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a  b  s  t  r  a  c  t

Nitrogen  and  sulfur  are  abundant  constituents  of  plant  and algal  cells  that are  assimilated  at  the  lowest
oxidation  number,  as  NH4

+ and  S2−, although  they  can (in  the  case  of sulfur,  usually  must)  be acquired
with their  highest  oxidation  number,  as  NO3

− and  SO4
2−. Some  occasional  differences  and  variants  exists

for  transport  and assimilation  systems;  the  greatest  differences  in  the way  vascular  plants  and  algae  use  N
and S,  however,  most  probably  resides  in  regulation.  For  instance,  nitrate  assimilation  in  plants  is  strongly
regulated  by  phosphorylation.  In algae,  redox  regulation  appears  to be  more  important.  Similarly,  sulfate
reduction  has  its main  control  step  at the  level  of  APS  reductase  in  higher  plants,  whereas  in  algae  a redox
ulfur
ptake
ssimilation
ignaling

regulation  has  been  recently  been  hypothesized  for ATP  sulfurylase,  the  first step  in  sulfate  assimilation.
Unfortunately,  the information  on  the  regulation  of N and  S acquisition  and  assimilation  is  limited  to
very  few  species  (e.g.  Chlamydomonas  reinhardtii,  Arabidopsis  thaliana)  this  is  especially  true  in the  case
of sulfur.  This  review  attempts  to highlight  the  points  of divergence  in  N  and  S utilization  by  plants  and
algae,  leaving  aside  the  biochemical  details  and the  features  that  do  not  show  any  obvious  difference.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Objectives

In this review we attempt to provide an overall assessment
f N and S assimilation in algae and plants. The task is not

 simple one, given the patchiness of the information and the
act that most studies refer to few model organisms. Numerous
eviews exist for nitrogen and sulfur metabolism in higher plants.
uch less was published for algae (possibly with the exception of

itrogen metabolism in Chlamydomonas reinhardtii,  e.g. Fernandez
t al., 2009). For this reason we decided to put somewhat more
mphasis on algae, while however always comparing them with
he embryophytes. We  integrated the biochemical and molecular
nformation with ecological and evolutionary concepts; the lat-
er aspects have often been disregarded in previous reviews, yet
hey are inextricably intertwined with phylogeny, gene expres-
ion and metabolic regulation and decisively concur to similarities

nd differences in the way photosynthetic organisms deal with

 and S.
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304-3770/© 2014 Elsevier B.V. All rights reserved.
2. Sulfur and Nitrogen in plants and algae

Average stoichiometries of plants and algae show that N and S
are among the most abundant component of photosynthetic cells
(Giordano, 2013). The cost of the assimilation of N (especially) and
S estimated on these stoichiometries is not trivial (Table 1). Under
energy limitation, competition may occur among the intricately
interconnected C, N and S assimilation pathways (Ruan, 2013;
Fig. 1) and the extent of such competition may depend on the flex-
ibility of cell stoichiometry, on the availability of these elements
in the environment and on the degree by which their acquisition
and assimilation can be modulated. The cost of the assimilation
process increases for assimilation in shoots of vascular land plants,
where nitrate and – especially – sulfate are commonly assimilated.
The assimilation of nitrate and sulfate generates OH− (Raven and
Smith, 1976; Raven, 1986; Andrews et al., 2013). Although the
OH− generated in the roots is mostly released into the soil, most
of the OH− that is produced as a consequence of shoot nitrate
and sulfate assimilation is retained within the plants and must be
neutralized by the production of organic acids (Raven and Smith,
1976; Andrews et al., 2009, 2013). The energy cost of producing

the OH−-neutralizing organic acids outweighs energy saving from
the more direct use of photosynthetically generated reductants
with oxyanion reduction restricted to the photoperiod. Getting
rid of excess acid produced as a consequence of ammonium and

dx.doi.org/10.1016/j.aquabot.2014.06.012
http://www.sciencedirect.com/science/journal/03043770
http://www.elsevier.com/locate/aquabot
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aquabot.2014.06.012&domain=pdf
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Table 1
Estimate of costs for the assimilation of CO2 into triose-P, nitrate into glutamate, sulfate into cysteine, for phytoplankton and for the shoot of herbaceous flowering terrestrial
plants  (herbaceous plants). The costs were estimated based on the ATP and electrons used in the most common assimilation pathway. The hydrolysis of 1 ATP was assumed
to  yield 55 kJ mol−1 and the transfer of 2e− was  assumed to correspond to 4 ATP equivalents. The average stoichiometries used for the calculations are those in Giordano
(2013).

Cost of the assimilation of 1 mole of
CO2, NO3

− or SO4
2−

Cost of CO2, NO3
− or SO4

2 assimilation in kJ according to average
elemental stoichiometry, assuming P = 1

ATP equivalents kJ mol−1 Marine phytoplankton Herbaceous plants

CO2 → CH2OP 11 605 75,020 87,120
−

d
r
o
1

i
a
N
S
(

F
k
i
g
p
R

NO3 → Glu 41 2255 

SO4
2− → Cys 33 1815 

initrogen assimilation is much more difficult and it is restricted to
oots, where ammonium or N2 can be assimilated with excretion
f protons to the rooting medium (Raven and Smith, 1976; Raven,
986; Andrews et al., 2009, 2013).

N and S are both essential components of catalysts and
ntermediates of primary metabolism; both are found in amino-

cids and hence proteins, in nucletotides (including ADP/ATP and
AD(P)+/NAD(P)H) and hence in nucleic acids, in vitamins (N and
) and, in phototrophs, chlorophylls and phycobilin chromophores
N). Growth substances such as indoleacetic acid and cytokinins

ig. 1. Main interaction among C, N and S metabolism in algae and plants. Solid lines ind
nown  or are not shown in details in this figure. The dotted lines show the diffusive 

talics.  Abbreviations: 2-OG, 2-oxoglutarate; AA, amino acids; Asp, aspartate; Cys, cystei
lutamine; Glu, glutamate; Gly, glycine; HyP, hydroxypyruvate; OAA, oxalacetate; OAS, O-
hotosynthetic carbon reductive cycle (photosynthesis); PG, 2-phosphoglycolate; PGA, 3
ibulose 1,5-bisphosphate; SAM. S-adenosilmethionine; Ser, serine; TP, triosephosphate.
36,080 (48% of C assimilation) 38,335 (44% of C assimilation)
2360 (3% of C assimilation) 1561 (1.8% of C assimilation)

(N) are also essential to development in embryophytes and some
algae. Both N and S are also involved in response mechanisms
to changes in environmental conditions, both abiotic and biotic.
These responses include qualitative and quantitative changes in
the transcriptome (N) and proteome (N and S), in osmolites
such us glycine betaine (N) and dimethylsulfoniopropionate (S),

in growth substances such as auxin and cytokinins (N), in com-
pounds like glutathione (N and S) involved in the defence against
oxidative stress, in heavy metals chelators such as metallothione-
ins and phytochelatins (N and S), and in compounds defending

icate known pathways. Dashed lines indicate pathways that are either not entirely
path of CO2 and NH3. Metabolic processes (e.g. anaplerosis, PCRC, PCOC) are in

ne; DMS(P), dimethylsulfide (dimethylsufonioproprionate); Met, methionine; Gln,
acetylserine; PCOC, photosyntehic carbon oxidative cycle (photorespiration); PCRC,
-phosphoglycerate; Rubisco, ribulose bisphosphate carboxylase/oxygenase; RuBP,
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he organisms against biophages, both parasites and grazers (N
nd S) (Wium-Andersen et al., 1982; Berger and Schager, 2004;
ooper and Williams, 2004; Rausch and Wachter, 2005; Gonzalez-
allester and Grossman, 2009; Andrews et al., 2013 and references
here in). The requirement for these acclimation responses to
hanges in the environment may  bear on the demand for

 and S.
Nitrogen is often the proximate limiting nutrient on land

Masclaux-Daubresse et al., 2010) as it is in the sea (Falkowski,
997), whereas it is more rarely controlling growth in freshwaters
Maberly et al., 2002; Giordano et al., 2005b,c; Elser et al., 2007).
ulfur deficiency occasionally restricts growth of terrestrial plants
Andrew et al., 1952), especially in intensive cultivation of higher
ield crops where N-fertilizers are used, and after SO2 emission
ave been reduced by the 1979 Oslo protocol (Hell and Hillebrand,
001 and references therein). In today’s aquatic environments,

 limitation is rare (Giordano et al., 2005c; Norici et al., 2005),
lthough this has most likely not always been the case, since S
oncentration have been increasing (although not monotonically)
n the ocean over the long term to reach a maximum after the

esozoic era (Ratti et al., 2011). However, the Oslo protocol caused
 decrease of sulfate also in freshwaters of Europe and, to a minor
xtent, of North America (Giordano et al., 2005c); hence, hints of S
eing limiting or nearly limiting have emerged in some Cumbrian
Maberly and Giordano, unpublished) and African lakes (Moss,
969). Evidence of codon bias sparing S, but not N use in the highly
xpressed ribosomal proteins of bacteria, including freshwater
nd marine cyanobacteria (Bragg et al., 2012), is consistent with S
ather than N deficiency having been more significant in the evo-
ution of these organisms, but is also consistent with explanations
elated to ribosome function rather than elemental availability.
he environmental absolute and relative (to other nutrients)
vailability of N and S is rather different in freshwater, marine and
errestrial environment (Elser and Hassett, 1994; Giordano et al.,
005c). This, in combination with an overall similar elemental
toichiometry of photosynthetic organisms (Giordano, 2013), may
e at the origin of differences in the N and S metabolism of terres-
rial, marine and freshwater organisms. The greater availability of

 in the ocean, where S is usually one of two orders of magnitude
ore abundant than in freshwater (Giordano et al., 2005c), for

nstance, decreases the need for extracellular sulfatases (yet
rylsulfatase are present in the genomes of many marine algae;
ttp://www.ncbi.nlm.nih.gov/gene/?term=arylsulfatase+algae)
nd for high affinity transporters (which are expressed in Chlamy-
omonas, but apparently not in the halotolerant volvocalean
unaliella salina;  Gonzalez-Ballester and Grossman, 2009; Weiss
t al., 2001). The ability of different species to deal with low sulfate,
t least to some extent, appears to be linked to the evolutionary
istory of clades, so that species that emerged at a time when S was

ess abundant in the ocean and that now are mostly represented in
reshwaters are better equipped to adjust to growth at low S than
lades that rose to dominance in an already sulfate rich ocean,
hich instead are often unable to grow at sulfate concentrations

elow a few mmol  L−1 (Giordano et al., 2000; Ratti et al., 2011,
013). Frequent combined N limitations of primary production

n the ocean may  be a result of Fe or P limitation of diazotrophy
Raven, 2012, 2013a,b).

In plants, NO3
− is also used as an osmoticum and it can be

ccumulated in vacuoles up to 100 mM for the generation and con-
rol of turgor (Andrews et al., 2005; Waraich et al., 2011). Nitrate
acuolar accumulation has also been proposed for some intertidal
acroalgae; in some Laminaria and Fucus species, for instance, a
itrate internal concentration more than 10-fold higher than in the
nvironment can be found in the winter, when growth is slower;
his stored nitrate is then depleted in spring/summer (Young et al.,
007).
 Botany 118 (2014) 45–61 47

Sulfate accumulation and storage is also known to occur in the
vacuoles of vascular plants, with efflux systems, located on the
tonoplast, that control the mobilization of this resource (Buchner
et al., 2004 and references therein). In algal cells, S compounds
may  be used for osmotic control (Keller et al., 1999; Giordano
et al., 2005c). This role (among many others) has been proposed
for DMSP, which in some algae constitutes the largest S pool in
the cell (Stefels, 2000; Giordano et al., 2005c; Ratti and Giordano,
2008). The production of DMSP is stimulated by N limitation
(Stefels, 2000 and references therein); this led to the hypothesis
that, when oxygenation of surface waters made sulfate abun-
dant and, concomitantly, N assimilation more difficult (see below),
DMSP constituted a good alternative to N-based osmolites (Keller
et al., 1999; Giordano et al., 2005c). The ability to produce DMSP
may  have thus represented an adaptive advantage, in N-limited
oceans. DMSP may  also act as storage for S and C in the cell, to
ensure that an appropriate stoichiometry with N is maintained,
when N is limiting (Stefels, 2000). Terrestrial plants have mostly
lost the ability to produce DMSP; only some angiosperms belong-
ing to the unrelated genera Saccharum,  Spartina and Wollastonia
re-acquired it, but with biosynthetic pathways that are different
from those of algae (Stefels, 2000 and references therein). Some
marine macroalgae have sulfate as the main anion (at least in
terms of negative charge) in the vacuole, invariably in combina-
tion with protons as the main cations. This vacuolar composition
is found in some species of the Desmarestiales and Dictyotales
(Phaeophyceae: Fucophyceae) and the Plocamiales (Rhodophyta:
Florideophyceae) (McClintock et al., 1982; Sasaki et al., 2002; Yano
et al., 2004). The reason for these very acidic vacuoles with their
very high sulfate concentration is not clear. Defence against graz-
ers as a result of the very low pH is a distinct possibility (Pelletreau
and Muller-Parker, 2002; Molis et al., 2009), though this provides
no explanation of why  sulfate is accumulated in addition to the
more usually accumulated chloride. The inhabitant of high-sulfate,
high-magnesium lakes, Chara buckelii, has magnesium and sulfate
as the major charged components in the vacuole (Hoffmann and
Bisson, 1990).

The cell walls of most marine red and brown algae contain abun-
dant sulfated galactan polymers (carrageeenans, agar, fucoidans;
e.g. Arad and Levy-Ontman, 2010). Sulfated mannans are common
in diatoms, where they are often associated with the frustules.
Terrestrial plants, instead, lack sulfated polysaccharides in their
cell wall (e.g. Popper and Tuohy, 2010; Pomin, 2010), although
they were secondarily regained by the seagrass Ruppia maritima
(Aquino et al., 2005). The lack of these compounds may be a fea-
ture that terrestrial plants inherited from their freshwater algal
ancestors (freshwater charophycean green algae, typically do not
contain these compounds in their walls). However, it should be
noticed that sulfated cell wall polysaccharides are present in some
marine green macroalgae of the genus Ulva (Robic et al., 2009) and
Codium (Farias et al., 2008). It is therefore likely that the occur-
rence of sulfated galactans is not related to phylogeny, but it is
rather an adaptation to the environment (Aquino et al., 2005).
Vascular plants also synthesize large numbers of sulfated metabo-
lites, which are often involved in biotic interactions (Kopriva et al.,
2012).

The presence of sulfolipids in thylakoid membranes has often
been linked to P-limitation (e.g. Van Mooy et al., 2006, 2009).
Regardless of the growth conditions, however, the concentration of
sulfolipids is typically higher in the thylakoids of green algae than in
vascular plants, and it is even higher in cyanobacteria and diatoms
(Vieler et al., 2007; Goss and Wilhelm, 2010). It has been proposed
that the abundance of sulfolipids in diatoms is involved in the
definition of domains within non granal thylakoidal membranes

determining some sort of structural and functional heterogeneity
(Goss et al., 2009).

http://www.ncbi.nlm.nih.gov/gene/?term=arylsulfatase+algae
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. N and S sources

.1.  Inorganic N and S sources

Algae  and plants are capable of using molecular N2 when asso-
iated with symbiotic diazotrophyc bacteria (Lambers et al., 2008;
hompson et al., 2012; Rai et al., 2003; Schmidt et al., 2013) or
irectly in the case of some cyanobacteria (e.g. Sohm et al., 2011
nd references therein; Zehr, 2011 and references therein). No bio-
ogical mechanisms for the assimilation of elemental S are known,
lthough algae and plants can produce, directly or indirectly, ele-
ental S which has antibiophage properties (Wium-Andersen et al.,

982; Berger and Schager, 2004; Cooper and Williams, 2004;
ausch and Wachter, 2005).

The most common forms of inorganic N utilized by photosyn-
hetic organisms are combined N compounds, mostly NO3

− and
H4

+, occasionally as NO2
−; (Kotur et al., 2013). In oxygenated

oils, NO3
− (+V) is the main source of combined N for plants; in the

cean, the production based on nitrate is high in upwelling zones,
ut lower in the rest of the ocean, where most of the productiv-

ty involves recycled N (Falkowski and Raven, 2007; Raven et al.,
992a,b). Photosynthetic primary productivity in oceanic waters is
ften limited by the availability of combined N, with inorganic com-
ined N concentration frequently well below 10 �M (Falkowski and
aven, 2007). In freshwater, although algal elemental stoichiome-
ry is rather similar to that of their marine counterpart, the ambient
:P ratio is much higher than in the ocean and primary production

s typically controlled by P. This is mostly due to the higher abun-
ance of diazotrophic organisms and to the higher precipitation of

 in insoluble complexes with particulate matter, whose concen-
ration is orders of magnitude more abundant in freshwater than
n the ocean (Falkowski and Raven, 2007). In cultivated soils and in
ome desert soils, NO3

− concentrations are often several orders of
agnitude higher (1–20 mM;  Andrews et al., 2013 and references

herein) than those typically measured in the ocean.
External ammonium is chemically stable in oxygenated as

ell as in anoxic environments. In oxygenated environments
hemolithotrophs (nitrifiers) convert ammonium to nitrite and
hen nitrate; in anoxic environments, ammonium, with nitrite as
o-substrate, is converted to water and dinitrogen in the anammox
eaction. However, these reactions still leave a very significant flux
rom dinitrogen fixation and from animal, parasite and decomposer

etabolism that is used in photosynthetic growth.
Ammonium (from soil and natural waters: Raven et al., 1992a,b)

nd, to a much smaller extent ammonia (by dry deposition to veg-
tation: Raven et al., 1992a,b; Jones et al., 2007a,b) are important
ources of nitrogen for photosynthetic organisms. The analysis by
aven et al. (1992a,b) shows that, globally, more N is assimilated
y primary producers as N2, organic N, NH4

+ and NH3 than as NO2
−

nd NO3
−, in both the aquatic and the terrestrial environments.

All algae and plants are able to take up and assimilate ammo-
ium and one or more forms of organic nitrogen. While most algae
nd plants can also take up and assimilate nitrate, there are signifi-
ant exceptions, such as some strains of the very abundant (in terms
f cell numbers) warm-water marine phytoplanktonic cyanobac-
erium Prochlorocococcus (Raven, 1984; Raven et al., 1992b, 2013).
he natural environment typically has a mixture of sources of com-
ined N. Reduced N forms predominate in the surface oligotrophic
cean, where recycling of N derived from living organisms into
hytoplankton is rapid and there is little scope for nitrifiers. In ter-
estrial habitats with high levels of nitrification inhibitors, algae
nd plants living there grow more rapidly on reduced nitrogen than

n equivalent concentrations of nitrate. At the other extreme, dis-
urbance of soils with low levels of nitrification inhibitors leads to

ineralization and nitrification, and the ruderal plants that typi-
ally inhabit such environments often grow more rapidly on nitrate
 Botany 118 (2014) 45–61

than on ammonium (Raven, 1984; Raven et al., 1992b). However,
for some algae and plants a mixture of oxidized and reduced N
sources gives faster growth, when other resources are present
in abundance; this could be in part the result of lower energy
costs of acid–base regulation in the assimilation when both the
proton-producing ammonium and the hydroxyl-producing nitrate
are concomitantly taken up (Raven and Smith, 1976; Raven et al.,
1992b).

For S, the bias is very much towards SO4
2− with very small

contributions from S2−.
Even  with NH4

+ as the dominant N source in a waterlogged sub-
strate when nitrate has been removed by denitrification, there is
still the possibility of nitrate uptake by the roots of vascular water-
plants as result of nitrification in an oxygenated rhizosphere. This
is especially the case in plants of the isoetid life form, where essen-
tially all of the CO2 enters and all the photoproduced O2 comes
out, through the root system rather than the photosynthetically
active leaves, which have a very thick and impermeable cuticle (an
extreme example is Lobelia dortmana). The oxygenated rhizosphere
permits nitrification, and hence nitrate uptake by roots (Risgaard-
Petersen and Jensen, 1997; Ottosen et al., 1999). This has been
demonstrated for the freshwater Litorella uniflora and L. dortmana,
and the marine non-isoetid Zostera marina.

High concentrations of ammonium may  inhibit growth of pho-
tosynthetic organisms; this has been attributed to various causes
(Allen and Smith, 1986). One possibility (which requires growth)
is the excretion of protons produced in ammonium assimilation
into organic matter; this ratio is at least one proton per ammo-
nium. If these protons are excreted into a spatially limited or poorly
buffered medium, then acidity damage to the organism could occur.
This is more likely to occur to vascular plants in soil or a small
hydroponic volume than in phytoplankton, where photosynthesis
will offset the ammonium effect on external pH, at least for ammo-
nium assimilation in the light (Flynn et al., 2012). An alternative
mechanism of ammonium toxicity is ‘futile cycling’ of ammonium
in the low-affinity transport system (LATS; see below) concen-
tration range, involving aquaporin-like NH3 channels, discussed
below (Kronzucker et al., 2001; Coskum et al., 2013).

Sulfur is mostly acquired as sulfate (+VI). Sulfate represents
the main S sources in oxygenated soils and it is highly abundant
in the ocean, with concentrations around 28 mol m−3 (Giordano
et al., 2005c) and it is the form in which S is often excreted by
animals. It is noteworthy that, in spite of the constant high avail-
ability of sulfate, some non-green marine microalgae have retained
the ability to respond to sulfate deficiency, although some phyto-
plankters appear to be unable to grow at sulfate concentrations
lower than 5 or 1 mol m−3 (Ratti et al., 2011, 2013; Bochenek et al.,
2013). In freshwater (Giordano et al., 2005c) and in pristine land
soils (Johnson, 1984), the availability of sulfate may  be substantially
lower.

In oxygenated environments, sulfide is subject to chemical
oxidation and also to biological oxidation by chemolithotrophic
bacteria. Furthermore, sulfide is toxic even at low concentrations
(see the comprehensive review by Lamers et al., 2013), the obvi-
ous target being cytochrome oxidase. These considerations limit
the global extent to which exogenous sulfide is used by oxygenic
photolithotrophs. Sulfide is produced in the photic zone largely
by sulfate reduction by chemoorganotrophic growth of bacteria
in waterlogged soil or sediment where oxygen diffusion from the
water body is insufficient to maintain aerobic respiration. In low
ionic strength freshwater sediments, the low sulfate availability
means that much of the sulfide produced is sequestered as ferrous

sulfide. In marine environments, and those inland water bodies
with high sulfate, iron supply in the sediment is usually not suf-
ficient to sequester all of the sulfide, which builds up as S2−, HS−

and H2S in quantities which vary with pH. In marine sediments,
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issimilatory sulfate reduction permits free sulfide accumulation;
ecause in these environments there is limited supply of ferrous

ron relative to the supply of sulfate and hence of sulfide, little fer-
ous sulfide is produced, and the amount of free dissolved sulfide
s higher than in freshwater. The natural abundance of the stable
sotopes of sulfur, 34S and the predominant 32S, is a useful tool to
ssess whether sulfide or sulfate is the source of the S entering
he plant. The uptake and assimilation of sulfate results in little
ractionation of the S isotopes relative the external sulfate, and
he same seems to be true of sulfide (Fry et al., 1982; Raven and
crimgeour, 1997; Cambridge et al., 2012, and references therein).
f sulfate supply is not limiting the rate of dissimilatory sulfide pro-
uction, the sulfide has a significantly lower 34S/32S ratio than the
ource sulfate. Since there is little S isotope discrimination in the
ptake and assimilation of sulfate or sulfide, the low 34S/32S that has
een found in rhizophytic plants from the marine benthic zone has
een interpreted as the use of sulfide as a S-source (Fry et al., 1982;
aven and Scrimgeour, 1997; Cambridge et al., 2012, and references
herein). Salt-marsh plants and mangroves have low (similar to sul-
de) S isotope ratios throughout the plants, while in seagrasses
hizomes generally have a low S isotope ratio, the green shoots
ave a ratio closer to that of seawater, and roots have an interme-
iate value (Raven and Scrimgeour, 1997; Cambridge et al., 2012,
nd references therein). The occurrence of a plant S isotope value
ndicating a contribution of exogenous sulfide to plant S does not
ecessarily mean entry of sulfide (Raven and Scrimgeour, 1997).

f there is an oxygenated biosphere, chemolithotrophic oxidation
f sulfide could generate sulfate with little further S isotope frac-
ionation. This sulfate would not be mixed with seawater sulfate if
here is a sufficient anoxic barrier between seawater and the rhizo-
phere, although the initial production of sulfide with a low 34S/32S
equires, as indicated above, relatively unrestricted access to sea-
ater sulfate. However, an uncatalyzed entry of undissociated H2S

hrough the plasmalemma would provide a parallel (to sulfate
ctive influx) pathway for S entry, if the steady-state cytosolic H2S
s less than that in the rhizosphere. Raven and Scrimgeour (1997)
uggested a H2S permeability coefficient of the plasmalemma of
0−5 m s−1, based on water uncatalyzed permeability through lipid
ilayers made from lipids found in the plasmalemma and the
bserved trend of permeability with molecular mass of direct pro-
ortionality to the square root of relative molecular mass. Such a
ux would support the whole-plant S requirement, granted accept-
ble assumptions about the composition of the rhizosphere (Raven
nd Scrimgeour, 1997). Subsequent research failed to find a role
or an aquaporin from a sulfide-oxidizing Archaean, and measured

 H2S permeability of at least 5 × 10−5 m s−1 of the lipid part of
he membrane. Cuevasanta et al. (2012) found a plasmalemma-like
ipid bilayer permeability for H2S of 5 × 10−4 m s−1. While there is

 50-fold range in these estimates (all for 25 ◦C), even the lowest
alue could explain plants S nutrition in terms of H2S perme-
tion (Raven and Scrimgeour, 1997). The highest of these values
ould lead to very high internal concentrations when growth rate
s low. This could in part be offset by a HS− channel (Czyzewski and

ang, 2012); with the inside-negative potential difference across
he plasmalemma and the predominance of HS- among the species
f sulfide at cytosol pH of about 7.4, this would lead to a futile cycle
f sulfide species across the plasmalemma, powered by the energy
ource that maintains the inside-negative electrical potential.

Assuming that the use of sulfide as S source by plants, either
irectly or indirectly, as discussed above, is limited to salt-marsh
lants and mangroves and to the below-sediment parts of sea-
rasses, and that all S obtained by these plants or plant parts come

rom sulfide, it is possible to estimate the global fraction of S assim-
lated by oxygenic photolithotrophs which is as sulfide rather than
ulfate. Starting with the global net primary productivity of these
rganisms, Duarte and Chiscano (1999) give a value of 13 Tmol C
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per year for seagrasses, while Gattuso et al. (1998) give values of
12 Tmol C per year for salt marsh plants and 13 Tmol per year for
mangroves (using values given for the gross primary productivity
and for the ratio between gross primary productivity and respira-
tion). Assuming that the atomic C:S ratio in coastal marine vascular
plants is the same as that (145) for leaves of herbaceous vascu-
lar land plants (Broadley et al., 2004; White et al., 2007), that all
of the S in salt marsh plants and mangroves comes from sulfide
and half of the S in seagrasses (what enters through roots) comes
from sulfide, the total global sulfide assimilation is 0.212 Tmol S
per year. For terrestrial and inland water plants, the net primary
productivity in terms of C from Field et al. (1998), i.e. 4700 Tmol C
per year and the C:S ratio of 144 translate to 32.6 Tmol of sul-
fate S assimilated per year. Field et al. (1998) give a net primary
productivity value for marine macrophytes (presumably seaweeds
plus seagrasses plus salt marshes) of 83 Tmol C per year; if the C:S
ratio is 144, the calculation yields a yearly production of 0.576 Tmol
total S. Subtracting the sulfide S value of 0.212 Tmol S per year
gives a value of 0.364 Tmol sulfate per year. For marine phyto-
plankton, the net C assimilation per year is of 3960 Tmol C. With
an atomic C:S of 167 (Quigg et al., 2011), the sulfate-S assimila-
tion per year is 23.7 Tmol S. The total sulfate assimilation is then
56.9 Tmol S per year, while the total assimilation of sulfide-S by
oxygenic photolithotrophs is 0.212 Tmol per year. These approx-
imate calculations suggest that not more than 0.37% of total S
assimilated by photolithotrophs is as sulfide, while Raven et al.
(1992a,b) suggested that over 50% of the N assimilated globally by
photolithotrophs is at or above the reduction level of N2.

3.2. Organic N and S sources

A variety of organic N sources are employed by algae, such as
amino acids, urea, peptides, and proteins (Näsholm et al., 2009;
Schmidt et al., 2013; Fernandez et al., 2009). Although inorganic N is
traditionally considered by far the main source of N for plants, there
are soils where the N requirement by plants is in large excess of the
supply of inorganic N, on an annual basis (Näsholm et al., 2009).
Conspicuous amounts of humic substances, proteins and amino
acids (also as a consequence of microbial, fungal and root proteo-
lytic activities) are present in some areas, although the proportion
of this N that is actually available to plants is probably much lower.
Amino acids seem to be the main source of organic N for plants.
Genomic data have shown that a very large number of amino acids
transporters exist (Rentsch et al., 2007).

In algae, the large phylogenetic heterogeneity and the rela-
tively small number of species investigated make it difficult to
make generalization on the ability use organic N. In most cases,
organic N utilization seems to be inhibited by the presence of NH4

+

(Fernandez et al., 2009).
The use of amino acid as the N source as been demonstrated

for the model species C. reinhardtii,  which deaminates a large
number of l-amino acids outside the cells (Muñoz-Blanco et al.,
1990), via catalysis by a periplasmic amino acid oxidase induced
by N starvation (Callon et al., 1993). Ammonium is then acquired
and fixed, while the oxoacid derived from the deamination is not
used (Muñoz-Blanco et al., 1990). An operon-like cluster of genes
involved in urea/arginine uptake and assimilation has however
been identified in Ostreococcus tauri (Derelle et al., 2006) and C.
reinhardtii (Fernandez et al., 2009) genomes. Only in the case of
asparagine has the presence of a specific amino acid transporter
been demonstrated, in Chlamydomonas (Kirk and Kirk, 1978). Use
of external organic N as a N source for vascular plants is very

widespread (Schmidt et al., 2013).

Urea is the predominant global form in which N is applied
in fertilizers (Liu et al., 2003). A large number of algal and plant
species are able to grow on urea, both in the case of exogenous
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rea and in the case of recycling of internal organic N (e.g. from
atabolism of arginine or purines) (Solomon et al., 2010; Witte,
011; Werner et al., 2013). In C. reinhardtii,  urea is taken up by
n energy-dependent system (Williams and Hodson, 1977); it is
hen stored or used in a two step process to generate NH4

+ by
eamination with the catalysis of ATP-urea amidolyase (UALase;
agestad et al., 1981): an initial ATP-dependent carboxylation of
rea produces allophanate; a subsequent hydrolytic reaction gen-
rates 2NH3 and 2HCO3

− from allophanate. Differently from yeasts,
n which UALase is a single enzyme derived by the fusion of a
rea carboxylase and an allophanate hydrolase, in C. reinhardtii the
wo activities are allocated on distinct proteins (Solomon et al.,
010). UALase, among the algae tested, was only found in green
lgae of the Chlorophyceae and the Trebouxiophyceae (Leftley and
yrett, 1973; Bekheet and Syrett, 1977). Urea can also be bro-
en down by urease (urea amidohydrolase); this cytosolic enzyme
atalyzes the hydrolytic cleavage of urea to ammonia and car-
amate; carbamate then spontaneously gives origin to another
olecule of NH3 and carbonic acid (Solomon et al., 2010). Urease

ccurs in green algae of the Charophyceae (and their descendants,
he embryophytic plants), Prasinophyceae and Ulvophyceae, as a
ell as cyanobacteria, Rhodophyta, Dinophyta, Haptophyta and
chrophyta of the classes Bacillariohyceae, Fucophyceae, Pelago-
hyceae and Tribophyceae (Leftley and Syrett, 1973; Bekheet and
yrett, 1977; Dyhrman and Anderson (2003); Solomon et al., 2010;
gostoni and Erdner, 2011). Urea uptake by the marine diatom
haeodactylum tricornutum requires external sodium (Rees et al.,
980), a finding that is consistent with the occurrence of sodium-
oupled urea active influx. Active transport of urea into cells of the
reshwater green alga Chara australis (=Chara corallina) involves
Na+:1 urea co-transport (Walker et al., 1993); this alga also has
lasmalemma symport of Na+ with K+ and with phosphate (see Reid
t al., 2000). Urea influx at the plasmalemma of A. thaliana involves,
s is the case of ammonium and nitrate, high-affinity and low-
ffinity systems. The high-affinity active influx system involves the
roton:urea cotransporter AtDUR3 (Liu et al., 2003; Kojima et al.,
007a,b; Wang et al., 2008; Witte, 2011). The low-affinity passive
non-energized) system involves a specific major intrinsic protein
aquaporin; Kojima et al., 2007a,b; Wang et al., 2008; Witte, 2011).
he role of uncatalyzed urea permeation through the lipid bilayer
omponent of membranes seems to be minimal (Raven, 1984).

A complete urea cycle has been discovered in diatoms (Bowler
t al., 2008, 2010). This is suggestive of the fact that these algae can
tilize this form of inorganic N, whether obtained from the envi-
onment or generated internally; in spite of various hypothesis (e.g.
naplerotic N and C mobilization, cycling N in photorespiration;
llen et al., 2006; Hockin et al., 2012), the exact role of this path-
ay, which was  previously only known for metazoan, in diatom

emains elusive. The utilization of urea is also well described in
lants.

In some freshwater basins (Giordano et al., 2005c) and in soil
Kertesz, 2000), a large proportion of S can be contained in organic

olecules. However, there is no evidence for the direct use of
uch molecule as a source of S for photosynthetic organisms. Many
icroorganisms, including microalgae, are capable of releasing

nzymes that can cleave inorganic S from organic compounds and
ake the S available for plants and algae (Gonzalez-Ballester and
rossman, 2009; Kertesz, 2000). It has been proposed that the

elease of sulfate and sulfonates from organic compound is one
f the mechanisms through which rhizobacteria facilitate plant
rowth (e.g. Schmalenberger and Noll, 2014). Sulfate esters can
e cleaved by the predominantly eukaryotic arylsulfatases (ARS),

hich produce SO4

2− and the residual phenol (Gonzalez-Ballester
nd Grossman, 2009 and references therein), and by alkylsulfa-
ases, whose catalysis generates SO4

2− and an aldehyde (Kahnert
nd Kertesz, 2000; Hagelueken et al., 2006). Arylsulfatases are by
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far the most common and best studied of these enzymes, and
18 putative ARS genes were identified in C. reinhardtii genome
(Gonzalez-Ballester and Grossman, 2009). Two of these genes (and
their products) were characterized (ARS1 and ARS2); the transcrip-
tion of both genes is stimulated by S starvation and the proteins
are released outside of the cell (de Hostos et al., 1989; Ravina et al.,
2002).

3.3. Changes in the availability of S and N over time

Long-term changes of S availability in the oceans have been con-
vincingly reconstructed (Ratti et al., 2011 and references therein). In
the Archaean oceans, sulfate concentration is believed to have been
lower than 200 �M (Habicht et al., 2002), to increase to 1–5 mM
in the Proterozoic, when however, most of the S in the ocean
was in the form of sulfide (Shen et al., 2002; Canfield, 2004; Kah
et al., 2004), following a temporary increase to about 10 mM in
the Lomargundi–Jatuli excursion (2.3–2.06 Ga ago), following the
Global Oxygenation Event 2.4–2.3 Ga ago (Planavsky et al., 2012;
Martin et al., 2013; Scott et al., 2014). A temporary increase of
marine sulfate concentration (to approx. 15 mM)  probably occurred
in later Ediacaran oceans, followed by a progressive decline into
the Cambrian (Horita et al., 2002; Petrychenko et al., 2005), when,
based on the analysis of inclusions in salt crystals, it was  in the range
of 3–12 mM (Gill et al., 2011). It was  only in the Carboniferous that
sulfate concentration became higher than 15 mM (Gill et al., 2007).
Although transient variations of these concentrations may have
occurred thereafter (Luo et al., 2010; Newton et al., 2011), a sulfate
concentration in the order of 13–27 mM most likely characterized
the late Paleozoic to early Mesozoic oceans. It has been proposed
that such changes have had a strong influence on the radiation of
phytoplankton groups, with algae with chloroplasts derived from
red algae (Chl a + c algae) being favoured over the algae of the green
lineage, in the high sulfate mesozoic oceans (Giordano et al., 2005c;
Ratti et al., 2011, 2013). The extant oceanic sulfate concentrations
are probably the highest ever reached, with an average value of
28 mM,  although, of course spatial and short-term temporal vari-
ations do occur, especially in coastal waters. In today’s freshwater
habitats, sulfate availability is usually much lower than in the ocean
and variability is much greater; values between 0.01 and 1 mM
sulfate characterize most freshwaters environments (Holmer and
Storkholm, 2001; Giordano et al., 2005c; Norici et al., 2005). This
also fits with the greater contribution of green algae to primary pro-
ductivity in these environments as compared to the oceans. There
are rare lakes with high sulfate concentration; for instance, high
sulfate concentrations have been determined in lakes in Saskatch-
wan, and the Characean C. buckelii from these lakes has a high
magnesium and sulfate concentration in the vacuole (Hoffmann
and Bisson, 1990).

In the anoxic Archaean, combined N is believed to have been
mostly present in the form of NH3/NH4

+ with a rather minor contri-
bution of nitrification and denitrification; limited oxidized N inputs
were due to volcanism and lightning acting on atmospheric N2,
CO2 and H2O (Navarro-González et al., 2001). At this time, biolog-
ical N2 fixation was  facilitated by the availability of Fe, but not of
Mo, with the further benefit of the absence of O2 in lack of damage
to nitrogenase. Nitrogen fixation has a greater demand for phos-
phorus than production based on combined nitrogen (Raven, 2012,
2013a,b). The availability of phosphorus in the ocean would have
been increased by the absence of silicifying organisms; the lack of
silicifying organisms would have also determined a higher concen-
tration of silicic acid, which may  have competed with phosphate for

binding to iron species (Planavsky et al., 2010; Raven, 2013a,b), thus
making Fe more available to diazotrophs. It is however possible that
phosphorus input from land decreased, if there was little elevation
of continents (Anbar and Knoll, 2002 and references therein).
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The global oxygenation event, (2.5–)2.4–2.3 billion years ago
Bekker et al. (2004); Anbar et al., 2007; Busigny et al., 2013)
as followed by the Lomogundi–Jatuli excursion (2.2–2.06 Ga) of

 and S isotopes associated with a glaciation (Bekker et al., 2003;
apineau, 2010; Bekker and Holland, 2012; Planavsky et al., 2012;
artin et al., 2013; Reinhard et al., 2013). The isotope excursion
ndicates increased organic C burial, increased oceanic sulfate con-
entration and increased oceanic and atmospheric O2. There were
lso the first substantial (commercially exploitable) phosphorite
eposits indicating increased P concentration in the ocean. This

 increase was probably related to increased terrestrial weath-
ring (Bekker et al., 2003; Papineau, 2010; Bekker and Holland,
012; Planavsky et al., 2012; Partin et al., 2013; Reinhard et al.,
013). The natural abundance 15N:14N ratio has been used as
roxy for the N cycle, although the numerous possible reactions
ith their kinetic and equilibrium fractionations (Handley and
aven, 1992) make the interpretation for the latest Archaean
Busigny et al., 2013) and the Lomagundi–Jatuli (Papineau et al.,
013) uncertain; consequently, also the interpretations in terms
f (e.g.) diazotrophy and denitrification are subject to reserva-
ions. It is likely that, at this time, the surface ocean were subject
o similar constraints as that in the Phanerozoic ocean and the
ryogenian–Ediacaran, with the same combination of glaciation,
rganic C burial, O2 and sulfate increase, and increased P input
s shown by phosphorite deposits (Papineau, 2010; Planavsky
t al., 2010; Raven, 2013a,b). Nitrification–denitrification (in anoxic
ones) cycles and sedimentation removed combined N, while
itrogen fixation would be favoured by the availability of P and
o,  but constrained by the limited supply of Fe and the pres-

nce of O2. There are also significant differences between the
omagundi–Jatuli and the Cryogenian–Ediacaran. One example is
he relatively late (Neoproterozoic) appearance of planktonic dia-
otrophic cyanobacteria (Sanchez-Baracaldo et al., 2014), implying
hat any open ocean nitrogen fixation in Lomagundi-Jatuli times
ould have been by non-cyanobacterial diazotrophs (see Sohm

t al., 2011).
In the mid  Proterozoic, in the context of a moderately oxidiz-

ng atmosphere, weathering is believed to have been a source of
ulfate for the anoxic deep waters. This process in combination
ith an active biological C pump, would have fed sulfate reduc-

ng bacteria determining the onset of about one billion years of
ulfidic oceans (Canfield, 1998; Anbar and Knoll, 2002). At this
ime, nitrate became the main form of combined N in the oxy-
enated surface water because O 2 allows nitrification. Fe would
ave been less available than previously due to conversion to insol-
ble Fe3+ in the surface ocean, while Mo  would have been more
vailable as MoO4

2− (Anbar and Knoll, 2002, but see Asael et al.,
013; Gilleaudeau and Kah, 2013). However, in the deeper sul-
dic ocean the situation was reversed, with Fe more available
han Mo  (Anbar and Knoll, 2002). The scarcity of Fe in the surface
cean profoundly affected the N biogeochemical cycle, due to its
mpact on N2 fixation and combined N assimilation. In the late Pro-
erozoic, the increased weathering caused by the breaking up of
odinia supercontinent made metals more available, although in
xygenated waters Fe would tend to precipitate as Fe3+

. The higher
vailability of Mo,  however, presumably somewhat increased N2
xation and the inventory of combined N in the water column,
ecause of the higher specificity of MoFe-nitrogenases compared
o VFe- and FeFe-nitrogenases (with their limited phylogenetic
ccurrence) and because of its role in NO3

− reduction (Anbar and
noll, 2002), ameliorating primary productivity. However, due to

he increasing oxygenation (which hampered N2 fixation) and the

igher P influx from the continents, this did not cause a shift of lim-

tation from N to P (Anbar and Knoll, 2002; see also Rowell et al.,
998 for data on how the metal use in nitrogenase can alter 15N
iscrimination). The Cryogenian–Ediacaran transient O2 increase,
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and its probable impact on the N cycle, has been mentioned above
in the context of the Lomagundi excursion.

On land, such large variation in the chemical form and availabil-
ity of N and S are unlikely to have occurred (if not locally and in the
short-term, although often within very broad ranges; Crawford and
Glass, 1998). The presence of sulfate and possibly nitrate on land
is presumably coeval with atmosphere oxygenation, which likely
affected land appreciably earlier than oceans. The radiation of ter-
restrial plants in the Phanerozoic may  therefore have happened
in a much more stable nutritional context, even considering that
nutrient soil content is significantly dependent on the age of the
soil (Lambers et al., 2008). The terrestrial N cycle, which presum-
ably became an important component of global N biogeochemistry
in the Phanerozoic and was  not as tightly constrained by metal
availability (Anbar and Knoll, 2002), possibly also affected primary
production in the ocean by appreciably contributing to the over-
all N budget (Anbar and Knoll, 2002). Recent events such as the
use of fertilizers and the impact of anthropogenic S emission (and
their subsequent, equally anthropogenic, decline) have probably
induced physiological response on terrestrial plants whose selec-
tive pressure is however difficult to determine and possibly rather
modest.

4. Acquisition

4.1. Nitrogen

In both plants and algae, a variety of high (HANT) and low
(LANT) affinity transport systems have been identified. These trans-
port systems are energized by proton co-transport (2H+:1NO3

−)
or, in the marine flowering plant Z. marina, sodium co-transport
(2Na+:1NO3

−) (Gárcia-Sánchez et al., 2000; Rubio et al., 2005); less
definitive evidence of sodium co-transport of nitrate (and ammo-
nium, urea and certain amino acids) in eukaryotic marine algae is
summarized in Table 7.6 of Raven (1984). Cyanobacteria use an ABC
transporter for nitrate that is directly energized by ATP and does not
involve co-transport (Kobayashi et al., 1997). NRT1 transporters are
present in plants and have also been identified in the genomes of
Chlamydomonas. The NRT1 gene family comprises a large number of
genes some of which are also involved in the transport of peptides
and possibly a variety of other metabolites such as auxin, abscissic
acid, histidine and glucosinolates (Leran et al., 2014). In Arabidopsis,
atNRT1.1 may  act as a high or low affinity transporter depending
on phosphorylation; the phosphorylated form has a high affinity
for nitrate and is expressed when ambient nitrate is limiting (Wang
et al., 1998; Liu and Tsay, 2003). AtNRT1 is also involved in other
processes, such as stomatal opening (but see Raven, 2003 for sto-
matal function in plants growing without access to nitrate). Other
NRT1 have been characterized as low affinity transporters (Huang
et al., 1999; Zhou et al., 1998).

NRT2 transporters are widely distributed among prokaryotes
and eukaryotes (Fernandez et al., 2009 and references therein).
As it is common for anion transporters, NRT2s contain 12 trans-
membrane helices with a loop after domain 3 and cytosolic regions
at both C and N termini (Forde, 2000). In plants and in Chlamy-
domonas, the C terminus cytosolic domain of NRT2 is especially
long (Fernandez et al., 2009) and NRT2 is sometimes flanked by an
additional protein named NAR2 (nitrate assimilation-related pro-
tein 2). The presence of such protein is believed to be necessary for
high affinity transport, at least in Arabidopsis and Chlamydomonas
(Fernandez et al., 2009 and references therein).
In plants, NRT2 transporters with both high and low affinity for
nitrate exist. The high affinity transporters can be inducible (iHATS),
usually by nitrate, or constitutive (cHATS; Orsel et al., 2006).
Also in Chlamydomonas a variety of high (HANT) and low (LANT)
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ffinity nitrate transporters are present (Fernandez et al., 2009 and
eferences therein). In this green alga, at least four different sys-
ems have been characterized: three of these systems (I, II, III) are
nduced by nitrate and are under the regulatory control of NIT2 pro-
ein, are inhibited by NH4

+ but not by chloride and are maximally
ctive at high CO2 (see Fernandez et al., 2009 and references therein
or details). System IV shows a rather different behaviour from the
thers: it is capable of transporting both NO3

− and NO2
− with a Km

n the order of 40–30 �mol  L−1 for both. Differing from the other
hree Chlamydomonas systems, system IV does not require nitrate
or its expression, it is not inhibited by ammonium but is sensitive
o chloride, and it is maximally active at low CO2 (Galván et al.,
996; Rexach et al., 1999). Although it is probably a NRT2 member,
he gene that encodes for system IV has not been identified (Rexach
t al., 1999; Navarro et al., 2000).

A third group of nitrate/nitrite transporters has been found and
haracterized in Chlamydomonas, the NAR1 (nitrate assimilation
elated component 1) transporters. The NAR1.1 (and possibly the
AR1.2) gene product is in fact a chloroplast nitrite transporter,

egulated by carbon availability. The NAR1.1 gene is located in the
itrate cluster, linked to NIA1 (the gene encoding nitrate reduc-
ase) and it is co-regulated with the other genes in the cluster, with
hich it shares the inhibition by ammonium under NIT2 control.

he NAR1.1 gene belongs to the FNT (formate nitrite transporters)
amily, which seems to be absent in plants and animals (Mariscal
t al., 2006). In Chlamydomonas, not all NAR1 proteins are plastidial:
AR1.5 is thought to be mitochondrial and NAR1.3, NAR1.4 and
AR1.6 are believed to be plasmalemma transporters (Fernandez
t al., 2009 and references therein).

NAR1 genes have been found in Ostreococcus (single copy) and
ther algae, fungi and protozoa (Fernandez et al., 2009). The NAR1
ene products are also present in Saccharomyces and Plasmodium,
lthough these organisms do not assimilate nitrate/nitrite; it is
herefore possible that, also in algae, these proteins are involved
n the transport of other monovalent ion besides nitrite (e.g. bicar-
onate and formate). The fact that Chlamydomonas NAR1.2 gene
esponds to inorganic carbon availability and is under the control
f CCM1 gene, which superintends to the activation of CO2 concen-
rating mechanisms (Giordano et al., 2005a), reinforces the idea of a
ole for some NAR1 gene in inorganic carbon transport. In Xenopus
ocytes, NAR1.2 protein indeed transports bicarbonate (together
ith nitrite; Mariscal et al., 2006). NAR1.1 and NAR1.6 are inhibited

y NIT2 and respond to N sources; they therefore are most likely
enuine nitrite transporters. Other products of NAR1 genes are con-
rolled by neither NIT2 nor CCM1 and are thus putatively involved
n transport processes not directly related to N and C acquisition
nd trafficking.

It is important to note that there are nitrite-specific trans-
orters in the plasmalemma of both C. reinhardtii (Galván et al.,
996) and A. thaliana (Kotur et al., 2013), with half-saturation
alues of 3.5 mmol  m−3 and 185 mmol  m−3 respectively. Neither
f these transporters seem to have been completely characterized
enetically.

The acquisition of NH4
+, both in plants and in algae, mostly

ccurs through transporters of the AMT/MEP family (Andrews et al.,
013; Fernandez et al., 2009). These transporters appear to con-
uct a symport of ammonium N and H+ with a 1:1 stoichiometry.

t seems that NH3, rather than NH4
+, is the species transported and

hat the stoichiometry of the transport is 1NH3 for 2H+; this, inside
he cell, after equilibration of NH3 with NH4

+, which produces the
NH4

+:1H+ stoichiometry that is typically attributed to this trans-
orters (see Andrews et al., 2013 for a thorough discussion of this

opic). The transport of NH3 by an AMT  transporter also ensures
hat these channels are highly selective for N and do not trans-
ort also K+, which has a hydrated radius similar to that of NH4

+.
t is also possible that low affinity NH4

+ transport takes place via
 Botany 118 (2014) 45–61

K+ channels. A similar situation may  occur in the case of the low
affinity ammonium transporter system (LATS) of Chlamydomonas
(Ullrich et al., 1984). The AMT1 family of Chlamydomonas comprises
a large number of genes, with members distributed throughout the
alga genome. Some of these genes (AMT1.1–6) are closely related to
the AMT  transporters of plants, whereas AMT1.7–8 are more dis-
tantly related. Such a large number of genes encoding for AMT1
transporters is possibly just the result of functional redundancy,
but it may  also reflect the need to adjust to changing N availability
(as it is suggested by the various modes of regulation of the AMT
transporters in the presence of different N source and amounts)
and to regulate exchanges between cell comportments and with
the environment (Fernandez et al., 2009 and references therein).
The involvement of Chlamydomonas ammonium transporters with
chemotactic response to NH4

+ in solution has also been proposed
(Ermilova et al., 2004). Ammonium transport in other algae is not
as well characterized. It is worthwhile mentioning that the green
alga (prasinohyte) Micromonas, in contrast to Chlamydomonas and
Chlorella and the chromoalveolates (at least those studied in this
respect so far), contain AMT2 genes of bacterial origin, in addition
to the AMT1 genes (McDonald et al., 2010).

Diatoms respond in a species-specific manner to growth at high
NH4

+ concentrations; for instance, while Cylindrotheca closterium
is unable to grow at 10 mM NH4

+, P. tricornutum thrives in such
condition (see Fig. 4 in Giordano, 2013). Experiments conducted in
M.G.’s lab showed that the ammonium effect on Cylindrotheca can
be substantially reduced if the concentration of K+ in the growth
medium is increased; the addition of K+ in Phaeodactylum,  instead,
has no effect (A. Norici, M.  Giordano, J.A. Raven, unpublished). This
is suggestive of different NH4

+ uptake systems in the two algae,
with the low growth rate in Cylindrotheca at high NH4

+ possibly
due more to K+ starvation than to NH4

+ toxicity (because of com-
petition for the same channels, at high NH4

+ K+ influx would be
strongly limited). Also futile cycling of NH4

+ through low affin-
ity ammonium transporters (Britto and Kronzucker, 2006) may
provide an explanation for some of these observations. Two very
similar AMT  transporters have been cloned from Cylindrotheca
fusiformis, which are expressed mostly in N-starved cells, followed
by cells grown in the presence of nitrate and then NH4

+-grown
cells (Hildebrand, 2005). Also in flowering plants NH3/NH4

+ toxic-
ity is species-specific. The current view is that toxicity is the result
of NH3 movements at the plasmalemma and the tonoplast by an
aquaporin-related channel combined with NH4

+ transport by AMT,
inwardly-rectifying K+ channels and non-selective cation channels
(Coskum et al., 2013).

Chlamydomonas is among the few organisms in which both AMT
transporters and the related Rhesus (Rh) proteins have been iden-
tified (Fernandez et al., 2009). Although the Rh protein may  act as
a bidirectional NH3 channel, there are evidences that in Chlamy-
domonas it is involved in CO2 permeation at the plastid envelope
(Soupene et al., 2002, 2004).

4.2. Sulfur

Sulfate is taken up by a variety of transporters (Garcia-Garcia
et al., 2012; Takahashi et al., 2011, 2012 and reference therein).
Transporters of the SULTR (sulfate transporters) family, performing
a nH+/SO4

2− (n ≥ 3) transport, have been identified in all photosyn-
thetic organisms studied so far. The driving force of this transport
is the proton gradient across membranes and the high affinity
component of the transporters is activated when S is limiting
(Takahashi et al., 2011 and references therein). These transporters

typically have 12 transmembrane domains (Smith et al., 1995);
regulatory (possibly) anti-sigma factor antagonist domains are
located at the C terminus (Shibagaki and Grossman, 2010). In
embryophytes, the SULTR gene have been classified in 4 families



quatic

(
a
a
t
l
r
i
o
d
S
s
f
T
S
m
l
n
e
s
t
a
u
T
g
o
b
c
f
s
f
k
L
g
s
a
(
p
t
c
t
m
i
w
A
a
b
a
i
T
H
s
t
b
d

5

w
c
r
l
p
(
T
s

M. Giordano, J.A. Raven / A

SULTR1 to 4), with often different location and function: SULTR1
re plasmalemma high affinity transporters; SULTR2 are low
ffinity transporter possibly involved in long distance sulfate
ransfer; SULTR3 are mostly foliar constitutive transporter, most
ikely located in the plastid envelope, of unclear physiological
ole; SULTR4 transporters are located on the tonoplasts and those
dentified and characterized so far transport from the tonoplast
utward (Buchner et al., 2004; Takahashi et al., 2012). In Chlamy-
omonas, in addition of SULTR transporters, also transporters of the
LT (Sac1-like transporters) group have been identified based on
equence similarity; their expression and protein abundance was
ound to increase under sulfate deficiency (Pootakham et al., 2010).
hese transporters are usually involved in Na+/SO4

2− co-transport.
equences of the SLT type have been identified in the genome of the
arine haptophyte Emiliania huxleyi,  although they have a rather

ow degree of similarity with Chlamydomonas SLT sequences. It is
ot at all sure that these proteins are sulfate transporters (Bochenek
t al., 2013). E. huxleyi genome contains a number of other putative
ulfate transporters, among which plant type SULTR; not all of
hese transporters have however been thoroughly investigated
nd may  therefore be involved in function unrelated to sulfate
ptake (see Takahashi et al., 2011 Bochenek et al., 2013 for details).
akahashi et al. (2012) showed that SULTR and SAC1/SLT phylo-
enies differ substantially: SULTR genes constitute a sister group
f animal (SLC26), yeast (SUL) and their fungal homologous genes;
ut the SAC1/SLT transporters belong to a distinct gene “tribe”. A
ompletely different sulfate transport system has been described
or the chloroplasts of green algae and some non vascular plants
uch as Marchantia (but not for the chloroplast of vascular plants,
or which the mechanism of plastidial sulfate transport is still not
nown; Laudenbach and Grossman, 1991; Melis and Chen, 2005;
indberg and Melis, 2008). The plastidial sulfate transporter of
reen algae comprises a sulfate binding protein exposed to the out-
ide of the membrane, two intrinsic proteins and an ATP-binding
nd -hydrolyzing protein (ATP hydrolysis energize this transport)
Laudenbach and Grossman, 1991; Sirko et al., 1990). The inner
lastid envelope membrane (the membrane at which active
ransport can occur) is derived from the plasma membrane of a
yanobacterium. A similar ABC-type sulfate transport is believed
o be also present on the plasmalemma of cyanobacteria. The

olecular genetic evidence for the occurrence of this transporter
s not strong (Aguilar-Barajas et al., 2011); however, the elegant

ork of Ritchie (1996) on intact cells of Synechococcus R2 suggests
TP-dependent active sulfate transport rather than ion symport or
ntiport. Also passive efflux of sulfate is believed to occur; it could
e important for the redistribution of sulfate through plant tissues
nd organs; in this case the sulfate motive force is the outside pos-
tive membrane potential at the plasmalemma (Takahashi, 2010).
he inside positive membrane potential of vacuoles generated by
+-ATPases or H+-pyrophoshate probably supports the import of

ulfate in vacuoles (Martinoia et al., 2007). However the tonoplast
ransporters that have been so far identified in A. thaliana, all
elonging to the SULT4 gene family, only operate in the outward
irection (Kataoka et al., 2004; also see Koprivova et al., 2013).

. Assimilation

Regardless of the oxidation number of the chemical form in
hich N and S are acquired, they are incorporated into organic

ompounds as ammonium-ammonia(-III) and sulfide(-II), the most
educed forms of N and S in nature. Alternative ways to assimi-
ate N presumably exist: for example, in Viola, nitro-compounds in

lant defence are presumably formed by oxidation of amino-groups
thus, even in this case, initial assimilation is in ammoniacal form).
he sulfonic acid group in sulfolipid is formed by incorporation of
ulfite into an organic sulfonate, while the sulfate ester of cell wall
 Botany 118 (2014) 45–61 53

polysaccharides of brown, green and red algae and seagrasses, and
low compounds involved in biotic interactions in plants (Kopriva
et al., 2012) involves non reducing sulfation pathways employing
activated sulfate forms.

5.1. Nitrogen

The regulation of N assimilation in plants and algae differ in
many aspects, among the most relevant is the regulatory mech-
anism of the cytosolic enzyme nitrate reductase (NR), which
catalyses the initial reduction of NO3

− to NO2
−, in most cases

using NADH as the electron donor. In both plants and algae, NR
is regulated at the gene and protein level. Although both in algae
and plants NO3

− and light are among the main effectors of N
metabolism, the regulation of NR gene expression and enzyme
activity is rather different in these two  groups of organisms.

The post-translational regulation of NR, in plants, is mostly
effected by reversible phosphorylation in association with the
interaction with 14-3-3-proteins (e.g. Lambeck et al., 2012). In
Arabidopsis, the 14-3-3-binding occurs through the phosphoryla-
tion of Ser-534 (Kanamaru et al., 1999). It has been proposed that
14-3-3-mediated phosphorylation connects photosynthesis, ATP
synthesis and nitrate reduction with protein turnover and diel
sugar metabolism rhythms (MacKintosh (2004)). Investigations
conducted on the lycophyte Selaginella kraussiana (which possesses
a NADH-dependent cytosolic NR) and the moss Physcomitrella
patens (whose NR is NADPH-dependent) suggest that the NR regu-
lation by phosphorylation evolved early on in vascular plants, but
was probably not present in non vascular photosynthetic orga-
nisms. It must be said, however, that NR was  reported to be
regulated by phosphorylation also in the red alga Gracilaria chilensis
(Chow and Cabral de Oliveira, 2008), although the mechanisms of
such regulation appears to be different from that of higher plant
and, if confirmed, may  have been acquired independently from
the mode of regulation of terrestrial plants. In Chlamydomonas,
and possibly in most other algae (Berges, 1997), the phosphory-
lation site through which 14-3-3 protein operates is not present
in the NR protein. In C. reinhardtii,  the enzyme is not subjected
to phosphorylation–dephosphorylation and it appears to be under
a redox control centred on the plastoquinone pool of the chloro-
plast, with a higher NR activity when the PQ pool is more reduced
(Giordano et al., 2005b). It is noteworthy that in plants NR activ-
ity is stimulated when the electron transfer chain is more oxidized
(Sherameti et al., 2002). The redox regulation of NR in C. reinhardtii
is also associated with the presence of nitrate: NR becomes inactive
in the absence of NO3

− and can be reactivated by NO3
− resupply

and, in vitro, by ferricyanide oxidation (Fernandez et al., 2009 and
references therein). It has been proposed that plastidial malic dehy-
drogenase is involved in the fine-tuning of reductants utilization
for nitrate reduction, via its involvement in the malate/oxalacetate
shuttle and thus the modulation of the redox state of the chloroplast
and the cytosol (Quesada et al., 2000).

In Gracilaria tenuistipitata, a circadian oscillation of NR abun-
dance and activity was  observed in diel light-dark cycles and, with
the opposite rhythmicity, in constant light, suggesting the opera-
tion of an endogenous clock at the mRNA level (Falcão et al., 2010).
However, in the congeneric G. chilensis such endogenous clock is
absent (Chow et al., 2004). An internal clock has also been invoked
to explain the periodicity of NR expression and activity in higher
plants (e.g. Pilgrim et al., 1993; also see Lillo et al., 2001).

An unusual regulation was observed in the NR of Heterosigma
akashiwo (Coyne, 2010). In this raphidophycean, the NAR1 gene

encoding for NR is constitutively expressed, even in the absence of
nitrate and in the presence of ammonium. An apparent biphasic
expression pattern of NAR1 was  observed upon addition of
nitrate to N-starved cultures, although the addition of NO3

− to
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Fig. 2. Main pathways of sulfate metabolism in algae and plants. The letters identify the type of transporter (if no letter is indicated, no convincing identification of the
transporter is available). The numbers indicate the enzymes. Transporters: A = nH+/SO4

2− (SULTR) or nNa+/SO4
2− (SLT) co-transports; B = ABC type transporters or unknown

transporter for SO4
2− uptake by the chloroplast; C = CLT, thiol transporter (chloroquine resistance transporter-like transporter); D = MRP, multidrug resistance-associated

protein. Enzymes: (1) ATP sulfurylase; (2) APS kinase; (3) adenosine 5′-phosphosulfate (APS) reductase; (4) O-acetylserine (thiol)lyase; (5) �-glutamylcysteine synthetase; (6)
glutathione synthetase; (7) APS kinase; (8) cystathionine �-synthase; (9) cystathionine �-lyase; (10) methionine synthase; (11) threonine synthase; (12) serine acetyltrans-
ferase;  (13) fused ATP sulfurylase-APS kinase (present only in some chl a + c algae); (14) sulfotransferase; (15) glutathione synthetase; (16) glutathione-S-transferase; (17)
�-glutamyltransferase. Metabolites: Cys, cysteine; Cyst, cystathionine; Glu, glutamate; �-Glu-Cys, �-glutamylcysteine; GSH, glutathione; GS-X, glutathione conjugate; Hcy,
h enosi
( ctase;
2

N
N
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omocysteine; Met, methionine; OPH, O-phosphohomoserine; PAPS, 3′-phosphoad
the  specific reactions of the SAM cycle are not shown); Ser, serine; SiR,  sulfite redu
014  for details.

O3
−-deplete cultures caused an increase in the abundance of

AR1 transcript. The author interpreted these data as a compet-
tive response to changing NO3

− availability. Nitrate reductase
ctivity in the presence of NH4

+ was also observed in the cyanobac-
erium Synechococcus sp. UTEX 2380, which also showed a biphasic
inetic of NR (Ruan, 2013). More recently, Stewart and Coyne (2011)
bserved that in the NR of H. akashiwo and Chattonella subsalsa a
/2 hemoglobin (2/2Hb) domain exist in the hinge-2 region. The
/2Hbs of Heterosigma and Chattonella have a rather high similar-

ty to the mycobacterial 2/2Hbs, which are known to catalyze the
onversion of NO to NO3

−. These authors proposed a dual function

or these NRs, which would be capable of converting NO to NO3

−

nd subsequently operate a reductive NO3
− assimilation.

Nitrate reductase seems to be absent in the culturable strains
f the cyanobacterial genus Prochlorococcus (Lopez-Lozano et al.,
ne 5′-phosphosulfate; R-OH, hydroxylated precursor; SAM, S-adenosylmethionine
 Thr, threonine; X-Cys-Gly, cysteinylglycine conjugate. See Giordano and Prioretti,

2002; Moore et al., 2002; Martiny et al., 2009); only some low
light ecotypes are able to reduce nitrate. Martiny et al. (2009)
conducted a metagenomic analysis and discovered that a number
of high light and low light adapted, non-culturable Prochloro-
choccus lineages do possess the ability for NO3

− and NO2
−

assimilation. The distribution of the nitrate assimilation genes
also has a defined regional distribution, with a higher frequency
in the Caribbean Sea and in the Indian Ocean. Martiny et al.
(2009) connect this inhomogeneity in the metagenomic data to
NO3

− availability and, consequently, attribute the presence or
absence on NR and related genes to differences in selective pres-

sures in different regions of the oceans. According to this study,
the Prochlorococcus NR genes form a distinct phylogenetic clade
related to marine Synechococcus strains. The fact that in these
strains the genomic location of the nitrate assimilation genes
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Fig. 3. Standard redox potential (E′
0, 25 ◦C, 1 atm, pH 7, in aqueous solution) of cell

compounds involved in redox reaction. The E′ values were obtained from Rauen
M. Giordano, J.A. Raven / A

s different from that in marine Syneochococcus suggests that
hese sequences were not recently transferred from Synechococ-
us.

Nitrite reductase (NiR) appears overall rather similar in plants
nd algae, both structurally and in terms of regulation; in both
ases, it is plastidial, mostly constitutive and highly active. Since
itrite reductase is located in the plastid stroma of plants and
ukaryotic algae, nitrite produced by cytosolic nitrate reductase or
aken up from the medium must be transported into the plastid.
igh-affinity (half-saturation of about 0.1 mol  m−3) nitrite trans-
ort into isolated chloroplasts has been demonstrated (Anderson
nd Done, 1978; Brunswick and Cresswell, 1988). Sugiura et al.
2007) found two forms of the Nitr1 gene in Cucumis sativa (CsNitr1-

 and CsNitr1-S); the proteins produced from both genes occur
n the inner plastid envelope membrane. Heterologous expression
f CsNitr1-S in Saccharomyces cerevisae plasmalemma catalyzed
itrite uptake with a half saturation concentration (Sugiura et al.,
007) similar to that previously shown for intact isolated chloro-
lasts by Anderson and Done (1978) and Brunswick and Cresswell
1988). Nitrite accumulates in the electrically negative compart-

ent to which it is transported, showing that active transport is
nvolved (Brunswick and Cresswell, 1988; Sugiura et al., 2007).

An interesting and direct link between sulfate and nitrate assim-
lation was observed in the extremophile red alga Cyanidioschyzon

erolae, which inhabits acidic hot springs (Imamura et al., 2010).
n this organism, no typical NiR was identified in the genome.
owever, two genes that closely resemble sulfite reductase (SiR)
ere found and one of these clusters close to nitrate-related (NAR)

enes. The similarity between SiR and NiR is well known, but in
ll photosynthetic organism, the two genes are distinct; the speci-
city of SiR for NO2

− can be dramatically increased by a single
utation (Nakayama et al., 2000) and NiR has been shown to func-

ion as a SiR in Mycobacterium tuberculosis (Schnell et al., 2005).
he product of C. merolae SiR gene accumulates in the chloro-
last when the alga is grown in the presence of nitrate and is
epressed by ammonium; furthermore, C. merolae SiR function-
lly complements a NiR-deficient mutant of the cyanobacterium
eptolyngbya boryana (Imamura et al., 2010). No major differences
n the glutamine synthetase/glutmine-oxoglutarate aminotrans-
erase (GS/GOGAT) system of plants and algae have been identified;
e shall therefore not deal with this portion of the N assimilation
athway, in this review.

.2. Sulfur

Differing from nitrate, sulfate assimilation is induced by the
ack of sulfate. In general, both algae and plants mostly use sulfate
s the S source (Fig. 2). The standard reduction potential (E′

0,
5 ◦C, 1 atm, pH 7, in aqueous solution) for the conversion of
ulfate to sulfite is −454 mV,  which is appreciably higher than
hat for the reduction of nitrate to nitrite (+421 mV;  Rauen,
964; Segel, 1975; Fig. 3). The reduction of sulfate to sulfite is
herefore beyond the range of biological reductant potentials
Thauer et al., 1977). For this reason, in contrast to nitrate,
ulfate must be “activated” before it can be reduced. The acti-
ation consists in the formation of adenosinephosphosulfate
APS), in which the mixed anhydride between phosphate and
ulfate has a standard redox potential of about −60 mV,  which
s compatible with the use of thiols or pyrimidine as electron
ransporter (NADH/NAD+ = −320 mV,  NADPH/NADP+ = −0.324;
ysteine/cystine = −0.340; GSH/GSSG = −0.340 mV;  Rauen, 1964;
egel, 1975). A similar situation occurs in the Calvin cycle,

here the redox potential of the couples 3-phosphoglycerate/3-
hosphoglyceraldehyde is in the order of −550 mV and PGA reacts
ith ATP to generate a lower potential intermediate that can be

educed by NADPH. The activation of sulfate is catalyzed by ATP
0
(1964) and Segel (1975).

sulfurylase (ATP-S; Takahashi et al., 2011). APS is the point of
divergence between the sulfation pathways and S assimilation. In
algae as in plant, sulfate reduction is primarily plastidial. Only one
exception is known: in Euglena gracilis,  S assimilation occurs in the
mitochondrion.

Another major differences between algae and plants possibly
resides in the control step of the S assimilation pathway. In plants,
the key step in the pathway is believed to be the reaction catalyzed
by APS reductase. So far, it has been assumed, although without
much evidence that the same occurs in algae. Very recently, exper-
iments conducted in M.G.’s lab, however, indicated that in most
algae the first step in the pathway, the one catalyzed by ATP sul-
furylase, may  be under redox control, as it is shown by the strong
stimulation of ATP-S activity in green algae, diatoms, and cyanobac-
teria of the Synchococcus genus by thiol reducing agents and the
reversed effect of thiol oxidizing compounds. The same does not
appear to be true for the dinoflagellate Amphidinium klebsii and
for the freshwater Synechocystis PCC6803 (Prioretti and Giordano,
unpublished). It is interesting that the redox sensitivity of ATP-S
in algae is correlated with the number and location of cysteine
residues in the protein sequence: a much larger number of cys-
teines (7–10; 5 of which in the same positions) are present in
the ATP-Ses whose activity responds to thiol reduction/oxidation.
The redox insensitive ATP-S of Arabidopsis and that of Rhodophyta
only contains 2 cysteines; 4 cysteines are present in Synechocystis
PCC6803 and in most freshwater and marine cyanobacteria of gen-
era different form Prochlorococcus and Synechococcus; in A. klebsii,
five of the 6 cysteines in the ATP-S protein sequence are in different
positions from those of the other eukaryotic algae (Giordano and
Prioretti, 2014). The phylogeny of ATP-S was  thoroughly described
by Patron et al. (2008): it is noteworthy that the genes encoding
this enzymes in Arabidopsis have little sequence similarity with

that of algae; the only exceptions are the sequences encoding the
ATPS moieties of the fused ATP-S/APS kinase that are present in the
genome of some haptophytes and heterokontophytes, which have
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 high degree of similarity with Arabidopsis ATP-S genes (Bromke
t al., 2013; Giordano and Prioretti, 2014).

Very little is known on the following steps of sulfur assimilation
n algae; the few biochemical evidence and the genome data sug-
est that, as in plants, the sulfate in APS is reduced to sulfite by APS
eductase; a highly active and nearly constitutive sulfite reductase
eads to the production of sulfide, whose incorporation into cys-
eine is mediated by the O-acetyl serine thiol-lyase/serine acetyl
ransferase (OASTL/SAT) complex and by its regulation (Takahashi
t al., 2011; Giordano and Prioretti, 2014; Fig. 2).

. Sensing and signalling

In plants as in algae, nitrate appears to act as a signal for the
ctivation of a number of genes involved in its own acquisition and
ssimilation (Bouguyon et al., 2012; Fernandez et al., 2009, and ref-
rences therein). It has been demonstrated that the initiation of the
xpression of nitrogen assimilation related genes depends on the
ntracellular nitrate; consequently some of the nitrate transporters
specifically system I, see below) are necessary for this signal trans-
uction pathway, and may  act as “transceptors”, i.e. system with
he dual function of transporters and receptors (Gojon et al., 2011).
IT2 is the only regulatory gene of N assimilation in photosyn-

hetic eukaryotes known so far; this protein is a transcription factor
hose transcription is enhanced in the absence of nitrate and is
egatively regulated by ammonium (which is also thus involved in
-assimilation related signalling), although the negative regulation
f nitrate assimilation by ammonium is probably still to be unveiled
or the most part (Fernandez et al., 2009 and references therein). It
s noteworthy that NIT2 is not present in the thermo-acidophylic
ed alga Cyanidioschizon merolae and in Arabidopsis (Imamura et al.,
009), which leads to the unavoidable conclusions that different
ranscription factors for nitrate assimilation exist in photosynthetic
rganisms. In C. merolae, for instance, at least in vitro, CmMYB1, a
ember of the myeloblastosis (MYB) transcription factor family, is

ble to bind to promoter regions of nitrogen assimilation genes and
ay  play a role similar to NIT2 in Chlamydomonas (Imamura et al.,

009).
Nitrate also acts as a signal on a broader scale, possibly reflect-

ng the complex interaction of N metabolism with other pathways
e.g. Huppe and Turpin, 1994; Stitt, 1999; Raven, 2012). In Arabidop-
is up to 10% of the genome (i.e. more than 2000 genes) is under
ore or less direct NO3

− control (e.g. Krouk et al., 2010a,b) and
bout 300 to 600 of these genes appear to be directly regulated by
O3

− (Wang et al., 2004). The signal that NO3
− carries does not

ecessarily lead to changes in gene expression. A number of NO3
−-

ediated processes occur through regulation (sensu Giordano,
013), often via phosphorylation/dephosphorylation (Engelsberger
nd Schulz, 2012; Gojon et al., 2011) and without changes in the
xpressed proteome (Krouk et al., 2010a,b). Similar responses,
lthough on a smaller number of proteins, have been observed
or NH4

+ (Engelsberger and Schulz, 2012; Nacry et al., 2013). Also
iRNAs constitute a target for NO3

− as a signal.
A number of morphogenic processes driven by NO3

− have been
dentified in terrestrial plants (see Nacry et al., 2013; Andrews
t al., 2013 for an overview of such processes). An example of such
rocess is offered by the mechanism of action of the previously
entioned root NO3

− transporter NRT1.1 in A. thaliana (Gojon et al.,
011); this transporter can bind (and transport) both NO3

− and
he hormone auxin. At low NO3

−, AtNRT1.1 transports auxin out
f the lateral roots; when NO3

− is abundant, auxin accumulates

n the lateral roots facilitating their growth. AtNRT1.1 also inter-
cts with the other root NO3

− transporter AtNRT2.1, favouring its
ctivation, at high NO3

−. Also NRT2.1 appears to play a dual trans-
ort and signalling role, linking root growth with the availability of
 Botany 118 (2014) 45–61

NO3
− and sugar. Interestingly, as opposite to NRT1.1, NRT2.1

signalling function is independent of its function as a NO3
− trans-

porter (see Gojon et al., 2011 and references therein for details).
In algae, the signalling role of NO3

− has mostly been studied in C.
reinhardtii. In this green alga, NO3

− regulates both metabolism and
developmental processes (e.g. gametogenesis) (Fernandez et al.,
2009). Nitrate and the product of the regulatory gene NIT2 have
been shown to be involved in the regulation of C allocation to
storage pools (i.e. carbohydrates and triacylglicerols); this is not
surprising, given the very tight coupling of C and N in algal cells
(Huppe and Turpin, 1994). In C. reinhardtii,  NH4

+ sensing, which
is mostly involved in the negative regulation of nitrate assimila-
tion genes, seems to be mediated by CDP1, a cysteine-rich protein
with no homology with other known proteins, and CYG56, a NO-
inducible guanylate cyclase (see below for NO signalling). The
synthesis of cyclic GMP  is believed to be a key step in the perception
of NH4

+ and in the NH4
+ signal transduction chain (de Montaigu

et al., 2011).
Nitric oxide (NO) is believed to be involved in a number of phys-

iological and developmental responses in plants. Yet, in contrast
to animals, no nitric oxide synthases (NOS) have been identified in
plants so far (Fröhlich and Durner, 2011). According to Fröhlich and
Durner (2011), a variety of alternative systems, operating either
oxidatively (e.g. using arginine and hydroxylamine) or by nitrate
reduction, may  generate NO in plants, although the available infor-
mation does not always allows to thoroughly describe their mode
of action. In algae, a variety of pathways leading to NO production
have been found. A NOS with about 45% similarity to human NOS
has been identified in the green alga O. tauri (Foresi et al., 2010).
In Chlamydomonas, it has been proposed that NO is produced from
nitrite in the cytosol by the catalysis of NR (Sakihama et al., 2002).
Similar systems have been postulated for vascular plants (Fröhlich
and Durner, 2011 and references therein). Since NO inhibits the
mitochondrial electron transfer, when intracellular nitrite concen-
tration is high the provision of ATP from the mitochondrial transfer
chain may  be hampered. AOX1, one of the two AOX genes encoding
for the mitochondrial alternative oxidases, is regulated by nitrate
and may  be critical to maintain ATP synthesis at high cell nitrite
concentrations. In the green alga Chlorella, AOX has been suggested
to be directly involved in NO production by catalyzing nitrite reduc-
tion to NO; in this organism, NR is not involved in NO production
(Tischner et al., 2004).

Recently, Sanz-Luque et al. (2013) proposed that the well
known inhibitory effect of NH4

+ on the expression of several
genes involved in N assimilation in Chlamydomonas rehinhardtii
(Fernandez et al., 2009) is mediated by NO.  Such mechanism
reversibly controls nitrate reductase activity and high affinity
uptake systems of both ammonium and nitrate/nitrite. Apparently
an integer cell is required for the operation of this system, which
may  be the consequence of the involvement of different organelles
in the signal transduction pathway.

Sulfate is known to affect a variety of processes, besides sul-
fate assimilation. Among these, secondary metabolic pathways
(both directly employing S and of flavonoid metabolism), nitro-
gen metabolism, response to oxidative stress, auxin and jasmonate
synthesis (Takahashi et al., 2011). In the case of A. thaliana, the
SULTR1.2 transporter, is involved in the perception of sulfate and
possibly initiate the signal transduction that leads to a large number
of S-related responses (Maruyama-Nakashita et al., 2003; Zhang
et al., 2014). In the green alga C. reinhardtii,  sulfate sensing is
based on a membrane bound SAC1 protein (Gonzalez-Ballester
and Grossman, 2009), which, in addition to inducing the expres-

sion of protein specifically associated with S deprivation response,
also down-regulates other processes, especially photosynthesis, to
pace them to S assimilation. Also a protein kinase, SNRK2.1, plays
a role in the signalling pathway that descends from S deprivation
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Gonzalez-Ballester and Grossman, 2009). The action of SNRK2.1 is
epressed by the activity of another kinase, SNRK2.2, which controls
NRK2.1. In turn, SNRK2.2 is negatively controlled by SAC1. The
echanisms of perception and response to S availability in other

lgae are not known.
In plants, a role for sulfide as a gaseous signalling molecule,

r gasotransmitters (Wang, 2003), is also slowly emerging, with
nvolvement in a number of functions such as stomatal open-
ng, chloroplast biogenesis and time of germination (Dooley et al.,
013; Lisjak et al., 2013 and references therein). In plants, H2S
ppears to interact with NO signalling and to be involved in
esponses to oxidative stress, via modulation of glutathione lev-
ls and the regulation of a variety of enzymes. Fundamental
lant processes, such as stomatal opening appear to be, to some
xtent, influenced by H2S (Lisjak et al., 2013). However, the
hysiology of H2S as a gasotransmitters in plants (and even
ore in algae) is still to be fully and convincingly elucidated;
e therefore leave the mechanistic details of these aspect of

 nutrition to future reviews. It is worthwhile mentioning, in
he context of this paper, that the signalling role of H2S has
een put in connection with life in anoxic or sulfidic condi-
ions, which, as it was mentioned before, have accompanied the
volution of photosynthetic organism for a substantial amount
f time.

A signalling function has also been attributed to sulfated
olysaccharides. This is for instance the case a molecule of this
roup obtained from Ulvacean algae that had phytohormone-like
ffects on the gene expression of Medicago sativa and Arabidopsis
Jaulneau et al., 2010). These sulfated polysaccharides are believed
o act through the jasmonic acid pathway.

. Conclusion

Long term changes in nitrogen and sulfur availability may  have
contributed to the radiation of algae and plants. The hetero-
geneity in algal N and S metabolism possibly reflects both their
phylogenetic diversity and the changes in ocean chemistry over
the long term.
Both nitrogen and sulfur metabolism appear to be more
directly under redox control in algae than in plants. This is
especially true for the initial steps of the pathway (i.e. the
reaction catalyzed by nitrate reductase and ATP sulfurylase). Fur-
ther and broader investigations are necessary to confirm this
observation.
Many of the conclusions come from work on relatively few
species; this is especially the case for S; this makes generaliza-
tions difficult.
Molecules such as NO, NO3

−, S2− are important component of
cells signalling systems and their role in modulating metabolism
and responses to environmental changes is probably great,
although little studied.
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