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8 Reactive Oxygen Species (ROS) 

 

Reactive oxygen species are comprised of singlet oxygen ( 1 O 2 ), 

hydroxyl radical (OH
2
), hydrogen peroxide (H 2 O 2) and a number of 

smaller constituents. All of these radicals have short half-lives and react 

with organic molecules to form oxidation products; singlet oxygen has a 

half-life of ~3.5 μs at normal temperatures. With lipids, lipid peroxides 

are formed which may be quite detrimental to normal membrane-based 

reactions. Thus the formation of ROS, which is unavoidable when 

electron transport processes are involved, is an activity, which is (a) 

curtailed as far as possible by special biochemical processes (see below) 

and (b) mitigated by repair processes. A prime example is in PSII where 

for reasons of proper functioning a carotenoid triplet valve cannot be put 

in place and D1 protein is actively degraded during photosynthesis and 

must be actively replaced. 

A set of protective measures are set in place in eukaryotic alga 

systems to mitigate the formation of ROS. One of these is the alternate 

oxygenase (NOX). Another is the Mehler Ascorbate Peroxidase (MAP) 

pathway, whereby electrons are channeled out of the reducing side of PSI 

to oxygen, rather than feeding into NADP reduction. These reactions 

have only attracted attention relatively recently and their true importance 

is only now being realized by an increasing number of sophisticated 

investigations. 
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9 Evolution of Photosynthetic Proteins Involved in Photoprotection 

and Light Harvesting 

 

Balancing efficient capture of light against the damaging effects of 

high light is a problem faced by all photosynthetic organisms and results 

in the phenomenon of photoinhibition. It is therefore clear why both 

oxygenic and anoxygenic photosynthetic organisms have evolved 

mechanism to deal with situations of low light and high light. As 

discussed at the beginning of this chapter, curiously there is no 

phylogenetic link between the light harvesting proteins of these two types 

of photosynthetic organisms. This is despite a clear phylogenetic link 

between the proteins of their Reaction Centres. For the proteins involved 

in light harvesting and photoprotection in oxygenic photosynthetic 

organisms there are some clear links. Furthermore, it is likely that in 

Cyanobacteria, lightharvesting proteins involving Chl evolved before 

phycobiliproteins; however, these isiA proteins bear no relation to the 

light-harvesting proteins of eukaryotic algae and land plants, on the one 

hand, nor to the anoxygenic photosynthetic bacteria, on the other. 

Nevertheless there is a clear link back to Cyanobacteria both for the light 

harvesting proteins of eukaryotic algae (and land plants) and the 

photoprotective proteins (Fig. 9). Some important recent advances have 

been made by the group of Adamska. 

It has long been known that Cyanobacteria have a group of 

proteins, which broadly fit into the category of High Light- Induced 

Proteins (HLIP). These have a single membrane spanning helix, which 

binds Chl a and probably acts as a means of supplying Chl under high 

light stress. These proteins are homologous with small Chlorophyll-

Binding (CB) proteins (OHP1, OHP2); also with a single membrane 

spanning helix, which occur in plastids of eukaryotic algae and land 
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plants (OHP1 occurs in green algae and land plants, OHP2 occurs in 

almost all algae and in land plants). Twohelix Stress Enhanced proteins 

(SEP) also occur in most eukaryotic algae and land plants and can be seen 

as gene duplications from HLIP/OHP. These two-helix proteins almost 

certainly gave rise by gene duplication to four-helix proteins, of which to 

PSBS and LHCSR are extant members, PSBS in green algae and LHCSR 

in eukaryotic algae and early land plants (liverworts and mosses). Early 

four helix proteins then likely evolved into the three-helix proteins, which 

include CAB/CAC proteins of many algae and land plants, the early light 

induced protein (ELIP) of green algae and land plants and a RedCAP (red 

lineage Chl a/b bindinglike) protein of red algae, cryptophytes, 

haptophytes and heterokontophytes, including diatoms . The evolutionary 

development of the RedCAP protein is not clear, and is probably lost in 

the events that led up to the formation of the primary plastids, over 1 Ga 

ago. During these events, glaucophytes did not inherit any of the new 

CAB/CAC proteins, red algae (but PSI only) and the red algal lineage 

inherited RedCAP proteins and green alga inherited CAB proteins (and 

associated, LHCSR, PSBS, ELIP and SEP proteins). During this time Chl 

c evolved and became the Chl that accompanied Chl a on the three-helix 

RedCAP (CAC) protein – not in red algae where only Chl a is bound, but 

in cryptophytes where Chl c 2 is bound, and in haptophytes and 

heterokontophytes, where Chl c 1 and c 2 are bound (Fig. 9). As pointed 

out by Sturm et al. (2013), this would have required considerable genetic 

readjustment in the lineages with secondary plastids. However, why Chl c 

was used and not Chl b is unclear (Green 2011). In the green lineage, 

which includes Chlorophyceae, Euglenophyceae, Chlorarachniophyceae 

and land plants, CAB proteins with associated LHCSR, PSBS, ELIP and 

SEP proteins were inherited. However, during the evolution of land plants 
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LHCSR proteins were discarded in favor ofPSBS in the evolution 

vascular plants (see Fig. 9). 

 

Archaeplastida 

A eukaryotic supergroup of organisms with primary plastids. Includes 

Chlorophyceae (including streptophytes) Rhodophyceae and 

Glaucophyceae. 

 

Chromalveolates 

A group of algae proposed by Cavalier Smith, which are in the 

lineage that inherited genes from red algae and have secondary (and 

tertiary) plastids. Depending 

on how it is defi ned it includes Cyptophyceae, Haptophyceae, 

Heterokontophyceae (including diatoms), Chromerids and 

apicomplexans. The group is largely consonant with the group Chromista 

used in this book (see AlgaeBase: http://www.algaebase.org/). 

 

CAB/CAC proteins 

As used here, this term refers specifi cally to the CAB/CAC 

superfamily that contain three transmembrane α-helices binding Chl a 

and Chl b or Chl c .Coded for by Lhc genes. 

 

LHC superfamily 

Proteins that contain a characteristic transmembrane domain called 

the LHC motif, but do not necessarily bind Chls. 

 

LHCSR 

Stress-induced LHC protein involved in fl exible NPQ in algae, 

liverworts and mosses. 
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NPQ 

Non-photochemical quenching of chlorophyll fluorescence. Used 

as a proxy for photoprotective thermal ndissipation of excess light energy 

in photosynthesis. 

 

OCP 

Orange carotenoid protein involved in fl exible NPQ in many 

phycobilisome-containing cyanobacteria. 

 

PBS 

Phycobilisome, the major soluble light-harvesting antenna in many 

cyanobacteria, red algae and glaucophytes. It is composed of water-

soluble phycobiliproteins 

and is peripherally attached to thylakoids, where it transfers absorbed 

light energy to the reaction centers of PSII and PSI. 

 

PSBS 

A four-helix protein in the LHC superfamily that is involved in fl 

exible NPQ in green algae and land plants. This protein does not appear 

to bind pigments. 

 

Xanthophyll cycle 

An interconversion of xanthophylls that involves one or two de-

epoxidation reactions occurring in high light (with a reverse epoxidation 

reaction in limiting light). Three types of xanthophyll cycles are known: 

violaxanthin cycle, diadinoxanthin cycle, and lutein epoxide cycle. 
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Fundamentals and Recent Advances in 

 

Nitrogen Fixation in Cyanobacteria 
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Enzymes Related to Hydrogen Production in Cyanobacteria 
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Cyanobacterial Nitrogenase 
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Nitrogenase in Non-heterocystous Cyanobacteria 
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Nutrients and Their Acquisition: Phosphorus Phoysilogy in 

Microalgae 
 

Phosphorus is fundamental to life, serving an integral role in aspects of 

cellular metabolism ranging from energy storage, to cellular structure, to 

the very genetic material that encodes all life on the planet. Weathering of 

phosphorus rich rocks is the major source of new phosphorus into aquatic 

environments. This phosphorus is utilized and transformed by 

cyanobacteria and eukaryotic algae driving complex metabolic and 

biogeochemical dynamics. For reviews on the biogeochemical dynamics 

of phosphorus. Dissolved organic phosphorus and its cycling in marine 

systems is comprehensively reviewed in Karl 2014 there are recent 

summaries of marine cellular phosphorus dynamics, stress responses, and 

interactions with the marine phosphorus cycle. This chapter focuses on 

phosphorus physiology in microalgae including cyanobacteria and 

eukaryotic groups. Many of the examples come from studies with marine 

species, so care should be applied when extrapolating to freshwater taxa, 

although many of the responses and underlying themes are consistent. 

This chapter also does not focus on phosphorus in macroalgae. There are 

many reviews focused on phosphorus physiology or metabolism in 

eukaryotic algae, and cyanobacteria which should be referred to for 

additional details on all of the topics highlighted in the following 

sections. Knowledge about cellular phosphorus dynamics in microalgae 

has been rapidly advancing with new methods and more sensitive 

approaches. This chapter builds upon the rich literature highlighted above 

with a primary focus on findings leveraged from technical developments 

in cell sorting, molecular „omic tools, and advances in 31 P NMR, and 

mass spectrometry. The chapter focuses on how these advances have 

expanded understanding in the following sections; (2) Phosphorus in the 
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cell, (3) Inorganic phosphorus utilization, (4) Organic phosphorus 

utilization, (5) Phosphorus stress responses, (6) Methodological advances, 

and (7) Emerging themes and ongoing challenges. 

 

Sulphur and Algae: Metabolism, 

Ecology and Evolution 

 

Sulphur is one of the main components of algal cells, with a cell 

quota typically very similar to that of phosphorus. The importance of S is 

not simply quantitative; it is also associated with its presence in numerous 

pivotal structural and functional compounds such as the amino acids 

cysteine and methionine, non-proteic thiols (glutathione), sulpholipids, 

vitamins and cofactors, cell wall constituents. Sulphur is also a 

constituent of dimethylsulphoniopropionate (DMSP), which in some 

algae can represent a very large portion of cell S and is involved in algal 

responses to a variety of abiotic and biotic stresses, in addition to being 

indicted of an important role in climate control. Algae acquire S as 

sulphate (SO4 2−), the most abundant form of inorganic S in nature, in 

which S appears with its highest oxidation number (+VI). Sulphur is 

however assimilated in the organic matter as sulphide (S2−), where S 

appears with its lowest oxidation number (−II) (Fig. 1). A non trivial 

amount of reducing power is thus required for S assimilation. In vascular 

plants, this reducing power can be generated both from the photosynthetic 

and the respiratory electron transfer chain; in algae, the dependence of S 

assimilation from photosynthesis seems to be tighter. In both algae and 

plants, S assimilation mostly takes place in the chloroplast; the only 

known exception is Euglena gracilis,1 which reduces sulphate into the 

mitochondrion. 
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Micronutrients 

 

In the 40 years since the chapter „Inorganic nutrients‟ was written 

by O‟Kelley in the book „Algal Physiology and Biochemistry‟ (Stewart 

1974), our understanding of the types, amounts, and roles of 

micronutrients in microalgae has expanded enormously, as has our ability 

to measure and decipher their activities, fate and behavior in cells and the 

surrounding environment. This chapter aims to provide a state-of-the art 

account of micronutrients in microalgae. Unlike the original chapter by 

O‟Kelley, which included the macronutrient elements Sulfur, Potassium, 

Calcium and Magnesium, the reader is referred to other chapters in this 

book for an update on those elements. Given the extensive literature 

towards our understanding of some micronutrients, the reader is also 

referred to chapters “Iron” (Fe), “Selenium in Algae” (Se), and 

“Silicification in the Microalgae” (Si)  which are dedicated exclusively to 

each of these micronutrient elements. 

Although each micronutrient is considered on an element- by- 

element basis briefly below, following O‟Kelley, it is recognized that 

each functions in the presence of others and is affected by them, such that 

these interactions, as we know them, will also be examined. The 

reader is referred to excellent reviews and/or treatises published over the 

decades since O‟Kelley‟s chapter, particularly the book by Fraustoda 

Silva and Williams (2001) and papers by Raven (1988, 1990, Raven et al. 

(1999). More recent papers have begun to reveal the nature of yet-to-be-

discovered metalloproteins involved in biochemistry and physiology and 

these understudied and unknown roles and activities of micronutrients 

will be the subject of future research efforts. Unlike other groups of 

organisms, microalgae have polyphyletic origins. They are not only 

morphologically but also physiologically and biochemically 
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heterogeneous, making generalizations about their micronutrient 

requirements challenging. As O‟Kelley pointed out in 1974, whereas 

higher plants are thought to have essentially the same elemental 

requirements, there appear to be differences in elemental requirements 

between algal species. This includes the obvious fundamental 

requirements for Si in diatoms and some chrysophytes (see chapter 

“Silicification in the Microalgae”, Finkel 2016) and Ca in 

coccolithophores, but also the lesser known and understood differences in 

micronutrient requirements between prokaryotes and eukaryotes as well 

as between eukaryotes. In addition, micronutrient requirements are 

known to differ between oceanic, coastal (neritic) and freshwater 

microalgae. The majority of examples in this Chapter will be microalgae 

that have a coastal and oceanic origin; this is in no way intended to 

discount the importance of freshwater systems. Anthropogenic inputs of 

micronutrients to the environment exceed inputs from natural sources by 

10- to 100- fold, particularly to lakes, rivers, and the coastal ocean. There 

has been a concurrent steady increase in their concentrations in the biota, 

altering ecological stoichiometries, food webs and trophic movement of 

these elements. We also raise concerns of a new emergent pollutant 

(engineered nanoparticles), which will likely also be the focus of future 

studies of micronutrient effects on microalgae. 

 


