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ABSTRACT
Phosphorus (P) is an essential macronutrient for all living organisms, and is one
of the major nutrients limiting plant growth. While the general physiological responses
of plants to low Pi availability are well known, information on the molecular basis of
P(i)-sensing is still limited. Recent findings suggest that four proteins made up of a
single SPX domain, SPX1 to SPX4, are not only targets but also Pi-dependent
inhibitors of PHR1, the master transcriptional regulator of Pi-starvation responses
(PSR) in the Arabidopsis model. This thesis focuses on SPX4 and comprises three
manuscripts. In Chapter 2 (Manuscript 1), the role of SPX4 in Pi sensing is explored.
Unlike described for SPX1 or SPX2, protein expression kinetics and transcriptome
data reveal that SPX4 does not respond to quick fluctuations in Pi concentration, but
instead, to changes in rate of cellular P metabolism. Plus, SPX4 is unresponsive to
phosphite, a Pi analogue which is inert in the plant cell, further supporting that P-rich
metabolites are the signal sensed and communicated by SPX4 for proper mounting
of PSR. In Chapter 3 (Manuscript 2), the molecular basis of Pi over-accumulation in
shoots, a phenotype shared by plants lacking either functional SPX4 or the E2
ubiquitin conjugase PHO2 (UBC24) is explored. In both cases, the phenotype is
accompanied by impaired Pi remobilization from source to sink leaves and
detrimental effects on growth. Transcriptome data of different leaf types provides
further insight into role of SPX4 as a transcriptional regulator of P metabolism, and
on convergent networks mutually targeted by SPX4 and PHO2. Finally, in Chapter 4
(Manuscript 3), the putative interaction between SPX4 and the E3 ubiquitin ligase
HUB1, a pleiotropic regulator of plant development and environmental responses is
explored. It is proposed that SPX4 confers P-specificity to the regulatory control of
HUB1-dependent chromatin remodeling, as part of a transcriptional complex to sense
changes in the rate of P metabolism and fine-tune Pi homeostasis. These findings
make substantial advances to the understanding of how plants sense and regulate
their intracellular P pools, contributing to the development of more efficient
phosphorus use and management in crops.

ix

STATEMENT OF AUTHORSHIP
This thesis includes work by the author that has been published or accepted for
publication as described in the text. Except where reference is made in the text of the
thesis, this thesis contains no other material published elsewhere or extracted in
whole or in part from a thesis accepted for the award of any other degree or diploma.

No other person's work has been used without due acknowledgment in the main
text of the thesis.

This thesis has not been submitted for the award of any degree or diploma in
any other tertiary institution.

Marina Borges Osorio
May 2018

x

ACKNOWLEDGEMENTS
First and foremost, I would like to thank Prof. Jim Whelan for welcoming me on
his group, and for giving me the opportunity and the conditions to perform such high
level research over the past years. I certainly found what I was looking for.
I would also like to thank and acknowledge the outstanding support, effort and
patience of my co-supervisor, Dr. Ricarda Jost. It has been a long journey together,
filled with countless discussions and immense learning, which I will never forget.
I would also like to thank Sophia Ng, who started this work, for providing me
with the plant lines and prior data. As well as my friends Inge De Clercq and Jonathan
Dragwidge, who were not only great company when living in Melbourne, but also
provided important scientific support and collaboration. And of course, to Jordan
Radomiljac, for the incentive to jump on this boat…
I would also like to thank the Whelan lab members for offering me one (or many)
hands, food, drinks, or even a laptop when I needed the most. Thanks for being there
for me. Also special thanks to Asha Haslem and Oliver Berkowitz for the RNA-seq
support.
To my fellow post-grads and friends, in Melbourne, Perth and back in Brazil:
thanks for being there for me, and especially for cheering me up when I felt like I
could not do it.
To my family, which has always been supportive and understanding, even when
I decided to live half the world away: a massive thank you, your help has been
fundamental! In particular, I would also like to thank my two strong and stubborn
grandmothers, Leda and Laurita (in memoriam) who have helped shaping what I am
today. I could not be any different, it’s in my blood…
This work was supported by a La Trobe University Postgraduate Research
Scholarship and by a La Trobe University Full Fee Research Scholarship.

xi

1 CHAPTER 1: INTRODUCTION
The phosphorus conundrum
Phosphorus (P) is an essential macronutrient for all living organisms, being one of the
major nutrients limiting plant growth and development. Phosphate (Pi), the inorganic form of
P which is taken up and metabolized by plants, is a key substrate for many metabolic
processes, such as energy generation, photosynthesis, biosynthesis of nucleic acids and
membrane lipids, signal transduction and enzyme regulation. Although P can sometimes be
abundant in soils, it is mostly unavailable to plants due to conversion of Pi into organic
compounds by microorganisms and fixation to soil particles, particularly in complexes with
aluminum, iron and calcium cations, depending on soil type and pH (Raghothama, 1999;
Poirier and Bucher, 2002; Barrow and Debnath, 2015).
In order to assure agricultural productivity and food security for a growing global
population, the reliance on Pi fertilizers has become routine, but this practice is neither
economically nor environmentally sustainable. Current natural reserves of rock phosphate
are being rapidly depleted, since the P cycle is very slow and the application of fertilizers is
expected to increase further in the coming decades (Vance et al., 2003; Sanchez-Calderon
et al., 2010). While P scarcity leads to a raise in extraction, processing and shipping prices
of P fertilizer, its low absorption by plants results in excess Pi runoff from agricultural lands,
leading to pollution and eutrophication of aquatic ecosystems (Poirier and Bucher, 2002).
As attaining sustainable P use by crop plants has become a major global concern, biological
research to better understand the molecular and physiological adaptations of plants in
response to fluctuations in P supply is urgent (‘Blueprint for Global Phosphorus Security’,
2012). Outcomes will contribute to the development of rational strategies and molecular
tools required to achieve more efficient phosphorus use and management in crops.
Regulation of P metabolism in plants
Plants have at least two signaling mechanisms to maintain P homeostasis, one
operating at the cellular level and another involving Pi acquisition and distribution between
different organs and tissues. While Pi concentration inside plant cells can fluctuate widely
with changes in external P supply, its cytosolic concentration is tightly regulated to ensure
maintenance of normal metabolism (Raghothama, 1999). In P-sufficient conditions, most of
the non-metabolically active cellular Pi is stored in vacuoles as a way of regulating cytosolic
levels, whereas the metabolically active pool of Pi is incorporated into organic compounds
or participates in kinase-mediated signal transduction (Bieleski, 1973; Chiou & Lin, 2011).
1

Moreover, once acquired by the root, Pi is loaded into the xylem for long-distance transport
to the shoot. It can also be remobilized from old and senescing tissues, either during
senescence or in response to Pi deprivation (Bieleski, 1973; Mimura, 1995). Pi movement
requires protein-mediated transport wherever a membrane is crossed. A dual mode of influx
across the plasmalemma is proposed, mediated by both low- and high-affinity Pi
transporters. Homeostasis is then achieved as a result of regulated Pi-uptake, utilization and
translocation mechanisms acquired during plant evolution (Raghothama, 1999; Poirier and
Bucher, 2002).
In order to cope with low Pi availability in the rhizosphere and maintain P homeostasis,
plants have developed a broad range of mechanisms collectively known as Phosphate
Starvation Responses (PSR) (Plaxton and Tran, 2011).These responses aim at enhancing
Pi acquisition, as in root architecture modifications, enhanced secretion of phosphatases,
ribonucleases and organic acids, association with mycorrhizal fungi or induction of highaffinity Pi transporters (Raghothama, 1999; Vance et al., 2003). Alternatively, PSR will be
directed towards conserving the use of Pi, by reducing shoot growth rate, enhancing internal
Pi remobilization and/or bypassing Pi-requiring steps in carbon metabolism and respiratory
pathways. A schematic representation of PSR is shown in Figure 1.1 (Sanchez-Calderon et
al., 2010).

Figure 1.1. Plant strategies to cope with Pi scarcity.
Pi is transported across different cell types for long-distance movement through the xylem (a),
after being taken from soil into the plant against a steep concentration gradient via high-affinity Pi

2

transporters localized on root epidermal cells (b). When Pi availability is low, modifications in root
architecture are triggered to increase the root exploratory capacity and absorptive area (c). Root
exudates, such as phosphatases, ribonucleases and organic acids are released by root epidermal
cells to increase Pi remobilization from soil particles (d). Subcellular Pi pools are also remobilized
from vacuole, mitochondria and plastids to maintain Pi homeostasis (e). Ep, epidermis; Cx, cortex;
En, endoderm; Pc, pro-cambium; Pxi pro-xylem. Adapted from Sanchez-Calderon et al. (2010).

As shown in Figure 1.1, research on plant P metabolism to date has mainly focused
on understanding mechanisms of Pi uptake and transport in roots, with the aim of enhancing
P acquisition (P-acquisition efficiency). While this approach is valid to boost plant yield, it is
not sustainable in views of the current scenario of P scarcity (Veneklaas et al., 2012) In this
scenario, improving the efficiency of P use within the plant (P-use efficiency, PUE) would be
a more thoughtful approach, involving for instance, enhanced ability to sustain growth under
lower P supply and/or to fully recycle P from tissue where it is no longer required (Veneklaas
et al., 2012). These are strategies used by some native Australian Proteaceae species,
including many Banksia and Hakea spp., which are adapted to severely nutrient
impoverished soils in the south-west of Western Australia (Shane et al., 2004; Denton et al.,
2007; Shane et al., 2014). While proteoid (cluster) root formation is one of the adaptations
typically found among those species, helping them thrive under nutrient scarcity, many of
the P-conserving mechanisms found in P-efficient Proteaceae involve reprogramming of P
metabolism in shoots. Common strategies include: high photosynthetic capacity at very low
leaf cellular Pi, long leaf lifespans, and efficient Pi remobilization from senescing tissue and
allocation to reproductive organs (Denton et al., 2007; Lambers et al., 2011). Since the
molecular mechanisms driving those processes are still largely unexplored, more research
focusing on reprogramming of P metabolism in shoots will be beneficial to improving PUE
and contribute to a more sustainable P cycle in agriculture.
A molecular model for Pi homeostasis
Even though many physiological and morphological adaptations to maintain Pi
homeostasis in plants are well known, its molecular regulation is still poorly understood,
especially with respect to molecules involved in P sensing and early signaling cascades
(Abel et al., 2002). In the yeast model (Saccharomyces cerevisiae), which provided an initial
framework for eukaryotic studies, Pi homeostasis is mediated by the ‘pho regulon’, an
intricate mechanism that integrates P sensing and activation of PSR (see Figure 1.2 for
details). Important features of this regulon include: membrane-localized high- and low3

affinity transporters, some of which also function in sensing extracellular Pi (‘transceptors’);
a vacuolar transport complex, involved in intracellular storage and transport of Pi; a
transmembrane Pi-scavenging complex; a transcription factor-mediated nuclear repression
complex; and a series of post-translational regulatory processes including protein
phosphorylation, subcellular trafficking and proteasomal targeting (Magbanua et al., 1997;
Wykoff and O’Shea, 2001; Smets et al., 2010; Secco et al., 2012b).

Figure 1.2. Regulation of Pi homeostasis in yeast.
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Figure 1.2. (continued). In the ‘pho regulon’, some membrane-localized high- and low-affinity
Pi transporters (Pho84 and Pho87, respectively) function as ‘transceptors’, involved in both sensing
and transport of extracellular Pi into the cell.
(A) Under abundant Pi supply, the low-affinity Pi transporters Pho87/90 are active while the
high-affinity transceptor Pho84 is targeted to the vacuole for degradation. In the nucleus, the protein
kinase complex involving Pho81/Pho80/Pho85 phosphorylates the transcriptional regulator Pho4,
signaling its export to the cytoplasm and preventing induction of PSR (‘Pho genes’).
(B) Decrease in cytoplasmic Pi inactivates the Pho81/Pho80/Pho85 repression complex via
IP7 binding to Pho81, preventing Pho4 phosphorylation in the nucleus. Active Pho4 forms a
heterotrimeric complex with Pho2, and transcriptionally induces PSR, resulting in activation of highaffinity Pi transporters (Pho84/89) and targeting of low-affinity transporters for degradation;
increased polyP accumulation and hydrolysis in the vacuole via the Vtc complex followed by Pho91mediated cytoplasmic export; and release of Pi from phospholipids via Gde1. Negative and positive
regulatory effects are indicated by flat-ended dashed lines and arrow-heads, respectively. IP7,
inositol

heptakisphosphate;

polyP,

polyphosphate;

X,

unknown

protein;

GroPCho,

glycerophosphocholine. Adapted from Secco et al., (2012).

In the past decades, advances in plant molecular biology and –omics techniques,
including the coupling of forward and reverse genetics approaches with the generation and
analysis of high-throughput gene expression data sets, allowed the identification of some
molecular players involved in the regulation of PSR in plants (Lin et al., 2009; Plaxton and
Tran, 2011). With this respect, Arabidopsis thaliana still is the model of choice for
dicotyledonous species, due to the vast array of molecular tools and public databases
available, its simple growth requirements and anatomy, despite the absence of two common
root adaptations to increase Pi uptake, i.e. cluster-root formation and mycorrhizal
associations (Péret et al., 2011). Rice (Oryza sativa), on the other hand, is the emerging
model for monocots (Zhou et al., 2008; Liu et al., 2010; Secco et al., 2013). While the two
model species may diverge in particular aspects of their physiology and development, many
studies have shown that key regulators and mechanisms ruling P homeostasis are highly
conserved between them, and more generally across vascular plants. Thus, molecular
information from studies in Arabidopsis and rice should provide valuable insights toward
crop improvement (Fang et al., 2009).
Despite not possessing the ‘pho regulon’ per se, many common features of the yeast
model described above are also observed in plants (Figure 1.3). In Arabidopsis, four families
of phosphate transporters (PHT) are recognized, spanning a range of subcellular
compartments: PHT1 (plasma membrane), PHT2 (plastid inner envelope), PHT3
5

(mitochondrial inner membrane) and PHT4 (plastid envelope and Golgi apparatus) (Poirier
and Bucher, 2002; Versaw and Harrison, 2002; Guo et al., 2008; Zhu et al., 2011). Special
emphasis is given to the PHT1 family of membrane-spanning proton symporters, whose
members are involved in high-affinity Pi uptake from the rhizosphere and into the cell, as
well as in low-affinity Pi translocation from roots to shoots and Pi remobilization and
redistribution within shoots. These distinct roles seem to be under tight transcriptional
regulation resulting in specific spatial and temporal expression of each PHT1 transporter in
each cell type and tissue, according to fluctuations in Pi availability (Poirier and Bucher,
2002; Smith et al., 2003; Misson et al., 2004; Raghothama and Karthikeyan, 2005; LapisGaza et al., 2014; Ayadi et al., 2015). Additional levels of post-translational control over the
activity of PHT1 members to maintain P homeostasis have been recently proposed. These
involve phosphorylation signals or differential subcellular trafficking followed by
recycling/degradation of the transporters and appear to be directly connected to variations
in cytosolic/vacuolar levels of Pi and also Ca+2 concentration (Bayle et al., 2011; Liu et al.,
2011; Chen et al., 2015).
Although structurally diverse from PHT transporters, PHO1 is another important
regulator of Pi movement in plants. PHO1 belongs to a group of proteins harboring both an
SPX and an EXS domain. The SPX domain was named after the suppressor of the mating
pheromone signal (SYG1), the cyclin-dependent kinase inhibitor (PHO81) of yeast, and the
human retrovirus receptor (XPR1), while the EXS domain was named after the yeast ERD1,
involved in the localization of endogenous endoplasmic reticulum proteins, the human
XPR1, and the yeast SYG1 (Wang et al., 2004). Interestingly, many eukaryotic proteins
involved in Pi transport and sensing, including several proteins from the yeast ‘pho regulon’
depicted above, harbor the SPX domain. As for PHO1 in particular, a role in Pi loading into
the xylem following uptake by roots is proposed, since lack of AtPHO1 activity results in
reduced growth and Pi deficiency in shoots and increased root Pi concentration in
Arabidopsis (Poirier et al., 1991). Consistent with this role, AtPHO1 is mainly expressed in
stellar cells of the root vasculature and lower hypocotyl (Hamburger et al., 2002; Poirier and
Bucher, 2002). Additionally, overexpression of AtPHO1 in shoots leads to a dramatic export
of Pi into the xylem vessel and out of the leaves, pointing towards a role on Pi efflux in this
tissue (Stefanovic et al., 2011).
Allocation of Pi from roots to shoots is also regulated by the activity of PHO2, encoding
a putative E2 ubiquitin conjugase (UBC24). From studies in Arabidopsis, the mechanism
currently proposed is that, under P sufficiency, the PHO2 protein accumulates in roots,
6

where its activity correlates with the repression of a subset of Pi-starvation induced (PSI)
genes, including several specific PHT1 transporters. Under P limitation and the concomitant
remobilization of Pi from old to young leaves, the synthesis of phloem-mobile miR399d
species is induced in the shoot. These regulatory microRNAs work as a long-distance signal
to repress PHO2 transcripts or their ribosome loading in roots, therefore allowing the
expression of PSI genes and consequently the uptake and translocation of Pi from root to
shoot (Fujii et al., 2005; Aung et al., 2006; Bari et al., 2006; Pant et al., 2008). Pi deficiency
also leads to an increase in the transcript levels of non-coding RNAs of the IPS1/At4 family,
which in turn attenuate the targeting of PHO2 transcripts by miR399 during prolonged Pi
starvation, through a process called “target mimicry” (Franco-Zorrilla et al. 2007). Yet, there
still is a lot to uncover on the regulatory circuit involving PHO2 activity, especially regarding
its function in the shoot. Moreover, it was recently demonstrated that UBC24 also mediates
protein stability of PHO1 (Liu et al., 2012). Under P sufficiency, PHO1 is transcriptionally
repressed by WRKY6/WRKY42 and post-translationally degraded by PHO2. When Pi
concentrations decline, degradation of the WRKY transcription factors and of PHO2 enables
PHO1 activity in roots (Chen et al., 2009; Stefanovic et al., 2011; Liu et al., 2012).
The Arabidopsis GARP (Golden2, ARR-B, Psr1) transcription factor PHR1 (orthologue
of rice PHR2), in conjunction with its paralogues PHL1/PHL2/PHL3 (PHR1-like) are central
transcriptional regulators of PSR, activating a subset of genes that contain the P1BS binding
element in their promoter regions in response to P starvation (Rubio et al., 2001; Misson et
al., 2005; Franco-Zorrilla et al., 2007; Bustos et al., 2010; Sun et al., 2016). While PHR1
transcripts themselves are not induced upon Pi withdrawal, PHR1 modulation of PSR is
post-translationally regulated via SUMOylation by SIZ1, a SUMO E3 ligase (Miura et al.,
2005). Interestingly, SIZ1 seems to act both in the positive and negative regulation of PHR1mediated responses: the Pi-sensitive siz1 mutant has increased expression of a subset of
PSI genes (such as the high-affinity transporter PHT1;4, and the phosphatase PS2) under
P sufficiency but reduced expression of IPS1 (Induced by Phosphate Starvation1) and the
ribonuclease RNS1 under P deficiency, all of which are downstream of PHR1 (Miura, 2005).
SIZ1 also negatively regulates remodeling of root architecture in response to P limitation by
controlling cellular auxin accumulation patterns in primary and lateral root tips (Miura et al.,
2011).

7

Figure 1.3. Simplified model of regulation of Pi homeostasis in plants.
An intricate circuit of transcriptional and post-transcriptional factors regulates Pi homeostasis
in plants. Systemic (whole plant) transcriptional responses to P starvation are largely dependent on
PHR1 and its homologues, while local root responses are regulated by WRKY75 and ZAT6.
Activation of PSR gene expression induces, among others, the high-affinity PHT1 Pi transporters,
increasing Pi uptake and transport. The EXS-SPX protein PHO1, which is transcriptionally regulated
by WRKY6/WRKY42, also mediates Pi transport, being involved in Pi xylem loading in roots and Pi
export in shoots. Post-translational regulation of systemic responses involves, for instance,
SUMOylation of PHR1 targets by SIZ1 (with both positive and negative effects to PSR genes) and
proteasomal degradation of PHO1 and PHT1 transporters by PHO2/UBC24, a core repressor of
PSR. In turn, PHO2 expression is regulated via RNA interference by miR399, and interaction with
the antagonists IPS1/AT4 non-coding RNAs. Adapted from Nilsson et al. (2010).

8

SPX proteins: a link between P sensing and signaling in plants
Another group of SPX proteins, which unlike PHO1 contain no other conserved region
apart from the SPX domain, referred by Secco et al., (2012a) as ‘class 1 SPX domaincontaining proteins’, also regulates PHR1-mediated PSR. Comprising four members in
Arabidopsis (At-SPX1-4) and six members in rice (Os-SPX1-6), the group was initially
placed downstream of the MYB transcriptional factor in Pi signaling due to altered transcript
abundance in Arabidopsis siz1 and phr1 mutants (Duan et al., 2008; Wang et al., 2009).
Nonetheless, these SPX family members are now emerging as key negative regulators of
PHR-mediated PSR in both monocot and dicot models (Lv et al., 2014; Puga et al., 2014;
Shi et al., 2014; Wang et al., 2014). These findings, mostly from experiments with the rice
model, point towards a mode of action where PHR is ‘trapped’ via interaction with diverse
SPX proteins in different cellular compartments, their activity being dependent on cellular Pi
levels through direct binding of Pi and possibly involving post-translational modifications,
e.g. proteasomal degradation (Lv et al., 2014; Puga et al., 2014; Shi et al., 2014; Wang et
al., 2014; Zhong et al., 2018). Dependence of this interaction on Pi levels raises the
possibility of SPX members being key-factors connecting Pi-sensing to signaling in plants,
as observed in yeast (Secco et al., 2012b).
Current knowledge on the mode of action of plant SPX proteins is the following: In both
Arabidopsis and rice, SPX1 and SPX2 seem to act redundantly in a Pi-dependent manner
(Figure 1.4 A). Under sufficient Pi supply, SPX1 and SPX2 compete for PHR-binding in the
nucleus, preventing activation of P1BS-dependent responses. Sensing of low cellular Pi by
the SPX domain disrupts the SPX1/2-PHR interaction, enabling P1BS-dependent
responses, including the transcriptional activation of SPX1 and SPX2 themselves. De novo
production of SPX1, SPX2 and SPX3 upon Pi starvation, although counterintuitive, seems
to allow rapid shutdown of the PHR module upon Pi re-supply (Wang et al., 2009; Puga et
al., 2014; Wang et al., 2014). A role in recovery after starvation is also proposed for the rapid
induction of OsSPX3 and OsSPX5 which is observed under low Pi. In spite of that, the rice
paralogues also seem to negatively regulate PHR2, likely being involved in the fine-tuning
of PSR and root-to-shoot Pi translocation (Shi et al., 2014).
Interestingly, unlike observed for the other SPX family members, transcripts of the
orthologues At-SPX4 and Os-SPX4 are not induced by Pi starvation (Duan et al., 2008;
Wang et al., 2009). Recent studies in rice revealed a similar role for SPX4 as PHR2
repressor, although the mechanism seems to differ from the other members studied to date
(Figure 1.4 B). Os-SPX4 seems to be a very short-lived protein that, under sufficient Pi
9

supply, interacts with PHR2 in both the cytosol and the nucleus, respectively reducing PHR2
nuclear trafficking and preventing its binding to P1BS motifs. A drop in Pi availability
accelerates SPX4 degradation, likely through the 26S proteasome pathway, releasing PHR2
and activating P1BS-dependent PSR (Lv et al., 2014). Even more recently, the last rice SPX
member was characterized (Zhong et al., 2018). Os-SPX6 seems to have a hybrid more of
action (Figure 1.4 C), with distinct features depending on the organ or the intracellular Pi
status: in shoots, when Pi is sufficient, Os-SPX6 in the cytoplasm cooperates with Os-SPX4
in preventing PHR2 nuclear trafficking, while in the nucleus it prevents PHR2 from binding
to P1BS motifs, similar to Os-SPX1/2/4. During P starvation, proteasomal degradation of
both Os-SPX4 and Os-SPX6 in shoots allows activation of PHR2-dependent PSR, while OsSPX6 transcripts and protein accumulate in roots, likely allowing PSR to be rapidly shutdown
on Pi re-supply, as with SPX1 and SPX2 (Zhong et al., 2018).
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Figure 1.4. Current knowledge on the mode of action of plant class 1 SPX domaincontaining proteins.
(A)

In both Arabidopsis and rice, SPX1/2 are PHR1 targets that compete for PHR1/2 binding to
P1BS motifs in the nucleus under high cellular Pi, whereas low cellular Pi reduced SPX1/2
binding affinity to the transcription factor. This activates the transcription of PSR genes,
including SPX1/2 themselves, as a negative loop allowing rapid shutdown of PSR upon Pi resupply (Puga et al., 2014). Arabidopsis SPX3 transcripts also accumulate when Pi is low, in
turn suppressing PSR, including SPX1 expression (Duan et al., 2008). Rice SPX3 and SPX5
also mediate recovery upon Pi re-supply, fine-tuning PSR via PHR2 repression (Shi et al.,
2014). Adapted from Puga et al. (2014).

(B)

In rice, SPX4 predominantly interacts with PHR2 in the cytoplasm (and to a lower extent in the
nucleus). When Pi is abundant, SPX4 traps PHR2 in the cytoplasm, inhibiting its nuclear

11

Figure 1.4 (continued). trafficking. A drop in Pi availability leads to SPX4 proteasomal
degradation, allowing PHR2 to activate PSR in the nucleus. Adapted from Lv et al. (2014).
(C)

Rice SPX6 cooperates with other SPX proteins, with distinct modes of action in shoots and
roots. In shoots, under high cellular Pi, SPX6 also traps PHR2 in the cytoplasm preventing its
nuclear trafficking, while also preventing its binding to P1BS motifs in the nucleus. Under low
cellular Pi SPX6 is also degraded by the proteasome, activating PSR and leading to SPX6
accumulation in the roots, in order to facilitate rapid PSR shutdown in this organ upon Pi resupply. Adapted from Zhong et al. (2018).

Scope and research objectives
During my PhD candidature, I focused on the characterization of the Arabidopsis SPX4,
the only class 1 SPX member in the dicot model that is not transcriptionally induced by Pi
limitation (Duan et al., 2008), and which had not been further characterized to date.
My general aim was to help unravelling how plants sense their internal P pools and
respond appropriately in order to cope with P scarcity. With this respect, characterization of
the rice orthologue (Lv et al., 2014) showed that both Os-SPX4 transcript and protein
kinetics changed according to the plant Pi status, providing initial evidence for the
involvement of SPX4 in plant P(i) sensing. Further evidence came when Wild et al. (2016)
showed that, indeed, SPX domains provide a binding surface for cytosolic inositol
polyphosphate (IP) signaling molecules in vitro. As binding of SPX proteins to their target
transcription factors was dependent on the presence of IP in solution, the proposed
hypothesis is that these P-rich organic molecules, rather than inorganic Pi itself, are the
signal sensed by SPX domains to regulate P metabolism in plant cells (Wild et al., 2016).
Hence, in Chapter 2, I characterized the involvement of At-SPX4 in Pi homeostasis,
unveiling its role as a regulator of P metabolism in shoots. Monitoring SPX4 protein kinetics
under varying P treatments was accomplished using a luciferase reporter line generated
and kindly provided by Sophia Ng, a former member of the Whelan laboratory. Sophia Ng
also produced and monitored the expression of fluorescent reporter constructs (GFP,
mCherry), to assess At-SPX4 and At-PHR1 subcellular localization and co-expression.
Further, I characterized transcriptome and gene regulatory network effects of disrupting
SPX4 function during Pi homeostasis, drawing a comparison with effects of disrupting other
key regulators of Pi signaling in Arabidopsis, such as PHR1, PHO2 and SPX1/2. SPX4 gene
regulatory network analysis was carried in collaboration with Inge De Clercq (Ghent
University).
12

In Chapter 3, I continued to explore the function of SPX4 in regulation of P metabolism,
but this time with a focus on the leaf Pi remobilization, a physiological process aimed at
recycling P from senescing leaves, and which is impaired in both spx4 and pho2 mutant
lines. As this is a key trait affecting plant PUE, I used reverse genetics and transcriptome
data to explore early signaling pathways involved in this physiological response, highlighting
the roles of hormone signaling and metal homeostasis.
In Chapter 4, I identified At-HUB1 (HISTONE MONOUBIQUITINATION 1) as a novel
regulator of P metabolism in Arabidopsis, which does so via interaction with At-SPX4.
Confirmation of their predicted interaction via Yeast Two-Hybrid assays, and production of
the hub1-5 x SPX4-LUC reporter line were carried out by Sophia Ng. I then conducted
comparative physiological and transcriptome analyses in plants lacking either HUB1 or
SPX4 function, to unravel features of their co-regulation.
Finally, in Chapter 5, I discussed the implications of those findings as a whole,
presenting a model with my proposed mode of action for At-SPX4 and At-HUB1 coregulation of P metabolism in shoots, and pointing out future directions to advance the
knowledge on the molecular mechanisms of SPX4 network during Pi homeostasis.
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Abstract

56

Phosphorus (P) is an essential macronutrient for all living organisms and limits plant

57

growth. Four proteins containing a single SYG1/Pho81/XPR1 (SPX) domain, SPX1 to SPX4,

58

are phosphate-dependent inhibitors of Arabidopsis thaliana PHOSPHATE STARVATION

59

RESPONSE1 (PHR1), the master transcriptional activator of phosphate starvation

60

responses. This work demonstrates that SPX4 functions not only as a negative regulator of

61

PHR1-dependent but also of PHR1-independent responses in P-replete plants.

62

Transcriptome responses of P-limited spx4 suggest that, unlike SPX1 and SPX2, SPX4 also

63

modulates the shoot phosphate starvation response, but not short-term recovery after

64

phosphate re-supply. The phosphate starvation response in roots, however, is not affected

65

by SPX4 knock-out. Differential gene expression profiles in P-limited over P-replete spx4

66

shoots intersect with both PHR1-dependent and PHOSPHATE2-dependent signaling

67

networks associated with plant development, senescence and ion / metabolite transport.

68

Gene regulatory networks suggest that SPX4 can interact with transcription factors other

69

than PHR1, such as SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 and

70

ARABIDOPSIS NAC DOMAIN CONTAINING PROTEIN55, well-known regulators of shoot

71

development. Using a luciferase reporter in vivo, SPX4 expression kinetics and stability

72

revealed that SPX4 is a short-lived protein with P status-dependent turnover. SPX4 protein

73

levels were quickly restored by phosphate re-supply to P-limited plants. Unlike its monocot

74

orthologue, At-SPX4 was not stabilized by the phosphate analogue phosphite, implying that

75

intracellular P status is sensed by its SPX domain via Pi-rich metabolite signals.

76
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77

Introduction

78

Phosphorus (P) is an essential macronutrient for all living organisms. Apart from

79

nitrogen, it is the most limiting factor for plant growth and development in both natural and

80

agricultural ecosystems. Phosphate (Pi), the inorganic form of P which is taken up and

81

metabolized by plants, is a key substrate for most biochemical reactions in the cell. Even

82

though P can be abundant in soils, it is mostly unavailable to plants due to conversion of Pi

83

into organic compounds by microorganisms (Richardson and Simpson, 2011) and fixation

84

to soil particles (Hinsinger, 2001). In order to maintain agricultural productivity and provide

85

food security for a growing global population, our already heavy reliance on Pi fertilizers is

86

bound to increase. Yet, this practice is neither economically nor environmentally sustainable,

87

as it leads to depletion of natural resources and eutrophication of water bodies. Hence,

88

achieving sustainable P use in crop plants has become a major goal in plant breeding

89

(Veneklaas et al., 2012; Heuer et al., 2017).

90

To cope with Pi scarcity, plants have evolved a range of adaptations, collectively known

91

as Pi-starvation responses (PSR) (Raghothama, 1999). PSR typically aim at increasing Pi

92

uptake from soil particles, e.g., through modifications in root system architecture alongside

93

enhanced exudation of carboxylates and phosphatases, or to maximize Pi utilization,

94

through increased Pi translocation from shoot to root, release from vacuolar stores and

95

remobilization within tissues (Raghothama, 1999). Despite the absence of two common root

96

adaptations to increase Pi uptake in higher plants, i.e. cluster-root formation and mycorrhizal

97

associations (Peret et al., 2014), work with the Arabidopsis thaliana model has allowed the

98

identification of key regulators of these acclimation responses (Rubio et al., 2001; Aung et

99

al., 2006; Bari et al., 2006; Chen et al., 2007; Devaiah et al., 2007a; Camacho-Cristobal et

100

al., 2008; Duan et al., 2008; Devaiah et al., 2009; Bustos et al., 2010; Lundmark et al., 2011;

101

Arpat et al., 2012; Puga et al., 2014; Chen and Schmidt, 2015; Baek et al., 2017). The

102

discovery that there are also negative regulators of PSR in P-sufficient plants (Mukatira et

103

al., 2001) and that many PSR components are shut down within hours of Pi re-supply

104

(Burleigh and Harrison, 1999; Müller et al., 2004; Woo et al., 2012; Secco et al., 2013) poses

105

a challenge to improving Pi uptake in agricultural systems: Due to negative feedback loops

106

acting on root Pi uptake, crops such as wheat, oat or maize currently use only between 10

107

and 30 % of the Pi fertilizer applied (Bezzola et al., 1994; Glendinning et al., 2000). It is

108

hence of utmost importance to gain a better understanding of the role of these negative

109

regulators in modulating P efficiency in plants.

17

110

Transcriptional reprogramming in response to Pi starvation in Arabidopsis is largely

111

regulated by the GARP family of R2R3 MYB DOMAIN PROTEIN (MYB) transcription factors,

112

namely PHOSPHATE STARVATION RESPONSE1 (PHR1), PHR1-LIKE1 (PHL1) and

113

PHL2 (Rubio et al., 2001; Sun et al., 2016). Regulatory regions of almost all PSR genes are

114

greatly enriched with the P1BS cis-acting motif and the absence of PHR1 and PHL1 leads

115

to mis-regulation of about 75% and 65% of Pi-starvation induced and repressed genes,

116

respectively (Bustos et al., 2010). Other MYB factors such as MYB62 (Devaiah et al., 2009),

117

GARP COILED-COIL 7 (GCC7) (Lundmark et al., 2011), HRS1 HOMOLOGUE 2 (HHO2),

118

and three R3-type MYBs (Chen and Schmidt, 2015) have been implied in a number of

119

PHR1-dependent and -independent Pi starvation responses indicating both functional

120

redundancy and / or discrete regulatory networks that regulate PSR in different plant organs

121

(Wu et al., 2003; Devaiah et al., 2009) or biochemical pathways (Acevedo-Hernández et al.,

122

2012).

123

Information on the molecular basis of P sensing and early signaling upstream of PHR1

124

is scarce (Abel et al., 2002). While PHR1 transcripts are regulated by light and ethylene

125

signals (Liu et al., 2017), they are not directly affected by changes in Pi availability (Rubio

126

et al., 2001). Instead, PHR1 activity seems to rely on additional layers of post-transcriptional

127

regulation, including SUMOylation by SAP AND MIZ1 (SIZ1) (Miura et al., 2005), and

128

interaction with SYG1/PHO81/XPR1 (SPX) domain-containing proteins (Lv et al., 2014;

129

Puga et al., 2014; Wang et al., 2014; Qi et al., 2017).

130

The latter form a group of four proteins in Arabidopsis, SPX1 to SPX4, made up of a

131

single SPX domain (Duan et al., 2008). Transcripts of SPX1, SPX2, and SPX3 accumulate

132

in roots and shoots of P-limited plants in a PHR1-dependent manner (Duan et al., 2008;

133

Bustos et al., 2010). SPX4 transcripts, on the other hand, show only a weak suppression by

134

Pi withdrawal or knock-out of PHR1 (Duan et al., 2008). Nuclear localized SPX1 binds to

135

and inhibits PHR1 activity in the presence of Pi (Puga et al., 2014). Similar findings have

136

been reported for the interaction of rice orthologues, Os-SPX1, Os-SPX2, with PHR1

137

orthologue Os-PHR2 (Wang et al., 2014)., Arabidopsis SPX1 binds to monomeric PHR1 in

138

the presence of either 5 mM Pi or 50 M inositol hexakisphosphate (IP6) in vitro, but not to

139

PHR1 dimers bound to twin P1BS-binding sites (Qi et al., 2017). Eukaryotic SPX domains

140

were found to directly bind to inositol polyphosphate signaling molecules (IPs) in response

141

to shifts in cellular Pi levels (Wild et al., 2016), positioning SPX proteins as prime candidates

142

for P(i)-sensors in plants. In both Arabidopsis and rice, SPX1 and SPX2 display a significant

143

degree of redundancy, with only double knock-out mutants showing substantial
18

144

accumulation of Pi in shoots, and changes in the expression of PHR1-dependent PSR genes

145

(Puga et al., 2014; Wang et al., 2014). Shoot accumulation of Pi in Os-PHR2 over-

146

expression lines in rice could be reversed by simultaneous over-expression of Os-SPX1;

147

this was attributed to differential expression of Pi transporter gene Os-PT2 in the root of

148

these lines (Liu et al., 2010).

149

PHOSPATE2 (PHO2) / UBIQUITIN-CONJUGATING ENZYME 24, a ubiquitin E2

150

conjugase, is another well-characterized repressor of select PSR gene function in roots.

151

PHO2 regulates root Pi uptake and its translocation to shoots via targeting of Pi transporter

152

proteins of the PHOSPHATE TRANSPORTER1 (PHT1) family (Huang et al., 2013; Park et

153

al., 2014) as well as of Pi exporter PHOSPHATE1 (PHO1) (Liu et al., 2012) for proteasomal

154

degradation. The complex down-regulation of PHO2 transcripts in roots by select shoot-

155

derived microRNA399 species and their proposed sequestration by antagonistic non-coding

156

small RNAs INDUCED BY PI STARVATION 1 (IPS1) and IPS2/AT4 is known to occur down-

157

stream of PHR1 (Fujii et al., 2005; Aung et al., 2006; Bari et al., 2006; Franco-Zorrilla et al.,

158

2007; Pant et al., 2008). In rice, both Os-pho2 knockout and Os-miR399k over-expression

159

lines showed enhanced transcript accumulation of Os-SPX1 in roots, but not shoots (Liu et

160

al., 2010). Os-PHO2 expression in turn was also higher in roots, not shoots, of Os-SPX1

161

over-expression lines. Liu et al., (2010) concluded at the time, that a root-specific negative

162

feedback loop existed between Os-SPX1 and Os-PHO2. The role of PHO2 in shoots,

163

however, remains largely unknown with evidence suggesting a possible role in flowering

164

time regulation in both Arabidopsis and rice (Kant et al., 2011; Kim et al., 2011; Li et al.,

165

2017).

166

The function of a third negative regulator of PSR gene expression, SPX4, has recently

167

been studied in rice. Lv and co-workers (2014) found that it, too, interacts with Os-PHR2 in

168

a P status-dependent manner. However, unlike Os-SPX1, Os-SPX4-GFP fusion protein was

169

detected in both cytosol and nucleus of transgenic root cells as well as in rice protoplasts.

170

Os-SPX4 was also shown to inhibit translocation of Os-PHR2 from the cytosol into the

171

nucleus by biomolecular fluorescence complementation (BiFC) assays (Lv et al., 2014). The

172

authors were also able to show that there is no functional redundancy in rice, given that the

173

spx4 T-DNA insertion line showed Pi accumulation and de-repression of the PSR gene IPS1

174

in P-replete shoots (Lv et al., 2014). The fact that this negative regulator also undergoes

175

rapid turnover in extracts of P-deficient plants and is stabilized in the presence of either Pi

176

or its analogue phosphite (Phi) (Lv et al., 2014), would further more suggest its immediate

177

role in the sensing of cellular P status. In addition, organ-specific differences between root
19

178

and shoot regulatory networks have been shown for Os-SPX6, which is only degraded in P-

179

limited leaves, but accumulates in roots (Zhong et al., 2018).

180

Given the importance of overcoming negative regulators of Pi uptake for increasing P

181

use in plants, and the distinct differences in PSR regulatory networks in monocots and

182

dicots, we focused on dissecting SPX4-dependent gene regulatory networks in Arabidopsis.

183

Use of a luciferase reporter, mutants of spx4, transcriptome analyses under Pi replete,

184

limiting and re-supply conditions, and comparison with PHR1 and PHO2 master regulators

185

reveal that SPX4 acts as a transcriptional co-regulator in shoots. Potential down-stream

186

targets of SPX4, other than PHR1, and the role of PHO2 will be discussed.

187

Results

188

SPX4 is a Short-Lived Protein with P-Dependent Turn-Over

189

Among the four Arabidopsis genes encoding single SPX domain proteins, named SPX1

190

to SPX4, SPX4 is the only one not induced by Pi starvation. In fact, SPX4 transcripts were

191

mildly repressed by Pi deprivation in roots and shoots, going back to control levels within

192

24h of Pi re-supply (Duan et al., 2008) (Figure 2.1H). A similar expression pattern was

193

described for the rice orthologue (Os-SPX4) (Lv et al., 2014). In vitro, Os-SPX4 protein levels

194

fluctuate with Pi availability, with 26S proteasome-dependent degradation dominating under

195

P-deficiency (Lv et al., 2014). To determine the stability of At-SPX4 in vivo, a SPX4pro:SPX4-

196

LUC reporter line was created in which SPX4 is translationally fused to the firefly luciferase

197

(LUC), under the control of its native promoter, allowing to monitor SPX4 protein kinetics

198

under varying Pi supplies in seedlings. Pi re-supply to P-starved seedlings led to distinct Pi

199

and SPX4-LUC accumulation kinetics in each organ: In shoots, Pi pools were restored within

200

two days of Pi re-supply (Figure 2.1A), marked by a concomitant, but slower recovery of

201

SPX4-LUC protein and activity (Figure 2.1C, D). In roots, SPX4-LUC levels were restored

202

to those in control plants within 24 h of Pi re-supply, but increased further until day three of

203

Pi re-supply (Figure 2.1E). This ‘overshooting’ of SPX4-LUC levels in roots is counter-

204

intuitive, given that Pi accumulation in this organ peaks after one day of re-supply (Figure

205

2.1B). SPX4-LUC levels in roots thus appear to be coupled to the stabilization of intracellular

206

Pi pools in shoots, rather than local Pi concentration.

207

SPX4 protein turnover changed in a P-dependent manner, when SPX4pro:SPX4-LUC

208

seedlings were treated (via their roots) with cycloheximide (CHX), an inhibitor of de novo

209

protein synthesis. LUC activity in shoots was found to be lower in P-replete and in Pi re-

210

supply conditions compared with the corresponding mock treatments (0.01 % DMSO). This
20

211

was shown both by LUC imaging (Figure 2.1J) and quantification of LUC activity (Figure

212

2.1I). Thus, increasing SPX4-LUC levels in the presence of Pi requires de novo protein

213

synthesis. Simultaneous CHX treatment of seedlings upon transfer from P-replete to P-

214

deficient medium for 24 h resulted in increased LUC activity (Figures 2.1I & J, 1d –P), while

215

24-hour CHX treatment of seedlings already starved of Pi for 4 days resulted in a significant

216

decrease in LUC activity (Figures 2.1I & J, 5d –P). Reduction of LUC protein and activity

217

levels in CHX-treated plants irrespective of Pi supply indicates that faster SPX4 degradation,

218

not reduced de novo protein synthesis, is a major factor affecting SPX4 turnover, ensuring

219

that basal levels of functional SPX4 are still being maintained in P-starved shoots. Protein(s)

220

responsible for triggering SPX4 degradation seem to be synthesized de novo in the early

221

phase of Pi depletion, which would explain the higher SPX4 accumulation in CHX-treated

222

shoots at the 1d –P time-point, compared with control plants.

223

To demonstrate the contribution of ubiquitin-mediated SPX4 degradation, the effect of

224

an inhibitor of the 26S proteasome, MG132, on SPX4-LUC protein levels in P-starved

225

seedlings was assessed. Unlike the stabilizing effect of MG132 treatment on Os-SPX4

226

levels in extracts from P-starved rice seedlings (Lv et al., 2014), no differences in LUC

227

activity were observed in vivo, by treating plants with MG132 in combination with CHX (Park

228

et al., 2014; Crozet et al., 2016) (Supplemental Figure 2.1). E-64d, an inhibitor of endosomal

229

cysteine proteases (Yamada et al., 2005), was also tested to no effect (Supplemental Figure

230

2.1). The divergent results between Os-SPX4 and At-SPX4 are likely due to our finding that

231

SPX4 degradation requires de novo protein synthesis in Arabidopsis (Figure 2.1I, 1 d –P),

232

but the main finding of P-dependent SPX4 turnover is consistent in both species.

233

Phosphite Supply Does Not Mimic Pi Re-Supply in Restoring SPX4 Levels

234

Phosphite (Phi, H2PO3–) is a more reduced form of P and a Pi mimetic that cannot be

235

metabolized by plants (McDonald et al., 2001). It can be used to discriminate between

236

processes that are directly dependent on Pi and those that require an organic P metabolite

237

(Jost et al., 2015). Hence, we tested its ability to substitute Pi in stabilizing SPX4 levels in

238

vivo. We compared the effect of short (24 h) or medium-term (72 h) Pi or Phi supply to Pi-

239

starved seedlings grown in vertical plates. Phi treatment did not recover Pi pools (Figures

240

2.2D, E) (Jost et al., 2015), leading to a complete arrest of root and shoot growth (Figures

241

2.2F, G). In contrast to Os-SPX4 (Lv et al., 2014) and At-SPX1 (Puga et al., 2014), At-SPX4

242

levels in P-limited roots and shoots were not restored by provision of Phi (Figures 2.2B, C).

243

In P-starved shoots, LUC activity increased by four-fold within 24 h of Pi re-supply, remaining

244

highly induced at the three-day time point (Figure 2.2C). LUC activity in Phi-treated shoots,
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245

on the other hand, was not significantly different (P>0.05) from that in P-starved shoots. In

246

roots, SPX4 levels steadily increased upon Pi re-supply, with a 10-fold and 20-fold increase

247

after one and three days of treatment, respectively (Figure 2.2B). Phi treatment of P-starved

248

roots led to a transient three-fold higher LUC activity within 24 h. This weak LUC induction

249

in Phi-treated roots coincided with a slight transient increase in root Pi concentration (Figure

250

2.2D) most likely caused by scavenging of residual Pi present in fresh agar plates. Our

251

results indicate that SPX4 does not recognize the metabolically inert Pi mimetic Phi, further

252

supporting the involvement of organic P molecules, such as IPs, in primary sensing of

253

intracellular P status via direct binding to the SPX domain (Wild et al., 2016).

254

Co-Expression with SPX4 Leads to Partial Retention of PHR1 in the Cytosol

255

As the subcellular localization data for At-SPX4 by Duan et al. (2008) were inconclusive,

256

SPX4-mCherry driven by the 35S promoter (Figure 2.3A) and a SPX4-GFP fusion protein

257

under the control of the 1.5 kb SPX4 promoter fragment (Figure 2.3B) were used to assess

258

SPX4 expression across subcellular compartments. Upon transient expression in onion

259

epidermal cells, the SPX4 fusion protein was detected in both cytosol and nucleus (Figure

260

2.3A), and its localization was not affected by co-expression of the ER marker Os-PHF1-

261

mCherry (Lv et al., 2014; Figure 2.3B). When transiently expressed in the presence of

262

35Spro:Os-PHF1-mCherry, PHR1 promoter-driven PHR1-GFP expression was restricted to

263

the nucleus (Figure 2. 3C), as shown for stably transformed 35S:PHR1-GFP lines (Rubio et

264

al., 2001). A different pattern was observed when onion epidermal cells were co-transformed

265

with PHR1pro:PHR1-GFP and 35Spro:SPX4-mCherry: Over-expression of SPX4 altered

266

PHR1 localization, with both proteins present in cytoplasm and nucleus (shown as different

267

focal planes in Figure 2.3D). The SPX4 nuclear signal appeared weaker in the presence of

268

PHR1 (Figure 2.3A vs. 2.3D), indicating higher accumulation of stoichiometric SPX4-PHR1

269

complex in the cytosol (Lv et al., 2014, Wild et al., 2016). A similar co-localization profile

270

between PHR1 and SPX4 was also found in Arabidopsis epidermal cells, with Supplemental

271

Figures 2. 2A & B showing the different localization pattern of the PHR1-GFP fusion in the

272

presence of SPX4-mCherry versus the Os-PHF1-mCherry control. Together, these data

273

suggest interaction of At-SPX4 and At-PHR1 in the cytosol as previously observed for the

274

rice orthologues (Lv et al., 2014). In contrast to rice, sequestration of At-PHR1 by At-SPX4

275

in the cytosol is weaker, with both proteins still detected in the nucleus.
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276

Disruption of SPX4 Function Leads to Pi Over-Accumulation in Shoots

277

In order to assess the physiological effects of disrupting SPX4, we isolated two T-DNA

278

insertion lines, SALK_019826 and SK40726, named spx4-1 and spx4-2, respectively. The

279

molecular characterization of these lines is shown in Supplemental Figure 2.3. Sequencing

280

of T-DNA left-border amplicons confirmed that the single insertions in spx4-1 and spx4-2

281

are in the second and third (last) exon of the SPX4 gene, respectively. Both insertions disrupt

282

the third portion of the SPX tripartite domain (PFam:03105) (Supplemental Figure 2. 3A),

283

upstream of the last amino acid residue forming the Phosphate Binding Cluster (PBC), and

284

of the Lysine Binding Cluster (KBC), which are active sites involved in binding to IPs (Wild

285

et al., 2016; Azevedo and Saiardi, 2017). SPX4 transcripts downstream of the insertion site

286

were not detected in spx4-1, and reduced in the weaker spx4-2 allele compared with wild

287

type (Supplemental Figure 2. 3C). When mutant alleles were grown side by side with their

288

respective wild-type backgrounds (Col-0 for spx4-1 and Col-4 for spx4-2) in nutrient-rich soil,

289

an average of 22 % reduction in rosette biomass was observed (Supplemental Figure 2.3D).

290

For the physiological characterization of the two SPX4 mutant alleles under varying Pi

291

supplies seedlings were grown vertically on ½ MS agar plates (Materials and Methods).

292

Aside from the wild-type lines (Col-0 and Col-4), mutants of PHR1, phr1-1 (Rubio et al.,

293

2001) and phr1-2 (SALK_067629), displaying reduced shoot Pi concentration under Pi

294

deficiency (Nilsson et al., 2007; Bustos et al., 2010); and PHO2 (pho2-1 / CS8508), known

295

to over-accumulate Pi in shoots (Dong et al., 1998), were added for comparison. The

296

experiment comprised three conditions, causing changes in plant Pi-status (Figure 2.4):

297

Under Pi replete conditions, seedlings were maintained on sufficient Pi throughout the

298

experiment (including two transfers to fresh medium), thus having fully-replete root and

299

shoot Pi pools (Figure 2.4C, D) for optimal plant growth (Figure 2.4A, B). Under Pi limitation,

300

seven day-old seedlings were deprived of Pi for four days, followed by an additional day on

301

fresh P-deficient medium prior to harvest. This five-day treatment was enough to deplete

302

root and shoot Pi pools in wild type, leading to a 50 % reduction in shoot growth (Figure

303

2.4B). For Pi re-supply, P-limited seedlings were transferred to 1 mM Pi for one day, after

304

four days of Pi deprivation. At this time-point, accelerated Pi uptake and root-to-shoot

305

translocation were observed in wild type, with roots accumulating almost two-fold more Pi

306

than under continuous Pi supply (Figure 2.4C), while shoot Pi pools were 70 % replete within

307

24 h (Figure 2.4D), with shoots just starting to resume growth (Figure 2.4B).

308

Compared to wild type, all mutant lines tested displayed lower shoot biomass under

309

optimal growth conditions (Figure 2.4B, P-replete), highlighting the importance of proper
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310

regulation of Pi homeostasis in sustaining plant yield (Rouached et al., 2011; Linn et al.,

311

2017). Mutants were not impaired in root growth (Figure 2.4A).

312

In our system, phr1 and pho2-1 mutants displayed the expected trends in organ Pi

313

accumulation. Both phr1-1 and phr1-2 showed a faster depletion of their shoot Pi pools

314

under Pi limiting conditions (Figure 2.4D). This is in line with the positive role that PHR1

315

exerts over the regulation of Pi uptake and translocation (Nilsson et al., 2007). On the other

316

hand, pho2-1 displayed the typical shoot Pi over-accumulation phenotype irrespective of Pi

317

supply (Figure 2.4D), as well as reduced Pi concentration in P-replete roots (Figure 2.4C).

318

This is due to the negative effect of PHO2 / UBC24 on xylem Pi loading in roots, via

319

suppression of PHO1 (Liu et al., 2012). By contrast, disrupting SPX4 led to higher

320

intracellular Pi accumulation in both P-replete roots and shoots. In shoots, the true knock-

321

out allele, spx4-1, accumulated more Pi than Col-0 irrespective of Pi supply, and to similar

322

levels as pho2-1 (Figure 2.4D). The weaker knock-down allele, spx4-2, showed this effect

323

only in P-replete seedlings. Since the T-DNA insertion in this line is in the C-terminal portion

324

of the functional domain, just 5’ of the coding region for the active lysine surface cluster

325

(KSC), but after the phosphate binding cluster (PBC) residues (Supplemental Figure 2.3A)

326

(Wild et al., 2016), a partially functional SPX domain might explain the weaker response.

327

The observed changes in Pi allocation place SPX4 as a central negative regulator of Pi

328

acquisition, alongside PHO2.

329

SPX4 is a Negative Regulator of PSR Gene Expression in Shoots, Not Roots

330

Knocking out the negative regulators SPX1 and SPX2 led to activation of PHR1 in P-

331

replete as well as Pi re-supplied seedlings (Puga et al., 2014) (Figure 2.5, Supplemental

332

Table 1). The shoot Pi over-accumulation phenotype of the spx4 mutants prompted the

333

hypothesis that SPX4 knock-out would result in a similar mis-regulation of PSR genes, both

334

Pi-starvation induced (PSI) and suppressed (PSS), in the presence of Pi. Using a RNA-seq

335

approach, the root and shoot transcriptome profiles from the stronger spx4-1 allele and the

336

two phr1 alleles were compared with those of Col-0 seedlings across all three conditions (P-

337

replete, P-limited and Pi re-supply) (Supplemental Data Set 1, 2). The two phr1 alleles

338

showed the expected mis-regulated PSR gene expression in P-limited roots and shoots,

339

and wild-type-like expression profiles in P-replete and Pi re-supplied seedlings (Figure 2.5,

340

Supplemental Table 1). Surprisingly, SPX4 knock-out had very little effect on transcript

341

profiles in roots. In P-replete spx4-1 shoots, 162 genes were differentially expressed

342

compared to wild type (Figure 2.5, Supplemental Table 1, and Supplemental Data Set 5).
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343

In contrast to whole seedlings of the spx1 spx2 double mutant (Puga et al., 2014), Pi re-

344

supply to P-limited spx4-1 seedlings did not lead to significantly de-regulated gene

345

expression (Figure 2.5, Supplemental Table 1). Whilst 73 % of differentially induced genes

346

in P-replete spx4-1 shoots were PSI genes, i.e. responsive to changes in Pi supply in Col-

347

0, only 1 % of these were also mis-regulated in P-limited phr1-1 shoots (Supplemental Table

348

1, Supplemental Data Set 5). Amongst the 50 genes with more than two-fold lower

349

expression (FDR < 0.05) in P-replete spx4-1 versus Col-0 shoots, only 6 % were PSS and /

350

or PHR1-dependent genes. SPX4 is one of these genes, confirming gene knock-out in spx4-

351

1. Overlap between spx4-1 and pho2-1 differentially expressed gene (DEG) lists is

352

substantial (p< 0.0001), and the induction of PHO1 found in P-replete shoots of both mutants

353

(Supplemental Data Set 5) may account for their higher Pi accumulation (Figure 2.4D). In

354

summary, these expression profiles suggest that SPX4 is a negative regulator of a subset

355

of PSI genes in shoots that are controlled by PHR1 and / or a yet-to-be identified

356

transcription factor. Candidates could potentially be found in differentially expressed (class

357

4) transcription factors high-lighted in Supplemental Data Set 5. It is important to note that

358

there is very little overlap (< 5 %) between SPX1/2- and SPX4-controlled DEGs in P-replete

359

seedlings (Supplemental Data Set 5), indicating that they interact with PHR1 to control

360

different sub-sets of PSR genes.

361

SPX4 Knock-Out Disrupts PSR Gene Expression in P-Limited Shoots

362

Given the relatively small number of differentially expressed genes in P-replete spx4-1

363

shoots compared with wild type, transcriptome responses to changes in Pi supply were

364

analyzed using two comparisons (Figure 2.6, Supplemental Data Set 3, 4): In the first

365

comparison, differences between P-limited and P-replete organs (Figure 2.6A) were

366

assessed in each genotype, whereas the second identified expression changes in P-limited

367

versus Pi re-supplied organs (Figure 2.6B). In P-limited shoots of Col-0, 1148 genes (71 %)

368

were induced (PSI genes) and 469 genes (29 %) were suppressed (PSS genes) compared

369

with P-replete conditions. Relative to P-limited Col-0 shoots, Pi re-supply to this organ led

370

to suppression of 857 genes (56 %) and induction of 663 genes (44 %), respectively. The

371

expression of 49 % of PSI and 10 % of PSS genes was reverted back to control levels by Pi

372

re-supply (Supplemental Data Set 4). Roots were less responsive to Pi withdrawal, with 459

373

genes induced (59 %) and 313 suppressed (41 %), and to Pi re-supply, with 264 genes

374

suppressed (68 %) and 125 induced (32 %). In roots, the expression of 49 % of PSI and 27

375

% of PSS genes was reverted back to control levels within 24 h of Pi re-supply. Overall,

376

similar trends were observed in Col-4.
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377

Relative to wild type, all mutants failed to fully respond to changes in Pi availability. As

378

expected, lines disrupted in PHR1 were the most affected in all conditions. phr1-1 was

379

affected in about 47 % and 69 % of P-responsive genes (|log2|>1) in P-starved roots and

380

shoots, respectively (Bustos et al., 2010). In our analysis, about 27 % of root and 46 % of

381

shoot PSR genes were deregulated in both phr1 mutants, which were only deprived of Pi

382

for five days (blue bars, Figure 2.6A). The effect of PHR1 disruption was also evident on Pi-

383

re-supply with 23 % of root genes and 26 % of shoot genes not responding to the same

384

extent as in Col-0 (blue bars, Figure 2.6B).

385

SPX4 and PHO2 knock-out had very little effect on the Pi responsive transcriptome in

386

roots, with less than 14 % of PSR genes mis-regulated in the stronger spx4-1 allele and

387

pho2-1 compared with Col-0. The effect on the PSR response in shoots, however, was of

388

the same order of magnitude as that in the two phr1 alleles, with 42 % and 40 % of PSR

389

genes mis-regulated in spx4-1 and pho2-1, respectively. The weaker spx4-2 allele still

390

affected 29 % of shoot PSR genes. In contrast to phr1 mutants the response to Pi re-supply

391

in shoots (or roots) was not significantly altered in neither spx4-1 nor pho2-1, with less than

392

13 % of genes mis-regulated compared with Col-0. Together, the expression profiles shown

393

in Figures 2.5 and 2.6 suggest that SPX4 acts as a negative regulator of a subset of shoot

394

PSR genes in the presence of Pi, whilst also being necessary for the expression of more

395

than 40 % of PSR genes in P-limited shoots.

396
397

SPX4 Acts as a PHO2-Dependent Co-Regulator of PSR Gene Expression in
Shoots

398

The finding that SPX4 has a significant impact on the orderly launch of the PSR gene

399

response in shoots poses the question as to whether this is PHR1-dependent. Given similar

400

patterns of perturbation of PSR gene expression in spx4-1 and pho2-1 the extent of overlap

401

in differentially expressed gene sets between these two mutants, as well as to phr1 was

402

investigated further. Of the 549 PSI genes that showed altered expression in P-limited spx4-

403

1 versus wild type shoots, 63 % and 45 % were mis-regulated in pho2-1 and phr1,

404

respectively (Figure 2.7B), and 35 % were commonly mis-regulated in the three mutants.

405

Gene ontology (GO) term enrichment analysis of the 347 DEGs shared by both spx4-1 and

406

pho2-1 revealed that genes associated with classical acclimation responses to Pi starvation,

407

such as amino acid, ion and lipid transport as well as with flavonoid biosynthesis and

408

jasmonic acid signaling were overrepresented (Figure 2.7A). A more surprising finding was

409

the differential expression of a large number of transcription factors. Many of these

410

transcription factors are associated with the regulation of the aforementioned acclimation
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411

responses, while others are known regulators of organ development and meristem

412

maintenance. About half the genes associated with these processes are PHR1 dependent.

413

PHO2 and SPX4 are common up-stream regulators of 54 % of the 214 PSS genes that

414

showed altered expression in P-limited spx4-1 shoots compared with wild type (Figure 2.8B).

415

PHR1 targets 40 % of the SPX4-dependent PSS genes. The proportion of PSS DEGs

416

shared between spx4-1 and both pho2-1 and phr1 is 36 %. Genes differentially expressed

417

in spx4-1 and pho2-1 mutants show enrichment of GO terms associated with defense-

418

related processes (Figure 2.8A), and most of these genes are dependent on PHR1.

419

Substantial overlap in DEG profiles between all three mutants indicates that SPX4,

420

PHR1 and PHO2 jointly regulate a subset of PSR genes in P-limited shoots. Many of the

421

down-stream target genes are transcription factors, hinting at a more complex regulatory

422

network. To investigate whether specific transcription factor families were present among

423

the downstream targets, an in-depth enrichment analysis was performed (Figure 2.9A).

424

Analysis of individual transcription factor families revealed that plant-specific growth-

425

regulating factors (GRFs) were differentially expressed in all three genotypes, as were

426

REPRODUCTIVE MERISTEM (REM, part of the B3 superfamily of transcription factors),

427

trihelix (GT-element binding) and NIN-LIKE PROTEIN (NLP) transcription factors. Highly

428

significant enrichment for the HOMEOBOX (HB) family of Homeodomain-Leucine zipper

429

(HD-Zip) proteins and MYOBLASTOMA (MYB) transcription factors was found in spx4-1 and

430

pho2-1 DEG lists. WRKYGQK-motif binding (WRKY) and NAC (NO APICAL MERISTEM,

431

ATAF1/2, CUC2) DOMAIN CONTAINING PROTEIN (NAC) transcription factors were

432

enriched in both phr1 and pho2-1 DEG lists, while ZINC FINGER HOMEODOMAIN (ZF-HD)

433

transcription factors were differentially expressed in both phr1 and spx4-1.

434

Hierarchical clustering of the expression ratios (log2-fold difference in transcript

435

abundance in P-limited versus P-replete shoots) of differentially expressed transcription

436

factors in spx4-1 compared with those in the other genotypes revealed that the majority of

437

transcription factors were PSI genes that failed to be induced in P-limited mutant shoots

438

(Figure 2.9B, group 2b.2), thus acting down-stream of SPX4, PHO2 and PHR1. Amongst

439

this group of genes, many were found to be ectopically induced in P-replete spx4-1 shoots

440

(marked in bold in Supplemental Data Set 5a, and by * in Figure 2.9B), with ‘ectopic’

441

meaning that these genes are PSR genes that would normally respond to low P status, but

442

that are now induced or repressed in P-replete shoots of the mutant. This particular profile

443

suggests that they are part of a PSR network that is controlled by SPX4 via negative
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444

regulation of PHR1. Apart from their de-repression in P-replete shoots, SPX4 also acted as

445

a co-activator for the induction of four transcription factors in P-limited shoots (marked in

446

bold in Supplemental Data Set 5b, and by # in Figure 2.9B). A smaller group of transcription

447

factors showed a modified response to changes in P status, either in spx4-1 (class 3a) or in

448

both spx4-1 and pho2-1 (class 3b). The latter class contained a number of candidates for

449

direct targets of SPX4: ARABIDOPSIS NAC DOMAIN CONTAINING PROTEIN44

450

(ANAC044) was differentially expressed in P-replete spx4-1 and pho2-1 shoots, as well as

451

in P-limited phr1-2 shoots (Supplemental Figure 2.4). This makes ANAC044 the only target

452

gene with the expected contrasting expression between SPX4 and PHR1 knock-out plants,

453

as suggested in the rice model (Lv et al., 2014). ANAC055 was differentially induced in P-

454

limited spx4-1 and pho2-1, but not in Col-0 shoots (Supplemental Figure 2.4). AGAMOUS-

455

LIKE 25 (AGL25) / FLOWERING LOCUS C (FLC) showed the opposite response and failed

456

to be induced in P-limited spx4-1 shoots, while it showed ectopic expression in P-replete

457

pho2-1 shoots. Both ANAC055 and AGL25/FLC expression were wild-type-like in phr1-2

458

shoots. SPX4 and PHO2 thus appear to modulate the expression of both transcription

459

factors in P-limited shoots, in a PHR1-independent manner.

460

Expression profiles of transporters showed similar trends (Figure 2.9C). This could

461

indicate that transporters are prominent down-stream targets of transcription factors that

462

show altered expression in spx4-1. The largest group was again formed by PSI genes that

463

failed to induce in P-limited shoots of all three mutants (Figure 2.9C, class 2b.2). This group

464

contained many genes that were ectopically expressed in P-replete spx4-1 shoots (marked

465

in bold in Supplemental Data Set 5a, and by * in Figure 2.9C). Notably, this group comprised

466

not only PHO1, but also iron transporter genes FERRIC REDUCTASE DEFECTIVE 3

467

(FRD3) and VACUOLAR IRON TRANSPORTER-LIKE 5 (VTL5), low-affinity nitrate

468

transporter NITRATE TRANSPORTER 1.9 (NRT1.9) and four USUALLY MULTIPLE ACIDS

469

MOVE IN AND OUT TRANSPORTERS (UMAMIT) transporters, including bidirectional

470

amino acid facilitator SILIQUES ARE RED 1 / UMAMIT18 (Supplemental Figure 2.4).

471
472

Gene Regulatory Network Analysis Reveals Central Upstream Regulators of PSR
Affected by SPX4

473

Given the high number and complex Pi dependent expression patterns of transcription

474

factors differentially expressed in spx4-1 shoots, we conducted a regulatory network

475

analysis using the TF2Network tool (Kulkarni et al., 2017) to identify upstream regulators

476

explaining the SPX4-dependent transcriptional responses. Enrichment in transcription factor

477

binding sites were searched among DEGs, as well as evidence for protein-DNA interactions
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478

between DEGs and these transcription factors (“primary” regulators). The network was

479

further extended by adding “upstream” regulators with experimental protein-DNA evidence

480

to regulate the identified “primary” transcriptional regulators and by adding protein-protein

481

interactors between these regulators and downstream targets (Supplemental Data Set 7).

482

Notably, eight of the top-ranked upstream regulators identified were transcription

483

factors mis-regulated in spx4-1 shoots, and five of these, ANAC028, ANAC031, ANAC046,

484

ANAC055, and WRKY75, were also identified as regulators of pho2-1 and phr1 DEGs

485

(Supplemental Data Set 7).

486

PSI and PSS target genes mis-regulated in spx4-1 shoots formed two sub-networks

487

that were under the immediate control of distinct transcription factor clusters (Figure 2.10).

488

PSS targets were predominantly regulated by NAC and WRKY transcription factors. Of

489

those, WRKY35 and a known regulator of PSR gene expression, WRKY75 (Devaiah et al.,

490

2007a), are themselves differentially expressed in both spx4-1 and pho2-1 shoots.

491

ANAC044 binding sites are also enriched in PSS DEG promoters, and ANAC044 is

492

differentially expressed in P-limited spx4-1 shoots compared to wild type suggesting it is a

493

direct target of SPX4 (Supplemental Data Set 5). PSI targets mis-regulated in spx4-1 shoots

494

on the other hand were controlled by a more complex regulatory network comprising,

495

HMGBD15, SPLs, RGLs, ANAC055, AGL20/SOC1, AGL25/FLC and MYBs. AGL20 and

496

AGL25 were identified as upstream regulators of ANAC055, with AGL20 directly binding to

497

the ANAC055 promoter. Transcripts of ANAC055 are highly abundant in P-limited spx4-1

498

and pho2-1 shoots, but show no Pi response in wild-type (Figure 2.9B). ANAC055 targets

499

PSI DEGs in all three mutants and PSS DEGs in pho2-1 and phr1 (Supplemental Data Set

500

7). AGL20 transcripts are highly expressed in both pho2-1 and spx4-1 shoots, irrespective

501

of P status, while they are suppressed in P-limited over P-replete wild-type shoots (Figure

502

2.9B). AGL25 transcript levels in spx4-1 are lower than in P-replete wild-type shoots and,

503

unlike wild type, show no accumulation in P-limited shoots (Figure 2.9B). PSI and PSS

504

targets appear to be interconnected through their regulation by another group of NAC

505

transcription factors. Three of those, ANAC028, ANAC031 and ANAC046, were differentially

506

expressed in spx4-1 shoots compared with wild type. ANAC028 and ANAC046 target

507

promoters of PSI and PSS DEGs in all three mutants (Supplemental Table 7).

508

PHR1 could not be placed within this network, as no DNA or protein interaction data

509

are available. One can assume that target genes predicted for PHL1 and GCC7 are partially

510

overlapping with PHR1 targets. If this were the case, these MYB transcription factors would
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511

form a smaller sub-network controlling PSI DEGs in all three mutants, consistent with our

512

finding that only about a third of SPX4-dependent genes are also controlled by PHR1. PHO2

513

appears to connect to the SPX4 network via SPX4- and PHO2-dependently regulated

514

transcription factors such as AGL25, ANAC031, KNAT1, KNAT6 and HB51, as well as

515

transcription factors known to be involved in PSR such as LRP1, MYB75 and ZAT6 (Al-

516

Ghazi et al., 2003; Devaiah et al., 2007b; Hsieh et al., 2009).

517

The regulatory network associated with SPX4 further supports that, unlike

518

SPX1/SPX2, a number of transcription factors other than PHR1 may interact either directly

519

or indirectly with SPX4, and that these transcription factors may be associated with the

520

control of shoot development (Figure 2.7).

521
522

Discussion

523

Previous studies have largely focused on unravelling root regulatory PSR networks. In

524

this work, differential transcriptome responses to Pi limitation in spx4-1 shoots versus roots

525

identified SPX4 as both a shoot-specific repressor and co-regulator of PSR (Figure 2.11).

526

This sets SPX4 apart from the purely negative regulators of PSR, SPX1 and SPX2 that are

527

active in both organs (Puga et al., 2014, Wang et al., 2014). Contrasting regulation between

528

root and shoot was also proposed for Os-SPX6 which shows higher turnover in P-limited

529

leaves, whilst accumulating in roots (Zhong et al., 2018). While SPX4 knock-out resulted in

530

the de-repression of PSR genes in shoots (Figure 2.5), less than a third were dependent on

531

PHR1 (class 2 genes in Figure 2.11 and Supplemental Data Set 5). Therefore SPX4 also

532

acts as a repressor of PSR in shoots that are targeted by a transcription factor other than

533

PHR1 (class 3 genes in Figure 2.11). The number of genes ectopically expressed in P-

534

replete spx4-1 shoots was relatively small, compared to the much higher number of DEGs

535

that showed an altered PSR response over P-limited wild type shoots (Figure 2.6). This

536

suggests that SPX4 acts as a co-regulator of PSR gene expression in the nucleus of P-

537

limited leaf cells (right panel in Figure 2.11). At a first instance, the finding is surprising, given

538

that the bulk of SPX4 protein is degraded in P-limited organs (Figure 2.1). It is, however,

539

consistent with the continued de novo synthesis of SPX4 observed in P-limited shoots

540

(Figure 2.1I) and the observed dual localization of SPX4 in cytosol and nucleus (Figure 2.3),

541

allowing for a small pool of nuclear localized SPX4 to be maintained in P-limiting conditions.

542

The co-regulator function of SPX4 only partially relied on PHR1, with only a third of
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543

PSI and PSS genes mis-regulated in both phr1 and spx4-1 mutant shoots (Figure 2.7, Figure

544

2.8). The overlap in DEG profiles of P-limited over P-replete shoots between spx4-1 and

545

pho2-1 mutants was greater than 60 %. These two mutants also showed similar

546

physiological responses, such as accumulation of Pi in leaves and reduced biomass

547

production (Figure 2.4, Supplemental Figure 2.3) (Aung et al., 2006; Bari et al., 2006; Linn

548

et al., 2017). The overlap between SPX4- and PHO2-dependent PSR genes is surprising,

549

given that PHO2 function in roots has been primarily associated with controlling trafficking

550

of PHT1;1/4 transporters and PHO1 exporter from the ER to the plasma membrane via its

551

ubiquitin E2 conjugase activity (Liu et al., 2012; Huang et al., 2013; Park et al., 2014). In P-

552

limited roots, PHO2 transcript levels are suppressed systemically by miR399 species (Fujii

553

et al., 2005; Aung et al., 2006; Bari et al., 2006). In this work, PHO2 transcripts were two-

554

fold higher in P-limited over P-replete Col-0 shoots indicating lack of suppression by miR399

555

(Supplemental Data Set 4). Reciprocal grafts between pho2-1 and wild-type showed that

556

PHO2 knock-out in shoots had no impact on Pi over-accumulation, suggesting additional

557

PHO2

558

ADAPTATION (NLA) regulon in roots (Fujii et al., 2005; Aung et al., 2006; Bari et al., 2006;

559

Lin et al., 2013; Park et al., 2014). In both pho2-1 and nla mutants, leaf nitrate and Pi levels

560

had antagonistic effects on flowering time, affecting the expression of floral repressor FLC

561

and positive regulators such as APETALA1, FLOWERING LOCUS T and LEAFY (Kant et

562

al., 2011). Together with results presented here, these data outline additional PHO2

563

functions in controlling shoot meristem activity and flowering time in response to nutrient

564

availability (Mouradov et al., 2002; Vidal et al., 2014; Cho et al., 2017; Landrein et al., 2018).

565

PHO2-dependent SPX4 could hence be involved in sensing P status and conveying this

566

information to the nucleus (Figure 2.11).

functions

outside

the

miR399-PHO2-miR827-NITROGEN

LIMITATION

567

SPX domain-containing proteins have long been associated with the sensing of P

568

status in yeast (Lenburg and O'Shea, 1996). Among these, cyclin-dependent kinase inhibitor

569

Pho81 conveys information on P status to the transcriptional machinery via reversible

570

binding of inositol heptakisphosphate (IP7) (Lee et al., 2007). IP7 accumulates in P-starved

571

yeast cells and its binding induces conformational changes in the Pho81-cyclin-dependent

572

kinase Pho85 complex, preventing phosphorylation of bHLH transcription factor Pho4.

573

Hypo-phosphorylated Pho4 and homeobox transcription factor Pho2 then bind cooperatively

574

to activate the promoters of PHO genes (Tomar and Sinha, 2014). In P-replete cells with

575

low IP7 levels, Pho4 is phosphorylated by Pho85 and shuttled to the cytoplasm, preventing

576

its binding to PHO gene promoters. The accumulation of IP7 in P-limited yeast cells has
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577

been challenged recently (Lonetti et al., 2011; Wild et al., 2016). In plants, no SPX-domain

578

containing kinase inhibitor has been identified (Secco et al., 2012). Instead, a new class of

579

proteins containing only a single SPX domain, has emerged that interact with transcriptional

580

regulators such as PHR1. The work on SPX4 presented here (Figure 2.3) and work in rice

581

(Lv et al., 2014) demonstrated that SPX4 differs from its two nuclear localized homologs

582

SPX1 and SPX2 (Duan et al., 2008) in that it shuttles between cytosol and nucleus. SPX4

583

transcripts are not responsive to changes in Pi supply, while SPX4 protein is rapidly

584

degraded in P-limited plants (Figure 2.1D & E). In contrast to Os-SPX4, SPX4 protein

585

turnover was not altered by the Pi analog Phi (Figure 2.2). This suggests that SPX4 is

586

stabilized in the presence of an organic P molecule, such as IP6 (Figure 2.11). In this

587

context, it is worth noting that IP7 levels specifically increase in P-limited Arabidopsis shoots,

588

not roots (Kuo et al., 2018). Together with the higher affinity of Os-SPX4 for IP7 over IP6

589

(Wild et al., 2016), one can speculate that SPX4 binds to IP7 in P-limited shoot nuclei, which

590

changes its interaction with transcription factors, such as PHR1, now stimulating rather than

591

suppressing PSR (Figure 2.11). Lower IP7 levels in P-replete shoots would alter the

592

interaction between SPX4 and transcription factor targets, now causing retention of both

593

proteins in the cytosol. Hence, in plants, a low IP7 to IP6 ratio would signal P-replete

594

condition, while in both yeast and Arabidopsis shoots, IP7 may signal P-limited condition

595

(Kuo et al., 2018; Lee et al., 2007). The discrimination between Pi and organic P in triggering

596

SPX4 degradation hints at its ability to convey information on overall shoot P status. This is

597

also supported by the wild-type like response of the spx4-1 shoot transcriptome to 24 hours

598

of Pi re-supply, when organic P pools are unlikely to be fully restored (Figure 2.5, Figure

599

2.6). By contrast, the spx1 spx2 double mutant shows ectopic expression of PSR genes in

600

both P-replete and Pi re-supplied seedlings (Figure 2.5; Puga et al., 2014), reinforcing their

601

proposed role in directly sensing changes in Pi availability (Jost et al., 2015; Puga et al.,

602

2014; Wang et al., 2014).

603

Os-PHO2 has been shown to interact with GIGANTEA (Os-GI) both in vitro and in vivo,

604

in close association with the ER (Li et al., 2017). Os-pho2 and Os-gi knock-out mutants

605

showed delayed flowering, correlating with mis-regulated expression of flowering genes

606

downstream of GI, namely the CONSTANS (CO) rice orthologue HEADING DATE1 and

607

RAF kinase inhibitor-like protein FLOWERING LOCUS T (FT) orthologue HEADING

608

DATE3a (Tsuji et al., 2011). Both mutants also showed higher Pi accumulation in shoots (Li

609

et al., 2017). While our regulatory network analysis does not suggest a direct involvement

610

of the GI-CO-FT regulon (Mizoguchi et al., 2005) in DEG expression in both spx4-1 and
32

611

pho2-1, we do find an association with transcription factors that regulate shoot and flower

612

development (Figure 2.10). Most notably, FT repressor AGL25/FLC and another common

613

down-stream target of both CO and FLC, flower promoting AGL20/SOC1 (Li et al., 2008;

614

Deng et al., 2011), are among PSR genes that show contrasting expression in spx4-1 shoots

615

(Figure 2.9). Overall, this expression profile would translate into higher AGL20 activity in

616

seedlings. The fact that SPX4 is present in the cytosol may enable its interaction with

617

proteins other than PHR1 (Figure 2.11). SOC1:GFP fusion protein was detected in large

618

speckles in the cytoplasm of leaf protoplasts suggesting its sequestration by another protein

619

(Lee et al., 2008). Co-expression with AGL24:RFP showed nuclear localization of both

620

transcription factors. From its position in the network (Figure 2.10), AGL20/SOC1 is a

621

putative candidate for transcription factor X in Figure 2.11. AGL20/SOC1 has been shown

622

to integrate multiple flowering signals, derived from temperature, gibberellic, jasmonic and

623

salicylic acid, photoperiod and aging (Moon et al., 2003; Lee and Lee, 2010; Yant et al.,

624

2010; Pajoro et al., 2014). Gibberellic acid promotes flowering under non-inductive

625

photoperiod conditions (Davis, 2009). The link to gibberellic acid is of note, given that

626

WRKY75 has been shown to be a positive regulator of flowering initiation through binding to

627

the FT promoter (Zhang et al., 2018). WRKY75 was first described as a PSI gene and

628

activator of PSR gene expression, with RNAi lines showing higher overall sensitivity to Pi

629

starvation (Devaiah et al., 2007a). wrky75 mutants have lower FT transcript amounts and

630

show delayed flowering. WRKY75 was shown to interact with DELLA proteins REPRESSOR

631

OF ga1-3-(RGA)-LIKE1 and GA INSENSITIVE (GAI) that inhibit its activity. MYB62 is

632

induced in P-limited leaves, and its ectopic expression suppresses shoot PSI genes,

633

including that of SOC1 (Devaiah et al., 2009). 35S:MYB62 lines showed a gibberellic acid-

634

deficient phenotype with delayed germination and flowering, and mis-regulation of key

635

gibberellic acid biosynthesis genes. Both WRKY75 and MYB62 are PSI DEGs in pho2-1

636

shoots, and WRKY75 binds to a number of PSS DEGs in both spx4-1 and pho2-1 shoots

637

(Supplemental Data Set 7). Another floral repressor, AGL15 (Fernandez et al., 2014), binds

638

not only to the promoter of MYB62, but to that of central SPX4-dependent regulators

639

ANAC055 and AGL25/FLC and 33 % of PSI DEGs in pho2-1 (Figure 2.10). AGL20/SOC1

640

also binds to the ANAC055 promoter. ANAC055 is the only differentially expressed

641

transcription factor in P-limited shoots of both spx4-1 and pho2-1 (Figure 2.9B,

642

Supplemental Figure 2.4), and could hence be the central target downstream of both SPX4

643

and PHO2. Supporting an integrating function are reports of ANAC055 involvement in

644

jasmonic acid gene regulatory networks (Hickman et al., 2017), proline-mediated drought

645

tolerance (Fu et al., 2018), as well as ABA-inducible, ethylene-responsive and
33

646

developmental leaf senescence (Hickman et al., 2013; Kim et al., 2014; Takasaki et al.,

647

2015). Processes associated with ANAC055 are also enriched GO terms in spx4-1 PSI and

648

PSS DEGs (Figure 2.7, Figure 2.8). Many of the down-stream transcription factor targets

649

are transporters / transport facilitators shown in Figure 2.9C, such as UMAMIT amino acid

650

exporters (Müller et al., 2015; Besnard et al., 2016), amino acid exporter activating

651

GLUTAMINE DUMPER (GDU) proteins and SUGAR WILL EVENTUALLY BE EXPORTED

652

TRANSPORTER10 (SWEET10) (Chen et al., 2012), that are involved in sink-source

653

regulation and therefore directly impact on plant development and growth.

654

Conclusions

655

Taken together our results suggest the involvement of SPX4 in a regulatory network

656

of transcription factors integrating plant nutrient status with developmental processes. SPX4

657

is a modulator of PHR1-dependent and –independent PSR genes in shoots. Transcription

658

factors that are (direct or indirect) down-stream targets of SPX4 are regulators of plant

659

development, in particular flowering and senescence. Genes responsive to jasmonic and

660

salicylic acid are enriched in the group of down-stream targets, alongside many involved in

661

ion, amino acid and lipid transport. This would suggest that PSR is critical for resource

662

allocation during shoot development and that SPX4 provides crucial feedback on plant P

663

status to these developmental programs.

664
665
666

Materials and Methods
Plant Material

667

The SPX4pro:SPX4-LUC reporter line was produced as follows: an amplicon of 3129 bp,

668

comprising 1573 bp of the Arabidopsis SPX4 (AT5G15330.1) promoter, as defined by the

669

upstream gene encoded on the same strand, followed by 1556 bp of SPX4 genomic region

670

(comprising 5’UTR, exons and introns upstream of the STOP codon) was cloned into the

671

pCAMBIA1300-LUC vector, where the amplicon was translationally fused to the firefly

672

luciferase (LUC) gene. The construct was then transformed into A. thaliana Col-0 (N70000)

673

plants via floral dipping. Transgenic lines were selected on hygromycin B (20 g / mL)

674

containing ½ strength Murashige Skoog (MS) medium as described (Harrison et al., 2006).

675

A representative single-insert homozygous line with SPX4-specific and stable LUC

676

expression pattern was chosen for down-stream analysis. The left-border T-DNA insertion

677

site of the selected line was identified using fusion primers and nested integrated PCR

678

(Wang et al., 2011) followed by sequencing, which confirmed that the insertion was in the

34

679

intergenic region 323 bp downstream of AT5G67190.1. Stable progeny of this line was used

680

in all downstream experiments.

681

Mutant lines containing predicted T-DNA insertions in SPX4 (SALK_019826 and

682

SK40726) were ordered from NASC and were named spx4-1 and spx4-2, respectively.

683

Confirmation of the insertion site and selection of homozygous plants were carried out using

684

gene-specific primers designed with SIGnAL iSect (http://signal.salk.edu), in combination

685

with the LBa1.3 T-DNA left border primer, followed by Sanger sequencing of PCR products.

686

Disruption of SPX4 full-length transcript was confirmed by qRT-PCR (Supplemental Figure

687

2.3). In all experiments, each mutant line was compared to its parental background, Col-0

688

(N70000) for spx4-1 and Col-4 (N933) for spx4-2. Mutants disrupted in two known central

689

regulators of Pi-signaling, phr1-1 (Rubio et al., 2001) and phr1-2 (SALK_067629C,

690

N686175) (Nilsson et al., 2007), and pho2-1 (N8508) (Delhaize and Randall, 1995), were

691

also included for comparison.

692

All primers used to characterize the SPX4pro:SPX4-LUC line and spx4 mutants are listed

693

in Supplemental Table 2.

694

Construction of Fluorescent Protein Fusion Constructs

695

To construct a vector expressing a translational PHR1-GFP fusion protein under the

696

control of the PHR1 promoter, PHR1 gene sequences were amplified using Col-0 genomic

697

DNA. The PCR product was cloned into a modified pCAMBIA1300-NH-sGFP vector

698

(ZhiMing et al., 2011) using restriction enzymes HindIII and KpnI to give PHR1pro:PHR1-

699

GFP.

700

The vector for the SPX4 promoter driven expression of a translational SPX4-GFP

701

fusion protein was created by amplifying a 3,149 bp genomic fragment including the 1573

702

bp bp promoter and the 1556 bp genomic region without stop codon. PstI and KpnI were

703

used to digest the PCR product for cloning into the pCAMBIA1300-NH-sGFP vector

704

(ZhiMing et al., 2011) yielding SPX4pro:SPX4-GFP.

705

For expression of the SPX4-mCherry fusion protein under the control of the CaMV 35S

706

promoter, the coding sequence of SPX4 was amplified from Col-0 leaf cDNA. The amplicon

707

was

708

(http://www.arabidopsis.org/abrc/catalog/vector), forming 35Spro:SPX4-mCherry. All vector

709

sequences were verified by DNA sequencing. Primers are listed in Supplemental Table 2.

digested

with

KpnI

and

35

EcoRI

and

cloned

into

pSAT4A-mCherry-N1

710

Plant Growth Conditions

711

Genotyping, phenotyping and propagation of plant material was done in soil (0.5 L

712

coarse Vermiculite, 0.33 L Perlite, 33 g Nutricote TM controlled release fertilizer, 28 g

713

ammonium nitrate, 25 g water-holding granules, 15 g trace elements, and 7 g garden lime

714

per kg potting mix). Seeds were sown in 63 mm pots, stratified at 4 °C for 48h and grown

715

under short-day conditions (10h / 14 h light-dark cycle, 23°C day / 19°C night, 130 µE m-2 s-

716

1

717

long-day conditions (14 to 16 h / 10 to 8 h light-dark cycle) after 5 weeks of growth.

light intensity, 55% humidity). For induction of flowering, plants were then transferred to

718

Experiments under varying Pi supplies were carried out in vitro, using a vertical agar

719

plate system. The standard medium consisted of ½ strength MS (Murashige and Skoog,

720

1962) Basal Salt mixture (M524, Phytotech), 0.05 % (w/v) MES (Sigma-Aldrich), 0.5% (w/v)

721

sucrose (Sigma-Aldrich) and 0.8% (w/v) DifcoTM granulated agar (LOT 6173985). The Pi-

722

deficient medium was made with ½ strength MS Modified Basal Salt mixture (M407,

723

Phytotech), supplemented with 10.3 mM NH4NO3, 9.4 mM KNO3, 0.05 % (w/v) MES (Sigma-

724

Aldrich), 0.5% (w/v) sucrose (Sigma-Aldrich), 0.8% (w/v) DifcoTM granulated agar and 625

725

µM KCl instead of KH2PO4 to maintain the osmolarity of the standard medium. Residual P

726

from the agar added 5.6 µM total P to this medium. Phi treatment was done by adding 625

727

µM potassium phosphite to the Pi-deficient medium. The 0.1 M Phi stock solution was

728

prepared from a fresh batch of phosphorous acid (99%, Sigma-Aldrich) by adjusting the pH

729

to 5.8 with KOH, and was tested for lack of oxidation to Pi via the ammonium molybdate

730

method (Ames, 1966).

731

Arabidopsis seeds were surface-sterilized in chlorine gas for 4h, re-suspended in 0.1%

732

(w/v) agarose and stratified at 4 °C for two days, then sown in a single line on 10 × 10 cm

733

square plates sealed with 3M Micropore™ tape. Plates were vertically placed into racks in

734

the growth chamber at 12 h light-dark cycle, 120 µE m-2 s-1 light intensity, 23°C (day) / 19°C

735

(night) and 60% humidity. Seedlings were initially established for 7 days with standard Pi

736

supply (625 µM), being then transferred to plates with either standard (P-replete) or P-

737

limiting medium. Four days later, seedlings were transferred once more to fresh media,

738

including the following treatment combinations: from P-replete to P-replete medium, from P-

739

limiting to P-limiting medium and from P-limiting to P-replete medium (Pi re-supply). For the

740

physiological characterization of spx4 mutants and the RNA-seq analyses, shoots and roots

741

were harvested 24 h after the final transfer. For monitoring of SPX4pro:SPX4-LUC

742

expression, seedlings were harvested 24 h after the first transfer (CP and 1d –Pi),

743

immediately before and 24 h after the second transfer (4 and 5d –Pi, respectively), and 1,
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744

2, 3 and 4 days after the second transfer for the time-course of Pi re-supply (‘+Pi’), or 1 and

745

3 days after Phi supply (+Phi).

746

Luciferase Imaging and Quantification

747

Analysis of SPX4 expression kinetics under varying Pi supplies was performed at

748

selected time points by spraying the SPX4pro:SPX4-LUC reporter line with a 2.5 mM

749

potassium luciferin (GoldBio) solution in 0.01% (v/v) Tween20 (Sigma-Aldrich). Sprayed

750

seedlings were kept in the dark for 30 min and luciferase bioluminescence was imaged using

751

the BioRad™ ChemiDoc. Quantification of luciferase activity was performed in 96-well-

752

plates using the Luciferase Assay System (Promega™). Roots and shoots of the

753

SPX4pro:SPX4-LUC reporter line were harvested at indicated time points and frozen plant

754

powder was processed according to the manufacturer’s instructions. For absolute LUC

755

protein quantification, a serial dilution of QuantiLum® Recombinant Luciferase (Promega™)

756

was used. This was then normalized against the total protein concentration of each extract,

757

which was assessed by SDS-PAGE using a BSA standard.

758

Subcellular Localization of SPX4 and PHR1

759

Constructs for PHR1pro:PHR1-GFP together with 35Spro:SPX4-mCherry, or 35Spro:Os-

760

PHF1-mCherry (Chen et al., 2011) as ER marker, were transiently expressed in onion

761

epidermal cells or two-week old Arabidopsis Col-0 seedlings grown on MS medium using a

762

biolistic gun (BioRad) according to the manufacturer’s instruction. Fluorescent images were

763

captured 16 h after transformation using a Zeiss LSM710 confocal laser scanning

764

microscope, and 488 nm and 543 nm excitation wavelengths from an argon laser for GFP

765

and mCherry, respectively. Fluorescence was detected using an emission filter of 493 to

766

542 nm for GFP, and 578 and 625 nm for mCherry. Protoplasts were observed under the

767

63x oil immersion objective.

768

Inhibitor Treatments

769

Analysis of SPX4 stability under varying Pi or Phi supplies was performed as above,

770

except that 24 h prior to luciferin spraying, SPX4pro:SPX4-LUC seedlings were transferred

771

to fresh ½ MS medium, containing either 0.01% DMSO (control) or 50 μM cycloheximide

772

(CHX) (Sigma-Aldrich), MG132(R) (Cayman Chemical) or E-64d (Cayman Chemical) in

773

0.01% DMSO (treatments). The latter two protease inhibitors were also tested in

774

combination with CHX.
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775

Quantification of Intracellular Phosphate Concentration

776

Twenty volumes of 1% (v/v) acetic acid and two ceramic beads (ø 2.8 mm) were added

777

to frozen plant powder (10–50 mg), which was homogenized for 90 sec at 30 Hz in tissue

778

disruptor (QIAGEN TissueLyser II). After incubation for 15 min on ice, the homogenization

779

process was repeated once. Cleared supernatants were used to determine organ Pi

780

concentrations via the reduction of a phospho-molybdate complex by ascorbic acid (Ames,

781

1966; Jost et al., 2015).

782

Gene Expression Analyses

783

Total RNA isolation and cDNA synthesis for quantitative PCR were performed as

784

described (Linn et al., 2017). Quantitative PCR and threshold cycle (Ct) determination were

785

performed using a fluorescence baseline setting of 0.3 (QuantStudio™ 12K Flex Real-Time

786

PCR System, Applied Biosystems, Scoresby, Australia). Data were normalized against

787

ACT7, UBC9 and UBC21 reference genes (Czechowski et al., 2005), ranked as the most

788

stable in the conditions tested using NormFinder (Andersen et al., 2004). PCR efficiencies

789

for each primer pair were determined using the LinReg algorithm (Ruijter et al., 2009). Data

790

were expressed as 40-∆Ct values that correlate with the relative transcript expression of the

791

gene of interest (Bari et al., 2006). The detection limit of the assay was calculated to be a

792

40–∆Ct value of 23.

793

For RNA-seq analysis, libraries were prepared from total RNA using a TruSeq stranded

794

mRNA library prep kit according to the manufacturer’s instructions (Illumina) using samples

795

from three independent experiments for each genotype and treatment. Sequencing runs

796

were performed on a HiSeq1500 platform (Illumina) generating 61 bp single-end reads.

797

Quantification of gene expression was performed using the Kallisto (Bray et al., 2016) and

798

Sleuth (Pimentel et al., 2017) pipelines, respectively, using the Araport11 transcript

799

annotation (Cheng et al., 2017). Genes with a fold change of |log2| > 1 and a false discovery

800

rate (FDR) < 0.05 were considered as differentially expressed. Comparisons were made

801

between mutant and wild type (Supplemental Data Set 1, 2) as well as between P-limited

802

and P-replete (or Pi re-supplied) organs (Supplemental Data Set 3, 4). Venn diagrams were

803

drawn using http://bioinformatics.psb.ugent.be/webtools/Venn/. Hierarchical clustering was

804

performed using Partek Genomics Suite v. 6.6 (Partek Inc.). Gene Ontology enrichment was

805

performed using the ClueGO plugin (Bindea et al., 2009) for Cytoscape software (Shannon

806

et al., 2003). RNA-seq data were deposited to the NCBI SRA database under project ID

807

PRJNA470732.
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808

Regulatory Network Analyses

809

The TF2Network tool (Kulkarni et al., 2017) was used to identify regulatory networks

810

and upstream regulators of DEGs in mutant shoots. It identifies transcription factor binding

811

sites in DEGs, experimentally confirmed protein-DNA and protein-protein interactions

812

between transcription factors and targets. The network was visualised with Cytoscape

813

version 3.5.1 (Shannon et al., 2003); transcription factors were clustered according to the

814

overlap of target genes they regulate and nodes were positioned using the Organic layout.

815

PSI and PSS DEG promoters were first searched for enriched transcription factor binding

816

sites, including 2,058 Arabidopsis position weight matrices for 921 transcription factors from

817

different sources. All predicted transcription factors (q-value < 0.05) were additionally

818

analyzed for experimentally confirmed protein-DNA interactions with the predicted target

819

genes. Upstream transcription factors with experimental protein-DNA evidence to regulate

820

the predicted transcription factors were added to the network. In addition, all predicted

821

transcription factors and target genes were searched for known protein-protein interactions.

822

A list of sources for experimental interaction data included in this analysis is found at Kulkarni

823

et al. (2017).

824

Statistical Analysis

825

Significant differences between treatments and genotypes were determined using

826

analysis of variance (ANOVA) with P < 0.05, followed by Tukey’s post-hoc tests to separate

827

means (OriginPro2016 Statistics). Gene Ontology enrichment (p < 0.05) was corrected

828

using Bonferroni step-down test. At least three independent biological replicates were

829

included in each analysis.

830

Accession Numbers

831

Sequence data for the genes characterized in this article can be found in the

832

Arabidopsis Genome Initiative or GenBank / EMBL databases under the following accession

833

numbers: AT5G15330 (SPX DOMAIN-CONTAINING PROTEIN 4, SPX4), AT4G28610

834

(PHOSPHATE STARVATION RESPONSE 1, PHR1), AT2G33770 (PHOSPHATE 2,

835

PHO2).
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841

Figures

842

Figure 2.1. SPX4 protein stability is affected by P-dependent changes in protein

843

turnover.

844

(A, B) Organ Pi concentration, (D, E) quantification of LUC activity, and (F, G) organ biomass

845

in seedlings grown under varying Pi supplies. CP = control (P-replete), -P = P-limited, +P =

846

Pi re-supplied plants. Values are mean ± SE of at least 3 independent biological replicates,
40

847

each comprising pools of 4 to 6 organs. Asterisks indicate significant differences from P-

848

replete plants (P<0.05, ANOVA/Tukey). (H) Relative SPX4 transcript abundance in Col-0

849

roots and shoots grown under varying Pi supplies. Relative expression is shown as 40-Ct,

850

compared to ACT7, UBC9 and UBC21 reference genes (n = 3 independent biological

851

replicates).

852

ANOVA/Tukey). (I) Quantification of LUC activity in SPX4pro:SPX4-LUC shoots treated for

853

24 h with DMSO (control, black bars) or 50 µM CHX (red bars) under varying Pi supplies.

854

Values are mean ± SE of at least 3 independent biological replicates. Asterisks indicate

855

significant differences from DMSO treatment for each condition (P<0.05, ANOVA/Tukey).(C,

856

J) LUC imaging of Arabidopsis SPX4pro:SPX4-LUC shoots over a time-course of Pi limitation

857

and re-supply (C) and upon cycloheximide treatment (J). Luminescence is shown as units

858

of pixel intensity.

No

significant

differences
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were

found

across

treatments

(P<0.05,

859

Figure 2.2. SPX4 protein levels in P-limited shoots recover upon phosphate (Pi)

860

but not phosphite (Phi) supply.

861

(A) Luciferase imaging of Arabidopsis SPX4pro:SPX4-LUC shoots comparing the effects of

862

Pi re-supply and Phi supply to P-limited seedlings. Luminescence is shown as units of pixel

863

intensity. (B, C) Quantification of LUC activity, (D, E) tissue Pi concentration, and (F, G)

864

biomass in roots and shoots of P-limited, Pi re-supplied and Phi supplied seedlings. Values

865

are mean ± SE of at least 3 independent biological replicates, comprising pools of 4 to 6

866

organs each. Asterisks indicate significant differences to P-limited seedlings grown for 4

867

days without Pi supply (P<0.05, ANOVA/Tukey).

42

868

Figure 2.3. SPX4 interacts with PHR1 affecting its translocation to the nucleus.

869

(A, B) Subcellular localization of SPX4 fusion proteins in onion epidermis driven by

870

either the 35S promoter (A) or the native SPX4 promoter in the presence of ER marker Os-

871

PHF1-mCherry (Lv et al., 2014; B) showing SPX4 signal in the nucleus and cytosol. (C) Co-

872

expression with 35S promoter-driven ER marker Os-PHF1-mCherry (Lv et al., 2014) has no

873

impact on the nuclear localization of PHR1-GFP. (D) Transient co-expression of
43

874

35Spro:SPX4-mCherry and PHR1pro:PHR1-GFP leads to partial retention of PHR1-GFP

875

fusion protein in the cytosol (upper panel), while the nuclear SPX4-mCherry signal is weaker

876

(lower panel). Scale bars = 50 m.

877

Figure 2.4. Disruption of SPX4 function leads to Pi over-accumulation in shoots.

878

(A, B) Tissue biomass and (C, D) phosphate concentration of Arabidopsis roots and shoots

879

grown under varying Pi supplies. Plants defective in two key regulators of P signaling with

880

contrasting Pi accumulation profiles (PHR1 and PHO2), were included for comparison.

881

Values are mean ± SE of at least 3 independent biological replicates, comprising pools of 4

882

to 6 shoots and 8 to 12 roots each. Asterisks indicate significant differences from wild type

883

under each condition (P < 0.05, ANOVA/Fisher LSD).
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884

Figure 2.5. Knock-out of SPX4 leads to constitutive PSR gene expression in P-

885

replete shoots, but not in roots.

886

Knock-out of SPX genes should lead to the release of PHR1-activated gene expression

887

under P-replete and Pi re-supply conditions, as shown here for DEGs in whole seedlings of

888

the spx1 spx2 double mutant (*; Puga et al., 2014). By contrast, PHR1 knock-out primarily

889

affects PSR gene expression in P-limited organs, shown here as the common response to

890

changes in Pi supply of both phr1-1 and phr1-2 alleles (this work, > two-fold change in

891

mutant versus wild type, FDR < 0.05). Surprisingly, the spx4-1 mutant shows the expected,

892

but weaker, response only in P-replete shoots, but not under Pi-re-supply. spx4-1 mutant

893

roots show a similar transcript profile as wild type. See Supplemental Data Set 5 for details.
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894

Figure 2.6. Knock-out of SPX4 specifically modulates the shoot Pi starvation

895

response.

896

(A) Differentially expressed genes in P-limited versus P-replete roots and shoots across

897

genotypes. The two phr1 alleles show a 27 % and 46 % perturbation of PSR gene

898

expression in roots and shoots, respectively. By contrast, the two spx4 alleles and pho2-1

899

show altered PSR gene expression in P-limited shoots, but not roots. (B) Genes with altered

900

expression profiles in P-limited versus Pi re-supplied roots and shoots across genotypes.

901

phr1 mutants are impaired in their response to Pi re-supply, with 23 % and 26 % of PSR

902

genes mis-regulated in roots and shoots, respectively. The spx4 and pho2-1 mutants have

903

a wild type-like response to Pi re-supply. Shown are proportional changes in the genotypic

904

response to changes in Pi supply, considering DEGs with a more than two-fold altered

905

expression ratio in each treatment comparison (red bars, FDR < 0.05). Mis-regulated genes

906

(blue bars) represent PSR genes with no significant response (FDR > 0.05) in each mutant.

907

Ancillary genes (grey bars) show a greater than four-fold change in expression ratio in

908

individual mutants (FDR < 0.05), but not wild type.
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909

Figure 2.7. Phosphate-starvation induced DEGs in P-limited spx4-1 and pho2-1

910

shoots are associated with classical acclimation responses as well as plant

911

development.

912

(A) GO terms enriched in the 347 PSI genes differentially expressed in both spx4-1 and

913

pho2-1 mutants (63 %, B) are associated with classical acclimation processes such as ion,

914

amino acid and lipid transport, flavonoid biosynthesis and jasmonic acid response. There is

915

also a strong association with transcriptional regulation and development. Shown in dark

916

red are genes differentially expressed in both phr1 alleles. (B) Overlap of DEGs in P-limited

917

versus P-replete shoots of spx4-1, pho2-1 and phr1. Shown are genes that either fail to be
47

918

induced in P-limited shoots in each mutant compared with wild type (|log2| > 1, FDR < 0.05),

919

or that are ectopically expressed in the mutant (|log2| > 2, FDR < 0.05).

920
921

Figure 2.8. Phosphate-starvation suppressed DEGs in P-limited spx4-1 and
pho2-1 shoots are associated with plant defense.

922

(A) GO terms enriched in the 116 PSS DEGs (P<0.05) shared by spx4-1 and pho2-1

923

(54%, B) are associated with defense-related processes such as programmed cell death

924

and salicylic acid response. Most of these genes are also DEGs in both phr1 alleles (dark

925

red). (B) Overlap of DEGs in P-limited versus P-replete shoots of spx4-1, pho2-1 and phr1.

926

Shown are genes that either fail to be suppressed in P-limited shoots in each mutant

927

compared with wild type (|log2| > 1, FDR < 0.05), or that are suppressed in P-limited mutant

928

shoots only (|log2| > 2, FDR < 0.05).
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929
930

Figure 2.9. Transcription factors and transporters show significantly altered
expression profiles in spx4, pho2 and phr1 mutants.

931

Heat map for enrichment of transcription factors, transporters and individual

932

transcription factor families amongst DEGs (P < 0.05). (B, C) Hierarchical clustering of

933

expression ratios of individual transcription factor (B) or transporter (C) transcripts that fail

934

to be induced (red) or suppressed (blue) in P-limited versus P-replete shoots in mutants

935

compared with wild type (|log2|>1) or that are constitutively expressed (|log2|>2) in mutants

936

(FDR<0.05). Expression profiles were assigned to classes outlined in Supplemental Data
49

937

Set 5: Class 2a = altered expression of PSI genes in spx4-1 and phr1-2. Class 2b.1 = PSS

938

genes that fail to respond in P-limited shoots of all three mutants. Class 2b.2 = PSI genes

939

that fail to respond in P-limited mutant shoots. Class 3a = constitutive expression in spx4-1.

940

Class 3b = genes with altered expression in spx4-1 and pho2-1 mutants. Class 4’ =

941

constitutive expression in all three mutants. Genes constitutively expressed in spx4-1 shoots

942

are marked by * (P-replete) or # (P-limited). For details, see Supplemental Data Set 6.

943
944

Figure 2.10. Gene regulatory networks of SPX4-dependent transcriptional
responses.

945

The TF2Network tool (Kulkarni et al., 2017) identified ANAC055 as a potential

946

upstream regulator of PSR in all three mutants (Supplemental Data Set 7). It is itself a target

947

of HMGBD15, RGL2/3 and SPL2/10/11 (predicted protein-DNA interaction). ANAC055

50

948

transcript abundance is high in P-limited spx4-1 and pho2-1 shoots, with no Pi response in

949

wild type. AGL20/SOC1 binds to the ANAC055 promoter (confirmed protein-DNA

950

interaction), and AGL20 and AGL25/FLC are both connected to ANAC055 through protein-

951

protein interactions. ANAC028, ANAC031 and ANAC046 are candidates for SPX4-, PHO2-

952

and PHR1-dependent regulators, as they target promoters of PSI and PSS DEGs in all three

953

mutants. Predicted binding of transcription factors to target gene promoters is indicated with

954

light grey lines. Confirmed transcription factor-DNA interactions are depicted in dark grey.

955

Upstream regulators are highlighted as larger nodes. Protein-protein interactions between

956

transcription factors in the pho2-1 network are shown in gold. Asterisks mark transcription

957

factors co-expressed in spx4-1 and pho2-1. Hashes highlight transcription factors

958

differentially expressed in spx4-1, pho2-1 and phr1 mutants. For better visibility, ANAC has

959

been shortened to NAC.

960
961

Figure 2.11. Model of proposed SPX4 co-regulation of a subclass of PSR genes
in P-limited shoots.

962

In P-replete shoots (left panel), SPX4 sequesters transcription factor X (e.g., ANAC055

963

or SOC1/AGL20, see Figure 2.10) and / or PHR1, in the cytosol. SPX1 sequesters PHR1 in

964

the nucleus (Puga et al., 2014), due to conformational changes induced by binding of either

965

Pi or IP6 preventing its association with the P1BS element in class 1 & 2 PSR genes (Qi et

966

al., 2017). Because of the dominant effect of SPX1, knock-out of SPX4 will not change

967

expression profiles of class 1 PSR genes. It will, however, lead to ectopic expression of

968

class 3 PSR genes that are under the direct control of transcription factor X. In P-limited
51

969

shoots, SPX4 is degraded by the ubiquitin-proteasome system, possibly involving PHO2

970

and an unknown, de novo synthesized factor (green triangle, see Figure 2.1I). This releases

971

transcription factor X and / or PHR1 to activate PSR gene expression in the nucleus. The

972

interaction of PHR1 with SPX1 is weaker under this condition (Puga et al., 2014). Changes

973

in transcriptome profiles in the spx4-1 mutant (Figure 2. 7, Figure 2. 8) suggest that the

974

nuclear pool of SPX4, which is protected from proteasomal degradation, acts as a co-

975

regulator of transcription factor targets. Binding of IP7, which specifically accumulates in P-

976

limited shoots (Kuo et al., 2018), may account for P status-dependent differences of this

977

interaction.

978

Supplemental Data

979

Figure S 2.1. SPX4 protein degradation in P-limited shoots requires de novo

980

synthesis of an ubiquitin-proteasome system component.

981

Quantification of luciferase (LUC) activity in SPX4pro:SPX4-LUC shoots deprived of

982

Pi for either one (1d –P) or five days (5d –P) and treated with DMSO (control, black bars),

983

50µM CHX (red bars), 50µM CHX + 50 µM MG132 (pink bars) or 50µM CHX + 50 µM E-

984

64d (salmon bars) for 24 hours prior to harvest. Values are mean ± SE of three independent

985

biological replicates. Asterisks indicate significant differences from DMSO treatment in each

986

condition (P<0.05, ANOVA/Tukey).
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987
988

Figure S 2.2. Subcellular localization of PHR1-GFP driven by the PHR1 promoter
in the presence or absence of SPX4-mCherry in Arabidopsis leaf epidermal cells.

989

(A) Co-expression with 35S promoter-driven ER marker Os-PHF1-mCherry has no

990

impact on the nuclear localization of PHR1-GFP. (B) Overexpression of SPX4-mCherry

991

leads to partial retention of PHR1-GFP in the cytosol. Scale bars = 50 μm.
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992
993

Figure S 2.3. SPX4 gene model and characterization of two spx4 T-DNA insertion
lines.

994

(A) SPX4 gene model: exons (black), introns (white) and UTRs (grey) were drawn to

995

scale. Regions comprising the tripartite SPX domain (PF03105) are marked as brackets.

996

Pink and blue dashes in subdomains I and III are the residues comprising the Phosphate

997

Binding Cluster (PBC) and the Lysine Binding Cluster (KBC), respectively. T-DNA insertions

998

are represented by triangles. The insertion site in each mutant line was determined by

999

Sanger sequencing. (B) PCR to confirm the T-DNA insertion in the genome of selected lines.

1000

LP, gene left primer; RP, gene right primer; LB, T-DNA left border. Primer binding sites are

1001

marked as pink arrows in (A). Each mutant was compared to its genetic background, spx4-

1002

1 to Col-0 and spx4-2 to Col-4. (C) qRT-PCR to confirm SPX4 transcript disruption in the

1003

mutants. The amplicon (dashed line) is marked in (A). In spx4-1, transcripts were below the

1004

detection limit. Transcript abundance is shown as 40-ΔCt, relative to ACT7, UBC9 and

1005

UBC21 reference genes (n = three independent biological replicates). Asterisks indicate

1006

significant difference from Col-0 or Col-4, respectively (P<0.001, ANOVA/Tukey). (D) Shoot
54

1007

phenotype of spx4 mutants and their respective wild-type backgrounds. After seven weeks

1008

of growth in nutrient-replete soil, a small reduction in rosette biomass was observed.

1009

Average biomass ± SE (n = six plants) is given in the bottom right corner of each panel in [g

1010

FW plant-1]. Scale bar = 20 mm.

1011
1012

Figure S 2.4. Expression profiles of transcription factors and transporters show
differential expression in P-replete or P-limited spx4-1 shoots.

1013

(A) Relative expression of transcription factors in P-replete and –limited shoots across

1014

genotypes as shown in Figure 2.9B. (B) Relative expression of transporters in P-replete and

1015

–limited shoots across genotypes as shown in Figure 2.9C. Note that expression profiles in

1016

P-replete spx4-1 shoots cluster with those in P-limited wild-type shoots, thus showing an
55

1017

ectopic Pi starvation response. Average transcripts per kilobase million (TPM) values of

1018

three biological replicates per sample were z-scored prior to hierarchical clustering using the

1019

Euclidean distance measure and complete linkage.

1020

The supplemental data below can be found at: https://figshare.com/s/4c13b2239fe3f7f825d8

1021

Supplemental Table 1. Comparison of P-responsive gene expression in spx1 spx2 double

1022

and spx4-1 single mutants with that in Col-0 and the phr1-1 mutant.

1023

Supplemental Table 2. List of oligonucleotides used in this study.

1024

Supplemental Data Set 1. Comparisons for root RNA-seq data across spx4, phr1 and

1025

pho2-1 mutants and treatments against wildtype.

1026

Supplemental Data Set 2. Comparisons for shoot RNA-seq data across spx4, phr1 and

1027

pho2-1 mutants and treatments against wildtype.

1028

Supplemental Data Set 3. Treatment comparisons for root RNA-seq data across spx4, phr1

1029

and pho2-1 mutants.

1030

Supplemental Data Set 4. Treatment comparisons for shoot RNA-seq data across spx4,

1031

phr1 and pho2-1 mutants.

1032

Supplemental Data Set 5. List of genes that are differentially expressed in P-replete and

1033

P-limited spx4-1 shoots compared with Col-0.

1034

Supplemental Data Set 6. Hierarchical cluster analysis of differentially expressed

1035

transcription factors and transporters in P-limited versus P-replete spx4-1 shoots and their

1036

expression profile in Col-0, pho2-1 and phr1-2 mutants.

1037

Supplemental Data Set 7. Regulatory Network Analysis input and output data.
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Abstract

42

The capacity to progressively remobilize phosphate (Pi) from mature (source) to

43

young (sink) leaves is a key feature of optimal phosphorus (P) utilization and plant growth.

44

Previously it has been shown that At-SPX4 is a repressor and co-regulator of the shoot Pi-

45

starvation response. spx4 mutants display shoot Pi over-accumulation similar to the pho2

46

mutant lacking PHOSPHATE2 (PHO2) / UBIQUITIN-CONJUGATING ENZYME24 activity.

47

In both spx4 and pho2, Pi remobilization from source to sink leaves is impaired with a

48

progressive accumulation of Pi in older leaves, leading to detrimental effects on growth.

49

Transcriptome analyses of different leaf developmental stages revealed convergent

50

transcriptome networks affected in both spx4 and pho2 knock-out mutants. These included

51

defects in developmental (auxin, ethylene) and stress-responsive (ABA, jasmonate, salicylic

52

acid) hormone signaling, representing early signals affecting Pi transport in the shoot. Metal

53

homeostasis affected leaf Pi remobilization, since genes involved in metal scavenging and

54

transport were differentially expressed in spx4 and pho2 source and sink leaves.

65

55

Introduction

56

Due to their sessile lifestyle, aging in plants, unlike in animals, is not merely a

57

degenerative process preceding death. Plant senescence is accompanied by the transition

58

from intensive nutrient uptake by the roots, to recycling and remobilization in the shoot,

59

maximizing productivity and growth even in nutrient-limiting environments. Leaf senescence

60

is a normal developmental process in the plant lifecycle, but it can be prematurely triggered

61

in response to environmental stresses, particularly to nutrient deficiency (Himelblau and

62

Amasino, 2001). The chronology of leaf development starts with production of leaf primordia

63

by the shoot apex which is a typical sink tissue, with intense biogenesis of cellular

64

components and macromolecules. Leaves then rapidly expand during the vegetative phase,

65

where photosynthesis and biomass accumulation are prioritized. With time, or upon stress

66

exposure, expanded leaves then transition from sink to source status. In senescing leaves,

67

intensive molecule breakdown takes place, to maximize recycling of molecular components

68

and nutrients, which are transported via the phloem back to sink tissues, for fruit / seed

69

production or vegetative growth (Himelblau and Amasino, 2001; van der Graaff et al., 2006).

70

In many monocarpic species, which die following seed production, the onset of leaf

71

senescence is coupled to the transition into the reproductive stage. The signal triggering the

72

shift from metabolism to catabolism in these species is the dismantling of the photosynthetic

73

machinery (Hensel 1993). This provides the majority of lipids, sugars and amino acids for

74

recycling and re-utilization by sinks. Transcriptome work by Woo et al. (2016) has confirmed

75

that the chloroplast transcriptome undergoes dramatic changes during senescence, which

76

are highly coordinated with signals from the nuclear transcriptome.

77

Forward and reverse genetic, large scale functional genomics and transcriptome

78

analyses (van der Graaff et al., 2006; Balazadeh et al., 2008; Breeze et al., 2011; Li et al.,

79

2012; Woo et al., 2016), have revealed complex signaling cascades mediated by cross-talk

80

and synergistic action of several plant hormones, small RNAs and transcription factors, that

81

regulate

82

phytohormones abscisic acid (ABA) along with ethylene (ET) play central roles (van der

83

Graaff et al., 2006). The transcription factor ACTIVATING FACTOR1 (ATAF1/

84

ARABIDOPSIS NO APICAL MERISTEM DOMAIN CONTAINING PROTEIN (ANAC) 002) is

85

a key upstream regulator responding to senescence-induced ABA and reactive oxygen

86

species (ROS) accumulation, controlling the balance between chloroplast maintenance and

87

aging (Garapati et al., 2015). Additionally, ORESARA1 (ORE1/ANAC092) and NAC-LIKE,

88

ACTIVATED BY AP3/PI (NAP/ANAC029) have partially additive functions integrating

and

orchestrate

developmentally

66

and

stress-induced

senescence.

The

89

distinct ABA, ROS and ET signals to promote senescence (Kim et al., 2009; Kim et al., 2014;

90

Yang et al., 2014). They are regulated by a feed-forward signaling cascade, involving

91

ETHYLENE-INSENSITIVE2 (EIN2) and EIN3, which induce ORE1 and NAP in an age-

92

dependent manner (Kim et al., 2014). In young leaves, ORE1 expression is counteracted

93

by miR164 accumulation (Kim et al., 2009), whereas in senescing leaves miR164 is

94

suppressed by EIN3 (Li et al., 2013). EIN2-mediated senescence signaling also affects the

95

H2O2-responsive ORESARA SISTER1 (ORS1/ANAC059) (Balazadeh et al., 2011), as well

96

as ANAC019, ANAC047 and ANAC055, independently of EIN3 (Kim et al., 2014). Moreover,

97

Morris et al. (2000) demonstrated the involvement of salicylic acid (SA) in senescence-

98

associated gene (SAG) expression, as disruption of SA signaling in NahG, npr1 and pad4

99

plants abolished age-dependent SAG induction. These include many genes encoding

100

WRKY DOMAIN-CONTAINING DNA-BINDING PROTEIN transcription factors, such as

101

WRKY6 (Robatzek and Somssich, 2001), and the senescence repressors WRKY54 and

102

WRKY70 (Besseau et al., 2012) and the ROS-dependent factors WRKY30 and WRKY53

103

(Zentgraf et al., 2010; Besseau et al., 2012). WRKY53 also mediates an antagonistic cross-

104

talk between SA and jasmonic acid (JA) during senescence, via interaction with

105

EPITHIOSPECIFYING SENESCENCEREGULATOR (ESR) (Miao and Zentgraf, 2007). JA

106

accumulation is observed during leaf aging, and many JA-responsive markers are

107

differentially expressed (He et al., 2002; van der Graaff et al., 2006; Breeze et al., 2011), so

108

it is still unclear whether SA and JA play overall antagonistic or synergistic roles to influence

109

senescence. These examples reinforce the interplay between plant hormones regulating

110

stress responses and the regulation of plant development.

111

Phosphorus (P) deficiency is one stress that induces senescence, and phosphate (Pi)

112

availability in soil is often limiting plant productivity. As agriculture increases its reliance on

113

Pi fertilizers, a practice that is neither economically nor environmentally sustainable,

114

developing strategies to optimize plant P-use efficiency (PUE), is critical to attain food

115

security (Veneklaas et al., 2012; Stigter and Plaxton, 2015). Arabidopsis remobilizes almost

116

80% of its P pools during senescence (Himelblau and Amasino, 2001), being thus a valid

117

model to study the molecular basis of PUE in shoots. Indeed, a few key enzymes and

118

transporters involved in P-metabolite breakdown and re-allocation have been identified

119

using this dicot model. These include, for instance, enzymes involved in nucleic acid

120

degradation, such as RIBONUCLEASE1 (RNS1) and RNS2, which are induced by P

121

limitation (Bariola et al., 1994). BIFUNCTIONAL NUCLEASE1 (BFN1), can degrade both

122

single stranded RNA and DNA, and is associated with programmed cell death (PCD) and
67

123

senescence (Farage-Barhom et al., 2008), via ORE1 transcriptional regulation (Matallana-

124

Ramirez et al., 2013). Among enzymes with acid phosphatase activity (APases), which

125

hydrolyzes

126

PHOSPHATASE26 (PAP26) is the predominant isozyme involved in Arabidopsis PUE

127

(Shane et al., 2014). Loss of PAP26 function drastically affects vacuolar and cell-wall APase

128

activity, affecting Pi remobilization, delaying leaf senescence and reducing seed P content

129

and viability (Robinson et al., 2012; Shane et al., 2014). Moreover, the multifunctional

130

enzyme PURPLE ACID PHOSPHATASE17 (PAP17/ACP5), has both acid phosphatase and

131

alkaline peroxidase activity, responding to different signaling pathways to mediate P-

132

starvation and senescence-induced P remobilization (Del Pozo et al., 1999). Two Pi

133

transporters are also known to influence Pi allocation from source to sink organs in shoots

134

(Nagarajan et al., 2011; Versaw and Harrison, 2002). PHOSPHATE TRANSPORTER (PHT)

135

1;5 is the only high-affinity Pi transporter induced during leaf aging (van der Graaff et al.,

136

2006), where it localizes to the phloem (Mudge et al., 2002) and is likely transcriptionally

137

regulated by WRKY6 and / or WRKY75 during senescence and PSR (Devaiah et al., 2007;

138

Chen et al., 2009). Indeed, PHT1;5 overexpression doubled the Pi content in siliques and

139

led to premature shoot senescence (Nagarajan et al., 2011). Conversely, loss of the low-

140

affinity chloroplast-localized Pi transporter PHT2;1 led to impaired Pi remobilization under P

141

limitation, while displaying reduced Pi content and shoot growth when P was sufficient

142

(Versaw and Harrison, 2002).

Pi

from

Pi-monoesters

under

acidic

conditions,

PURPLE

ACID

143

In addition, plants defective in the UBIQUITIN-CONJUGATING ENZYME 24 /

144

PHOSPHATE2 (PHO2), a key post-translational repressor of Phosphate Starvation

145

Responses (PSR) in roots (Dong et al., 1998; Aung et al., 2006; Bari et al., 2006), over-

146

accumulate Pi in shoots, and were strongly impaired in remobilizing Pi from source to sink

147

leaves (Aung et al., 2006; Chiou et al., 2006). Pi excess in pho2 shoots is partially due to

148

enhanced Pi uptake and xylem loading in roots, where PHO2 is normally involved in

149

ubiquitin-mediated degradation of proteins involved in Pi transport, such as PHO1 (Liu et

150

al., 2012) and PHT1;1/1;4 (Huang et al., 2013). These are de-repressed when Pi becomes

151

limiting, via shoot-derived miR399 targeting PHO2 mRNA in roots (Franco-Zorrilla et al.,

152

2007). Yet, the molecular basis behind the pho2 Pi remobilization defect, as well as the

153

overall function of this E2 conjugase in shoots remain unclear. Recent findings linked PHO2

154

with regulation of flowering time in Arabidopsis (Kim et al., 2011) and rice (Li et al., 2017),

155

which in the monocot occurs via interaction with circadian clock and flowering time regulator

156

Os-GIGANTEA (GI) (Li et al., 2017); as well as redox regulation, via interaction with h-type
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157

thioredoxins, Os-Trxh1 and Os-Trxh4 (Ying et al., 2017).

158

Arabidopsis SYG1/Pho81/XPR1 DOMAIN PROTEIN4 (SPX4) is involved in sensing of

159

steady-state P status in shoots, and in this organ, PHO2 is part of the SPX4 regulatory

160

network (Osorio et al., 2018a). Similar to PHO2, effects of disrupting SPX4 gene function in

161

young seedlings comprise shoot biomass reduction, Pi over-accumulation and de-regulation

162

of PSR under P-replete conditions, highlighting the importance of negative regulators of P

163

acquisition in sustaining plant growth. In the present work, further insight into the role of

164

SPX4 as a regulator of P metabolism in shoots is given, by assessing the physiological and

165

transcriptome effects of spx4 knock-out in mature plants. Similar to pho2, Pi over-

166

accumulation in spx4 leaves is accompanied by impaired Pi recycling from source to sink

167

leaves with negative impact on growth. At the molecular levels, spx4 primarily affects

168

modulation of transcription factors, with distinct effects in source and sink leaves. The

169

strongest impact was observed over members of the AP2-EREBP, NAC and MYB classes.

170

Relative to wild type, spx4 failed to suppress defense signaling in young leaves, whereas in

171

senescing leaves, lipid transport and cell wall metabolism were induced, and anion and

172

amino acid transport were suppressed. Furthermore, analysis of convergent transcriptome

173

targets affected in both spx4 and pho2 mutants revealed leaf-type specific defects in

174

developmental (auxin, ethylene) and stress-responsive (ABA, jasmonate, salicylic acid)

175

hormone signaling. These represent early signals affecting shoot Pi allocation. In turn metal

176

homeostasis was identified as impacting on Pi remobilization, since genes involved in metal

177

scavenging and transport were differentially expressed in spx4 and pho2 source and sink

178

leaves.
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179
180

Results
Disrupting SPX4 Function Affects Shoot Growth

181

To assess the effects of disrupting SPX4 function in mature plants, we grew the

182

Arabidopsis spx4-1 and spx4-2 alleles for seven weeks in nutrient-rich potting mix, side by

183

side with their respective wild type backgrounds, and the phr1-1 and pho2-1 alleles. After

184

seven weeks under optimal growth conditions, all lines appeared healthy and did not display

185

signs of stress, major developmental defects or nutrient imbalance. In fact, unlike previously

186

reported (Delhaize and Randall, 1995; Aung et al., 2006) no symptoms of Pi toxicity were

187

observed in pho2-1 plants, reinforcing the notion that, in Arabidopsis, these symptoms are

188

limited to conditions of high leaf transpiration (Delhaize and Randall, 1995). Under the

189

conditions stated, the mutants of all three regulators of Pi homeostasis had lower shoot

190

biomass than wild type. The seven-week old spx4 plants had, on average, 22% reduction in

191

rosette biomass (Figure 3.1), which was stronger than the growth inhibition found in phr1-1

192

(16%) or pho2-1(15%) (Figure 3.1).

193
194

Both pho2 and spx4 Allocate More Pi to Shoots and Have Impaired Pi
Remobilization from Source to Sink Leaves

195

To gain better insight into resource allocation during leaf development, differences in

196

Pi levels across young, expanded and senescing leaves of spx4, phr1-1 and pho2-1 were

197

determined. A schematic representation of leaf types tested is shown at Figure 3.2 A. In line

198

with indications from young seedlings grown in vitro (Osorio et al., 2018a) soil-grown spx4

199

plants allocated more Pi to leaves than wild type irrespective of developmental stage,

200

resembling the impaired leaf Pi remobilization phenotype seen in pho2-1 (Figure 3.2 C).

201

Despite phr1-1 leaves tending toward lower Pi accumulation in leaves, differences from Col-

202

0 were not significant when grown in nutrient-rich soil (Figure 3.2 C), reinforcing that the

203

primary function of PHR1 is during nutrient deficiency (Nilsson et al., 2012; Linn et al., 2017).

204

The capacity of the mutants to progressively remobilize Pi from mature (source) to young

205

(sink) leaves was assessed as a key feature to optimal P utilization and plant growth. Similar

206

to pho2-1, Pi remobilization is impaired in spx4 leaves (Table 1, Figure 3.2 C). In Col-0,

207

normal Pi remobilization from source to sink led to a gradual reduction in Pi allocated to

208

expanded (43%) and senescing leaves (58%), relative to young leaves. While a wild type

209

like Pi profile was seen in phr1-1; complete arrest of Pi remobilization in pho2-1 meant stable

210

Pi concentration across leaf types (Figure 3.2 C, Table 1). A similar effect was found in spx4-

211

1 and spx4-2 senescing leaves, which accumulated as much Pi as expanded leaves; while
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212

spx4 expanded leaves displayed partial impairment, with a 23% reduction in Pi

213

concentration relative to spx4 young leaves (Figure 3.2 C, Table 1). While the lack of a Pi

214

concentration gradient was not as drastic as in pho2 leaves, SPX4 is also involved in Pi

215

remobilization between source and sink leaves.

216
217

Source and Sink Leaves Display Contrasting Transcriptional Regulatory
Networks

218

In order to understand how SPX4 regulates Pi remobilization from source to sink

219

leaves, the transcriptomes of spx4 mutants relative to wild type were examined. Two data

220

sets of differentially expressed genes (DEGs) were generated, one comparing young to

221

expanded leaves (YL vs EL, Supplemental Data Set 1) and the other comparing senescing

222

to expanded leaves (SL vs EL, Supplemental Data Set 1). In order to assess the breadth of

223

our data sets across the chronology of leaf development, DEGs in Col-0 (|log2| fold-change

224

> 1, FDR <0.05) were compared to the multidimensional transcriptome analysis performed

225

by Woo et al. (2016). In that analysis, the fourth leaf was sampled every two days, from day

226

4 to day 30 after seedling emergence, and samples were then pooled and divided into two

227

groups, representing contrasting leaf developmental stages: the growth-to-maturation stage

228

(G-to-M) ranging from day 4 to day 18, with prevalence of biogenesis processes; while the

229

maturation-to-senescence stage (M-to-S) ranged from days 16 to 30 and was enriched in

230

processes associated with cellular / molecular degeneration. Out of the 11,548 DEGs

231

identified by Woo et al. (2016), small and non-coding RNAs, transposons and pseudogenes

232

were excluded for comparison to our study, leaving 10,448 unique DEGs for comparison,

233

with 4,333 DEGs at G-to-M stage and 6,661 DEGs at M-to-S stage.

234

In our analysis, samples from different leaf developmental stages were harvested at a

235

single time-point, and a total of 6,156 unique DEGs were identified, 66% of which overlapped

236

with the reference data set (p < 0.0001) (Woo et al., 2016). When splitting the list according

237

to developmental stage, our sampling strategy yielded 5,475 DEGs when comparing YL

238

versus EL, 41% of which were present in the G-to-M data set (p < 0.0001) (Supplemental

239

Data Set 1). In the SL versus EL comparison, we identified 1,232 DEGs, with 55% overlap

240

to the M-to-S data set (p < 0.0001) (Supplemental Data Set 1). The higher number of DEGs

241

found in the YL versus EL over SL versus EL comparison reflected high metabolic activity

242

in the sink, whereas lower transcriptional regulation found in senescing leaves was likely

243

caused by a drop in protein content and photosynthetic activity (Breeze et al., 2011). A

244

contrasting trend was observed in Woo et al. (2016), where more DEGs were found at the
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245

M-to-S stage. This could be due to differences in the sampling strategy, resulting in more

246

pronounced leaf senescence, and hence larger transcriptome changes compared with

247

mature leaves.

248

In order to look for biological processes over-represented among the developmentally-

249

regulated genes, a Gene Ontology (GoTerm) enrichment (p < 0.0001) was then performed.

250

Genes with increased expression in the Col-0 YL versus EL comparison (2,631 DEGs) were

251

predominantly involved in the biosynthesis, processing and assembly of molecular

252

components, such as DNA, RNA, ribosomes and macromolecules; regulation of cell cycle,

253

embryo / leaf morphogenesis and tissue development (Figure S3.1 A). Conversely,

254

regulation of senescence, ion and amino acid transport, glucosinolate biosynthesis and

255

other defense responses were enriched among the 2,923 genes with reduced abundance

256

in young versus expanded leaves (YL vs EL) (Figure S3.1 B). Transcripts with increased

257

abundance in senescing versus expanded leaves (SL vs EL, 426 DEGs) encoded proteins

258

associated with the positive regulation of senescence, as well as lipid catabolism, response

259

to JA and secondary metabolism (Figure S3.1 C). In this comparison, processes such as

260

DNA replication and cell division, photosynthesis, cell wall formation and organization, lipid

261

biosynthesis and auxin signaling were enriched in the 815 transcripts with lower abundance

262

in senescing leaves (Figure S3.1 D). These contrasting expression profiles confirm the

263

strength of our source-to-sink comparisons, serving as a starting point to explore the role of

264

SPX4 (and PHO2) during leaf development and Pi remobilization.

265

SPX4 Disruption Leads to Distinct Molecular Effects in Source and Sink Leaves

266

To explore transcriptional changes during leaf development affected by SPX4, PHO2

267

and / or PHR1, differences in the leaf transcriptomes of the three mutants were compared

268

to wild type (Figure S3.2, Supplemental Table 1 and Supplemental Data Set 1). The overall

269

extent of differential transcript accumulation in young versus expanded spx4 leaves was

270

comparable to that in phr1 and pho2. Mutant lines showed attenuation of wild type

271

transcriptional responses, with a predominant effect on transcripts that were reduced in

272

young versus expanded wild type leaves (Figure S3.2 A, mis-regulated genes). A substantial

273

number of ancillary genes that showed no developmental regulation in wild type was also

274

found, with about 60% of transcripts more abundant and 40% less abundant in young versus

275

expanded leaves in each mutant line (Figure S3.2 A, ancillary genes). Mutant responses

276

were more variable when comparing senescing to expanded leaves (SL vs EL). In this

277

comparison, effects on genes normally increased or reduced in wild type were minor (Figure
72

278

S3.2 B, mis-regulated genes). However, a large number of transcripts that were unaffected

279

in aging wild type leaves were differentially expressed in the mutants (Figure S3.2 B,

280

ancillary genes), comprising 38% of total DEGs in phr1-1, 31% in spx4-1, 29% in spx4-2

281

and 15% in pho2-1. These were predominantly increased in senescing phr1-1 (80%), pho2-

282

1 (60%), and spx4-1 leaves (55%), and predominantly reduced (67%) in senescing spx4-2

283

leaves (Figure S3.2 B). Considering the partial divergence in transcriptome responses

284

among the spx4 alleles, we used the true knock-out allele (spx4-1) in subsequent analyses

285

(Osorio et al., 2018a).

286

The SPX4-dependent leaf development gene set in spx4-1 comprised 413 (YL vs EL)

287

and 425 (SL vs EL) DEGs, respectively. Among the 734 unique DEGs, 104 were affected in

288

both comparisons (Supplemental Table 1). DEGs affected exclusively during leaf maturation

289

in spx4-1 (YL vs EL) were associated with response to hormones (SA, JA and ET) and ROS,

290

as well as glucosinolate metabolism (Figure 3.3 A). Transcripts in this group had lower

291

abundance in young versus expanded wild type leaves, with no difference in transcript levels

292

between spx4-1 leaves (Figure 3.4). The gene set affected exclusively during spx4-1 leaf

293

senescence (SL vs EL) was enriched in gene ontology terms associated with lipid and anion

294

transport, also including cell wall polysaccharide metabolism and salinity response (Figure

295

3.3 B). Apart from a few genes involved in anion transport which had lower transcript levels

296

in senescing leaves of spx4-1 than wild type, the remainder of transcripts in this group were

297

ectopically induced in spx4-1 senescing leaves (Figure 3.4). The 104 transcripts differentially

298

expressed throughout leaf development in spx4-1 compared with wild type (YL vs EL and

299

SL vs EL) were associated with innate immunity (via SA and JA signaling), cellular glucan

300

metabolism and lignin biosynthesis (Figure 3.3 C). These transcripts were more abundant

301

in young and senescing leaves of spx4-1 compared with those of wild type (Figure 3.4).

302
303

Transcription Factors Are the Primary Targets of SPX4 Regulation of Across
Leaf Development

304

To identify the primary targets of SPX4 regulation in our developmental transcriptome

305

comparisons, enrichment of functional gene ontology terms was investigated. Transcription

306

factors were enriched in the spx4-1 DEGs under P-replete conditions (p < 0.0001) (Figure

307

3.5). In fact, 24% of the transcription factors differentially expressed in spx4-1 during leaf

308

development (Figure 3.4 and Supplemental Table 2) overlapped with those impaired in

309

spx4-1 shoot response to changes in Pi supply (Osorio et al., 2018a). Genes that were

310

differentially expressed in spx4-1 over wild type during leaf development as well as PSR
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311

shoots include: the stress-responsive OCTADECANOID-RESPONSIVE AP2/ERF 59

312

(ORA59) (Pre et al., 2008) and CYS2/HIS2 ZINC FINGER PROTEIN (ZAT7) (Rizhsky et al.,

313

2004); SHINE3 (SHN3) involved in leaf and flower development (Lisso et al., 2012) as well

314

as ANAC044 and AT2G42350, whose functions remain unclear.

315

Over-representation of transcription factors was also found in pho2 (p < 0.001) (Figure

316

3.5 A), further supporting that, in leaves, the E2 conjugase may have a role in transcriptional

317

regulation (Osorio et al., 2018a). Transcription factors differentially expressed in young

318

leaves of both spx4 and pho2 mutants compared with wild type belong to the AP2-EREBP,

319

MYB, NAC, bHLH and WRKY classes (Figure 3.5 B). Mutual effects between spx4 and pho2

320

were also found during leaf senescence, affecting AP2-EREBP, NAC and WRKY classes.

321

While transcription factors were overall under-represented (p > 0.001) among phr1 DEGs

322

(Figure 3.5 A), some of the top SPX4-dependent transcription factor classes were also

323

dependent on functional PHR1, i.e. AP2-EREBP, bHLH and WRKY in during leaf expansion;

324

and AP2-EREBP, MYB and NAC during senescence.

325

The three transcription factors classes most affected in spx4-1 in either comparison

326

were AP2-EREBP, NAC and MYB (Figure 3.5 B). Fifteen AP2-EREBP factors were targeted

327

in total, seven of which were affected in pho2 or phr1, and five of which were affected in

328

both mutants (Figure 3.5 and Supplemental Table 2). With exception of the developmental

329

factors AINTEGUMENTA-LIKE7 (AIL7) and ETHYLENE RESPONSE FACTOR12 (ERF12),

330

which were induced in spx4-1 in both sink and source comparisons, AP2-EREBP factors

331

affected in spx4-1 leaf maturation were generally stress-responsive transcription factors with

332

reduced transcript levels in young over expanded wild type leaves. Conversely, a group of

333

redox / ABA responsive factors were ectopically induced in spx4 senescing leaves, including

334

AP2-LIKE ABA REPRESSOR 1 (ABR1), ETHYLENE RESPONSE FACTOR53 (ERF53),

335

and the RELATED TO AP2 (Rap2) factors, Rap2.4a, Rap2.6L and the senescence-

336

promoting factor Rap2.4f (Xu et al., 2010).

337

The NAC class was the second most affected, with eleven members differentially

338

expressed. ANAC044 transcripts were more abundant in young spx4-1 leaves, while

339

ANAC003 levels were higher in senescing spx4-1 than wild type leaves. These two NACs

340

were also differentially expressed in phr1 leaves. ANAC087 transcripts were differentially

341

expressed in senescing leaves of all three mutants compared with wild type. The remainder

342

of SPX4-dependent NACs was not affected in phr1 or pho2 (Figure 3.4 and Supplemental

343

Table 2). Five of these NAC transcription factors play a role in senescence. Transcripts of
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344

the senescence-promoting factors ANAC016 and ANAC087 (Kim et al., 2013; Kim et al.,

345

2014) were more abundant in spx4-1 senescing leaves, and ANAC016 was induced in

346

young leaves, along with the senescence-promoting factors ANAC019 and ORS1

347

(Balazadeh et al., 2011; Kim et al., 2014), and the longevity-promoting factor

348

JUNGBRUNNEN1 (JUB1/ ANAC042) (Wu et al., 2012). These NACs seem to play different

349

roles in leaf aging via an intricate cascade, involving EIN2-EIN3-miR164 signaling, activation

350

of the central regulators NAP and ORE1, and initiation of an oxidative burst (Balazadeh et

351

al., 2011; Wu et al., 2012; Kim et al., 2013, 2014).

352

Ten members of the MYB class of transcription factors were differentially expressed in

353

spx4-1 leaves, seven of which were affected in phr1 and four were affected in pho2 (Figure

354

3.4 and Supplemental Table 2). During leaf maturation, spx4-1, phr1-1 and pho2-1 failed to

355

downregulate MYB62. Overexpression of this shoot-specific transcription factor was shown

356

to suppress Pi-starvation responses in young seedlings, also suppressing gibberellic acid

357

biosynthesis and delaying flowering time in mature plants (Devaiah et al., 2009). A similar

358

expression profile was observed for MYB2 in young spx4-1 leaves, but MYB2 was also

359

ectopically induced in senescing leaves of spx4-1, phr1-1 and pho2-1. Contrary to MYB62,

360

MYB2 has a positive effect on PSR via direct binding to the miR399f promoter, inhibiting

361

PHO2 activity in roots (Franco-Zorrilla et al., 2007; Baek et al., 2012). MYB2 also

362

transcriptionally induces ABA-mediated stress tolerance (Abe et al., 2003), while having an

363

inhibitory effect on cytokinin biosynthesis, facilitating transition of mature plants to

364

senescence (Guo and Gan, 2011).

365
366

Meristem Maintenance, Hormone Signaling and Metal Homeostasis Are
Mutually Affected In spx4 and pho2 Source and Sink Leaves

367

In order to explore the molecular mechanisms underlying the Pi remobilization

368

impairment seen in pho2 and spx4, transcriptome responses which were strongly affected

369

in both genotypes were dissected. To narrow down the list of potential candidates,

370

responses also dependent on PHR1 were excluded (Figure S3.3), since the defect was not

371

observed upon loss of PHR1 function (Table 1). In each comparison, responses affected in

372

both spx4 and pho2 comprised a small fraction of SPX4-dependent responses, representing

373

15 % (62 genes) of DEGs between young versus expanded leaves, and 12 % (49 genes)

374

when comparing senescing versus expanded leaves (Figure 3.6 and Figure S3.3). As

375

expected, some of the genes in those lists are involved in maintenance of shoot apical

376

meristem identity and flower development, including the transcription factors AIL7, DOWN
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377

IN DARK AND AUXIN1 (DDA1/LBD25), PERIANTHIA (PAN/TGA8), BRANCHED1

378

(BRC1/TCP18) and BRANCHED2 (BRC2/TCP12), which were mis-regulated in YL vs EL

379

(Figure 3.6, Supplemental Table 2); as well as the ATP-binding cassette G13 (ABCG13),

380

the transcription factor ERF12 and the receptor-like kinase ERECTA-LIKE1 (ERL1), affected

381

in both YL vs EL and SL vs EL comparisons (Figure 3.6). This corroborates previous work

382

where pho2 knock-out affected flowering time in both Arabidopsis (Kim et al., 2011) and rice

383

(Li et al., 2017). The homeotic transcription factor SUPPRESSOR OF OVEREXPRESSION

384

OF CO1 (SOC1/AGL20), a key factor during meristem and flower development, is a

385

candidate regulator of SPX4-dependent PSR target genes, and also linked to the PHO2

386

network (Osorio et al., 2018a). Indeed, imaging of our SPX4pro::SPX4:LUC reporter line

387

shows that, in adult plants, SPX4 protein is highly abundant in the apical meristem and

388

younger leaves, further supporting a role in meristem maintenance; while in older leaves,

389

SPX4 expression is limited to the petiole and midrib, likely contributing to nutrient

390

remobilization (Figure S3.4).

391

In addition, many genes mutually affected in spx4 and pho2 were related to signal

392

transduction pathways involving phytohormones (Figure 3.6), including many hormone-

393

responsive transcription factors (Supplemental Table 2). Auxin signaling, which is tightly

394

connected to regulation of shoot development, was generally increased in spx4 and pho2

395

young versus expanded leaves (with effects over some of the transcription factors

396

mentioned above), and reduced in senescing versus expanded leaves (Figure 3.6), which

397

is in line with the previously reported (tissue-specific) spatial bias in auxin transcriptional

398

regulation (Bargmann et al., 2013). This was contrasting to the predominant profile of genes

399

responding to stress hormones, where the reduction seen in the wild type young versus

400

expanded leaves comparison was abolished in spx4 and pho2 (Figure 3.6), including the

401

repressor of ABA signaling ABI FIVE BINDING PROTEIN1 (AFP1) (Lopez-Molina et al.,

402

2003), the integrator of ET/JA signaling ORA59 (Pre et al., 2008) and the SAR-induced

403

WRKY65 (Singh et al., 2014). Stress markers instead increased in abundance in SL vs EL

404

of spx4 and pho2, but not in Col-0 (Figure 3.6). This was the case for WRKY65 and

405

WRKY28, which promotes SA biosynthesis (Wang et al., 2015) while repressing JA

406

signaling

407

SYNTHASE2 (ACS2), a key enzyme in ET biosynthesis (Tsuchisaka et al., 2009). The

408

interplay of hormone-mediated signaling pathways in triggering leaf senescence, includes

409

long-distance signaling and tissue-specific effects. It will therefore be important to dissect

410

those networks further to find out how they also influence Pi remobilization.

(Hu

et

al.,

2013),

and
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1-AMINO-CYCLOPROPANE-1-CARBOXYLATE

411

Lastly, a group of genes mutually affected in spx4 and pho2 is linked to metal transport

412

and homeostasis. Transcripts of BASIC HELIX-LOOP-HELIX100 (bHLH100), one of the two

413

homologues controlling iron remobilization within the plant (Sivitz et al., 2012), were reduced

414

in young versus expanded wild type leaves, but not in spx4 or pho2 leaves. In addition,

415

transcripts encoding METALLOTHIONEIN 1C (MT1C), involved in cadmium tolerance and

416

zinc homeostasis (Zimeri et al., 2005); and NICOTIANAMINE SYNTHASE1 (NAS1),

417

involved in metal chelation by nicotianamine (Schuler et al., 2012), were less responsive in

418

the mutants. Conversely, in senescing leaves, both spx4 and pho2 failed to induce the NAS1

419

homologue, NICOTIANAMINE SYNTHASE 3 (NAS3). As the quadruple nicotianamine

420

synthase mutant nas4x-2, lacking nicotianamine synthesis, is impaired in iron (Fe) transport

421

to sink organs (Schuler et al., 2012), the effects on NAS1 and NAS3 expression during leaf

422

development in spx4-1 might lead to Fe imbalance across the rosette, directly affecting Pi

423

remobilization. Reduction of transcripts from the metallochaperone HEAVY-METAL

424

ASSOCIATED

425

ACTIVATED MALATE TRANSPORTER 6 (ALMT6) was also observed in SL vs EL of spx4

426

and pho2. While functional characterization of HIPP37 is still missing, ALMT6 is a vacuolar

427

malate channel in guard cells (Meyer et al., 2011). Since malate helps to release Pi stored

428

in the vacuole from complexes with cations, facilitating is transport to the cytosol and thus

429

increasing its availability (López-Bucio et al., 2000), ALMT6 suppression may have a

430

negative impact on Pi remobilization. Hence, although the interplay between metal and Pi

431

homeostasis in leaves is still under-explored, our results point toward Pi remobilization from

432

source to sink organs being tightly connected to the regulation of metal homeostasis.

433

ISOPRENILATED

PROTEIN

37

(HIPP37),

and

the

ALUMINIUM

Discussion

434

While P is a limiting nutrient for plant productivity, we often find that augmenting the

435

capacity of plants to store Pi in shoots does not necessarily improve yield. As from the

436

example of plants lacking PHO2 activity, whose role in shoots remains unclear, but which in

437

roots is thought to repress P starvation responses; we find that disrupting SPX4 function

438

results in more Pi allocated to shoots under full nutrition (Figure 3.2), yet with detrimental

439

effects on yield (Figure 3.1). In both cases, the key to productivity seems to be the incapacity

440

of those mutants to properly recycle Pi stored in senescing tissue (Table 1), leading to

441

inefficient use of their intracellular Pi pools. Nutrient remobilization from source to sink

442

organs is not only triggered during nutrient stress, but also as a natural feature of aging in
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443

plants, to ensure energy is channeled toward reproductive success even in adverse

444

environments. Thus, dissecting the intricate range of molecular changes taking place as

445

leaves age is imperative to understanding factors controlling nutrient remobilization in shoots

446

(van der Graaff et al., 2006; Breeze et al., 2011; Woo et al., 2016). With this respect, the

447

lack of Pi recycling defects in phr1 leaves (Figure 3.2), where P-starvation responses are

448

severely compromised, indicates that physiological changes during leaf senescence are not

449

simply mimicking nutrient starvation, despite the partial overlap in molecules responding to

450

either process (Stigter & Plaxton, 2015).

451

In the present work, we found that the timing and location of gene regulation was an

452

important factor linked to SPX4 function across leaf development, in line with the

453

‘senescence window concept’ (Schippers, 2015), in which the leaf accumulates age-related

454

changes that will determine its competence to senesce. Accordingly, we found that in the

455

sink (YL vs EL), many of the SPX4-dependent effects were on genes involved in processes

456

which were originally highly suppressed in Col-0 (Figure S3.1). Their suppression was

457

generally attenuated in spx4-1 (Figure S3.2), indicating that in young leaves, SPX4 has its

458

‘canonical’ repressive role, affecting stress factors, such as glucosinolate metabolism, ROS

459

accumulation and SA, JA and ET-mediated signaling pathways (Figure 3.3). Key

460

transcription factors involved in leaf senescence were also affected in spx4 YL vs EL

461

comparison, including the NAC factors ANAC016, ANAC019, ANAC042 and ORS1 (Table

462

2). Their de-regulation in the sink could also potentially generate confounding signals to

463

source leaves, hampering Pi recycling. On the other hand, in spx4-1 source comparison

464

(SL vs EL) what we found was extensive ectopic de-regulation taking place, rather than

465

attenuation of wild type responses. Both up and downregulation of genes involved in

466

anion/amino acid transport was observed in the mutant (not shown), while genes involved

467

in lipid transport, glucan/lignin metabolism (cell wall biosynthesis) and innate immune

468

response (Figure 3.3) were overall strongly induced in spx4, but unchanged in wild type (not

469

shown). The distinct effect seen in source leaves, indicates that in this leaf type, spx4-1

470

results in altered competence to senesce, which might also be triggered by the de-

471

repression of wild type responses observed in the sink comparison.

472

Still, regardless of developmental stage, we found that transcription factors were over-

473

represented among SPX4 targets (Figures 3.4 and 3.5). The fact that about 24% of the

474

transcription factors targeted during spx4 leaf development were also SPX4-dependent in

475

the P-series (Supplemental Table 2), with most responding to differences in shoot P-status

476

in wild type (Osorio et al., 2018a), re-enforces that transcriptional regulation of P metabolism
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477

is not exclusive to P-limiting conditions. SPX4 seems to play key role in modulating those

478

transcriptional responses, via interaction with yet unknown upstream regulator(s), the

479

homeotic factor SOC1 being a strong candidate (Osorio et al., 2018a). Interestingly, some

480

of the transcription factors affected in spx4 source and sink comparisons are under ORE1

481

regulatory control (Breeze et al., 2011). These include MYB2 and NAC019 (YL vs EL); and

482

MYB2, PMZ/SAP12 and TBP1 (SL vs EL). As additional targets of this network include

483

genes involved in nutrient remobilization during senescence (Breeze et al., 2011; Matallana-

484

Ramirez et al., 2013), such as RNS1 and MT1C (both also affected in spx4); as well as

485

BFN1, PAP20, and SENESCENCE-RELATED GENE1 (SRG1), it will be important to

486

perform a thorough regulatory network analysis on the SPX4-dependent data set, to confirm

487

this indication and/or identify additional upstream regulators and their involvement with Pi

488

recycling.

489

Further, by focusing at transcriptome responses strongly affected in both spx4 and

490

pho2 across leaf development, our goal was to explore convergent molecular effects behind

491

their inefficient nutrient remobilization phenotype, with particular focus on early signals

492

regulating this physiological response.

493

including transcription factors, were mutually affected in spx4 and pho2, indicating that

494

hormone signals may also influence nutrient remobilization (Figure 3.6, Supplemental Table

495

2). Contrasting effects on auxin-responsive genes, which in the mutants were generally

496

reduced in source and increased in sink leaves, highlights the involvement of both SPX4

497

and PHO2 in meristem maintenance and control of leaf development (Figure 3.6). This is

498

emerging as a key function requiring mutual regulation, taking into account the effects of

499

pho2 on flowering time (Kim et al., 2011; Li et al., 2017), the SPX4 expression profile in the

500

SPX4pro::SPX4:LUC reporter (Figure S4), and the mutual P-dependent effects on networks

501

regulated by homeotic genes (Osorio et al., 2018a). Plus, transcriptional effects on ABA, ET,

502

JA and SA-responsive genes, which were generally less reduced than wild type in YL vs EL,

503

while being increased in spx4 and pho2, but not in wild type SL vs EL, are additional

504

indication of precocious competence to senesce, as gradual buildup of these hormones is

505

required during the onset of senescence (van der Graaff et al., 2006; Breeze et al., 2011;

506

Schippers, 2015). While in our experimental conditions, the mature leaves tested were at

507

early stages of senescence, not yet showing yellowing of leaf margins (Figure 3.1), it will be

508

interesting to explore additional evidences of their involvement in this process.

With this respect, many hormone-related genes,

509

Finally, mutual effect on genes involved in metal homeostasis is particularly exciting,

510

since this might represent a direct link to defective Pi remobilization. Iron (Fe), zinc (Zn),
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511

manganese (Mn), and copper (Cu) are essential micronutrients for plant growth, yet as

512

excess free metal is toxic to the cell, metal chelators are required for intracellular and

513

intercellular metal circulation (Clemens, 2001). These include organic acids such as malate

514

and citrate, which also help increase P bioavailability, phytosiderophores, nicotianamine

515

(NA) and myo-inositol hexakisphosphate (phytate), which is primarily a storage molecule for

516

P (Haydon and Cobbett, 2007). While there is limited information on the molecular interplay

517

between metal and Pi remobilization in leaves, the effect over NAS1 and NAS3 expression

518

indicates that spx4 and pho2 may have less NA synthesized in senescing leaves, leading to

519

toxic Fe levels accumulating in the phloem (Schuler et al., 2012), and possibly hampering

520

Pi phloem loading. Plus, reduction of ALMT6 transcripts in spx4 and pho2 SL vs EL likely

521

reduces the amount of free Pi in the cytosol of source leaves. As increased malate efflux in

522

transgenic

523

TRANSPORTER1 (Ta-ALMT1) successfully enhanced root P uptake efficiency (Delhaize et

524

al., 2009), ALMT6 expression in shoots might also potentially contribute to Pi bioavailability.

525

Moreover, At-ALMT1 in roots was shown to influence the cross-talk between Fe and Pi

526

homeostasis, as At-ALMT1-mediated Fe accumulation is required for Pi starvation-induced

527

root growth reprogramming (Mora-Macías et al., 2017). Plus, the effect on bHLH100 might

528

represent another intersection point between Fe and Pi homeostasis. In conjunction,

529

bHLH100 and bHLH101 control a subset of genes involved in Fe remobilization in roots and

530

shoots, independently of Fe-DEFICIENCY INDUCED TRANSCRIPTION FACTOR1

531

(FIT1/bHLH29), the master regulator of Fe homeostasis (Sivitz et al., 2012). Yet, as effects

532

of the double bHLH100/101 mutant included delayed flowering (Sivitz et al., 2012), failure

533

of spx4 and pho2 to reduce bHLH100 transcripts in YL vs EL might also be linked to SPX4

534

and PHO2 regulatory roles on apical meristem differentiation.
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535

Conclusion

536

Overall, our findings expand the function of SPX4 as an important upstream regulator

537

of shoot transcriptional cascades to maintain P metabolism and utilization, via differential

538

modulation of developmental and stress-responsive transcription factors in distinct leaf

539

types, possibly also involving long-distance signaling through the rosette. Plus, we reveal

540

that SPX4 and PHO2 mutually target, in source and sink leaves, distinct genes involved in

541

hormone-mediated signaling, mainly affecting auxin-mediated shoot development,

542

stress/senescence signaling via ABA, JA, ET and SA; also targeting genes involved in metal
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543

homeostasis, such as metal chelators and chaperones. These processes likely represent,

544

respectively, early signals and co-factors affecting Pi recycling from source to sink leaves,

545

and their fine tuning is required for maximum PUE and plant productivity. Further

546

identification of upstream regulators of the transcriptional networks affected in our source

547

and sink comparisons will be required to more accurately indicate how those pathways are

548

interconnected, possibly revealing mutual direct targets of SPX4 and PHO2, and helping to

549

draw a clearer picture on how Pi homeostasis is regulated in shoots.

550

Materials and Methods

551

Plant Materials and Growth Condition

552

Mutant lines containing predicted T-DNA insertions in SPX4 (SALK_019826 and

553

SK40726) were ordered from NASC and were named spx4-1 and spx4-2, respectively.

554

Confirmation of the insertion site and selection of homozygous plants were performed as

555

described previously (Osorio et al., 2018a). In all experiments, each mutant line was

556

compared to its parental background, Col-0 (N70000) for spx4-1 and Col-4 (N933) for spx4-

557

2. Mutants disrupted in two known central regulators of Pi-signaling, phr1-1 (Rubio et al.,

558

2001) and pho2-1 (N8508) (Delhaize and Randall, 1995), were also included for

559

comparison.

560

Genotyping, phenotyping and propagation of plant material was done in soil (0.5 L

561

coarse Vermiculite, 0.33 L Perlite, 33 g Nutricote TM controlled release fertilizer, 28 g

562

ammonium nitrate, 25 g water-holding granules, 15 g trace elements, and 7 g garden lime

563

per kg potting mix). Seeds were sown in 63 mm pots, stratified at 4 °C for 48h and grown

564

under short-day conditions (10h / 14 h light-dark cycle, 23°C day / 19°C night, 130 µE m-2

565

s-1 light intensity, 55% humidity). For induction of flowering, plants were then transferred to

566

long-day conditions (14h / 10 h light-dark cycle) after 5 weeks of growth.

567

Sampling of different leaf types was carried out in plants grown in soil (composition as

568

above), under short-day conditions, for seven weeks. Whole leaves were harvested,

569

including the petiole. Full rosettes were also harvested for biomass measurement. One

570

biological replicate consisted of one rosette, one fully expanded or senescing leaf, or four to

571

five young leaves of a single plant, including the central meristem.
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572

Luciferase Imaging

573

Analysis of SPX4 expression pattern in adult plants was done by spraying

574

SPX4pro:SPX4-LUC with a 2.5 mM potassium luciferin (GoldBio) solution in 0.01% (v/v)

575

Tween20 (Sigma-Aldrich). Sprayed plants were kept in the dark for 120 min and luciferase

576

bioluminescence was imaged using the NightOwl Imager (Berthold Technologies).

577

Quantification of Intracellular Phosphate Concentration

578

Twenty volumes of 1% (v/v) acetic acid and two ceramic beads (ø 2.8 mm) were added

579

to frozen plant powder (10–50 mg), which was homogenized for 90s at 30 Hz in tissue

580

disruptor (QIAGEN TissueLyser II). After incubation for 15 min on ice, the homogenization

581

process was repeated once. Cleared supernatants were used to determine organ Pi

582

concentrations via the reduction of a phospho-molybdate complex by ascorbic acid (Ames,

583

1966), as described in (Lapis-Gaza et al., 2014).

584

RNA-Seq Analyses

585

Total RNA isolation was performed as described in (Linn et al., 2017). Libraries for

586

RNA-Seq were prepared from total RNA using a TruSeq stranded mRNA library prep kit

587

according to the manufacturer’s instructions (Illumina) using samples from three

588

independent experiments for each genotype and treatment. Sequencing runs were

589

performed on a HiSeq1500 platform (Illumina) generating 61 bp single-end reads.

590

Quantification of gene expression was performed using the Kallisto (Bray et al., 2016) and

591

Sleuth (Pimentel et al., 2017) pipelines, respectively, using the Araport11 transcript

592

annotation (Cheng et al., 2017). Data sets of young and senescing leaves were compared

593

to the fully expanded leaves data set. In each comparison, genes with a fold change of |log2|

594

> 1 and a false discovery rate (FDR) < 0.05 in wild type were considered as differentially

595

expressed (DEGs). Differences between mutants and wild type were accounted as follow:

596

‘mis-regulated’ genes were DEGs in wild type with > four-fold difference between mutant

597

and wild type; while ‘ancillary’ genes were DEGs with > four-fold change (FDR <0.05) in the

598

mutant

599

http://bioinformatics.psb.ugent.be/webtools/Venn/. Hierarchical clustering was performed

600

using squared Euclidean distance and complete linkage in the J-Express 2012 package

601

(Stavrum et al., 2008). Gene Ontology enrichment was performed using the ClueGO plugin

602

(Bindea et al., 2009) for Cytoscape software (Shannon et al., 2003). RNA-seq data will be

603

deposited to the NCBI SRA database prior to submission.

but

unresponsive

in

wild
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type.

Venn

diagrams

were

drawn

using

604

Statistical Analysis

605

Significant differences between genotypes were determined using analysis of variance

606

(ANOVA) with p < 0.05, followed by either Fisher or Tukey post-hoc tests to separate means.

607

Transcription factor over-representation was calculated using hypergeometric test (p < 0.05)

608

(OriginPro2016 Statistics). Gene Ontology enrichment (p < 0.05) was corrected using

609

Bonferroni step-down test. At least three independent biological replicates were included in

610

each analysis.

611

Accession Numbers

612

Sequence data for the genes characterized in this article can be found in the

613

Arabidopsis Genome Initiative or GenBank / EMBL databases under the following accession

614

numbers: AT5G15330 (SPX DOMAIN-CONTAINING PROTEIN 4, SPX4), AT2G33770

615

(PHOSPHATE 2, PHO2).

616
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Figures

619

Figure 3.1. Disruption of SPX4 function is detrimental to shoot growth.

620

Shoot phenotype of two spx4 mutant alleles, following seven weeks of growth in nutrient-

621

rich soil. Mutants of two key regulators of Pi homeostasis, phr1-1 and pho2-1, were included

622

for comparison. In the conditions tested, no signs of Pi toxicity was observed. Values are

623

mean ± SE of 6 plants.
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624

3.2.

have

SPX4

625

mutants

626

allocation

627

impaired

Pi

628

between

source

629

leaves.

630

Schematic representation of leaf

631

developmental stages used in

632

this study (A). Determination of

633

biomass (B), Pi concentration

634

(C) and Pi content (D) across

635

leaf development. Values are

636

mean + SE of at least 7

637

replicates.

638

significant differences from wild

639

type at each developmental

640

stage (p<0.05, ANOVA/Fisher

641

LSD).

642
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Figure

altered
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and

remobilization
and

Asterisks

sink

indicate

Figure 3.3. Gene Ontology
enrichment network of SPX4dependent transcriptome effects
in contrasting leaf developmental
stages.
Genes only affected in YL vs EL (A),
genes only affected in SL vs EL (B),
and genes affected in both YL vs EL
and SL vs EL (C). On each
comparison the biological processes
passing

the

(p<0.05,

hypergeometric

Bonferroni

step-down

are shown.
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transcriptome

effects
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contrasting leaf developmental
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Genes only affected in YL vs EL (A),
genes only affected in SL vs EL (B),
and

genes

comparisons

affected
(C).

in

both

Transcription

factors affected in each comparison
are listed next to the heatmaps.
Transcription factors affected in
spx4-1 in both developmental and Pseries are highlighted (bold). Vertical
bars on subclusters indicate their
category: increased (red) or reduced
(blue)

transcript

abundance.

Relative transcript abundance is
shown

as

|log2|-fold

change.

Clustering was performed using
complete linkage and the Manhattan
distance measure.
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661

Figure 3.5. Transcription factors are the primary targets of SPX4 regulation of

662

across leaf development.

663

(A) Hierarchical clustering of top seven transcription factor classes found among the SPX4-

664

dependent responses. The |log10| p-value threshold for class over-representation in spx4-1,

665

phr1-1 and pho2-1 data sets was determined as 1.3 (p<0.05, hypergeometric test). On the

666

inset, general transcription factor over-representation (all transcription factor classes

667

included) was found in both spx4-1 and pho2-1 data sets.

668

(B) Top seven transcription factor classes affected in spx4-1 leaf development comparisons.

669

The number of members affected in each class is indicated in parenthesis. *Others indicate

670

additional classes affected which, individually, comprised less than 4% of the total.
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671

Figure 3.6. Hierarchical clustering of genes affected in both spx4 and pho2

672

backgrounds across leaf development.

673

(A) YL vs EL and (B) SL vs EL. In each comparison, genes involved in hormone signaling,

674

metal homeostasis and shoot development are marked. Asterisks indicate genes affected

675

in both comparisons. Relative transcript abundance of DEGs is shown as |log2|-fold change.

676

Clustering was performed using complete linkage and the Manhattan distance measure.
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Tables

Table 3.1 Proportional changes in Pi concentration across leaf
development
Genotype
Col-0
Col-4
phr1-1
spx4-1
spx4-2
pho2-1

Pi concentration (µmol g FW-1) a
% change b
Young
Expanded Senescing Expanded Senescing
20.3 + 1.2
11.6 + 0.6 8.5 + 0.5
-43%
-58%
19.1 + 1.8
11.8 + 0.7 8.1 + 0.5
-38%
-58%
20.4 + 1.4
9.2 + 0.8
6.3 + 0.2
-55%
-69%
25.6 + 1.6* 19.9 + 1.2* 19.7 + 2.0*
-22%
-23%
23.8 + 1.6
18.1 + 0.8* 17.0 + 1.3*
-24%
-28%
28.7 + 2.7* 27.1 + 2.6* 30.4 + 2.3*
-5%
6%

a

Values are average + SE
Relative to Pi concentration in young leaves
* Significantly different from WT (p < 0.05, ANOVA, Fisher LSD)
b
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Supplemental data

677
678

Figure S 3.1. Source and sink leaves display contrasting transcriptional
regulatory networks.

679

Gene Ontology (GO) term enrichment of genes with increased and reduced

680

abundance in young versus expanded leaves (YL vs EL) (A, B) and senescing versus
91

681

expanded leaves (SL vs EL) (C, D) in Col-0. On each comparison, biological processes

682

passing the selection criteria (p<0.001, hypergeometric test, Bonferroni step-down

683

correction) are shown. Proportions were calculated as a function of the number of genes

684

over-represented at each category (parentheses) and category size. *Others are minoritary

685

categories containing each less than 3% of the total terms found.

686
687

Figure S 3.2. Proportion of genes affected in spx4, phr1 and pho2 in contrasting
leaf developmental stages.

688

In each comparison, the total number of mis-regulated and ancillary DEGs in mutants,

689

relative to wild type, is shown. Percentages (bar colors) represent the proportion of genes

690

having higher or lower expression than Col-0.
92

691
692

Figure S 3.3. Overlapping and exclusive transcriptome responses affected in
spx4, pho2 and phr1 mutants.

693

In each comparison, Venn diagrams were produced using the total number of DEGs

694

in each mutant background. Percentage overlaps relative to the full set of SPX4-dependent

695

responses are shown in parenthesis.

696
697

Figure S 3.4. SPX4 protein expression and localization in fully-developed
rosette.

698

LUC imaging of Arabidopsis SPX4pro:SPX4-LUC shoots was performed in plants

699

grown for six weeks in nutrient-replete soil. Luminescence is shown as counts per second

700

(c.p.s) as an overlay to black and white photo. Similar expression pattern was observed in

701

three independent experiments. Scale bar, 20 mm.
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The supplemental data below can be found at: https://figshare.com/s/1f63bf80e4483be97fb6
Supplemental Table 1. Transcriptome effects of disrupting SPX4, PHR1 and PHO2
in contrasting leaf developmental stages
Supplemental Table 2. List of transcriptional factors dependent on functional SPX4
across leaf development
Supplemental Data Set 1. Developmental comparisons for shoot RNA-seq data
across spx4, phr1 and pho2 mutants
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Abstract

52

As sessile organisms plants cope with diverse and changing environments that can

53

restrict growth. Phosphorus (P) limitation is one such growth limiting condition. While there

54

is growing evidence of cross-talk between Phosphate Starvation Responses (PSR) and

55

other stress stimuli, our understanding of how these networks communicate and affect Pi

56

homeostasis is still limited. Here we identify HISTONE MONOUBIQUITINATION 1 (HUB1),

57

a pleiotropic regulator of plant developmental and environmental responses, as an

58

interacting partner of SPX4 in Arabidopsis thaliana. Loss of HUB1 function limits the capacity

59

to take up and accumulate intracellular Pi in shoots. Moreover, transcriptome analyses of

60

hub1-5 seedlings grown under different Pi supplies revealed that the histone modifier is

61

required for modulation of Pi homeostasis. Interaction with SPX4 confers P-specificity to the

62

regulatory control of HUB1-dependent chromatin remodeling machinery: Under Pi replete

63

conditions, SPX4 exerts a repressive role on a subset of PSR regulated by HUB1,

64

preventing constitutive activation. Under Pi deplete conditions HUB1 is required for full

65

activation of PSR, including 60% overlap with responses mediated by PHR1. HUB1-SPX4

66

co-regulation targets multiple homeodomain transcription factors, which are essentially

67

involved in regulation of shoot meristem and flower development, with secondary effects on

68

ion homeostasis and amino acid transport. HUB1 also influences SPX4 protein turnover and

69

localization across the rosette, via a yet unknown mechanism. It is propose that SPX4,

70

HUB1 machinery and multiple transcription factors (including PHR1), form transcriptional

71

regulatory modules that integrate Pi homeostasis with additional signals to regulate shoot

72

development.
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73

Introduction

74

Abiotic stresses are often detrimental to plant fitness, causing major impacts to

75

agriculture. Among nutrient stresses affecting crops, phosphorous (P), nitrogen (N) and

76

potassium (K) deficiency are the main concern, leading to substantial losses in productivity.

77

Conversely, phosphate (Pi) in soil is typically unavailable for plant uptake, due to P oxidation

78

by microorganisms and formation of insoluble complexes with calcium, aluminum and iron

79

cations (Raghothama, 1999). On the other hand, as absorption by roots is typically low,

80

fertilizer runoff from agriculture is often a source of eutrophication, posing threat to nearby

81

aquatic environments (Cordell et al., 2009).To date, many of the molecular responses

82

triggered during P limitation have been characterized in detail, particularly when it comes to

83

root mechanisms involved in P uptake and transport (Poirier and Bucher, 2002). These

84

include modifications in root systems architecture, release of organic acids and changes in

85

metal homeostasis, which are triggered in response to local changes in soil Pi availability

86

(Abel, 2017).Yet, there is growing evidence that whole-plant (systemic) responses are also

87

an important factor during Pi homeostasis, and that regulatory mechanisms in the shoot may

88

differ from localized root responses. One fundamental difference is that systemic P signaling

89

responds to the plant intracellular Pi status, rather than soil Pi availability (Thibaud et al.,

90

2010).

91

With this respect, proteins exclusively containing an SPX domain have recently

92

emerged as key factors involved in sensing the Pi status of the plant cell (Wild et al., 2016),

93

hence modulating systemic Pi signaling. Studies in Arabidopsis and rice indicate that this

94

group of SPX proteins have partially redundant roles as repressors of PSR, via interaction

95

with the master transcriptional regulators At-PHR1/Os-PHR2, which are not Pi-responsive

96

per se. However, fine dissection of each specific SPX member is gradually revealing

97

differences in their mode of action, subcellular compartment and organ of effect (Lv et al.,

98

2014; Puga et al., 2014; Wang et al., 2014; Shi et al., 2014b; Zhong et al., 2018). Previously

99

we showed that AtSPX4 is involved in sensing intracellular P status and fine-tuning Pi

100

homeostasis in the shoot, acting via a distinct mechanism from its Arabidopsis homologues

101

SPX1/2 (Puga et al., 2014) and SPX3 (Duan et al., 2008). When cellular Pi is high, SPX4

102

protein is abundant, acting as a co-repressor of PSR. A decrease in Pi availability signals to

103

accelerate cytosolic SPX4 protein turnover, yet in this condition, remaining nuclear SPX4

104

pools also co-activate a portion of PSR. SPX4-dependent responses only partially

105

dependent on PHR1, rather involving interaction of SPX4 with additional transcription

102

106

factors, as well as cross-talk with responses regulated by UBIQUITING CONJUGASE 24

107

(UBC24/PHO2) (Osorio et al., 2018a).

108

Moreover, previous transcriptome analyses indicated that, as observed in spx1 spx2

109

double mutants (Puga et al., 2014), the effect of spx4 knock-out goes beyond canonical P-

110

starvation induced (PSI) genes, also affecting gene regulatory networks that control

111

hormone signaling, defense responses and shoot development (Osorio et al., 2018a). While

112

there is growing evidence of cross-talk between PSR and responses to external stimuli

113

and/or phytohormones, the understanding of how these networks affect Pi homeostasis is

114

still limited. Recently, Baek et al. (2017) showed that Arabidopsis Pi-responsive genes, such

115

as Pi transporters, miRNAs and additional key regulators including PHR1, PHO2 and SPX

116

proteins themselves, contain diverse cis-elements in their promoter region suggesting this

117

cross-talk to be transcriptionally regulated. The modular function of transcription factors per

118

se would be another point of convergence (Baek et al., 2017). Indeed transcription factors

119

normally associated with PSR are often responsive to additional stimulus. For instance,

120

MYB2 which likely suppresses PHO2 activity by stimulating miR399f expression (Baek et

121

al., 2013), also mediates ABA and cytokinin signaling (Abe et al., 2003; Guo & Gan, 2011);

122

while MYB62, a negative regulator of Pi signaling, is also a suppressor of gibberellic acid

123

biosynthesis and flowering time (Devaiah et al., 2009). Typically associated with defense

124

(Eulgem, 2006), WRKY factors are another example, since WRKY6/42 also suppress Pi

125

xylem loading dependent on PHO1 activity (Chen et al., 2009), while WRKY75 mediates P-

126

starvation induced root architecture remodeling along with another stress-responsive

127

TRANSCRIPTION FACTOR, the Zinc Finger ZAT6 (Devaiah et al., 2007a; Devaiah et al.,

128

2007b; Shi et al., 2014a). Conversely, while not transcriptionally regulated by Pi deficiency

129

per se, PHR1 transcripts are modulated by an intricate cross-talk involving light and ethylene

130

signaling (Liu et al., 2017). Cross-talk with light signaling was further observed in shoot

131

responses to hypoxia, which are dependent on post-translational PHR1 targeting via a

132

putative chloroplast retrograde signal (Klecker et al., 2014). Further, PHR1 and its

133

homologue PHL1 (PHR1-like) are emerging as integrators of plant mineral nutrition, as

134

during P deficiency genes involved in iron, zinc and sulfate transport and homeostasis are

135

affected in single phr1 or double phr1 phl1 mutants (Rouached et al., 2011a; Bournier et al.,

136

2013; Briat et al., 2015). Lastly, PHL1 interaction with the MEDIATOR SUBUNIT 25

137

(MED25), an integrator of stress and developmental responses, is required for salt stress

138

tolerance in Arabidopsis (Elfving et al., 2011).

139

Interestingly, the SMALL UBIQUITIN MODIFIER (SUMO) E3 ligase SIZ1, involved in

140

post-translational regulation of PHR1 to fine-tune Pi homeostasis (Miura et al., 2005), is
103

141

another integrator of multiple stress and developmental responses in Arabidopsis. Similar

142

to ubiquitin, attachment of SUMO peptides to protein targets alters their activity. Yet,

143

SUMOylation rarely drives proteasomal degradation of targets, instead affecting their

144

localization or interaction abilities (Rojas-Triana et al., 2013). Additional targets of SIZ1

145

SUMOylation include the transcription factors MYB30 and ABA-INSENSITIVE5 (ABI5),

146

attenuating ABA signaling (Miura et al., 2009; Zheng et al., 2012); the transcription factors

147

FLOWERING LOCUS C and D (FLC and FLD), suppressing flowering time (Jin et al., 2008;

148

Son et al., 2014); the immune receptor SUPPRESSOR OF npr1-1, CONSTITUTIVE1

149

(SNC1), suppressing innate immunity (Gou et al., 2017); the nitrate reductases NIA1 and

150

NIA2, enhancing nitrogen assimilation (Park et al., 2011); and the protein kinase SnRK1,

151

preventing hyper-activation of stress responses (Crozet et al., 2016). The wealth of SIZ1

152

effects points toward SUMOylation as a rapid and global mechanism to reversibly

153

manipulate plant chromosomal functions, especially in response to environmental stress

154

(Miller et al., 2010). Plus, it flags for the involvement of post-translational modifications in

155

directing transcription, to regulate the cross-talk among multiple plant responses. With this

156

respect, ubiquitin modification is another important factor driving transcriptional

157

reprogramming in plant cells. While the ubiquitin proteasome system (UPS) is typically

158

associated with target proteolysis, either via the 26S proteasome or the endocytic/vacuolar

159

sorting pathway, it may also target histones, hence directly affecting transcription via

160

chromatin remodeling (Nelissen et al., 2007; Vierstra, 2009). In this regard, some chromatin

161

marks are typically associated with transcriptional activation, including histone acetylation,

162

monoubiquitination of histone H2B (H2Bub), and trimethylation of histone H3 on lysine 4

163

and/or lysine 36 (H3K4me3, H3K36me3); while others mark transcriptional repression,

164

including histone deacetylation and di-/tri-methylation of histone H3 on lysine 9 and/or lysine

165

27 (H3K9me2, H3K27me2, H3K27me3) (Nelissen et al., 2007).

166

Here HISTONE MONOUBIQUITINATION 1 (At-HUB1) is identified as an interacting

167

partner of At-SPX4. HUB1, and its homologue HUB2, are the plant orthologues of the yeast

168

BREFELDIN A-SENSITIVITY PROTEIN 1 (BRE1) (Hwang et al., 2003) and the human

169

RING FINGER PROTEINS 20 and 40 (RNF20/RNF40 complex) (Kim et al., 2005). All of

170

them are E3 ubiquitin ligases sharing a conserved Ring Finger domain, with rather atypical

171

involvement in transcriptional activation, primarily via H2Bub (Hwang et al., 2003; Kim et al.,

172

2005; Fleury et al., 2007; Cao et al., 2008). Additional effects include histone trimethylation,

173

and recruitment of the Mediator and the ‘Facilitates Chromatin Transcription’ (FACT)

174

complexes to further propagate transcription (Kao et al., 2004; Dhawan et al., 2009; Lolas
104

175

et al., 2010; Yao et al., 2015). In Arabidopsis, HUB1 is a pleiotropic regulator of plant

176

developmental and environmental responses, and is not functionally redundant with HUB2

177

(Liu et al., 2007; Cao et al., 2008; Zou et al., 2014). Loss of HUB1 function affects cell cycle

178

(Fleury et al., 2007; Liu et al., 2007), light/circadian clock signaling (Bourbousse et al., 2012;

179

Himanen et al., 2012b), flowering transition (Cao et al., 2008) and defense (Dhawan et al.,

180

2009; Zou et al., 2014). These in turn impact several plant fitness parameters, such as root

181

and shoot growth, seed vigor, photosynthetic capacity, flowering time and seed set (Fleury

182

et al., 2007; Himanen et al., 2012a). In the present work we show that, in addition, hub1

183

plants have reduced capacity to allocate Pi to shoots, resulting in lower intracellular Pi

184

accumulation through rosette development. The transcriptome of hub1 mutants, grown

185

under different Pi supplies was analyzed. The analyses revealed that the histone modifier is

186

required for modulation of Pi homeostasis, and that interaction with the P sensor SPX4

187

confers P-specificity to the regulatory control of HUB1-dependent chromatin remodeling

188

machinery. When Pi is replete, SPX4 exerts a repressive role on a subset of PSR regulated

189

by HUB1, preventing its ectopic activation, while the SPX4-HUB1 interaction is required for

190

full activation of PSR when Pi is limiting, with partial overlap with transcriptional

191

reprogramming mediated by PHR1. It is propose that a transcriptional regulatory complex,

192

involving SPX4-HUB1-TF is required to maintain Pi homeostasis in shoots and integrate

193

multiple internal and external signals, connecting the shoot cellular P-status to regulation of

194

development.
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195
196

Results
SPX4 Interacts with HISTONE MONOUBIQUITINATION 1 (HUB1)

197

Using the STRING v10.5 database we listed the At-SPX4 protein-protein interaction

198

predictions displaying the highest confidence scores based on experimental evidence

199

(Figure 4.1). The output comprised four putative interacting proteins, detected via Yeast

200

Two-Hybrid System (Y2H) in a high-throughput binary interactome mapping of Arabidopsis

201

proteins (Arabidopsis Interactome Mapping Consortium, 2012). The candidates included

202

two basic helix-loop-helix transcription factors (transcription factors), bHLH7 (At1g03040)

203

and bHLH59/UNE12 (At4g02590), one protein of unknown function (At1g20770), and the

204

RING E3 ubiquitin-ligase HUB1 (At2g44950). These results are in line with the over-

205

representation of transcription factors classes among genes affected in spx4 knock-out

206

(Manuscripts 1 and 2), indicating that At-SPX4 is involved in some sort of transcriptional

207

regulatory complex, aside from going through Pi-dependent post-translational regulation (Lv

208

et al., 2014; Osorio et al., 2018a).

209

The involvement of HUB1 in Pi homeostasis and its interaction with SPX4 was explored

210

because HUB1 is a key component of plant fitness (Himanen et al., 2012a), involved in a

211

range of plant development and stress responses (Fleury et al., 2007; Liu et al., 2007; Cao

212

et al., 2008; Dhawan et al., 2009; van Lijsebettens and Crasser, 2010; Lolas et al., 2010;

213

Bourbousse et al., 2012; Himanen et al., 2012b). Moreover, as an E3 ubiquitin-ligase HUB1

214

could also potentially mediate SPX4 Pi-dependent protein turnover, since ubiquitin-

215

dependent proteolysis is a function more typically associated with E3 ubiquitin-ligases

216

(Vierstra, 2009). The interaction between At-HUB1 and At-SPX4 was confirmed using yeast

217

two-hybrid assay. Yeast growth on quadruple drop out (QDO) medium was fully restored in

218

the presence of pGBKT7-At-HUB1 (bait construct) in combination with pGAD-RecAt-SPX4

219

(prey) (Figure 4.2). Conversely, when the interaction between pGBKT7-At-HUB1 and the

220

rice orthologue (Os-SPX4) was tested, only residual yeast growth was observed on the QDO

221

medium (Figure 4.2). Thus, it was concluded that At-HUB1 has higher interaction specificity

222

for At-SPX4 than for Os-SPX4. Conversely, weaker interaction between At-HUB1 and Os-

223

SPX4 is likely due to 56% amino acid identity (not shown) shared by the Arabidopsis and

224

the rice proteins.

225
226

Mutants Lacking HUB1 Function Have Lower Capacity to Allocate Phosphate
to Shoots
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227

The role of HUB1, if any, in organ Pi allocation profile was tested. Functional

228

characterization was carried out using two HUB1 mutant alleles, hub1-3 and hub1-5 (Figure

229

S4.1). The expected T-DNA insertion sites at exon 6 for hub1-3 (Fleury et al., 2007; Liu et

230

al., 2007) and intron 15 for hub1-5 (Liu et al., 2007; Cao et al., 2008), were confirmed using

231

a combination of primers annealing on the T-DNA left borders and on the genomic regions

232

surrounding their predicted insertion sites, followed by amplification and sequencing of PCR

233

products (Supplemental Table 1). Disruption of HUB1 full-length transcript in each line was

234

confirmed via PCR (not shown). Using qRT-PCR, it was found that hub1-3 insertion led to

235

overexpression of spurious HUB1 transcripts, as shown by Liu et al., (2007), while spurious

236

transcript knock-down was detected for the hub1-5 allele (Figure S4.1 C). When grown in

237

nutrient replete soil under short day conditions, both lines displayed the distinct hub1 shoot

238

phenotype, i.e., reduced shoot size, pale green laminas with irregular leaf blade and lower

239

chlorophyll content (Fleury et al., 2007; Liu et al., 2007), and early flowering (Cao et al.,

240

2008). In the growth conditions of the experiment the transition to reproductive stage

241

occurred six weeks after germination (Figure S4.1 B).

242

The hub1 alleles were grown in agar plates under varying Pi supplies (see Materials

243

and Methods for details), side by side with two spx4 alleles, spx4-1 and spx4-2, and with

244

their respective wild type backgrounds. Under continuous Pi supply (‘P-replete’), wild type

245

seedlings had fully-replete root and shoot Pi pools (Figure 4.3 A and B) for optimal plant

246

growth. Conversely, five days of Pi withdrawal (‘P-limited’) was enough to deplete those

247

pools, and while not having an effect on root biomass (Figure 4.3 C), it led to 50% reduction

248

in Col-0 shoot growth (Figure 4.3 D). Then, 24h after Pi supply was restored to P-limited

249

seedlings (‘Pi re-supplied’), wild type roots accumulated almost two-fold more Pi than under

250

continuous P supply (Figure 4.3 A), while shoot Pi pools were fully replete within this time

251

frame (Figure 4.3 B). As shown previously (Osorio et al., 2018b), disrupting SPX4 generally

252

increased Pi accumulation in shoots (Figure 4.3 B), irrespective of Pi status, as these

253

mutants are partially defective in sensing their internal Pi pools in this organ. Yet the higher

254

Pi accumulation did not benefit shoot yield, as spx4 had lower shoot biomass than wild type

255

under optimal nutrient supply (Figure 4.3 D). In our plate setup, disrupting HUB1 function

256

led to similar reduction in shoot biomass under optimal Pi supply (‘P-replete’), where hub1-

257

3 and hub1-5 biomass was respectively, 80% and 86% of Col-0 (Figure 4.3 D). Yet, contrary

258

to spx4, hub1 shoot Pi pools were slightly lower than Col-0 across all treatments, with

259

significant reduction only seen in hub1-5 ‘P-replete’ shoots (Figure 4.3 B). The mild effect

260

on hub1 Pi accumulation, relative to biomass, supports the hypothesis that plants start to
107

261

economize on Pi, by reducing shoot growth, well before the leaf vacuolar storage Pi pool is

262

depleted (Rouached et al., 2011b; Veneklaas et al., 2012).

263

Because hub1 pleiotropic defects are more visible later in development (Figure S4.1

264

B), and since significant alterations in Pi accumulation and shoot biomass of hub1 and spx4

265

young seedlings were seen in the ‘P-replete’ condition (Figure 4.3), these effects were

266

further examined in hub1-3 and hub1-5 mature plants, grown for seven weeks in nutrient

267

replete soil. Leaves at three distinct developmental stages were sampled, however, due to

268

hub1 severe cell cycle impairment (Fleury et al., 2007), they were not clearly distinguishable

269

in this background (Figure S4.1 B). Indeed, stronger defects in shoot Pi allocation were

270

found among hub1 mature plants than in young seedlings. Less Pi allocated to hub1-3 and

271

hub1-5 shoots (Figure 4.4 B) led to significantly reduced Pi content (µmol Pi per leaf) of their

272

young and expanded leaves (Figure 4.4 C). This was accompanied by drastic yield reduction

273

of hub1 expanded leaves, which was, on average, 32% lower than Col-0 (Figure 4.4 A).

274

Curiously, unlike hub1-5, the senescing leaves of hub1-3 did not follow the general trend in

275

biomass reduction, being instead larger than Col-0 (Figure 4.4 A). This divergence likely

276

reflects distinct leaf maturation rates between the mutant alleles, with hub1-5 perhaps

277

showing more competence to senesce than hub1-3. In this setup, results with the spx4

278

alleles were once again contrasting to hub1 in terms of Pi allocation, since loss of SPX4

279

function led to Pi over-accumulation across leaf development, and impaired Pi remobilization

280

between mature and young leaves (Figure 4.4 B, Osorio et al., 2018b), which was unaffected

281

in hub1. Our results indicate that reduced shoot growth in hub1 plants is accompanied by

282

reduced capacity to allocate or store Pi pools in this organ.

283

HUB1 Disruption Impacts P-Responsive Gene Expression

284

To explore this link further the transcriptomes of those seedlings were determined to

285

compare the total number of differentially expressed genes (DEGs) in the mutants, relative

286

to Col-0, under each condition. This analysis was carried out using the hub1-5 allele, in

287

parallel with spx4-1 and phr1-2 data shown previously (Osorio et al., 2018a). Overall, hub1-

288

5 showed broader transcriptome effects than spx4-1, irrespective of organ or Pi supply

289

(Figure 4.5). This is in line with HUB1 being a pleiotropic transcriptional regulator of plant

290

responses to developmental and environmental cues (Fleury et al., 2007; Liu et al., 2007;

291

Cao et al., 2008; Dhawan et al., 2009; van Lijsebettens and Crasser, 2010; Lolas et al.,

292

2010; Bourbousse et al., 2012; Himanen et al., 2012b), while SPX4 seems play specific role

293

in regulating the rate of P metabolism in shoots (Manuscripts 1 and 2). Yet, a P-dependent
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294

component was observed in hub1 transcriptome, since the total number of DEGs in hub1

295

roots and shoots varied according to the P supply, some comprising genes normally

296

responsive to P limitation in Col-0 that were de-regulated in the mutant (Figure 4.5,

297

Supplemental Table 2 and Supplemental Data Set 1). In hub1-5 roots, mild ectopic de-

298

regulation of PSR was restricted to P-replete tissue, whereas strong PSR effect was found

299

in hub1-5 P-replete and P-limited shoots, similar to spx4-1. De-repression of 64 and 82 P-

300

starvation induced (PSI) genes was found in hub1-5 and spx4-1 P-replete shoots,

301

comprising respectively, 34% and 73% of the total DEGs increased in hub1-5 and spx4-1 in

302

this condition. Conversely, 68 (25%) and 26 (62%) PSI were instead suppressed in hub1-5

303

and spx4-1 P-limited shoots (Figure 4.5). In addition, hub1-5 but not spx4-1 had limited effect

304

on P-starvation suppressed (PSS) responses, with 18 (13%) genes being constitutively

305

suppressed in hub1-5 P-replete shoots and 23 (25%) being instead induced when Pi was

306

limiting. Overall the hub1 effects shown are distinct to phr1-2, where de-regulation of PSR

307

is predominant in P-limited organs, with milder effects during Pi re-supply (Figure 4.5). The

308

similar effects of disrupting HUB1 or SPX4 function on shoot PSR gene expression indicates

309

their functional co-operation in select P-dependent regulatory networks. On the other hand,

310

limited hub1-exclusive effects found in both roots and shoots, indicates that the histone

311

modifier might also be involved in additional networks during Pi homeostasis.

312

To explore the P-dependent component under HUB1 regulatory control in more depth,

313

differential gene expression (log2-fold ratios) between the P-replete and P-limited shoots

314

was compared, where the main effects on PSR de-regulation were observed in hub1-5

315

(Figure 4.5). Data from spx4-1, was added for comparison. According to this criteria, a total

316

of 570 genes were found to be differentially expressed in hub1-5 low P vs CP comparison,

317

versus 763 in spx4-1 (Supplemental Table 3, Supplemental Data Set 2). When analyzing

318

the profile of DEGs in the shift from P-replete to P-limited condition (lowP vs CP), it was

319

found that similar to SPX4, HUB1 disruption led to an overall attenuation of Col-0 PSR

320

responses, while responses that were either intensified or constitutively expressed in the

321

mutants were minor (Figure S4.2). As in spx4, attenuation of Col-0 PSI response was by far

322

the largest effect of HUB1 knock-out (57%), attesting its importance for full activation of PSR

323

(Figure S4.2).

324

Dissection of PSR Requiring HUB1 Function

325

Gene Ontology enrichment on the different sets of DEGs affected in hub1-5 in lowP vs

326

CP was performed. The gene set increased in transcript abundance by P-limitation
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327

comprised mostly PSI genes in Col-0 which were unresponsive in hub1-5, and generally

328

similar effect in spx4-1 (Figure 4.6 A). This set was extensively enriched in terms related to

329

transcription and meristem development, together encompassing about 75% of the total

330

enrichment hits (Figure 4.6 A). This was an expected effect, given that a large proportion of

331

known targets requiring H2Bub via HUB1 are transcription factors, many of which involved

332

in shoot developmental processes (Cao et al., 2008; Lolas et al., 2010; Bourbousse et al.,

333

2012; Himanen et al., 2012b). HUB1 dependent effect on PSI response linked to meristem

334

development likely reflects direct crosstalk to balance shoot P utilization and growth.

335

The remainder 25% Ge Ontology hits in the gene set increased in transcript abundance

336

comprised genes involved in ion/amino acid transport (Figure 4.6 B). Effect in ion transport

337

included PHO1, which in shoots regulates Pi efflux (Stefanovic et al., 2011), HAK5, a high

338

affinity K transporter, NIP5;1 involved in boron and arsenate transport, and ZIP12, a zinc

339

transporter precursor, among others (Figure 4.6 C). With this respect, the GLUTAMINE

340

DUMPERS (GDU) family, which seem to be involved in non-selective amino acid export in

341

different tissues, cell types and developmental stages (Pratelli et al., 2010), is apparently

342

under tight HUB1 regulatory control, since five out of the seven Arabidopsis members were

343

less responsive in hub1-5 (Figure 4.6 C).

344

Conversely, among the set suppressed by P limitation, about 75% of GO term

345

enrichment hits were related to defense signaling (Figure 4.6 E). Most of the hits comprised

346

PSS genes in Col-0 which were less responsive in hub1-5, and about half of those showed

347

similar effect in spx4-1 (Figure 4.6 D). Yet, about a third of the hits, including many defense-

348

related genes, were only PSS in hub1-5 but not in Col-0 or spx4-1 (Figure 4.6 D), further

349

indicating that the histone modifier affects additional networks during Pi homeostasis. The

350

connection of HUB1 to defense signaling was also expected, since hub1 showed increased

351

susceptibility to necrotrophic pathogens. This response involves SA and ET signaling, and

352

requires direct interaction between HUB1 and the mediator subunit MED21 (Dhawan et al.,

353

2009). Plus, HUB1-dependent H2Bub is also required for expression of the R genes

354

RESISTANCE TO PERONOSPORA PARASITICA4 (RPP4) and SNC1 during innate

355

immunity (Zou et al., 2014). Curiously, SNC1 is also post-translationally regulated by SIZ1

356

activity (Gou et al., 2017).

357

On the other hand, almost a quarter of the HUB1-dependent hits on PSS, comprised

358

genes involved in cellular response to iron starvation (Figures 4.6 E and 4.6 F). With this

359

respect, all four Ib subgroup bHLH transcription factors controlling iron homeostasis

360

(bHLH38, bHLH39, bHLH100 and bHLH10) were less suppressed in hub1-5. Interestingly,
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361

epigenetic regulation of these four factors, involving SHK1 BINDING PROTEIN 1

362

(SKB1/ATPRMT5) driven symmetric dimethylation of histone H4R3 (H4R3sme2), works as

363

a proxy for plant iron status (Fan et al., 2014). Since there is tight interplay between Pi and

364

Fe homeostasis, at least as extensively studied in roots (Abel, 2017), HUB1 might be an

365

additional factor connecting both nutrient responses via those bHLH targets.

366

SPX4 Confers P-Specificity to Transcriptional Control of PSR Involving HUB1

367

In order to explore the possible co-regulation of Pi homeostasis by HUB1 and SPX4,

368

the percentage overlap among PSR mutually affected in hub1-5 and spx4-1 P-replete and

369

P-limited shoots was assessed. Among the 64 and 82 PSI genes that were de-repressed in

370

hub1-5 and spx4-1 P-replete shoots, respectively (Figure 4.5 and Supplemental Table 2),

371

26 genes were affected in both backgrounds, comprising about 40% of the HUB1-dependent

372

set. Among this set, constitutive PSR induction was generally stronger in spx4-1, and many

373

of these targets were in turn less responsive to P limitation in the mutants (Figure S4.3). Of

374

note, Knotted1-like homeobox (KNOX) transcription factors KNOTTED-LIKE GENE FROM

375

ARABIDOPSIS THALIANA 1 (KNAT1) and SHOOT MERISTEMLESS (STM), two central

376

regulators of meristem maintenance, were among the targets. Generally, their expression is

377

restricted to the shoot apical meristem, where they are required to maintain stem cell

378

function (Hay and Tsiantis, 2010; Scofield et al., 2014; Scofield et al., 2018). In turn,

379

suppression of KNOX factors in distal parts of the leaf, involving chromatin remodeling and

380

co-repressor transcription factors, is required to promote leaf differentiation and maturation

381

(Guo et al., 2008; Hay and Tsiantis, 2010).

382

Conversely, among the 68 and 26 PSI genes that were suppressed in hub1-5 and

383

spx4-1 P-limited shoots, respectively (Figure 4.5 and Supplemental Table 2), only 5 genes

384

(7%) were mutually targeted (Figure S4.3). Further, two NAM/ATAF1/2/CUC2 (NAC)

385

transcription factors that were PSS in Col-0 were de-regulated in hub1-5 and spx4-1 shoots:

386

both mutants showed de-repression of ANAC044, of unknown function, when P was replete.

387

In previous analyses (Osorio et al., 2018a) ANAC044 was the only target showing the

388

expected contrasting profile between SPX4 and PHR1 (Figure S4.3), thus its involvement

389

on SPX4 regulatory network is worth further investigation. In turn, ANAC046, a positive

390

regulator of chlorophyll degradation and senescence (Oda-Yamamizo et al., 2016), was

391

instead induced by P limitation in all three mutants, while being constitutively suppressed

392

in spx4-1 and phr1-2 P-replete leaves, and constitutively induced in hub1-5 (Figure S4.3).

393

The overall effects found indicate that HUB1 involvement in Pi homeostasis is largely

394

connected to the repressive role of SPX4 on PSR when cellular Pi is abundant.
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395

Further, the overlap percentage among targets affected in the shift from P-replete to

396

P-limited conditions (lowP vs CP) was assessed. In this comparison, targets mutually

397

affected in both hub1-5 and spx4-1 shoots comprised 62% of the total HUB1-dependent set

398

(Figure S4.4). A significant share of these (36%) were also affected in phr1, indicating that

399

co-activation of PSR by SPX4 and HUB1 predominantly targets PHR1-dependent

400

responses (Figure 4.7, Figure S4.4). On the other hand, only a small set of PHR1-dependent

401

genes (68 genes) affected in hub1-5 was not dependent on SPX4 (12%), further indicating

402

that the sensor plays important role in conferring P-specificity to HUB1-dependent regulation

403

of PSR (Figure S4.4). GOTerm enrichment on the P-responsive transcriptome affected in

404

both hub1-5 and spx4-1 (Figure 4.7) indicates that SPX4 function is required for most of the

405

PSI processes involving HUB1 (Figure 4.6), with only minor effect on HUB1-dependent PSS

406

(Figure 4.6).

407

Once again, the largest effect was on regulation of transcription, encompassing about

408

42% of GOTerm hits. Many of the transcription factors affected involve shoot development

409

(Figure 4.7), which in previous analyses has emerged as a biological process highly linked

410

to SPX4 function (Osorio et al., 2018a; 2018b), while HUB1 involvement was studied

411

previously (Fleury et al., 2007; Cao et al., 2008; Lolas et al., 2010; Bourbousse et al., 2012;

412

Himanen et al., 2012b). In the lowP vs CP comparison, the mutants failed to induce the

413

KNOX factors STM and KNOT1, which, as discussed previously, were already pre-induced

414

in their P-replete leaves (Figure S 4.3). Further, five additional Homeobox factors (BLH8,

415

HB51, HB-3, KNAT2 and KNAT6), the antagonistic Zinc-finger Homeodomain factors MIF1

416

and HB33, three MADS box factors (AGL8, AGL25/FLC and AGL38), and the Growth-

417

Regulating Factors (GRF5 and GRF6), were PSI in Col-0 (lowP vs CP) but not in the mutants

418

(Figure 4.7, Supplemental Data Set 2).

419

In turn, many of those homeotic factors are tightly regulated by hormone signaling,

420

which integrates multiple developmental and stress responses (Figure 4.7). For instance,

421

KNOX factors are known to positively regulate cytokinin and suppress gibberellin signaling,

422

in order to maintain stem cell pluripotency in the apical meristem. In turn, maturation and

423

differentiation in other leaf parts requires suppression of KNOX factors by auxin signaling

424

(Scofield et al., 2014; Zhao et al., 2015). Additionally, MIF1 seems to integrate complex

425

gibberellin, ABA, cytokinin and brassinosteroid signals toward shoot development (Hu and

426

Ma, 2006). The AP2-EREBP TRANSCRIPTION FACTOR ORA59, which integrates JA/ET

427

signaling (Pre et al., 2008) was also mutually affected. Plus, Pi-dependent induction of

428

transcription factors involved in sucrose-induced anthocyanin accumulation (Lloyd and

429

Zakhleniuk, 2004; Solfanelli et al., 2006) was also attenuated, affecting expression of the
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430

bHLH factor TRANSPARENT TESTA 8 (TT8), and the MYB factors PRODUCTION OF

431

ANTHOCYANIN PIGMENT 1 and 2 (PAP1/MYB75 and PAP2/MYB90). Also on this node

432

was BT2, a BTB/TAZ domain protein. BT2 transcripts were not Pi-responsive in Col-0 but

433

suppressed in hub1-5 and spx4-1. While not a TRANSCRIPTION FACTOR itself, BT2 is

434

directly regulated by the C2H2 TRANSCRIPTION FACTOR TELOMERASE ACTIVATOR1

435

(TAC1) in response to a range of environmental signals, including light, hormones, nutrients

436

and certain stresses (Ren et al., 2007; Mandadi et al., 2009). More recently BT2 was placed

437

as a central negative regulator of nitrate uptake and nitrogen-use efficiency in Arabidopsis

438

and rice, thus a good example of integration of environmental and developmental signals to

439

regulate plant productivity (Araus et al., 2016).

440

Lastly, genes likely involved in regulating Pi transport and remobilization in shoots were

441

also less responsive in the mutants (Figure 4.7). These included many ion and amino acid

442

transporters discussed above, such as GDU members, the Pi-exporter PHO1 (Stefanovic et

443

al., 2011) and the boron acid channel NIP5;1 (Miwa et al., 2010), as well as the SPX4

444

homologue SPX3, a PSI gene which seems to exert negative feedback regulation over

445

PHR1-dependent PSR (Duan et al., 2008). Regulators of iron homeostasis were also

446

affected, such as bHLH39 and bHLH101, respectively involved in iron uptake and

447

remobilization (Yuan et al., 2008; Sivitz et al., 2012), and the MATE efflux transporter BUSH-

448

AND-CHLOROTIC-DWARF1 (BCD1/ZF14), involved in reallocating excess iron from stress-

449

induced cellular damage (Seo et al., 2012). Yet, how exactly those processes are linked to

450

HUB1 regulation requires further investigation.

451

HUB1 Influences SPX4 Protein Turnover and Localization across the Rosette

452

Finally, as showed previously that SPX4 is a short-lived protein with P-dependent

453

stability, the effect of disrupting HUB1 gene function on SPX4 turnover was tested. In order

454

to do this, a cross between hub1-5 and the SPX4pro:SPX4-LUC reporter line, where native

455

At-SPX4 was translationally fused to luciferase (Osorio et al., 2018a), was produced. In vivo

456

SPX4 protein kinetics under varying Pi supplies, comparing the hub1-5 x SPX4-LUC cross

457

to the original SPX4pro:SPX4-LUC reporter (where HUB1 is functional) was characterized.

458

Disrupting HUB1 function did not prevent P-dependent SPX4 protein degradation, as LUC

459

activity after 4 days of Pi deprivation (–Pi) was reduced in about 73% in both SPX4pro:SPX4-

460

LUC and hub1-5 x SPX4-LUC lines (Figures 4.8 A and 4.8 B). This is consistent with

461

previous knowledge that HUB1 is an atypical E3 ligase, and is not directly involved in

462

proteasomal degradation. Yet, consistently more LUC protein was detected in hub1-5 x
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463

SPX4-LUC than in the control irrespective of P supply, which was significantly higher (p <

464

0.05, Fisher LSD) when Pi was present in the medium (Figure 4.8 B), while hub1-5 did not

465

affect SPX4 transcript abundance (Figure S4.5).

466

Moreover, when seedlings were treated via their roots with cycloheximide (CHX), an

467

inhibitor of de novo protein synthesis, LUC activity in shoots was higher relative to DMSO-

468

treated seedlings, following a drop in Pi supply (1d –P). This indicated that de novo protein

469

synthesis is required to trigger SPX4 degradation (Figure 4. 8 C and Osorio et al., 2018a).

470

In turn, at this time-point LUC activity increased even further in hub1-5 x SPX4-LUC (Figure

471

4.8 C), indicating that HUB1 is required for full induction of the molecular machinery

472

mediating SPX4 degradation. Yet, it was also evident that, as seedlings developed, hub1-5

473

disruption impacted the localization of SPX4 across the rosette. In our SPX4pro:SPX4-LUC

474

reporter, SPX4 is typically very abundant in the shoot apex through development, also being

475

found in the petiole and midrib when plants mature (Figure S4.6). Disrupting HUB1 led SPX4

476

to show a more dispersed pattern (Figure S4.6). While more work is required to better

477

understand this effect, one possibility would be that association with the HUB1 regulatory

478

complex would limit SPX4 to the sink region, where it is required to sense the rate of P

479

metabolism and regulate shoot development via interaction with KNOX factors. In the

480

absence of HUB1, SPX4 alone would ‘leak’ through the vasculature, impairing overall shoot

481

Pi sensing and affecting cell differentiation and growth. In this case, the HUB1-dependent

482

effects on SPX4 turnover (Figure 4.8) could then represent a feedback loop to cope with

483

unrestricted SPX4 expression (Figure S4.6).

484

Discussion

485

While many molecular mechanisms involved in regulation of Pi homeostasis have been

486

identified to date, they mostly comprise root responses governing Pi acquisition and

487

transport, while shoot mechanisms responding to systemic changes in cellular Pi status are

488

largely unexplored. Plus, our knowledge on the integration between Pi signaling and

489

responses to other stresses and developmental cues is still limited. In this work, HUB1, an

490

E3 Ring Finger ligase that catalyses H2B monoubiquitination, was identified as an SPX4-

491

interacting protein required for regulation of P metabolism in shoots. Information on

492

epigenetic and chromatin remodeling factors involved in plant response to nutrient limitation

493

is also restricted, yet recent advances in (epi-) genomics tools and technologies indicate
114

494

that these additional layers of regulation largely affect nutrient homeostasis, as well as other

495

plant responses to a changing environment (Secco et al., 2017).

496

To our knowledge, this is the first report of the involvement of H2Bub, a chromatin mark

497

typically associated with actively transcribed regions, in the regulation of plant Pi-Starvation

498

Responses. However, in the yeast model, expression of the acid phosphatase PHO5, which

499

is induced in response to low Pi by the transcription factors PHO2 and PHO4 (Ogawa et al.,

500

2000), is in fact dependent on chromatic remodeling (Steger et al., 2003), including H2Bub

501

(Kao et al., 2004). Thus, it would not be surprising to find that such regulatory machinery is

502

conserved across eukaryotes, despite differences in Pi sensing mechanisms between yeast

503

and plants. More recently, it was shown that ipk1, a mutant with reduced levels of inositol

504

hexakisphosphate (IP6), which is a key molecule mediating Pi sensing in plants (Wild et al.,

505

2016), showed constitutive induction of as subset of PSR and severely reduced shoot

506

growth (Kuo et al., 2014). PSR accumulation when Pi was abundant was correlated with

507

reduction of histone H2A.Z in chromatin, providing an example of involvement of histone

508

modification in regulating PSR transcription.

509

Our transcriptome analyses indicated that effects in hub1 shoots are largely connected

510

to SPX4 function as repressor of PSR when cellular P is abundant (Figure 4.5). As in spx4,

511

de-repression of a subset of PSI genes was seen in hub1 P-replete shoots, with about 40%

512

target overlap. Yet, among the common set, the effect was stronger in spx4 (Figure S4.3),

513

indicating that the sensor is acting upstream of HUB1 in this network. Thus, is likely that

514

when P is replete, SPX4 being present in both cytoplasm and nucleus, functions to repress

515

transcriptional activation or elongation of targets dependent on HUB1 (Figure 4.5 and Figure

516

S4.3). Conversely, under P limitation, cytoplasmic SPX4 fraction undergoes degradation,

517

yet its remaining nuclear fraction acts as a co-activator of HUB1 chromatin remodeling

518

complex, allowing full induction of a fraction of PSR, 60% of which was also dependent on

519

PHR1 function (Figure 4.7 and Figure S4.3). Yet, extra HUB1-dependent molecular effects

520

on PSR were observed. For instance, about 60% of the targets de-repressed in hub1-5 P-

521

replete shoots is unaffected in spx4-1 (Supplemental Data Set 1). Plus, hub1-5 but not spx4-

522

1 had significant effect over the PSS data set, including suppression of wild type defense

523

signaling in P-limited vs P-replete shoots (Figure 4.6). Thus, it is possible that HUB1 is

524

involved in additional networks during Pi homeostasis, for instance via interaction with other

525

SPX proteins. This would also justify the contrasting effects on shoot Pi accumulation

526

observed between HUB1 and SPX4 mutants (Figures 4.3 and 4.4).

527

It is remarkable that targets mutually de-regulated in hub1-5 and spx4-1 shoots include
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528

many Pi-inducible homeotic factors (Figure 4.7 and Figure S4.3). Under P-replete

529

conditions, the KNOX factors STM and KNAT1 were de-repressed in the mutants, while

530

these and many others including KNAT2/6 and additional homeobox, MADS box and GRF

531

factors were not fully induced when Pi was low (Figure 4.7). There is plenty of evidence that

532

KNOX factors are involved in maintenance of cell pluripotency in the shoot apical meristem

533

(SAM), where their expression is normally abundant. This is stimulated via multiple signaling

534

cascades, involving antagonistic cytokinin and gibberellin signals and independently via

535

STM regulatory effect on KNAT1/2 (Scofield et al., 2014). Conversely, tissue differentiation

536

and maturation requires stable silencing of these factors in flanking leaf regions, which is

537

mediated by auxin signaling and co-repressor transcription factors ASYMMETRIC

538

LEAVES1 and 2 (AS1 and AS2) via recruitment of Polycomb-repressive complex2 (PRC2)

539

to catalyze H3K27me37 (Lodha et al., 2013). GRF factors were also shown to antagonize

540

KNOX factors in both monocots and dicots, with Os-GRF3/4/5 silencing leading to dwarfism

541

and ectopic expression of Os-kn2, the rice orthologue of KNAT2 (Kuijt et al., 2014). Given

542

the expression pattern of our SPX4-LUC reporter, indicating that SPX4 is mostly abundant

543

in the SAM and petioles, but not across the leaf blade in adult leaves (Figure S4.6), one

544

hypothesis would be that SPX4-driven sensing of P metabolism in the sink would directly

545

affect those signaling cascades, in order to regulate growth. Disrupting HUB1 function not

546

only affected the rate of SPX4 protein turnover (Figure 4.8), but also led to ectopic

547

expression of SPX4 across the rosette (Figure S4.6), further supporting this hypothesis.

548

Plus, it could be another link to hub1 growth defects. In turn, induction of those homeotic

549

factors under Pi limitation, which according to our data is also influenced by the SPX4-HUB1

550

complex (Figure 4.7 and Figure S4.3), might be an early signal to slow down determinate

551

leaf growth in order to conserve P.

552

Conclusion

553

The histone modifier HUB1, typically associated with transcriptionally active chromatin

554

via mono-ubiquitination of histone H2B, is involved in transcriptional regulation of Pi

555

homeostasis in shoots, via interaction with SPX4 and accessory transcription factors. The

556

regulatory modules formed by SPX4-HUB1-TF interaction likely function as complexes that

557

integrates multiple signals, connecting the shoot cellular P-status to regulation of

558

development. Unlike histone methylation, H2Bub is a transient process (Nelissen et al.,

559

2007), hence along with SUMOylation, H2Bub could be an effective mechanism to globally
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560

and reversibly manipulate transcription, especially in response to environmental stress

561

(Miller et al., 2010).

562

Materials and Methods

563

Search for Predicted SPX4 Interactors

564

We searched for putative SPX4 interactors on STRING v9.1 (Franceschini et al., 2013),

565

using At-SPX4 sequence as a bait. The search output included results based on

566

experimental evidence. The first shell comprised the 10 best-scoring hits displaying medium

567

to high confidence interaction score (>0.4) with the bait (SPX4), while the second shell

568

comprised 10 best-scoring hits to first-shell proteins (putative SPX4 interactors).

569

Yeast Two-Hybrid Assays

570

Yeast two-hybrid assays were performed using Clontech’s system following the

571

manufacturer’s instructions (Takara Biomedical Technology Beijing Co., Ltd.). Full-length

572

At-HUB1 coding sequence was cloned into the pGBKT7 (bait) vector. Full-length At-SPX4,

573

Os-SPX4 and At-HUB1 were cloned into pGAD-RecT7 (prey) vector. pGBKT7-At-HUB1 was

574

transformed into Y187 yeast cells and pGAD-RecT7 vectors into AH109 cells. The presence

575

of bait and prey vectors was confirmed by yeast growth on double drop-out (DDO) medium

576

(minus Trp and Leu) and protein-protein interactions were assessed on quadruple drop-out

577

(QDO) selective medium (minus Trp, Leu, His and Ade).

578

Plant Material and Growth Conditions

579

Two mutant alleles containing predicted T-DNA insertions in At-HUB1, hub1-3

580

(GABI_276D08) and hub1-5 (SALK_044415) were ordered from NASC. Confirmation of the

581

insertion site and selection of homozygous plants were carried out using gene-specific

582

primers (Supplemental table X), in combination with their respective T-DNA left border

583

primer: o8474, (https://www.gabi-kat.de) or LBa1.3 (http://signal.salk.edu), followed by

584

Sanger sequencing of PCR products. Disruption of HUB1 full-length transcript was

585

confirmed by qRT-PCR. In all experiments, two mutant alleles of its predicted interacting

586

partner, At-SPX4 (spx4-1 / SALK_019826 and spx4-2 / SK40726 were included for

587

comparison. Each mutant line was compared to its parental background, Col-0 (N70000) for

588

hub1-3, hub1-5 and spx4-1, and Col-4 (N933) for spx4-2.The hub1-5 x SPX4-LUC line is
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589

the product of a cross between hub1-5 (SALK_044415) plants with the SPX4pro:SPX4-LUC

590

reporter line. Homozygous F2 lines were selected using specific primers (Supplemental

591

Table 4), detecting both the insertion on HUB1 and the luciferase reporter. Stable F4

592

progenies were used in all physiological experiments.

593

Genotyping, phenotyping and propagation of plant material was done in soil (0.5 L

594

coarse Vermiculite, 0.33 L Perlite, 33 g Nutricote TM controlled release fertilizer, 28 g

595

ammonium nitrate, 25 g water-holding granules, 15 g trace elements, and 7 g garden lime

596

per kg potting mix). Seeds were sown in 63 mm pots, stratified at 4 °C for 48h and grown

597

under short-day conditions (10h / 14 h light-dark cycle, 23°C day / 19°C night, 130 µE m-2 s-

598

1

599

long-day conditions (14h / 10 h light-dark cycle) after seven weeks of growth. Sampling of

600

different leaf types was carried out in soil-grown plants, seven weeks after germination.

light intensity, 55% humidity). For induction of flowering, plants were then transferred to

601

Experiments under varying Pi supplies were carried out in vitro, using a vertical agar

602

plate system. The standard medium consisted of ½ strength MS (Murashige & Skoog, 1962)

603

Basal Salt mixture (M524, Phytotech), 0.05 % (w/v) MES (Sigma-Aldrich), 0.5% (w/v)

604

sucrose (Sigma-Aldrich) and 0.8% (w/v) DifcoTM granulated agar (LOT 6173985). The Pi-

605

deficient medium was made with ½ strength MS Modified Basal Salt mixture (M407,

606

Phytotech), supplemented with 10.3 mM NH4NO3, 9.4 mM KNO3, 0.05 % (w/v) MES

607

(Sigma-Aldrich), 0.5% (w/v) sucrose (Sigma-Aldrich), 0.8% (w/v) DifcoTM granulated agar

608

and 625 µM KCl instead of KH2PO4 to maintain the osmolarity of the standard medium.

609

Residual P from the agar added 5.6 µM total P to this medium.

610

Arabidopsis seeds were surface-sterilized in chlorine gas for 4h, re-suspended in 0.1%

611

(w/v) agarose and stratified at 4 °C for two days, being then sown on 10 × 10 cm square

612

plates sealed with 3M Micropore™ tape. Plates were vertically placed into racks in the

613

growth chamber at 12 h light-dark cycle, 120 µE m-2 s-1 light intensity, 23°C (day) / 19°C

614

(night) and 60% humidity. Seedlings were initially established for 7 days with standard Pi

615

supply (625 µM), being then transferred to plates with either standard (continuous P = CP)

616

or Pi-deficient (-P) medium (T1). Four days later, seedlings were transferred once more to

617

fresh media (T2), including the following treatment combinations: from standard Pi to

618

standard Pi medium (CP), from Pi-deficient to Pi-deficient medium (–P) and from Pi-deficient

619

to standard Pi medium (Pi re-supply, or +P). For the characterization of spx4 mutants, shoots

620

and roots were harvested 24 h after T2. For monitoring of SPX4pro:SPX4-LUC expression,

621

seedlings were harvested immediately before T1 (CP), one day after T1 (1d –P),
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622

immediately before T2 (4d –P), and 1 and 3 and after T2 for the time-course of Pi re-supply

623

(‘+P’).

624
625

Quantification of Intracellular Phosphate Concentration
Twenty volumes of 1% (v/v) acetic acid and two ceramic beads (ø 2.8 mm) were

626

added to frozen plant powder (10–50 mg), which was homogenized for 90s at 30 Hz in

627

tissue disruptor (QIAGEN TissueLyser II). After incubation for 15 min on ice, the

628

homogenization process was repeated once. Cleared supernatants were used to

629

determine organ Pi concentrations via the reduction of a phospho-molybdate complex by

630

ascorbic acid (Ames, 1966), as described in Lapis-Gaza et al. (2014).

631

Luciferase Imaging and Quantification

632

Analysis of SPX4 expression kinetics under varying Pi supplies was performed at

633

selected time points by spraying SPX4pro:SPX4-LUC or hub1-5 x SPX4-LUC with a 2.5 mM

634

potassium luciferin (GoldBio) solution in 0.01% (v/v) Tween20 (Sigma-Aldrich). Sprayed

635

seedlings were kept in the dark for 30 min and luciferase bioluminescence was imaged using

636

the BioRad™ ChemioDoc. Older plants were kept in dark for 120 min and imaged using the

637

NightOwl Imager (Berthold Technologies). Alternatively, 24h prior to luciferin spraying,

638

SPX4pro:SPX4-LUC or hub1-5 x SPX4-LUC seedlings were transferred to fresh ½ MS

639

medium, containing either 0.01% DMSO (control) or 50 μM cycloheximide (CHX) (Sigma-

640

Aldrich). Quantification of luciferase activity was performed in 96-well-plates using the

641

Luciferase Assay System (Promega™). Shoots were harvested at indicated time points and

642

frozen plant powder was processed according to the manufacturer’s instructions. For

643

absolute LUC protein quantification, a serial dilution of QuantiLum® Recombinant

644

Luciferase (Promega™) was used. This was then normalized against the total protein

645

concentration of each extract, which was assessed by SDS-PAGE using a BSA standard of

646

5 µg.

647

Gene Expression Analyses

648

Total RNA isolation and cDNA synthesis for quantitative PCR were performed as

649

described in Linn et al. (2017). Quantitative PCR and threshold cycle (Ct) determination

650

were performed using a fluorescence baseline setting of 0.3 (QuantStudio™ 12K Flex Real-

651

Time PCR System, Applied Biosystems, Scoresby, Australia). HUB1 and SPX4 gene
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652

expression data were normalized against ACT7, UBC9 and UBC21 reference genes

653

(Czechowski et al., 2005) and expressed either relative to normalized Ct values in control

654

samples (2^-∆∆Ct) (Livak and Schmittgen, 2001) or as 40-∆Ct values that correlate with the

655

relative transcript expression of the gene of interest (Bari et al., 2006). The detection limit of

656

the assay was calculated to be a 40-∆Ct value of 23.

657

Libraries for RNA-Seq were prepared from total RNA using a TruSeq stranded mRNA

658

library prep kit according to the manufacturer’s instructions (Illumina) using samples from

659

three independent experiments for each genotype and treatment. Sequencing runs were

660

performed on a HiSeq1500 platform (Illumina) generating 61 bp single-end reads.

661

Quantification of gene expression was performed using the Kallisto (Bray et al., 2016) and

662

Sleuth (Pimentel et al., 2017) pipelines, respectively, using the Araport11 transcript

663

annotation (Cheng et al., 2017). In each Pi treatment, genes with a fold change of |log2| > 1

664

and a false discovery rate (FDR) < 0.05 in the mutants relative to Col-0 were considered as

665

differentially expressed (DEGs). For the inter-treatment comparison (lowP vs CP),

666

differences between mutants and Col-0 were accounted as follow: ‘mis-regulated’ genes

667

were DEGs in Col-0 with > two-fold difference between mutant and Col-0; while ‘ancillary’

668

genes were DEGs with > four-fold change (FDR <0.05) in the mutant but unresponsive in

669

Col-0. Venn diagrams were drawn using http://bioinformatics.psb.ugent.be/webtools/Venn/.

670

Hierarchical clustering was performed using squared Euclidean distance and complete

671

linkage in the J-Express 2012 package (Stavrum et al., 2008). Gene Ontology enrichment

672

was performed using the ClueGO plugin (Bindea et al., 2009) for Cytoscape software

673

(Shannon et al., 2003). RNA-seq data will be deposited to the NCBI SRA database prior to

674

manuscript submission.

675

Statistical Analysis

676

Significant differences between genotypes were determined using analysis of variance

677

(ANOVA) with p < 0.05, followed by either Fisher or Tukey post-hoc tests to separate means

678

(OriginPro2016 Statistics). Gene Ontology enrichment (p < 0.05) was corrected using

679

Bonferroni step-down test. At least three independent biological replicates were included in

680

each analysis.
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Figures

686

Figure 4.1. At-SPX4 protein interaction network predicted by STRING v10.5.

687

First shell (colored globes) comprise putative SPX4 interactors and second shell (grey

688

globes) comprise putative interactors of first-shell proteins. Pink nodes indicate

689

experimentally-determined interactions (Y2H screen), black nodes indicate co-expression,

690

blue nodes indicate known interactions from curated databases and grey nodes indicate

691

protein homology. Interaction scores are shown below putative SPX4 interactors.
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692
693

Figure 4.2. Confirmation of protein-protein interaction between At-SPX4 and AtHUB1.

694

Y2H assay showing strong interaction between At-HUB1 and the Arabidopsis SPX

695

protein, and weaker interaction between At-HUB1 and the rice orthologue, Os-SPX4. DDO,

696

double drop-out medium (minus Trp and Leu) and QDO, quadruple drop-out (minus Trp,

697

Leu, His and Ade).
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698
699

Figure 4.3. Disruption of HUB1 has little effect on organ Pi allocation of young
seedlings grown under varying P supplies.

700

Intracellular Pi concentration (A, B) and organ biomass (C, D) of Arabidopsis roots and

701

shoots grown under varying Pi supplies. Lines where SPX4 is disrupted were included for

702

comparison. Values are mean ± SE of at least 3 independent biological replicates,

703

comprising pools of 4 to 6 shoots and 8 to 12 roots each. Asterisks indicate significant

704

differences from Col-0 under each condition (p<0.05, ANOVA/Fisher LSD).
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705
706

Figure 4.4. In mature plants, shoot growth retardation due to defective HUB1
function is linked to reduced Pi content in hub1 leaves.

707

Determination of biomass (A), Pi concentration (B) and Pi content (C) across leaf

708

development in hub1 and spx4 lines, relative to Col-0. Values are mean + SE of at least 7

709

replicates. Asterisks indicate significant differences from Col-0 at each developmental stage

710

(p<0.05, ANOVA/Fisher LSD).
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711
712

Figure 4.5. Transcriptome effects of disrupting HUB1 function in seedlings
grown under varying Pi supplies.

713

Direct comparison of DEGs displaying at least two-fold (FDR<0.05) difference between

714

mutants and Col-0 under varying Pi supplies (colored bars) is shown. In each condition, the

715

extent of differential gene expression in the mutants affecting PSR in Col-0 is also shown

716

(gradient grey bars). Mutants disrupted in SPX4 and PHR1 were included for comparison.
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717
718

Figure 4.6. Effect of HUB1 disruption in the comparison between P-limited (lowP)
and P-replete (CP) shoot transcriptomes.

719

A, B) Hierarchical clustering of P-dependent transcriptome affected in hub1-5. Effects

720

on the gene sets induced (A) and suppressed (B) by P limitation are shown. Relative

721

transcript abundance is shown as |log2|-fold change. Clustering was performed using
126

722

complete linkage and the Manhattan distance measure. The spx4-1 line was included for

723

comparison.

724

(C, E) Gene Ontology (GO) term enrichment of HUB1-dependent effects on the gene

725

sets induced (C) or suppressed (E) by P limitation. Biological processes passing the

726

selection criteria (p<0.05, hypergeometric test, Bonferroni step-down correction) are shown.

727

(D, F) Zoom on differentially expressed targets comprising the ‘amino acid transport’

728

(D) and ‘cellular response to iron starvation’ (F) GO categories, found among gene sets

729

induced (C) and suppressed (E) by P limitation, respectively.
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730
731

Figure 4.7. In shoots, HUB1 and SPX4 co-operate in the transcriptional
regulation of PSR.

732

Gene Ontology (GO) term enrichment of transcriptome responses dependent on both

733

HUB1 and SPX4 in P-limited versus P-replete shoots (lowP vs CP). (A) Network of biological

734

processes passing the selection criteria (p<0.05, hypergeometric test, Bonferroni step-down

735

correction), including the respective gene hits in each category. Genes also affected in phr1

736

are marked in red. (B) Relative proportion of each GO category found.
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737

Figure 4.8. Disruption of HUB1 affects SPX4 P-dependent protein turnover.

738

(A) LUC imaging and (B) quantification of shoot LUC activity of Arabidopsis SPX4pro:SPX4-

739

LUC (black bars) and hub1-5 x SPX4:LUC seedlings (white bars) grown under varying Pi

740

supplies. In (A), luminescence is shown as units of pixel intensity.

741

(C) Quantification of shoot LUC activity in seedlings grown under varying Pi supplies, and

742

treated for 24h with either DMSO (black and white bars) or 50µM CHX (red and pink bars).

743

Values are mean ± SE of at least 3 independent biological replicates, each comprising pools

744

of 4 to 6 organs. Asterisks indicate significant between hub1-5 x SPX4:LUC and

745

SPX4pro:SPX4-LUC under each condition (p<0.05, ANOVA/Tukey).
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Supplemental data

746
747

Figure S 4.1. At-HUB1 gene model and characterization of two T-DNA insertion
HUB1 alleles.

748

(A) At-HUB1 gene model: exons (black), introns (white) and UTRs (grey) were drawn

749

to scale. The region comprising the Ring Finger Domain (PF13920) is also marked. T-DNA

750

insertions are represented by triangles. The insertion sites in each mutant line was

751

determined by Sanger sequencing of products using their respective LB and RP primers

752

(green arrows).

753

(B) Shoot phenotype of hub1 mutants, after seven weeks growing in nutrient-rich soil.

754

The typical reduction in rosette biomass, narrow and chlorotic leaf blades and early transition

755

to reproductive stage are observed. Values are mean ± SE of 6 plants. Asterisk indicate

756

significant differences from Col-0 (p<0.05, ANOVA/Tukey).

757

(C) qRT-PCR of spurious At-HUB1 transcripts in the mutants. The amplicon (dashed

758

line) is marked in (A). Transcript abundance is shown as 40-ΔCt, relative to ACT7, UBC9

759

and UBC21 reference genes (n = 3).

130

760
761

Figure S 4.2. Shoot responses to P limitation are predominantly attenuated in
hub1-5.

762

The proportion of mis-regulated and ancillary DEGs in hub1-5 and spx4-1 in lowP vs

763

CP is shown. Among the mis-regulated gene sets, the proportion of genes having higher or

764

lower expression in the mutants, relative to Col-0, is also indicated.
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765
766

Figure S 4.3. PSR targets mutually affected in hub1-5 and spx4-1 P-replete and
P-limited shoots.

767

Mutual effect is predominant among PSI genes de-repressed in P-replete shoots of

768

hub1-5 and spx4-1 relative to Col-0. Note that spx4-1 shows stronger constitutive PSR. Both

769

mutants also largely fail to induce those targets in P-limited shoots, with stronger effects

770

again observed in spx4-1. The phr1-2 allele, largely defective in PSR, was included for

771

comparison. Average transcripts per kilobase million (TPM) values of three biological

772

replicates per sample were z-scored prior to hierarchical clustering using the Euclidean

773

distance measure and complete linkage.
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774
775
776
777

778

Figure S 4.4. Relative overlap of shoot transcriptome responses between hub1,
spx4 and phr1.
The number of DEGs in hub1-5, spx4-1 and phr1 (phr1-1 + phr1-2) in lowP vs CP, as
well as the percentage relative to HUB1-dependent responses are shown.

Figure S 4.5. Disrupting HUB1 has no effect on SPX4 transcript abundance.

779

Mean fold change ratios (2^–ΔΔCt) are relative to Col-0 (P-replete) and were

780

normalized against three reference genes (ACT7, UBC9 and UBC21). The SPX4 mutant

781

allele was included for comparison. For each condition, RNA extraction was performed on

782

pools of 4-6 shoots (n=3). Asterisks indicate significant differences from Col-0 in each

783

treatment (p<0.05, ANOVA/Fisher LSD).
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784
785

Figure S 4.6. LUC imaging of Arabidopsis SPX4pro:SPX4-LUC and hub1-5 x
SPX4-LUC shoots.

786

Plants were grown in nutrient-replete soil for four and six weeks (left and right panel,

787

respectively). Luminescence is shown as counts per second (c.p.s) as an overlay to black

788

and white photo. Similar expression pattern was observed in three independent

789

experiments. Scale bar, 16 mm.

790
791

The supplemental data below can be found at:
https://figshare.com/s/bcfb490ef4a258e2ef35

792

Table S1. Sequencing of T-DNA insertion left border in hub1 alleles

793

Table S2. P-dependent transcriptome effects in hub1-5 seedlings grown under

794
795
796

varying Pi supplies
Table S3. P-dependent transcriptome effects of disrupting HUB1 in the comparison
between P-limited to P-replete shoots

797

Table S4. List of oligonucleotides used in this study

798

Supplemental Data Set 1. Transcriptome effects of hub1-5 under varying P supplies

799

(mutant vs wild type comparison)
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Supplemental Data Set 2. Transcriptome effects of hub1-5 under varying P supplies
(P-limited vs P-replete comparison)
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5 CHAPTER 5: GENERAL DISCUSSION
Summary of main findings
Key findings on the regulatory role of At-SPX4, presented along the three manuscripts
included on this thesis, are listed below:
Chapter 2: SPX4 Acts as a Transcriptional Co-Regulator in P-Limited
Arabidopsis Shoots
1. SPX4 differs from the other Arabidopsis class 1 members (SPX1/2/3). Firstly,
SPX4 is the only member which is not transcriptionally induced when Pi is
limiting (Duan et al., 2008), similar to its rice counterpart Os-SPX4 (Lv et al.,
2014); nor it is involved in shutting down PSR during Pi re-supply. In turn, AtSPX4 protein kinetics in roots and shoots is highly correlated with the rate of
‘steady-state’ P metabolism in shoots;
2. Similar to Os-SPX4, At-SPX4 protein abundance undergoes constant turnover,
which is intensified upon the initial drop in Pi supply. Yet unlike shown for OsSPX4 (Lv et al., 2014), we found that de novo protein synthesis of additional
components is required to accelerate At-SPX4 turnover;
3. While At-SPX1/2 are exclusively nuclear proteins, together playing dominant
role in preventing PHR1 activity in roots and shoots when P is not limiting (Puga
et al., 2014), At-SPX4 can shuttle between the cytosol and the nucleus and, like
Os-SPX4 affects PHR1 nuclear translocation (Lv et al., 2014). Yet, no Pdependent transcriptome effects were found in spx4 roots, further suggesting
that At-SPX4 has exclusive role in shoots;
4. While At-SPX1 binding affinity for PHR1 is affected by inorganic P (Puga et al.,
2014; Qi et al., 2017), we found that At-SPX4 is unresponsive to the inert Pi
analogue phosphite, and thus At-SPX4 sensing of changes in P metabolic rates
is likely signaled via organic P rich molecules, such as IPs (Wild et al., 2016);
5. At-SPX4 function is not restricted to repressing PHR1-mediated regulation of
PSR, as in At-SPX1/2 or Os-SPX4. While a repressive role was observed under
continuous Pi supply, the effects of spx4 knock-out had little overlap to phr1 or
spx1 spx2 effects. In turn, in this condition At-SPX4 targets additional
transcription factors (likely also ‘trapping’ them in the cytosol), to prevent
constitutive expression of their targets. Conversely, when Pi is limiting, we found
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that At-SPX4 functions as a co-activator of PSR, partially affecting responses
regulated by PHR1;
6. Aside from the mutual phenotype of over-accumulating Pi in shoots, we found
that at the molecular level, spx4 and pho2 share many similarities, indicating
that in this organ they converge into common regulatory networks. Some of
these are downstream of PHR1, or instead regulated by additional transcription
factors, such as AGL20/SOC1 or ANAC055. This, indicate that PHO2 function
in shoots is divergent from roots, and are connected to development. This is
possible due to SPX4 cytosolic localization. In roots, PHO2 targets PHO1 for
degradation in the endomembranes (Liu et al., 2012); while degradation of PT2,
in conjunction with the E3 ligase NLA, also harboring an SPX domain, occurs at
the plasma membrane (Park et al., 2014).
Chapter 3: Dissecting Transcriptional Signals Mediating Shoot Pi Recycling In
Arabidopsis – Novel Facets of SPX4 Function and Convergent Interplay with PHO2
1. In adult plants grown under full nutrition, both SPX4 and PHO2 are required for
proper Pi remobilization between source and sink leaves, ensuring that P pools
sequestered in senescing leaves are recycled to newly developed organs, thus
maximizing P-use efficiency and plant yield (Veneklaas et al., 2012);
2. Disruption of SPX4 once again had major effect on the regulation of
transcription factors, with predominant effect seen over AP2-EREBP, MYB,
NAC and WRKY families. There was high overlap among transcription factors
differentially expressed in

spx4 transcriptomes when comparing the

‘developmental series’ (Chapter 3) to the ‘P-series’ (Chapter 2), including
ANAC044 (of unknown function), and many homeotic transcriptional factors.
Hence, it has become evident that the primary function of SPX4 is to integrate
the P status of the plant into resource allocation during shoot development;
3. The expression profile of SPX4 in adult plants further supports this hypothesis:
SPX4 is highly abundant in the shoot apical meristem and developing leaves,
while in mature leaves SPX4 is limited to the petiole and midrib veins. Thus,
effects of disrupting spx4 function in distal parts of the shoot, i.e., senescing
leaves, including the observed effects on genes involved in ion transport, are
probably derived from long distance signals triggered by lack of SPX4 in the
younger tissue. Reports connecting PHO2 to regulation of flowering time in both
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monocot (Li et al., 2017) and dicot models (Kim et al., 2011) suggest that it might
be involved in a similar scenario;
4. Convergent networks strongly affected in spx4 and pho2 transcriptomes
indicate that hormone signaling cascades are early signals triggering nutrient
remobilization. Transcript abundance of genes involved in auxin signaling was
reduced in spx4 and pho2 young leaves, while increasing in senescing leaves.
Further, transcripts of genes involved in ABA, JA/SA and ethylene were
generally increased across the rosette. Thus, proper balance of these hormones
as leaves age is required for the shift between nutrient ‘uptake-focused’ to
‘recycling-focused’ development (Schippers, 2015);
5. Metal homeostasis is a co-factor required for Pi remobilization, since important
components involved in metal transport and remobilization were differentially
expressed in spx4 and pho2. In particular, reduced transcript abundance of two
nicotianamine synthase isoforms indicate an effect on Fe accumulation in the
phloem (Schuler et al., 2012) in obstructing Pi loading. Plus, transcripts of the
malate transporter ALMT6 were also reduced in senescing leaves, likely
reflecting into reduced Pi bioavailability (Delhaize et al., 2009) in spx4 and pho2
leaves.
Chapter 4: HISTONE MONOUBIQUITINATION 1 (HUB1) is Involved in
Transcriptional Regulation of Phosphate Starvation Responses in Arabidopsis
Shoots via Interaction with SPX4
1. The interaction between At-SPX4 and At-HUB1 was identified. Since the E3
ligase HUB1, along with its counterpart HUB2, catalyzes the monoubiquitination
of histone H2B to mark transcriptionally active chromatin, the new finding adds
another layer of complexity to the current knowledge of SPX network, which was
thus far centered around PHR1(2), and involving transcriptional repression (of
targets) and post-translational repression of SPX proteins;
2. HUB1 is required for full activation of PSR, and most of the hub1 dependent
effects on Pi homeostasis requires SPX4, indicating that the SPX protein
confers Pi-specificity to HUB1 pleiotropic regulatory role. A proposed mode of
action for SPX4-HUB1 regulatory module during Pi homeostasis is shown at
Figure 5.1;
3. HUB1-SPX4 co-regulation involves many homeotic transcription factors. Plus,
the hub1-5 knock-out displaces the localization of SPX4, from the shoot apical
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meristem, to a more dispersed pattern across the rosette, also affecting SPX4
protein abundance in shoots. This gives further support for the importance of
the apical meristem (a sink organ for P) in influencing the rate of Pi allocated to
shoots (via the SPX4-HUB1 complex), and either driving or preventing cell and
tissue differentiation.

Figure 5.1. Proposed model of SPX4-HUB1 co-regulation of a subclass of PSR genes in
P-limited shoots.
The mode of action of SPX proteins is driven by binding of either Pi or inositol polyphosphate
molecules. In P-replete shoots (left panel), IP6 is more abundant than IP7 (Kuo et al., 2018). In the
cytosol, SPX4 sequesters transcription factor X and / or PHR1 (see model proposed for rice by Lv
et al. (2014) preventing their nuclear translocation. SPX1 sequesters PHR1 in the nucleus (Puga et
al., 2014), preventing its association with the P1BS element in class 1 & 2 PSR genes (Qi et al.,
2017), with dominant effect over SPX4 regulation of PHR1. In the nucleus, SPX4 interacts with
HUB1, but binding of (IP6) to SPX4 (Wild et al., 2016), and/or some additional structural modification,
prevents constitutive activation of class 2 & class 3 PSR dependent on HUB1 chromatin remodeling
machinery.
In P-limited shoots (right panel), cytosolic SPX4 is degraded by the ubiquitin-proteasome
system, possibly involving PHO2 and an unknown, de novo synthesized factor (green triangle). This
releases transcription factor X and / or PHR1 to activate PSR gene expression in the nucleus.
Conformational changes, likely involving specific accumulation of IP7 (Kuo et al., 2018) affect the
nuclear pool of SPX proteins, reducing the binding affinity of SPX1 to PHR1 (Puga et al., 2014; Qi
et al., 2017), and allowing co-activation of PSR via a transcriptional complex involving SPX4, HUB1
and transcription factor X. Candidates for transcription factor X identified herein include ANAC044,
ANAC055, KNAT1/BP, AGL20/SOC1 and STM/BUM.

144

Significance
Overall, the findings presented in this thesis provide substantial advances to the
understanding of how plants sense and regulate their intracellular P pools in shoots, and
also how nutrient signals are integrated into regulation of growth. Specifically, this thesis
provides the first insights on the involvement of Arabidopsis SPX4 in sensing changes in
cellular P metabolism, and regulating molecular responses to cope with P limitation.
Curiously, work on SPX4 has been neglected until recently, since this is the only member
among plant class 1 SPX proteins which is not induced by Pi-starvation (Duan et al., 2008).
Yet, findings from rice, showing that Os-SPX4 protein kinetics was dependent on the plant
P-status (Lv et al., 2014), exposed that SPX4 was indeed a key component of plant Pi
sensing machinery. Results shown herein further contribute by showing that, while some of
the mechanistic is conserved between the monocot and the dicot proteins, there are
differences between the two orthologues.
More in depth analyses on the mode of action and general features of each Arabidopsis
class 1 SPX members (summarized in Table 5.1), highlights that despite relatively high
conservation of the tripartite SPX domain (Secco et al., 2012a), SPX proteins have
diversified their roles during regulation of Pi homeostasis, likely reflecting subfunctionalization of paralogue genes (De Smet and Van de Peer, 2012). For instance, we
found that At-SPX4 plays key role in the shoot, but not in root. While differences in
mechanistic between the aerial and the underground part of the plant have been often
overlooked, the most recently characterized rice SPX member, Os-SPX6, also showed
predominant effect in shoots. In fact, Os-SPX6 protein in roots followed an opposing kinetics
to shoots in response to varying Pi supplies, providing a striking example of the same SPX
protein playing diverse roles in roots and shoots (Zhong et al., 2018).
Moreover, At-SPX4 unresponsiveness to supply of the inert Pi analogue, phosphite, is
a strong indication that IPs are the signals sensed by SPX4, rather than inorganic P. This is
in striking contrast to described for At-SPX1, whose binding affinity for PHR1 was
maintained in the presence of either Pi, Phi or inositol hexakisphosphate (IP6) (Puga et al.,
2014; Qi et al., 2017). That puts At-SPX4 as a stronger candidate for plant P sensor,
considering the breakthrough study showing that the PBC and KBC clusters from SPX
domains bind to IPs (IP6 and IP7) with 10,000-fold higher affinity than to Pi (Wild et al.,
2016). Recent findings that IP7 levels specifically increase in P-limited Arabidopsis shoots,
not roots (Kuo et al., 2018), further strengthen this hypothesis.
Interestingly, the results presented herein also indicate that SPX4 has a dual mode of
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action, both suppressing PSR when P is replete, as well as functioning as a co-activator of
these responses under P limitation, via interaction with HUB1. Thus, aside from the Pdependent turnover of cytoplasmic SPX4 pools, we propose that nuclear SPX4 pools also
undergo a P-dependent conformational change, likely determined by interaction with
different IP molecules (Figure 5.1). A search for putative phosphorylation sites in At-SPX4
indeed indicated three sites with high probability for serine phosphorylation (not shown).
Conversely, multiple putative SUMOylation sites were also found (not shown). More work
will be required to fully unravel this additional layer of post-translational regulation likely
affecting At-SPX4. Overall, it has become evident that, despite the similarities with the yeast
model (Figure 1.2), sub-functionalization of SPX proteins in different plant organs and
cellular compartments, makes of P sensing and regulation of Pi homeostasis in plants a
much more complex process than previously known from the yeast ‘pho regulon’ (Lenburg
and O’Shea, 1996).
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Table 5.1. Summary of current knowledge on class 1 Arabidopsis SPX domaincontaining proteins

[1] Duan et al. (2008)
[2] Puga et al. (2014)
[3] Qi et al. (2017)
[4] Osorio et al. (2018a)
[5] Osorio et al. (2018b)
[6] Osorio et al. (2018c)
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Future research directions
We have only just started to unravel the features of SPX4 network, a lot of work is still
required. While the list below is not exhaustive, it should contribute to expand the knowledge
on how the SPX4 network is involved in P sensing in shoots and integrating P homeostasis
with additional external and internal plant signals.
1. At the first moment, the analysis of gene regulatory networks (Kulkarni et al.,
2017), as shown in Manuscript 1, needs to be done on the transcriptome data
sets described in Manuscripts 2 and 3. For Manuscript 2, this analysis should
give us a better idea on the hierarchy of transcriptional cascades affected in spx4
and pho2 source and sink leaves, to help unravelling the early signals that might
be ruling the effects seen in both genotypes. For Manuscript 3 this analysis is
also required, to give us a better idea of candidate transcription factors involved
in the SPX4-HUB1 complex;
2. The assay using inhibitors needs optimization, since we were still not able to
confidently assess the effect of the proteasome inhibitor MG132, or the cysprotease inhibitor E64d on At-SPX4 turnover;
3. The link between SPX4 and PHO2 in the shoot needs to be explored further. For
instance, it would be useful to test if PHO2 is involved in SPX4 degradation. This
could be achieve by crossing the pho2 knock-out with the SPX4pro:SPX4-LUC
reporter, and assess whether SPX4 targeting during Pi deficiency is prevented or
reduced. Alternatively, crossing the reporter with siz1 would be worth, to test
whether there is any SUMOylation effects taking place SPX4. Since PHO2 is also
known to mediate nitrate signaling, along with the E3 ligase NLA, the extent to
which SPX4 affects this pathway requires further examination;
4. Screening of a mutagenized collection of SPX4pro:SPX4-LUC (e.g. EMStreated) would also be a helpful tool to identify SPX4 regulators. While this was
attempted during the course of my PhD, due to technical issues and short
timeframe, the strategy had to be abandoned. But it still is a promising approach
to effectively identify upstream components of this network, especially coupled to
the latest sequencing technologies;
5. The involvement in Pi homeostasis of the candidate transcription factors
identified as regulators in the SPX4 network needs to be characterized. A first
step toward this end would be to assess the effect of their knock-out lines grown
under varying Pi supplies;
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6. The involvement of hormone signaling networks identified also needs further
characterization, and can also be done using Arabidopsis knock-out lines
defective in the synthesis of specific hormones;
7. Overall protein co-localization and interaction studies need to be done, i.e.,
transient expression in protoplasts, bimolecular fluorescence complementation
(BiFC), co-immunoprecipitation (Co-IP), immune-blots in order to have a broader
understanding on the interaction of SPX4 with additional components of the
network, like PHO2, PHR1, HUB1, additional transcription factors. Also it would
be important to determine whether Arabidopsis SPX proteins can form homo- /
heterodimers, as observed with rice SPX3/5 (Shi et al., 2014);
8. To confirm the involvement of H2Bub in our candidate HUB1-SPX4 targets, and
to further determine the extent of H2Bub regulatory effects on PSR, chromatin
immunoprecipitation (CHIP) of H2Bub-bound targets followed by amplification
and sequencing of products will be required;
9. A deeper analysis on the cross-talk of Pi homeostasis with metal homeostasis,
regulation of shoot development, flowering time and senescence need to be
performed. At the molecular level, those pathways seem be linked to SPX4,
HUB1 and PHO2 function in shoots, yet what is still missing is how tight is the
molecular interplay and how physiologically relevant is the link. This is particularly
the case for spx4 and pho2, which have milder visual defects compared to hub1.
Thus, a comprehensive physiological characterization is required, including
comparative effects on fitness parameters, metal composition, etc.;
10. Finally, more comparative genomics studies are required in order to identify and
characterize SPX proteins in crops, so that the networks identified can be useful
for breeding programs, contributing to the development of more efficient
phosphorus use and management in crops. While there are a couple examples
of efforts taken in soybean (Yao et al., 2014; Zhang et al., 2016), larger-scale
analyses are required. The latest advances in functional genomics techniques
applied to crops species, coupled to the growing number of crop genomes
sequenced and assembled to date (Goodstein et al., 2012) will surely contribute
toward this goal.
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