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1 Introduction

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 environ-
ments (Benitez-Nelson 2000; Paytan and McLaughlin 2007).
This phosphorus is utilized and transformed by cyanobacte-
ria and eukaryotic algae driving complex metabolic and bio-
geochemical dynamics. For reviews on the biogeochemical
dynamics of phosphorus see (Benitez-Nelson 2000; Paytan
and McLaughlin 2007). Dissolved organic phosphorus and
its cycling in marine systems is comprehensively reviewed in
(Karl and Bjorkman 2002; Karl 2014), and in Karl 2014
there are recent summaries of marine cellular phosphorus
dynamics, stress responses, and interactions with the marine
phosphorus cycle (Karl 2014).

This chapter focuses on phosphorus physiology in micro-
algae 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 phospho-
rus in macroalgae. There are many reviews focused on phos-
phorus 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 sec-
tions (Grossman 2000; Beardall et al. 2001; Grossman and
Takahashi 2001; Dyhrman et al. 2007; White and Metcalf
2007; Dyhrman 2008; Scanlan et al. 2009; Villarreal-Chiu
et al. 2012; McGrath et al. 2013; White and Dyhrman 2013).
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Knowledge about cellular phosphorus dynamics in micro-
algae 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 3'P NMR, and mass
spectrometry. The chapter focuses on how these advances
have expanded understanding in the following sections; (2)
Phosphorus in the cell, (3) Inorganic phosphorus utilization,
(4) Organic phosphorus utilization, (5) Phosphorus stress
responses, (6) Methodological advances, and (7) Emerging
themes and ongoing challenges.

2 Phosphorus in the Cell

Phosphorus is of course a critical nutrient, and required for
all cyanobacteria and eukaryotic algae for growth (Fig. 1).
Phosphorus is used as an energy currency in signaling and
driving reactions, and it is also a building block in biochemi-
cals as critical to life as nucleic acids and lipid membranes
(Merchant and Helmann 2012). There are two primary ways
to think about phosphorus in the cell; the presence of phos-
phorus-rich biochemicals and the type of phosphorus bond
in phosphorus-containing compounds.

2.1 Phosphorus Biochemicals

The major biochemical pools in a typical cell are: protein 52
%, polysaccharide 17 %, RNA 16 %, lipid 9.4 %, DNA 3.2
%, other <3 % (Karl 2014). This composition can vary con-
siderably between taxa, and as a function of physiology. Of
these pools, the largest phosphorus sink is nucleic acids (Fig.
1), making phosphorus essential for the storage expression
of genetic information (Merchant and Helmann 2012). In
fact, Van Mooy and Devol 2008 found that RNA synthesis
was the largest biochemical sink for phosphate, accounting
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Major functions:

Nucleic acids (e.g. DNA, RNA)
Energy (e.g. ATP)
Phospholipids

Metabolism
Regulation 18 P
Sparing: Phosphorus

(30.974)

Substitute lipids

Recycling:
Degradation of phospholipids
Degradation of ribosomes

Fig.1 An overview of the roles phosphorus plays in algae and known
sparing or recycling mechanisms (Adapted from: Merchant and
Helmann 2012)

for about half of the total phosphate uptake, in North Pacific
plankton communities dominated by Prochlorococcus (Van
Mooy and Devol 2008). In this system phospholipids synthe-
sis accounted for about, 20 % of the phosphate uptake, with
the remainder (30 %) of phosphate uptake likely being
accounted for by DNA, phosphorus biochemicals (e.g. ATP),
and or abiotic adsorption (Van Mooy and Devol 2008). Other
studies have also shown that synthesis of genomic DNA may
compose as much as half of the total phosphorus demand for
picocyanobacteria (Bertilsson et al. 2003). These contribu-
tions may not be consistent across all taxa, or physiological
states, nevertheless they underscore the importance of phos-
phorus to the cellular lipid and nucleic acid pools of algae. It
is worth noting that in a typical eukaryotic cell the RNA pool
consists of about 80—-85 % ribosomal RNA (28S, 18S, 5S),
while 10-20 % is made up of a variety of a low molecular
weight species (tRNAs, mRNA etc.). Thus there is a large
demand for phosphorus associated with rRNA, that can be
modulated to recycle phosphorus in some cases (Fig. 1).
Although the pool may be small, phosphorus is a major
component in nucleoside triphosphates (Fig. 1) like ATP and
GTP (Merchant and Helmann 2012). These critical biochemi-
cals serve as the universal energy currency in the cell with
many biosynthetic processes fueled directly or indirectly by
their hydrolysis (Merchant and Helmann 2012). In this context
the critical role that phosphorus plays in driving cellular
metabolism in algae cannot be over stated. While measure-
ments of specific phosphorus containing biochemicals like
RNA or ATP are feasible, and valuable (both for cellular mod-
eling studies and understanding phosphorus physiology and
phosphorus cycling in field populations) direct measurements
of these biochemicals in cultures or field populations of cya-
nobacteria and eukaryotic algae are uncommon (Karl 2014).

2.2 Phosphorus Bond Classes

Phosphorus in algae can be characterized by bond form,
often utilizing 3'P NMR to assess the chemical shift made by
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different bond forms to diagnose their presence and concen-
tration in samples from eukaryotic algae and cyanobacteria.
These bond forms include, phosphomonoester (P-O-C),
phosphodiester (C-O-P-O-C), phosphonate (C-P), and poly-
phosphate (P-O-P-O-P) (Fig. 2). Surveys of cyanobacteria
and algae suggest that the relative percentage of phosphorus
in different bond forms is intrinsically variable between taxa,
and can also vary with physiology and growth conditions.
There is also some likely variability derived from the screen-
ing method used, as some forms do not extract well, and
there can be biases around the specific biochemicals the
bond type is contained in (Cade-Menun et al. 2005). Further,
NMR approaches are not equally sensitive for all bond
classes and materials, and sample processing could release
enzymes or induce other alterations in the cellular phospho-
rus composition (Cade-Menun et al. 2005). A typical algal
cell appears to be dominated by phosphate, phosphoester
(monoester and diester) and polyphosphate (Clark et al.
1999; Dyhrman et al. 2009; Cade-Menun and Paytan 2010).
The detection of phosphonate in eukaryotic algae or cyano-
bacteria is rare, although it may be present as trace amounts,
or higher in some cases. For example, some studies have
identified the presence of low amounts of phosphonate (<0.5
% total particulate phosphorus) using biochemical assays
(Kittredge et al. 1969; Kittredge and Roberts 1969; Clark
etal. 1999), and strains of the cyanobacterium Trichodesmium
erythraeum' had a peak consistent with the presence of phos-
phonate which was detected using *'P NMR (Dyhrman et al.
2009). In the following sections, the properties, metabolic
function and synthesis of polyphosphate, as well as phospho-

ester, and phosphonate bound organic matter are
highlighted.
2.2.1 Polyphosphate

Polyphosphate compounds consist of three to thousands of
orthophosphate groups linked together in a chain by phos-
phoanhydride (P-O-P) bonds (Fig. 2). Cellular polyphos-
phate can be found in many forms such as highly condensed
storage granules, nucleotides such as adenosine triphosphate
(ATP), and in inorganic chains (tripolyphosphate), which
can range in length from three to thousands of residues long
(Kornberg et al. 1999). The form of polyphosphate may dif-
fer in how it can be detected. For example, storage granules
can be imaged through microscopy and staining techniques,
and there are fluorometric methods for dissolved and particu-
late measurements of polyphosphate (Diaz and Ingall 2010;
Mazard et al. 2012; Martin and Van Mooy 2013).
Polyphosphate has also been detected in eukaryotic algae
and cyanobacteria with *’P NMR (Dyhrman et al. 2009;
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see chapter “Systematics, Taxonomy and Species Names: Do They
Matter?” of this book (Borowitzka 2016).
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Orchard et al. 2010b). Some polyphosphate containing bio-
chemicals can be detected directly like ATP (Bjorkman and
Karl 2001). There is no single perfect method for polyphos-
phate detection, because they are all biased and or prone to
matrix effects and background to some degree. For example,
polyphosphate chain length can bias the fluorometric method
(Diaz and Ingall 2010), and there can be interference depend-
ing on the extraction procedure (Martin and Van Mooy 2013;
Martin et al. 2014). Polyphosphate is intensively studied in
the context of waste water treatment, but these methodologi-
cal constraints have in part constrained studies of polyphos-
phate dynamics and metabolism in cyanobacteria and
eukaryotic algae.

Polyphosphate is found in all major groups of life, but its
function is varied, and in many regards remains unclear
(Kornberg et al. 1999). With regards to the eukaryotic algae
and cyanobacteria, polyphosphate has been examined in
Chlamydomonas, Skeletonema, Thalassiosira, Synechocystis,
Nostoc, Calothrix, Synechococcus and Trichodesmium
among others (Romans et al. 1994; Capone et al. 1997;
Gomez-Garcia et al. 2003; Mateo et al. 2006; Nishikawa
et al. 2006, 2009; Diaz et al. 2008; Orchard et al. 2010b;
Mazard et al. 2012). With its common presence, polyphos-
phate is largely thought to be ubiquitous (Raven and Knoll
2010). With this broad distribution, the metabolic functions
of polyphosphate are variable and highly diverse. Cellular
polyphosphate has been variously attributed to a stationary
phase adaptation, an energy storage compound, a metal che-
lator, an osmotic regulator, a buffer against alkali conditions,
a factor in DNA competency (as part of a DNA channel), and
in phosphorus homeostasis (as a phosphate storage com-
pound) among other potential functions (Kornberg 1995;
Kornberg et al. 1999). It is largely this link between poly-

phosphate and phosphate storage that has driven research on
polyphosphate dynamics as a function of phosphorus physi-
ology in algae (see below). However, studies of polyphos-
phate function and biosynthesis are further complicated by
the many varied factors that appear to influence polyphos-
phate concentrations and granule formation within cells;
polyphosphate can accumulate in microbes as a function of
growth phase, phosphorus supply, cation and metal concen-
trations, pH, or temperature (Kornberg 1995; Kornberg et al.
1999).

The production of polyphosphate in cyanobacteria is typi-
cally controlled by the ppK gene encoding a polyphosphate
kinase (ppK) that reversibly adds phosphate to the end of the
polyphosphate chain. For example, this enzyme would act to
add or remove the gamma phosphate of ATP. The gene is
common to all cyanobacteria that have been examined
(Scanlan et al. 2009). The gene encoding a polyphosphate
polymerase (Vtc4) has only recently been identified (Hothorn
et al. 2009) in eukaryotes. This gene encodes a protein that
interacts with the vacuole membrane and generates poly-
phosphate from the gamma phosphate in ATP in a phos-
photransfer reaction to form polyphosphate chains.
Polyphosphate polymerases and specific homologs of Vtc4
are present in the diatom Thalassiosira pseudonana (Hothorn
et al. 2009), the pelagophyte Aureococcus anophagefferens
(Wurch et al. 2011b), and the coccolithophore Emiliania
huxleyi (Dyhrman et al. 2006b), but its distribution in other
algae is not well known. Studies leveraging gene expression
to examine trends in polyphosphate biosynthesis are ham-
pered by the reversible nature of the biosynthesis enzymes
like the polyphosphate kinase. However, upregulation of the
Vtc4 polyphosphate polymerases has been observed in a
number of studies (Dyhrman et al. 2006b, 2012). This may
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be to mobilize polyphosphate stores, but the expression of
the genes does not appear to be linked to a dramatic reduc-
tion in cellular polyphosphate (Dyhrman et al. 2012).

There are two basic processes significant to polyphos-
phate dynamics related to phosphorus supply or phosphorus
physiology (Eixler et al. 2006). The first, termed luxury
uptake, is the storage of excess phosphate as polyphosphate
when phosphorus is abundant. Luxury uptake of phosphorus
has been documented in culture experiments with marine
and freshwater algae (Bertilsson et al. 2003; White et al.
2006; Diaz et al. 2008). Luxury uptake has also been exten-
sively studied in waste water treatment scenarios, where
phosphorus is removed from activated sludge through luxury
uptake and stored as polyphosphate in microbes (Pauli and
Kaitala 1997; Crocetti et al. 2000). In algae, luxury uptake is
likely to occur where phosphate is in excess relative to other
resources like nitrogen, and algae are able to store this excess
phosphate as polyphosphate for future utilization. Luxury
uptake could thus drive the accumulation of polyphosphate
in systems or areas where phosphate is in excess, like the
coastal zone. Diaz et al. (2008) measured polyphosphate
concentrations of ~7 % in coastal diatoms (Skeletonema
spp.) under nutrient replete conditions and hypothesized a
luxury uptake response. However, it is worth noting that for
most algae the process of so called luxury uptake and forma-
tion of polyphosphate is counter intuitive as only a small
fraction of a cell’s ATP requirement could be met by phos-
phorylation of ADP, even with a large “luxury” polyphos-
phate store. Polyphosphate takes up less volume than
phosphate, so there may be size dependent influence over a
given species’ production of polyphosphate when phospho-
rus is in excess. Raven and Knoll 2010 suggests this may be
an important consideration for small cyanobacteria, but argu-
ably less so when cells are larger (Raven and Knoll 2010).
Another consideration is the potential for polyphosphate to
increase cell density. The ballasting effect of polyphosphate
in causing cells to sink is calculated to be greater if ortho-
phosphate is stored as polyphosphate (Raven and Knoll
2010). Formation of polyphosphate under conditions of envi-
ronmental excess, may be driven by factors other than phos-
phorus storage, which could in part explain the variability
seen in cellular polyphosphate cycling.

The other process significant to polyphosphate dynamics
is the overplus response, where phosphorus deplete cells
accumulate polyphosphate in response to an increase in
phosphate supply to levels greater than needed to meet phos-
phorus demand (Jacobson and Halmann 1982; Bolier et al.
1992). The overplus response is not particularly well studied
in algae, but it has been hypothesized that overplus could
drive the cellular accumulation of polyphosphate in low
phosphorus systems where phytoplankton are phosphorus
deficient, but experience variations in their phosphate envi-
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ronment (Karl and Bjorkman 2001, 2002). In fact, a large
fraction of cellular phosphorus is found as polyphosphate in
cyanobacteria from the genus Trichodesmium collected from
the low phosphorus (<15 nM) Sargasso Sea. In this study,
Orchard et al. 2010b hypothesized that this large allocation
of phosphorus to polyphosphate could be the result of an
overplus-like response (Orchard et al. 2010b). Clearly, the
dynamics of cellular polyphosphate production is variable in
both cultures and field populations. These polyphosphate
dynamics clearly warrant further study to fully appreciate the
role that polyphosphate plays in algal metabolism, phospho-
rus homeostasis, and influence over phosphorus biogeo-
chemistry in different systems.

2.2.2 Phosphoester

Phosphorus containing organic matter with an ester bond is
some of the most commonly observed, because phospho-
monoester bonds (P-O-C), and phosphodiester (C-O-P-O-C)
bonds are present in a number of important phosphorus-rich
cellular biochemicals; these bonds are common in DNA,
RNA, ATP, and lipids to name a few (Fig. 2). In studies uti-
lizing *'P NMR to identify bond class, ester bond phosphorus
is typically the major pool of organic phosphorus in algae
(Dyhrman et al. 2009; Cade-Menun and Paytan 2010). Cade-
Menun and Paytan 2010 showed that phosphoester in several
algal species averaged across numerous control cultures was
~108 pmol g, representing about 25 % of the total cellular
phosphorus in this bond class alone (Cade-Menun and
Paytan 2010). The importance and abundance of ester bond
phosphorus in cells is also reflected in the dissolved organic
matter pool. For example, in typical marine systems high
molecular weight dissolved organic phosphorus (DOP) is
~75 % (Clark et al. 1998) and in the larger fraction of DOP
observed by Young and Ingall 2010, 80-85 % was phospho-
ester (Young and Ingall 2010).

Because this bond type is present in such diverse bio-
chemicals, there is not a single specific gene or pathway that
controls phosphoester biosynthesis. Rather, these pathways
are as diverse as the biochemicals that contain ester bonds.
The specific dynamics of ester bond organic matter have also
not been studied in a comprehensive manner. Cade-Menun
and Paytan 2010 examined the average phosphoester content
in specific categories based on chemical shift with 3P NMR
in suite of algae. Although there were subtle shifts in phos-
phoester composition as a function of light, temperature and
phosphorus concentration, these were highly averaged
responses (Cade-Menun and Paytan 2010). The *P NMR
approach could mask what are substantial intracellular rear-
rangements between different biochemicals, that do not
resolve as a difference in the bulk phosphoester pool. More
work is required to examine the dynamics of this bond class
in algae.
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2.2.3 Phosphonate

Phosphonate bond organic matter has a direct C-P linkage
(Fig. 2), and unlike esters, phosphonates are not found in
required cellular biochemicals like ATP, or nucleic acids. As
a result, phosphonates were often considered a relic of a pre-
biotic age where oxygen concentrations were likely low, and
organophosphonates, rather than organophosphoesters might
have predominated (McGrath et al. 2013). For example in
the late 1960s phosphonates were detected in the Murchison
meteorite, suggesting a prebiotic origin (McGrath et al.
2013). However, increased scrutiny in recent years has built
on early observations of phosphonates in microbes and
invertebrates (Kittredge and Roberts 1969; White and
Metcalf 2007), highlighting the potential significance of
phosphonate in algae, and the importance of phosphonate
cycling in aquatic systems (Karl 2014). Biochemicals with a
phosphonate bond produced by microbes include
2-aminoethylphosphonate (2-AEP), phosphonoacetic acid,
fosfomycin and methylphosphonate (Metcalf et al. 2012;
Villarreal-Chiu et al. 2012). Only 2-AEP has been specifi-
cally detected in eukaryotic algae, including dinoflagellates
and coccolithophores (Kittredge et al. 1969). Screening for
phosphonate using *'P NMR, which requires additional anal-
yses to identify specific compounds, has rarely detected
phosphonate in cyanobacteria or eukaryotic algae (Cade-
Menun et al. 2005; Cade-Menun and Paytan 2010). The
major exception to date, is the presence of an apparent phos-
phonate chemical shift in 3'P NMR profiles of 7. erythraeum
strains (Dyhrman et al. 2009). The phosphonate bond can be
present in a diverse set of cellular biomolecules including
lipids, proteins and antibiotics (McGrath et al. 2013).
However, the presence of specific phosphonate biomolecules
has not been examined in algae, and this warrants further
investigation.

The metabolic roles of phosphonates in algae have not
been directly examined, and of course depend on the biomol-
ecules which contain the carbon phosphorus bond. In
microbes, phosphonates like fosfomycin are antibiotics, and
phosphonates like 2-AEP can be found as side groups on
exopolysaccharides or glycoproteins, or in the polar head
groups of membrane phosphonolipids (McGrath et al. 2013
and references therein). 2-AEP is similar to non phosphonate
containing ethanolamine phosphate and is likely present in
phosphonolipids (McGrath et al. 2013 and references
therein). It has been suggested that phosphonolipids increase
structural rigidity or protect against enzymatic degradation,
relative to their ester bond counterparts, since the C—P bond
is stronger, and not subject to hydrolysis by phosphatases
(McGrath et al. 2013 and references therein).
Characteristically, phosphonates are more resistant to chemi-
cal hydrolysis, thermal decomposition, enzymatic degrada-
tion and photolysis than similar compounds that contain
phosphoester linkages (McGrath et al. 2013).
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The initial step of most phosphonate biosynthesis is
thought to begin with the reversible interconversion of phos-
phoenolpyruvate (PEP) or carboxyphosphoenolpyruvate
(CPEP) to phosphonopyruvate or carboxyphosphonopyru-
vate via a PEP Mutase (Seidel et al. 1988) or CPEP Mutase
(Hidaka et al. 1990) respectively. PEP Mutase typically acts
with a phosphonopyruvate decarboxylase to catalyze the C-P
bond formation, while the mechanism, or other enzymes,
coupled to the CPEP Mutase are unknown (White and
Metcalf 2007). One known exception to the PEP or CPEP
Mutase biosynthesis pathways is the biosynthesis of meth-
ylphosphonate by the bacterium Nitrosopumilus maritimus
(Metcalf et al. 2012). Whether phosphonate production in
algae is mediated by these enzymes is unknown, as none of
these enzymes have been specifically examined or character-
ized in cyanobacteria or eukaryotic algae.

Given the dearth of phosphonate biosynthesis and charac-
terization studies in algae, the dynamics or regulation of
phosphonate production is equally poorly understood. Some
of these studies are constrained by the challenges in tracking
low concentrations of the phosphonate bond, or specific
phosphonate biochemicals like 2-AEP. There are no detailed
studies of how cellular 2-AEP varies with growth phase,
nutritional physiology or other factors. Using 3P NMR,
Dyhrman et al. (2009) showed that phosphonate equivalents
derived from an 18 ppm chemical shift co-varied at a roughly
constant proportion (10 %) of the total cellular phosphorus.
This suggests that phosphonate bond organic matter cycling
within the cell was not related to phosphorus physiology
(Dyhrman et al. 2009). However, there can be chemical
interference with this chemical shift, and the relatively con-
stant percentage could mask considerable rearrangement or
cycling of phosphonate into different biomolecules. With the
many recent discoveries regarding phosphonates in algae,
studies of phosphonate compounds in algae are likely to con-
tinue to advance our understanding of their role in algal
phosphorus physiology.

3 Inorganic Phosphorus Utilization

Phosphate is widely accepted to be the preferred form of
phosphorus for growth, and is largely considered the only
inorganic phosphorus source, although that view is chang-
ing. In the classical Monod model, growth rate would depend
on the external concentration of phosphate (see Morel 1987).
This model was altered to allow for internal storage, for
example inorganic polyphosphate accumulation (Droop
1973). In the Droop model growth rate increases with
increasing cell quota, so that growth rate is dependent on
previous nutrient uptake as well as phosphate concentration
in the environment. Many studies have illustrated the com-
plexities involved in understanding nutrient uptake and
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growth (Morel 1987), as quotas are variable as a function of
physiology, and that physiology can result in different spec-
trums of bioavailable phosphorus. Even more recently, the
realization that phosphate is not likely the sole bioavailable
inorganic phosphorus source to algae is driving renewed
focus on this topic. This section focuses on phosphate, poly-
phosphate and phosphite utilization by eukaryotic algae and
cyanobacteria.

3.1 Phosphate Uptake

Phosphate uptake is controlled by transporters in the cell
membrane, and their form and abundance influences the
kinetics of that uptake. Eukaryotic algae typically have mul-
tiple phosphate transporters, which has been observed in
genome studies (Gobler et al. 2011; Read et al. 2013). The
coccolithophore E. huxleyi, is one of only a few eukaryotic
algae to have multiple strains sequenced, in this case the dif-
ferent isolates have different copy numbers of phosphate
transporters (Read et al. 2013) which hints at the potential
role of phosphorus physiology in driving genome differenti-
ation. Although the eukaryotic algae have genes with clear
homology to phosphate transporters, which have been stud-
ied in detail (Li et al. 2006, 2012), it is rare for them to be
functionally characterized.

Phosphate uptake in the cyanobacteria is also controlled
by phosphate transporters, which drive the affinity and rate
of phosphate uptake. Some cyanobacterial genomes includ-
ing strains of Crocosphaera watsonii (=Cyanobium water-
buryi) and a single strain of Synechococcus (RS9916) appear
to carry homologs of the E. coli pitA low affinity phosphate
transporter (Dyhrman and Haley 2006; Scanlan et al. 2009;
Bench et al. 2013). In E. coli this transporter mediates phos-
phate uptake in high phosphorus environments. In C. watso-
nii WH 8501 this gene does not appear to be regulated by
phosphorus supply in contrast to the pstS component the pst-
SCAB phosphate uptake system (see Sect. 5.3) which is regu-
lated by phosphorus supply (Dyhrman and Haley 2006). The
pitA gene is rarely found in Synechococcus and is not appar-
ently present in the Prochlorococcus genomes studied to
date (Scanlan et al. 2009). It has been hypothesized that
these groups may use the pstSCAB, high affinity phosphate
uptake system, to mediate phosphate uptake regardless of
phosphate concentration (Scanlan et al. 2009).

The kinetics of phosphate uptake typically behave with
Michaelis-Menten kinetics where they have been observed
in both pure culture and field populations, often using 3*P or
32P radiotracers (Perry 1976; Casey et al. 2009; Laws et al.
2011). Specific uptake kinetic values and patterns of uptake
include both monophasic and multiphasic uptake patterns
(Chisholm and Stross 1976). Monophasic uptake suggests
the presence of one transport system, and multiphasic kinet-
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ics the presence of more than one. For example, in the dia-
tom T. weisflogii both V,,,, (maximal uptake rate) and K,
(affinity) increased with decreasing phosphate availability
indicating the potential induction of a high affinity phos-
phate transport system and multiphasic kinetics (Donald
etal. 1997). Similarly, Euglena gracilis exhibited multiphase
phosphate uptake (Chisholm and Stross 1976). In
Chlamydomonas, V . increases with phosphorus starvation,
with the apparent presence of both low and high affinity
phosphate transport systems. The high affinity systems con-
trol phosphate uptake at low phosphorus (Grossman and
Takahashi 2001).

The kinetics of phosphate uptake have also been exten-
sively studied in cultures and field populations of cyanobac-
teria. In culture, studies of phosphate uptake suggest that
there is considerable variability in K,, and V ,,, between even
strains of the same species (Fu et al. 2005). There is also
considerable variability in these kinetic parameters as a func-
tion of phosphorus physiology. These observations are
dependent on the types of transport systems each strain car-
ries, and how their expression is modulated. For example, in
the colony forming cyanobacterium Trichodesmium, K,
does not appear to change in response to phosphorus physi-
ology, however V. increases with decreasing phosphate
availability (Fu et al. 2005), and higher V., was observed in
Trichodesmium collected from low phosphorus systems rela-
tive to higher phosphorus systems (Orchard et al. 2010a).
This could indicate that the same transport system is used
regardless of phosphorus physiology, but that the number of
transporters increases when cells are in a low phosphate
environment. In Synechococcus WH7803 K,, and V,,,, both
increased when phosphate was lowered indicating the poten-
tial induction of a high affinity phosphate transport system
(Donald et al. 1997). Synechococcus PCC6803 has two com-
plete pstSCAB systems one with low affinity and high veloc-
ity, the other with high affinity and low velocity, thus
mediating different maximum phosphate uptake rates (V,,)
and half saturation constants (Pitt et al. 2010). In a last exam-
ple, Prochlorococcus MED4 has a small cell-specific V ,,, in
culture (Krumhardt et al. 2013), and this value ranges from
<0.02 in the Sargasso Sea (Casey et al. 2009) to between 5
and 20 amol P cell™ day™" in the higher phosphorus North
Pacific (Duhamel et al. 2012). It can still compete in these
environments however, because culture studies with
Prochlorococcus MED4 indicate it has a high specific affin-
ity for phosphate (Krumhardt et al. 2013). Measurements of
uptake kinetics are valuable for modeling field populations.
However, the detection of specific V., Ky, and phases is
dependent on a number of factors including (1) the energy
steps during transport like the use of ATP, (2) phosphorus
bioavailability per cell, (3) the nutritional history of the cell,
(4) the cell quota (which can shift based on physiology), and
(5) the experimental substrate among other potential factors
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(Jansson 1988), and so specific patterns and values are not
always directly comparable.

3.2 Polyphosphate Utilization

The bioavailability of polyphosphate to eukaryotic algae and
cyanobacteria has not been studied in great detail. Inorganic
polyphosphate is likely bioavailable if it is dissolved and in
forms that are hydrolyzable by surface associated enzymes,
or small enough to be taken up directly. There are limited
studies on the bioavailability of pyrophosphate or polyphos-
phate in the eukaryotic algae, but ongoing work suggests that
inorganic polyphosphate in chain lengths up to 120 residues
is readily assimilated by a diversity of eukaryotic taxa (Diaz
et al. 2015). The gene pathways mediating polyphosphate
bioavailability are not well known.

Short (three residue) polyphosphate appears to be bio-
available to representative cyanobacteria, including
Synechococcus and Prochlorococcus (Moore et al. 2005).
Whether longer chain polyphosphate is bioavailable is not
well known. In whole water samples from station ALOHA in
the North Pacific that are likely dominated by cyanobacteria,
polyphosphate was similar to glycerol phosphate, and other
DOP compounds in its bioavailability (Bjéorkman and Karl
1994). The mechanisms controlling extracellular polyphos-
phate metabolism in the cyanobacteria are not well under-
stood. The genes for polyphosphate metabolism including a
ppK and ppX, and the pyrophosphatase ppA can all act to
break down polyphosphate into shorter chain lengths, but it is
unclear if they are acting on exogenous polyphosphate. The
ppA and ppK genes have been shown to be regulated by phos-
phorus physiology in Synechocystis strain PCC 6803 (Gomez-
Garcia et al. 2003), but this is not the case for Synechococcus
WH8102, or Microcystis aeruginosa (Tetu et al. 2009; Harke
and Gobler 2013), suggesting that this pattern is not strongly
consistent over different cyanobacterial groups.

3.3 Phosphite Metabolism

There is no evidence to date that any of the eukaryotic algae
can use phosphite as a sole phosphorus source. However, a
striking finding in recent years, is the discovery that
Prochlorococcus strains can use phosphite as a sole phos-
phorus source (Feingersch et al. 2012; Martinez et al. 2012).
One gene cluster implicated in phosphite metabolism is
encoded by transport related genes (ptxABC) and a NAD-
dependent phosphite dehydrogenase (ptxD). This gene clus-
ter appears to be present in several cyanobacterial genomes
including,  Prochlorococcus ~ MIT9301,  MIT9303,
Cyanothece sp. ATCC51142, and Trichodesmium ery-
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thraeum 1SM101 Cyanothece CCYO0110, Nostoc sp.
PCC7120, Nostoc punctiforme PCC73102 and Nodularia
spumigena CCY9414 (Martinez et al. 2012). Martinez et al.
(2012) showed that Prochlorococcus MIT9301 can use phos-
phite as a sole phosphorus source, and that the ptxD gene
complements E. coli phosphite utilization mutants in vivo.
Martinez et al. (2012) also utilize metagenome and metatran-
scriptome data to show that phosphite utilization genes are
expressed in low phosphorus waters and that their overall
abundance is elevated in low phosphorus environments rela-
tive to high phosphorus environments. Heterotrophic bacte-
ria can generate energy through the reduction of phosphite,
which suggests that the prevailing concept of a lack of a
phosphorus redox cycle in nature should be revisited (White
and Metcalf 2007). Last, the apparent inability of the eukary-
otic algae to metabolize phosphite, suggests this phosphorus
source could drive niche separation between the eukaryotes
and the cyanobacteria, at least in low phosphorus systems.

4 Organic Phosphorus Utilization

While inorganic phosphate is generally regarded as the most
bioavailable form of phosphorus, it is increasingly recog-
nized that organic phosphorus is a critical phosphorus source
in aquatic environments. Although surprisingly little is
known about the distribution and concentration of specific
chemical constituents of the DOP pool in aquatic environ-
ments (see Karl and Bjérkman 2002), understanding of the
bioavailability of specific forms of DOP has benefited dra-
matically from developments in genomics in particular.
These studies have highlighted the diversity of bioavailable
compounds as well as how variability in the gene distribution
between strains and taxa could implicate phosphorus as an
important driver of microbial niche partitioning. This section
will review the presence and distribution of enzymes for the
utilization of (1) phosphoester and (2) phosphonate bond
organic matter. There are a number of sources that review the
distribution and bioavailability of these bond classes (Karl
and Bjorkman 2002; Dyhrman et al. 2007; White and Metcalf
2007; Villarreal-Chiu et al. 2012; Karl 2014).

4.1 Phosphoesterases

The concentration of phosphoester in the DOP pool is likely
to be higher than phosphate in many systems such as the
Sargasso Sea, because the DOP dominates dissolved
inorganic phosphate, and phosphoester is the largest fraction
of DOP (Jakuba et al. 2008; Young and Ingall 2010). As
such, the presence and distribution of phosphoesterases
likely plays a significant role in meeting algal phosphorus
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demand across many aquatic systems. Phosphoesterases are
also likely important in phosphorus cycling and recycling in
the cell as they hydrolyze phosphate from lipids, nucleic
acids, and ATP among other biochemicals. Three important
classes of phosphoesterases highlighted in the subsequent
sections are (1) alkaline phosphatase, (2) phosphodiesterase,
and (3) 5’ nucleotidase.

4.1.1 Alkaline Phosphatase

Alkaline phosphatase is arguably the most well-studied of
the enzymes used by algae to hydrolyze ester form DOP. The
enzyme is commonly present in eukaryotic algae and cyano-
bacteria where it hydrolyzes phosphate from phosphomono-
esters for assimilation by the cell (Fig. 3). The enzyme is
typically regulated by low phosphorus (Cembella et al.
1984a, b; Quisel et al. 1996; Lin et al. 2013). Although a
primary inverse relationship to environmental phosphate is
often observed, alkaline phosphatase activity can be detected
in relatively high phosphate environments, and has even
been observed to be induced by cyanobacterial toxins like
cylindrospermopsin (Bar-Yosef et al. 2010), and cell-cell
signaling (see Sect. 7.1.2) among other potential factors.
Alkaline phosphatases are diverse and encoded by many dif-
ferent genes, often with many per genome, and the concur-
rent expression of many putative alkaline phosphatases in the
transcriptome (Scanlan et al. 2009; Dyhrman et al. 2012;
Read et al. 2013). It is possible that the multiple genes encode
enzymes with different substrate specificities, metal co-
factors or regulation patterns. For example, some cyanobac-
teria appear to carry both the phoX and phoA type genes
(Orchard et al. 2009). Although homologs of the canonical
E. coli phoA gene (Zn dependent) are present in some cyano-
bacteria and upregulated under low phosphorus conditions
(Fuszard et al. 2010), recent research suggests that the phoX
(thought to be Ca dependent) type alkaline phosphatase may
be much more prevalent, at least in the marine cyanobacteria
(Sebastian and Ammerman 2009; Kathuria and Martiny
2011). This finding was attributed to the fact that Zn concen-
trations in the aquatic systems like the ocean are low, whereas
Ca is plentiful. However a recent study by Yong et al. (2014)
determined that the PhoX enzyme has a novel Fe-Ca
cofactor. Given that Fe is low in many regions of the ocean,
Fe could limit the ability of marine cyanobacteria to hydro-
lyze phosphomonoesters in regions where phosphate was
also low, like the North Pacific Subtropical Gyre. With Zn
and Fe both at low concentrations in the ocean it is unclear
why the Fe requiring phoX is more broadly distributed. The
phoX type alkaline phosphatase is present in a diverse suite
of marine and freshwater cyanobacteria, including the gen-
era Trichodesmium, Synechococcus, Prochlorococcus, and
Cylindrospermopsis (Orchard et al. 2009; Scanlan et al.
2009; Kathuria and Martiny 2011; Sinha et al. 2014). The
phoX gene is upregulated by low phosphate conditions, in
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the cyanobacteria in which it has been examined (Orchard
et al. 2009; Kathuria and Martiny 2011). Although the preva-
lence and importance of phoX is increasingly widely
accepted, the study of these alkaline phosphatases is evolv-
ing as new tools (e.g. mass spectrometry proteomics) become
available. For example, a recent study focused at the protein
level found that the PhoA protein was much more abundant
than the PhoX protein in phosphorus-starved Synechococcus
WHS8102 (Cox and Saito 2013).

Since the alkaline phosphatase encoding genes are not
well characterized in the eukaryotic algae, the extent to
which different alkaline phosphatases present in the eukary-
otic algal genomes have different substrates, regulation pat-
terns or co-factors is not comprehensively understood. Three
examples from the eukaryotic algae, where the alkaline
phosphatase protein has been purified and characterized
include the green alga Chlamydomonas reinhardtii (Quisel
et al. 1996), the dinoflagellate Prorocentrum minimum
(=Prorocentrum cordatum) (Dyhrman and Palenik 1997),
and the coccolithophore E. huxleyi (Xu et al. 2006). Putative
alkaline phosphatase encoding genes have been identified in
studies of the diatom 7. pseudonana (Dyhrman et al. 2012),
and the pelagophyte A. anophagefferens (Wurch et al.
2011b), where — like with the cyanobacteria — they are upreg-
ulated by low phosphate. This suggests that the enzyme is
transcriptionally regulated in at least in this subset of exam-
ples. The metal co-factors associated with the alkaline phos-
phatases of the eukaryotic algae have not been widely
studied. However, the coccolithophore E. huxleyi has an
alkaline phosphatase that is sensitive to Zn, and possibly Co
availability (Xu et al. 2006; Jakuba et al. 2008). Further, the
diatom Phaeodactylum tricornutum has a phosphorus-
regulated alkaline phosphatase that is not Zn dependent, but
Ca activated more akin to the cyanobacteria (Lin et al. 2013).

Alkaline phosphatase activity is particularly well studied
in algae because there are many substrate analogs for field
studies (Dyhrman 2005). Phosphatase activity has been
shown to be broadly present in both marine and freshwater
environments (Duhamel et al. 2010 and references therein),
where the activity is often (although not always) inversely
related to the phosphate or total dissolved phosphorus con-
centration (Cembella et al. 1984a, b; Jansson et al. 1988;
Karl and Bjorkman 2002; Karl 2014). There is also a fluoro-
genic substrate for use in cell-specific enzyme labeled fluo-
rescence (ELF) assays (Gonzdlez-Gil et al. 1998). This
substrate will tag cells with the enzyme activity with a fluo-
rescent product (see below). Many studies have used this tool
in both marine and freshwater systems to examine the distri-
bution of alkaline phosphatase activity in both eukaryotic
algae and cyanobacteria (Gonzélez-Gil et al. 1998; Dyhrman
and Palenik 1999; Rengefors et al. 2001, 2003; Dyhrman
et al. 2002; Nedoma et al. 2003; Lomas et al. 2004;
Ruttenberg and Dyhrman 2005; Dyhrman and Ruttenberg
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2006; Nicholson et al. 2006; Hynes et al. 2009; Ranhofer
et al. 2009; Duhamel et al. 2010; Mackey et al. 2012; Girault
et al. 2013; McLaughlin et al. 2013). These studies suggest
that alkaline phosphatase is widely present in field popula-
tions of algae, underscoring the importance of this enzyme in
algal metabolism of phosphomonoesters.

4.1.2 Phosphodiesterase

The phosphodiesterases are not as well studied as alkaline
phosphatases, however, the phosphodiesterase enzyme is
also likely important for the metabolism of both exogenous
and intracellular phosphodiesters. Phosphodiesterases act to
break phosphodiester bonds in compounds like DNA, RNA,
cyclic nucleotides, and lipids among others (Fig. 3). The
genes encoding enzymes with phosphodiesterase activity are
not well characterized relative to alkaline phosphatase, and
there are likely many present in algae with a range of sub-
strate specificities. For example cyclic nucleotide phospho-
diesterase activity is related to nucleotide metabolism and
broadly present in cyanobacteria including Synechocystis
PCC6803, Arthrospira platensis, and Anabaena cylindrica
(Sakamoto et al. 1991). General phosphodiesterase activity
assayed with fluorometric substrates is also widespread
among the eukaryotic algae including several species of
Chaetoceros, Dytilum brightwellii, T. pseudonana, and the
raphidophyte Heterosigma akashiwo (Yamaguchi et al.
2014). A phosphodiesterase was also partially purified and
characterized as cell-surface associated in the diatom P. tri-
cornutum (Flynn et al. 1986).

Phosphodiesterases may be regulated by a number of dif-
ferent factors, depending on their specificity and role in the
cell. In the eukaryotic algae this activity appears to be
increased when cells are starved for phosphate (Yamaguchi
et al. 2014), and work in the diatom T. pseudonana suggests
this enzyme is transcriptionally controlled (Dyhrman et al.
2012). Some eukaryotic algae, including diatoms and raphi-
dophytes, have been shown to grow on phosphodiester as a
sole phosphorus source, suggesting that the enzyme may act
on exogenous sources (Yamaguchi et al. 2014). Culture stud-
ies have additionally identified the bioavailability of phos-
phodiesters such as cAMP in certain strains of
Prochlorococcus and Synechococcus (Moore et al. 2005).
This has been corroborated in field studies where the com-
munity is dominated by Prochlorococcus; here phsophodies-
ter was a broadly available phosphorus source to the
community (Bjorkman and Karl 1994). It is also thought that
phosphorus-regulated phosphodiesterases could be involved
in the breakdown of phospholipids seen in both marine algae
and cyanobacteria under low phosphorus (Dyhrman et al.
2012).

Environmental measurements of phosphodiesterase activ-
ity are not common, but a recent study with samples span-
ning the North and South Pacific Oceans identified enhanced
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phosphodiesterase activity at the lowest (<10 nM) phosphate
concentrations, and phosphodiesterase activity in the dis-
solved fraction was even higher than that of alkaline phos-
phatase activity (Sato et al. 2013). These results are consistent
with culture studies and further emphasize the likely impor-
tance of this enzyme to DOP utilization by algae.

4.1.3 5’ Nucleotidase
The enzyme 5’ nucleotidase is also broadly present in algae
where it hydrolyzes phosphate form 5’ nucleotides like ATP
(Fig. 3). The genes encoding this enzyme are not well char-
acterized, but putative 5’ nucleotidases are common in algae
and detected in the genomes of the cyanobacteria and eukary-
otic algae examined to date. 5’ nucleotidases are increasingly
identified in transcriptome profiling studies, particularly
with the eukaryotic algae like the pelagophyte A. anophagef-
ferens, and the diatom, T. pseudonana among others
(Dyhrman et al. 2006b, 2012; Wurch et al. 2011b). In these
two cases, genes encoding 5’ nucleotidases were upregulated
in transcriptomes from phosphorus-starved cells relative to
replete, suggesting a transcriptional level regulation by phos-
phate. This differs from the lack of phosphorus regulation
typically observed in heterotrophic bacteria (Ammerman
and Azam 1985). A putative 5'nucleotidase transcript was
also upregulated in phosphorus-depleted Synechococcus
WHS8102 (Tetu et al. 2009). The enzyme was partially puri-
fied and characterized as cell-surface associated in the dia-
tom P. tricornutum (Flynn et al. 1986) and the coccolithophore
E. huxleyi (Dyhrman and Palenik 2003). In both cases the
enzyme activity was increased when cells were phosphorus-
depleted (Flynn et al. 1986; Dyhrman and Palenik 2003).
Last, a 5’ nucleotidase protein was also more abundant in a
phosphorus-stressed proteome relative to a replete proteome
in A. anophagefferens (Wurch et al. 2011a). Clearly this
enzyme is broadly present and serves an important role in the
metabolism of phosphorus, particularly when phosphorus is
low.

It is common in algae to be able to grow on nucleotides as
a sole phosphorus source, and the bioavailability and uptake
phosphorus from exogenous ATP and AMP is well docu-
mented in cultures (Krumhardt et al. 2013) and field popula-
tions (Ammerman and Azam 1991; Bjorkman et al. 2012).
The extent to which nucleotides are processed outside the
cell versus taken up and then hydrolyzed inside the cell, is
not well understood, but the studies available to date suggest
that at least some nucleotidase activity is localized to the cell
surface in eukaryotic algae (Flynn et al. 1986; Grossman and
Takahashi 2001; Dyhrman and Palenik 2003; Wurch et al.
2011a), while cyanobacteria may be able to take up nucleo-
tides directly.

Field measurements of bulk 5’ nucleotidase activity are
rare, but do not appear to vary as a function of phosphate
concentration, perhaps reflecting a lack of phosphorus
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regulation in heterotrophic bacteria (Ammerman and Azam
1985, 1991). Studies of ATP uptake and hydrolysis are
increasingly common on flow sorted cyanobacterial and
even small eukaryote populations. These studies suggest
that utilization of ATP can potentially meet a large fraction
of phosphorus demand in field populations of
Prochlorococcus, Synechococcus, Trichodesmium, and
picoeukaryotes, particularly when inorganic phosphate is
low (Casey et al. 2009; Orchard et al. 2010a; Bjorkman
et al. 2012; Duhamel et al. 2012).

4.2 Phosphonate
Phosphonates were generally considered to be an unavail-
able form of phosphorus for algal growth until the release of
the marine cyanobacterial genomes revealed genes puta-
tively involved in phosphonate metabolism (Palenik et al.
2003; Dyhrman et al. 2006a). These early observations have
led to an expansion of work in this area, which collectively is
demonstrating that many cyanobacteria have the ability to
metabolize phosphonates through a diverse suite of enzyme
systems (Scanlan et al. 2009; Martinez et al. 2010). Enzyme
systems for the hydrolysis of phosphonates include substrate-
specific enzymes like phosphonoacetaldehyde hydrolase, as
well as the broad specificity C-P lyase (White and Metcalf
2007; Villarreal-Chiu et al. 2012; McGrath et al. 2013) (Fig.
3). Notably, clear pathways for phosphonate metabolism
have not been identified in the eukaryotic phytoplankton, nor
is there direct evidence from culture studies. If this finding is
borne out by further scrutiny, a potentially significant com-
ponent of the DOP pool is unavailable to the eukaryotes and
may drive community composition changes where DOP is
an important phosphorus source.
4.2.1 Substrate-Specific Phosphonate
Hydrolases
Many of the phosphonate hydrolases are well characterized in
heterotrophic bacteria, and their presence, distribution, and
regulation increasingly so for the cyanobacteria. For compre-
hensive reviews see the following syntheses (White and
Metcalf 2007; Villarreal-Chiu et al. 2012; McGrath et al. 2013).
Substrate-specific enzymes include phosphonopyruvate hydro-
lase, phosphonoacetate hydrolase, and phosphonoacetaldehyde
hydrolase (phosphonatase) among potential other less well-
characterized enzymes (McGrath et al. 2013) (Fig. 3).
Phosphonoacetate hydrolase is encoded by the phnA gene
(Villarreal-Chiu et al. 2012). It is a Zn metalloenzyme that
hydrolyzes phosphonoacetate to form acetate and phosphate
(McGrath et al. 2013) (Fig. 3). This enzyme would be a
potential route for 2-AEP metabolism. Phosphonopyruvate
hydrolase is encoded by palA and is also a metalloenzyme
(Fig. 3). The latter is often encoded together with genes
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related to phosphonate transporter, but is not always regu-
lated by phosphate (McGrath et al. 2013). Screens of ocean
metagenomic data suggest that both genes are present,
although phnA is much more abundant; present in ~11 % of
genomes sampled in the Global Ocean Survey relative to
~0.1 % for palA (Villarreal-Chiu et al. 2012). Their oceanic
distribution hints at the importance of these pathways of
phosphonate metabolism in marine systems, however the
distribution of these genes in cyanobacteria has not been
established.

Phosphonoacetaldehyde hydrolase (phosphonatase) is
encoded by phnX, and in the degradation of 2-AEP is linked
to a 2-AEP pyruvate aminotransferase encoded by phnW
(Fig. 3). These are present in some cyanobacteria including
freshwater Synechococcus strain OS-B’ (Adams et al. 2008)
and marine Synechococcus WH8102 (Su et al. 2003). The
activity encoded by these genes can be induced by phospho-
rus deficiency (Villarreal-Chiu et al. 2012), or alternatively
be substrate inducible (Adams et al. 2008), and further work
is required to confirm their presence and regulation more
broadly in the cyanobacteria.

Ongoing work in this area is contributing to a rapidly
changing understanding of the phosphonate hydrolayses.
Martinez et al. (2010) identified the presence of a
2-oxoglutarate dioxygenase, phnY, and a possible phospho-
nohydrolase, phnZ, in Prochlorococcus strains (MIT9303,
MIT9301), which were sufficient to allow utilization of
2-AEP as the sole phosphorus source in E. coli. Interestingly,
the frequency of the Prochlorococcus phnY and phnZ genes
was significantly higher in the phosphorus-depleted surface
waters of the Sargasso Sea compared with the North Pacific
subtropical gyre (Coleman and Chisholm 2010; Martinez
et al. 2010). However, the presence of these genes did not
clearly confer the ability for Prochlorococcus MIT9301 to
grow on 2-AEP as a sole phosphorus source, and the genes
may be related to phosphite metabolism (Martinez et al.
2012). It is also important to note that evidence for phospho-
nate metabolism in the cyanobacteria has been identified in
the absence of characterized gene pathways, suggesting
there are other potential enzymes yet to be identified (Gomez-
Garcia et al. 2011). In short, new pathways for phosphonate
metabolism are still being identified and work remains in
order to characterize these enzymes and the role they serve in
cellular phosphorus metabolism for algae.

4.2.2 Broad Specificity C-P Lyase

In contrast to the substrate-specific phosphonate hydrolay-
ses, there is a broad specificity enzyme complex called a C-P
lyase, which can hydrolyze a diverse suite of phosphonate
compounds (Fig. 3). The C-P lyase is encoded by a suite of
genes denoted phnGHIJKLM (White and Metcalf 2004b,
2007). These genes are often linked to those for phosphonate
transport denoted phnCDE (White and Metcalf 2007). The
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transport genes are broadly present in both marine and fresh-
water cyanobacteria (Scanlan et al. 2009; Bench et al. 2013;
Harke and Gobler 2013). Conversely the C-P lyase encoding
genes are less common (Dyhrman et al. 2006a; Scanlan et al.
2009). The phnJ gene is typically used as a marker for the
C-P lyase enzyme, and it is present in Synechococcus sp. iso-
lated from microbial mats (Adamsetal. 2008), Trichodesmium
(Dyhrman et al. 2006a), Cylindrospermopsis (Sinha et al.
2014), Nostoc PCC7120 (Dyhrman et al. 2006a), and
Nodularia spumigena (Voss et al. 2013) to name a few. This
gene set has not been observed in the marine picocyanobac-
teria like Prochlorococcus and Synechococcus to date
(Scanlan et al. 2009). It is worth emphasizing that all of the
C-P lyase containing cyanobacteria identified here are brack-
ish, or freshwater except such,
Trichodesmium appears to occupy a unique niche with regard
to phosphorus metabolism among the other marine cyano-
bacteria, which may explain why Trichodesmium is so suc-
cessful in low phosphorus environments.

Expression of the C-P lyase genes is typically phosphorus
controlled in E. coli and expression studies in the cyanobac-
teria suggest this is the case (Dyhrman et al. 2006a; Adams
et al. 2008). Further, the expression of these genes has been
seen in both marine and freshwater field populations
(Dyhrman et al. 2006a; Gomez-Garcia et al. 2011). Although
there are not fluorogenic substrates available for assaying
C-P lyase activity, the enzyme activity can be tracked by the
evolution of methane in the presence of methylphosphonate
(Beversdorf et al. 2010). Using this type of assay, the
Trichodesmium C-P lyase activity has been measured in both
cultures and field populations, substantiating the gene
expression results (Beversdorf et al. 2010). The composition
of phosphonates is largely unknown, but the presence of a
broad specificity enzyme may confer an advantage for
growth on a broader spectrum of DOP in a select few
cyanobacteria.

Trichodesmium. As

5 Phosphorus Stress Responses

Phosphorus deficiency has long been recognized as an
important driver of algal physiological ecology in freshwater
systems (Schindler 1977), and is increasingly recognized as
amajor driver of marine ecosystems (Karl 2014), influencing
microbial genetic diversity (Coleman and Chisholm 2010)
and global oceanic primary production (Benitez-Nelson
2000). For example, there is growing evidence that phospho-
rus limits marine primary production in the subtropical North
Atlantic (Mather et al. 2008; Lomas et al. 2010), and other
major ocean systems (Paytan and McLaughlin 2007), thus
influencing the magnitude and rate of phosphorus and car-
bon export over modern and geological time-scales (Benitez-
Nelson 2000; Paytan and McLaughlin 2007; Diaz et al.
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2008). Often phosphorus deficiency, starvation, stress, and
limitation are used interchangeably, but there are many sub-
tleties to how these terms may be interpreted. Here the term
phosphorus stress is used to mean a physiological response
to low phosphorus (distinct from a stress response to high
phosphorus), the extent to which the phosphorus stress
response is able to recover phosphorus for the cell will dic-
tate whether cellular growth is limited, or arrested by phos-
phorus. To cope with low phosphorus in nature, both
cyanobacteria and eukaryotic algae have evolved an induc-
ible, sophisticated, and multi-faceted, phosphorus stress
response involving the following major strategies. These
phosphorus stress responses include (1) robust sensor
response control of phosphorus stress induced transcription,
(2) phosphorus sparing or recycling (3) high affinity or
increased phosphate transport, and (4) a switch to the utiliza-
tion of alternative phosphorus forms.

5.1 Phosphorus Stress Signaling

In cyanobacteria, phosphorus stress responses are controlled
by a sensor response system that results in the transcription
of the set of genes cells need to respond to phosphorus defi-
ciency. The genes making up this phosphorus stress response
are often referred to as the pho regulon, after the term
described for E. coli (Torriani-Gorini 1987; Wanner 1996).
Transcription of the cyanobacterial pho regulon is thought to
be controlled by a two component sensor response system
(phoR, phoB), where PhoR senses phosphorus availability
and activates the transcriptional regulator PhoB (Fig. 4).
PhoB binds to specific regions of DNA upstream of pho reg-
ulon genes, called pho boxes. Pho boxes have been identified
upstream of a number of putative pho regulon genes in
marine cyanobacteria like Prochlorococcus, Synechococcus
and Trichodesmium (Su et al. 2007). For example there is a
putative pho box upstream of the phoX gene in Trichodesmium,
which encodes an alkaline phosphatase induced by phospho-
rus stress (Orchard et al. 2009), as well as pho boxes present
upstream of other phosphorus-regulated genes in
Trichodesmium and Crocosphaera (Dyhrman et al. 20006a;
Dyhrman and Haley 2006; Su et al. 2007; Orchard et al.
2009). This canonical phoB/phoR model is supported by
studies in Synechococcus strain WH8102 where expression
analyses of phoB/phoR mutants confirmed that these genes
either directly or indirectly controlled transcription of pho
regulon genes (Tetu et al. 2009). The similar sphS/R system
in Synechocystis also controls the phosphorus stress response
(Suzuki et al. 2004). In the cyanobacteria, there are also
additional signaling genes to consider in the phosphorus
stressresponse (Fig. 4). Forexample, strains of Synechococcus
and Prochlorococcus have the ptrA gene, a paralog of the
global nitrogen regulator nfcA (Scanlan et al. 2009). This
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Fig.4 The putative systems that control Yeast Yeast Chlam ydomona s
sensing and responding to phosphorus in a Abundant Pi Pi Starvation Pi Starvation

algae. (a) The sensor response system for
yeast involves the kinase (Pho81) which
controls the phosphorylation or
dephosphorylation of Pho4, which in turn
controls transcription of the Pho genes
(Lenburg and O’Shea 1996). The degree of
phosphorylation on Pho4 can control the
degree of transcription (Springer et al. 2003).
In Chlamydomonas, a putative phosphorus
regulatory protein Psrl, is also involved in
regulating the transcription of phosphorus-
responsive genes (Grossman and Takahashi
2001). The extent to which this model is
broadly applicable in eukaryotic algae is
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poorly understood. (b) The putative sensor
response system in cyanobacteria, is thought
to be similar to E. coli, where PhoR is
activated by low phosphorus, phosphorylating
PhoB. PhoB controls transcription of the Pho
regulon genes, with some exceptions (Su et al. b
2007). In cyanobacteria like Synechococcus
the PtrA protein has also been shown to have
a regulatory role on sensing and responding to
phosphorus stress (Ostrowski et al. 2010).
Green indicates genes or proteins that have
been observed to increase with phosphorus
stress in the eukaryotic algae and
cyanobacteria
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gene is upregulated in response to phosphorus stress in
Prochlorococcus strain MED4 along with phoR and phoB
(Martiny etal. 2006; Reistetteretal. 2013), and Synechococcus
strain WH8102 pfrA mutants have reduced inducible alka-
line phosphatase activity relative to the wild type (Ostrowski
et al. 2010).

The threshold for when this signal transduction cascade
would occur is not well defined. It likely differs between
isolates, and would potentially be a function of both exog-
enous phosphorus supply and intracellular phosphorus
pools. In some cyanobacteria there is evidence of some pho
regulon genes (e.g. fast and slow pstSCAB sets) being
induced before others (Pitt et al. 2010), and it may be that
there are components of the phosphorus stress response
that are controlled by a different signaling cascade, or
by changes in the phoB/phoR encoded mechanism that
allow a graded response. For example, in Synechococcus
WH 8102 there appears to be two controllers, with PhoB-
dependent induction of high-affinity phosphate transporters,
followed by the PtrA-dependent induction of phosphatases
(Ostrowski et al. 2010).

Pho regulon
—

Pho genes on

The mechanisms controlling the phosphorus stress signal-
ing cascade have been examined in Chlamydomonas
(Grossman and Takahashi 2001), but are not well explored in
many of the other eukaryotic algae. The Chlamydomonas
signaling response appears to be controlled in part by the
Psrl protein (Fig. 4), which functions as a transcription regu-
lator that influences transcription of the phosphorus stress
response genes (Wykoff et al. 1999; Grossman 2000). Psr1 is
the first regulator of phosphorus metabolism in eukaryotic
algae to be identified, and it is related to regulators in
Arabadopsis, not yeast (Wykoff et al. 1999). These findings
suggest that phosphorus metabolism in Chlamydomonas and
possibly other algae is regulated in a way that is different
from that of nonphotosynthetic eukaryotes. However, recent
analyses of phosphorus stress transcriptomes suggest that
phosphorus stress signaling in some groups could be more
akin to what is observed in yeast (Fig. 4). In yeast, the cyclin
kinase system encoded by pho85 and pho80 acts to
phosphorylate and block transcriptional activation of the
phosphorus stress genes by pho4, a transcriptional activator
(Lenburg and O’Shea 1996). The degree of phosphorylation
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may be tuned to the degree of phosphorus stress, allowing
yeast to finely tune their stress responses (Komeili and
O’Shea 1999; Springer et al. 2003). In low phosphorus con-
ditions pho81 is upregulated and inhibits phosphorylation of
pho4, allowing transcription of the phosphorus stress
response genes (Komeili and O’Shea 1999; Wykoff and
O’Shea 2001). In the pelagophyte A. anophagefferens puta-
tive pho81 and pho4 are upregulated under phosphorus stress
(Frischkorn et al. 2014). Although certainly not definitive,
this observation is suggestive of possible differences in phos-
phorus stress signaling between algal lineages, and this war-
rants closer scrutiny.

5.2 Phosphorus Sparing or Recycling

It has been widely observed that cyanobacteria and eukary-
otic algae have the ability to modulate their phosphorus
requirement (quota) thus reducing cellular phosphorus
(Krauk et al. 2006). The mechanisms driving this phospho-
rus sparing are thought to generally fall into three main areas,
reduction of phosphorus rich biochemicals, substitution of
phosphorus rich biochemicals, and bypasses of phosphorus
rich metabolic reactions.

5.2.1 RNA Recycling

Nucleic acids and lipids both represent major phosphorus
reservoirs in phosphorus replete algae (Fig. 1). The cellular
phosphorus found as RNA typically accounts for at least 50
% of the non-storage phosphorus in algae and plants (Raven
2013). It has been hypothesized (the growth rate hypothesis)
that sustained rapid growth requires high concentrations of
ribosomes. Since ribosomes are rich in phosphorus, this
would predict growth rate and phosphorus content to be pos-
itively correlated (Flynn et al. 2010). Although the applica-
bility of this hypothesis to algae is debatable (Flynn et al.
2010), this concept is consistent with a reduction in ribo-
somes and rRNA when phosphorus is deficient. When phos-
phorus is depleted studies have observed a decrease in RNA
per cell (Grossman 2000) (Figs. 1 and 5), probably largely
reflected in a decline in rRNA as protein translation slows,
allowing this source of phosphorus to be recycled. In
Chlamydomonas there is a reduction of the number of ribo-
somes in phosphorus-limited cells (Grossman 2000). In
addition, global transcriptomic and proteomic studies in both
cyanobacteria and eukaryotic algae have observed a down
regulation of transcripts and ribosomal proteins in
phosphorus-stressed cultures relative to replete controls
(Tetu et al. 2009; Dyhrman et al. 2012). Although some of
these responses may be common in any stressor that reduces
growth rate, a reduction in the cellular rRNA pool would
conserve this phosphorus for other uses in the cell.
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5.2.2 Phospholipid Substitution
Phospholipids are also a major phosphorus reservoir in algae.
There is an increasingly rich literature spanning both cyano-
bacteria and eukaryotic algae that indicates many groups can
substitute the non-phosphorus containing sulfolipid sulpho-
quinovosyldiacylglycerol (SQDG) for the phosphorus-rich
phospholipid phosphatidylglercerol (PG) (Van Mooy et al.
2009; Merchant and Helmann 2012) (Fig. 5). This substitu-
tion is common in the marine cyanobacteria like
Synechococcus and Trichodesmium, and eukaryotic algae
including diatoms and coccolithophores (Van Mooy et al.
2009). For example, in Chlamydomonas, phosphorus defi-
ciency reduces the phospholipids phosphatidylglercerol
(PG) roughly 50 % in concert with an increase in sulfolipids
(Merchant and Helmann 2012). In phosphorus-stressed cul-
tures of eukaryotic algae Van Mooy et al. 2009 also observed
that non-phosphorus containing ‘betaine’ lipids were substi-
tuted for phosphorus containing phosphatidylcholine. Van
Mooy et al. (2009), suggesting that remodeling of the lipid
membrane may be common but there are many subtleties to
the lipids that are modulated when phosphorus is depleted.
Studies in a representative diatom suggest this lipid substitu-
tion happens rapidly upon phosphorus stress, and the ratio of
SQDG:PG also quickly reverts if stressed cells are refed with
phosphorus (Martin et al. 2011). This is increasingly recog-
nized as an important phosphorus sparing mechanism, with a
reduction in phospholipids sparing between 10 % and 30 %
of the phosphorus quota for model diatoms and coccolitho-
phores (Van Mooy et al. 2009; Martin et al. 2011).

A protein putatively involved in sulfoplipid biosynthesis
(a UDP-sulfoquinovose synthesis protein (encoded by
sqdB)), was identified as upregulated in low phosphorus
transcriptomes or proteomes of both A. anophagefferens and
T. pseudonana, which both shift their SQDG:PG ratio under
phosphorus stress (Wurch et al. 201 1a; Dyhrman et al. 2012).
However, in marine Prochlorococcus MED4 the sqdB tran-
script was not upregulated by P stress (Reistetter et al. 2013),
nor was it upregulated in freshwater Microcystis aeruginosa
(Harke and Gobler 2013). The production of betaine lipids is
controlled by BTAI, a betaine lipid synthase, in
Chlamydomonas (Riekhof et al. 2005), but this gene has
either not been examined or detected in most of the other
genomes from eukaryotic algae. For example, there is not a
clear homolog of BTA1 in the T. pseudonana genome, or
phosphorus-stressed transcriptomes and proteomes, even
though this diatom is known to produce betaine lipids in
response to phosphorus deficiency (Van Mooy et al. 2009;
Dyhrman et al. 2012). Although substitution of phospholip-
ids in a common phosphorus sparing mechanism, in many
cases linking the substitution to the dynamics of specific
genes has not been examined in detail. Collectively, these
findings underscore the importance of phospholipid substitu-
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tion but also emphasize that the molecular underpinnings of
these responses are not fully understood.

5.2.3 Polyphosphate Dynamics

As discussed previously (Sect. 3.2), polyphosphate can serve
as a storage compound that accumulates during luxury
uptake in phosphorus-replete environments, and can be
mobilized for growth in phosphorus deplete environments
when cyanobacteria or eukaryotic algae experience phos-
phorus stress (Fig. 5). With this canonical understanding of
polyphosphate, the cellular polyphosphate pool would be
expected to decrease in phosphorus-stressed cyanobacteria
and eukaryotic algae, although this is increasingly being
shown to be more complicated than this canonical view.

Transferase, NTD 5’ Nucleotidase, PDA Phosphate diesterase, PEP
Phosphoenolpyruvate, PG Phospholipid, PNL Generic phosphonate
lyase, PNT Phosphonate transporter, PolyP Polyphosphate, PPP
Polyphosphate polymerase, PST P sugar transporter, PTA Phosphate
transporter, PYK Pyruvate kinase, rRNA Ribosomal RNA, SQ
Sulfolipid, SOD SQD1 (sulfolipid biosynthesis protein 1), SUP Sulfate
permease, SUR Sulfate reductase, TPP Total particulate phosphate,
UDPG Uridine diphosphate glucose

It has been hypothesized that cells inducing a phosphorus
stress response could experience a temporary excess of phos-
phorus that could repress continued phosphorus uptake. The
upregulation of a polyphosphate polymerase or polyphos-
phate kinase to produce polyphosphate during phosphorus
stress conditions could enable the creation of a sink of read-
ily accessible phosphorus while also circumventing repres-
sion of phosphorus scavenging (Ogawa et al. 2000). In brief,
it is thought that an increase in polyphosphate, or at least an
increase in the ratio of polyphosphate to total particulate
phosphate (polyP:TPP) may avoid transient phosphate accu-
mulation and the down regulation of the phosphorus stress
response. There is some evidence to support this hypothesis
in algae. For example, the Vtc4 polyphosphate polymerase
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in E. huxleyi, T. pseudonana, and A. anophagefferens
(Dyhrman et al. 2006b, 2012; Wurch et al. 2011b), and the
ppK gene in Synechocystis PCC6803 (Gomez-Garcia et al.
2003), are all upregulated in phosphorus-stressed cultures
relative to replete phosphorus controls. This observation is
supported by an increase in polyP:TPP in phosphorus-
stressed cultures of T. pseudonana, T. erythraeum, and
Synechococcus WH8102 (Orchard et al. 2010b; Dyhrman
et al. 2012; Martin et al. 2014). Although there could be an
absolute decrease in polyphosphate with phosphorus stress,
this pool may not decrease very much, such that the
polyP:TTP ratio increases dramatically with
phosphorus-stress.

Recent field work in the low phosphorus Sargasso Sea
supports this observation. Martin et al. (2014) observed
higher polyP:TPP in particulate matter dominated by cyano-
bacteria in the Sargasso Sea relative to the higher phosphorus
regions (Martin et al. 2014). The supporting data implied
that this observation was not necessarily the result of a
strictly defined overplus scenario, but rather was the result of
chronically low phosphorus and the phosphorus physiology
of cyanobacteria in this region (Martin et al. 2014). This
study, focused on a total cellular polyphosphate size fraction
likely dominated by cyanobacteria, but the results are also
consistent with taxon-specific measurements. Orchard et al.
(2010a) saw similar increases in the ratio of polyphosphate
to total particulate phosphorus in Sargasso Sea populations
of the cyanobacterium Trichodesmium, higher than phospho-
rus replete culture controls (Orchard et al. 2010b). Further,
trends in the picocyanobacterium Synechococcus from the
same system, were also consistent with this trend (Martin
et al. 2014).

In freshwater, lowering of phosphate in a eutrophic river,
did not result in a lowering of algal community polyphosphate
despite other evidence of phosphorus stress (Bolier et al.
1992). Taken together these observations emphasize the com-
plicated dynamics of polyphosphate, and that the typical view
that polyphosphate would be mobilized and largely drawn
down by cells under phosphorus starvation is not necessarily
the case. Polyphosphate may be drawn down, and or exten-
sively cycled under phosphorus stress, but to date the reduc-
tion of total particulate phosphorus appears to largely be
driven by changes in other phosphorus biochemicals (Fig. 5).

5.2.4 Phosphorus Bypasses

A last example of potential phosphorus sparing in algae
involves bypassing of phosphorus rich metabolic reactions
(Fig. 5). One example of a phosphorus rich metabolic path-
way is glycolysis, where the conversion of one molecule of
glucose into two molecules of pyruvate, requires two mole-
cules of phosphate. Glycolysis in higher plants can be modu-
lated by phosphorus stress in order to bypass those reactions
that demand phosphate (Plaxton 1996). For example phos-
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phoenolpyruvate carboxylase (PEPC) can serve as a glyco-
lytic bypass enzyme by diverting phosphoenolpyruvate
(PEP) to oxaloacetate (OAA) and releasing phosphate. OAA
can then be converted to malate through the activity of malate
dehydrogenase and eventually to pyruvate through a malic
enzyme, thus completing the bypass of the ADP-requiring
step of converting PEP directly to pyruvate catalyzed by
pyruvate kinase (Plaxton 1996). Some evidence suggests that
algae have this bypass (Theodorou et al. 1991; Wurch et al.
2011a; Dyhrman et al. 2012). Wurch et al. (201 1a) identified
a possible glycolytic bypass in A. anophagefferens using
data from a low phosphorus proteome, and Dyhrman et al.
(2012) found evidence of a glycolytic bypass in the diatom 7.
pseudonana, also from a low phosphorus proteome. However
the extent to which this is true a phosphorus conservation
strategy, and its presence in algae from other groups not
highlighted here is largely unknown.

53 High Affinity or Increased Phosphate

Transport

A common feature of the phosphorus stress response across
both cyanobacteria and eukaryotic algae is the upregulation of
phosphate transport systems when cells are phosphorus-
stressed (Fig. 5). In some cases high affinity transporters are
induced which would result in a decrease in K,, and a change in
the type or number of transporters would change V... These
potential shifts can be seen in culture studies or in the kinetic
patterns for specific taxa as a function of phosphorus in the
field (see Sect. 3.1). For example, phosphorus-stressed cultures
of two different Trichodesmium strains had up to six times
higher maximum phosphate uptake rates (V,,,,) than the rates
observed in phosphorus replete cultures (Fu et al. 2005).

In cyanobacteria, high affinity phosphate transport is con-
trolled by pstSCAB, which includes a high affinity binding
protein (PstS) and an ATP-driven transport complex
(PstCAB) (Scanlan et al. 2009). These genes are common in
all the cyanobacteria examined to date from both marine
(Scanlan et al. 2009) and freshwater systems (Harke et al.
2012; Sinha et al. 2014). The regulation of this system by
phosphorus stress is variable between species and related
isolates (Martiny et al. 2006; Fuszard et al. 2010), although
many studies have observed phosphorus stress upregulation
of at least one copy of pstS (Martiny et al. 2006; Orchard
et al. 2009; Harke et al. 2012). In some cases the full pst-
SCAB gene cassette is upregulated under phosphorus stress
(Martiny et al. 2006), in others it appears that the pstCAB is
constitutively expressed and only certain copies of pstS or
certain pstSCAB sets are upregulated (Pitt et al. 2010). There
are also examples of one copy of pstSCAB being an early
responder to low phosphorus, while a second copy of the
gene group is only induced later under extreme phosphorus
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stress (Pitt et al. 2010). In particular, the dynamics of pstS
appear to track with aspects of P biogeochemistry. For exam-
ple, Prochlorococcus pstS is overrepresented in genomes
from the low phosphorus Sargasso Sea relative to the com-
paratively higher phosphorus North Pacific Subtropical Gyre
(Coleman and Chisholm 2010), and both Synechococcus and
Prochlorococcus PstS was detected in a metaproteome from
the Sargasso Sea (Sowell et al. 2009). In summary it is com-
mon for cyanobacteria to modulate phosphate uptake as a
function of phosphorus stress, and this is largely controlled
through differential expression of pstS and or pstSCAB.

The upregulation of phosphate transporters is a common
feature of studies in eukaryotic algae under phosphorus
stress (Chung et al. 2003; Dyhrman et al. 2006b, 2012;
Wurch et al. 2014). In Tetraselmis, there is a high affinity
phosphate transporter that is upregulated when phosphorus
is depleted (Chung et al. 2003), and this has been observed in
the transcriptomes of a diverse array of other algae including
two strains of A. anophagefferens (Wurch et al. 2011b;
Frischkorn et al. 2014), the coccolithophore E. huxleyi
(Dyhrman et al. 2006b), the prymnesiophyte Prymnesium
parvum (Beszteri et al. 2012) and the diatom T. pseudonana
(Dyhrman et al. 2012) among others. Many of these are Na*-
dependent phosphate transporters, such as those character-
ized in plants (Dyhrman et al. 2012; Rubio et al. 2004). This
pattern of high-affinity phosphate transporters being induced
when phosphorus is low is also evident in changes in protein
abundance (Dyhrman et al. 2012), and uptake kinetics (Perry
1976). In A. anophagefferens strain 1984, the transcription of
phosphate transporter (PTA) is tightly controlled by phos-
phorus, as it is induced when exogenous phosphate is
depleted, and the transcript signal is rapidly lost within just 2
h of phosphorus being re-supplied to phosphorus-stressed
cells, the transcript is not even detectable within 24 h (Wurch
et al. 2011a). Notably the protein does not turn over as
quickly, making the transcript a potentially better indicator
of instantaneous phosphorus stress, and the protein data sug-
gesting that phosphorus stress induced changes in phosphate
uptake, may extend a division or more after the cell is no
longer phosphate deplete (Wurch et al. 2011a). The timing
and turnover of transcript, protein and activity are important
considerations when screening for these different signals in
field populations.

Utilization of Alternative
Phosphorus Forms

54

Arguably the most important and commonly observed phos-
phorus stress responses in cyanobacteria and eukaryotic
algae is the induction of enzymes and transporters for the
metabolism of alternative phosphorus forms (Fig. 5). These
alternative phosphorus forms are typically organically com-
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plexed with either an ester, diester, or phosphonate bond (see
Sect. 4). Other forms of phosphorus that appear to be bio-
available are polyphosphate, and phosphite (see Sects. 3.2
and 3.3). The specific substrates, genes, and enzymes
involved in the utilization of alternative phosphorus forms is
area of intense scrutiny and novel and surprising findings in
recent years (see Sects. 3.2, 3.3, and 4). Much of the details
of these pathways are discussed in other sections of this
chapter. As was emphasized in those sections the majority of
enzymes, transporters and metabolic pathways that control
the utilization of alternative phosphorus forms, are upregu-
lated when phosphorus drops below critical threshold levels,
the presence of the substrate does not typically cause upregu-
lation of the enzyme or pathways.

With their phosphorus stress induced regulation, the
enzymes involved in the utilization of alternative phosphorus
forms are often used as biomarkers of phosphorus physiol-
ogy (Dyhrman 2008), the most common of which is the
enzyme alkaline phosphatase. This marker of phosphorus
stress can be extremely useful, but it is best employed when
there is a comprehensive understanding of its activity, regu-
lation, the turnover of the marker in question (e.g. activity,
protein, or transcript), as well as the species or community
under study (Dyhrman 2008).

A striking feature of phosphorus metabolism research in
the last decade is the expansion of the alternative phosphorus
forms known to be bioavailable. The suite of known phos-
phorus compounds that will support the growth of algae is
growing rapidly, and is likely to continue to do so. In some
cases knowledge about the environmental chemistry of par-
ticular substrates is lagging behind bioavailability studies
(e.g. phosphite), and interdisciplinary studies that track spe-
cific compounds in the environment as well as their metabo-
lism by algae will be important areas of future work.

6 Methodological Advances

A number of recent advances and approaches have devel-
oped which are allowing phosphorus metabolism, and phos-
phorus stress responses in the eukaryotic algae and
cyanobacteria to be studied in new and powerful ways
(Beardall et al. 2001; Dyhrman 2008; McLean 2013; Wagner
et al. 2013). In the context of phosphorus metabolism, the
new methodologies that have arguably had the most impact
fall into two broad categories; (1) Cell or taxon-specific
approaches and (2) Molecular ‘omic methods (Table 1).

6.1 Cell or Taxon-Specific Approaches

The value of screening physiology and cellular metabolism
at a microbially-relevant scale is increasingly recognized
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Table 1 Methodological advances and tools that can be used to study phosphorus metabolism in algae

Assay technology
DNA sequencing

DNA sequencing
RNA sequencing

RNA sequencing

Mass spectrometry

Mass spectrometry
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Example publication
Armbrust et al. (2004)

Venter et al. (2004)
Dyhrman et al. (2012)

Gifford et al. (2011)

Waurch et al. (2011a)

Morris et al. (2010)

Term Definition

Genome Composed of DNA that encodes the full set of an
organism’s genes, the genome is the physiological
blueprint of an organism

Metagenome The complete amalgam of DNA from a microbial
community in a given environment, e.g. sea water

Transcriptome The complete set of an organism’s transcribed genes.
Typically assayed on cultured isolates

Metatranscriptome The complete amalgam of RNA from a microbial
community; it provides a snapshot of all genes expressed
at the time of sampling

Proteome The complete set of proteins present within an organism,
typically a cultured isolate. The proteome represents all
transcribed and translated genes at a given time

Metaproteome The complete amalgam of proteins from a microbial
community

Metabolome All of the low molecular weight metabolites present
within an organism

Lipidome The total profile of all lipids present within an organism

(Azam and Malfatti 2007). Bulk approaches can miss sub-
tlety in physiological responses to phosphorus availability,
and how individual taxa compete for phosphorus among
other variables. At a single-cell level, the cell-specific
enzyme labeled fluorescence (ELF) substrate (Paragas et al.
1997) for detecting alkaline phosphatase activity has been
widely applied (Dignum et al. 2004). This substrate is color-
less and soluble when unreacted but when the enzyme hydro-
lyzes phosphomonoester the resulting reaction product is
both fluorescent and insoluble; the product precipitating at
the site of the enzyme activity. There have been many studies
utilizing this substrate to examine enzyme localization
(Dyhrman and Palenik 1999; Dyhrman et al. 2012), culture
activity and physiology (Gonzalez-Gil et al. 1998), and per-
haps most commonly to look at the activity within or between
species in field populations (Dyhrman 2008). The tool has
been broadly applied to algae in both marine and freshwater
environments to examine alkaline phosphatase activity and
its regulation (see Sect. 4.1.1). One of the striking features of
many of these studies is the cell to cell variability in the
detection of enzyme activity from the same environment.
This variability has been confirmed to not be an artifact
through direct antibody labeling of the enzyme in the dino-
flagellate P. minimum (Dyhrman and Palenik 2001), and
could indicate the importance of small scale interactions
between algae and their geochemical microenvironment, or
their interactions with other cells (see Sect. 7.1.2). In sum-
mary, this methodological advance has been instrumental in
expanding the study of both the enzyme, and algal physio-
logical ecology at a microbially relevant spatial scale.
Single-cell genomics is of course a powerful tool to link
metabolic capacity to specific, and typically uncultured, cells
from the environment (Macaulay and Voet 2014). As was
highlighted above, application of this tool is also serving to

Mass spectrometry Kujawinski et al. (2009)

Mass spectrometry Martin et al. (2011)

emphasize the diversity of both genotypes and the importance
of the microenvironment. There are still few examples of its
application in eukaryotic algae or cyanobacteria, but work by
Kashtan et al. (2014) found that Prochlorococcus ecotypes are
really a group of unique sub-populations of different geno-
types consisting of “core” genes, and a set of “flexible” genes
that are sometimes present. Notably, cells from different sub-
populations carry similar flexible phosphonate related gene
sets (Kashtan et al. 2014), suggesting that the metabolism of
phosphonate can act as a niche defining feature. Here again a
single-cell methodological advance is emphasizing the impor-
tance of phosphorus metabolism to the evolution of cyanobac-
terial genotypes at a fundamental level.

Flow cytometers capable of high fidelity and rapid sorting
of cyanobacteria and picoeukaryotes take advantage of these
groups’ intrinsic properties to sort populations based on size
and pigmentation. This technology has been used to examine
the uptake of radiolabeled phosphorus compounds and phos-
phate into specific populations (Bjorkman and Karl 1994;
Casey et al. 2009; Duhamel et al. 2012). For example Casey
et al. (2009) incubated Sargasso Sea populations with 3*phos-
phate and 3ATP, then sorted cells into the picoeukaryote,
Synechococcus and Prochlorococcus fractions with the flow
cytometer and assayed isotope incorporation into the target
populations (Casey et al. 2009). This general approach has
been used in several recent studies (Casey et al. 2009;
Bjorkman et al. 2012; Duhamel et al. 2012) to look at phos-
phorus uptake kinetics, competition between groups, and in
particular to assay DOP utilization with proxy compounds
like ATP. This major advance is allowing researchers to
investigate how different populations of eukaryotic algae and
cyanobacteria compete for phosphorus, and to what extent
different phosphorus compounds are used to meet phospho-
rus demand.
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6.2 Molecular‘omic Approaches

Classic approaches to algal nutrition have most often used
either cultured isolates or community level assays to exam-
ine nutrient uptake (Kudela and Cochlan 2000), nutrient
ratios (Anderson et al. 2002 and references therein), and
enzyme activity (Mulholland et al. 2003), among other
approaches. These types of studies are very valuable, pro-
viding a basic understanding of phosphorus metabolism,
much of which has been outlined above. However, advances
in molecular approaches (Table 1) are expanding our under-
standing of how algae metabolize phosphorus in both cul-
tures and field populations (Dyhrman 2008). In short, we are
able to move beyond the outward responses of the cells to
nutrients (e.g. changes in elemental composition or growth)
to the underlying mechanisms that drive those responses.
This level of molecular detail not only allows the promise of
better predictive power with regards to a species’ response
to phosphorus, but also provides the technological capabil-
ity to specifically monitor that response in field populations.
This section focuses on how (1) genomics and metagenom-
ics, (2) transcriptomics and metatranscriptomics, (3) pro-
teomics and metaproteomics, and (4) other molecular
approaches (Table 1) have led to new insight into phospho-
rus metabolism and the role of phosphorus in the evolution
and ecology of algae.

6.2.1 Genomics and Metagenomics

Genome sequencing was initially done in the cyanobacteria
(Palenik et al. 2003; Rocap et al. 2003), and has now resulted
in a handful of genomes for the eukaryotic algae (Rynearson
and Palenik 2011). This has been one of the most dramatic
advances driving research into the physiology of these
groups in several decades (Table 1). Genomes can be
screened for homologs to phosphorus-related genes in other
organisms, and the genome sequence can serve as a frame-
work for the development of other molecular applications
like transcriptome profiling. The availability of genome
sequences has resulted in the identification of genes that
encode aspects of phosphorus physiology that were not con-
sidered with growth studies or other approaches, particularly
with regard to studying microalgae metabolism of dissolved
organic phosphorus. This was the case for the discovery of
the C-P lyase gene complex in the Trichodesmium IMS101
genome (Dyhrman et al. 2006a). Phosphonate bound organic
matter was largely thought to be refractory and not bioavail-
able to cyanobacteria until these genome observations. Now,
these genome observations have resulted in a growing litera-
ture focused on the pathways, regulation, and bioavailability
of phosphonates to cyanobacteria (Villarreal-Chiu et al.
2012). In one other example, analysis of the genomes for
several strain of the coccolithophore E. huxleyi, found sur-
prising variability in gene content with a set of core genes
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found in all strains, and a set of variable genes that were
distributed unevenly across even closely related strains from
the same environment (Read et al. 2013). Core genes
included multiple copies of phosphate transporters and a
high-efficiency alkaline phosphatase (Read et al. 2013),
which underscores the importance of phosphorus acquisition
to the ecophysiology and evolution of this organism.
However, the numbers of phosphate transporters and alka-
line phosphatases varied between strains, which is sugges-
tive of the role genome variability plays in this organism’s
capacity to thrive in a wide range of phosphorus regimes
(Read et al. 2013). In brief, genome sequencing is dramati-
cally changing views about phosphorus metabolism and the
role of phosphorus in the selection and evolution of
genotypes.

With the smaller genome sizes of cyanobacteria metage-
nome sequencing of field populations is also an emerging
tool in studying the distribution of phosphorus metabolism
genes in the field (Gilbert et al. 2011) (Table 1). Metagenome
sequencing has been highly informative at the two oceano-
graphic time-series sites; Station ALOHA in the subtropical
North Pacific Gyre and the BATS Station in the Sargasso Sea
region of the western North Atlantic. Comparing metagenome
profiles of Prochlorococcus between the two sites Coleman
and Chisholm (2010) discovered a number of phosphorus
metabolism or scavenging genes were more abundant in the
low phosphorus Sargasso Sea than in the higher phosphorus
North Pacific subtropical Gyre. The authors suggest that this
differential presence of key phosphorus genes is reflective of
the selective role the environment plays in the evolutionary
processes driving genome content. However, metagenome
sequencing is still rarely used for gene discovery in the
eukaryotic algae because of their large genomes and non-
coding regions. Metagenome sequencing was recently used
to do a partial reconstruction of an uncultured, flow-sorted
haptophyte (Cuvelier et al. 2010). Although this and related
studies have not used this approach to identify metabolic
genes related to phosphorus, the approach does hold promise
for future applications, particularly for important taxa that
are not in culture.

6.2.2 Transcriptomics and Metatranscriptomics

Transcriptome profiling of a cell’s mRNA (Table 1) contin-
ues to evolve as a powerful approach for examining the
responses of algae to phosphorus availability, and thus also
in identifying the mechanistic drivers of phosphorus metabo-
lism and scavenging. Particularly with the availability of
genomes for model species, microarrays or high throughput
RNA sequencing (e.g. RNA-seq) have been used to survey
aspects of phosphorus metabolism in algae. This is even
more critical for eukaryotic algae where the sequencing of
nuclear eukaryotic algal genomes is challenging and they
are still reasonably expensive to assemble, and annotate.
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Researchers have increasingly been leveraging transcrip-
tome sequencing, assembly and annotation as an alternative
for deriving information on metabolic capacity and even
genes expression patterns in the algae particularly for the
eukaryotes. Transcriptomics allows the rapid and efficient
characterization of the expressed genes without the inter-
genic regions, introns, and repetitive DNA common to
eukaryotes. This powerful tool is increasingly used for gene
discovery in the eukaryotic algae, and for identifying the
regulation pattern of those transcripts in both cyanobacteria
and eukaryotic algae.

Gene discovery is poised to make extraordinary progress
with the ongoing sequencing and analysis of marine eukary-
otic algae through the MMETSP (Marine Microbial
Eukaryote Transcriptome Sequencing Project — http://marin-
emicroeukaryotes.org/). The MMETSP initiated and funded
by the Gordon and Betty Moore Foundation, will result in
roughly 700 transcriptomes from ~17 Phyla. Although this is
dramatically expanding our understanding of the molecular
underpinnings driving algal physiology, there are some cave-
ats to note about this dataset. One caveat is that the dataset
still represents a relatively select group that is dominated by
cultured isolates, many of which are from brackish or coastal
environments. Furthermore, many of the samples were run
on a single culture condition (typically in replete medium) or
if there were conditions, they rarely included a phosphorus
stress treatment. Many transcripts involved in the phospho-
rus stress response are expressed at very low levels (<5 reads
per million) in replete, and are only abundant (~5,000 reads
per million) when cells are phosphorus-starved (Dyhrman
et al. 2012). It is possible that for some organisms, the tran-
scriptome data does not include some of the phosphorus
metabolism genes, because phosphorus-responsive tran-
scripts were at such low expression levels they were not
assembled in a typical replete transcriptome. Regardless of
these caveats, the transcriptome data is advancing under-
standing of the molecular level pathways driving these cell’s
physiological responses to phosphorus (Frischkorn et al.
2014). Recent assembly and low phosphorus profiling of the
A. anophagefferens strain CCMP 1850 transcriptome, identi-
fied the transcripts putatively controlling phosphate uptake,
organic phosphorus metabolism, and arsenate detoxification;
determining important aspects of this organisms’ phospho-
rus stress response (Frischkorn et al. 2014). Further, tran-
scriptome assembly resulted in the identification of the Vtc4
polyphosphate polymerase which was missed in the model-
ing of the strain CCMP 1984 genome (Frischkorn et al.
2014), highlighting the value of these approaches for gene
discovery.

Beyond gene discovery, transcriptome profiling with
microarrays or sequencing-based approaches have examined
the transcripts differentially abundant in eukaryotic algae
and cyanobacteria that are phosphorus-stressed (Dyhrman
et al. 2006b, 2012; Erdner and Anderson 2006; Tetu et al.
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2009; Wurch et al. 2011b, 2014; Harke and Gobler 2013).
Although qRT-PCR based screening of genes of interest is
quite valuable (Wurch et al. 2014), these global approaches
are useful for identifying novel aspects of the phosphorus
stress response without a priori knowledge about the most
interesting targets. For example, a transcriptome study in 7.
pseudonana identified candidate genes that may be involved
in the restructuring of the lipidome (see Sect. 5.2.2) that
occurs under phosphorus stress (Dyhrman et al. 2012). This
study also identified a number of phosphorus-responsive
transcripts mapping to the genome where no gene model was
predicted (Dyhrman et al. 2012). In this latter case, such
global screening can highlight the regulation patterns of
genes of unknown function, and genes that were not pre-
dicted in the gene modeling.

There is also a growing literature focused on profiling
global (all transcripts) responses of algae in the field, so
called metatranscriptomics (Table 1). This is most typically
approached with either high throughput sequencing
(Dyhrman et al. 2012) or arrays (Shilova et al. 2014). Using
a sequencing based-approach to sample bacterioplankton
from the coastal waters of the southeastern United States,
Gifford et al. (2011) used an internal standard to make abso-
lute (per liter) estimates of transcript numbers (Gifford et al.
2011). In the two coastal samples tested, the expression of
genes encoding high affinity phosphate transport (pstSCAB),
polyphosphate kinase (ppK), and low affinity phosphate
transport (pitA) were all detected (Gifford et al. 2011).
Notably, alkaline phosphatase (phoX, phoA), phosphonate
enzymes (phnWXYZ) including genes for the C-P lyase
(phnJ) were not consistently observed over the detection
limit in coastal waters, perhaps underscoring that organic
phosphorus cycling is not prevalent in this system (Gifford
etal. 2011). In a related approach, undertaken in a low phos-
phorus lake (Vila-Costa et al. 2013), the authors observed
expression of genes related to the metabolism of different
DOP forms, pointing to a major role for DOP in controlling
this ecosystem. Although these approaches were not directed
to cyanobacteria specifically, they point to the utility of the
approach in the context of understanding key aspects of
phosphorus metabolism in situ. Metatranscriptome profiling
in the eukaryotic algae has not been frequently employed nor
used to examine aspects of phosphorus metabolism
(Marchetti et al. 2012). This is likely to change soon as data
from the MMETSP allows for more robust mapping and
identification of sequence reads across a greater range of
both species and environments.

6.2.3 Proteomics and Metaproteomics

Proteomics involves the identification of all of the proteins
and their abundance in the cell (Table 1). Advances in mass
spectrometry and the availability of increasing sequence
databases from genome and transcriptome studies, is mak-
ing proteomics an important new tool for examining phos-
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phorus metabolism in algae. Queries made at the protein
level have the major advantage of examining the molecules
actually mediating phosphate transport etc., but assaying
proteins of course comes with associated caveats in that,
the method is not as comprehensive as assaying transcripts,
some proteins do not extract well, and their identification is
heavily reliant on gene modeling and sequence databases.
In the context of phosphorus metabolism, global protein
profiling has been used to study how the proteome is modu-
lated by fluctuations in phosphate supply (Wurch et al.
2011a), and by phosphorus stress (Dyhrman et al. 2012) in
eukaryotic algae with genomes. Recent work has also used
proteomics to examine phosphorus stress responses and
metal phosphorus interactions in isolates of Synechococcus
(Mazard et al. 2012; Cox and Saito 2013). Here, Cox and
Saito (2013) found that zinc levels modulated the proteins
associated with the phosphorus stress response, suggesting
that Zn and phosphorus metabolisms are linked in this
strain. Interestingly, PhoX (Ca requiring — see Sect. 4.1.1)
was less abundant than PhoA (Zn requiring — see Sect.
4.1.1), which goes against the prevailing thought that PhoX
is most important in marine systems (Cox and Saito 2013).

Like proteomics, metaproteomics is a powerful approach
for screening for the presence and abundance of proteins in
the environment (Table 1). This tool will likely gain increas-
ing utility for cyanobacteria and eukaryotic algae with the
MMETSP, and increased numbers of genomes facilitating
protein identification. Metatranscriptome profiling has been
applied in both the South Atlantic (Morris et al. 2010) and
the Sargasso Sea (Sowell et al. 2009), where both studies
observed a dominance of transport related proteins.
Prochlorococcus and Synechococcus phosphate transport-
related proteins were identified in the Sargasso Sea (Sowell
et al. 2009), but not in the South Atlantic (Morris et al. 2010),
suggestive of the fact that lower phosphate concentrations in
the Sargasso Sea are influencing the physiology of cyano-
bacteria in this system. Moving forward, these types of stud-
ies are likely to be expanded to other systems and the
eukaryotic populations of algae.

6.2.4 Other Molecular Approaches

There are of course many molecular level approaches for
tracking algal phosphorus metabolism in powerful ways.
Targeted approaches will continue to be valuable for robust
quantification of the transcripts and proteins that drive the
cycling of phosphorus both inside and outside the cell. For
example, Scanlan and Wilson (1999) purified a
Synechococcus protein identified as the phosphate-binding
protein PstS, assayed its regulation pattern using antibody
probes, which then could also be used to trace the abun-
dance of the protein across gradients in phosphorus concen-
tration in the field. Additional examples are plentiful from
both studies with the cyanobacteria (Orchard et al. 2009)
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and the eukaryotic algae (Dyhrman and Palenik 2001;
Waurch et al. 2014).

Two additional global approaches that are gaining promi-
nence are studies tracking global lipid composition (the lipi-
dome) and global metabolite abundances (the metabolome)
(Table 1). The lipidome is receiving intense scrutiny in the
context of everything from viral susceptibility to phosphorus
metabolism (Van Mooy et al. 2009; Martin et al. 2011; Fulton
et al. 2014) and lipid screening methods have been instru-
mental in understanding how eukaryotic algae and cyano-
bacteria are able to modulate their lipid pool to reduce
phosphorus demand (see Sect. 5.2.3). For example, lipid
screening in both groups identified that betaine lipids, which
are nitrogen containing can substitute for phospholipids in
the eukaryotic algae (Van Mooy et al. 2009). As the authors
point out, this is significant because there is then an increased
demand for nitrogen, the so called nitrogen penalty (Van
Mooy et al. 2009). In this way, the cycling and metabolism of
nitrogen and phosphorus are linked.

Metabolomics is still in the early stages of being applied to
the study of algae in culture or the environment (Kujawinski
2011). Although this tool is not as yet frequently employed to
the study of phosphorus metabolism it is increasingly com-
mon. For example, studies have used metabolomic approaches
to examine the induction of a carbon-concentrating mecha-
nism in Chlamydomonas reinhardtii (Renberg et al. 2010)
and questions related to algal-based biofuel development (Ito
et al. 2013). In the end, there is an ever growing suite of
molecular approaches that will continue to transform under-
standing of phosphorus metabolism.

7 Emerging Themes and Ongoing

Challenges

New discoveries in algal phosphorus metabolism are point-
ing to several themes that likely will be the focus of future
work and new developments in our understanding of phos-
phorus in both algae and aquatic systems. These themes
revolve around (1) metabolism of reduced phosphorus, and
(2) the importance of cell-cell interactions. There are also
ongoing challenges associated with advancing research on
algal phosphorus metabolism, including but not limited to
(1) a dearth of methods for assaying utilization of alternative
phosphorus forms and (2) a lack of tools for quantifying spe-
cific phosphorus bonds and biochemicals, among others.

7.1 Emerging Themes

7.1.1  Metabolism of Reduced Phosphorus
One of the most striking features of recent phosphorus
research in algae are the diversity of phosphorus forms and
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reduced valence states that appear to be utilized by the cya-
nobacteria in particular. In addition to serving as a phospho-
rus source, the oxidation of reduced phosphorus compounds
could serve as an energy source — a phosphorus redox cycle
in nature. Phosphorus is found in chemical forms with a
range of oxidation states. Compounds with a valence of +5
include phosphate, and phosphoesters like phosphoethanol-
amine. Compounds with a valence of +3 include phosphite,
and phosphonates like 2-AEP, as discussed in previous sec-
tions these are all potentially bioavailable to cyanobacteria.
The bioavailability of compounds with a valence of +1 like
hypophosphite, and phosphinates like the antibiotic phosphi-
nothricin are less well understood, but hypophosphite is
known to be bioavailable to some microbes and can be
metabolized by the htxA operon in Pseudomonas stutzeri
(White and Metcalf 2004a, 2007). In short, there is increas-
ing evidence of cyanobacterial metabolism of compounds
with a range of oxidation states. In P. stutzeri, a phosphite
dehydrogenase is coupled to NADH formation suggestive of
the potential for phosphorus metabolism to be linked to the
energy released during oxidation (Costas et al. 2001). The
long standing view that phosphorus occurs in a fully oxi-
dized state (phosphate, Pi=+5), and that there is no redox
cycle for phosphorus in the environment is increasingly
being questioned as the diversity of oxidation states and
compounds that cyanobacteria can metabolize is expanded
and reduced phosphorus compounds are detected in nature
(Pasek et al. 2014). A direct link to energy dynamics has not
been established for the cyanobacteria, but the bioavailabil-
ity of such a range of valence states is suggestive of a phos-
phorus redox cycle in nature (Karl 2014). If this is borne out
with further investigation, this theme would truly reshape
our understanding of algal phosphorus metabolism and their
role in cycling phosphorus in the environment.

7.1.2 Cell-Cell Interactions

The central paradigm in algal phosphorus stress responses,
and how algae modulate their phosphorus metabolism, is
that this is controlled by cellular responses to phosphorus
concentration or supply. This central tenet is what drives our
conceptual modeling of how algae interact with the phospho-
rus cycle. This paradigm is broadly supported by observa-
tions. For example, on broad scales patterns in
phosphorus-sparing lipid substitutions and alkaline phospha-
tase activities typically inversely correlate with inorganic
phosphate concentration (Van Mooy et al. 2009; Martin et al.
2014). Despite these broad patterns there are a number of
studies where there is clear variability within a species, even
within the same system (Dyhrman and Palenik 1999). What
drives this variability and what it means for understanding
and tracking algal phosphorus metabolism is a new impor-
tant theme in algal phosphorus research. One of the factors
that may circumvent the known patterns and responses to
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phosphorus geochemistry is interactions between cells.
Studies on this theme are sparse, but work by Van Mooy
et al. (2012) showed that cell-cell communication via quo-
rum sensing molecules had a major effect on Trichodesmium
colony alkaline phosphatase activities. This study added the
quorum sensing molecule to Trichodesmium colonies iso-
lated from the low phosphorus Sargasso Sea and from the
comparatively high phosphorus North Pacific subtropical
gyre and found that the addition caused a doubling of alka-
line phosphatase activity (Van Mooy et al. 2012). In short,
causing cells to communicate modulated the activity of a
critical enzyme, in a manner independent of the phosphorus
chemistry. This is just one example, but it highlights the
nuanced factors that can drive aspects of algal phosphorus
metabolism, and will likely be an area of increased research
in the future.

7.2 Ongoing Challenges

7.2.1 Assaying Metabolism of Alternative
Phosphorus Forms

Despite many years of study, and renewed interest in aquatic
phosphorus cycling, a number of ongoing challenges still
impinge on our understanding of fundamental aspects of phos-
phorus acquisition and metabolism in algae. One such chal-
lenge involves the very isotopic composition of phosphorus.
Phosphorus has at least 23 isotopes, but only one stable iso-
tope *'P. This inherently limits studies on phosphorus relative
to nitrogen or carbon where there are more than one stable
isotope for fractionation studies. Some progress has been
made on circumventing this issue by using the oxygen iso-
topes of phosphate (Blake et al. 2005; Colman et al. 2005;
McLaughlin et al. 2006, 2013). However the fractionation by
different enzymes is not yet well understood, complicating
interpretation of these signals (Liang and Blake 2009).

Of the radioactive isotopes, only 3P and 3P have half-
lives appropriate for their use as tracers in uptake or bioavail-
ability studies. Typically phosphate and nucleotides like ATP
are the only radiolabeled phosphorus compounds commer-
cially available. With the increasingly recognized impor-
tance of organic phosphorus metabolism, and the metabolism
of phosphite, an ongoing challenge is the lack of suitable
substrates for tracer studies. This is particularly critical for
assaying the kinetic values that could be used for better mod-
eling of algal community dynamics, which largely neglect
utilization of phosphate alternatives. Prioritizing synthesis of
radiolabeled phosphonate substrates in particular would
greatly facilitate research in this area.

Just as radiolabeled substrates are lacking, so too are col-
ormetric or fluorometric substrates for studying enzymes
other than the esters and diesters. If alkaline phosphatase is
taken as an example, substantial insight can result as the
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number of assay tools increases. Imagine if an enzyme
labeled fluorescence substrates could be developed for a
phosphonate — this would dramatically expand understand-
ing of algal phosphonate metabolism and phosphonate
cycling in the environment.

7.2.2 Quantifying Phosphorus Biochemicals
and Bond Classes

Analytical issues in the detection of specific phosphorus
molecules, biochemical pools (polyphosphate), and bond
forms (phosphonate), make tracing phosphorus mass bal-
ance in cells challenging. For example, the cellular com-
pounds containing phosphonate bonds are present (as
determined with 3P NMR) but largely unknown in many
systems, and phosphonate does not appear to extract well in
the few studies that have tried to study this bond class in
algal samples (Cade-Menun et al. 2005). In the case of poly-
phosphate, there are chain length biases, among other issues
like signal interference from DNA, in the detection of this
critical pool (Diaz and Ingall 2010; Martin and Van Mooy
2013; Martin et al. 2014). This can result in over estimation
of polyphosphate, and it is not uncommon to detect poly-
phosphate in amounts greater than the total cellular phospho-
rus as a result. Improved methodologies for the
characterization of phosphorus containing biochemicals are
needed to more fully ascertain cellular phosphorus
dynamics.

7.2.3 Heterogeneity in Capabilities
and Activities

For every example highlighted herein, there seems to be a
counter and our understanding of this heterogeneity in capa-
bility and activity is only increasing. Even at the strain level
there are vast differences in metabolic capacity. This is
observed in the variable presence of phosphorus metabolic
genes in single genomes of Prochlorococcus (Kashtan et al.
2014). It is also seen in the genomes of multiple E. huxleyi
strains where the number of phosphate transporter genes per
genome varied by up to a factor of 5 between strains (Read
et al. 2013). This level of heterogeneity may confer substan-
tial variability in the rates and kinetics of phosphate uptake
in this species, presenting an ongoing challenge in extrapo-
lating culture findings to the field among other issues.
Another example related to apparent heterogeneity is the
variability in the distribution of phosphorus into different
bond forms, detected with 3'P NMR. Here, even different
species of the same genus can have very different profiles.
For example, even when grown under the same conditions, T.
erythraeum strains have a chemical shift at 18 ppm in the
region of phosphonate, whereas 7. theibautii does not
(Dyhrman et al. 2009). There is no easy answer for how to
deal with this heterogeneity, but one step forward would be
the further development of the cell or taxon specific
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approaches outlined in earlier sections. Future work will
need to contextualize this heterogeneity so that variability
can appropriately be accounted for in modeling studies and
those aimed at predictive understanding of phosphorus algae
interactions.

8 Conclusions

Phosphorus plays a critical role in the metabolism, growth,
ecophysiology and evolution of eukaryotic algae and cyano-
bacteria. Knowledge about cellular phosphorus dynamics in
microalgae has been rapidly advancing with new methods
and more sensitive approaches derived from flow cytometry,
genomics, and mass-spectrometry among others. The chap-
ter focused on how these advances have expanded under-
standing on fundamental aspects of phosphorus metabolism,
and how these advances increasingly point to the molecular
level underpinnings driving that metabolism. As these meth-
ods continue to evolve, new discoveries will build upon those
highlighted herein.
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