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Editorial on the Research Topic
Pyrophosphates and Polyphosphates in Plants and Microorganisms

Phosphorus is the fifth most abundant chemical element in living cells. Microorganisms and
plants take up phosphorus as dissolved (ortho)phosphate (Pi), that is often limited due to the
formation of sparingly soluble complexes in soil; on the other hand, overapplication of phosphate
fertilizer generally leads to the problems of eutrophication (diCenzo et al., 2017). Phosphorus
usually occurs in vivo as free Pi or forming esters or diesters in metabolites and macromolecules.
Protein phosphorylation also controls major metabolic pathways and cell division cycle (Li et al.,
2016). Phosphate anion can react with another, releasing a molecule of water and producing
a dimer, pyrophosphate (PPi, P20§_). More Pi residues may be added to PPi by means of
this linkage, known as a “phosphoanhydride bond,” thus producing polyphosphate (polyP).
Hydrolysis of phosphoanhydride bonds is thermodynamically favorable and kinetically slow,
consequently, PPi and polyP are used for energy transfer and storage in many organisms. PPi
and polyP also participate in metabolites like nucleoside triphosphate, inositol pyrophosphate, or
activated isoprene.

PPi is produced from ATP in many reactions, such as protein, RNA and DNA biosynthesis.
Removal of PPi by hydrolysis allows the shifting of anabolic reactions toward biosynthesis, thus
regulating biosynthetic fluxes and allowing recycling of Pi by incorporating it to ADP to form
ATP. This links PPi metabolism with the control of the cellular energy status. PPi hydrolysis can be
coupled to HT or Na™-translocation across biological membranes by the membrane-bound H™ -
translocating and Na*-translocating inorganic pyrophosphatases (H*-PPases and Na™-PPases),
respectively. Ht-PPases occur in all members of the eukaryotic green evolutionary lineage (from
unicellular algae to higher plants), as well as some protists, eubacteria and archaea, while Na™-
PPases have been identified in some archaea, eubacteria and marine photosynthetic protists. These
proteins establish a transmembrane electrochemical gradient, a useful form of biological energy,
which might be crucial to overcome stress situations (Serrano et al., 2007). PPi also participates
in inositol pyrophosphates (PP-InsPs), a group of signaling molecules found in fungi, plants and
animals, involved in the control of Pi homeostasis by interacting with the so-called SPX domains
of certain proteins (Shears, 2015; Wild et al., 2016).

Phosphate is stored in different forms depending on organisms and tissues: protists (free-
living and parasitic) and fungi store polyP mostly in acidocalcisomes and vacuoles, respectively
(Docampo et al., 2005), whereas plants store Pi and inositol phosphates in vacuoles or inclusion
bodies of vegetative tissues and seeds, respectively, although phytic acid and other Pi-containing
metabolites also seem to be involved (Yang et al., 2017).
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Living organisms must finely regulate Pi uptake,
incorporation to biomolecules, storage, and mobilization
and PPi and polyP are known to be implicated in this regulation,
although many aspects remain to be established. Consequently,
the metabolism of PPi and polyP in plants and microorganisms
has major agricultural and environmental implications, due to
the role that these organisms play in the biogeochemical cycle
of phosphorus.

The ten articles included in this Research Topic will certainly
contribute to the knowledge of the biological importance of PPi
and polyP in microorganisms and plants. In a review article,
Sanz-Luque et al. summarized the information available on
metabolism, storage, and function of polyP in photosynthetic
microbes (algae and cyanobacteria) and their potential use in
bioremediation. In a similar context, the review article of Baker
et al. specifically focused on the molecular and genetic aspects
of PolyP production in the context of wastewater remediation
by microalgae. Austin and Mayer highlighted the advances
in understanding the mechanisms of cellular Pi homeostasis
maintained through the INPHORS signaling pathway in yeast.
In another review article, Holmes et al. summarized recent
structural and functional studies on H*- and Na™-PPases
(mPPases) catalytic and cation pumping mechanisms supporting
a complex catalytic cycle involving inter-subunit communication
and ion channel motions, which opens new perspectives for
their modification as agro-technological and clinical targets. In
connection with this topic, the opinion article of Baykov presents
a revised interpretation of the energy coupling mechanism
involved in oxidative and photo phosphorylation based on recent
structural and functional data on mPPases, the simplest and most
primitive primary ion pumps known so far.

Two articles reporting experiments carried out with the model
organism Arabidopsis thaliana illustrate the detrimental effects
of alterations in the PPi metabolism in plants. Gunji et al.
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have shown that vacuolar HT-PPase plays a key role in PPi
homeostasis and plant morphogenesis, so that an excess of
PPi restrains cell morphogenesis and alters organ flatness by
collapsing lipid and gluconeogenic metabolisms. The article of
Fukuda et al. reported that vacuolar H*-PPase and cytosolic
soluble PPases act in concert to finely regulate PPi homeostasis,
so that lack of these pyrophosphatases causes fatal morphological
defects in early stages of plant development. In another article
Regmi et al. have proven that overexpression of Arabidopsis
vacuolar HT-PPase (AVP1) in wheat (Triticum aestivum)
plants improves biomass yield and photosynthate partitioning,
a biotechnological strategy that could help to improve crop
productivity. In this regard, the article of Pérez-Castifeira
and Serrano demonstrate that mPPases primarily act by
hydrolyzing cytosolic PPi when expressed in yeast, and that
the Arabidopsis vacuolar HT-PPase AVP1 is more susceptible
to Na™ inhibition than the archaeal Na™-PPase MVP both
in vivo and in vitro; based on this experimental evidence
the use of Nat-PPases as biotechnological tools to generate
salt-tolerant plants is proposed. Finally, Terashima et al
describe a novel and straightforward method for screening and
isolation of polyP accumulating bacteria from complex microbial
communities, by using DAPI staining and fluorescence-activated
cell sorting.

In conclusion, this collection of themed articles enriches our
knowledge on the biological functions of inorganic phosphate
polymers, reinforcing the relevance of futures studies aimed to
agrotechnological and biomedical applications.
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Membrane integral pyrophosphatases (mPPases) are responsible for the hydrolysis
of pyrophosphate. This enzymatic mechanism is coupled to the pumping of H™ or
Nat across membranes in a process that can be Kt dependent or independent.
Understanding the movements and dynamics throughout the mPPase catalytic cycle
is important, as this knowledge is essential for improving or impeding protein function.
mPPases have been shown to play a crucial role in plant maturation and abiotic stress
tolerance, and so have the potential to be engineered to improve plant survival, with
implications for global food security. mPPases are also selectively toxic drug targets,
which could be pharmacologically modulated to reduce the virulence of common human
pathogens. The last few years have seen the publication of many new insights into the
function and structure of mPPases. In particular, there is a new body of evidence that
the catalytic cycle is more complex than originally proposed. There are structural and
functional data supporting a mechanism involving half-of-the-sites reactivity, inter-subunit
communication, and exit channel motions. A more advanced and in-depth understanding
of mPPases has begun to be uncovered, leaving the field of research with multiple
interesting avenues for further exploration and investigation.

Keywords: membrane-integral pyrophosphatases, human pathogens, plants, structural biology, molecular
mechanism, membrane proteins, hydrolysis, ion pumping

INTRODUCTION

Pyrophosphatases (PPases) are enzymes responsible for the reversible hydrolysis of the
phosphoanhydride bond in pyrophosphate (PP;) to two inorganic phosphate molecules (Kajander
et al., 2013). PPases are subcategorized into three separate protein families; Family I, Family II,
and membrane-integral pyrophosphatases (mPPases). Families I and II are evolutionarily unrelated
soluble proteins. Despite their common enzymatic activity, mPPases are vastly different to the
other PPase families. Firstly, the architecture and sequence of these protein families are unrelated.
Ignoring the oligomeric structure, a single subunit of both Family I and mPPases consists of a single
domain, while Family IT PPases have two domains per subunit. mPPases are the only family that is
embedded in the membrane: they have 15-17 transmembrane helices (TMH) per 70-81 kDa subunit
(Kellosalo et al., 2012; Lin et al., 2012). Secondly, mPPases have only been reported as homodimers,
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mPPases From Organism to Molecule

whereas Family I PPases can form other oligomeric arrangements
(Kankare et al., 1996; Kellosalo et al., 2012; Lin et al., 2012; Li
et al., 2016; Tsai et al., 2019; Vidilaseris et al., 2019). Family I
and II PPases are only responsible for removing excess waste
PP; from the cytoplasm, while mPPases are primary ion pumps:
they couple hydrolysis to movement of H* and/or Na™ across a
membrane (Kajander et al., 2013) and thus generate a membrane
potential, which contributes to a number of cellular functions,
such as acidocalcisome and vacuole regulation and energization
(Shah et al., 2016). The catalytic activities of these protein families
differ by orders of magnitude. The mPPases are the slowest as
they can only hydrolyze ~ 10 PP; molecules per second, followed
by Family I, which can hydrolyze ~ 200 molecules per second,
and Family IT which can hydrolyze ~ 2,000 per second (Kajander
etal., 2013).

mPPases are less abundant than soluble PPases but still
occur in all kingdoms of life except fungi and multicellular
animals (Kajander et al, 2013). In eukaryotes, they are
localized in the membranes of organelles, such as the Golgi
apparatus (Mitsuda et al., 2001), plant vacuoles (Gaxiola
et al., 2007), or the acidocalcisomes of protists (Moreno and
Docampo, 2009). They are also present in the inner cellular
membrane of bacteria such as Bacteroides vulgatus (Luoto
et al, 2013a). mPPases have been found to play a role in
stress tolerance and plant maturation. Finally, mPPases promote
energy efficiency and survival in numerous human pathogens,
making them clinically relevant as potential drug targets
(Luoto et al., 2011; Shah et al., 2016).

This evolutionarily ancient family evolved through a gene
triplication; they thus consist of three structurally-conserved
splayed 4-helix bundles made up of TMH 3-6, 9-12, and 13-16
(Au et al.,, 2006; Kajander et al., 2013) arranged with ~3-fold
symmetry perpendicular to the membrane plane. The bundles
are structurally highly similar with RMSD/C,, values of 2.1-2.9
A between them (Kellosalo et al., 2012) and also have 23.6-
26.1% sequence identity (Kellosalo et al., 2012). Phylogenic
analysis suggests that hydrolysis of PP; to provide energy may
have occurred prior to the adoption of ATP as the universal
energy currency (Baltscheffsky et al., 1999). Therefore, mPPases
may have been the first enzymes to couple phosphoanhydride
bond formation/hydrolysis to chemiosmotic potential. Since the
initial discovery of mPPase in Rhodospirillum rubrum, seven
different mPPase subfamilies have been discovered (Table 1)
(Luoto et al, 2011, 2015; Tsai et al., 2014). In brief, the
different mPPases are subdivided into two main groups: (i) K™
independent, which pump protons (H"-PPases) and can be
regulated by Nat, and (ii) K dependent, which can function
in the absence of KT, but require KT for maximal activity.
Of these, there are HT-PPases, Na™ pumping (Na™-PPase),
and dual Nat/H™ pumping (Nat/H*-PPase) PPases (Kajander
et al,, 2013). Sequence analysis suggests that the first mPPases
were Na™-PPases, and that H"-PPases evolved from these four
independent times (Baykov et al., 2013). Additionally, it is likely
that the evolution of Na™/H™-PPases occurred separately to the
HT-PPases (Luoto et al., 2013b).

This review encompasses our current knowledge of mPPase
function, including their evolution, role in whole organisms, and

their structure and mechanism on the molecular level. We also
suggest avenues for future exploration.

FUNCTION AND RELEVANCE
Plants

Under physiological conditions in plants, H*-PPases are
predominantly localized to the tonoplast membrane surrounding
the vacuole (Segami et al, 2014) and make up 10% of its
protein components (Segami et al., 2018a). The vacuole possesses
multiple functions that require the large-scale movement
of molecules across its membrane. The required membrane
potential is generated by the vacuolar ATPase complex (V-
ATPase) in combination with H"-PPases (Kriegel et al., 2015).
There is some controversy over the delineation of the roles of
these proton pumps, as a V-ATPase knock-out strain was able
to properly maintain acidification of the vacuole and normal
function (Krebs et al., 2010). However, a more recent study
suggested that lack of V-ATPase could not be compensated for
by increased mPPase activity (Kriegel et al., 2015). The general
consensus is that the role of H-PPase in stress tolerance is to
replace V-ATPase activity when ATP levels are low (Maeshima,
2000), but this does not fully address the roles of the proton
pumps under normal conditions.

Ht-PPases are important in plant maturation (Li et al,
2005) because they remove PP; from the cytoplasm (Ferjani
et al, 2011; Asaoka et al, 2016). PP; is the by-product of
many different cellular processes, including the biosynthesis of
protein, RNA and, importantly for plants, cellulose (Maeshima,
2000). Removing the excess PP; following these reactions is
critical for driving these processes. Additionally, PP; has a
modulatory role as a biochemical intermediate of a number of
enzymes (Heinonen, 2001), so tight control of its cytoplasmic
availability is essential for normal cellular function. mPPase
over-expression in Arabidopsis thaliana resulted in increased cell
division and hyperplasia of different organs, in particular the
leaves. In contrast, knock-out mutants, and RNA interference
studies showed severely disrupted root and shoot development.
Each of these were linked to increased or decreased trafficking
of the phytohormone auxin, which is known to mediate
organogenesis (Li et al., 2005), suggesting a role for HT-PPases
in auxin regulation.

This role in auxin regulation was further highlighted in studies
of transgenic plants over-expressing H'-PPase genes. Multiple
studies have shown that increased polar auxin transport upon
mPPase over-expression is closely related to improved root
development under stress conditions (Li et al., 2005; Park et al.,
2005; Pasapula et al., 2011; Zhang et al., 2011). This plays a role in
drought resistance, as the larger root system provides enhanced
water absorption (Zhang et al., 2011). In addition to the increased
root biomass mechanism, the effect of H' -PPase over-expression
on vacuolar function improved tolerance of drought and salinity.
The increased electrochemical gradient may drive uptake of ions
into the vacuole, producing an increase in osmotic potential and
stimulating water uptake (Park et al., 2005; Brini et al., 2006; Zhao
et al.,, 2006; Pasapula et al.,, 2011; Zhang et al., 2011). Further
evidence of the potential of mPPases to improve crop tolerance to
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TABLE 1 | mPPase subfamily classification.

Cation Pumping Monovalent Cation Semi-Conserved Regulation Hypothesized Example References
Specificity Dependence Glutamate Location Sodium Binding Sites
H*+ K+ 6.57 - - Vigna radiata Tsai et al., 2014
6.53 - - Carboxydothermus Tsai et al., 2014
hydrogenoformans
5.43 - - Flavobacterium Tsai et al., 2014
Johnsoniae
- 6.53 Nat and K™ Inhibitory Chlorobium Luoto et al.,
limicola 2015
- - Pyrobaculum Luoto et al.,
aerophilum 2011
Na* K* and Na™ 6.53 - Activating and Thermotoga Tsai et al., 2014
Inhibitory maritima
Nat and H* K* and Na™ 6.53 - Activating Bacteroides Tsai et al., 2014
vulgatus

suboptimal conditions were the reports of increased chlorophyll
content, photosynthesis, leaf water content and fiber yield, with
decreased cell membrane damage in transgenic cotton plants, as
compared to wild-type under low water and high salt conditions
(Lv et al., 2009; Pasapula et al., 2011). Interestingly, these effects
may not be predominantly due to the proton pumping activity
of the vacuolar mPPases. One study saw a Vr-PPase mutant
lacking proton pumping activity, but retaining hydrolysis, was
sufficient to rescue the stunted knock-out phenotypes (Asaoka
et al., 2016). In addition to this, an A. thaliana plant H'-PPase
knockout saw no heterotrophic growth following germination,
but this phenotype was rescued by soluble PPase expression,
suggesting that effective PP; clearance is the primary function
of H"-PPases during postgerminative growth in Planta (Ferjani
et al,, 2011). It is not clear why this is the case, as all plant cells
express soluble Family I PPases at concentrations that should be
sufficient to clear the pyrophosphate generated. An explanation
could be that the soluble and mPPases function cooperatively
(Segami et al., 2018b). In this model, the HT-PPase functions
as the major cytosolic PP;-hydrolysis enzyme and the soluble
PPases contribute to preventing accumulation to toxic levels,
which would explain how soluble PPase expression was able to
somewhat compensate for mPPase loss in the aforementioned
study (Ferjani et al., 2011).

Human Pathogens

Protozoan Pathogens

A number of major human diseases are caused by protozoan
parasites, for example, malaria (Plasmodium ssp.), toxoplasmosis
(Toxoplasma gondii), trypanosomiasis (Trypanosome spp.), and
leishmaniasis (Leishmania spp.) (Shah et al., 2016). These diseases
each have a high prevalence and risk of fatality (Biischer
et al,, 2017; World Health Organization, 2018) or association
with other diseases. For example, toxoplasmosis has been
suggested to be associated with a number of conditions, such
as psychiatric, neurological, and neoplastic disorders (Torgerson
and Mastroiacovo, 2013; Flegr et al., 2014). In addition to
this, several protozoan strains responsible for malaria and
trypanosomiasis have emerged that are resistant to most of the

current treatment regimes (Biischer et al.,, 2017; World Health
Organization, 2018). Therefore, there is a demand for novel
therapeutics for these tropical diseases.

The protozoan parasite life cycle typically involves transitions
between vectors and hosts and intracellular to extracellular
environments, which means the protozoan cell must survive and
adapt to several different conditions (Crompton et al., 2014). In
terms of mPPase function, the most relevant change to overcome
is the difference in osmotic pressure the cells experience in these
different environments. The main protozoan mechanism for
adjusting internal osmotic pressure involves the acidocalcisome
(Docampo et al., 2013), where mPPases are localized in protozoa
(Scott et al,, 1998; Marchesini et al., 2000). This is a small
acidic compartment where numerous ions are stored, including
polyphosphate, which the parasite hydrolyses or synthesizes in
response to osmotic stress and to release energy (Ruiz et al.,
2001). The low pH of the acidocalcisome is crucial for its
function, as loss of acidity can lead to a 10-fold decrease in
stored polyphosphate levels (Lemercier et al., 2002), resulting in
reduced capability to respond to osmotic changes. In addition
to the effects on polyphosphate storage, there are detrimental
effects on intracellular pH regulation, growth rate and final
cell density (Lemercier et al, 2002), suggesting that the loss
of mPPases has more widespread effects than just reduced
osmotic regulation.

As mPPase function in protozoa is highly important, mPPases
are a validated target for pharmacological intervention. Knock-
down and knock-out studies in Trypanosoma brucei (Lemercier
et al., 2002) T. gondii (Liu et al, 2014), and P. falciparum
(Zhang et al., 2018) have demonstrated that mPPases are required
for maintaining acidocalcisome acidification, parasitic virulence
and in vitro asexual bloodstage growth. Additionally, mPPase-
inhibiting bisphosphonate derivatives retarded intracellular
proliferation of T. gondii with no effect on host cells
(Rodrigues et al., 2000).

Bacterial Pathogens
The most relevant mPPase-expressing bacterial genus to
human health are Bacteroides spp., especially B. vulgatus
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TABLE 2 | Published mPPase structures.

Species Ligand?® lons? Conformation Mutation PDB Resolution (A) Noteworthy References
Vigna IDP 5 Mg?+ K+ Symmetrical IDP-Bound - 4A01 2.35 First mPPase Linetal., 2012
radiata Structure
PO, 2 Mg+ Relaxed Product Bound - 5GPJ 3.5 Lietal, 2016
2 POy 5 Mgt K+ Product Bound - B6AFS 2.3 Demonstrated Exit Tsai et al., 2019
Channel Width
Affects Function
ESS7Q BAFT 2.5
L1264\m B6AFU 2.8
L1264 BAFV 2.7
T536D BAFW 2.2
ES38A BAFX 2.3
E5383 BAFY 2.4
E533H B6AFZ 2.5
Thermotoga - Mg+ Cat Resting - 4AV3 2.6 Kellosalo et al., 2012
maritima
2 POy 4 Mg?+ K+ Product Bound - 4AV6 4.0 Kellosalo et al., 2012
IDP 5 Mg+ Na* Symmetrical IDP-Bound - 5L.Z2Q 3.5 Lietal, 2016
WOy, 2 Mg?* Relaxed Product Bound - 5L.ZR 4.0 Lietal, 2016
2 ATC® IDP 5 Mg®* Na* Locked - BQXA 3.7 Asymmetrical Vidilaseris et al., 2019
Structure

Allosteric Inhibitor

aThe number of ligands or ions per subunit.
bOnly bound to one of the subunits.

IDR, imidodiphosphate; ATC, N-[(2-amino-6-benzthiazolyl)methlyl]-1H-indole-2-carboxamide.

and Bacteroides fragilis (Luoto et al., 2013a), which form a
mutualistic relationship with healthy individuals as part of the
gastrointestinal microflora (Wexler, 2007). However, outside
this environment, they can cause bacteremia (presence of
bacteria in the blood), intra-abdominal sepsis, appendicitis,
gynecological, and skin infections, endocarditis, septic arthritis,
and abscesses in tissues including the brain and female urogenital
tract (Wexler, 2007). This is a major threat to human health,
as Bacteroides reportedly have the highest resistance rates of
all anaerobic pathogens (Wexler, 2007), and an associated
mortality rate of over 19%, rising to 60% in untreated
cases (Goldstein, 1996).

Bacterial mPPases are primarily found in species that
exist under conditions of low-energy stress, such as the
obligate anaerobes Bacteroides and deep-sea organisms
(Thermotoga  maritima and  Pyrobaculum  aerophilum)
(Luoto et al, 2011). In these situations, mPPases may be
essential to increasing energy efficiency and promoting
survival. mPPases have also been shown to confer greater
resistance to other stress conditions. One study revealed that
expression of transgenic plant mPPases in Escherichia coli
and Saccharomyces cerevisiae resulted in improved tolerance
to heat, hydrogen peroxide and high salinity (Yoon et al,
2013). Therefore, speculate that inhibiting mPPase
activity could have effects on bacterial viability in response
to stressors, similar to the effects seen in protozoan parasites
and plants.

we

STRUCTURE AND MECHANISM

Structural Overview
There are now several structures of mPPases (Table?2). In
the current structures, each subunit of the homodimeric
mPPase is formed by 16 TMH, which form two concentric
rings (Figure 1A) surrounding the four catalytic regions: the
hydrolytic center, the coupling funnel, the ion gate and the
exit channel (Figure 1C) (Kellosalo et al., 2012; Lin et al,
2012; Li et al., 2016). The protein subunit-subunit interface is
maintained by hydrophobic interactions and hydrogen bonds
between residues on TMH 10 (I/R10-33 N10-42 g10.45 " 10.49y " 13
(L1319, /y1321 N1322 \fyy1323 [1333) y1340 qI348 (1354
E339 R1362) and 15 (S1°%, Q!°48) (Shah et al., 2016). Here,
we use the Ballesteros and Weinstein numbering system, first
introduced for GPCRs, so that all functional residues have the
same index (Residuehelixnumber.offsety (Bajjesteros and Weinstein,
1995), and which we adopted for mPPases (Tsai et al., 2014). In
this system, each residue is assigned two numbers, one indicating
the TMH and the other to describe its offset from a well-
conserved residue close to the middle of the TMH (assigned
position 50), as shown in Table 3. For example, K415 from Tm-
PPase, is on TMH10 and is one before the conserved S416 and is
thus designated K'04°.

The inner ring is composed of six TMH (Baltscheffsky et al.,
1999; Moreno and Docampo, 2009; Luoto et al., 2013a; Tsai
et al,, 2014, 2019; Vidilaseris et al., 2019) and the outer ring
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Coupling Funnel
lonic Gate

% Hydrophobic Gate 16.46

FIGURE 1 | Structural Features of mPPases. (A) The concentric ring arrangement of the 16 helices in one mPPase subunit, as viewed from the cytoplasmic side.

(B) The dimeric protein and its positioning in the lipid bilayer viewed from the membrane plane. The mPPase subunits are colored cyan and pink. (C) A surface view of
one mPPase subunit with each of the catalytic regions colored (red, hydrolytic center; yellow, coupling funnel; green, ionic gate; dark blue, hydrophobic gate; light
blue, exit channel). The coordination of (D) IDP and Mg?* (green spheres) in the hydrolytic center and (E) of Na* (purple sphere) at the ionic gate. Figures generated
using PyMol (DeLano, 2002) and the IDP-bound Tm-PPase structure (PBD: 5L.ZQ) (Li et al., 2016).

is composed of the remaining 10 (Figure 1A) (Kellosalo et al.,  residues of the exit channel are not highly conserved between
2012; Lin et al,, 2012; Li et al,, 2016). A large hydrophilic region =~ mPPases. However, allosteric inhibitor binding to this region in
extends about 20 A into the cytoplasm (Figure 1B). This region  one Tm-PPase subunit is nonetheless associated with a “locked”
has a hydrolytic center, which is lined with highly conserved  conformation (Vidilaseris et al., 2019) and exit channel width has
negative (D>61, D>6>, E>76, D377, D635 D639 D643 DILS7 been implicated in coupling hydrolysis and pumping (Tsai et al.,
Dl361 ple3l ple3s 11639y positive (K28, k1364 K1638y and  2019), thereby illustrating the importance of conformational
polar (N'233) residues that are involved in substrate binding  changes in this region during the catalytic cycle.

through both direct interactions and via coordination of Mg*™

and water (Figure 1D). The hydrolytic center is followed by the ~ Structural Differences Between

coupling funnel, which is comprised of an ionic network between ~ Subfamilies

TMH 5-6 (RS0, K558, D639, D650), 11-12 (D5, K12%0) and  Gation Specificity

16 (K'®%, D1%%). Below this is the ionic gate, which is situated Mutagenesis and structural studies showed that the residues
in the center of the membrane and where the cation is bound  g653/6.57 §654 414 D/N1646 are involved in cation binding and
prior to pumping (Figure 1E). This region is made up of charged pumping specificity (Asaoka et al.,, 2014; Li et al., 2016). The
and hydrophilic residues (§>**, D%, E/8%3, §53%, E*7, DI040, 1o regidue regulating cation specificity is the semi-conserved
K1620). The hydrophobic gate located near the ionic gate and is glutamate on TMH6. Movement of this glutamate down one
formed by semi-conserved non-polar residues on TMH 5, 6, 12,  helical turn from E®33 to E®57 converts a NaT-PPase to a
and 16. Mutations of residues near the ionic and hydrophobic = H+_ppase by destroying the Na™ binding site in the substrate
gates (I'*4, L1264, D646, 1654, 119%7) to alanine decouple  bound state (Li et al., 2016). However, the reverse mutation
the enzyme so that mPPase can hydrolyze PP; but does not  does not yield a Na*-PPase, indicating that the factors dictating

pump, suggesting these regions are also essential for the coupling  cation specificity are more complex than solely the location of a
of hydrolysis to pumping (Asaoka et al., 2014). Finally, the single residue.
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TABLE 3 | Ballesteros and weinstein numbering for mPPases.

TMH Signifier % Sequence Identity Residue in Tm-PPase Residue in Vr-PPase Residue in Pa-PPase
1 1.50 38.1 F17 F25 Y20
2 2.50 27.6 K55 K94 R58
3 3.50 99.5 887 $153 896
4 4.50 92.9 G130 G194 G138
5 5.50 86.4 R191 R242 R182
5-6 Border® 5.77 99.9 D218 D269 D210
5-6 Border® 6.26 96.2 D219 D270 D211
6 6.50 99.7 D243 D294 D235
7 7.50 46.3 G297 G334 A271
8 8.50 75.8 L321 L361 296
9 9.50 91.1 G369 G411 G333
10 10.50 84.3 S416 S458 S380
11 11.50 98.1 D458 D500 D439
12 12.50 99.7 K499 K541 K480
13 13.50 99.4 V666 V697 V654
14 14.50 79 M611 M642 F599
15 15.50 94 AB49 AB80 S637
16 16.50 94.5 K707 K742 K691

aThe last TMHS5 residue.
bThe first TMHE residue.

K* Dependence and Independence

Mutation of A!>% to lysine in the active site converts a K*-
dependent enzyme to an independent enzyme (Belogurov and
Lahti, 2002). Modeling this mutation suggested that the NH;
group of the lysine sidechain functionally replaces the KT ion
at physiological PP; concentrations (Kellosalo et al., 2012; Lin
et al.,, 2012). A systematic analysis of the potassium ion binding
site or active site lysine (KT/K!>4® catalytic center) across all
mPPase subfamilies revealed that the lysine contributed to, but
was not essential, for the activity of K™ independent mPPases,
as the activity was restored at high KT concentrations when
mutated (Artukka et al., 2018). This suggests that K!24¢ masks
a KT binding site, but there appear to be larger-scale differences
between the two classes than just the identity of A/K!24 in the
active site (see Inter-subunit Communication).

Na* Regulatory Sites

The difference between Nat- or H'-PPases and Na®t/H*-
PPases was unclear prior to the discovery of Na®™ and K
regulated H*-PPases (Luoto et al., 2015). These are a subfamily
of KT independent H*-PPases, in which low K* concentrations
enhance HT transport but higher Nat and KT concentrations
inhibit ion pumping and hydrolysis. This led to the hypothesis
that there are two possible Na™ binding sites; one in the ion
conductance channel associated with activation of the mPPase,
and the other located away from the conductance channel
conferring inhibition of H" conductance, to which K* can bind
with low affinity. This fits with the reports of HT translocation by
Na™-PPases in sub-physiological sodium concentrations (Luoto
etal., 2013a), suggesting that loss of the second inhibitory site led
to the evolution of the Na*/H™ -PPases.

Mechanism of Pumping and Hydrolysis

Three mechanisms have been proposed for mPPase pumping
and hydrolysis: (i) pumping occurs upon binding of substrate
and prior to hydrolysis in a “binding change” type mechanism
(Kellosalo et al., 2012), (ii) the proton released upon hydrolysis
triggers release of the ions at the ion gate via a Grotthus type
mechanism (Lin et al., 2012), and (iii) the hydrolysis-generated
proton is directly transported in a “direct-coupling” mechanism
(Baykov et al, 2013). This first mechanism assumes that the
nucleophilic proton may not be involved in pumping, whereas
the second and third propose that the hydrolysis-generated
proton is the one pumped, thereby assuming hydrolysis precedes
cation-pumping. However, neither the second nor the third
mechanisms account for Na™ transport (Kajander et al., 2013),
except for potentially via a “billiard-type” model in the third,
where the Na™ is pushed into the exit channel by the nucleophilic
water proton (Baykov et al, 2013). In our opinion, models
in which hydrolysis precedes cation pumping do not conform
with the studies of non-hydrolysable substrate analogs [IDP
and methylene diphosphonate (MEDP)] binding to Vr-PPase
(Li et al., 2016; Shah et al., 2017) resulting in a single ion
turnover event.

The “binding change” mechanism unifies both sodium and
proton pumping, and is supported by studies indicating that
charge transfer—and so presumably ion pumping—does not
require hydrolysis (Li et al., 2016; Shah et al., 2017) and
so presumably precedes it in the full catalytic cycle. In this
model (Figure 2), the substrate binds to the hydrolytic center,
which is then closed to the cytoplasm by ordering of the 5-
6 loop and movement of TMHs 11-12 and 15-16 toward the
center of the coupling funnel (Figure2Aab). During these
conformational changes, a cation is pumped out from the ionic
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Cation
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Bound 4AV6 No Structure
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ATC and Substrate Bound
6QXA

FIGURE 2 | Mechanism of pumping and hydrolysis. (A) “Binding change” mechanism. In the resting state (a), a cation may be present, but its position has not been
revealed structurally. When substrate binds, the hydrolytic center is occluded by movement of the 5-6 loop and of TMH 11-12 and 15-16, and a cation localizes to the
jonic gate (b). The cation is then pumped (c) and TMH 12 resumes its original position (d). Hydrolysis then occurs (e). Prior to the sequential release of the product P;,
the 5-6 loop, TMH 11-12 and 15-16 relax to their resting positions (f). (B) The proposed asymmetric cycle of the mPPase dimer. One site is capable of binding PP,
while the other is distorted (a). Upon binding of one PP; molecule and ion pumping, the other site undergoes a conformational change, triggered by the movement of
TMH13, to increase its affinity for PP; (b). The second PP; molecule binds and the second cation is pumped, while the first PP; is hydrolyzed (c). Upon release of the
resulting P;, this active site is distorted to reduce affinity for PP; whilst the second bound PP; undergoes hydrolysis (d). States (e,f): the proposed result of allosteric
inhibitor ATC binding to the mPPase. The dimer is trapped in a state unable to hydrolyze PP;, but capable of binding one () or two (f) PP;. (Green spheres: Mg,
purple spheres: cation for pumping, orange spheres: PP; or PO., blue dimeric shape: ATC). PDB IDs for structurally defined states are listed beneath the relevant
image.
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gate (Figure 2Ac,d). The increase in overall negative charge in
this region leads to downwards movement of TMH 12 by 2
A and an associated bend of TMHI11, as observed structurally
(Figure 2Ab,c) (Kellosalo et al., 2012; Lin et al., 2012; Li et al,,
2016). This causes deprotonation of the aspartate pair D%
and D'®% which activates the water nucleophile leading to
hydrolysis (Figure 2Ad,e) (Kajander et al., 2013). This process
has been demonstrated to be independent of cation pumping
in exit channel mutants (Asaoka et al., 2014). These mutations
were initially proposed to alter the position and angle of their
helices and thereby uncouple the reactions (Asaoka et al., 2014).
However, more recent structural characterization of exit channel
and hydrophobic gate mutants indicate that this uncoupling
appear to be due to widening of the exit channel (Tsai et al., 2019),
potentially allowing ion back-flow.

Asymmetry and Inter-subunit

Communication

The events occurring in each mPPase subunit during pumping
and hydrolysis are relatively well-understood (see above), but
recent studies have provided evidence of asymmetry and subunit
interdependence. Firstly, the role of the KT/K!246 catalytic
center in inter-subunit communication, as inferred from the
effects of excess substrate was published (Artukka et al,
2018) (see Inter-subunit Communication). Shortly after this,
the first structural evidence of asymmetry, further functional
evidence, and a putative mechanism involving both subunits
were reported (Vidilaseris et al., 2019). The earliest reports of
subunit interdependence were in the 1990s in a series of studies
utilizing radiation-induced damage to identify the functional unit
size of mPPases (Wu et al., 1991; Sarafian et al.,, 1992; Tzeng
et al.,, 1996). Several of these showed that one impaired subunit
conferred compromised function to the unaffected subunit (see
Inter-subunit Communication).

Functional Asymmetry

Vidilaseris et al. (2019) reported that binding of the first
substrate increased the affinity of the second subunit to PP;.
They also observed that the binding of first substrate molecule
potentiated binding of the second. This suggests positive co-
operativity for substrate binding, and thus they proposed the
following mechanism (Figure 2Ba): the first substrate binds to
the first subunit leading to cation translocation in this subunit
(Figure 2Bb), this causes conformational changes in the second
subunit to optimize PP; binding. Following the binding of
the second substrate molecule, hydrolysis occurs in the first
subunit and ion pumping in the second (Figure 2Bc). This then
allows hydrolysis in the second subunit and product release
(Figure 2Bd). However, the same study (Vidilaseris et al., 2019)
also reported a 20-fold decrease in the maximal rate of hydrolysis
when both subunits bind substrate, which does not appear to fit
with their proposed asymmetric mechanism.

In contrast, Artukka et al. (2018) reported a decrease in affinity
for PP; at the second subunit following substrate binding to the
first. The binding of fluorescein 5’-isothiocyanate (FITC) to a
lysine believed to be in the catalytic center (K'2>) also decreases
the affinity for FITC in the second subunit (Yang et al., 2000),

providing further support for an allosteric mechanism. Binding
at the first site thus presumably distorts the active site in the
second subunit, reducing its affinity for PP;/FITC. Negative co-
operativity for substrate binding is highly relevant, because excess
substrate inhibits hydrolysis in all wild-type mesophilic mPPases
studied so far (Artukka et al., 2018), so excess substrate may
play a role in proton pumping inhibition (Luoto et al., 2015). As
there is no evidence of an alternative PP; binding site, and the
hydrolytic center and coupling funnel could not accommodate
further PP; molecules, the inhibition must be a result of substrate
binding to the second subunit. This would only be possible in
excess substrate concentrations, due to the decreased affinity at
the second site. Similar to Vidilaseris et al. (2019), this study also
saw a 3-16-fold decrease in maximal velocity of hydrolysis in
both subunits upon binding of the second substrate. This again
supports the model in which excess substrate inhibits hydrolysis
through binding at this second site, thus suggesting that at
moderate PP; concentrations only one subunit operates at any
given time. The direct implication of this is that the symmetrical
IDP bound structures are potentially not mechanistically relevant
at typical PP; concentrations, but a possible artifact of the 4 mM
minimum IDP concentration during crystallization (Lin et al.,
2012; Li et al., 2016). These papers by Artukka et al. (2018) and
Vidilaseris et al. (2019) are the first two definitive studies of
possible asymmetry: further data are needed to understand fully
the mechanism involving both subunits.

What could explain the inconsistencies between these two
studies? Firstly, one study investigated thermophilic protein in
an assay at 71°C (Vidilaseris et al., 2019), whereas, the other
used mesophilic protein at 30°C (Artukka et al,, 2018). The
behavior could indicate different properties between thermo-
and mesophilic proteins, or different activities at different
temperatures. Secondly, one study was performed with purified
protein in detergent micelles (Vidilaseris et al, 2019) and
the other used unpurified protein in inner membrane vesicles
(Artukka et al, 2018). This could suggest that the lipid
environment of the enzyme could be involved in regulating
the dimeric interface, a concept for which there is increasing
evidence (Gupta et al., 2017; Pyle et al., 2018).

Structural Asymmetry

Kinetic and structural studies showed that the non-phosphorous
allosteric inhibitor N-[(2-amino-6-benzothiazolyl)methyl]-1H-
indole-2-carboxamide (ATC) binds as a dimer to one of the
subunits in Tm-PPase (Vidilaseris et al., 2019) (Figure 3A)
thereby trapping an asymmetric structure, with RMSD/C,, values
reaching 1.6 A for some of the loops vs. a highest RMSD/Cq of
0.5 A for the equivalent loops in the symmetrical IDP-bound
structure (PDB: 5LZQ). The ATC dimer bound via the $1-2 loop
(Q268, K269, Q277), loop 8-9 (Q348, D351, V352), and loop 12-
13 (G528, P530, P531) (Tm-PPase numbering) (Figure 3B). The
chief difference between the 5LZQ and 6QXA structures is the
presence of ATC in the crystals. Due to the ATC, the p1-2 loop
moves closer to loop 12-13 and away from the dimer interface
to an angle similar to that seen in the resting and product
bound structures, indicating closure of the exit channel. Loop
12-13 also experienced some slight movements, but TMH12 still
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FIGURE 3 | Structural asymmetry. (A) The location of the ATC molecule (orange spheres) and the Na* ion (purple sphere) in the mPPase dimer. (B) The binding of the
two ATC molecules (orange sticks) to the B1-2 loop, loop 8-9, and loop 12-13, with the interacting residues shown at sticks (Tm-PPase numbering). (C) The
tetracoordination of Na™ (purple sphere) at the ionic gate. (PDB: 6QXA) (Vidilaseris et al., 2019).

moves downwards by about 2 A compared to the resting state. In
addition, the coordination of Na™ at the ionic gate changes from
pentacoordination to tetracoordination and the ion is displaced
by about 1.2 A from the IDP-only structure (Figure 3C). Thus,
the ATC-bound subunit appears to be trapped in a closed exit
channel state and cannot perform hydrolysis, and the unbound
subunit cannot undergo its catalytic cycle, due to the ATC-bound
subunit restricting its motions (Figure 2Be,f).

Inter-subunit Communication

Artukka et al. (2018) demonstrated that the wild-type K*+/K!2:46
important for inter-subunit communication.
Substrate inhibition only occurred in K independent mPPases
when the native K'24¢ residue was present. In the K!>46A
substituted enzymes there was no inhibition. Similarly, K*
dependent mPPases were not inhibited by excess PP; unless K™
was present, even in A'246K substituted enzymes. Consequently,
this suggests the lysine and potassium ion are unable to perfectly
replace each other, despite the findings of previous modeling
studies (Kellosalo et al., 2012). This is further evidence that inter-
subunit communication in response to excess PP; is modulated
by the native K*/K!246 center, as its presence is required for
excess substrate inhibition.

The recent asymmetrical ATC structure (see above)
demonstrated direct linkage of TMH 12 to the dimer interface
(Vidilaseris et al., 2019). Vidilaseris et al. suggest that, in the
presence of KT, the movement of TMH 12 upon substrate
binding to one subunit induces conformational changes in the
dimer interface, which are then propagated to the other subunit.
Moreover, when residues close to A'%46 were mutated to alanine,
proton pumping and hydrolysis were uncoupled (Asaoka
et al.,, 2014). This may be because this region is implicated in

center was

inter-subunit communication for cation translocation at normal
PP; levels, and thus when it is mutated, cation pumping ceased.
This is further supported by the fact that mPPases are dimers,
even though all the required catalytic domains are contained
within a single monomer.

Early studies of the functional unit size of mPPases
demonstrated that mPPases had to be functional dimers for
cation pumping (Sarafian et al., 1992) but a single catalytic
subunit was sufficient for hydrolysis (Sarafian et al., 1992; Tzeng
etal., 1996). Although these studies were limited by the utilization
of radiation-induced destruction, a technique which damages the
entire molecule, not just specific sites (Kempner, 1993), they
are still relevant when interpreting more recent evidence of
subunit interdependence.

CONCLUSION AND FUTURE OUTLOOK

mPPases represent an important area of research, due to
their essential functions in plants and human parasites. These
functions make the enzymes both clinically and agriculturally
relevant targets for modification. They are validated drug targets
against a number of human diseases, and there is a wealth
of evidence that manipulation of these proteins in plants can
improve their tolerance to environmental stressors. An essential
part of developing these modulation strategies is understanding
the mPPase catalytic and cation pumping mechanism on a
molecular level. Despite the recent structural and functional
studies (Artukka et al., 2018; Vidilaseris et al., 2019), the
mechanism involving both protein subunits remains elusive.
To elucidate their full mechanism, further studies that couple
time-resolved experimental techniques with molecular dynamics
simulations are required.
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“Scientists frequently debate theories”.
Douglas Allchin

INTRODUCTION

Those of a certain age may remember (and their younger colleagues can read) accounts of the vivid
debate in the 1970s surrounding the coupling mechanism involved in oxidative and photo
phosphorylation. By that time, Mitchell's chemiosmotic hypothesis had already gained credence,
and the debated issue was how a transmembrane H' potential difference drives ATP synthesis by F-
type ATP synthases. The major mechanisms that were considered assumed that the membrane (F,)
and peripheral (F;) parts were functionally connected in different ways. Peter Mitchell proposed a
“direct coupling” mechanism in which protons are translocated through F, into the catalytic site of
F;, where they participate directly in ADP phosphorylation and form water as the second product
(Mitchell, 1974). Paul Boyer, the proponent of the main competing mechanism, advocated an
“indirect coupling” mechanism (successively termed “alternating site”, “binding change”, or
“rotational”) that implied that protons transfer their energy to the catalytic site indirectly, via
distant conformational strain (Boyer, 1997). The debate was resolved in favor of Boyer's mechanism
when it became clear that the alternative mechanism is inconsistent with H'/ATP stoichiometry
and, finally, when the three-dimensional structure of the F-ATPase was determined (Abrahams
et al.,, 1994).

Now, after several decades, the problem of energy coupling is being revisited in connection
with membrane pyrophosphatases (mPPases), ancient transporters that couple H" and Na*
transport across biological membranes in plant vacuoles and bacteria to pyrophosphate
hydrolysis. mPPases are functional analogs of F-type ATPases and similarly catalyze a direct
attack of a water molecule on a phosphorus atom without formation of a phosphorylated
intermediate. However, mPPases have a much simpler structure; each of the two identical
subunits of mPPase consists of 15-17 transmembrane o-helices, and six of them form the
catalytic site on the cytosolic side. H"-transporting mPPases (H'-PPases) have been known
since 1966 (Baltscheffsky et al., 1966; Serrano et al., 2007) and are recognized as contributors to
plant stress resistance (Yang et al., 2014). More recent studies have identified an evolutionarily
related prokaryotic Na*-transporting mPPase lineage (Na*-PPases) that can pump both H" and
Na* (Malinen et al., 2007; Luoto et al., 2013a; Luoto et al., 2013b). mPPase studies have been
further boosted by publication in 2012 of the three-dimensional structures of the H'-

Frontiers in Plant Science

www.frontiersin.org 17

February 2020 | Volume 11 | Article 107


https://www.frontiersin.org/article/10.3389/fpls.2020.00107/full
https://www.frontiersin.org/article/10.3389/fpls.2020.00107/full
https://loop.frontiersin.org/people/800559
https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles
http://creativecommons.org/licenses/by/4.0/
mailto:baykov@belozersky.msu.ru
https://doi.org/10.3389/fpls.2020.00107
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2020.00107
https://www.frontiersin.org/journals/plant-science
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2020.00107&domain=pdf&date_stamp=2020-02-14

Baykov

Energy Coupling in Membrane Pyrophosphatase

transporting mPPase from Vigna radiata (Lin et al., 2012)
(Figure 1A) and the Na'-transporting mPPase from
Thermotoga maritima (Kellosalo et al., 2012). Two
mechanisms to explain coupling between PP; hydrolysis and
H" (Na") pumping, proposed based on these structures, differ

principally in the order of hydrolysis and transport events and
the role of the proton released by the attacking
water nucleophile.

This short treatise on mPPases has three principal purposes.
One is to reconsider the available functional data on H'-
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FIGURE 1 | Membrane pyrophosphatase as an H* and Na* transporter. (A) Two views of a subunit of V. radiata homodimeric H*-pyrophosphatase, showing
elements of the transport machinery [PDB code: 4A01; Lin et al., 2012)]. The image on the right is a top view from the cytosolic side. Blue sticks, imidodiphosphate;
red sphere, water nucleophile (the oxygen atom); green spheres, three gate-forming residues (Arg242, Asp294, and Lys 742); imidodiphosphate-liganded Mg?*, and
K* ions are not shown. Created with PyMOL (The PyMOL Molecular Graphics System, Version 1.5.0.4, Schrodinger, LLC). (B) Mitchell-type coupling of PP;
hydrolysis with H* transport in a single subunit. The ions (atoms) directly involved in the transport process are marked by colored circles. Two aspartate residues
(Asp287 and Asp731 in V. radiata mPPase) coordinate and activate the nucleophilic water molecule during its attack on PP;. (C) Electrometric traces of V. radiata
pyrophosphatase-loaded liposomes obtained with a Nanion SURFE?R N1 instrument. Currents were recorded following the addition of K,PP;, methylene
diphosphonate (MEDP), and KoHPQ, in the absence and presence of the protonophore CCCP (carbonyl cyanide m-chlorophenyl hydrazone). This panel was
reproduced with permission from Shah et al. (2017). (D) A billiard-type mechanism of Na* transport at a low Na* concentration. The nucleophile-generated H*
pushes out the gate-bound Na* (coordinated by Asp243, Glu246, and Asp703 carboxylates in T. maritima mPPase; Li et al., 2016) and passes the gate itself in the
same or successive turnover. (E) Inhibition of Na* transport by a Na* ion bound at a low-affinity transitory site N. The identities of the residues forming it are yet
unknown. (F) An alternative mechanism of concurrent Na* and H* transport by different subunits of dimeric Na*-PPase. In this mechanism, excess Na* will inhibit H*
transport by binding to the pump-loading site of the right subunit, which exhibits a much lower affinity to Na* (strong negative cooperativity).

Low Na* affinity
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transporting mPPases that favor Mitchell's direct coupling
mechanism. The second is to recapitulate modifications to this
mechanism to explain Na* transport. And the third is to raise the
possibility that mPPases additionally employ elements of Boyer's
conformational coupling mechanism.

PROPOSED COUPLING MECHANISMS OF
H*-TRANSPORTING mPPASE—PROS AND
CONS

The first coupling mechanism, proposed by Lin et al. (2012)
(Figure 1B), was essentially an adaptation of Mitchell's
hypothesis to mPPases. In the mPPase structure, the presumed
water nucleophile is located near the conductance channel, such
that the proton released from the attacking water molecule can
move to the channel and along it via Grotthuss shuttling through
a water wire. This proton is thus in the right place at the right
time to create high local acidity that drives proton translocation
to the other side of the membrane. The mechanism suggested by
Lin et al. (2012) therefore assumes that H* transport follows or
occurs concurrently with PP; hydrolysis. This mechanism is
consistent with the experimentally determined H'/PP; coupling
ratio of 1 for mPPases (Segami et al., 2018) and, further, predicts
that medium H" ions should not compete with the transported
H' ion.

An alternative hypothesis (Kellosalo et al., 2012) suggested
instead that the transported H" ion passes the gate as a result of
PP; binding and that PP; hydrolysis is only required to prepare
the transport machinery for the next transport/hydrolysis cycle.
This mechanism, named “binding change” (not to be confused
with Boyer's “binding change” for F,F,;-ATPase), does not
ascribe any specific role to the proton released from the
nucleophilic water molecule. Operation of this mechanism in
reverse was proposed to explain PP; synthesis by plant mPPases
(Regmi et al., 2016).

The proton released by the nucleophilic water is thus the key
player in the mechanism of Lin et al., whereas the alternative
mechanism ascribes no role to the proton in question, other than
being dispersed in the medium. The possibility that this proton is
transported in the mechanism of Kellosalo et al. seems unlikely
because this would unrealistically presume that the nucleophilic
water is converted into a hydroxide ion by means of its
coordination to two aspartates. This is reminiscent of the
abandoned “charge relay” hypothesis in serine proteases, which
assumed similar H" abstraction from a serine hydroxyl
(Hedstrom, 2002). Instead, the two aspartates that coordinate
the nucleophilic water in mPPases are involved in general acid/
base catalysis, as is the case in aspartic proteases (Meek, 1998).
Notably, the available structures of several mPPase species
formed during the catalytic cycle do not differentiate between
these mechanisms, because the reaction intermediates that these
structures mimic are common to both mechanisms.

To support the “binding change” hypothesis, Li et al. (2016)
and Shah et al. (2017) used a modification of a previously
described electrometric assay (Kondrashin et al., 1980) to

measure charge movement across the membrane of V. radiata
mPPase-loaded liposomes in response to non-hydrolyzable PP;
analogs (imidodiphosphate and methylene diphosphonate).
They indeed observed a small signal of the appropriate sign
and interpreted it as an indication that substrate binding alone
suffices to transport H" ions across the membrane (Figure 1C).
However, the authors inexplicably ignored their own observation
that PP; produced a 10-times greater signal compared with its
analogs (Figure 1C), despite similar affinities for mPPase
(Baykov et al., 1993). Importantly, the PP; signal arose from a
single rather than multiple turnover(s). Indeed, the time required
to build up the electrometric signal upon addition of PP; (or its
analog) to mPPase-containing liposomes was slightly less than
0.1 s (Figure 1C), which is sufficient for only one turnover, based
on the turnover number for a purified V. radiata mPPase
molecule of 11.5 s (Segami et al., 2018). In summary, a
complete turnover produced a 10-times greater electrometric
signal compared to that produced by PP; analog (and seemingly
PP;) binding. Had the transport event preceded hydrolysis, the
signals would have been equal unless the transport
stoichiometries for the two ligands differ 10-fold—a far-fetched
and unlikely scenario. Putting things right side up, the
electrometric data strongly support the notion that cation
transport is associated with hydrolysis and/or product release,
not substrate-binding step in a single turnover.

The low size of the electrometric signals generated by PP;
analogs is consistent with charge crossing only part of the
membrane thickness (Skulachev et al., 2013), for example, by
analog-induced binding of additional Mg®" or H" ions to the
active site (the effect of CCCP in Figure 1C does not discriminate
between primarily transported cations). Alternatively, charged
amino acid residues may change their positions in the membrane
during the conformational change induced by analog binding
(Hsu et al., 2015; Li et al., 2016).

BILLIARD-TYPE HYPOTHESIS OF
Na* TRANSPORT

Although Na"-PPases are not found in plants, their study may
provide important insights into plant H"-PPases because Na*-
PPases are structurally very similar to H'-PPases and can pump
both H" and Na™ at low (<5 mM) Na" concentrations. The major
difference of Na*-PPase is the presence of a glutamate residue in
the gate that forms a Na'-binding site (Kellosalo et al., 2012).
Because Na*, unlike the transported H', is not a reaction
product and comes from the medium, Na® pumping should
employ a different mechanism. The billiard-type hypothesis
(Baykov et al., 2013), a logical extension of the mechanism of
Lin et al. (2012), posits that the proton released by the
nucleophilic water is the major driving force for Na* transport
(Figure 1D). This proton is assumed to push a bound Na* ion
into the ion conductance channel and, at low Na®
concentrations, enter the channel itself in place of Na®.
Notably, neither this nor any other mPPase mechanism found
in literature assumes a “one-jump” transfer of cation through the
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membrane. The particular H" or Na' ion that enters the
conductance channel in each turnover exits the channel after n
turnovers, where n is the number of cation-binding sites the
cation occupies on its way along the channel. However, a
consideration of the pathways through which the cations pass
the conductance channel and ionic gate and the associated
conformational changes are outside the scope of this article.

The interplay between H" and Na" on their way to the ionic
gate appears to involve two cation-binding sites (“N/H” and “N”)
in Na'-PPases, as indicated by the Na* dependencies of the H*-
and Na'-transporting activities and the effects of substitutions in
gate residues (Luoto et al., 2013b). According to these analyses,
the pump loading site N/H is associated with the gate and can
bind both Na* and H". Its binding constant for Na" lies in the
sub-millimolar range, and its occupancy by Na" is required for
enzymatic activity. The crystal structure of T. maritima Na'-
PPase (Li et al., 2016) did reveal a gate-bound Na" ion. The other,
site N, binds Na" in the millimolar range and presumably acts as
a transitory Na'-binding site and a filter for H" in the channel
(Figure 1E). The Na' ion that occupies site N at high Na*
concentrations physically or electrostatically disallows H"
passage, explaining why dual Na® and H" specificity is
observed with most Na'-PPases only at low Na* levels (Luoto
et al, 2013b). A similar explanation assuming two Na"-binding
sites was proposed by Holmes et al. (2019).

An alternative possibility is that Na" and H" transport are
carried out by different subunits of dimeric Na*-PPase binding
Na® at a single site per subunit in a negatively cooperative
manner because of dimer asymmetry (Artukka et al., 2018;
Vidilaseris et al., 2019) (Figure 1F). In this mechanism, Na*
could inhibit H" transport by occupying both pump-loading
sites, resembling the effect of high substrate concentration on
enzymatic activity (Artukka et al., 2018).

The “pumping-before-hydrolysis” mechanism of Kellosalo
et al. (2012) does not differentiate between H* and Na' and
suggests a similar pumping mechanism for both. If, as we saw
above, the electrometric data rule out the hypothesis that the
transport event precedes substrate hydrolysis in the case of H"
pumping, this mechanism is similarly unlikely to operate in Na*
pumping. This conclusion is supported by the presence of gate-
bound Na" in the complex of TmPPase with imidodiphosphate
(Li et al., 2016), but not in the complex with P; (Kellosalo et al.,
2012). Similar electrometric measurements with Na*-PPases
would aid in testing this aspect of the billiard-type mechanism.
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CONCLUSIONS AND PERSPECTIVES

The available data thus indicate that H*-PPases operate via
Mitchell's direct coupling mechanism. But this is only the first
milestone in this exciting journey. Recent kinetic data (Artukka
et al,, 2018) suggest that active sites undergo oscillations between
active and inactive conformations during catalysis, a phenomenon
resembling the anchor mechanism in watches, and reflecting
structural data (Vidilaseris et al., 2019) indicating asymmetrical
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Mitchell's direct coupling and Boyer's conformational coupling (its
“alternating sites” version), which were antagonists in the debate
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The interplay between H" and Na' transport activities is
another unresolved aspect of mPPase functioning, especially in
Na', H'-PPases, the group of Na"-PPases that pump both Na*
and H" at physiological Na" concentrations and, apparently, co-
transport both cations in each catalytic cycle (Luoto et al., 2013a).
This is thermodynamically permitted in membranes that
generate low or moderate electrochemical potential gradients,
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Paul Boyer called F F;-ATPase a “splendid molecular
machine” (Boyer, 1997). This characterization is fully
applicable to its predecessor, mPPase, which combines a
deceptively simple structure with evolutionary diversity and a
multifaceted transport mechanism.
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In Arabidopsis thaliana, the vacuolar proton-pumping pyrophosphatase (H*-PPase) is
highly expressed in young tissues, which consume large amounts of energy in the form of
nucleoside triphosphates and produce pyrophosphate (PPi) as a byproduct. We reported
that excess PPi in the H"-PPase loss-of-function fugu5 mutant severely compromised
gluconeogenesis from seed storage lipids, arrested cell division in cotyledonary palisade
tissue, and triggered compensated cell enlargement; this phenotype was recovered upon
sucrose supply. Thus, we provided evidence that the hydrolysis of inhibitory PPi, rather
than vacuolar acidification, is the major contribution of H"-PPase during seedling
establishment. Here, examination of the epidermis revealed that fugub pavement cells
exhibited defective puzzle-cell formation. Importantly, removal of PPi from fugu5
background by the yeast cytosolic PPase IPP1, in fugub-1 AVP1,.,::IPP1 transgenic
lines, restored the phenotypic aberrations of fugu5 pavement cells. Surprisingly, pavement
cells in mutants with defects in gluconeogenesis (pck7-2) or the glyoxylate cycle (icl-2;
mis-2) showed no phenotypic alteration, indicating that reduced sucrose production from
seed storage lipids is not the cause of fugu5 epidermal phenotype. fugu5 had oblong
cotyledons similar to those of angustifolia-1 (an-1), whose leaf pavement cells display an
abnormal arrangement of cortical microtubules (MTs). To gain insight into the genetic
interaction between ANGUSTIFOLIA and H"-PPase in pavement cell differentiation, an-1
fugu5-1 was analyzed. Surprisingly, epidermis developmental defects were synergistically
enhanced in the double mutant. In fact, an-7 fugub-1 pavement cells showed a striking
three-dimensional growth phenotype on both abaxial and adaxial sides of cotyledons,
which was recovered by hydrolysis of PPi in an-7 fugub-1 AVP1,.,::/PP1. Live imaging
revealed that cortical MTs exhibited a reduced velocity, were slightly fragmented and
sparse in the above lines compared to the WT. Consistently, addition of PPiin vitro led to a
dose-dependent delay of tubulin polymerization, thus supporting a link between PPi and
MT dynamics. Moreover, mathematical simulation of three-dimensional growth based on
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cotyledon proximo-distal and medio-lateral phenotypic quantification implicated restricted
cotyledon expansion along the medio-lateral axis in the crinkled surface of an-7 fugus-1.
Together, our data suggest that PPi homeostasis is a prerequisite for proper pavement
cell morphogenesis, epidermal growth and development, and organ flattening.

Keywords: Arabidopsis thaliana, H*-PPase, fugu5 mutant, PPi, pavement cells

INTRODUCTION

Although housekeeping enzymes have been characterized in
detail, molecular lesions in such genes are often associated
with lethality, hampering assessment of the mechanism of their
in vivo roles beyond housekeeping activities. For example, 3-
phosphoglycerate dehydrogenase (PHGDH) catalyzes the first
step of L-serine biosynthesis in animals (Klomp et al., 2000).
PHGDH deficiency causes a disorder of L-serine biosynthesis
that is characterized by congenital microcephaly, psychomotor
retardation, and seizures (Klomp et al., 2000). Although L-serine
is a non-essential amino acid, studies on patients with Neu-
Laxova syndrome have suggested a fundamental role for
PHGDH activity in metabolism, development, and function of
the human central nervous system (Klomp et al, 2000).
Moreover, several recent reports have indicated that some of
these housekeeping enzymes perform a variety of other
functions, such as acting as virulence factors for pathogens
(Pancholi and Chhatwal, 2003; and references therein).

All above-ground organs of plants emerge at the shoot apical
meristem (SAM). Plant leaves play a central role not only in
capturing light for photosynthesis but also by sensing the
environmental signals that are integrated to enable optimal
growth. These functions are accomplished independently and
cooperatively by the different cell types on the surface or
embedded within plant leaf tissues. Leaf primordia evolve at the
flanks of the SAM and undergo a phase of cell proliferation
followed by cell differentiation (Donnelly et al., 1999; Ferjani
et al., 2007). Proliferating cells are characterized by an active
metabolism, whereby they consume large amounts of energy in
the form of nucleoside triphosphates (NTPs). Simultaneously, in
nearly 200 different metabolic reactions (Heinonen, 2001)—
including DNA replication, amino acid activation, and protein
and cell wall biosynthesis—they produce pyrophosphate (PPi). PPi
is a toxic molecule that if not immediately hydrolyzed by soluble-
type pyrophosphatases (sPPases) and/or membrane-bound
pyrophosphatases (H'-PPases) (Ferjani et al., 2014; Segami
et al., 2018), irreversibly arrests the above metabolic reaction.

Most studies of the physiological function(s) of PPi-
hydrolyzing enzymes, which can be viewed as housekeeping
enzymes, and the impact of excess PPi in vivo, have been
unsuccessful (Ferjani et al,, 2014). Indeed, the importance of
PPi-homeostasis in development is evidenced by the many
reports in several organisms. For example, decreased
expression of ppa, encoding E. coli sPPase, raised the PPi level
and arrested growth (Chen et al., 1990). Similarly, the cytosolic
PPase IPP1 is essential for cell viability in Saccharomyces
cerevisiae (Lundin et al., 1991). Moreover, the Caenorhabditis

elegans sPPase pyp-1 null mutant, displayed gross defects in
intestinal morphology and function and was arrested at early
larval stages (Ko et al., 2007).

The importance of PPi homeostasis in plant growth and
development in Arabidopsis thaliana (Arabidopsis, hereafter)
has been intensively investigated using fugu5 mutants,
harboring a molecular lesion in the vacuolar-type H'-PPase.
For instance, we demonstrated that the H'-PPase is the major
PPase in Arabidopsis (Ferjani et al.,, 2011; Ferjani et al., 2014;
Asaoka et al., 2016; Segami et al., 2018). Failure to hydrolyze PPi
led to developmental defects at the organism, organ, tissue, and
cellular levels. Indeed, the fugu5 mutant plants display retarded
post-germinative growth and exhibit oblong-shaped cotyledons
and compensation in their palisade tissue, such as excessive cell
expansion triggered by decreased cell proliferation (Ferjani et al.,
2007; Ferjani et al., 2008; Ferjani et al., 2011; Ferjani et al., 2012).
In addition, gluconeogenesis, the process that produces sucrose
(Suc) from triacylglycerol (TAG) in seed storage lipids, is
partially suppressed in fugu5 mutants (Ferjani et al., 2011;
Takahashi et al., 2017).

Comparative metabolomics using capillary electrophoresis
time-of-flight mass spectrometry (CE-TOF MS) combined with
the mathematical theory structural sensitivity analysis
unambiguously demonstrated that UDP-Glc pyrophosphorylase
(UGPase) is the major target of the inhibitory effect of PPi in vivo
(Ferjani et al, 2018). Moreover, stomatal closure delay and
patterning defects in the fugu5 background are specifically
triggered by excess PPi within guard cells (Asaoka et al.,, 2019).
Notably, specific removal of PPi by the expression of yeast sPPase
IPP1 rescued all of the above developmental and metabolic defects.
Therefore, most developmental defects triggered by excess PPi can
be regarded as the result of metabolic defects, pointing to the
importance of metabolic regulation in organogenesis. Despite
being produced in all plant cells, the developmental and
metabolic targets of PPi are unexpectedly specific, challenging
the established concept of the role of housekeeping enzymes
(Horiguchi et al., 2012; Tsukaya et al., 2013). Notably, the
constitutive expression of H'-PPase promotes growth of plants
confronted by a variety of abiotic stresses, rendering this enzyme
of great interest to crop breeders (Wang et al., 2016; Schilling
et al., 2017).

Epidermal pavement cells in Arabidopsis leaves grow into
jigsaw shapes. However, why and how plants make such
interlocking puzzle-shaped cells remains under investigation.
Several proteins of the Rho guanidine triphosphatase (GTPase)
of plants (ROP) family play a key role in shaping pavement cells.
Pavement cell morphogenesis is regulated by the signaling of two
ROP-mediated pathways with opposing effects on cell expansion
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(Fu et al.,, 2005). In fact, ROP2 activates RIC4 to promote lobe
formation (actin) and ROP6 activates RIC1 to promote neck
formation (MTs/cellulose) (Fu et al., 2005). Perturbation of the
ROP/RIC pathways result in defective puzzle cell formation (Fu
et al,, 2002; Fu et al.,, 2005; Fu et al.,, 2009; Xu et al,, 2010; Lin
et al., 2013). The phytohormone auxin was proposed to act as an
extracellular communication signal, provided that a lobe in one
pavement cell is connected to the neck of its neighbor (Fu et al,,
2005; Xu et al., 2010; Li et al., 2011; Lin et al., 2015), but this is
still debated. The countersignaling of the above two pathways
explains the interdigitating separation of the lobing and
indenting domains of the cell cortex during the formation of
interlocking puzzle-shaped cells. While the above studies
unveiled key players in pavement cell patterning, the impact of
metabolic regulation on this process is unclear.

Here, we propose PPi homeostasis as a key factor in puzzle
cell patterning. We found that while excess PPi ions reduced the
complexity of pavement cells, this recovered upon PPi hydrolysis
but not Suc supply. Both in vivo live imaging of MTs and in vitro
assays of tubulin polymerization indicated that the inhibitory
effect of PPi within pavement cells could be in part explained by
aberrant MT dynamics. Finally, excess PPi in the angustifolia-1
(an-1) mutant background led to organs with wavy surfaces and
three-dimensional (3D) protrusions, to which a computational
model revealed that restriction of cotyledon expansion along the
medio-lateral axis is a major contributor. Taken together, our
findings suggest that excess PPi has different effects in different
leaf tissues, namely the palisade and epidermis.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

The wild type (WT) used in this study was Columbia-0 (Col-0),
and all other mutants and transgenic lines were in the Col-0
background. The three independent loss-of-function mutant
alleles of H'-PPase used in this study, namely fugu5-1, fugu5-2,
and fugu5-3 have been all previously characterized (Ferjani et al.,
2011; Fukuda et al., 2016). In addition, two previously described
independent transgenic lines expressing yeast-soluble PPase
IPP1 in the fugu5-1 mutant background (fugu5-1 AVPl,,:
IPP1#8-3 and fugu5-1 AVPI,,,::IPP1#17-3) were used (Ferjani
etal.,, 2011; Fukuda et al., 2016). Seeds of icl-2, mls-2, and pckI-2
mutant lines, which have all been previously characterized in
(Eastmond et al., 2000; Cornah et al., 2004; Penfield et al., 2004),
respectively, were a kind gift from Professor Ian Graham (The
University of York, UK). Seeds were sown on rockwool (Nitto
Boseki), watered daily with 0.5 g L™" Hyponex solution and
grown under a 16/8 h light/dark cycle with white light from
fluorescent lamps at approximately 50 ymol m™> s™" and 22°C.
Sterilized seeds were sown on Suc-free Murashige and Skoog
(MS) medium (Wako Pure Chemical) or MS medium with 2%
(w/v) Suc where indicated, and solidified using 0.2% to 0.5%
(w/v) gellan gum (Murashige and Skoog, 1962) to determine
the effect of medium composition on phenotype. After sowing
the seeds, the MS plates were stored at 4°C in the dark for 3

days. Next, the seedlings were grown in the light (as indicated
above) for the indicated periods of time.

Mutant Genotyping and Double-Mutant
Generation

fugu5-1 was used as a representative mutant allele of H"-PPase
(Ferjani et al., 2011). dCAPS primers with one mismatch (fugu5-
1-FW: 5-CAGGCTGGTGTATCAGAGCAT-3’ and fugu5-1-
RV: 5-GACTCAACAGCCATGAGCTT-3’) were used for
fugu5-1 genotyping. PCR amplification followed by Sphl
digestion was used to distinguish between the WT (134 bp +
18 bp fragments) and fugu5-1 mutant (152 bp fragment). icl-2,
mls-2, and pckI-2 were genotyped as described previously
(Eastmond et al., 2000; Cornah et al., 2004; Penfield et al.,
2004). fugu5-1, icl-2, mis-2, and pckl-2 plants were crossed
with an-1 mutant, which has been previously characterized
(Kim et al., 2002; Minamisawa et al., 2011), to generate double
mutants, and the genotypes of the F, plants were checked using
the above PCR-based markers.

Morphological Observations and Cellular
Phenotypic Analyses

Photographs of the gross plant phenotypes at 10 days after
sowing (DAS) were obtained using a stereoscopic microscope
(M165FC; Leica Microsystems) connected to a charge-coupled
device (CCD) camera (DFC300FX; Leica Microsystems) and
those at 21 DAS were obtained using a digital camera (D5000
Nikkor lens AF-S Micro Nikkor 60 mm; Nikon). Leaves were
fixed in formalin/acetic acid/alcohol and cleared with chloral
solution (200 g of chloral hydrate, 20 g of glycerol, and 50 mL of
deionized water) to measure leaf area and cell number, as
described previously (Tsuge et al., 1996). Whole leaves were
observed using a stereoscopic microscope equipped with a CCD
camera. Leaf palisade tissue cells were observed and
photographed under a light microscope (DM-2500; Leica
Microsystems) equipped with Nomarski differential
interference contrast optics and a CCD camera. Cell size was
determined as mean palisade cell area, determined from a
paradermal view, as described previously (Ferjani et al., 2011).

Observation and Quantitative Analysis of
Epidermal Cells

For scanning electron microscopy (SEM), cotyledons were
dissected from plants at the indicated growth stages. Samples
were fixed overnight in formalin-acetic acid-alcohol (FAA; 4%
formalin, 5% acetic acid, and 50% ethanol) at room temperature.
The fixed specimens were dehydrated in an ethanol series [50%,
60%, 70%, 80%, 90%, 95%, 99.5%, and 100% (v/v); 60 min per
step] and stored overnight in 100% (v/v) ethanol at room
temperature. The ethanol was replaced with 3-methylbutyl
acetate and the samples were dried in a critical-point dryer
(JCPD-5; JEOL), sputter-coated with platinum-palladium
using an anion sputter (JFC-1100; JEOL), and examined under
an S-3400N SEM (Hitachi), as described previously (Maeda et al.,
2014). SEM images of the adaxial side of cotyledons were used to
quantify pavement cell complexity. The area and perimeter of
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individual pavement cells (25 cells from one cotyledon; six
cotyledons total) were measured using Image] (version 1.63),
and their complexity was quantified by calculating the
undulation index (UI) (Thomas et al., 2003) using the
following equation (Kiirschner, 1997):

p

Ul =——
2n\/A/m

(1)

where UI (dimensionless) is the undulation index, P (um) is the
cell perimeter, and A (pmz) is the cell area. Note that increased
undulation index means increased pavement cell complexity,
and vice versa.

Histological Cross-Sections

For histological cross-sections, cotyledons were dissected (as
indicated above), fixed overnight in FAA at room temperature,
dehydrated in a graded series of ethanol [50%, 60%, 70%, 80%,
90%, and 95% (v/v); 30 min per step], and stored overnight in
99.5% (v/v) ethanol at room temperature. Next, fixed specimens
were embedded in Technovit resin (Kulzer and Co.) according to
the manufacturer's instructions and sectioned using a microtome
(RM2125 RTS; Leica Microsystems). The sections were stained
with toluidine blue and photographed under a microscope (BX-
50; Olympus).

Tubulin Polymerization Assay in Vitro
Tubulin polymerization was induced in a solution of 5 mg/mL
porcine tubulin (T240, Cytoskeleton, Inc.), 80 mM piperazine-N,
N’-bis(2-ethanesulfonic acid) (PIPES), 1 mM ethylene glycol-bis
(B-aminoethyl ether)-N,N,N’,N’-tetraacetic acid, 2 mM MgCl,,
10% glycerol, 1 mM GTP, and 0, 1, 5, or 10 mM sodium
pyrophosphate tetrabasic decahydrate (Sigma). The 20 pL
reaction mixture was transferred into a 384 microplate
(#242757, Thermo Scientific), and the absorption at 350 nm
was measured every 30 s for 40 min at 37°C using a Multiskan FC
plate reader (Thermo Scientific).

Inhibitor Treatment

Seedlings were grown on Suc-free half-strength MS agar
containing 2.3 g/L MS salt mix, 0.5 mg/L nicotinic acid, 0.1
mg/L thiamine HCI, 0.5 mg/L pyridoxine HCI, 0.1 g/L myo-
Inositol, and 2 mg/L glycine (pH 5.8) at 22°C under constant
light. Four-day-old seedlings were transferred into water
containing 2 UM oryzalin (Wako) and incubated at 22°C in
the dark for 2 h.

Confocal Microscopy of Cortical MTs

The epidermis of the cotyledon was observed under an inverted
fluorescence microscope (IX83-ZDC, Olympus) fitted with a
confocal unit (CSU-W1, Yokogawa), an EM-CCD camera
(iXon3-888, Andor), an UPLANSAPO 60x water-immersion
objective (NA = 1.20, Olympus), and laser lines set at 488 and
561 nm. Images were acquired using MetaMorph software
(Molecular Devices).

Image Analysis for the Quantification of
MT Dynamics

To quantify MT length and density, z-stack images at 2 pwm
intervals were acquired and analyzed using Image] software
(https://imagej.nih.gov/ij/). The image stacks were projected to
single images by maximum intensity projection. A 50 x 50-pixel
region was collected from each cell and denoised using the
Subtract background (5-pixel diameter) and Despeckle
commands. Next, MT regions were extracted and converted to
binary images using the Ridge detection plug-in (Steger, 1998).
The total area and mean length of MTs were determined using
the Analyze particle function.

To quantify the MT growth rate, time-lapse images at 5 s
intervals were acquired and analyzed using Image]J software. To
extract the growing region of MTs, the three-frame shifted time-
lapse images were subtracted from the original time-lapse
images. The subtracted images were denoised by a Gaussian
filter (o = 1). The trajectory of MT growing regions was analyzed
using the TrackMate plugin (Tinevez et al., 2016). The MT
growing regions were detected using a LoG detector and filtered
by a mean intensity filter. Tracking of MT growing regions was
performed using Simple LAP tracker with the Track duration
and Track displacement filters. Values of estimated blob
diameter, linking max distance, gap-closing max distance, and
gap-closing max frame gap were set at 10, 8, 8, 2, respectively.

Mechanical Buckling Model
We constructed a two-dimensional model in which cell shapes
were represented by particles of different sizes with interaction
forces. Figure S10A shows a schematic representation of the
initial geometry of the model, with a reduced number of particles
for simplicity. Mesophyll cells are represented by green particles.
Pavement and guard cells are shown as pairs of particles in blue
and red, respectively, in the initial geometry. An oval covering a
pair of particles was defined as the shape of the epidermal cell, as
depicted in Figure 7.

It was assumed that each particle interacts with its adjacent
neighbors. The interaction force was described as follows:

- (g)

_{§’l+c§’l—1—c for0< £<1
S aa-oE-1) forés1

where F’"t is the force working on the i-th particle caused by the
1nteract1on between the i-th and j-th particles. The parameter k™
defines the strength of the particle interaction, and ¢ and A
determine its dependence on the particle distance. The vector x;
is a non-dimensional position vector of the center of the i-th
particle. The distance between the i-th and j-th particles was
calculated as d;; = |x; — x|, and its optimal value was defined as
doj =ri+ 1 where r; is the radius of the i-th particle. The
function f(d;;/ d) J) takes positive and negative values when d;;/
d0 <1 and ,]/d,] > 1, which correspond to repulsive and

()

>
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attractive interactions, respectively (Figure S10B). The links of
adjacent neighbors were determined from the initial geometry
and were sustained throughout the calculation. Exceptionally,
the guard cells were assumed not to bind to any mesophyll cells.
It was also assumed that close approach of cells not defined as
adjacent neighbors exerts a repulsive force as follows:

7 rej di' i
B = k pg(?%) ()

|x‘—xj|
g(&) = {

The radii of mesophyll-representing particles were assumed to
have a continuous uniform distribution on the interval (0.7, 1.3).
Cellular growth was described by increasing the radius of particles
by 28% in 40,000 time-steps. The radii of guard cell-representing
particles were set at 7= 0.2 and maintained constant.

The pavement cell was represented by two particles of initial
radius ;= 0.3. Growth of the pavement cells was described as
extension of these cells at constant height (Figure S10D). For
that purpose, a new particle of radius r,= 0.03 was inserted in the
middle of the cell (between two particles) at time ¢ = 1. The radii
of new particles were gradually increased to 0.3 in 40,000
time-steps.

The epidermal layer, which is described as the sequence of
particles representing pavement and guard cells, was assumed to
have bending rigidity to express the smooth surface of the leaf
(Figure S10C). The force caused by the bending rigidity was
introduced as follows:

FrcEt-1-c foro<é<l 3)

0 for & > 1.

bend bend ei - 91'—1 ei - 6i+1
F™ =k <7d n;_;+ T4, W ) (4)
ii-1 ii+1
where 6; is the angle between the vectors x;-x; ; and x;,,-x;, Kbend

defines the strength, and n; ;; is the unit vector normal to the
vector x;-X;.; (7/2-rotation).

Taken together, the sum of the force contributing to
movement of the i-th particle was assigned as follows:

_ in rep bend
F, =35 F} +3 E7+ B (5)
The motion of the particle was described as follows:
X" =xt + YR At + 2, (6)

where 7 'F; corresponds to the velocity of the i-th particle, ¥
corresponds to the friction coefficient, and t represents the time
step. The random vector z was introduced to prevent accidental
generation of a gap between particles in the numerical simulations.

The positions of the particles at both ends of the epidermal
layer were independent from Eq. (5). The tissue width was
controlled by moving the particles outward (WT) or by fixing
them at their initial positions (an-1 fugu5-1 mutant). For the
WT, the tissue width was increased by 28% in 40,000 time-steps.

The development of particle behaviors was calculated using C
++. In this study, ¢ = 1.63, A = 2, k" = 30, k¥ = 25, and 7= 20.
Interactions among mesophyll particles were dependent on

k’i”':30, that between mesophyll and pavement particles on
k" = 20, and among epidermal particles on k™ = 70.

Statistical Analysis

To quantify pavement cell phenotype, data from at least five
cotyledons (>115 pavement cells) were used to calculate the
undulation index, and the values were subjected to statistical
analyses using tow-tailed Student's t test with Bonferroni
correction, or ANOVA with Tukey's honestly significant
difference (HSD) test, KaleidaGraph ver. 4.1.4. To quantify
pavement cell neck width and lobe length, 825 measurements
from five cotyledons were averaged and the values were subjected
to statistical analyses using Student's ¢ test. To quantify MTs
length and density, data from 120 pavement cells were averaged
and the values were subjected to statistical analyses using
ANOVA with Scheffe test. Finally, to quantify the growth rate
of cortical MTs, data from 30 cells (80 < MTs/cell) were averaged
and subjected to statistical analyses using ANOVA with
Scheffe test.

RESULTS

Excess PPi Reduced Pavement

Cell Complexity

fugu5 mutants show a strong phenotype in their cotyledons, and
so were used as model organs. The adaxial side of mature
cotyledons was investigated by SEM, which revealed that
pavement cells are less complex in the fugu5 mutant compared
to the WT (Figures 1A-I). Quantification of lobe height and
neck width revealed that fugu5-1 has shallower lobes and wider
necks than the WT (Figures 1], K). Consistently, the Ul in all
three fugu5 alleles was inferior to that of the WT (Figure 1L).
Importantly, all fugu5 phenotypes recovered in the fugu5-1
AVPI,,,:IPP1 lines, in which PPi was specifically removed
from the fugu5 background (Figures 1A-I, L).

We reported that there are fewer and larger palisade tissue
cells in fugu5, the so-called compensation phenotype (Ferjani
et al., 2007; Ferjani et al., 2008; Ferjani et al., 2011). Excess PPi
inhibits gluconeogenesis during seedling establishment, and
compensation is complemented by hydrolyzing PPi or
exogenous Suc supply (Ferjani et al., 2011; Ferjani et al., 2012).
Unexpectedly, Suc supply did not restore the shape of pavement
cells in fugu5 (Figures IM-R). Together, these results suggest
that excess PPi exerts different effects on the palisade
and epidermis.

Excess PPi Altered Pavement Cell Size
and Distribution

To gain insight into the effect of excess PPi on pavement cells,
SEM images of the adaxial side of the cotyledon were traced and
color-coded based on their size (Figure 2). WT pavement cells
were not only more complex but also significantly larger than
those of the fugu5 mutants (Figures 2A-D, G). In addition, small
pavement cells in fugu5 mutants tended to form small clusters
with stomata on the adaxial side of cotyledons (compare Figure

Frontiers in Plant Science | www.frontiersin.org

26

February 2020 | Volume 11 | Article 31


https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Guniji et al. PPi Homeostasis in Plant Growth

J K L Undulation index
35
Lobe height Neck width
(pm) (um)
60 60 * 2
'T 40 40
&
7 20 20
&N % o o
o N
2 SRS
s FELEQ
- 0 U RN
55 £ £ SN
] 8 & & ,§ Q\
s N S R
£ S
g L
=< e';\}' Q
NN

R Undulation index

MS only MS (+)
3.5 3.5, 21or5ue
3 3 .
25 25
2 2
15 15
'8 2 'TE 2
< §

FIGURE 1 | Analysis of adaxial pavement cell phenotype. (A-C) Photographs of seedlings of the indicated genotypes at 14 DAS. Scale bar, 2 mm. (D-F) SEM
images of the adaxial side of cotyledons at 25 DAS. Scale bar, 1 mm. (G-1) Magnified SEM images of pavement cells on the adaxial side of cotyledons. Scale bar,
100 pm. (J) Average neck width and lobe length (K) of pavement cells (n = 825 measurements of five cotyledons). Data are means + standard deviation (SD) at

P < 6.6 x 107°7 (lobe), P < 1.0 x 107'® (neck) between the WT and fugu5-1 (two-tailed Student's t test). (L) Undulation index (n = 150 pavement cells, taken from
six cotyledons). Data are means + SD. Asterisk represents a significant difference at P < 1.6 x 107'® compared to the WT (two-tailed Student's ¢ test, Bonferroni
correction). (M, N) SEM images of WT and fugu5-1 cotyledons, respectively, grown for 20 DAS on MS plates containing 2% sucrose. Scale bar, 1 mm. (O, P) SEM
images of adaxial side pavement cells of the WT and fugu5-7 mutant, respectively. Scale bar, 300 um. (Q) Magnified SEM image of fugub-1 adaxial pavement cells.
Scale bar, 300 um. (R) Undulation index (n = 125 pavement cells from at least five cotyledons). Data are means + SD. Asterisk represents a significant difference
between the two genotypes at P < 1.0 x 1072 (two-tailed Student's t test). DAS, days after sowing. Suc, sucrose.

2A to Figures 2B-D). Consistently, stomatal distribution was  regulate the polarity of cell growth by controlling the
aberrant in all fugu5 mutant alleles, in violation of the one-cell-  arrangement of cortical MTs (Kim et al, 2002). The AN-
spacing rule (Figures 2B-Dj; see also Asaoka et al, 2019).  DYRKP complex reportedly regulates the alignment of actin
Pavement cell size and complexity and the stomatal  filaments during centripetal nuclear positioning in leaf cells
distribution recovered when PPi was specifically removed from  (Iwabuchi et al., 2019). Interestingly, the typical oblong
the fugu5-1 AVPI1,,,::IPP1#8-3 and fugu5-1 AVPI1,,,:IPP1#17-3  cotyledons of fugu5-1 mutants are reminiscent of the an-1
lines (Figures 2E-G). mutant (Kim et al., 2002; Minamisawa et al., 2011). Thus, to

gain insight into the genetic interaction between AN and H*-

PPase, we constructed an-1 fugu5-1 double mutants and

Cotyledon Development an_d Pavement analyzed their pavement cell phenotype (Figure 3).
Cell Phenotype Are Synergistically Surprisingly, the an-1 fugu5-1 double mutants displayed a
Enhanced in an-1 fugu5-1 drastic phenotype, consisting of extremely narrow cotyledons

ANGUSTIFOLIA (AN) is the sole homolog of CtBP/BARS in and a wavy epidermis (Figures 3A-D). SEM of the adaxial side
Arabidopsis. The CtBP/BARS protein family has diverse  of an-1 fugu5-1 cotyledons revealed 3D protrusions whereby
functions, intercellular localization, and developmental role in  twisted pavement cells lifted a stoma (Figures 3E-]J). In addition,
a wide range of land plants (Kim et al., 2002; Minamisawa et al.,  histological cross sections confirmed the above SEM
2011; Furuya et al., 2018; Hashida et al., 2019). AN regulates the ~ observations and further showed that the wavy-epidermis
width of Arabidopsis leaves by controlling the polar elongation  phenotype occurred on both sides of cotyledons (Figures 3K-N;
of leaf cells. In fact, the an-1 mutant displayed an abnormal  Figure S1). Magnified images of histological cross sections
arrangement of cortical MTs in leaf cells, which accounted for its ~ confirmed that a pair of guard cells was indeed lifted atop the
abnormal cell shape (Kim et al, 2002). Therefore, AN might  protruding pavement cells (Figures 30, P).
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FIGURE 2 | Distribution of pavement cell size. (A-F) SEM images of adaxial side pavement cells of the cotyledons of WT, fugus-1, fugus-2, fugus-3, fugus-1
AVP1 0 IPP1#8-3, and fugub-1 AVP1,..::IPP1#17-3, respectively. Scale bar, 100 pm. Cells were traced and color-coded based on their size (um?, see color scale
chart). Note that the fugu5 mutants have a disturbed stomatal one-cell-spacing rule. (G) Violin plot showing pavement cell size distribution (n > 200 pavement cells
from three cotyledons). Data are means + SD. Asterisk represents a significant difference compared to the WT at P < 0.0001 (ANOVA with Tukey HSD test,

Cotyledon Expansion Is Severely
Restricted Along the Mediolateral Axis in
an-1 fugu5-1

Based on the above results, we examined the gross morphological
phenotype of an-1 fugu5-1 to evaluate the wavy-epidermis
phenotype. We performed a quantitative time-course analysis
of various morphological features of cotyledons at three distinct
developmental stages. The leaf index (LI = the ratio of leaf blade
length to leaf blade width) values indicated that while WT
cotyledons were nearly spherical (LI = 0.9-1), those of fugu5-1
were slightly longer than wide (LI = 1.2), an-1 were more
elongated than fugu5-1 (LI = 1.3-1.5), and an-1 fugu5-1 were
the most elongated (LI = 1.3-1.7) (Figure 4A). The differences
among the above genotypes were small at early stages of
cotyledon development (5 DAS), but greater at later stages (15
and 25 DAS). Quantification of cotyledon area, length, and width
confirmed that an-1 fugu5-1 cotyledon expansion along the
medio-lateral axis was arrested at 15 DAS or earlier
(Figures 4B-D).

To determine the timing of emergence of the 3D-growth
phenotype, whole an-1 fugu5-1 seedlings were collected at 5 and
10 DAS, fixed, and prepared for SEM. The 3D-growth phenotype
was not visible at 5 DAS on the adaxial side of cotyledons (Figure
S2A). However, at 10 DAS, the adaxial side of an-1 fugu5-1
cotyledons displayed a wavy texture, typical 3D growth not
evident in the parental lines (Figures S2B, S3, and $4).
Together, the above results indicated that the drastic
developmental defects in an-1 fugu5-1 occur at an early post-
germinative developmental stage, and that they are enhanced as
organ maturation progresses.

Defects in Pavement Cell Differentiation
Are Specifically Triggered by Excess PPi
As mentioned above, while exogenous supply of Suc rescued the
fugu5 palisade tissue phenotype, epidermis developmental
defects did not recover unless PPi was specifically removed,
such as in the fugu5-1 AVPI1,,,::IPP1#8-3 and fugu5-1 AVPI,,:
IPP1#17-3 lines (Figure 1). Consistently, Suc availability did not
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WT

FIGURE 3 | Observation of adaxial epidermis developmental defects in an-1 fugu5-1. (A-D) SEM images of the adaxial side of the cotyledon of the WT, fugu5-1,
an-1, and an-1 fugub-1, respectively, at 25 DAS. Scale bar, 1 mm. (E-H) SEM images of the adaxial side pavement cells of the WT, fugu5-1, an-1, and an-1 fugus-
1, respectively. Scale bar, 500 pm. (I, J) SEM images of the adaxial side of the cotyledon of an-1 fugu5-1 showing developmental defects of pavement cells. Scale
bar, 300 pm (1), 100 um (J). (K-N) Histological cross sections of the WT and fugu5-1, an-1, and an-1 fugu5-1 mutant cotyledons at 25 DAS. Samples were stained
with toluidine blue. Scale bar, 1 mm. (O, P) Magnified cross-sectional images of an-7 fugu5-1. Scale bar, 500 pm. (O) Aberrant pavement cells in an-1 fugub-1 (red
box in (O)), are magnified in (P). Scale bar, 100 ym. Red arrowheads indicate stomata.

an-1

affect the an-1 fugu5-1 phenotypes, as indicated by the formation
of 3D protrusions on the adaxial side of an-1 fugu5-1 grown for
20 days on MS medium containing 2% Suc (Figures S5, S6). We
previously reported that mutants with defects in gluconeogenesis
(pckI-2) or the glyoxylate cycle (icl-2; mis-2), produced less Suc
from TAG and exhibited compensation in their cotyledons that
recovered upon Suc supply (Takahashi et al., 2017). This led to
the conclusion that lowered Suc production, but not excess PPi,

is necessary to trigger compensation in palisade tissue
(Takahashi et al.,, 2017). However, the epidermal cells of the
above mutant lines were not examined.

The pavement cells of icl-2, mlis-2, and pckI-2 were
indistinguishable from the WT in terms of their UI values
(Figures S7A-G). Next, we constructed an-1 icl-2, an-1 mls-2,
and an-1 pckl-2 mutants and evaluated their pavement cell
phenotypes. Importantly, while these double mutants displayed
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FIGURE 4 | Quantitative time-course analysis of cotyledon morphological phenotypes. (A) Leaf index was determined for the WT, fugu5-1, an-1, and an-1 fugu5-1
at the indicated growth stages. (B) The cotyledon area was determined for each genotype at the indicated growth stages. (C, D) The cotyledon length and width
were determined for each genotype at the indicated growth stages. Values were calculated from SEM images of a time-course analysis of each genotype (Figure
S4). Data are means + SD (WT, fugu5-1, an-1: n = 6; an-1 fugu5-1: n = 5). Asterisk represents a significant difference between genotypes at P < 0.05 (two-tailed
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a severely reduced cotyledon width reminiscent of an-1 fugu5-1,
they did not exhibit 3D protrusions (Figures S7H-M). In
addition, the UI values of the above double mutants were
comparable to that of an-1 (Figure S7N). Together, these

results confirmed that compensation in palisade tissue is due
to Suc deficit, while the pavement cell patterning defects,
including 3D protrusions, are PPi-dependent. If so, removal of
PPi from the an-1 fugu5-1 double mutant background would be
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sufficient to suppress the 3D protrusions. As expected,
phenotypic analysis of an-1 fugu5-1 AVPI,,,::IPP1#8-3
confirmed that PPi removal was indeed necessary and
sufficient for restoring pavement cell patterning, which
mimicked that of the an-1 single mutant (Figures 5A-F).
Quantification of the UI further supported these findings
(Figure 5G).

The H*-PPase Promotes MT Growth and
Genetically Interacts With AN in

MT Dynamics

Given the axial role of MTs in the control of pavement cell
morphogenesis (Fu et al., 2005), the above observations
suggested that PPi affects MT dynamics. Thus, we investigated
the role of MTs in the regulation of cell morphology in our
system. First, we investigated MTs in the epidermis of cotyledons
of the fugu5-1, an-1, and an-1 fugu5-1 mutants. To observe MTs
in living cotyledon epidermis, we crossed UBQI0::EYFP-TUB6
plants (Sugiyama et al., 2017) with fugu5-1, an-1, and an-1 fugu5s-
I mutant plants and obtained homozygotes harboring UBQI10::
EYFP-TUBS. In the pavement cells of young cotyledons from the
fugu5-1, an-1, and an-1 fugu5-1 mutants, cortical MTs were
normally organized and indistinguishable from those in WT cells
(Figure 6A). To examine the properties of MTs in these mutants,
we treated the seedlings with 2 uM oryzalin, which is not
sufficient to disrupt cortical MTs in WT plants. As expected,
cortical MTs were intact in WT plants even after oryzalin

treatment (Figure 6A). By contrast, in fugu5-1, an-1, and an-1
fugu5-1 pavement cells, cortical MTs were slightly fragmented
and sparse (Figure 6A). Indeed, the mean length of cortical MT's
in fugu5-1, an-1, and an-1 fugu5-1 cells was shorter than in WT
cells (Figure 6B). The mean MT length was shortest in an-1I
fugu5-1 cells (Figure 6B). The density of cortical MTs, calculated
as the area of EYFP-TUB6-positive pixels, was also lower in an-1,
and markedly lower in an-1 fugu5-1 cells, than in WT cells
(Figure 6C). These results suggested that cortical MT's are more
unstable in fugu5-1 and in an-1 cells than in WT cells and that
genetic interactions of FUGU5 and AN influence MT stability.

We next investigated the dynamics of cortical MTs in young
pavement cells. Cortical MTs exhibit growth, shrink, rescue,
catastrophe, and stop (Shaw et al., 2003). However, due to the
high density of cortical MTs in young cotyledons, we could not
analyze the dynamics of MTs. Instead, we examined the net
growth rate of cortical MTs by subtracting the time-shifted
images from the time-lapse images and capturing the track of
their growth (Movie S1). Next, we quantified the net growth rate
(velocity) of cortical MTs (Figure 6D). MT growth rate was
slightly lower in fugu5-1 cells and markedly lower in an-1 fugu5-
I cells than in WT, again suggesting that FUGU5 promotes MT
growth and genetically interacts with AN to influence
MT dynamics.

Because fugu5-1 cells accumulate a high level of PPi in the
cytosol (Ferjani et al., 2011), we reasoned that MT dynamics might
be directly affected by excess PPi ions in fugu5-1 mutants. To

AVPI
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FIGURE 5 | Expression of IPP1 rescued an-1 fugu5-1 developmental defects. (A, B) SEM images of the adaxial side of cotyledons of an-1 fugu5-1 and an-1 fugu5-
1 AVP1,0::IPPT #8-3 at 25 DAS. Scale bar, 1 mm. (C, D) Cotyledon histological cross sections of an-7 fugub-1 and an-1 fugub-1 AVP1,,,::IPP1 #8-3 at 25 DAS.
Scale bar, 1 mm. (E, F) Magnified SEM images of the adaxial side of cotyledons of an-7 fugub-1 and an-1 fugud-1 AVP1,.,::IPP1 #8-3 at 25 DAS. Note that an-1
fugub-1 developmental defects of the epidermis were recovered by expression of IPP1. Scale bar, 300 pm. (G) Undulation index of pavement cells (n = 115
pavement cells from at least four cotyledons). Data are means + SD. Asterisk represents a significant difference compared to the WT at P < 0.0001 (ANOVA with
Tukey HSD test, KaleidaGraph ver. 4.1.4). DAS, days after sowing. N.S, not significant.

G

Undulation index

Frontiers in Plant Science | www.frontiersin.org

31

February 2020 | Volume 11 | Article 31


https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Guniji et al.

PPi Homeostasis in Plant Growth

Oryzalin

with Scheffe test, n = 30 cells (80 < MTs/cell)].

B
140
=120
=
2 100
8
Q
= 80
O
El
S 60
8
E 40
Z
= 20
[
0

] "

14

12

10

Microtubule density (%)
o N B o

kk ok
kskosk

\ A \ Y Vool A
57 gV Y Q5 g S
g\x‘?:“ a\ g\x%“ gwé“ OX gu%“
o av
B Control M 2 pM oryzalin
Genotype Velocity (Mean = SD, nm s™!)
WT 84.8 = 3.1
fugu5-1 81.5 £ 3.8™
an-1 85.7 £ 3.1
an-1 fugu5-1 762 £ 32"

FIGURE 6 | Effect of oryzalin on cortical microtubule dynamics in pavement cells. (A) Cortical microtubules in the cotyledon epidermis of WT, fugu5-1, an-1, and an-
1 fugub-1 plants expressing UBQ10::EYFP-TUBG6. Four-day-old seedlings were observed without (control) or after 2 h of treatment with 2 uM oryzalin (oryzalin).
Bars, 50 um. 200%-magnified close-ups are shown below each image. Bars, 25 um. (B, C) Microtubule length (B) and density (C) of the cotyledon epidermis. Data
are means + SD (**P < 0.001, ANOVA with Scheffe test, n = 120 cells). (D) Growth rate of cortical microtubules in the cotyledon epidermis of WT, fugu5-1, an-1,
and an-1 fugub-1 plants expressing UBQ10::EYFP-TUB6. Measurements were performed on 5-day-old seedlings. Data are means + SD [**P < 0.01 to WT, ANOVA
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FIGURE 7 | Effect of medio-lateral growth limitation on the epidermis. Computational model describing tissue growth of the WT (left panel) and the an-1 fugu5s-1
double mutant (right panel). Green circles denote mesophyll cells, and blue and red ovals represent pavement and guard cells, respectively. Mesophyll and pavement
cells increased in size over time. The tissue width increased over time in the WT but remained constant in the an-1 fugub-1 double mutant.

assess this possibility, we examined the tubulin polymerization
rate in vitro in the presence of 1, 5, and 10 mM PPi (Figure S8).
Consistently, addition of PPi led to a dose-dependent delay of
tubulin polymerization (Figure S8). Thus, PPi at higher than
physiological concentrations may directly interfere with MT
dynamics by inhibiting their polymerization (Weiner et al.,
1987; Heinonen, 2001). We also noticed that reduced pavement
cell complexity and stomatal patterning defects were evident at 4
DAS (Figure S9).

Three-Dimensional Protrusions in an-1
fugu5-1 Are Caused by Mechanical
Buckling Between Adjacent

Pavement Cells

To examine the possibility that mechanical buckling of the
epidermis generates the undulation seen in an-1 fugu5-1, a
computational model of the mechanical interaction between
cells was developed (Figure S10). We applied a model
framework in which cells were represented by particles that
grow and crowd each other, followed by a change in tissue
shape (Takigawa-Imamura et al., 2015; Higaki et al,, 2017). In
this study, the cross-sectional structure of a part of the upper
surface of a cotyledon was considered in a 2D space. The model
comprised pavement cells, guard cells, and mesophyll cells, which
were assigned abstract round shapes for simplicity (Figure S10).
Repulsive interaction was assumed between cells to prevent
overlaps, and an attractive interaction was assumed so that cell-
cell connections were sustained (Figure S10B). The epidermal
layer was assumed to have bending stiffness. To describe the
smooth surface of the cotyledon, the restoring force due to
bending stiffness was introduced along the sequence of
pavement and guard cells (Figure S10C). The growth of
mesophyll cells was described by increasing their diameter. The
growth of pavement cells was described as horizontal extension at
constant height (Figure S10D). Guard cell growth was omitted
because the change in guard cell width is considered to be limited.

In the model guard cells were distinguished from pavement cells in
that they were not attached to the mesophyll and are less tall.

Figure 7 shows tissue growth described using the model
(Movie S2 and S3). We assumed that tissue width increases
gradually in the WT, whereas it is constant in an-1 fugu5-1 based
on our observations (Figure 4D). The computational simulation
showed that undulations of the epidermis emerged in an-I
fugu5-1 but not in the WT as the pavement cells expanded
(Figure 7), demonstrating that coordination between the growth
orientation of the mesophyll and the expansion of the epidermis
significantly affects tissue shape. Notably, peaks of undulating
epidermis were mostly at the sites of guard cells, suggesting that
attachment to the mesophyll suppresses mechanical buckling at
the sites of pavement cells.

DISCUSSION

Cell differentiation is a focus of investigation, given the
fundamental role of specialized cell types in the execution of
vital functions at the cell, tissue, organ, and organismal levels.
Although key transcription factors orchestrate cell fate at the
transcriptional level, metabolism has also been proposed to be
vital in cell differentiation. We evaluated the link between the
role of H"-PPase in PPi homeostasis and its impact on plant
development. Here, we present several lines of evidence on the
role of metabolism in this process, with emphasis on PPi
homeostasis and its multifaceted impact on developmental
regulation of plant leaves, tissues, and cells.

The Pleiotropic, Yet Specific, Targets of
PPi in Arabidopsis

PPi is a metabolic byproduct (Heinonen, 2001), whose
accumulation at high levels in cells of all kingdoms has been
reported not only to inhibit anabolic reactions but also to cause
lethality in extreme cases (Ferjani et al., 2011; Ferjani et al., 2014;
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Segami et al., 2018). Indeed, the H"-PPase loss-of-function fugu5
mutants of Arabidopsis exhibit a pleiotropic phenotype, as they
fail to reactivate cell cycling in cotyledonary palisade tissue
following seed imbibition due to inhibition of gluconeogenesis
from seed-stored TAG (Ferjani et al., 2011). The lack of Suc, the
sole source of energy in the form of NTPs at a critical stage of the
plant life cycle, triggered cellular phenotypes (compensation)
and reduced hypocotyl elongation, both of which can be
interpreted as metabolism-related developmental defects
(Ferjani et al, 2011; Katano et al., 2016; Takahashi et al.,
2017). Indeed, the addition of Suc exogenously, or the removal
of PPj, restored the above phenotypes.

Moreover, excess PPi in guard cells inhibited stomatal
closure, likely by perturbing its metabolism and/or omitting its
responsiveness to the phytohormone abscisic acid (Asaoka et al.,
2019). Therefore, PPi exerts an inhibitory effect on specific
targets within different cell types. In other words, the function
of H'-PPase, the major PPi-hydrolyzing enzyme in plant cells
(Ferjani et al., 2014; Segami et al., 2018), goes beyond
housekeeping, and the breadth and specificity of its
contribution warrants investigation.

Excess PPi Within Pavement Cells
Reduces Their Size and Complexity

Given that PPi is produced in all plant cell types, particularly those
with an active metabolism, we extended our investigation to the
epidermis, a major tissue that wraps the whole plant body.
Pavement cells in fugu5 were less complex in shape, which was
not recovered by exogenous Suc supply. This finding suggested that
the reduced pavement cell complexity in fugu5 is not a result of
reduced Suc production (due to inhibited gluconeogenesis) but is
triggered by excess PPi. In support of this interpretation, pavement
cell complexity was restored when PPi was specifically hydrolyzed
by the soluble PPase IPP1 in the fugu5 background (Figure 1L).
Moreover, pavement cells were as complex as the WT even in
mutants with defects in gluconeogenesis (pckI-2) or the glyoxylate
cycle (icl-2 and mis-2), all of which exhibited severely reduced TAG-
Suc conversion during seedling establishment (Figure S7G;
Takahashi et al., 2017). Taken together, the above results
indicated that excess PPi targets likely differ even among adjacent
leaf tissues, namely the epidermis and the palisade tissues. We
recently reported that UGPase is the major target of the inhibitory
effect of excess PPi in vivo (Ferjani et al., 2018). At this stage, while
the partial inhibition of UGPase activity is the trigger of
compensated cell enlargement (CCE) in palisade tissue cells, this
metabolic step is not critical for the formation of interlocking
puzzle-shaped pavement cells in epidermal tissue. Finally, given that
pavement cells were significantly smaller in the fugu5 mutants, this
indicates that CCE does not occur in the epidermis and that the
reduced UI could be a result of restricted cell growth (Figure 2G).

Potential Effect of Excess PPi on

MT Dynamics

In plant leaves PPi is located predominantly in the cytosol at 0.2-0.3
mM (Weiner et al., 1987; Heinonen, 2001). We reported previously
that the PPi level in fugu5 was ~ 2.5-fold higher than in the WT

(Ferjani et al., 2011), which is roughly estimated to be 0.5-0.75 mM.
In this study, PPi at 1-10 mM reduced the tubulin polymerization
rate in a concentration-dependent manner in vitro (Figure S8);
these concentrations are higher than those reported in vivo. To
address this discrepancy, we live imaged cortical MTs in the fugu5
background. Based on the UI values, we expected to find clear
differences in the arrangement of cortical MTs and/or their
dynamics. However, the relative MT length and density were
unexpectedly comparable between fugu5 and the WT. By contrast,
following oryzalin treatment at low concentrations, fugu5 cortical
MTs were slightly fragmented (reduced relative MT length) and
sparse (reduced relative MT density), while the WT MTs were intact.
Therefore, the increase in the PPi level in fugu5 did not affect the
arrangement but interfered with MT dynamics in vivo. This was
supported by the fact that reduced MT length, density, and growth
rate (velocity) in fugu5 were significantly enhanced in an-1 fugu5.
Together, the above results suggest that FUGU5 promotes MT
growth and that it genetically interacts with AN to influence MT
dynamics. However, the mechanism underlying this interaction is
unclear and should be the focus of future research.

As mentioned above, several proteins of the ROP family
together with the plant hormone auxin have been proposed to
play a key role in shaping pavement cells, in which MT dynamics
are of central importance. So, what are the implications of the
above observations on fugu5 MTs within the cell? MT
polymerization rates in vivo are approximately 5- to 10-fold
higher than those measured using purified tubulin in vitro
(Cassimeris, 1993). Provided that the excess PPi level in fugu5
partially inhibits gluconeogenesis and de novo protein synthesis
in vivo (Ferjani et al, 2011), MT-associated proteins or other
factors could be targets of suppression by PPi, even at
concentrations lower than those used in the in vitro assay. If
true, this would provide a plausible explanation for the in vivo
versus in vitro discrepancy, but more research on the effects of
PPi on MT-associated proteins is needed to resolve this issue.

Perturbation of Leaf Flatness Due to
Mechanical Buckling Between Adjacent
Pavement Cells
Striking phenotypic similarities exist between an-1 and fugu5-1
mutant cotyledons. In fact, both single mutants exhibited oblong
cotyledons, yet this phenotypic trait is controlled by different
mechanisms. fugu5-1 cotyledons are oblong because the cell
number along their medio-lateral axis does not increase during
postembryonic development (Ferjani et al., 2011). By contrast,
an-1 cotyledons are oblong due to restricted polar cell expansion
along their medio-lateral axis and are thick due to excessive
elongation of mesophyll cells along the adaxial-abaxial axis (Kim
et al, 2002; Minamisawa et al., 2011). Here, pavement cell
phenotyping revealed that in addition to the above similarities
at the organ level, these two mutants shared a decreased
complexity of pavement cells. Henceforth, an-1 fugu5-1 double
mutants were analyzed to evaluate whether their genetic
interaction influences pavement cells.

Interestingly, live imaging of MTs revealed that their dynamics
in an-1 fugu5-1 are more severely affected than their respective
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parental lines (Figure 6). The most striking phenotype of an-1
fugu5-1 cotyledons was their wavy surface, enhanced thickness
(Figure 3), and higher cell density per unit length (Figure S11).
The wavy surface was restored upon PPi removal in an-1 fugu5-1
AVPI,,,:IPP1#8-3, which had notably wider cotyledons (Figure
5). Therefore, alleviation of the restricted organ expansion along
the medio-lateral axis is sufficient to re-establish the smooth organ
surface. Consistent with this, in our computational model,
restriction of organ widening alone reproduced the 3D-
protruding cells and the wavy surface characteristic of an-1I
fugu5-1. The above interpretation highlights the loss of growth
coordination along two major axes and the consequences on organ
global morphology, yet it does not take into account the individual
and/or local response of pavement cells. Hence, the twisting of
pavement cells observed around stomata (Figure 3J) may reflect a
mechanical conflict between guard cells and pavement cells,
whereby MTs responsiveness to stress is different (Hervieux
et al, 2017). Although single mutations in various genes
reportedly disrupt leaf flattening, the combination of an-1 and
fugu5-1 mutations indicated that this important trait can be
altered by severely restricting cell proliferation and expansion
along the leaf medio-lateral axis, adding to our knowledge of the
genetic regulation of this important trait.

Taken together, our results provide valuable information on
the effect of the accumulation of unhydrolyzed PPi on plant
development in vivo. While PPi quantification and visualization
are challenging (Gdula et al., 1998; Heinonen, 2001; and references
therein), excess PPi resulted in visible phenotypes, such as
compensation in the palisade tissue and defects in epidermal cell
differentiation. Henceforth, we will focus on verifying how PPi
exerts differential effects on different cell types, and whether the
PPi concentration varies among plant tissues and cell types.
Ultimately, we aim to identify key cellular components and/or
critical metabolic steps, an important topic considering the
universality of PPi homeostasis in all kingdoms of life.
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Umesh P. Yadav?, Shengbo Sha?, Christine Trittermann?, Laura Short?, Jessey George?,
John Evers?, Darren Plett?, Brian G. Ayre3, Stuart John Roy?* and Roberto A. Gaxiola'
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A fundamental factor to improve crop productivity involves the optimization of reduced
carbon translocation from source to sink tissues. Here, we present data consistent with
the positive effect that the expression of the Arabidopsis thaliana HT-PPase (AVP1)
has on reduced carbon partitioning and yield increases in wheat. Immunohistochemical
localization of HT-PPases (TaVP) in spring wheat Bobwhite L. revealed the presence
of this conserved enzyme in wheat vasculature and sink tissues. Of note, immunogold
imaging showed a plasma membrane localization of TaVP in sieve element- companion
cell complexes of Bobwhite source leaves. These data together with the distribution
patterns of a fluorescent tracer and [U'4C]-sucrose are consistent with an apoplasmic
phloem-loading model in wheat. Interestingly, '*C-labeling experiments provided
evidence for enhanced carbon partitioning between shoots and roots, and between
flag leaves and milk stage kernels in AVP1 expressing Bobwhite lines. In keeping, there
is a significant yield improvement triggered by the expression of AVPT in these lines.
Green house and field grown transgenic wheat expressing AVPT also produced higher
grain yield and number of seeds per plant, and exhibited an increase in root biomass
when compared to null segregants. Another agriculturally desirable phenotype showed
by AVP1 Bobwhite plants is a robust establishment of seedlings.

Keywords: wheat (Triticum aestivum), H*-PPase (proton pyrophosphatase), reduced carbon partition, yield, PPi
metabolism

INTRODUCTION

According to the Food and Agriculture Organization of the United Nations, wheat (Triticum
aestivum L.) is the largest primary commodity in the world, cultivated on more land area than any
other commercial crop (~220 Mha) with global production of over 700 million tons, a total global
annual export value of close to US$50 billion, and accounts for a fifth of our total available dietary
calories'. Given that plant productivity is dependent on how organic carbon and other nutrients
are acquired and partitioned (Khadilkar et al., 2015), it is imperative that we mechanistically dissect
this complex process in important crops like wheat, and identify rate-limiting steps to improve
yield (Ainsworth and Bush, 2010; Braun et al., 2013; Dasgupta et al., 2014; Yadav et al., 2015).
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The synthesis of primary photosynthate, sucrose (Suc), in
wheat starts with carbon fixation into triose phosphates in the
photoautotrophic mesophyll cells in source leaves. It is then either
transiently stored in chloroplasts and vacuoles, or is transported
via the phloem to heterotrophic sink tissues and/or used as the
substrate for starch reserves in the grain endosperm (Trethewey
and Smith, 2000; Bahaji et al., 2014; Griffiths et al., 2016; Kumar
et al., 2018). Wheat leaf blades have the characteristic parallel
venation pattern of a monocot, with intermediate and small sized
veins, together called the minor veins, constituting the collection
phloem that channel into the major veins or the transport phloem
(Fritz et al., 1983; Russell and Evert, 1985). Transfer of the
photoassimilate from the collection phloem to the transport
phloem occurs via the transverse veins that connect adjacent
parallel veins (Kuo et al., 1972). None of the monocots studied
thus far have intermediary cells in the phloem that are typical of
plants that employ the polymer trapping mechanism (Esau, 1969;
Rennie and Turgeon, 2009; Turgeon, 2010; Braun et al., 2013).
Early anatomical (Kuo et al., 1974) and micro-autoradiography
studies (Altus and Canny, 1982, 1985) suggested a passive
symplasmic path for sucrose loading in wheat source leaves.

However, more recent studies implicate an active apoplasmic
phloem loading strategy in wheat leaves. In a eudicot like
arabidopsis, the role of Group 2 SUT proteins in apoplasmic
loading is well-established (Truernit and Sauer, 1995; Stadler and
Sauer, 1996; Biirkle et al., 1998; Wright et al., 2003; Srivastava
et al., 2008; Ayre, 2011). Aoki et al. (2002) isolated three single-
copy homeologous sucrose symporter genes TaSUTIA, 1B, and
1D, encoding 98% identical proteins, and later found that while
the TaSUT1 encoded transcripts were localized in the companion
cells in source leaves, the TuSUT1 epitopes localized to the plasma
membrane of sieve elements in large, intermediate, and minor
veins in source leaves (Aoki et al., 2004). Furthermore, upon
feeding symplasmic tracer dye 6-Carboxyfluorescein diacetate,
Aoki et al. (2002) also found that the sieve element companion
cell (SE-CC) complexes of minor veins in source leaves were
symplasmically isolated, suggesting a predominantly apoplasmic
phloem loading strategy in wheat.

The consensus model for apoplasmic phloem loading in
wheat would therefore hold that, sucrose first passively diffuses
via plasmodesmata from the mesophyll cells (Giaquinta, 1983)
to the phloem parenchyma cells through intervening layers of
bundle sheath and mestome sheath cells (Kuo et al., 1974).
Next, SWEET proteins, with 59 putative members identified
in the wheat genome (Gao et al,, 2018), facilitate the efflux of
sucrose from the phloem parenchyma cells into the apoplasmic
space (Chen et al, 2010, 2012) prior to being imported into
the CCs by Sucrose/H' symporters encoded by TaSUTI (Aoki
et al.,, 2002). The proton motive force (pmf) required for this
symport is provided by plasma membrane (PM)-localized P-type
ATPases (DeWitt and Sussman, 1995), the ATP for whose
operation is expected to be supplied by the oxidation of some
of the symported Suc hydrolyzed via the PPi-dependent Sucrose
Synthase (SUS) pathway (Geigenberger et al., 1993; Nolte and
Koch, 1993; Lerchl et al, 1995; Gaxiola et al., 2012, 2016b;
Khadilkar et al., 2015; Pizzio et al., 2015), where source of PPi has
been proposed to be a PM-localized type I HT -PPase functioning

as a PPi Synthase (Gaxiola et al., 2012; Pizzio et al., 2015; Scholz-
Starke et al., 2019). It is worth emphasizing that there is no report
in the literature providing data regarding the type I HT-PPase
localization in wheat.

Type I HT -PPases are found to be ubiquitously expressed, with
highest levels observed in the collection, transport, and unloading
phloem as well as sink tissues (Mitsuda et al.,, 2001; Li et al.,
2005; Paez-Valencia et al., 2011; Segami et al., 2014; Khadilkar
et al., 2015; Kriegel et al., 2015; Pizzio et al., 2015; Regmi et al,,
2015). In active sink tissues, the type | HT -PPases at the tonoplast
are hypothesized to hydrolyze PPi - a byproduct of numerous
anabolic reactions — to drive these biosynthetic reactions forward,
while simultaneously using the free energy of PPi hydrolysis to
energize the rapidly expanding vacuoles (Shiratake et al., 1997;
Maeshima, 2000; Heinonen, 2001; Viotti et al., 2013; Regmi et al.,
2015). Increased abundance and or activity in these tissues is
expected to have a positive effect in sink strength by favoring
biosynthetic reactions (Gaxiola et al., 2016b).

Under a favorable proton gradient, as is found in the
phloem apoplasmic interface, a PM-localized type I HT-PPase
(Long et al,, 1995; Ratajczak et al., 1999; Langhans et al,
2001; Paez-Valencia et al.,, 2011; Regmi et al., 2015) has been
proposed on thermodynamic (Davies et al., 1997) and structural
grounds (Regmi et al., 2016), to function in reverse as a PPi-
synthase (Khadilkar et al, 2015; Pizzio et al, 2015). In fact,
the bidirectionality of plant membrane-bound type I H'-PPases
has been shown \y (Scholz-Starke et al., 2019) and suggested
biochemically (Faganha and de Meis, 1998; Marsh et al., 2000).

In contrast to arabidopsis, whose type I HT -PPase is encoded
by a single copy gene, Arabidopsis thaliana H*-PPase (AVPI),
the hexaploid wheat genome harbors three phylogenetically
distinct gene paralogs encoding H*-PPases — TaVPI, TaVP2,
and TaVP3 - identified through extensive expressed sequence tag
(EST) data mining and mapped to homoeologous chromosome
groups 1 and 7 (Wang et al., 2009). The amino acid alignment
of the consensus polypeptides encoded by these paralogs against
23 type I HT-PPase orthologous sequences from barley, maize,
rice, sorghum, tobacco and arabidopsis showed high sequence
homology, including that of a highly conserved D(X);KXE motif
(Wang et al, 2009). More importantly, Wang et al. (2009)
used RT-PCR and dbEST surveys to examine the tissue-specific
expression levels of the TaVP-specific transcripts and found
that TaVP3 was only expressed in developing seeds (Wang
et al., 2009). TaVP2 was found to be primarily expressed in
shoot tissues, including 10-days-old seedling leaves, flag leaves,
inflorescences, and uppermost internodes, but not in germinating
seeds (Wang et al., 2009). TaVP1, which is phylogenetically more
similar to TaVP2 than TaVP3, was expressed more broadly,
including germinating seeds, and particularly at the highest level
in roots (Wang et al., 2009).

Given the versatility of type I HT-PPases and their utility
as powerful yet simple biotechnological tools (Gaxiola et al.,
2012, 2016a; Schilling et al., 2017, and references therein),
we constitutively expressed AVPI under the control of a
maize Ubiquitin (UBI) promoter in the spring wheat cultivar
Bobwhite L., to understand its role in carbon partitioning. An
immunohistochemical survey of various tissues showed that the
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wheat HT -PPase orthologs — TaVPs - depicted basal expression
in all tissues, with maximal localization levels in the sink
tissues, and the collection, transport, and unloading phloem.
Using '4CO, labeling, it was found that vegetative wheat plants
partition most of the photosynthates to heterotrophic roots
during the dark period, and that the delivery into roots of
UBI:AVPI transgenic lines was prolonged in the dark period
compared to controls. Moreover, during the reproductive phase,
14CO, labeling of the terminal source flag leaves showed
that the transgenic lines accumulated more *C signal in the
kernels. We found that TaVPs were localized in vacuoles of
the scutellar epithelial cells and at the plasma membrane of
SE-CC complexes using immunogold labeling. The implications
of this vacuolar localization are discussed. Overall, we show
evidence consistent with the expression of AVP1 augmenting
carbon partitioning from source to sinks in wheat plants by
either empowering the flux of carbon via phloem loading
and transport, or by strengthening the sinks, which ultimately
translates into improved yield.

MATERIALS AND METHODS

Generation of Transgenic Wheat

Expressing AVP1

The coding sequence of AVPI (Atlgl5690) was amplified from
the Arabidopsis thaliana ecotype Col-0 cDNA and ligated into
a pENTR/D-TOPO (Invitrogen, Carlsbad, CA, United States)
entry vector. The cloned insert verified by sequencing and then
subcloned into the pMDC32 plant transformation vector (Curtis
and Grossniklaus, 2003) using the Gateway LR recombination
reaction (Invitrogen, Carlsbad, CA, United States). Transgenic
wheat cv. Bob white expressing pUBI:AtAVP1 was developed by
biolistic transformation (Sanford et al., 1995; Vasil and Vasil,
2006). Wheat calli were developed from immature embryos
(1.0-1.5 mm in length, semitransparent) and were used for
bombardment. Microprojectile bombardment was performed
using the Biolistic PDS-1000/He Particle Delivery System (Bio-
Rad, Hercules, CA, United States). Genes of interest and
selectable markers are present as intact plasmids or DNA
fragments and used to coat the microprojectiles prior to shooting
(Kovalchuk et al., 2009). A total of 29 independent transgenic
calli were initially transformed, from which 11 independent
lines were regenerated. Regenerated plants were transplanted
into soil and grown under normal greenhouse conditions using
standard agronomic practices to maturity. Two independent
lines which showed one transgene copy number and a stable
phenotype were characterized further. From the above process,
an AVP1 Null line was selected as a control. AVP1 transgene copy
number (Supplementary Figure S1C) and expression level were
determined by qPCR (Supplementary Figure S1D).

Total Protein Extraction

Approximately 300 mg of wheat leaves were immediately
ground into a fine powder with liquid N, and transferred in
approximately 200 pL aliquots to screw-cap Eppendorf tubes.
To each tube, 1 mL of 10% (v/v) trichloroacetic acid in —20°C

acetone was added, and proteins were allowed to precipitate
overnight at —20°C. The samples were centrifuged at 10000 g
for 30 min at 4°C, followed by removal of the supernatant.
The pellet was washed with —20°C acetone containing 0-07%
B-mercaptoethanol, vortexed and centrifuged at 10000 g for
10 min at 4°C. The washing, vortexing, and centrifugation steps
were repeated four more times. After the final centrifugation step,
the supernatant was removed and the pellet dried in a tabletop
vacuum for approximately 30 min. Total protein was solubilized
by adding Laemmli’s buffer to the pellet. Half of the samples
were boiled in a water bath for better mobility and separation of
membrane proteins on SDS-PAGE. Prior to storage at —80°C,
the mixture was vortexed, and centrifuged at 5000 g for 5 min at
4°C three times.

Western Blot

The solubilized protein extracts from wheat leaves were then
run on a 10% SDS-polyacrylamide gel, transferred to a PVDF
membrane, blocked with 5% (w/v) non-fat dry milk in Tris-
buffered saline with 0-01% Tween-20 (TBST) and probed
with 1:1000 dilution of polyclonal sera generated against H*-
PPase specific CTKAADVGADLVGKIE motif overnight at 4°C.
After washing in TBST, the membrane was developed using
a Bio-rad Alkaline Phosphatase Immun-Blot® Colorimetric
Assay kit (Bio-Rad Inc., United States’) according to the
manufacturer’s instructions.

Genotyping and Expression Profiling of

Transgenic Lines

Plants were genotyped by PCR to confirm the presence/absence
of AVPI. Genomic DNA was isolated using CTAB (cetyl
trimethylammonium bromide) method (Porebski et al., 1997).
Oligos were designed from the open reading frame and used
in PCR reaction (Supplementary Table S1). The PCR cycling
condition is followed by initial denaturation at 98°C-5 min (1
cycle), denaturation at 98°C-5 s, annealing at 65°C-30 s &
extension at 72°C-1 min (a total of 34 cycle), and final extension
at 72°C-10 min (1 cycle). PCR positive lines were identified after
running 1% agarose gel (Supplementary Figure S1A).

Total RNA was extracted from leaf tissue using TRIzol
reagent (Invitrogen) and a Direct-zol RNA MiniPrep Kit
(Zymo Research, CA, United States) with an on-column DNase
treatment. A 2.0 g aliquot of purified RNA was used for cDNA
synthesis using a High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Victoria, Australia) and random oligo
primers supplied in the kit (Supplementary Figure S1B). The
expression of AVPI, as well as the control gene TuGAPDH
(EU022331), were determined using Quantitative real-time
PCR with gene specific primers (Supplementary Table S1).
Quantitative real-time PCR was performed with KAPA SYBR®
Fast qRT-PCR kit Master Mix (Kapa Biosystems, Wilmington,
United States) and amplification was monitored in real-
time on a QuantStudioTM 6 Flex Real-Time PCR System
(Applied Biosystems, Foster City, United States). Reference
gene stability was assessed with the geNorm function of

2www.bio-rad.com
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qBASE + software using default settings (Hellemans et al,
2007). Gene expression relative to the control gene was
calculated (Supplementary Figures S1 C,D) using equation from
Hellemans et al. (2007). Values are means of 3-5 biological
replicates and 3 technical replicates.

Growth Chamber Conditions

Seeds of AVPI Null, AVPI1-1 and AVPI-2 were soaked in 30%
(v/v) commercial bleach with 0.01% Tween-20 for 5 min, washed
several times with water, imbibed in water for 8 h, sown
on moist filter paper pads in petri dishes, and incubated at
room temperature in the dark for 2 days for germination. The
germinated seeds were directly sown on Sunshine® potting mix in
pots or on Turface® artificial soil in 50mL falcon tubes and grown
in growth room under 12: 12: light: dark regime. The composition
of the liquid fertilizer used to nourish the plants was obtained
from Shavrukov et al. (2012). Photoperiod of the chamber was
set up as 12 h light/12 h dark at 25°C (EGC C6 Environmental
Growth Chambers), providing the light of intensity 80 jumol m~2
s~ ! photosynthetic photon flux.

Light Microscopy and

Immunohistochemistry

Source leaves, leaf sheaths, flag leaves, crown roots, peduncle,
spikelets, and basal rachis were excised from AVPI Null, AVPI-
1, and AVPI-2 plants. The tissues excised processed for paraplast
embedding, sectioning, and immunolabeling with anti-AVP1
rabbit polyclonal antibodies according to Regmi et al. (2015). For
semi-quantitative immunohistochemistry on source leaves, the 3-
3’-Diaminobenzidine development time was kept at 30s for both
control and transgenic lines. Images were acquired with either a
Zeiss Axioskop or Nikon Eclipe E600 (Keck Bioimaging Center,
ASU) light microscope.

High-Pressure Freezing, Inmunogold
Labeling, and Transmission Electron

Microscopy

Arabidopsis thaliana Ht-PPase Null seeds were germinated
for 2 days under sterile conditions, dissected under 150 mM
sucrose to expose the scutellar epidermis, and along with AVPI
Null source leaves were high-pressure frozen, freeze-substituted,
embedded in LR White, ultrathin sectioned, immunogold labeled
with anti-AVP1 polyclonal antibody, and imaged according to
Regmi et al. (2015). Quantification of gold labeling comparing the
number of 10 nm gold particles at either the PM of SEs or CCs,
or the vacuoles of CCs from nine independent micrographs from
three independently grown plants was done through post hoc
pairwise comparisons using Tukey HSD.

Pulse Chase Experiment With 14CO, on
10-Days-0Old Bobwhite and Transgenic

Seedlings

Approximately 4 h into the photoperiod, 48 10-days-old wheat
seedlings (12 per Bobwhite and each transgenic line, i.e., 3 plants
per line per time point) were placed in a large transparent

acrylic box under a halogen lamp emitting 80 pmol m~2 s~ !

photosynthetic photon flux. A 1-h pulse of *CO, (80 p.Ci total
1C activity) was supplied to the box by mixing radioactive
NaH!#CO3 (specific activity: 56 mCi/mmol, concentration:
2.0 mCi/mL; MP Biomedicals, LLC) with 80% (v/v) lactic acid.
Samples for radioactivity measurement (shoot and root) were
weighed and collected in 20 ml scintillation vials contained 3 ml
80%(v/v) methanol. After incubating in methanol for 3 days,
0.5 mL commercial bleach (6.0% Sodium Hypochlorite) was
added to each vial and incubated for 1 day. Next, 17.5 ml
ECOLUME()™ liquid scintillation cocktail (MP Biomedicals,
LLC) was added to each vial to determine the C radioactivity
of the solution fractions. Samples were incubated at room
temperature with agitation at 50 rpm for all the incubation steps.
Disintegrations per minute (DPM) was read by Beckman Multi-
Purpose Scintillation Counter Ls6500 with a counting time of
2 min as described in Yadav et al. (2017). Any tissue harvesting
in the dark period were performed under a green light source.
The experiment was run twice independently — and 3 plants per
line per time point were used. The experiment was run twice
independently - and 3 plants per line per time point were used.

Flag Leaf #CO, Labeling

Approximately 4 h into the photoperiod, the flag leaves from
AVPI Null and transgenic lines (Zadoks stage 75) from the main
shoot were individually sealed in large transparent zip-lock bags
under a halogen lamp emitting 80 mol m~2 s~ ! photosynthetic
photon flux. 3 days later, 8 seeds from apical, central, and basal
parts of the spikelet, and five disks ~6mm from central part of
flag leaf, and two 1.5 cm peduncle pieces from each half were
measured for “C activity in using the protocol described in
Yadav et al. (2019). n = 5 plants for AVPI Null, 4 plants per
transgenic line.

Evaluating Grain Set Index

The distribution of floret fertility within each spike of the
main culm was mapped from the apex of the spike to the
base, according to Rawson et al. (1996). Spikes were harvested
during the milk stage. Established CMU (Chiang Mai University)
(Rerkasem et al., 1989) and the LAC (Lumle Agricultural
Research Centre) methods (Sthapit, 1988) were used to calculate
the grain set index for the assessment of spike fertility:

CMU GSI (%) = (C/20) x 100, where C is the number of grains
per primary and secondary floret of ten central spikelet. n = 3
plants per line.

LAC GSI (%) = B x 100/A, where A is the number of
competent florets per spike, and B is the number of grains per
spike. n = 4 plants per line.

The spikelets were analyzed as diagrammed in
Supplementary Figure S2 C. Naming of florets within the
spikelets followed (Gonzilez et al., 2003).

Evaluating Wheat Seed Germination and

Post-germinative Growth
Three wheat lines (AVPI Null, AVPI-1, and AVPI-2) were
evaluated from seed germination until early seedling stage (96 h).
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Seeds were surface sterilized, imbibed in sterile water for 24 h
in the dark, and 20 seeds per line were placed in petri dishes
in the dark for 24 h. After this period, three seedlings per line
were dissected to measure total fresh weight and fresh weights
of coleoptile and root at 48, 72, 80, and 96 h after hydration,
in addition to imaging 2 seedlings per line with a Nikon D5100
camera. At 80 h, root hairs on seminal roots were imaged using
an Olympus SZX7 stereo microscope.

Evaluation of Transgenic Wheat Under
Greenhouse Conditions

Evenly sized seeds of transgenic and null segregant plants were
imbibed in reverse osmosis (RO) water at room temperature
for 4 h. Seeds were then placed in the dark at 4 °C for 3 days
prior to transplanting into pots (diameter 150 mm and height
of 150 mm). Pots were filled with a 2.0 L of cocopeat soil
(South Australian Research and Development Institute (SARDI),
Adelaide, Australia). Plants were grown in The Plant Accelerator
(Australian Plant Phenomics Facility, University of Adelaide,
Australia, latitude: —34.971353 & longitude: 138.639933) using
standard agronomic practices for water management, as well
as fertilizer and disease treatments. The plants were grown
under natural light conditions, in a temperature-controlled
greenhouse with a 22 °C daytime and 15 °C night temperatures.
Measurements of plant yield data including, grain yield per plant,
number of seeds per plant, head number and thousand-grain
weight were taken at the time of harvesting. Phenotypic data
was statistically analyzed using a one-way ANOVA and Dunnett’s
test in PRISM 7 for Windows ver. 7.00 (Graphpad Software Inc.,
CA, United States) to determine means that were significantly
different at a probability level of P < 0.05.

Evaluation of Transgenic Wheat Under
Field Conditions

Arabidopsis thaliana Ht-PPase transgenic wheat lines were
grown under field trials at Glenthorne Farm, South Australia
(Lat —35.056933°, Long 135.556251°). Two independent
transformation events expressing AVPI (AVPI-1, and AVP1-2 Ts
generation) and AVP1 null segregates were sown. Plants were
sown at a depth of 3 cm in 1 m x 0.7 M plots. Transgenic lines
were sown in the middle two rows of the plot, with the outer plot
rows a non-transgenic barley, cv Fielder, buffer to reduce edge
effects and to stop pollen flow to neighboring plots. The barley
cultivar Fielder was sown across the top and bottom of the plot
(20 cm in width) to mitigate edge effects and to reduce pollen
flow between the plots. An 8 cm gap was left between each plot,
with a 50 cm gap left between every 5th plot to allow access. Plots
were sown in a randomized block design and bird-netting placed
over the trial to avoid damaged caused by birds.

Planting took place on the 25th of May 2017. High Phosophate
Super Phosphate (RICHGRO, Jandakot, Western Australia,
Australia) and Soluble Nitrogen Urea (RICHGRO) were applied
at germination (2 weeks after sowing) at a rate of 50g m? and 20g
m?, respectively. Snail bait (Blitzem Snail & Slug Pellets, Yates,
Auckland, New Zealand) was also applied at a rate of 5 g m?.
Irrigation was supplied by rainfall, with 435 mm of rain in the

growing season. At 4 weeks, establishment counts were taken of
the plots. The development of the plants was observed weekly
until grain harvest. Harvesting of the plant material took place
on the 11th and 12th of December 2017. At harvest, total plant
biomass, tiller number, the grain number, head number and grain
yield per plant were recorded. n = 15 independent plants per line.

Root Morphology Analysis of Transgenic
Wheat Lines

Wheat transgenic lines, AVPI and null plants were grown in
2.5 L standard pots (150mm diameter, 190mm height) contains
2.0L Profile Porous Ceramic (PPC) Greens Grade soil (Profile
Products LLC, Buffalo Grove, IL, United States) with 10 g of
Osmocote (Scotts Australia Pty Ltd., Bella Vista, NSW, Australia)
and watered with aqueous liquid fertilizer (1 g/L) (FertPro
Australia Pty Ltd., Dinmore, QLD, Australia) every 10 days after
germination. The transgenic and null wheat lines were sampled
at either 3 or 6 weeks after sowing for root morphology analysis
or for root biomass, respectively. Scanning of root material was
found to accurately measure root length up to 3 weeks of growth
(Data not shown). At three weeks, the soil was carefully removed
from the plants root and root diameter, length, number, surface
area and volume determined using a flatbed scanner (Epson,
EU-88, Suwa, Japan) and RootGraph image analysis system (Cai
etal., 2015). The imaging parameters used were as follows: image
resolution: 600 dpi; image type: gray level; width (cm): 30; length
(cm): 40 (Melino et al., 2015). After 6 weeks, roots were removed
from the soil by gentle washing, dried in an oven at 80°C for 72 h,
and dry weight determined. n = 5 independent plants per line.

RESULTS

Immunohistochemical Localization of

H*-PPases in Various Wheat Tissues

In both eudicot arabidopsis and monocot rice, H-PPases are
basally expressed in all tissues, but also localized at both the
sink tissues like root and shoot apical meristems (RAM and
SAM, respectively), leaf primordia, and the phloem in source
leaves (Li et al., 2005; Regmi et al., 2015). In view of this, we
conducted a comparative study to examine the tissue-specific
localization pattern of the TaVPs (Triticum aestivum vacuolar
HT-PPases) in various wheat tissues. Previously characterized
antiserum (Li et al., 2005; Park et al., 2005) generated against
the highly conserved CTKAADVGADLVGKIE motif (Rea
et al., 1992) in HT-PPases was used in this experiment, that
showed a distinct band at the expected size (~80 kDa) when
immunoblotted against the total protein extracted from wheat
seedlings (Figure 1A). Of note, higher molecular weight protein
aggregates are recognized by the antibody if samples are not
boiled. Consistent with previous outcomes (Li et al, 2005;
Regmi et al., 2015), we found that TaVPs were localized in
either the actively growing sink tissues or in the vasculature
(Figure 1). Specifically, active sink tissues of wheat such as the
SAM (Figure 1D, asterisk), leaf primordia (Figure 1D, arrows),
lateral root primordium (Figure 1H), displayed the strongest
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FIGURE 1 | Immunohistochemical localization of wheat H*-PPase orthologs TaVPs in vascular and sink tissues of seedlings. (A) Western blot of total protein
extracts from AVP1 Null seedlings. Lanes 1 and 2 correspond to boiled and non-boiled samples, respectively. (B) Transverse section of a source leaf vasculature
shows a distinct immunohistochemical reaction in the phloem (arrowheads). (C) Pre-immune control of panel (B). (D) Transverse section of an AVP1 Null seedling
shows a distinct immunohistochemical reaction in the shoot apical meristem (*), leaf primordia (arrows), and vascular tissues of mature leaves (arrowheads).

(E) Pre-immune control of panel (D). (F) Transverse section through a root shows immunohistochemical reaction at the phloem cells (arrowheads). (G) Pre-immune
control of panel (F). (H) Immunohistochemical reaction at a lateral root primordium. Scale bars: (B,C) 50 pm; (D,E) 100 wm; (F,G) 25 pm; (H) 10 wm. x, xylem; mx,
metaxylem; Irp, lateral root primordium. Silhouette diagram of a wheat seedling showing localization of the different sections.

signal. The TaVPs were also prominently localized in the phloem
cells of the vascular bundles of the leaf sheath of a growing
seedling (Figure 1D, arrowheads), in the vascular tissues of
source leaves (Figure 1B, arrowheads), and in vascular elements
of the stele (Figure 1F, arrowheads). Representative negative
controls using pre-immune serum (Figures 1C,E,G) showed
that the immunohistochemical signals observed in various wheat
tissues were TaVP-specific.

H*-PPases and Apoplasmic Phloem

Loading in Wheat Source Leaves

In monocot species like wheat, phloem loading occurs in the
minor and intermediate veins; whereas transport out of the leaf
occurs in the large lateral veins. Transfer of the photoassimilate
from the collection phloem to the transport phloem within
the large veins occurs via the transverse veins that connect
adjacent parallel veins (Kuo et al., 1972). In wheat source leaf
minor veins, a photosynthetic bundle sheath layer (arrowhead;
Figure 2A) concentrically surrounds 2 - 3 layers of non-
photosynthetic mestome sheath cells (arrows; Figure 2A) as
described previously (Kuo et al, 1974). It has been shown
that the fluorescent tracer dye (5)6-carboxyfluorescein diacetate
(CFDA) trafficked exclusively via the parallel vascular strands of
wheat source leaves (Aoki et al., 2002). Furthermore, [UC]-
sucrose infiltrated strips of wheat source leaves showed that the
radiolabel was predominantly localized in the parallel veins of
the leaf (Yadav et al.,, 2019), as expected from apoplasmically
phloem loading species. Based on previous results (Paez-
Valencia et al., 2011; Regmi et al., 2015), and in the positive
HT-PPase immunohistochemical reaction shown in vascular
tissues (Figures 1B,D,F) we proceeded to document the actual

membrane of HY-PPase residence in wheat vasculature. We
used immunogold labeling in high-pressure frozen Bobwhite
source leaf samples and found that the TaVPs are localized at
the PM in the sieve element companion cell (SE-CC) complexes
(Figures 2B,C), while negative controls performed with the pre-
immune serum showed that the observed immunogold labeling
was TaVP-specific (Figures 2D,E). Of note, quantification
data comparing tonoplast vs. PM gold particles from nine
independent micrographs showed that the distribution of TaVPs
was preferentially at the PM of SEs and CCs (Figure 2F).

The transgenic wheat lines generated by transforming
immature wheat embryos with pUBLAVPI construct
were verified for expression of AVPI with Q-PCR
(Supplementary Figure S1D) and genotyped with specific
primers (Supplementary Figures S1A,B and Supplementary
Table S1). We further proceeded to ascertain that the pUBL:AVP1
transgenic wheat lines had higher levels of HT-PPase in the
source leaves, and upon immunolocalization and development
of the 3,3'-diaminonezidine (DAB) signal for 17 s, found that
the AVPI.1 and AVPI.2 transgenic lines had visibly stronger
signal in both mesophyll cells (Figures 2H,I) and vasculature
(black arrowheads, Figures 2H,I) than the control AVPI Null
leaf sections (Figure 2G). The pre-immune serum (Figure 2J)
showed that the immunohistochemical signals observed
were TaVP-specific.

Enhanced Photosynthate Partitioning to
the Heterotrophic Roots in AVP1

Expressing Vegetative Wheat Plants
To monitor reduced carbon transport from source leaves into
sink organs in the vegetative stages of wheat plants, we *CO,
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FIGURE 2 | Apoplasmic phloem loading in wheat source leaves, and ultrastructural localization of H*-PPases. (A) A toluidine blue stained 500 nm semi-thin
transverse section of wheat source leaf minor vein showing a layer of bundle sheath cell (arrowhead) surrounding two layers of non-photosynthetic mestome sheath
cells (arrows). (B) Representative electron micrograph showing immunogold labeling of a longitudinal ultrathin section through a sieve element companion cell
(SE-CC) complex in high-pressure frozen wheat source leaf. (C) Boxed inset from the panel (B; white box) showing distinct plasma membrane localization of
anti-rabbit IgG conjugated to 10 nm gold particles in both companion cells (CC) and sieve elements (SE) (arrows). (D,E) Pre-immune serum negative control showing
a lack of immunogold labeling. (F) Quantification of gold labeling comparing the number of 10 nm gold particles at either the PM of SEs or CCs, or the vacuoles of
CCs from nine independent micrographs from three independently grown plants. Statistically significant differences were found in the distribution of TPV-specific gold
label per um of SE PM, CC PM and CC V (F2, 75 = 51.12; P < 0-0001). It was inferred from post hoc pairwise comparisons using Tukey HSD that the mean number
of gold particles per wm of SE PM (mean = 43.19, s.e. = 4.31) was significantly different from the mean number of gold particles per um of CC PM (mean = 26.14,
s.e. = 2.25), and the mean number of gold particles per pm of CC PM was also significantly different from the number of gold particles per pm of CC V

(mean = 5.54, s.e. = 0.82). (G=J) Immunolocalization of H*-PPases in the source leaves of AVP1T Null (G), AVP1.1 (H), AVP1.2 (1), and pre-immune serum negative
control (J). Distinct reaction in collection phloem is indicated by arrowheads. Scale bars: (A) 100 um, (B) 10 um, (C) 1 wm, (D) 5 um; (E) 50 Onm, and (G-dJ) 50 um.
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labeled 10-days old AVPI Null seedlings (i.e., Zadoks scale 13
developmental stage). It has been suggested before that plant
mobilize transitory starch in the shoots to heterotrophic roots
during the dark period (Gibon et al., 2004; Smith and Stitt, 2007).
10-day old seedlings were labeled at 10:00 AM for 60 min with
14C0O,, and C transport into heterotrophic roots was measured
by scintillation counting at 12:00 PM (mid-day; peak of light
period), 6:00 PM (onset of dark period), 12:00 AM (peak of dark
period), and 6:00 AM (onset of light period) time points. As
shown in Figure 3A, there is an increase in radiolabel in the
heterotrophic roots during the dark period with a concomitant
decrease in radiolabel in the shoots, suggesting that the majority
of photosynthate flux from source to sink in vegetative wheat
plants occurs during the night. Upon comparing, radiolabel levels
in the roots of AVPI Null and transgenic lines (Figure 3A),
it is noteworthy that the accumulation of photosynthates in
AVPI Null roots reaches a peak between 6 PM and 12 AM
before decreasing between 12 AM and 6 AM. In contrast, both
transgenic lines continued to accumulate more label throughout
the dark period (i.e., between 6 PM - 6 AM; Figure 3A), despite
the fact that the shoot, root, and total fresh weight of AVPI
Null, AVPI transgenic seedlings were not statistically significant
at the 95% confidence interval (Table 1). Of note, monitoring
root growth of AVPI Null and AVPI transgenic plants grown
under optimal conditions in greenhouse indicated that AVPI
transgenic lines developed statistically significant longer roots
(45-75%) (Figure 3D). Furthermore, a positive tendency, not

statistically significant, regarding root biomass (30—35% higher)
in both transgenic lines when compared to AVPI Nulls is evident
(Figures 3B,C).

14C0, Label Supplied From the Source
Flag Leaf Into Milk Stage Kernels

While roots and young leaves are the primary sinks during the
vegetative stage of a plant’s life cycle, the reproductive organs are
the major sinks as plants enter the reproductive phase. During
grain filling in C3 cereals like wheat, the terminal flag leaf has
long been considered the primary source of photoassimilates to
the kernels (Evans and Rawson, 1970; Evans, 1975; Araus and
Tapia, 1987). We tested if AVPI expressing lines would show
increased accumulation of photosynthates supplied from the flag
leaf into kernels.

To further document H*-PPase presence in flag leaf and
reproductive tissues we immunohistochemically localized TaVPs
in the flag leaf and the peduncle of AVPI Null plants, at
Zadoks stage 59 (Figures 4A-F). Transverse sections showed
clear localization of TaVPs in the vascular tissues of both
the flag leaf and the peduncle (Figures 4A,E arrowheads)
and sub-epidermal storage parenchyma cells in the peduncle
(Figures 4B,C arrowheads). Negative controls performed with
pre-immune serum showed that the observed signal was TaVP-
specific (Figures 4D,F). We then compared whether the milk
kernel sinks (at Zadoks stage 75) of AVPI-1 and AVPI-2 lines
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FIGURE 3 | Carbon partitioning between the photoautotrophic shoot and heterotrophic root of 10-days old wheat seedlings. (A) Long-distance transport from the
shoot to root in AVP7T Null, AVP1-1 and AVP1-2 plants using '#CO2 over light and dark periods. n = 3 plants per time point, per experiment, results from two
independent experiments; error bars represent standard error of the mean. DPM, Disintegrations per minute. (B) Root growth of transgenic wheat plants expressing
AVP1 under optimal growth conditions at 6 weeks after sowing. (C) Root biomass at 3 weeks after sowing. (D) Primary roots total length at 3 weeks after sowing.
Plants from two independent AVP1 transformation events were grown in an inorganic kiln-fired porus ceramic matrix for three weeks prior to their root system being
imaged using an Epson flatbed scanner before root mass was dried at 80°C oven for 4 days and the weight recorded. Results are the mean + SE (n =5
independent plants). Significant differences between transgenic and null plants using Dunnett’s multiple comparison test: “P < 0.05.

TABLE 1 | Shoot and root biomass (fresh weight) of 10-days old AVPT Null and
overexpressing transgenic lines (Zadoks scale 13) used for '*CO, labeling.

AVP1 Null AVP1-1 AVP1-2
Shoot 233.67 (£8.97) 257.15 (+11.85) 235.70 (+8.84)
biomass (mg)
Root biomass  130.80 (+9.88) 157.12 (£11.23) 136.86 (+11.16)
(mg)
Total biomass 364.48 (+£18.43) 414.27 (£21.93) 372.56 (+19.35)
(mg)

Standard error of the mean is reported in parentheses; n = 24 plants per line.

accumulated more '*C relative to AVPI Null by labeling the
source flag leaves with *CO,, and quantified 1*C-associated label
accumulated into the milk kernels. Label accumulation in the
milk stage kernels of AVPI-1 and AVPI-2 was about 36% and 26%
higher than in AVPI Null, respectively (Figure 4G).

We then followed AVPI Null, AVPI-1 and AVPI-2 lines to
maturity under growth chamber conditions and harvested the
seeds to determine yield (i.e., seeds per plant, or grams of
seeds per plant, or 1000 kernel weight). Under these conditions
AVPI-1 and AVPI-2 lines produced significantly more seeds per
plant, 53.4 and 91.4%, respectively, than AVPI Null (Table 2).
Furthermore, the mean weight of total seeds per plant was about
36.4 and 109.1% higher in AVPI-1 and AVPI-2 lines than in
AVPI Null, respectively (Table 2). Of note, the 1000 kernel weight
averages were similar among all the plants (Table 2).

Considering that yield and seed set are determined at
the flowering stage with kernel abortion being a significant

limiting factor, we also conducted an analysis of floret fertility
among all lines using established methods. Using both, Lumle
Agricultural Research Centre (LAC) and Chiang Mai University
(CMU) method for quantifying grain set index (Sthapit, 1988;
Rerkasem et al., 1989), it was found that the transgenic lines
had significantly more fertile florets per spike than AVPI Null
(Figure 4H and Suppplementary Figure S2C).

H*-PPases in Wheat Are Localized in the
Scutellar Epithelial Cells of Germinating

Wheat Seeds

Morphologically, it is apparent that the highly metabolically
active scutellar epithelial cells have a single large
nucleus, are highly vacuolated, and have numerous
mitochondria that are distributed throughout the cytoplasm
(Supplementary Figure S3). Previous studies have implicated
HT-PPases in the germination of arabidopsis and barley seeds
(Swanson and Jones, 1996; Ferjani et al, 2011). Hence, we
immunohistochemically localized TaVPs in germinating wheat
seeds 3 days after imbibition. H'-PPases were localized at the
scutellar epithelial cells (Figure 5A) and in the aleurone cells
(Figure 5E). Parallel negative controls with pre-immune sera
(Figures 5B,F) showed that the signal in Figures 5A,E were
TaVP-specific. To document if there is a possible connection
between TaVP of scutellar epithelial cells and aleurone cells
with the Sucrose Synthase (SUS) pathway proposed by the
studies of Aoki and Perata (Perata et al., 1997; Aoki et al.,
2006), we proceeded to immunolocalize SUS in the scutellar
epithelial and aleurone cells. SUS orthologs were localized in
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FIGURE 4 | Transport of photoassimilates from flag leaves to filling stage grains in wheat plants. (A) Immunohistochemical localization of H* -PPases in transverse
section of AVPT Null flag leaf. Arrow head highlight immunohistochemical reaction in a minor vein. (B=F) Transverse section through an AVP1 Null peduncle shows
distinct brown 3,3’-diaminobenzidine precipitate at the sub-epidermal storage parenchyma cells, arrowhead (B-C), and phloem cells in vascular tissues (E;
arrowhead). (D,F) Pre-immune serum negative controls of peduncle transverse sections. Scale bars: (A) 200 um, (B) 200 um, (C,E) 25 pm, (D) 25 pm, and (F)
200 wm. (G) Transport of '“C-label into milk-stage kernels after *CO, labeling of the flag leaves of AVP1 Null, AVP1-1 and AVP1-2. n = 5 plants for AVPT Null, 4
plants per transgenic line. Error bars represent standard error of the mean. Significant differences from the AVP7 Null are based on Student’s t-test. * indicates

P < 0.05. (H) Quantification of floret fertility within each spike of the main culm of AVP7 Null and transgenic lines by the LAC grain set index method. n = 4 plants per
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the AVP1 Null are based on Student’s t-test. ** indicates P < 0.01. LAC, Lumle

TABLE 2 | Seed yield parameters from AVP1 Null and transgenic lines grown in
growth-chamber, as indicated. Standard error reported in parentheses; n = 4
plants per line.

AVP1 Null AVP1-1 AVP1-2
Mean yield 3.84 (+0.94) 5.24 (+0.83)* 8.03 (+0.92)*
per plant (g)
Total number 169.50 (+45.66) 260.00 (+41.54)* 324.50 (+41.68)*
of seeds per
plant
1000 kernel 23.08 (+1.61) 20.17 (£1.81) 24.94 (£1.89)
weight (g)

Significant differences from the AVP1 Null plants are based on Student’s t-test.
* indicates P < 0.05.

both types of cells in germinating wheat seeds 3 days after
imbibition (Figures 5C,G). Negative controls performed by
omitting the primary antibody showed no SUS-associated signal
(Figures 5D,H).

Enhanced Post-germinative Growth in
AVP1 Expressing Wheat

The conspicuous of localization of TaVPs and SUS in the scutellar
epithelial cells and the hypoxic conditions characteristic of this
tissue suggest an interplay of both enzymes likely in carbohydrate
catabolism (Primo et al., 2019). To test if the expression of the
arabidopsis AVP1 could affect wheat seedling development, we
measured the fresh weights of the embryonic shoot (coleoptile)

FIGURE 5 | Immunohistochemical localization of H*-PPases and Sucrose
Synthase in germinating AVP1 Null wheat seeds three days after imbibition.
(A,E) Phase-contrast micrographs showing immunolocalization of H* -PPases
in longitudinal sections of scutellar epithelial (A) and aleurone (E) cells. (B,F)
Pre-immune control of panels (A) and (E), respectively. (C,G) Phase-contrast
micrographs showing distinct localization of Sucrose Synthase in the scutellar
epithelial cells (C) and aleurone (G). (D,H) Pre-immune control of panels (C)
and (G), respectively. Scale bars: (A-H) 10 wm.

and root (radicle) of AVPI Null, AVPI-1 and AVPI-2 lines
imbibed and grown in the dark for 48, 72, 80, and 96 h. It was
found that at the first two time points (48 and 72 h) the only
line that showed a positive tendency of post-germinative growth
advantage was AVPI-1 (Figures 6A,C). Interestingly, the other
transgenic line, AVPI-2, picked up its growth pace at 80 and
96 h and obtained by the end of the experiment about 34%
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FIGURE 6 | Germination of seeds and post-germinative growth of wheat seedlings in the dark. (A) Representative images of wheat seeds and seedlings from AVP1
Null and transgenic lines (AVP1-1 and AVP1-2) imbibed and grown in the dark for 48, 72, 80, and 96 h. Scale bar: 2 cm. (B) Light micrographs of differentiation
zones of seminal roots at 80 h of post-germinative growth (see A). | = AVP1 Null, Il and Ill = AVP1-1 and AVP1-2, respectively. Scale bar: 2 mm. (C) Comparative
mean fresh weights of the coleoptiles and radicles from AVP1 Null, AVP1-1 and AVP1-2 lines grown in the dark (see panel A). n = 3 per line per time point. Error bars
represent standard error of the mean. Significant differences from the AVP7 Null are based on Student’s t-test. * indicates P < 0.05.
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biomass increases compared to AVPI Null. Additionally, upon
closer examination of the material, it was also found that at 80 h,
the root hairs of the differentiation zones of the seminal roots
of all transgenic lines had visibly longer and denser root hairs
compared to that of AVP1 Null (Figures 6B, I - III).

Transgenic Wheat Expressing AVP1 Has
Increased Shoot Biomass and Grain
Yield Under Greenhouse and Field
Conditions

Phenotypic evaluation of the transgenic wheat expressing AVPI
and null segregants were conducted in greenhouse and field
under optimal growth conditions. In greenhouse, transgenic
plants expressing AVP1 were larger (20-80%; Figure 7A), had
increased leaf number (28%; Figure 7B) and had the capability
to enhance grain yield per plant by 28-62% compared with null
segregants (Figure 7C). AVPI-2 lines had the greatest increase
in grain yield per plant (62%), followed by AVPI-1 (28%) lines.
The enhanced grain yield in AVPI lines was accompanied by an
increase in number of seeds per plant (10-42%; Figure 7D). The
transgenic lines also flowered 7-8 days before the AVPI nulls
(Supplementary Figure S2D).

In GM field trials, increase in shoot biomass (2-10%;
Figure 7E), number of leaves (7-10%; Figure 7F) and grain
yield per plant (18-20%; Figure 7G) was observed for AVPI
expressing wheat lines compared to null segregants. Furthermore,
AVPI transgenic lines had an increase in the number of seeds
per plant (8-17%; Figure 7H). The relationship between flag
leaf weight and grain yield from greenhouse grown lines was

investigated (Figures 7I,J and Supplementary Figure S4), no
relationship was found.

DISCUSSION

Maximizing the photosynthetic capacity of plants could be
considered the ideal way to increase plant productivity; yet,
photosynthesis is inhibited by its own products (Kottapalli et al.,
2018). Strategies to circumvent this bottleneck include enhancing
phloem loading/transport capacity and/or empowering the sinks
(Ainsworth and Bush, 2010; Braun et al., 2013; Yadav et al., 2015).
H"-PPases have been implicated in regulating reduced carbon
transport and sink strength (Gaxiola et al., 2012, 2016b; Schilling
2017). In order to test if genetic manipulation of this
enzyme in wheat can improve photosynthate partitioning and
yield, we expressed AVPI in spring wheat Bobwhite L. under the
control of a maize Ubiquitin (UBI) promoter (Supplementary
Figures S1A-D).

In this study, we first established the tissue localization
pattern of HT-PPases encoded in the wheat genome - TaVPs -
using antibody generated against the 100% conserved epitope
CTKAADVGADLVGKIE (Rea et al.,, 1992). Higher molecular
weight aggregates present in non-boiled samples suggest that H -
PPases may interact in vivo with other proteins (Figure 1A). As
shown in other plants (Paez-Valencia et al., 2011; Segami et al.,
2014; Regmi et al., 2015) HT-PPases showed basal expression
in most cells and maximal localization signal in sink tissues
(Figures 1D,H) and collection (Figures 1B-D, 2G-J, 4A), and
transport phloem (Figures 1F, 4E).

et al.,
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TaVPases were localized in the vascular tissues
(Figures 1B,D,F, 2G-I, 4A,E) suggesting that in wheat
these enzymes could be involved in photosynthate partition
(Regmi et al., 2015). Reports of symplasmic fluorescent tracer
(5)6-Carboxyfluorescein diacetate (CFDA) and [U4C]-sucrose
localized in the vascular bundles of wheat source leaves are
consistent with apoplasmic loading (Figure 2C; Aoki et al., 2002;
Yadav et al., 2019). Unlike actively dividing cells where H*-
PPases are localized at the tonoplast (Maeshima and Yoshida,
1989; Maeshima, 2000; Heinonen, 2001; Regmi et al., 2015), HT-
PPases have been shown to be localized at the plasma membrane
(PM) in the sieve element companion cell (SE-CC) complexes of
apoplasmic loaders like arabidopsis (Paez-Valencia et al., 2011),
rice (Regmi et al.,, 2015), and ricinus (Long et al., 1995; Langhans
et al., 2001). In agreement, TaVP-specific immunogold labeling
was found to be at the PM of SE-CC complexes (Figures 2B,C).

The model postulated by Gaxiola et al. (2012) proposed
that PM-localized H*-PPases in SE-CC complexes work as PPi
synthases and favor the SUS-mediated hydrolysis of Suc. Given
that the evidence pointed to wheat being an apoplasmic phloem
loader and that wheat HT-PPase orthologs were distinctly
localized at the PM of SE-CC complexes (Figures 2B,C)
together with the fact that immunohistochemical reactions in
the transgenic lines are consistent with augmented presence of
HT-PPase in collection phloem (Figures 2G-I arrow heads),
we tested if the constitutive expression of AVPI in wheat could
affect carbon flux from source to sink (Gaxiola et al., 2012;
Khadilkar et al., 2015). 1CO, labeling of vegetative 10-days
old AVPI Null seedlings showed that more than 50% of the
root “C label was transported from the shoots to the roots

during the dark period with peak transport attained at midnight
before declining by the onset of the light period (Figure 3A).
In contrast, the constitutively AVPI expressing lines AVPI-1 and
AVPI-2 continued to transport '4C label to the roots throughout
the dark period (Figure 3A). This behavior suggests that in
transgenic wheat the constitutive expression of type I H*-PPases
is instrumental in prolonging the transport of reduced carbon
from source to sink. Of note, we cannot rule out that in transgenic
AVPI plants, HT-PPase expression could not only influence the
loading/transport of reduced carbon from the source, but also
confer increased sink strength by favoring biosynthetic reactions
(Gaxiola et al., 2016b).

Beyond the vegetative phase of wheat, the most important
source-sink relationship occurs during the reproductive stage.
The majority of photoassimilates destined for phloem unloading
via the peduncle (uppermost stem internode) into developing
sink kernels are synthesized in the terminal flag leaf blade
(Evans and Rawson, 1970; Evans, 1975; Araus and Tapia, 1987).
Upon immunohistochemical labeling, it was found that TaVPs
were localized in the vascular tissues of the flag leaf and
the peduncle (Figures 4A,E arrow heads). In addition to the
vascular tissues, a conspicuous localization of TaVPs in the sub-
epidermal storage parenchyma cells in the peduncle, known to
store simple and complex carbohydrates (Scofield et al., 2009),
was evident (Figures 4B,C arrow heads). Currently, we cannot
provide any clear role for TaVP presence in the sub-epidermal
storage parenchyma cells, and further research is needed to
clarify this point.

We labeled the terminal flag leaf blades with *CO, and
assessed whether the transgenic lines accumulated more '*C label
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in the milk stage kernels than Bobwhite. As shown in Figure 4G,
kernels from AVPI-1and AVPI-2accrued 36% and 26% more 4C
label on average compared to AVPI Null. Here too, it is clear that
increased abundance of HT-PPase augments carbon partition
from source to sinks. Interestingly, AVPI-1 and AVPI-2 lines
generated more grains per plant - 260 £ 41.5 and 324 £ 41.7,
respectively — than AVPI Null (169.5 £ 45.7) lines (Table 2) when
grown in growth chamber. Seeds constitute the primary yield
component of crops like wheat and the yield per plant is directly
contingent on sink strength and sucrose supply from the source
leaves (Xu et al., 2012). Therefore, it can be plausibly inferred
from our data that the transgenic lines not only have increased
14C transport into both the roots and kernels (Figures 3B, 4G),
but also presumably have stronger sinks. Interestingly, the AVPI
expressing lines did not show any correlation between flag leaf
weight and seed production (Figures 7I] and Supplementary
Figure S4). The lack of correlation further indicates that the
effect of the H-PPase in carbon partition is more due to its role
in transport and or sink strength rather than its direct effects
on photosynthesis.

Final seed set is also determined at the flowering stage with
kernel abortion via programed cell death causing major losses
in yield (Boyer and McLaughlin, 2006). Our finding that the
AVPI Null and transgenic lines had statistically similar number of
spikes per plant (Supplementary Figure S2A), yet the transgenic
lines outperformed the AVPI Null in terms of seeds produced
per plant, suggests that there is a lower rate of kernel abortion
in the transgenic lines. In keeping, the quantification of grain set
index showed ~38 to 33% more fertile florets per spike in the
AVPI-1 and AVPI-2 lines, respectively, compared to the AVPI
Null (Figure 4H and Supplementary Figure S2C). However, the
role of HT-PPases in the mechanism underlying this phenotype
is unclear and needs further detailed investigation.

From earlier studies, the role of H* -PPases was found not only
to be limited to maintaining PPi homeostasis in meristematic
and phloem tissues (Maeshima, 2000; Pizzio et al., 2015), but
also in germinating arabidopsis seeds (Ferjani et al., 2011) and
in the aleurone cells of barley seeds (Wisniewski and Rogowsky,
2004). Given the role HT-PPases play in sucrose partitioning
between source and sinks (Li et al., 2005; Khadilkar et al., 2015;
Pizzio et al., 2015), it is considered important to study their role
in germinating wheat seeds (Schilling et al., 2017) where the
early heterotrophic growth of the embryonic shoots (coleoptile)
and roots (radicle) is driven by the endosperm starch (Edelman
et al.,, 1959; Aoki et al., 2006). The immunolocalization data of
TaVP and TaSUS in the scutellar epithelial cells (Figures 5A,C)
suggests a possible connection between TaVP and the Sucrose
Synthase (SUS) pathway proposed by the studies of Aoki and
Perata (Perata et al., 1997; Aoki et al., 2006). It is possible
to speculate that the HT-PPases could be instrumental in
scavenging cytosolic pyrophosphate, thereby promoting the
synthesis of sucrose via the PPi-sensitive Sucrose Synthase
pathway (Ferjani et al.,, 2011).

We measured the fresh weights of the embryonic shoots
(coleoptile) and roots (radicle) of AVPI Null, AVPI-1, and AVPI-
2 lines, and found that over a period of 96 h of etiolated post-
germinative growth, the transgenic line AVPI-2 outperformed

the AVPI Null by 34% (Figures 6A,C). Interestingly, seeds from
the AVPI-1 did not attain significantly different germinative
growth when compared to AVPI Nulls, however, they did develop
larger and denser root hairs similar to those of AVPI-2 seedlings
(Figure 6B). An enhanced post-germinative growth of wheat
seedlings in the AVPI-2 line relative to AVPI Nulls might
facilitate early phases of wheat seedling establishment. Given
that successful seedling establishment is the first critical step for
crop production (Finch-Savage and Bassel, 2015), it would be
important to test whether these results from AVP1 expressing
lines translate to more realistic field conditions. Additionally,
upon closer examination during the same experiment, it was
also found that the root hairs of the differentiation zones of
the seminal roots in all AVPI transgenic lines were visibly
longer and denser when compared to that of AVPI Nulls
(Figure 6B, I - III). Root hairs increase the absorptive
surface area of the roots and are implicated in rhizosphere-
mediated phosphorus nutrition of plants (Itoh and Barber, 1983;
Schjerring and Nielsen, 1987; Fohse et al., 1991; Caradus, 1994).
More pertinently, AVPI expression in diverse plants including
arabidopsis, tomato, and rice induced enhanced phosphorus
nutrition under phosphorus-limiting conditions (Yang et al,
2014). Whether this phenotype is conserved in AVPI expressing
wheat lines merits further investigation.

The transgenic wheat lines expressing AVP1 were evaluated
in green house and field under optimal growth conditions to
verify whether increased photosynthate partitioning from source
flag leaf to filling grains results in improved yield or not. In
this study, AVPI expressing wheat plants produced greater shoot
biomass associated with an increase leaf number compared
to null segregants (Figure 7). In addition, AVPI expressing
wheat produced a greater root system and had a significantly
higher grain yield. The enhanced grain yield in AVPI lines
was accompanied by an increase in the number of seeds per
plant. Our results are consistent with our work on barley
(Schilling et al., 2014), supporting that AVPI-expression could
lead to increase in shoot biomass and grain yield under non-
saline conditions. Other studies have also shown that AVPI
(or AVPI ortholog) expressing plants generated larger shoot
biomass and/or yield compared to plants without this gene in
non-saline conditions (Yang et al., 2007; Lv et al, 2008; Li
et al., 2010; Vercruyssen et al., 2011; Gouiaa et al.,, 2012) but
as this has not been the main focus of their work and so little
commentary has been made on these results. Evidence that is
more recent suggests that vacuolar H*-PPases have other roles,
including the acquisition and partitioning of organic carbon
and other nutrients between the different organs of the plant
body (Gaxiola et al., 2001, 2016b; Ferjani et al., 2011; Ferjani
and Maeshima, 2016; Schilling et al., 2017). Furthermore, our
study suggests that the upregulation of the HT-PPase localized
to the plasma membrane of SE-CC complexes increases the PPi
supply facilitating sucrose loading and transport from source
to sink tissues (Gaxiola et al., 2012, 2016b; Khadilkar et al.,
2015), which possibly explain the improved grain yield of
transgenic wheat expressing AVPI. However, we cannot rule
out that the upregulation of the H'-PPase in sinks could
also enhanced sink strength by favoring biosynthetic reactions
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(Gaxiola et al., 2016b). Generation of transgenic plants carrying
source and sink specific AVP1 expression cassettes could help to
understand the specific role of HT -PPase in carbon partition.

CONCLUSION

As reported in evolutionarily divergent plants including
physcomitrella (Regmi et al., 2017), arabidopsis (Paez-Valencia
et al., 2011; Viotti et al., 2013), and rice (Regmi et al., 2015),
H™T-PPase orthologs in wheat show dual membrane localization;
with distinct PM localization in the SE-CC complexes of source
leaf minor veins. AVPI expressing wheat plants in the vegetative
stage had improved photosynthate transport from source leaves
to roots. These transgenic wheat lines also showed increased
photosynthate partitioning from the source flag leaf to filling
grains resulting in improved yield - increasing seeds produced
per plant — suggesting more efficient transport and/or stronger
sinks. It would be important to generate tissue specific chimeras
to test if the augmented reduced carbon translocation requires
HT-PPase expression either at the source and/or at the sinks.
Interestingly, an enhanced post-germinative growth of wheat
seedlings in the AVPI-I line relative to AVPI Null was evident.
This early advantage can facilitate the crucial phase of wheat
seedling establishment, a key agriculturally desirable phenotype.
It is shown that the expression of AVPI in wheat improves the
grain yield when grown in green house and field conditions under
optimal growing conditions. Furthermore, the enhanced yield of
the plants was accompanied by increase in number of seeds, shoot
biomass, tillers and enhanced root growth in both controlled
and/or field environments.
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FIGURE S1 | Molecular evaluation of AVP1 expressing transgenic wheat plants.
(A) Genotyping for the presence or absence of AVP1 using polymerase chain
reaction (PCR) with AVP1-specific primers and TaGAPDH specific primers (internal
control). (B) Expression analysis of AVP1 using reverse transcription PCR
(RT-PCR) with AVP1-specific and TaGAPDH-specific primers (internal control) for
transgenic wheat expressing AVP1 and null segregants. Lane WT is wildtype
wheat plant, lanes 1, 2 and 3 (AVP1-1) & 4, 5 and 6 (AVP1-2) are transgenic wheat
plants, lanes 7, 8 and 9 are null segregants and lane (-) is a negative control
(water). (C) Transgene copy numbers in AVP1-transgenic wheat plants estimated
by Q-PCR. (D) Relative expression of AVP1 gene of transgenic wheat expressing
AVP1 compared to null segregants. Expression data displayed as normalized
relative quantity (NRQ) for two independent single gene transformation events.
Values are means of 3-5 biological replicates and three technical replicates. Error
bars represent standard error of the mean.

FIGURE S2 | Differences in reproductive tissue development between AVP1 Null
and transgenic lines. (A) The number of spikes produced by AVP1 Null and
transgenic lines. n = 4 plants per line. No significant differences at the 95%
confidence interval were found. AVP7-Null = 3.00 + 1.41; AVP1-1 = 3.75 £+ 0.50;
and AVP1-2 = 3.5 + 0.58. (B) Schematic diagram illustrating spikelets’ positions
within the spike as well as the florets’ positions that were evaluated in the floret
fertility study. (C) Quantification of floret fertility within each spike of the main culm
of AVP1 Null and transgenic lines by the CMU grain set index method. n = 3 plants
per line with grains of 20 florets of the 10 central spikelets evaluated. Significant
differences from the AVP1 Null are based on Student’s ¢-test.” indicates P < 0.05.
Error bars represent standard error of the mean. (D) Flowering time of transgenic
wheat expressing AVP1 compared to null segregants. Flowering data are the
mean + SE (n = 15 independent plants per line). Significant differences between
transgenic and null plants using Dunnett’s multiple comparison test: *P < 0.05
and P < 0.01.

FIGURE S3 | Ultrastructural morphology of high-pressure frozen wheat scutellar
epithelial cells two days after imbibition. The cells have prominent nuclei (n), are
elongated and highly vacuolated (v) with numerous mitochondria (m) interspersed
throughout the cytoplasm.

FIGURE S4 | Relationship between flag leaf weight (g) and grain yield per plant (g)
of transgenic wheat plants expressing AVP1 under optimal growth conditions in
green house. Null segregants (AVP1 Null marked as square, n = 12 independent
plants), which segregated from each of the lines at the T1 stage. Person
correlation coefficient ( = 0.3113) was calculated with two tailed P values and
95% confidence interval.

TABLE S1 | List of primers used for genotyping and quantifying expression in
AVP1, AVP1-2 lines.
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Screening for bacteria with abilities to accumulate valuable intracellular compounds from
an environmental community is difficult and requires strategic methods. Combining the
experimental procedure for phenotyping living cells in a microbial community with the
cell recovery necessary for further cultivation will allow for an efficient initial screening
process. In this study, we developed a strategy for the isolation of polyphosphate-
accumulating organisms (PAOs) by combining (i) nontoxic fluorescence staining of
polyphosphate granules in viable microbial cells and (i) fluorescence-activated cell
sorting (FACS) for the rapid detection and collection of target cells. To implement
this screening approach, cells from wastewater sludge samples were stained with
4’6-diamidino-2-phenylindole (DAPI) to target cells with high polyphosphate (polyP)
accumulation. We found a staining procedure (10 pg/ml of DAPI for 30 min) that can
visualize polyP granules while maintaining viability for the majority of the cells (>60%).
The polyP positive cells were recovered by FACS, purified by colony isolation and
phylogenetically identified by 16S rBNA gene sequencing. Follow-up analysis confirmed
that these isolates accumulate polyP, indicating that DAPI can be implemented in
staining living cells and FACS can effectively and rapidly screen and isolate individual
cells from a complex microbial community.

Keywords: Polyphosphate-accumulating organisms, flow cytometry, wastewater sludge, bacteria isolation, DAPI

INTRODUCTION

The genetic and metabolic diversity of microbial species provide a wealth of possibilities for
biotechnological applications. Currently, highly effective isolation methods are largely based on
selection by growth capabilities. For example, hydrocarbon-degrading bacteria can be enriched and
isolated by using selection media with hydrocarbons as a sole carbon source (Head et al., 20065
Yakimov et al., 2007). In contrast, selectively isolating microorganisms that accumulate desirable
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intracellular compounds, such as high-valued organic chemicals
or environmental pollutants (such as heavy metals), can be
challenging, as these organisms may not grow rapidly or may not
grow in a unique environment that can be utilized as a selection
parameter or selective pressure.

Advances in omics approaches such as single-cell genomics
have resulted in the identification of industrially interesting
bacteria (Gawad et al., 2016; Rinke, 2018). However, the isolation
of microorganisms that accumulate valuable compounds is often
a result of laborious individual strain screening, hypothesis-
driven isolation methods, or by chance discovery. Persistent
screenings of bacterial isolates from seaweed led to the
identification of a strain capable of polyhydroxyalkanoates (PHA)
production from starch, after investigation of numerous strains
for PHA accumulation (Han et al., 2014). Identification of a
dominant phylotype Dechloromonas in a wastewater treatment
plant using 16S rRNA sequencing followed by screening
for bacterial strains allowed the isolation of polyphosphate-
accumulating strains (Terashima et al., 2016). In one study,
enrichment of butanol-tolerant strains led to the identification
of a bacterium in the family Erysipelotrichaceae that accumulates
large amounts of long-chain free fatty acids, with capabilities
of retaining these acids under starvation conditions (Katayama
et al., 2014). In order to avoid laborious screening of single
strains during targeted isolation endeavors, establishing a method
to initially enrich for strains showing promising characteristics
directly from a mixed population would vastly accelerate
the downstream screening process. However, methods to
analyze accumulation of specific compounds in individual living
cells from a community, followed by recovery and isolation,
are still limited.

In this study, we propose a strategy for the isolation of
polyphosphate-accumulating organisms (PAOs) by coupling
(i) specific staining of an intracellular accumulate without
compromising cell viability, and (ii) rapid detection and sorting
of target cells by using fluorescence-activated cell sorting
(FACS), for which wastewater sludge samples were utilized.
During wastewater processing, the removal of phosphate is
enhanced by taking advantage of some microorganisms that
uptake more phosphate than necessary for growth, leading to
the accumulation of polyphosphates (polyP) as an intracellular
storage compound (Mino et al,, 1998). The use of PAOs in
wastewater treatment is a sustainable and economical process and
provides a renewable source of phosphate (Yuan et al., 2012).
However, many knowledge of PAOs are based on microbial
community analyses and not on single strains (Lanham et al,
2018; Nielsen et al, 2019). Although in situ data is crucial
in identifying and characterizing PAOs, isolating and culturing
PAOs will allow for more in-depth experiments. For this
reason, our approach focuses on the isolation and cultivation
of candidate PAOs from a wastewater sample using fluorescent
staining and FACS. The stain 4’6-diamidino-2-phenylindole
(DAPI) is frequently used to visualize cellular polyP granules, as
it emits a green-yellow fluorescence, which is distinct from the
blue fluorescence emitted from DAPI-stained DNA (Tijssen et al.,
1982; Streichan et al., 1990; Aschar-Sobbi et al., 2008; Omelon
et al., 2009; Schlagenhauf et al., 2016; Correa Deza et al., 2017;

Voronkov and Sinetova, 2019). DAPI-staining coupled with
fluorescent in situ hybridization followed by microscopy and
flow cytometry have been frequently used for fingerprinting and
identification of PAOs in various environments (Kong et al., 2005;
Giinther et al., 2009). However, there have been no reports for
the application of DAPI-staining for the isolation of PAOs, since
DAPI-staining, which is often accompanied by cell fixation, has
been considered to compromise cell viability.

FACS enables rapid screens, with capabilities of analyzing
thousands of cells per second. For example, FACS has been
utilized for the characterization of microbial community
structures and the assessment of live/dead cells from
environmental samples (Emerson et al., 2017; Van Nevel
et al., 2017; Perera et al, 2019). FACS has also been used
in combination with heterologously expressed fluorescent
proteins as markers to screen for NADPH-dependent enzymes,
phenol-degrading enzymes, amino acid production enzymes
and metabolite-responsive transcriptional regulatory proteins
(Uchiyama et al, 2005; Uchiyama and Miyazaki, 2013; van
Rossum et al., 2013; Eggeling et al., 2015; Mahr et al., 2015; Meier
et al., 2016; Bott and Eggeling, 2017; Emerson et al., 2017; Van
Nevel et al., 2017; Frei et al., 2018; Ngara and Zhang, 2018; Perera
et al., 2019). However, there are only a few studies that utilize
FACS for isolation of novel microorganisms from environments.
Zengler et al. (2002) achieved isolating viable strains by
encapsulating single cells in gel microdroplets and collecting
those showing growth by microcolony formation using flow
cytometry. Kalyuzhnaya et al. also sorted metabolically active
cells using a redox-sensing probe, targeting and successfully
isolating methanotrophs (Kalyuzhnaya et al., 2008). However,
the targets in these studies were simply active microorganisms
and there are currently no reports of application of FACS for
the isolation of microorganisms that accumulate a valuable
intracellular product, including polyP.

In this study, we developed a rapid method using DAPI
staining and FACS for the isolation of PAOs from a complex
microbial community. We examined the viability of the cells after
DAPI staining and determined a condition that allows for the
majority of stained cells remain alive, enabling effective isolation
of PAOs after FACS-based phenotype screening.

MATERIALS AND METHODS

Sample Collection and Culture Growth
Conditions

The sludge sample utilized for flow cytometry was collected
from the oxidation ditch wastewater treatment plant (WW'TP)
in Okishima, Omihachiman, Shiga prefecture, Japan during
the aerobic phase (Terashima et al., 2016). In short, the
sludge receives domestic wastewater and is operated with
a repetitive cycle of 4 h aerobic (>0.5 mg L~! dissolved
oxygen) and 6 h anaerobic phases (<0.5 mg L~! dissolved
oxygen). The annual average of biological oxygen demand in
the influent/effluent is 167 & 93/5.0 + 1.2 mg L™!. The
total nitrogen and total phosphorus in the influent/effluent are
28.8 +£6.2/43+1.8mgL ! and 3.9 + 1.6/0.6 + 0.2 mg L™},
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respectively. The influent wastewater pH was 6.7-7.7 (average
7.1) and the effluent wastewater pH was 7.0-7.6 (average 7.4).
The plant is located outside with no temperature controls
and sampling was conducted when the water temperature
was approximately 20°C. In order to allow sufficient time
for phosphate uptake, sludge samples were pre-cultured under
aerobic conditions at 25°C for by inoculating 4 ml of sludge
samples into 8 ml of acetate medium and cultured for 4 h prior to
FACS analyses. Sodium acetate was added to the medium because
most PAOs prefer short chain fatty acids as a growth substrate
(Shen and Zhou, 2016). For the growth medium, sodium acetate
was added to a final concentration of 10 mM to the basal media
[pH 7, containing per liter of distilled water: 1 g of NH4Cl,
0.1 g of MgCl,-6H,0, 0.08 g of CaCl,-6H,0, 0.6 g of NaCl,
2.72 g KH,POy, 7.16 g Na,HPO4-12H,0, 0.1 g of yeast extract,
and 10 ml each of vitamin solution and trace metal solution
(Kato et al., 2016)].

Microscopic Observation of Intracellular

PolyP Using DAPI Stain

PolyP and DNA were visualized using fluorescent dye DAPI.
1 ml of sludge samples or individual strains were collected
by centrifugation (8,000 g, 5 min) and resuspended in 1 ml
of phosphate-buffered saline (PBS) solution and stained for
30 min with DAPI (10 pg/ml final concentration). Cells were
imaged using a DMI 4000B Leica fluorescence microscope with
a 340-380 nm excitation filter and 425 LP emission filter. Both
polyP and lipid inclusions are known to emit in the 450-
650 nm range when excited at 360 nm, but lipid inclusions
can be easily distinguished from polyP, as their fluorescence
intensity is much lower and rapidly fades within seconds
(Streichan et al., 1990; Serafim et al., 2002; Seviour et al., 2008;
Mesquita et al., 2013). Therefore, all images photographed were
exposed to excitation light for at least 1 min before imaging
in order to detect consistent, long-lasting bright green-yellow
fluorescence from polyP.

Recovery Test After DAPI Staining

For the viability test after DAPI staining, overnight E. coli
(strain K-12) cultures and the sludge cultures grown for 4 h as
well as for 24 h were utilized. Each sample consisted of three
biological replicates and cells were grown in acetate-containing
medium as described above. DAPI staining was performed in PBS
bufter, as described above, and unstained controls were processed
in parallel. After staining, serial dilutions of cells were plated
out onto acetate-containing agar plates and incubated at 25°C.
Recovered colonies were counted (minimum ~100 colonies per
plate) after 2 days for the E. coli-containing plates and after
4 days for the sludge-containing plates. Percent recoveries were
determined by dividing the colony numbers of stained sample to
the numbers from the unstained control.

FACS Enrichment of PolyP-Containing
Cells

After 4 h of growth in acetate media, cells were vortexed (3
times, 1 min) to break apart cell clumps and filtered through

a 40°um sieve and spun at 8,000 g for 5 min. Cells were
resuspended in phosphate-buffered saline (PBS) solution and
stained with DAPI and immediately processed by a BD FACS
Aria II for sorting. For FACS, a forward scatter threshold
of 800 was used and DNA was monitored using a 355 nm
UV excitation laser and emission filter of 425-475 nm. PolyP
fluorescence was monitored using 405 nm violet laser with
an emission filter of 585-625 nm. The voltages used for the
forward scatter, DNA and polyp lasers were 277, 515, and
588, respectively. Cells were sorted at a rate of approximately
5,000 cells/s. 1,2% of the cells that showed highest polyP
fluorescence relative to the DNA fluorescence were collected by
drawing a FACS collection gate and named “PolyP” fraction.
As a control, all types of cells detected by FACS regardless
of polyP fluorescence intensity were also collected as the “all
events” fraction. Over half a million cells were collected (1,2 ml
was collected at a concentration of 0.5 x 10° cells/ml) for
each sample and a fraction of the collected cells were plated
out onto acetate medium agar plates for recovery (replicates
of suspension containing 1,000 cells, 100 cells, and 10 cells
were plated out). After 4 days of incubation at 25°C, colonies
were randomly picked and transferred to clean plates for
further analysis.

Identification of Colonies Recovered
After FACS by 16S rRNA Gene

Sequencing

The picked colonies were identified via colony-PCR and
16S rRNA gene fragment sequencing. PCR amplification
was performed with 27F and U533R primers as described
previously (Kato et al, 2010, 2016). PCR products were
sequenced at the Biomedical Center of TAKARA Bio Inc
with the Applied Biosystems 3730x] DNA Analyzer. The
~500 bp 16S rRNA gene fragment sequence of each colony
analyzed were classified to phylotypes with a cut-off value
of 97% sequence identity using BLASTClust (Altschul et al.,
1997). The phylotypes were phylogenetically classified with
the Classifier program in the Ribosomal Database Project
(Wang et al,, 2007) and were compared to sequences in
the GenBank nucleotide sequence database using the BLAST
program (Altschul et al., 1997).

Accession Numbers

The nucleotide sequence data obtained in this study have
been submitted to GenBank database under Accession Nos.
LC198009-LC198038.

RESULTS AND DISCUSSION

Sludge Samples Contain
PolyP-Accumulating Strains and Cells
Remain Viable After PolyP Staining by
DAPI

PolyP-accumulation is known to occur under aerobic conditions
(Mino et al, 1998). In order to allow for sufficient polyP
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accumulation prior to DAPI staining, we cultured the sludge
samples in phosphate-rich acetate-containing medium under
aerobic conditions for 4 h. The presence of polyP-accumulating
cells was initially confirmed using microscopy of sludge samples
grown overnight and stained with DAPI. DAPI concentration
of 1 pg/ml was too low to clearly visualize polyP granules
(data not shown), but at a concentration of 10 pg/ml, clear
green-yellow fluorescence stemming from polyP granules could
be observed (Figure 1A). Additionally, the effect of DAPI
staining on cell viability was investigated by plating stained
cells on agar plates. Tests using E. coli showed that 70%
of cells remained viable and formed colonies on plates after
staining with 10 pg/ml DAPI for 30 min (Figure 1B). Higher
DAPI concentration (100 pg/ml) was also tested in preliminary
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FIGURE 1 | DAPI stains DNA and polyP while maintaining cell viability.
(A) DAPI-stained images of sludge sample. Top panels show fluorescence
images using DAPI filter and bottom panels show bright-field images. DNA
emits a blue fluorescence and polyP emits green-yellow fluorescence.
(B) Most cells recover and generate colonies after DAPI staining. Recovery
rates were compared between DAPI-stained and unstained cells by colony
counting. Here, the relative recovery rates (% recovery of DAPI-stained cells
relative to unstained cells) are shown. Error bars indicate standard deviations
of three replicate experiments.

experiments, which decreased the recovery rate of the cells by
approximately half. For the sludge samples, 60-75% of cells
retained growth capabilities after 10 pg/ml DAPI staining,
showing no significant differences to recovery rates observed
for E. coli (Figure 1B). These results suggest that DAPI
concentration at 10 pg/ml is optimal for polyP detection without
compromising cell viability.

FACS Enrichment and Recovery of
PolyP-Accumulating Cells

The sludge sample was pre-cultured for 4 h, stained with
DAPI, and subjected FACS analysis to enrich polyP-accumulating
strains. The sludge sample showed a linear distribution between
DNA fluorescence and polyP fluorescence (Figure 2). In order
to avoid simply collecting large cells based only on high
polyP fluorescence signal, cells that showed increased polyP
fluorescence relative to the DNA fluorescence were collected. The
collection gate was drawn diagonally to encompasses the 1,2%
of cells deviating from the linear distribution due to increased
polyP fluorescence relative to the DNA signal. These cells in the
“polyP” gate were designated as polyP-positive cells and collected,
along with collecting all cells (“all events”) as a control, and
plated onto acetate medium agar plates. After 2 days, around
30-40% of cells generated colonies on the plates relative to the
cells plated out according to numbers obtained from the FACS
count. Colonies were identified using colony PCR and 16S rRNA
gene fragment sequencing. For the polyP-positive samples, a
total of 107 colonies, and for the control samples, 106 colonies
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FIGURE 2 | Sludge samples after 4 h of growth in acetate media were stained
with DAPI and the top 1,2% of cells with increased green-yellow polyP
fluorescence relative to DNA fluorescence were isolated. 10,000 cells are
plotted on each graph and the gate drawn onto each plot was used to isolate
high polyP cells. The number in the gate represents the % of cells within the
gate. RFU, relative fluorescence units.
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FIGURE 3 | 213 isolates were analyzed using 16S rRNA gene sequencing, resulting in the identification of 27 phylotypes (with a cut-off value of >97 %). “All events”
indicate control fraction collected by FACS containing all cells and “PolyP” indicates strains collected from the fraction of cells showing high green-yellow
fluorescence. Phylotypes that are colored in the graph were three-fold or more enriched in the polyP samples or were exclusively identified in the enrichment fraction
by two or more colonies.

were sequenced. Among 213 total colonies analyzed, 27 different
phylotypes (with cut off value of >97% identity) were identified
(Figure 3 and Supplementary Table S1).

Strains that are candidates for high polyP accumulation
were identified by comparing the number of colonies
identified for each phylotype between the polyP-positive
sample from the “polyP” sort fraction and the “all events”
control sample. This approach was taken in order to identify
phylotypes that are actually enriched in the “polyP” fraction
instead of the distribution tail of a particular phylotype
that happened to fall into the sorting gate. Five phylotypes
showed a three-fold or more enrichment in the number of
colonies in the polyP-positive sample (with a minimum of two
isolates), and within these five enriched phylotypes, four were
exclusively identified in the polyP-positive samples (Figure 3).
These five phylotypes stem from the phyla Actinobacteria,
Alphaproteobacteria, and Gammaproteobacteria and are
classified into genera Aeromicrobium (2 colonies in “PolyP”),
Microbacterium (3 colonies in “PolyP”), Mycobacterium (1
colony in “All” and 5 colonies in “PolyP”), Kaistia (2 colonies
in “PolyP”), and Pseudoxanthomonas (2 colonies in “PolyP”)

(Supplementary Table S1). Each of the genus is represented
by a single OTU.

FACS-Enriched Phylotypes Show
Consistent PolyP Accumulating
Phenotype

The five isolates (Aeromicrobium sp. SA_22, Microbacterium
sp. SA_19, Mycobacterium sp. SA_18, Kaistia sp. SA_07 and
Pseudoxanthomonas sp. SA_14) that were enriched in the polyP-
positive population were cultured and re-stained with DAPI
and observed using a fluorescence microscope (Figures 4A-E).
As a control, we also imaged Paracoccus sp. SA_04, which was
absent from the colonies recovered from the “polyP” sort, but
was present in the “all events” FACS sort of the sludge samples
(this strain made up ~3% of the population in the “all events”
FACS control sort, but was 0% in the “polyP” enrichment
sort) (Figure 4F). For cells enriched in the “polyP” fraction,
microscopy clearly indicated the presence of intracellular
granules emitting green-yellow fluorescence (Figure 4A-E). All
of these isolates were rod or coccus-shaped and contained one or
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FIGURE 4 | Microscopy of FACS-isolated strains. The top panel for each strain shows DAPI-stained cells and the bottom panel shows differential interference image.
Each set of picture is labeled below with the phylum and the strain name. (A-E) Strains enriched in the high-polyP sort. (F) Paracoccus strain, not detected in the
high-polyP fraction after 4 h cultivation.

two large polyphosphate granule(s) in the majority of the cells. The enrichment and isolation of polyP-accumulating phylotypes
On the other hand, the Paracoccus sp. SA_04 did not show green-  from wastewater microbial community inoculated in acetate-
yellow fluorescence (Figure 4F). These results indicate that by medium contained bacteria in the phyla Actinobacteria, and
isolating the upper 1,2% of high polyP fluorescing cells by FACS, = subphyla  Gammaproteobacteria and  Alphaproteobacteria
we were able to enrich for isolates capable of polyP accumulation.  (Figure 3). Culture-independent approaches have identified
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Betaproteobacteria related to the group Rhodocyclus as being
dominant PAOs in many activated sludge systems, as well
as members from the Gammaproteobacteria and a variety of
Actinobacteria (Hesselmann et al., 1999; Kong et al., 2005;
Seviour et al., 2008; He and McMahon, 2011; Kawakoshi et al,,
2012; Nguyen et al., 2012, 2015; Mielczarek et al., 2013; Nielsen
et al, 2019). However, it is important to note phylogenic
closeness does not necessarily indicate polyP accumulation,
as a close relative to a PAO Candidatus Accumulibacter
phosphatis, a member of the order Rhodocyclus, does not
accumulate polyP in situ (Albertsen et al., 2016). Members
of Alphaproteobacteria have been identified in activated sludge
systems in many studies, but have not been described to
accumulate substantial polyP, (Wong et al., 2004; Beer et al,
2006; Ahn et al., 2007; Zhang et al., 2012; Liao et al, 2013).
They may play a role in wastewater phosphate removal, as
Alphaproteobacteria Rhodospirillum rubrum and Agrobacterium
tumefaciens are known to accumulate polyP in acidocalcisomes,
and members of the Magnetococcaceae family also have been
found to accumulate high levels of polyP (Seufferheld et al., 2004;
Rivas-Lamelo et al., 2017; Kulakovskaya et al., 2019). This, along
with our results, further demonstrates the wide phylogenic span
of polyP accumulation.

Concluding Remarks

In this study, we targeted polyP-accumulating bacteria from a
wastewater microbial community in order to implement FACS
enrichment of living cells as an initial step for phenotype
screening of cells accumulating valuable intracellular products.
We demonstrated that ~70% of cells remain viable after DAPI
staining, allowing for the phenotype screening and the isolation
of polyP-accumulating strains through a single method using
FACS. The phylogenies of the isolated colonies were confirmed by
16S rRNA sequencing and colony abundance of each phylotypes
was used to identify the PAOs enriched in the polyP-positive
fractions. The polyP accumulating capabilities were confirmed
by follow-up microscopy. The strains enriched in the polyP
sort consistently accumulated large polyP granules. This FACS-
based approach allowed for an efficient screening process by
identifying promising candidates that led to the successful
isolation of PAOs. Further optimization of this method and
growth conditions will enable the isolation of a more extensive
group of PAOs, including those that were not recovered in
our study due to unfavorable growth conditions, sensitivity to

REFERENCES

Ahn, J., Schroeder, S., Beer, M., Mcllroy, S., Bayly, R. C, May, J. W,
et al. (2007). Ecology of the microbial community removing phosphate
from wastewater under continuously aerobic conditions in a sequencing
batch reactor. Appl. Environ. Microbiol. 73, 2257-2270. doi: 10.1128/aem.
02080-06

Albertsen, M., Mcllroy, S. J., Stokholm-Bjerregaard, M., Karst, S. M., and
Nielsen, P. H. (2016). "Candidatus propionivibrio aalborgensis": a novel
glycogen accumulating organism abundant in full-scale enhanced biological
phosphorus removal plants. Front. Microbiol. 7:1033. doi: 10.3389/fmicb.2016.
01033

DAPI staining or FACS. Comparative genomics on the isolated
phylotypes will also further shed light on the polyP metabolism
of the isolates. For future endeavors, this approach can not only
be adapted to various environmental and wastewater samples
for further isolation of PAOs, but also for other phenotype-
based screens, such as using non-lethal lipophilic stains (ex.
Nile Red) to stain for lipid or PHA accumulation (Lee et al.,
2013; Terashima et al., 2015). Furthermore, this approach is not
limited to environmental samples, but can be utilized to screen
a variety of heterogeneous pool of cells, such mutant isolation
after random mutagenesis on a single strain for gene-phenotype
linkage analyses.

DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in the
GenBank database (Accession Nos. LC198009-LC198038).

AUTHOR CONTRIBUTIONS

MT, YK, and SK designed the research and analyzed the data. MT
conducted the experiments and wrote the manuscript with input
from all authors.

FUNDING

This work was supported by the Institute of Fermentation, Osaka.

ACKNOWLEDGMENTS

The sludge sample and the information regarding the oxidation
ditch WWTP was generously provided by Hiyoshi Corporation.
We thank the open facility at the Institute for Genetic Medicine
at Hokkaido University for use of flow cytometer.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2020.00793/full#supplementary-material

Altschul, S. F., Madden, T. L., Schaffer, A. A., Zhang, J., Zhang, Z., Miller, W., et al.
(1997). Gapped BLAST and PSI-BLAST: a new generation of protein database
search programs. Nucleic Acids Res. 25, 3389-3402.

Aschar-Sobbi, R., Abramov, A. Y., Diao, C., Kargacin, M. E., Kargacin, G. J.,
French, R. J., et al. (2008). High sensitivity, quantitative measurements of
polyphosphate using a new DAPI-Based approach. J. Fluoresc. 18, 859-866.
doi: 10.1007/s10895-008-0315-4

Beer, M., Stratton, H. M., Griffiths, P. C., and Seviour, R. J. (2006). Which
are the polyphosphate accumulating organisms in full-scale activated
sludge enhanced biological phosphate removal systems in Australia?
J.  Appl. Microbiol. 100, 233-243. doi: 10.1111/j.1365-2672.2005.02
784.x

Frontiers in Microbiology | www.frontiersin.org

April 2020 | Volume 11 | Article 793


https://www.frontiersin.org/articles/10.3389/fmicb.2020.00793/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2020.00793/full#supplementary-material
https://doi.org/10.1128/aem.02080-06
https://doi.org/10.1128/aem.02080-06
https://doi.org/10.3389/fmicb.2016.01033
https://doi.org/10.3389/fmicb.2016.01033
https://doi.org/10.1007/s10895-008-0315-4
https://doi.org/10.1111/j.1365-2672.2005.02784.x
https://doi.org/10.1111/j.1365-2672.2005.02784.x
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Terashima et al.

Isolation of Polyphosphate-Accumulating Bacteria

Bott, M., and Eggeling, L. (2017). Novel technologies for optimal strain breeding.
Adv. Biochem. Eng. Biotechnol. 159, 227-254. doi: 10.1007/10_2016_33

Correa Deza, M. A., Grillo-Puertas, M., Salva, S., Rapisarda, V. A., Gerez, C. L.,
and Font de Valdez, G. (2017). Inorganic salts and intracellular polyphosphate
inclusions play a role in the thermotolerance of the immunobiotic Lactobacillus
rhamnosus CRL 1505. PLoS One 12:€0179242. doi: 10.1371/journal.pone.
0179242

Eggeling, L., Bott, M., and Marienhagen, J. (2015). Novel screening methods—
biosensors. Curr. Opin. Biotechnol. 35, 30-36. doi: 10.1016/j.copbio.2014.12.
021

Emerson, J. B., Adams, R. I, Roman, C. M. B., Brooks, B., Coil, D. A., Dahlhausen,
K., etal. (2017). Schrodinger’s microbes: tools for distinguishing the living from
the dead in microbial ecosystems. Microbiome 5:86. doi: 10.1186/s40168-017-
0285-3

Frei, C. S., Qian, S., and Cirino, P. C. (2018). New engineered phenolic biosensors
based on the AraC regulatory protein. Protein Eng. Des. Sel. 31, 213-220. doi:
10.1093/protein/gzy024

Gawad, C., Koh, W., and Quake, S. R. (2016). Single-cell genome sequencing:
current state of the science. Nat. Rev. Genet. 17,175-188. doi: 10.1038/nrg.2015.
16

Giinther, S., Trutnau, M., Kleinsteuber, S., Hause, G., Bley, T., Roske, I, et al.
(2009). Dynamics of polyphosphate-accumulating bacteria in wastewater
treatment plant microbial communities detected via DAPI (4,6’-diamidino-2-
phenylindole) and tetracycline labeling. Appl. Environ. Microbiol. 75, 2111-
2121. doi: 10.1128/aem.01540-08

Han, X., Satoh, Y., Kuriki, Y., Seino, T., Fujita, S., Suda, T., et al. (2014).
Polyhydroxyalkanoate production by a novel bacterium Massilia sp. UMI-21
isolated from seaweed, and molecular cloning of its polyhydroxyalkanoate
synthase gene. J. Biosci. Bioeng. 118, 514-519. doi: 10.1016/j.jbiosc.2014.04.022

He, S. M., and McMahon, K. D. (2011). Microbiology of ’Candidatus
Accumulibacter’ in activated sludge. Microb. Biotechnol. 4, 603-619. doi: 10.
1111/j.1751-7915.2011.00248.x

Head, I. M, Jones, D. M., and Roling, W. F. (2006). Marine microorganisms make
a meal of oil. Nat. Rev. Microbiol. 4, 173-182. doi: 10.1038/nrmicro1348

Hesselmann, R. P. X., Werlen, C., Hahn, D., van der Meer, J. R., and Zehnder,
A.J. B. (1999). Enrichment, phylogenetic analysis and detection of a bacterium
that performs enhanced biological phosphate removal in activated sludge. Syst.
Appl. Microbiol. 22, 454-465. doi: 10.1016/s0723-2020(99)80055-1

Kalyuzhnaya, M. G., Lidstrom, M. E., and Chistoserdova, L. (2008). Real-time
detection of actively metabolizing microbes by redox sensing as applied to
methylotroph populations in Lake Washington. ISME J. 2, 696-706. doi: 10.
1038/ismej.2008.32

Katayama, T., Kanno, M., Morita, N., Hori, T., Narihiro, T., Mitani, Y., et al. (2014).
an oleaginous bacterium that intrinsically accumulates long-chain free fatty
acids in its cytoplasm. Appl. Environ. Microbiol. 80, 1126-1131. doi: 10.1128/
aem.03056-13

Kato, S., Goya, E., Tanaka, M., Kitagawa, W., Kikuchi, Y., Asano, K., et al
(2016). Enrichment and isolation of Flavobacterium strains with tolerance
to high concentrations of cesium ion. Sci. Rep. 6:20041. doi: 10.1038/
srep20041

Kato, S., Nakamura, R., Kai, F., Watanabe, K., and Hashimoto, K. (2010).
Respiratory interactions of soil bacteria with (semi)conductive iron-oxide
minerals. Environ. Microbiol. 12, 3114-3123. doi: 10.1111/j.1462-2920.2010.
02284.x

Kawakoshi, A., Nakazawa, H., Fukada, J., Sasagawa, M., Katano, Y., Nakamura,
S., et al. (2012). Deciphering the genome of polyphosphate accumulating
actinobacterium Microlunatus phosphovorus. DNA Res. 19, 383-394. doi: 10.
1093/dnares/dss020

Kong, Y. H., Nielsen, J. L., and Nielsen, P. H. (2005). Identity and ecophysiology
of uncultured actinobacterial polyphosphate-accumulating organisms in full-
scale enhanced biological phosphorus removal plants. Appl. Environ. Microbiol.
71, 4076-4085. doi: 10.1128/aem.71.7.4076-4085.2005

Kulakovskaya, T., Zvonarev, A., Laurinavichius, K., Khokhlova, G., and Vainshtein,
M. (2019). Effect of Fe on inorganic polyphosphate level in autotrophic and
heterotrophic cells of Rhodospirillum rubrum. Arch. Microbiol. 201, 1307-1312.
doi: 10.1007/s00203-019-01697-x

Lanham, A. B., Oehmen, A., Carvalho, G., Saunders, A. M., Nielsen, P. H., and
Reis, M. A. M. (2018). Denitrification activity of polyphosphate accumulating

organisms (PAOs) in full-scale wastewater treatment plants. Water Sci. Technol.
78, 2449-2458. doi: 10.2166/wst.2018.517

Lee, J. H, Lee, S. H,, Yim, S. S., Kang, K. H,, Lee, S. Y., Park, S. J,, et al. (2013).
Quantified high-throughput screening of Escherichia coli producing poly(3-
hydroxybutyrate) based on FACS. Appl. Biochem. Biotechnol. 170, 1767-1779.
doi: 10.1007/s12010-013-0311-2

Liao, R. H., Shen, K., Li, A. M, Shi, P., Li, Y., Shin, Q. Q., et al. (2013). High-nitrate
wastewater treatment in an expanded granular sludge bed reactor and microbial
diversity using 454 pyrosequencing analysis. Bioresour. Technol. 134, 190-197.
doi: 10.1016/j.biortech.2012.12.057

Mahr, R., Gatgens, C., Gatgens, J., Polen, T., Kalinowski, J., and Frunzke, J.
(2015). Biosensor-driven adaptive laboratory evolution of I-valine production
in Corynebacterium glutamicum. Metab. Eng. 32, 184-194. doi: 10.1016/j.
ymben.2015.09.017

Meier, M. J., Paterson, E. S., and Lambert, I. B. (2016). Use of substrate-
induced gene expression in metagenomic analysis of an aromatic hydrocarbon-
contaminated soil. Appl. Environ. Microbiol. 82, 897-909. doi: 10.1128/aem.
03306-15

Mesquita, D. P, Amaral, A. L., and Ferreira, E. C. (2013). Activated sludge
characterization through microscopy: a review on quantitative image analysis
and chemometric techniques. Anal. Chim. Acta 802, 14-28. doi: 10.1016/j.aca.
2013.09.016

Mielczarek, A. T., Nguyen, H. T. T., Nielsen, J. L., and Nielsen, P. H. (2013).
Population dynamics of bacteria involved in enhanced biological phosphorus
removal in Danish wastewater treatment plants. Water Res. 47, 1529-1544.
doi: 10.1016/j.watres.2012.12.003

Mino, T., Van Loosdrecht, M. C. M., and Heijnen, J. J. (1998). Microbiology and
biochemistry of the enhanced biological phosphate removal process. Water Res.
32,3193-3207. doi: 10.1016/s0043-1354(98)00129-8

Ngara, T. R, and Zhang, H. (2018). Recent advances in function-based
metagenomic screening. Genomics Proteomics Bioinform. 16, 405-415. doi: 10.
1016/j.gpb.2018.01.002

Nguyen, H. T. T., Kristiansen, R., Vestergaard, M., Wimmer, R., and Nielsen, P. H.
(2015). Intracellular accumulation of glycine in polyphosphate-accumulating
organisms in activated sludge, a novel storage mechanism under dynamic
anaerobic-aerobic conditions. Appl. Environ. Microbiol. 81, 4809-4818. doi:
10.1128/aem.01012-15

Nguyen, H. T. T. Nielsen, J. L., and Nielsen, P. H. (2012). Candidatus
Halomonas phosphatis, a novel polyphosphate-accumulating organism
in  full-scale  enhanced biological phosphorus removal plants.
Environ.  Microbiol. 14, 2826-2837. doi: 10.1111/j.1462-2920.2012.
02826.x

Nielsen, P. H., Mcllroy, S. J., Albertsen, M., and Nierychlo, M. (2019). Re-
evaluating the microbiology of the enhanced biological phosphorus removal
process. Curr. Opin. Biotechnol. 57, 111-118. doi: 10.1016/j.copbio.2019.03.008

Omelon, S., Georgiou, J., Henneman, Z. J., Wise, L. M., Sukhu, B., Hunt, T., et al.
(2009). Control of vertebrate skeletal mineralization by polyphosphates. PLoS
One 4:e0005634. doi: 10.1371/journal.pone.0005634

Perera, I. A., Abinandan, S., Subashchandrabose, S. R., Venkateswarlu, K,
Naidu, R., and Megharaj, M. (2019). Advances in the technologies
for studying consortia of bacteria and cyanobacteria/microalgae in
wastewaters. Crit. Rev. Biotechnol. 39, 709-731. doi: 10.1080/07388551.2019.
1597828

Rinke, C. (2018). Single-cell genomics of microbial dark matter. Methods Mol. Biol.
1849, 99-111. doi: 10.1007/978-1-4939-8728-3_7

Rivas-Lamelo, S., Benzerara, K., Lefévre, C. T., Monteil, C. L., Jézéquel, D., Menguy,
N., et al. (2017). Magnetotactic bacteria as a new model for P sequestration
in the ferruginous lake pavin. Geochem. Perspect. Lett. 5, 35-41. doi: 10.7185/
geochemlet.1743

Schlagenhauf, A., Pohl, S., Haidl, H., Leschnik, B., Gallistl, S., and Muntean, W.
(2016). Non-enzymatic quantification of polyphosphate levels in platelet lysates
and releasates. J. Pharm. Biomed. Anal. 131, 1-5. doi: 10.1016/j.jpba.2016.08.
005

Serafim, L. S., Lemos, P. C., Levantesi, C., Tandoi, V., Santos, H., and
Reis, M. A. M. (2002). Methods for
of intracellular polymers stored by polyphosphate-accumulating
microorganisms. J. Microbiol. Methods 51, 1-18. doi: 10.1016/s0167-7012(02)
00056-8

detection and visualization

Frontiers in Microbiology | www.frontiersin.org

April 2020 | Volume 11 | Article 793


https://doi.org/10.1007/10_2016_33
https://doi.org/10.1371/journal.pone.0179242
https://doi.org/10.1371/journal.pone.0179242
https://doi.org/10.1016/j.copbio.2014.12.021
https://doi.org/10.1016/j.copbio.2014.12.021
https://doi.org/10.1186/s40168-017-0285-3
https://doi.org/10.1186/s40168-017-0285-3
https://doi.org/10.1093/protein/gzy024
https://doi.org/10.1093/protein/gzy024
https://doi.org/10.1038/nrg.2015.16
https://doi.org/10.1038/nrg.2015.16
https://doi.org/10.1128/aem.01540-08
https://doi.org/10.1016/j.jbiosc.2014.04.022
https://doi.org/10.1111/j.1751-7915.2011.00248.x
https://doi.org/10.1111/j.1751-7915.2011.00248.x
https://doi.org/10.1038/nrmicro1348
https://doi.org/10.1016/s0723-2020(99)80055-1
https://doi.org/10.1038/ismej.2008.32
https://doi.org/10.1038/ismej.2008.32
https://doi.org/10.1128/aem.03056-13
https://doi.org/10.1128/aem.03056-13
https://doi.org/10.1038/srep20041
https://doi.org/10.1038/srep20041
https://doi.org/10.1111/j.1462-2920.2010.02284.x
https://doi.org/10.1111/j.1462-2920.2010.02284.x
https://doi.org/10.1093/dnares/dss020
https://doi.org/10.1093/dnares/dss020
https://doi.org/10.1128/aem.71.7.4076-4085.2005
https://doi.org/10.1007/s00203-019-01697-x
https://doi.org/10.2166/wst.2018.517
https://doi.org/10.1007/s12010-013-0311-2
https://doi.org/10.1016/j.biortech.2012.12.057
https://doi.org/10.1016/j.ymben.2015.09.017
https://doi.org/10.1016/j.ymben.2015.09.017
https://doi.org/10.1128/aem.03306-15
https://doi.org/10.1128/aem.03306-15
https://doi.org/10.1016/j.aca.2013.09.016
https://doi.org/10.1016/j.aca.2013.09.016
https://doi.org/10.1016/j.watres.2012.12.003
https://doi.org/10.1016/s0043-1354(98)00129-8
https://doi.org/10.1016/j.gpb.2018.01.002
https://doi.org/10.1016/j.gpb.2018.01.002
https://doi.org/10.1128/aem.01012-15
https://doi.org/10.1128/aem.01012-15
https://doi.org/10.1111/j.1462-2920.2012.02826.x
https://doi.org/10.1111/j.1462-2920.2012.02826.x
https://doi.org/10.1016/j.copbio.2019.03.008
https://doi.org/10.1371/journal.pone.0005634
https://doi.org/10.1080/07388551.2019.1597828
https://doi.org/10.1080/07388551.2019.1597828
https://doi.org/10.1007/978-1-4939-8728-3_7
https://doi.org/10.7185/geochemlet.1743
https://doi.org/10.7185/geochemlet.1743
https://doi.org/10.1016/j.jpba.2016.08.005
https://doi.org/10.1016/j.jpba.2016.08.005
https://doi.org/10.1016/s0167-7012(02)00056-8
https://doi.org/10.1016/s0167-7012(02)00056-8
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Terashima et al.

Isolation of Polyphosphate-Accumulating Bacteria

Seufferheld, M., Lea, C. R., Vieira, M., Oldfield, E., and Docampo, R. (2004).
The H(+)-pyrophosphatase of Rhodospirillum rubrum is predominantly located
in polyphosphate-rich acidocalcisomes. J. Biol. Chem. 279, 51193-51202. doi:
10.1074/jbc.m406099200

Seviour, R. J., Kragelund, C., Kong, Y. H. Eales, K, Nielsen, J. L., and
Nielsen, P. H. (2008). Ecophysiology of the Actinobacteria in activated
sludge systems. Antonie Van Leeuwenhoek 94, 21-33. doi: 10.1007/s10482-008-
9226-2

Shen, N., and Zhou, Y. (2016). Enhanced biological phosphorus removal with
different carbon sources. Appl. Microbiol. Biotechnol. 100, 4735-4745. doi: 10.
1007/s00253-016-7518-4

Streichan, M., Golecki, J. R., and Schon, G. (1990). Polyphosphate-accumulating
bacteria from sewage plants with different processes for biological phosphorus
removal. FEMS Microbiol. Ecol. 73, 113-124. doi: 10.1111/j.1574-6968.1990.
tb03931.x

Terashima, M., Freeman, E. S., Jinkerson, R. E., and Jonikas, M. C. (2015). A
fluorescence-activated cell sorting-based strategy for rapid isolation of high-
lipid Chlamydomonas mutants. Plant J. 81, 147-159. doi: 10.1111/tpj.12682

Terashima, M., Yama, A., Sato, M., Yumoto, I, Kamagata, Y., and Kato, S.
(2016). Culture-dependent and -independent identification of polyphosphate-
accumulating Dechloromonas spp. predominating in a full-scale oxidation ditch
wastewater treatment plant. Microbes Environ. 31, 449-455. doi: 10.1264/jsme2.
ME16097

Tijssen, J. P. F., Beekes, H. W., and Vansteveninck, J. (1982). Localization of
polyphosphates in saccharomyces-fragilis, as revealed by 4,6-Diamidino-2-
phenylindole fluorescence. Biochim. Biophys. Acta 721, 394-398. doi: 10.1016/
0167-4889(82)90094-5

Uchiyama, T., Abe, T., lkemura, T., and Watanabe, K. (2005). Substrate-
induced gene-expression screening of environmental metagenome libraries
for isolation of catabolic genes. Nat. Biotechnol. 23, 88-93. doi: 10.1038/
nbt1048

Uchiyama, T., and Miyazaki, K. (2013). Metagenomic screening for aromatic
compound-responsive transcriptional regulators. PLoS One 8:¢75795. doi: 10.
1371/journal.pone.0075795

Van Nevel, S., Koetzsch, S., Proctor, C. R, Besmer, M. D., Prest, E. I,
Vrouwenvelder, J. S., et al. (2017). Flow cytometric bacterial cell counts
challenge conventional heterotrophic plate counts for routine microbiological
drinking water monitoring. Water Res. 113, 191-206. doi: 10.1016/j.watres.
2017.01.065

van Rossum, T., Kengen, S. W., and van der Oost, J. (2013). Reporter-based
screening and selection of enzymes. FEBS J. 280, 2979-2996. doi: 10.1111/febs.
12281

Voronkov, A., and Sinetova, M. (2019). Polyphosphate accumulation dynamics in
a population of Synechocystis sp. PCC 6803 cells under phosphate overplus.
Protoplasma 256, 1153-1164. doi: 10.1007/s00709-019-01374-2

Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naive Bayesian
classifier for rapid assignment of rRNA sequences into the new bacterial
taxonomy. Appl. Environ. Microbiol. 73, 5261-5267. doi: 10.1128/aem.00062-
07

Wong, M. T., Tan, F. M., Ng, W. J,, and Liu, W. T. (2004). Identification
and occurrence of tetrad-forming Alphaproteobacteria in anaerobic-aerobic
activated sludge processes. Microbiol. SGM 150, 3741-3748. doi: 10.1099/mic.
0.27291-0

Yakimov, M. M., Timmis, K. N., and Golyshin, P. N. (2007). Obligate oil-degrading
marine bacteria. Curr. Opin. Biotechnol. 18, 257-266. doi: 10.1016/j.copbio.
2007.04.006

Yuan, Z., Pratt, S., and Batstone, D. J. (2012). Phosphorus recovery from
wastewater through microbial processes. Curr. Opin. Biotechnol. 23, 878-883.
doi: 10.1016/j.copbio.2012.08.001

Zengler, K., Toledo, G., Rappe, M., Elkins, J., Mathur, E. J., Short, ]. M., et al. (2002).
Cultivating the uncultured. Proc. Natl. Acad. Sci. U.S.A. 99, 15681-15686. doi:
10.1073/pnas.252630999

Zhang, T., Shao, M. F.,, and Ye, L. (2012). 454 Pyrosequencing reveals bacterial
diversity of activated sludge from 14 sewage treatment plants. ISME J. 6,
1137-1147. doi: 10.1038/isme;j.2011.188

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

The handling editor declared a shared affiliation with the authors.

Copyright © 2020 Terashima, Kamagata and Kato. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

April 2020 | Volume 11 | Article 793


https://doi.org/10.1074/jbc.m406099200
https://doi.org/10.1074/jbc.m406099200
https://doi.org/10.1007/s10482-008-9226-2
https://doi.org/10.1007/s10482-008-9226-2
https://doi.org/10.1007/s00253-016-7518-4
https://doi.org/10.1007/s00253-016-7518-4
https://doi.org/10.1111/j.1574-6968.1990.tb03931.x
https://doi.org/10.1111/j.1574-6968.1990.tb03931.x
https://doi.org/10.1111/tpj.12682
https://doi.org/10.1264/jsme2.ME16097
https://doi.org/10.1264/jsme2.ME16097
https://doi.org/10.1016/0167-4889(82)90094-5
https://doi.org/10.1016/0167-4889(82)90094-5
https://doi.org/10.1038/nbt1048
https://doi.org/10.1038/nbt1048
https://doi.org/10.1371/journal.pone.0075795
https://doi.org/10.1371/journal.pone.0075795
https://doi.org/10.1016/j.watres.2017.01.065
https://doi.org/10.1016/j.watres.2017.01.065
https://doi.org/10.1111/febs.12281
https://doi.org/10.1111/febs.12281
https://doi.org/10.1007/s00709-019-01374-2
https://doi.org/10.1128/aem.00062-07
https://doi.org/10.1128/aem.00062-07
https://doi.org/10.1099/mic.0.27291-0
https://doi.org/10.1099/mic.0.27291-0
https://doi.org/10.1016/j.copbio.2007.04.006
https://doi.org/10.1016/j.copbio.2007.04.006
https://doi.org/10.1016/j.copbio.2012.08.001
https://doi.org/10.1073/pnas.252630999
https://doi.org/10.1073/pnas.252630999
https://doi.org/10.1038/ismej.2011.188
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

'.\' frontiers

in Plant Science

ORIGINAL RESEARCH
published: 26 May 2020
doi: 10.3389/fpls.2020.00655

OPEN ACCESS

Edited by:

Aurelio Serrano,

Universidad de Sevilla and Consejo
Superior de Investigaciones
Cientificas (CSIC), Spain

Reviewed by:

Julio Paez Valencia,

University of Wisconsin-Madison,
United States

Agustin Hernandez,

Federal University of Sdo Carlos,
Brazil

Evenilton Pessoa Costa,

State University of the North
Fluminense Darcy Ribeiro, Brazil

*Correspondence:
Masayoshi Maeshima
maeshima@agr.nagoya-u.ac.jp;
maeshima@isc.chubu.ac.jp
Shoji Segami
segami@nibb.ac.jp

Specialty section:

This article was submitted to
Plant Metabolism

and Chemodiversity,

a section of the journal
Frontiers in Plant Science

Received: 21 February 2020
Accepted: 28 April 2020
Published: 26 May 2020

Citation:

Fukuda M, Mieda M, Sato R,
Kinoshita S, Tomoyama T, Ferjani A,
Maeshima M and Segami S (2020)
Lack of Vacuolar
H*-Pyrophosphatase and Cytosolic
Pyrophosphatases Causes Fatal
Developmental Defects in Arabidopsis
thaliana. Front. Plant Sci. 11:655.
doi: 10.3389/fpls.2020.00655

Check for
updates

Lack of Vacuolar
H*-Pyrophosphatase and Cytosolic
Pyrophosphatases Causes Fatal
Developmental Defects in
Arabidopsis thaliana

Mayu Fukuda’, Marika Mieda’, Ryosuke Sato’, Satoru Kinoshita', Takaaki Tomoyama’,
Ali Ferjani?, Masayoshi Maeshima'3* and Shoji Segami’**

" Laboratory of Cell Dynamics, Graduate School of Bioagricultural Sciences, Nagoya University, Nagoya, Japan,
2 Department of Biology, Tokyo Gakugei University, Tokyo, Japan, ° Graduate School of Bioscience and Biotechnology,
Chubu University, Kasugai, Japan, * National Institute for Basic Biology, Okazaki, Japan

The cytosolic level of inorganic pyrophosphate (PPi) is finely regulated, with
PPi hydrolyzed primarily by the vacuolar H¥*-pyrophosphatase (H*-PPase,
VHP1/FUGUS/AVP1) and secondarily by five cytosolic soluble pyrophosphatases
(sPPases; PPa1-PPab) in Arabidopsis thaliana. Loss-of-function mutants of HT-PPase
(fugubs) have been reported to show atrophic phenotypes in their rosette leaves
when nitrate is the sole nitrogen source in the culture medium. For this phenotype,
two questions remain unanswered: why does atrophy depend on physical contact
between shoots and the medium, and how does ammonium prevent such atrophy.
To understand the mechanism driving this phenotype, we analyzed the growth and
phenotypes of mutants on ammonium-free medium in detail. fugu5-1 showed cuticle
defects, cell swelling, reduced B-glucan levels, and vein malformation in the leaves,
suggesting cell wall weakening and cell lethality. Based on the observation in the
double mutants fugub-1 ppal and fugub-1 ppa4 of more severe atrophy compared
to fugub-1, the nitrogen-dependent phenotype might be linked to PPi metabolism.
To elucidate the role of ammonium in this process, we examined the fluctuations of
sPPase mRNA levels and the possibility of alternative PPi-removing factors, such as
other types of pyrophosphatase. First, we found that both the protein and mRNA levels
of sPPases were unaffected by the nitrogen source. Second, to assess the influence of
other PPi-removing factors, we examined the phenotypes of triple knockout mutants
of HT-PPase and two sPPases on ammonium-containing medium. Both fugu5 ppal
ppa2 and fugub ppal ppa4 had nearly lethal embryonic phenotypes, with the survivors
showing striking dwarfism and abnormal morphology. Moreover, fugu5 ppal™/~ ppa4
showed severe atrophy at the leaf margins. The other triple mutants, fugub ppal
ppab and fugub ppa2 ppa4, exhibited death of root hairs and were nearly sterile due
to deformed pistils, respectively, even when grown on standard medium. Together,
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these results suggest that H*-PPase and sPPases act in concert to maintain PPi
homeostasis, that the existence of other PPi removers is unlikely, and that ammonium
may suppress the production of PPi during nitrogen metabolism rather than stimulating

PPi hydrolysis.

Keywords: Arabidopsis thaliana, cell wall, leaf atrophy, nitrogen nutrient, pyrophosphate, pyrophosphatase

INTRODUCTION

Vacuolar H*-translocating inorganic pyrophosphatase (H*-
PPase; gene, VHP1) has two physiological roles: hydrolysis
of PPi in the cytosol and active translocation of protons
into plant vacuoles. PPi is generated as a byproduct of the
synthesis of macromolecules, such as DNA, RNA, proteins, and
polysaccharides (Stitt, 1998; Maeshima, 2000; Heinonen, 2001).
Excessive accumulation of PPi in the cytosol suppresses
macromolecule biosynthesis based on the law of mass
action. On the other hand, several bi-directional enzymes
involved in glycolysis, including pyrophosphate-dependent
phosphofructokinase (PFP), UGPase, and pyruvate phosphate
dikinase (PPDK) can both utilize and produce PPi (Hajirezaei
et al., 1993; Heinonen, 2001; Park et al., 2010; Chastain et al.,
2011). Thus, sufficient PPi is also essential for metabolic activities
in plant cells. In addition to scavenging PPi, HT -PPase acts as
a proton pump along with vacuolar HT-ATPase to maintain
acidic pH within the vacuolar lumen, which occupies the
largest volume within plant cells (Maeshima and Yoshida,
1989; Nakanishi et al., 2003). In most young tissues of plants,
H™-PPase accounts for 10% of vacuolar membrane proteins by
weight (Maeshima, 2001). Therefore, loss of HT-PPase activity
is expected to markedly suppress plant growth. Surprisingly,
the loss of H*-PPase function had a relatively mild phenotypic
effects. A T-DNA insertion HT-PPase knockout mutant vhpI-1
of Arabidopsis thaliana (A. thaliana) and amino acid exchange
and deletion mutants of H*-PPase (fugu5s) showed abnormal
cotyledon shape, with fewer and larger cells, when seedlings were
grown in the absence of sucrose (Ferjani et al., 2011), as well as
a mild suppression of plant growth (Asaoka et al., 2016), and
delayed stomatal closure (Asaoka et al., 2019). Very recently,
excess PPi has been reported to limit cotyledon pavement cell
morphogenesis and to alter cotyledon flatness (Gunji et al.,
2020). On the contrary, V-ATPase knockout mutant vha-a2
vha-a3 showed severer growth defect and higher vacuolar pH
than fugu5, suggesting that V-ATPase is the primary vacuolar
proton pump (Krebs et al., 2010; Kriegel et al., 2015). Although
another HT-PPase knockout mutant allele avpI-1 (Li et al,
2005) displayed severe auxin-related growth defects, Kriegel
et al. (2015) unambiguously demonstrated that avpI-1 growth
defects are due to a secondary T-DNA insertion in ARF-GEF
GNOM gene, which is essential for PIN cycling. Few other

Abbreviations: DAG, days after germination; DAP, days after pollination;
HT-PPase, HT-translocating  pyrophosphatase; ~ PFP,  PPi-dependent
phosphofructokinase; PPDK, pyruvate orthophosphate dikinase; PPi, inorganic
pyrophosphate; sPPase, soluble inorganic pyrophosphatase; UGPase, UDP-glucose
pyrophosphorylase.

studies suggested that HT-PPase can act as PPi synthase,
providing PPi to sucrose oxidation pathway to energize sucrose
loading into phloem (Pizzio et al., 2015; Khadilkar et al., 2016;
Scholz-Starke et al., 2019).

The oblong shape of fugu5 cotyledons recovered upon the
addition of sucrose to the growth medium, as this phenotype
was triggered by lowered sucrose production from seed storage
lipids (Takahashi et al., 2017). Previous research into metabolite
changes in fugu5 seedlings using capillary electrophoresis time-
of-flight mass spectrometry (CE-TOF-MS) and mathematical
analysis revealed that UGPase is the major target of PPis
inhibitory effect on gluconeogenesis, which ultimately leads to
reduced sucrose production (Ferjani et al., 2018). In addition,
double knockout mutants of H™-PPase and cytosolic soluble
PPase (sPPase) exhibited marked changes in morphology and
metabolites, including defect of cell wall components and
excessive accumulation of starch, while sPPase quadruple
mutants displayed a normal phenotype (Segami et al., 2018).
Thus, H*-PPase has a greater impact on PPi homeostasis than
that of sPPases.

Some non-plant species such as the purple photosynthetic
bacterium  Rhodospirillum  rubrum, parasitic  protozoa,
Streptomyces, hyperthermophilic bacteria, and Agrobacterium
possess H-PPases (Baltscheffsky et al., 1999; Maeshima, 2000;
Pérez-Castifieira et al., 2001; Seufferheld et al., 2003; Hirono et al.,
2007). In organisms without HT-PPase, such as Escherichia coli
and Saccharomyces cerevisiae, loss of sPPase causes growth arrest
and cell death due to hyperaccumulation of PPi (Chen et al.,
1990; Serrano-Bueno et al., 2013) which were rescued by genetic
complementation with H*-PPase (Pérez-Castifieira et al., 2002).
However, no lethal phenotype has been reported in plants to
date. Other PPases such as PPi-dependent phosphofructokinase
(Stitt, 1998; Amthor et al., 2019) may contribute to PPi hydrolysis
in plants. In this study, we prepared multiple knockout mutants
of HT -PPase and sPPase(s) to identify lethal conditions in plants
and to evaluate the physiological contributions of four cytosolic
soluble PPases (PPal, PPa2, PPa4, and PPa5).

Recently, growth of fugu5 and vhpI was found to be severely
suppressed and cell death was observed at the basal region of the
true leaves when grown on ammonium-free medium (Fukuda
et al.,, 2016), which is commonly used for hydroponics. The
phenotype was rescued either by addition of ammonium to the
growth medium at more than 1 mM or genetic insertion of the
yeast sPPase IPP1, indicating that excessive accumulation of PPi
causes the observed phenotypic effects (Fukuda et al., 2016).
Based on these observations, we explored the changes in the
tissues of mutant lines grown under these specific conditions.
In this study, we found that deletion of both H-PPase and
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sPPase resulted in marked changes in the morphology and
construction of cells and tissues, cell surface components, cell
death rate, and development of plants, even in those grown on
standard growth medium. These results reveal the importance
of PPi homeostasis for nitrogen metabolism and amino acid
biosynthesis as well as macromolecule and sucrose biosynthesis
in plants. Here, we discuss the biochemical and physiological
effects of excessive PPi on cell morphology and cell fate, with
consideration of macromolecule biosynthesis and differences in
nitrogen assimilation between roots and shoots.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

A. thaliana (accession Columbia-0; hereafter referred to as wild
type, WT) seeds, which were provided by the RIKEN BioResource
Center (Tsukuba, Japan), were surface-sterilized, placed in the
dark at 4°C for 2 days and then sown on plates of 0.5x
Murashige-Skoog (MS) medium containing 2.5 mM MES-KOH
(pH 5.7), 1% (w/v) sucrose, and 0.6% gellan gum (0.5x MS plates)
at 22°C under long-day conditions (light/dark regime of 16 h/8 h,
cool-white lamps, 90 mol/m? s). In addition to W'T, two loss-of-
function mutant alleles of H*-PPase (Ferjani et al., 2007, 2011),
also in the Columbia-0 background, were characterized under
the same conditions. The PPa5-GFP which expresses cfSGFP2-
tagged PPa5 under the control of its own promoter, the loss-of-
function mutants of cytosolic soluble PPase (ppal, ppa2, ppa4,
and ppa5) and double mutants (ppal ppa5, fugu5 ppal, fugu5
ppa2, fugu5 ppa4, and fugu5 ppa5) were prepared as described
previously (Segami et al., 2018). Triple mutants (fugu5 ppal ppa2,
fugu5 ppal ppad, fugu5 ppal ppa5, and fugu5 ppa2 ppa4) were
prepared through crossing of the corresponding mutant lines.

Molecular Genetics Research Laboratory (MGRL) culture
medium and a modified form of it supplemented with NH4"
(MGRLA™) were prepared for examination of the effects of the
NO3;~ and NH,™ ions on plant growth. Basal MGRL medium
for gel plates contained 1.5 mM NaH,;POy, 0.26 mM Na;HPOy,
1.5 mM MgSOy, 2.0 mM Ca(NO3);, 3.0 mM KNOs, 12 pM
Fe(IIN)-EDTA, 10 tM MnSOy, 30 uM H3BO3, 1.0 M ZnSOy,
1.0 MM CuSO4, 24 nM (NH4)6M07024, 130 nM COClz, 2%
sucrose, and 0.4% gellan gum (Fujiwara et al., 1992; Naito et al,,
1994). MGRLA™ medium contained 3.0 mM NH,4Cl and 3.0 mM
KCl instead of 3.0 mM KNO3, and thus contained 4 mM NO3~
and 3 mM NHy4 " as the sole nitrogen sources. Medium pH of
MGRL and MGRLA™ were adjusted to 5.8.

Morphological Observations
Whole plants were observed and photographed using an EOS
D60 (Canon) or EOS Kiss X7 digital camera (Canon) and a
stereoscopic microscope (SZ61; Olympus) equipped with a CCD
camera (DP50, Olympus or DSX500, Olympus). Embryos were
cleared using Hoyer’s solution (Feng and Ma, 2017) and observed
with a BX51 upright microscope (Olympus) equipped with a
CCD camera (DP72, Olympus).

For observation of leaf veins, 10-, 15-, and 20-day-old
leaves were fixed in a solution (ethanol:acetate = 3:1) at

room temperature. The fixed specimens were washed in an
ethanol series (70%, 50%, 30%, and 15%) and rinsed with
ClearSee (10% xylitol, 15% sodium deoxycholate, and 25% urea)
(Kurihara et al., 2015).

To observe the cross sections of rosette leaves, leaf samples
including the leaf margin were cut to a size of 2 x 2 mm with
a razor. Both ends of the leaves were sliced to allow the fixative
solution to permeate well into the sample, and then the samples
were immersed in a fixative solution (3% glutaraldehyde, and
50 mM Na-Pi, pH 7.0) and degassed thoroughly. The samples
were embedded in 5% agar and sliced to 40 pm thickness with
a microtome (VT 1200 s, Leica).

Scanning Electron Microscopy (SEM)

Leaves were dissected from 10- and 20-DAG plants. They
were mounted on a stub with adhesive carbon tape, and then
transferred directly to a specimen chamber of the low-vacuum
SEM (TM3030, Hitachi). Leaf epidermal cells were observed at
0-4°C, under low-vacuum conditions (30~50 Pa).

Confocal Laser Scanning Microscopy
(CLSM)

Confocal laser scanning microscopy (CLSM) observations were
conducted with an upright FV1000-D confocal laser scanning
microscope (Olympus). For fluorescein diacetate (FDA) and
propidium iodide (PI) staining, samples were soaked in dye
solution containing 5 pg/ml FDA, 10 pg/ml PI, and 100 mM
sorbitol. After 1 min, the samples were observed via CLSM.
For calcofluor white staining, samples were fixed in 4%
paraformaldehyde in phosphate-buffered saline (PBS) for 60 min
under a vacuum at room temperature. The fixed tissues were
washed twice for 1 min in PBS and cleared with ClearSee
(Kurihara et al., 2015). The cleared samples were stained with
0.1% calcofluor white in ClearSee solution for 60 min and then
washed with ClearSee solution for 30 min. The stained samples
were observed via CLSM. UPLSAPO10X or UPLSAPO60XW
(Olympus) was used as the objective lens. The excitation
wavelength and transmission range for emission were 473 nm
and 485 to 560 nm for FDA and green fluorescent protein (GFP),
559 nm and 617 to 717 nm for PI, and 405 nm and 425 to 475 nm
for calcofluor white.

Immunoblotting

Preparation of the soluble fraction from A. thaliana plants and
immunoblotting were conducted as described previously (Segami
et al,, 2018). To detect PPa isozymes, a peptide-specific antibody
for A. thaliana PPal-PPa5 (C+MPMIDQGEKDDKII) was used.

Toluidine Blue Staining

Whole plants grown on plate medium were stained with 0.1%
toluidine blue for 2 min. After washing three times with
distilled water, leaves were observed via a stereomicroscope
(SZ61, Olympus).

Image Analysis
Image analysis of leaf surface, leaf vein and area quantification
was performed using an Image] Fiji (Schindelin et al., 2012).
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For quantification of the leaf areole density, in brief, the
vessel patterns were traced manually, and subjected to “Analyze
Particles” function to extract total areole area. Areole total area
was divided by total leaf area. The obtained quotient was shown
as an indicator of the leaf vein continuity.

For calculation of undulation index (UI), the cell perimeter
and cell area of pavement cells were measured on SEM images
(3~7 leaves per one sample, more than 15 cells from one
leaf). The complexity of the pavement cells was quantified by
calculating the UI (Thomas et al,, 2003) using the following
equation (Kiirschner, 1997):

P
2Tt/ AT

where UI (dimensionless) is the undulation index, P (jum) is the
cell perimeter, and A (wm?) is the cell area.

Quantification of leaf and seed area was performed using
an Image] macro, as shown in Supplementary Figure 8. In
brief, to select the desired area, Color Thresholder 2.0.0-rc-
69/1.52p software was used. Then, the auto-generated macro
code constructed by Color Thresholder was pasted into the macro
at the indicated line.

Ul =

RESULTS

Morphological Phenotypes of Leaf of
fugu5

In fugu5, dead cells were observed in a highly proliferative region,
namely the petiole-blade junction, of leaves grown on MGRL
(Fukuda et al, 2016). To investigate further morphological
changes in the other regions, we carefully observed the leaf veins,
tissue construction of palisade mesophyll, and cell arrangement
of the epidermis of true leaves. The first true leaves of 10-day-
old plants grown on MGRL plates or plates with modified MGRL
medium supplemented with 3 mM NH,CI (MGRLA™) were fixed
with a solution of ethanol and acetate, and then treated with
ClearSee to visualize leaf veins. Normal networks of leaf veins
were observed in WT grown on either MGRL or MGRLA™
plates (Figures 1A,B). In contrast, fugu5-1 and fugu5-3 leaves,
particularly in the distal leaf region, did not form the normal
network of veins when grown on MGRL plates (Figures 1C,E,
arrows). This defect was clearly rescued when fugu5-1 and fugu5-
3 was cultivated on MGRLA™ (Figures 1D,F). Statistical analysis
of the images using the quotient of the areole area and total leaf
area values confirm that fugu5s grown on MGRL had abnormal
networks of leaf veins, in other word, networks with low leaf vein
continuity (Figure 1G).

Next, we observed cross sections of true leaves to investigate
tissue construction. Generally, leaf mesophyll tissue is composed
of four to five layers of cells of similar size. In 20-day-old
plants, leaves from WT grown on both MGRL and MGRLA™
and fugu5-1 grown on MGRLA™ showed the normal arrangement
of cells of regular size (Figures 2A,D,E). In fugu5-1 leaves,
the alignment of cells (cell layers) was irregular and cell size
was variable (Figures 2B,C). Furthermore, several large cells

were present in the pavement cells of fugu5-1 grown on MGRL
(Figure 2B, arrowhead). fugu5-1 ppal and fugu5-1 ppa4 plants
grown on MGRLA™ showed severe phenotypic effects, including
cell swelling and abnormal cell alignment (Supplementary
Figure 1), suggesting that PPi accumulation caused cell swelling
in leaves. Notably, fugu5-1 ppal grown on MGRL showed cell
death in the adaxial side of the leaf, while fugu5-1 ppa4 showed
cell death in the leaf margins (Supplementary Figure 1).

To detect morphological differences in pavement cells of 20-
day-old leaves, SEM analysis was performed. Pavement cells
usually exhibit puzzle-cell formation, but very recently Gunji
et al. (2020) reported that the complexity of cotyledon pavement
cells was reduced by PPi accumulation via inhibiting microtubule
dynamics. On both MGRL and MGRLA™, WT leaves showed
normal pavement cell structure (Figures 2F,G). However, fugu5-1
grown on MGRL showed obviously simplified cells (Figure 2H),
while fugu5-1 grown on MGRLA™ showed puzzle-cell formation
(Figure 2I), suggesting ammonium deficient conditions likely
increased PPi level in pavement cells. Statistical analysis of UI,
which indicates the degree of cell structure complexity, confirmed
the above observations (Figure 2J).

To check whether nitrogen content was affected by fugu5
mutation, ammonium and nitrate contents were analyzed in
plant shoots. For ammonium content, there was no significant
difference between the WT and fugu5-1, although shoots grown
on MGRLA™ accumulated twice more ammonium than MGRL
in 10-DAG plants (Supplementary Figure 2A). On the other
hands, in 10-DAG plants, there was no large difference in
nitrate content except a little decrease in the WT grown on
MGRLA™ (Supplementary Figure 2C). In 20-DAG plants grown
on MGRLA™, both the WT and fugu5-1 consumed ammonium
and nitrate (Supplementary Figures 2B,D). Together, these
results imply that there were no large differences between WT
and fugu5-1 in nitrogen usage.

Defects in the Cell Wall and Cuticle Layer

of Mutant Leaf Epidermis

In roots, fugu5-1 ppal showed cell swelling, which was likely
caused by decreased cellulose and root tip burst due to hypotonic
treatment (Segami et al., 2018). Previously, we reported that
contact of leaves with the culture medium was closely related to
the occurrence of leaf atrophy (Fukuda et al., 2016). Therefore,
we estimated that cell death in fugu5 leaves on MGRL is caused
by extracellular abiotic stresses.

To check for deficiencies of cell wall components, we stained
10-day-old leaves with calcofluor white, a fluorescent dye that
binds to P-glucan (Anderson et al., 2010), and observed the
epidermal cells at leaf margins with CLSM (Figure 3). fugu5-1
grown on MGRL showed a strong decrease in the fluorescence
signal and fugu5-1 grown on MGRLA™ showed a mild decrease
in signal intensity compared with WT grown on both MGRL and
MGRLA™, The double mutants fugu5-1 ppal and fugu5-1 ppad,
particularly the former, which exhibited a severe leaf phenotype
(Supplementary Figure 1), also showed markedly low signals.
These results suggest a relationship between the -glucan content
and mechanical strength of the cell wall.
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FIGURE 1 | Phenotype of leaf veins of fugu5 grown on MGRL culture medium. WT, fugu5-1 and fugu5-3 were grown on MGRL or MGRLA™ plates for 10 days. The
first rosette leaves were collected and fixed for observation. Leaves of (A) WT, (C) fugu5-1 and (E) fugu5-3 grown on an MGRL plates and leaves of (B) WT,

(D) fugu5-1 and (F) fugu5-3 grown on an MGRLA™ plates were photographed. Scale bars = 500 wm. Arrows indicate unconnected veins in fugu5. (G) Areole
density. Different letters above each bar indicate statistically significant differences (P < 0.05, Tukey’s HSD test), and asterisks indicate statistically significant

Generally, the surface of plant shoot tissues is covered with
a thin hydrophobic layer called the cuticle (Fich et al., 2016).
The cuticle prevents water loss from the leaf surface and entry
of water and solutes. The cuticle is a multilayered structure
composed of waxes and related hydrocarbons deposited on the
leaf epidermis. To examine the integrity of the cuticles of WT and
fugu5 leaves, fresh leaves were stained with toluidine blue, which
is a water-soluble dye with high affinity for acidic components.
If the leaf surface lacks a cuticle layer, the dye would stain the
cells (Tanaka et al., 2004). WT leaves grown on both plate media
did not stain (Figures 4A,B). In contrast, fugu5-1 leaves grown
on MGRL stained moderately (10-day-old seedling; Figure 4A)
or strongly at the rim of basal region (20-day-old; Figure 4B),
which coincides with the atrophic region. These results indicate
that the epidermal cells of fugu5-1 are unable to synthesize the
components to generate adequate cuticles.

Double Mutants Grown in
Ammonium-Free Medium Exhibit Severe

Growth Defects

Leaf atrophy in fugu5-1 depends on other factors, such as
contact of leaves with the medium surface and agar concentration
(i.e., medium hardiness) (Fukuda et al., 2016). Therefore, the
observed phenotypes varied among independent experiments.
Additionally, we found striking leaf atrophy in fugu5-1 ppal
and fugu5-1 ppa4 plants grown on MGRL. These mutants are
known to show a weak leaf atrophy phenotype when grown in
half-strength MS, which contains 10 mM ammonium (Segami
et al., 2018). All individuals of the double mutants failed to
fully expand leaves when grown on MGRL (Figures 5A,B).
This phenotype was stable, and the variance of leaf area for
seedlings grown on MGRL was significantly lower than that on
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FIGURE 2 | Abnormal epidermal and mesophyll cells in leaves of fugu5 grown on MGRL culture medium. WT and fugu5-1 were grown on an MGRL or MGRLA™
plates for 20 days. (A-E) Rosette leaves were fixed and sectioned for observation. Images of leaf cross sections from WT (A) and fugu5-1 (B,C) grown on an MGRL
plates, and from WT (D) and fugu5-1 (E) grown on MGRLA™ plates were taken using a upright microscope. Arrowheads indicate the swollen cells in epidermis. (F-I)
SEM images of leaf adaxial side. Leaves of (F) WT and (H) fugu5-1 grown on an MGRL plates and leaves of (G) WT and (I) fugu5-1 grown on an MGRLA™ plates
observed. (J) Ul of pavement cells. First leaves of 10-DAG plants and third or fourth leaves of 20-DAG plants were used for the observations above, except for
severely atrophied fugu5-1 grown on MGRL, in which the leaf stage was hardly distinguished. Different letters above each bar indicate statistically significant
differences (P < 0.05, Tukey's HSD test), and asterisks indicate statistically significant differences at *P < 0.05, **P < 0.01, **P < 0.001 (Welch two sample t-test,

n > 50). Error bars indicate SD (n > 50).
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FIGURE 3 | Lack of B-glucan in the cell wall of leaf epidermis of mutants grown on MGRL culture medium. (A) X-Z section of calcofluor white-stained leaves of WT,
fugus, fugus ppat, and fugu5 ppad. Plantlets grown on MGRL or MGRLA™ plates for 10 days were observed using stereomicroscopy (left panels) and CLSM (right
panels). (B) Fluorescence intensity of calcofluor white signal at the rim of leaves. Seedlings grown on MGRL (-) or MGRLA™ (+) plates were compared. The
fluorescence of the outermost cell wall of leaf epidermis was quantified and the average signal intensities are shown. Error bars indicate standard error (n = 3).
Different letters above each bar indicate statistically significant differences (P < 0.05, Tukey’s HSD test).

MGRLA™ for each line (F test; Figure 5C). Moreover, in 6- true leaves (Figure 5D, arrows). These results suggest that the
DAG seedlings grown with plastic sheets, which prevent direct —phenotype exhibited by fugu5-1 ppal and fugu5-1 ppa4 grown on
contact of cotyledons with the growth medium, fugu5-1 ppal and MGRL was independent of plant-medium contact and appeared
fugu5-1 ppad grown on MGRL showed chlorosis in the emerging  at younger stage than that of fugu5-1.
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A (10 days) MGRL

FIGURE 4 | Partial lack of cuticle layer of fugu5 grown on MGRL culture
medium. Whole shoots grown on MGRL or MGRLA™ were treated with
toluidine blue. (A) The first leaves of 10-DAG WT and fugu5-1 grown on
MGRL (left panel) or MGRLA™ plates (right panel) were observed with a
stereomicroscope. (B) Rosette leaves of 20-day-old WT and fugu5-1 on
MGRL (left) or MGRLA™ plates (right) were observed. Regions stained dark
blue lack a cuticle layer on the leaf surface.

sPPase Level Was Not Affected by

Supply of Ammonium lon

A primary question of this study is how ammonium ions
prevent atrophy of fugu5 mutants. It has been shown that
atrophy is triggered by excess PPi (Fukuda et al, 2016).
Therefore, we postulated three possible effects of ammonium: (1)
induction of sPPase expression; (2) induction of the expression
of other pyrophosphatases; and/or (3) suppression of PPi
generation in the mutants.

To test the first possibility, we prepared soluble fractions from
WT and mutants grown on MGRL and MGRLA™, and then
performed immunoblotting using anti-sPPase, which collectively
detects five sPPases, PPal to PPa5, to examine their protein
level (Segami et al., 2018). There was no marked change in the
level of sPPases between samples grown on the two types of
media (Figure 6). In addition, we measured the mRNA levels of
four sPPases and four PFPs (Atl1g12000, At1g20950, Atlg76550,
and At4g04040) and found no marked differences between

MGRL and MGRLA™ conditions (Supplementary Figure 3 and
Supplementary Table 1). These results suggest that ammonium
does not induce the expression of sPPases or PEPs.

Seed Viability Defects of fugu5 ppa1
ppa2 and fugu5 ppal ppa4

To further validate the existence of other PPi-hydrolysis enzymes
or PPi-removing factors, we prepared double and triple knockout
mutants for various combinations of HT-PPase and sPPases. If
these mutants are lethal, the existence of other functional PPi
removal mechanisms is unlikely. All double mutants of H-
PPase and sPPase, including the most severe mutant fugu5 ppal,
showed normal fertility (data not shown). However, numerous
shrunken seeds were observed in the triple heterozygous mutants
fugu5-1 ppal ppa2 and fugu5-1 ppal ppa4 (Supplementary
Figure 4A). It is worth to notice that non-shrunken seeds from
fugu5 ppalt/~ ppa2 and fugu5 ppalt/~ ppa4 parental lines
showed massive increase in size (Supplementary Figure 4B).
The other line with shrunken seeds, fugus-1*/~ ppal ppa2,
showed less size increase, suggesting that nutrient surplus due
to inhibited development of 25% of seeds did not cause the
size increase. Interestingly, fugu5-1 and sPPase quadruple mutant
ppal,2,4,5 formed larger seeds. It appears again that increased
PPi somehow affected seed storage oil metabolism, in agreement
with the previous report by Meyer et al. (2012), in which seed
specific overexpression of PPal and RNAi of PPal or PPa4
have been analyzed.

To test the fertility of the triple mutants, we tested the
genotypes of heterozygous mutant progeny. Both fugu5-1
ppal ppa2 and fugu5-1 ppal ppad germinated from freshly
prepared seeds, but not from old seeds that had been stored
for at least 1 year (Tables 1, 2). The germination rates of
fugu5 ppal ppa2 and fugu5 ppal ppa4 were considerably
reduced. These results suggest that both fugu5 ppal ppa2 and
fugu5 ppal ppa4 are nearly lethal and not tolerant of long-
term storage.

To determine when these mutations caused seed defects,
we observed ovules and embryos. At 14 DAP, when the
valves turned yellow, about 75% of seeds of both fugus-
17/~ ppal ppa2 and fugu5-1 ppal*/~ ppa4 showed normal
brown coloration, while the remaining 25% of seeds appeared
abnormal, either green or shrunken, indicating that the ratio
of these defective seeds followed Mendelian segregation
(Figures 7A,B). In fugu5-1 ppal™/~ ppad, green seeds
contained green embryos with their cotyledons and hypocotyls
fused together (Figure 7A). The genotypes of most green
embryos were identified as fugu5-1 ppal ppa4 homozygous
(Supplementary Figure 5).

Undeveloped Embryos in fugu5 ppa1t

ppa2 and fugu5 ppal ppa4

At 7-8 DAP, WT and all double mutants had green ovules, which
is the normal color at this developmental stage (Figure 7C).
The color of ovules varies during embryonic development, and
WT at 5 DAP had a torpedo-stage embryo (Figure 7D) with
yellow ovule coloration (Figure 7C). At 8 DAP, triple mutants
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FIGURE 5 | Effect of NH4* in culture medium on growth. (A) Growth of WT, fugub-1, fugu5-3, ppa1,2,4,5, fugus-1 ppal, and fugu5-1 ppa4 seedlings for 17 days
on MGRL (without NH4 ) or MGRLA™M (3 mM NH,4 1) plates. (B) Magnified images of fugu5-1 ppat and fugu5-1 ppa4 grown on MGRL or MGRLA™. (C) Leaf area
was calculated using photographs and represented with boxplots and dot plots. Asterisks above the boxplots indicate statistically significant differences of mean
values compared with the WT of each medium condition (**P < 0.01, **P < 0.001, Steel test), and blue asterisks between pair indicate statistically significant
differences of variances (***P < 0.001, F test). (D) Seedlings were grown on MGRL or MGRLA™ plates for 6 days using plastic sheets to prevent contact between

cotyledons and medium. Arrows indicate areas of chlorosis (small true leaves).

fugu5t/~ ppal ppa2 and fugu5 ppal™/~ ppa4 heterozygous,
contained about 25% yellow ovules (Figure 7C). For further
analysis of the embryos in these ovules, we observed transparent
ovules cleared with Hoyer’s solution (Feng and Ma, 2017).
Yellow ovules of fugu5-17/~ ppal ppa2 and fugu5 ppal™/—
ppa4 heterozygous had malformed spherical embryos, whereas

the embryos of green ovules exhibited bent cotyledons. The size
of yellow ovule embryos was larger than that of the heart stage
of the WT at 4 DAP and smaller than that of the WT torpedo
stage at 5 DAP (Figures 7D,E, yellow ovule). In particular,
fugu5 ppal™/~ ppa4 had larger embryos than did fugu5t/—
ppal ppa2 heterozygous. These observations indicate that the
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TABLE 1 | Segregation ratios of triple mutants by genotype.

Genotype of seedlings

Genotype of parent Storage* Total /- +/- +/+ Ungerminated
fugus-1+/= ppatl ppa2 0 days 84 4 45 20 15

4 years 41 0 19 7 15*
fugu5-1 ppal*/~ ppa2 1 year 74 0 39 32 3*
fugus-1 ppal ppa2*t/~ 1 year 82 0 45 23 14*
fugus-1 ppal*/— ppa4 0 days 90 8 44 29 9
fugus-3t/~ ppat ppa4 2 weeks 44 2 27 15 13

#Storage refers to the period from seed harvest to sowing. *Some shrunken seeds were removed during the harvest process. In other cases, seeds were directly harvested
from individual fruits and sowed immediately.

TABLE 2 | Segregation ratios of triple mutants by phenotype.

Seedling phenotype

Genotype of parent Storage Total Dwarf Curled Normal Ungerminated
fugus-1 ppal*/~ ppa4 1 year 89 0 57 24 8*
fugus-3t/~ ppat ppa4 1 year 88 0 0 75 13*

Plants were classified by phenotype: Normal means no obvious phenotypic effects or marginal atrophy (ppal ppa4 or fugus-1 ppa4-like), Curled indicates strong leaf

edge atrophy (fugu5 ppal™/~ ppa4-like) and Dwarf represents severe growth defect (fugub ppal ppa4-like). See Figure 8B for morphological examples. *Some shrunken
seeds were removed during the harvest process.

MGRL MGRL""
< T
anti-PPa B W BT S
a 2 = a3 >
E & 8 3 E o 3 8 (o

10 DAG

18 DAG
10 DAG 18 DAG
1000000+
E
£ 750000+
>
[
£ 5000001 £ MGRL
2 | vVGRL"
S 250000+
2
0_
= = -~ ™ = = - ™
= & 8 9 = & ¢ 9
8 = s &

FIGURE 6 | Immunoblot analysis of PPases in the soluble fractions from WT and mutants. (A) WT, a mutant expressing yeast cytosolic PPase (IPP1), fugu5-1, and
fugu5-3 were grown on MGRL or MGRLA™ plates for 10 (upper panel) or 18 days (lower panel). Soluble fractions were prepared and subjected to immunoblotting

using anti-sPPase. sPPases were detected at 27 and 25 kDa. (B) Relative intensities of immunostained bands at 27 kDa are indicated with orange (MGRL) and blue
boxes (MGRLA™).
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FIGURE 7 | Defect in seed development of fugu5 ppat ppa2 and fugu5 ppal ppa4. (A) 14-DAP fruits of fugu5-1+/— ppal ppa2, fugu5-1 ppal*/~ ppa4 and
fugus-1 ppa4 (left). A green embryo and its seed coat of fugu5-1 ppalt/~ ppa4 (right, green). The lower panel shows a normal embryo and its seed coat (normal).
(B) Developmental defect of seeds in 14-DAP fruits of mutant lines. Ratios of normal (light blue), greenish (green), and shrunken seeds (orange) are shown for each
line. Asterisks indicate significant differences in the proportion of normal seeds compared with 0.75 (Mendelian segregation) (** P < 0.001, prop test). NS, not
significant. (C) Images of fruits of WT and mutants at 7-8 DAP. (D) Ovules were treated with Hoyer’s solution to achieve organ transparency and then photographed.

(E) Embryo sizes of WT and mutants were calculated as their area in photographic images and represented by boxplots and dot plots. Different letters above each
bar indicate statistically significant differences (P < 0.01, Steel-Dwass test).

embryos were not simply delayed in development but also

the other hand, the heterozygous mutant fugu5-1t/~ ppal ppa2

grew abnormally. showed normal morphology and no significant differences from

. . ppal ppa2 (Figures 8A,B), suggesting that a single copy of the

Indispensability of H*-PPase and VHP1 gene is sufficient to compensate for lack of PPal and PPa2.
sPPases for Shoot Development

Another heterozygous mutant, fugu5-1 ppal™/~ ppad, showed
decreased leaf area compared with fugu5-1 ppa4 (Figure 8C)
and a strong leaf edge curling phenotype, even when grown

Both triple mutants fugu5-1 ppal ppa2 and fugu5-1 ppal ppad
showed extremely reduced shoot growth (Figures 8A-C). On
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FIGURE 8 | Defect in development of the triple mutants fugu5-1 ppal ppa2 and fugus ppal ppa4. (A) 18-DAG plants germinated from fugu5-1+/~ ppat ppa2
seeds. Red square indicates fugu5-1 ppal ppa2, yellow triangles indicate fugu5-1+/~ ppal ppa2 and blue circle indicates ppa? ppa2. (B) 18-DAG plants
germinated from fugu5-1 ppalt/~ ppa4 seeds. Red square indicates fugu5-1 ppal ppa4, yellow triangles indicate fugu5-1*/~ ppal ppa4 and blue circle indicates
ppat ppa4. (C) Comparison of leaf area of 12-DAG plants. Different letters above each plot indicate statistically significant differences (P < 0.05, Tukey's HSD test).
(D) Phenotype of plant from fugu5-1 ppa’ ppa2. (E) Phenotype of fugus-1 ppal ppa4. Plants were grown on half-strength MS plates with sucrose.
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FIGURE 9 | Severe phenotype of the triple mutant fugus-1 ppat ppa5. (A) Loss-of-function mutants (ppa? ppas, fugus-1 ppab, fugus-1 ppatl, and fugus-1 ppal
ppab) were grown on half-strength MS plates with 1% sucrose for 9 days. Lower insets show enlarged images of roots. (B) Root lengths of the WT and mutants
were measured and visualized as boxplots and circles (n = 3). Different letters above each plot indicate statistically significant differences (P < 0.05, Tukey’s HSD
test). (C) Aboveground organs of 30-DAG fugu5-1 ppal ppa5 plants. (D) X-Z images constructed from Z-stack images of PPa5-GFP stained with PI. Left, GFP
image; middle, Pl image; and right, a merged image of GFP and PI. H, root hair cell; N, non-root hair cell. (E) Live/dead-cell staining of roots collected from the
seedlings shown in (A). Roots were stained with fluorescein diacetate (FDA, green) and propidium iodide (PI, light purple). Z-stack images were captured using
CLSM and then reconstructed. Arrowheads indicate a dead root hair cell line (light purple). (F) Enlarged images of root epidermis stained with FDA and PI.

on MS plates, on which fugu5 showed no atrophic symptoms and were especially damaged in fugu5-1 ppal ppa4 (Figure 8E;
(Figure 8B; yellow triangle). At 8-DAG, both fugu5-1 ppal right panel). In severe cases, individuals of fugu5-1 ppal ppa2
ppa2 and fugu5-1 ppal ppad showed extremely abnormal shapes  and fugu5-1 ppal ppa4 had no expanded leaves (Figures 8D,E;
including apparent lack of cotyledons, short roots, and distorted  left panels). These results indicate that PPal, PPa2, and PPa4 are
leaves (Figures 8D,E). At 26-DAG, several individuals of fugu5-1  active in the true leaves and contribute to PPi homeostasis in the
ppal ppa2 and fugu5-1 ppal ppa4 successtully developed leaves,  fugu5 background.

but they remained very small compared with heterozygous or

In MGRL medium, the double mutants fugu5-1 ppa2 and
double mutant plants (Figures 8D,E; right and lower panels), fugu5-1 ppa5 exhibited reduced leaf area but not severe atrophy
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TABLE 3 | Tissue-specific phenotypes of single and multiple mutants of

H*-PPase and sPPases.

Organ Mutant line References
Leaf
Decreased size fugub-3 Asaoka et al. (2016)
Stomatal closure delay fugubs Asaoka et al. (2019)
Altered pavement cell fugub-1 This study
morphology
Leaf severe deformity fugub-1 ppal ppa2 This study

fugub-1 ppal ppa4 This study
Leaf edge atrophy fugu5-1 ppal ™/~ ppa4 This study
(strong)
Leaf edge atrophy fugub-1 ppa4 Segami et al. (2018)
(mild)

Leaf damage (mild)
Root

Root tip swelling
(Severe)

(Strong)

(Strong)

(Mild)

Root epidermal cell
death

Cotyledon
Impaired cotyledon

Altered pavement cell
morphology and
microtubule dynamics

Elliptical shape
Hypocotyl

Short hypocotyl (strong)
Short hypocotyl (mild)
Flower

Sterile pistil

Jaggy petal

Embryo, seed

Nearly lethal

Enlargement (strong)

Enlargement (mild)

fugus-1 ppal
fugub-1 ppal ppab

fugub-1 ppal

fugus-1 ppal ™/~ ppa2
fugus-1 ppa2

fugub-1 ppal ppab

fugub-1 ppal ppa2
fugub-1 ppal ppa4
fugub-3 ppa2 ppa4
fugub-1, fugub-3

fugubs, vhp1-1

fugub-1 ppal
fugub-1, fugub-3, vhp1-1

fugub-3 ppa2 ppa4
fugub-3 ppa2 ppa4

fugub-1 ppal ppa2
fugub-1 ppal ppa4
fugus-1 ppal ™/~ ppa2
fugus-1 ppalt/— ppa4
ppal ppa2 ppa4 ppad
fugub-1

Segami et al. (2018)

This study

Segami et al. (2018)
This study
Segami et al. (2018)
This study

This study
This study
This study
Guniji et al. (2020)

Ferjani et al. (2011)

Segami et al. (2018)
Ferjani et al. (2011)

This study
This study

This study
This study
This study
This study
This study
This study

(Figures 5A,C). In addition, fugu5-1 ppal™/~ ppa2 showed no
leaf atrophy on MS medium (Supplementary Figure 6A), despite
significantly reduced leaf area and root length (Supplementary
Figures 6B-E), suggesting that PPa2 does not contribute to
preventing leaf atrophy.

Another triple mutant fugu5-3 ppa2 ppa4 had full viability but
retarded cotyledon development compared with its heterozygous
siblings fugu5-3 ppa2*/~ ppa4 and fugu5-3 ppa2 ppadt/~
(Supplementary Figures 7A,B). Their cotyledon shape was
distorted, and more than half of the plants formed single
cotyledons. Six out of 26 seedlings of this triple mutant failed

to form true leaves and their growth was prematurely arrested
(Supplementary Figures 7A,C). These observations indicate that
VHPI, PPa2, and PPa4 are essential for normal development
of the cotyledons and shoot apical meristem at an early
developmental stage, and that PPal alone can maintain PPase
activity at a sufficient level for viability.

In addition, fugu5-3 ppa2 ppa4 showed severe floral
phenotypic changes, including enlarged and distorted pistils
(Supplementary Figure 7D). Although few seeds were obtained
from the mutant plant, hand pollination using WT pollen was
not successful. In contrast, fugu5-3 ppa2 ppa4 pollen succeeded
in pollinating WT pistils (data not shown), suggesting that
the pistil of fugu5-3 ppa2 ppa4 is impaired. The petals and
sepals of the mutant also showed morphological abnormalities
(Supplementary Figure 7D).

Root Hair Cell-Specific Necrosis in fugu5

ppat ppa5

fugu5-1 ppal ppa5 triple mutants showed normal fertility, but
their phenotype was more severely affected than that of fugu5-1
ppal, even on MS plates (Figures 9A,B). The cotyledons and true
leaves of fugu5-1 ppal ppa5 developed without adhesion or strong
atrophy, which was also observed in the triple mutants fugu5-1
ppal ppa2, fugu5-1 ppal ppa4, and fugu5-3 ppa2 ppa4, suggesting
negligible contribution of PPa5 to the development of cotyledons
and leaves (Figures 9A,C). In contrast to shoots, the roots of
fugu5 ppal ppa5 were significantly shortened and had fewer root
hairs (Figures 9A,B). The PPa5-GFP signal was observed only in
root epidermis cells, and was particularly strong in root hair cells
(Figure 9D). Staining of roots with FDA and PI, which visualized
live/dead cells, indicated death of root epidermal cells in the root
hair lines of fugu5-1 ppal ppa5 (Figures 9E,F). Furthermore,
root cells of the triple mutant were markedly shortened, even
in the mature region, compared with those of fugu5-1 ppal
(Figure 9E). These observations suggest that PPa5 functions as
active PPase in the mature root epidermis, mainly in root hair line
cells where it acts in combination with H*-PPase and PPal. By
combining the phenotypes of triple mutants described above, the
physiological importance of individual sPPase in various tissues
could be determined, and is summarized in Table 3.

DISCUSSION

Physiological Mechanism of Leaf
Atrophy

Leaf atrophy was observed in fugu5 mutants when grown
on ammonium-free medium. This phenotype has been shown
to be triggered by excessive PPi, and thus could be rescued
through heterologous expression of the yeast sPPase IPP1 in
fugu5 mutants (Fukuda et al., 2016). In this study, we focused
on two questions: why the atrophic phenotype depends on
direct contact of shoots with medium, and the mechanism
through which ammonium ions prevent leaf atrophy. To address
the first question, we analyzed mutant leaves and observed
several new phenotypes: irregular and disconnected leaf veins
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(Figure 1), abnormal mesophyll tissue organization, cell swelling
and severely simplified pavement cells (Figure 2), decrement
of B-glucans (Figure 3), and partial lack of cuticle layer in the
rosette leaves (Figure 4). These observations led us to consider
dysfunctional biosynthesis of cell wall components and cutin.
During biosynthesis of these macromolecules, PPi is generated
(Heinonen, 2001). The increased level of PPi may suppress
biosynthesis of these macromolecules and thus cause defects in
cell wall construction and strength in growing leaves.

In the case of disconnected veins (Figure 1), a similar
phenotype was reported in a triple mutant of glycosyltransferases
in the cellulose synthase-like D (CSLD) family, csld2 csld3
csld5, which transfer mannose from GDP-mannose onto an
endogenous acceptor (Yin et al, 2011). GDP-mannose is a
nucleotide-sugar that releases PPi from its synthesis reaction, and
PPi accumulation likely inhibits this reaction, as recently reported
for UDP-glucose (Ferjani et al, 2018). Indeed, the etiolated
hypocotyl of fugu5-1 ppal contained a reduced level of mannose
(Segami et al., 2018). Along with the decreased level of p-glucans
in the leaf surface (Figure 3), cell wall synthesis was markedly
inhibited in fugu5-1 leaves grown on ammonium-free medium.

The cuticle, which acts as plant skin, is essential for the
protection of leaves and structural support of tissues. Therefore,
the lack of cuticle layer in fugu5 grown on MGRL medium may
result in serious damage to its tissues. In the early pathway of
cuticle synthesis, ligation of CoA with long chain fatty acid by
acyl-CoA synthetase (EC6.2.1.3) releases PPi into the cytosol
(Pulsifer et al., 2012; Fich et al., 2016). This finding strongly
suggests that the lack of VHP1 increases the PPi level in leaf
epidermal cells and suppresses the formation of cuticle. Cells
with immature cell walls (Figure 3) lacking the cuticle layer
(Figure 4) might be physically weak and sensitive to osmotic
fluctuations in the extracellular environment. Taken together,
these findings indicate that leaf atrophy in fugu5 might be caused
by cell death due to external stresses, such as infiltration of solutes
from the growth medium.

The Importance of H*-PPase and

sPPases in Leaf Development

To address the second question regarding the physiological
mechanism through which ammonium ion prevents the atrophy
in fugu5 and other mutants, we hypothesized three possible
effects of ammonium in the mutants: induction of sPPases,
induction of other pyrophosphatases, and suppression of PPi
generation. The first hypothesis was clearly contradicted by the
results of immunoblotting (Figure 6) and quantitative real-
time polymerase chain reaction (RT-qPCR) (Supplementary
Figure 3). We investigated the second possibility based on RT-
qPCR and the lethality of multiple knockout mutants, which
provides insight into the shared system of several PPases.
Accumulation of PPi in cells is known to cause critical growth
arrest and cell death through inhibition of fundamental metabolic
reactions involving DNA and NAD (Chen et al., 1990; Serrano-
Bueno et al., 2013). If ammonium induced other PPi remover(s),
multiple knockout mutants of HT-PPase and sPPases would
survive on ammonium-containing medium.

We constructed four triple mutants, fugu5-1 ppal ppa2,
fugu5-1 ppal ppad, fugu5-1 ppal ppa5, and fugu5-3 ppa2 ppa4,
and tested their growth on half-strength MS plates, which
contained 10 mM NHy™. fugu5-1 ppal ppa2 and fugu5-1 ppal
ppa4 showed the severest phenotypic effects, which were nearly
lethal (Tables 1, 2 and Figure 8). Among their heterozygous
counterparts, fugu5-1 ppal*/~ ppa4 showed significant leaf
edge atrophy (Figures 8A,B), whereas fugus-1 ppal*/~ ppa2
showed no atrophic leaf symptoms (Supplementary Figure 6A).
These results indicate that PPa4 is more important than PPa2
for preventing leaf atrophy (Supplementary Figures 6B,C).
The other triple mutant, fugu5-3 ppa2 ppa4, showed no
additional effects on leaf phenotype compared to the former
two mutants (Supplementary Figure 7). Comparison of fugu5s-
3 ppa2 ppa4 with fugu5-1 ppal ppa2 and fugu5-1 ppal ppa4
clearly indicates the importance of PPal to leaf development.
In GFP localization analysis for our previous study (Segami
et al, 2018), VHP1-GFP and PPal-GFP were expressed in
all leaf cell types, whereas PPa2-GFP and PPa4-GFP were
preferentially expressed in mesophyll and epidermis cells,
respectively. Therefore, the severe phenotype of fugu5-1 ppal
ppa2 (Figure 8D) may be related to mesophyll dysfunction,
whereas fugu5-1 ppal ppa4 (Figure 8E) suffers from defects
in epidermal development. PPa5-GFP is also expressed in leaf
epidermis, but is limited to mature leaves, whereas PPa4-GFP
is highly expressed during the early stages of leaf development.
Combined with the result that fugu5-1 ppal ppa5 and fugu5
ppa5 did not exhibit strong leaf atrophy (Figures 5A, 9C),
this shows that the atrophic phenotype is associated with
young leaves, in agreement with the notion that PPi is
abundantly released in proliferating young tissues. Therefore,
the combination of VHPI, PPal, PPa2, and PPa4 might be
essential for proper leaf development. The present observations
of nearly lethal phenotypic effects in multiple mutants of VHP1
and PPases strongly suggest that other PPi utilizing enzymes
or PPi hydrolyzing enzymes, if any exist, are not involved in
PPi homeostasis.

Phenotypes of Embryos and Root Hairs

in Triple Mutants

The triple mutants fugu5-1 ppal ppa2 and fugu5-1 ppal ppad
both showed nearly lethal phenotypes. Their embryos exhibited
retarded growth and developed without showing the typical
heart-stage and torpedo-stage shapes, becoming round in shape
at 8 DAP. Finally, fugu5-1 ppal ppa4 made green embryos
lacking differentiation into cotyledons and hypocotyls in seeds
at 14 DAP (Figure 7A and Supplementary Figure 5). In this
study, we could not obtain triple homozygous mutants from
seeds stored that were over 1 year (Tables 1, 2). In combination
with the observation that fugu5-1 ppal ppa4 embryos remained
green in color until 14 DAP (Figure 7A and Supplementary
Figure 5), this result suggests that seed maturation in the mutant
is insufficient for maintaining seed longevity during long-term
storage. The high ratio of shrunken seeds to normal-sized ones
(Figure 7B) and low germination rate suggest that PPa2 is more
important than PPa4 during embryogenesis.
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fugu5-1 ppal ppa5 showed phenotypes of short roots, short
root cells, fewer root hairs, and necrosis of the root epidermis
(Figures 9A,B,E,F). Root epidermis is divided into two types:
root hair cells and non-root hair cells (Galway et al., 1994; Berger
etal., 1998). Notably, root epidermis is normally viable at an early
developmental stage, before root-hair formation (Figure 9E).
PPa5-GFP was expressed primarily in root hairs in the root
elongation zone (Figure 9D) and PPa3-GFP was also expressed
in root hair cells, whereas PPa4-GFP was mainly detected in non-
root hair cells and PPa2-GFP was expressed only during the early
developmental stage (Segami et al., 2018). These observations
coincide with the defective root hair phenotype of fugu5-1 ppal
ppa5, in which root hair line cells died (Figure 9E). In this
triple mutant, most root hairs died, but several elongated hairs
were observed (Figures 9A,E), suggesting that the formation and
elongation of root hairs require precise regulation of PPi at a
critical level and the remaining PPa3 activity was insufficient to
maintain viability.

Possible Mechanism for Rescue of

Mutant Phenotype by Ammonium

To explore the relationship between PPi production and
absence of ammonium supply, here we considered organ-
specific nitrogen metabolism. Most plants incorporate and utilize
ammonium preferentially over nitrate (Howitt and Udvardi,
2000; Konishi et al., 2017). Thus, A. thaliana incorporates NH4
preferentially from MGRLA™ medium and converts NH4*+ to
amino acids in roots to reduce the toxic NH4* levels (Hachiya
and Sakakibara, 2017). The amino acids thus generated are
transported from the roots to shoots (Konishi et al., 2017). In
contrast, NO3 ™ is incorporated by roots, and then transported
directly from roots to shoots because NO3~ has no toxicity
to plant cells. In shoots, NO3;~ is reduced to NHy" via
NAD(P)H reducing equivalents that are mainly supplied by
photosynthesis and is subsequently incorporated into glutamine.
The assimilation of nitrate is assumed to act as a strong consumer
of reducing power, and therefore ammonium utilization greatly
decreases the energy consumption required to synthesize organic
N compounds (Williams et al., 1987; Hachiya and Sakakibara,
2017; Gakiére et al., 2018).

Considering the differences in nitrogen metabolism between
roots and shoots, metabolism of NO3; ™~ into amino acids occurs
preferentially in shoots grown on MGRL medium. Although
NO;3~ reduction itself includes no PPi-generating reactions, for
example, the biosynthesis of NAD, which is involved in NO3 ™~
reduction, generates PPi (Heinonen, 2001; Gakiere et al., 2018).
We predict that the elevated level of PPi formed from NO3;~
reduction related pathway in shoots causes cellular dysfunction
and atrophy in fugu5 plants grown on MGRL medium. The
addition of ammonium to the medium might reduce the
generation of PPi in shoots by promoting amino acid synthesis
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Polyphosphate (polyP), a polymer of orthophosphate (PO, of varying lengths, has been
identified in all kingdoms of life. It can serve as a source of chemical bond energy
(phosphoanhydride bond) that may have been used by biological systems prior to the
evolution of ATP. Intracellular polyP is mainly stored as granules in specific vacuoles called
acidocalcisomes, and its synthesis and accumulation appear to impact a myriad of cellular
functions. It serves as a reservoir for inorganic PO, and an energy source for fueling
cellular metabolism, participates in maintaining adenylate and metal cation homeostasis,
functions as a scaffold for sequestering cations, exhibits chaperone function, covalently
binds to proteins to modify their activity, and enables normal acclimation of cells to stress
conditions. PolyP also appears to have a role in symbiotic and parasitic associations, and
in higher eukaryotes, low polyP levels seem to impact cancerous proliferation, apoptosis,
procoagulant and proinflammatory responses and cause defects in TOR signaling. In this
review, we discuss the metabolism, storage, and function of polyP in photosynthetic
microbes, which mostly includes research on green algae and cyanobacteria. We focus
on factors that impact polyP synthesis, specific enzymes required for its synthesis and
degradation, sequestration of polyP in acidocalcisomes, its role in cellular energetics,
acclimation processes, and metal homeostasis, and then transition to its potential
applications for bioremediation and medical purposes.

Keywords: polyphosphate, microalgae, cyanobacteria, acidocalcisome, stress responses, phosphate metabolism,
metal toxicity, bioremediation

INTRODUCTION. A BRIEF OVERVIEW OF POLYPHOSPHATE
BIOLOGY

Orthophosphates, the Building Blocks of Polyphosphate

Phosphorus (P), mostly in the form of inorganic or orthophosphate (PO,), is integral to metabolic
processes as a functional component of many molecules in the cell; these molecules include nucleic
acids, phospholipids, phosphoproteins, and metabolites in most catabolic and anabolic pathways
and signaling molecules. PO, is the dominant form of P in the Earth's crust with levels in the soils
often between 0.5 and 1.5 mM, although much of it may be insoluble and limiting to the growth of
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organisms in both ecological and agricultural environments. Soil
P is mostly derived from the weathering of PO,’ containing
minerals, primarily apatite (Cas(PO,);OH). While often found
associated with Ca®" salts, PO,> is also occluded in insoluble
Fe?*’** and AI’* salts and adsorbs onto surfaces of soil particles
or becomes esterified to organic molecules, many that cannot be
directly assimilated by most organisms. Bioavailable PO,>" can
be rapidly taken up by microbes, algae, and plants, which in turn
can be consumed by grazers. This P is often returned to the
environment as organic phosphates upon excretion and as the
organisms die and decay. PO,” can also form phosphonyl bonds
(carbon-phosphorus) generating a group of compounds called
phosphonates that are present in marine invertebrates and can be
metabolized (and synthesized) by bacteria, both in the oceans
and freshwater environments (Dyhrman et al., 2006; Adams
et al., 2008; Ilikchyan et al., 2009; Villarreal-Chiu et al., 2012).

Many organisms can also polymerize PO, into polyphosphate
(polyP) chains, that are composed of three to hundreds of PO,™
groups linked by the high-energy phosphoanhydride bonds, the
same bond that allows ATP to assume the role of the energy
currency in cells. These polymers are present in all kingdoms of life,
from tiny prokaryotic organisms and archaebacteria to large
mammals, (Kornberg et al, 1999; Rao et al, 2009), although
plants do not appear to synthesize polyP (Zhu et al, 2020) and
mostly store PO, in phytate (inositol hexakisphosphate, InsP6)
(Raboy, 2003; Kolozsvari et al., 2015; Lorenzo-Orts et al., 2020), a
six-fold dihydrogenphosphate ester of inositol. PolyP was likely a
significant component of the pre-biological Earth as it can be
spontaneously formed as a consequence of volcanic and
hydrothermal vent activities (Rao et al., 2009; Achbergerova and
Nahalka, 2011). It can accumulate to very high intracellular
concentrations in microbes, ranging from puM to mM, especially
under stress conditions when PO, is abundant.

Detection and Quantification

There are several ways to monitor polyP: these include visualization
by transmission electron microscopy (Jensen, 1968) that can be
coupled with spatially resolved elemental analysis (Eixler et al.,
2005; Shebanova et al, 2017); phase contrast or bright-field
microscopy after staining the cells with basic dyes including
toluidine blue, methylene blue, and neutral red (Kulaev et al.,
2004); binding polyP to the fluorochrome 4’,6-diamidino-2-
phenylindole (DAPI); *'P nuclear magnetic resonance
spectroscopy and determination of released PO, from polyP by
the malachite green assay, which involve extraction and hydrolysis
of the polyP (Beauvoit et al., 1989; Castro et al., 1995; Chen, 1999;
Diaz et al,, 2008; Khoshmanesh et al., 2012); and 2-dimensional
Raman microscopy (Moudrikova et al., 2017). In photosynthetic

Abbreviations: polyP, Polyphosphate; TOR, Target of Rapamycin; PPK,
Polyphosphate Kinase; VTC, Vacuolar Transporter Chaperone; Pho (regulon),
Phosphate (regulon); V-type ATPase, Vacuolar-type ATPase; H+-PPase, H
+-Pyrophosphatase; PPB, Polyphosphate bodies; PPX, Exo-polyphosphatase;
TEM, Transmission electron microscopy; SPX domain, Domain conserved in
SYG1, Pho81, and XPR11; SdR, Sulfur deprivation responses; PPGK,
Polyphosphate glucokinase; InsP, Inositol phosphate; BPNP, Biogenic
phosphate nanoparticles.

organisms, some of these techniques can be difficult to optimize.
For example, visualization of polyP can be obscured by
pigmentation in photosynthetic cells; basic dyes can also bind
nucleic acids and polyhydroxybutyrate (common components
in cyanobacterial and algal cells) (Martinez, 1963; Kulaev et al,
2004), and *'P NMR (Hupfer et al., 2004; Hupfer et al., 2008;
Kizewski et al,, 2011) only detects P-containing molecules on the
basis of bond class, the presence of other molecules with
phosphoanhydride bonds (e.g. nucleotides) may cause
inaccuracies in measurements, especially if these molecules are
abundant. DAPI is one of the most commonly used reagents to
identify polyP (polyP binding to the fluorophore alters its peak of
fluorescence) (Tijssen et al., 1982; Aschar-Sobbi et al., 2008). It is a
simple, inexpensive molecule that allows visualization and
quantification of polyP in cells (Gomes et al., 2013; Martin and
Van Mooy, 2013), although DAPI can also bind nucleic acids and
inositol polyphosphate (Kolozsvari et al., 2014), making treatment
with RNase and DNase (Martin and Van Mooy, 2013; Martin and
Van Mooy, 2015) and optimization of protocols necessary to
increase the quantification accuracy (Bru et al., 2016).

Metabolism and Storage

In prokaryotes and some eukaryotes, including Dyctiostelium
discoideum, the synthesis of polyP is mediated by PolyP Kinase
(PPK) (Brown and Kornberg, 2004; Brown and Kornberg, 2008;
Hooley et al., 2008; Livermore et al., 2016a; Weerasekara et al.,
2016; Blaby-Haas and Merchant, 2017), while in most eukaryotes
(fungi, protists, and algae) its synthesis requires polyP
polymerase activity of VTC4. This enzyme, which is part of the
Vacuolar Transporter Chaperone (VTC) complex (Hothorn
et al., 2009; Aksoy et al., 2014; Ulrich et al., 2014; Desfougeres
et al, 2016; Gerasimaite and Mayer, 2016; Blaby-Haas and
Merchant, 2017; Gomes-Vieira et al., 2018), has no
evolutionary relationship to PPK. Protein(s) responsible for the
synthesis of polyP in animals has not, at this point, been
identified. The catalytic reaction for both the prokaryotic and
eukaryotic polyP synthesizing enzymes involves the transfer of
the terminal PO,” of ATP to the growing polyP chain (although
PPK can also use 1,3-diphosphoglycerate). The synthesis of
polyP in prokaryotes is under pho regulatory control (Santos-
Beneit, 2015), while, in eukaryotic organisms, polyP synthesis is
linked to inositol phosphate (InsP) metabolism (Auesukaree
et al,, 2005; Lonetti et al., 2011; Ghosh et al., 2013; Wild et al,,
2016; Cordeiro et al., 2017; Gerasimaite et al., 2017). Inositol
phosphates are signaling molecules synthesized from glucose
through a pathway that is conserved from Archaea to humans.
These molecules perform a wide variety of functions and are
linked to P and ATP cellular homeostasis (Saiardi, 2012; Azevedo
and Saiardi, 2017).

PO,”" can be mobilized from polyP through the catalytic
activity of enzymes that degrade the polymer, including both
endo- and exo-polyphosphatases (Akiyama et al., 1993;
Kornberg et al., 1999; Rodrigues et al., 2002; Fang et al., 2007b;
Lichko et al, 2010). Pyrophosphate generated during polyP
degradation can be used as a source of energy (like polyP and

Frontiers in Plant Science | www.frontiersin.org

June 2020 | Volume 11 | Article 938


https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Sanz-Luque et al.

Polyphosphate in Photosynthetic Microbes

ATP) by various organisms (Lahti, 1983), but can also be further
hydrolyzed by a vacuolar/acidocalcisome soluble pyrophosphatase
without conserving the phosphoanhydride bond energy
(Lemercier et al., 2004; Huang et al., 2018).

The main site of synthesis and storage of polyP is the acidic
vacuole designated the acidocalcisome, discovered more than 100
years ago (Meyer, 1904; Vercesi et al., 1994) based on their visual
prominence because they house densely stained polyP granules
(Docampo et al., 2005; Miranda et al, 2008; Docampo, 2016;
Docampo and Huang, 2016). These vacuoles have been
characterized in disease causing trypanosomatids and
apicomplexan parasites (Luo et al.,, 2004; Ruiz et al., 2004b; Fang
et al., 2007a; Moreno and Docampo, 2009; Madeira da Silva and
Beverley, 2010; Li and He, 2014; Kohl et al., 2018) and algae (Aksoy
et al., 2014; Goodenough et al., 2019), and have similar
characteristics to vacuoles in fungi (Gerasimaite et al., 2017) and
animal cells (Ruiz et al., 2004a; Huizing et al., 2008; Muller et al.,
2009; Moreno-Sanchez et al.,, 2012; Morrissey, 2012). However,
there may also be acid-soluble polyP pools in other cellular
locations (e.g. bacterial cell walls). Acidocalcisomes can attain
polyP levels of 3-8 M (Moreno et al, 2002), accumulate Ca**
and other divalent cations, as well as some organic molecules
(Kaska et al., 1985; Vercesi et al., 1994; Siderius et al., 1996; Komine
et al., 2000; Ruiz et al., 2001; Docampo and Moreno, 2011; Hong-
Hermesdorf et al., 2014; Penen et al.,, 2016; Klompmaker et al.,
2017; Penen et al, 2017; Steinmann et al., 2017; Tsednee et al.,
2019). In trypanosomes, these vacuoles acidify the lumen down to
pH ~5.0 using both the ubiquitous V-type ATPase and the H*-
PPase proton pump (Scott and Docampo, 2000), although the latter
may not be present in animal and yeast “acidocalcisomes.” In lower
eukaryotes, the VTC complex (Cohen et al., 1999; Hothorn et al.,
2009; Gerasimaite et al., 2014) is located on the acidocalcisome
membrane, anchored by a region of the VT'C subunits containing
three transmembrane domains (designated VIC domain).

Overview of Functions

A lack of appreciation of the importance of polyP metabolism
over the last several decades has caused some researchers to refer
to this polymer as a “molecular fossil” (Kornberg and Fraley, 2000;
Manganelli, 2007), although, an increasing number of studies
implicate polyP in a variety of processes. It can either directly or
indirectly buffer changes in cellular PO,>" and adenylate levels,
which are critical since elevated intracellular PO,> and ATP levels
can inhibit many cellular reactions (e.g. reversible reactions in
which PO, is an end-product). PolyP also provides a reservoir of
chemical bond energy for driving biological processes, although it
may not be the most efficient source of energy because of its slow
metabolic turnover rate relative to ATP (Van Mooy et al., 2009).
The anionic nature of polyP enables it to bind and sequester
cations, which can contribute to the tolerance of cells to heavy
metals, preventing metabolic aberrations resulting from elevated
intracellular cation concentrations (van Groenestijn et al., 1988;
Rao and Kornberg, 1999; Andreeva et al, 2014), serve as a
chaperone (Gray et al,, 2014; Xie and Jakob, 2018) and a
structural/functional component in membrane ion channels
(Reusch, 1999; Reusch, 2000). In some cases, polyP can also
modify protein function through post-translational attachment

to lysine residues in a process known as polyphosphorylation
(Azevedo et al, 2015). Organisms/cells with defects in the
synthesis of polyP exhibit a range of abnormalities including
cancerous proliferations, defects in cellular signaling (including
TOR signaling), an inability to normally perform certain cellular
processes such as autophagy and apoptosis, biofilm formation,
sporulation, quorum sensing, pathogen virulence, and acclimation
to both biotic and abiotic stresses, including stationary phase
survival and nutrient deprivation (Kornberg et al., 1999; Rao and
Kornberg, 1999; Rashid et al., 2000; Shi et al., 2004; Fraley et al.,
2007; Diaz-Troya et al., 2008; Rao et al., 2009; Aksoy et al., 2014; Li
and He, 2014). PolyP can also be released from acidocalcisomes of
human platelets to modulate clotting and fibrinolysis (Ruiz et al.,
2004a; Smith et al., 2006). Moreover, there is a growing realization
of the importance of polyP with respect to cell physiology and
biogeochemical cycling in marine ecosystems, as indicated by both
large scale environmental analyses (Diaz et al., 2008; Orchard
et al,, 2010; Martin et al., 2014; Diaz et al., 2016; Dijkstra et al.,
2018; Martin et al., 2018) and laboratory studies (Rhee, 1973;
Jensen and Sicko-Goad, 1976; Jacobson et al., 1982; Orchard et al.,
2010; Martin et al, 2014; Diaz et al, 2016). Even though the
precise mechanisms by which polyP synthesis and accumulation
impact cellular processes may sometimes be uncertain, it is clearly
a functional giant with an impressive resume!

In this review, we highlight major aspects of polyP metabolism,
storage, and function in photosynthetic organisms. However,
throughout the text we refer the reader to several other recent
reviews that cover the biology of polyP (Kornberg, 1995; Kornberg
et al., 1999; Kulaev et al., 2004; Docampo et al., 2005; Rao et al.,
2009; Docampo and Moreno, 2011; Kulakovskaya et al., 2012;
Docampo, 2016; Livermore et al., 2016b; Jimenez et al., 2017; Xie
and Jakob, 2018).

POLYP SYNTHESIS, LOCALIZATION,
AND STORAGE IN PHOTOSYNTHETIC
MICROBES

Cyanobacteria and algae are photosynthetic organisms that serve as
primary producers in terrestrial, marine, and freshwater habitats
(Waterbury et al., 1979; Weisse, 1993; Sliwinska-Wilczewska et al.,
2018). These organisms can survive very harsh environmental
conditions, including those of the hot spring microbial mats
(Ward et al.,, 1998) and the biofilms that form the sand crusts of
deserts (Treves et al., 2013; Treves et al., 2016; Oren et al.,, 2019).
Cyanobacteria and algae are also prominent components in dense
bacterial blooms that can cause eutrophication of water bodies and
release toxins into the environment (Wang, 2008; Anderson et al.,
2012; Jasser and Callieri, 2017; Sliwinska-Wilczewska et al., 2018;
Syed Hasnain et al., 2019), potentially compromising potable water
resources. The productivity of photosynthetic microbes is often
constrained by the availability of nutrients, including PO, and like
other unicellular organisms they can store large amount of polyP in
granules called polyP bodies (PPBs) which are often found in
acidocalcisomes (Jensen and Sicko-Goad, 1976; Grillo and Gibson,
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1979; Gomez-Garcia et al,, 2003; Gomez-Garcia et al.,, 2013; Aksoy
et al.,, 2014; Goodenough et al., 2019).

Regulation of PolyP Metabolism
Cyanobacterial genes encoding enzymes involved in the
synthesis (polyphosphate kinase, ppk) and degradation (exo-
polyphosphatase, ppx) of polyP have been identified through
the generation of mutants (Gomez-Garcia et al., 2003; Gomez-
Garcia et al,, 2013). However, there is still limited knowledge
concerning the mechanisms involved in regulating polyP
metabolism in cyanobacteria (Jensen and Sicko-Goad, 1976;
Grillo and Gibson, 1979). Levels of ppk and ppx transcripts
have been measured for a strain of Synechococcus present in hot
spring microbial mats (growing at 50-60°C) of Yellowstone
National Park. In situ measurements demonstrated that the
ppk and ppx transcript and polypeptide levels varied over the
diel cycle (Gomez-Garcia et al., 2003), as was also noted for
components of other pathways including those associated with
photosynthesis, respiration, nitrogen fixation, fermentation, and
oxidative stress (Steunou et al., 2006; Steunou et al., 2008). While
the level of the ppk mRNA peaked at night, ppx mRNA
accumulation was highest during the early morning. It was
hypothesized that the pattern of diel accumulation observed
for these transcripts/enzymes could account for polyP storage
and accumulation in cyanobacteria of the hot springs and
participate in coordinating daily growth and energy demands
during the light period with PO, utilization. While we
still have little detailed knowledge of regulatory factors
impacting ppk transcription and/or PPK activity, mutants of
Anacystis nidulans (now Synechococcus) with decreased PO,*>
assimilation and polyP accumulation were generated by treating
cells with ethyl methanesulfonate (EMS) or N-methyl
nitrosoguanidine (NTG); based on TEM, these mutants often
exhibited a loss of polyP granules and were impacted in their
level of PPK activity, either because of a change in the activity of
the enzyme or because of altered ppk expression (Vaillancourt
et al., 1978). On the other hand, transcripts encoding Ppx and
Ppa (inorganic pyrophosphatase) proteins, involved in polyP and
pyrophosphate degradation, respectively, increased upon long
term PO,>" deprivation of the cyanobacterium Synechocystis
PCC6803 (Gomez-Garcia et al., 2003).

The Pho regulon controls most genes associated with the
acclimation to PO,>" deprivation in bacteria. In Synechocystis
PCC6803, the major controlling elements of this regulon are
SphS (sll0337; histidine kinase; analogous to E. coli PhoR) and
SphR (slr0081; response regulator; analogous to E. coli PhoB)
(Hirani et al,, 2001; Suzuki et al., 2004; Juntarajumnong et al.,
2007). The regulation of genes encoding the enzymes that
degrade polyP appear to be under the control of PhoU, a
negative regulator of the Pho regulon (causes suppression of
the Pho regulon activity under P-replete conditions) (Wanner,
1993; Morohoshi et al., 2002). There are also some works
suggesting that the concentrations of (p)ppGpp, a stringent
response second messenger, can stimulate polyP accumulation
in E. coli (Kuroda et al., 1997) and is potentially also involved in
polyP accumulation in Synechococcus in the dark (Seki et al,
2014; Hood et al., 2016). Hence, while some specific elements

have been shown to contribute to the control of the synthesis and
degradation of polyP in cyanobacteria, the details of this control
have not been examined.

In unicellular algae, the synthesis of polyP has not been
characterized in detail, although VTC proteins are conserved in a
variety of algal species. In the green, unicellular alga Chlamydomonas
reinhardtii (C. reinhardtii throughout), a mutant lacking VTC1 is
unable to accumulate polyP (Aksoy et al.,, 2014), which indicates that
the VTC complex is likely required for the synthesis of polyP in this
alga. The VTC4 protein, the subunit that catalyzes polyP synthesis
and its translocation into the acidocalcisomes in yeast, has not yet
been studied in photosynthetic organisms, but the gene encoding this
protein is present in the genome of many algal species. As in budding
yeast and Trypanosoma, the algal VIC4 proteins have the SPX,
PolyP Polymerase, and VIC domains, and all of the key residues
related to VTC4 functionality are conserved (Figure 1). Therefore, it
seems reasonable to hypothesize that these VIC4 proteins catalyze
polyP synthesis and are activated by the binding of inositol
pyrophosphates (most phosphorylated forms of inositol) to their
SPX domains, as in other eukaryotes (Wild et al.,, 2016; Gerasimaite
et al,, 2017).

Acidocalcisomes and the Synthesis and
Storage of Polyphosphate

Generally, polyP accumulates in acidocalcisomes in unicellular
eukaryotes, although it can be present in other cellular
compartments including the nucleus, mitochondria, cytoplasm,
cell wall, and endoplasmic reticulum. In cyanobacteria, polyP
granules have been observed in the center of the cell and in close
proximity to carboxysomes (Nierzwicki-Bauer et al., 1983;
Liberton et al., 2011), the cellular organelle that houses ribulose-
1,5-bisphosphate carboxylase which is critical for the fixation of
inorganic carbon. Cyanobacteria have also been observed to have
polyP in regions of the cell containing ribosomes, in close
association with DNA, and in the intrathylakoid space (Jensen
and Sicko, 1974). In algae, several studies report polyP
accumulation in acidocalcisomes (Komine et al., 2000; Ruiz
et al, 2001; Aksoy et al., 2014; Goodenough et al., 2019). C.
reinhardtii acidocalcisomes have been examined by TEM (Heuser,
2011) and in detail after freeze-fracture, deep-etching, and
platinum rotary-replication (Goodenough et al., 2019). Algal
acidocalcisomes have been described as de novo assembled
vacuoles in the trans-Golgi that show diverse variants according
to their disposition, composition, and consistency (Goodenough
etal., 2019). However, very little is known about the physiological
relevance of these observed variations. The number and size of
polyP bodies in cyanobacterial and algal cells can vary greatly, but
they generally increase under stress conditions (Stevens et al.,
1985; Jensen, 1993; Docampo et al.,, 2010; Aksoy et al., 2014;
Tsednee et al,, 2019). As in other single-cell eukaryotes, the
acidocalcisome membranes in C. reinhardtii harbor the VTC
complex, which is responsible for the polyP polymerase and
H*-PPase activities (acidocalcisome membranes also harbor a
V-type ATPase driven proton pump); the H'-PPases, with
homologues in three eukaryotic clades (not present in
opisthokonts and Amoebozoa), are activated by pyrophosphate
(Rea et al., 1992; Kim et al., 1994; Rodrigues et al., 1999; McIntosh
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FIGURE 1 | Alignment of microalgal VTC4 proteins. Protein sequences of Chlamydomonas reinhardtii (CrVTC4, PNW79162.1), Coccomyxa subellipsoidea (CsVTCA4,
XP_005646401.1), Dunaliella salina (DsVTC4, Dusal.0567s00005.1), Chlorella variabilis (CWTC4, XP_005844713.1), Micromonas pusilla (MpVTC4,
XP_003055174.1), and Saccharomyces cerevisiae (SCVTC4, NP_012522.2) were aligned using the CLC Sequence Viewer software. SPX, polyP polymerase, and
VTC domains are highlighted in orange, green, and yellow shaded boxes, respectively. Inverted triangles indicate functional residues previously described in yeast.

and Vaidya, 2002; Drozdowicz et al., 2003; Au et al., 2006; Serrano
et al., 2007; Hsu et al., 2009; Tsai et al., 2014; Schilling et al., 2017;
Shah et al., 2017; Segami et al., 2018a; Segami et al., 2018b) and
also function in acidification of the lumen of vacuoles in land
2013; Asaoka

plants (Venter et al,
et al.,, 2014).

Acidocalcisomes have been isolated from the red alga
Cyanidioschyzon merolae and kinetoplastids and their
proteome has been characterized (Yagisawa et al., 2009; Huang
et al., 2014). They harbor hydrolytic enzymes, components of
vesicular trafficking pathways (Rabs, SNAREs) that are associated
with their biogenesis (Besteiro et al., 2008; Huang et al., 2011; Li
and He, 2014; Niyogi et al., 2015) and aquaporins (Montalvetti
et al, 2004). Additionally, it was recently shown that inositol
pyrophosphates regulation (Cordeiro et al,
important role in acidocalcisome function (Huang et al., 2013;
Lander et al,, 2013), participating in Ca®"

2006; Kajander et al.,

2017) plays an

homeostasis through

activation of Ca**

channels based on work with trypanosomatids
[reviewed in (Ramakrishnan and Docampo, 2018)].

PolyP has also been localized in the cell wall of different algal
species (C. reinhardtii, Volvox aureus, and Coleochaete scutata)
(Werner et al., 2007). This was determined based on binding to a

polyP binding protein (E. coli exopolyphosphatase, EcPPX)

serve as a barrier to toxic

coupled with detection by immunofluorescence using
antibodies against a maltose-binding protein fused to the
EcPPX. PolyP accumulation was observed during mitosis, with
a strong signal at the end of cytokinesis, and in C. reinhardtii,
accumulation appeared highest in the mother cell envelope
following mitosis and just before the release of the daughter
cells. These daughter cells maintained the polyP in their cell
wall for a short time after being released. The role of cell wall
polyP is not clear, but it may have a protective function during
cytokinesis when the daughter cell walls are not fully formed and

agents (e.g. pathogens or heavy metals;

Frontiers in Plant Science

www.frontiersin.org

85

June 2020 | Volume 11 | Article 938


https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Sanz-Luque et al.

Polyphosphate in Photosynthetic Microbes

see section 3.4) during this ‘vulnerable' period (Werner et al,
2007; Penen et al., 2017).

POLYP FUNCTIONS AND REGULATION IN
PHOTOSYNTHETIC MICROBES

PolyP as PO, Reservoir During
P Deprivation
Various functions and cellular responses are impacted by the
presence/synthesis of polyP (Figure 2). Several studies have
suggested that when the supply of PO,” is limiting in the
environment, including in the sparse nutrient environments of
the subtropical gyres (Perry, 1976), polyP functions as a dynamic
PO,* reservoir (Kornberg et al., 1956; Harold, 1966)). “Sparing”
(limiting the use of a molecule in cellular processes when it is not
readily available) and internal scavenging of PO, from polyP,
nucleic acids, and phospholipids allow PO,* redistribution to
accommodate processes that may extend survival during P
deprivation. The presence/absence of polyP granules are indicators
of the P status of organisms, but other indicators such as high affinity
PO,> uptake, extracellular alkaline phosphatase activity, and the
replacement of phospholipids with sulfolipids in cyanobacteria and
eukaryotic algae have been reported (Dyhrman and Palenik, 1999;
Riegman et al,, 2000; Karl and Bjorkman, 2002; Hoppe, 2003;
Dyhrman and Ruttenberg, 2006; Moseley and Grossman, 2009;
Van Mooy et al., 2009; Bar-Yosef et al.,, 2010; Harke et al,, 2012;
Reistetter et al., 2013; Munoz-Martin et al., 2014; Wan et al., 2019).
In both prokaryotic and eukaryotic microbes, the role of
polyP as a PO, reservoir depends on the organism's capacity to
take up PO, synthesize and store polyP, especially when PO,>"
is more abundant than is required for growth, and degrade it

when the level of available PO,> in the environment becomes
limiting (Orchard et al.,, 2010). This accumulation dramatically
increases when organisms are preconditioned in medium deficient
for P. Exposure to excess PO, after this preconditioning leads to
the “luxury uptake” of PO,”, enhanced polyP synthesis and
accumulation in acidocalcisomes, which can serve as P and
energy reservoirs. This phenomenon has been designated the
“overplus” or over-compensation response and has been
extensively studied in cyanobacteria (phytoplankton) and algae
in ocean, lake, and river habitats (Liss and Langen, 1962; Harold,
1963; Harold, 1964; Voelz et al., 1966; Aitchison and Butt, 1973;
Sicko-Goad and Jensen, 1976; Grillo and Gibson, 1979; Tyrell,
1999; Karl and Bjorkman, 2002; Hoppe, 2003; Kulaev et al., 2004;
Hupfer et al., 2007; Falkner and Falkner, 2011). The accumulation
of polyP during luxury uptake is considered important for
protection of aquatic organisms against future exposure to P
limitation (Hupfer et al.,, 2004; McMahon and Read, 2013). For
Synechocystis PCC6803, PO, uptake and polyP accumulation by
cells exposed to overplus conditions resulted in the initial
detection of polyP granules in most cells within 3 min of
replenishing the medium with PO,>, with the number of cells
containing these granules sustained for about 1 h (Voronkov and
Sinetova, 2019) followed by degradation and redistributed of the
polyP within the cell over a period of a few to several days.
Additionally, polyP accumulation in Synechocystis occurred to a
lesser extent in the dark than in the light and did not appear to be
very sensitive to temperature changes. The overplus response and
accumulation of polyP may be an adaptation to fluctuations of
PO, in the natural environment, where the levels of polyP can
vary dramatically over short time periods; such a response would
help sustain growth and viability even under periods of low PO,>"
availability (Droop, 1973; Falkner and Falkner, 2003; Hupfer et al.,
2004; Falkner and Falkner, 2011; McMahon and Read, 2013).

Cycling of P in oceans

P reservoir.
Luxury uptake
Overplus Response

Microalgae

DNA and RNA synthesis
Acclimation to
Nutrient Deprivation

Osmotic Stress

.

Heat Stress
Stationary Phase

Sequestration and
Detoxification of metals

Symbiosis?

Cyanobacteria

FIGURE 2 | PolyP functions in cyanobacteria and eukaryotic microalgae. Most of these functions have also been ascribed to polyP in non-photosynthetic organisms.
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However, there is variability in the capabilities of cyanobacteria to
accumulate polyP and reach a PO, threshold at which polyP
reserves are preferentially degraded, which may reflect the
environment in which they evolved. In the filamentous bloom
forming cyanobacterium Nodularia spumigena, vegetative cells
exhibited different polyP levels than heterocysts (Braun et al,
2018). When PO, is added back to P-depleted cultures, the PO,
is taken up from the medium and polyP accumulates
preferentially in the vegetative cells. However, intracellular P in
heterocysts remained low, highlighting functional differences
between heterocysts and vegetative cells, in addition to their
ability to fix molecular nitrogen.

Algae also exhibit the over-plus phenomenon. Two species of
Chlamydomonas (C. acidophila KT-1 and C. reinhardtii C-9)
exhibited the same pattern of polyP degradation when deprived
of P, and the over-plus response was observed when the medium
of the P-deprived cells was supplemented with an abundance of
PO,>. However, the levels of total polyP that accumulated varied
between these species (Nishikawa et al., 2006). The overplus effect
in the green alga Chiorella vulgaris depended on the duration of
the starvation period and the PO,”” concentration used during re-
supply of the nutrient, with maximum accumulation after more
than 8 h of deprivation and with PO,” resupply concentrations
above 0.3 mM (Aitchison and Butt, 1973). So far, the specific
factors that control the “overplus” response are not well
understood. However, in eukaryotic algae, where the VTC
complex is responsible for the synthesis of polyP, the binding of
inositol pyrophosphates to the SPX domain of VTC4 must be
considered since it is required to induce polyP polymerase activity
in yeast (Wild et al.,, 2016; Gerasimaite et al., 2017). Following
PO,> replenishment, accumulation of inositol pyrophosphates
may be the first strategy for storing PO,>" and polyP would be
synthesized only when the cellular P or ATP concentrations are
elevated to a level that triggers increased inositol pyrophosphate
synthesis and binding to the SPX domains of the VTC
polypeptides. A better understanding of this process, which has
the potential to impact biotechnological strategies being developed
for improved recovery of PO,* from wastewater, is needed (see
PolyP and Biotechnological Applications).

The over-compensation phenomenon has also been studied in
the red macroalga Chondrus crispus. After starving this alga for 2
weeks, it was resupplied with PO,> at a concentration that was
greater than twice the concentration required to saturate the alga's
P requirement (15 puM) (Chopin et al.,, 1997), however polyP
accumulation was not observed. This finding suggests that over-
compensation works differently or occurs under more extreme
PO,*conditions (e.g. more extended starvation, higher PO,>
concentration during resupply) or that different acclimation
processes in response to changes in environmental PO,
concenrations occur in multicellular photosynthetic organisms.

The presence of stored polyP in cells usually indicates a high
PO,* concentration in the environment and the occurrence of
luxury uptake, or a spike in the level of intracellular nutrients
resulting from over-plus uptake (Karl, 2002; Karl and Bjorkman,
2002; Karl, 2014). However, the use of more sensitive methods
for detection indicated that polyP was common in some marine

environments, even when extracellular levels of P were low (Diaz
et al.,, 2008; Diaz and Ingall, 2010; Orchard et al., 2010; Martin
and Van Mooy, 2013). In phytoplankton populations extending
from the western North Atlantic, the Gulf Stream, and into the
severely P limited Sargasso Sea, it was demonstrated that P pools
declined and two bio-indicators of low P conditions, alkaline
phosphatase activity and the sulfolipid:phospholipid ratio, were
both elevated in the biota. The lowest P concentration was
measured in surface waters where the absorption of sunlight
stimulated phytoplankton productivity. Surprisingly, as the level
of inorganic P declined, the proportion of polyP with respect to
total particulate P increased, indicating that a greater proportion
of the P pool in the cell was maintained as polyP under
conditions in which the level of inorganic P was at its lowest.
This result was also noted specifically for cultures of marine
Synechococcus, an abundant taxon in the oligotrophic oceans
(Bjorkman, 2014; Martin et al., 2014). Overall, studies of
Sargasso Sea phytoplankton conflict with the notion that polyP
only serves as a luxury P reservoir that is rapidly mobilized when
inorganic P levels in the environment decline. Furthermore, in
the Sargasso Sea polyP was released from cells preferentially over
bulk P, helping to sustain P levels in shallow waters, the zone of
greatest metabolic activity. This suggests that polyP cycling in the
environment may form a feedback loop that attenuates P export
when environmental P becomes scarce and allows for the gradual
contribution of bioavailable P to the ecosystem for sustaining
primary production and supporting the use of exported carbon
and nitrogen (Martin et al., 2014).

Studies with the diatom Thallasiossira pseudonana also
demonstrated a preference for maintaining polyP even when
the cells experience P deprivation. Gene expression and protein
abundance patterns supported the observation that P deprivation
of T. pseudonana resulted in an increased proportion of cellular
P stored as polyP (Dyhrman et al., 2012). This observation is also
in agreement with the general idea that not all polyP allocation is
driven by luxury uptake and that controlled polyP cycling could be
a key adaptation in low P ecosystems (Karl and Bjorkman, 2002).
Similarly, the cyanobacterium Microcystis aeruginosa, is able to
take up and store PO, as polyP even when the concentration of
external PO,” is low, which would enable it to compete with other
phytoplankton when P becomes limiting (Wan et al., 2019). Taken
together, these observations suggest that not all polyP allocation is
driven by luxury uptake and that controlled polyP cycling could be
a key component of the adaptation process in low P ecosystems
(Karl and Bjorkman, 2002).

Although polyP is mainly stored in acidocalcisomes, as
mentioned above, it can also be found in the cell wall, and
associated with the cytoplasmic membrane and other
macromolecules in the cell, which may reflect its varied
functionalities. For example, it has been suggested that polyP
can serve as a PO, reservoir for the synthesis of DNA and RNA.
Synechococcus sp. cells can contain multiple copies of genomic
DNA (Binder and Chisholm, 1990; Binder and Chisholm, 1995;
Mori et al., 1996). Some reports have noted an association of the
fibrous structures in the nucleoid region of cyanobacterial cells
with the PPBs (Voelz et al., 1966; Lawry and Jensen, 1979). There
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also appears to be a link between PPBs dynamics and
chromosomal DNA behavior related to day-night cycling of
cells. Cyanobacterial DNA synthesis occurs in the light and is
dependent on photosynthetic electron transport (Binder and
Chisholm, 1990; Watanabe et al., 2012; Ohbayashi et al., 2013;
Seki et al., 2014), with cell elongation and division occurring for
most cells toward the end of the light period (Seki et al., 2014). In
cultures of the unicellular cyanobacterium Synechococcus that
were synchronized to a light-dark cycle, DNA appeared diftuse
during the dark period and exhibited transient compaction
(based on fluorescence microscopy) at the end of the light
period (Smith and Williams, 2006). This compacted DNA,
observed by high-voltage cryo-electron tomography (Murata
et al., 2016), forms structures visually similar to condensed
eukaryotic chromosomes and appears to be associated with
small, paired PPBs. Additionally, phase contrast transmission
electron microscopy of Synechococcus elongatus PCC 7942 cells
showed that newly synthesized BrdU (5-bromo-2'-deoxyuridine)
labeled DNA was in close proximity to the PPBs (Nitta et al.,
2009). The coordinated dynamics of PPBs/polyP levels, DNA
morphology, and the observed interactions between these
molecules over the period when DNA is being replicated,
suggest that the PPBs supply PO,”" for DNA replication in the
light, and may participate in regulating DNA synthesis (Murata
et al,, 2016).

Another potential connection between polyP and DNA
synthesis has been revealed by analyses of akinetes, spore-like
cells that develop in some cyanobacteria that are specialized to
survive adverse environmental conditions. The akinetes are
generally larger than vegetative cells and differentiate from
vegetative cells within the cyanobacterial filaments. They
develop a thick cell wall as they mature and are dormant
under harsh environmental conditions. When conditions
improve, the akinetes divide and give rise to a new population
of vegetative cells that can disperse in the environment (Hori
et al, 2003; Karlsson-Elfgren and Brunberg, 2004; Karlsson-
Elfgren et al., 2004). Akinetes accumulate glycogen, a storage
polysaccharide, and cyanophycin, a nitrogen (N) storage
polymer composed of aspartic acid residues with arginine side
groups. The DNA content of akinetes can be several times higher
than that of vegetative cells. For example, vegetative cells of the
filamentous cyanobacterium Aphanizomenon ovalisporum were
shown to be polyploid with an average of eight copies of the
genome per cell while the average number of genome copies in the
akinetes of this organism was 119; some of the akinetes had in
excess of 400 copies of the genome. Ribosome levels in akinetes
were also elevated relative to that of vegetative cells (Sukenik et al.,
2012). Akinetes of Anabaena cylindrica were also enriched for
DNA relative to vegetative cells (Simon, 1977). Interestingly, PPBs
were not observed in akinetes but were abundant in vegetative
cells, suggesting that polyP in akinetes is used for generating the
multiple copies of genomic DNA associated with development,
maturation and fruiting of akinetes, and ultimately, the formation
of numerous vegetative cells (Sukenik et al., 2012).

PolyP Accumulation During Sulfur and
Nitrogen Deprivation

High levels of polyP can build up in cyanobacteria and algae
exposed to stress conditions, including nutrient deprivation and
metal ion toxicity (Harold, 1966; Lawry and Jensen, 1979; Lawry
and Jensen, 1986; Siderius et al., 1996; Aksoy et al., 2014; Hong-
Hermesdorf et al., 2014; Goodenough et al.,, 2019). In C.
reinhardtii, polyP accumulation occurs in sulfur (S)-deprived
cells and is crucial to allow proper acclimation (Aksoy et al,
2014). In this alga, a mutant lacking one of the subunits of the
VTC complex (VTC1) exhibited an aberrant S deprivation
response (SdR) with reduced expression of some of S-
deprivation-responsive genes. Although the role of polyP in
this transcriptional regulation is not well understood, it is
known that the inability to synthesize polyP impacts the
expression of SR genes to different degrees. Cells experiencing
S starvation induce acclimation in a two-tiered response (Aksoy
et al.,, 2013). Mutants in VTCI that are unable to accumulate
polyP are altered in their abilities to induce genes from both tiers
of regulation, with a more significant impact on genes induced
during the second tier (ARSs, ECPs, and HAPs) (Aksoy et al.,
2014). PolyP accumulation as a consequence of S deprivation has
also been described in the green alga Parachlorella kessleri, which
accumulates polyP during the early stages of starvation, before
starch and lipids accumulate (Ota et al., 2016).

PolyP also accumulates in N-deprived algae (Goodenough
etal., 2019). An inability to synthesize polyP in the C. reinhardtii
vtcl mutant impairs accumulation of the L-amino oxidase
(LAO1) (Aksoy et al., 2014), a protein that becomes prominent
during N deprivation which functions in scavenging ammonium
from amino acids. This again highlights a role of the synthesis/
accumulation of polyP for normal acclimation to nutrient
limitation conditions. The polyP that accumulates during N
starvation is degraded and acidocalcisomes resorbed upon
exposure of the cells to N replete conditions (Goodenough
et al, 2019). PolyP also accumulates in various Chlorella
strains when they are deprived of N, and becomes the major
PO,* source following the addition of N to the cultures (Kuesel
et al,, 1989; Chu et al,, 2013; Chu et al., 2015). When N deprived
cells are transferred to N replete medium, polyP is depleted over
the first 3 days, even prior to using the PO,>" present in the
medium. However, when polyP-accumulating cells are exposed
to both N and P starvation, they do not use the polyP as a source
of PO4". The reason why N is required to use polyP is not clear,
but indicates that the absence of extracellular P is not enough to
trigger the degradation of polyP and that there is a regulatory
hierarchy controlling the induction of nutrient acclimation
responses. When cells are deprived only for one nutrient, they
induce energy-consuming acclimation responses to optimize the
acquisition of that nutrient, facilitate intracellular mobilization,
and metabolic adjustment to promote survival. However, if cells
experience deprivation for two nutrients, the heirarchy of the
evolved cellular responses could favor initiation of only one of
the two “programs.” Examining the impact of imposing a
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limitation for N either prior to or as the cells are exposed to P
deprivation (and other multideprivation combinations) may
reveal heirarchical responses that reflect the environments in
which the organisms evolved.

PolyP During Stationary Phase and Other
Abiotic Stresses

PolyP accumulation has also been linked to osmotic stress and the
entrance of specific microbes and phytoplankton into stationary
phase (Feuillade et al., 1995; Kornberg et al., 1999; Diaz et al., 2008;
Cade-Menun and Paytan, 2010). In C. reinhardtii, polyP-filled
acidocalcisomes are also generated during stationary phase
(Goodenough et al, 2019). Early work with C. reinhardtii on
polyP showed that one-week-old cultures (stationary phase)
grown under mixotrophic conditions generated PPBs that can be
released from the cells by exocytosis (Komine et al., 2000). It is not
clear whether the accumulation of polyP in stationary phase cells is
a consequence of a deficiency for a specific nutrient or to other
factors related to the status of the cultures. Similarly, Chlorella
vulgaris cultures contained little polyP during exponential growth,
accumulating it as cells approached stationary phase (Aitchison
and Butt, 1973).

PolyP has also been suggested to function in the
neutralization of microalgal cells that become alkalinized when
incubated in high concentrations of ammonium (Pick et al,
1990). In Dunaliella salina, the addition of 20 mM ammonium
increased the cytosolic pH and reduced cellular ATP levels. High
intracellular pH can dramatically affect photosynthetic and
respiratory activities, inhibiting ATP production. When
Dunaliella cultures experienced high ammonium levels, polyP
was degraded and the cells were able to maintain ATP levels and
neutralize their cytoplasm; polyP hydrolysis results in H' release,
which could compensate for cytsolic alkalinization. In support of
these ideas, when algal cells are cultured under conditions of P
deprivation and accumulate less polyP, it takes a longer time for
them to recover from ammonium “shock.”

Osmotic shock impacts the length of polyP polymers in
Dunaliella salina and Phaeodactylum tricornotum (Bental et al,
1990; Leitao et al., 1995). Hyperosmotic shock promoted the
synthesis of longer polymers with concomitant ATP hydrolysis,
while the opposite effect, smaller polymer synthesis with an increase
in ATP levels, was elicited in cells exposed to hypoosmotic stress.
Whether polyP solely functions to maintain the chemical balance in
the cell or could have an additional role in the acclimation to omotic
stress is unclear.

Some algae accumulate polyP upon exposure to elevated
temperatures, but very little is known about this phenomenon
in photosynthetic organisms. A Cylindrocystis-like alga isolated
from the High Arctic, where temperatures oscillate from —12 to
+5°C, showed elevated polyP accumulation when cultivated at
20°C (Barcyte et al., 2020). However, another Cylindrocystis-like
strain that inhabits the desert and grows at elevated temperatures
did not accumulate polyP under the same conditions. The
different responses of these strains suggest that, as in bacteria,
polyP is being synthesized in response to heat stress, and that

higher temperatures may be required to elicit its accumulation in
the desert alga.

PolyP as a Chelator of Cations

Several metal ions are critical for growth but become toxic when
in excess (e.g. Fe, Cu, Zn, Mn, etc.), while other toxic metals ions
are nonessential (e.g Cd, Pb, or Hg). Both prokaryotic and
eukaryotic photosynthetic organisms have evolved different
and sometimes synergistic mechanisms for dealing with toxic
levels of metal ions (Twiss and Nalewajko, 1992; Baptista and
Vasconcelos, 2006). They can remove the ions from solution by
adsorbing them onto their surfaces, import them and sequester
them on molecular surfaces within the cell, make functional use
of them through biotransformations (e.g. incorporation into
proteins), increase the activities of efflux pumps, and store
them in subcellular compartments (Darnall et al., 1986; Swift
and Forciniti, 1997; Baptista and Vasconcelos, 2006).

Several studies have shown that metal ions are bound to the
PPBs and sequestered in acidocalcisomes (Baxter and Jensen,
1980; Pettersson et al., 1988; Fiore and Trevors, 1994; Swift and
Forciniti, 1997; Docampo et al., 2005; Docampo and Moreno,
2011; Goodenough et al., 2019; Tsednee et al., 2019), with Mg**
and Ca®* being abundant polyP-chelated cations (Siderius et al.,
1996; Komine et al., 2000). The presence of Ca®" channels in
trypanosomatid acidocalcisome membranes also suggests a
possible role of these vacuoles in Ca’" sequestration and
exchange, which in turn could impact various signaling
pathways (Ramakrishnan and Docampo, 2018). In addition to
Ca®" and Mg*", polyP can bind Zn** Mn**, AI’*, and K* and
play a role in detoxifying heavy metals such as Cd** and Pb**.
Positive correlations between high levels of polyP and tolerance
to cation toxicity have been observed (Sicko-Goad et al., 1975;
Baxter and Jensen, 1980; Jensen et al., 1982; Sicko-Goad and
Lazinsky, 1986; Torres et al., 1998; Rangsayator et al., 2002;
Andrade et al.,, 2004; Moura et al.,, 2019), with some
cyanobacteria and microalgae also showing increased polyP
accumulation during the PO, overplus reaction when high
external metal ion concentrations are included in the medium
(Sicko-Goad et al., 1978; Siderius et al., 1996). PolyP levels in the
cyanobacteria Anabaena flos-aquae and A. variabilis increased
when the cells experienced elevated Zn>" concentrations (Rachlin
et al, 1985); a similar increase in polyP was observed when
Spirulina (Arthrospira) platensis was exposed to high levels of
Cd** (Rangsayator et al, 2002), when Plectonema boryanum
was exposed to high levels of Mg®*, Sr**, Ba**, and Mn**
redundant (Baxter and Jensen, 1980) and when Microcystis
novacekii BA005 or Nostoc paludosum BA033 were exposed to
high Mn?* concentrations (Moura et al., 2019). However, it was
also observed that exposure of C. reinhardtii to Cd** and Hg**
elicit polyP degradation and an increase in the amount of short
chain polyP and orthophosphate in the vacuoles as the metal ion is
being sequestered (Nishikawa et al., 2003; Samadani and Dewez,
2018a; Samadani and Dewez, 2018b), suggesting that the energy in
the phosphoanhydride bond and/or the polymer length might
contribute to more effective sequestration.

Frontiers in Plant Science | www.frontiersin.org

89

June 2020 | Volume 11 | Article 938


https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Sanz-Luque et al.

Polyphosphate in Photosynthetic Microbes

PO, levels can not only impact cation accumulation, but
also the tolerance of photosynthetic microbes to toxic metals.
When C. reinhartii and Scenedesmus obliquus were administered
elevated levels of PO,* they accumulated more Cd** and Zn**
(Yu and Wang, 2004a; Yu and Wang, 2004b) and increases in
accumulation of Cu®" and Cd*" in C. reinhardtii cells exposed to
elevated PO,* concentrations have been correlated with an
increase in the tolerance of the cells to the potentially toxic
effects of these metal ions (the intracellular stoichiometry of
metal ion to PO,> was most important in assessing toxicity)
(Wang and Dei, 2006). In the cyanobacterium M. aeruginosa,
Cd** and Zn®" uptake was promoted by elevated cellular PO,>"
concentrations, with short term Cd** and Zn®" uptake rates
increased by 40- and 16-fold, respectively, when the cellular
PO,> concentration was increased from 66 to 118 pumol/g dry
weight. P-enriched cells also exhibited greater tolerance to Cd**
and Zn®" than cells deprived of P (Zeng and Wang, 2009; Zeng et
al.,, 2009). A mutant of Nostoc muscorum that was resistant to
Ni** exhibited a two fold increase in Ni*" uptake relative to the
wild type strain, with a concomitant increase in the level of
cellular polyP (Singh, 2012). These results all strongly support
the idea that many photosynthetic microbes, both prokaryotic
and eukaryotic, in an environment with sufficient P can
synthesize polyP, mostly as PPBs, that serves as scaffolds for
metal binding and detoxification and potentially also as a source
of energy for maintaining metal homeostasis.

A similar situation may also occur in some macroalgae. For
example, the macroalga Macrocystis pyrifera accumulated more
Cd** when it was induced to synthesize high levels of PPBs
(Walsh and Hunter, 1992). Elevated capacities to tolerate and
sequester metal ions that are potentially toxic, including Pb**
and Cu®*, have also been described for organisms of the
photosynthetic microbial mat communities of the Ebro Delta
in Catalonia (Esteve et al., 1992; Guerrero et al., 1999; Manosa
etal, 2001; Burgos et al., 2013). Specific cyanobacteria that live in
these microbial communities, including Oscillatoria sp. PCC
7515, Chroococcus sp. PCC 9106 and Spirulina sp. PCC 6313,
have high tolerances for Pb*" (Mateo et al., 1997; Maldonado
et al., 2010; Maldonado et al., 2011) and have been shown to take
up this metal and accumulate it in association with extracellular
polymers and intracellular PPBs (Maldonado et al., 2011). A
marine Synechococcus strain has been shown to sequester
radionuclides, including uranium, with much of it bound to
polysaccharides on the surface of the cells (Sakaguchi et al., 1978;
Acharya et al., 2009). However, an acid soluble polyP may also
function in uranium sequestration. Based on energy dispersive
X-ray (EDX) spectroscopy and spectrophotometric analyses it
was determined that PPBs can form on the surface of the cells of
the nitrogen-fixing filamentous cyanobacterium Anabaena
torulosa and bind uranium (Acharya et al., 2012; Acharya and
Apte, 2013).

C. reinhardtii represents a robust model microalgal system that
is relatively easy to maniputlate at the genetic and molecular levels
and has been used to dissect some molecular aspects of metal
chelation and toxicity (Hanikenne, 2003). Recent studies have

shown that this alga can accumulate Mn?*, which colocalizes with
polyP and Ca®" in acidocalcisomes (Tsednee et al,, 2019). The
capacity of C. reinhardtii to store Mn>" was also shown to depend
on its ability to accumulate polyP. The vtcl mutant, which is
unable to synthesize polyP, does not accumulate Mn®"; the same
inability to accumulate Mn®" occurs in wild type cells when they
are deprived of P (and cannot make polyP). Interestingly, little of
the sequestered Mn®* was chelated directly to polyP, which has led
to the suggestion that polyP serves as an intermediate in the
binding of Mn** to a ligand that has not yet been defined. Algal
cells, like cyanobacteria (mentioned above), may also exploit
extracellular polymers, including polyP (located in the cell wall),
as a first line of defense against metal toxicity (Penen et al., 2017).
C. reinhardtii cell wall-less mutants exhibited reduced growth in
the presence of various metals, including Cd**, Co®", Ni**, and
Cu** (Macfie and Welbourne, 2014). This sensitivity could reflect
reduced chelation of these metal ions in the absence of
extracellular polyP (Werner et al, 2007). Interestingly, both C.
reinhardtii and C. acidophila growing in the presence of heavy
metals (e.g. Cd**, Hg™") degrades polyP (Nishikawa et al., 2003;
Nishikawa et al., 2009; Samadani and Dewez, 2018a; Samadani
and Dewez, 2018b), which promotes an increase in the
concentration of shorter chains of polyP, free PO,> and
ultimately a decrease in intracellular PO,>. The mechanism for
metal tolerance associated with these changes in polyP features/
levels may involve the initial chelation of the toxic metals to polyP
which is required for some other form of sequestration that
ameliorates metal toxicity; this may relate to the ultimate use of
another cation chelator as well as excretion of the ion from the
cells. The formation of palmelloid cell aggregates of C. reinhardtii
cells may also contribute to the cell's ability to withstand metal
toxicity (Samadani and Dewez, 2018a; Samadani et al., 2020). In
summary, it seems like there are multiple methods for algal and
cyanobacterial cells to cope with metal cation toxicity, with some
that require chelation by polyP and others for which the
mechanism(s) appear to be more complex.

PolyP as Substrate for Kinases

Specific enzymes that use polyP to phosphorylate sugars have
been identified in bacteria, including cyanobacteria, and belong
to the family of proteins designated polyP glucokinases (PPGK,
polyphosphate-glucose phosphotransferase, EC 2.7.1.63). These
proteins use glucose and polyP (and often nucleotides such as
ATP) as substrates to catalyze glucose phosphorylation,
generating glucose 6-phosphate. PPGKs were first observed in
Mpycobacterium phlei (Szymona, 1957) and in Gram-positive
bacteria in the order Actinomycetales (Szymona and Ostrowski,
1964; Szymona and Widomski, 1974; Szymona and Szymona,
1978; Szymona and Szymona, 1979; Pepin and Wood, 1986;
Mukai et al., 2003; Tanaka et al., 2003; Lindner et al., 2010; Liao
et al,, 2012; Koide et al., 2013). Although many PPGK enzymes
can use a range of nucleotide triphosphates as substrates, the
enzymes of the most ancient Actinomycetales species have a
preference for polyP. In contrast, the more recently evolved
bacterial species use ATP and are unable to use polyP, similar to
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strictly ATP dependent fungal and mammalian hexokinases
(Rao et al,, 2009). Currently it is thought that the early
phosphoryl donor for glucose phosphorylation was polyP and
as ATP became the dominant energy donor of the cells,
glucokinases evolved into isoforms more specific for ATP,
although many of the PPGKs that have been characterized can
use both polyP and nucleotide triphosphates as substrates.

A novel subfamily of PPGK proteins have so far, been identified
only in N,-fixing, filamentous cyanobacteria. Glucokinases from
the filamentous nitrogen fixers Nostoc sp. PCC7120 (formerly
Anabaena sp. PCC 7120) and Nostoc punctiforme PCC73102
(Klemke et al., 2014; Albi and Serrano, 2015) have been shown
to catalyze in vitro phosphorylation of glucose using polyP as the
phosphoryl donor. These PPGKs have a higher affinity for polyP
with more than 10 phosphoryl residues, exhibit moderate activity
using mannose as a substrate and, unlike most other glucokinases,
appear to be specific for polyP and unable to use nucleoside
triphosphates (e.g. ATP or GTP) as phosphoryl donors. The gene
encoding this enzyme in Anabaena sp. PCC 7120 is expressed
under conditions of N deprivation and a strain with a null mutation
in the gene is compromised under N,-fixing conditions (Klemke
et al,, 2014). It was hypothesized that this glucokinase is part of a
response to N deprivation in which “N sparing” reactions (e.g.
limiting the use of N-containing nucleotides) are elicited.

Integration of PolyP and Inositol
Phosphate Metabolism in Microalgae
PolyP has been associated with active metabolism in various
microbes, including algae (Aitchison and Butt, 1973), and can be
used as a substrate for the generation of ATP and, in some cases,
can phosphorylate other cellular metabolites. As discussed above,
its synthesis and degradation are sensitive to environmental
conditions and critical for microbes to acclimation to various
stress conditions. Therefore, polyP metabolism is linked to the
energetics of cells, integral to various cellular processes and likely
highly controlled. A link between inositol pyrophosphate
metabolism and polyP synthesis has been reported for
Trypanosoma brucei (Cordeiro et al., 2017) and budding yeast
(Wild et al., 2016; Gerasimaite et al., 2017). Mutants in these
organisms that are unable to synthesize inositol pyrophosphates
(InsP7 and InsP8) exhibited impaired polyP accumulation. In
yeast, polyP synthesis has been shown to be activated by the
binding of inositol pyrophosphates to the SPX domain of the
VTC4 subunit of the VTC complex (Wild et al., 2016). Although
the VT'C4 protein is currently uncharacterized in algae, based on
the genome sequences of various algae, it appears to be conserved
in many Chlorophyceae species (e.g., C. reinhardtii, Chlorella
variabilis, Micromonas pusilla, Dunaliella salina, and Coccomyxa
subellipsoidea, among others). The VTC4 proteins of the algae
contain SPX and polyP polymerase domains, with conservation
of specific amino acid residues required for activity (Figure 1).
These findings suggest that activation of polyP synthesis in
microalgae will also respond to inositol pyrophosphates.
Interestingly, a connection between the accumulation of
inositol pyrophosphates and TOR signaling has been established

in C. reinhardtii (Couso et al., 2016). The vipI mutant, which is
unable to synthesize the highly phosphorylated forms of inositol,
exhibited a hypersensitive response to rapamycin (a TOR
inhibitor) and more pronounced lipid (triacylglycerol, TAG)
synthesis than the wild type strain. Although the precise
interactions that link these two pathways and how that link
might integrate with polyP metabolism are not understood, the
results suggest a connection between polyP and control of
cellular energetics, growth, and acclimation through the TOR
pathway. Furthermore, the increase in TAG synthesis in inositol
pyrophosphate deficient strains indicates that inositol
pyrophosphate synthesis and possibly polyP accumulation can
impact lipid synthesis and storage. Close interactions between
acidocalcisomes and mitochondria observed in Trypanosoma and
C. reinhardtii cells (Docampo and Huang, 2016; Goodenough
et al, 2019) also suggests a role (although speculative) for
acidocalcisomes and polyP in regulating cellular energetics. The
potential integration of polyP metabolism into the central
metabolic networks of the cell is an exciting field and may
provide new insights into the diversity of phenotypes observed
in cells impaired for the synthesis of this polymer.

POLYP AND BIOTECHNOLOGICAL
APPLICATIONS

Various uses have been proposed for polyP with respect to human
health, agricultural practices, and the remediation of ecosystems.
PPBs, also recently called “biogenic phosphate nanoparticles”
(BPNP), in addition to having roles in PO,’" storage, cellular
energetics, and metal sequestration, may function in reducing
inflammation and protecting mammalian cells from various forms
of damage, including oxidative damage (Segawa et al, 2011;
Kashima et al., 2015). High levels of BPNPs were synthesized in
Synechococcus sp PCC7002 overexpressing the the ppk gene. The
isolated BPNPs from this cyanobacterium were shown to be taken
up by polarized human intestinal epithelial (Caco-2) cells (Gao
et al, 2018) where they inhibited the induction of nitric oxide
synthase and the production of proinflammatory mediators in
mouse cell cultures (Feng et al., 2018). This work on potential
“health impacts” and uses of polyP for medical applications is
intriguing, although it would benefit from further studies of the
efficacy and scope of polyP in these processes.

The PPK enzyme can also be used to catalyze ATP production
for the synthesis of various compounds. For example, the high
temperature resistant PPK from Thermosynechococcus elongatus
BP-1 was used to generate ATP from ADP and polyP for the
production of D-amino acid dipeptide (Sato et al., 2007).

In agriculture, PO,” is an essential nutrient, but its bioavailability
in the soil often limits crop productivity. The requirement of PO,
for achieving optimal agricultural yields makes it a critical resource
for maintaining food security for future generations. To increase
crop yields, high levels of PO,> are often included in fertilizers,
although only a small proportion of the applied PO, may be
recovered in the biomass (Pathak et al., 2010); more than 80% of the
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applied PO,> can be lost in wastewater (e.g. parboiled rice mill
effluents) or to surface waters as runoff. Hence, in addition to the
inefficient economic aspects of applying large amounts of PO,>"
fertilizer to boost crop productivity, high levels of this nutrient can
contaminate agricultural soils, while its runoff into nearby water
bodies can cause eutrophication and create toxic habitats (Hupfer
et al, 2004; McMahon and Read, 2013). According to several
predictions, continued production of high PO,> fertilizers may
also become challenging for future generations as the Earth's
PO, reserves might be exhausted in less than 100 years (Cordell
and White, 2014; Mukherjee et al, 2015). Furthermore, PO
containing rocks are not equally distributed over the Earth,
creating a need for most countries to import this vital nutrient.
Indeed, the negative socio-economic impact of limitations in PO,>"
availability and how, based on current agricultural practices, it can
cause environmental degradation, creates a need to reassess the ways
in which PO,> is delivered and recycled for the establishment of
sustainable agricultural practices (Solovchenko et al., 2016).

To ameliorate the negative impact of amending soils with excess
PO, several studies using cyanobacteria and algae have explored
ways to direct polyP metabolism toward bioremediation/water
treatment and the production of biofertilizers (Kulakovskaya
et al,, 2012; Mukherjee et al, 2015; Solovchenko et al., 2016;
Siebers et al., 2019). Various cyanobacteria including Aphanothece
sp., Spirulina sp., Arthrospira sp., Lyngbya sp., Anabaena sp., and
Phormidium sp., as well as eukaryotic microalgae such as Chlorella
sp. and Scenedesmus sp., have been used for removal of nutrients
from wastewater (Ray et al., 2013; Mukherjee et al., 2015); much of
the excess PO,>" that is assimilated by these organisms is
polymerized into polyP. Cyanobacteria and microalgae that
accumulate high levels of polyP could potentially be integrated
into strategies for economical, commercial-scale removal of PO,
from wastewaters and the generation of PO, rich bacterial/algal
biomass that could be incorporated into fertilizers for agricultural
applications. The rate at which the PO, is mobilized from these
biofertilizers would depend on its degradation/hydrolysis by
enzymes released to the soil by microorganisms, with potential
slow/moderate release favoring sustained plant growth with reduced
PO, runoff.

The development of polyP-based biological systems for
bioremediation and the generation of biofertilizers would
benefit from engineered bacterial/algal strains that accumulate
excess polyP. The feasibility of developing such strains has been
demonstrated for both heterotrophic and photosynthetic bacteria.
A high polyP accumulating bacterium was constructed by
introducing the ppk gene from the cyanobacterium Microcystis
aeruginosa NIES-843 into Pseudomonas putida that was already
efficient in removing PO,> from its environment. This strain,
grown in a sequencing batch biofilm reactor, had a much higher
capacity to remove PO, from the medium than the control strain
(no introduced ppk gene) (Du et al, 2012). An alternative
approach exploited the finding that mutants in a gene encoding
a negative regulatory element of the Pho regulon, PhoU, also
accumulated high levels of polyP. Inactivation of the phoU gene in
Synechococcus sp. PCC6803 resulted in elevated intracellular
polyP accumulation and a 4-fold increase in the ability of the

cells to remove PO,>" from the medium relative to the wild type
cells (Morohoshi et al., 2002). Furthermore, such strains may also
become integral to biostrategies for removing toxic metals from
contaminated waters. A more holistic, integrated understanding
of how, when, and where polyP is synthesized, as well as the ways
in which it interacts with the metabolic and regulatory circuits in
the cells, will facilitate the exploitation of its synthesis and
accumulation for biotechnological applications.

FUTURE PERSPECTIVE

Since the discovery of polyP more than 100 years ago, various
functions have been ascribed to this polymer in organisms from all
kingdoms of life. PolyP could modulate functionalities of proteins
by sequestering cations and influencing the biosynthesis of
metalloenzyme and metal toxicity, serve as a scaffold to facilitate
protein folding, promote protein degradation, modify proteins
through covalent binding (polyphosphorylation), and potentially
provide substrate for nucleic acids synthesis. Additionally, polyP
can impact Ca" signaling, contribute to the energy currency of the
cell, and impact adenylate homeostasis; these functions can have
potential multifactorial effects on a wide variety of cellular
processes. Aspects of these functions may guide experimentation
toward elucidation of the ways in which this simple molecule
assists organisms in coping with environmental challenges.

While our knowledge has slowly accrued over the past half
century concerning the synthesis and functions of polyP, there is
still little known about the acidocalcisome, which houses polyP,
with many questions to be answered. What are the steps in
acidocalcisome biogenesis and what makes it different from other
vacuoles in the cell? What are the consequences of acidocalcisome
interactions with contractile vacuoles and mitochondria and do
they interact with other organelles (e.g. chloroplasts)? How do
acidocalcisomes release their contents (e.g. Ca®", polyP, PO,”") into
the cytoplasm or extracellular space, what signals trigger the
release, and how does the release serve ecosystem functions?
What role does polyP play in symbiotic interactions between
photosynthetic microbes and sponges of the Caribbean coral reef
(Zhang et al,, 2015), between plants and arbuscular mycorrhiza
(Kuga et al., 2008; Tani et al., 2009; Hijikata et al., 2010; Kikuchi
et al,, 2014; Ferrol et al, 2019), and between algae and animals
(Cobb, 1978)? Unraveling the signaling networks that promote
release or retainment of polyP granules in phytoplankton will
provide a more complete understanding of P cycling and nutrient
balancing in nature.

Molecular connections linking the acclimation of cells to stress
conditions with polyP metabolism and its impact on cellular
energetics and central metabolism, and both the extracellular
factors and intracellular regulatory elements that control polyP
synthesis, degradation, distribution, and secretion are crucial for
elucidating mechanisms by which this ancient molecule modulates
cellular processes. This information will also provide the
foundational knowledge to foster biotechnological applications that
rely on polyP metabolism and to potentially engineer organisms to
better cope with adverse environmental conditions, serve in
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remediation of contaminated ecosystems, and help ameliorate the
often detrimental consequences of human activities on our planet.
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Phosphorus (P), in the form of phosphate derived from either inorganic (P;) or organic (P)
forms is an essential macronutrient for all life. P undergoes a biogeochemical cycle within
the environment, but anthropogenic redistribution through inefficient agricultural practice
and inadequate nutrient recovery at wastewater treatment works have resulted in a
sustained transfer of P from rock deposits to land and aquatic environments. Our present
and near future supply of P is primarily mined from rock P reserves in a limited number of
geographical regions. To help ensure that this resource is adequate for humanity’s food
security, an energy-efficient means of recovering P from waste and recycling it for
agriculture is required. This will also help to address excess discharge to water bodies
and the resulting eutrophication. Microalgae possess the advantage of polymeric
inorganic polyphosphate (PolyP) storage which can potentially operate simultaneously
with remediation of waste nitrogen and phosphorus streams and flue gases (CO,, SOy,
and NO,). Having high productivity in photoautotrophic, mixotrophic or heterotrophic
growth modes, they can be harnessed in wastewater remediation strategies for biofuel
production either directly (biodiesel) or in conjunction with anaerobic digestion (biogas) or
dark fermentation (biohydrogen). Regulation of algal P uptake, storage, and mobilization is
intertwined with the cellular status of other macronutrients (e.g., nitrogen and sulphur) in
addition to the manufacture of other storage products (e.g., carbohydrate and lipids) or
macromolecules (e.g., cell wall). A greater understanding of controlling factors in this
complex interaction is required to facilitate and improve P control, recovery, and reuse
from waste streams. The best understood algal genetic model is Chlamydomonas
reinhardtii in terms of utility and shared resources. It also displays mixotrophic growth
and advantageously, species of this genus are often found growing in wastewater
treatment plants. In this review, we focus primarily on the molecular and genetic
aspects of PolyP production or turnover and place this knowledge in the context of
wastewater remediation and highlight developments and challenges in this field.

Keywords: acidocalcisomes, biofuel, biomass, biogas, phosphorus, polyphosphate, wastewater
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INTRODUCTION
The Problem

Compared with the other macronutrients (carbon, sulphur, and
nitrogen: C, S, and N), the biogeochemical cycle of Phosphorus
(P) lacks a gaseous atmospheric component to assist with cyclic
replenishment of soils (e.g., for N: lightning, biological N-
fixation, and the Haber-Bosch process). This has led to the P
cycle being described as “broken,” consequently modern
agriculture largely depends on non-renewable inorganic
Phosphate (P;)-based fertilizers derived from geological sources
(Elser and Bennett, 2011). High grade P; rock reserves are
projected to last for only 50 to 150 years as mined products
already show diminished P; content and greater levels of heavy
metal contamination. Additionally, global distribution of rock
phosphate is uneven with most reserves present in just a handful
of countries; Morocco and Western Sahara alone hold over 70%
of total global reserves (Van Kauwenberg, 2010; U.S. Geological
Survey, 2017). As such, much of the world is vulnerable to
volatile prices and supply insecurity. An estimated 80% of
extracted P; is being lost due to runoff, which in addition to P;
present in sewage discharges is detrimental for the environment
(Schroder et al., 2011). In addition, P (and other nutrients) are
not being effectively recycled back to agriculture from wastes
under the current system. Although livestock manure is often
returned to soil, this can be polluting whereas the spreading of
sewage and/or sewage sludge is restricted by regulations
(Schroder et al., 2011). Current wastewater treatment methods
are also affected by regulatory concerns and economic cost,
therefore alternative approaches for P-remediation that recycle
back to agriculture are needed (Baker et al.,, 2015). In Europe for
instance, an analysis of P stores and flows showed that a higher
demand for P fertilizer was mainly driven by poor P efficiency
(i.e., useful P output as a function of total system P input: 38%
overall). Here, regional P imbalance (P surplus) and system P
losses were well correlated to total system P inputs (P; fertilizer,
manure, sewage sludge, digestate, etc.) and livestock densities,
causing unnecessary P accumulation in soils and rivers (Withers
et al., 2020).

A Potential Solution

Microalgae have long been studied for sustainable wastewater
treatment (Baker et al., 2015; Li et al., 2019b) and have the added
advantage of accumulating polyphosphate granules (PolyP). This
means that they could be used to return P; back to soil in slow-
release form and help to close the P-cycle (Siebers et al., 2019);
although this approach has been indirectly adopted by reusing
alga-rich effluents from wastewater treatment systems in crop
irrigation (i.e., reuse of effluents from wastewater pond systems),
the actual mechanisms controlling algal P uptake from
wastewaters are not well understood. In recent years, the
genetic model Chlamydomonas reinhardtii has become the
foremost species for understanding the molecular biology
underpinning P-metabolism and the production of PolyP in
microalgae. Although other micro-algal species have been better
investigated for wastewater treatment (Li et al, 2019b),
Chlamydomonas sp. are often identified in sewage treatment

works (STW) worldwide (see Microalgal Research Models).
Therefore, the Chlamydomonas genus provides a good option
for facilitating research and development, from the laboratory to
engineered wastewater treatment systems.

In this review we first evaluate the remediation potential of
microalgae in closing the P-cycle, focusing on wastewater
treatment. Second, we explore PolyP in relation to its structure,
P-starvation responses, synthesis, and turnover in microalgae.
We focus principally on Chlamydomonas as a genetic and
laboratory model. Our working hypothesis is that better
understanding of the cellular regulatory factors governing
PolyP metabolism would enable the development of species
and strains that are more efficient at P recovery from wastewater,
as well as shedding light on key environmental variables
controlling luxury P uptake by microalgae that can inform
engineering design.

MICROALGAL POLYPHOSPHATES AND
WASTEWATER REMEDIATION

In this section, we examine algal PolyP and how their production
might be integrated into wastewater remediation and the return
of recycled-P; to soils and crops.

Microalgal Biomass and Wastewater
Remediation

Small-scale microalgal biomass cultivation has been traditionally
used for human consumption, particularly Spirulina in highly
alkaline lakes of Africa (Habib et al., 2008; Slocombe and
Benemann, 2016). Today, this cyanobacterium, along with
Chlorella, comprises the bulk of algae biomass harvested
(~30,000 tons dry weight per annum) mostly for dietary
supplements (Slocombe and Benemann, 2016). With regards to
wastewater remediation, microalgae have been extensively used
for the treatment of domestic wastewater worldwide for over a
century, particularly in combination with naturally occurring
bacteria in wastewater treatment pond systems (Tarayre et al,
2016). Wastewater treatment ponds are very effective at
removing organic matter, pathogens, and nutrients (N and P),
but overall performance is seasonal and climate dependent. From
the late 1950s, large-scale, high-rate algal ponds (HRAP) were
developed in California to improve conventional pond
performance by optimizing algal biomass growth and
predominance over bacteria; nowadays, there are many HRAP
systems currently in operation elsewhere, in both tropical and
temperate climate countries (Park et al., 2011). To avoid C
limitation and elevation of pH, CO, provision is desirable, and
this can come from bacterial activity, CO, solubilization from the
atmosphere by induced mixing or more effectively, from the
injection of flue gases from power plants and industry, or even
from combined heat and power (CHP) units burning
anaerobically generated biogas at STWs (Acien et al., 2016).
Flue gas heat recovery systems can also supply energy to increase
reactor temperature as low-grade heat from CHP units, usually at
around 40°C, which could be used to extend the growth season
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and raise productivity for micro-algae at cooler temperate
latitudes, but this has not been fully explored.

During the 1970s and 1980s, the focus of research into large-
scale algal cultivation shifted away from sewage remediation
towards the generation of biofuels (Borowitzka, 2013a).
Ironically, waste-water inputs into algal biomass cultivation are
now considered necessary to render algal biofuel production
economic, therefore a combination of the two processes is seen as
a way forward (Park et al., 2011). Downstream processes,
including harvesting, dewatering, algal lipid extraction, and
esterification, are still bottlenecks contributing much to the
total biodiesel production cost (Mata et al., 2010), which leaves
anaerobic (co-) digestion of sewage sludge (and algal biomass) as
the current most feasible option for biofuel (biogas) production
at STWs; however, the resulting nutrient rich digestate liquor
(concentrate) is still an economic burden despite its potential for
nutrient recycling in agriculture. Further economic benefits
arising from co-production of high-value algal side-products,
such as the keto-carotenoids or pro-vitamin A are feasible
(Borowitzka, 2013b), but restrictions in the use of wastewater
as a nutrient source for pharmaceutical or nutraceutical
production lines is a major hurdle.

Wastewater Treatment and Phosphate
Recycling

The historical provision of sanitation and sewerage was driven by
the need to reduce transmission of waterborne diseases (Public
Health protection). Off-site/centralized wastewater treatment
and disposal later emerged as an effective strategy to control
the presence of nutrients (C, N, and P) in surface waters
(Environmental protection) (Lofrano and Brown, 2010). On
average, high-income countries treat about 70% of their
domestic and industrial wastewater, whereas this drops to 38%,
28%, and 8% in upper middle-income, lower middle-income,
and low-income countries, respectively. Globally, over 80% of all
wastewater and fecal sludge is disposed of without treatment
(WWAP, 2017). Large centralized STWs have introduced on
site energy generation via anaerobic digestion of sewage sludge
as a measure to reduce net greenhouse gas (GHG) emissions
and energy bills, with Western Europe ahead of this trend in
industrialized regions, and India and China as leaders in
developing countries (Abbasi et al., 2012). Comparatively little
progress has been made to achieve similar efficiencies in the N
and P cycles at STWs however, where nutrient control is
prioritized over recovery and reuse.

In the UK, nutrient losses to surface waters are estimated at
980 kt N year™" of total dissolved N and 16 kt P year™" of total
phosphorus, with a 60% contribution from urban areas despite
the introduction of the EU Urban Waste Water Directive in 1991
(Worrall et al., 2009; Worrall et al., 2016). Current STWs
efficiently remove organic matter using heterotrophic bacteria
but rely on nitrification/denitrification to remove N compounds,
a process that is energy intensive and wastefully returns N, (and
greenhouses gases, e.g., N,O) to the atmosphere. In fact, the
estimated N,O emission rate at STWs is 4.9 tonnes of CO,-e per
tonne of N removed (Johnson and Schroepfer, 1964; Camargo

Valero et al., 2010a; NGER, 2016). Some of the C and N is also
taken up by bacteria and is removed as harvested biomass at
secondary sedimentation units (Figure 1A).

On the other hand, P control at small STWs is often
achieved by chemical precipitation and adsorption, but these
processes usually impede reuse (Tarayre et al., 2016). At large
STWs, the bacterial route is usually preferred via Enhanced
Biological Phosphorus Removal (EBPR). This was first
implemented in the 1970s where a group of heterotrophic
bacteria, called PolyP-accumulating organisms (PAO) are
enriched within the activated sludge process with extended
aeration. P; removal by PAO bacteria is achieved via aerobic,
in-cell accumulation of large quantities of Poly-P (Melia et al.,
2017) but this process is limited by organic C, so an expensive
acetate supplement is often added as part of the treatment
(Manyumbea et al., 2009).

The C, N, and P taken up by bacteria are removed from
wastewaters as surplus activated sludge and sent to anaerobic
digesters (AD) for biogas production, where the C uptake is
valorized as biomethane and the N and P are released either as
reactive inorganic species (ammonium and P;) into the aqueous
phase (digestate liquor that returns to the head of the treatment
works) or as biomass in a solid phase (digestate cake that is
preferably spread on land). Complementary processes recovering
both N and P from digestate liquors as struvite precipitates
(NH4MgPO,+6H,0) have been implemented at industrial scale
but are limited by the costs associated with Mg salts and alkali
needed to optimize the precipitation (Campos et al., 2019;
Gonzales-Morales et al., 2019).

In contrast, sustainable removal of all inorganic and organic
N along with P could be achieved using photosynthetic
organisms such as microalgae. Microalgae have been identified
as a viable option for meeting energy and nutrient recovery goals
in STWs, as they comfortably grow in sewage under either
heterotrophic or phototrophic conditions, without the need for
supplemental nutrient sources, and the resulting algal biomass
can be used to enhance biogas production in existing AD
digesters or applied directly as a slow-release fertilizer (Usher
et al.,, 2014; Schreiber et al., 2018).

Research conducted in wastewater treatment ponds reports
that Chlamydomonas, Chlorella, Euglena, and Scenedesmus spp.
are the most commonly occurring microalgal species in tropical,
subtropical, and temperate climates (Abis and Mara, 2005;
Ahmadi et al., 2005; Crimp et al., 2018; Florentino et al., 2019),
with effective capacity to meet ammonium and P removal targets.
Nutrient control and recovery from sewage is achieved via algal
uptake, which offers a significant benefit over bacteria in that
algae accumulate both N and P. Under some environmental/
operational conditions the microalgae perform “luxury P
uptake,” defined as the uptake of P beyond that required for
growth and storage of phosphate within the biomass as PolyP
(>1% P dry weight) (Powell et al., 2008). Also, algae preserve
their poly PolyP granules for several days, whereas bacteria tend
to rapidly re-release their stored P making any scaled-up PolyP
storage and processing through to fertilizer far more difficult (Li
et al., 2019b).
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Scale-Up of P Uptake in Algal Treatment
Plants

Alga-based STWSs have proven their ability to effectively recover
both N (from ammonium) and P even under outdoor conditions
in temperate climate countries (up to 10% N and 3% P in dry
algal biomass), as reported in wastewater treatment pond
systems in the UK (Camargo-Valero et al, 2010b) and New
Zealand (Powell et al., 2011), therefore removing altogether the
need for nitrification/de-nitrification and bacterial P removal
processes. However, they have a large footprint, and their
performance is still seasonal, heavily dependent on weather
conditions, and unpredictable (Powell et al., 2008). Full-scale
microalgal ponds for waste-water remediation are associated
with losses of biomass and remedial productivity, largely down
to issues of maintaining effective mixing and the absence of
sedimentation units to recover and recycle algal biomass
(Sutherland et al., 2020).

Further research is also needed to improve our understanding
on luxury P uptake by microalgae and potential negative
impacts arising from large scale microalgae cultivation on
wastewaters (Usher et al., 2014), including any potential release
of harmful greenhouse gases into the atmosphere such as N,O
(Plouviez et al., 2019). Grazers and algal pathogens are also an

FIGURE 1 | Diagram showing wastewater processing steps for (A) conventional STW combining denitrification and EPBR treatments downstream of primary
sedimentation and (B) proposed substitution of these steps with a microalgae/bacteria consortium. Undesirable products such as important greenhouse gases (e.g.,
CO,, N2O), energetically wasteful steps and costly/non-renewable inputs (e.g., supplements: organic C) or wasteful outputs (e.g., No, NO3™) are shown in red.
Products or steps that are beneficial or that can be potentially renewable are shown in green along with biogas, biofuels, and value products. Downstream anaerobic
digestions steps are indicated for both processes resulting in the production of methane and fertilizers.

issue (McBride et al., 2016), nevertheless, there is evidence
that mixtures of different algal species and bacterial in
ecosystem consortia can increase robustness against predation
and maintain productivity in large-scale HRAP wastewater
treatments (Sutherland et al., 2017).

In future, STWs can be developed/retrofitted in places where
space is not at a premium. For instance, freshwater algae can be
cultivated in floating modules adjacent to coastal cities for
sewage treatment (Novoveska et al, 2016). In the meantime,
development and implementation of microalgae-based
treatment processes at existing large STWs will require
additional considerations as they should fit within existing
current process layouts. Proposed schemes where access to
land is available often involve standard preliminary treatment
(screens, grit, sand removal, etc.) and primary clarification. This
is followed by anaerobic digestion (e.g., Upflow Anaerobic
Sludge Blanket -UASB reactors) and aerobic stabilization,
where a microalgae/bacterial consortium benefits from algal
oxygen production and nutrient uptake in symbiosis with
bacterial stabilization of organic carbon compounds (e.g.,
HRAP). Next, potential downstream processes for the
valorization of algal biomass (biofuel/fertilizer production) and
treated wastewater have been suggested in existing literature (Li
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et al,, 2019b). However, the immediate challenge is benefiting
from existing assets at large STWs and finding a feasible
alternative for intensive algal cultivation (i.e., small footprint
and hydraulic retention times in the order of hours), that take
advantage of existing well-known activated sludge processes for
the stabilization of organic matter and anaerobic digestion of
sludge with thermal hydrolysis for enhanced bioenergy
production in situ (Figure 1B).

Algal Polyphosphates as Slow-Release
Fertilizer

PolyPs of biological origin are unbranched linear polymers of
inorganic phosphate (P;) linked by phospho-anhydride bonds
and of variable chain length, ranging from 10s to 100s. These
tend to accumulate in vacuoles or acidocalcisomes as granules
(Albi and Serrano, 2016). Although higher plants produce
organic phosphate (P,) in the form of phytate (inositol
hexakisphosphate) there is no strong evidence to support the
presence of actual PolyP granules in higher plants, despite a
recent and extensive search (Zhu et al., 2020). Instead, these can
be found in bacteria, fungi, and lower plants, such as algae and
the mosses (Seufferheld and Curzi, 2010).

Given the polluting nature of organic manure (Schréder et al.,
2011) it is notable that its P-composition consists largely of
orthophosphate (P;). Particularly piggery manure (Liang et al.,
2017) and to a lesser extent dairy (He and Dou, 2010), where
phytate (10% of total P;) is also present along with
pyrophosphate (6%) and PolyP (3%). The expectation is that
algal biomass containing remediated P; in the form of PolyP can
be returned to soil in a form that can be taken up by crops with
minimal wastage. Hence, PolyP in the form of triphosphate
(TPP) has been shown to act as a slow-release P-fertilizer, a
desirable characteristic that favors utilization by crops and delays
leaching into agricultural runoff (McBeath et al., 2007). Evidence
suggests that P; from algal biomass applied to soil can be taken
up by plants (Siebers et al., 2019). Furthermore, algal biomass is
practical for return-to-soil, not requiring tilling or exhibiting N-
volatilization or fugitive methane emissions like manures, sludge
or digestate (Mulbry et al., 2005).

Manufacturing a purified form of slow-release P fertilizer
from algal biomass has not yet been explored. Laboratory
extraction methods of PolyP involve a straightforward aqueous
boiling step (Martin and Van Mooy, 2013), therefore it might be
possible to incorporate this step into procedures for isolating
other algal products such as lipids or carotenoids at a cost-
effective commercial level. There is evidence that algal PolyP can
be taken up in mammalian gut cell lines, so there could be the
option of using biomass for bespoke feeds (Gao et al., 2018).

Microalgal Research Models

As noted, multiple algal species have been found in STWs,
including species known for high biomass productivity
and species diversity could be a prerequisite for success.
Chlamydomonas reinhardtii is the best studied species to date
however, in terms of photosynthesis, genetics, and molecular

biology (Salomé and Merchant, 2019). Heterologous protein
expression has been successful in this alga (although there are
others), which shows effective protein folding in the plastid
(Gong et al., 2011; Tran et al., 2013) as well as protein secretion
(Molino et al., 2018). Therefore, there is much potential for
biotechnology and high-value side-products in tandem with
wastewater remediation.

A practical advantage of Chlamydomonas reinhardtii (and
other Chlamydomonas sp.) is its rapid propagation under
mixotrophic conditions, using acetate. For instance, colonies
on agar plates can grow within days facilitating the genetics.
Growth rate in mixotrophic mode generally exceeds the sum of
the heterotrophic and autotrophic rates (Laliberte and de la
Notie, 1993; Smith et al., 2015). Hence, mixotrophic capability
can also boost growth on wastewater, e.g., C. debaryana shows
potential for wastewater treatment in temperate regions subject
to annual fluctuations in light supply (Park et al, 2012). In
addition, a Chlamydomonas sp. was found growing in palm oil
mill effluent, indicating further the utility of this genus (Ding
etal., 2016). Chlamydomonas sp. are widespread and often found
in STWs (Thomas and Burger, 1933; Haughey, 1968; Abo-
Shehada and Sallal, 1996; Crimp et al., 2018) whereas the
natural occurrence of C. reinhardtii is limited to a few
lacustrine environments in NE US (Proschold et al., 2005).
Whether or not this species can be used for wastewater
treatment is debatable, although mutant strains can be found
that demonstrate improved potential for remediation (Zhou
et al,, 2015). It should be noted that C. reinhardtii is unlikely
to be mated to other species of the genus (Proschold et al., 2005)
but related species would be relatively easy to replicate
mutations in.

Although the genetic model C. reinhardtii, has not been
considered as a natural biofuel species due to its preference for
producing carbohydrate, genetic alterations that reduce flux to
carbohydrates in favor of oil such as the sta6 mutation have been
found (Blaby et al.,, 2013; Goodenough et al., 2014). In addition,
certain conditions have been shown to produce “liporotunds”
which are large cells containing many lipid bodies (Goodson
et al., 2011; Ngan et al.,, 2015). The appearance of these cells
appears to be dependent on acetate provision. This is thought to
alter the expression of specific pathways (e.g., increasing the
glyoxylate cycle) that favor flux to oil production.

MICROALGAL POLYPHOSPHATES

In this section, we summarize the microalgal PolyP literature
in relation to structure, cell biology, P-starvation responses,
synthesis, and turnover. Understanding these factors better
would enable the development of species and strains that are
more efficient at P recovery from wastewater.

PolyP Structure and Function
PolyP polymers in pure form exist in various physical states such
as sols, gels or glass, although it is not known to what extent these
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dictate the final structure of PolyP of biological origin. For
instance, PolyP adopts a very ordered structure in granules
found in the vacuoles of yeast and some green algal species
(Shebanova et al., 2017). Interactions of PolyP with metal
cations such as Ca** and Mg®" allow the chains to adopt
conformations dependent on their metal ion-coordination
preferences (Reusch, 2000). Complexes of PolyP with actin and
the cell wall have been noted, and recently, proposed for yeast and
microalgae in the case of polyhydroxybutyrate (PHB)
(Solovchenko et al,, 2019). PolyP interacts with PHB to form
channels in bacteria for instance (Reusch, 2000) but we could find
no evidence for gene homologs of the bacterial PHB synthase in
any eukaryotic genome. The presence of a nitrogenous component
in purified Chlorella PolyP granules was reported in the 1960s
(Correll, 1966) but has never been confirmed. In yeast, arginine
accumulates alongside PolyP in vacuoles with some evidence
reported for an association although these reserves can also act
independently (Diirr et al,, 1979; Westenberg et al., 1989).
Recently, separate nitrogenous granules containing guanine have
been identified in Chlamydomonas acidocalcisomes (Moudrikova
et al., 2017) and distinct granule forms have been visualized in
these organelles (Goodenough et al., 2019). Therefore, it is possible
that accidental co-purification of separate N-stores might account
for some earlier reports of direct PolyP interactions with organic
or nitrogenous compounds.

The principal role for PolyP appears to be dynamic P-storage
in microalgae. In Chlamydomonas, the majority of P; taken up by
pre-P-starved cells is incorporated into PolyP. Whereas, during
P-starvation PolyP is removed below detection levels along with
declines in P;, ATP, and sugar phosphates (Hebeler et al., 1992).
PolyP appears to be stored in granules in vacuole-like
acidocalcisomes in this species (see Storage in Acidocalcisomes)
but has also been reported in cell walls where it might play a role
in cytokinesis (Werner et al,, 2007). Increases in P-storage as
PolyP are elicited by limitation of other nutrients or with P-
resupply following P-starvation—so-called luxury storage (see
Regulation of Phosphate Metabolism in Microalgae). Other forms
of stress that are unrelated to nutrient supply can also have an
impact on microalgal PolyP levels and chain lengths, however.
For instance, synthesis and mobilization of PolyP appear to be
involved in the response to changes in pH and osmoregulation in
halotolerant microalgae (Weiss et al., 1991; Leitao et al., 1995). In
Chlamydomonas species, PolyP mobilization appears to play a
role in detoxification and export of Cd and Hg (Nishikawa et al.,
2003; Samadani et al., 2008). On the other hand, there is evidence
for sequestration of essential and/or toxic metals with PolyP or in
acidocalcisomes (see Sequestration of Heavy Metals by PolyP).

Other roles for PolyP have been identified in prokaryotes for
energy storage, stress response, virulence, motility, quorum
sensing and in yeast, antioxidant stress response and protein
phosphorylation (Rao et al,, 2009; Albi and Serrano, 2016;
Docampo, 2020). In future, some of these might be found to
operate in microalgae. This can be elucidated by examining
mutants defective in genes for PolyP synthesis, turnover, and
regulation (see Storage in Acidocalcisomes, Synthesis and Turnover,
and Regulation of Phosphate Metabolism in Microalgae).

Quantification

Free P; in the microalgal medium is commonly assayed by
Molybdate assay (Strickland and Parsons, 1968) and alternatives
have been compared (Cogan et al., 1999). Total biomass P can be
measured after oxidation and re-mineralization (Solorzano and
Sharp, 1980). PolyP granules were originally identified through
metachromatic staining (Albi and Serrano, 2016). Today, DAPI
staining is often used to visualize PolyP granules in conjunction
with confocal microscopy, for example in Chlamydomonas
(Figure 2). Quantification of PolyP was originally achieved by
isolating acid-soluble (lower MW) and acid-insoluble fractions
(higher MW) using trichloracetic acid (TCA), followed by
hydrolysis and assay for P (Aitchison and Butt, 1973). PolyP-
DAPI can be used for measurement in plate assays but there is
much spectral overlap with DNA-DAPI fluorescence (Shebanova
et al, 2017). A PolyP-specific dye has been identified for both
microscopy and quantitative plate assays (Angelova et al., 2014)
but has only recently been exploited (Zhu et al., 2020)". PolyP can
also be separated by chain length by electrophoresis in DNA-
sequencing gels or commercial mini-gels (Smith et al, 2018).
Enzyme assays can reportedly be used to both quantify PolyP and
size chain lengths (Christ et al., 2019).

Storage in Acidocalcisomes

The principal repositories for PolyP in both eukaryotes
and prokaryotes are membrane-bound organelles called
acidocalcisomes (Seufferheld et al., 2003; Lander et al., 2016).
Five non-exclusive features have been defined for the eukaryotic
organelles: i) presence of a single PolyP granule; ii) an acidic
lumen; iii) a characteristic complement of trans-membrane

! Only available by synthesis to order, at the time of writing.

PolyP-DAPI

DNA-DAPI

FIGURE 2 | Confocal image of typical live DAPI-stained Chlamydomonas
cells showing the cup-shaped chloroplast revealed by chlorophyll
autofluorescence (red). PolyP granules (yellow) and DNA (blue) were
distinguished by the distinct fluorescence of their respective DAPI conjugates.
Separate and merged images are shown for the same pair of cells.
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transporters (H'-PPase and V-type ATPases; metal cation
exchangers); iv) a trans-membrane complex responsible for
PolyP synthesis (e.g., VTC) and v) a distinctive membrane
ultrastructure under TEM which presumably relates to its
individual protein/lipid composition (Goodenough et al,
2019). Acidocalcisomes and their PolyP play additional
roles beyond storage. For instance, they are required for
pathogenicity in eukaryotic parasites, and in Chlamydomonas
they are central in many stress responses (Docampo et al,
2010). They also have the capacity for Ca-storage (e.g., in
Chlamydomonas sp., where P; uptake was shown to be Ca-
dependent (Siderius et al., 1996)) and this is important for
coccolithophore formation in marine Haptophyte algae (Gal
et al., 2018). Taken together, functional acidocalcisomes appear
to be important for delivering a robust response towards
environmental change, with ramifications for outdoor algal
cultivation and for micro-organism containment.

In Chlamydomonas and Trypanosomes, the organelles are
generated at the trans-face of the Golgi (Goodenough et al,
2019). Under N-stress in Chlamydomonas, acidocalcisomes
generate a single PolyP granule and appear to fuse with
autophagous vacuoles (Goodenough et al., 2019). This process
could transfer PolyP synthesis capacity to the resultant “hybrid”
and account for autophagous vacuoles with multiple granules
(Goodenough et al., 2019). It seems the process is also part of a
delivery mechanism for periplasmic proteins (Komine et al., 2000;
Aksoy et al, 2014) and in Trypanosomes, acidocalcisomes are
required for autophagy (Li and He, 2014). PolyP is also likely to be
trafficked to the cell wall by this route, where it has a role in
retention of some of the periplasmic proteins (Werner et al., 2007).
In Chlamydomonas the autophagous vacuoles are important in the
S deprivation response for macromolecular turnover of S-amino
acids and sulfolipids (Aksoy et al., 2014) and seem to be required
for TAG synthesis and protein turnover (Couso et al., 2018). A
similar process might be occurring in P deprivation where
sulfolipids replace phospholipids (see P-Sparing Measures).
Certain P deprivation-specific periplasmic proteins are delivered
by other means however and this route is relatively unimportant
during nutrient-repletion (Aksoy et al, 2014). In N deprivation,
membrane fragments have been observed in the autophagous
vacuoles implying turnover (Goodenough et al, 2019). The
autophagy route is dependent on the vacuolar transporter
chaperone (VTC) complex which is located at the acidocalcisome
membrane and responsible for PolyP synthesis (see Synthesis and
Turnover) (Aksoy et al, 2014). Together these observations
underline the subtle interdependency and partial overlap of
responses to the various nutrient-stresses experienced by algae.

Sequestration of Heavy Metals by PolyP

Although PolyP/acidocalcisomes are the principal store for Ca®*
in Chlamydomonas (Siderius et al., 1996) they have been shown
to sequester enzyme co-factor cations (Ca®*, Mg**, Fe’", Zn*",
Mn**) and toxic metals (AI’*, Cu®*, Cd*" etc.) in a range of
organisms (Albi and Serrano, 2016). In Chlamydomonas, Cd and
Cu toxicity depends on the cellular metal/P ratio, underlining the
importance of P-availability in metal-remediation (Wang and
Dei, 2006). In this alga, Cu®* co-localizes with PolyP during Zn>*

deprivation (Hong-Hermesdorf et al., 2014; Liu et al, 2016)
suggesting complex regulation. In some cases, PolyP appear to be
necessary for metal uptake in Chlamydomonas but are not the
final ligand (e.g., for Mn) (Tsednee et al., 2019). This metal-
uptake faculty is potentially important for municipal wastewater
treatment works receiving industrial inputs that may be
contaminated with heavy metals but can affect P recycling for
agriculture (Babel and del Mundo Dacera, 2006). This ability
might not be universal among microalgae however, since bodies
accumulating large amounts of PolyP in another green alga,
Parachlorella kessleri, were found not to contain the major metals
(Ca or Fe) (Ota et al, 2016). Clearly the use of microalgae for
both P recovery for agriculture and removal of heavy metals
might require separate processes, with some consideration
required of the microalgal species.

Synthesis and Turnover

The pathways for accumulation and mobilization of PolyP
in the eukaryotic algal cell are very poorly characterised.
Chlamydomonas reinhardtii is an attractive model system for
addressing this knowledge gap as it is the most intensively
studied species. Genetic analysis is facilitated by the existence of
2 mating types, analogous to yeast, and the advanced stages of
genome sequence annotation (Salomé and Merchant, 2019).
There are extensive collections of point and insertional mutants
and gene modification by CRISPR-cas has also been reported
(Guzman-Zapata et al., 2019; Shin et al., 2019) thereby
facilitating testing of gene function.

Synthesis of microbial PolyP is carried out principally by
reversible ATP-specific kinases PPK1 and to a lesser degree
PPK2, which utilizes GTP (Rao et al.,, 2009). Over-expression
of PPK1 in Synechococcus, a cyanobacterium (prokaryotic alga)
led to a doubling of PolyP levels (Gao et al, 2018). The
occurrence of these genes is very limited in eukaryotes
however (Rao et al., 2009) and no orthologues of these genes
could be detected in the Chlamydomonas genome. Over-
expression of E.coli Ppkl in yeast (Gerasimaite et al., 2014)
and Arabidopsis (Zhu et al., 2020) has led to toxicity (possibly
due to cytosolic PolyP accumulation) and in the latter case,
ectopic PolyP granules were identified.

In place of PPK, a VTC complex located at the vacuole or
acidocalcisomes appears to be responsible for PolyP synthesis in
yeast (Hothorn et al., 2009) and Chlamydomonas (Aksoy et al.,
2014). In higher plants the existence of the VIC complex is
uncertain, and the presence of large stores of PolyP has been
questioned (Zhu et al., 2020).

Figure 3 shows a schematic of poly P synthesis based on the
yeast model (with putative or known Chlamydomonas
orthologues indicated). Two VTC complexes are evident in
yeast where one relocates to the acidocalcisomes under P
deprivation (Figure 3). Electron microscopy (TEMs) in
microalgae suggest that a complex at the membrane of this
organelle generates strands of PolyP that are injected into the
organelle (Shebanova et al, 2017). In yeast, synthesis and
translocation by VTC into the organelle probably ensures that
PolyP is targeted exclusively to this organelle, given that it
appears to be toxic in the cytosol (Gerasimaite et al., 2014).
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The acidity of the acidocalcisome lumen is controlled by the
proton-pump activity of the membrane-bound H'-PPase and
the V-type ATPase, where the acidic lumen facilitates cation
import by proton-exchangers (Ruiz et al., 2001; Docampo et al.,
2010). Lumen acidity could potentially be regulated by stresses
such as starvation leading to alterations in acidocalcisome
proton-pump activity or expression levels; possibly influencing
PolyP synthesis and turnover, and the autophagy process (Li and
He, 2014).

Mobilization of P; from PolyP reserves occurs in response
to P-starvation in Chlamydomonas species (Hebeler et al,
1992; Nishikawa et al., 2006). The key enzymes responsible
for PolyP degradation are exopolyphosphatases (PPX) where
the prokaryote and eukaryote PPX classes are unrelated.
Endopolyphosphatases (PPN) have also been identified in
yeast (Albi and Serrano, 2016). The enzymes involved in the
mobilization of PolyP have yet to be fully studied in
microalgae, although various polyphosphatases have been
identified in higher plants (Zhu et al., 2020). Understanding
these factors will help target genes for increasing PolyP levels
in microalgae for P-remediation.

VTC complex

VTC
complé

ATP
H*
ADP+Pi

PolyP n
yk

b
Mn*

2Pi
H+

Pi Na*

Pi H*

Pi Na*

Pi H*

FIGURE 3 | Schematic of polyphosphate synthesis in Chiamydomonas. PTA
and PTB phosphate transporters are orthologues of the S. cerevisiae Pho81 and
Pho 89 proton- and sodium-linked transporters and are under PSR regulation
as described in the text and Figure 6. These are presumed to take up
environmental P; under different nutrient and pH levels. The acidocalcisome
(vellow) contains a V-type H+ ATPase (pink) and a pyrophosphatase dependent
ATPase (red) which energize the membrane. Polyphosphate is synthesized from
ATP and P; by the VTC complex. VTC complex and PolyP have also been
reported in the cell wall. Metal transporters (pale green) provide metal ion
homeostasis. Cp chloroplast, Nu nucleus.

REGULATION OF PHOSPHATE
METABOLISM IN MICROALGAE

In the natural environment, microalgae continually adapt to
changing levels of light and nutrients in order to compete for
survival, and in doing so change the local environment. For
instance, growth on nitrates leads to higher external pH;
ammonium to lower pH whereas urea has no effect. Unlike
higher plants, algae cannot select N-source to regulate pH but are
compelled to utilize ammonium first (Scherholz and Curtis,
2013), which will have the benefit to remove the need for
ammonia nitrification at STWs. Microalgae additionally cause
diurnal variations in culture pH owing to the uptake and release
of CO, dependent on the availability of solar energy for
photosynthesis and water temperature, which creates a
distinctive variation in dissolved oxygen resulting in direct
changes of redox potential (Figure 4) and hence, process
conditions must be fully understood and monitored at full-
scale wastewater treatment systems. Provision of CO, (e.g.,
from flue gases) or from bicarbonate can regulate culture pH,
with the additional aim of removing C-limitation and boosting
productivity (Acien et al., 2016). Culture pH can in turn
influence P; availability and uptake (Kube et al., 2018).
Therefore, the regulation of P; is intertwined with that of other
macro- and micro-nutrients.

The regulation of microalgal P-metabolism itself is
particularly complex, possibly because PolyP can be exploited
both as a P-reserve and an energy store (Figure 5). Early research
led to fundamental discoveries and concepts in P storage,
particularly in relation to “luxury uptake” which refers to
acquisition beyond the immediate cellular requirements
(Droop, 1974; Elrifi and Turpin, 1985), with significant
ramifications for the nascent fields of ecology and algal
biotechnology. Under nutrient-replete conditions (hence light-
limited), many microalgae do not accumulate extensive PolyP
reserves, in the absence of prior stresses. For instance, in
Chlamydomonas, PolyP granules are very rarely reported in
acidocalcisomes in these circumstances (Goodenough et al.,
2019), and in Chlorella, measured PolyP levels were low
(Aitchison and Butt, 1973). Under active growth, P; must be
assimilated in the form of phospholipids and nucleic acids in
preparation for cell division (Zachleder et al., 2016). Synthesis of
PolyP under replete conditions might thus be expected to
compete with growth and cell division, due to the energetics of
Pi-uptake and PolyP synthesis (Rao et al, 2009). Diurnal
accumulation of PolyP might occur however, particularly
where there are diurnal variations in acquisition or availability
(Watanabe et al., 1988; Kimura et al., 1999).

As nutrients are consumed, growth often becomes nutrient-
limited and ultimately subject to nutrient-stress, particularly in
stationary phase (Figure 5). Under these circumstances, in
Chlamydomonas and in other microalgae, such stressors can
be drivers of PolyP accumulation as part of the “luxury-
phosphate” response. This accumulation is generally observed
in stationary phase and is also triggered by experimental
depletion of N, S, Zn, amino-acids (in auxotrophic mutants)
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FIGURE 4 | Diurnal variation of pH, oxygen saturation (%), and redox
potential (ORP) as a function of algal biomass concentration (reported as
Chlorophyll a in ug/L) in outdoor algal ponds treating real wastewater in a mix
alga-bacteria culture in the UK. Diurnal water temperature variation is also
reported for reference (original data from Camargo-Valero, 2009). Published
with permission from Miller Alonso Camargo-Valero (co-author) under Creative
Commons License (University of Leeds).

or alterations in pH in many micro-organisms (Harold, 1966).
In the case of Chlamydomonas, transfer to N-depleted
medium (or S/Zn-deprived) with adequate P supply triggers
the formation of PolyP granules which accumulate in
acidocalcisomes (Goodenough et al., 2019). This process
appears to be analogous to the accumulation of TAG in

response to various stresses that slow growth, given that a
multiplicity of nutrient-stresses also triggers PolyP synthesis
(in the presence of P;) (Bajhaiya et al.,, 2016). In fact, the two
processes are likely to compete in some species and in certain
circumstances (particularly if enough P; is present).

In the case of P-limitation or starvation (Figure 5), depletion
leads to a series of regulatory steps to i) conserve P, ii) accelerate
uptake, iii) exploit further external P, resources, iv) allow
continued growth, and v) prime the cell for P; hyper-
accumulation if P; is resupplied (Wykoft et al., 1999). The
capacity to produce some PolyP (or turnover) could be
important during P deprivation since a knockout of VTCI in
Chlamydomonas was detrimental to growth under these
conditions but not under replete conditions (Mahmoud-Aly
et al,, 2018). The starvation processes appear to be coordinated
by a signal-transduction pathway leading to induction of a
“Phosphate Starvation Response” myb-type transcription factor
PSR1. Hyper-accumulation of PolyP or “overplus” was first
studied in Chlorella, where it was dependent on the duration of
starvation before resupply of P; (Aitchison and Butt, 1973). This
priming for hyper-accumulation, through induction of PolyP
synthesis and P-uptake is presumably a strategic adaptation in
the face of fluctuating supplies (Nishikawa et al., 2006; Moseley
and Grossman, 2009). This phenomenon is important for P-
remediation purposes because it implies that uptake can be
accelerated through genetic or physiological means.

Global Regulatory Networks and PSR1

The regulatory response pathways for P deprivation are
summarized for Chlamydomonas in Figure 6. These are shown
in relation to N and S deprivation, indicating that a degree of
overlap exists in terms of gene activation and the putative signal
transduction networks. The nature of a sensor that can detect
reduced external P; levels is not known but its existence is plausible
because the starvation response can be blocked by the P; analog
phosphite (Yehudai-Resheff et al., 2007). In yeast and plants, SPX
domain proteins (we note that several are encoded in the
Chlamydomonas genome) bind to pyrophosphorylated inositol
phosphates (PPInsPs) which appear to signal intracellular P; levels
and influence the P-starvation response and PolyP synthesis (Wild
et al, 2016). VIPI is one such kinase that generates PPInsPs but
has been linked to the TOR kinase complex in relation to TAG
accumulation and N-deprivation responses (Couso et al., 2018)
(Figure 6). The LST8 subunit of TOR is down-regulated under P-
starvation in a PSRI-dependent fashion. This pathway appears to
link P-stress to TOR-mediated de-repression of TAG synthesis
and autophagy, along with repression of translation (Couso et al,
2020). Investigation of the signal transduction pathway in S
deprivation in Chlamydomonas has clearly identified SNRK-
family involvement (Gonzalez-Ballester et al., 2008; Gonzalez-
Ballester et al., 2010) but this kinase group have also been
implicated more widely in other stress responses in this alga
(Colina et al., 2019) (Figure 6).

The PSRI gene was originally found to be instrumental in
the “phosphate starvation response” through the phenotypes of
its allelic mutants (psrI-1, 1-2) which were identified in
screens for defects in P; uptake and exophosphatase production
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conserve phosphate and maintain growth leading to a lowering of total P-content. Subsequent P-resupply leads to P “overplus” due to priming for P-accumulation.

(Shimogawara et al., 1999). The mutants showed an inability to
divide more than once after imposition of P-stress and a reduction
in photosynthesis but were not impeded in their survival of P-
stress, suggesting that PSRI was responsible for adaptive responses
for maintaining growth. When exposed to P-stress,
Chlamydomonas exhibits a PSRI-dependent increase in P;-uptake
capacity (10-fold increase in the V. with a shift in K, from 10
uM to 0.1-0.3 uM) (Shimogawara et al., 1999). Hence there is an
alteration of P importer gene profile (repression of PTAL3 and
elevation of PTB 2-5,8) and increased capacity for PolyP synthesis
(VTCI1, VCXI: encoding respectively a subunit of the
transmembrane PolyP synthesis complex and vacuolar Ca-
importer). In addition, there is an induction of peri-plasmic
phosphatase activity (PHOX) to release P; from external P,
sources (such as glucose-1-P) (Moseley et al., 2006).

Complementation of this specific phosphatase defect in the
psrl-1 mutant was used to identify the PSRI gene as encoding a
myb class of transcription factor (Wykoff et al., 1999).
Subsequent studies of the phenotypic and transcriptomic
responses of the psri-1 mutant determined that the PSRI gene
is required for a wide range of cellular responses to P deprivation
and is necessary for many of the gene expression changes
associated with these responses (Wykoff et al., 1999; Moseley
et al., 2006; Bajhaiya et al., 2016).

P-Sparing Measures

Gene expression changes associated with P deprivation include
those that directly lead to P-sparing, e.g., turnover and
replacement of phospholipids (e.g., phosphodiesterase GDPI)
with sulfolipids (SQD1,3). In addition, there appears to be global
PSR1-dependent measures hypothesized to reduce P; usage by
dialing down the production and consumption of ATP and

phosphorylated intermediates (Moseley et al., 2006). For
instance, transcriptional repression of genes leading to
diminished pentose-phosphate pathway activity along with
reductions in chloroplast and cytoplasmic protein translation
concomitant with an induction of certain glycolytic steps,
suggesting possible regulatory controls (GAPI1, 2) (Moseley
et al., 2006).

In the chloroplast, DNA levels are reduced in a PSRI-
independent fashion as a P-conservation measure whereas
cpRNA is increased via PSRI-mediated repression of a
polynucleotide phosphorylase (PNPase) which is phosphorolytic
and consumes P; (Yehudai-Resheff et al., 2007).

Adaptation to P-Starvation

PSRI was also found to be responsible for a range of adaptive
responses to lessen the deleterious effects of P deprivation. For
instance, retarded cell division and growth due to starvation
heralds a greater sensitivity to high light due to photoinhibition
through excessive photosynthetic electron energy flux. This is
combatted by diminishing photosynthetic function, and
photosystem I (PSI) and II abundance. The greatest genetic
reductions were seen in Light harvesting complex proteins
(LHCs) of PSI (LHCAs) and PSI itself (PSAE, K), along with
chlorophyll synthesis (CHL27). Induction of certain LHCs
appear to be generally stress-associated (LHCSR2, 3) (Moseley
et al., 2006; Greenwell et al.,, 2010; Ngan et al., 2015; Bajhaiya
et al,, 2016; Guo et al,, 2018). Evidence suggests that the novel
LHCSRs dissipate excess light during P-limitation, allowing
continued growth (Guo et al, 2018). Many of these changes
present an alternative amino-acid composition which might have
evolved to enable “sparing” of the elements reduced by stress
(e.g., LHCBMO for S-sparing) (Gonzalez-Ballester et al., 2010).
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FIGURE 6 | Representation of signal transduction networks for P/S/N deprivation responses in relation to the global regulator PSR1. Putative relationships are
shown by dotted lines, epistatic relationships by complete arrows. Sensors are indicated by pale green ovals; protein kinases by blue ovals; other signal-transduction
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genes showing alterations in expression are indicated in pale blue bars conveying which stress elicits the changes (black: upregulated; red: downregulated; bold:
change dependent on PSR1 for P deprivation). Functional gene categories are indicated to the left. The information and models shown are a collation of
transcriptomic data and molecular work from published sources: (Moseley et al., 2006; Gonzalez-Ballester et al., 2008; Gonzalez-Ballester et al., 2010; Toepel et al.,
2011; Schmollinger et al., 2014; Bajhaiya et al., 2016; Wild et al., 2016; Couso et al., 2018; Couso et al., 2020).

Likewise, induction of “electron valve” pathways (AOXI,  through starch production although storage lipids are also induced
PTOXI, HYD2) provides, respectively, alternative mitochondrial, ~ by P deprivation; where both processes are dependent on PSRI
plastid oxidases, and PSI electron acceptor (Moseley et al,, 2006;  (Wykoff et al., 1999; Moseley et al., 2006; Bajhaiya et al., 2016). Here
Bajhaiya et al., 2016), along with alterations in genes associated with ~ a multiplicity of starch-synthesis genes is induced, principally STA2
oxidative stress (AMX2, PRX6, GRX6) (Gonzalez-Ballester et al., (Figure 6) along with a more muted response for the storage-lipid
2010; Bajhaiya et al., 2016). Diversion of reduced carbon away from  related genes, including a type 2 DGAT (DGTT2). Upregulation of
growth and into storage reserves also creates a sink for surplus  gene activity is associated primarily with the terminal TAG
photosynthetic energy. In Chlamydomonas, this is mainly achieved ~ synthesis steps, rather than the genes for fatty acid biosynthesis,
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which are either repressed or do not change (Figure 6). This is
probably an indication that rates of fatty acid synthesis under
nutrient-replete conditions are adequate to support the level of
TAG synthesis seen with nutrient-stress in this species; either with
or without the sta6 mutation, which prevents starch synthesis and
boosts flux to TAG (Blaby et al.,, 2013). A further MYB TF gene,
LRLI appears to be influential for maximizing some of the late-
response P-deprivation responses (Figure 6) (Hidayati et al., 2019).

Integration of PSR1 With Other Networks

Despite the greater research focus on P deprivation, in keeping
with the way PSR1 was initially discovered, its global significance
and involvement in other forms of nutrient stresses has been
established, suggesting a degree of integration for signal-
transduction pathways as a network of “hubs” as proposed in
Chlamydomonas (Gargouri et al., 2015). For instance, the gene
appears to be necessary for storage lipid synthesis associated with
S and N deprivation (Ngan et al, 2015) as well as for P
deprivation (Bajhaiya et al., 2016). In fact, rapid and transient
upregulation of the PSRI transcript itself is well-documented for
all 3 stresses (Wykoff et al., 1999; Ngan et al., 2015; Bajhaiya et al.,
2016). For instance, under P deprivation, PSRI peaks at 8 h post-
stress, preceding a prolonged induction of exo-phosphatase
activity (Wykoft et al., 1999). This is consistent with a likely
“classical” negative feedback regulation mechanism, as reviewed
(Ueda and Yanagisawa, 2019), for PSR1 but the nature of this has
yet to be fully resolved. A comparative transcriptomic study
reported that only a small minority of transcriptionally altered
genes (96 out of 6930 in total) were affected in all 3 stresses
(Schmollinger et al., 2014). Nevertheless, many of the genes
falling into this category (Figure 6) are major actors in the
various biochemical pathways affected by stresses, e.g., NIII
(Nitrite Reductase), STA2 (starch synthesis), LHCSR3, PFRI,
(photosynthetic and “electron valve” adaptation to excess light
energy transduction) and the major sulfate transporter gene
SLTI1. Conversely down-regulation of KASI and ACC (BCC2)
(fatty acid biosynthesis) is seen along with PEXII (peroxisome
biogenesis/beta-oxidation) and PTA3, a putative low-affinity/
high-rate P-transporter (Figure 6).

Over-Expression of Regulatory Factors

In waste remediation of P, it is desirable to prioritize P;-uptake and
PolyP production. One option is to hijack or enhance the P-
starvation response. The easiest way to achieve this is to target
regulatory networks, requiring less gene manipulation (Sang et al.,
2005). Alterations to a single transcription factor can effect multiple
changes to metabolic or regulatory pathways simultaneously
(Bajhaiya et al, 2017; Li et al, 2019a). Since PSRI has been
identified as global regulator of P deprivation and other nutrient
stresses, over-expression of this factor has much potential for
wastewater remediation by enhancing a suite of genes that could
accelerate uptake of P; and perhaps other nutrients and
contaminants (Bajhaiya et al., 2016). For instance, biomass total
P levels are increased by 5-fold in PSRI over-expressing
Chlamydomonas lines relative to background control (cwl5)
irrespective of the P;-supply conditions (Bajhaiya et al., 2016).

Gene over-expression studies indicated that artificial PSRI
upregulation elicits an increase in biomass P-content along with
a number of P deprivation-specific gene-expression responses
under nutrient-replete conditions, such as elevated PHOX
(exophosphatase) and putative high-affinity P;-transporters
(PBT2, 4) (Bajhaiya et al., 2016). Although the experiments
suggest that PSRI upregulation alone might be sufficient to
elicit the Pi-starvation response, there was still an additional
boost with P-starvation, either in the wild-type backgrounds or
in the psr1 mutant (Bajhaiya et al., 2016). Since over-expressed
PSRI transcript was also elevated further under P-starvation
(despite the use of a constitutive gene promoter) it was arguable
that the PSRI transcript level was still of key importance,
although other factors cannot be ruled out.

In addition to PolyP accumulation, PSRI also regulates C-
storage products that, in the case of oil, could be useful by-
products of wastewater remediation, e.g., for biofuels or other
purposes. Accumulation of starch and associated synthesis gene
transcripts are greatly induced by PSR1-everexpression, along
with increased cell size (Bajhaiya et al., 2016). This particular
study was unable to show PSRI-directed over-expression of
storage lipid in Chlamydomonas (backgrounds CC125 or cwl5:
cell-wall deficient) nevertheless, a second over-expression study
(Ngan et al., 2015) demonstrated a mean 2-fold increase among
multiple transformants (relative to the background, 4a+). Here,
a sub-population of transformants was comprised of large-
celled “liporotunds.” The appearance of “liporotunds” in
Chlamydomonas generally appears to require provision of
acetate; that is, dependent on mixotrophic/photoheterotrophic
growth (commonly provided for in Chlamydomonas culture)
(Goodenough et al., 2014). The presence of the sta6 mutation is
also recognized as another factor for generating “liporotunds”
(Goodson et al., 2011).

It has not been established in any of the over-expression
studies whether biomass increase in P; involves increases in
PolyP granule production - these are largely absent from wild-
type nutrient-replete cells (Goodenough et al., 2019).
Accumulation of PolyP under replete conditions would be
advantageous for wastewater remediation envisaging a return
of biomass to agricultural land in potentially “slow-release” form.
Likewise, it is unknown if P;-uptake, either from P; or release
from P, sources, can be accelerated in wastewater, e.g., given the
increased secretion of exophosphatases. Furthermore, it is
possible that uptake of other nutrients and trace elements are
increased relative to wild-type, given the various gene stress-
responses indicated in Figure 6. Uncertainty was raised if rates of
biomass production would be compromised by PSRI-
overespression, considering the increases seen in storage
products and cell size (Ngan et al, 2015) but this was not
noted in a similar study (Bajhaiya et al., 2016).

A further potential advantage of PSRI-overexpression, or
alteration of any other relevant transcription factor, is to gain a
greater influence over nutrient remediation rates when C:N:P
ratios of wastewater influent fluctuate. Responses to this ratio
are highly complex and species-dependent, having led to much
research on which algal strain might be best suited for a certain
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wastewater stream (Kube et al., 2018). The complexity likely arises
from differences in the responses to limitation or starvation of
specific nutrients, such as luxury uptake and how their signal-
transduction responses might impinge on each other. In addition,
C-storage energetics are likely to compete with energy-intensive
uptake and storage of N and P. For instance, TAG is a more
concentrated and calorific C-reserve than starch therefore,
preference for TAG over starch might leave less energy for
PolyP accumulation, and this systematic choice varies greatly
across the Phyla (Slocombe et al, 2015). Therefore, imposing
control over global transcription factors could address a key
limitation over the current apparent need to match species to
wastewater type (Kube et al., 2018; Li et al., 2019b).

CONCLUSIONS AND OUTLOOK

Although global P reserves and the environment are currently
under pressure from unsustainable use, much can be gained from
improvements in agricultural practice and wastewater
management. PolyP-containing microalgal biomass appears to
be practical as a slow-release fertilizer, therefore microalgae
could be used to recycle P from STWs back to agriculture.
This provides an opportunity to improve the energetics,
effluent purity, and circular economy of STWs combined with
outputs such as P-fertilizer, biofuel, and value products.

Central to this aim is a better understanding of PolyP
production and its regulation, particularly in the microalgal
research tool Chlamydomonas reinhardtii. It is uncertain if this
species can be used extensively in STWs but it is likely that other
species of the genus can be utilized. Algae from other genera
must also be studied, since a species mix appears to protect
against biotic and abiotic challenges, particularly in open ponds.
There is also a wider need to understand the various cellular and
metabolic functions of PolyP given that the field has often been
neglected. The regulation of P-metabolism appears to be closely
integrated into a network of regulatory “hubs” including other
forms of metabolic regulation such as S deprivation. One such
factor is the PSRI gene which can be manipulated to increase P;-
uptake and biomass PolyP levels.

Remediation of P from STWs is likely to involve large-scale
open ponds, whereas waste-streams for high-value products can
be envisaged in closed-circulation systems where novel engineered
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Cells face major changes in demand for and supply of inorganic phosphate (Py). P; is
often a limiting nutrient in the environment, particularly for plants and microorganisms.
At the same time, the need for phosphate varies, establishing conflicts of goals. Cells
experience strong peaks of P; demand, e.g., during the S-phase, when DNA, a highly
abundant and phosphate-rich compound, is duplicated. While cells must satisfy these
P; demands, they must safeguard themselves against an excess of P; in the cytosol.
This is necessary because P; is a product of all nucleotide-hydrolyzing reactions.
An accumulation of P; shifts the equilibria of these reactions and reduces the free
energy that they can provide to drive endergonic metabolic reactions. Thus, while P;
starvation may simply retard growth and division, an elevated cytosolic P; concentration
is potentially dangerous for cells because it might stall metabolism. Accordingly,
the consequences of perturbed cellular P; homeostasis are severe. In eukaryotes,
they range from lethality in microorganisms such as yeast (Sethuraman et al., 2001;
Hurlimann, 2009), severe growth retardation and dwarfism in plants (Puga et al., 2014;
Liu et al., 2015; Wild et al., 2016) to neurodegeneration or renal Fanconi syndrome in
humans (Legati et al., 2015; Ansermet et al., 2017). Intracellular P; homeostasis is thus
not only a fundamental topic of cell biology but also of growing interest for medicine
and agriculture.

Keywords: nutrient signaling, phosphate, acidocalcisome, SPX, polyphosphate, inositol pyrophosphate, Tor, PKA

PHOSPHATE CONTROL IS A CHALLENGE FOR CELLS

Cells should coordinate their systems for the uptake, export, and storage of P; in order to strike
a delicate balance between the biosynthetic requirements for P; and the risks of an excessive
cytoplasmic P; concentration. To achieve this, they may use signaling networks that sense extra-
and intracellular P; and a buffering system for cytosolic P;. In this review, we do not provide a global
overview of phosphate homeostasis in all model organisms studied in this respect because this adds
significant complexity and detail, resulting for example from multicellularity, tissue differentiation,
or the complexity of their life cycles. We will rather focus on the yeast Saccharomyces cerevisiae
because it is a unicellular model and the eukaryotic model system in which relevant pathways
and mechanisms have been best characterized. Focusing on a single well-characterized and simple
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model provides the best basis for our effort to develop a
conceptual framework for intracellular phosphate homeostasis,
which may provide leads to dissect this crucial homeostatic
system also in other eukaryotic organisms (Table 1). We therefore
add information from other models only where it is necessary to
provide information that is not available for S. cerevisiae.

STRATEGIES FOR PHOSPHATE
HOMEOSTASIS

Multicellular organisms can regulate P; concentration at
the organismal level. Humans, for example, maintain P;
concentration in circulating body fluids through filtration at the
level of the kidneys and controlled reabsorption (Biber et al.,
2013; Sabbagh, 2013). They can access the apatite in bones
as a huge P; reserve. These well-studied mechanisms provide
the individual cells with a relatively constant environment of
extracellular Pj, alleviating the need for complex Pj-foraging
programs at the cellular level. Nevertheless, human tissues widely
express a regulated P; exporter in the plasma membrane (XPR1)
(Giovannini et al.,, 2013), which suggests that they might also
maintain a safeguard against peaks of cytosolic P;. Dysregulation
of XPR1 leads to neurodegeneration and brain calcification,
suggesting that XPR1 might dampen the significant changes of
P; concentration in brain cells that can occur depending on its
metabolic state (Mcllwain et al., 1951). Interestingly, XPR1 is
even important for P; homeostasis at the organismal level because
it is implicated in the reabsorption of P; across the renal tubules
of the kidney (Ansermet et al., 2017).

Whereas P; regulation at the organismal level has been
intensely studied, particularly in humans (Biber et al., 2013;
Sabbagh, 2013), it is poorly understood how cytosolic P;
concentration is measured and regulated at the level of individual
cells. Unicellular organisms can experience rapid changes in
P; availability. They use multiple systems to maintain P;
homeostasis, which allow the cell to mount a graded response
that is tuned to the degree of P; availability and consumption
(Bostian et al., 1983). Cells respond to P; scarcity with various
foraging strategies (Conrad et al.,, 2014; Puga et al., 2017), in
which they try to liberate P; from a variety of extracellular
substrates. They can express P; importers of low and high
affinity, which allow them to acquire P; under a wide range
of external concentrations. They maintain important P; stores
in acidocalcisome-like organelles, which, in case of sudden P;
starvation, can guarantee them sufficient reserves to finish the
next cell cycle and make an ordered transition into a robust
quiescent state. Finally, cells can also “recycle” and liberate P;
from internal sources, such as nucleotides and phospholipids.
While such recycling appears senseless for a growing cell—
because it will need those compounds to grow—it may become
critical for cells that have already arrested growth. They may
choose to reallocate their internal P; pool in order to perform
new biosyntheses that are critical to survive in the non-dividing,
starved state. Since P; scarcity retards growth but as such does
not seem to be lethal, mounting starvation responses can rely on
(relatively slow) transcriptional P; starvation programs. But cells

may also experience a sudden excess of P; and may need highly
reactive mechanisms to protect themselves against the potentially
lethal consequences. In this situation, posttranslational signaling
becomes important, allowing to rapidly and simultaneously
regulate multiple systems for import, export, and storage of P;
and to thus dampen cytosolic P; peaks.

ACIDOCALCISOMES: A CONSERVED
ORGANELLE WITH A ROLE IN
PHOSPHATE BUFFERING?

Acidocalcisomes are membrane-bound organelles that are
conserved from bacteria to mammals (Docampo and Huang,
2016), but their functions are poorly understood. Yeast cells have
an acidocalcisome-like compartment, the vacuole, which carries
transporters for all compounds that are typically concentrated
in acidocalcisomes (Figure 1). Typical acidocalcisome features
comprise high concentrations of divalent cations, an acidic pH,
and several hundred millimolars of the basic amino acids arginine
as lysine. P; is accumulated to similarly high concentrations in the
form of polyphosphate (polyP), a polymer of up to a thousand
P; units linked through phosphoric anhydride bonds. PolyP is
stored in the acidocalcisome lumen, where polyphosphatases are
also located. It is assumed that these enzymes can hydrolyze
polyP, which may allow re-export of the liberated P; into
the cytosol (Gerasimaite and Mayer, 2016, 2017). Thereby,
acidocalcisome-like organelles might be important buffering
devices for cytosolic P;. In line with this, cells lacking polyP
show an accelerated activation of the transcriptional phosphate
starvation response on low-P; media (Neef and Kladde, 2003;
Thomas and O’Shea, 2005). They also show delays in the S-phase
and slower dNTP synthesis, probably because a rapid duplication
of nucleic acids and phospholipids generates a P; requirement
that transiently exceeds the uptake capacity of the cell and
necessitates the engagement of internal P; reserves (Neef and
Kladde, 2003; Bru et al., 2016). A major open question is whether
and how acidocalcisome-like vacuoles behave in these situations,
i.e., how the turnover and release of P; back into the cytosol are
triggered, such that futile cycles of polyP synthesis and hydrolysis
are avoided. This is a pre-condition for acidocalcisome-like
vacuoles to constitute an efficient regulated P; buffer.

While acidocalcisomes store high concentrations of phosphate
and are, hence, prime candidates for a Pj-buffering system, it
must be kept in mind that other organelles also use and/or
liberate P; as part of their metabolic functions. For example, the
endoplasmic reticulum (ER) lumen contains many chaperones
that hydrolyze ATP (Depaoli et al., 2019). The Golgi liberates P; as
a by-product of the glycosylation reactions in this compartment,
and it is likely that this P; is recycled back to the cytosol
through a dedicated channel, Erd1 (Snyder et al., 2017). Likewise,
the mitochondria permanently import large quantities of P;
in order to regenerate ATP from ADP (Palmieri and Monné,
2016). Phosphate homeostasis in the cytosol will be influenced
by these different processes, but their impact has yet remained
essentially unaddressed.
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TABLE 1 | Proteins and terms repeatedly used in the review.

Arg82
Ddp1

Gdet
INPHORS
InsPP
Ipk

Kes1
Phm8

PHO
pathway

Pho11
Pho12
Pho2
Pho4
Pho5
Pho8
Pho80
Pho81
Pho84
Pho85

Pho87
Pho89
Pho90
Pho91

Pho92

Pi
PKA
Plc1

polyP
Ppn1
Ppn2
Ppx1
Rim15
Siw14
Spl2
SPX
domain
Syg1
Vip1

VTC
complex

Inositol polyphosphate multikinase (IPMK); sequentially phosphorylates InsP3 to form InsPs

Member of the Nudix hydrolase family; displays di-phosphoinositol polyphosphate hydrolase activity; hydrolyzes the B-phosphates of InsPg and
InsP7

Glycerophosphocholine (GroPCho) phosphodiesterase; carries an SPX domain

Acronym for intracellular phosphate reception and signaling

Inositol pyrophosphate

Nuclear inositol pentakisphosphate 2-kinase; converts InsPs to InsPg

Inositol hexakisphosphate kinase; phosphorylates InsPg or Ins(1,3,4,5,6)Ps, creating 5-InsP7 or 5PP-InsPy, respectively
Lysophosphatidic acid phosphatase

Phosphate-responsive signaling pathway regulating transcription in Saccharomyces cerevisiae

Cell wall-associated acid phosphatase

Cell wall-associated acid phosphatase

Transcription factor for the PHO pathway; cooperates with Pho4

Transcription factor for the PHO pathway; cooperates with Pho2

Repressible secreted acid phosphatase

Repressible alkaline phosphatase located in the vacuole

Cyclin subunit of the cyclin-dependent Pho85/80/81 kinase

Cyclin-dependent kinase inhibitor (CKI); regulatory subunit of the Pho85/80/81 kinase; possesses an SPX domain
High-affinity inorganic phosphate plasma membrane transporter

Catalytic subunit of the cyclin-dependent Pho85/80/81 kinase; Pho85 associates with at least 10 different cyclins to regulate a wide spectrum
of target proteins involved in many cellular processes

Low-affinity inorganic phosphate plasma membrane transporter; carries an SPX domain
High-affinity inorganic phosphate plasma membrane transporter
Low-affinity inorganic phosphate plasma membrane transporter; carries an SPX domain

Low-affinity inorganic phosphate transporter in the vacuolar membrane; possesses an SPX domain; homologs are rice OsSPX-MFS3 and
Trypanosoma brucei TboPho91

Posttranscriptional regulator of phosphate metabolism; regulates the degradation of Pho4 mRNA by binding to its 3’-UTR in a P;-dependent
manner

Inorganic phosphate

cAMP-dependent protein kinase; controls a variety of cellular processes, including metabolism
Phospholipase C; hydrolyzes phosphatidylinositol 4,5-biphosphate (PIP») to generate the signaling molecules InsP3 and 1,2-diacylglycerol
(DAG)

Polymer of up to a thousand P; units linked through phosphoric anhydride bonds

Endo- and exopolyphosphatase in vacuoles

Zn2*-dependent endopolyphosphatase in vacuoles

Soluble exopolyphosphatase in the cytosol

Serine/threonine protein kinase; regulates cell proliferation in response to nutrients

Member of the dual-specificity phosphatase family; hydrolyzes the B-phosphates of 5-InsP7 and InsPg
Regulator of low-affinity phosphate transporter

Domain binding inositol pyrophosphates and Pi; involved in the regulation of phosphate homeostasis

Plasma membrane protein presumed to export inorganic phosphate; possesses an SPX domain; similarities with human XPR1
Diphosphoinositol pentakisphosphate kinases (PPIP5K); contains both a kinase and a histidine acid phosphatase domain; the kinase domain
phosphorylates InsPg and 5-InsP7 to generate 1-InsP7 and 1,5-InsPg, respectively

Polyphosphate polymerase complex; synthesizes polyP from nucleotide triphosphates and translocates it across the vacuolar membrane;
composed of four subunits: Vtc4, the catalytically active subunit; Vtc1/2 or Vtc1/3, mainly localized in the ER or in vacuoles, respectively; and
the regulatory subunit Vtch. Vic2, Vic3, Vtc4, and Vtch possess an SPX domain

BASIC SETUP FOR P; REGULATION IN In yeast, many components contributing to these processes are

YEAST

known. At least 25 out of the approximately 6,000 genes in
yeast are directly implicated in P; homeostasis, illustrating the

P; homeostasis can be achieved by controlling a variety of crucial importance of this parameter for the cells. They comprise
processes in a synergistic manner, such as the import and export  secreted acid phosphatases to liberate P; from a variety of
of P;, its intracellular storage and re-mobilization, active foraging  substrates in the environment (Oshima, 1997): P; importers of
for P; in the environment, and P; recycling within the cell. high (Pho84 and Pho89) and low (Pho87 and Pho90) affinity and
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FIGURE 1 | Yeast vacuoles as an example of an acidocalcisome-like organelle. The polyphosphate polymerase VTC transfers inorganic phosphate (P)) into vacuoles
by converting it into polyphosphate (polyP) and translocating it across the membrane. Here, the lumenal polyphosphatases can convert polyP back into P, which
can be re-exported into the cytosol through Pho91. Apart from polyP, yeast vacuoles actively accumulate many other compounds that are typical of
acidocalcisomes, such as Ca?*, Mn?t, Zn2*, and basic amino acids. Examples of the involved transporters are shown in the illustration.
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a putative P; exporter in the plasma membrane (Sygl; Figure 2)
(Persson et al., 2003). Cells can also recycle P; from internal
sources, e.g., by liberating it from nucleotides or phospholipids
(Phm8 and Gdel) (Patton-Vogt, 2007; Xu et al., 2013). An ATP-
driven protein complex (VITC complex) exists for storing and
concentrating P; as an osmotically inactive polyphosphate and
depositing it inside the vacuole, from where it can be re-mobilized

by polyphosphatases (Ppnl and Ppn2) (Sethuraman et al., 2001;
Gerasimaite and Mayer, 2016, 2017). The vacuolar membrane
carries a P; transporter (Pho91) (Hiirlimann et al., 2009), which
might participate in the re-mobilization of polyP and export P;
resulting from polyP hydrolysis into the cytoplasm.

Many genes involved in P; homeostasis are expressed through
a transcriptional control mechanism, the phosphate-responsive
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FIGURE 2 | The INPHORS (intracellular phosphate reception and signaling) pathway for inorganic phosphate (P;) homeostasis in the cytosol, based on known
components from Saccharomyces cerevisiae. P; can be imported into the cytosol by high-affinity (Pho89/84) and low-affinity importers (Pho87/90) and by a
Pi-permeable vacuolar channel (Pho97). It can be exported from the cytosol by secretion into the extracellular space (Syg7) or by conversion into polyphosphate
(polyP) and transferred into the acidocalcisome-like vacuole (VTC). Inside this organelle, polyphosphatases can reconvert polyP into P; to make it available for export
into the cytosol. A Pj-regulated kinase (Pho80/85/81) phosphorylates transcription factors (Pho4/2) for the transcriptional phosphate starvation response. A sensor
for cytosolic P; might regulate the levels of inositol pyrophosphates (InsPPs; e.g., 5-InsP7), which then act on SPX domains. These should, when bound to InsPPs,

VTC
complex

nucleus
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signal transduction (PHO) pathway (Yoshida et al., 1989b).
The PHO pathway is regulated through a Pj-responsive kinase
(Pho80/Pho85/Pho81), which phosphorylates the transcription
factor Pho4, thereby keeping it inactive. P; starvation favors
the dephosphorylation of Pho4 and allows it to activate a wide
spectrum of genes dedicated not only to P; import and storage
but also to foraging for extracellular P; and the recycling of
intracellular phosphate (Carroll and O’Shea, 2002). The response
is graded: Upon moderate phosphate starvation, high-affinity
P; importers (Pho84) and the polyP polymerase VTC are
induced, whereas proteins for P; foraging are upregulated only
upon further P; limitation (Vardi et al., 2014). This includes
phosphatases that are secreted from the cells in order to recover P;
from phosphorylated substrates in their environment (Oshima,
1997). In addition, phosphate starvation leads to the enhanced
production of proteins for P; recycling, which allows the cell to
recover P; from internal molecules (Ogawa et al., 2000). Examples
are the glycerophosphodiesterase Gdel (Fisher et al., 2005;
Patton-Vogt, 2007), which can remove P; from intermediates of

lipid metabolism, or Phm8, which dephosphorylates nucleoside
monophosphates (Xu et al,, 2013). For all of these systems, it
has remained enigmatic how P; availability is measured in order
to regulate them.

Yeast cells thus use multiple systems and mechanisms to
control cytosolic P;. We can expect that this results in a high
degree of redundancy, which can be taken as an indication that
P; homeostasis is of critical importance for the cells. For the
exploration of P; homeostasis, this comes as a blessing and a
curse at the same time: On the one hand, mutants in a single
compound of this complex system will usually be viable and
amenable to investigation, but, on the other hand, redundancy
renders it more difficult to generate clear phenotypes that are
necessary to analyze its function.

Cells should benefit from information about the
concentrations of free P; in their environment, within the
cytoplasm, and within the subcellular compartments. How
cells perceive or measure these important parameters is not
well understood at this point. Available evidence suggests a
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transceptor for extracellular P;. A transceptor is a transporter
that senses an external substrate independently of its transport
activity. Pho84 was (together with the low-affinity transporter
Pho87) proposed to sense extracellular P; in this manner and
to regulate intracellular responses, such as the protein kinase
A (PKA) pathway (Giots et al.,, 2003; Mouillon and Persson,
2005, 2006; Popova et al., 2010). The transceptor does not
appear to address all Pj-regulated events because a major
P;-dependent response, the transcriptional starvation response
(PHO pathway), reacts to intracellular rather than extracellular
P;, arguing against a general role of Pho84 or Pho87 in P; sensing
(Wykoff and O’Shea, 2001; Auesukaree et al., 2004; Desfougeres
etal., 2016). We thus face the possibility that cells may use at least
two different signaling mechanisms that distinguish between
cytosolic and extracellular P;. Such a differentiation might be
useful because the PKA pathway is particularly important when
cells exit a growth arrest resulting from nutrient limitation
(Conrad et al., 2014). In this situation—of a non-dividing
cell—cytosolic P; is not a useful readout because there is no P;
consumption and, hence, the cytosolic concentration may easily
be sufficient. The decision to reenter the cell cycle can more
reliably be instructed by information about the external P; supply,
which will be necessary to support the next S-phase. Hence,
the interest of a transceptor. In contrast, the measurement of
cytosolic P; is highly relevant in an actively growing and dividing
cell because, here, the duplication of all cellular components
requires the uptake of enormous amounts of P;. In this situation,
the exhaustion of an existing external P; resource usually occurs
gradually, calling for the activation of additional P; foraging,
which is one of the main purposes of the phosphate starvation
response. However, the consumption of cytosolic P; changes
drastically in the different phases of the cell cycle, being by far
the highest in the S-phase. A dividing cell will therefore have to
closely monitor and regulate its cytosolic P; in order to avoid
large changes in this critical parameter. The sensing mechanism
for intracellular P; should hence address multiple proteins for
the mobilization, transport, and storage of P; in order to stabilize
the P; concentration in the cytosol in the face of a grossly
fluctuating demand.

INPHORS: A CONSERVED PHOSPHATE
SIGNALING PATHWAY FOR
INTRACELLULAR P;

A yeast cell thus uses multiple and potentially redundant
systems to supply P; to the cytoplasm or withdraw it from
there. A key question is how the activities of these systems
are coordinated. An important hint in this respect comes from
the sequences of these proteins since many of them carry
an SPX (Sygl/Pho81/XPR1) domain. The fact that all of the
10 yeast proteins that contain an SPX domain are involved
in P; homeostasis strongly suggests a role of this domain in
coordinating P; signaling (Secco et al., 2012a,b). SPX appears
to act in conjunction with inositol pyrophosphates (InsPPs),
molecules which are also critical for P; homeostasis (Auesukaree
et al., 2005; Wild et al., 2016).

InsPPs are highly phosphorylated inositol species with at
least one pyrophosphate moiety. Their abundance increases in
correlation with the availability of P; in the media (and hence
presumably in response to the resulting changes in cytosolic
P;) (Lee et al., 2007; Lonetti et al., 2011; Wild et al., 2016; Gu
et al., 2017). They bind to the SPX domains, through which
they modulate the activity of the target proteins associated
with these domains, such as polyP polymerases, P; transporters,
or Pj-dependent plant transcription factors (Wild et al., 20165
Puga et al, 2017). A variety of InsPP isomers exist in cells
(Figure 3), but it is unclear whether different isomers assume
different signaling functions, and might represent an inositol
pyrophosphate “code” (Azevedo and Saiardi, 2017; Gerasimaite
et al, 2017; Shears, 2017). Available data do not provide
a consistent picture. Whereas studies on the transcriptional
phosphate starvation response (PHO pathway) concluded that
phosphate starvation is signaled through increasing the 1-InsP;
concentration (Lee et al, 2007, 2008), later studies on the
VTC complex indicated that phosphate starvation is signaled
by a decline of 5-InsP; (Lonetti et al., 2011; Wild et al., 2016;
Gerasimaite et al., 2017). In contrast, studies on the mammalian
P; exporter XPRI provided strong evidence for its exclusive
regulation through 1,5-InsPg (Li et al., 2020). Further work will
be necessary to clarify whether the transcriptional phosphate
starvation response and the transport and storage of P; through
SPX-containing proteins are indeed regulated by different
inositol pyrophosphate isomers or whether these isomers might
serve as signals to integrate different physiological parameters
with P; signaling (Azevedo and Saiardi, 2017; Shears, 2017).

SPX domains and InsPPs were found in many eukaryotes,
and mutations affecting them give corresponding phenotypes
(Secco et al., 2012a; Wilson et al., 2013; Shears, 2015; Wild
et al, 2016; Puga et al, 2017). Since, in addition, SPX
domains are frequently associated with proteins that mediate the
uptake, export, storage, or foraging for P;, we can postulate an
evolutionarily conserved signaling pathway in which cytosolic
P; is measured, translated into a corresponding change of
InsPPs, and thereby communicated to a multitude of SPX-
containing proteins (Figure 2). We term this pathway INPHORS
(intracellular phosphate reception and signaling). We postulate
that InsPPs address these proteins in a coordinated fashion in
order to maintain cytosolic P; in a suitable range. Then, we
must expect that SPX domains bound to inositol pyrophosphates
can have either activating or inactivating effects, depending
on the proteins that they associate with. Since the levels of
inositol pyrophosphates increase with the level of available P;,
proteins exporting Pj, either across the plasma membrane or
into intracellular storage places such as the acidocalcisome-
like vacuole, should be activated by inositol pyrophosphate-
bound SPX. Likewise, we should expect that the activation
of the transcriptional phosphate starvation response, the PHO
pathway, should be repressed by InsPPs. This scheme is partially
consistent with existing data because the SPX-containing polyP
polymerase VTC is activated through the interaction between
its SPX domains and the inositol pyrophosphate 5-InsP;
(Auesukaree et al., 2005; Lonetti et al., 2011; Wild et al,
2016; Gerasimaite et al.,, 2017) and because the low-affinity P;
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FIGURE 3 | Synthesis of inositol pyrophosphates (InsPPs) in yeast cells,
starting from InsP3. Responsible enzymes are indicated for each step. Blue
dots indicate a phosphoryl group and pairs of red dots a pyrophosphoryl
group on the inositol ring.

importers Pho87 and Pho90 are inhibited by their respective
SPX domains (Hiirlimann et al., 2009). In contrast, conflicting
data exist on other SPX proteins. The SPX-containing kinase
Pho85/80/81, which represses the PHO pathway, was reported
to be silenced by the inositol pyrophosphate 1-InsP; (Lee et al.,
2007). Furthermore, patch-clamp experiments suggested that the
vacuolar P; exporter Pho91 is activated by 5-InsP; (Potapenko
et al., 2018), although we would expect the inverse. It has
also been suggested that inorganic pyrophosphate (PPi) can
stimulate Pho91 (Potapenko et al., 2019). An argument against

this hypothesis is that stimulation was observed with a high
concentration of this compound, which is toxic in yeast
and maintained at very low cytosolic levels by the essential
enzyme Ippl (Serrano-Bueno et al., 2013). Further analyses
will be needed in order to elucidate the reasons for the
inconsistencies mentioned above and/or to allow us to revise our

working hypothesis.

THE P; TRANSPORTERS OF YEAST

Yeast cells can take up P; through five transporters (Pho84,
Pho87, Pho89, Pho90, and Pho91). The deletion of all five
transporters together is lethal, but the quintuple mutant can be
rescued by the overexpression of any one of these five importers
(Wykoff and O’Shea, 2001) or by the overexpression of GIT1,
a glycerophosphoinositol permease that also transports P; and
glycerol-3-phosphate (Wykoff and O’Shea, 2001; Popova et al.,
2010). A further transporter in the plasma membrane, Sygl, is
presumed to export P; due to its homology to the mammalian P;
exporter XPR1 (Giovannini et al., 2013).

High-Affinity P; Transporters: Pho84 and

Pho89

Pho84 and Pho89 are high-affinity transporters since they permit
the uptake of P; from low-P; media (<0.2 mM) with a Ky,
of 8-40 pM (Bun-ya et al., 1991; Wykoff and O’Shea, 2001;
Auesukaree et al., 2003; Levy et al., 2011). While Pho84 is a H
symporter with a pH optimum in the acidic range (Bun-ya et al.,
1991; Pérez-Sampietro et al., 2016), Pho89 is active at alkaline pH
and driven by Nat (Martinez and Persson, 1998; Zvyagilskaya
et al., 2008; Serra-Cardona et al., 2014). In addition to P;, Pho84
serves also for the low-affinity co-transport of manganese ions
(Jensen et al., 2003) and for the import of selenite (Lazard et al.,
2010). Pho84 is highly expressed at intermediate concentrations
of P; (<0.5 mM), but becomes transferred to the vacuole for
degradation in the absence of P; or at high excess of P; (Petersson
et al., 1999; Pratt et al., 2004; Lundh et al., 2009). Pho84 allows
the cells to exploit very low P; concentrations, and their growth
arrests only below a threshold of 5 WM. In standard P;-rich media,
Pho84 is required for the maintenance of normal polyP levels
(Hiirlimann et al., 2007) and for repressing transcription through
the PHO pathway (Wykoff et al., 2007). However, constitutive
activation of the PHO pathway in cells lacking Pho84 does not
reflect a major contribution of this high-affinity transporter to P;
uptake under Pj-replete conditions. It is rather the consequence
of the downregulation of the low-affinity transporters, which
results from the deletion of PHO84 due to feedback regulation
(Wykoff et al., 2007; Vardi et al., 2013). This feedback regulation
creates a bistable, Spl2-dependent switch, which dedicates cells
either to the P;-starved regulatory state (downregulating the low-
affinity P; transporters and inducing the PHO pathway) or to
the Pj-replete state (stabilizing the low-affinity transporters and
repressing the PHO pathway). 14-3-3 proteins (Bmh1 and Bmh2,
which also interact with the inositol hexakisphosphate kinase
Kcs1) were proposed to influence this commitment (Teunissen
et al., 2017), but the nature of their influence has not yet been

Frontiers in Microbiology | www.frontiersin.org

July 2020 | Volume 11 | Article 1367


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Austin and Mayer

Phosphate Homeostasis in Cells

resolved. The decision between the two states may depend on
small differences in the cytosolic P; concentration, i.e., on the
degree to which cells experience P; limitation, or on stochastic
fluctuations. The bistable switch allows a fraction of the cells
in a population to stably maintain their commitment to the
phosphate starvation response for multiple generations—even
after phosphate has been replenished. This can be seen as a
potential advantage because these cells would be best prepared
for a sudden drop in P; availability and facilitate the survival of
the population under such conditions.

As mentioned above, Pho84 has also been proposed to
act as a Pj transceptor, which could provide an alternative
explanation how it represses the PHO pathway under phosphate-
replete conditions. Obtaining clear evidence for an activity as a
transceptor is difficult because it requires maintaining signaling
while suppressing the transporter function entirely. In the case
of Pho84, one caveat is that the substrates that were used to
induce putative transceptor signaling in the absence of transport,
such as glycerol-3-phosphate, might be hydrolyzed extracellularly
by yeast and the released P; taken up by Pho84 (Popova
et al., 2010). Also, transport-deficient point mutants retain
low-capacity transport, which, in a Pj-starved, non-dividing
cell, may nevertheless suffice to satisfy the needs. Finally, the
complex feedback regulation mentioned above complicates the
interpretation of the experiments that suggested Pho84 as a
transceptor (Giots et al., 2003; Mouillon and Persson, 2005;
Popova et al., 2010; Samyn et al., 2012).

SPX-Containing Low-Affinity P;
Transporters: Pho87 and Pho90

Pho87 and Pho90 are two low-affinity plasma membrane
transporters which mediate the uptake of P; from the
environment with Ky, values of 200-800 wM (Tamai et al., 1985;
Wykoft and O’Shea, 2001; Auesukaree et al., 2003; Giots et al.,
2003; Pinson et al., 2004; Hiirlimann et al.,, 2007, 2009). They
belong to the divalent anion:Na™* symporter (DASS) family. Both
Pho87 and Pho90 harbor an SPX domain at their N-terminus.
Removal of this SPX domain leads to phenotypes suggesting an
enhanced, unrestricted flux of P; across these transporters: up to
an eightfold increased P; uptake activity, higher total phosphate,
and higher polyP content. Cells expressing Pho90 without an
SPX domain also become sensitive to high P; concentrations
in the media, and they show an enhanced leakage of cellular
P; on low-P; media (Hiirlimann et al.,, 2009). Together, these
observations indicate that the SPX domain has a restrictive
function on Pho87 and Pho90, which is necessary to close these
transporters at excessively high and low concentrations of P;.
The transcription of the PHO87 and PHO90 genes is
independent of P; availability, but the transporters are targeted
to the vacuole and degraded in response to P; limitation
(Auesukaree et al., 2003; Wykoft et al., 2007; Hiirlimann et al,,
2009; Ghillebert et al., 2011). This targeting requires their SPX
domain and, for Pho87, also Spl2. But why do cells have low-
affinity transporters in addition to a high-affinity system? When
the low-affinity importers are ablated, the cells compensate by
expressing more Pho84, and this largely rescues their P; uptake

activity. While this demonstrates that a high-affinity transporter
can substitute for the low-affinity system, even under high-
P; conditions (Wykoft and O’Shea, 2001; Pinson et al.,, 2004;
Ghillebert et al., 2011), it brings up the question what benefit
a cell draws from expressing low-affinity transporters when it
has high-aflinity transporters available. An advantage becomes
apparent in situations where Pi gradually becomes limiting, for
example in a culture that is exhausting the available Pi as it grows.
At an intermediate P; concentration, both high- and low-affinity
transporters are expressed. The decrease in P; availability can
be detected earlier and over a much larger range of external P;
concentrations when the cells use low-affinity transporters as long
as P; is abundant and begin to express high-affinity transporters
only once P; becomes scarcer. In an environment of gradually
depleting P;, this provides for a longer transition phase from
P;-replete conditions to full P; starvation, giving the cells much
more time to adapt and prepare for P; starvation (Levy et al.,
2011). This leads to enhanced recovery from growth arrest once
P; becomes available again.

SPX-Controlled Vacuolar P; Transporter:

Pho91

Pho91 is a low-affinity P; transporter. Like the low-affinity P;
transporters Pho90 and Pho87, it belongs to the DASS family
and its expression is independent of P; supply (Auesukaree et al.,
2003). However, a green fluorescent protein (GFP) fusion of
Pho91 is localized to vacuoles (Hiirlimann et al., 2007). When
overexpressed in a mutant lacking all other P; importers, Pho91
can nevertheless support the growth and P; uptake of cells with
a K of around 200 pM (Wykoff and O’Shea, 2001). Initially,
this was taken as an indication that it operates at the plasma
membrane. However, yeast cells can take up nutrients also by
other routes—as shown for magnesium, which can be acquired by
endocytic transfer to the vacuole lumen and subsequent transport
across the vacuolar membrane into the cytosol (Klompmaker
et al., 2017). Such an uptake route via vacuoles might also
allow P; acquisition through Pho91. In further support of a
function at the vacuolar membrane, the ablation of Pho91
leads to an overaccumulation of phosphate in vacuoles, whereas
its overexpression depletes this vacuolar pool. This led to the
proposal that Pho91 transfers P; from vacuoles to the cytosol
(Hurlimann et al., 2007).

This view could be confirmed by electrophysiological analysis
of Pho91 and of its homologs from rice OsSPX-MFS3 and
Trypanosoma brucei TbPho91 (Wang et al, 2015; Potapenko
et al., 2018), where a Na™-dependent transport of P; into the
cytosol with Ky, values of 1-10 mM could be demonstrated. The
transport activity is highly pH-dependent, as demonstrated for
OsSPX-MFS3 (Wang et al., 2015). Whereas net charge transport
occurs at neutral pH, the protein does not mediate significant
P; transport under these conditions. P; is only transported in
the presence of a pH gradient, when the extra-cytosolic face
of the protein is exposed to acidic pH. This pH dependency
corresponds to the natural condition under which these Pho91-
like transporters operate because the lumen of the vacuoles in
which they reside is much more acidic than the cytosol. In the
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absence of a pH gradient, OsSPX-MFS3 mediates P; efflux from
the cytosol (Wang et al, 2015). For TbPho91 and Pho91, it
was shown that charge transport depends on their SPX domain
and on 5-InsP;. Other inositol polyphosphates, such as 1-InsPy
or InsPg, do not activate the channel (Potapenko et al., 2018).
However, these experiments have been conducted in the absence
of a proton gradient across the membrane. Thus, while they
demonstrate a regulatory impact of SPX and 5-InsP; on the
transporter, their effects on P; transport under a pH gradient
remain to be determined.

Overall, these observations suggest that Pho91 transports P;
from the vacuole into the cytosol (Hiirlimann et al., 2007), which
might be necessary to allow the degradation of vacuolar polyP. It
might then be a critical element of the system to buffer cytosolic
P; via polyP (Neef and Kladde, 2003; Thomas and O’Shea, 2005).
However, direct evidence for an impact of Pho91 on cytosolic P;
and a coherent model for the functioning of a vacuolar, polyP-
based P; buffer is still missing.

The SPX-Containing Putative P; Exporter
Syg1i

Sygl was identified as a genetic suppressor of defects in
pheromone signaling and predicted to be on the plasma
membrane (Spain et al., 1995). Sygl, the mammalian transporter
XPRI, and the related PHO1 from Arabidopsis share around 30%
of sequence identity and some common features, such as an
N-terminal SPX and a C-terminal EXS (for ERD1/XPR1/SYG1)
domain. The function of the EXS domain is still unknown.
Although the transport activity for Sygl itself has not yet been
shown, its human homolog XPRI1 does facilitate P; export across
the plasma membrane (Giovannini et al., 2013; Wilson et al.,
2019; Li et al., 2020). Export depends on its SPX domain and on
1,5-InsPg. Thus, Sygl likely acts as a P; exporter in yeast.

POLYPHOSPHATE METABOLISM AND
PHOSPHATE HOMEOSTASIS

Inorganic polyphosphate is a polymer of dozens to hundreds of
orthophosphate (P;) linked by energy-rich phosphoric anhydride
bonds. PolyP efficiently chelates ions such as Ca?T, Mg?*, and
Mn?7. Yeast cells can accumulate up to a quarter of their dry
weight in the form of polyphosphate (Langen and Liss, 1958),
located mostly in their acidocalcisome-like vacuole (Saito et al.,
2005). Minor amounts have also been associated with other
organelles, such as mitochondria, the ER, or the periplasmic
space (Pestov et al., 2004; Lichko L. et al., 2006; Kulakovskaya
etal,, 2010). The sequestered polyP is not an immobile aggregate.
Instead, it appears to be highly mobilizable (Wiame, 1947; Urech
et al., 1978). PolyP is necessary to rapidly buffer changes in the
cytosolic phosphate levels that can result from sudden changes in
P; availability or consumption (Neef and Kladde, 2003; Thomas
and O’Shea, 2005). The polyP in the acidocalcisomes of other
organisms can also be mobilized, for example upon osmotic
challenges or changes in nutrient supply (Docampo and Huang,
2016). The accumulation of polyP has a strong impact on
cytosolic P; homeostasis and should hence be carefully controlled

by the cell (Desfougeres et al., 2016). However, it remains a major
unsolved question how the synthesis and degradation of polyP
are coordinated to achieve this goal. While we have some insights
into the synthesis of polyP, it remains an enigma how the cells
can store polyP in a compartment that contains considerable
polyphosphatase activities and how the conversion of polyP back
into cytosolic P; is regulated (Gerasimaite and Mayer, 2016).

PolyP Synthesis by the VTC Complex

The VTC proteins form complexes which all contain Vtcl, a 14-
kDa integral membrane protein that spans the membrane three
times, and Vtc4, the catalytically active subunit that synthesizes
polyP from nucleotide triphosphates (Miiller et al., 2002, 2003;
Hothorn et al., 2009). Catalytic activity requires Mn?*, which is
located in the active site. All VTC proteins have a transmembrane
region similar to Vtcl. In contrast to Vtcl, the other VTC
proteins contain an additional SPX domain at the N-terminus
and a hydrophilic central domain, both facing the cytosolic side
of the membrane (Miiller et al., 2003). The central domain
accommodates the catalytic center in Vtc4, whereas it is assumed
to have only regulatory, non-catalytic function in Vtc2, Vtc3,
and Vtc5 (Hothorn et al., 2009; Desfougeres et al., 2016). VTC
complexes exist in different isoforms, which contain Vtcl and
Vitc4, plus either Vtc2 or Vtc3. Vtc5 can associate with VTC to
increase its activity, but VTC functions at a lower basal activity
without it (Desfougeres et al., 2016). Vtc1/2/4 is mainly localized
in the ER, whereas Vtc1/3/4 concentrates on the vacuoles, when
the cells are cultivated in Pj-replete media. Under P; limitation,
both complexes localize to the vacuoles (Hothorn et al., 2009).

VTC acts not only as a polyP polymerase but at the
same time as a polyP translocase. It couples the synthesis
of polyP at the cytosolic face of the membrane with its
translocation into the lumen of the organelle (Gerasimaite
et al., 2014). Continued synthesis of polyP by VTC requires the
electrochemical gradient across the vacuolar membrane, which
is established by V-ATPase. This gradient is assumed to provide
the driving force translocating the negatively charged polyP chain
(Wurst et al., 1995; Gerasimaite et al., 2014).

The activity of VTC can be assayed on isolated yeast vacuoles
(Gerasimaite et al., 2014). This in vitro system allowed the
discovery of the regulation of SPX domains through inositol
pyrophosphates (Wild et al., 2016). While SPX domains bind
various inositol polyphosphates and pyrophosphates with Ky
values in the low micromolar or even sub-micromolar range
(Wild et al, 2016), these different isomers show strikingly
different agonist properties on VTC. Only InsPPs stimulate
the enzyme at low micromolar concentrations, with 5-InsP;
being the isomer that appears to regulate VIC in vivo
(Gerasimaite et al., 2017). Since InsP; increases when cells
are in Pj-replete conditions and decreases under P; starvation
(Lonetti et al., 2011; Wild et al., 2016), VTC should synthesize
polyP when cytosolic P; is sufficiently high, but it should be
switched off when this parameter is too low. This reflects
the in vivo situation because cells accumulate polyP stocks
when sufficient P; is still available and they deplete this
stock under P; starvation or upon a transient excessive
consumption of P; during the S-phase (Langen and Liss, 1960;
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Bru et al, 2016). That VIC must be carefully controlled
by the cells is also suggested by the fact that it has a
major impact on cytosolic P;j. Inappropriate overactivation
of VIC can lead to P; depletion from the cytosol and
activate the PHO starvation pathway even on Pj-rich media,
whereas its silencing can suppress the PHO pathway on
media with limiting P; (Desfougeres et al., 2016). PolyP
storage is a major function of yeast vacuoles, which is
probably the reason why polyP production also activates the
vacuolar membrane fusion machinery. The resulting fusion
of several vacuoles together increases the volume of the
compartment, thereby accommodating the need for increasing
storage space in a rapid and efficient manner (Miiller et al., 2002;
Desfougeres et al., 2016).

Polyphosphatases

The Exopolyphosphatase Ppx1

Ppx1 is a member of the DHH phosphoesterase superfamily,
together with h-prune, a mammalian exopolyphosphatase
(Tammenkoski et al., 2008). Ppx1 is a soluble enzyme which
hydrolyzes polyP to release P; and PP; (Wurst and Kornberg,
1994). Hydrolysis is processive, i.e., the enzyme does not leave
the polyP chain after having hydrolyzed its terminal P; residue.
Ppx1 hydrolyzes polyP chains as short as three P; residues, but
cannot degrade PP; and ATP. The enzyme is metal-dependent,
with a preference for Mg?", and active from pH 5.5 to 9
(Tammenkoski et al., 2007).

Ppx1l is expressed irrespective of P; availability (Ogawa
et al, 2000). Initial studies ascribed it to the cytosol, but
exopolyphosphatase activities in the plasma membrane and
mitochondrial fractions were also related to Ppx1 (Lichko et al.,
2003; Lichko L.P. et al., 2006). High-throughput localization
studies through GFP fusion proteins suggested localization in the
cytosol, but also some enrichment in the nucleus (Huh et al,
2003). In any case, Ppx1 appears to be localized outside the
vacuoles, where the major polyP stores are kept. In line with this,
its deletion affects neither the chain length nor the abundance
of polyP in the cell (Lonetti et al., 2011). It was hence proposed
that Ppxl might counteract an the accumulation of polyP in
the cytosol, which is toxic for cells (Gerasimaite et al., 2014).
A further attractive possibility is that Ppxl might trim polyP
from proteins that are covalently modified with this polymer
(Azevedo et al., 2015, 2018, 2019).

The Vacuolar Endopolyphosphatases Ppn1 and Ppn2
In its active, homo-tetrameric state, Ppnl is a non-processive
endopolyphosphatase which preferentially hydrolyzes long polyP
in the midst of the chain rather than at its terminal phosphate
residues. Depending on the conditions, however, it was also
reported to have exopolyphosphatase activity in vitro (Kumble
and Kornberg, 1996; Andreeva et al., 2015). Ppn1 activity requires
Mn2* or Mg?*. The enzyme can hydrolyze polyP down to P; and
tripolyphosphate, whereas pyrophosphate and ATP are potent
inhibitors (Kumble and Kornberg, 1996). PPN1 gene expression
is induced under P; limitation, i.e., when vacuolar polyP pools
are consumed (Kumble and Kornberg, 1996). PPN1 knockouts

retain polyP in similar amounts as wild types, but their polyP is
of higher chain length.

Ppn2 is a member of the phospoprotein phosphatase (PPP)
superfamily of metallophosphatases that resides in the vacuolar
lumen. The enzyme depends on Zn?* and exclusively shows
endopolyphosphatase activity (Gerasimaite and Mayer, 2017).
Ppnl and Ppn2 together constitute the major part of the vacuolar
polyphosphatase activity. They are necessary to mobilize polyP
stores under P; starvation. In their absence, the cells accumulate
polyP of excessively high chain length and they virtually show no
short-chain polyP anymore.

PHOSPHATE “RECYCLING”

When P; becomes limiting, the cells use the PHO pathway to
induce first the high-affinity transporter Pho84. They secrete
phosphatases to recover P; from external sources and induce
VTC expression to maximize their polyP stores (Ogawa et al,
2000; Springer et al., 2003; Thomas and O’Shea, 2005; Wykoft
et al., 2007; Vardi et al, 2014). When the cells really starve
for P, the polyP stores are hydrolyzed (Langen and Liss, 1958;
Sethuraman et al., 2001; Neef and Kladde, 2003; Thomas and
O’Shea, 2005; Gerasimaite and Mayer, 2017). Using this strategy
might be helpful to allow redifferentiation and ordered transition
into the quiescent state (the Gy phase of the cell cycle), in which
cells arrest growth and become more resistant to stresses (De
Virgilio, 2011). This important transition often coincides with
the induction of autophagy, which transfers large amounts of
cytosolic material, including RNA and organelles, into vacuoles
for degradation (De Virgilio, 2011). Their hydrolysis provides the
cells with a source of degradable nucleotides and phospholipids.
Profound P; starvation induces the expression of enzymes that
release P; from these internal molecules. It appears likely that
this represents a “last resort” because it makes little sense for a
cell to deplete its pools of nucleotides or phospholipids, which
are indispensable for the next cell division, unless it is the only
means to survive. In line with this, cells in which these recycling
pathways have been ablated show poor long-term survival on
P;-free media (Xu et al., 2013).

Gdel is a glycerophosphocholine phosphodiesterase which
hydrolyzes glycerophosphocholine to glycerol-3-phosphate and
choline (Fisher et al., 2005). Glycerol-3-phosphate can either
be channeled into the synthesis of new phospholipids, into
glycolysis, or it can be hydrolyzed by the glycerol-3-phosphatases
Gppl and Gpp2 (Patton-Vogt, 2007). All these pathways
effectively lead to the recycling of internal P;j. They are
of sufficiently high capacity to allow the cells to grow on
glycerophosphocholine as the sole source of phosphate. That the
recycling activity of Gdel may be relevant to the maintenance
of cytosolic P; homeostasis is suggested by the fact that GDE1
gene expression is regulated by the PHO pathway and strongly
induced in low-P; conditions (Ogawa et al., 2000; Almaguer
et al., 2004). Furthermore, Gdel carries an N-terminal SPX
domain, which is expected to subject the enzyme to regulation
by the INPHORS pathway. However, the regulatory role of
this SPX domain has not yet been experimentally confirmed.
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Interestingly, Gdel shares its glycerophosphodiesterase domain
with Pho81, a key regulator of the PHO pathway. Whether the
glycerophosphodiesterase domain of Pho81 is catalytically active
is also unknown.

Phm8 has originally been identified as a lysophosphatidic
acid phosphatase (Reddy et al., 2008). Its expression is
strongly induced by P; starvation (Ogawa et al., 2000). Under
P; starvation, yeast cells show a significant reduction in
lysophosphatidic acid, and this reduction has been ascribed to
Phm8 (Reddy et al., 2008). The enzyme might thus participate
in the recycling of phosphate from degraded phospholipids.
Phm8 has also been identified as a nucleotide monophosphate
phosphatase (Xu et al., 2013). The enzyme allows liberating
P; from a wide variety of nucleoside monophosphates. In its
absence, cells cannot survive P; starvation for prolonged periods
of time, underscoring the relevance of its P; recycling activities
in this situation.

The repressible “alkaline” phosphatase Pho8 (Kaneko
et al., 1982) shows maximal activity on artificial chromogenic
substrates, such as p-nitrophenyl phosphate, at alkaline pH.
However, the enzyme is membrane-anchored and resides
within the vacuole, which is an acidic compartment with a
pH ranging from 5 to 6. At this pH, Pho8 exhibits maximal
activity toward phosphoserine and phosphothreonine, and it has
therefore been proposed that it may serve to dephosphorylate
peptides (Donella-Deana et al., 1993), which are imported
into vacuoles through autophagy. The expression of the
enzyme is induced upon P; starvation through the PHO
pathway (Kaneko et al., 1985). Pho8 can also dephosphorylate
fructose-2,6-bisphosphate, which is generated in the cytosol, but
the physiological relevance of this activity has remained
unexplored, and it remains unclear how fructose-2,6-
bisphosphate could be translocated into vacuoles, where
Pho8 is located (Plankert et al., 1991). Pho8 may also participate
in the recuperation of P; from NAD™. Upon P; starvation,
part of the nicotinamide nucleotide pool may be converted
into nicotinamide riboside, liberating P; (Lu and Lin, 2011).
This conversion requires Pho8 and the vacuolar nucleoside
transporter Fun26. Yeast cells with a constitutively activated
PHO pathway show increased production and secretion of
nicotinamide riboside.

ELEMENTS OF THE INPHORS PATHWAY
The PIPP5 Kinase Vip1

Vipl belongs to a conserved family of diphosphoinositol
pentakisphosphate kinases (PPIP5Ks) (Randall et al., 2019).
These enzymes contain both a kinase and a histidine acid
phosphatase domain, which compete with each other (Mulugu
et al, 2007). Their enzymatic and structural properties have
mainly been uncovered through studies of the mammalian
enzymes (Wang et al, 2012; Weaver et al, 2013; Gu et al,
2017; Nair et al., 2018; Randall et al., 2019), but the essential
features could be confirmed for the plant and yeast members
of the family (P6hlmann et al., 2014; Dong et al, 2019;
Zhu et al, 2019). The kinase domain phosphorylates InsPg

and 5-InsP; to generate 1-InsP; and 1,5-InsPg, respectively,
whereby 5-InsP; appears to be the preferred substrate over InsPg
(Wang et al., 2012; Weaver et al, 2013). The simultaneous
presence of competing kinase and phosphatase domains, which,
in addition, appear to be coordinated by allosteric effects
(Yousaf et al, 2018), has important consequences. It can
translate small changes in the concentration of the substrates
into much larger changes of product concentration, i.e., it can
amplify the response in a signaling cascade. Under suitable
conditions (for PIPP5Ks, when only the phosphatase but not
the kinase domain is substrate-limited), it can also make the
net kinase activity quite insensitive to changes in substrate
concentrations (Gu et al, 2017). This property would allow
the cell to modulate 5-InsP; without an immediate impact
on the level of 1,5-InsPs, providing an important prerequisite
to use these inositol pyrophosphates to communicate different
cellular parameters, which might then be integrated by proteins
that can “read” several different inositol pyrophosphates,
such as SPX domains.

Importantly, the phosphatase activity of PIPP5Ks is
inhibitable by P; in the low millimolar range—a concentration
range that is commonly found in the cytosol—and their kinase
activity is boosted by an increasing ATP concentration (Gu
et al., 2017; Zhu et al., 2019). Since cellular ATP concentration
diminishes with cellular P; availability (Boer et al., 2003), P;
limitation in the cytosol should tip the equilibrium between the
kinase and phosphatase activities in favor of dephosphorylation,
decreasing the pools of 1,5-InsPg and 1-InsP;. PIPP5Ks might
thus provide an important link between the P; concentration and
the corresponding changes in the inositol pyrophosphate levels.
However, whether PIPP5Ks represent the critical P; sensor is not
yet clear. Also, the physiological implications of the sensitivity
of PIPP5K to phosphoinositides, such as PI(4,5)P, (Nair et al.,
2018), are not yet understood.

The InsPg Kinase Kcs1

Kcsl is a member of the inositol hexakisphosphate kinase
family and phosphorylates the phosphate on carbon 5 of InsPg
or Ins(1,3,4,5,6)Ps, creating 5-InsP; or 5PP-InsPy, respectively
(Saiardi et al., 1999, 2000; Figure 3). The physiological relevance
of 5PP-InsPy is uncertain because it accumulates to appreciable
levels only in a mutant lacking IPK1, which cannot convert
Ins(1,3,4,5,6)P5 into InsPg and, hence, does not offer InsPg, which
is the far more abundant substrate of Kcsl in a wild-type cell,
where it probably outcompetes Ins(1,3,4,5,6)P5. Kcsl shares a
PxxxDxKxG motif in its catalytic site with other members of
the family. The ablation of Kcs1 activity leads to the constitutive
activation of the PHO transcription pathway even on high-
P; media, to an overaccumulation of P; and ATP, and to a
complete absence of polyP synthesis (Auesukaree et al., 2005;
Lonetti et al.,, 2011; Szijgyarto et al., 2011; Wild et al., 2016). In
contrast, KCS1 overexpression represses the PHO pathway even
under Pj limitation, where it would normally be maximally active
(Auesukaree et al., 2005). The inactivation of this enzyme thus
produces the effects that we would expect if its product 5-InsP;
was a negative regulator of the phosphate starvation response.
Erroneous activation of the phosphate starvation program in
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a keslA cell under high-P; conditions should then lead to
an overaccumulation of Pj. Although the synthesis of polyP
normally occurs under high-P; conditions (Langen and Liss,
1958), this requires the activation of the VIC complex by
5-InsP7, which is not present in kcslA cells (Lonetti et al,
2011; Wild et al,, 2016). Therefore, kcs1A mutants cannot
accumulate polyP.

Kcsl has a Ky, for InsPg of 0.6 pM and an exceptionally
high Ky for ATP of around 1 mM (Saiardi et al., 1999). By
consequence, its activity should be sensitive to the fluctuations
of cytosolic ATP concentrations that normally occur in living
yeast cells (Saiardi et al,, 1999). This may be one reason why
mutants in nucleotide metabolism that show constitutively lower
cellular ATP levels—and thereby probably lower production of 5-
InsP7 and 1,5-InsPg—1lead to a constitutive activation of the PHO
pathway (Choi et al., 2017). The cellular ATP concentration in
wild-type cells declines as a result of P; limitation (Boer et al.,
2010). This opens the possibility that P; limitation might be
translated into a reduction of 5-InsP; and 1,5-InsPg through a
reduced ATP production.

The Inositol Pyrophosphatases Ddp1
and Siwi4

Inositol pyrophosphates can be turned over by two
dedicated phosphatases, which selectively hydrolyze the
phosphoric anhydride bonds in these molecules. They have
considerable influence on the steady-state levels of inositol
pyrophosphates, but it is unknown whether their activity is
constitutive or regulated.

Ddp1 belongs to the Nudix hydrolase family. In cells lacking
the DDPI gene, the abundance of InsP; increases up to sixfold
(Lonetti et al., 2011; Steidle et al., 2016). Ddpl displays di-
phosphoinositol polyphosphate hydrolase activity (Safrany et al.,
1999). It also exhibits di-adenosine polyphosphate hydrolase
activity (Cartwright and McLennan, 1999; Safrany et al., 1999),
which is of unclear physiological significance in yeast. Ddp1 can
hydrolyze polyP (Lonetti et al., 2011). However, the enzyme is
localizing to the cytosol and the nucleus, i.e., out of reach of the
major polyP reserves, which are localized in the vacuole (Saito
et al., 2005). This makes it unlikely that Ddpl influences P;
homeostasis through polyP turnover. In line with this, its deletion
has no significant impact on the polyP pool (Lonetti et al., 2011).
Cells lacking Ddp1 show a 20% reduction of polyP rather than
an increase. This reduction might be a secondary consequence
of the deregulation of the INPHORS pathway and of an altered
cellular P; homeostasis due to the influence of Ddpl on inositol
pyrophosphates. The polyphosphatase activity of Ddpl might,
however, serve to modify the polyphosphorylation of proteins in
the nucleus (Azevedo et al., 2015).

Siwl4 belongs to the atypical dual-specificity phosphatase
family and hydrolyzes the $3-phosphate of 5-InsP; with high
specificity (Steidle et al., 2016; Wang et al., 2018). Mutants lacking
SIW14 display a sixfold increase in InsP; content. This effect
is synergistic with the simultaneous deletion of DDPI and the
double mutants display a 20-fold increase in InsP7 (Steidle et al.,
2016). Overexpression of SIW14 depletes the InsP7 pool.

Inositol Pyrophosphate Receptors: SPX

Domains

SPX domains are found in all eukaryotic kingdoms and share
common sequence features, most notably clusters of positively
charged amino acids. These conserved arginine and lysine
residues cluster in a surface patch which forms a high-affinity
(sub-micromolar) binding site for inositol polyphosphates and
pyrophosphates. Purified SPX domains show a relatively low
discrimination in binding different inositol polyphosphates or
pyrophosphate isomers, and their affinity decreases in parallel
to the net charge of the compound (InsPg > InsP; > InsPg).
In marked contrast to the low selectivity in binding, the
agonist properties of different isomers vary considerably. The
VTC complex, for example, is strongly activated by 1,5-
InsPg, but very poorly by 5-PPP-InsPs5, which carries the
same number of phosphate groups (Gerasimaite et al., 2017).
Likewise, 5-InsP; activates VTC, whereas InsPg has virtually
no effect. Thus, despite the extremely high charge density
of the inositol polyphosphates and their similar binding
affinities, the SPX domain must decode precise structural
features of the ligands and translate them into different
degrees of activation.

Neither the binding affinity nor the ECsy values of
inositol pyrophosphate isomers seem to faithfully reflect their
physiological relevance for controlling an SPX domain. This
could be illustrated with VTC, which has an ECs for 5-InsP7 that
is similar to that of 1-InsP; and is 20-fold higher than that of 1,5-
InsPg. Nevertheless, genetic ablation of the enzyme synthesizing
1-InsP7 and 1,5-InsPg (Vip1) has no significant impact on polyP
synthesis in vivo. The ablation of 5-InsP; synthesis (Kcsl), in
contrast, eliminates polyP synthesis, strongly suggesting this
isomer as the relevant controller of the SPX domains of VIC
in vivo. Whether 5-InsP7 is the principal regulator also for the
other SPX-controlled proteins in the cell is an important issue
that remains to be explored. The mammalian P; exporter XPR1
provides an important example in this respect because this SPX-
controlled transporter is opened by 1,5-InsPg rather than by
1-InsP7 or 5-InsP7 (Li et al., 2020).

Spl2

Spl2 interacts with the SPX domains of Pho90 and Pho87
and restrains the flux of P; through Pho90 (Wykoff et al,
2007; Hirlimann et al, 2009). It is transcribed at a basal
constitutive level, but it becomes further induced through
the PHO pathway upon P; limitation (Ogawa et al, 1995;
Flick and Thorner, 1998). Together with the PHO81 gene,
SPL2 was originally identified as a multicopy suppressor
of the growth defect resulting from the ablation of the
phospholipase C Plcl (Flick and Thorner, 1998). Plcl hydrolyzes
phosphatidylinositol 4,5-biphosphate into 1,2-diacylglycerol and
inositol 1,4,5-triphosphate, which is the precursor for the
synthesis of inositol pyrophosphates (Saiardi et al., 2000). The
genetic interactions of Spl2, Pho81, and Plcl can thus be
rationalized based on the premise that low cytosolic P; is signaled
by low levels of inositol pyrophosphates. The absence of Plcl
activity impairs the synthesis of inositol pyrophosphates and
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induces the phosphate starvation response (Auesukaree et al,
2005). When such cells are cultivated on Pj-rich standard yeast
media, one should expect that they behave incorrectly, i.e., they
are maximizing their efforts for P; uptake although this nutrient
is abundant. A resulting excessive P; concentration in the cytosol
is the likely reason for their growth defect. This inappropriate
regulation can be mitigated by the overexpression of Spl2,
which limits P; transporter activity (Hirlimann et al., 2009),
or by the overexpression of Pho81 (Creasy et al., 1993; Ogawa
et al., 1995), which inactivates the transcriptional phosphate
starvation response. This sets cells back into the high-P; mode,
which then corresponds again to the Pj-rich conditions of
standard media, which had been used for these experiments
(Flick and Thorner, 1998).

Upon P; starvation, the low-affinity phosphate transporters
Pho87 and Pho90 are endocytosed and targeted to the
vacuole. For Pho87 and Pho90, this process depends on
their SPX domains. Although the SPX domains of both
transporters interact with Spl2, Spl2 is only necessary for
the vacuolar targeting of Pho87, which occurs rapidly upon
phosphate limitation. The degradation of Pho90, which
occurs only after prolonged P; limitation, is independent of
Spl2 (Ghillebert et al, 2011; Pérez-Sampietro et al., 2016).
Thus, Spl2 may allow the cells to differentially degrade
their low-affinity transporters as a function of declining
P; availability.

The deletion of SPL2 does not produce a striking growth
phenotype on Pj-rich standard yeast media (Flick and Thorner,
1998), but it results in an exacerbated sensitivity to selenite,
probably due to the resulting hyperactivation of the low-
affinity transporter Pho90, which is involved in selenite toxicity
(Lazard et al., 2010).

THE PHO PATHWAY: A
TRANSCRIPTIONAL PHOSPHATE
STARVATION RESPONSE

The PHO pathway is a transcriptional response pathway that
regulates the expression of a wide variety of genes (Ogawa
et al., 2000), many of which have been proven beneficial or
essential for growth and survival under P; limitation. The
PHO pathway has been studied extensively, providing us with
detailed insights into its regulation and with numerous tools
to manipulate it. A key element is the nuclear Pho80/85/81
kinase, which is inactivated through its Pho81 regulatory
subunit when P; becomes limiting (Schneider et al., 1994).
The kinase subunit Pho85 phosphorylates the transcription
factor Pho4 and thereby shifts its localization toward the
cytosol (Kaffman et al, 1994; O'Neill et al, 1996). Pho4
localization is hence defined through an equilibrium of Pho85-
controlled import and export across the nuclear membrane. The
removal of Pho4 from the nucleus under P;-replete conditions
represses the expressions of genes controlled by the PHO
pathway. In the following, we describe the key regulatory
factors, but we will discuss only the most important PHO-
regulated target genes.

The PHO Regulon:
Phosphate-Responsive Genes (the
PHO Genes)

The transcription factors Pho4 and Pho2 co-regulate the
expressions of dozens of genes (Bun-ya et al., 1991; Oshima,
1997; Ogawa et al, 2000). Among these genes are the P;
transporters Pho84 (Bun-ya et al., 1991), Pho89 (Martinez and
Persson, 1998), and the ER protein Pho86, which is involved
in the targeting and exit of Pho84 from the ER (Yompakdee
et al, 1996). PHO genes also encode several phosphatases
(Persson et al., 2003): the repressible secreted acid phosphatase
Pho5 and the cell wall-associated acid phosphatases Pholl and
Phol2 (Toh-e and Kakimoto, 1975; Arima et al., 1983; Bostian
et al.,, 1983), which liberate P; from phosphoester substrates;
the vacuolar “alkaline” phosphatase Pho8 (Kaneko et al., 1985);
and the glycerophosphocholine (GroPCho) phosphodiesterase
Gdel (Ogawa et al,, 2000). All genes for the synthesis and
degradation of vacuolar polyphosphate (VTCI through VTCS5,
PPNI1, and PPN2) are also controlled by the PHO pathway
(Ogawa et al., 2000).

The genes of some regulators of the PHO pathway are
themselves transcribed under the control of this pathway, such
as PHO8I and SPL2 (Wykoft et al., 2007; Hiirlimann et al., 2009;
Ghillebert et al., 2011). As described above, this generates the
possibility of positive and negative feedback loops, which can lead
to heterogeneity in a yeast population, e.g., with a fraction of cells
remaining stably committed to the P; starvation program even
under P;-replete conditions (Wykoff et al., 2007; Vardi et al., 2013,
2014; Estill et al., 2015).

Besides the genes mentioned above, the PHO pathway
regulates numerous other genes, among them many open reading
frames of unknown function, for which the relationship to
P; homeostasis has not yet been understood (Ogawa et al.,
2000). A similar complexity of Pj-regulated transcription has
been found in other fungi, e.g., in Cryptococcus neoformans and
Schizosaccaromyces pombe, where the number of PHO genes has
been determined to be in the range of 130-160 (Henry et al., 2011;
Carter-O’Connell et al., 2012; Lev and Djordjevic, 2018). They
suggest links of the PHO signaling pathway to cellular transport,
carbohydrate and lipid metabolism, and the responses to stress
and to chemicals.

Regulation of PHO Genes During P;
Limitation and Serious P; Starvation

The transition of S. cerevisiae into phosphate starvation is a
complex process in which the cells show a graded adaptation
to the declining P; availability and temporally separate waves
of gene induction. When P; gradually becomes limiting, the
activity of Pho85 kinase declines, leading first to a partial
dephosphorylation of the Pho4 transcription factor. The partially
dephosphorylated Pho4 induces only part of the PHO genes,
such as the high-affinity transporter Pho84. Others, such as the
secreted acid phosphatase Pho5, follow only upon more profound
P; starvation, leading to the inactivation of Pho85 kinase and
the full dephosphorylation of Pho4 (O'Neill et al., 1996; Springer
et al, 2003; Thomas and O’Shea, 2005). This establishes a
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graded response, which first maximizes phosphate acquisition
and, upon more serious starvation, activates the recycling of P;
from internal resources.

The activation of the PHO pathway is also influenced
by a metabolic intermediate of purine biosynthesis, 5-
aminoimidazole-4-carboxamide ribonucleotide (AICAR)
(Pinson et al., 2009). AICAR binds Pho2 and Pho4 in vitro and
promotes their interaction in vivo, suggesting a direct effect on
these transcription factors. Since AICAR also transcriptionally
regulates purine biosynthesis, it may coordinate phosphate
acquisition with nucleotide synthesis. Nucleotide synthesis is a
major sink for P;, and such coordination might be useful for this
reason. Importantly, the activation of the PHO pathway through
AICAR does not coincide with a major accumulation of Pho4
in the nucleus, in striking contrast to the induction through
Pho85/80/81. AICAR thus represents an alternative pathway to
activate the transcription of PHO pathway genes.

Detailed analyses of the temporal pattern of PHO
gene activation revealed further features that stabilize the
transcriptional response and keep the cells from erroneously self-
inactivating the PHO pathway (Vardi et al., 2014). This is relevant
under moderate P; limitation, where such self-inactivation might
occur, because the measures by which the cells seek to improve P;
acquisition may completely rectify the initial decline in cytosolic
P; that triggered the starvation response, thereby leading to
an oscillation of the PHO pathway activation and inactivation.
This cannot happen upon complete depletion of P; from the
media. A decisive difference is thus whether the cells experience
only moderate P; limitation or profound P; starvation. Upon
moderate limitation of Pj, a first wave of transcription induces a
subset of genes: for the high-affinity P; importer Pho84; Pho86,
which is involved in its biogenesis; the secreted acid phosphatases
Phol2 and Pholl (Vardi et al.,, 2014); the genes for the VTC
complex, which depletes cytosolic P; and transfers it as polyP into
vacuoles; Spl2, which shuts down the low-affinity P; transporters;
and Pho81, which reduces Pho85 kinase activity and promotes
Pho4-dependent transcription. This wave of gene induction
enhances global P; absorption and storage by the cells and, at
the same time, establishes a positive feedback loop that stabilizes
the induction of Pho4-dependent gene expression (Wykoff et al.,
2007; Vardi et al., 2013, 2014). This feedback loop maintains the
activation of the PHO pathway for several generations, even after
the cells have been transferred back into high-P; media.

Cells experiencing profound P; starvation (no P; in the
medium) reveal other features. They induce the same set of
immediately activated genes as cells in intermediate P;. However,
due to the absence of P; in the media, the induction of these
genes cannot suffice to stabilize their cytosolic P;. The more
pronounced and stable decline in cytosolic P; is believed to
trigger a second wave of gene inductions 2 h after the first
wave (Vardi et al., 2014). This second wave additionally activates
genes for the intracellular recuperation of P; from nucleotides,
lipids, and other substrates (Phm8 and Pho8); the high-affinity
P; importer Pho89; and the secreted phosphatase Pho5. This
second wave of transcription coincides with the induction of the
environmental stress response and a decline in the growth rate.
The partial dephosphorylation of the transcription factor Pho4

may be the trigger for the first transcriptional wave (Springer
etal., 2003; Vardi et al., 2014), whereas full dephosphorylation of
Pho4 might trigger the second wave of induction. Furthermore,
the promoter regions of the genes induced in these two waves
show characteristic differences that may support this differential
activation through their impact on the chromatin structure (Lam
et al., 2008), which is also influenced by inositol polyphosphates
(Steger et al., 2003).

Upon serious P; starvation, the cells finally arrest their cell
cycle after two further divisions, and they enter into the quiescent
Go phase of the cell cycle. Pho85/80/81 kinase influences the entry
and exit into quiescence in at least two ways: It phosphorylates
and thereby inhibits the Rim15 kinase, which is a key factor
for Go entry (Wanke et al., 2005). Under Pj-replete conditions,
Pho85/80/81 is active and phosphorylates Rim15, which then
concentrates in the cytosol, where it is sequestered from its
nuclear targets that initiate the Gy program. The residue that
becomes phosphorylated on Riml15 is the same as the one
phosphorylated through the TOR pathway, suggesting that P;
availability is integrated with information about the availability
of other nutrients, such as amino acids, at the level of Rim15.
Pho85/80/81 also phosphorylates and thereby destabilizes the
cyclin CIn3, which is necessary for the exit from Gg (Menoyo
et al., 2013). Both activities may synergize to favor an entry into
Gg when P; and, hence, Pho85/80/81 activities are low.

ELEMENTS OF THE PHO PATHWAY

Pho85, Pho80, and the Regulation of
Transcription Through Pho4 and Pho2

Pho4 is a transcription factor which is expressed independently
of the P; concentration in the medium (Yoshida et al., 1989a).
It carries a transactivation domain and a basic helix-loop-helix
motif. Pho2 is a transcriptional activator bearing a homeobox
(Biirglin, 1988). It interacts with Pho4 (controlling the PHO
pathway), but also with a variety of transcription factors, such as
Swi5 (controlling mating type switching) and Basl (controlling
purine and histidine biosynthesis) (Bhoite et al, 2002). Its
interaction with Pho4 increases the affinity for Pho4 binding sites
in the promoter region of the PHO genes and allows them to
recruit the general transcription machinery (Shao et al., 1996;
Magbanua et al., 1997a,b).

Pho85 is a cyclin-dependent kinase subunit that associates
with at least 10 different cyclins to regulate a wide spectrum of
target proteins involved in many cellular processes, such as cell
cycle control, storage and metabolism of carbohydrates, amino
acid metabolism, and calcium signaling (Toh-E et al., 1988; Toh-
E and Nishizawa, 2001; Huang et al., 2007). The cyclins confer
target specificity to Pho85. Virtually all Pho85 effects that are
directly relevant to phosphate homeostasis are mediated through
its association with the cyclin Pho80. Pho80, and by consequence
also the Pho85/80 kinase, are localized in the nucleus. This
localization is independent of P; availability (Hirst et al., 1994;
Schneider et al., 1994). Pho85/80 is constitutively associated with
Pho81, which inhibits its kinase activity under P; limitation.
Nuclear Pho85/80/81 phosphorylates the transcription factor
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Pho4 at five sites (O’'Neill et al.,, 1996; Komeili and O’Shea,
1999). One of these phosphorylations blocks the association
of Pho4 with the transcription factor Pho2; others promote
the interaction of Pho4 with the nuclear export receptor Msn5
(Kaffman et al., 1998a) and impair its interaction with the nuclear
import receptor Psel (Kaffman et al., 1998b). By means of these
phosphorylations, Pho85/80 hinders the transcription of PHO
genes in two ways: by impairing the interaction of Pho4 with the
second necessary transcription factor Pho2 and by favoring the
export of Pho4 into the cytosol.

Pho81

Pho81 is a cyclin-dependent kinase inhibitor (CKI) and the major
regulator of Pho85/80 kinase and the PHO pathway (Schneider
et al., 1994). Pho81 binds the Pho80 subunit of the Pho85/80
complex independently of Pi availability, but it inhibits the kinase
only in low-P; conditions (Schneider et al., 1994; Ogawa et al.,
1995; O'Neill et al., 1996; Huang et al., 2001). Pho81 can also
regulate the Pho85/Pcl7 cyclin-CDK complex in a Pj-dependent
manner, which controls glycogen metabolism (Lee et al., 2000).
PHOB81 gene expression is induced by Pho4 upon P; limitation
(Bun-ya et al., 1991; Creasy et al., 1993, 1996; Ogawa et al., 2000),
and Pho8l itself is also a substrate for Pho85/80 kinase (Knight
et al., 2004; Waters et al., 2004). This creates a possibility for
feedback regulation.

Pho81 is a large protein of almost 1,200 amino acids, which
can be dissected into three functional domains (Ogawa et al,
1995). An N-terminal SPX domain and a C-terminal part, both
of which influence the degree to which P; starvation can induce
the PHO pathway. The central part of the protein contains six
ankyrin repeats. Part of these repeats and an adjacent region form
a 141-amino acid piece that is sufficient to maintain some P;-
dependent regulation of the PHO pathway in vivo. The resulting
inducibility is limited, however, because this central domain
yields only a fivefold induction of the PHO5 gene on Pj-free
media, and this only upon overexpression, whereas full-length
Pho81, expressed at normal levels from its native promoter,
yields an almost 200-fold induction (Ogawa et al., 1995). This
central region was later trimmed further to remove the remaining
ankyrin repeats, resulting in an 80-amino acid region, termed
“minimum domain.” Also, the minimum domain allows only a
less than 10-fold induction of PHOS5 when overexpressed (Huang
et al., 2001). Nevertheless, the minimum domain was ascribed
a key function in the regulation of the PHO pathway through
Pho81 (Lee et al.,, 2007, 2008). That the other parts of Pho81
may as well play a crucial role in regulation is suggested by
the observation that the minimum domain is not sufficient to
allow Pho85/80 to regulate the stress response pathway in a
P;-dependent manner (Swinnen et al., 2005), which full-length
Pho81 does. Furthermore, several mutations leading to the
constitutive activation of the PHO pathway lie in the N-terminal
part of Pho81 (Creasy et al., 1993; Ogawa et al., 1995), underlining
the physiological relevance of this region.

It has been reported that Pho81 requires the PIPP5K Vip1 and
its product 1-InsP; to inhibit Pho85/80 kinase and that InsP;
shows a corresponding increase under P; starvation (Lee et al.,
2007). Although this model has been widely accepted, several

observations cannot easily be reconciled with it: Firstly, the InsP;
concentration actually decreases with decreasing P; availability
and Vipl makes only a minor contribution to the InsP; pool in
rich media (Lonetti et al., 2011; Steidle et al., 2016; Wild et al.,
2016). Secondly, the inactivation of the enzymes Plcl, Ipkl, and
Arg82, which ablates the synthesis of 1-InsP; and its precursor
InsPg, inhibits Pho85/80 (Auesukaree et al., 2005) instead of
showing the activation that one should expect if InsP7 inhibited
the enzyme. Thirdly, vipl A mutants can also activate the PHO
pathway, though with a moderate delay relative to wild-type cells
(Choi et al.,, 2017). Thus, it is currently unclear how the PHO
pathway is regulated through inositol pyrophosphates and the
availability of P;.

Control of the PHO Pathway Through

Other Parameters Than Pho4 Activation
Besides phosphate limitation, several other conditions can
activate PHO genes. Potassium starvation upregulates the PHO
genes PHO84, PHO5, and SPL2 using the PHO signaling pathway
(Anemaet and van Heusden, 2014; Canadell et al., 2015). Also,
growth on acidic or alkaline pH, or the activation of calcineurin,
can trigger the PHO pathway (Causton et al., 2001; Serrano
et al.,, 2002; Ruiz et al., 2003; Luan and Li, 2004). The cell cycle
activates PHO genes transiently and in a cyclic manner through
Pho4 (Spellman et al., 1998), but also through the transcription
factor Fkh2 (Pondugula et al., 2009; Korber and Barbaric, 2014;
Bru et al., 2016).

While some activation of the PHO pathway may be related
to secondary effects of the tested conditions on cytosolic P;
concentration, it is clear that Pho4/Pho2 are not the only
transcription factors inducing PHO gene expression. These genes
are embedded into a complex network of transcriptional control,
which engages many other players, including the SAGA complex
(Nishimura et al., 1999), the SWI-SNF complex (Gregory et al.,
1999), the nucleosome spacing factor Ino80 (Barbaric et al,
2007), the arginine methyl transferase Hmt1 (Chia et al., 2018),
or the transcriptional activator Crzl (Serra-Cardona et al., 2014).
These factors can either directly activate transcription or they
may regulate promoter activity through the chromatin structure
(Steger et al., 2003; Lam et al., 2008; Korber and Barbaric, 2014).

Yeast cells also perform pervasive transcription, which
produces non-coding RNAs (Xu et al, 2009). Antisense
transcripts for PHO5 and PHO84 mediate an exosome-dependent
reduction in the abundance of messenger RNA (mRNA) from
these two genes (Camblong et al., 2007) and affect chromatin
remodeling during the activation of PHO5 transcription (Uhler
et al., 2007). On the PHO84 promoter, it recruits the histone
deacetylase Hdal, which downregulates transcription (Camblong
et al, 2007). At the KCSI locus, antisense and intragenic
transcripts are produced, and their production depends on the
transcription factor Pho4 and on P; starvation (Nishizawa et al.,
2008). These transcripts lead to the synthesis of truncated Kcsl,
which is presumed to show lower activity.

Phosphate-dependent regulation of gene expression appears
to act also on steps subsequent to the initiation of transcription.
For example, Pho92 regulates the degradation of Pho4 mRNA
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by binding to its 3’-UTR in a P;-dependent manner (Kang
et al., 2014). The nonsense-mediated decay pathway is probably
involved in this mRNA degradation reaction through Pop2 and
the Ccr4-NOT complex.

Outlook

P; homeostasis is an essential and complex aspect of metabolism.
Even a simple unicellular organism such as yeast dedicates a
significant percentage of its only 6,000 genes on it, underlining
its fundamental importance. Many components involved in
the P; homeostasis in yeast are conserved in other organisms,
suggesting that there are common approaches to the problem.
Others appear functionally conserved, but realized in a
quite organism-specific manner. For example, Pj-dependent
transcriptional control is a widespread phenomenon which is
conserved in that it employs SPX domains and InsPPs, and
we expect that the way in which SPX domains interact with
their target proteins may reveal common features. However,
in other organisms, the mediators transmitting this control to
the transcription factors can differ from the PHO pathway
components acting in yeast. Work in a variety of different model
organisms will thus contribute essential information necessary to
grasp the full spectrum of strategies underlying P; homeostasis.
Yeast cells are a prime model to study phosphate homeostasis
in a eukaryotic cell system because many of the proteins
immediately implicated in stabilizing cytosolic P; are known and
important elements of the signaling cascades regulating their

REFERENCES

Almaguer, C., Cheng, W., Nolder, C., and Patton-Vogt, J. (2004).
Glycerophosphoinositol, a novel phosphate source whose transport is
regulated by multiple factors in Saccharomyces cerevisiae. J. Biol. Chem. 279,
31937-31942. doi: 10.1074/jbc.M403648200

Andreeva, N., Trilisenko, L., Eldarov, M., and Kulakovskaya, T. (2015).
Polyphosphatase PPN1 of Saccharomyces switching  of
exopolyphosphatase and  endopolyphosphatase PLoS One
10:¢0119594. doi: 10.1371/journal.pone.0119594

Anemaet, I. G., and van Heusden, G. P. H. (2014). Transcriptional response of
Saccharomyces cerevisiae to potassium starvation. BMC Genomics 15:1040. doi:
10.1186/1471-2164-15-1040

Ansermet, C., Moor, M. B., Centeno, G., Auberson, M., Hu, D. Z., Baron, R,, et al.
(2017). Renal fanconi syndrome and hypophosphatemic rickets in the absence
of xenotropic and polytropic retroviral receptor in the nephron. J. Am. Soc.
Nephrol. 28, 1073-1078. doi: 10.1681/ASN.2016070726

Arima, K., Oshima, T., Kubota, I., Nakamura, N., Mizunaga, T., and Toh-e, A.
(1983). The nucleotide sequence of the yeast PHO5 gene: a putative precursor
of repressible acid phosphatase contains a signal peptide. Nucleic Acids Res. 11,
1657-1672. doi: 10.1093/nar/11.6.1657

Auesukaree, C., Homma, T., Kaneko, Y., and Harashima, S. (2003). Transcriptional
regulation of phosphate-responsive genes in low-affinity phosphate-
transporter-defective mutants in  Saccharomyces cerevisiae. Biochem.
Biophys. Res. Commun. 306, 843-850. doi:  10.1016/50006-291x(03)0
1068-4

Auesukaree, C., Homma, T., Tochio, H., Shirakawa, M., Kaneko, Y., and
Harashima, S. (2004). Intracellular phosphate serves as a signal for the
regulation of the PHO pathway in Saccharomyces cerevisiae. J. Biol. Chem. 279,
17289-17294. doi: 10.1074/jbc.M312202200

Auesukaree, C., Tochio, H., Shirakawa, M., Kaneko, Y., and Harashima, S. (2005).
Plclp, Arg82p, and Kcslp, enzymes involved in inositol pyrophosphate
synthesis, are essential for phosphate regulation and polyphosphate

cerevisiae:
activities.

expression and activity have begun to emerge. A major challenge
lies in the high degree of redundancy that cells use in order to
regulate their internal phosphate store. In order to study the
regulatory mechanisms behind P; homeostasis, it will therefore
be necessary to establish reduced and simplified systems, both
in vivo and in vitro, which will allow isolating individual aspects
of the complex regulatory network and exploring them without
too much interference by redundant mechanisms. The potent and
convenient methods for manipulating the yeast genome provide
the necessary tools to tackle this task.

AUTHOR CONTRIBUTIONS

Both authors wrote all parts of the review together.

FUNDING

This work was supported by grants from the SNSF
(CRSII5_170925) and the ERC (788442) to AM.

ACKNOWLEDGMENTS

We thank Geun-Don Kim, Andrea Schmidt, Valentin Chabert,
and Juan Francisco Bada for their comments on our manuscript.

accumulation in Saccharomyces cerevisiae. ]. Biol. Chem. 280, 25127-25133.
doi: 10.1074/jbc.M414579200

Azevedo, C., Desfougeres, Y., Jiramongkol, Y., Partington, H., Trakansuebkul, S.,
Singh, J., et al. (2019). Development of a yeast model to study the contribution
of vacuolar polyphosphate metabolism to lysine polyphosphorylation. J. Biol.
Chem. 295, 1439-1451. doi: 10.1074/jbc.RA119.011680

Azevedo, C., Livermore, T, and Saiardi, A. (2015). Protein polyphosphorylation of
lysine residues by inorganic polyphosphate. Mol. Cell 58, 71-82. doi: 10.1016/j.
molcel.2015.02.010

Azevedo, C., and Saiardi, A. (2017). Eukaryotic phosphate homeostasis: the inositol
pyrophosphate perspective. Trends Biochem. Sci. 42, 219-231. doi: 10.1016/j.
tibs.2016.10.008

Azevedo, C., Singh, J., Steck, N., Hofer, A., Ruiz, F. A,, Singh, T., et al. (2018).
Screening a protein array with synthetic biotinylated inorganic polyphosphate
to define the human polyP-ome. ACS Chem. Biol. 13, 1958-1963. doi: 10.1021/
acschembio.8b00357

Barbaric, S., Luckenbach, T., Schmid, A., Blaschke, D., Hérz, W., and Korber,
P. (2007). Redundancy of chromatin remodeling pathways for the induction
of the yeast PHO5 promoter in vivo. J. Biol. Chem. 282, 27610-27621. doi:
10.1074/jbc.M700623200

Bhoite, L. T., Allen, J. M., Garcia, E., Thomas, L. R., Gregory, I. D., Voth, W. P,
etal. (2002). Mutations in the pho2 (bas2) transcription factor that differentially
affect activation with its partner proteins basl, pho4, and swi5. J. Biol. Chem.
277, 37612-37618. doi: 10.1074/jbc.M206125200

Biber, J., Hernando, N., and Forster, I. (2013). Phosphate transporters and their
function. Annu. Rev. Physiol. 75, 535-550. doi: 10.1146/annurev-physiol-
030212-183748

Boer, V. M., Crutchfield, C. A., Bradley, P. H., Botstein, D., and Rabinowitz,
J. D. (2010). Growth-limiting intracellular metabolites in yeast growing under
diverse nutrient limitations. Mol. Biol. Cell 21, 198-211. doi: 10.1091/mbc.e09-
07-0597

Boer, V. M., de Winde, J. H., Pronk, J. T., and Piper, M. D. W. (2003). The genome-
wide transcriptional responses of Saccharomyces cerevisiae grown on glucose in

Frontiers in Microbiology | www.frontiersin.org

July 2020 | Volume 11 | Article 1367


https://doi.org/10.1074/jbc.M403648200
https://doi.org/10.1371/journal.pone.0119594
https://doi.org/10.1186/1471-2164-15-1040
https://doi.org/10.1186/1471-2164-15-1040
https://doi.org/10.1681/ASN.2016070726
https://doi.org/10.1093/nar/11.6.1657
https://doi.org/10.1016/s0006-291x(03)01068-4
https://doi.org/10.1016/s0006-291x(03)01068-4
https://doi.org/10.1074/jbc.M312202200
https://doi.org/10.1074/jbc.M414579200
https://doi.org/10.1074/jbc.RA119.011680
https://doi.org/10.1016/j.molcel.2015.02.010
https://doi.org/10.1016/j.molcel.2015.02.010
https://doi.org/10.1016/j.tibs.2016.10.008
https://doi.org/10.1016/j.tibs.2016.10.008
https://doi.org/10.1021/acschembio.8b00357
https://doi.org/10.1021/acschembio.8b00357
https://doi.org/10.1074/jbc.M700623200
https://doi.org/10.1074/jbc.M700623200
https://doi.org/10.1074/jbc.M206125200
https://doi.org/10.1146/annurev-physiol-030212-183748
https://doi.org/10.1146/annurev-physiol-030212-183748
https://doi.org/10.1091/mbc.e09-07-0597
https://doi.org/10.1091/mbc.e09-07-0597
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Austin and Mayer

Phosphate Homeostasis in Cells

aerobic chemostat cultures limited for carbon, nitrogen, phosphorus, or sulfur.
J. Biol. Chem. 278, 3265-3274. doi: 10.1074/jbc.M209759200

Bostian, K. A., Lemire, J. M., and Halvorson, H. O. (1983). Physiological control of
repressible acid phosphatase gene transcripts in Saccharomyces cerevisiae. Mol.
Cell Biol. 3, 839-853. doi: 10.1128/mcb.3.5.839

Bru, S., Martinez-Lainez, J. M., Hernandez-Ortega, S., Quandt, E., Torres-
Torronteras, J., Marti, R., et al. (2016). Polyphosphate is involved in cell cycle
progression and genomic stability in Saccharomyces cerevisiae. Mol. Microbiol.
101, 367-380. doi: 10.1111/mmi.13396

Bun-ya, M., Nishimura, M., Harashima, S., and Oshima, Y. (1991). The PHO84
gene of Saccharomyces cerevisiae encodes an inorganic phosphate transporter.
Mol. Cell Biol. 11, 3229-3238. doi: 10.1128/mcb.11.6.3229

Biirglin, T. R. (1988). The yeast regulatory gene PHO2 encodes a homeo box. Cell
53, 339-340. doi: 10.1016/0092-8674(88)90153-5

Camblong, J., Iglesias, N., Fickentscher, C., Dieppois, G., and Stutz, F. (2007).
Antisense RNA stabilization induces transcriptional gene silencing via histone
deacetylation in S. cerevisiae. Cell 131, 706-717. doi: 10.1016/j.cell.2007.0
9.014

Canadell, D., Gonzéilez, A., Casado, C., and Arifio, J. (2015). Functional
interactions between potassium and phosphate homeostasis in Saccharomyces
cerevisiae. Mol. Microbiol. 95, 555-572. doi: 10.1111/mmi.12886

Carroll, A. S., and O’Shea, E. K. (2002). Pho85 and signaling environmental
conditions. Trends Biochem. Sci. 27, 87-93. doi: 10.1016/s0968-0004(01)0
2040-0

Carter-O’Connell, I, Peel, M. T., Wykoff, D. D., and O’Shea, E. K. (2012).
Genome-wide characterization of the phosphate starvation response in
Schizosaccharomyces pombe. BMC Genomics 13:697. doi: 10.1186/1471-2164-
13-697

Cartwright, J. L., and McLennan, A. G. (1999). The Saccharomyces cerevisiae
YORI163w gene encodes a diadenosine 5', 5'-P!,P®-Hexaphosphate (Ap6A)
hydrolase member of the MutT motif (Nudix hydrolase) family. J. Biol. Chem.
274, 8604-8610. doi: 10.1074/jbc.274.13.8604

Causton, H. C,, Ren, B, Koh, S. S., Harbison, C. T, Kanin, E., Jennings, E. G., et al.
(2001). Remodeling of yeast genome expression in response to environmental
changes. Mol. Biol. Cell 12, 323-337. doi: 10.1091/mbc.12.2.323

Chia, S. Z., Lai, Y.-W., Yagoub, D,, Lev, S., Hamey, J. J., Pang, C. N. L, et al. (2018).
Knockout of the Hmtlp arginine methyltransferase in Saccharomyces cerevisiae
leads to the dysregulation of phosphate-associated genes and processes. Mol.
Cell. Proteomics 17, 2462-2479. doi: 10.1074/mcp.RA117.000214

Choi, J., Rajagopal, A., Xu, Y.-F., Rabinowitz, J. D., and O’Shea, E. K. (2017). A
systematic genetic screen for genes involved in sensing inorganic phosphate
availability in Saccharomyces cerevisiae. PLoS One 12:¢0176085. doi: 10.1371/
journal.pone.0176085

Conrad, M., Schothorst, J., Kankipati, H. N., Van Zeebroeck, G., Rubio-Texeira,
M., and Thevelein, J. M. (2014). Nutrient sensing and signaling in the yeast
Saccharomyces cerevisiae. FEMS Microbiol. Rev. 38,254-299. doi: 10.1111/1574-
6976.12065

Creasy, C. L., Madden, S. L., and Bergman, L. W. (1993). Molecular analysis of
the PHOS81 gene of Saccharomyces cerevisiae. Nucleic Acids Res. 21, 1975-1982.
doi: 10.1093/nar/21.8.1975

Creasy, C. L., Shao, D., and Begman, L. W. (1996). Negative transcriptional
regulation of PHO81 expression in Saccharomyces cerevisiae. Gene 168, 23-29.
doi: 10.1016/0378-1119(95)00737-7

De Virgilio, C. (2011). The essence of yeast quiescence. FEMS Microbiol. Rev. 36,
306-339. doi: 10.1111/j.1574-6976.2011.00287.x

Depaoli, M. R,, Hay, J. C., Graier, W. F., and Malli, R. (2019). The enigmatic ATP
supply of the endoplasmic reticulum. Biol. Rev. Camb. Philos. Soc. 94, 610-628.
doi: 10.1111/brv.12469

Desfougeres, Y., Gerasimaité, R. U, Jessen, H. J., and Mayer, A. (2016). Vtc5,
a novel subunit of the vacuolar transporter chaperone complex, regulates
polyphosphate synthesis and phosphate homeostasis in yeast. J. Biol. Chem. 291,
22262-22275. doi: 10.1074/jbc.M116.746784

Docampo, R., and Huang, G. (2016). Acidocalcisomes of eukaryotes. Curr. Opin.
Cell Biol. 41, 66-72. doi: 10.1016/j.ceb.2016.04.007

Donella-Deana, A., Ostoji¢, S., Pinna, L. A., and Barbari¢, S. (1993). Specific
dephosphorylation of phosphopeptides by the yeast alkaline phosphatase
encoded by PHOS gene. Biochim. Biophys. Acta 1177, 221-228. doi: 10.1016/
0167-4889(93)90044-p

Dong, J., Ma, G., Sui, L., Wei, M., Satheesh, V., Zhang, R, et al. (2019). Inositol
pyrophosphate InsP8 acts as an intracellular phosphate signal in Arabidopsis.
Mol. Plant 12, 1463-1473. doi: 10.1016/j.molp.2019.08.002

Estill, M., Kerwin-Tosue, C. L., and Wykoff, D. D. (2015). Dissection of the
PHO pathway in Schizosaccharomyces pombe using epistasis and the alternate
repressor adenine. Curr. Genet. 61, 175-183. doi: 10.1007/500294-014-0466-6

Fisher, E., Almaguer, C., Holic, R., Griac, P., and Patton-Vogt, J. (2005).
Glycerophosphocholine-dependent growth requires Gdelp (YPL110c) and
Gitlp in Saccharomyces cerevisiae. ]. Biol. Chem. 280, 36110-36117. doi: 10.
1074/jbc.M507051200

Flick, J. S., and Thorner, J. (1998). An essential function of a phosphoinositide-
specific phospholipase C is relieved by inhibition of a cyclin-dependent protein
kinase in the yeast Saccharomyces cerevisiae. Genetics 148, 33-47.

Gerasimaite, R., and Mayer, A. (2016). Enzymes of yeast polyphosphate
metabolism: structure, enzymology and biological roles. Biochem. Soc. Trans.
44, 234-239. doi: 10.1042/BST20150213

Gerasimaite, R., and Mayer, A. (2017). Ppn2, a novel Zn(2+4)-dependent
polyphosphatase in the acidocalcisome-like yeast vacuole. J. Cell Sci. 130,
1625-1636. doi: 10.1242/jcs.201061

Gerasimaite, R., Pavlovic, I, Capolicchio, S., Hofer, A., Schmidt, A., Jessen,
H. J., et al. (2017). Inositol pyrophosphate specificity of the SPX-dependent
polyphosphate polymerase VTC. ACS Chem. Biol. 12, 648-653. doi: 10.1021/
acschembio.7b00026

Gerasimaite, R., Sharma, S., Desfougeres, Y., Schmidt, A., and Mayer, A.
(2014). Coupled synthesis and translocation restrains polyphosphate to
acidocalcisome-like vacuoles and prevents its toxicity. J. Cell Sci. 127, 5093
5104. doi: 10.1242/jcs.159772

Ghillebert, R., Swinnen, E., De Snijder, P., Smets, B., and Winderickx, J. (2011).
Differential roles for the low-affinity phosphate transporters Pho87 and Pho90
in Saccharomyces cerevisiae. Biochem. J. 434,243-251. doi: 10.1042/BJ20101118

Giots, F., Donaton, M., and Thevelein, J. M. (2003). Inorganic phosphate is sensed
by specific phosphate carriers and acts in concert with glucose as a nutrient
signal for activation of the protein kinase A pathway in the yeast Saccharomyces
cerevisiae. Mol. Microbiol. 47, 1163-1181. doi: 10.1046/j.1365-2958.2003.0
3365.x

Giovannini, D., Touhami, J., Charnet, P., Sitbon, M., and Battini, J.-L. (2013).
Inorganic phosphate export by the retrovirus receptor XPR1 in metazoans. Cell
Rep. 3, 1866-1873. doi: 10.1016/j.celrep.2013.05.035

Gregory, P. D., Schmid, A., Zavari, M., Miinsterkétter, M., and Horz, W. (1999).
Chromatin remodelling at the PHO8 promoter requires SWI-SNF and SAGA
at a step subsequent to activator binding. EMBO J. 18, 6407-6414. doi: 10.1093/
emboj/18.22.6407

Gu, C., Nguyen, H.-N., Hofer, A., Jessen, H. J., Dai, X,, Wang, H., et al.
(2017). The significance of the bifunctional kinase/phosphatase activities
of PPIP5Ks for coupling inositol pyrophosphate cell-signaling to cellular
phosphate homeostasis. J. Biol. Chem. 292, 4544-4555. doi: 10.1074/jbc.M116.
765743

Henry, T. C., Power, J. E., Kerwin, C. L., Mohammed, A., Weissman, J. S., Cameron,
D. M, et al. (2011). Systematic screen of Schizosaccharomyces pombe deletion
collection uncovers parallel evolution of the phosphate signal transduction
pathway in yeasts. Eukaryot. Cell 10, 198-206. doi: 10.1128/ec.00216-10

Hirst, K., Fisher, F., McAndrew, P. C., and Goding, C. R. (1994). The transcription
factor, the Cdk, its cyclin and their regulator: directing the transcriptional
response to a nutritional signal. EMBO J. 13, 5410-5420. doi: 10.1002/j.1460-
2075.1994.tb06876.x

Hothorn, M., Neumann, H., Lenherr, E. D., Wehner, M., Rybin, V., Hassa, P. O.,
etal. (2009). Catalytic core of a membrane-associated eukaryotic polyphosphate
polymerase. Science 324, 513-516. doi: 10.1126/science.1168120

Huang, D., Friesen, H., and Andrews, B. (2007). Pho85, a multifunctional cyclin-
dependent protein kinase in budding yeast. Mol. Microbiol. 66, 303-314. doi:
10.1111/j.1365-2958.2007.05914.x

Huang, S., Jeffery, D. A., Anthony, M. D., and O’Shea, E. K. (2001). Functional
analysis of the cyclin-dependent kinase inhibitor Pho81 identifies a novel
inhibitory domain. Mol. Cell Biol. 21, 6695-6705. doi: 10.1128/mcb.21.19.6695-
6705.2001

Huh, W.-K,, Falvo, J. V., Gerke, L. C., Carroll, A. S., Howson, R. W., Weissman, J. S.,
et al. (2003). Global analysis of protein localization in budding yeast. Nature
425, 686-691. doi: 10.1038/nature02026

Frontiers in Microbiology | www.frontiersin.org

July 2020 | Volume 11 | Article 1367


https://doi.org/10.1074/jbc.M209759200
https://doi.org/10.1128/mcb.3.5.839
https://doi.org/10.1111/mmi.13396
https://doi.org/10.1128/mcb.11.6.3229
https://doi.org/10.1016/0092-8674(88)90153-5
https://doi.org/10.1016/j.cell.2007.09.014
https://doi.org/10.1016/j.cell.2007.09.014
https://doi.org/10.1111/mmi.12886
https://doi.org/10.1016/s0968-0004(01)02040-0
https://doi.org/10.1016/s0968-0004(01)02040-0
https://doi.org/10.1186/1471-2164-13-697
https://doi.org/10.1186/1471-2164-13-697
https://doi.org/10.1074/jbc.274.13.8604
https://doi.org/10.1091/mbc.12.2.323
https://doi.org/10.1074/mcp.RA117.000214
https://doi.org/10.1371/journal.pone.0176085
https://doi.org/10.1371/journal.pone.0176085
https://doi.org/10.1111/1574-6976.12065
https://doi.org/10.1111/1574-6976.12065
https://doi.org/10.1093/nar/21.8.1975
https://doi.org/10.1016/0378-1119(95)00737-7
https://doi.org/10.1111/j.1574-6976.2011.00287.x
https://doi.org/10.1111/brv.12469
https://doi.org/10.1074/jbc.M116.746784
https://doi.org/10.1016/j.ceb.2016.04.007
https://doi.org/10.1016/0167-4889(93)90044-p
https://doi.org/10.1016/0167-4889(93)90044-p
https://doi.org/10.1016/j.molp.2019.08.002
https://doi.org/10.1007/s00294-014-0466-6
https://doi.org/10.1074/jbc.M507051200
https://doi.org/10.1074/jbc.M507051200
https://doi.org/10.1042/BST20150213
https://doi.org/10.1242/jcs.201061
https://doi.org/10.1021/acschembio.7b00026
https://doi.org/10.1021/acschembio.7b00026
https://doi.org/10.1242/jcs.159772
https://doi.org/10.1042/BJ20101118
https://doi.org/10.1046/j.1365-2958.2003.03365.x
https://doi.org/10.1046/j.1365-2958.2003.03365.x
https://doi.org/10.1016/j.celrep.2013.05.035
https://doi.org/10.1093/emboj/18.22.6407
https://doi.org/10.1093/emboj/18.22.6407
https://doi.org/10.1074/jbc.M116.765743
https://doi.org/10.1074/jbc.M116.765743
https://doi.org/10.1128/ec.00216-10
https://doi.org/10.1002/j.1460-2075.1994.tb06876.x
https://doi.org/10.1002/j.1460-2075.1994.tb06876.x
https://doi.org/10.1126/science.1168120
https://doi.org/10.1111/j.1365-2958.2007.05914.x
https://doi.org/10.1111/j.1365-2958.2007.05914.x
https://doi.org/10.1128/mcb.21.19.6695-6705.2001
https://doi.org/10.1128/mcb.21.19.6695-6705.2001
https://doi.org/10.1038/nature02026
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Austin and Mayer

Phosphate Homeostasis in Cells

Hirlimann, H. C. (2009). Investigations on the Physiology and Molecular Basis
of Polyphosphate Hyper- and Hypo-Accumulation in Saccharomyces cerevisiae.
Zurich: ETH.

Hiirlimann, H. C., Pinson, B., Stadler-Waibel, M., Zeeman, S. C., and Freimoser,
F. M. (2009). The SPX domain of the yeast low-affinity phosphate transporter
Pho90 regulates transport activity. EMBO Rep. 10, 1003-1008. doi: 10.1038/
embor.2009.105

Hirlimann, H. C., Stadler-Waibel, M., Werner, T. P., and Freimoser, F. M.
(2007). Pho91 is a vacuolar phosphate transporter that regulates phosphate
and polyphosphate metabolism in Saccharomyces cerevisiae. Mol. Biol. Cell 18,
4438-4445. doi: 10.1091/mbc.e07-05-0457

Jensen, L. T., Ajua-Alemanji, M., and Culotta, V. C. (2003). The Saccharomyces
cerevisiae high affinity phosphate transporter encoded by PHO84 also functions
in manganese homeostasis. J. Biol. Chem. 278, 42036-42040. doi: 10.1074/jbc.
M307413200

Kaffman, A., Herskowitz, I, Tjian, R., and O’Shea, E. K. (1994). Phosphorylation of
the transcription factor-Pho4 by a cyclin-Cdk complex, Pho80-Pho85. Science
263, 1153-1156. doi: 10.1126/science.8108735

Kaffman, A., Rank, N. M., O'Neill, E. M., Huang, L. S., and O’Shea, E. K. (1998a).
The receptor Msn5 exports the phosphorylated transcription factor Pho4 out of
the nucleus. Nature 396, 482-486. doi: 10.1038/24898

Kaffman, A., Rank, N. M., and O’Shea, E. K. (1998b). Phosphorylation
regulates association of the transcription factor Pho4 with its import receptor
Psel/Kap121. Genes Dev. 12, 2673-2683. doi: 10.1101/gad.12.17.2673

Kaneko, Y., Tamai, Y., Toh-e, A., and Oshima, Y. (1985). Transcriptional and
post-transcriptional control of PHOS8 expression by PHO regulatory genes
in Saccharomyces cerevisiae. Mol. Cell Biol. 5, 248-252. doi: 10.1128/mcb.5.
1.248

Kaneko, Y., Toh-e, A., and Oshima, Y. (1982). Identification of the genetic locus
for the structural gene and a new regulatory gene for the synthesis of repressible
alkaline phosphatase in Saccharomyces cerevisiae. Mol. Cell Biol. 2, 127-137.
doi: 10.1128/mcb.2.2.127

Kang, H.-J., Jeong, S.-J., Kim, K.-N., Baek, L-J., Chang, M., Kang, C.-M.,
et al. (2014). A novel protein, Pho92, has a conserved YTH domain and
regulates phosphate metabolism by decreasing the mRNA stability of PHO4 in
Saccharomyces cerevisiae. Biochem. J. 457, 391-400. doi: 10.1042/BJ20130862

Klompmaker, S. H., Kohl, K., Fasel, N., and Mayer, A. (2017). Magnesium uptake
by connecting fluid-phase endocytosis to an intracellular inorganic cation filter.
Nat. Commun. 8:1879.

Knight, J. P, Daly, T. M., and Bergman, L. W. (2004). Regulation by
phosphorylation of Pho81p, a cyclin-dependent kinase inhibitor in
Saccharomyces cerevisiae. Curr. Genet. 46, 10-19. doi: 10.1007/s00294-
004-0502-z

Komeili, A., and O’Shea, E. K. (1999). Roles of phosphorylation sites in regulating
activity of the transcription factor Pho4. Science 284, 977-980. doi: 10.1126/
science.284.5416.977

Korber, P., and Barbaric, S. (2014). The yeast PHO5 promoter: from single locus to
systems biology of a paradigm for gene regulation through chromatin. Nucleic
Acids Res. 42, 10888-10902. doi: 10.1093/nar/gku784

Kulakovskaya, T. V., Lichko, L. P., Vagabov, V. M., and Kulaev, I. S. (2010).
Inorganic polyphosphates in mitochondria. Biochem. Mosc. 75, 825-831.

Kumble, K. D., and Kornberg, A. (1996). Endopolyphosphatases for long chain
inorganic polyphosphate in yeast and mammals. J. Biol. Chem. 271, 27146
27151. doi: 10.1074/jbc.271.43.27146

Lam, F. H., Steger, D. J., and O’Shea, E. K. (2008). Chromatin decouples promoter
threshold from dynamic range. Nature 453, 246-250. doi: 10.1038/nature06867

Langen, P., and Liss, E. (1958). [Formation and conversion of yeast
polyphosphates]. Biochem. Z. 330, 455-466.

Langen, P., and Liss, E. (1960). [Differentiation of orthophosphates of yeast cells].
Biochem. Z. 332, 403-406.

Lazard, M., Blanquet, S., Fisicaro, P., Labarraque, G., and Plateau, P. (2010).
Uptake of selenite by Saccharomyces cerevisiae involves the high and low affinity
orthophosphate transporters. J. Biol. Chem. 285, 32029-32037. doi: 10.1074/jbc.
M110.139865

Lee, M., O’Regan, S., Moreau, J. L., Johnson, A. L., Johnston, L. H., and Goding,
C. R. (2000). Regulation of the Pcl7-Pho85 cyclin-Cdk complex by Pho81. Mol.
Microbiol. 38, 411-422. doi: 10.1046/j.1365-2958.2000.02140.x

Lee, Y.-S., Huang, K., Quiocho, F. A., and O’Shea, E. K. (2008). Molecular basis of
cyclin-CDK-CKI regulation by reversible binding of an inositol pyrophosphate.
Nat. Chem. Biol. 4, 25-32. doi: 10.1038/nchembio.2007.52

Lee, Y. S, Mulugu, S., York, J. D., and O’Shea, E. K. (2007). Regulation of a
cyclin-CDK-CDK inhibitor complex by inositol pyrophosphates. Science 316,
109-112. doi: 10.1126/science.1139080

Legati, A., Giovannini, D., Nicolas, G., Lopez-Sanchez, U., Quinténs, B., Oliveira,
J. R M, et al. (2015). Mutations in XPR1 cause primary familial brain
calcification associated with altered phosphate export. Nat. Genet. 47, 579-581.
doi: 10.1038/ng.3289

Lev, S, and Djordjevic, J. T. (2018). Why is a functional PHO pathway
required by fungal pathogens to disseminate within a phosphate-rich host: a
paradox explained by alkaline pH-simulated nutrient deprivation and expanded
PHO pathway function. PLoS Pathog. 14:e1007021. doi: 10.1371/journal.ppat.
1007021

Levy, S., Kafri, M., Carmi, M., and Barkai, N. (2011). The competitive advantage
of a dual-transporter system. Science 334, 1408-1412. doi: 10.1126/science.
1207154

Li, X., Gu, C., Hostachy, S., Sahu, S., Wittwer, C., Jessen, H. J., et al. (2020).
Control of XPR1-dependent cellular phosphate efflux by InsP8 is an exemplar
for functionally-exclusive inositol pyrophosphate signaling. Proc. Natl. Acad.
Sci. U.S.A. 14:201908830. doi: 10.1073/pnas.1908830117

Lichko, L., Kulakovskaya, T., Pestov, N., and Kulaev, I. (2006). Inorganic
polyphosphates and exopolyphosphatases in cell compartments of the yeast
Saccharomyces cerevisiae under inactivation of PPX1 and PPN1 genes. Biosci.
Rep. 26, 45-54. doi: 10.1007/s10540-006-9003-2

Lichko, L. P., Kulakovskaya, T. V., and Kulaev, I. S. (2006). Inorganic
polyphosphate and exopolyphosphatase in the nuclei of Saccharomyces
cerevisiae: dependence on the growth phase and inactivation of the PPX1 and
PPN1 genes. Yeast 23, 735-740. doi: 10.1002/yea.1391

Lichko, L. P., Pestov, N. A., Kulakovskaya, T. V., and Kulaev, 1. S. (2003).
Effect of PPX1 inactivation on the exopolyphosphatase spectra in cytosol
and mitochondria of the yeast Saccharomyces cerevisiae. Biochem. Mosc. 68,
740-746.

Liu, J., Yang, L., Luan, M., Wang, Y., Zhang, C., Zhang, B., et al. (2015). A vacuolar
phosphate transporter essential for phosphate homeostasis in Arabidopsis. Proc.
Natl. Acad. Sci. U.S.A. 112, E6571-E6578. doi: 10.1073/pnas.1514598112

Lonetti, A., Szijgyarto, Z., Bosh, D., Loss, O., Azevedo, C., and Saiardi, A. (2011).
Identification of an evolutionarily conserved family of inorganic polyphosphate
endopolyphosphatases. J. Biol. Chem. 286, 31966-31974. doi: 10.1074/jbc.
M111.266320

Lu, S.-P., and Lin, S.-J. (2011). Phosphate-responsive signaling pathway is a novel
component of NAD+ metabolism in Saccharomyces cerevisiae. J. Biol. Chem.
286, 14271-14281. doi: 10.1074/jbc.M110.217885

Luan, Y., and Li, H. (2004). Model-based methods for identifying periodically
expressed genes based on time course microarray gene expression data.
Bioinformatics 20, 332-339. doi: 10.1093/bioinformatics/btg413

Lundh, F., Mouillon, J.-M., Samyn, D., Stadler, K., Popova, Y., Lagerstedt,
J. O., et al. (2009). Molecular mechanisms controlling phosphate-induced
downregulation of the yeast Pho84 phosphate transporter. Biochemistry 48,
4497-4505. doi: 10.1021/bi9001198

Magbanua, J. P., Fujisawa, K., Ogawa, N. and Oshima, Y. (1997a). The
homeodomain protein Pho2p binds at an A/T-rich segment flanking the
binding site of the basic-helix-loop-helix protein Pho4p in the yeast PHO
promoters. Yeast 13, 1299-1308. doi: 10.1002/(sici)1097-0061(199711)13:
14<1299::aid-yeal78>3.0.co;2-a

Magbanua, J. P., Ogawa, N., Harashima, S., and Oshima, Y. (1997b). The
transcriptional activators of the PHO regulon, Pho4p and Pho2p, interact
directly with each other and with components of the basal transcription
machinery in Saccharomyces cerevisiae. ]. Biochem. 121, 1182-1189. doi: 10.
1093/oxfordjournals.jbchem.a021713

Martinez, P., and Persson, B. L. (1998). Identification, cloning and characterization
of a derepressible Na+-coupled phosphate transporter in Saccharomyces
cerevisiae. Mol. Gen. Genet. 258, 628-638. doi: 10.1007/s004380050776

Mcllwain, H., Buchel, L., and Cheshire, J. D. (1951). The inorganic phosphate and
phosphocreatine of brain especially during metabolism in vitro. Biochem. J. 48,
12-20. doi: 10.1042/bj0480012

Frontiers in Microbiology | www.frontiersin.org

July 2020 | Volume 11 | Article 1367


https://doi.org/10.1038/embor.2009.105
https://doi.org/10.1038/embor.2009.105
https://doi.org/10.1091/mbc.e07-05-0457
https://doi.org/10.1074/jbc.M307413200
https://doi.org/10.1074/jbc.M307413200
https://doi.org/10.1126/science.8108735
https://doi.org/10.1038/24898
https://doi.org/10.1101/gad.12.17.2673
https://doi.org/10.1128/mcb.5.1.248
https://doi.org/10.1128/mcb.5.1.248
https://doi.org/10.1128/mcb.2.2.127
https://doi.org/10.1042/BJ20130862
https://doi.org/10.1007/s00294-004-0502-z
https://doi.org/10.1007/s00294-004-0502-z
https://doi.org/10.1126/science.284.5416.977
https://doi.org/10.1126/science.284.5416.977
https://doi.org/10.1093/nar/gku784
https://doi.org/10.1074/jbc.271.43.27146
https://doi.org/10.1038/nature06867
https://doi.org/10.1074/jbc.M110.139865
https://doi.org/10.1074/jbc.M110.139865
https://doi.org/10.1046/j.1365-2958.2000.02140.x
https://doi.org/10.1038/nchembio.2007.52
https://doi.org/10.1126/science.1139080
https://doi.org/10.1038/ng.3289
https://doi.org/10.1371/journal.ppat.1007021
https://doi.org/10.1371/journal.ppat.1007021
https://doi.org/10.1126/science.1207154
https://doi.org/10.1126/science.1207154
https://doi.org/10.1073/pnas.1908830117
https://doi.org/10.1007/s10540-006-9003-2
https://doi.org/10.1002/yea.1391
https://doi.org/10.1073/pnas.1514598112
https://doi.org/10.1074/jbc.M111.266320
https://doi.org/10.1074/jbc.M111.266320
https://doi.org/10.1074/jbc.M110.217885
https://doi.org/10.1093/bioinformatics/btg413
https://doi.org/10.1021/bi9001198
https://doi.org/10.1002/(sici)1097-0061(199711)13:14<1299::aid-yea178>3.0.co;2-a
https://doi.org/10.1002/(sici)1097-0061(199711)13:14<1299::aid-yea178>3.0.co;2-a
https://doi.org/10.1093/oxfordjournals.jbchem.a021713
https://doi.org/10.1093/oxfordjournals.jbchem.a021713
https://doi.org/10.1007/s004380050776
https://doi.org/10.1042/bj0480012
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Austin and Mayer

Phosphate Homeostasis in Cells

Menoyo, S., Ricco, N., Bru, S., Herndndez-Ortega, S., Escoté, X., Aldea, M., et al.
(2013). Phosphate-activated cyclin-dependent kinase stabilizes G1 cyclin to
trigger cell cycle entry. Mol. Cell Biol. 33, 1273-1284. doi: 10.1128/mcb.01
556-12

Mouillon, J.-M., and Persson, B. L. (2005). Inhibition of the protein kinase A
alters the degradation of the high-affinity phosphate transporter Pho84 in
Saccharomyces cerevisiae. Curr. Genet. 48, 226-234. doi: 10.1007/s00294-005-
0019-0

Mouillon, J.-M., and Persson, B. L. (2006). New aspects on phosphate sensing
and signalling in Saccharomyces cerevisiae. FEMS Yeast Res. 6, 171-176. doi:
10.1111/j.1567-1364.2006.00036.x

Miiller, O., Bayer, M. J., Peters, C., Andersen, J. S., Mann, M., and Mayer, A. (2002).
The Vtc proteins in vacuole fusion: coupling NSF activity to V(0) trans-complex
formation. EMBO J. 21, 259-269. doi: 10.1093/emboj/21.3.259

Miiller, O., Neumann, H., Bayer, M. J., and Mayer, A. (2003). Role of the Vtc
proteins in V-ATPase stability and membrane trafficking. J. Cell Sci. 116,
1107-1115. doi: 10.1242/jcs.00328

Mulugu, S., Bai, W., Fridy, P. C., Bastidas, R. J., Otto, J. C., Dollins, D. E.,
et al. (2007). A conserved family of enzymes that phosphorylate inositol
hexakisphosphate. Science 316, 106-109. doi: 10.1126/science.1139099

Nair, V. S., Gu, C., Janoshazi, A. K., Jessen, H. J., Wang, H., and Shears, S. B. (2018).
Inositol pyrophosphate synthesis by diphosphoinositol pentakisphosphate
kinase-1 is regulated by phosphatidylinositol(4,5)bisphosphate. Biosci. Rep.
38:BSR20171549. doi: 10.1042/BSR20171549

Neef, D. W., and Kladde, M. P. (2003). Polyphosphate loss promotes SNF/SWI-
and Gen5-dependent mitotic induction of PHOS5. Mol. Cell Biol. 23, 3788-3797.
doi: 10.1128/mcb.23.11.3788-3797.2003

Nishimura, K., Yasumura, K., Igarashi, K., Harashima, S., and Kakinuma, Y. (1999).
Transcription of some PHO genes in Saccharomyces cerevisiae is regulated by
spt7p. Yeast 15,1711-1717. doi: 10.1002/(sici)1097-0061(199912)15:16<1711::
aid-yea497>3.0.co0;2-8

Nishizawa, M., Komai, T., Katou, Y., Shirahige, K., Ito, T., and Toh-E, A.
(2008). Nutrient-regulated antisense and intragenic RNAs modulate a signal
transduction pathway in yeast. PLoS Biol. 6:€326. doi: 10.1371/journal.pbio.
0060326

Ogawa, N., DeRisi, J., and Brown, P. O. (2000). New components of a system
for phosphate accumulation and polyphosphate metabolism in Saccharomyces
cerevisiae revealed by genomic expression analysis. Mol. Biol. Cell 11, 4309-
4321. doi: 10.1091/mbc.11.12.4309

Ogawa, N., Noguchi, K., Sawai, H., Yamashita, Y., Yompakdee, C., and Oshima, Y.
(1995). Functional domains of Pho81p, an inhibitor of Pho85p protein kinase,
in the transduction pathway of Pi signals in Saccharomyces cerevisiae. Mol. Cell
Biol. 15, 997-1004. doi: 10.1128/mcb.15.2.997

O’Neill, E. M., Kaffman, A., Jolly, E. R., and O’Shea, E. K. (1996). Regulation of
PHO4 nuclear localization by the PHO80-PHO85 cyclin-CDK complex. Science
271, 209-212. doi: 10.1126/science.271.5246.209

Oshima, Y. (1997). The phosphatase system in Saccharomyces cerevisiae. Genes
Genet. Syst. 72, 323-334. doi: 10.1266/ggs.72.323

Palmieri, F., and Monné, M. (2016). Discoveries, metabolic roles and diseases
of mitochondrial carriers: a review. Biochim. Biophys. Acta 1863, 2362-2378.
doi: 10.1016/j.bbamcr.2016.03.007

Patton-Vogt, J. (2007). Transport and metabolism of glycerophosphodiesters
produced through phospholipid deacylation. Biochim. Biophys. Acta 1771,
337-342. doi: 10.1016/j.bbalip.2006.04.013

Pérez-Sampietro, M., Serra-Cardona, A., Canadell, D., Casas, C., Arifio, J., and
Herrero, E. (2016). The yeast Aft2 transcription factor determines selenite
toxicity by controlling the low affinity phosphate transport system. Sci. Rep.
6:32836. doi: 10.1038/srep32836

Persson, B. L., Lagerstedt, J. O., Pratt, J. R., Pattison-Granberg, J., Lundh, K,
Shokrollahzadeh, S., et al. (2003). Regulation of phosphate acquisition in
Saccharomyces cerevisiae. Curr. Genet. 43, 225-244. doi: 10.1007/s00294-003-
0400-9

Pestov, N. A., Kulakovskaya, T. V., and Kulaev, 1. S. (2004). Inorganic
polyphosphate in mitochondria of Saccharomyces cerevisiae at phosphate
limitation and phosphate excess. FEMS Yeast Res. 4, 643-648. doi: 10.1016/j.
femsyr.2003.12.008

Petersson, J., Pattison, J., Kruckeberg, A. L., Berden, J. A, and Persson, B. L.
(1999). Intracellular localization of an active green fluorescent protein-tagged

Pho84 phosphate permease in Saccharomyces cerevisiae. FEBS Lett. 462, 37-42.
doi: 10.1016/s0014-5793(99)01471-4

Pinson, B., Merle, M., Franconi, J.-M., and Daignan-Fornier, B. (2004). Low
affinity orthophosphate carriers regulate PHO gene expression independently
of internal orthophosphate concentration in Saccharomyces cerevisiae. J. Biol.
Chem. 279, 35273-35280. doi: 10.1074/jbc.M405398200

Pinson, B., Vaur, S., Sagot, I., Coulpier, F., Lemoine, S., and Daignan-Fornier,
B. (2009). Metabolic intermediates selectively stimulate transcription factor
interaction and modulate phosphate and purine pathways. Genes Dev. 23,
1399-1407. doi: 10.1101/gad.521809

Plankert, U., Purwin, C., and Holzer, H. (1991). Yeast fructose-2,6-bisphosphate 6-
phosphatase is encoded by PHOS, the gene for nonspecific repressible alkaline
phosphatase. Eur. J. Biochem. 196, 191-196. doi: 10.1111/j.1432-1033.1991.
tb15803.x

Pohlmann, J., Risse, C., Seidel, C., Pohlmann, T., Jakopec, V., Walla, E., et al. (2014).
The Vipl inositol polyphosphate kinase family regulates polarized growth and
modulates the microtubule cytoskeleton in fungi. PLoS Genet. 10:¢1004586.
doi: 10.1371/journal.pgen.1004586

Pondugula, S., Neef, D. W., Voth, W. P., Darst, R. P., Dhasarathy, A., Reynolds,
M. M, et al. (2009). Coupling phosphate homeostasis to cell cycle-specific
transcription: mitotic activation of Saccharomyces cerevisiae PHO5 by Mcm1
and forkhead proteins. Mol. Cell Biol. 29, 4891-4905. doi: 10.1128/mcb.00
222-09

Popova, Y., Thayumanavan, P., Lonati, E., Agrochdo, M., and Thevelein, J. M.
(2010). Transport and signaling through the phosphate-binding site of the yeast
Pho84 phosphate transceptor. Proc. Natl. Acad. Sci. U.S.A. 107, 2890-2895.
doi: 10.1073/pnas.0906546107

Potapenko, E., Cordeiro, C. D., Huang, G., and Docampo, R. (2019).
Pyrophosphate stimulates the phosphate-sodium symporter of Trypanosoma
brucei Acidocalcisomes and Saccharomyces cerevisiae vacuoles. mSphere
4:e00045-19.

Potapenko, E., Cordeiro, C. D., Huang, G., Storey, M., Wittwer, C., Dutta,
A. K, et al. (2018). 5-diphosphoinositol pentakisphosphate (5-IP7) regulates
phosphate release from Acidocalcisomes and yeast vacuoles. J. Biol. Chem. 293,
19101-19112. doi: 10.1074/jbc.RA118.005884

Pratt, J. R., Mouillon, J.-M., Lagerstedst, J. O., Pattison-Granberg, J., Lundh, K. I,
and Persson, B. L. (2004). Effects of methylphosphonate, a phosphate analogue,
on the expression and degradation of the high-affinity phosphate transporter
Pho84, in Saccharomyces cerevisiae. Biochemistry 43, 14444-14453. doi: 10.
1021/bi049327t

Puga, M. I, Mateos, L., Charukesi, R., Wang, Z., Franco-Zorrilla, J. M., de Lorenzo,
L., et al. (2014). SPX1 is a phosphate-dependent inhibitor of PHOSPHATE
STARVATION RESPONSE 1 in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 111,
14947-14952. doi: 10.1073/pnas.1404654111

Puga, M. I, Rojas-Triana, M., de Lorenzo, L., Leyva, A., Rubio, V., and Paz-Ares, J.
(2017). Novel signals in the regulation of Pi starvation responses in plants: facts
and promises. Curr. Opin. Plant Biol. 39, 40-49. doi: 10.1016/j.pbi.2017.05.007

Randall, T. A, Gu, C,, Li, X.,, Wang, H., and Shears, S. B. (2019). A two-way
switch for inositol pyrophosphate signaling: evolutionary history and biological
significance of a unique, bifunctional kinase/phosphatase. Adv. Biol. Regul.
75:100674. doi: 10.1016/j.jbior.2019.100674

Reddy, V. S., Singh, A. K., and Rajasekharan, R. (2008). The Saccharomyces
cerevisiste PHMS8 gene encodes a soluble magnesium-dependent
lysophosphatidic acid phosphatase. J. Biol. Chem. 283, 8846-8854.
doi: 10.1074/jbc.M706752200

Ruiz, A., Yenush, L., and Arifo, J. (2003). Regulation of ENA1 Na(+)-ATPase
gene expression by the Ppz1 protein phosphatase is mediated by the calcineurin
pathway. Eukaryot. Cell 2, 937-948. doi: 10.1128/ec.2.5.937-948.2003

Sabbagh, Y. (2013). Phosphate as a sensor and signaling molecule. Clin. Nephrol.
79, 57-65. doi: 10.5414/CN107322

Safrany, S. T., Ingram, S. W., Cartwright, J. L., Falck, J. R, McLennan, A. G.,
Barnes, L. D., et al. (1999). The diadenosine hexaphosphate hydrolases from
Schizosaccharomyces pombe and Saccharomyces cerevisiae are homologues of
the human diphosphoinositol polyphosphate phosphohydrolase. Overlapping
substrate specificities in a MutT-type protein. J. Biol. Chem. 274, 21735-21740.
doi: 10.1074/jbc.274.31.21735

Saiardi, A., Caffrey, J. J., Snyder, S. H., and Shears, S. B. (2000). The inositol
hexakisphosphate kinase family. Catalytic flexibility and function in yeast

Frontiers in Microbiology | www.frontiersin.org

July 2020 | Volume 11 | Article 1367


https://doi.org/10.1128/mcb.01556-12
https://doi.org/10.1128/mcb.01556-12
https://doi.org/10.1007/s00294-005-0019-0
https://doi.org/10.1007/s00294-005-0019-0
https://doi.org/10.1111/j.1567-1364.2006.00036.x
https://doi.org/10.1111/j.1567-1364.2006.00036.x
https://doi.org/10.1093/emboj/21.3.259
https://doi.org/10.1242/jcs.00328
https://doi.org/10.1126/science.1139099
https://doi.org/10.1042/BSR20171549
https://doi.org/10.1128/mcb.23.11.3788-3797.2003
https://doi.org/10.1002/(sici)1097-0061(199912)15:16<1711::aid-yea497>3.0.co;2-8
https://doi.org/10.1002/(sici)1097-0061(199912)15:16<1711::aid-yea497>3.0.co;2-8
https://doi.org/10.1371/journal.pbio.0060326
https://doi.org/10.1371/journal.pbio.0060326
https://doi.org/10.1091/mbc.11.12.4309
https://doi.org/10.1128/mcb.15.2.997
https://doi.org/10.1126/science.271.5246.209
https://doi.org/10.1266/ggs.72.323
https://doi.org/10.1016/j.bbamcr.2016.03.007
https://doi.org/10.1016/j.bbalip.2006.04.013
https://doi.org/10.1038/srep32836
https://doi.org/10.1007/s00294-003-0400-9
https://doi.org/10.1007/s00294-003-0400-9
https://doi.org/10.1016/j.femsyr.2003.12.008
https://doi.org/10.1016/j.femsyr.2003.12.008
https://doi.org/10.1016/s0014-5793(99)01471-4
https://doi.org/10.1074/jbc.M405398200
https://doi.org/10.1101/gad.521809
https://doi.org/10.1111/j.1432-1033.1991.tb15803.x
https://doi.org/10.1111/j.1432-1033.1991.tb15803.x
https://doi.org/10.1371/journal.pgen.1004586
https://doi.org/10.1128/mcb.00222-09
https://doi.org/10.1128/mcb.00222-09
https://doi.org/10.1073/pnas.0906546107
https://doi.org/10.1074/jbc.RA118.005884
https://doi.org/10.1021/bi049327t
https://doi.org/10.1021/bi049327t
https://doi.org/10.1073/pnas.1404654111
https://doi.org/10.1016/j.pbi.2017.05.007
https://doi.org/10.1016/j.jbior.2019.100674
https://doi.org/10.1074/jbc.M706752200
https://doi.org/10.1128/ec.2.5.937-948.2003
https://doi.org/10.5414/CN107322
https://doi.org/10.1074/jbc.274.31.21735
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Austin and Mayer

Phosphate Homeostasis in Cells

vacuole biogenesis. J. Biol. Chem. 275, 24686-24692. doi:
m002750200

Saiardi, A., Erdjument-Bromage, H., Snowman, A. M., Tempst, P., and Snyder,
S. H. (1999). Synthesis of diphosphoinositol pentakisphosphate by a newly
identified family of higher inositol polyphosphate kinases. Curr. Biol. 9, 1323
1326. doi: 10.1016/s0960-9822(00)80055-x

Saito, K., Ohtomo, R., Kuga-Uetake, Y., Aono, T., and Saito, M. (2005). Direct
labeling of polyphosphate at the ultrastructural level in Saccharomyces cerevisiae
by using the affinity of the polyphosphate binding domain of Escherichia coli
exopolyphosphatase. Appl. Environ. Microbiol. 71, 5692-5701. doi: 10.1128/
AEM.71.10.5692-5701.2005

Samyn, D. R., Ruiz-Pévon, L., Andersson, M. R., Popova, Y., Thevelein, J. M.,
and Persson, B. L. (2012). Mutational analysis of putative phosphate- and
proton-binding sites in the Saccharomyces cerevisiae Pho84 phosphate:H(+)
transceptor and its effect on signalling to the PKA and PHO pathways. Biochem.
J. 445, 413-422. doi: 10.1042/BJ20112086

Schneider, K. R, Smith, R. L., and O’Shea, E. K. (1994). Phosphate-regulated
inactivation of the kinase PHO80-PHO85 by the CDK inhibitor PHO81. Science
266, 122-126. doi: 10.1126/science.7939631

Secco, D., Wang, C., Arpat, B. A, Wang, Z., Poirier, Y., Tyerman, S. D., et al.
(2012a). The emerging importance of the SPX domain-containing proteins in
phosphate homeostasis. New Phytol. 193, 842-851. doi: 10.1111/j.1469-8137.
2011.04002.x

Secco, D., Wang, C., Shou, H., and Whelan, J. (2012b). Phosphate homeostasis in
the yeast Saccharomyces cerevisiae, the key role of the SPX domain-containing
proteins. FEBS Lett. 586, 289-295. doi: 10.1016/j.febslet.2012.01.036

Serra-Cardona, A., Petrezselyova, S., Canadell, D., Ramos, J., and Arifo, J. (2014).
Coregulated expression of the Na+/phosphate Pho89 transporter and Enal
Na+-ATPase allows their functional coupling under high-pH stress. Mol. Cell
Biol. 34, 4420-4435. doi: 10.1128/mcb.01089-14

Serrano, R., Ruiz, A., Bernal, D., Chambers, J. R., and Arifo, J. (2002). The
transcriptional response to alkaline pH in Saccharomyces cerevisiae: evidence
for calcium-mediated signalling. Mol. Microbiol. 46, 1319-1333. doi: 10.1046/j.
1365-2958.2002.03246.x

Serrano-Bueno, G., Hernandez, A., Lopez-Lluch, G., Pérez-Castifieira, J. R., Navas,
P., and Serrano, A. (2013). Inorganic pyrophosphatase defects lead to cell cycle
arrest and autophagic cell death through NAD+ depletion in fermenting yeast.
J. Biol. Chem. 288, 13082-13092. doi: 10.1074/jbc.M112.439349

Sethuraman, A., Rao, N. N., and Kornberg, A. (2001). The endopolyphosphatase
gene: essential in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. U.S.A. 98,
8542-8547. doi: 10.1073/pnas.151269398

Shao, D., Creasy, C. L., and Bergman, L. W. (1996). Interaction of Saccharomyces
cerevisiae Pho2 with Pho4 increases the accessibility of the activation domain of
Pho4. Mol. Gen. Genet. 251, 358-364. doi: 10.1007/BF02172527

Shears, S. B. (2015). Inositol pyrophosphates: why so many phosphates? Adv. Biol.
Regul. 57, 203-216. doi: 10.1016/j.jbior.2014.09.015

Shears, S. B. (2017). Intimate connections: inositol pyrophosphates at the interface
of metabolic regulation and cell signaling. J. Cell Physiol. 233, 1897-1912. doi:
10.1002/jcp.26017

Snyder, N. A., Stefan, C. P., Soroudi, C. T., Kim, A., Evangelista, C., and
Cunningham, K. W. (2017). H(+) and Pi byproducts of glycosylation
affect Ca(24) homeostasis and are retrieved from the golgi complex by
homologs of TMEM165 and XPR1. G3 7, 3913-3924. doi: 10.1534/g3.117.30
0339

Spain, B. H., Koo, D., Ramakrishnan, M., Dzudzor, B., and Colicelli, J. (1995).
Truncated forms of a novel yeast protein suppress the lethality of a G protein
alpha subunit deficiency by interacting with the beta subunit. J. Biol. Chem. 270,
25435-25444. doi: 10.1074/jbc.270.43.25435

Spellman, P. T., Sherlock, G., Zhang, M. Q,, Iyer, V. R., Anders, K., Eisen, M. B,,
et al. (1998). Comprehensive identification of cell cycle-regulated genes of the
yeast Saccharomyces cerevisiae by microarray hybridization. Mol. Biol. Cell 9,
3273-3297. doi: 10.1091/mbc.9.12.3273

Springer, M., Wykoff, D. D., Miller, N., and O’Shea, E. K. (2003). Partially
phosphorylated Pho4 activates transcription of a subset of phosphate-
responsive genes. PLoS Biol. 1:E28. doi: 10.1371/journal.pbio.0000028

Steger, D. J., Haswell, E. S., Miller, A. L., Wente, S. R., and O’Shea, E. K. (2003).
Regulation of chromatin remodeling by inositol polyphosphates. Science 299,
114-116. doi: 10.1126/science.1078062

10.1074/jbc.

Steidle, E. A., Chong, L. S., Wu, M., Crooke, E., Fiedler, D., Resnick, A. C.,,
et al. (2016). A novel inositol pyrophosphate phosphatase in Saccharomyces
cerevisiae: Siwl4 PROTEIN SELECTIVELY CLEAVES THE B-PHOSPHATE
FROM 5-DIPHOSPHOINOSITOL PENTAKISPHOSPHATE (5PP-IP5). J. Biol.
Chem. 291, 6772-6783. doi: 10.1074/jbc.M116.714907

Swinnen, E., Rosseels, J., and Winderickx, J. (2005). The minimum domain of
Pho81 is not sufficient to control the Pho85-Rim15 effector branch involved
in phosphate starvation-induced stress responses. Curr. Genet. 48, 18-33. doi:
10.1007/500294-005-0583-3

Szijgyarto, Z., Garedew, A., Azevedo, C., and Saiardi, A. (2011). Influence of
inositol pyrophosphates on cellular energy dynamics. Science 334, 802-805.
doi: 10.1126/science.1211908

Tamai, Y., Toh-e, A., and Oshima, Y. (1985). Regulation of inorganic phosphate
transport systems in Saccharomyces cerevisiae. J. Bacteriol. 164, 964-968.

Tammenkoski, M., Koivula, K., Cusanelli, E., Zollo, M., Steegborn, C., Baykov,
A. A, et al. (2008). Human metastasis regulator protein H-prune is a
short-chain exopolyphosphatase. Biochemistry 47, 9707-9713. doi: 10.1021/
bi8010847

Tammenkoski, M., Moiseev, V. M., Lahti, M., Ugochukwu, E., Brondijk, T. H. C,,
White, S. A., et al. (2007). Kinetic and mutational analyses of the major
cytosolic exopolyphosphatase from Saccharomyces cerevisiae. J. Biol. Chem. 282,
9302-9311. doi: 10.1074/jbc.M609423200

Teunissen, J. H. M., Crooijmans, M. E., Teunisse, P. P. P., and van Heusden,
G. P. H. (2017). Lack of 14-3-3 proteins in Saccharomyces cerevisiae results in
cell-to-cell heterogeneity in the expression of Pho4-regulated genes SPL2 and
PHO84. BMC Genomics 18:701. doi: 10.1186/s12864-017-4105-8

Thomas, M. R., and O’Shea, E. K. (2005). An intracellular phosphate buffer filters
transient fluctuations in extracellular phosphate levels. Proc. Natl. Acad. Sci.
U.S.A. 102, 9565-9570. doi: 10.1073/pnas.0501122102

Toh-e, A., and Kakimoto, S. (1975). Genes coding for the structure of the acid
phosphatases in Saccharomyces cerevisiae. Mol. Gen. Genet. 143, 65-70. doi:
10.1007/bf00269421

Toh-E, A., and Nishizawa, M. (2001). Structure and function of cyclin-dependent
Pho85 kinase of Saccharomyces cerevisiae. J. Gen. Appl. Microbiol. 47, 107-117.
doi: 10.2323/jgam.47.107

Toh-E, A., Tanaka, K., Uesono, Y., and Wickner, R. B. (1988). PHOS85, a negative
regulator of the PHO system, is a homolog of the protein kinase gene, CDC28,
of Saccharomyces cerevisiae. Mol. Gen. Genet. 214, 162-164. doi: 10.1007/
BF00340196

Uhler, J. P., Hertel, C., and Svejstrup, J. Q. (2007). A role for noncoding
transcription in activation of the yeast PHO5 gene. Proc. Natl. Acad. Sci. U.S.A.
104, 8011-8016. doi: 10.1073/pnas.0702431104

Urech, K., Diirr, M., Boller, T., Wiemken, A., and Schwencke, J. (1978). Localization
of polyphosphate in vacuoles of Saccharomyces Cerevisiae. Arch. Microbiol. 116,
275-278. doi: 10.1007/bf00417851

Vardi, N., Levy, S., Assaf, M., Carmi, M., and Barkai, N. (2013). Budding yeast
escape commitment to the phosphate starvation program using gene expression
noise. Curr. Biol. 23,2051-2057. doi: 10.1016/j.cub.2013.08.043

Vardi, N., Levy, S., Gurvich, Y., Polacheck, T., Carmi, M., Jaitin, D., et al. (2014).
Sequential feedback induction stabilizes the phosphate starvation response in
budding yeast. Cell Rep. 9, 1122-1134. doi: 10.1016/j.celrep.2014.10.002

Wang, C., Yue, W, Ying, Y., Wang, S., Secco, D., Liu, Y., et al. (2015). Rice SPX-
major facility superfamily3, a vacuolar phosphate efflux transporter, is involved
in maintaining phosphate homeostasis in rice. Plant Physiol. 169, 2822-2831.
doi: 10.1104/pp.15.01005

Wang, H., Falck, J. R., Hall, T. M. T., and Shears, S. B. (2012). Structural basis for an
inositol pyrophosphate kinase surmounting phosphate crowding. Nat. Chem.
Biol. 8,111-116. doi: 10.1038/nchembio.733

Wang, H., Gu, C,, Rolfes, R. J., Jessen, H. J., and Shears, S. B. (2018). Structural
and biochemical characterization of Siw14: a protein-tyrosine phosphatase fold
that metabolizes inositol pyrophosphates. J. Biol. Chem. 293, 6905-6914. doi:
10.1074/jbc.RA117.001670

Wanke, V., Pedruzzi, I, Cameroni, E., Dubouloz, F., and De Virgilio, C. (2005).
Regulation of GO entry by the Pho80-Pho85 cyclin-CDK complex. EMBO J. 24,
4271-4278. doi: 10.1038/sj.embo;j.7600889

Waters, N. C., Knight, J. P, Creasy, C. L., and Bergman, L. W. (2004). The yeast
Pho80-Pho85 cyclin-CDK complex has multiple substrates. Curr. Genet. 46,
1-9.

Frontiers in Microbiology | www.frontiersin.org

July 2020 | Volume 11 | Article 1367


https://doi.org/10.1074/jbc.m002750200
https://doi.org/10.1074/jbc.m002750200
https://doi.org/10.1016/s0960-9822(00)80055-x
https://doi.org/10.1128/AEM.71.10.5692-5701.2005
https://doi.org/10.1128/AEM.71.10.5692-5701.2005
https://doi.org/10.1042/BJ20112086
https://doi.org/10.1126/science.7939631
https://doi.org/10.1111/j.1469-8137.2011.04002.x
https://doi.org/10.1111/j.1469-8137.2011.04002.x
https://doi.org/10.1016/j.febslet.2012.01.036
https://doi.org/10.1128/mcb.01089-14
https://doi.org/10.1046/j.1365-2958.2002.03246.x
https://doi.org/10.1046/j.1365-2958.2002.03246.x
https://doi.org/10.1074/jbc.M112.439349
https://doi.org/10.1073/pnas.151269398
https://doi.org/10.1007/BF02172527
https://doi.org/10.1016/j.jbior.2014.09.015
https://doi.org/10.1002/jcp.26017
https://doi.org/10.1002/jcp.26017
https://doi.org/10.1534/g3.117.300339
https://doi.org/10.1534/g3.117.300339
https://doi.org/10.1074/jbc.270.43.25435
https://doi.org/10.1091/mbc.9.12.3273
https://doi.org/10.1371/journal.pbio.0000028
https://doi.org/10.1126/science.1078062
https://doi.org/10.1074/jbc.M116.714907
https://doi.org/10.1007/s00294-005-0583-3
https://doi.org/10.1007/s00294-005-0583-3
https://doi.org/10.1126/science.1211908
https://doi.org/10.1021/bi8010847
https://doi.org/10.1021/bi8010847
https://doi.org/10.1074/jbc.M609423200
https://doi.org/10.1186/s12864-017-4105-8
https://doi.org/10.1073/pnas.0501122102
https://doi.org/10.1007/bf00269421
https://doi.org/10.1007/bf00269421
https://doi.org/10.2323/jgam.47.107
https://doi.org/10.1007/BF00340196
https://doi.org/10.1007/BF00340196
https://doi.org/10.1073/pnas.0702431104
https://doi.org/10.1007/bf00417851
https://doi.org/10.1016/j.cub.2013.08.043
https://doi.org/10.1016/j.celrep.2014.10.002
https://doi.org/10.1104/pp.15.01005
https://doi.org/10.1038/nchembio.733
https://doi.org/10.1074/jbc.RA117.001670
https://doi.org/10.1074/jbc.RA117.001670
https://doi.org/10.1038/sj.emboj.7600889
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Austin and Mayer

Phosphate Homeostasis in Cells

Weaver, J. D., Wang, H., and Shears, S. B. (2013). The kinetic properties of a human
PPIP5K reveal that its kinase activities are protected against the consequences
of a deteriorating cellular bioenergetic environment. Biosci. Rep. 33:¢00022.
doi: 10.1042/BSR20120115

Wiame, J. M. (1947). Etude d’une substance polyphosphorée, basophile et
métachromatique chez les levures. Biochim. Biophys. Acta 1, 234-255. doi:
10.1016/0006-3002(47)90137-6

Wild, R., Gerasimaite, R., Jung, J.-Y., Truffault, V., Pavlovic, I., Schmidt, A, et al.
(2016). Control of eukaryotic phosphate homeostasis by inositol polyphosphate
sensor domains. Science 352, 986-990. doi: 10.1126/science.aad9858

Wilson, M. S., Jessen, H. J., and Saiardi, A. (2019). The inositol hexakisphosphate
kinases IP6K1 and -2 regulate human cellular phosphate homeostasis, including
XPRI-mediated phosphate export. J. Biol. Chem. 294, 11597-11608. doi: 10.
1074/jbc.RA119.007848

Wilson, M. S. C., Livermore, T. M., and Saiardi, A. (2013). Inositol pyrophosphates:
between signalling and metabolism. Biochem. J. 452, 369-379. doi: 10.1042/
BJ20130118

Wurst, H., and Kornberg, A. (1994). A soluble exopolyphosphatase of
Saccharomyces cerevisiae. Purif. charact. 269, 10996-11001.

Wurst, H., Shiba, T., and Kornberg, A. (1995). The gene for a major
exopolyphosphatase of Saccharomyces cerevisiae. J. Bacteriol. 177, 898-906.
doi: 10.1128/jb.177.4.898-906.1995

Wrykoff, D. D., and O’Shea, E. K. (2001). Phosphate transport and sensing in
Saccharomyces cerevisiae. Genetics 159, 1491-1499.

Wrykoft, D. D., Rizvi, A. H., Raser, ]. M., Margolin, B., and O’Shea, E. K. (2007).
Positive feedback regulates switching of phosphate transporters in S. cerevisiae.
Mol. Cell 27, 1005-1013. doi: 10.1016/j.molcel.2007.07.022

Xu, Y.-F., Létisse, F., Absalan, F., Lu, W., Kuznetsova, E., Brown, G., et al. (2013).
Nucleotide degradation and ribose salvage in yeast. Mol. Syst. Biol. 9:665. doi:
10.1038/msb.2013.21

Xu, Z., Wei, W., Gagneur, J., Perocchi, F., Clauder-Miinster, S., Camblong, J.,
et al. (2009). Bidirectional promoters generate pervasive transcription in yeast.
Nature 457, 1033-1037. doi: 10.1038/nature07728

Yompakdee, C., Bun-ya, M., Shikata, K., Ogawa, N., Harashima, S., and Oshima, Y.
(1996). A putative new membrane protein, Pho86p, in the inorganic phosphate
uptake system of Saccharomyces cerevisiae. Gene 171, 41-47. doi: 10.1016/0378-
1119(96)00079-0

Yoshida, K., Kuromitsu, Z., Ogawa, N., and Oshima, Y. (1989a). Mode of
expression of the positive regulatory genes PHO2 and PHO4 of the phosphatase
regulon in Saccharomyces cerevisiae. Mol. Gen. Genet. 217, 31-39. doi: 10.1007/
bf00330939

Yoshida, K., Ogawa, N., and Oshima, Y. (1989b). Function of the PHO regulatory
genes for repressible acid phosphatase synthesis in Saccharomyces cerevisiae.
Mol. Gen. Genet. 217, 40-46. doi: 10.1007/bf00330940

Yousaf, R., Gu, C., Ahmed, Z. M., Khan, S. N., Friedman, T. B, Riazuddin, S., et al.
(2018). Mutations in diphosphoinositol-pentakisphosphate kinase PPIP5K2 are
associated with hearing loss in human and mouse. PLoS Genet. 14:¢1007297.
doi: 10.1371/journal.pgen.1007297

Zhu, J., Lau, K., Puschmann, R., Harmel, R. K., Zhang, Y., Pries, V., et al. (2019).
Two bifunctional inositol pyrophosphate kinases/phosphatases control plant
phosphate homeostasis. eLife 8:e43582. doi: 10.7554/eLife.43582

Zvyagilskaya, R. A., Lundh, F., Samyn, D., Pattison-Granberg, J., Mouillon, J.-M.,
Popova, Y., et al. (2008). Characterization of the Pho89 phosphate transporter
by functional hyperexpression in Saccharomyces cerevisiae. FEMS Yeast Res. 8,
685-696. doi: 10.1111/j.1567-1364.2008.00408.x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Austin and Mayer. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

139

July 2020 | Volume 11 | Article 1367


https://doi.org/10.1042/BSR20120115
https://doi.org/10.1016/0006-3002(47)90137-6
https://doi.org/10.1016/0006-3002(47)90137-6
https://doi.org/10.1126/science.aad9858
https://doi.org/10.1074/jbc.RA119.007848
https://doi.org/10.1074/jbc.RA119.007848
https://doi.org/10.1042/BJ20130118
https://doi.org/10.1042/BJ20130118
https://doi.org/10.1128/jb.177.4.898-906.1995
https://doi.org/10.1016/j.molcel.2007.07.022
https://doi.org/10.1038/msb.2013.21
https://doi.org/10.1038/msb.2013.21
https://doi.org/10.1038/nature07728
https://doi.org/10.1016/0378-1119(96)00079-0
https://doi.org/10.1016/0378-1119(96)00079-0
https://doi.org/10.1007/bf00330939
https://doi.org/10.1007/bf00330939
https://doi.org/10.1007/bf00330940
https://doi.org/10.1371/journal.pgen.1007297
https://doi.org/10.7554/eLife.43582
https://doi.org/10.1111/j.1567-1364.2008.00408.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

:\' frontiers

in Plant Science

ORIGINAL RESEARCH
published: 12 August 2020
doi: 10.3389/fpls.2020.01240

OPEN ACCESS

Edited by:

Gabino Rios,

Instituto Valenciano de Investigaciones
Agrarias, Spain

Reviewed by:

Ali Ferjani,

Tokyo Gakugei University, Japan
Roberto Adrian Gaxiola,

Arizona State University, United States
Anssi Malinen,

University of Turku, Finland

*Correspondence:
José R. Pérez-Castifieira
Jjroman@us.es

Specialty section:

This article was submitted to

Plant Metabolism and Chemodiversity,
a section of the journal

Frontiers in Plant Science

Received: 17 March 2020
Accepted: 28 July 2020
Published: 12 August 2020

Citation:

Pérez-Castifieira JR and Serrano A
(2020) The H*-Translocating
Inorganic Pyrophosphatase From
Arabidopsis thaliana Is More
Sensitive to Sodium Than Its
Na*-Translocating Counterpart
From Methanosarcina mazei.
Front. Plant Sci. 11:1240.

doi: 10.3389/fpls.2020.01240

Check for
updates

The H*-Translocating Inorganic
Pyrophosphatase From
Arabidopsis thaliana Is More
Sensitive to Sodium Than Its Na™-
Translocating Counterpart From
Methanosarcina mazei

José R. Pérez-Castifieira* and Aurelio Serrano

Instituto de Bioquimica Vegetal y Fotosintesis, Universidad de Sevilla-CSIC, Sevilla, Spain

Overexpression of membrane-bound K*-dependent H*-translocating inorganic
pyrophosphatases (H"-PPases) from higher plants has been widely used to alleviate
the sensitivity toward NaCl in these organisms, a strategy that had been previously tested
in Saccharomyces cerevisiae. On the other hand, H*-PPases have been reported to
functionally complement the yeast cytosolic soluble pyrophosphatase (IPP1). Here, the
efficiency of the K*-dependent Na*-PPase from the archaeon Methanosarcina mazei
(MVP) to functionally complement IPP1 has been compared to that of its H*-pumping
counterpart from Arabidopsis thaliana (AVP1). Both membrane-bound integral PPases
(mPPases) supported yeast growth equally well under normal conditions, however, cells
expressing MVP grew significantly better than those expressing AVP1 under salt stress.
The subcellular distribution of the heterologously-expressed mPPases was crucial in order
to observe the phenotypes associated with the complementation. /n vitro studies showed
that the PPase activity of MVP was less sensitive to Na* than that of AVP1. Consistently,
when yeast cells expressing MVP were grown in the presence of NaCl only a marginal
increase in their internal PPi levels was observed with respect to control cells. By contrast,
yeast cells that expressed AVP1 had significantly higher levels of this metabolite under the
same conditions. The H*-pumping activity of AVP1 was also markedly inhibited by Na*.
Our results suggest that mPPases primarily act by hydrolysing the PPi generated in the
cytosol when expressed in yeast, and that AVP1 is more susceptible to Na* inhibition than
MVP both in vivo and in vitro. Based on this experimental evidence, we propose Na*-
PPases as biotechnological tools to generate salt-tolerant plants.

Keywords: Arabidopsis thaliana, heterologous expression, membrane-bound ion (H*- or Na*)-pumping inorganic
pyrophosphatases, Methanosarcina mazei, Saccharomyces cerevisiae, salt stress, soluble inorganic pyrophosphatase
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INTRODUCTION

The membrane-bound K'-dependent H'-translocating
inorganic pyrophosphatase (H'-PPase), encoded by AVPI, has
been reported to be the protein responsible for removing most of
the inorganic pyrophosphate (PPi) generated in the cytosol of
Arabidopsis thaliana cells (Ferjani et al., 2011; Kriegel et al., 2015;
Segami et al., 2018b). The removal of PPi, a by-product of many
biosynthetic reactions, is essential in all living cells because its
accumulation causes the collapse of anabolism, eventually
leading to cell death (Lahti, 1983; Serrano-Bueno et al., 2013).
AVPI couples the energy released by the hydrolysis of PPi to the
translocation of protons into the vacuole, thus acting as a second
proton pump in the plant tonoplast along with the V-type H*-
ATPase (Sarafian et al., 1992; Graus et al., 2018). By contrast, in
the cytosol of Saccharomyces cerevisiae cells only one protein
seems to have the capacity to hydrolyse PPi: the extremely
efficient soluble inorganic pyrophosphatase (sPPase), encoded
by IPP1 (Kolakowski et al., 1988).

In a seminal paper published in 2001, Gaxiola and co-workers
reported that overexpression of AVP1 alleviated the sensitivity of
A. thaliana to NaCl (Gaxiola et al., 2001). Thereafter, several
groups obtained other plants with higher tolerance to salinity
and other stresses based on this approach (Park et al., 2005; Gao
et al., 2006; Li et al., 2008; Lv et al., 2008; Pasapula et al,, 2011;
Gaxiola et al,, 2012; Schilling et al., 2014; Yang et al., 2015; Lv
et al., 2016; Ahire et al., 2018). This strategy had been originally
tested in S. cerevisiae (Gaxiola et al., 1999), thus demonstrating
the suitability of this yeast to study and test solutions to salt stress
in plants.

Although AVPI and its orthologs in higher plants have been
used as tools to develop salt-tolerant plants, membrane-bound
PPases with different biochemical properties have been
characterized from other organisms. A K'-independent H'-
PPase was identified in 1966 in the photosynthetic
alphaproteobacterium Rhodospirillum rubrum (RVP)
(Baltscheffsky and Baltscheffsky, 1995). The corresponding
gene was cloned and sequenced in the 1990s (Baltscheffsky
et al., 1998) and expressed both in E. coli (Schultz and
Baltscheffsky, 2004) and S. cerevisiae (Drake et al., 2010). Two
ortologs of RVP have been identified in A. thaliana (AVP2 and
AVP3) and reported to be located in the Golgi membranes,
however, these proteins seem to have much lower expression
levels than AVP1 and their physiological importance remains to
be established (Drozdowicz et al., 2000; Ferjani et al., 2011). An
important breakthrough in the field of PPases was the discovery
of K*-dependent Na'-translocating mPPases (Na'-PPases) in
eubacteria and archaea (Malinen et al., 2007; Baykov et al., 2013).
Nowadays, genome projects of a wide variety of organisms as
well as metagenomics and biochemical studies are significantly

Abbreviations: AVP1, K'-dependent H'-translocating inorganic pyrophosphatase
from Arabidopsis thaliana; mPPase, membrane-bound integral ion (H- or Na®)
-pumping inorganic pyrophosphatase; MVP, K'-dependent Na®-
translocating inorganic pyrophosphatase from Methanosarcina mazei; PPase,
Inorganic pyrophosphatase; PPi, Inorganic pyrophosphate; sPPase, Soluble

inorganic pyrophosphatase.

broadening the Na'-PPases field (Luoto et al., 2015; Serrano
A., unpublished).

Our group has previously reported the generation of several S.
cerevisiae mutant strains whose IPPI genes are under the control
of the glucose-repressible promoter of the GALI gene. These
strains cannot grow on glucose, thus demonstrating the
essentiality of the sPPase encoded by IPPI1 (Serrano-Bueno
et al., 2013), however, the capacity to grow on this carbon
source is recovered when they are transformed with plasmids
bearing genes coding for H'-PPases under the control of
constitutive promoters (Perez-Castifieira et al., 2002; Drake
et al,, 2010; Pérez-Castifieira et al., 2011; Hernandez et al.,
2015). This system avoids the competition for the substrate
between the heterologous H'-PPase and the yeast cytosolic
sPPase in vivo, a situation that resembles that of a plant
cell cytosol.

In this communication, the capacity of two different mPPases
to complement IPP1 under salt stress has been studied. In order
to accomplish this task, several yeast mutants with different
sensitivities to NaCl and conditional expression of IPP1 were
generated. These mutants were transformed with plasmids
bearing genes coding for AVP1 or the K'-dependent Na*-
PPase from the salt-tolerant archaeon Methanosarcina mazei
(MVP) (Malinen et al., 2007). MVP was more efficient than
AVP1 at supporting growth of the different yeast mutants in the
presence of NaCl. The addition of N-terminal signal peptides
that modify the subcellular distribution of the mPPases (Drake
et al,, 2010) was essential for efficient complementation of IPP1.
In vitro assays showed that AVP1 is significantly more sensitive
to Na* than MVP.

Our results suggest that mPPases may be direct targets of Na*
in vivo, a situation that might lead to a toxic accumulation of PPi
in the cytosol of plant cells subjected to high concentrations of
salt. Based on this evidence, we propose the heterologous
expression of chimeric versions of Na'-PPases with
appropriate N-terminal signal peptides as a more efficient way
to improve salt-tolerance in plants than the current approach,
based on the use of untargeted H'-PPases. In connection with
this, in silico analyses of currently available genomes suggest that
Na*-PPases, originally described in bacteria and archaea
(Malinen et al., 2007; Luoto et al., 2011; Luoto et al., 2015), are
present in other organisms, including some of the photosynthetic
lineage like certain marine microalgal groups (Prasinophyceae
and diatoms). Our findings suggest new biotechnological
applications for microalgae in order to improve plants of
agronomical interest.

MATERIALS AND METHODS

Yeast Strains

The strains used in this work are shown in Table 1. YPC3 mutant
strain was generated from S. cerevisiae haploid strain W303-1A
(MATa, ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1, ura3-1) by
the single-step transplacement procedure as previously described
(Drake et al., 2010). This mutant has IPPI, the gene that codes
for the cytosolic soluble inorganic PPase, under the control of the
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TABLE 1 | Yeast strains used in this work.

Name Relevant genotype Reference

W303- MATa, ade2-1 can1-100 his3-11,15 leu2-3,112 (Thomas and

1A trp1-1 ura3-1 Rothstein, 1989)

G19 MATa, ade2-1 can1-100 his3-11,15 leu2- (Quintero et al., 1996)
3,112 trp1-1 ura3-1 enalA::HIS3::ena4 A

B31 MATa, ade2-1 can1-100 his3-11,15 leu2-
3,112 trp1-1 ura3-1 enalA::HIS3::ena4 A
nhalA:LEU2

(Banuelos et al., 1998)

YPC3  W303-1A ippTuas-ippT rara-HIS3-GALTuas-  (Drake et al., 2010)
GAL17a74-IPP1

YPC5  G19 iopTyas-ippTrara TRP1-GALT yag- This study
GAL 1 7a7a-IPPT

YPCB  B31ippTuas-iopT rara: TRP1-GALT as- This study

GALT7a7a-IPP1

yeast galactokinase gene (GALI) promoter (Drake et al., 2010).
YPC5 and YPC6 mutant strains were obtained from S. cerevisiae
strains G19 and B31, respectively, by following the same strategy
except that the TRP7 cassette was used as a selection marker
instead of HIS3. Mutant G19 had been derived from strain
W303-1B by disrupting its ENAI-4 genes with the yeast HIS3
cassette (Quintero et al., 1996), whereas B31 was obtained from
G19 by disrupting NHA1 with the LEU2 cassette (Banuelos et al.,
1998). Both mutants were generously provided by Professor
Alonso Rodriguez Navarro (Universidad Politécnica de
Madrid, Spain).

Plasmids Construction and Yeast
Transformation

YPC3, YPC5, and YPC6 cells were transformed with the
plasmids shown in Table 2 as previously described (Schiestl
and Gietz, 1989). All plasmids are 2 micron-based derivatives of
the URA3-containing E. coli/S. cerevisiae shuttle plasmid pRS699,

TABLE 2 | Plasmids used for yeast transformation.

Plasmid Insertion Reference

plPP1 (Pérez-Castifieira
et al., 2002)

(Drake et al., 2010)

Sequence coding for the cytosolic soluble
PPase from S. cerevisiae

pInvGFPAVP1  Sequence coding for the putative N-
terminal signal peptide of Suc2p followed
by those of yEGFP and the H*-PPase from
A. thaliana (AVP1)

Sequence coding for the putative N-
terminal signal peptide of Suc2p followed
by those of yEGFP and the Na*-PPase
from M. mazei (MVP)

Sequence coding for the putative N-
terminal signal peptide of the K*-
dependent H*-PPase from Trypanosoma
cruzi followed by those of yEGFP and
AVP1

Sequence coding for the putative N-
terminal signal peptide of the K*-
dependent H*-PPase from T. cruzi followed
by those of yEGFP and MVP

plnvGFPMVP This study

pTcGFPAVP1 (Drake et al., 2010)

pTcGFPMVP This study

Original and chimeric nucleotide sequences described in the table were inserted between
yeast PMAT promoter and terminator of the URA3-containing plasmid pRS699 (Serrano
and Villalba, 1995).

that bears the yeast PMAI promoter for constitutive expression
of inserts (Serrano and Villalba, 1995). The latter were made by
in-frame fusion of the N-terminal signal peptides of S. cerevisiae
SUC2 invertase (Inv) or the K'-dependent H'-PPase from
Trypanosoma cruzi (Tc), the sequence coding for the yeast-
enhanced green fluorescent protein (YEGFP) and the coding
sequence of the K'-dependent H'-PPase from A. thaliana
(AVP1) (Drake et al., 2010). An identical approach was
followed with the coding sequence of the K*-dependent Na*-
PPase from M. mazei (MVP) (Malinen et al., 2007), generously
provided by Professor Reijo Lahti, University of Turku (Finland).

For the transformation procedure, YPC3, YPC5 and YPC6
cells were initially grown at 30°C in YPGal liquid medium [1%
(w/v) yeast extract, 2% (w/v) peptone, 2% (w/v) galactose], while
transformants were selected on 2% agar plates made in galactose-
containing synthetic medium [0,17% (w/v) yeast nitrogen base
without amino acids and ammonium sulphate, 2% (w/v)
galactose, 50 mM TRIS-HCIl pH 6, and a mixture of
nucleotides and amino acids described in (Treco and
Lundblad, 2001)], devoid of histidine and uracil (YPC3);
histidine, tryptophan, and uracil (YPC5); or histidine,
tryptophan, leucine, and uracil (YPC6). Colonies appeared
after incubating the plates for 3-4 days at 30°C.

Phenotype Complementation Tests
Complementation studies were performed by inoculating 2 ml of
galactose-containing selective medium with transformed cells
from the plates and growing overnight at 30°C on an orbital
shaker (150 r.p.m.). The following day, 10 ul of these cultures
were used to inoculate 2 ml of YPD medium [1% (w/v) yeast
extract, 2% (w/v) peptone, 2% (w/v) glucose] (1:200 dilution)
and allowed to grow overnight as described above. This
treatment is necessary to bring down the PPase activity
associated with the chromosome-encoded IPP1, controlled by
the glucose-repressible GALI promoter (Pérez-Castifieira et al.,
2002). After overnight growth on glucose, ten-fold serial
dilutions of the cultures were made in sterile water and 5 pl
drops of each dilution were spotted onto YPD agar plates
containing different NaCl concentrations and 50 mM TRIS-
MES adjusted to pH 6. Plates were incubated at 30°C for
several days.

Isolation of Yeast Microsomal Membranes

Preparations of membrane fractions were obtained from YPC6
cells transformed with the different plasmids by a modification of
a method previously described (Serrano and Villalba, 1995):
yeast colonies were collected from a plate and grown up to
stationary phase in galactose-containing selective liquid medium;
then, 400 ml of YPD were inoculated with 2 ml of stationary
cultures. After overnight growth, cells were collected by
centrifugation at 700 x g for 10 min, washed thoroughly with
water, resuspended in 5 ml of ice-cold buffer A (25 mM Tris-
HCI, pH 8, 10% glycerol, 4 mM B-mercaptoethanol, 2 mM DTT,
1 mM benzamidine, 2 mM e-aminocaproic acid, 1 mM PMSF),
and homogenized by vigorous vortexing for five one-min bursts
in the presence of glass beads (0.5 mm @) with one-min intervals
on ice. From this point on, the whole procedure was carried out
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at 0°C (except centrifugations, that were performed at 4°C). The
homogenate was diluted up to 25 ml with buffer B (10 mM Tris-
HCI, pH 7.6, 10% (w/v) glycerol, 2 mM DTT) and centrifuged for
10 min at 700 x g to remove beads and debris. The resulting
supernatant was centrifuged for 20 min at 20,000 x g and the
pellet [the crude mitochondrial fraction, that includes
mitochondria and plasma membrane vesicles among others
(Serrano and Villalba, 1995)] was discarded for PPi hydrolysis
assays due to the potential interference of the mitochondrial
PPase (Lundin et al., 1991). The supernatant of this step was
centrifuged for 30 min at 120,000 x g. The pellet thus obtained,
the microsomal fraction, was taken up, homogenized in stripping
buffer [60 mM Tris/HCI, pH 8, 12% (w/v) glycerol, 0.72 M KCl,
and 1.2 mM CaCl, (Lenoir et al, 2002)] and centrifuged for
20 min at 120,000 x g. Finally, the stripped microsomal fraction
was washed with buffer B and centrifuged (20 min, 120,000 x g).
The final pellet was resuspended and homogenized in 0.5-1 ml of
buffer B. Microsomes were directly used for activity assays or
divided into aliquots and kept at -80°C until use.

Pyrophosphatase Activity and ACMA
Quenching Assays, Western Blot, and

Total Protein Estimation

Pyrophosphatase (PPase) activity was assayed at 30°C by incubation
of protein preparations with Mg,PPi at pH 7.2 with the addition of
KCl, NaCl and/or NaF when indicated, and colorimetrically
measuring the released ortophosphate as previously described
(Rathbun and Betlach, 1969). Mg,PPi was obtained by adding fixed
volumes of stock solutions of appropriate concentrations of MgCl,
and Na,PPi to the assay mixes. Reactions were started by the addition
of the latter and stopped with a mixture of trichloroacetic acid,
sodium acetate, acetic acid, and formaldehyde (final concentrations:
4% (w/v), 0,5 M, 0.5 M, and 1% (w/v), respectively) (Schultz and
Baltscheffsky, 2004). Control yeast microsomal membranes devoid of
PPase activity and containing the same amount of total protein were
used as blanks in every assay. ACMA quenching assays and Western
blots were performed as described elsewhere (Perez-Castifieira and
Apps, 1990; Valverde et al., 1997). A polyclonal antibody raised
against the purified Na'-PPase from the marine bacterium
Thermotoga maritima (TVP) (Lopez-Marques et al,, 2005) and a
commercial polyclonal rabbit antibody against yeast IPP1 protein
(AP21326F_N, OriGene EU, Germany) were used for
immunodetection of mPPases and sPPases, respectively, after SDS-
PAGE and semi-dry electroblotting transfer. Antibody against TVP
was affinity-purified as previously described (Pringle et al., 1991).
Protein concentration was estimated using a Coomassie-blue dye
binding-based assay from Bio-Rad (Miinchen, Germany) following
manufacturer’s instructions and using ovalbumin as a standard.

Analysis of Enzyme Kinetics

Kinetic data obtained for AVP1 and MVP were fitted to the Hill
equation and to a mathematical expression based on the concerted
MWC allosteric model (see Results) by weighted non-linear least
squares (nls) regression using RStudio (version 1.1.456 - ©2009-
2018 RStudio, Inc.), downloaded from https://cran.cnr.berkeley.edu.

This version of RStudio is an integrated development environment
(IDE) for the programming language R, version 3.5.1 (2018-07-02),
“Feather Spray” (© 2018 The R Foundation for Statistical
Computing), and was run under Ubuntu 18.04.1 LTS (“Bionic
Beaver”) and Debian GNU/Linux 10 (“buster”). Averages of three to
five independent experiments were used for regression calculations
and each experimental data point was weighted as 1/variance.

Determination of Internal PPi Levels in
Yeast Cells

100 ml cultures of YPC6 cells transformed with the plasmids
shown in Table 2 and treated to minimize the chromosome-
encoded IPP1 (see above) were grown in glucose-containing
medium (YPD adjusted to pH 6) with agitation in the presence
or absence of 100 mM NaCl. The initial optical densities at 660
nm (ODgg) of the cultures where individually adjusted so that all
of them had an ODgg of around 0.5 (roughly 10° cells) after 8-
9 h. Then, cells were collected by centrifugation, washed with ice-
cold deionised water and broken as described for isolation of
yeast membranes, except that a 4% (v/v) perchloric acid aqueous
solution was used instead of buffer A. Beads, debris, and
denatured proteins were removed by centrifugation (20 min,
20,000 x g, 4 °C) and PPi concentrations were determined
colorimetrically in the supernatants after neutralization with
KOH, as previously described (Heinonen et al., 1981).

Molecular Phylogenetic Analysis of
mPPases

The amino acid sequences of selected H'- and Na'-translocating
mPPases orthologs of bacteria, archaea, parasitic protists,
microalgae and plants were aligned with the CLUSTAL X
software tool (Larkin et al, 2007). Phylogenetic trees were
constructed with the evolutionary distances (neighbor joining)
and maximum parsimony methods using the SeaView v5.2
software (Gouy et al., 2010).

RESULTS

MVP Functionally Complements Yeast

IPP1 More Efficiently Than AVP1 Under
Salt Stress

Three yeast strains with increasing sensitivities to NaCl were
generated (Table 1) and transformed with E. coli/S. cerevisiae
shuttle plasmids bearing the genes coding for chimeric versions
of AVP1 and MVP under the control of the yeast PMAl
promoter (Table 2). Drop tests to check for growth of
transformants onto YPD plates at pH 6 containing different
concentrations of NaCl were carried out.

We have previously shown that addition of certain sequences
in the N-termini of the coding sequences of some mPPases
altered the subcellular distribution of the resulting chimeric
peptide and improved their expression levels. Among these
sequences were those encoding the N-terminal signal peptides
from the S. cerevisiae invertase SUC2 or the K*-dependent H'-
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PPase from Trypanosoma cruzi (TcVP), which targeted the
chimeric mPPases mainly to the plasma membrane or the
internal membrane systems, respectively. Fusion with the
yEGFP sequence further enhanced mPPase expression levels,
especially in the case of AVP1 (Drake et al., 2010; Perez-
Castifieira et al., 2011). This protein engineering strategy was
applied to the coding sequence of the K"-dependent Na'-PPase
from M. mazei with similar results (Supplementary Figure S1).

Initial studies of growth in the presence of NaCl were done with
YPC3, a mutant derived from the strain W303-1A, which is not
especially sensitive to Na" and is able to grow in the presence of
NaCl concentrations in the molar range (Rios et al., 1997). Figure 1
shows drop tests comparing growth obtained with YPC3 cells
transformed with plasmids bearing different PPase genes and
with the parental strain W303-1A. Cells expressing MVP grew
significantly better than those expressing AVP1 in the presence of
NaCl, however, no difference was observed in the absence of salt.
Moreover, the chimera with the N-terminal signal peptide of yeast
invertase SUC2 (InvGFPMVP) performed better than that with the
N-terminal signal peptide of TcVP (TcGFPMVP). InvGFPAVP1
also supported growth more efficiently than TcGFPAVP1, albeit at
lower NaCl concentrations than the MVP chimeras. None of the
cells expressing mPPases grew better than those expressing their
soluble counterpart from yeast (IPP1) under any of the
conditions tested.

The use of YPC3 mutant and its parental strain forced the
addition of very high concentrations of NaCl to observe the
effects exerted by this salt (above 1 M). At such high
concentrations, NaCl poses two types of stress to yeast cells,
namely, osmotic stress and sodium toxicity. Although in glucose-
containing medium the latter contributes more to growth
inhibition than the former (Rios et al., 1997), we were
interested in the specific effects of Na™. It was then decided to
use yeast strains that were sensitive to lower NaCl concentrations
in order to minimize osmotic stress, therefore, we generated
mutant strains YPC5 and YPC6. These strains have conditional

Control -

IPP1

InvGFPAVP1

InvGFPMVP
YPC3
TcGFPAVP1

TcGFPMVP

W303

(I XXXE XL KXY XX

expression of their respective IPP1 genes in genetic backgrounds
associated with higher sensitivities to NaCl (knock-outs of genes
encoding major sodium pumps and/or transporters; Table 1).
YPC5 and YPC6 cells were transformed with the plasmids
described in Table 2 and the results obtained are shown in
Figures 2A, B, respectively. An identical pattern to that obtained
in the case of transformed YPC3 cells was observed, the only
difference being the concentrations of NaCl required to inhibit
growth. YPC5 cells stopped growing at around 0.5 M NadCl,

[NaClj(M)
0 0.3 0.5
concor - KOS R
TPP1 O] (IR R
YPC5 -
e AD O & *jo® & -
TN o 6 @ | ¥
B [NaClj(M)
0 0.1 0.15
coueor - T OO R |
e oo fooo vles
YPC6 InvGFPAVP1 -
InvGFPMVP L
B31 (000,000, HOO? |

FIGURE 2 | Drop tests for sodium-sensitive yeast strains YPC5 (A), YPC6
(B), and their respective parental strains G19 and B31. Cells were
transformed with plasmids plPP1, pInvGFPAVP1 and pInvGFPMVP as
described in the main text. The rest of conditions as described in . Negative
controls are YPC5 (A) and YPC6 (B) cells transformed with empty plasmid.

[NaCl (M)]

0 1.0 1.1 1.2 1.5

FIGURE 1 | Drop tests for yeast mutant YPC3 cells and parental strain W303 grown in the presence different concentrations of NaCl. Cells were transformed with
plasmids shown in and grown as described in the main text. Serial dilutions of the cultures were made in sterile water and spotted on to YPD plates adjusted to pH 6
and containing the indicated concentrations of NaCl. Growth was recorded after 4 days at 30 °C. Negative controls are YPC3 cells transformed with empty plasmid.
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whereas 150 mM NaCl was sufficient to obtain a similar effect in
YPC6 cells. As far as mPPases are concerned, the chimera
InvGFPMVP supported growth more efficiently than
InvGFPAVP1, and both performed better than TcGFPMVP
and TcGFPAVPI, respectively (not shown for clarity), as in
the case of YPC3. YPC5 and YPC6 cells expressing IPP1 always
performed better than those expressing chimeric mPPases.
YPC6 cells transformed with plasmids pInvGFPMVP and
pInvGFPAVP1 were selected for subsequent studies.

The results obtained with YPC3, YPC5 and YPC6 showed that
the capacity of AVP1 to complement IPP1 was severely hampered
by the presence of NaCl in the medium, whereas that of MVP was
less sensitive to this circumstance. The fact that identical results
were obtained with NaCl concentrations ranging from 1.5 M down
to 150 mM suggests that the effects exerted by NaCl are actually due
to Na' toxicity rather than to osmotic stress. This idea was
supported by drop tests performed with transformed YPC5 and
YPC6 cells in YPD plates supplemented with 1 M and 0.3 M
sorbitol, that showed no difference with respect to those performed
in YPD alone (not shown). Moreover, the addition of KClI instead of
NaCl in the culture medium did not inhibit growth in any case (not
shown), demonstrating that the phenotypes observed in the
presence of NaCl were due to the toxic effects of Na.

Membrane-Associated PPase Activity and
Expression Levels of the Heterologously-
Expressed mPPases Do Not Change When
Yeast Cells Are Subjected to Salt Stress

In order to check whether the phenotypes observed could be due to
differences in protein expression and/or PPase activity, different
studies were done with microsomal membrane preparations and
soluble extracts obtained from transformed YPC6 cells. The upper
panel of Figure 3A shows fluoride-insensitive PPi hydrolysis
activity associated with microsomal membranes. As expected,
PPase activity could only be detected in preparations obtained
from cells transformed with plasmids bearing genes coding for
mPPases. These activities increased 6 to 7-fold in the presence of 100
mM KCl in vitro, a feature of both AVP1 and MVP (Kim et al., 1994;
Malinen et al., 2007). The presence of NaCl during growth did not
alter in vitro activity levels.

No membrane-bound PPase activity was detected in YPC6
control cells (transformed with empty plasmid pRS699), whereas
in membrane preparations of cells transformed with plasmid
pIPP1 some residual activity was detected in the absence of NaF
(not shown). This indicates that some molecules of the yeast
cytosolic sPPase remain attached to these membranes even after
treatment with stripping buffer, as sensitivity to fluoride is a
characteristic of this enzyme (see below).

Immunodetection carried out with microsomal membranes
using an affinity-purified polyclonal antibody against the Na®-
PPase from T. maritima (TVP) confirmed the results obtained
with PPase assays, that is, salt stress does not significantly alter
expression levels and/or protein processing patterns in any case
(Figure 3A, lower panel). The latter are due to partial degradation of
the heterologously-expressed mPPases by yeast vacuolar proteases
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FIGURE 3 | Levels of PPi hydrolysis activity and immunodetection of
mPPases in microsomal membranes (A) and sPPases in soluble extracts

(B) of YPC6 mutant cells transformed with plasmids shown in Table 2. Cells
were cultured in liquid YPD up to an ODggonm Of 0.3, as described in main
text, then, each culture was divided into two aliquots, one of which was
subjected to a treatment with 100 mM NaCl by adding the appropriate
volume of a 5 M stock solution of NaCl, whereas the same volume of
deionized water was added to the other aliquot. All cultures were grown up to
an ODggonm Of 0.8-1, cells were collected and microsomal membranes and
soluble crude extracts were obtained as described in Materials and Methods.
An affinity purified polyclonal antibody against Thermotoga maritima mPPase
(A) and a commercial antibody against IPP1 (B) were used for
immunodetection. 70 ug of total protein were loaded per lane in all cases.
Positive (+) signs denote samples obtained from cells subjected to treatment
with 100 mM NaCl. Negative (-) signs denote samples obtained from control
cultures with no added salt. “n. d.”: not detected.

in vivo and it is a characteristic of our expression system (Perez-
Castineira et al., 2011).

A parallel set of experiments were carried out with soluble
protein extracts of YPC6 cells transformed with the same plasmids
as above. Fluoride-sensitive sPPase activity could be measured only
in extracts from cells transformed with plasmid pIPP1, consistently,
a commercial antibody against IPP1 recognized a band of the
expected size (ca. 37 kDa) in this sample (Figure 3B). Similar
results were obtained with cells of the parental strain B31, albeit with
lower levels of activity and IPP1 polypeptide (not shown). Growing
cells in the presence of NaCl did not significantly alter IPP1
expression levels.
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Membrane-Bound PPases Exhibit Different
Sensitivities to NaCl In Vitro

The effect exerted by Na* on the PPase activities of AVP1 and
MVP in vitro was studied by performing assays in the presence of
increasing concentrations (0, 50, and 100 mM) of added NaCl. It
must be borne in mind that PPi is added as Na,PPi (see Materials
and Methods), therefore, basal concentrations of Na* four times
higher than those of PPi are always present in the assays. Both
AVP1 and MVP depend on K" for full activity (Kim et al., 1994;
Malinen et al., 2007), therefore, 100 mM KCI was always present
in the assay mix to provide the concentration of K" usually
maintained in most plant cells (Nieves-Cordones et al., 2016).
Mg,PPi was used as substrate, as previously reported for diverse
mPPases (Leigh et al, 1992; Gordon-Weeks et al., 1996; Tsai
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FIGURE 4 | Graphical representation of PPase activity versus substrate
(MgoPPi) concentration for AVP1 (A) and MVP (B) in the presence of 0 mM
(@), 50 mM (A), and 100 mM () NaCl. Data points correspond to the
averages + standard errors (SE) of 4 independent experiments. The
substrate, Mg,PPi, was obtained by mixing stock solutions of Na,PPi and
MgCl,, as described in Materials and Methods, consequently, basal
concentrations of Na* four times higher than those of PPi are present in the
assays. Mg,PPi concentrations were estimated considering the dissociation
constants for individual PPi complexes with H*, Na*, K*, and Mg®*, as
previously described (Baykov et al., 1993). Graph lines were calculated with
Equation 1 using RStudio, as described in Materials and Methods.

et al,, 2014). Results obtained are shown in Figure 4. AVP1
seemed to be quite sensitive to NaCl, showing a decrease in V,;, of
20% and 50% in the presence of 50 and 100 mM NaCl,
respectively; by contrast, MVP showed virtually no inhibition
at 50 mM NaCl and only a 20% decrease in this parameter when
the salt concentration was raised up to 100 mM.

The experimental data were fitted with the empirical Hill
equation (Hill, 1910) by weighted non-linear least squares
regression using RStudio, yielding values of the Hill coefficient
ny of 2-3 for AVP1 and 3.5-4.5 for MVP. This indicates a
significant degree of positive cooperativity for both proteins,
MVP showing a higher deviation from the Michaelis-Menten
behaviour (that is, higher sigmoidicity) than AVP1. The V,,
value predicted by the Hill equation for MVP decreased
somewhat with increasing concentrations of NaCl, however,
neither ny nor the Ky 5 values changed significantly (Table 3A).

In order to model the kinetic properties of AVP1 and MVP
and relate them to the structural information available for these
proteins, a simplified equation was derived from the MWC
concerted allosteric model (Monod et al., 1965). The following
assumptions were made to obtain the equation:

1. The ratio v/V, is proportional to the saturation function (?)
of the allosteric model

. AVP1 and MVP can exist in two states, R and T, in
thermodynamic equilibrium driven by the allosteric
constant L= [T]/[R]. R is assumed to be active and T inactive.

. The substrate (Mg,PPi) binds only to the R state, thus
defining a single dissociation constant Kg.

. The number of catalytic binding sites for substrate is 2 for
both mPPases functional oligomers. This assumption is based
on the structural information currently available, which

TABLE 3 | Kinetic values obtained by fitting the Hill equation (A) and Equation 1
(B) to the experimental data shown in Figure 4.

(A)

AVP1 [NaCl] (mM)

Parameter 0 50 100

Vi, (U/mg prot.) 0.47 =+ 0.01 0.37 £ 0.01 0.23 £ 0.01
K 0.5 (MM) 0.14 £ 0.08 0.14 £ 0.11 0.19 £ 0.17
N 2.06 £ 0.14 245 +0.22 2.63 +0.34
MVP [NaCI] (mM)

Parameter 0 50 100

Vi (U/mg prot.) 0.41 £ 0.04 0.35 + 0.04 0.33 + 0.01
K 0.5 (MM) 0.27 £ 0.27 0.20 £ 0.27 0.30 £ 0.25
Ny 3.74 £ 0.60 4.27 £ 1.50 3.46 £0.3
(B)

AVP1 [NaCl] (mM)

Parameter 0 50 100

Vi (U/mg prot.) 0.51 £ 0.01 0.40 + 0.01 0.24 £ 0.05
L 17 +5 50+3 106 + 14
Kg (UM) 84 +9 64 + 13 69 + 30
MVP [NaCI] (mM)

Parameter 0 50 100

Vi (U/mg prot.) 0.46 + 0.01 0.47 + 0.09 0.34 £ 0.04
L 615 + 45 123 £ 22 710% + 790
Kgr (UM) 62 +8 90 + 16 35+ 11
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shows that AVP1 and MVP are homodimers with one
substrate binding site in each subunit (Li et al., 2016).

5. Mg,PPi may also act as an allosteric positive effector by
displacing the R-T equilibrium to the R state. To account for
this effect in the simplest possible way, L is divided by the
factor (1+S/Kg)> This means that either Mg,PPi exerts its
stabilising role by binding to the two existing catalytic sites
(that is, there are no specific regulatory sites for Mg,PPi), or it
binds with the same affinity to regulatory and catalytic sites.

The final equation obtained was:

v/Vp, = (S/K) - (1+5/Ky) (Equation 1)

©(1+S/Kp)? +[L/(1+S/Kp)?]

Where S is the concentration of the substrate (Mg,PPi), Ky is
the dissociation constant of the substrate toward the active R
state, and L is the allosteric constant ([T]/[R]).

The experimental data were fitted with this equation
(Figure 4), giving plots very similar to those obtained with the
empirical Hill equation (data not shown).

The values of the parameters in Equation 1 calculated using
RStudio illustrated the differences observed in the kinetic
properties of AVP1 and MVP, thus, the allosteric constant L

was one order of magnitude higher for MVP than for AVP1
(Table 3). This result is consistent with the higher values of the
Hill parameter ny previously obtained (see above). The value of L
for AVP1 increased with the concentration of NaCl, whereas the
calculated dissociation constant K did not change significantly
(Table 3B). This suggests that NaCl displaces the allosteric
equilibrium of AVP1 toward the inactive T state. By contrast,
in the case of MVP, L decreases in the presence of 50 mM NaCl,
while a concentration of 100 mM is necessary to increase its
value one order of magnitude with respect to that obtained in the
absence of salt (Table 3B).

In another set of experiments, PPase activities were assayed by
fixing MgCl, concentrations in the assays (1 and 2.5 mM) and
increasing PPi (up to 0.25 mM) in the presence of 0, 50, and 100 mM
NaCl. The concentrations of PPi and Mg>* were chosen to ensure
that a significant amount of free Mg>" (that is, not complexed by
PP1i) was always present in the assay. Figure 5 shows that the kinetic
behaviour of both AVP1 and MVP changed significantly in this
situation with respect to the results shown in Figure 4. Fitting these
data with the Hill equation produced good plots and the V ,, values
were correctly predicted but the values of the rest of the parameters
(ny and K, 5) showed high values of standard errors and were not
considered reliable (not shown).
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FIGURE 5 | Graphical representation of PPase activity versus PPi concentration for AVP1 (A) and MVP (B) in the presence of 0 mM (@), 50 mM (A), and 100 mM
(m) NaCl. MgCl, was fixed in the assays at the indicated concentrations. As in Figure 4, basal concentrations of Na* four times higher than those of PPi are present
in the assays. Data points correspond to the averages + SE of 3 independent experiments. Graph lines were calculated with Equation 1 using RStudio, as described
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Equation 1 predicted the kinetic behaviour of AVP1 and MVP
in the presence of excess Mg>" and the values obtained for the
different parameters are shown in Table 4. The values of the
allosteric constant L significantly decreased with respect to those
shown in Table 3, especially in the case of MVP; moreover, these
values were not affected by the presence of increasing
concentrations of NaCl, with the only exception of AVP1 when
its PPase activity was assayed at 100 mM NaCl and 1 mM MgCl,.

Kinetic data further show that V,, values for AVP1 steadily
decreased with NaCl concentration, especially in the presence of 1
mM Mg, this effect being somewhat attenuated at 2.5 mM Mg**.
PPi concentrations of 0.25 mM and higher exerted a significant
inhibitory effect on AVP1 activity at the concentrations of MgCl,
tested. Equation 1 could not model this effect, therefore, only data
obtained with PPi concentrations up to 0.2 mM were used for
curve fitting. Vm values for MVP only decreased significantly at
100 mM NaCl and 1 mM Mg**. Inhibition of MVP by PPi
concentrations up to 0.5 mM was not observed (not shown).

An appropriate [K']/[Na"] ratio in the cytosol has been
reported to be extremely important for cell viability in both
yeast and higher plants and the presence of high external sodium
concentrations may alter this ratio producing toxic effects
(Gomez et al., 1996; Maathuis and Amtmann, 1999). PPase
activity assays of AVP1 and MVP performed with optimal
substrate concentration and decreasing [K']/[Na'] ratios
showed that AVPI is inhibited to a higher extent than MVP
when the concentration of Na' is higher than that of K'. As

TABLE 4 | Values of parameters obtained by fitting Equation 1 to kinetic data
corresponding to AVP1 (A) and MVP (B) in the presence of fixed Mg?*
concentrations.

(A)

[MgCl,] =1 mM [NaCl] (mM)

Parameter 0 50 100

Vm (U/mg prot.) 0.77 £ 0.11 0.64 + 0.05 0.43 £ 0.05
L 4+2 3+1 13+5
Kg (M) 56+ 8 48 £ 2 20+3
[MgCl,] = 2.5 mM [NaCl] (mM)

Parameter 0 50 100

Vi, (U/mg prot.) 0.82 + 0.09 0.73 £ 0.05 0.52 £ 0.04
L 5+1 7+2 9+3
Kg (M) 50+3 42 + 4 27 +4
(B)

[MgCl;] =1 mM [NaCl] (mM)

Parameter 0 50 100

Vi (U/mg prot.) 0.62 + 0.05 0.62 £ 0.02 0.45 £ 0.07
L 4+3 2+1 0+1

Kg (UM) 83+ 28 77 £6 88 + 47
[MgCl,] = 2.5 mM [NaCl] (mM)

Parameter 0 50 100

Vi (U/mg prot.) 1.07 £ 0.45 0.69 + 0.11 0.58 + 0.03
L 0=+1 3+1 5+2
Kgr (UM) 200 + 50 59 + 38 40+ 4

Values of specific PPase hydrolytic activity obtained with PPi concentrations up to 0.175
mM (AVP1) and 0.25 mM (MVP) were used for curve fitting and calculation of parameters.
Graphical representations of experimental data and lines calculated with Equation 1 are
shown in Figure 5.

observed in previous experiments, the presence of excess Mg>*
significantly protected AVP1 against inhibition by Na* (Figure
6A). Expectedly, the H'-pumping activity of AVP1 decreased in
parallel with the PPase activity (Figure 6B), whereas no H'-
translocation was detected with microsomes obtained from cells
expressing MVP (not shown).

Intracellular PPi Levels

In order to check whether the sensitivities of AVP1 and MVP to
NaCl in vitro could have an effect in vivo, YPC6 cells transformed
with plasmids pInvGFPAVP1 and pInvGFPMVP were subjected
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FIGURE 6 | Sensitivity of the PPase activity of AVP1 and MVP (A) and the
H*-pumping activity of AVP1 (B) to the [K*]/[Na’] ration in the presence of
different concentrations of Mg?*. PPase assays were performed with 0.25
mM PPi and 0.5 mM (white bars), 1 mM (gray bars), and 2.5 mM (black bars)
MgCl,. Activities are averages + SE of 4 independent experiments and are
expressed as percentages of PPase activity with respect to the average
values obtained in the absence of NaCl (a tetrasodium salt of PPi was used,
therefore, an extra 1 mM Na* was always present in the assays). These
values, expressed as micromoles of PPi/min/mg of protein, were: 0.49 + 0.05
(0.5 mM Mg®*), 0.60 = 0.11 (1 mM Mg®*), 0.62 = 0.06 (2.5 mM Mg?>*) for
AVP1; and 0.49 + 0.06 (0.5 mM Mg?*), 0.50 + 0.05 (1 mM Mg?*), 0.60 =
0.08 (2.5 mM Mg?*) for MVP. H*-pumping activity was assayed as described
in Materials and Methods in the presence of 1 mM MgCl, at the indicated
concentrations of NaCl.
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to salt stress with 100 mM NaCl for several hours and cellular
levels of PPi were determined. Yeast cells transformed with
pInvGFPAVP1 showed significantly higher levels of PPi with
respect to control cells expressing IPP1, this effect being milder in
those cells transformed with pInvGFPMVP. PPi levels were
virtually unchanged in YPC6 cells transformed with plasmid
pIPP1 when they were subjected to salt stress (Figure 7).

Addition of Extracellular Magnesium

In vitro kinetic studies suggested that magnesium cations can
protect mPPases against inhibition by Na* (see above). In order to
study a possible protective effect exerted by Mg** in vivo, different
concentrations of MgCl, were added to agar plates made with
YPD at pH 6, and growth of YPC6 mutants transformed with
plasmids pIPP1, pInvGFPAVP1, and pInvGFPMVP was checked
in the presence of 100 mM NaCl. There was an improvement of
growth in all cases when MgCl, concentration in the medium was
raised up to 25 mM (Supplementary Figure S2). This suggests a
general enhancement of yeast metabolism under salt stress
regardless of the enzyme responsible for the removal of cytosolic
PPi. This protective effect was not observed at 10 mM MgCl,
(not shown).

DISCUSSION

Yeast Strains With Conditional Expression

of IPP1 Allow Comparative Studies Between
Different Heterologously-Expressed PPases
In a paper published in 1999, Gaxiola and co-workers reported
that overexpression of AVP1, the major H'-PPase from A.

7
fhi £
= — b
5 [
<
5 34 — *
2 |
s
£ 2
k)
3
=
E T
0 N\ N\ N\
& O O N &
4Q xé‘) N\ xé @\xé A\ xé
& & & <8
QQ A bl @

FIGURE 7 | Internal levels of PPi measured in YPC6 cells transformed with
the indicated plasmids and grown in the presence of 100 mM NaCl.
Experiments were performed as described in Materials and Methods. Values
are averages + SE corresponding to 5 independent experiments. Student’s
unpaired t tests were done by using webpage http://www.graphpad.com/
quickcalcs/ttest.cfm: (**) Extremely statistically significant difference (P =
0.0006). (*) Very statistically significant difference (P = 0.0026).

thaliana, alleviated the sensitivity of yeast toward NaCl. The
authors proposed that AVP1 acted by enhancing Na™ transport
from the cytosol into the vacuole (Gaxiola et al., 1999). These
experiments were carried out with a yeast mutant devoid of the
P-type Na'-ATPases located at the plasma membrane, encoded
by the ENA genes. In S. cerevisiae, these genes are located in
chromosome IV in tandem repeats with a variable number of
copies (four in the case of strain W303-1A/B, used in that study).
Disruption of ENA genes results in mutant cells (enal-4A) with a
higher sensitivity toward Na™ than the parental strain (Quintero
et al.,, 1996). This mutant strain was transformed with a plasmid
bearing the coding sequence of AVP1 under the control of the
GALI promoter and the effect of salt on the transformants was
studied. Several aspects of this experimental system are worth
considering: first, a version of AVP1 with a point mutation that
increased its capacity to pump protons (Zhen et al., 1997) was
used. This was probably needed in order to observe phenotypes
in yeast, due to the presence of a highly efficient cytosolic sPPase
(IPP1) that competes with AVPI1 for their common substrate,
inorganic pyrophosphate (PPi). Second, the sensitivity to NaCl
was checked on galactose because expression of AVP1 would be
repressed by glucose, because of the GALI promoter. The use of
galactose for studies of Na* toxicity in S. cerevisiae must be taken
with caution because osmotic adjustment through glycerol
synthesis has been reported to be the limiting factor for growth
on this carbon source under salt stress (Rios et al., 1997).

In this work, a different experimental approach has been
followed. We have previously shown that the glucose-repressible
GALI promoter can be inserted immediately upstream the
coding sequence of IPPI gene in the yeast haploid strain
W303-1A. This manipulation generates a strain, YPC3, that is
unable to grow on glucose due to the negligible levels of cytosolic
sPPase (IPP1) in the presence of this carbon source. This
demonstrates the essentiality of cytosolic PPi removal for cell
viability (Drake et al., 2010; Serrano-Bueno et al., 2013). Here,
the same strategy was applied to an enal-4A mutant (G19) and a
double enal-4A nhalA mutant (B31) in order to generate strains
YPC5 and YPC6, respectively. Mutant B31 lacks not only ENAI-
4, but also NHA1I, that encodes a K"(Na*)/H" antiporter located
at the plasma membrane; expectedly, this strain exhibits a higher
sensitivity to sodium than the enal-4A mutant G19 (Bafuelos
et al., 1998). The derived strains YPC5 and YPC6 maintained
their sensitivities toward Na* but they could not grow on glucose
due to the repression of IPPI transcription (Figure 2).

Transformation of YPC3, YPC5, and YPC6 with plasmids
bearing genes coding for mPPases under the control of a
constitutive promoter restored growth on glucose, as expected
from previous reports (Pérez-Castifieira et al., 2002; Drake et al.,
2010; Perez-Castifieira et al., 2011; Hernandez et al.,, 2015;
Hernandez et al., 2016). This experimental approach has
several advantages: (a) it reproduces in yeast a situation similar
to that of the plant cell, where most of the PPi generated in the
cytosol is removed by AVPI1 (Ferjani et al., 2011; Kriegel et al.,
2015; Segami et al, 2018b); (b) the use of yeast strains that
depend on the expression of fully functional mPPases for growth
allows comparative studies on how salt stress may affect these
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proteins in vivo in the same cellular environment; (c) the use of
glucose, the preferred carbon source of yeast, ensures that the
inhibitory effects exerted by NaCl on growth are mainly due to
sodium toxicity rather than to osmotic stress (Rios et al., 1997).

The PPase Activity of AVP1 Is More
Sensitive to Na* Than That of MVP

Our results show that yeast cells expressing AVP1 always grew
worse in the presence of NaCl than those expressing MVP or the
yeast cytosolic sPPase (IPP1). Moreover, the fact that none of the
mPPases tested was able to support growth on NaCl better than
IPP1 hinted that the former were not able to reduce significantly
the concentration of Na" in the cytosol. Moreover, the chimera
TcGFPAVPI, that is predominantly located in internal yeast
membranes and complements the vacuolar H'-ATPase (Pérez-
Castifeira et al., 2011; Hernandez et al., 2015; Hernandez et al.,
2016), supports growth under salt stress less efficiently than
InvGFPAVPI1, that preferentially locates at the plasma
membrane (Drake et al, 2010). This suggests that, in our
system, AVP1 is not increasing the proton gradient across the
vacuole membrane, that would result in an enhancement of
secondary Na' transport into this compartment. Altogether,
these results indicate that the observed phenotypes depend on
the PPase activities rather than on the ion pumping capacity of
the mPPases.

Total intracellular concentrations of Na' and K' were
measured, as previously reported (Gaxiola et al., 1999), showing
that the [K']/[Na'] ratio significantly decreased when
transformed YPC6 cells were grown in the presence of 100 mM
NaCl regardless of the PPase (soluble or membrane-bound) they
expressed. Moreover, analyses of Na" and K" concentrations in the
cytosol, performed by selectively making the plasma membrane
permeable (Ohsumi et al., 1988), yielded similar results (not
shown). These results discarded a significant extrusion of Na*
ions from the cytosol mediated either by AVP1 [coupled to H'/
Na" antiporters (Nass et al., 1997)] or by MVP (directly).

Other experiments aimed at establishing possible mechanisms
of AVP1 inhibition by Na" in vivo were performed with negative
results. These included studies of trypsin digestion patterns, to
check for conformational changes produced by salt stress in
AVPI1, or immunoprecipitation, to look for possible interactions
between AVP1 and proteins involved in stress response (data not
shown). Finally, the direct effect of Na* on the two activities
presented by AVP1 (PPi hydrolysis and proton pumping) was
tested. The possible effects on the Na* sensitivity of AVP1 and
MVP exerted by Mg** was also studied, as previous evidence
points out the importance of this divalent cation not only for the
kinetic and catalytic properties but also for the structures of all
types of PPases (Heikinheimo et al., 1996; Kellosalo et al., 2012;
Lin et al.,, 2012; Tsai et al., 2014).

Figure 4 shows that AVPI is more sensitive to NaCl than
MVP when the concentration of Mg”" exactly doubles that of
PPi. AVP1 and MVP showed different degrees of cooperativity,
the deviation of the latter from the Michaelian behaviour being
more pronounced than that of AVP1. This was illustrated by the
higher values of ny and the allosteric constant L obtained for

MVP when the experimental data were fitted with the Hill
equation and an expression derived from the concerted
allosteric model, respectively. Moreover, the degree of
cooperativity (and hence the value of L) of AVP1 increased
with NaCl concentration, whereas, in the case of MVP, this effect
was significant only at high concentrations of salt (100 mM).
Therefore, according to our simplified allosteric model, Na* is
displacing the equilibrium between the active R state and the
inactive L state toward the latter, that is, it acts as a negative
allosteric effector, mainly for AVPI.

The presence of free Mg”" significantly decreases the value of
the predicted allosteric constant, which suggests that this cation
stabilizes the active R state of both AVP1 and MVP. Addition of
100 mM NaCl in the assays under these conditions results in a
more modest increase of L with respect to previous experiments,
that were performed with no excess of Mg>".

In summary, a simplified version of the allosteric model supports
the idea that mPPases have at least two conformational states with
different catalytic activities, with Mg®" acting both as a co-substrate
and as a positive allosteric effector; by contrast, Na* is a negative
allosteric effector, especially for AVP1. These results are consistent
with previous reports published by other groups for this type of
proteins (Takeshige and Hager, 1988; Luo et al., 1999; Hsiao et al,,
2004). Interestingly, exhaustive kinetic studies done with the Na*-
regulated H-PPase from the green sulphur bacteria Chlorobium
limicola expressed in E. coli indicate the Na* can displace Mg*" from
the enzyme, thereby arresting substrate conversion (Luoto
et al., 2015).

Limitations of the Kinetic Studies
Our results differ from those previously reported by Malinen
et al. (2008), that thoroughly studied the kinetic behaviour of
MVP and found that the dependence of the hydrolysis rate on
substrate concentration obeyed the Michaelis-Menten equation.
In this study, MVP was heterologously expressed in E. coli, that
may imply significant changes in the protein (folding, interaction
with biomembranes, and/or post-translational modifications,
among others) with respect to our approach, based on the
expression of chimeric versions of mPPases in yeast. Moreover,
the use of different PPase activity assays (Rathbun and Betlach,
1969; Baykov and Avaeva, 1981) might also contribute to the
differences observed by the two groups in the kinetic properties
of MVP.

We are aware of the limitations of our experimental approach
to study kinetic properties and that many more data, as well as a
more elaborated model, are needed in order to establish with
precision the mechanistic differences between AVP1 and MVP.
In any case, our aim was not to perform exhaustive kinetic
studies of AVP1 and MVP, but to compare the properties of both
mPPases in the same cellular environment in order to find a
correlation between the observed phenotypes and the enzymatic
activities measured in vitro. The evidence presented here shows
that the PPase activity of MVP is less sensitive to salt stress than
AVP1 when both proteins are embedded in membranes of a
eukaryotic organism such as yeast. This is further supported by
the results shown in Figure 6, that indicate that low free Mg>"
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concentrations and [K']/[Na'] ratios significantly inhibit both
the hydrolytic and the proton pumping activities of AVP1 at
optimal PPi concentration. Moreover, intracellular PPi levels in
vivo are significantly increased in yeast YPC6 cells expressing
InvGFPAVP1 grown in the presence of 100 mM NaCl with
respect to cells grown in culture medium without added salt. The
increase was lower in cells expressing InvGFPMVP, which might
explain why these cells are more resistant to salt stress, since PPi
accumulation collapses anabolism (Lahti, 1983; Serrano-Bueno
et al., 2013).

A Possible Role of Mg?* in Salt Tolerance
Addition of external magnesium in the culture medium
alleviated the sensitivity to NaCl in all the transformants
obtained using the YPC6 mutant, even in cells expressing IPP1
(Supplementary Figure S2). This suggests that Mg>* exerts a
general beneficial effect under conditions of salt stress, which is
not surprising, as Na' has been reported to inhibit other
enzymes, such as Hal2 nucleotidase and the RNase MRP, by
displacement of Mg** from its binding sites (Serrano et al., 1999).
Homeostasis of Mg”* in yeast is mechanistically complex and
several transporters and internal reservoirs seem to be implicated
(Klompmaker et al., 2017), moreover, this cation has been
reported to influence the K'/Na® exchange rate in this
organism (Rodriguez-Navarro and Sancho, 1979). This
evidence suggests that introducing Mg®" to study mechanisms
of salt stress complicates the overall picture and deserves more
experimental work. In any case, it might be interesting to study if
the toxic effects exerted by Na" in yeast and other organisms
might be linked to depletion of free Mg*" levels in the cytosol.

Controversy About the Mechanisms by
Which H*-PPases Alleviate Salt Stress

The results presented here suggest that Na" can directly inhibit
AVP1 in vivo, which can explain why an overexpression of this
protein increases salt tolerance in plants. AVP1 inhibition would
result in an accumulation of PPi, that might alter the reactions
catalysed by the PPi-dependent phosphofructokinase and the UDP-
glucose pyrophosphorylase, along with other anabolic reactions
(Ferjani et al,, 2018). Moreover, higher PPi concentrations could
also decrease the concentration of free divalent cations such as Mg>*
and Ca®* by chelation, thereby altering the activity of multiple
proteins and cellular systems (Segami et al., 2018a).

There is a certain controversy about the mechanism by which
overexpression of AVP1 and its ortologs increases tolerance to
abiotic stresses in A. thaliana and other crops. It is often considered
that H'-PPase overexpression increases the pH gradient across the
tonoplast thus promoting the removal of Na" from the cytosol via
proton-coupled Na"-K" transporters. This view was reinforced by a
recent report showing that transient overexpression of the H"-PPase
in Nicotiana benthamiana leads to higher vacuolar proton currents
and vacuolar acidification (Graus et al., 2018). This results in a drop
in photosynthetic capacity, plasma membrane depolarization and
eventual leaf necrosis under non-stressed conditions; paradoxically,
salt rescued leaf cells from cell death. Moreover, in non-transformed
plants, a rise in V-PPase but not of V-ATPase pump currents was

detected in the presence of salt. These results indicate, on the one
hand, that plants need to regulate the H'-PPase pump activity very
carefully and, on the other, that H"-PPase proton pump function
becomes increasingly important under salt stress (Graus et al,
2018). However, there are some points to be considered in this
communication, thus, a 300% higher H'-PPase proton pump
activity with respect to control plants was obtained by transient
overexpression. This is much higher than the values obtained by
stable overexpression of H'-PPases in other plants and definitely
becomes detrimental under non-stressed conditions. The latter is
probably due to the impairment of cellular pH homeostasis,
therefore, salt-stress is likely to alleviate this phenotype by
readjusting cellular pH via H/Na"-K" antiporters. Another
interesting result that appears in this article is that N.
benthamiana plants overexpressing IPP1 showed no detrimental
effects in the absence of salt but presented similar maximum
photochemical quantum yields of photosystem II to those
overexpressing H'-PPases in the presence of 200 mM NaCl
(Graus et al,, 2018). This shows that very high expressions levels
of H"-PPases may not give any advantage to the plant compared
with the overexpression of a soluble PPase, such as IPP1. In a way,
this resembles the results presented here.

Several groups have reported that stable overexpression of
H'-PPases stimulates growth and increases tolerance to biotic
and abiotic stresses of A. thaliana and many other plants,
however, in these reports plants overexpressing other types of
PPases were never used as controls (Gaxiola et al., 2001; Park
et al,, 2005; Gao et al,, 2006; Li et al., 2008; Lv et al., 2008;
Pasapula et al., 2011; Schilling et al., 2014; Yang et al., 2015; Lv
et al., 2016; Ahire et al., 2018). This makes difficult to ascertain
the degree of involvement of the two activities exhibited by H'-
PPases (PPi hydrolysis and H'-pumping) in stress tolerance. On
the other hand, it has been reported that salt tolerance in A.
thaliana is positively correlated with the expression of AVPI and
AtNHX1, the gene coding for a vacuolar Na"/H" antiporter, in
both roots and shoots. However, no measures of protein levels or
enzymatic and ion transport activities were performed in this
study, therefore, the physiological implications of these results
were not established (Jha et al., 2010).

Our results are consistent with experiments performed in A.
thaliana that suggest that the hydrolysis of cytosolic PPi, rather
than vacuolar acidification, is the major function of AVP1 in
planta (Ferjani et al,, 2011; Kriegel et al., 2015; Segami et al.,
2018b). In any case, the cytosolic concentration of PPi may have
many implications for metabolism, especially in plant cells
(Segami et al., 2018a). This must be taken into consideration
when using PPases to develop plants with increased tolerance to
different stresses.

Phylogenetics Analysis

Based on molecular phylogenetic analysis and biochemical
evidences, mPPases can be classified into three major classes: K'-
dependent H'- and Na*-PPases, and K'-independent H'-PPases
(Serrano et al.,, 2007; Baykov et al, 2013). Phylogenetic analyses
suggest that these ancestral ionic pumps are broadly distributed
among prokaryotes (bacteria and archaea), protists, and the
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photosynthetic lineage (algae and plants), being more widespread
than previously thought (Figure 8). The mPPases studied in this
work, AVPI, from a land plant, and MVP, from a salt-tolerant
archaeon, are well characterized archetypical representatives of
their respective mPPase classes and are evolutionarily rather
distant (Figure 8), which would be consistent with their different
sensitivities to sodium. Although the physiological significance of
Na*-PPases and their involvement in salt tolerance are still to be
clarified, the higher tolerance of MVP to sodium inhibition
reported in this work strongly support a role in such scenario.

K8EYL6 Bathycoccus prasinos

ym limicold
BIECCH Chlorobium Jimico

Since molecular phylogenetic studies carried out by our group (A.
Serrano, in preparation) indicate that orthologs of these
prokaryotic Na'-PPases appear in several groups of marine salt-
tolerant photosynthetic protists (e.g., Prasinophytes) (Figure 8),
the generation of transmembrane Na'-gradients at the expense of
PPi could be a mechanism of energy transduction common to

prokaryotic and eukaryotic microorganisms. The biochemical and

functional validation of these eukaryotic Na*-PPases, as well as

their physiological significance and evolutionary origin, are
currently under study by our group.
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FIGURE 8 | Molecular phylogenetic analysis of the three major classes of mPPases, K*-dependent H*- and Na*-PPases and K*-independent H*-PPases, broadly
distributed among prokaryotes, protists and the photosynthetic lineage (algae and plants). A Neighbor-Joining phylogenetic tree obtained from a multiple sequence
alignment of selected protein orthologs from prokaryotes, microalgae, parasitic protists and higher plants (generated by CLUSTAL X and Sea View v5.2 software
packages) is shown. Note the well-defined and robust clusters of the three main classes of H*- and Na*-PPases, which are clearly divergent, and the probable Na*-
PPase orthologs of marine prasinophycean microalgae (Ostreococcus spp.; Bathycoccus spp.) that clearly cluster with bona fide Na*-PPases of bacteria and
archaea. A similar topology was obtained for a Maximum Likelihood tree (not shown). The two mPPases studied in this work are shown boxed in bold. Those of land
plants and Chlorophyta microalgae are shown in green types and those of Rhodophyta microalgae in red types. Sequences are identified by their species names

and UniProtKB accession numbers or genome/transcriptome sequencing projects numbers. The numbers in selected nodes are bootstrap values based on 1,000
replicates. Scale bar indicates number of changes per amino acid site.
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CONCLUSIONS

Our results not only point at Na'-PPases as potential powerful
biotechnological tools to obtain salt-resistant plants, but also suggest
that altering the subcellular distribution of heterologously-expressed
membrane-bound proteins, like mPPases, may also be crucial to
obtain the desired phenotypes.
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