c developmental situations, 
JA-Ile builds-up and triggers the ubiquitination and subsequent proteolysis of JAZ 
proteins by the 26S proteasome, relieving active transcription of JA-responsive 
genes. In different organs/tissues/conditions, JAZ protein elimination allows JA-Ile 
control over target TFs and corresponding responses (Pauwels and Goossens  2011 ). 
JAZ proteins also constitute an important interface to modulate crosstalk with other 
hormones (Song et al.  2014 ) and JAZ are also targeted by microbial effectors to 
subvert host defense pathways. Most  JAZ  genes are strongly stress-inducible and 
their transcriptional response provides a rapid supply of JAZ proteins on  promoter   
sites and allows the return of target genes to the repressed state.   

    From Structural Fatty Acids to Hormonal Properties: Distinct 
Biological Activities Pave the Jasmonate Pathway 

 JA has given the generic name to the family because of its powerful and diverse 
biological properties upon  exogenous   application, and because it is the hub of a 
metabolic wheel that leads to a large number of derivatives. JAs modifi ed by 
hydroxylation, decarboxylation, glucosylation or conjugation have been identifi ed 
in early investigations in many species and include dihydro-JA, JA-Glucose, 11OH- 
JA, 12OH-JA, 6-OH-JA, cucurbic acid, and JA conjugated to the ethylene precursor 
JA-ACC (Miersch et al.  2008 ; Wasternack and Hause  2013 ). For most of these 
derivatives, precise biosynthetic pathways or biological activities, if any, are poorly 
described. In many studies, JA was considered as the fi nal compound of the path-
way and the active hormone, mostly because of the plethora of transcriptional, bio-
chemical and physiological responses this compound triggers. 
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 More recently,  signifi cant   advances have been obtained on the formation, bio-
logical properties and inactivation mechanisms of JA-amino acid conjugates, in 
particular the hormone JA-Ile. The following sections will review specifi c JAs that 
are endowed with well-defi ned biological activities, their perception/transduction 
mechanism when available, and current knowledge of active mechanisms for their 
controled turnover. 

     cis -Oxo-Phytodienoic Acid (OPDA) 

 Besides  its   position as a metabolic intermediate, OPDA has long been recognized as 
bearing distinct signaling properties  from   JA. OPDA triggers faster/stronger 
responses in a number of bioassays or transcriptional surveys (Böttcher and 
Pollmann  2009 ; Wasternack and Hause  2013 ). These effects include asymetric 
growth leading to tendril coiling in   Bryonia    (Weiler et al.  1993 ) or thigmomorpho-
genesis in   Phaseolus    (Stelmach et al.  1998 ). In these cases, increases in OPDA but 
not JA preceded the onset of the growth responses. These fi ndings may underlie a 
more widespread role of OPDA in touch-induced growth adaptation (Chehab et al. 
 2012 ). In fact, OPDA and JA have ovelapping yet distinct activities,    and accumulat-
ing literature suggests that their respective requirement can vary signifi cantly 
depending on plant species, stimulus, or developmental process. 

 Beyond  correlative   studies, a major advance was the generation of Arabidopsis 
and tomato mutants defi cient in OPDA Reductase 3 (OPR3), that accumulate OPDA 
but are unable to convert it into JA. OPDA cannot substitute for JA in Arabidopsis 
male fertility (Stintzi and Browse  2000 ), but the male sterile  opr3  mutant retained 
resistance to some pathogens and herbivores (Stintzi et al.  2001 ), in line with the 
powerful elicitation of phytoalexin induction by OPDA in  Escholtzia  cell cultures 
(Blechert et al.  1995 ). Comparative transcriptome analysis after OPDA or JA or 
Methyl-Jasmonate (MJ) treatment revealed partial overlap but also a number of 
OPDA-specifi c genes that are not induced by JA, including both COI1-independent 
and COI1-dependent stress response-regulated genes (Taki et al.  2005 ).  OPDA 
  negatively regulates Arabidopsis seed germination along with ABA (Dave et al. 
 2011 ), but a positive role in tomato embryo development and seed set was deter-
mined (Goetz et al.  2012 ). In this latter species, regulation of foliar jasmonate 
defense signaling appeared even more complex as determined with OPR3-silenced 
plants. JA-defi ciency rendered plants more attractive to insect larvae in two-choice 
feeding or oviposition assays and this preference was associated with impaired tri-
chome formation  and   terpene content, and increased  cis -3-hexenal emission (Bosch 
et al.  2014 ). However, despite of these features, resistance to the specialist herbi-
vore  Manduca sexta  was as WT in OPR3-silenced plants, but strongly reduced in 
the jasmonate-insensitive ( jai1 ) mutant affected in the tomato COI1 homolog. This 
shows that JA/JA-Ile biosynthesis is dispensable for insect resistance but that COI1 
signaling is not. Furthermore, systemic wound-induction of the typical defense 
marker proteinase inhibitor II was lost in OPR3-silenced scions grafted on  WT 
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  rootstocks, indicating that OPDA is competent for local, but not systemic defense, 
and confi rming an earlier study on ß-oxidation requirement for long distance signal-
ing in tomato (Li et al.  2005 ). In an independent study, Scalschi et al. ( 2014 ) reported 
that similar OPR3-defi cient plants that displayed reduced OPDA and  nearly   abol-
ished JA-Ile levels were impaired in callose deposition and were more susceptible 
to  B. cinerea  infection. Unexpectedly, only OPDA but not JA could restore basal 
resistance and callose deposition in silenced plants. An OPDA-specifi c function 
was also evidenced by AOC but not OPR3 overexpression in rice defense against a 
piercing-sucking insect (Guo et al.  2014 ). 

 The knowledge of  the   OPDA perception/transduction system is still fragmen-
tory.    Very few OPDA-specifi c responses were found to be COI1-dependent, and 
include the induction of  PHO1;H10 , a member of a phosphate transporter gene 
family (Ribot et al.  2008 ), or root growth responses (Stotz et al.  2013 ). Wether these 
effects rely or not on JAZ destabilization is unknown. COI1-independent action of 
OPDA may be due to its distinct structural features, including the presence of an 
α,ß-unsaturated carbonyl group that confers a particular chemical reactivity as 
strong electrophile (Almeras et al.  2003 ). This property is shared with phytopros-
tanes, a class of oxylipins generated non enzymatically under oxidative or biotic 
stress, and with some lipid breakdown compounds, all being collectively designated 
as  reactive electrophile species (RES)   (Farmer and Mueller  2013 ). RES signaling 
does not proceed through COI1-JAZ interaction, and accordingly, structural analy-
sis showed that OPDA cannot fi t into the COI1-JAZ co-receptor binding pocket 
(Sheard et al.  2010 ). RES have been proposed to bind free thiol groups and modify 
cellular proteins. RES formation is  generally   accompanied by increases in 
glutathione- S-transferase activity, and accordingly, OPDA-GSH adducts have been 
identifi ed in elicited tissues (Davoine et al.  2006 ) a class of compounds that can be 
further transported to the vacuole (Ohkama-Ohtsu et al.  2011 ). Whether this participates 
in the modulation of OPDA levels or signaling properties is not known. Recently, a 
signaling module was characterized where OPDA promotes the interaction between 
cyclophilin 20-3 (CYP20-3) and serine acyltransferase, a component of the cysteine 
synthase complex, thereby ensuring redox-dependent transmission of OPDA signal 
(Park et al.  2013 ). Consistently, induction of OPDA-responsive genes is dependent 
on the function of the transcription factors TGA2, 5 and 6, that are  themselves 
  deregulated in redox-unbalanced mutants (Stotz et al.  2013 ). Of note,  these   tran-
scription factors also mediate responses to phytoprostanes (Mueller et al.  2008 ). 

 From an evolutionary point  of   view, OPDA is an ancient signal present in the 
moss   Physcomitrella patens    that, interestingly, seems to have a truncated pathway 
limited to OPDA, as no JA or derivatives were found. Mutations in PpAOC lead to 
reduced fertility and altered sporophyte morphology, again pointing to the early 
evolution of active OPDA signaling (Stumpe et al.  2010 ). In higher plants,    OPDA 
accumulation may also largely be affected by its turnover by downstream enzymes, 
including conversion to JA and derivatives. However, specifi c OPDA elimination/
modifi cation routes may exist, although no direct OPDA oxidative catabolic path-
way has been described in any plant. Interestingly,  cis- OPDA is isomerized into 
iso- OPDA by   an enzyme in the insect’s gut, a strategy believed to help in disarming 
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the plant defense or alternatively to prevent OPDA,  a   prostaglandin-related com-
pound, from affecting insect vital functions (Schulze et al.  2007 ).  

    Arabidopsides 

 While studying  the   canonical JA biosynthetic pathway initiated from free FAs, 
came as an unexpected fi nding that some JAs can occur abundantly as acyl parts of 
plastid galactolipids (Stelmach et al.  2001 ), exceeding largely the abundance of free 
JAs. A number of different variants known as “ arabidopsides  ” have successively 
been characterized, and contain generally one to three OPDA or dinor-OPDA moi-
eties esterifi ed to the  sn -1 or  sn -2 glycerol position, or bound to the galactose head-
group itself (Fig.  16.1 ; Hisamatsu et al.  2005 ; Andersson et al.  2006 ; Buseman et al. 
 2006 ; Böttcher and Weiler  2007 ). Several of these compounds accumulate to very 
high levels in vegetative tissues after wounding or during the hypersensitive 
response to an ectopically-expressed bacterial avirulence protein (Andersson et al. 
 2006 ), and  this   accumulation depends on an intact JA signaling pathway 
(Kourtchenko et al.  2007 ). Whether free JAs are re-esterifi ed to galactolipids or 
directly formed on non-hydrolyzed lipids was a matter of debate. Recently, support 
to the  latter   hypothesis was provided based on stable isotope labelling, showing that 
arabidopside formation does not require prior fatty acid release (Nilsson et al. 
 2012 ). The presumed biological function of these bound JAs is in direct defense. 
Consistently with their abundant stress-induced accumulation, arabidopside E and 
G inhibit growth of the fungus   Botrytis cinerea    (Kourtchenko et al.  2007 ). Recently, 
the diversity of arabidopsides has been extended to more lipid classes, including 
phospholipids (Nilsson et al.  2014 ). Finally, while arabidopsides were so far limited 
to Arabidopsis and some  closely   related species (Böttcher and Weiler  2007 ), their 
presence was recently detected in   Circium arvense   , a plant from the more distant 
 Asteracea  family, in response to endophytic fungal growth (Hartley et al.  2015 ). 
These compounds are therefore believed to fulfi ll a dual function, either  by   directly 
antagonizing agressors, or as a source for delayed OPDA release.  

     cis -Jasmone 

 Cis-jasmone (CJ) is a  major    component   emitted in fl oral scent in several species like 
jasmine, and that regulates the interaction with insect pollinators or indirect defense 
by attracting herbivore parasitoids (Birkett et al.  2000 ). CJ is also emitted by vege-
tative tissues after herbivory, in response to insect oral secretions. Two possible 
biosynthetic routes leading to CJ have been reported. CJ can derive from JA by 
decarboxylation (Koch et al.  1997 ). Non-exclusively, CJ may also be formed from 
OPDA when this latter is isomerized to the planar  iso -OPDA and subsequently 
ß-oxidized (Dabrowska and Boland  2007 ). CJ directly acts as a repellent for some 
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pests like aphids, and has attractant activity for antagonistic insects like ladybirds 
(Birkett et al.  2000 ). In addition, CJ  signals   transcriptional changes in plants. In a 
microarray-based study, Matthes et al. ( 2010 ) have shown that CJ treatment induces 
 a   distinct set of genes than MJ through a pathway independent of COI1 and JAR1, 
and that involves similar TGA transcription factors than OPDA or phytoprostanes. 
This response stimulates the synthesis of secondary metabolites including volatile 
terpenes, reinforcing indirect defenses in multitrophic interactions (Birkett et al. 
 2000 ; Bruce et al.  2008 ; Matthes et al.  2010 ).    Neither  the   mode of perception of CJ 
in plants nor potential inactivation pathways are known.  

    Jasmonic Acid (JA) and Methyl Jasmonate (MJ) 

 JA and methyl jasmonate (MJ) were considered for a long time to be bioactive 
forms because of the pleiotrophic effects  these   compounds induce in various spe-
cies and JA abundance globally  correlates   with timing and amplitude of develop-
mental and defensive responses (Creelman and Mullet  1997 ). Arabidopsis lines 
engineered for overexpressing a JA-methyltransferase (JMT) initially provided evi-
dence that MJ could be an active signal (Seo et al.  2001 ). MJ concentrations are 
usually much lower than those of JA in wild-type tissues and most MJ is released as 
a volatile. This has fed the hypothesis that MJ could function as a mediator of inter- 
plant communication, but the ecological relevance of such signalling could not be 
established when using  N. attenuata  as indicator plants  growing   beside sagebrush 
emitting MJ in a natural habitat (Preston et al.  2004 ). 

 The 2007 breakthrough  revealing   JA-Ile as a specifi c ligand of a COI1-JAZ co- 
 receptor   complex and further fi ndings pointed to the evidence that most JA and MJ 
effects are mediated via conversion to JA-Ile and COI1-JAZ-based perception 
(Browse  2009 ). A more detailed study examined JA homeostasis and consequences 
of overexpressing the homologous JMT in  N. attenuata  (Stitz et al.  2011 ). In such 
JMT-OE plants, the JA profi le was largely shifted towards massive MJ accumula-
tion with reduced JA and JA-Ile bursts, identifying MJ formation as a metabolic 
sink that subtracts free JA from being conjugated into bioactive JA-Ile. In addition 
to provoking reproductive defects, this shift was associated with enhanced suscep-
tibility to different classes of native herbivores due to  impaired   direct and indirect 
defense responses (Stitz et al.  2011 ).  This   demonstrates that MJ is not per se an 
active signal for defense activation.  

    Tuberonic Acid (TA) and Glucosylated or Sulfated Derivatives 

 12OH-JA (and its glucoside 12- O -Glc-JA, Fig.  16.1 ) was initially isolated from 
potato tubers and shown to induce tuberization of roots, hence its name tuberonic 
 acid   or TA (Yoshihara et al.  1989 ). Later, it was found that TA was not specifi c to 
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tuberizing plants but occurs widely in many species,    sometimes more abundantly 
than JA itself (Miersch et al.  2008 ). No biosynthetic pathway was known until 
recently (see below). In addition to 12- O -Glc-JA,  TA   can also be modifi ed to the 
sulfated derivative 12HSO 4 -JA by the ST2a sulfotransferase (Gidda et al.  2003 ), 
and their formation was proposed to participate in switching-off JA responses 
(Miersch et al.  2008 ). 

 However, there may be more functional information in such compounds, 
revealed by genus- and organ-specifi c bioactivity. For example,    such a specialized 
function has been discovered for 12- O -Glc-JA as a  leaf closing factor (LCF)   in 
motor cells of nyctinastic plants like  Samanea  (rain tree) or  Albizia  (Nakamura 
et al.  2011 ). Structure-function study has shown that only the specifi c enantiomer, 
(-)LCF is active, and that stereochemistry of the glucone moiety is also important 
(Ueda et al.  2015 ). The LCF response was not triggered by other jasmonates or the 
JA-Ile mimick coronatine, suggesting that LCF triggers motor cell shrinkage inde-
pendently from the COI1-JAZ module (Nakamura et al.  2011 ). By using fl uorescent 
probes, authors showed that active but not inactive LCF labels a 38 kDa membrane 
protein that may be involved in LCF signal transduction (Nakamura et al.  2008 ). 
12- O -Glc-JA is a widely distributed jasmonate, but its formation is not  fully   eluci-
dated. Genes encoding a glucosyltransferase active on TA and on salicylic acid 
(Seto et al.  2009 ) and a TA-glucoside glucosidase (Wakuta et al.  2010 ) have been 
isolated from rice, but their physiological importance in controlling specifi cally 
reversible TA/12- O -Glc-JA conversions awaits genetic characterization.  

    Jasmonoyl-Isoleucine (JA-Ile) and Other Bioactive JA-Amino 
Acid Conjugates 

  JA-amino acid conjugates   were described in pioneering investigations, and in par-
ticular, the  strong   gene-inducing activity of JA-Ile was identifi ed in barley well 
before the JA-Ile/COI1/JAZ perception paradigm had been elucidated and could 
thus not be mechanistically explained (Kramell et al.  1997 ). Molecular genetic and 
biochemical evidence supports the concept that JA-Ile mediates JA-triggered 
responses through COI1-JAZ-dependent de-repression of target genes. This spe-
cifi c activity of an amino acid conjugate is unique in plant hormone signalling 
because hormone conjugation generally leads to their inactivation (Santner and 
Estelle  2009 ). The requirement of JA-Ile in Arabidopsis JA signalling is based on 
structure-function and biochemical studies where  stereoisomer   purifi cation and 
COI1-JAZ cristallization identifi ed (+)-7- iso -JA-Ile as the genuine ligand of the co-
receptor and the endogenous bioactive jasmonate (Fonseca et al.  2009b ; Sheard 
et al.  2010 ). JAR1 conjugates different amino acids to JA, but  only   JA-Ile is known 
to promote assembly of co-receptor complexes (Thines et al.  2007 ). Arabidopsis 
 jar1  mutants exhibit near WT wound responses (Suza and Staswick  2008 ), despite 
of reduced JA-Ile formation, and are therefore not well suited to dissect JA-Ile 
effects in leaves.  jar1  was initially isolated phenotypically by its reduced root 
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sensitivity to MJ-induced growth inhibition (Staswick et al.  1992 ), indicating that 
JAR1-dependent JA-Ile synthesis is needed for JA responses in roots. In support to 
organ-specifi c effects, JAR1 was shown to be critical for JA signaling in roots after 
cotyledon wounding (Acosta et al.  2013 ). In comparison, the  coi1  mutant is strongly 
impaired in most developmental and defensive JA responses in different organs, 
identifying COI1 as an obligate point of convergence of most JA responses. 

 The biological impact of JA-Ile signaling was also extensively studied in the 
wild tobacco  N. attenuata . Independently silencing two  JAR   members impairs lev-
els of trypsin proteinase inhibitors but not  nicotine   in wounded leaves (Wang et al. 
 2007 ). In addition, a comprehensive analysis of JA homeostasis in  N. attenuata  
fl owers revealed that JA-Ile coordinates metabolic networks required for anthesis 
and pollinator attraction (Stitz et al.  2014 ). Emerging data in rice highlight the 
importance of JA-Ile as a signal in monocots. Although OsJAR1 and OsJAR2 have 
overlapping JA-Ile-producing activity in vitro (Wakuta et al.  2011 ),  osjar1  single 
mutant is defi cient in photomorphogenesis (Riemann et al.  2008 ), fertility and opti-
mal seed development (Fukumoto et al.  2013 ). This mutant lacks JA-Ile accumula-
tion, induction of the fl avonoid sakuranetin, but not of diterpenoid phytoalexins and 
 displays   enhanced susceptibility to rice blast fungus (Shimizu et al.  2013 ). Finally, 
   the central role of JAs in maize reproductive development and immunity to patho-
gens and insects was demonstrated using  opr7opr8  mutants, but the specifi c involve-
ment of JA-Ile is not yet formally identifi ed in this species (Yan et al.  2012 ). 

 How and why JA-Ile  in   particular has evolved as a master hormonal signal is 
unknown as is the question of whether other conjugates can form COI1-JAZ co- 
receptors has not yet been systematically explored. For example, JA-Gln accumulates 
to much higher levels than JA-Ile in wounded  N. attenuata  leaves and is formed by 
distinct enzyme(s), but no signaling activity was associated so far (Wang et al.  2007 ). 

 Several other conjugates are  present   at different levels in plant tissues such as 
JA-Tyr in broad bean fl owers (Kramell et al.  2005 ), and may represent storage forms. 
However, in addition to JA-Ile, JA-Phe also elicits accumulation of phytoalexin syn-
thesis in rice (Tamogami et al.  1997 ), and JA-Trp behaves as an endogenous auxin 
inhibitor by causing agravitropic root growth in Arabidopsis (Staswick  2009 ).  

    Anti-cancer Properties of JAs 

 Although JAs do not occur in mammalian cells, growing evidence suggests that JAs 
can be active against different types of  cancer   cells, without affecting normal cells 
(Cohen and Flescher  2009 ; Cesari et al.  2014 ). MJ activity on such cell lines is 
multifacetted, and includes (1) cell cycle arrest, leading to cell growth and prolifera-
tion inhibition, (2) cell death through the intrinsic/extrinsic proapoptotic, p53- 
independent apoptotic, and nonapoptotic (necrosis) pathways, (3) disruption of 
mitochondrial and reactive oxygen species-mediated functions, (4) MAPK signal-
ing, (5) inhibition of cell migration and antimetastatic activities. Combination of MJ 
with chemotherapeutic drugs resulted  in   highly additive cytotoxic effects on 
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different cell lines. Most data derive from assays with MJ, the most accessible jas-
monate, but the full potential as anticancer agents of the diverse JA family present 
in plants has not yet been explored. Raw plant material whose processing as food 
implies mechanical stress like chopping or peeling may be enriched in oxidized JAs 
( vide infra ) and provide potentially benefi cial effects to consumer. The properties of 
such catabolites have not been explored and deserve more attention.   

    The Dynamic Leaf Wound Response to Decipher JA-Ile 
Catabolism 

 The relevance of JA pathway induction for induced resistance to insects and patho-
gens has been recognized for two decades (Creelman and Mullet  1997 ; Campos 
et al.  2014 ) and implies for most biochemical steps a rapid transcriptional gene 
activation. Plant responses induced after mechanical wounding largely but not 
totally overlap with responses to insect attacks as evidenced in multiple microarray- 
based studies (Howe and Jander  2008 ). Obviously, insect feeding is a more subtle 
stimulus than mechanical tissue disruption and differences are believed to arise 
from sophisticated feeding patterns generated by mouth parts of herbivores, and 
also the presence of active elicitor and suppressor compounds in insect oral secre-
tions that shape multilayered interactions. Mechanical wounding as practiced in lab 
experiments infl icts a synchronous stimulus that triggers a robust JA burst (Chung 
et al.  2008 ; Glauser et al.  2008 ; Chauvin et al.  2013 ), providing access to the dynam-
ics of metabolic conversions between JAs. Figure  16.2a  shows the temporal evolu-
tion of 8 distinct conjugated and unconjugated JAs in Arabidopsis leaves within 4 h 
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  Fig. 16.2    Genome-wide co-regulation analysis of pathway genes identifi es novel actors involved 
in metabolic jasmonate conversions. ( a ) Kinetic analysis of the abundance of eight distinct jasmo-
nates upon wounding in  Arabidopsis  leaves. The right y axis scale applies to JA-Ile only. ( b ) 
CYP94C1, previously characterized as a fatty-acid hydroxylase, was found co-regulated with 
numerous genes in the JA biosynthesis and signaling pathway. ILL6, a member of the ILL1-related 
amido-hydrolase family is also picked       
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after wounding. Each individual compound presents a specifi c kinetic/abundance 
profi le. JA-Ile, the hormonally relevant (and also the least abundant) form, displays 
a rapid and transient peak, whereas oxidized derivatives undergo a slower build-up. 
This complex pattern is refl ective of active metabolic/catabolic conversions between 
JAs and also highlights tight control of the wound-induced JA-Ile pulse.

      JA-Ile Catabolism by CYP94 Enzymes 

 Contrary to other  plant   hormones for which mechanisms and impact of active com-
pound removal are relatively well described (Mizutani and Ohta  2010 ), knowledge 
of  signal   extinction mechanisms in the JA pathway lagged behind, mostly because 
their search focused on free JA rather than on JA-Ile turnover. In 2008, the report of 
the accumulation of the derivatives 12OH-JA-Ile and 12COOH-JA-Ile in wounded 
Arabidopsis leaves (Glauser et al.  2008 ) provided a strong lead as to the existence 
of an oxidative JA-Ile disposal pathway. CYP94C1, a wound- and MJ-inducible 
cytochrome P450 oxidase has been previously characterized, and performs in vitro 
the sequential oxidation of the terminal (ω) carbon of linear fatty acids, generating 
12-hydroxy- and 12-carboxy- derivatives (Kandel et al.  2007 ). Many genes in the 
core JA pathway are strongly co-regulated across a  wide   spectrum of physiological 
situations  involving   JA reponses. This allowed to mine large-scale Arabidopsis 
expression data sets to identify unknown/candidate genes linked by high co- 
expression scores to well-characterized genes. Once believed to provide diacid pre-
cursors for cutin synthesis,  CYP94C1  in fact picked many known genes of the JA 
biosynthetic and signaling pathway when used as a bait in coregulation screens 
(Fig.  16.2b ). When different expression datasets are mined, the expression associa-
tion of CYP94C1 with the JA pathway was extended to CYP94B1 and CYP94B3, 
two other inducible members of the 6-gene  CYP94  subfamily in Arabidopsis. 

 Functional analysis by three  laboratories   established that CYP94 enzymes are in 
fact JA-Ile oxidases that turnover  the   active hormone, but interestingly, are inactive 
on unconjugated JA (Kitaoka et al.  2011 ; Koo et al.  2011 ; Heitz et al.  2012 ). 
Recombinant expression in yeast demonstrated the sequential action on JA-Ile, with 
CYP94B3 generating mostly 12OH-JA-Ile when CYP94C1 catalyzes further oxida-
tion to 12COOH-JA-Ile (Heitz et al.  2012 ). Furthermore, detailed analysis of oxy-
dation products revealed that CYP94C1 also formed the aldehyde intermediate 
12-oxo-jasmonoyl-isoleucine (12CHO-JA-Ile) (Widemann et al.  2015a )  and   likely 
acts on other JA conjugates (Widemann et al.  2015b ). Genetic analysis in single 
 cyp94b3 ,  cyp94c1  or double  cyp94b3c1  mutants clearly established that these two 
enzymes defi ne a major oxidative turnover pathway accounting for the transient 
JA-Ile accumulation in WT plants. CYP94B1 was recently characterized as  being 
  catalytically similar to CYP94B3 (Koo et al.  2014 ), but its much lower expression 
makes it a minor contributor to leaf JA-Ile catabolism. Interestingly, despite of 
much persistant wound-induced JA-Ile levels, CYP93B3-defi cient plants only 
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exhibit a moderate and transient gain in defense marker induction (Heitz et al. 
 2012 ), associated with enhanced  JAZ  gene expression. This can be interpreted as a 
negative feed-back by JAZ repressors to prevent overinduction of defense under 
excessive JA-Ile accumulation.    In contrast, ectopic CYP94B3 and  CYP94C1   over-
expression strongly reduced JA-Ile levels (Koo et al.  2011 ; Heitz et al.  2012 ), and 
these plants displayed phenotypes indicative of defi cient JA-Ile signaling, such as 
reduced male fertility, reduced sensitivity to jasmonate-induced growth inhibition 
and susceptibility to insect attack.    Consistent with CYP94B3 in vivo impact, 
12OH-JA-Ile was less effi cient than JA-Ile to promote formation of COI1-JAZ 
receptor complexes in in vitro assays (Koo et al.  2011 ). Together,    these data dem-
onstrate that JA-Ile oxidation by CYP94 enzymes is a key event for attenuation of 
JA responses. This signal switch-off is likely to function also in other situations of 
JA-Ile signaling, like microbial infection.  

    JA-Ile Catabolism by Amido-Hydrolases 

 The atypical  situation   in the JA pathway that the bioactive form is generated by JA 
conjugation to isoleucine offers the possibility that JA-Ile could be readily elimi-
nated by simple conjugate cleavage in a JAR1-reverse reaction. Consistently, 
coregulated gene lists comprise genes encoding ILL1-related family of amido- 
hydrolases, such as  ILL6  (Fig.  16.2b ). Protein members of this family, that also 
include IAR3, have long been known as cleaving auxin-amino acid conjugates, 
thereby releasing active auxin (LeClere et al.  2002 ). In view of their JA-regulated 
expression, recent examination revealed that recombinant IAR3 as well as the 
newly characterized ILL6 cleave JA-Ile in vitro (Widemann et al.  2013 ). 
Furthermore,  iar3  and  ill6  mutants have altered wound-induced JA profi les,  consis-
tent   with a role in JA-Ile turnover. Although increased JA-Ile levels were specifi c to 
 iar3  mutants, strong increases in 12OH-JA-Ile and 12COOH-JA-Ile levels were 
recorded in both  iar3-  and  ill6 -defi cient lines. A possible explanation is that exces-
sive JA-Ile accumulating due to impaired cleavage capacity is channeled into the 
oxidation pathway, as suggested by hyperinduction of  CYP94  genes in amido 
hydrolase mutants (Widemann et al.  2013 ). This JA-Ile- cleaving   pathway was pre-
viously shown to be biologically relevant in the wild species  N. attenuata . NaJIH, 
an herbivore-inducible IAR3 homolog, was found to equally hydrolyze JA-Ile and 
IAA-Ala in vitro. However, its silencing extended JA-Ile half-life after herbivory, 
increased herbivore predator attraction due to enhanced JA-Ile-regulated volatile 
emission, and increased overall insect resistance (Woldemariam et al.  2012 ). These 
data demonstrated that JA-Ile cleavage in WT plants participates in the attenuation 
of JA-Ile accumulation and signalling. JA-Ile is therefore catabolized by an irrevers-
ible, CYP94-mediated ω-oxidation pathway and also by a reversible hydrolytic 
pathway,  that   antagonizes the action of the conjugating enzyme JAR1. The exact 
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impact of JA-Ile-cleaving activity on JA pools is diffi cult to assess, because the 
steady-state JA levels measured are the result of its synthesis and consumption by 
several enzymatic activities. The collaborative action of the oxidative and hydro-
lytic pathways for JA-Ile disposal, consistent with their simultaneous transcriptional 
upregulation, has recently been demonstrated in  cyp94b3ill6  double mutants (Koo 
et al.  2014 ).  

    JA-Ile Catabolic Pathways Redefi ne the Jasmonate 
Metabolic Grid 

 While  characterizing   JA profi les in CYP94-modifi ed plants,  we   detected unex-
pected changes in unconjugated JAs. For example, 12OH-JA levels, for which no 
biosynthetic route was described, were reduced in wounded plants impaired in 
CYP94-encoded JA-Ile oxidating activity (Widemann et al.  2013 ). Additionally, we 
found that the  jar1  mutant only displays half WT 12OH-JA levels, and residual 
level of all conjugates, including 12OH-JA-Ile. This contradicts the supposed –but 
not demonstrated- 12OH-JA formation by direct JA hydroxylation, because excess 
JA in  jar1  should provide  more   substrate for such a direct oxidation. An indirect 
metabolic route via conjugate intermediates was suspected and could be established 
biochemically and genetically. Evidence for 12OH-JA-Ile cleavage was  obtained   in 
vitro for recombinant IAR3 only, but both  iar3  and  ill6  KO lines displayed 50 % 
reduced 12OH-JA accumulation. This established that an indirect 12OH-JA biosyn-
thetic route operates in wounded leaves by successive JA conjugation, JA-Ile 
ω-hydroxylation, and 12OH-JA-Ile cleavage (Widemann et al.  2013 ). Further analy-
sis revealed that 12OH-JA generated through this pathway feeds the synthesis of its 
two derivatives 12HSO 4 -JA and 12- O -Glc-JA (Fig.  16.3 ). In contrast, infection with 
the necrotrophic fungus  Botrytis cinerea  triggered a  quantitatively   different JA pro-
fi le, and 12OH-JA accumulation seems less dependent on this indirect route (Aubert 
et al.  2015 ). This suggests the possible existence of several 12OH-JA biosynthetic 
routes whose relative contributions may depend on the type of stimulus. Collectively, 
these  fi ndings   highlight the dual role of JA-Ile catabolic pathways: the coordinated 
action of oxidative and hydrolytic conversions ensure tight control of hormonal 
JA-Ile half-life and dynamics, but also provide new connections between conju-
gated and unconjugated compounds and as such redefi ne the jasmonate conversion 
pathway as a metabolic grid (Fig.  16.3 ). JA-Ile not only acts as the  master   signal, but 
also stands as a metabolic hub in the pathway. Quantitative analysis along with 
genetic tools has shown that specifi c enzymatic control over the least abundant com-
pound, JA-Ile, affects larger pools of precursors and catabolites, suggesting  an 
  important fl ux through JA-Ile. Functional IAR3/ILL6 redundancy in 12OH-JA gen-
eration will need to be addressed, as well as the possible existence of a conjugate-
independent biosynthesis route.
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        Conclusions 

 Recent advances have enriched our knowledge on diverse biological activities asso-
ciated with jasmonate compounds. OPDA synthesis and signaling seems to have 
arisen very early in evolution, and acts through redox changes, similarly to phyto-
prostane effects. The JA-Ile/COI1/JAZ signaling module is a sophisticated system 
to mediate broad jasmonate actions and its functional conservation has been con-
fi rmed recently in a number of plant species. JA-Ile seems to be a generic signal 
coordinating major defensive or developmental responses, but other conjugates 
have been associated with more specifi c biological activities. The question whether 
different JAZ-COI1 combinations may bind different jasmonate ligands remains 
open, as is the particular function of individual JAZ repressors. Besides JA-Ile, a 
number of more specialized biological activities have evolved within unconjugated 
JA derivatives in a species- or organ-specifi c manner. These two aspects may be 
interconnected as the recently-identifi ed JA-Ile catabolic pathways have 
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implications on global JA homeostasis. More progress is needed to understand and 
exploit the full repertoire of biosynthetic routes, signaling pathways, and targets of 
the rich world of jasmonates.     
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    Chapter 17   
 Green Leaf Volatiles in Plant Signaling 
and Response                     

       Kenji     Matsui      and     Takao     Koeduka   

    Abstract     Most ‘green’ plants form green leaf volatiles (GLVs). GLVs are a familiar 
plant secondary metabolite, but knowledge of their physiological and ecological 
functions is limited. GLV formation is tightly suppressed when plant tissues are 
intact, but upon mechanical wounding, herbivore attack, or abiotic stresses, GLVs 
are formed rapidly, within seconds or minutes. Thus, this may be an important sys-
tem for defense responses, allowing plants to protect themselves from damage as 
soon as possible. Because GLV formation in the natural environment is roughly 
related to the degree of stress in the plant life, sensing the amount of GLVs in the 
atmosphere might allow plants to recognize their surroundings. Because some 
plants respond to GLVs, they may communicate with GLVs. GLVs that contain α,β-
unsaturated carbonyl groups might activate signaling systems regulated under the 
redox state of plant cells. Plasma membranes would also be targets of interactions 
with GLVs. Additionally, the metabolism of GLVs in plant cells after absorption 
from the atmosphere could also be classifi ed as a plant–plant interaction.  

  Keywords     Green leaf volatile   •   Hexenal   •   Reactive electrophilic species   •   Plant–
plant communication  

      Introduction 

 Lipids, in general, have three important roles in living organisms. First, they are 
essential components of the cell membrane, which can separate the cells from an 
abiotic environment. Lipids are also important nutrients for many organisms, and the 
catabolism through β-oxidation of lipid constituents yields large amounts of energy. 
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Lipids can also be used as signal molecules. Lipid mediators in mammalian cells, 
such as prostaglandins, leukotrienes, or platelet-activating factors, have various bio-
logical functions in infl ammation, blood clotting, and immune systems (Murakami 
 2011 ). This is also the case with plants, even though the structures and functions of 
the lipid mediators found in plants are usually different from those in mammals. 

 Jasmonates are typical and important lipid mediators in plants, as described in 
detail elsewhere of this book. Volatile compounds with six carbon (C6) backbones, 
which are collectively called  green leaf volatiles (GLVs)   (Fig.  17.1 ), are also formed 
in plants. They use a biosynthetic pathway similar to that for jasmonates, i.e., using 
lipoxygenases to form fatty acid hydroperoxides, followed by the homolytic cleav-
age of the hydroperoxide by cytochrome P450s (Grechkin et al.  2006 ). GLVs con-
sist of C6 volatile compounds containing aldehyde, alcohol, and esters. Because 
almost all green leaves on the Earth form GLVs, human beings correlate the olfac-
tory sensation emitted by GLVs with green leaves, and thus, we usually sense the 
volatiles as a green note.

   One GLV, ( E )-2-hexenal (leaf aldehyde), was isolated in 1912 by Curtius and 
Franzen as a component in the essential oil prepared from 600 kg of hornbeam 
leaves by steam distillation (Curtius and Franzen  1912 ). Since then, because of their 
peculiar aromatic properties and common occurrence in plants, GLVs have been 
studied in fl avor chemistry. However, their functions in ecological systems have 
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also been noticed, especially because plants usually accumulate only small amounts 
of GLVs but quickly form them after mechanical wounding or herbivore attack 
(Scala et al.  2013 ). 

 In this chapter we discuss novel knowledge regarding the biosynthesis of GLVs 
and their evolution. Thereafter, we give up-to-date reviews of signaling and plant 
responses elicited by GLVs.  

    Biosynthesis of GLVs 

 GLVs are  formed   from fatty acids through a dioxygenation reaction catalyzed by 
lipoxygenases (LOXs) to yield fatty acid hydroperoxide, and a subsequent rear-
rangement reaction to cleave fatty acid hydroperoxides by hydroperoxide lyase 
(HPL) to form C6 aldehydes and 12 carbon oxo acids as counterparts (Fig.  17.2 ). 
The general outline of the GLV-forming pathway shares similarities with those for 
other oxylipin products, including jasmonates, and each branch in the oxylipin path-
way could have diverged from one ancestral pathway. Based on the structure of 
allene oxide synthase (AOS) and HPL, and also on the results of the interconversion 
of AOS to HPL, Lee et al. ( 2008 ) proposed that the HPL pathway was established 
fi rst and that the AOS pathway diverged thereafter. This view might be changed 
through the accumulation of knowledge regarding the distribution of HPL and AOS 
among algae, bryophytes, ferns, or gymnosperms as described in section “ Evolution 
of genes involved in GLV formation ”.

   The HPL and AOS pathways share the fi rst part of a metabolic pathway, and they 
also use the same substrate. HPL and AOS  should   catalyze their reactions without 
competition to meet the demands for GLVs and JAs, respectively, under certain 
growth conditions because they have distinct physiological functions. Most HPL 
and AOS enzymes identifi ed so far have chloroplast transit peptides. Their chloro-
plast localizations have been established through investigations using marker pro-
teins, such as  green fl uorescence protein (GFP)  , and the fractionation of chloroplasts. 
In some plants, HPLs are localized to the lipid bodies (Mita et al.  2005 ), outer enve-
lopes of chloroplasts (Froehlich et al.  2001 ), stroma (Bonaventure  2014 ), and, in 
some cases, no specifi c localization is observed (Phillips and Galliard  1978 ; Shibata 
et al.  1995 ; Noordermeer et al.  2000 ). Rice HPL3 (OsHPL3), which has the shortest 
extension on its N-terminal among the three rice HPLs, was transported to chloro-
plasts when a fusion protein of the transit peptide of OsHPL3 with GFP was 
expressed in Arabidopsis leaves (Savchenko et al.  2014 ). This is also the case with 
Arabidopsis, and Arabidopsis HPL fused with GFP was transported to the plastids 
(Mwenda et al.  2015 ). Although it is still possible for the two CYP74 enzymes to be 
segregated at the level of sub-chloroplast membrane, or even within the same mem-
brane (Mita et al.  2005 ), the close localization of two enzymes sharing the same 
substrate would cause disordered competition, especially when the enzymes form 
their products in the disrupted tissues during rapid oxylipin bursts (Matsui  2006 ; 
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Glauser et al.  2008 ,  2009 ). To avoid such competition, they should have different 
spatiotemporal expression patterns. 

 With a transgenic Arabidopsis harboring the GUS gene downstream of 
Arabidopsis HPL promoter, an intense expression  of   GUS activity was found in 
fl oral organs in a different manner than when the GUS activity was controlled by 
the Arabidopsis AOS promoter (Mwenda et al.  2015 ).  The   GUS activity under the 
control of the HPL promoter in intact cotyledons was low, but extensively enhanced 
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  Fig. 17.2     Biosynthetic   pathway to form green leaf volatiles (GLVs). It has been believed that a 
lipase is essential in forming free fatty acids from esterifi ed lipids in the fi rst committed step to 
form GLVs; however, recently we found that GLVs are formed even without the lipase reaction. 
In that case, lipoxygenase is the fi rst enzyme that acts on the esterifi ed lipids to form lipid hydro-
peroxides, which in turn is subsequently cleaved by hydroperoxide lyase to form the 6 carbon 
volatile aldehyde and 12 carbon oxo acid esterifi ed to the glycerol backbone       
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after mechanical wounding, especially at their rims. However, high GUS activity 
under the control of the AOS promoter was detected in the vascular tissues of 
 cotyledons (Kubigsteltig et al.  1999 ). Therefore, the promoter activities of HPL and 
AOS are distinctly spatially regulated after mechanical wounding, which may allow 
them to avoid competition. The distribution of the ability to form C6 volatiles 
roughly correlated with the profi le of HPL promoter activity; however, the abilities 
showed little change after mechanical wounding. An inconsistency between the 
AOS promoter activity and JA levels was also evident. Accordingly, an additional 
factor, other than spatial segregation of HPL and AOS, also controls the GLV- and 
JA-forming abilities. 

 The most prominent feature of the HPL reaction is the rapid ‘burst’ of GLV for-
mation after mechanical wounding. In intact leaf tissues,    the amounts of GLVs are 
usually low, but after tissue disruption, the extensive formation of GLVs is induced. 
In Arabidopsis leaves, the amount of ( Z )-3-hexenal went up to 1.5 μmol g FW −1  
within 5 min after disruption (Matsui et al.  2012 ). This value corresponded to as 
much as ~30 % of the total amount of trienoic fatty acids in the leaf tissues. Because 
of the short period needed for the burst and the cells disruption, which made it 
impossible to activate the gene expression operating in intact cells, this burst should 
depend on enzymes and substrates that already exist in the cells. One possible 
explanation for the burst is a rapid mixing of enzymes and substrates; however, the 
situation is not that simple because some of the enzymes involved in GLV forma-
tion, such as lipoxygenases and HPLs, are usually localized in chloroplasts where 
their substrates, such as galactolipids, are abundant. A lipase that liberates free fatty 
acids from lipids might play a role in GLV formation by turning on the burst,    but 
the fact that GLVs are formed even without free fatty acids (Nakashima et al.  2013 ) 
makes the possibility less likely. Another possibility is the segregation of enzymes 
and substrates at the cellular level, as found for glucosinolates and myrosinase in 
Brassicaceae plants (Kissen et al.  2009 ), but the distributions of LOX and HPL 
appear rather uniform in tissues when observed using their promoter::GUS con-
structs in reporter plants (Mwenda et al.  2015 ). Therefore, there must be a system to 
activate enzymes after tissue disruption. Such a regulatory mechanism is known for 
mammalian phospholipase A2 and lipoxygenases, and it has been shown that cal-
cium ions play a signifi cant role in the regulation (Murakami  2011 ). However, 
again, the disruption of leaf tissues in the presence of a calcium ion-chelating 
reagent, such as EGTA, showed no effect on the GLV formation rate. Apparently, 
the system to turn on the GLV burst is still unknown, and further studies are needed. 

 GLV formation is induced in occasions other than tissue disruption. When 
tomato plants were exposed to high temperatures (>46 °C), GLVs were extensively 
formed (Copolovici et al.  2012 ). Because several GLVs and their related carbonyl 
species, harboring α,β-unsaturated carbonyl groups, induce resistance to high tem-
perature stress by inducing several genes involved in responses against abiotic 
stresses (Yamauchi et al.  2015 ), the formation of GLVs after heat stress may be a 
plant defense response. Under heat stress,    plant cells generally encounter oxidative 
stress, which in turn, causes the deterioration of the membrane organization through 
oxidation of membrane components (Suzuki et al.  2012 ). This might induce GLV 
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formation. GLV bursts following light-dark transitions have also been reported 
(Jardine et al.  2012 ). With this GLV burst, which was enhanced by darkening, there 
was a positive relationship between the amount of GLVs formed and the photosyn-
thetic activity prior to darkening. This implies the involvement of a photosynthetic 
electron transport system in the GLV burst; however, details have not been eluci-
dated. By investigating the mechanism behind the GLV burst that is elicited after 
darkening, insights into the regulatory mechanisms of GLV formation could be 
revealed.  

     Evolution of Genes Involved in GLV Formation 

 The CYP74 family is  a   class of enzymes, including HPL and AOS, that uses unsatu-
rated fatty acid hydroperoxides derived from linoleic acid or α-linolenic acid as 
substrates. The CYP74B subfamily contains HPLs, which are widely distributed in 
higher plants (Grechkin  2002 ; Matsui  2006 ). Bell pepper HPL was the fi rst CYP74B 
isolated in the 1990s, and since then an increasing number of HPL isoforms have 
been identifi ed in the complete genome sequences of  Arabidopsis thaliana , rice, 
and other plant species (Matsui et al.  1996 ; Bate et al.  1998 ). Recently, it has been 
reported that the moss  Physcomitrella patens  contains three CYP74 orthologs 
(Stumpe et al.  2006 ; Scholz et al.  2012 ). One of the three orthologs in moss has been 
identifi ed as  bona fi de  HPL and the others as AOSs. A database search revealed that 
liverwort  Marchantia  and Charophyta  Klebsormidium  encode two and one CYP74 
genes, respectively (Table  17.1 ). However, they are AOSs, not HPLs (Koeduka 
et al.  2015 ). These observations raise the important questions of when and how an 
ancestral CYP74 may have functioned as an HPL. The investigation of the genetic 
context of CYP74 uncovered that the  Selaginella  genome includes ten CYP74 
orthologs, whereas  Chlamydomonas  and  Nostoc  do not contain CYP74 genes. 

  Table 17.1    Survey of the 
CYP74 orthologs involved in 
green leaf volatiles  

 Plant species  Hydroperoxide lyase  CYP74 orthologs 

  Arabidopsis   + a   2 
 Rice  +  5 
  Amborella   − b   2 
  Selaginella   −  10 
  Physcomitrella   +  3 
  Marchantia   0  2 
  Klebsormidium   0  1 
  Chlamydomonas   0  0 
  Nostoc   0  0 

   a Hydroperoxide lyase genes were present in the public data-
bases and biochemically characterized 
  b Hydroperoxide lyase orthologs were identifi ed but have not 
been characterized  
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Thus, the acquisition of CYP74 genes may have occurred during the evolutionary 
process from  Chlamydomonas  to  Klebsormidium , and then a CYP74 gene duplica-
tion event and the  functional   divergence of AOS to HPL, or vice versa, arose mul-
tiple times during plant evolution. This is a totally distinct view of the evolution of 
CYP74s from that proposed by Lee et al. ( 2008 ).

       Physiological and Ecological Function of GLVs 

     Do Plants Sense GLVs? 

 Since the confi rmation of GLVs as aroma constituents in green leaves, scientists 
have been considering their physiological functions.    At the beginning, the effect of 
GLVs on insect behavior was investigated. For example, in 1967, Riddiford ( 1967 ) 
found that ( E )-2-hexenal was an essential mating stimulant for polyphemus moths 
( Antheraea polyphemus ). At present, the effects of just one GLV, ( E )-2-hexenal, for 
example, acts as an attractant, allomone, kairomone, or pheromone on 186 different 
species of arthropods, which are listed in The Pherobase (  www.pherobase.com    ). A 
review on the involvement of GLVs in plant–herbivore and plant–pathogen interac-
tions was published recently (Scala et al.  2013 ). GLVs also exert several kinds  of 
  physiological effects on mammals. For example,  n -hexanal increases the dopamine 
release from rat brains (Kako et al.  2011 ). 

 It has been repeatedly reported that the volatile organic chemicals formed by 
stress-treated plants induce several defense responses in neighboring plants (Dicke 
and Baldwin  2010 ). Because GLVs are common  and   abundant volatiles emitted 
from stressed plants, the effects of GLVs on plants were examined. Vapors from a 
series of alkenals and alkanals, including ( E )-2-hexenal, induced the formation of 
phytoalexins, such as cadalene and scopoletin, in developing cotton bolls (Zeringue 
 1992 ). Among the aldehydes used in his study, ( E )-2-alkenal induced a higher pro-
duction of phytoalexins than saturated alkanals. Therefore, the structure of com-
pounds might be important in eliciting  the   phytoalexin formation in cotton bolls. 
Aerial treatments of Arabidopsis seedlings with ( E )-2-hexenal at 10 μM induced a 
subset of defense-related genes, including chalcone synthase, lipoxygenase, and 
AOS, all of which are somehow involved in the biosynthesis of secondary metabo-
lites (Bate and Rothstein  1998 ). ( E )-2-Hexenal and the other ( E )-2-alkenals used to 
treat cotton bolls are reactive carbonyl species (RES) because they contain α,β- 
unsaturated carbonyl moieties that have the potential to inactivate biological mole-
cules through a spontaneous reaction (Michael addition reaction) with nucleophilic 
substances containing amino or sulfhydryl groups. Therefore, it is assumed that 
( E )-2-alkenal induced defense responses because of the stress response elicited by 
the toxicity of ( E )-2-alkenal. In the case of Arabidopsis, the response was observed 
in the  jar1 - 1  mutant that had a defi ciency in JA signaling (Bate and Rothstein  1998 ), 
and thus, the response was thought to use a signaling system different from that 
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used by JA. Even though α,β-unsaturated carbonyl moieties are important factors in 
eliciting defense responses in plants, ( Z )-3-hexen-1-yl acetate, which is a much less 
harmful compound because of the absence of the α,β-unsaturated carbonyl moiety, 
was also effective to inducing the lipoxygenase gene  in   Arabidopsis seedlings. This 
implies that plants also sense some GLVs in a way other than as a response to toxic 
compounds containing α,β-unsaturated carbonyl groups. 

 We also found that treating with GLVs or an isoprenoid at 10 μM in the vapor 
phase elicited the induction of chalcone synthase, caffeic acid- O -methyltransferase, 
diacylglycerol kinase1, glutathione- S -transferase1, and lipoxygenase2 in 
Arabidopsis (Kishimoto et al.  2005 ). As a result of the induction of  these   defense- 
related genes, Arabidopsis acquired a higher resistance to the necrotrophic fungal 
pathogen,  Botrytis cinerea . We also noticed that ( E )-2-hexenal was a powerful elici-
tor, but at the same time, ( Z )-3-hexenal, ( Z )-3-hexen-1-ol, and  allo -ocimene, also 
induced defense genes and resistance against  B. cinerea  to a level similar to or even 
higher than ( E )-2-hexenal. The responses of Arabidopsis to these volatile com-
pounds were partially suppressed in  jar1 - 1  and  etr1  mutants, thus, the involvement 
of JA signaling and ethylene signaling was hypothesized. The pre-treatment of 
Arabidopsis with okadaic acid also suppressed the response, which indicated the 
involvement of protein phosphatases in the system that sensed the volatiles. Treating 
with aerial GLVs also induced defense responses in lima bean (Arimura et al.  2000 ) 
and corn (Engelberth et al.  2004 ; Farag et al.  2005 ). In corn seedlings, GLVs primed 
the plants for the higher production of JAs and sesquiterpene volatiles after subse-
quent herbivore attacks (Engelberth et al.  2004 ). 

 Some claimed that  the   concentrations of volatiles used in these studies (10 μM in 
vapor phase, which corresponds to 224 ppmV) was unrealistically high and that the 
responses observed were not physiologically and ecologically relevant (Dicke et al. 
 2003 ). However, most green plants have the ability to form massive amounts of 
GLVs after mechanical wounding, and, in the case of Arabidopsis leaves, the local 
concentration in the disrupted leaf tissue could go up to 1 mM (in the aqueous phase 
in plant tissues) (Matsui et al.  2012 ). Also,    volatiles usually diffuse into the atmo-
sphere in a non-concentric manner as fragmented plumes directed by a turbulent 
fl ow (Baldwin et al.  2006 ). Therefore, it is possible for the plants to encounter rela-
tively high concentrations of GLVs. Because it is diffi cult to simulate the diffusion 
or fate of volatiles once they are released into the atmosphere, the best way to know 
if the response is physiologically or ecologically relevant is to observe the effects of 
volatiles on plants in a natural environment or in an environment equivalent to 
nature. 

 When volatiles released by hybrid poplar ( Populus deltoids  ×  P. nigra ) after her-
bivore damage were introduced into  undamaged   adjacent leaves, the exposed leaves 
had elevated defensive responses against feeding by gypsy moth larvae ( Lymantria 
dispar  L.) (Frost et al.  2008 ). Even though a detailed analysis of volatiles emitted by 
herbivore-damaged leaves was not performed in this study, it should contain sub-
stantial amounts of GLVs (Frost et al.  2008 ). Lima bean plants ( Phaseolus lunatus ) 
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secrete extrafl oral nectar to recruit carnivorous ants that feed on herbivores. 
Exposing intact lima bean plants to volatiles released from herbivore-damaged con-
specifi cs induced the secretion of the extrafl oral nectar (Kost and Heil  2006 ). For an 
interaction mediated by herbivore-induced volatiles, ( Z )-3-hexen-1-yl acetate being 
the most abundant, in lima beans, their effects were reproduced using a low concen-
tration of synthetic ( Z )-3-hexen-1-yl acetate. Also, in an open chamber experiment 
conducted using transgenic  Nicotiana attenuata  that had a lowered HPL activity 
through an antisense technique, it was indicated that GLVs were responsible for the 
induction of some defense genes in plant–plant interactions (Paschold et al.  2006 ). 
We also observed that intact tomato plants acquired higher defense responses 
against herbivores after receiving volatiles released from damaged plants (Sugimoto 
et al.  2014 ). In the  volatiles   emitted from the herbivore-damaged tomato plants, ( Z )-
3-hexen-1-ol was the most abundant GLV. Because of these results, many scientists 
started to consider that plants perceive GLVs even under non-stressed conditions, 
and that, in some instances, the plants that sensed GLVs in their surrounding atmo-
sphere changed their behavior to achieve a higher fi tness in their environment.  

    How Do Plants Sense GLVs? 

    Perception as Toxic Xenobiotics 

 Even though  the   involvement of GLVs in plant–plant communication has been 
mostly established in section “ Do plants sense GLVs? ”, we still do not know the 
mechanism behind how plants sense GLVs. To dissect the mechanism, it is better to 
separate members of the GLVs into two groups based on their chemical reactivity, 
RES and the others (Fig.  17.3 ). ( E )-2-Hexenal is a representative RES-type GLV 
because it contains an α,β-unsaturated carbonyl group. ( E )-2-Hexenal is formed by 
the isomerization of ( Z )-3-hexenal, which is the fi rst product of HPL.    The ability to 
isomerize ( Z )-3-hexenal to ( E )-2-hexenal varies among plant species, and as a 
result, the ratio between the two hexenals is also different. The isomerization might 
have physiological and ecological relevance because the herbivore  Manduca sexta  
has the isomerase in its oral secretion, and it decreases the ( Z )/( E ) ratio of GLVs 
formed by  Nicotiana attenuata  (Allmann and Baldwin  2010 ). The parasite of  M. 
sexta  is recruited by monitoring the ( Z )/( E ) ratio.

   Because ( E )-2-hexenal is a RES, its reactivity against biological substances is 
higher than the other GLVs, such as ( Z )-3-hexenal, ( Z )-3-hexen-1-ol, and ( Z )-3- 
hexen- 1-yl acetate. However, ( Z )-3-hexenal is sensitive to enzymatic and  spontane-
ous   oxygenation to form 4-hydroperoxy-( E )-2-hexenal, which in turn, is converted 
into 4-hydroxy-( E )-2-hexenal or 4-oxo-( E )-2-hexenal (Matsui et al.  2012 ; 
Bonaventure et al.  2011 ) (Fig.  17.3 ). Because of this, ( Z )-3-hexenal should also be 
considered as a ‘potential’ RES-type GLV. 
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 12-Oxophytodienoic acid (OPDA) functions not only as a precursor of JA, but 
also as a signal molecule per se, inducing a distinct set of genes other than those 
induced by the JA (Taki et al.  2005 ). Phytoprostanes, which are formed non- 
enzymatically by the reaction of polyunsaturated fatty acid with  reactive oxygen 
species (ROS)  , are structurally related to the OPDA group, especially because of 
the presence of the α,β-unsaturated carbonyl  group   found in the conjugated cyclo-
pentenone group. Phytoprostanes also induce a subset of genes in plants, and it is 
assumed that this ability is largely because of their α,β-unsaturated carbonyl group. 
In Arabidopsis, TGA transcription factors are essential factors in mediating the 
response to OPDA and phytoprostanes (Mueller et al.  2008 ). Additionally, 
cyclophilin 20-3 in plastids was identifi ed as a protein capable of binding OPDA, 
relaying the signal to induce gene expression (Park et al.  2013 ). Because the α,β- 
unsaturated carbonyl group is the essential structural requirement for the induction 
of this distinct signal transduction pathway, it is probable that GLVs having α,β- 
unsaturated carbonyl groups also activate the same signaling pathway. 

 Another important (bio)chemical aspect of RES is its high reactivity with nucleo-
philes in cells. Glutathione (GSH) reacts with ( E )-2- hexenal   either enzymatically 
using glutathione  S -transferases or non-enzymatically at a physiological pH like 
7.0. In tobacco leaves where hypersensitive responses were elicited by treating with 
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cryptogein, several species of GSH adducts, such as OPDA-GSH, ketooctadecadi-
enoic acid-GSH, 4-hydroxy-( E )-2-nonenal-GSH, and hexenal-GSH, are formed, 
probably as a detoxifi cation reaction, to cope with potentially active and even toxic 
substances (Davoine et al.  2006 ). Among these adducts, the GSH adduct with ( E )-
2-hexenal accumulated to the highest level, as much as 100 nmol g −1  dry weight. 
When plants were exposed to volatile compounds having α,β-unsaturated carbonyl 
species, the volatiles would be partitioned into the plant tissues under the gas phase/
water phase (inside of tissues) equilibrium determined by the Henry’s law. Even 
though the partition would be much more complicated because volatiles could cross 
cell walls in apoplasts and plasma membranes,    this indicated that it is inevitable for 
plants to accumulate such reactive xenobiotics in cells during normal gas-exchanges 
in photosynthesis through stomata. If the compounds were not appropriately detoxi-
fi ed, they would react with GSH to form adducts. Accordingly, endogenous GSH 
would be consumed, and the consumption of GSH would lead to an imbalance in 
the redox state (GSH/GSSG), which might cause the induction of several genes 
under redox regulation. 

 The involvement of GSH in responding to ( E )-2-hexenal and ( Z )-3-hexenal was 
confi rmed using the  pad2 - 1  Arabidopsis mutant that had a lower level of GSH 
because of a defect in GSH biosynthesis. The expression of  PDF1.2  elicited by 
hexenals was not affected by the  pad2 - 1  mutation, but that of  VSP1  was totally 
eliminated in the mutant (Kishimoto et al.  2006 ). This, again, indicated that redox 
regulation, mediated by GSH, should play a crucial role in responding to GLVs 
containing α,β-unsaturated carbonyl groups. 

 Because the  reactivity   of RES is based on a simple chemical reaction, it is also 
possible for RES to react with the other biological components, such as proteins, 
nucleotides, and membrane components. Of course, there might be a distinct set of 
molecules that show a specifi city, depending on the chemical nature of RES, and 
nucleophiles that might be involved in the reaction (Mano  2012 ; Mano et al.  2014 ). 
For GLVs containing α,β-unsaturated carbonyl groups, their moderate hydropho-
bicity allows them accumulate in a hydrophobic environment, such as a biological 
membrane. If this was the case, then a protein in the membrane would be a primary 
target for the GLVs. Also, the nucleophilicity of residues on the surface of biologi-
cal molecules would be a determinant for the target. Signaling mediated by covalent 
binding is well studied in mammalian systems, and the Nrf/Keap1 system plays a 
central role (Higdon et al.  2012 ). There has been no report of Nrf/Keap1 homologs 
in plants and our preliminary BLAST search also failed to fi nd the counterparts in 
plants,    although it is still possible for plants to use a similar, covalent binding- 
mediated signaling pathway.  

    Interactions with Membranes 

 When volatiles  released   from herbivore-damaged tomato plants were blown across 
the surface of intact tomato leaves, their plasma membrane potential jumped to a 
depolarized value (from −114 to −76 mV) within 10 or 20 s (Zebelo et al.  2012 ). 
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GLVs were the most abundant volatiles released by the herbivore-infested tomato. 
As expected, a similar membrane potential depolarization was observed by blowing 
vapors of ( Z )-3-hexenal, ( E )-2-hexenal, or ( Z )-3-hexen-1-yl acetate. ( Z )-3-Hexen- 
1-yl acetate, even though it is not the RES-type, causes depolarization as much as, 
or even to higher degree than, ( E )-2-hexenal, a RES, or (Z)-3-hexenal, a potential 
RES. The reactivity caused by the α,β-unsaturated carbonyl group should not be the 
prerequisite of depolarization. 

 It was expected that the  volatile   affected the nature of ion channels located in the 
plasma membrane. The α,β-unsaturated carbonyl group might be partially involved 
in the modulation of ion channels, but volatiles without the reactive moiety could 
induce almost the same depolarization, which indicates that the moiety does not 
play the critical role. These GLVs also induced a calcium infl ux into the cytosols of 
epidermal cells (Zebelo et al.  2012 ). The ability to promote calcium infl ux appar-
ently varied depending on the molecular species used, and ( Z )-3-hexen-1-yl acetate 
was the most potent. Using fl uorescence microscopy, the integrity of chloroplasts in 
parenchymal cells could also be examined because of the autofl uorescence of chlo-
rophyll. Interestingly, exposure to a gas containing ( E )-2-hexenal or ( Z )-3-hexenal 
seemed to be toxic to the cells, and the integrity of the chloroplast was extensively 
damaged by the treatment.    However, the ( Z )-3-hexen-1-yl acetate treatment resulted 
in no apparent change in the chloroplasts’ integrity. From this observation, again, it 
is proposed that the reactivity belonging to α,β-unsaturated carbonyl group does not 
always correlated to the ability to induce a calcium infl ux into the cytoplasm. 

 Heil et al. ( 2008 ) investigated the structure-activity relationship of a series of 
alka(e)nyl acetates of different chain lengths,  and   different degrees and positions of 
unsaturation by monitoring the amount of extrafl oral nectar secreted by lima bean 
plants after exposure to the vapor. They found a relatively broad spectrum of activ-
ity for each compound, and apparently there was no essential structural requirement 
to exert the effect. Accordingly, they proposed that a physicochemical processes 
based on the amphiphilic nature of the compound was the important factor for the 
effect. Because plasma membranes should be the fi rst site of penetration for exog-
enously supplied volatiles, the deposition of volatiles in the plasma membrane 
would cause the effect by distorting the membrane’s organization. Alternatively, it 
is possible that some proteins, such as odorant binding proteins or lipid transfer 
proteins, are involved in the system.  

    Metabolism 

 Most plants also have  the   ability to detoxify reactive xenobiotics such as 
RES. Cucumber plants and Arabidopsis contain several reductases that detoxify 
them. An alkenal/one oxidoreductase (AOR) catalyzes the reduction of the α,β- 
unsaturated bond in RES (Yamauchi et al.  2011 ). Aldo-keto reductase (AKR) and 
aldehyde reductase catalyze the reduction of aldehyde to alcohol. In cucumber, 
acrolein was effi ciently reduced to form propionaldehyde by two distinct AORs 
localized in the chloroplasts and cytosol, respectively. Yamauchi et al. ( 2011 ) also 
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detected the reducing activity to form alcohol from aldehyde. For example, 
Arabidopsis has both AKR  and   aldehyde reductase in its chloroplasts. When intact 
Arabidopsis was exposed to a vapor containing ( Z )-3-hexenal, the aldehyde was 
taken up by tissues, effi ciently converted into ( Z )-3-hexen-1-ol in a NADPH- 
dependent manner, and released in its alcohol form into the atmosphere (Matsui 
et al.  2012 ). This reduction is also an important detoxifi cation system to Arabidopsis, 
where the excess amount of ( Z )-3-hexenal above the reducing capacity of 
Arabidopsis resulted in the suppression of PSII activity estimated by PAM. This 
implies that exposing plant tissues to ( Z )-3-hexenal at a level where the tissues 
employ a reductive detoxifi cation system as much as they can would cause an 
imbalance in  the   redox state maintained by the NADPH/NADP +  ratio. The imbal-
ance caused by the volatile might result in the modulation of gene expression levels 
in tissues. This might be a scenario caused by GLVs during plant–plant 
interactions. 

 Even though the alcohol, ( Z )-3-hexen-1-ol, is a rather inert compound, it is 
sometimes converted into ( Z )-3-hexen-1-yl acetate, which is more volatile than ( Z )-
3-hexen-1-ol according to their  Henry’s law constants   (25 and 1 M atm −1 , respec-
tively). Because this conversion requires acetyl-CoA, which would otherwise be 
used in growth, this defi nitely is an active process.    This suggests that ( Z )-3-hexen- 
1-ol is also an active compound, and a surplus supply during the reduction of ( Z )-3- 
hexenal or from the atmosphere would cause an imbalance in the homeostasis of 
plant cells (Farag et al.  2005 ). When tomato plants were exposed to volatile com-
pounds released from herbivore-damaged conspecifi cs, the receiver plants adsorb 
( Z )-3-hexen-1-ol, and converted it to a glycoside, ( Z )-3-hexenyl vicianocide (Fig.  17.4 ). 
Because the glycoside has a slight but distinct activity to suppress the growth of 
herbivore, the glycosidation and subsequent accumulation of the compound from 

  Fig. 17.4    Glycosidation is one way to ‘sense’ green leaf volatiles (GLVs). A herbivore-damaged 
tomato plant releases ( Z )-3-hexen-1-ol into atmosphere. The neighboring plant takes up the GLV 
and converts it to ( Z )-3-hexenyl vicianoside. Because the glycoside has an insecticidal activity, the 
‘receiver’ plant acquires a higher resistance against the herbivore. Even though this is the metabo-
lism of the plant responding to an exogenous compound, as a whole, this metabolism can be con-
sidered as an example of plant–plant interaction       
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the atmosphere benefi tted the receiver plants.    Therefore, glycosidation could be one 
way for tomato plants to carry out plant–plant communications. All fl owering plants 
examined so far accumulated glycosides after exposure to vapor containing ( Z )-3- 
hexen- 1-ol. Therefore, the perception of volatiles through glycosidation is a general 
property of plants.

         Concluding Remarks 

 Because of their abundance in nature, GLVs are familiar plant secondary metabo-
lites. We enjoy their smells when we eat foods made from plants or when we walk 
through forests. Of course, plants form GLVs because it is benefi cial. Since the 
discovery of the volatile sex pheromones of silkworms, we have been accumulating 
examples of the physiological and ecological functions of volatiles. GLVs are 
largely involved in the defense responses of plants against herbivores and patho-
gens, or even abiotic stresses. We are interested in when plants fi rst acquired the 
ability to form GLVs because this knowledge would give us insights into how plants 
survive in environments where they interact with the other organisms. Also, the 
recent fi nding that plants respond to GLVs opens many areas to further study. 
Because they lack the nervous and olfactory systems of animals, plants may employ 
their own original systems to ‘sense’ GLVs. Chemical reactivity, physicochemical 
nature, and the nature of metabolization are the ways plants detect GLVs, but these 
fail to explain the phenomena found in nature completely. We are still beginning to 
decipher how plants ‘sense’ volatiles, and further extensive studies await.     
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    Chapter 18   
 Omics in  Chlamydomonas  for Biofuel 
Production                     

       Hanna     R.     Aucoin*    ,     Joseph     Gardner*    , and     Nanette     R.     Boyle    

    Abstract     In response to demands for sustainable domestic fuel sources, research 
into biofuels has become increasingly important. Many challenges face biofuels in 
their effort to replace petroleum fuels, but rational strain engineering of algae and 
photosynthetic organisms offers a great deal of promise. For decades, mutations and 
stress responses in photosynthetic microbiota were seen to result in production of 
exciting high-energy fuel molecules, giving hope but minor capability for design. 
However, ‘-omics’ techniques for visualizing entire cell processing has clarifi ed 
biosynthesis and regulatory networks. Investigation into the promising production 
behaviors of the model organism  C. reinhardtii  and its mutants with these powerful 
techniques has improved predictability and understanding of the diverse, complex 
interactions within photosynthetic organisms. This new equipment has created an 
exciting new frontier for high-throughput, predictable engineering of photosyntheti-
cally produced carbon-neutral biofuels.  

  Keywords     Nutrient limitation   •   Triacylglycerols   •   Biohydrogen   •   Stress response   • 
  Gene discovery  

  Abbreviations   

Enzymes 

   ACCase    Acetyl-CoA carboxylase, E.C. 6.4.1.2   
  ACK1    Non-specifi c protein-tyrosine kinase, E.C. 2.7.10.2   
  ACK2    (Acetyl-CoA carboxylase) kinase 2, E.C. 2.7.11.27   
  ADH1    Alcohol dehydrogenase 1/Formaldehyde dehydrogenase 

(FDH1), E.C. 1.1.1.1   
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  ADH2    Alcohol dehydrogenase (NADP+), E.C. 1.1.1.2   
  ADH3    Alcohol dehydrogenase Isoform, E.C. 1.1.1.1   
  ADP-Glc PPase    ADP-glucose pyrophosphorylase, E.C. 2.7.7.27   
  DGAT    Diacylglycerol acyltransferase, E.C. 2.3.1.20   
  FAS    Fatty acid synthase, E.C. 2.3.1.85   
  GPAT    Glycerol-3-phosphate acyltransferase, E.C. 2.3.1.15   
  HYD1    Ferredoxin hydrogenase, E.C. 1.12.7.2   
  HYD2    Ferredoxin hydrogenase Isoform, E.C. 1.12.7.2   
  ICL    Isocitrate lyase, E.C. 4.1.3.1   
  LDH    Lactate dehydrogenase, E.C. 1.1.1.27   
  LPAT    Lysophosphatidic acid acyltransferase, E.C. 2.3.1.51   
  MCT    Malonyl acyl carrier protein transferase, E.C. 2.3.1.39   
  MLDP    Major lipid droplet protein   
  PAT1    Phosphate acetyltransferase, E.C. 2.3.1.8   
  PAT2    Phosphate acetyltransferase Isoform, E.C. 2.3.1.8   
  PDC3    Pyruvate decarboxylase, E.C. 4.1.1.1   
  PDAT    Phospholipid diacylglycerol acyltransferase, E.C. 2.3.1.158   
  PDH    Pyruvate dehydrogenase, E.C. 1.2.1.51   
  PFL1    Formate C-acetyltransferase, E.C. 2.3.1.54   

    Transcripts 

   DGAT1    Diacylglycerol acyltransferase   
  DGTT1    Diacylglycerol acyltransferase   
  GPD2    Glycerol-3-phosphate dehydrogenase   
  GPD4    Glycerol-3-phosphate dehydrogenase   
  LHCBM9    Light Harvesting Complex Chlorophyll a-b binding protein   
  LHCSR2    Light Harvesting Complex stress-related 2   
  LPAT1    Lysophosphatidic acid acyltransferase   
  MLDP1    Major lipid droplet protein   
  PDAT1    Phospholipid diacylglycerol acyltransferase   

    Molecules 

   DAG    Diacylglycerol   
  FA    Fatty acid   
  FDox    Ferredoxin (oxidized)   
  FDred    Ferredoxin (reduced)   
  G3P    Glycerol-3-phosphate   
  PFR1ox    Pyruvate ferredoxin (oxidized)   
  PFR1red    Pyruvate ferredoxin (reduced)   
  SQDG    Sulfoquinovovosyl diacylglycerol   
  TAG    Triacylglycerol   
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    Structures and Proteins 

   Cytb 6     Cytochrome b6 (small subunit of cytochrome b6f complex)   
  Cytf    Cytochrome f (large subunit of cytochrome b6f complex)   
  Fd    Ferredoxin   
  FNR    Ferredoxin – NADP(+) reductase   
  LHC    Light Harvesting Complex   
  NDH    Plastidial NAD(P)H dehydrogenase complex   
  P680    Chlorophyll a P680 (680 nm)   
  P700    Chlorophyll a P700 (700 nm)   
  Pc    Plastocyanin   
  PQ(H) 2     Plastoquinone (reduced)   
  PSI    Photosystem I   
  PSII    Photosystem II   
  PQ 0     Plastoquinone (oxidized)   

    Miscellaneous 

   2-DE    2-Dimensional Gel Electrophoresis   
  GC/MS    Gas Chromatography/Mass Spectroscopy   
  HS    Heat Shock   
  LC/MS    Liquid Chromatography/Mass Spectroscopy   
  MALDI    Matrix-Assisted Laser Desorption/Ionization   
  NMR    Nuclear Magnetic Resonance   
  MFA    Metabolite Flux Analysis   
  TOF    Time of Flight   

          Introduction 

 For long term sustainability, there is a pressing need to develop renewable sources 
of fuels which are effi cient and compatible with current infrastructure. There are a 
number of alternative energy sources including wind, solar and hydroelectric which 
can be used to replace our dependence on fossil fuels for electricity; however, the 
ability to convert these energy sources to a form easily used for transportation is 
neither straightforward nor energy effi cient. Biomass derived biofuels are particu-
larly well-suited to displace some (or all) of our dependency on fossil fuels for the 
transportation sector because metabolites in the cell, such as starch or lipids, can 
easily be converted into fuels using current technologies. Advances in molecular 
biology and synthetic biology have allowed researchers to redesign metabolism and 
tailor-make molecules for fuel production (Oliver et al.  2013 ,  2014 ; Yim et al.  2011 ; 
Li and Liao  2013 ; Nakamura and Whited  2003 ; Kurian  2005 ). Most currently 
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available biofuels are produced in  E. coli  or yeast using starch or cellulosic sugars 
as feedstocks. Another alternative, which has the potential to be carbon neutral, is 
the production of biofuels from photosynthetic microorganisms. Microalgae natu-
rally accumulate lipids and starch or produce hydrogen when certain nutrients are 
depleted in the media (Miller et al.  2010 ; Li et al.  2010a ; Moellering and Benning 
 2010 ; Blaby et al.  2013 ; Boyle et al.  2012 ; Timmins et al.  2009 ), making them par-
ticularly attractive as sources of biofuels. The exact mechanisms that control the 
accumulation or production of these important fuel precursors are still being inves-
tigated but great strides have been made to understand these mechanisms using 
‘-omics’ technologies. 

 With advances in analytical technologies, it is now possible to collect large 
amounts of data to characterize both model and non-model organisms. These data 
sets are coined ‘-omics’; meant to imply “quantifi cation of a whole” (Jamers et al. 
 2009 ), ‘-omics’ are divided into observing cellular behavior at different levels of 
regulation: predominantly at the genomic (DNA), transcriptomic (RNA), proteomic 
(protein/enzyme), and metabolomic (metabolism) levels. By comparing data sets 
from different growth conditions, environmental stimuli, or genetic backgrounds, a 
more complete picture of how the cell responds to different stimuli can be gained. 
Since little is known about the genes and regulatory mechanisms which control the 
pathways involved in fuel-relevant molecule production, ‘-omics’ analyses are 
needed. In the discussion that follows, we will describe how ‘-omics’ technologies 
have enabled advances in the understanding of biofuel production in algae, particu-
larly  Chlamydomonas reinhardtii . 

     Chlamydomonas reinhardtii  as a Model Organism 

   Chlamydomonas reinhardtii   , a soil-dwelling, unicellular green alga, has served as a 
model organism since its discovery and isolation 70 years ago.  C. reinhardtii  is 
particularly interesting because it can function photoautotrophically, mixotrophi-
cally, or heterotrophically on acetate while maintaining its photosynthetic apparatus 
(Kempa et al.  2009 ; Chen and Johns  1996 ). Its fl exible metabolism is complemented 
by a complex structure reminiscent of higher order plants: it has multiple mitochon-
dria, a chloroplast, fl agella (Harris and Stern  2009 ), and a cell wall of extensin-like 
hydroxyproline-rich glycoproteins (Woessner and Goodenough  1994 ). There is 
also an emerging toolbox of molecular techniques for genetic manipulation of  C. 
reinhardtii  and libraries of knock-out mutants are available (Gonzalez-Ballester 
et al.  2011 ). The availability of knock out libraries enables further research into 
gene/function relationships. One of the most signifi cant mutants to be isolated is the 
cell wall-less mutation as it demonstrates higher permeability to exogenous DNA 
(Harris  2001 ) and is therefore more genetically tractable. Likewise, knowing the 
genes participating in cell walls and vacuolization can help  C. reinhardtii  model 
organism acclimation to hyperosmotic environments.  C. reinhardtii  has also been 
studied to understand fl agella dysfunction in complex eukaryotes, especially for 
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heritable disease research in cilia and other fi lamentous structures (Cole  1999 ; 
Pazour et al.  1999a ,  b ,  2000 ).  C. reinhardtii  can thus be used to model structural 
elements to determine mechanical and chemical stress responses in simpler, more 
controlled situations. 

 While understanding of the cellular machinery is crucial to strain design, decon-
volution of metabolism has been possibly the largest goal in rational biosynthetic 
design.  C. reinhardtii  has been at the forefront of this research not only because it 
has metabolic fl exibility, but because its metabolic fl exibility is relatively well 
understood. As such, subjecting  C. reinhardtii  to nutrient stress has been a consis-
tent tactic for investigation: nutrient deplete phenotypes and phenotype rescues are 
used  as   controls for conclusive, rigorous experimentation. Conclusions can be 
drawn from these experiments by using knowledge and connecting it to observed 
phenotypes; for example, removing copper – a cofactor in plastocyanin (Li et al. 
 1996 ) – resulted in a remodeling of the photosynthetic apparatus and identifi cation 
of the  Crd1  gene product as a response to oxygen defi ciency (Moseley et al.  2000 ). 
Carbon dioxide, sulfur deprivation, and other nutrient studies have demonstrated 
observable metabolic remodeling through starch accumulation, hydrogen accumu-
lation, and various transcriptional changes, respectively (Buléon et al.  1997 ; Melis 
et al.  2000 ; Navarro et al.  2000 ; Quesada et al.  1998 ; Zhou et al.  2000 ; Quiñones 
et al.  1999 ). These stresses are now being studied at molecular levels to draw even 
deeper conclusions about stress response. 

  C. reinhardtii  may not be the optimal organism for large-scale production of 
biofuels, but its research has been extremely valuable to the fi eld as a whole 
(Merchant et al.  2007 ). In a lot of ways, the diversity of mutants and biological 
characterization afforded by the community has outpaced the sophistication of char-
acterization techniques. As ‘-omics’ analytical methods become more powerful, the 
links between phenotypes and genes can be further unveiled, resulting in concise, 
predictable genetic targets for strain and bioprocess design. Not only that, but the 
burgeoning molecular toolbox (Beer et al.  2009 ), including high-fi delity transgene 
expression (Neupert et al.  2009 ), gene regulation manipulation through riboswitches 
(Croft et al.  2007 ), inducible promoters (Neupert et al.  2009 , Shao and Bock  2008 ), 
and chloroplast manipulation (Surzycki et al.  2007 ), can improve the experimental 
power in  C. reinhardtii . Overall, the move towards carbon neutral fuels has been 
aided by  C. reinhardtii  and its degree of characterization, and further analysis into 
the precise molecular mechanisms is becoming available.   

    ‘-OMICS’ Approaches 

    Genomics and Transcriptomics 

 Knowledge of the DNA and RNA sequences within a cell provides a picture of the 
cells capabilities and gene expression under different conditions.  Genomics and 
transcriptomics   can, then, be used to determine conserved behaviors across organ-
isms, to infer transcript functions, or to determine gene function from phenotypes. 
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Since genomics is the analysis of the whole information reservoir for an organism, it 
establishes the boundaries of the cellular landscape. Transcriptomics augments this 
analysis by cooperatively restricting the landscape through fi nding which parts of the 
genome are expressed and by elucidating complex gene interactions. By varying con-
ditions, both changes and constancy in transcript levels can provide insight into regu-
latory pathways and the mechanisms by which fi tness is maintained. Understanding 
this passage of information aids in determining and assessing the viability of genetic 
targets while establishing the boundaries of the cellular landscape. 

 The similar structures for information storage in DNA and RNA correspond to 
similar methods of determining base pair order. Replacing classical  Sanger sequenc-
ing   (Sanger and Coulson  1975 ), the most common methods begin with shotgun 
which require DNA or RNA to be cut or sheared randomly into smaller fragments. 
From there, classic methods like the  chain termination method   or  Maxam-Gilbert 
sequencing   are used to determine the sequence of  individual   fragments for DNA 
(Sanger et al.  1977 ; Maxam and Gilbert  1977 ). Exciting advances in high- 
throughput, cost-controlled sequencing have resulted in next-generation sequencing 
methods like single-molecule real-time sequencing (Thompson and Steinmann 
 2010 ), ion semiconductor (Rusk  2011 ),  pyrosequencing   (Ronaghi et al.  1996 ), 
 Applied Biosystems’ SOLiD Sequencing   (Valouev et al.  2008 ), 454 Life Science 
pyrosequencing (Rothberg and Leamon  2008 ), and  sequencing by synthesis 
(Illumina)   (Brenner et al.  2000 ). The main drawback of these methods is the high 
capital investment (Liu et al.  2012 ) but the cost to sequence DNA continues to fall 
rapidly (  https://www.genome.gov/sequencingcosts    ). Sequencing of RNA ( RNA- 
seq  ) is more challenging due to the nature of RNA: rapidly changing and easily 
degraded. Current methods allow for cheap, single, and simultaneous library gen-
eration reactions (Shishkin et al.  2015 ) and improved coverage of RNA functional-
ity through separating different types of RNA (by size exclusion or similar routines) 
and consequent sequencing (Morin et al.  2008 ).  Direct RNA Sequencing   (without 
conversion to cDNA), is hypothetically less error-prone but is still in its infancy due 
to the instability of RNA (Ozsolak et al.  2009 ). Once the sequence of these small 
DNA or RNA sequences is known, computational methods need to be used to 
assemble sequences into longer pieces. Manual annotation of sequenced genomes is 
not possible given how quickly genomes can be sequenced today.    Therefore, com-
putational tools have been created which are capable of predicting gene structure 
and function, such as  AUGUSTUS   (now u10) (Specht et al.  2011 ). Genome 
 browsers are available for a number of photosynthetic organisms through the 
 Phytozome Genome Browser   (Goodstein et al.  2012 ), which allows searching 
genomes for genes and supports further annotation efforts. A large amount of 
 Chlamydomonas reinhardtii  transcriptome data from various experiments is also 
available on the UCSC genome browser (  https://genome.ucsc.edu/    ); this gives 
excellent snapshots of how transcript abundance varies in any given condition. 

 Base pairs sequences on their own offer little insight into cell behavior; addi-
tional computation is used to fi nd patterns between genomic and transcriptomic 
data. While earlier studies were conducted slowly by referencing primary literature, 
software tools (Overbeek et al.  2014 ; Curwen et al.  2004 ; Zerbino  2010 ; Haas et al. 
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 2013 ) in combination with genome and transcriptome databases (Kanehisa and 
Goto  2000 ; Caspi et al.  2008 ; Pruitt et al.  2012 ; Nordberg et al.  2014 ) have signifi -
cantly streamlined the process. Most tools operate by automatically patching (if 
necessary) and correlating  sequences   of highly conserved genetic regions. This 
allows examination of the actual regions expressed in the genome and can be used 
to determine the structure of genes and possibly their function based on conserved 
sequences. These sequences can also be correlated across related strains to construct 
phylogenetic trees (Qi et al.  2004 ).  

    Proteomics 

 Proteomic analysis is conducted with the same shotgun approach as the previous two 
methods but with a different mean of quantifying  the   fragments. Similarly to genom-
ics and transcriptomics, proteomics begins with deconstruction into peptides via pro-
teolytic digesting.    Once done, chromatography, electrophoresis, or similar 
separations tactics are used to separate proteins. Tandem mass spectrometry,  Matrix-
Assisted Laser Desorption/Ionization (MALDI)   with  time-of-fl ight (TOF) spectrom-
etry  , or  gas chromatography/mass spectrometry   are used to determine the  peptide 
“fi ngerprints”   (Karas et al.  1987 ). The peptide fragments can be sequenced using this 
method and analyzed by comparison to databases to identify concentrations and 
functions of the associated proteins. One drawback of this method is that degenerate 
peptides are indistinguishable with this technique (Alves et al.  2007 ). Computational 
and manual techniques can be used to link proteins to transcriptomics and genomics. 
This can be useful for several reasons: it identifi es cell functions, protein conserva-
tion, and helps determine regulatory networks. In the fi rst result, it builds on previous 
data from transcriptomics and genomics with either computational correlation 
(Förster et al.  2006 ) or more easily measured protein interactions.    Furthermore, pro-
teomics can be used in comparison to mutants or other organisms to determine  con-
served   active sites and the effects of mutation (Morgan et al.  2014 ). Lastly, by 
determining which RNAs are translated into proteins, regulatory networks and RNAs 
can start to be decoded. Proteomics can build on other ‘-omics’ analyses to determine 
further cellular behavior and parse the inner mechanisms contributing to it.  

    Metabolomics 

 Metabolomics, which  measures   the presence and/or concentration of metabolites 
within the cell, is the ‘-omics’ method which is closest to measuring the phenotype 
of the cell. Metabolomics shows both  conditional   responses and the functional 
mechanisms in the cell which are not directly evident – simply implied – from pro-
tein concentrations and transcript levels. Methods in these studies are much differ-
ent from those encountered in either of the other three ‘-omics’: instead of 
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defragmenting and sensing individual compounds, metabolites are quantifi ed in the 
cell using gas chromatography/mass spectrometry (GC/MS), liquid chromatogra-
phy/mass spectrometry (LC/MS) or  nuclear magnetic resonance (NMR)   (Griffi ths 
and Wang  2009 ). Knowledge of the intracellular metabolite concentrations can be 
used for  metabolic   modeling efforts, such as metabolic fl ux analysis (MFA) 
(Edwards et al.  1999 ; Stephanopoulos et al.  1998 ; Wiechert  2001 ), as well. As with 
the other ‘-omics’ technologies, metabolomics can be used as a comparative tool to 
gain a better understanding of how the cell functions at all levels of control (DNA, 
RNA, protein and metabolism).   

    Understanding Biofuel Production Using ‘-OMICS’ Analyses 

  C. reinhardtii  has played  a   signifi cant role in cataloguing cellular machinery and 
stress responses in photosynthetic organisms, but molecular characterization of 
these processes has lagged behind observable phenomena. A symptom of this stress 
is the accumulation of energy storage and/or potential fuel molecules. ‘-Omics’ 
approaches have revolutionized the fi eld by offering insight into these complex cel-
lular processes and giving researchers targets for further engineering efforts to max-
imize production. 

    Production of High Energy Carbon Storage Molecules 

 Several studies have illustrated that  C. reinhardtii  accumulates carbon storage mol-
ecules (starch and triacylglycerols (TAGs))  during   periods of macronutrient (sulfur, 
nitrogen, and phosphorus) (Matthew et al.  2009 ; Hu et al.  2008 ; Miller et al.  2010 ; 
Moellering and Benning  2010 ; Goodson et al.  2011 ; Weers and Gulati  1997 ) or 
micronutrient (zinc, copper, and iron) (Kropat et al.  2011 ) limitations (See Fig.  18.1  
for TAG synthesis pathway). It has also been reported that by removing the ability 
to store starch, cells accumulate much higher levels of TAGs (Wang et al.  2009 ; Li 
et al.  2010b ; Work et al.  2010 ). Unfortunately, one undesirable side effect of nutri-
ent depletion is reduced production of biomass (Sheehan et al.  1998 ). In addition to 
micro- and macronutrient conditions, exposing  C. reinhardtii  cells to heat shock 
also induces increased lipid accumulation (Hemme et al.  2014 ). These nutrient limi-
tations and environmental stresses used to induce TAG accumulation result in global 
changes within the cell which can be measured by evaluating changes in gene 
expression, protein concentrations and metabolite abundance. Information gathered 
from ‘-omics’ studies in  C. reinhardtii  when exposed to unfavorable environmental 
conditions can be used to understand the regulatory mechanisms of lipid production 
in  C. reinhardtii . This in turn can be used to direct genome editing of other algal 
species more amenable to genetic manipulation or possessing traits more desirable 
for large scale production to improve the production of biofuels while maintaining 
normal growth rates and optimal cellular health.
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      Nitrogen Starvation 

 ‘-Omics’ data of  C. reinhardtii  cells grown under nitrogen deplete conditions pro-
vide a fundamental understanding of  the   regulatory mechanics that induce TAG 
accumulation during stress conditions. Cells starved of nitrogen can no longer syn-
thesize new nucleic acids or proteins and therefore they are forced to slow (or cease) 
growth; however, to take advantage of ample carbon supply they divert their metab-
olism into storage of carbon as lipids and starches. Blocking the assimilation of 
starches for energy storage forces  C. reinhardtii  to accumulate more lipids. Strains 
of  C. reinhardtii  have been developed that carry an insertional deletion of either the 
 sta1  or  sta6  gene encoding the large and small subunit of ADP-glucose pyrophos-
phorylase, respectively (ADP-Glc PPase). Critical to starch synthesis, ADP-Glc 
PPase converts glucose-1-phosphate to ADP-glucose, the precursor to starch 

  Fig. 18.1    Reported changes in transcript abundance in biosynthetic pathways of triacylglycerols 
in  Chlamydomonas reinhardtii .  Transcripts   corresponding to enzymes involved in triacylglycerol 
(TAG) synthesis have varying transcript levels when starved of nitrogen (–N), sulfur (–S), or 
phosphorous (–P). In general, phosphorous starvation had little infl uence on TAG transcript levels, 
while sulfur starvation caused transcripts for MCT, ACCase, GPAT, and the subunits of FAS to 
decrease. Nitrogen starvation caused transcript levels in the plastid to decrease (ACCase, MCT 
and FAS), while PDAT and diacylglycerol acyltransferase DGAT transcripts increased. The  sta 6 
mutant does not produce starch due to inactivation of ADP-Glc PPase in the starch synthesis path-
way indicated by ×. ↑: 1-log 2 (fold change) transcript increase; ↓: 1-log 2 (fold change) transcript 
decrease; – : no transcript change. –N data from Schmollinger et al. (Schmollinger et al.  2014 ); –P 
and –S data from González et al. (González-Ballester et al.  2010 )       
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(Ballicora et al.  2003 ). Wang et al. showed that when the  sta6  mutant of  C. rein-
hardtii  is deprived of nitrogen for 48 h, the number of cytoplasmic oil bodies 
increased 30-fold, while the oil body content in the wild type only increased 15-fold 
under the same conditions (Wang et al.  2009 ). Several transcriptomic, proteomic, 
and metabolomic studies exist for this condition in both wild type as well as the 
starchless mutant. Information gathered at each level may be used congruently to 
shed light on the regulatory mechanism for lipid accumulation without hindering 
overall biomass production.  

    Overall Metabolism 

 Nitrogen limitation or deprivation drastically alters the overall metabolism of all  C. 
reinhardtii  strains as the cells are forced to reduce their nitrogen to carbon ratio, 
reduce photosynthetic activity, and increase respiration to acclimate to the reduced 
nitrogen conditions (Schmollinger et al.  2014 ). To determine the underlying causes 
of this fundamental response to nitrogen deprivation, Schmollinger et al. measured 
the ‘-omics’ of three  C. reinhardtii  strains: CC-4348 (starchless  sta6  mutant), 
CC-4349 (cell wall-less, starch producing  cw15 ), and CC-4532 (wild type). Each 
strain had different transcriptomes; however, amongst all three strains 27 % of the 
total transcripts were shared. As expected,  cw15  and  sta 6 shared 35 % of the tran-
scripts measured. Unsurprisingly, all three  strains   increase transcripts for nitrogen 
transportation and assimilation; the proteins translated by the increased transcripts 
were also found to have increased concentrations. Additionally, proteins with low 
nitrogen content also increased in abundance during nitrogen starvation, while 
those of high nitrogen content decreased (Schmollinger et al.  2014 ). This coincides 
with observations made by Miller et al.: up-regulation of genes involved in  nitrogen 
  metabolism, uptake, or consumption; down-regulation of protein biosynthesis genes 
due to decreased availability of amino acids; and down-regulation of photosynthetic 
genes to regulate the metabolic state of the cell (Miller et al.  2010 ). Consistent with 
transcriptomic predictions, Wase et al. found that the abundance of proteins involved 
in nitrogen and amino acid metabolism, oxidative phosphorylation, as well as gly-
colysis/gluconeogenesis were increased,  while   the abundance of proteins involved 
with protein synthesis and photosynthesis decreased in nitrogen starved cells. Of 
those glycolysis/gluconeogenesis enzymes with increased abundance, pyruvate car-
boxylase, citrate synthase, and ATP-   citrate lyase may assist lipid synthesis by pro-
viding acetyl-CoA. Interestingly, of the 18 metabolites observed whose  levels 
  changed, amino acids phenylalanine, tryptophan, and aspartic acid as well as the 
amino acid degradation product putrescine were among those whose abundance 
decreased, possibly to serve as nitrogen sources for other metabolic needs (Wase 
et al.  2014 ). This mechanism of adaptation is responsible for the reduced biomass 
and cell arrest observed in cells starved of nitrogen. Thus, the regulatory mecha-
nism by which these genes interact with those involved with lipid synthesis should 
be further investigated to identify specifi c genes that can be changed without caus-
ing cell death. 
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 Photosynthetic activity is also reduced in nitrogen starved cells, which limits 
their growth and ability to fi x carbon.    Enzymes and pigments required for photosyn-
thesis have relatively high nitrogen content, thus, under nitrogen deplete conditions, 
the  C. reinhardtii  cells are limited in how many of these proteins they can produce 
(Blaby et al.  2013 ). This limitation reduces the need to produce chloroplast ribo-
somes to synthesize these photosynthetic proteins and is apparent by the reduced 
chloroplast ribosome transcript levels (~75 % reduction) observed by Schmollinger 
et al. Transcripts associated with chlorophyll degradation however remained con-
stant after N-deprivation, therefore cells preferentially maintained chlorophyll 
despite the high nitrogen content (Boyle et al.  2012 ). Additionally, transcripts for 
the  Calvin-Benson cycle   were reduced two to eightfold as well as a 20 % decrease 
in the corresponding proteins (Schmollinger et al.  2014 ). From this, we see that 
cells subjected to  nitrogen   starvation are severely hampered in their ability to grow 
normally and re-organize their metabolism to maintain growth as much as 
possible.  

    TAG Synthesis 

 Of great interest to biofuel production are the ‘-omics’ data associated with TAG 
biosynthesis. Contrary to phenotypic results (TAG accumulation), most transcripts 
involved in  TAG synthesis   remain stable, and if anything, decrease; however,    some 
of the reduced transcript levels returned to similar levels during nitrogen replete 
conditions. The exceptions to this trend were transcripts for the genes encoding two 
acyl-CoA dependent diacylglycerol acyltransferases  DGAT1  and  DGTT1  and two 
glycerol-3-phosphate dehydrogenase isozymes ( GPD2  and  GPD4 ) whose transcript 
levels showed signifi cant increase (8.2, 529.9, 146.0, and 20.1 fold respectively in 
 cw15 ) (Schmollinger et al.  2014 ). Boyle et al. also identifi ed the transcripts of 
 DGAT1  and  DGTT1  as being highly up-regulated (6.3 and 30.8 fold respectively) in 
wild type  C. reinhardtii  after exposure to nitrogen deplete conditions for 48 h. 
Transcripts for the gene  PDAT1  encoding another acyltransferase, phosphatidylcho-
line dependent acyltransferase (PDAT) were also reported to increase (2.9 fold)  in 
  nitrogen deplete conditions (Boyle et al.  2012 ). In the  sta6  mutant, the diacylglyc-
erol acyltransferases,  DGTT2 , was reported by Blaby et al. to have ~4 times the 
number of transcripts than  cw15   during   nitrogen deplete conditions. Of additional 
interest, transcript levels for the major lipid droplet protein gene ( MLDP1 ) were 
also ~4 times higher in  st6  than in  cw15  (Blaby et al.  2013 ). The   m ajor  l ipid  d roplet 
 p rotein (MLDP)   is an important structural protein found in lipid bodies. Repression 
of  MLDP1  in  C. reinhardtii  using RNA interference has been shown  to   cause lipid 
bodies to increase in size, but not in TAG content (Moellering and Benning  2010 ). 
Although few major changes in TAG transcripts were observed in the aforemen-
tioned studies, TAG accumulation still occurs. Thus, proteomic studies are neces-
sary to determine the amount of protein actually resulting from these transcripts. 

 Although transcript abundance for  some   TAG synthesis genes increased, their 
corresponding protein concentrations did not show corresponding changes in nitrogen 
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starved  C. reinhardtii . Indeed, protein abundance levels of most enzymes involved 
with lipid synthesis either remained the same or decreased indicating different lev-
els of regulation involved with lipid synthesis. Of those enzymes involved with lipid 
synthesis whose associated transcript levels increased identifi ed above (Boyle et al. 
 2012 ; Schmollinger et al.  2014 ; Blaby et al.  2013 ), Wase et al. were unable to iden-
tify any corresponding change in protein abundance. Indeed, only the  following 
  proteins associated with lipid synthesis were found to have increased abundance 
during nitrogen starvation: long-chain acyl-CoA synthetase, plastid lipid associated 
protein, and triglyceride lipases (Wase et al.  2014 ). Similar results were observed by 
Schmollinger et al. in addition to the reduced abundance of the  acetyl- CoA carbox-
ylase (ACCase) subunits   (Schmollinger et al.  2014 ). Of great interest is the decreased 
abundance of the AMP-activated protein kinase under nitrogen deplete conditions 
also observed by Wase et al. This kinase, responsible for inhibiting ACCase, could 
cause the observed TAG accumulation despite the reduced abundance of ACCase 
subunits (Wase et al.  2014 ). Such discrepancies between the transcript and protein 
abundance levels indicate that lipid synthesis is possibly regulated by variations in 
enzyme kinetics at  the   protein level caused by substrate deviations at the metabolite 
level and/or post-translational  modifi cations   of those enzymes to promote lipid stor-
age under nitrogen deplete conditions.  

    Other Macronutrient Conditions: Phosphorus and Sulfur 

 It has been shown that phosphorous and sulfur deplete conditions result in similar 
genetic regulatory results. According to Mosely, et al.,  C. reinhardtii  cells respond 
similarly when they are exposed to phosphorous deplete or sulfur deplete condi-
tions.    Interestingly, when cells acclimated to phosphorous deplete conditions are 
exposed to sulfur deplete conditions, the cellular responses associated with sulfur 
defi ciency become inhibited. Thus, the regulatory responses involved in sulfur 
deplete, phosphorous deplete, and possibly other nutrient deplete conditions are 
intimately dependent on one another (Moseley et al.  2009 ). Additional sulfur 
deplete studies indicate that the accumulation of lipids is a result of the conversion 
of phospholipids in the membranes into neutral lipids. Sugimoto et al. showed that 
when  C. reinhardtii  cells are starved of sulfur, they degrade almost 85 % of the 
 sulfoquinovovosyl diacylglycerol (SQDG)   present in their chloroplast membranes 
to reallocate the sulfur to increase the sulfur content in proteins (Sugimoto et al. 
 2007 ). Further studies from the same group indicate that the degradation of SQDG 
is coupled to the synthesis of phosphatidylglycerol, another  acidic   lipid present in 
chloroplasts; however, the increase in phosphatidylglycerol synthesis is most likely 
due to the SQDG loss, not the sulfur deplete conditions (Sugimoto et al.  2008 ). This 
insight indicates an opportunity to modify SQDG content in the membranes via 
gene deletion of those enzymes involved with SQDG synthesis to induce phospha-
tidylglycerol synthesis. 
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 In addition to nitrogen response analyses, Schmollinger et al. also compared 
transcript levels of  C. reinhardtii  under nitrogen deplete conditions with those tran-
script levels measured by González-Ballester et al. during phosphorus and sulfur 
deprivation (Schmollinger et al.  2014 ; González-Ballester et al.  2010 ). Despite 
similar  physiological   responses between sulfur and phosphorous deplete condi-
tions, the transcriptome of  C. reinhardtii  in phosphorous deplete conditions experi-
enced fewer changes than the transcriptome of sulfur deprived cells. This observation 
is intriguing as phosphorous and sulfur deplete conditions exhibit a similar response 
as discussed above. FA synthesis transcripts varied amongst the conditions as illus-
trated in Fig.  18.2 . The only consistent changes were found  DGAT1  and  DGTT1  
which increased in all macronutrient deplete conditions. Again, this discrepancy 
between varied transcript data and the resulting TAG accumulation over all of the 
macronutrient deplete conditions illustrates the need for further investigation of the 
regulatory mechanisms involved in lipid production  during   nutrient deplete condi-
tions by gathering more information on these conditions at the proteomic and 
metabolomic levels.

  Fig. 18.2    Transcript fold changes of genes associated with enzymes involved in triacylglycerol 
synthesis of  Chlamydomonas reinhardtii  subjected to macronutrient deprivation. In general, most 
transcripts remain either unchanged or decrease when starved of nitrogen (-N), sulfur (-S), or 
phosphorus (-P). The response to -N causes relatively similar TAG synthesis transcript level 
changes in WT,  cw15 , and  sta6 . All three strains saw drastic transcript level increase for  DGAT1 , 
 DGTT1 , and  GPD2 . Even –S and –P conditions caused some transcript level changes in WT. Both 
–S and –P conditions caused  DGAT1  and  DGTT1  transcripts to increase. Only –P caused transcript 
levels for  GPD2  and  GPD4  to increase. –N data from Schmollinger et al. ( 2014 ); –P and –S data 
from González et al. (González-Ballester et al.  2010 )       
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       Heat Stress 

 Proteomic and metabolomic information from  C. reinhardtii  under heat stress (HS) 
conditions provides additional insight to lipid accumulation.    Hemme et al. per-
formed a large-scale proteomic and metabolomic analysis of cells before HS, during 
various times at 42 °C for 24 h, and during the 8 h recovery after HS conditions 
(Hemme et al.  2014 ). Although transcript levels were not analyzed, many predic-
tions can be made about how cells accumulate lipids when heat stressed from the 
protein and metabolite variations observed. Like other stress conditions,  C. rein-
hardtii  experiences a restructuring of their central metabolism during and after HS 
that specifi cally induces cell arrest. Proteins critical to the Calvin-Benson cycle as 
well as those involved in gluconeogenesis and the TCA/glyoxylate cycle decreased, 
and their respective metabolites had a sharper decrease indicating reduced enzyme 
activity (Hemme et al.  2014 ). This decline in metabolic function illustrates that the 
cells undergo severe cell arrest, which may contribute to lipid accumulation. Similar 
to macronutrient defi cient conditions, little variation in abundance was observed for 
 de novo  FA synthesis proteins during and after HS. Membrane lipid metabolism 
proteins did have a marked increase during HS and were reduced during recovery 
thus allowing the cells to restructure their membranes during and after 
HS. Specifi cally, polyunsaturated lipids decrease as they are replaced by saturated 
lipids and saturated diacylglycerol trimethyl homoserine accumulates during heat 
shock. As saturated FAs replace their unsaturated counterparts, the unsaturated FAs 
accumulate as DAGs and TAGs. With the accumulation of lipids, starch levels also 
decrease during HS (Hemme et al.  2014 ). This carbon source preference indicates 
that the starch is possibly being degraded to form glycerol and acetyl-CoA to syn-
thesize the saturated FAs used in the membrane. By shifting the ratio of saturated to 
unsaturated FAs in the membrane in response to temperature fl uctuations, the cells 
are able to regulate the viscosity of the membrane keeping membrane bound pro-
teins, especially those  of   photosynthesis, functional in a process known as “homeo-
viscous adaptation” (Michael  1974 ). During recovery, the polyunsaturated FAs of 
TAGs in the oil bodies are exchanged with the saturated FAs in the lipid membrane. 
It is important to note that saturated FAs can only be produced from  de novo  biosyn-
thesis in the chloroplast, while unsaturated FAs can be produced by  de novo  biosyn-
thesis or by desaturases (Hemme et al.  2014 ). Because saturated FAs are most likely 
replacing unsaturated FAs in the lipids, these unsaturated FAs accumulate in the 
form of TAGs creating oil bodies as HS inhibits cell division. This FA exchange 
could be manipulated  in   conjunction with FA pathway modifi cations to optimize the 
yield of unsaturated TAGs.   

    Biohydrogen Production 

 Industrial hydrogen production occurs via steam reforming of small hydrocarbons 
and carbon monoxide, providing a potentially more effi cient fuel source through 
use of low-energy molecules with a water. However, as indicated by the  requirement 
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  for hydrocarbons and steam, this is not a carbon neutral process; in fact, it has been 
shown to have even more of a net negative impact than fossil fuels (Fishtik et al. 
 2000 ). Biological sources of hydrogen offer an advantage: the hydrogenase enzyme 
functions cooperatively with photosynthesis to convert protons into hydrogen gas as 
an electron sink instead of oxygen. ‘-Omics’ has demonstrated that stress conditions 
affecting the photosynthetic apparatus cause activation of the hydrogenase enzyme. 
In particular, acclimation to sulfur deplete and anoxic environments result in hydro-
gen gas being formed to compensate for cellular overprotonation (acidifi cation 
through proton accumulation) and electron evolution. Since these environments are 
suboptimal for  C. reinhardtii , a corresponding loss of cellular fi tness is observed. 
Analysis of these phenomena is crucial to eliminating the stress- induced cellular 
ineffi ciencies while maintaining the desired increase of biohydrogen. 

    Anoxic Conditions 

  Anoxic conditions   in photosynthetic organisms result in the more hydrogenase 
enzyme to provide an electron sink and resist overprotonation of the thylakoid 
space. Transcriptome level studies support this, showing an increase in the concen-
tration of  HYD1  and  HYD2  transcripts – coding for hydrogenase enzymes (Mus 
et al.  2007 ). Knockout studies indicate that absence of hydrogenase genes in anoxia 
display a diversion of resources to relieving oxidative stress via other pathways 
such as succinate production (Dubini et al.  2009 ) which can potentially provide 
targets for maintenance of cellular fi tness during anoxia (Fig.  18.3 ).

   In dark anaerobiosis, responses to the electron sink void are further exacerbated 
by the requirement to mitigate toxic byproduct formation while still providing cel-
lular energy. These result from the inability to fully oxidize carbon substrates to 
CO 2 , diverting glycolysis toward 2-carbon molecules (acetate and ethanol) and 
toward hydrogen from pyruvate. The transcriptomic and metabolomic studies dis-
play an increase in transcripts encoding proteins associated with fermentation as 
well as increases in ethanol and hydrogen production (Mus et al.  2007 ). This 
 fermentative behavior is coupled with a slight remodeling of carbon metabolism to 
remove bottlenecks and conserve energy. Notably, the  Calvin Cycle   is subject to 
slowing due to accumulation of cycle intermediates and electron dense molecules in 
anoxia while upregulating pentose phosphate transcripts in order to adjust. 
Meanwhile, glyoxylate-related enzymes are synthesized to aid in conversion from 
acetyl-CoA – resulting from lipid catabolism – to organic acids (Mus et al.  2007 ). 
 Isocitrate lyase ( ICL )   is one enzyme which bypasses α-ketoglutarate, a key precur-
sor for chlorophyll biosynthesis, and has been implicated in cell progression towards 
senescence (Terashima et al.  2010 ).    Reducing activity of this enzyme may aid in 
reducing senescent activity while retaining increased cellular growth rates. 
Glyoxylate related enzymes could also be downregulated to retain lipids, which rep-
resent much more valuable commodities than sugars and organic acids. Fermentation 
pathways upregulate important metabolites while providing insight into mainte-
nance routines that can be exploited to maintain high growth rates (Fig.  18.4 ).
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   Not only do energy  metabolism   cycles change, transcripts and proteins associ-
ated with amino acid synthesis show an accumulation of serine and isocitrate amino 
acids in conjunction with an upregulation of genes encoding enzymes associated 
with the glycine decarboxylase system. Proteomics imply that, by induction of gly-
colytic enzymes, intracellular nitrogen reorganization occurs via amino acid degra-
dation as opposed to traditional methods of assimilation (Terashima et al.  2010 ). 
This determines that lower protein synthesis is present in these conditions and like-
wise a remission of cellular fi tness. Adjustment of these pathways to more effi -
ciently retain nitrogen may help in maintaining cellular fi tness within biohydrogen 
production endeavors.  

    Sulfur Deplete Conditions 

 Sulfur depletion in  C. reinhardtii  and other photosynthetic organisms has been indi-
cated to decrease photosystem II (PSII) activity  and   increase in hydrogenase activ-
ity in a similar way to light anoxia. It does this by halting the methionine repair 

  Fig. 18.3    Photosynthetic response to anoxia in light replete conditions to induce hydrogen forma-
tion and maintain photosynthesis.    Biohydrogen in  Chlamydomonas reinhardtii  is generated via 
photosynthetic diversion of electrons into hydrogen protons. Sulfur deplete conditions reduce 
function of the photopigments as repair and protein synthesis are stunted. Oxygen deplete condi-
tions upregulate hydrogenase related transcripts to ensure function of the hydrogenase enzyme and 
limit accumulation of protons.  Orange arrows  indicate molecular fl ow;  black arrows  indicate elec-
tron fl ow;  black  labeled structures are electron transporters;  white  labeled structures are photosyn-
thetic macrostructures;  orange  structures are bound proteins.  Yellow  boxes are conditions leading 
to biohydrogen generation       

 

H.R. Aucoin et al.



463

system that responds to photo-damage in  C. reinhardtii , causing the photosynthetic 
apparatus to remodel, protein synthesis to slow, and intracellular scavenging activi-
ties to gain more importance. These cellular diversions cause signifi cant remodeling 
 of   PSII proteins and reapportioning of metabolites through different carbon path-
ways in nearly identical ways to those observed in anoxia (Zhang et al.  2004 ). The 
2-DE coupled  MALDI-TOF   and MALDI-TOF/TOF-MS and 2-D gel maps dis-
played proteome and transcriptome changes including an overall decrease in PS 
related transcripts except  LCHBM9  and declined proclivity carbon-fi xation. 
Meanwhile, metabolomic surveys determine that acetate is increased with hydrogen 
as an energy spilling mechanism without sulfur (Matthew et al.  2009 ). This corre-
lates to the hypothesis that photosynthesis repair is no longer a feasible activity for 
energy harvesting and cell biosynthesis except for the proteins related to photopro-
tection and singlet oxygen reduction (Grewe et al.  2014 ). Protein repair operations, 
especially methionine dependent repair proteins, indicate a lower level of synthesis 
and the increase of chaperone proteins indicates more care taken to synthesize the 
required proteins for photosynthesis (Nguyen et al.  2008 ). These defi cits cause 

  Fig. 18.4    Dark anaerobiosis to induce hydrogen and lipid accumulation in  C. reinhardtii  to main-
tain energy generation and reduce overprotonation. Biohydrogen accumulates via fermentation in 
anoxic/dark environments. The lack of oxygen cooperatively ceases function of the electron trans-
port chain while halting inhibition of hydrogenase enzymes. Hydrogen is reduced to diatomic gas 
for lack of oxygen as an electron sink. Green enzymes are expressed in the chloroplasts, orange in 
the mitochondria, blue in the cytoplasm, black in both chloroplast and mitochondria, and gray is 
undetermined.  Orange arrows  indicate metabolite fl ow,  black arrows  indicate electron fl ow,  green 
arrows  indicate exported metabolites, and large  gray arrows  indicate summary reactions. The 
orange structure is the mitochondrion, the  green  circle is the cell, and the  yellow  box is the exterior 
conditions       
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oxygen to become unavailable for assimilation, so many events that occur during 
anoxia are consistent with sulfur deplete conditions (Timmins et al.  2009 ). Stress-
response proteins show a high-fold increase in activity and an upregulation in tran-
scripts like  LHCSR2  and contribute to the formation of hydrogen. However, 
sulfur-depletion induces  a   strong suppression of glyoxylate proteins and a height-
ened level of succinate synthesis which aids in continuation of energy cycles and 
protein synthesis (Timmins et al.  2009 ). Returning the cell to higher levels of pro-
tein synthesis and balancing redox stress may help create more valuable hydrogen 
producing processes.    

    Conclusion 

 ‘-Omics’ provide a platform on which to build genetic re-design strategies by iden-
tifying key points of regulation in response to stressful conditions. These regulatory 
targets can be identifi ed at the genomic level (knockout, promoter variation, etc.), 
the transcript level (promoter binding sites), or at the proteomic level (protein engi-
neering). ‘-Omics’ can then affi rm these targets at the metabolomic level. Although 
directed genetic manipulation of  C. reinhardtii  is diffi cult to achieve, the insights 
provided by ‘-omics’ can be used to predict the regulatory responses of other more 
genetically tractable algae. Combining these multi-level regulatory targets could 
pave the way towards creation of an optimized algal strain able to grow at opera-
tional capacities and maximize fl ux through biofuel pathways. 

 There are still shortcomings in knowledge and execution of these systems. For 
example, these ‘-omics’ techniques are primarily diagnostic: they provide the means 
to determine enzymatic regulation and cellular tactics for maintaining homeostasis. 
Moreover, there have not been forward-genetic studies that seek to improve cellular 
performance in response to these mechanisms. That is to say, studies need to be 
done on how genetic modifi cation for chlorophyll upregulation in concert with 
 limiting oxygen might affect cellular dynamics and biohydrogen formation. In this 
regard, the knowledge that has been accumulated needs to be put to the test by 
inducing feasible cellular modifi cations. Computational methods are also helping 
spur this fi eld forward but still have a lot of room for development. Current tech-
niques hinge on the conservation of proteins between species, but rely on regression 
between similar DNA or peptide sequences. Predictive modeling of structural 
motifs could go a long way toward use of computational genomics as viable discov-
ery platforms. DNA, RNA, and protein reconstitution in sequencing can be improved 
to augment throughput and accuracy of those studies. Other concerns involve study-
ing these organisms in scaled-up environments. It has been demonstrated consis-
tently that behaviors change in industrial size processes and this is a major concern; 
since these ‘-omics’ studies are only performed in a lab-controlled environment, 
steps have to be taken to ensure application to industry. For this reason, nutrient 
fl uctuations, combinations of stressful conditions, and larger population studies 
should be conducted to understand how microalgae respond to scale-up. 
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 Fortunately, ‘-omics’ approaches have shown a wide variety of applications and 
are appealing especially as the technological prowess of the fi eld progresses. Even 
though there are shortcomings in the discoveries to this point, ‘-omics’ for biofuel 
production in  C. reinhardtii  has given an incredible amount of targets for microbial 
development. Since the hardest part of creative discovery is asking the right ques-
tions, it can be considered that ‘-omics’ in  C. reinhardtii  is a major victory for the 
industry as a whole.     
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    Chapter 19   
 Microalgae as a Source for VLC-PUFA 
Production                     

       Inna     Khozin-Goldberg     ,     Stefan     Leu    , and     Sammy     Boussiba   

    Abstract     Microalgae present a huge and still insuffi ciently tapped resource of very 
long-chain omega-3 and omega-6 polyunsaturated fatty acids (VLC-PUFA) for 
human nutrition and medicinal applications. This chapter describes the diversity of 
unicellular eukaryotic microalgae in respect to VLC-PUFA biosynthesis. Then, we 
outline the major biosynthetic pathways mediating the formation of VLC-PUFA by 
sequential desaturation and elongation of C18-PUFA acyl groups. We address the 
aspects of spatial localization of those pathways and elaborate on the role for VLC- 
PUFA in microalgal cells. Recent progress in microalgal genetic transformation and 
molecular engineering has opened the way to increased production effi ciencies for 
VLC-PUFA. The perspectives of photobiotechnology and metabolic engineering of 
microalgae for altered or enhanced VLC-PUFA production are also discussed.  

  Keywords     Biotechnology   •   Diversity   •   Lipid metabolism   •   Microalgae   •   Omega-3 
LC-PUFA   •   Omega-6 LC-PUFA  

      Introduction 

  Eukaryotic microalgae  ,  an   evolutionary diverse group of unicellular and predomi-
nantly aquatic photosynthetic organisms, have been widely investigated for their 
potential to produce high-value health-benefi cial compounds, such as carotenoids, 
polyunsaturated fatty acids (PUFA) and very-long-chain PUFA (VLC-PUFA) 
(Borowitzka  1988 ; Cohen and Khozin-Goldberg  2010 ; Leu and Boussiba  2014 ). 
Fatty acids are carboxylic acids with a terminal methyl group positioned at the so- 
called ω or  n  end. PUFA refer to unsaturated fatty acids containing two and more 
double bonds. C18 PUFA are 18-carbon fatty acids (C18 stands for the number of 
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carbons in the fatty-acyl chain), among them linoleic acid (LA, 18:2  n -6) and 
α-linolenic acid (ALA, 18:3  n -3) which are synthetized by plants and essential for 
animals. In many land plants and microalgae, both C18 PUFA and C16 PUFA are 
abundant constituents of the chloroplast-membrane glycerolipids. Most acyl groups 
associated with glycerolipids in plants and algae contain double bonds in a  cis  con-
fi guration. Microalgae are primary natural producers of VLC-PUFA, most com-
monly C20 and C22 highly unsaturated fatty acids containing four to six double 
bonds, including arachidonic acid (AA, 20:4 Δ5,8,11,14 ,  n -6), eicosapentaenoic acid 
(EPA, 20:5  Δ5,8,11,14,17 ,  n -3) and docosahexaenoic acid (DHA, 22:6 Δ4,7,10,13,16,19 ,  n -3), 
which are mostly known for their nutritional importance. The position of the C–C 
double bond is denoted by Δ nomenclature: the  double-bond location   is counted 
from the fi rst carbon atom in the carbon chain located at the carboxylic group (des-
ignated α). PUFA are divided into two major families according to the position of 
the last double bond proximal to the methyl end (designated  n  or ω), known as 
omega-3 (ω-3) and omega-6 (ω-6) (alternatively  n -3 and  n -6), and their biosyn-
thetic origin will be discussed in the following sections. 

  Photosynthetic planktonic microalgae   are major contributors to the global car-
bon and nitrogen cycles, as well as primary producers of VLC-PUFA supporting 
productive marine food webs. Various eukaryotic marine microalgae possess the 
biosynthetic machinery for sequentially alternating desaturation and elongation of 
C18-PUFA acyl groups, mediating the formation of VLC-PUFA. The vascular land 
plants lack the enzymes for C18-PUFA elongation and do not produce VLC- 
PUFA. In contrast, in microalgae of numerous taxonomic groups, VLC-PUFA are 
abundant components of the membrane acyl lipids. Situated at the base of the 
marine food web as primary producers, phytoplanktonic microalgae supply VLC- 
PUFA to marine fi sh, which are impaired in the capacity to synthesize VLC-PUFA 
from the essential PUFA LA and ALA (Tocher  2003 ). Hence, in marine ecosys-
tems, microalga-derived VLC-PUFA play a pivotal role in enriching aquatic organ-
isms in these essential nutritional ingredients, which are incorporated into membrane 
lipids and accumulate in the oils and fl esh of many fi sh species. Cultured marine fi sh 
require a dietary supply of VLC-PUFA for optimal growth and welfare (Bell and 
Sargent  2003 ). 

 The critical role of the ω-3 VLC-PUFA EPA and DHA in providing adequate 
dietary and health benefi ts has been widely investigated and publicly acknowledged 
(Simopoulos  2002 ,  2008 ; Calder  2006 ; Gil et al.  2012 ) with novel studies underpin-
ning the complex mechanisms of action (Calder  2013 ). We do not intend, here, to 
provide a comprehensive overview of the health-benefi cial effects of VLC-PUFA, 
which have been widely described in numerous dedicated works. Rather, we will 
emphasize the essential nature of VLC-PUFA as vital components of the human 
diet and draw the reader’s attention to the signifi cance of these molecules as the 
major subject of this chapter. 

  VLC-PUFA   are essential nutrients in the development and functioning of the 
brain and visual systems (reviewed in Janssen and Kiliaan  2014 ). EPA and DHA 
play essential roles in regulating immune and infl ammatory responses, neural 
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 development, and exerting benefi cial effects in cardiovascular, neurological, and 
 proliferative diseases (Marszalek and Lodish  2005 ; Le et al.  2009 ; Adkins and 
Kelley  2010 ; Crawford and Broadhurst  2012 ; Rangel-Huerta et al.  2012 ; Yang et al. 
 2012 ; Laviano et al.  2013 ; Betancor et al.  2015 ). Studies on the atheroprotective 
role of the ω-3 PUFA EPA and DHA in regulating macrophage foam-cell formation 
have implicated them as potential therapeutic agents for the treatment of clinical 
atherosclerosis (McLaren et al.  2011 ). The importance of adequate uptake of ω-3 
PUFA has also been demonstrated in other metabolic disorders, for instance, in 
some studies enhanced ω-3 PUFA intake was associated with a reduced risk of 
amyotrophic lateral sclerosis and with lowering infl ammation in adults with one or 
more features of metabolic syndrome (for details please refer in Robinson and 
Mazurak  2013 ). A role for dietary  EPA   in cardioprotection relates to its content in 
membrane lipids of the myocardium and to its role as a metabolic precursor in the 
synthesis of anti- infl ammatory eicosanoid molecules, such as three-series prosta-
glandins, with proinfl ammatory properties. DHA and its precursor docosapentae-
noic acid (DPA, 22:5  n -6) are precursors for eicosanoid-like lipid mediators, such 
as resolvins and protectins, playing a role in regulating infl ammation (Serhan et al. 
 2002 ; Dangi et al.  2009 ).  DHA   potentially reduces the levels of neural infl amma-
tion through prevention of microglial activation by proinfl ammatory cytokines or 
through production of anti-infl ammatory and antioxidative compounds (Bazan 
et al.  2011 ), and it is a  vital   determinant of neuronal migration, neurogenesis and 
the expression of several genes involved in brain development and function 
(Crawford and Broadhurst  2012 ). DHA originating from the marine food web is 
presumed to have played a critical role in human evolution, serving specifi c needs 
in the development of neural cell signaling and, globally, in maintaining human 
mental health. 

 The  ω-6 VLC-PUFA AA   is an important acyl component of brain-membrane 
glycerolipids and the major VLC-PUFA in breast milk; it is essential for infants’ 
neuronal and cognitive development, particularly in preterm and non-breast-fed 
babies. This VLC-PUFA has been included in baby formulas in many countries 
worldwide to meet the requirements of infant nutrition and brain development. 
Intriguing new discoveries have revealed a role for AA and its precursor dihomo-
γ- linolenic acid (DGLA; 20:3 Δ5,8,11 ,  n -6) in promoting resistance to fasting and 
extending life span under conditions of abundant food (O’Rourke et al.  2013 ). 
Involvement of the autophagy response has been implicated in this phenomenon, 
as supplementation with AA and its precursor DGLA, but not EPA, activated the 
autophagous surveillance responses that normally occur in calorically restricted 
animals. Of note, DGLA has attracted considerable interest as a pharmaceutical 
and nutraceutical compound with potent anti-infl ammatory, anti- proliferative and 
anti-vascular activities related to production of prostaglandin E 1  (reviewed in Wang 
et al.  2012 ). 

 Indeed, with increasing public attention being drawn to their benefi cial roles in 
human health and nutrition, the demand for the nutritionally important VLC-PUFA 
is on the rise. Moreover, an optimal supply of EPA and DHA, as well as adequate 
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provision of AA, are also essential for farmed fi sh (Bell and Sargent  2003 ),  especially 
in the larval stage and under stress (Koven et al.  2001 ,  2003 ). Natural marine sources 
of VLC-PUFA are continuously diminishing as fi sh catches reach a plateau and in 
some cases even exceed maximal sustainable levels (Shepherd and Jackson  2013 ). 
Thus, natural marine resources cannot satisfy an ever-growing demand for the salu-
brious VLC-PUFA and cannot fi ll the considerable gap in the actual versus recom-
mended intake of DHA and EPA in most of the world’s population (Winwood 
 2013 ). Furthermore, current natural sources of ω-3 VLC-PUFA are either limited or 
of unsatisfactory quality for human nutrition, with most of the VLC-PUFA being 
supplied from fi sh oil. The problem of  fi sh-oil contamination   with heavy metals and 
pesticides could potentially be solved by producing refi ned fi sh oil, but this would 
result in even higher prices due to greater input and operating costs. Hence, provid-
ing the recommended VLC-PUFA levels to a growing world population calls for 
additional sustainable supplies of appropriate quality for the human neutraceutical 
market. Today, most industrially produced DHA is resourced from the fermentation 
of a number of heterotrophic microalgae and marine unicellular protists (Barclay 
et al.  1994 ; Apt and Behrens  1999 ; De Swaaf et al.  2003 ; Winwood  2013 ). Similarly, 
AA-rich oil for the infant-formula industry is produced heterotrophically by fungal 
fermentation (Kyle  1997 ). A novel source of EPA is genetically modifi ed oleagi-
nous yeast   Yarrowia lipolytica   , which is cultivated at commercial scale (Xie et al. 
 2015 ). Recent years have witnessed increased interest in phototrophic VLC-PUFA 
production by microalgae, with several companies developing photobiotechnolo-
gies to produce EPA and DHA for human nutrition (Khozin-Goldberg et al.  2011 ; 
Leu and Boussiba  2014 ). Many marine planktonic species are cultivated in maricul-
ture to supply marine fi sh with essential ω-3 VLC-PUFA. 

 Interest in microalgal lipids has further increased with the recent focus on renew-
able resources for biodiesel production, emerging from biochemical and genomic 
discoveries related to  lipid-biosynthesis pathways   in microalgae (Liu and Benning 
 2013 ). Photosynthetic microalgae have been identifi ed as a potential feedstock for 
biofuels due to their capacity to produce high biomass and accumulate over 50 % of 
their dry weight as storage oil (triacylglycerol, TAG), generally under stressful con-
ditions (Hu et al.  2008 ). Concurrent accumulation of oil and its high enrichment in 
PUFA and VLC-PUFA, however, is a rare phenomenon in microalgae (Cohen and 
Khozin-Goldberg  2010 ). Nevertheless, some species are able to deposit VLC- 
PUFA in their TAG under certain cultivation conditions (Bigogno et al.  2002b ,  c ; 
Tonon et al.  2002 ; Guihéneuf and Stengel  2013 ), but only  Lobosphaera incisa  (for-
merly  Parietochloris ) has so far been reported to accumulate AA as a major propor-
tion of its TAG (Bigogno et al.  2002b ,  c ; Khozin-Goldberg et al.  2002a ). 

 This chapter covers microalgal diversity in relation to PUFA and VLC-PUFA 
production, provides mechanistic insights into the biosynthesis of PUFA and VLC- 
PUFA in eukaryotic microalgal species, highlights biotechnological applications, 
and describes recent genetic-engineering approaches to manipulating VLC-PUFA 
production in microalgae.  
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    Microalgal Diversity with Respect to PUFA and VLC-PUFA 
Biosynthesis 

 The term “microalgae” actually denotes a huge, ecologically and evolutionarily 
diverse group of eukaryotic, unicellular, primarily photosynthetic, aquatic organ-
isms. However, in addition to aquatic habitats, microalgal classes of the core  green 
algal lineage   (such as Chlorophyceae and Trebouxiophyceae) are often encountered 
in aero-terrestrial and soil ecosystems (Holzinger and Karsten  2013 ). Diatoms, 
belonging to the Heterokonta (Stramenopiles), comprise the dominant and most 
abundant marine phytoplankton group in nature but may be present in  freshwater 
ecosystems   as well (Cermeño and Falkowski  2009 ; Mann and Vanormelingen 
 2013 ), and even terrestrial species are known. The enormous diversity of the 
eukaryotic microalgae is thought to stem from the evolutionary origin of the plas-
tids that carry out photosynthesis in these organisms (Bhattacharya et al.  2004 ; 
Archibald  2005 ). The evolutionary history of photosynthetic eukaryotes consists of 
three endosymbiotic events (primary, secondary and tertiary) that are recognized by 
the origin of the endosymbiont engulfed by the eukaryotic host (Fig.  19.1 ). The 
presence and functional roles of distinct VLC-PUFA may possibly give further 
insight into the evolutionary events in the different microalgal groups.

   Much information on  VLC-PUFA biosynthesis   in microalgae has been obtained 
by mining genome information in an increasing number of sequenced species from 
different phyla (Tonon et al.  2005 ; Sayanova et al.  2011a ; Petrie et al.  2010 ,  b ; 
Ahman et al.  2011 ; Vieler et al.  2012b ; Vaezi et al.  2013 ), as well as from case and 
global studies on these organisms’ fatty-acid profi les (Alonso et al.  1998 ; Viso and 
Marty  1993 ; Dunstan et al.  1992 ; 1994 ; Zhukova and Aizdaicher  1995 ; Lang et al. 
 2011 ). An exceptionally large-scale study was carried out on the systematic analy-
sis of fatty-acid profi les of more than 2000 species of microalgae (predominantly 
freshwater) deposited in the SAG Culture Collection of Algae (Lang et al.  2011 ). 
Fatty-acid profi ling revealed phylogenetic relationships at the phylum and class lev-
els, but at lower taxonomic levels, fatty-acid distribution could not differentiate 
closely related species (Lang et al.  2011 ). Studies with radiolabeled precursors of 
VLC-PUFA biosynthesis provided some mechanistic insights into the pathways of 
PUFA and  VLC-PUFA biosynthesis   in a number of species from divergent micro-
algal groups (Henderson and Mackinlay  1992 ; Arao et al.  1994 ; Schneider and 
Roessler  1994 ; Khozin et al.  1997 ; Makewicz et al.  1997 ; Bigogno et al.  2002a ; 
Khozin-Goldberg et al.  2002b ). 

 A brief  glimpse   on a complex evolutionary history of microalgae is necessary to 
outline the diversity of these organisms in relation to their fatty acid composition 
and occurrence of VLC-PUFA. The  primary plastid   in the microalgal cells of the 
supergroup Plantae (Rhodophyta, Glaucophyta, and Viridiplantae, comprising 
green algae and land plants) is of cyanobacterial (prokaryotic) origin and ultimately, 
is the ancestor of all eukaryotic photosynthetic organisms. The  primary endosym-
biosis   event traces back to a single event that probably occurred over one billion 
years ago (Yoon et al.  2004 ). As a result of  secondary endosymbiosis  , the 
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 photosynthetic organelles of red and green algae dispersed to unrelated recipient 
eukaryotes, providing enormous diversity of microalgae (Archibald  2005 ; 
Nakayama and Archibald  2012 ) (Fig.  19.1 ). The complex plastid in the cells of 
“ chromalveolates  ” [Heterokonta (Stramenopiles), Cryptophyta, Haptophyta)] is 
thought to have evolved via secondary or tertiary endosymbiosis of a red alga with 
a secondary eukaryotic host. In these unicellular organisms, the plastid is sur-
rounded by three or four membranes, implying complexity of nuclear-organelle 
communication and protein traffi cking. The  Stramenopiles clade   includes diverse 
photosynthetic microalgae with secondary plastids of red-lineage origin that con-
tain chlorophyll  c  in addition to chlorophyll  a , and feature complex chloroplast 
architecture (Bhattacharya et al.  2004 ). According to current classifi cation, the 
 Stramenopiles clade   unites of a broad group of unicellular secondary plastid-bear-
ing photosynthetic and heterotrophic VLC-PUFA-producing microalgae, such as 
diatoms, eustigmatophytes and dinofl agellates. Heterotrophic oomycetes, thraus-
tochytrids, and labyrinthulids, producing VLC-PUFA, are also positioned in the 

    Primary 
Endosymbiosis

Secondary Endosymbioses

2

2

2

4

ApicomplexansCiliates

?

3

4?

2

4

Serial Secondary
Endosymbiosis

Secondary Endosymbiosis

2-4

Tertiary Endosymbiosis

5

Land Plants

3

a

b

4b

4b

Brown Algae 

2c

Karenia

Dinophysis

Kryptoperidinium

Lepidodinium

Euglenids Chlorarachniophytes

Glaucophytes

Red Algae

Green Algae

Dinoflagellates

Haptophytes

Heterokonts

Cryptomonads

  Fig. 19.1    A hypothesis for the origin and spread of plastids based on a consensus of molecular, 
morphological, and biochemical data (Courtesy of Prof. J. Archibald and John Wiley and Sons). 
For further details, please refer to Archibald ( 2005 )       
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Stramenopiles, and these organisms are related to the recipient eukaryotic hosts (the 
heterotrophic ancestors) of the aforementioned eukaryotic microalgae. A  secondary 
plastid   of the extant euglenids and chlorarachniophytes, as one small group of dino-
fl agellates, is of the green algal origin (Keeling  2010 ). 

 In the  green lineage   of microalgae (Chlorophyta) with a primary plastid, the 
evolutionary history seems to be refl ected in the fatty-acid composition of their 
glycerolipids. The marine picoplanktonic microalgae, belonging to the phylum 
Prasinophyceae, represent an early-diverging branch in green plant evolution 
(Leliaert et al.  2012 ; Lemieux et al.  2014 ), and they have the ability to synthesize 
the VLC-PUFA EPA and DHA (Domergue et al.  2005 ; Petri et al.  2010b , 2013; 
Hoffmann et al.  2008 ) and vary from core green algae in various aspects of lipid 
metabolism. In this respect, the picoplanktonic marine microalgae of the genera 
 Ostreococcus  and  Micromonas  have been the most studied, with a number of genes 
involved in the VLC-PUFA-biosynthesis pathway having been cloned and charac-
terized (Meyer et al.  2004 ; Domergue et al.  2005 ; Petri et al.  2010a ,  b ; Ahman et al. 
 2011 ; Vaezi et al.  2013 ). 

 The microalgae of the  red algal lineage   (Rhodophyta), e.g.  Porphyridium , 
 Rhodosorus  and  Rhodella , evolved in the course of the primary endosymbiosis of an 
ancestor cyanobacterium with a nonphotosynthetic eukaryotic host, presumably car-
rying the enzymes necessary for C18 PUFA elongation and desaturation, and able to 
produce C20 AA and EPA, but not C22 VLC-PUFA, such as DHA (Dunstan et al. 
 2005 ). This is exemplifi ed by the fatty-acid composition of the well-studied 
 Porphyridium purpureum  (formerly  P. cruentum ) (Porphyridiophyceae) (Khozin 
et al.  1997 ; Cohen  1999 ), and several other unicellular rhodophytes (Dunstan et al. 
 2005 ). Similarly to Rhodophyta, only AA and EPA  are   encountered in Glaucophyta 
(Leblond et al.  2010a ,  b ; Lang et al.  2011 ), evolved in the course of primary endosym-
biosis and retaining the functional cyanobacterium as a photosynthetic organelle. 

 In contrast, the unicellular representatives of the  core green lineage   (such as 
Ulvophyceae, Chlorophyceae and Trebouxiophyceae) more closely related evolu-
tionarily to the vascular plants have only been rarely characterized for the presence 
of VLC-PUFA (Lang et al.  2011 ). In general, core chlorophytes are most similar to 
vascular plants with respect to the fatty-acid composition of their acyl lipids; how-
ever, many representatives of this group synthesize Δ6 C18 PUFA, such as 
γ-linolenic acid (GLA, 18:3 Δ6,9,12 ,  n -6) and stearidonic acid (SDA, 18:4 Δ6,9,12,15 ,  n -3), 
fatty acids that are restricted to some specialized higher plants (e.g. of the family 
Boraginaceae) and certain species of cyanobacteria. Methylene-interrupted C18 
PUFA with an unusual arrangement of double bonds are found in  Chlamydomonas 
reinhardtii , namely pinolenic acid (PA; 18:3 Δ5,9,12  ,   n -6) and coniferonic acid (CA; 
18:4 Δ5,9,12,15 ), as well as enzyme implicated in their formation had been identifi ed 
(Kajikawa et al.  2006 ). Furthermore, VLC-PUFA, such as AA and EPA, have been 
identifi ed in the Chlorophyceae, Trebouxiophyceae and Ulvophyceae, albeit at low 
frequencies (Bigogno et al.  2002b ; Lang et al.  2011 ). Notably, Lang et al. ( 2011 ) 
reported on a few cases of extraordinary high abundancies of AA, namely in the 
chlorophyte  Palmodictyon varium  (SAG 3.92), the chlorophyte  Trochisciopsis 
 tetraspora  (SAG 19.95) and in the trebouxiophyte  Myrmecia bisecta  (SAG 2043) 
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(synonym to   Lobosphaera incisa   ). In  L. incisa , relevant enzymes to AA biosynthe-
sis have been identifi ed and characterized (Iskandarov et al.  2009 ,  2010 ). Low con-
centrations of AA and EPA are detectable in the green microalga  Haematococcus 
pluvialis  (Chlorophyceae) (Peled et al.  2011 ). An evidence of a rare presence of 
EPA in green algae was supported by a large-scale analysis (Lang et al.  2011 ) but 
three strains demonstrated a high EPA proportion of about 20 % of total fatty acids 
( Chlorella  sp. SAG 242.80;  Chlamydomonas allensworthii  SAG 28.98; 
 Cylindrocapsa involuta  SAG 314-1). The detailed examination of the above- 
mentioned strains with unusually high content of AA and EPA may shed more light 
on their exceptional ability to synthetize those fatty acids. Notably, in the 
Euglenoids – the secondary endosymbionts with the plastid of green alga origin – 
VLC-PUFA are found at high proportions of total fatty acids (Lang et al.  2011 ). It 
can be speculated that synthesis of VLC-PUFA is an ancient trait, maintained in the 
early diverging green algae Prasinophyceae and Rhodophyta, which seems to have 
been either completely lost or retained at low frequencies during the evolution of 
 green lineage   and higher plants. The degree to which the extensive replacement of 
VLC-PUFA by the shorter PUFA is related to the signifi cant changes in thylakoid 
and chloroplast membrane architecture of the green lineage (chlorophylls  a / b  asso-
ciated photosynthesis and LHCP complexes) (Wolfe et al.  1994 ; Keeling  2004 ; 
Rodriguez-Ezpeleta et al.  2005 ) and the functional consequences of this replace-
ment remains to be investigated. 

 Multiple scenarios can be proposed in the  non-monophyletic evolution   of the 
secondary and tertiary endosymbionts and in spreading the genes associated with 
the VLC-PUFA biosynthesis in order to delineate the evolutionary origin and cel-
lular topology of VLC-PUFA biosynthesis in the organisms with three- and four- 
plastid membranes, and much remains to be elucidated (Petroutsos et al.  2014 ). 
Certain groups of the heterokont microalgae (Stramenopiles) synthesize the VLC- 
PUFA EPA and DHA to different extents, as well as do haptophytes that form a 
sister group to the clade containing the heterokonts. However, DHA is not found in 
Eusigmatophytes and Xanthophytes, and EPA represents the major VLC-PUFA in 
these microalgal classes.  Diatoms   comprise an enormously abundant and highly 
dispersed group of phytoplanktonic microalgae, with the number of extant species 
as estimated by Mann and Vanormelingen ( 2013 ) to be at least 30,000 and even ca. 
100,000, by extrapolation from an eclectic sample of genera and species complexes. 
A clear distinction between the different examined diatoms cannot be deduced 
based on fatty acid profi le, as many diatoms have both EPA and DHA, however 
their proportions vary. Furthermore, the evolutionary history of the  diatoms   has 
been postulated to be even more complicated by likely multiple endosymbioses 
involving the capture of foreign cells, horizontal gene transfer into the host genome 
and recruitment of foreign genes (Chan et al.  2012 ). The so-called “green” genes 
recently discovered in diatom genomes seem to be evolutionarily related to the 
ancestor prasinophytes (Moustafa et al.  2009 ). This could have profound conse-
quences on lipid metabolism in general and repertoire of VLC-PUFA biosynthesis 
genes, in particular. 
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 Besides frequently mentioned in above sections, EPA and DHA, highly 
 unsaturated C18 fatty acids with four or fi ve double bonds are ubiquitous in some 
microalgal groups. The marine coccolithophore  Emiliania huxleyi  (Haptophyta) 
synthetizes high proportions of  octadecapentaenoic acid   (OPA, 18:5 Δ3,6,9,12,15 ,  n -3) 
(Sayanova et al.  2011a ). Highly unsaturated C18 fatty acids with four or fi ve double 
bonds are abundant in dinofl agellates (Dinophyceae), which have been shown to 
contain OPA as well (Leblond et al.  2003 ,  2010a ) along with EPA and DHA. The 
precursor of DHA, DPA (22:5 Δ7,10,13,16,19 ,  n -3), was identifi ed in particularly high 
proportions in a polar lipid fraction of representatives of the class 
 Chlorarachniophyceae   (Leblond et al.  2005 ), a group of unicellular eukaryotic algae 
has apparently evolved as a result of secondary endosymbiosis of a green alga by a 
nonphotosynthetic amoeba or amoebofl agellate. The blue–green  Chroomonas plac-
oidea  (Cryptophyta) is characterized by a  low   proportion of DHA but a signifi cant 
proportion of DPA (Dunstan et al.  2005 ). Highly unsaturated VLC-PUFA with even 
longer carbon chains—octacosaoctaenoic acid (28:8  n -3) and octacosaheptaenoic 
acid (28:7  n -6)—have been identifi ed in the toxic dinofl agellate  Karenia brevis  
(Dinophyceae) (Leblond et al.  2003 ). 

  C16 PUFA  , with number and location of double bonds differing from higher 
plants, may also occur in groups of microalgae. For instance, in contrast to hexa-
decatrienoic acid (16:3 Δ7,10,13 ), which is an abundant trienoic fatty acid in chloroplast 
glycerolipids in higher plants, the diatom  Phaeodactylum tricornutum  contains its 
isomer 16:3 Δ6,9,12  with distinct location of its double bonds (Domergue et al.  2003b ). 
The hexadecatetraenoic acid 16:4 Δ4,7,10,13  is the dominant acyl component of the 
major chloroplast galactolipid in the green alga  Chlamydomonas reinhardtii  (Zäuner 
et al.  2012 ), and in many other chlorophytes.  

    Biosynthesis of VLC-PUFA in Microalgae 

    General Description of Desaturases Involved in PUFA and VLC- 
PUFA Biosynthesis 

   Double bonds are introduced into fatty-acyl chains by the activity of fatty-acid 
desaturases ( FAD  )   . An alternative pathway for the biosynthesis of VLC-PUFA that 
is catalyzed by polyketide synthase (PKS) and was discovered in heterotrophic het-
erokonts will be noted later in this section. Desaturases are non-heme monooxygen-
ases that catalyze aerobic C–C double-bond formation by hydrogen abstraction with 
a parallel reduction of one molecule of oxygen to water. Desaturase activity requires 
molecular oxygen, reducing equivalents and electron donors. Desaturases feature 
three conserved histidine-box motifs [HX 3 -4H, HX 2-3 HH, and (H/Q)X 2−3 HH], gen-
erally with eight essential histidines that are important for the formation and coor-
dinate functioning of the di-iron center essential for FAD activity (Heinz  1993 ; 
Shanklin and Cahoon  1998 ). The resultant double bonds are in the  cis  confi guration, 
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but some exceptions are known, such as in the formation of 16:1 Δ3  trans  in plastidic 
phosphatidylglycerol. Notably, the latter reaction is catalyzed by a distinct type of 
desaturase featuring only two histidine boxes and belonging to a different super-
family (Gao et al.  2009 ). The desaturation reactions in the plastid and in the endo-
plasmic reticulum (ER) are generally catalyzed by membrane-bound desaturases 
that use acyl groups bound to glycerolipids; they are therefore referred to as acyl- 
lipid desaturases. The exception is the desaturation of stearoyl-acyl carrier protein 
(ACP) which is mediated by a soluble desaturase in the stroma of chloroplast. 
Importantly, acyl-CoA-dependent desaturases engaged in VLC-PUFA biosynthesis 
have been identifi ed in the Prasinophyceae microalgae (Domergue et al.  2005 ). 

 The soluble fl avoprotein ferredoxin is used as the electron donor for the chloro-
plast desaturases, whereas cytochrome b5 is used as the primary electron donor in 
fatty-acid desaturation in the ER. Some desaturases in the ER, such as the Δ9, Δ12 
and ω-3 desaturases, rely on free cytochrome b5, but cytochrome b5 may appear 
fused with the desaturase domain in a single protein at either the N or C terminus. 
The N-terminal cytochrome b5 domain is a typical feature for the front-end desatu-
rases (Δ4, Δ5, Δ6 and Δ8 desaturases), introducing the double bond between the 
preexisting double bond and the carboxyl group in the VLC-PUFA-biosynthesis 
pathway (Napier et al.  2003 ). These desaturases are deemed to rely on their own 
electron donor   (Sperling and Heinz  2001 ).  

    Biosynthetic Origin of the Chloroplast Galactolipids 
and Plastidic Desaturation 

 We will further cover the pathways involved in VLC- PUFA   biosynthesis, but fi rst, 
we provide a brief general description of the initial steps of  fatty-acid synthesis and 
modifi cations  , including the plastidic desaturases. In the course of de-novo biosyn-
thesis, fatty acids are produced in the plastid by a type II fatty-acid synthase (FAS), 
which is a dissociable enzymatic complex that generally produces C16 and C18 
fatty acids. This process is initiated by condensation of acetyl-CoA with malonoyl- 
ACP, and is terminated by the release of fatty acids in the form of ACP adducts. 
However, in many microalgae of secondary endosymbiosis origin (hereafter termed 
secondary endosymbionts), fatty-acyl chains with a smaller number of carbons 
(C14 and even C12) may be present as components of their glycerolipids. Recent 
genomic studies have indicated the likely presence of the eukaryotic type I FAS (a 
heterodomain multifunctional enzyme) operating in microalgal cells (Vieler et al. 
 2012b ; Blanc et al.  2012 ) and, perhaps, in some other secondary and tertiary endo-
symbionts. The occurrence of the eukaryote-like FAS system can be evolutionarily 
related to the ancestral recipient organism, and might have evolved independently 
in different taxa. Two types of FAS have been revealed in the photosynthetic sec-
ondary endosymbiont  Euglena gracilis  (Euglenophyceae); the organism has a 
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complex plastid bearing chlorophyll  a  and  b  and enveloped in three membranes due 
to the secondary endosymbiosis with a green alga. 

 The fatty acids remaining in the plastid—palmitic acid (16:0) and oleic acid 
(18:1)—are incorporated into the chloroplast glycerolipids and undergo sequential 
lipid-linked desaturation in the so-called  prokaryotic pathway   (indicating the evolu-
tionary origin of the plastid). As was elucidated in mutant studies in higher plants 
( Arabidopsis thaliana ), in the prokaryotic pathway of  glycerolipid synthesis  , which 
is entirely accomplished in the chloroplast, 16:0 and 18:1, attached to the  sn -2 and 
 sn -1 positions of the glycerol backbone ( sn  stands for stereochemical numbering of 
the glycerol backbone) of chloroplast-membrane lipids, respectively, are sequen-
tially desaturated by the plastid-localized desaturases (Somerville and Browse 
 1996 ). In higher plants, as well as in the core green microalgae (Chlorophyceae, 
Trebouxiophyceae), this pathway yields chloroplast galactolipids with C16 fatty 
acids attached to the  sn -2 position of the glycerol moiety. In plants, the major chlo-
roplast membrane lipid monogalactosyldiacylglycerol ( MGDG  ) is formed in this 
pathway with the  n -3 trienoic acids hexadecatrienoic acid (16:3 ∆7,10,13 ) and ALA 
(18:3 ∆9,12,15 ) located at positions  sn -2 and  sn -1, respectively. It is thought that only 
the prokaryotic pathway of chloroplast galactolipid synthesis operates in the green 
microalga  Chlamydomonas reinhardtii , which lacks phosphatidylcholine (PtdCho), 
the main phospholipid implicated in the eukaryotic pathway outside the chloroplast 
(see further on). In  C. reinhardtii , MGDG is mainly comprised of the molecular 
species 18:3 Δ9,12,15  and 16:4 Δ4,7,10,13  (at  sn -1 and  sn -2, respectively), whereas digalac-
tosyldiacylglycerol (DGDG) contains mostly 18:3 Δ9,12,15 /16:0 ( sn -1/ sn -2) species 
(Giroud and Eichenberger  1988 ,  1989 ; Riekhof et al.  2005 ; Zäuner et al.  2012 ). 

 The  eukaryotic pathway   for the biogenesis of chloroplast membrane lipids 
involves the extraplastidial glycerolipids, such as the phospholipid PtdCho which 
plays a central role in providing the glycerol backbone and unsaturated acyl groups 
for chloroplast membrane lipids formed by this route. According to the current 
view, in higher plants, the de-novo-produced fatty acid 18:1 that is exported from 
the plastid are incorporated into the sn-2 position PtdCho. The exclusive presence 
of C18 fatty acids at the  sn -2 position is the hallmark of the eukaryotic pathway in 
plants, while 16:0 is generally restricted to the  sn -1 position of the glycerole back-
bone. A large fraction of the unsaturated acyl groups are exported back to the chlo-
roplast for fi nal ω-3 desaturation and formation of the eukaryotic type 18:3  n -3/18:3 
 n -3 MGDG ( sn -1/ sn -2).  This   scheme presumes tight coordination between com-
partments, involving many players, dedicated translocators, acyl-editing mecha-
nisms and traffi cking of intermediates, such as phosphatidic acid (for further 
information see Benning  2009 ; Bates et al.  2013 ). As can be envisaged, the accepted 
higher plant models can exhibit differences in microalgae due to the latter’s distinct 
evolution, cellular architecture and versatility of lipid-biosynthesis routes 
(Harwood and Guschina  2009 ; Liu and Benning  2013 ; Petroutsos et al.  2014 ; 
Abida et al.  2015 ). 

 In several studies of VLC-PUFA-producing  heterokonts and rhodophytes  , the 
C20 PUFA AA and EPA have been identifi ed in the chloroplast and extraplastidial 
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membrane lipids in the same stereo-specifi c arrangement as C18 PUFA in higher 
plants, with C20 PUFA exclusively occupying the  sn -1 position of the prokaryotic- 
like galactolipids, whereas these fatty acids are present in the C20 PUFA/C20 
PUFA arrangement in the eukaryotic-like galactolipids (Khozin et al.  1997 ; Khozin- 
Goldberg et al.  2002b ). C16 PUFA are almost excluded or present at very low levels 
in the galactolipids of rhodophytes ( Porphyridium cruentum ). In secondary endo-
symbionts with plastids originating from red algae, such as the heterokont microal-
gae  Nannochloropsis  and  Monodus  (Eustigmatophyceae), 16:0 and/or 16:1 represent 
the bulk of the acyl groups at the  sn -2 position of MGDG, with virtual absence of 
C16 PUFA. On the other hand, C16 PUFA are abundant at the  sn -2 position in 
galactolipids of the primary endosymbionts of the green lineage, such as prasyno-
phytes, as exemplifi ed by the MGDG of  Tetraselmis  sp. with the prokaryotic-like 
18:5/16:3, 18:5/16:4 and 18:3/16:4 MGDG (Leblond and Lasiter  2009 ), and of the 
secondary endosymbionts, as exemplifi ed by the diatom  P. tricornutum  (Abida et al. 
 2015 ). The dinofl agellate  Lepidodinium chlorophorum  (tertiary endosymbiont) 
shares, to a certain extent, the composition of MGDG with the free-living  Tetraselmis  
sp., presumably acquiring this biochemical feature from the ancestral photosyn-
thetic organism, related to the Prasinophyceae, in the course of the  tertiary endo-
symbiosis   (Leblond and Lasiter  2009 ). 

 As noted above, the plastidial  desaturation   pathway is initiated with a soluble 
plastidial Δ9-stearoyl desaturase (SAD). All other desaturation steps in the chloro-
plast occur when the acyl groups are attached to membrane glycerolipids. Microalgal 
plastidial ACP desaturases are capable of placing a double bond in other positions 
of the saturated fatty acid, such as the ∆7 position to form monounsaturated 16:1 ∆7 , 
as can be deduced from the acyl-group composition of chloroplast lipids and the 
preliminary genome annotation in the diatom  Phaeodactylum tricornutum  (Dolch 
and Marechal  2015 ). Distinctly, formation of monounsaturated fatty acids in the ER 
is catalyzed by the acyl-CoA-dependent desaturases. The ultra-small red alga 
 Cyanidioschyzon merolae , with its very compact cell anatomy, lacks the entire plas-
tidial desaturation pathway but possesses the ER-localized stearoyl-CoA desaturase 
featuring the C-terminal cytochrome b5 domain (Itoh et al.  1998 ; Sato and Moriyama 
 2007 ). Four isoforms of the ∆9 desaturase containing a C-terminal cytochrome b5 
domain were also identifi ed in the oleaginous diatom  Fistulifera  sp. along with two 
plastidial Δ9 acyl-ACP desaturases (Muto et al.  2013 ). An unusual desaturase, con-
taining a cytochrome b5-like domain at its N terminus, from the marine diatom 
 Thalassiosira pseudonana  was shown to convert 16:1 to 16:1 ∆11  (Tonon et al.  2004 ). 

 The chloroplastic lipids of the diatom  P .   tricornutum    contain an unusual Δ6 C16 
PUFA, hexadecatrienoic acid (16:3 ∆6,9,12 ,  n -4) (Domergue et al.  2003b ), whose for-
mation is commenced by activity of the chloroplast-localized PtFAD6 which inserts 
the ∆6 double bond into 16:1∆ 9  .   This   desaturase was functionally characterized in 
the photosynthetic cyanobacterium  Synechococcus  and was localized to the chloro-
plast. The N terminus of PtFAD6 bore a bipartite sequence typical of the nuclear- 
encoded and chloroplast-targeted diatom proteins required for transport into the 
complex diatom plastid. 
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 The second and third double bonds are inserted by Δ12 and ω-3 lipid-linked 
desaturases, respectively. Whereas at least two isoforms of Δ12 desaturase (FAD6 in 
the plastid and FAD2 in the ER) are present in plants and algae, and two differen-
tially localized isoforms of  ω-3 desaturase   are present in higher plants (FAD7/
FAD8 in the plastid and FAD 3 in the ER)―only a single ω-3 desaturase 
(CrFAD7) is encoded by the  C. reinhardtii  genome (Nguyen et al.  2013 ). Experiments 
with green fl uorescent protein-tagged CrFAD7 confi rmed its localization to the 
chloroplast. Intriguingly, a comparative lipidomic analysis of the  crfad7  mutant and 
wild type revealed that the mutation impacts glycerolipids in both the chloroplast 
and  extraplastidial membranes  . There are two likely explanations for this phenom-
enon: either CrFAD7 accesses both plastidial and ER-located acyl-lipid substrates 
through ER–plastid contact sites, or the traffi cking of precursors between compart-
ments might be involved. Furthermore, the presence of a single ω-3 desaturase 
seems not to be restricted to  C. reinhardtii ; database searches have identifi ed a sin-
gle homolog in some other sequenced green algae ( Chlorella variabilis  NC64A, 
 Coccomyxa subellipsoidea  C-169 and  Volvox carteri ), as well as in the genomes of 
the VLC-PUFA- producing diatom  P. tricornutum , the eustigmatophyte 
 Nannochloropsis , and the chlorophyte  Lobosphaera incisa  (personal communica-
tion). This implies that  ω-3 desaturase   duplication occurred when the land plants 
diverged, and the microalgal desaturases act as an ω-3 desaturase counting from the 
ω-end (and not as Δ15 or Δ17) and may potentially be able to desaturase C18 and 
C20 substrates, depending on the organism’s evolutionary origin.    Regarding the 
cellular localization of the ω-3-desaturase-catalyzed reaction, the occurrence of the 
so-called chloroplast ER in heterokont microalgae (Kroth  2007 ) and recent studies 
in green microalgae support functional continuity between the chloroplast and ER 
(Peled et al.  2012 ; Davidi et al.  2014 ). This situation is more complicated in second-
ary and tertiary endosymbiont microalgae with their complex multienveloped plas-
tid, particularly in diatoms with the so-called chloroplast–ER-presenting continuum 
of the outermost chloroplast membrane and the ER (Dolch and Maréchal  2015 ). Of 
course, these assumptions require experimental validation. The deduced ω-3 desatu-
rase protein of the haptophyte  Emiliania huxleyi  featured a Δ6 desaturase-like 
domain, variant histidine boxes and a chloroplast-transit sequence, and formed a 
monophyletic group with its putative orthologs, exclusively from prasinophytes and 
the cryptophyte  Guillardia theta  [secondary endosymbiont with the descendant 
nucleus (nucleomorph) and cytoplasm of the donor red alga] (Kotajima et al.  2014 ). 
Horizontal gene transfer might explain this phenomenon. Expression of  EhDES15  
increased in response to a decrease in temperature (from 25 to 15 °C) in line with 
the increase in C18 PUFA in  E. huxleyi . Functional expression of   EhDES15    in the 
mutant strain of the cyanobacterium sp.  PCC  6803, lacking endogenous Δ15 desat-
urase gene ( DesB ), led to an increase in the proportions of C18 PUFA 18:3  n -3 and 
18:4  n -3, supporting the predicted function in ω-3 (Δ15) desaturation of 18:2  n -6 in 
the chloroplast. 

 A plastidic Δ4-MGDG-specifi c desaturase of  Chlamydomonas reinhardtii  
( CrΔ4FAD  ) bears a chloroplast-targeting signal along with the N-terminal cyto-
chrome b5 domain (Zäuner et al.  2012 ), as is typical for the ER-located Δ4 
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 desaturases involved in VLC-PUFA biosynthesis (Meyer et al.  2003 ; Tonon et al. 
 2003 ). The functional role of the fused cytochrome b5 domain in the chloroplastic 
 desaturase remains to be elucidated. Interestingly, manipulation of   CrΔ4FAD  
  expression (overexpression and downregulation) revealed that the amount of 
CrΔ4FAD protein affects the overall content of MGDG and the composition of its 
molecular species (Zäuner et al.  2012 ).  

    VLC-PUFA Biosynthesis at a Glance 

 At the fatty-acid level, the biosynthesis of VLC-PUFA in the ER is initiated by ∆12 
desaturation of oleic acid (18:1 ∆9 ), generating LA (18:2 ∆9,12 ), which in turn might be 
further desaturated by an ω-end-specifi c desaturase to give  ALA   (18:3 ∆9,12,15 ) (Fig. 
 19.2 ). The respective pathways commencing with either LA or ALA (the so-called 
ω-6 and ω-3 pathways) comprise the  n -6 or  n -3 PUFA intermediates, respectively. 
LA and ALA are processed stepwise via the Δ6 desaturase/Δ6 elongase pathway, 
giving rise to AA (20:4  n -6) and EPA (20:5  n -3), respectively. These routes com-
mence with the Δ6 desaturase and engage alternating desaturation and elongation 
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steps mediated by Δ6 PUFA elongase and Δ5 desaturase (Khozin-Goldberg et al. 
 2011 ). The ∆9 pathway, bypassing ∆6 desaturation, initiates with ∆9-specifi c elon-
gation of LA or ALA to eicosadienoic acid (EDA, 20:2 ∆11,14 ) or eicosatrienoic acid 
(20:3 ∆11,14,17 ), respectively, followed by sequential ∆8 and ∆5 desaturations. This 
alternative pathway appeared to occur in a number of secondary endosymbiont 
microalgae, such as the haptophytes  Isochrysis galbana  (Qi et al.  2002 ,  2003 ) and 
 Pavlova salina  (Zhou et al.  2007 ; Petri et al.  2010a ), the coccolithophore  Emiliania 
huxleyi  (Coccolithophyceae) (Sayanova et al.  2011a ), and the euglenophyte  Euglena 
gracilis  (Wallis and Browse  1999 ).

   An ω-3 desaturation can link two routes ( n -6 and  n -3) by conversion of  n -6 to 
 n -3 fatty acids. Based on radiolabeling studies, AA, which is produced via the  n -6 
pathway, is assumed to be converted to EPA by ω-3 desaturation in the eustigmato-
phytes  Nannochloropsis  sp. (Schneider and Roessler  1994 ; Vieler et al.  2012b ) and 
 Monodus subterraneus  (Khozin-Goldberg et al.  2002b ), and the red microalga 
 Porphyridium cruentum  (Khozin et al.  1997 ). 

 The generation of  DHA   (22:6  n -3) from EPA requires two additional steps, 
mediated by the Δ5-specifi c C20 PUFA elongase, which catalyzes the 2-C chain 
elongation of EPA to docosapentaenoic acid (DPA, 22:5  n -3), and Δ4 desaturase. 
The activity of ∆4 desaturase accomplishes DHA biosynthesis in microalgae. In 
mammals and fi sh, biosynthesis of DHA from EPA involves the formation of poly-
unsaturated C24 intermediates, followed by chain shortening via β-oxidation of 
24:6  n -3 to 22:6  n -3 in the peroxisomes (Sprecher  2000 ). 

 We should emphasize that in the heterotrophic marine eukaryotes of the family 
 Thraustochytriaceae  , the alternative PKS pathway catalyzes the anaerobic forma-
tion of VLC-PUFA (Metz et al.  2001 ). The PKS pathway does not involve aerobic 
desaturation, while the double bonds are introduced during the process of fatty-acid 
synthesis on a single multidomain polypeptide. The PKS pathway is predominant in 
 Schizochytrium , whereas a desaturation/elongation pathway acts in  Thraustochytrium  
from the same family (Qiu  2003 ). The homology between the prokaryotic 
 Shewanell a and eukaryotic  Schizochytrium PKS  genes suggests that the PUFA PKS 
pathway has undergone lateral gene transfer (Metz et al.  2001 ). The PKS-like- 
encoding genes are annotated in the genomes of photosynthetic microalgae. Future 
research may perhaps reveal their functions.  

    Desaturases of VLC-PUFA Biosynthesis 

 The  “front-end” desaturases   involved in the above described VLC-PUFA- 
biosynthesis pathways (∆4, ∆5, ∆6, and ∆8) are cytochrome b5-fusion proteins, 
which introduce a new double bond between the preexisting double bond and the 
carboxyl end of the fatty acid in a methylene-interrupted manner, and differ from 
the methyl-end desaturases, such as Δ12 and ω-3 (Δ15) desaturases, inserting the 
next double bond toward the methyl end (Napier et al.  1999 ; Sperling and Heinz 
 2001 ; Sperling et al.  2003 ; Napier et al  2003 ; Meesapyodsuk and Qiu  2012 ). The 
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front-end desaturases are quite similar in their primary amino-acid sequence and are 
likely to have evolved from a common ancestor – an ancient fusion desaturase with 
Δ6-regioselectivity (Sperling et al.  2003 ; Meesapyodsuk and Qiu  2012 ); however, 
there are characteristic amino acid substitutions in their histidine boxes (López 
Alonso et al.  2003 ). A common structural feature of the front-end desaturases is 
replacement of the fi rst histidine in the third histidine box by glutamine, which is 
essential for the desaturase activity (Sayanova et al.  2001 ). Phylogenetic analysis 
performed on the front-end desaturases from different organisms demonstrated a 
remarkable and highly signifi cant separation between the Δ6- and the Δ5-desaturases 
in fungi, mosses and algae (Sperling et al.  2003 ). It is assumed that multiple inde-
pendent gene duplication and diversifi cation events might have occurred in the 
course of evolution. The independent evolutionary history of cytochrome b5-fused 
desaturases with Δ5, Δ8 and Δ4 regioselectivity in eukaryotic organisms, including 
VLC-PUFA-producing microalgae, might have traced back to the progenitor Δ6 
desaturase (Meesapyodsuk and Qiu  2012 ). However, given that sphingolipid desat-
urases are closely related to the front-end acyl lipid desaturases, the evolutionary 
origin in the former type of enzymes is not excluded. 

 Functional expression and characterization of the  putative desaturase   is thus 
essential to assigning its function (Sayanova et al.  2011a ). This is commonly per-
formed by expressing the algal protein of interest in a heterologous eukaryotic sys-
tem, such as the yeast  Saccharomyces cerevisiae  which has a single ∆ 9   desaturase 
that is involved in production of monounsaturated fatty acids.  Saccharomyces cere-
visiae  can be fed various fatty-acid substrates, and the respective products analyzed 
to monitor the substrates’ conversion into respective products. To date, a great num-
ber of front-end desaturases with different regiospecifi cities have been cloned from 
microalgae, and their substrate specifi city has been investigated in this manner 
(Wallis and Browse  1999 ; Domergue et al.  2002 , 2003,  2005 ; Pereira et al.  2004 ; 
Tonon et al.  2005 ; Iskandarov et al.  2010 ; Sayanova et al.  2011b ; Ahman et al. 
 2011 , etc.). A few examples of the functionally characterized front-end desaturases 
are given here in relation to their substrate preference in a heterologous system. 
Coexpression of the ∆5 and ∆6 acyl-lipid desaturases from the EPA-producing dia-
tom  P. tricornutum  in  S. cerevisiae  in the presence of either  n -3 or  n -6 C18 sub-
strates yielded AA and EPA, demonstrating that they can function with similar 
effi ciency in both the  n -3 and  n -6 pathways (Domergue et al.  2002 ). The Δ6 desatu-
rase of the diatom  Thalassiosira pseudonana  exhibited a slight preference for the 
exogenously fed 18:3  n -3 over 18:2  n -6 (Tonon et al.  2005 ). Both  ∆6 desaturase and 
∆5 desaturase   of the green microalga  L. incisa , extraordinarily rich in AA produced 
in the ω-6 pathway but poor in EPA, did not discriminate  n -3 and  n -6 fatty acids 
when expressed in yeast, and acted on both types of PUFA with similar effi ciency 
(Iskandarov et al.  2010 ). ∆6 desaturase of  L. incisa  acted on 18:2  n -6 and 18:3  n -3, 
but did not desaturate 20:3 Δ11,14,17 , implying the importance of the preceding ∆9 
double bond; ∆5 desaturase of  L. incisa  inserted a double bond at the ∆5 position 
of its principal substrate 20:3 Δ8,11,14   n -6 and of 20:4 Δ8,11,14,17   n -3, and with less activ-
ity, 20:3 Δ11,14,17 . 
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 A number of genes encoding  ∆4 desaturases   have been cloned from DHA- 
producing microalgal species (Meyer et al.  2003 ; Pereira et al.  2004 ; Zhou et al. 
 2007 ). The PsD4Des of  Pavlova salina  desaturated both 22:4 Δ7,10,13,16   n -6 and 
22:5 Δ7,10,13,16,19   n -3 at the Δ4 position when expressed in  S. cerevisiae  (Pereira et al. 
 2004 ). The ∆4 desaturase of  Euglena gracilis  showed strict ∆4 regioselectivity and 
required the presence of a ∆7-double bond in the substrate acyl group; however, it 
featured broad substrate specifi city, acting on C22 PUFA and C16 PUFA, such as 
16:3 ∆7,10,13  ,   n -3 (Meyer et al.  2003 ). Similarly, the Δ4 desaturase cloned from 
 Ostreococcus lucimarinus  was found to act on both  n -3 and  n -6 substrates, such as 
22:4  n -6, 22:5  n -3, and 16:3  n -3, and to preferentially desaturate acyl chains bound 
to PtdCho (Ahmann et al.  2011 ). 

 Domergue et al. ( 2005 ) identifi ed the fi rst instance of acyl-CoA-dependent 
desaturase involved in VLC-PUFA biosynthesis in a  photosynthetic organism  , the 
picogreen prasynophyte microalga  O. tauri . Later, a few more microalgal  ∆6 and 
∆5 desaturases   (all from the Prasinophyceae:  Ostreococcus lucimarinus , 
 Mantoniella squamata ,  Micromonas pusilla ) were shown to act on CoA-activated 
acyl groups, similar to mammalian front-end desaturases (Hoffmann et al.  2008 ; 
Petrie et al.  2010b ). This biochemical feature offers great promise in plant biotech-
nology for the metabolic engineering of oilseed plants to produce VLC-PUFA 
because it allows effi cient substrate exchange between desaturases and elongases in 
the cytoplasmic acyl-CoA pool (for further information see Sayanova et al.  2011b ; 
Ruiz- Lopez et al.  2013 ). Furthermore, some of the characterized microalgal acyl-
CoA-dependent desaturases have been shown to be highly specifi c for the ω-3 sub-
strates and thus provide a useful gene resource for reconstruction of ω-3 VLC- PUFA 
biosynthesis in higher plants (Sayanova et al.  2011b ; Petrie et al.  2012 ). 

 To date, the still enigmatic  ω-3 desaturases   acting on ω-6 C20 VLC-PUFA in the 
pathway of ω-3 VLC-PUFA biosynthesis have not been cloned or characterized in 
microalgae; in contrast, enzymes with Δ17 activity and a preference for AA have 
been characterized in phyto- and fi sh-pathogenic VLC-PUFA-producing oomyce-
tes (Xue et al.  2013a ), which are suggested to be related to the ancient eukaryotic 
host in evolution of heterokont microalgae. The cloned ω-3 desaturases of oomyce-
tes showed a broad spectrum of ω-6 fatty-acid substrates, including both ω-6 C18 
and C20 PUFA, but with an apparent preference for the C20 substrates, showing 
strong Δ17 desaturase activity.  

     PUFA Elongation   

  Two-carbon elongation of polyunsaturated acyl groups is an essential step in VLC- 
PUFA biosynthesis; it is comprised of four sequential enzymatic reactions: conden-
sation of acyl-CoA with malonyl-CoA, ketoreduction, dehydration and enoyl 
reduction. Microalgal PUFA elongases are structurally similar to the ELO family of 
eukaryotic integral membrane proteins that catalyze the condensation step of fatty- 
acid elongation in animals and fungi (Meyer et al.  2004 ). These enzymes differ in 
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their primary sequence and function from the higher plant condensing enzymes that 
participate in microsomal elongation of saturated and monounsaturated fatty acids 
in the synthesis of long-chain fatty acids. Three major types of PUFA elongases, 
which differ in substrate specifi city, have been characterized from VLC-PUFA- 
producing microalgae, depending on the nature of their principal substrate: ∆6 C18- 
PUFA- specifi c elongases are involved in the elongation of C18 PUFA (18:3  n -6 and 
18:4  n -3) and production of the C20 VLC-PUFA AA and EPA; ∆5 C20-PUFA- 
specifi c elongases are engaged in the elongation of 20:5  n -3 (EPA) in the pathway 
of DHA biosynthesis. in an alternative route, ∆9-specifi c elongation of 18:2  n -6 and 
18:3  n -3 to the respective C20 intermediates precedes sequential ∆8 and ∆5 desatu-
rations to form AA and EPA, respectively (Qi et al.  2002 ,  2003 ; Fraser et al.  2004 ). 
For functional characterization, the putative elongase is generally expressed in 
yeast where the recombinant proteins are suggested to achieve a condensation step 
in conjunction with the host enzymatic activities required for elongation. ELO-type 
enzymes have been intensively characterized in a number of microalgal species. 
Two types of PUFA elongases have been cloned from the prasynophyte  O. tauri  
and the diatom  T. pseudonana : a Δ6 C18-PUFA-specifi c elongase involved in the 
elongation of 18:3  n -6 and 18:4  n -3, and a Δ5 C20-PUFA-specifi c elongase involved 
in the elongation of 20:5  n -3 (Meyer et al.  2004 ). When heterologously expressed, 
the Δ6 C18 PUFA-specifi c elongase from the green alga  L. incisa , involved in AA 
synthesis, was active on the ω-6 and ω-3 C18 PUFA 18:3  n -6 and 18:4  n -3, and 
discriminated against C20 PUFA (Iskandarov et al.  2009 ). C20 PUFA elongases 
cloned from the marine haptophytes of the  Pavlova  genus catalyzed the conversion 
of EPA to DPA (22:5  n -3), showing specifi city toward ω-6 and ω-3 C20 PUFA 
substrates, with virtually no activity toward C18 or C22 PUFA (Pereira et al.  2004 ; 
Robert et al.  2009 ). A recently characterized, unusual multifunctional Δ6 C18 
PUFA/Δ5 C20 PUFA elongase from  Emiliania huxleyi  generated DPA (22:5  n -3) 
from EPA as well as DGLA (20:3  n -6) from GLA (18:3  n -6) (Sayanova et al. 
 2011a ). On the other hand, the alternative pathway of VLC-PUFA biosynthesis in 
this alga seems to start with the action of Δ9 elongase, which showed a typical pref-
erence for LA and ALA, converting them to 20:2  n -6 and 20:3  n -3, respectively. 
Given the presence of the Δ6-desaturated SDA (18:4Δ 6,9,12,15 ,  n -3) in  E. huxleyi , and 
two candidate elongase systems, the authors inferred possible metabolic compart-
mentalization of SDA and DHA biosynthesis in the cell of this secondary endosym-
biont, with its complex internal structure.   

    Cellular Localization and Compartmentalization of VLC-PUFA 
Biosynthesis in Microalgae 

 Based on a  genomic survey   of the secondary endosymbionts and existing literature 
data, Petroutsos et al. ( 2014 ) affi liated the VLC-PUFA biosynthesis in chromalveo-
lates to the extraplastidial compartment, whereas their major cellular deposition is 
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within major chloroplast galactolipids. Lipid-linked desaturation seems to be the 
dominant route in the ER of VLC-PUFA-producing microalgae, analogous to the 
eukaryotic C18 PUFA-biosynthesis pathway in the ER of higher plant cells, where 
acyl groups are sequentially desaturated while bound to  PtdCho  ; however in micro-
algae, two phospholipids, PtdCho and phosphatidylethanolamine (PtdEtn), can be 
engaged in different desaturation steps. Moreover, positional distribution of the acyl 
groups in microalgal extraplastidial lipids seems to vary from the conventional 
models in higher plants (Davidi et al.  2014 ; Abida et al.  2015 ). The VLC-PUFA 
biosynthesis routes in microalgae are likely entail intermittent acyl-group exchange, 
presumably involving an acyl-editing mechanism, and elongation of CoA-activated 
acyl moieties in the  cytoplasm   (Schneider and Roessler  1994 ; Khozin et al.  1997 ; 
Khozin-Goldberg et al.  2002b ; Shrestha  2005 ). Nevertheless, additional experimen-
tal data are needed for different taxonomic groups, in particular for prasinophytes 
with their peculiar and incompletely disclosed features of lipid metabolism, such as 
the acyl-CoA dependent desaturation. VLC-PUFA biosynthesis in microalgae is 
assumed to involve cooperation between cellular compartments—the chloroplast 
and the ER—such that the VLC-PUFA produced in the ER (AA and EPA) can be 
exported to the plastid (Khozin et al.  1997 ; Sukenik  1999 ; Bigogno et al.  2002a ; 
Khozin-Goldberg et al.  2002b ); the underlying mechanisms remain unknown, but 
are probably analogous to the traffi cking of C18 PUFA in the ER of higher plant 
cells or the export of VLC-PUFA-moieties for incorporation into  chloroplast 
lipids  . 

 In the rhodophyte   Porphyridium cruentum   , immediately after a 30-min pulse 
with [ 14 C]18:2  n -6, the label was preferentially incorporated into the  sn -2 position 
of PtdCho, as well as appearing in the TAG. With progression of 18:2  n -6 conver-
sion to AA via the ω-6 pathway, the  sn -1 position of PtdCho gradually became 
labeled, implying the activity of a dedicated acyltransferase with a preference for 
20:4  n -6 and operation of lipid-remodeling mechanisms. Indeed, [ 14 C]20:4  n -6 was 
readily incorporated into both  sn -1 and  sn -2 positions of PtdCho. These observa-
tions are in line with PtdCho’s central role as the primary acceptor of the de-novo- 
synthesized C18 fatty acids exported from the chloroplast, and as a major player in 
acyl-lipid remodeling as has recently become evident in higher plants (Bates et al. 
 2013 ). The labeling pattern suggested a fl ux of fatty acids from cytoplasmic to chlo-
roplastic lipids, mainly from PtdCho and TAG to galactolipids, a characteristic of 
eukaryotic pathways. Overall interpretation of the labeling kinetics of individual 
lipids and acyl groups, as well as molecular species analysis, raised the suggestion 
that the fi nal ω-3 desaturation of 20:4  n -6 to 20:5  n -3 is predominantly chloroplas-
tic, involving eukaryotic-like MGDG and prokaryotic-like MGDG and DGDG 
molecular species, and a putative chloroplast-localized ω-3 desaturase with Δ17 
activity (Khozin et al.  1997 ). The existence of this ω-3 desaturase was reinforced by 
the recently released genome data of  Porphyridium purpureum  (the taxonomic syn-
onym of  P. cruentum ), where a sequence putatively encoding for the plastidial ω-3 
desaturase was identifi ed (Bhattacharya et al.  2013 ). 

 Remarkable labeling of  TAG   in numerous experiments with [ 14 ]C-labeled fatty- 
acid precursors to VLC-PUFA illuminates the important role played by TAG as the 
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dynamic depot of acyl groups in microalgal cells (Cohen et al.  2000 ; Khozin- 
Goldberg et al.  2000 ,  2005 ), as corroborated by the label turnover from TAG to 
membrane glycerolipids in the course of the experiments. We emphasize this point 
given the recent immense interest in the mechanisms  regulating   TAG assembly and 
remobilization, and experimental evidence for the role played by lipases in algal 
lipid metabolism (Boyle et al.  2012 ; Liu and Benning  2013 ; Trentacoste et al.  2013 ). 

 In addition to phospholipids, the non-phosphorous betaine membrane lipids, 
such as 1,2-diacylglyceryl- O -4-( N , N , N -trimethyl) homoserine (DGTS) and 
1,2-diacylglyceryl-3-O-2′-(hydroxymethyl)-(N,N,N-trimethyl)-β-alanine 
(DGTA), are abundant extraplastidial lipids in many classes of microalgae and, in 
certain instances, completely replace the  phospholipids   (Araki et al.  1991 ; 
Eichenberger  1993 ; Kato et al.  1996 ; Dembitsky  1996 ; Harwood  1998 ; Eichenberger 
and Gribi  1997 ; Vogel and Eichenberger  1992 ).  Betaine lipids   are likely participat-
ing in acyl-lipid-linked desaturation outside the chloroplast. This assumption is pri-
marily based on the results of radiolabeling studies with fatty-acid precursors; direct 
molecular evidence is however missing. Radiolabeling studies in  L. incisa , 
 Nannochloropsis  sp. and  Monodus subterraneous  revealed that three extraplastidial 
lipids are involved in various steps of AA (20:4  n -6) biosynthesis: PtdCho and 
DGTS were involved in the Δ12 and subsequent Δ6 desaturations, whereas PtdEtn 
was a principal substrate for the Δ5 desaturation as, to some extent, PtdCho (Bigogno 
et al.  2002a ; Khozin-Goldberg et al.  2002b ). 

 In the freshwater trebouxiophyte   L. incisa   , the initial label from [ 14 C]18:1  n -9 
was incorporated into PtdCho, DGTS and TAG. Labeling kinetics indicated the 
involvement of PtdCho and DGTS in Δ12 and Δ6 desaturations, and of PtdEtn in Δ5 
desaturation; little label from synthetized [ 14 C]20:4  n -6 was turned over to the 
galactolipids, in agreement with the low proportion of AA in the chloroplast lipids 
of this alga (Bigogno et al.  2002a ). The principal role of PtdEtn in AA biosynthesis 
as a substrate for Δ5 desaturation in  L. incisa  was also refl ected in its molecular spe-
cies composition, displaying a major 20:4/20:4 species followed by 16:0/20:4 and 
18:1  n -7/20:4 species (Shrestha  2005 ). The conversion of AA to EPA by a putative 
ω-3 desaturase is scarce, and may be governed by a single enzyme acting on both 
chloroplast MGDG and extraplastidial lipids. 

 The fi nal step in EPA biosynthesis by  ω-3 desaturation   may involve different 
lipid substrates and be localized to different cellular compartments. Intermediates 
of both the ω-3 and ω-6 pathways may contribute to the biosynthesis of EPA in the 
diatom  P. tricornutum  (Arao et al.  1994 ) and likely scenarios have been suggested 
(Domergue et al.  2002 ). However, the synthesis of EPA in the ER has not been 
unambiguously demonstrated in  P. tricornutum  (Abida et al.  2015 ), nor has the cel-
lular localization of the cryptic single ω-3 desaturase that is identifi ed in the genome, 
possibly acting in proximity to chloroplast and extraplastidial lipids, as can be pos-
tulated based on the membrane continuum between the   ER     and the outermost mem-
brane of the plastid in this diatom (Kroth et al.  2008 ). Given that PtdCho, PtdEtn, 
and the betaine lipid featured C16 PUFA at the  sn -2 position, and ultimately all 
species of MGDG were of the 20:5/C16 ( sn -1/ sn -2) structure, it was postulated that 
EPA synthesized in the endomembrane system has to be released from a  phospholipid 
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into the cytosolic acyl-CoA pool, and then transported to the chloroplasts to be 
attached to the glycerol backbone of chloroplast lipids (Abida et al.  2015 ). This is 
in agreement with a high proportion of  EPA-CoA   in the acyl-CoA pool of  P. 
 tricornutum  as determined by Hamilton et al. ( 2014 ). In an alternative scenario, 
traffi cking of the entire esterifi ed glycerol moiety through the complex membrane 
system can be postulated. Two candidate ω3-desaturases, both predicted to be local-
ized in the chloroplast, were identifi ed by bioinformatics analysis of the genome of 
the oleaginous diatom  Fistulifera  sp. strain JPCC DA0580 (Liang et al.  2013 ). It 
was suggested that the ω-6 pathway is utilized by this organism for the synthesis of 
AA in the ER, but the fi nal step in the synthesis of EPA is likely carried out in the 
chloroplast, similar to the rhodophyte  P. cruentum . Distinctly from  P. cruentum  
however, in two eustigmatophytes, PtdEtn was implicated in the ω-3 desaturation, 
followed by export of EPA to the chloroplast—possibly as a diacylglycerol-bearing 
scaffold—for the eukaryotic-like MGDG and as 20:5 for the  sn -1 position of the 
prokaryotic-like galactolipids (Schneider and Roessler  1994 ; Khozin-Goldberg 
et al.  2002b ). How this traffi cking occurs in microalgae and which acyl carriers are 
involved remains to be elucidated; future studies should provide novel insights into 
the intricate machinery of VLC-PUFA biosynthesis and its cellular compartmental-
ization in evolutionary diverse microalgae.  

    On the Role of VLC-PUFA in Microalgae 

 The  unsaturation   level of membrane lipids alters the biological membrane’s confor-
mation and affects its physical properties, such as fl uidity (Los and Murata  2004 ; 
Los et al.  2013 ). Alterations in membrane fl uidity, in turn, impact the activities of 
various integral membrane proteins, such as translocators and ion channels, among 
others (reviewed in Los et al.  2013 ). Furthermore, unsaturation of the major chloro-
plast glycerolipids is critical for the functioning of light-harvesting complexes and 
photosystems (Dörmann  2005 ), prevention of photoinhibition at low temperatures 
(Gombos et al.  1997 ; Mizusawa and Wada  2012 ), and regulation of chilling sensi-
tivity of plants and cyanobacteria (Nishida and Murata  1996 ). The importance of 
fatty-acid  unsaturation level   in maintaining membrane fl uidity in response to tem-
perature was studied in depth in two transformable cyanobacteria by employing 
site-directed mutagenesis of the genes encoding acyl-lipid desaturases 
( Synechocystis ) (e.g. Inaba et al.  2003 ) or by engineering enhanced unsaturation 
level through the expression of additional desaturase activity ( Synechococcus  sp. 
PCC 7942) (Mironov et al.  2012 ; Los et al.  2013 ). Infl uential mutant studies in  A. 
thaliana  not only helped deduce the biosynthetic pathway of chloroplast glycerolip-
ids but also illuminated the importance of unsaturation level of chloroplast lipids for 
plant development and the temperature response (Wallis and Browse  2002 ). Genetic 
modifi cations of unsaturation level by recombinant expression of ω-3 desaturase 
resulted in enhanced tolerance to chilling temperatures (Khodakovskaya et al.  2006 ; 
Yu et al.  2009 ; Dominguez et al.  2010 ). Applying heat stress to the wild type and an 
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ω-3 desaturase mutant of   Chlamydomonas reinhardtii    revealed the negative effect 
of a decreased level of the  n -3 PUFA on maintenance of photosynthetic activity at 
high temperatures (Nguyen et al  2013 ). Similar studies are still lacking in VLC- 
PUFA- producing microalgae. 

 To the best of our knowledge, the only reported case of a  low-temperature- 
sensitive mutant   in the VLC-PUFA-biosynthesis pathway was obtained by chemi-
cal mutagenesis in the AA-producing microalga  L. incisa  (Cohen and 
Khozin-Goldberg  2010 ; Iskandarov et al.  2011 ). Growth of the Δ5 desaturase 
mutant, lacking AA, was impaired at 10–15 °C as compared to the wild type, in 
agreement with substitution of AA with the less unsaturated trienoic C20 PUFA 
DGLA in all acyl-lipid classes.  Lobosphaera incisa  is a psychrotolerant microalga, 
isolated from alpine environments; it contains AA not only in the membrane lipids 
but predominantly accumulates in the storage TAG (Bigogno et al.  2002b ,  c ; 
Khozin-Goldberg et al.  2005 ). Upon temperature shift from 25 to 4 °C, a fraction of 
the AA is transferred from TAG to polar lipids, implying the signifi cance of AA 
stored in TAG in the provision of buffering capacity for the rapid increase in mem-
brane lipids’ unsaturation level (Bigogno et al.  2002c ). Furthermore, in response to 
nitrogen replenishment, AA accumulated in TAG was swiftly relocated to MGDG 
and incorporated into the eukaryotic-type 20:4  n -6/C18 PUFA molecular species, 
likely to boost the unsaturation level in chloroplast lipids and to support photosyn-
thetic effi ciencies, as required for  active growth recovery   (Khozin-Goldberg et al. 
 2005 ). It is worth noting that a similar phenomenon, albeit at normal temperature, 
was described in the mutant of the red microalga  P. cruentum  impaired in the utili-
zation of VLC-PUFA from TAG for chloroplast eukaryotic-like molecular species 
of AA- and EPA-rich galactolipids (Cohen et al.  2000 ). In general, VLC-PUFA 
accumulation in TAG in photosynthetic organisms and, in particular, under nitrogen 
starvation, is not at all common; it can be enhanced with progression of culture 
aging in some species or by modifying the growth conditions (Tonon et al.  2002 ; 
Guihéneuf and Stengel  2013 ). 

 Given the high abundance of VLC-PUFA in  chloroplast-membrane glycerolip-
ids   in various microalgae, one can assume their importance in maintaining mem-
brane fl uidity at optimal growth temperatures and preventing membrane rigidifi cation 
at suboptimal low temperatures. Indeed, the general trend of increasing VLC-PUFA 
content with decreasing ambient temperature has been shown in a number of studies 
with microalgae inhabiting temperate waters. For example, lowering the tempera-
ture increased EPA and DHA contents in the diatom  P. tricornutum  (Jiang and Gao 
 2004 ; Hamilton et al.  2014 ). An opposite trend of decreased unsaturation of MGDG 
and DGDG was determined in two diatom species, the model pennate diatom  P. 
tricornutum  and the marennine-producing  Haslea ostrearia ; C20 PUFA were 
replaced by C18 PUFA with a reduced number of double bonds at the  sn -1 position 
of these galactolipids upon an increase in temperature from 20 to 30 °C (Dodson 
et al.  2014 ). A reduction in the growth temperature led to an increase in the propor-
tion of EPA with corresponding rearrangement of molecular species of the major 
galactolipid MGDG in the red microalga  Porphyridium cruentum  (Adlerstein et al. 
 1997 ). The eukaryotic-like molecular species of MGDG, in particular, the highly 
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unsaturated 20:5  n -3/20:5  n -3, increased in proportion over the prokaryotic-like 
20:5  n -3/16:0 MGDG in response to temperature decline. These results suggested 
that highly unsaturated eukaryotic-like molecular species of MGDG in rhodophytes 
may play a role in the adaptation of cells to low temperatures.  DGDG   in this alga is 
predominantly of the prokaryotic-like type, with 16:0 enriched at the  sn -2 position, 
so the main modifi cation at low temperature was an increase in the AA-to-EPA 
conversion leading to predominance of 20:5  n -3/16:0 DGDG. In dinofl agellates 
from the genus  Pyrocystis , the acyl composition of DGDG was more responsive to 
changes in temperature than that of MGDG, displaying more unsaturated forms of 
the  sn -2-bound fatty acids at lower temperatures (Leblond et al.  2010 ). 

 Maintenance of a high unsaturation level of chloroplast glycerolipids is impera-
tive for the survival of extremophile microalgae, such as  polar diatoms and chloro-
phytes  , whose natural habitats are characterized by extreme conditions, such as 
freezing temperatures, along with fl uctuating exposure to solar, osmotic, oxidative 
and nutrient stresses (reviewed in Lyon and Mock  2014 ). VLC-PUFA and PUFA 
were shown to increase in abundance in response to low temperature in polar dia-
toms and chlorophytes, respectively (Teoh et al.  2012 ). In polar diatoms adapted to 
very low light intensities and  temper  atures, VLC-PUFA play a prominent role in 
protecting the membranes from rigidifi cation or even solidifi cation, and support 
effective electron-transport chains in chloroplast at low temperatures and a very low 
intensity of incident light (2 μE m −2  s −1 ) (Mock and Kroon  2002 ). Of note, desatu-
rases involved in C18 PUFA biosynthesis in recently isolated Antarctic chloro-
phytes demonstrated increased mRNA expression at low temperatures (Lu et al. 
 2009 ; Zhang et al.  2011 ; An et al.  2013 ). 

 Another important biochemical trait of major ecological signifi cance, linking 
PUFA and VLC-PUFA metabolism, is the diatoms’ ability to produce a plethora of 
oxygenated derivatives of  C16 PUFA and C20 PUFA   with biological activities and 
defense potential against their predators and grazers under natural conditions 
(Wichard et al.  2005 ; Fontana et al.  2007 ; Andreou et al.  2009 ).   

    Microalgal Biotechnology for VLC-PUFA Production 

 With the continuous decline and deterioration of fi shery and seafood resources, 
microalgae are seen as potent renewable sources of VLC-PUFA. These photosyn-
thetic eukaryotic organisms use sunlight to produce biomass and oxygen from CO 2 , 
require marginal water, land resources and mineral nutrients.  Mass cultivation   of 
photosynthetic microalgae offers the unique opportunity to shift signifi cant agricul-
tural production volumes to unproductive land using marginal or saline water (Leu 
and Bouusiba  2014 ). Because microalgae can be cultivated in marginal or saline 
water on nonproductive drylands, they do not compete with agriculture for arable 
land or fresh water. While many photoautrophic species are routinely cultivated in 
mariculture, the production of VLC-PUFA-rich oil from photosynthetic algae has 
begun relatively recently. This section provides information on the most important 
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microalgal species in biotechnology for VLC-PUFA production.  Micrographs   of 
some microalgae frequently quoted in this chapter are shown on Fig.  19.3 . 
Photosynthetic marine and freshwater species of the genus  Nannochloropsis  
( Nannochloropsis  sp.,  N. gaditana ,  N. oculata ,  N. limnetica ) (Eustigmatophyceae) 
are rich in EPA, mainly due to its high content in the chloroplast glycerolipids 
(Sukenik  1999 ; Simionato et al.  2013 ; Pal et al.  2013 ). Another recently character-
ized eustigmatophyte,  Trachydiscus minutus  (Bourr.) H. Ettl, produces EPA, depos-
its it in large amounts in storage lipids and presents a novel potent EPA resource for 
photobiotechnology (Řezanka et al.  2010 ,  2011 ). Interestingly, molecular phyloge-
netic analysis has indicated that the Eustigmatophyceae are a more diverse class 
than previously thought, with many new species, genera, and families awaiting 
taxonomic treatment and biochemical characterization (Fawley et al.  2014 ). Thus, 
it can be anticipated that more species, likely enriched in EPA, will be characterized 
in the future.  Photoautotrophic diatoms   and haptophyte microalgae have also been 
widely explored in marine aquaculture owing to their good nutritional properties 
and contents of the ω-3 VLC-PUFA EPA and DHA (Orcutt and Patterson  1975 ; 
Lebeau and Robert  2003 ). The pennate diatom microalga  P. tricornutum  
(Bacillariophyceae) and the centric diatom  T. pseudonana  (Coscinodiscophyceae) 
serve as model diatom species in basic research and show promise in biotechnology. 

Lobosphaera incisa
Chlorophyta
Trebouxiophyceae
20:4 n-6

Emiliania huxleyia

Haptophyceae
Isochrysidales
18:4 n-3; 18:5 n-3; 
22:6 n-3 

Nannochloropsis sp.c

Stramenopiles
Eustigmatophyceae
20:5 n-3

Pavlova sp.c

Haptophyceae
Pavlovales
20:5 n-3, 22:6 n-3 

Monodus subterraneus
Stramenopiles
Eustigmatophyceae
20:5 n-3

Phaeodactylum tricornutum
Stramenopiles
Bacillariophyceae
20:5 n-3, 22:6 n-3 

Odontella auritab

Stramenopiles
Mediophyceae
20:5 n-3, 22:6 n-3 

Porphyridium purpureum
Rhodophyta
Porphyridiales
20:4 n-6; 20:5 n-3

VLC-PUFA
producers

  Fig. 19.3    Examples of VLC-PUFA producing algae of different lineages. Micrographs were taken 
in the authors’ laboratory under light microscope. Additional sources are gratefully acknowledged 
( a   http://genome.jgi-psf.org/Emihu1/Emihu1.home.html    ; b   http://www.eos.ubc.ca/research/phyto-
plankton/diatoms/centric/odontella/o_aurita.html    ;  c   http://www.scienceimage.csiro.au/image/10697/
microalgae/    )       
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Haptophytes, e.g.  Isochrysis galbana  (Coccolithophyceae) and  Pavlova lutheri  
(Pavlovophyceae), are widely used in aquaculture.

   The green microalga   L. incisa    is the best-studied photosynthetic producer of AA 
with the quite rare ability to deposit large amounts of VLC-PUFA in storage lipids, 
TAG, under nitrogen starvation (Bigogno et al.  2002b ,  c ; Khozin-Goldberg et al. 
 2002a ). Furthermore, the ability to sequester and accumulate VLC-PUFA in TAG 
is considered a biotechnologically valuable trait, providing the traditional dietary 
form of VLC-PUFA and allowing oil extraction by conventional methods.  L. incisa  
increases  AA   biosynthesis under nitrogen starvation, shuffl ing the fl ux of de-novo- 
produced AA into the machinery of TAG biosynthesis and assembly. A Δ5 desatu-
rase mutant strain derived from the wild-type strain by chemical mutagenesis 
produces another nutritionally valuable ω-6 VLC-PUFA, DGLA. Similar to the 
wild type, the mutant strain deposits DGLA in TAG, making it a potent and rare 
photosynthetic source of DGLA (Iskandarov et al.  2011 ; Abu-Ghosh et al.  2015 ). 

 As already noted, VLC-PUFA are generally abundant acyl components of major 
chloroplast glycerolipids in diverse microalgae with both  primary and secondary 
plastids  . Accordingly, stressful conditions that are often encountered in mass micro-
algal cultures (variations in incident and external light intensities and temperatures, 
increased salinities, nutrient depletion) generally impair their VLC-PUFA content, 
while promoting the accumulation of saturated and monounsaturated fatty acids 
(Sukenik et al.  1989 ; Adlerstein et al.  1997 ; Solovchenko et al.  2008 ,  2010 ; Pal 
et al.  2011 ; Simionato et al.  2013 , among others). In this respect, fi nding physiologi-
cal conditions that enable adequate VLC-PUFA production in terms of biomass and 
culture contents without impairing VLC-PUFA proportions is of major 
signifi cance. 

 Commercial companies have developed the technologies for obtaining “ photo-
synthetic  ” EPA from  Nannochloropsis  algae. Aurora Algae, for instance, has com-
mercialized a high-EPA content (>65 %) oil under the product name A2 EPA Pure, 
targeted for use in the supplements and pharmaceuticals sectors (Winwood  2013 ). A 
marine photosynthetic diatom rich in EPA,  Odontella aurita  (Guihéneuf et al.  2010 ), 
is currently approved for use as a dietary supplement for human nutrition with proven 
benefi cial effects on dyslipidemia, platelet function and oxidative stress in high-fat-
fed rats (Haimeur et al.  2012 ).  Heterotrophic production   of EPA and DHA by fer-
mentation of nonphotosynthetic eukaryotes is being commercialized on a large scale: 
the dinofl agellate  Crypthecodinium cohnii  (Dynophyta) is used by DSM Nutritional 
Products to produce oil with 40–45 % DHA, and virtually no EPA, for the infant-
formula market. Fermentation of another heterotrophic organism,  Schizochytrium  
(Stramenopiles, Thraustochytriaceae), yields oil with 35–40 % DHA, and <2 % EPA 
(Winwood  2013 ). A recent study has indicated the superior oxidative stability of 
VLC-PUFA-rich lipid extracts from photosynthetic microalgae relative to those of 
fi sh and heterotrophic organisms (Ryckebosch et al.  2013 ). Another study has 
reported no genetic or acute oral toxicity effects in Sprague- Dawley rats of ethyl 
ester derivatives containing 23.9 % EPA and 22.3 % palmitoleic acid (Algal-EE, 
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Aurora Algae, Inc.) from  Nannochloropsis  sp. (Collins et al.  2014 ). Earlier works 
examining the nutritional value of  Nannochloropsis  biomass in poultry and aquacul-
ture should also be noted (e.g. Sukenik et al.  1994 ).  

    Modifi cation of VLC-PUFA Content and Composition 
in Microalgae by Genetic Engineering: A Recent Status 

 The  genomes and transcriptomes   of numerous VLC-PUFA-producing microalgal 
species have been sequenced, and many important molecular pathways, including 
those of VLC-PUFA biosynthesis, have been annotated (Kroth et al.  2008 ; Fabris 
et al.  2012 ; Vieler et al.  2012b ; Jinkerson et al.  2013 ). The recent development of 
genetic-transformation systems in   Nannochloropsis  species   (Radakovits et al.  2012 ; 
Vieler et al.  2012b ),  O. tauri  (Djouani-Tahri et al.  2011 ), several biotechnologically 
relevant diatoms including  P. tricornutum ,  T. pseudonana ,  T. weissfl ogii ,  Navicula 
saprophilia , and  Cylindrotheca fusiformis  (for further information see Bozarth et al. 
 2009 ), and  L. incisa  (Zorin et al.  2014 ) have enabled metabolic engineering for the 
enhancement of VLC-PUFA contents. The prospects of these approaches are sup-
ported by successful studies on reconstruction of the VLC-PUFA-production path-
way in oilseed plants (Sayanova et al.  2011b ; Petrie and Singh  2011 ; Ruiz-Lopez 
et al.  2013 ) and in oleaginous yeast  Yarrowia lipolytica  (Xue et al.  2013b ; Xie et al. 
 2015 ) by multistep iterative approaches using, among others, microalgal desatu-
rases and elongases engaged in VLC-PUFA biosynthesis. Remarkably, the entire 
pathway of DHA-rich TAG biosynthesis was reconstructed in  Nicotiana benthami-
ana  leaf tissue by transient expression of the plasmid constructs bearing exclusively 
microalgal genes coding for consequent steps of DHA biosynthesis, namely 
 Micromonas pusilla  Δ6-desaturase,  Pyramimonas cordata  (Prasinophyceae) 
Δ6-elongase,  P. salina  Δ5-desaturase,  P. cordata  Δ5-elongase and  P. salina  
Δ4-desaturase, along with diacylglycerol acyltransferase (Petrie and Singh  2011 ). 
An apparent shift toward DHA production through enhancing of EPA elongation 
was observed with the highly effi cient in this expression system  P. cordata  Δ 
5- elongase, whereas expression of the constructs with  P. salina  Δ5-elongase lead to 
signifi cant accumulation of EPA. Hence, a careful selection and testing of transgene 
is critical for effi cient production of VLC-PUFA by metabolic engineering 
approaches. 

 The results of the fi rst engineering approaches in microalgae are highly promis-
ing in this regard, with single-gene modifi cations able to signifi cantly increase 
VLC-PUFA contents or composition (Hamilton et al.  2014 ; Kaye et al.  2015 ). 
However, recent research efforts have revealed that engineering approaches for 
VLC-PUFA biosynthesis in microalgae may differ signifi cantly from those devel-
oped for higher plants. Similarly, in  oilseed plants   engineered for the reconstruction 
of VLC-PUFA production, the step mediated by the phospholipid-dependent Δ6 
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desaturase presents a bottleneck in the effi cient fl ow of fatty-acid intermediates 
toward further elongation and desaturation. This phenomenon, termed substrate 
dichotomy, is associated with the different substrates used in the two sequential 
steps mediated by the lipid-linked Δ6 desaturase (acting on acyl groups of PtdCho) 
and the acyl-CoA-dependent elongation of GLA to DGLA (Fig.  19.2 ). This dichot-
omy can be circumvented by expressing an acyl-CoA-dependent Δ6 desaturase, 
such as of  O. tauri , acting in the same cytosolic acyl-CoA pool as the Δ6 PUFA 
elongase (Sayanova et al.  2011b ; Ruiz-Lopez et al.  2013 ). Whereas this approach 
has been attempted in the diatom  P. tricornutum  to enhance the content of VLC- 
PUFA, no signifi cant alterations were observed in the fatty-acid profi le (Hamilton 
et al.  2014 ). This may refl ect effi cient traffi cking of precursors in the VLC-PUFA- 
biosynthesis route in microalgae that intrinsically evolved to effi ciently process 
unsaturated fatty-acid intermediates between different  polar lipid classes   and the 
acyl-CoA pool, as was earlier shown in radiolabeling studies with fatty-acid precur-
sors (Schneider and Roessler  1994 ; Khozin et al.  1997 ; Bigogno et al.  2002a ; 
Khozin-Goldberg et al.  2002b ). Indeed, the  acyl-CoA pool   of  P. tricornutum  is 
highly enriched in EPA-CoA, the fatty acid comprising the major VLC-PUFA acyl 
constituent of membrane glycerolipids (Hamilton et al.  2014 ). Based on this meta-
bolic trait, another approach was taken, employing the expression of a C20 Δ5 elon-
gase from  O. tauri  (OtElo5) that converts C20 EPA to C22 DPA. In this way, a 
signifi cant increase in DHA content was observed, along with intermediate accu-
mulation of DPA accompanied by a concurrent decrease in EPA. These results 
imply that C20 Δ5-elongating activity in conjunction with the endogenous 
Δ4-desaturase activity are suffi cient to shift the pathway toward the synthesis of 
DHA, which is not accumulated at high levels in this diatom. Furthermore,  lipido-
mics analysis   of the transgenic lines revealed a number of novel DHA-containing 
molecular species of TAG that were produced upon expression of C20 Δ5 elongase 
in the stationary-phase cells. Coexpression of OtDes6 and OtElo5 using a vector 
construct engineered to express two genes simultaneously demonstrated an addi-
tional increase in DHA and the feasibility of iterative engineering of VLC-PUFA 
biosynthesis in the diatom (Hamilton et al.  2014 ). 

 This represents the fi rst solid experimental evidence for the feasibility of modi-
fying VLC-PUFA biosynthesis via the expression of foreign activities from dis-
tantly related green algal species. Enhanced deposition of DHA in TAG opens the 
door to further studies of targeted incorporation of VLC-PUFA into TAG by recom-
binant expression of, for example, diacylglycerol acyltransferases, mediating the 
fi nal step of  TAG   synthesis. 

 Enhanced VLC-PUFA partitioning into TAG and subsequently to  lipid droplets   
(LDs), together with additional modifi cations to enhance biomass and TAG produc-
tivity, could potentiate this success for the creation of microalgal strains that can 
compete on an economic level with current PUFA-production technologies such as 
heterotrophic fermentation (Leu and Boussiba  2014 ). Such studies may target suit-
able modulation of endogenous activities to maintain VLC-PUFA biosynthesis in 
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microalgae during nutrient depletion or starvation, thus producing strains with sig-
nifi cant VLC-PUFA content in their TAG fraction commensurate with overall bio-
mass enrichment with VLC-PUFA. This biochemical trait is characteristic of  L. 
incisa , an algal species that upregulates the AA-biosynthesis machinery under con-
ditions triggering VLC-PUFA overproduction and accumulation in TAG (Khozin- 
Goldberg et al.  2002a ; Iskandarov et al.  2009 ,  2010 ). The recently developed and 
described transformation system for this strain, along with the fi rst use of metabolic 
engineering to restore an AA-defi cient phenotype in the mutant strain by 
 complementation with the functional Δ5 desaturase, promises further progress in 
genetic modifi cations of this alga (Zorin et al.  2014 ). 

 Given its industrial potential, signifi cant effort has been invested in developing 
 Nannochloropsis  into a model oleaginous microalga. This is due to its ability to 
accumulate storage TAG to over half of its dry weight under conditions of nitrogen 
starvation (Rodolfi  et al.  2009 ; Pal et al.  2011 ). While about 35 % or more EPA out 
of total fatty acids has been reported in   Nannochloropsis    microalgae under nutrient- 
suffi cient growth (Sukenik  1999 ; Pal et al.  2011 ,  2013 ), under nitrogen depletion or 
starvation, VLC-PUFA biosynthesis is arrested and the shorter-chain, more satu-
rated fatty acids (16:0, 16:1 and 18:1) synthesized  de novo  in the chloroplast are 
incorporated into the TAG fraction which can represent over half of the cell’s dry 
weight. Accordingly, EPA contents decrease under nitrogen starvation in line with 
a concomitant reduction in thylakoid membrane lipids, which are the primary EPA 
reservoir in  Nannochloropsis  cells (Sukenik 1999; Pal et al.  2013 ; Simionato et al. 
 2013 ). Only low proportions of EPA were detected in  Nannochloropsis  TAG, made 
up of a few of EPA-containing molecular species (Pal et al.  2011 ; Li et al.  2014 ). 
Aiming to modify VLC-PUFA content of TAG under nitrogen-starvation condi-
tions, the gene encoding endogenous Δ12 desaturase (the putative ER-localized 
isoform),  NoD12 , was overexpressed in  N. oceanica  (Kaye et al.  2015 ). The ratio-
nale for this work was to uncouple the expression of the gene from its downregula-
tion under nitrogen starvation in a manner that occurs intrinsically in  L. incisa , as 
well as to use only homologous genes and promoters. The expression of   NoD12    
was driven by the stress-induced promoter of the lipid droplet surface protein-
encoding gene (Vieler et al.  2012a ) to increase the fl ow of available 18:1 toward 
VLC-PUFA synthesis under conditions of oil accumulation. The promoter appeared 
to be an excellent tool to express homologous genes under nitrogen-starvation con-
ditions. Indeed, this study provided the fi rst evidence of successful stress-induced 
overexpression of an endogenous desaturase in  N. oceanica , as demonstrated by 
signifi cant increases in its product 18:2, predominantly in PtdCho, accompanied by 
increases in AA and EPA concentrations in TAG (Kaye et al.  2015 ). This study 
paves the way for overexpression or dowregulation of additional homologous genes 
engaged in TAG assembly and fatty-acid desaturation as a means of enhancing the 
VLC-PUFA content in TAG of  N. oceanica , coupled with fi ne-tuning of 
 physiological conditions.  
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    Conclusions 

 Microalgae present a huge and still insuffi ciently tapped resource of VLC-PUFA 
for human nutritional and health-related applications. In photobiotechnology, VLC- 
PUFA biosynthesis can be modulated by using informed approaches based on a 
thorough investigation of physiological responses to the key cultivation parameters 
and environmental cues. The ongoing research focuses on understanding the molec-
ular mechanisms by which microalgae of the different evolutionary groups synthe-
tize, relocate and incorporate VLC-PUFA into complex lipids in the context of their 
multifaceted cellular organization. This research is streamlined by the availability of 
“omics” techniques and genome information in a growing number of species. 
Recent progress in microalgal genetic transformation and molecular engineering 
has opened the way to increased production effi ciencies for VLC- PUFA. Such stud-
ies will lay the foundation for increasing VLC-PUFA content of microalgae and 
introducing these traits into those species with plant-like fatty-acid composition, 
ultimately producing nutritional and medicinal products with high levels of essen-
tial VLC-PUFA.     
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    Chapter 20   
 Understanding Sugar Catabolism 
in Unicellular Cyanobacteria Toward 
the Application in Biofuel and Biomaterial 
Production                     

       Takashi     Osanai     ,     Hiroko     Iijima    , and     Masami     Yokota     Hirai   

    Abstract      Synechocystis  sp. PCC 6803 is a model species of the cyanobacteria that 
undergo oxygenic photosynthesis, and has garnered much attention for its potential 
biotechnological applications. The regulatory mechanism of sugar metabolism in 
this cyanobacterium has been intensively studied and recent omics approaches have 
revealed the changes in transcripts, proteins, and metabolites of sugar catabolism 
under different light and nutrient conditions. Several transcriptional regulators that 
control the gene expression of enzymes related to sugar catabolism have been iden-
tifi ed in the past 10 years, including a sigma factor, transcription factors, and histi-
dine kinases. The modifi cation of these genes can lead to alterations in the primary 
metabolism as well as the levels of high-value products such as bioplastics and 
hydrogen. This review summarizes recent studies on sugar catabolism in 
 Synechocystis  sp. PCC 6803, emphasizing the importance of elucidating the molec-
ular mechanisms of cyanobacterial metabolism for biotechnological applications.  

  Keywords     Cyanobacteria   •   Metabolic engineering   •   Sigma factor   •   Sugar metabo-
lism   •   Transcriptional regulator  

      Introduction 

 Biotechnology using photosynthetic organisms has attracted much public interests 
owing to lower emissions of CO 2  generated by such applications. The utilization of 
light energy and CO 2  by photosynthesis is expected to replace the usage of fossil 

        T.   Osanai      (*) •    H.   Iijima    
  School of Agriculture, Meiji University ,   1-1-1, Higashimita, Tama-ku , 
 Kawasaki ,  Kanagawa   214-8571 ,  Japan   
 e-mail: tosanai@meiji.ac.jp  

    M.  Y.   Hirai    
  RIKEN Center for Sustainable Resource Science ,   1-7-22 Suehiro-cho, Tsurumi-ku , 
 Yokohama ,  Kanagawa   230-0045 ,  Japan    

mailto:tosanai@meiji.ac.jp


512

fuels to produce fuels and materials in the future, and therefore, the study of 
photosynthetic organisms has boomed in popularity all around the world. 

 Cyanobacteria are a group of bacteria that undergo oxygenic photosynthesis. 
They include morphologically varied species, that are spherical, rod-like, fi lamen-
tous, or spiral in shape. Cyanobacteria possess both Photosystem I and II, similar to 
eukaryotic algae and plants, but these bacteria possess a different light-harvesting 
complex called phycobilisomes (Allen and Smith  1969 ). External CO 2  is assimi-
lated via ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO), an enzyme 
that is surrounded by structural protein under low CO 2  conditions in a supercomplex 
is called the carboxysome (Badger and Price  2003 ). Cyanobacteria retain circadian 
rhythms to alter their cellular metabolism and proliferation (Ishiura et al.  1998 ). 
These bacteria are divided into nitrogen-fi xing and non-nitrogen-fi xing species. In 
this review, we discuss only the non-nitrogen species, particularly the most widely 
used strain  Synechocystis  sp. PCC 6803 (hereafter designated  Synechocystis  6803), 
to simplify the explanation of cyanobacterial metabolisms.  

     Sugar Catabolism during Light/Dark and Day/Night 
Conditions 

 Sugar metabolism occurs via anabolic and catabolic pathways. Sugar anabolism 
includes CO 2  fi xation via the Calvin cycle, gluconeogenesis, and glycogen synthe-
sis. The mechanism of sugar anabolism has been intensively studied because carbon 
fi xation represents the characteristics of photosynthetic organisms. In contrast, 
there are fewer studies  on   sugar catabolism in photosynthetic organisms (including 
cyanobacteria) than there are on sugar anabolism. Genes encoding  the   enzymes of 
sugar catabolism are annotated, because the genomic information can be retrieved 
from several databases, namely CyanoBase (  http://genome.microbedb.jp/cyanobase    ), 
KEGG (  http://www.genome.jp/kegg/    ), and CYORF (  http://cyano.genome.ad.jp/    ). 

 The metabolic map  of   sugar catabolism in   Synechocystis  6803   is described in 
Fig.  20.1  (reproduced from Nakaya et al.  2015 ).  Synechocystis  6803 stores glyco-
gen as a carbon sources and the glycogen is converted to glucose-1-phosphate 
(G1P) by glycogen phosphorylase (encoded by  glgP ) and isoamylase (encoded by 
 glgX ) during glycogen catabolism (Fig.  20.1 ). The genome of   Synechocystis  6803   
contains two  glgP s (sll1356 and slr1367) and two  glgXs  (slr0237 and slr1857) 
homologs (Osanai et al.  2007 ). G1P is converted into a glucose-6-phosphate (G6P) 
by phosphoglucomutase (encoded by  pgm ), and G6P is subsequently catabolized by 
glycolysis or the oxidative pentose phosphate (OPP) pathway (Fig.  20.1 ). The OPP 
pathway is a major route for glucose catabolism in  Synechocystis  6803 under het-
erotrophic conditions (Yang et al.  2002 ). Both the fl ow of glycolysis and the OPP 
pathway are activated during mixotrophic conditions, compared with under photo-
autotrophic conditions (Yoshikawa et al.  2013 ). Integrated omics analysis   combining 
  transcriptome and metabolome data has suggested that post-transcriptional changes 
are important for altering the metabolic fl ux during the transition among different 
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trophic conditions (Nakajima et al.  2014 ).  Another   group comparing mixotrophic 
and photoautotrophic conditions revealed that metabolite levels of sugar phosphates 
such as G6P, 6-phosphogluconate, and fructose-1,6-bisphosphate were higher 
under the mixotrophic conditions, whereas the levels of 3-phosphoglycerate, phos-
phoenolpyruvate, and pyruvate were lower (Takahashi et al.  2008 ).

   Experiments  measuring   rhythmic changes in the transcript levels in  Synechocystis  
6803  indicated   metabolic alterations during day/night cycles (Kucho et al.  2005 ). 
Genes encoding the enzymes of catabolism and respiration peaked during the dusk 
or night (Kucho et al.  2005 ). These results clearly suggest that sugar catabolism and 
respiration are activated at nighttime, while sugar anabolism and photosynthesis are 
activated at daytime. The expression of the OPP pathway genes and glycolytic 
genes was transiently up-regulated by light-to-dark transition, although these induc-
tions were dependent on the experimental conditions (Osanai et al.  2005 ; Singh and 
Sherman  2005 ). 

 Recently, the metabolic changes  in   wild-type  Synechocystis  6803 by light-to- 
dark transition (after 1 day) were shown by our group (Osanai et al.  2014c ). The 
levels of sugar phosphates, such as G1P, G6P, fructose-6-phosphate, ribose-5- 
phosphate, ribulose-5-phosphate, and ADP-glucose, were reduced to <20 % of 
those under light conditions during 1 day of dark cultivation (Osanai et al.  2014c ). 
These results indicate the activation  of   glycogen catabolism to provide a carbon 

  Fig. 20.1     Metabolic   map of  sugar catabolism   in  Synechocystis  sp. PCC 6803 (Reproduced from 
Nakaya et al.  2015 )       
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source and reductants under dark conditions. Unlike the sugar phosphates, organic 
acids such as lactate, citrate, and isocitrate were increased by light-to-dark transi-
tion (Osanai et al.  2014c ). Amino acids were generally decreased by light-to-dark 
conditions, except  for   lysine and ornithine, which were increased (Osanai et al. 
 2014c ).  

    Sugar Catabolism Under Nitrogen-Starved Conditions 

 Acclimation to changes in nutrient conditions is important for cyanobacteria as well 
as for other organisms. Nitrogen is  an   essential macronutrient and is often lacking 
in the natural environment because of competition with other organisms for its use. 
Gene expression of the metabolic enzymes is widely altered by nitrogen conditions. 
Glutamine synthetase (GS) catalyzes the following reaction: Glutamate + NH 3  → 
Glutamine. The glutamine generated in then converted by  glutamate synthase 
(GOGAT)   as follows: Glutamine + 2-Oxoglutarate (2-OG) → 2 Glutamate. The 
resultant glutamate can be re-used for ammonium assimilation in a cycle known as 
the  GS-GOGAT cycle  , which is a primary route of nitrogen assimilation in unicel-
lular cyanobacteria (Muro-Pastor et al.  2005 ). GS activity is decreased in the pres-
ence of ammonium ions and is increased by nitrogen starvation (Merida et al.  1991 ). 
Two small proteins (IF7 and IF17) interact with  Synechocystis  6803 GS proteins, 
resulting in the inactivation of GS activity during nitrogen-replete conditions 
(Garcia-Dominguez et al.  1999 ). 

 Muro-Pastor et al. ( 2001b ) found that 2-OG levels were increased within 15 min 
during nitrogen starvation,    indicating that 2-OG is important for perceiving the 
nitrogen status in  Synechocystis  6803 cells. 2-OG binds physically with two regula-
tory proteins NtcA, which is a CRP-type transcription factor, and PII, which is a 
deduced carbon/nitrogen balance sensor (Forchhammer  2004 ). 2-OG is thus a sig-
naling metabolite, refl ecting the nitrogen status of unicellular cyanobacteria. 2-OG 
is also a metabolite both the tricarboxylic acid cycle and  GS-GOGAT cycle  , indi-
cating its importance in the interaction between carbon and nitrogen metabolism. 

 Technical advances in transcriptome analysis have enabled us to measure the 
expressions at the genome-wide level. A microarray  experiment   using nitrogen- 
starved  Synechocystis  6803 cells was performed in 2006 (Osanai et al.  2006 ). The 
expression of nitrogen assimilatory genes and nitrogen transporter genes was up- 
regulated by nitrogen starvation for 4 h, whereas the expression of genes related to 
photosynthesis and carbon assimilation was repressed, consistent with previous 
results. Microarray analysis newly revealed that genes related to sugar catabolism 
and respiration were considerably activated by nitrogen starvation (Osanai et al. 
 2006 ). Time-course microarray experiments confi rmed the up-regulation of genes 
related to sugar catabolism and respiration under nitrogen starvation condition 
(Aquirre von Wobeser et al.  2011 ). 

 The protein levels of two  key   enzymes of the OPP pathway, glucose-6- phosphate 
dehydrogenase (G6PD encoded by  zwf ) and 6-phosphogluconate dehydrogenase 
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(6PGD encoded by  gnd ), were increased more than doubled after 3 days of nitrogen 
depletion (Osanai et al.  2013a ). The protein levels of two glycogen catabolic 
enzymes, GlgX (slr1857) and GlgP (sll1356), were increased by nitrogen depletion, 
although the total amount of glycogen was increased during nitrogen starvation 
(Osanai et al.  2013a ). The up-regulation of the mRNAs and protein levels of 
enzymes related to glycogen catabolism and the OPP pathway thus seems to be 
contradictory. However, metabolome analysis revealed that organic acids such as 
malate, succinate, and fumarate, were markedly increased by nitrogen depletion 
(Osanai et al.  2014b ). In addition, amino acids synthesized from pyruvate and 
acetyl- CoA, which include alanine, glycine, valine, leucine, isoleucine, phenylala-
nine, and tyrosine, were increased during nitrogen starvation (Osanai et al.  2014b ). 
These results indicate that metabolites downstream of sugar catabolism accumulate 
during nitrogen starvation, which is consistent with the changes in the transcript and 
protein levels of sugar catabolic enzymes (Fig.  20.2 ). Thus,  Synechocystis  6803 
sugar catabolism is drastically altered during nitrogen starvation, leading to biopro-
duction, as discussed in section “ Engineering of sugar catabolism in  Synechocystis  
6803 for bioplastics and hydrogen production ”.

  Fig. 20.2     Metabolic   changes after nitrogen starvation for 4 h. Metabolites increased or decreased 
by nitrogen depletion are marked in  red  or  blue , respectively (Reproduced from Osanai et al. 
 2014b )       
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        Transcriptional Regulators Controlling Sugar Catabolism 
in  Synechocystis  6803 

    RNA Polymerase Sigma Factor SigE 

 RNA polymerase is  a   basic transcriptional machinery, performing RNA synthesis 
from template DNAs. The enzyme consists of multiple subunits including a sigma 
factor that is involved in recognizing the promoter DNAs and initiating transcrip-
tion. Generally, bacteria contain multiple sigma factors, of which  Synechocystis  
6803 possesses nine (SigA~SigI), to acclimate to  different   environmental condi-
tions (Goto-Seki  1999 ). The expression of  sigE  was induced by nitrogen depletion, 
and NtcA (a global nitrogen transcription factor that is conserved among cyanobac-
teria) was found to bind to the promoter region of  sigE  (Muro-Pastor et al.  2001a ). 
Microarray analysis revealed that the  sigE  knockout decreases the transcript levels 
of genes encoding enzymes of glycolysis, the OPP pathway, and glycogen catabo-
lism, indicating that SigE is a global regulator of sugar catabolism in  Synechocystis  
6803 (Osanai et al.  2005 ). SigE transcriptional activity is repressed under light con-
ditions by binding to ChlH, a subunit of Mg-chelatase (one of the chlorophyll bio-
synthetic enzymes),  and   SigE proteins  are   released from ChlH by light-to-dark 
transition, resulting in activation of the transcription of genes related to sugar catab-
olism under dark conditions (Osanai et al.  2009 ). Another group showed that the 
diurnal rhythms of the  sigE  expression peaked before night (Kucho et al.  2005 ), 
consistent with the fact that SigE is a positive regulator of sugar catabolism in this 
cyanobacterium. The promoter sequences recognized by SigE have not yet been 
identifi ed.  

    Response Regulator Rre37 (SyNrrA) 

 A screening  of   response regulator mutants uncovered that the knockout mutant of 
 rre37  (sll1330) could not grow under light-activated  heterotrophic   growth condi-
tions (Tabei et al.  2007 ). The  rre37  knockout mutant showed decreased the tran-
script levels of glycolytic genes under light conditions with glucose supplementation 
(Tabei et al.  2007 ). Microarray analysis by our group revealed that  rre37  knockout 
reduces the expression of  glgP  (slr1367),  glgX  (slr1857),  gap1 , and  pfkA  (sll1196) 
particularly after nitrogen starvation (Azuma et al.  2011 ). The gene expression 
related to the OPP pathway was not affected by  rre37  knockout (Azuma et al.  2011 ), 
which implies that the regulation of sugar catabolic genes by Rre37 is different from 
SigE. Biochemical analysis revealed that Rre37 binds with the promoter including 
the motif consisting of two direct repeats of TG(T/A)CA separated by an 8-bp A/T- -
rich spacer (Liu and Yang  2014 ). Involvement of the transcription of the enzymes 
related to cyanophycin, arginine, pyruvate and polyhydroxybutyrate (PHB) metab-
olism by Rre37 was also revealed from transcript analyses (Azuma et al.  2011 ; 
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Iijima et al.  2014 ; Liu and Yang  2014 ), which is discussed in section “ Engineering 
of sugar catabolism in  Synechocystis  6803 for bioplastics and hydrogen 
production ”.  

     Two Transcription Factors Belonging to the AbrB-Family 

 The  Synechocystis  6803 genome contains two AbrB-type transcription factors, 
sll0359 and sll0822, that belong to a family of proteins known as  transition   state 
regulators in other heterotrophic bacteria (Klein and Marahiel  2002 ). AbrB (sll0359) 
proteins bind with the promoter region of the  hoxEFUYH  operon, which encodes 
hydrogenase subunits, and the knockout of  abrB  (sll0359) was shown to decrease 
 hoxE  expression (Oliveira and Lindblad  2008 ). Knockout of  abrB  (sll0822) 
decreased the nitrogen-regulated genes,    including nitrate and ammonium transport-
ers and  sigE  (Ishii and Hihara  2008 ). Biochemical analyses suggested that AbrB 
(sll0822) binds with the promoter regions of  sbtA  (whose protein is involved in 
inorganic carbon uptake) and the  hox  operon (Lieman-Hurwitz et al.  2009 ; Dutheil 
et al.  2012 ). The  abrB  (sll0822) knockout mutant showed pleiotropic phenotypes, 
which include slower growth, decreased chlorophylls and phycocyanins, increased 
glycogen, and increased cell diameter (Yamauchi et al.  2011 ).    These results indicate 
that AbrB proteins play roles in carbon/nitrogen metabolism and cell proliferation, 
although the mechanistic implication remains to be solved.  

    Histidine Kinases (Hik8 and Hik31) 

 As mentioned in section “ Sugar catabolism during light/dark and day/night condi-
tions ”, sugar metabolism is closely related to  the   day/night cycle in cyanobacteria. 
A  cyanobacterial circadian clock   consists of three proteins (KaiA, KaiB, and KaiC), 
and the phosphorylation cycle and transcriptional control regulated by these three 
proteins  are   essential for circadian oscillation (Ishiura et al.  1998 ; Tomita et al. 
 2005 ). SasA, a histidine kinase interacted with KaiC in  Synechococcus  sp. PCC 
7942, and  sasA  knockout abolished the rhythms of transcription during the day/
night cycles (Iwasaki et al.  2000 ). Hik8 is an ortholog of SasA in  Synechocystis  
6803, and the  hik8  knockout mutant exhibited decreased mRNA levels of phospho-
fructokinase, G6PD, 6PGD, glyceraldehyde-3-phosphate dehydrogenase, and gly-
cogen phosphorylase, and glucose-1-phosphate adenylyltransferase (encoded by 
 glgC ) (Singh and Sherman  2005 ). G6PD and 6PGD enzymatic activities were 
decreased by  hik8  knockout under photoautotrophic conditions (Singh and Sherman 
 2005 ). The expression of genes related to both sugar catabolism and sugar anabo-
lism was also affected by  hik8  knockout (Singh and Sherman  2005 ). Recently, we 
revealed that the  hik8  overexpression diminished the glycogen levels  under   photo-
autotrophic conditions in  Synechocystis  6803 (Osanai et al.  2014c ). The  hik8  
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overexpression widely altered primary metabolism; particularly a decrease in  sugar 
  phosphates and an increase in several amino acids (Osanai et al.  2014c ). In 
 Synechococcus , RpaA is a cognate response regulator of SasA (Takai et al.  2006 ). The 
cognate response regulator of Hik8 in  Synechocystis  6803 remains to be determined. 

 The  Synechocystis   6803   genome contains a gene encoding the histidine kinase 
Hik31 (sll0790) in the chromosome, and the homolog of Hik31 (slr6041), which is 
95.7 % identical to Hik31 (sll0790) at the amino acid level, is encoded by  the   plas-
mid in  Synechocystis  6803 (Kahlon et al.  2006 ). The  hik31  knockout mutant could 
not grow under mixotrophic conditions (in the presence of 5 mM glucose), and the 
G6PD activity was increased to more than twice that of the wild-type strain (Kahlon 
et al.  2006 ). Importantly, the authors claimed the instability of phenotypes of the 
 hik31  mutant (Kahlon et al.  2006 ), a fact consistent with our transcriptome analysis; 
among all histidine kinases in  Synechocystis  6803, only  hik31  exhibited a large 
value of standard deviations (Osanai et al.  2006 ). The deletion mutant of the plas-
mid operon of the  hik31  ortholog (slr6039-slr6041) lost its viability under dark 
conditions, and the expression levels of  glgP  and  zwf  were decreased,    the expres-
sion of  glgC ,  fbaI ,  fbaII  (encoding fructose-1,6-bisphosphate aldolases),  gap2  
(encoding glyceraldehyde-3-phosphate dehydrogenase), and  pdh  (encoding pyru-
vate dehydrogenase) were increased (Nagarajan et al.  2014 ). Cell division and cop-
per resistance were abolished by the deletion of the  hik31  operon (Giner-Lamia 
et al.  2012 ; Nagarajan et al.  2012 ), suggesting that Hik31 plays multiple roles in 
primary and secondary metabolism and cell proliferation. Hik31 is localized to both 
the plasma and thylakoid membranes (Giner-Lamia et al.  2012 ) and Rre34/CopR, 
   whose gene is included in the  hik31  operon, is a probable cognate response regula-
tor of Hik31 in  Synechocystis  6803.   

      Engineering of Sugar Catabolism in  Synechocystis  6803 
for Bioplastics and Hydrogen Production 

 Metabolic engineering involves the alteration of cellular metabolisms by genetic 
modifi cation to increase products of interest, and has a long history of studies. 
Overexpressing and/or increasing the activities of metabolic enzymes are  straight-
forward   methods of metabolic engineering; however, researchers often encounter 
only marginal increases in productivity. Since multiple genes should be modifi ed 
simultaneously to alter metabolism and increase the products of interest, Alper and 
Stephanopoulos ( 2007 ) put forward global transcription machinery engineering 
(gTME), which alters transcription factors and sigma factors rather than metabolic 
enzymes. 

 As mentioned in section “ Transcriptional regulators controlling sugar catabo-
lism in  Synechocystis  6803 ”, several transcriptional regulators that control the 
expression of genes of sugar catabolism have been identifi ed in  Synechocystis  6803, 
and therefore, our group tried to use these factors for metabolic engineering. To 
generate the  sigE -overexpressing strain, a   sigE    open reading frame was fused with 
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the  psbAII   promoter   and integrated into a neutral site of the  Synechocystis  6803 
genome. The  sigE -overexpressing strain exhibited an increased expression of 
enzymes of glycogen catabolism and the OPP pathway, and decreased glycogen 
levels under photoautotrophic conditions (Osanai et al.  2011 ). Metabolome analysis 
revealed that acetyl-CoA, citrate, and isocitrate levels were increased  by     sigE - 
overexpression  , indicating enhanced sugar catabolism by  sigE  overexpression 
(Osanai et al.  2011 ). 

  Synechocystis  6803 accumulates PHB, one of the biodegradable polyesters 
grouped in polyhydroxyalkanoates (PHAs), during nitrogen starvation (Hein et al. 
 1998 ). PHB is  synthesized   from acetyl-CoA by three reactions: acetoacetyl-CoA 
synthesized from acetyl-CoA by ketothiolase (encoded by  phaA ), 
3- hydroxybutylyl-CoA synthesized from acetoacetyl-CoA by acetoacetyl-CoA 
reductase (encoded by  phaB ), and PHB synthesized from 3-hydroxybutylyl-CoA by 
PHA synthase (encoded by  phaC  and  phaE ) (Hein et al.  1998 ). Microarray analysis 
suggested that the expression of  phaC  and  phaE  was up-regulated by  sigE  overex-
pression (Osanai et al.  2011 ). The levels of PHB in the  sigE -overexpressing strain 
after nitrogen deprivation were 2.5 times that in the wild-type strain (Osanai et al. 
 2013b ). Another microarray analysis indicated that the transcripts of  phaA  and 
 phaB  were increased by  rre37  overexpression,    and the PHB levels were doubled in 
the  rre37 -overexpresing strain compared with the wild-type strain (Osanai et al. 
 2014a ). PHB was additively increased by the double overexpression of  sigE  and 
 rre37 , suggesting that SigE and Rre37 activate the PHB biosynthetic pathway in 
parallel (Osanai et al.  2014a ) (Fig.  20.3 ). Thus, overexpression of the transcriptional 
regulators increased the PHB levels in  Synechocystis  6803, demonstrating that 
gTME is also an effective method for metabolic engineering in cyanobacteria.

   Microarray analysis also suggested that the expression of  hoxEFUYH  was up- 
regulated by  sigE  overexpression, which was confi rmed by quantitative real-
time PCR (Osanai et al.  2011 ,  2013a ). Hydrogen is  accumulated   during anaerobic 

  Fig. 20.3    Schematic 
model  of   activation of 
sugar catabolism and 
polyhydroxybutyrate 
biosynthesis by SigE and 
Rre37 ( red arrows  indicate 
the transcriptional 
activation by SigE and 
Rre37)       
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conditions, and it was found that the levels of accumulated hydrogen were higher in 
 the    sigE -overexpressing strain than in the wild-type strain under both light and dark 
conditions (Osanai et al.  2013a ). Thus, SigE regulates the genes related to sugar 
catabolism,    PHB biosynthesis, and hydrogen production. As mentioned in section 
“ Two transcription factors belonging to the AbrB-family ”, AbrB transcription fac-
tors regulates the expression of enzymes related to primary metabolism and hydro-
gen production, suggesting the close relationship among carbon, nitrogen, and 
hydrogen metabolism in  Synechocystis  6803, although its physiological meaning is 
unclear at present.  

    Conclusion 

 In this review, we have summarized the recent progress of studies on the primary 
metabolism of unicellular cyanobacteria by focusing on  Synechocystis  6803 sugar 
catabolism and transcriptional regulators. Several transcriptional regulators of sugar 
metabolism in  Synechocystis  6803 have been identifi ed and molecular mechanisms 
of the signal transduction of light/dark, day/night, and nutrient status have been 
elucidated. In addition to basic science, there are examples of which mutants of 
transcriptional regulators of sugar catabolism increased high-value products, open-
ing up the novel strategy of the metabolic engineering of  Synechocystis  6803. The 
advances in the applied sciences of cyanobacteria will contribute to generations of 
renewable energy and alternative materials, and the basic knowledge about cyano-
bacterial transcription and metabolism will be indispensable for the sustainable 
development of human society.     
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