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Abstract
Phosphorus (P) is a crucial plant macronutrient, as it is a constituent of essential biomolecules
involved in nearly all major metabolic processes. However, soluble orthophosphate (Pi), the only form of
P that roots directly assimilate, is often limiting in most soils. This has prompted the widespread use of
unsustainable and polluting Pi-containing fertilizers in agriculture. Plants have evolved a complex variety
of biochemical adaptations that facilitate Pi acquisition, utilization, and recycling during nutritional Pideficiency. This includes the up-regulation of vacuolar and secreted purple acid phosphatases (PAPs)
which catalyze Pi hydrolysis from Pi-monoesters at acidic pH. Of the 29 predicted PAP isozymes encoded
by the genome of the model plant Arabidopsis thaliana, several high molecular weight isozymes,
particularly AtPAP26, have been shown to play a key role in scavenging and recycling Pi during
nutritional Pi-deprivation or leaf senescence. It has been hypothesized that AtPAP17, a low molecular
weight PAP isozyme, also has a crucial function in Arabidopsis Pi metabolism as its transcripts show a
marked induction during Pi-starvation or leaf senescence. This thesis uses a reverse genetic approach to
examine AtPAP17’s function in Arabidopsis Pi acquisition and use efficiency by taking advantage of the
publicly available T-DNA tagged insertional mutagenized populations of Arabidopsis. An anti-AtPAP17
peptide antibody was also raised in rabbits for detecting 35 kDa AtPAP17 polypeptides on immunoblots
of Arabidopsis extracts. A null atpap17 allele was identified and characterized that abrogated AtPAP17
expression at both the transcript and protein level. However, loss of AtPAP17 expression did not influence
the progression of Arabidopsis leaf senescence nor plant growth during Pi-deprivation relative to wild
type (Col-0) controls. A sizable (~40%) decrease in extractable APase activity was only observed when
the atpap17-2 mutant was subjected to Pi-deprivation. These results suggest that, contrary to inferences
drawn from transcript profiling, AtPAP17 does not play a direct role in Pi scavenging during leaf
senescence, and only plays a minor role during Pi-starvation. As AtPAP17 also exhibits alkaline
peroxidase activity, future studies are needed to establish its potential involvement in reactive oxygen
species metabolism during Pi stress or leaf senescence.
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Chapter 1
General Introduction
Thomas Malthus, in An Essay on the Principle of Population (1798), stated that “the power of
population is indefinitely greater than the power in the earth to produce subsistence for man”. Malthus
argued that while population grew in a geometric fashion, food supply would only increase arithmetically;
thus, the greatest constraint on the growth of a population would be the ability to supply adequate amounts
of food. However, advancements made in agricultural technology have allowed food production to surpass
the arithmetic growth estimates. Consequently, these advancements have also expedited the rate of
population growth, further exacerbating the issue of feeding the world’s population. This population is
expected to reach 9.15 billion by 2050, with the vast majority of this growth occurring within the urban
centers of developing countries (Alexandratos and Bruinsma 2012). The combined factors of population
growth, income growth, urbanization, and use of biofuels suggest that agricultural productivity will need
to double in the next 40 years to keep pace with demand (Alexandratos and Bruinsma 2012). Furthermore,
the altered weather patterns associated with climate change are predicted to reduce agricultural yield. This
begs the question as to whether agricultural production will continue to be able to keep up with global
demand, or if the power of population will finally surpass the power in the earth.
One method by which to maximize agricultural yield is to ensure that the crops receive sufficient
nutrients to support their optimal growth. However, intensive farming practices have depleted the soil of
vital nutrients such as phosphorus (P), necessitating the development and application of fertilizers to
supplement what is lacking. P is a plant macronutrient, being a constituent of essential biomolecules such
as phospholipids, nucleic acids, and energy intermediates such as ATP. As such, P is involved in nearly all
central metabolic processes in plants, including photosynthesis, respiration, biosynthesis, and signal
transduction. Due to its central role in plant growth and overall health, P is one of the major components
of commercial fertilizers applied to maximize agricultural production. However, the use of P-containing
1

fertilizers is inefficient, unsustainable, and environmentally-damaging. Less than 20% of applied P is
estimated to be assimilated by plants during the year of application; the remaining 80% can either become
immobile within the soil or is lost as run-off (Plaxton and Tran 2011; Edixhoven et al. 2013). Agricultural
run-off is considered to be a primary contributor to the nutrient loading of aquatic ecosystems, which can
result in algal blooms and the subsequent eutrophication of that waterway (Conley et al. 2009).
Additionally, the P used in fertilizers is mined from non-renewable phosphate rock (PR), with estimates of
the lifetime of global PR reserves ranging from 50-400 years, although most estimates suggest that
readily-available PR reserves will be depleted within the next 100 years (Cordell et al. 2009; Cordell and
White 2011; Koppelaar and Weikard 2013). As food demand increases, the demand for fertilizer, and thus
PR, may be expected to increase in tandem, bringing to light a troubling predicament: how can food
production meet the needs of a growing population when PR reserves have been depleted?
While, just as technological advances improved Malthus’ estimates of food production, new
technology may extend the lifespan of PR reserves, it will not solve the underlying problem that is
society’s dependence upon a finite resource. It becomes clear that new, sustainable methods must be
employed to overcome the challenges of food production that society will face now and in the future. Such
methods may include the manipulation of the plants themselves so as to maximize the efficiency with
which they acquire and utilize P, therefore reducing the need for unsustainable and polluting P-containing
fertilizers. However, designing effective biotechnological strategies that enhance P metabolism in crops
requires a thorough understanding of the complex complement of morphological and biochemical
adaptations that plants have evolved, as well as the mechanisms that regulate these adaptations.

2

Chapter 2
Literature Review
2.1 Soil Phosphate Nutrition
Roots can only assimilate P from the soil in its fully oxidized, soluble state, known as
orthophosphate (Pi; HPO42- or H2PO4-). Although soils contain the second largest pool of Pi (after PR),
most soils across the globe are considered to be Pi-limited, as their soluble Pi concentration typically
ranges from 1-10 µM, which is over 2000-fold lower than the intracellular Pi concentration required for
optimal plant growth (Vance et al. 2003; Filippelli 2008; Fang et al. 2009; Tran et al. 2010a). This is
largely due to soluble Pi becoming inaccessible by forming insoluble salts with calcium in alkaline soils or
cations such as aluminum and iron in acidic soils (Richardson et al. 2009b; Tran et al. 2010a).
Furthermore, up to 80% of total P reserves within the soil exist as organic Pi (Po), in which Pi is
covalently bound to organic molecules derived from decomposing biomatter, including sugar phosphates,
nucleic acids, phospholipids, and phytic acid (Richardson et al. 2009b; Tran et al. 2010a). Therefore, it
becomes clear that while Pi appears to be abundantly present within the soil, the vast majority of that Pi is
not directly accessible for assimilation by roots, thus rendering most soils to be functionally Pi-deficient.
As a result, the widespread use of soluble Pi-containing fertilizers has become common practice within
modern agriculture to boost crop growth and obtain optimal yields, despite concerns regarding
sustainability and environmental damage. Most modern crop varieties have been bred for maximal yield
with large inputs of chemical fertilizers, with little thought given to the sustainable and environmentallyfriendly management of their macronutrient requirements. However, plants have developed a complement
of morphological, physiological, and biochemical strategies that help them cope with Pi-limited
conditions, allowing for the more efficient extraction of Pi from soil, as well as the recycling of Pi already
within the cell, thereby maximizing the efficiency of use for what little Pi may be available.

3

2.2 Phosphorus Acquisition and Use Efficiency
Plants have evolved various mechanisms to improve the overall efficiency of Pi metabolism,
including the enhancement of Pi acquisition from the soil (Pi acquisition efficiency; PAE) and the
enhanced use of Pi within the plant such that it leads to faster growth and greater harvestable biomass (Pi
use efficiency; PUE). Pi acquisition mechanisms involve root foraging and soil-mining strategies, which
can include the maximization of root surface area to exploit larger soil volumes and the secretion of
various organic acids and hydrolytic enzymes to solubilize and mobilize Pi from the soil, respectively
(Plaxton and Tran 2011; Richardson et al. 2011; Veneklaas et al. 2012). Conversely, PUE involves
internal Pi utilization, which is determined by the efficiency with which Pi is used in metabolism and
growth, as well as the duration of its presence in the living tissues of the plant where it can contribute to
metabolism and growth (Richardson et al. 2011; Veneklaas et al. 2012). The strategies utilized to
maximize external Pi acquisition and use efficiency are considered to be major targets for the
bioengineering of Pi-efficient transgenic crops. While Pi metabolism is essential during the entire lifespan
of a plant, the mechanisms that drive PAE and PUE become particularly pronounced during Pi-starvation
and leaf senescence, respectively.
The Phosphate Starvation Response
The phosphate starvation response (PSR) involves the coordinated action of multiple
morphological, physiological, and biochemical adaptations that serve to reprioritize internal Pi use and
maximize external Pi acquisition (Vance et al. 2003; Raghothama and Karthikeyan 2005; Richardson et al.
2009a; Richardson et al. 2009b; Tran et al. 2010; Richardson et al. 2011). These adaptations allow many
plants, within species-dependent limits, to effectively acclimatize to periods of nutritional Pi-deficiency.
Many of the adaptations characteristic of the PSR are mediated by the extensive remodelling of
both the transcriptome and proteome that are coordinated both temporally and in a tissue-specific manner
(Wu et al. 2003; Hammond et al. 2004; Mission et al. 2005; Morcuende et al. 2007; Muller et al. 2007;
Yuan and Liu 2008; Bustos et al. 2010). In Arabidopsis thaliana shoots, the initiation of the PSR resulted
in more than 1800 genes being up-regulated while a nearly equal number of genes were down-regulated
4

(Bustos et al. 2010). Further, only 25% of up-regulated genes and 5-10% of down-regulated genes are
estimated to overlap between shoot and root tissue, exemplifying the tissue-specific responses to Pistarvation (Mission et al. 2005; Morcuende et al. 2007; Wu et al. 2003). The transcription factor PHR1, a
member of the MYB-CC transcription factor family, appears to act as a master controller of the PSR by
transcriptionally activating a complement of downstream genes, many of which are involved in the
biochemical adaptations to Pi-starvation (Rubio et al. 2001; Franco-Zorrilla et al. 2004; Bustos et al.
2010). Such target genes include those encoding other transcription factors, high-affinity Pi transporters,
such as Pht1;5, membrane-remodelling enzymes such as UDP-sulfoquinovose synthase (SQDI), and
hydrolytic enzymes such as ribonuclease (RNase) and purple acid phosphatase (PAP) isozymes, including
RNS1, RNS2, and AtPAP17 (Franco-Zorilla et al. 2004; Bustos et al. 2010). In addition, mutant plants
lacking a functional PHR1 gene are unable to mount a proper PSR, corroborating the importance of this
transcription factor as a master regulator of the PSR (Bustos et al. 2010).
Beyond transcriptional control, post-transcriptional mechanisms also make an important
contribution to gene expression and activity during nutritional Pi-deprivation. Globally, the cellular
concentration of proteins correlates only weakly with the abundance of their corresponding mRNA (Vogel
and Morcotte 2012); this situation is reflected under conditions of Pi-deprivation as well, where changes
in transcript abundance do not always match changes in protein accumulation for Pi-starved rice (Oryza
sativa), corn (Zea mays), and Arabidopsis (Fukuda et al. 2007; Li et al. 2007; Li et al. 2008; Tran and
Plaxton 2008). Post-translational modifications such as reversible phosphorylation and differential
glycosylation can contribute to the control and subcellular localization of many enzymes that are upregulated during Pi-starvation. For example, the Arabidopsis PAP isozyme AtPAP26 is dual-targeted to
both the cell vacuole, as well as to the cell wall and secretome under conditions of Pi-stress (Veljanovski
et al. 2006; Hurley et al. 2010; Tran et al. 2010b; Robinson et al. 2012b). The subcellular targeting of
AtPAP26 is believed to be dependent upon differential glycosylation, as multiple glycoforms of this PAP
isozyme have been fully purified (Tran et al. 2010b; Del Vecchio et al. 2014). Furthermore, the
differential glycosylation motifs appear to mediate protein-protein interactions, as only one glycoform of
5

AtPAP26 associates with a curculin-like lectin (Plaxton and Shane 2015). In Arabidopsis, the
phosphoenolpyruvate carboxylase (PEPC) isozyme AtPPC1 is induced during Pi-deprivation, where it is
suggested to act as a metabolic bypass to the ADP-limited cytosolic pyruvate kinase, while increasing the
synthesis of organic anions such as malate and citrate (Duff et al. 1989a; Johnson et al. 1996; Uhde-Stone
et al. 2003; Plaxton and Podesta 2006; Gregory et al. 2009). However, this increase in PEPC activity
requires in vivo phosphorylation (Gregory et al. 2009). As such, both transcriptional and post-translational
mechanisms of control are required to mediate the PSR.
Root foraging and soil-mining strategies are important components of the PAE of Pi-deprived
plants (Richardson et al. 2011). When Pi is scarce, plants alter root morphology to increase root surface
area, therefore maximizing the soil volume from which the plant can access nutrients. Such changes can
include increasing the root:shoot growth ratio, promoting lateral root growth over primary root growth,
and increased root hair growth and density (Richardson et al. 2011). For example, Pi-starved seedlings of
Arabidopsis had a root hair density that was five-fold greater than seedlings grown with sufficient Pi (Ma
et al. 2001). In addition, roots of many plants form symbiotic relationships with mycorrhizal fungi; these
mycotrophic plants, which account for approximately 90% of vascular plant species, associate with soilinhabiting fungi of the order Glomales (Bolan 1991). This mutualistic association allows plants to
exchange photosynthate for nutrients, particularly Pi, that the extensive fungal hyphae are able to access.
Plants within the Cheonpodiaceae, Cruciferae, Cyperaceae, Junaceae, and Proteaceae families are unable
to form this symbiosis and are thus considered non-mycotrophic (Bolan 1991). However, many plants
within these families can still improve the acquisition of Pi from soil through the development of
specialized root structures that concentrate rootlets/root hairs in a small volume of soil (Lambers et al.
2006; Richardson et al. 2011). Members of the Proteaceae family, such as harsh hakea (Hakea prostrata)
and white lupin (Lupinus albus), form ‘Pi-mining’ proteoid roots when cultivated under Pi-deficient
conditions, whereas other non-mycotrophic species form dauciform or capillaroid roots (Lambers et al.
2006).
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In conjunction with increasing root surface area, plants can improve PAE through soil-mining
strategies, whereby insoluble Pi or Po can be converted into soluble Pi (Plaxton and Tran 2011;
Richardson et al. 2011; Veneklaas et al. 2012). As mentioned previously, PEPC is up-regulated and posttranslationally activated by phosphorylation during Pi-starvation, resulting in the synthesis of organic
anions from glycolytic intermediates (Duff et al. 1989a; Johnson et al. 1996; Udhe-Stone et al. 2003;
Plaxton and Podesta 2006; Gregory et al. 2009). These organic anions can then be secreted in copious
amounts from the roots into the rhizosphere, where they chelate the metal cations that immobilize Pi and
Po; organic anion secretion can increase the soil concentration of soluble Pi from 10- to 1000-fold
(Johnson et al. 1996; Udhe-Stone et al. 2003; Vance et al. 2003; Plaxton and Podesta 2006; Fang et al.
2009; Richardson et al. 2009a, b). In addition, the secretion of organic anions into the soil can increase the
ability of hydrolytic enzymes such as acid phosphatases (APases) to scavenge Pi from the soil’s Po pool
(Tang et al. 2006; Richardson et al. 2009b). Other Pi-starvation-inducible hydrolases that are also secreted
into the soil include RNases and phosphodiesterases (Bariola et al. 1999; Abel et al. 2000; Raghothama
and Karthikeyan 2005). Together, these hydrolytic enzymes liberate Pi from multiple P-esters within the
Po pool, thereby increasing the amount of Pi in the soil solution available for assimilation by the roots
(Richardson et al. 2011). The importance of these secreted hydrolytic enzymes is highlighted by the ability
of Arabidopsis seedlings to grow on exogenous nucleic acids as their sole source of P nutrition (Abel et al.
2000; Ticconi and Abel 2004; Robinson et al. 2012b). Finally, high-affinity Pi transporters on the plasma
membrane of the roots are also up-regulated, allowing for the active assimilation of Pi against a steep
concentration gradient from the rhizosphere into the roots (Raghothama and Karthikeyan 2005; Plaxton
and Tran 2011). In Arabidopsis, the most well-known Pi transporters are Pi/H+ symporters belonging to
the Pht1 family, the majority of which are expressed in roots (Gonzalez et al. 2005; Nussaume et al.
2011). These transporters are integral for actively moving Pi into the cell, as soil Pi concentration can be
10,000-fold lower than that of root cells (Raghothama and Karthikeyan 2005). This is further exemplified
by decreased Pi acquisition during Pi-deprivation of Arabidopsis Pht1;4 or Pht1;1 loss-of-function
mutants (Shin et al. 2004).
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While improving PAE is important during Pi-starvation, plants have also evolved various
biochemical adaptations to improve PUE during Pi-starvation, as outlined in Figure 2.1. During the initial
stages of Pi-starvation, the cytoplasmic Pi concentration can be maintained through the release of Pi from
the vacuole, where up to 95% of the cell’s total Pi is stored (Plaxton 2006; Veneklaas et al. 2012).
However, during long-term Pi-deprivation, the Pi stores can be depleted, endangering the health of the
plant. Under these conditions, cellular metabolism can be reorganized to conserve the limited adenylates
and Pi. This can be accomplished through the by-passing of adenylate- and Pi-dependent reactions
(Plaxton 2006; Plaxton and Podesta 2006; Plaxton and Tran 2011). For example, plants can utilize
pyrophosphate (PPi) for cellular work, simultaneously conserving ATP and recycling Pi. Glycolytic bypass enzymes such as PPi-dependent phosphofructokinase and PEPC can help to alleviate some of the Pistress, as Pi is a by-product of their reactions (Plaxton and Podesta 2006; Plaxton and Tran 2011). To
further improve the efficiency of Pi use during conditions of Pi-starvation, various hydrolases can be
employed to scavenge Pi from non-essential P-esters. Typical Pi-starvation-inducible hydrolases include
non-specific phospholipases, ribonucleases, and APases (Duff et al. 1994; Bariola et al. 1999; Abel et al.
2000; Raghothama and Karthikeyan 2005; Plaxton 2006; Fang et al. 2009). In the case of phospholipase
induction, the degradation of membrane phospholipids is accompanied by their replacement with
amphipathic sulfonyl- and galactolipids (Fang et al. 2009; Kobayashi et al. 2009; Okazaki et al. 2009).
Leaf Senescence Makes a Crucial Contribution to Plant PUE
Leaf senescence, being the final developmental stage of a leaf, signifies the transition from a
mature, photosynthetically-active organ to the attenuation of said function and eventual death of the leaf.
Although the aged leaf is no longer a photosynthetic asset for the plant, its value lies in the pools of
nutrients stored within it (Veneklaas et al. 2012). While the PSR involves strategies to improve both Pi
acquisition and use efficiency, the redistribution of essential nutrients from senescing leaves to sink
tissues, such as developing seeds and immature leaves contributes strictly to PUE, despite considerable
overlap in the mechanisms employed under both situations.
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Figure 2.1. Model illustrating various adaptive mechanisms (indicated by asterisks) hypothesized to
help plants acclimate to nutritional Pi-deficiency (Tran et al. 2010a). Alternative metabolic pathways
reduce the Pi-starved plant cell’s dependence on adenylates and Pi, the levels of which are markedly
decreased during severe Pi-starvation via by-passing ATP-dependent reactions and recycling of metabolic
Pi. Organic acids synthesized by PEP carboxylase (PEPC), malate dehydrogenase (MDH), and citrate
synthase (CS) can be secreted by roots to solubilize mineral-bound Pi and increase the activity of secreted
hydrolytic enzymes that work to liberate Pi from organic Pi-monoesters. Such hydrolytic enzymes include
vacuolar PAPs (PAP-V), which recycle Pi from non-essential intracellular Pi-esters, and secreted PAPs
(PAP-S) that scavenge Pi from Pi-monoesters and nucleic acid fragment pools in the rhizosphere for
eventual uptake by Pi-starvation-inducible high-affinity Pi transporters on the plasma membrane.
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Much like the response to Pi-stress, the leaf senescence program involves extensive changes to the
transcriptome and proteome of the affected tissue. Leaf senescence requires the coordinated action of both
hormones and transcription factors to signal downstream protein targets that provide the biochemical
machinery to remobilize nutrients such as Pi for translocation to sink tissue. In addition, the genetic
program being actively expressed changes as leaf senescence progresses, adding to the complexity of how
leaf senescence is modulated (Gepstein et al. 2003; Breeze et al. 2011). While global transcriptome
profiling in several species including Arabidopsis (Buchanan-Wollaston et al. 2003; Gepstein et al. 2003;
Guo et al. 2004; Balazadeh et al. 2008; Breeze et al. 2011), wheat (Triticum aestivum) (Gregerson and
Holm 2007), rice (Liu et al. 2008), maize (Zhang et al. 2014a), and cotton (Gosypium hirsutum) (Lin et al
2015) have identified various regulators of senescence, the downstream targets for many of these
regulatory elements remain unknown. These transcriptomic studies have revealed that many of the same
families of hydrolytic enzymes that are induced during Pi-starvation, such as RNases, lipid remodeling
enzymes, and APases, are also up-regulated during leaf senescence. In a recent comparison of senescing
Arabidopsis leaves and Pi-starved shoots, 38% of the genes that were up-regulated during Pi-deprivation
were also up-regulated during leaf senescence, while 40% of the down-regulated genes overlapped (Smith
et al. 2015). However, despite the apparent similarities in transcriptional reprogramming, important
differences in how each of these two processes are controlled are evident. For example, AtPAP26 is an
Arabidopsis PAP that plays a central role in Pi scavenging during leaf senescence and Pi-deprivation
(Veljanovski et al. 2006; Hurley et al. 2010; Tran et al. 2010b; Robinson et al. 2012a; Robinson et al.
2012b; Shane et al. 2014). Interestingly, AtPAP26 appears to be differentially regulated in each of the
respective scenarios. During leaf senescence, AtPAP26 is up-regulated, with an increase in the number of
transcripts accumulating as compared to non-senescent leaves (Robinson et al. 2012a). Conversely,
AtPAP26 transcript levels appear to remain relatively unchanged during the PSR, with marked upregulation in AtPAP26 abundance and activity being instead attributed to post-transcriptional control
mechanisms, such as mRNA translation and protein turnover (Veljanovski et al. 2006; Tran et al. 2010b).
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Thus, although many of the elements that contribute to PUE during Pi-deprivation and leaf senescence are
the same, the way in which these elements are regulated can be very different.
The largest Pi pools within a plant cell include RNA, phospholipids, and Pi-esters (Veneklaas et
al. 2012). The Pi stored within each of these pools can be liberated for recycling to sink tissues as outlined
in Figure 2.2. Nearly half of the total Pi within a healthy leaf exists within nucleic acids; of that,
approximately 80% is represented by ribosomal RNA (Veneklaas et al. 2012). As such, it is unsurprising
that RNase genes are markedly induced during leaf senescence, such as RNase LX and RNase LE from
tomato (Solanum lycopersicum) and RNS1 from Arabidopsis (Kock et al. 1995; Bariola et al. 1999;
Robinson et al. 2012a; Shane et al. 2014). These RNases are thought to target both intracellular and
extracellular pools of RNA, as various RNase isozymes can be targeted to intracellular locations or to the
secretome (Kock et al. 1995; Lehmann et al. 2001; Robinson et al. 2012b; Shane et al. 2014). During Pideprivation, RNases are also secreted by Arabidopsis roots to liberate Pi from oligonucleotides present in
the soil (Robinson et al. 2012b). During leaf senescence, secreted RNases may function in the apoplast,
scavenging Pi from intracellular oligonucleotides that have leaked through the plasma membrane
(Robinson et al. 2012a; Shane et al. 2014). This function may be particularly relevant under these
conditions, as the catabolism of membrane lipids may trigger the diffusion of small oligonucleotides and
Pi-esters from the cytoplasm into the apoplast (Lim et al. 2007). In addition to RNases, genes encoding
nucleases such as the Arabidopsis Bifunctional Nuclease 1 (BFN1) are induced in the later stages of
senescence, expanding Pi scavenging from the RNA to DNA pool (Perez-Amador et al. 2000; FarageBarhom et al. 2011).
A second pool of Pi within a senescing leaf is amphipathic membrane glycerophospholipids.
During normal plant growth, a constitutive turnover of membrane lipids occurs, with approximately 2% of
these lipids being replaced each day (Tronsco-Ponce et al. 2013). However, during leaf senescence, an
extensive remodeling of membrane lipids takes place; the rate of fatty acid synthesis declines while the
rate of membrane lipid catabolism rises, ultimately resulting in a net loss of membrane lipids and
disruption of membrane integrity (Thompson et al. 1998; Tronsco-Ponce et al. 2013). This membrane
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Figure 2.2. Simplified model of Pi remobilization in a senescing plant cell (Stigter and Plaxton 2015).
(A) RNA oligonucleotides and Pi-esters leak through the partially degraded plasma membrane into and
beyond the cell wall, where they are respectively hydrolyzed by cell wall-localized RNases and acid
phosphatases (APases). Dotted lines denote the transport of Pi out of the senescing cell to other tissues.
(B) Intracellular RNases and APases hydrolyze RNA and Pi-esters, respectively, in the vacuole. (C)
Phospholipids are metabolized by the action of phospholipases and APases in the chloroplasts; Pi is
released and free fatty acids are sequestered as triacylglycerol (TAG). (D) Phospholipases and APases
liberate Pi from phospholipids of the plasma membrane, with some of the resulting free fatty acids being
incorporated back into the membrane as sulfolipids.
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remodeling is so extensive that an 80% decrease in total fatty acid content was observed during the natural
senescence of Arabidopsis, Brachypodium (Brachypodium distachyon), and switchgrass (Panicum
virgatum) (Yang and Ohlrogge 2009). During the early stages of leaf senescence, lipid catabolism occurs
namely in the thylakoid membranes as the photosynthetic machinery of the leaf is dismantled (Thompson
et al. 1998; Tronsco-Ponce et al. 2013). As senescence progresses, lipid remodeling moves beyond the
thylakoid membranes to target other cellular membranes as well. During this time, genes encoding
enzymes required for β-oxidation and the glyoxylate cycle are up-regulated, reflecting the process of
metabolizing freed fatty acids into carbohydrate molecules such as sucrose for transport to sink tissues
(Buchanan-Wollaston et al. 2003).
A final cellular pool of Pi includes Pi-monoesters and phosphoanhydrides, such as hexose- and
triose-phosphates, pyrophosphate, and nucleoside-, di-, and tri-phosphates (Veneklaas et al. 2012). These
Po compounds are the target of phosphatases, such as PAPs, which hydrolyze a Pi group from the ester. It
has been widely established that vacuolar and secreted PAPs play an important role in scavenging and
remobilizing Pi during nutritional Pi-deficiency, but the action of PAPs has only been recently linked to Pi
metabolism and recycling during leaf senescence as well (Plaxton and Tran 2011; Robinson et al. 2012a;
Shane et al. 2014). Much like the RNases, PAPs can be secreted into the apoplast, where they may
contribute to scavenging Pi from any leaked Pi-esters in addition to action within the cell (Figure 2.2)
(Robinson et al. 2012a; Shane et al. 2014).
Upon the catabolism of the various Pi-containing biomolecule pools within a senescing leaf, the
released Pi must be exported for transport to sink tissues. Similar to conditions of Pi-starvation, many Pi
transporters belonging to the Pht1 family are up-regulated during leaf senescence; despite the majority of
these Pi transporters being expressed in the roots, as their central role is Pi uptake from the soil, many
transporters are expressed in shoots as well, implicating a Pi distribution function (Nussaume et al. 2011).
Contrary to the high-affinity transporters expressed in the roots during Pi-starvation, low-affinity
transporters such as AtPht1;5 from Arabidopsis, HORvu;Pht1;6 from barley (Hordeum vulgare), and
OsPht1;1 and OsPht1;2 from rice are predominantly expressed in the aerial tissues of the plant, where
13

they may serve the purpose of moving Pi against a less steep gradient, such as from senescing leaves into
the phloem, as evidenced by HORvu;Pht1;6 expression being strongest in old leaves and the
overexpression of AtPht1;5 resulting in enhanced Pi accumulation in siliques (Rae et al. 2003; Ai et al.
2009; Nagarajan et al. 2011; Sun et al. 2012a). In addition to the Pht1 family of Pi transporters, members
of the Pht2 family and SPX superfamily may also contribute to the translocation of Pi from senescing
leaves to sink tissues. TaPht2;1 exhibits enhanced expression in leaves of a P-efficient wheat cultivar
relative to a less P-efficient cultivar, suggesting that this transporter may contribute to the overall PUE of
the plant (Aziz et al. 2014). OsSPX-MFS1 encodes a Pi transporter and is expressed in the leaves of rice.
Knocking down the expression of this gene resulted in impaired Pi remobilization during senescence,
where the total concentration of P in the senesced leaves of the knock-down line was approximately two
times greater than that of wild type control plants (Wang et al 2012).
2.3 Plant Acid Phosphatases
APases function in the production, transport, and recycling of Pi by catalyzing the hydrolysis of Pi
from a broad and overlapping range of Pi-monoesters with an acidic pH optimum (Duff et al. 1994).
APase isozymes are expressed in a wide variety of tissues and cellular compartments, and can vary widely
in their physical and kinetic properties. For example, the Arabidopsis genome encodes more than 50
putative APases, further complicated by the fact that not all APases appear to function as metabolic
enzymes. Such is the case of vegetative storage protein type APases, where in soybean (Glycine max), a
vegetative storage protein can accumulate to 40% of soluble protein in leaves, yet contributes less than 1%
to the extractable APase activity (Leelapon et al. 2004).
The up-regulation of intracellular and secreted, including cell wall-localized, APase activity is
established as a hallmark of the PSR, and has been more recently linked to leaf senescence (Duff et al.
1994; Plaxton and Tran 2011; Robinson et al. 2012a; Shane et al. 2014). Vacuolar APases likely
remobilize Pi from non-essential, intracellular Pi monoesters and anhydrides, whereas secreted APases
scavenge Pi from the soil’s Po pool, or from cytoplasmic Po compounds that have leaked through the
plasma membrane into the surrounding cell wall and apoplast (Duff et al. 1994; Veljanovski et al. 2006;
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Hurley et al. 2010; Tran et al. 2010b; Robinson et al. 2012a; Robinson et al. 2012b; Del Vecchio et al.
2014; Shane et al. 2014).
Purple Acid Phosphatases
The colourful nomenclature of PAPs is derived from their distinctive purple or pink colour in
solution, owing to a charge transfer transition at approximately 560 nm from the metal-coordinating
tyrosine residue to the metal ligand Fe(III) (Olczak et al. 2003). All PAPs belong to a
metallophosphoesterase superfamily and contain five blocks of conserved metal-ligating residues,
although the location, number, and identity of the residues differ between the family groups (Li et al.
2002; Olczak et al. 2003; Schenk et al. 2013). Members of the PAP family are resistant to L-tartrate
inhibition and contain seven metal-ligating residues that are highly conserved among bacterial,
mammalian, and plant PAPs for the bi-metallic active site: DxG-GDXXY-GNH(D/E)-VXXH-GHXH,
where bold letters and dashes indicate metal-ligating residues and separation between blocks, respectively
(Li et al. 2002; Olczak et al. 2003; Schenk et al. 2013). While mammalian PAPs possess a Fe(III)-Fe(II)
active site, plant PAPs typically contain a Fe(III)-X(II) active site, where X can be either Zn2+ or Mn2+
(Klabunde et al. 1995; Olczak et al. 2003; Schenk et al. 2013). Similarly, while both the structure of plant
and mammalian PAP catalytic sites are highly conserved to consist of two sandwiched β-α-β-α-β motifs
that confer an almost perfect alignment and order of the conserved metal-ligating residues, differences
exist in the oligomeric structure of plant versus mammalian PAPs (Klabunde et al. 1995; Li et al. 2002;
Olczak et al. 2003; Schenk et al. 2013). All mammalian PAPs biochemically characterized to date exist as
35 kDa monomers consisting solely of a catalytic domain, although a gene encoding a putative high
molecular weight (HMW) PAP has been identified in mammals, insects, and nematodes (Flanagan et al.
2006). Conversely, many PAP isozymes characterized from plants are HMW oligomeric proteins
composed of 45-74 kDa subunits that consist of a non-catalytic N-terminal domain and a C-terminal
catalytic domain (Klabunde et al. 1995; Olczak et al. 2003; Schlenk et al. 2013). Most of these HMW
plant PAPs form homodimers through the action of disulfide bridges or non-covalent interactions,
although some secreted HMW PAP isozymes can exist in a monomeric form (Duff et al. 1989b; Labansky
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et al. 1992; Gellatly et al. 1994; Bozzo et al. 2002; Olczak and Watorek 2003; Olczak et al. 2003;
Veljanovski et al. 2006; Tran et al. 2010b; Schenk et al. 2013). In addition, plant PAPs also exist as low
molecular weight isozymes (Figure 2.3) that are more closely related to their 35 kDa mammalian
counterparts than to the HMW plant isozymes (del Pozo et al. 1999; Schlenk et al. 2000; Liang et al.
2010).
PAPs have been implicated in a variety of biological functions. While most PAPs that have been
biochemically characterized to date have been classified as non-specific APases that hydrolyze Pi from a
broad spectrum of Pi-esters, some mammalian and plant PAPs are bifunctional, operating in both
hydrolytic reactions and peroxidations (Sibille et al. 1987; Hayman and Cox 1994; del Pozo et al. 1999;
Bozzo et al. 2002; Kaija et al. 2002; Li et al. 2002; Olczak et al. 2003; Bozzo et al. 2004 Raisanen et al.
2005; Veljanovski et al. 2006). As such, the physiological roles of mammalian PAPs are thought to
include iron transport and the generation of reactive oxygen species (ROS) via a Fenton reaction to
contribute to immune response and increased bone resorption (Schenk et al. 2013). In plants, the alkaline
peroxidase activity of some PAP isozymes suggests that PAPs may contribute to ROS metabolism during
pathogen attack, leaf senescence, and various other abiotic and biotic stresses (Wojtaszek et al. 1997; del
Pozo et al. 1999; Liao et al. 2003; Bozzo et al. 2004; Veljanovski et al. 2006; Li et al. 2008). The
increased tolerance to oxidative damage during salinity stress of plants overexpressing the soybean PAP
isozyme GmPAP3 corroborates this hypothesis (Francisca et al. 2008). In addition, some PAPs may play a
signaling role, as some mammalian and bacterial PAPs also function as phosphotyrosyl phosphatases;
likewise, some plant PAP isozymes, such as NtPAP12 from tobacco (Nicotiana tobacum) and AtPAP25
from Arabidopsis show significant activity with phosphotyrosine and/or other phosphoamino acids or
phosphoproteins as substrates (Gellatly et al. 1994; Bozzo et al. 2002; Bozzo et al. 2004; Veljanovski et al.
2006; Kaida et al. 2008; Del Vecchio et al. 2014). Finally, some plant PAP isozymes may possess phytase
activity, such as GmPhy, a PAP isozyme characterized from soybean, AtPAP15 from Arabidopsis, and a
PAP isozyme isolated from tobacco (Hegeman and Grabau 2001; Lung et al. 2008; Kuang et al. 2009).
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The Role of Purple Acid Phosphatases in Plant Pi Acquisition and Use Efficiency
As mentioned previously, the scavenging of Pi from Pi-esters both within the soil and within the
cell can contribute to Pi acquisition and use efficiency, respectively. Both Pi-starvation and leaf
senescence induce the expression of specific PAP isozymes while concomitantly down-regulating other
isozymes (Wu et al. 2003; Li et al. 2002; Zimmerman et al. 2004; Mission et al. 2005; Bozzo et al. 2006;
Bustos et al. 2010; Breeze et al. 2011). During Pi-starvation, some PAP isozymes are switched on via
transcriptional control or though the action of transcription factors such as PHR1; conversely, other PAP
isozymes are primarily controlled post-transcriptionally, such as AtPAP26 (Rubio et al. 2001; Veljanovski
et al. 2006; Tran and Plaxton 2008; Tran et al. 2010b). Several PAP isozymes are transcriptionally upregulated under conditions of leaf senescence as well, although this transcriptional activation does not
always appear to translate into increases in enzyme activity (Guo and Gan 2012; Robinson et al. 2012a;
Shane et al. 2014).
The role of various PAP isozymes has been more extensively studied under conditions of Pideprivation than during leaf senescence, with a variety of Pi-starvation-inducible intracellular and secreted
PAPs being biochemically characterized from several species including tomato (Bozzo et al. 2002; Bozzo
et al. 2004; Suen et al. 2015), common bean (Phaseolus vulgaris) (Liang et al. 2010), tobacco (Lung et al.
2008), Arabidopsis (del Pozo et al. 1999; Veljanovski et al. 2006; Tran et al. 2010b; Del Vecchio et al.
2014), and lupin (Miller et al. 2001; Olczak and Watorek 2003). The proteoid roots of white lupin secrete
copious amounts of APase activity when growing in Pi-deplete conditions, with the transcript and
corresponding protein levels of a glycosylated, HMW homodimeric PAP isozyme being highly induced
(Miller et al. 2001). Similarly, yellow lupin (Lupinus luteus) also secretes a PAP isozyme into the
rhizosphere when cultivated in Pi-limited conditions (Olczak and Watorek 2003). Interestingly, this lupin
PAP isozyme is orthologous to AtPAP26, and like AtPAP26 its expression also appears to be primarily
controlled at the post-transcriptional level during Pi-starvation (Olczak and Watorek 2003). Three PAP
isozymes were purified from Pi-deplete tomato suspension cell cultures; two of these PAPs were secreted
as 84 and 57 kDa monomers, whereas the third PAP isozyme exists as a novel 142 kDa heterodimer
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composed of an equivalent ratio of 63 and 57 kDa subunits that is most likely localized to the cell vacuole
(Bozzo et al. 2002; Bozzo et al. 2004). PvPAP3 is a 34 kDa monomeric PAP isozyme characterized from
common bean that appears to be secreted, where it may then act to scavenge Pi from extracellular ATP
(Liang et al. 2010).
While transcriptomic studies implicate some PAPs as being up-regulated during leaf senescence
to scavenge Pi from cellular Po pools, no PAP has been fully purified and characterized from senescing
tissues. Two senescence-inducible APase isoforms having native molecular masses of 60 and 120 kDa
were partially purified from senescing leaves of harsh hakea and shown to be probable PAPs based upon
their kinetic and immunological properties (Shane et al. 2014). Both isoforms were detected in the
intracellular fraction, whereas only the 120 kDa isoform was detected in the corresponding cell wall
fraction (Shane et al. 2014). These putative PAP isozymes were suggested to contribute to the remarkable
Pi remobilization efficiency (>85%) from senescing leaves of this extremophile Proteaceae species that is
well-adapted to one of the world’s most P-impoverished habitats.
Arabidopsis thaliana Purple Acid Phosphatases
The Arabidopsis PAP (AtPAP) family is composed of 29 putative PAP isozymes that can be
classified into three distinct phylogenetic groups based on their deduced amino acid sequences (Figure
2.3) (Li et al. 2002). Groups I and II are composed of HMW AtPAPs, with group I consisting of PAPs of
slightly smaller monomer size than group II, whereas group III is composed of the monomeric low
molecular weight, mammalian-like AtPAPs. As illustrated in Figure 2.4, transcript profiling of the AtPAP
family reveals that AtPAP isozymes can be expressed in a wide variety of tissues during various
developmental stages, although seven members are predominantly expressed in floral tissue (Nakabayashi
et al. 2005; Schmid et al. 2005; Zhu et al. 2005). In addition, some AtPAP isozymes, such as AtPAP26 and
AtPAP18, appear to maintain relatively high transcript copy numbers across all tissues and developmental
stages while other AtPAPs, such as AtPAP21, only appear to be transcriptionally induced during very
specific stages of development. The profile of AtPAP transcripts can also change in response
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Figure 2.3. A classification scheme for Arabidopsis thaliana PAPs (AtPAPs) based on clustering
analysis of amino acid sequences (Tran et al. 2010a). The clustering analysis used amino acid sequences
of 19 predicted PAPs and those of 10 PAPs (AtPAP3, AtPAP7-AtPAP13, AtPAP17, AtPAP18) derived
from cDNA analysis. The main groups (groups I, II, and III) are further divided into subgroups (second
column), with the bootstrap values for the three main groups being boxed and the bootstrap values for the
subgroups being indicated by arrows. The predicted molecular masses of the deduced polypeptides are
listed in the third column.
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to stress (Figure 2.5) (del Pozo et al. 1999; Li et al. 2002; Kilian et al. 2007; Tran and Plaxton 2008; Tran
et al. 2010b). Other than during periods of Pi-starvation, AtPAP transcripts often accumulate, in a tissuespecific manner, during conditions of osmotic, salt, drought, and oxidative stress. The majority of AtPAP
isozymes have been experimentally-determined or computationally-predicted to be extracellularlylocalized to either the cell wall or the secretome (Chivasa et al. 2002; Tran and Plaxton 2008; Kaffarnik et
al. 2009; Tran et al. 2010b; Robinson et al. 2012b; Tanz et al. 2013; Del Vecchio et al. 2014; Shane et al.
2014; Waese et al. 2016). However, some AtPAPs are predicted to be localized to the plasma membrane
(AtPAP2, AtPAP14), vacuole (AtPAP26), or the mitochondria and/or plastids (AtPAP2, AtPAP3,
AtPAP21), although most of these subcellular localizations need to be experimentally confirmed (Hurley
et al. 2010; Sun et al. 2012c; Tanz et al. 2013; Waese et al. 2016).
Despite the transcriptomic profiles of a variety of AtPAPs under varying conditions being
documented, the precise physiological functions of many of these isozymes have yet to be determined.
AtPAP2, AtPAP9, AtPAP15, and AtPAP23 have all been functionally characterized to date, and do not
appear to be directly involved with the PSR (Olczak et al. 2003; Zhu et al. 2005; Kuang et al. 2009; Wang
et al. 2009; Sun et al. 2012c; Zamani et al. 2014). AtPAP2 is dual-targeted to chloroplasts and
mitochondria, where its unique, hydrophobic C-terminal motif allows it to act as a tail-anchored protein on
the outer membrane of those two organelles (Sun et al. 2012b; Sun et al. 2012c). AtPAP2 is thought to
influence carbon metabolism, as the overexpression of this gene in Arabidopsis results in faster plant
growth and higher seed yield (Sun et al. 2012c). Furthermore, the overexpression of AtPAP2 resulted in
greater yield and tuber starch content in potato (Solanum tuberosum) as well as greater seed yield and seed
size in Camelina sativa (Zhang et al. 2012; Zhang et al. 2014b). The observed enhanced yield phenotype
is thought to be due to the AtPAP2-mediated increase in activity of sucrose phosphate synthase, as well as
sucrose transporters, resulting in greater sucrose synthesis and transport from leaves to developing seeds
(Zhang et al. 2012; Zhang et al. 2014b). AtPAP2 may modulate the import of proteins, such as the small
subunit of Rubisco for chloroplasts, into organelles, thereby contributing to the control of carbon
metabolism (Zhang et al. 2016).
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Figure 2.4. Heat map of the tissue-specific expression of AtPAP transcripts at various stages of
Arabidopsis development. The heat map was produced in MATLAB (MATLAB 9.1.0, The MathWorks,
Inc., Natick, Massachusetts, United States) using values obtained from the Arabidopsis eFP Browser 2.0
(Waese et al. 2016; data from Nakabayashi et al. 2005 and Schmid et al. 2005) provided by the Bioanalytic Resource for Plant Biology. The colour key represents the quantile-normalized log10-transformed
values. Dark red indicates high expression whereas dark blue indicates low expression. D.S, dry seed; I.S,
24 hour imbibed seed; V. Rosette, vegetative rosette; F. Rosette, rosette after transition to flowering; L1,
leaf stage 1; L2, leaf stage 2; L4, leaf stage 4; L6, leaf stage 6; L8, leaf stage 8; L10, leaf stage 10; L12;
leaf stage 12; C.L, cauline leaf; S.L, senescent leaf; V.S.A, shoot apex during vegetative growth; T.S.A,
shoot apex during the transition to flowering; I.S.A, shoot apex following the transition to flowering; F9,
flower stage 9; F10/11, flower stage 10/11; F12, flower stage 12; F15, flower stage 15; M.P, mature
pollen; S3, seed stage 3; S4, seed stage 4; S5, seed stage 5; S6, seed stage 6; S7, seed stage 7; S8, seed
stage 8; S9, seed stage 9; S10, seed stage 10.
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Figure 2 5. Heat map of the impact of various abiotic stresses on AtPAP transcript levels in (A)
shoots and (B) roots of Arabidopsis thaliana seedlings compared to a control. The heat map was
produced in MATLAB (MATLAB 9.1.0, The MathWorks, Inc., Natick, Massachusetts, United States)
using values obtained from the ePlant tool (Waese et al. 2016; data from Kilian et al. 2007) provided by
the Bio-analytic Resource for Plant Biology, where values represent the difference in expression of a
stressed plant with respect to an un-stressed control plant. The colour key represents the quantilenormalized log10-transformed values. Dark red indicates a large increase in expression whereas dark blue
indicates a large decrease in expression.
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AtPAP5 is a HMW AtPAP isozyme that functions in a ROS metabolism role that is more akin to
the mammalian-type PAPs than those involved in the PSR. When the expression of AtPAP5 was
experimentally increased or decreased, the resulting Arabidopsis plants were more susceptible to the
bacterial pathogen Pseudomonas syringae, suggesting that AtPAP5 plays a role in defense against
pathogens (Ravichandran et al. 2015). Both the knock-out and overexpressing lines displayed reduced
expression of pathogenesis-related genes, while the overexpressing line also presented impaired ROS
accumulation. Consequently, AtPAP5 may play an important role in regulating ROS metabolism and
signaling in response to pathogen infection.
AtPAP9, which shares the greatest sequence similarity within the AtPAP family with AtPAP2, is
a HMW PAP isozyme that may act as a transmembrane protein and be involved in plasma membrane and
cell wall adhesion (Zamani et al. 2014). AtPAP9 is namely expressed in the stipule and vascular tissue,
where it is responsive to treatment with fungal elicitors (Zamani et al. 2014). As such, AtPAP9 may play a
signaling role in response to biotic stresses, conveying information about the extracellular environment
back into the cell.
AtPAP15 is transcriptionally induced at the early stages of seedling growth and during pollen
germination (Kuang et al. 2009). AtPAP15 shares a greater degree of amino acid identity with soybean
(GmPHY) and tobacco (NtPAP) PAP isozymes than the other AtPAPs, and is currently the only AtPAP
isozyme known to possess phytase activity (Kuang et al. 2009). Phytic acid (inositol hexaphosphate) is a
major Po component of many soils, as well as the primary P-storage compound of seeds (Veneklaas et al.
2012). However, AtPAP15 expression is not regulated by Pi-deprivation, and is therefore not thought to
play a significant role in Pi acquisition except in mobilizing Pi from phytic acid reserves of germinating
pollen and seeds. Despite this, the constitutive overexpression of AtPAP15 in soybean enhanced plant dry
weight and P content when plants were grown with phytate as their sole source of external P (Wang et al.
2009; Xie et al. 2014). In addition, the disruption of AtPAP15 function significantly reduces the
extractable APase activity in the shoots and roots of Arabidopsis seedlings grown in Pi-replete and Pi-
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deplete liquid media compared to the control, which may further suggest that AtPAP15 does in fact
contribute to Pi acquisition (Wang et al. 2014).
AtPAP23 is highly expressed in developing floral tissue (Zhu et al. 2005). Despite AtPAP23
possessing a high APase activity, knocking out or overexpressing this gene did not significantly impact
the development of flowers or other organs. Interestingly, a novel PAP isozyme from soybean (GmPAP4),
which is most closely related to AtPAP23, confers improved extracellular phytase utilization when
expressed in Arabidopsis (Kong et al. 2014). Considering that within the AtPAP family, AtPAP23 is most
closely related to AtPAP15, an isozyme known to possess phytase activity, it may be speculated that
AtPAP23 could be involved in the metabolism of phytate.
The Role of Arabidopsis Purple Acid Phosphatases in Pi Acquisition and Use Efficiency
While only a few AtPAP isozymes have been thoroughly investigated with regard to their
contribution to Pi acquisition and use efficiency, a recent study identified knock-out or knock-down TDNA insertional lines for all 29 putative AtPAP genes to gain a general idea of how each isozyme may
contribute to Pi metabolism when grown in Pi-deplete conditions (Wang et al. 2014). It was determined
that the loss of AtPAP12, AtPAP15, or AtPAP26 significantly reduced the observed APase activity
response to Pi-deprivation in both shoot and root tissues. In addition, APase activity measured in Pistarved roots was reduced by approximately 15% relative to a WT control for T-DNA insertion lines of the
AtPAP1, AtPAP2, AtPAP3, AtPAP4, and AtPAP5 genes; however, the relative contribution of each of
these isozymes requires further study to confirm any direct role in the PSR, as well as any contribution to
Pi scavenging during leaf senescence.
The two predominant PAP isozymes involved in the PSR are AtPAP12 and AtPAP26
(Veljanovski et al. 2006; Tran et al. 2008; Hurley et al. 2010; Tran et al. 2010b; Robinson et al. 2012b).
AtPAP12 was characterized as a homodimer composed of glycosylated 60 kDa subunits whereas the
secreted AtPAP26 exists as a 55 kDa monomer that can be differentially glycosylated to form two
separate glycoforms (Tran et al. 2010b). The various glycosylation motifs found on secreted AtPAP26 are
hypothesized to influence subcellular targeting, substrate selectivity, and protein-protein interactions.
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Additionally, AtPAP26 can be targeted to the cell vacuole, where it exists as a bifunctional 100 kDa
homodimer composed of 55 kDa subunits exhibiting both APase and alkaline peroxidase activity
(Veljanovski et al. 2006; Hurley et al. 2010). While AtPAP12 transcripts are up-regulated in roots and
shoots of Pi-deprived Arabidopsis, the number of AtPAP26 transcripts remains relatively unchanged,
despite the apparent increase in AtPAP26 protein accumulation and associated APase activity
(Veljanovski et al. 2006; Hurley et al. 2010; Tran et al. 2010b). This indicates that AtPAP12 is regulated
at the transcriptional level during the PSR, whereas AtPAP26 is regulated at the post-transcriptional level.
Both AtPAP12 and AtPAP26 are essential for the efficient acclimation of Arabidopsis to Pi-deplete
conditions. A T-DNA atpap26 insertional mutant line displayed impaired shoot and root development
when subjected to Pi-stress, likely due to the approximately 40% decrease in secreted APase activity
observed for this mutant line as compared to a WT control (Hurley et al. 2010). Further, an
atpap12xatpap26 T-DNA double insertion mutant displayed greater than 60% and 30% decreases in root
secretory APase activity and rosette total Pi concentration, respectively, compared to their WT
counterparts, ultimately resulting in an arrested growth phenotype observed when the atpap12xatpap26
seedlings were cultivated on soluble Pi-deplete soil (Robinson et al. 2012b).
AtPAP26 also contributes significantly to PUE during leaf senescence. Contrary to conditions of
Pi-deprivation, there was a marked induction of AtPAP26 transcripts during senescence of Arabidopsis
leaves (Robinson et al. 2012a). This increase in transcript accumulation was reflected by increased
AtPAP26 protein accumulation and associated APase activity in both the intracellular and cell wall
fractions of senescing Arabidopsis leaves (Robinson et al. 2012a; Shane et al. 2014). This APase activity
was markedly reduced in atpap26 mutants, consequently delaying the progression of leaf senescence and
severely impairing the Pi remobilization efficiency (Robinson et al. 2012a; Shane et al. 2014).
AtPAP10 is a Pi-starvation-inducible AtPAP that is predominantly associated with the root
surface upon secretion, where it exhibits activity against a wide range of substrates (Wang et al. 2011;
Wang et al. 2014). The expression of AtPAP10 is specifically induced, at both the transcript and protein
level, by Pi-limitation, and enzyme activity is modulated by both ethylene and sucrose (Zhang et al.
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2014c). The functional analysis of multiple atpap10 mutant alleles reveal phosphatase under-producing
phenotypes, providing evidence that AtPAP10 contributes to the acclimation of Arabidopsis to Pi-stress.
Furthermore, root-associated APase activity was all but eliminated in an atpap10xatpap12xatpap26
knock-out line, further corroborating the importance of the AtPAP10, AtPAP12, and AtPAP26 isozymes
in Pi acquisition (Wang et al. 2014).
AtPAP25 was purified from the cell walls of Pi-starved Arabidopsis suspension cell cultures,
where it exists as a 55 kDa monomeric protein containing multiple, complex NXS/T glycosylation motifs
(Del Vecchio et al. 2014). Promoter-GUS reporter assays suggest that AtPAP25 is expressed in the shoot
vascular tissue of Pi-deprived Arabidopsis. The loss of AtPAP25 in atpap25 knock-out plants resulted in
an arrested growth phenotype when cultivated on soil lacking soluble Pi that can be rescued upon Pi
fertilization or complementation with the AtPAP25 gene; in addition, atpap25 mutants displayed
attenuation in signaling related to the PSR (Del Vecchio et al. 2014). Coupled with its near-optimal APase
activity when phosphoproteins or phosphoaminoacids were used as substrates, AtPAP25 was
hypothesized to play a key signaling role during Pi-starvation by functioning as a phosphoprotein
phosphatase rather than as a non-specific scavenger of Pi from cell wall localized Po compounds.
AtPAP17 is the only Arabidopsis low molecular weight, mammalian-type monomeric (34 kDa)
AtPAP that has been purified and characterized to date (del Pozo et al. 1999; Ghahremani and Plaxton,
unpublished data). AtPAP17 is a bifunctional enzyme purified from Pi-starved Arabidopsis that displays
APase activity over a wide range of pH values as well as alkaline peroxidase activity. The AtPAP17
promoter contains a binding site for AtPHR1, a transcription factor thought to be a master controller of the
PSR, suggesting that the up-regulation of AtPAP17 during Pi-deprivation is namely controlled at the
transcriptional level (del Pozo et al. 1999; Bustos et al. 2010). In addition to being responsive to Pi-deplete
conditions, AtPAP17 is transcriptionally induced in response to ABA, salt, and oxidative stress, as well as
during leaf senescence (del Pozo et al. 1999; Robinson et al. 2012a). This suggests that AtPAP17 could
play a role in the metabolism of ROS in addition to any role it may play scavenging or recycling Pi.
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2.4 Thesis Objectives
AtPAP17 has been implicated in being involved in both Pi acquisition and use efficiency, as it is
transcriptionally up-regulated under conditions of both Pi-starvation and leaf senescence (de Pozo et al.
1999; Robinson et al. 2012a). Further, AtPAP17 has been purified from the intracellular fraction of Pideprived Arabidopsis seedlings, as well as from the cell walls Pi-starved Arabidopsis suspension cells (del
Pozo et al. 1999; Ghahremani and Plaxton, unpublished data). However, the relative contribution of this
PAP isozyme to Pi metabolism needs to be addressed so as to ascertain whether AtPAP17, like AtPAP12
or AtPAP26, is crucial to the acclimation of Arabidopsis plants to Pi-deficient conditions and/or Pi
remobilization during leaf senescence. This thesis tests the hypothesis that AtPAP17 has an important
function in Arabidopsis Pi acquisition and use efficiency. This objective was carried out by utilizing a
reverse genetic approach, capitalizing on the publicly available T-DNA insertion lines of Arabidopsis
(Alonso et al. 2003), whereby an atpap17 knock-out mutant was identified and its growth and acid
phosphatase activity response during both leaf senescence and Pi-starvation were compared to a Col-0
control. Work presented here will aid in expanding our understanding of the molecular basis for Pi
metabolism during the PSR as well as leaf senescence, providing potential targets for bioengineering Piefficient transgenic crops.
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Chapter 3
Materials and Methods
3.1 Plant Material and Growth Conditions
For mutant isolation and routine plant growth, Arabidopsis (Col-0) ecotype seeds were sown in a
standard soil mixture (Sunshine Aggregate Plus Mix 1; SunGro, Vancouver, Canada) and stratified for 3-d
at 4 oC before being moved to growth chambers (Model MTR30; Conviron, Winnipeg, MB, Canada),
where plants were cultivated at 23 oC (16:8 photoperiod at 100 µmol m-2s-1 photosynthetically active
radiation). Plants were fertilized as needed by subirrigation with 0.25x Hoagland nutrient solution (pH
6.0). To assess the influence of Pi-deprivation on soil-grown plants, seedlings were grown for 7-d on 0.8%
(w/v) agar plates containing 0.5x Murashige and Skoog (MS) media, pH 5.7, and 1% (w/v) sucrose, before
being transplanted into a 75% to 85% sphagnum peat moss/perlite soil mix lacking all soluble nutrients
(Sunshine Mix 2; SunGro). Plants were grown in the aforementioned growth chambers for an additional
21-d and fertilized as required with 0.25x Hoagland’s solution (pH 6.0) containing either 0 or 2 mM
KH2PO4. Whenever Pi was eliminated, it was replaced by 2 mM K2SO4 and 0.5 mM MES.
For liquid cultures, approximately 5 mg of seeds were surface sterilized as previously described
(Veljanovski et al. 2006), stratified at 4 oC for 3-d, and placed in 250 mL Magenta boxes containing 50
mL of 0.5x MS media, pH 5.7, containing 1% (w/v) sucrose, and 0.2 mM KH2PO4, and cultivated at 24 oC
under continuous illumination (100 µmol m-2s-1) on an orbital shaker set at 80 rpm. After 7-d, the
seedlings were transferred into 75 mL of fresh media containing either 0 or 1.5 mM KH2PO4 for an
additional 7-d. The 14 day seedlings were rinsed, blotted dry, and snap-frozen in liquid N2 for storage at 80 oC.
For growth on agar-solidified nutrient medium, seeds were surfaced sterilized, stratified, and
germinated on 0.8% (w/v) agar plates containing 0.5x MS media (pH 5.7) and 1% (w/v) sucrose.
Germinating seedlings of similar size were then transferred to horizontal or vertically-oriented 1% (w/v)
agar plates containing 0.5x MS medium lacking Pi and 1% (w/v) sucrose, supplemented with either 0 or
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1.5 mM KH2PO4 and cultivated for 14-d at 23 oC (16:8 photoperiod at 100 µmol m-2s-1 photosynthetically
active radiation).
3.2 Induction of Leaf Senescence
Prolonged exposure of individual Arabidopsis leaves to darkness closely mimics natural
senescence (Weaver et al. 1998; Gepstein et al. 2003; Keech et al. 2010; Robinson et al. 2012a).
Therefore, once the rosette leaves of the synchronously-growing plants were fully expanded (leaf stage
six), as indicated by the presence of serrated margins and visible trichromes (Robinson et al. 2012a),
individual leaves were wrapped with tin foil to induce leaf senescence. Leaves were considered to be
senescing when they appeared to be 90-100% yellow, which occurred approximately 6-d after the leaves
were initially covered; leaves that appeared brown and shrivelled were considered to be fully senesced
(Robinson et al. 2012a). Senescing, yellow leaves, along with non-senescent, green leaves (opposite,
uncovered leaf), were harvested, immediately frozen in liquid N2, and stored at -80 oC.
3.3 atpap17 Knock-out Mutant Isolation
Two independent Arabidopsis lines with a T-DNA insertion in the locus at At3g17790 (AtPAP17)
were identified and obtained from the Salk Institute (SALK_047922 and SALK_085340, herein atpap17-1
and atpap17-2, respectively) (Alonso et al. 2003). Initial screening was performed by germinating the
seeds on 0.8% (w/v) agar plates containing 0.5x MS media, 1% (w/v) sucrose, and 50 µg mL-1 kanamycin
and selecting for those with resistant to the antibiotic. Resistant plants were transferred to soil for selfpollination and propagation. gDNA was extracted from leaves and PCR-screened for homozygous mutants
using T-DNA left border and gene-specific primers (Appendix 1). Total RNA was extracted from
senescent leaf tissue and purified using an RNeasy® Plant Mini Kit (Qiagen, Cat. #74904), according to
the manufacturer’s instructions. RNA purity was assessed using the A260/A280 ratio. DNase-treated RNA
was reverse-transcribed using the Omniscript Reverse Transcriptase Kit (Qiagen, Cat. #205111).
Transcripts for AtPAP17 were amplified using gene-specific primers that were previously described
(Wang et al. 2014) (Appendix 1). All PCR products appeared at the expected size.
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3.4 Production of an AtPAP17 Synthetic Peptide Antibody
A synthetic AtPAP17 peptide was designed by comparing the amino acid sequences among the 29
Arabidopsis PAP isozymes using Geneious (version R8; http://www.geneious.com, Kearse et al. 2012)
and identifying a 19 amino acid region that was unique to AtPAP17 (Figure 4.1). The synthetic peptide
(Lifetein LLC, Somerset, New Jersey, United States) was conjugated to a KLH carrier protein (Imject™
Maleimide Activated mcKLH; Thermo Scientific™, Cat. #77605) and emulsified in Titer Max Gold
adjuvant (Uptima, Interchim Research, Cedex, France) according to the manufacturer’s instructions.
Following the collection of pre-immune serum, the conjugated synthetic peptide was injected
subcutaneously into a New Zealand rabbit. A secondary injection was administered after 28-d. One week
following the final injection, blood was collected by cardiac puncture as the crude immune serum,
adjusted to contain 0.04% (w/v) NaN3, frozen in liquid N2, and stored at -80 oC.
3.5 Protein Extraction
For the extraction of soluble proteins from the intracellular and cell wall fractions of nonsenescing or senescing leaves, quick-frozen tissues (4 g) were powdered under liquid nitrogen and
homogenized (1:15; w/v) using a mortar and pestle in ice-cold homogenizing buffer [25 mM
HEPES/KOH (pH 7.4) containing 10 mM MgCl2, 1 mM EDTA, 1 mM dithiothreitol, 1% (v/v) Triton X100, and 1% (w/v) insoluble polyvinylpolypyrrolidone]. Homogenates were centrifuged for 20 min at
20,000 x g and 4 oC; the supernatant was collected as the cytoplasmic extract. The pellet was washed three
times by resuspending in 7 mL of homogenizing buffer and centrifugation as above. Cell wall proteins
were extracted by resuspending the pellet (using a Polytron) in 5 mL of 0.2 M CaCl2 in 5 mM
acetate/NaOH (pH 4.6). The solution was then stirred for 15 min at 23 oC before centrifuging for 15 min at
23,700 x g and 4 oC; the supernatant was collected as the cell wall extract (Robinson et al. 2012b). The
pellet was re-extracted as above, and the extracts were combined to yield a final volume of approximately
10 mL. Intracellular and cell wall extracts were filtered through Miracloth before being concentrated using
Amicon Ultra-15 centrifugal filter units (10 kDa cut-off) to a final volume of approximately 2 mL for the
intracellular extract and 1 mL for the cell wall extract. Intracellular extracts were desalted using Genotech
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2.5 mL spin columns filled with Sephadex G-25 Fine resin pre-equilibrated in 25 mM HEPES/KOH (pH
7.4) containing 10 mM MgCl2, 1 mM EDTA, and, 1% (v/v) Triton X-100, while cell wall extracts were
dialysed overnight against 500 mL of 40 mM HEPES/KOH (pH 7.4) containing 10 mM MgCl2, 1 mM
EDTA, 1 mM dithiothreitol, and 1% (v/v) Triton X-100.
For the extraction of soluble proteins from the intracellular fraction of Arabidopsis plants grown
in Pi-replete or Pi-deplete soil, quick-frozen leaf tissue (2 g) was powdered under liquid N2 and
homogenized (1:2; w/v) in ice-cold homogenizing buffer [20 mM Na-acetate (pH 5.6) containing 1 mM
EDTA, 1 mM dithiothreitol, 1 mM phenylmethylsulphonyl fluoride, 5 mM thiourea, and 1% (w/v)
insoluble poly(vinylpolypyrrolidone] using a chilled mortar and pestle and a small spatula of white quartz
sand (50 and 70 mesh). Homogenates were clarified by centrifugation for 10 min at 14,000 x g and 4 oC,
and desalted using spin columns pre-equilibrated in 20 mM Na-acetate (pH 5.6) containing 1 mM EDTA.
3.6 Determination of Acid Phosphatase Activity
APase activity was determined by coupling the hydrolysis of phosphoenolpyruvate (PEP) to
pyruvate with the action of lactate dehydrogenase (LDH) at room temperature (23 oC), while continuously
monitoring NADH oxidation at 340 nm using a Spectromax Plus Microplate spectrophotometer
(Molecular Devices, Sunnyvale, CA, USA). Assays were performed under previously optimized
conditions (Robinson et al. 2012b), which are as follows: 50 mM Na-acetate (pH 5.6) containing 5 mM
PEP, 10 mM MgCl2, 0.2 mM NADH, and 3 units/mL of rabbit LDH in a final volume of 0.2 mL. Any
background NADH oxidation was corrected for by omitting PEP from the reaction mixture. All APase
assays were found to be linear with respect time and the concentration of enzyme assayed. One unit of
activity was defined as the amount of enzyme resulting in the hydrolysis of 1 µmol of substrate min-1 at
23 oC.
3.7 Protein Electrophoresis, Immunoblotting, and In-gel APase Activity Staining
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) followed by
immunoblotting onto poly(vinylidene) difluoride (PVDF) membranes, and the subsequent chromogenic
detection of antigenic polypeptides using a secondary antibody tagged with alkaline phosphatase were
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conducted as described previously (Hurley et al. 2010; Tran et al. 2010a; Robinson et al. 2012b). In
addition, an enhanced chemiluminescence (ECL) approach was undertaken, using the Western-Lightning®
Plus-ECL kit (PerkinElmer Inc., Cat #NEL103001) according to the manufacturer’s instructions, utilizing
a peroxidase-tagged secondary antibody. Immunoblots were probed using anti-(AtPAP17)-IgG. All
immunoblots were replicated a minimum of two times, with representative results shown in the various
figures.
Non-denaturing PAGE was carried out using BIO-RAD MINI-PROTEAN© TGX™ gels (10%
acrylamide), a running buffer composed of 0.1 M Tris and 0.15 M glycine (pH 6.8), and a sample loading
buffer consisting of 62.5 mM Tris-HCl (pH 6.8) containing 25% (v/v) glycerol . Following
electrophoresis, gels were incubated at 23 oC for 30 min in an equilibration buffer [100 mM Na-acetate
(pH 5.6) containing 10 mM MgCl2] before being exposed to equilibration buffer containing 0.02% (w/v)
Fast Garnet GBC (2-methyl-4-[(2-methylphenyl)azo]benzenediazonium) salt, and 0.02% (w/v) βnaphthyl-phosphate until red APase activity staining bands became visible. In-gel activity stains were
replicated a minimum of two times, with representative results shown in the figures.
3.8 Determination of Protein, Chlorophyll, Total Pi, and Anthocyanin Concentrations
Protein concentrations were determined using a modified Bradford assay (Bozzo et al. 2002) with
bovine γ-globulin as the standard. Chlorophyll determinations were carried out using acetone extracts as
previously described (Poorter and de Yong-Van Berkel 2011). The total P content and anthocyanin
content of leaves were determined according to Knowles and Plaxton (2013) and Hurley and colleagues
(2010), respectively.
3.9 Statistical Analysis
All statistical analyses were conducted using R v. 3.2.3 (R Foundation for Statistical Computing).
Two-factor analyses of variance (ANOVA) were utilized to identify the effects of genotype and treatment,
as well as their interaction, on the dependent variable. Data is presented as means ±SE.
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Chapter 4
Results
4.1 Bioinformatics analysis of AtPAP17
The Arabidopsis PAP family is encoded by 29 genes that have been categorized into three discrete
groups following bioinformatics analysis of their deduced amino acid sequences (Figure 2.3) (Tran et al.
2010). AtPAP17 belongs to the LMW Group IIIb PAPs which also includes AtPAP3, AtPAP4, and
AtPAP8 (Figure 2.3). AtPAP17 shares 56-59% sequence identity with its Group IIIb homologs (Figure
4.1), whereas its sequence identity with the closest orthologs from other plants is over 88% (Table 4.1). In
silico analysis of AtPAP17’s cDNA-deduced amino acid sequence indicated that the protein consists of
338 residues with a molecular mass of 38.3 kDa (Figure 4.1). AtPAP17 was predicted to have a single Nlinked glycosylation site at Asn-61 which forms part of a conserved NXS/T glycosylation motif (where X
is any amino acid except proline) (Figure 4.1).
4.2 Production of a synthetic peptide antibody against AtPAP17
For production of AtPAP17-specific antibodies (anti-AtPAP17), a 19 amino acid peptide
matching a unique region of AtPAP17’s N-terminus (Figure 4.1) was synthesized with an N-terminal Cys
residue to enable its conjugation to keyhole limpet hemocyanin prior to rabbit immunization. The
detection limit was 20 ng of the corresponding peptide on dot blots probed with a 1:1000 dilution of the
anti-AtPAP17 immune serum (Figure 4.2A). A 1:500 dilution of this immune serum cross-reacted with as
little as 10 ng of native AtPAP17 purified from the cell walls of –Pi Arabidopsis suspension cells (Figure
4.2B); this prominent 35 kDa immunoreactive polypeptide has been identified as AtPAP17 by MALDITOF MS mass fingerprinting of its tryptic peptides (Ghahremani and Plaxton, unpublished data).
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4.3 Identification of an atpap17 loss-of-function mutant
A pair of independent Arabidopsis lines in which a T-DNA insertion was predicted to occur in the
promoter region or third exon of the AtPAP17 gene (atpap17-1 and atpap17-2, respectively) were
obtained (locus At3g17790) (Figure 4.3A). T-DNA insert locations were confirmed by PCR screening of
gDNA using appropriate AtPAP17-specific primers and a T-DNA left border primer (Figure 4.3B).
Mutant homozygosity was established for each of the two lines by the lack of Col-0 PCR products using
the respective gene-specific primers and the presence of a PCR product using the appropriate genespecific primer with the T-DNA left border primer (Figure 4.3B). Elimination of AtPAP17 expression was
confirmed by RT-PCR of cDNA prepared from senescing leaves of atpap17-2, but not atpap17-1 plants
(Figure 4.3C). Thus, only the atpap17-2 line was used in subsequent analyses.
4.4 Morphological and biochemical features of atpap17-2 during leaf senescence
Approximately 28 d after planting, leaves of Col-0 and atpap17-2 plants were fully expanded and
showed no phenotypic differences or signs of yellowing. Individual leaves were wrapped with aluminum
foil to induce senescence. The progression of senescence was determined by observing the extent of leaf
yellowing as well as by assaying leaf chlorophyll contents at various time points following initiation of
this prolonged darkness treatment. As illustrated in Figure 4.4A and 4.4B, there was no significant
difference in the rate at which the senescing Col-0 and atpap17-2 leaves turned yellow or their chlorophyll
contents decreased. Furthermore, no significant differences were noted between Col-0 and atpap17-2
plants in the total P content of their non-senescent or senescing leaves (Figure 4.4C). Respective P
remobilization efficiencies of the senescing Col-0 and atpap17-2 leaves were determined from the data of
Figure 4.4C to be 54.8 ±5.7% and 44.8 ±3.3%, respectively. Although senesced atpap17-2 leaves showed
a trend for having a lower P remobilization efficiency relative to Col-0, this difference was not statistically
significant based upon a Student’s t-test.
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Intracellular and cell wall-localized APase activities of leaves of atpap17-2 and Col-0 plants were
also determined. As previously reported (Robinson et al. 2012a; Shane et al. 2014), leaf senescence
triggered a marked increase in cell wall and intracellular APase activities (Figure 4.5A and 4.5B).
However, no significant differences in specific APase activities of the intracellular and cell wall fractions
were noted for either the non-senescing or senescing leaves of atpap17-2 relative to Col-0 seedlings. As
purified AtPAP17 from –Pi Arabidopsis cell cultures exhibited an unusually broad pH-activity optimum
ranging from pH 5.5 - 7.5 (Ghahremani and Plaxton, unpublished data), intracellular APase activity was
assayed at both pH 5.6 and 7.0 in an attempt to tease apart the relative contribution of AtPAP17 to the
total APase activity of the senescing leaves. When assayed at pH 7.0, the mean specific activities
decreased to approximately 15-20% of the value measured for pH 5.6 for all treatment groups, while the
general trend in APase activity among the groups remained the same (Figure 4.5A).
Following non-denaturing PAGE and in-gel APase activity staining of intracellular extracts, a
faint APase activity staining band that co-migrated with purified AtPAP17 appeared to increase in
intensity in the Col-0 but not atpap17-2 senescing sample as compared to the non-senescing sample
(Figure 4.5D). Despite its apparent sensitivity (Figure 4.3), the anti-AtPAP17 was unable to detect any
immunoreactive 35 kDa AtPAP17 polypeptides following SDS-PAGE and immunoblotting in any of the
intracellular leaf extracts, using either chromogenic or more sensitive chemiluminescent detection
(Appendix 2).
4.5 Morphological and biochemical features of atpap17-2 during nutritional Pi-deprivation
The growth and several biochemical parameters of Col-0 versus atpap17-2 seedlings during their
cultivation in Pi-deficient (–Pi) or Pi replete (+Pi) agar-solidified or liquid Murashige-Skoog media, or
soil was also assessed (Figure 4.6A). Absence of AtPAP17 expression did not exert any obvious impact on
the development or appearance of atpap17-2 relative to Col-0 seedlings under each of these growth
conditions (Figure 4.6B, 4.6D, and 4.6F). In addition, no significant differences between Col-0 and
atpap17-2 seedlings were noted regarding the degree to which Pi-deprivation increased their:
35

(i) root:shoot fresh weight ratio during cultivation on vertically oriented, agar-solidified Murashige-Skoog
media plates (Figure 4.6C), or (ii) leaf anthocyanin contents when grown on soil (Figure 4.6E).
A significant, approximate 2-fold, increase in APase activity of leaf extracts measured at either
pH 5.6 or pH 7.0 occurred when Col-0 but not atpap17-2 seedlings were cultivated in the –Pi soil mix,
relative to +Pi plants; APase activity assayed at pH 7.0 was consistently 35-40% of that determined at pH
5.6 (Figure 4.5A). A faint APase activity-staining band that appeared to co-migrate with pure AtPAP17
was barely discernable following non-denaturing PAGE of leaf extracts of the –Pi soil-grown Col-0 but
not atpap17 plants compared to +Pi controls (Figure 4.5D). The intensity of this band was very minor
compared to prominent APase activity staining bands that likely correspond to AtPAP26 and a vegetative
storage protein. Interestingly, an APase activity staining band that migrated slightly slower than pure
AtPAP17 appeared more intensely in the atpap17-2 +Pi sample as compared to the Col-0 counterpart; this
band then decreased in intensity in the atpap17-2 –Pi sample (Figure 4.5D).
Anti-AtPAP17 was unable to detect any immunoreactive 35 kDa AtPAP17 polypeptides on
immunoblots of protein extracts obtained from leaves of +Pi or –Pi soil-grown plants, using either
chromogenic or chemiluminescent detection (Appendix 2). However, an immunoreactive 35 kDa
polypeptide that co-migrated with purified AtPAP17 was apparent on immunoblots of protein extracts
prepared from –Pi, but not +Pi, liquid-cultured Col-0 seedlings (Figure 4.5E). Absence of this 35 kDa
immunoreactive polypeptide on a parallel immunoblot of –Pi atpap17-2 seedling extracts strongly
suggests that it represents a bonafide AtPAP17 polypeptide, while corroborating transcript profiling
results of Figure 4.2C that AtPAP17 expression has been abolished in the atpap17-2 seedlings.
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Table 4.1 AtPAP17 ortholog protein accession numbers and their predicted molecular mass and
localization.
Plant Source

Protein
Accession

a

Identity to

Predicted Mr

Predicted

AtPAP17 (%)

(kDa)

Localizationb

Arabidopsis thaliana
(AtPAP17)

Q9SCX8

100

38.3

Secretory

Arabidopsis lyrata

D7L7W5

98

38.2

Secretory

Capsella rubella

ROI3Z2

96.1

37.7

Secretory

Eutrema salsugineum

V4M031

91.5

37.8

Secretory

D6MW84

88.9

38.3

Secretory

A0A0D3ACR6

88.6

37.8

Secretory

B5KRG7

88.3

38.2

Secretory

Brassica campestris
Brassica oleracea
Brassica napus
a

UniProt identifier (www.uniprot.org).

b

Predicted by the SignalP program; secretory denotes presence of a putative signal peptide for targeting to

the cell vacuole, cell wall, and/or apoplast.
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AtPAP17
AtPAP4
AtPAP3
AtPAP8

----------------------------MNSGRRSLMSATASLSLLLCIF
-----------------------------MSSKFDIGSLSIVMTLLICFL
MTYIYRDTKITTKSTIPFLIFFLFCFSNLSMATLKHKPVNLVF-YVYNLI
-----------------------------MDSLRDVKPIKLIF-SIFCLV

22
21
49
20

AtPAP17
AtPAP4
AtPAP3
AtPAP8

TTF-VVVSNGELQRFIEPAKSDGSVSFIVIGDWGRRGSFNQSLVAYQMGK
LLSLAPKLEAELATVQHAPNPDGSISFLVIGDWGRHGLYNQSQVALQMGR
IIFSSHSSTAELRRLLQPSKTDGTVSFLVIGDWGRRGSYNQSQVALQMGE
IILSACNSTAELPRFVQPPEPDGSLSFLVVGDWGRRGSYNQSQVALQMGK

AtPAP17
AtPAP4
AtPAP3
AtPAP8

IGEKIDLDFVVSTGDNFYDNGLFSEHDPNFEQSFSNIYTAPSLQKQWYSV
IGEEMDINFVVSTGDNIYDNGMKSIDDPAFQLSFSNIYTSPSLQKPWYLV
IGEKLDIDFVISTGDNFYDNGLTSLHDPLFQDSFTNIYTAPSLQKPWYSV
IGKDLNIDFLISTGDNFYDDGIISPYDSQFQDSFTNIYTATSLQKPWYNV

AtPAP17
AtPAP4
AtPAP3
AtPAP8

LGNHDYRGDAEAQLSSVLREIDSRWICLRSFVVDAELVEMFFVDTTPFVK
LGNHDYRGDVEAQLSPILRSMDSRWICMRSFIVDAEIAELFFVDTTPFVD
LGNHDYRGDVRAQLSPMLRALDNRWVCMRSFIVNAEIVDLFFVDTTPFVD
LGNHDYRGNVYAQLSPILRDLDCRWICLRSYVVNAEIVDIFFVDTTPFVD

AtPAP17
AtPAP4
AtPAP3
AtPAP8

EYYTEADGHSYDWRAVPSRNSYVKALLRDLEVSLKSSKARWKIVVGHHAM
AYFLSPQDQTYDWSGVSPRKSYLQTILTELEMGLRESSAKWKIVVGHHAI
KYFIQPNKHVYDWSGVLPRQTYLNNLLKELDVALRESVAKWKIVIGHHTI
RYFDEPKDHVYDWRGVLPRNKYLNSLLTDVDVALQESMAKWKIVVGHHTI

AtPAP17
AtPAP4
AtPAP3
AtPAP8

RSIGHHGDTKELNEELLPILKENGVDLYMNGHDHCLQHMSDEDSPIQFLT
KSASIHGNTKELESLLLPILEANKVDLYMNGHDHCLQHISTSQSPIQFLT
KSAGHHGNTIELEKHLLPILQANEVDLYVNGHDHCLEHISSVDSNIQFMT
KSAGHHGNTIELEKQLLPILEANEVDLYINGHDHCLEHISSINSGIQFMT

271
271
299
270

AtPAP17
AtPAP4
AtPAP3
AtPAP8

SGAGSKAWRGDINPVTINPKLLKFYYDGQGFMSARFTHSDAEIVFYDVFG
SGGGSKAWRG-YY-NWTTPEDMKFFYDGQGFMSVKITRSELSVVFYDVSG
SGGGSKAWKGGDV-NYVEPEEMRFYYDGQGFMSVHVSEAELRVVFYDVFG
SGGGSKAWKG-DV-NDWNPQEMRFYYDGQGFMSVYTSEAELRVVFYDGLG

321
319
348
318

AtPAP17
AtPAP4
AtPAP3
AtPAP8

EILHKWVTSKQLLHSSV--NSLHKWDTSKMLDSDFYFPL
HVLHHWKKTYKE--ALYFAS
HVLHRWSTLKN---GVYSD-

****
71
71
99
70

*****
121
121
149
120

****
171
171
199
170

****
221
221
249
220

****

338
339
366
334

Mr (kDa)
38.3
38.2
42.0
38.2

Identity (%)
100
59
57
56

Figure 4.1 Deduced amino acid sequence alignment of AtPAP17 (Q9SCX8, At3g17790) with other
Group IIIb members of the Arabidopsis PAP family. These are AtPAP3 (Q8H129, At1g14700),
AtPAP4 (Q8VYU7, At1g25230), and AtPAP8 (Q8VYU7, At2g01890). Identical and similar amino acids
are indicated by black and gray shading, respectively. The arrow and star respectively indicate a common
predicted signal peptide cleavage and glycosylation site for AtPAP17 and its three homologs. Conserved
sequence motifs containing potential metal-ligating residues (Li et al. 2002) are marked by asterisks. The
amino acid sequence of the synthetic peptide used for producing anti-AtPAP17 antibodies is enclosed in a
rectangle (four residues on the N-terminal side of AtPAP17’s signal peptide cleavage site were included to ensure
sufficient solubility of the synthetic peptide in an aqueous buffer; as recommended by https://www.lifetein.com).
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Figure 4.2 Determination of the efficacy of antibodies raised against a synthetic peptide matching
AtPAP17’s N-terminal region. (A) Dot blot of various quantities of the AtPAP17 synthetic peptide
(Figure 4.1) were probed with several dilutions of the rabbit anti-AtPAP17 crude immune serum.
(B) Immunoblot analysis of various quantities of native AtPAP17 purified from the cell wall of –Pi
Arabidopsis suspension cells (Ghahremani and Plaxton, unpublished data). Purified AtPAP17 was
resolved on 10% SDS-PAGE mini-gels and electroblotted onto a poly(vinylidene difluoride) membrane
before being probed with a 1:500 dilution of anti-AtPAP17 immune serum; M denotes various pre-stained
protein molecular weight standards. Immunoreactive peptides and polypeptides were visualized using an
alkaline phosphatase-tagged secondary antibody and chromogenic detection.
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Figure 4.3 Confirmation of T-DNA insert location and homozygosity of atpap17 T-DNA insertional
mutants, along with impact on AtPAP17 transcriptional expression. (A) Schematic representation of
AtPAP17 gene (At3g17790), where exons and introns are denoted by white boxes and grey rectangles,
respectively. T-DNA insertion locations are indicated by triangles, and arrows indicate primers used for
PCR and genotyping. (B) Assessment of T-DNA location and homozygosity of mutants via PCR-based
screening of gDNA templates isolated from leaves of +Pi seedlings. PCR products were amplified from
the corresponding gDNA in a PCR reaction using AtPAP17-specific primers and the overlapping region
between AtPAP17 and the T-DNA insert-specific primers (Appendix 1). (C) AtPAP17 cDNA from two
biological replicates was amplified following the purification of total RNA from senescing leaves of Col0, atpap17-1 and atpap17-2 plants using two sets of gene-specific primers1 (Appendix 1). The second pair
of primers was used to eliminate any potential interference from primer dimers. All PCR products were
consistent with their predicted size.

1

Several attempts to amplify a loading control (i.e. Actin-2) were unsuccessful
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Figure 4.4 The progression of leaf senescence or P remobilization efficiency is not affected in
atpap17-2 plants relative to Col-0. (A) Arabidopsis plants were cultivated as described in the Materials
and Methods, and individual leaves in the fifth or sixth position of 28-d-old plants wrapped in foil sleeves
for up to 8-d to induce senescence. Yellowing of the leaf during prolonged dark treatment indicates how
quickly senescence takes place in atpap17-2 versus Col-0 leaves. Images shown are representative of at
least 10 replicates each. (B) Leaf chlorophyll content of Col-0 and atpap17-2 leaves at various times
following the induction of leaf senescence via prolonged dark treatment. Dotted lines represent the rate of
chlorophyll degradation as determined by linear regression. (C) Total leaf P concentration of nonsenescing (NS) and fully senesced (S) leaves. All values represent means ±SE of n = 3 biological
replicates; letters denote values that are significantly different (p < 0.05) as determined by a two-factor
analysis of variance.
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Figure 4.5 APase activities and immunoreactive 35 kDa AtPAP17 polypeptides of Col-0 and
atpap17-2 plants. (A and B) APase activities were determined for the intracellular (A) and cell wall (B)
fractions of non-senescent (NS) and senescing (S) rosette leaves, measured at either pH 5.6 (white and
grey bars) or pH 7.0 (black bars). Growth conditions and senescence induction were as described in the
legend for Figure 4.4. (C) APase activity was determined for leaf extracts of plants cultivated on a soluble
Pi-deficient soil irrigated with 0 (–Pi ) or 2 mM (+Pi) nutrient solutions, measured at either pH 5.6 (white
and grey bars) or pH 7.0 (black bars). Growth conditions were as previously described (Veljanovski et al.
2006; Hurley et al. 2010; Robinson et al. 2012b), except that the first irrigation of the –Pi group received
0.5 mM Pi. All values represent means ±SE of n = 3 biological replicates; letters denote values that are
significantly different (p < 0.05) as determined by a two-factor analysis of variance. (D) Soluble leaf
proteins (40 µg protein per lane) of +Pi versus –Pi soil grown plants, along with pure AtPAP17 (12.5 ng)
(Ghahremani and Plaxton, unpublished data), were resolved by non-denaturing PAGE and subjected to ingel APase activity staining. Labeling of the 100 kDa AtPAP26 band was based upon evidence of
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Robinson et al. (2012a), whereas the 28 kDa APase activity staining band is likely due to an ‘anti-insect’
vegetative storage protein (locus At5g24770) that exhibits APase activity (Liu et al. 2005). (E) Soluble
intracellular proteins of seedlings grown hydroponically in liquid Murashige-Skoog media containing
either 0 mM (-Pi) or 1.5 mM (+Pi) Pi, along with pure AtPAP17 (10 ng), were resolved by SDS-PAGE
and electroblotted onto a poly(vinylidene difluoride) membrane before being probed with a 1:500 dilution
of anti-AtPAP17 immune serum. Immunoreactive polypeptides were detected chromogenically using an
alkaline phosphatase-linked secondary antibody.

43

Figure 4.6 AtPAP17 knock-out does not influence the acclimation of Arabidopsis to Pi-deprivation.
(A) Col-0 and atpap17-2 seedlings were grown on vertically-oriented Murashige and Skoog (MS) media
plates, on soluble Pi-deficient soil, or in liquid MS media containing either 0 (–Pi ), 1.5 (for MS media) or
2 mM (for soil) Pi (+Pi) as previously described (Veljanovski et al. 2006; Hurley et al. 2010; Robinson et
al. 2012b). Images shown are representative of at least n = 3 replicates each; scale bars = 1 cm. (B and C)
The fresh weight per seedling (B) and root:shoot fresh weight ratio (C) of seedlings grown on +Pi or –Pi
agar-solidified MS media plates. All values for B and C represent means ±SE of n = 15 biological
replicates. (D and E) The fresh weight per pot (D) and leaf anthocyanin content (E) of 30-d old plants
grown on soluble Pi-deficient soil irrigated with +Pi or –Pi nutrient solutions. Values represent means ±SE
of n = 10 biological replicates, where four plants made up each replicate. (F) The fresh weight per flask of
seedlings grown hydroponically in +Pi and –Pi liquid MS media. Values represent means ±SE of n = 3
biological replicates. Letters denote values that are significantly different (p < 0.05) from one another as
determined by a two-factor analysis of variance.
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Chapter 5
Discussion
Previous research has established critical roles for various PAP isozymes, such as AtPAP12 and
AtPAP26, in Arabidopsis PAE during nutritional Pi-deprivation, as well as in PUE as it relates to nutrient
remobilization during leaf senescence (Hurley et al. 2010; Tran et al. 2010b; Robinson et al. 2012a;
Robinson et al. 2012b; Shane et al. 2014). AtPAP17 has been implicated in Arabidopsis PAE and PUE, as
its transcripts are induced by approximately 25-fold during Pi-deprivation and leaf senescence, according
to qPCR (del Pozo et al. 1999; Robinson et al. 2012a, 2012b). Furthermore, a 35 kDa native AtPAP17 has
been fully purified from the intracellular fraction of liquid-cultured –Pi Arabidopsis seedlings (del Pozo et
al. 1999), as well as from cell wall extracts of –Pi Arabidopsis suspension cells (Ghahremani and Plaxton,
unpublished data). The purpose of this thesis was to investigate the contribution of AtPAP17 to
Arabidopsis PUE and PAE. This was achieved by taking advantage of the publicly available T-DNAtagged insertional mutagenized population of Arabidopsis (Alonso et al. 2003) and identifying and
characterizing a null atpap17 allele that abolished AtPAP17 expression at both the transcript and protein
level. This research contributes to our current understanding of plant Pi nutrition and metabolism, which
may ultimately lead to the development of Pi-efficient transgenic crops.
5.1 Bioinformatics analysis of AtPAP17
AtPAP17 was first characterized at the molecular level by del Pozo and colleagues (1999) as a
gene responsive to Pi-starvation following its purification from 0.5 kg of liquid-cultured –Pi Arabidopsis
seedlings. Subsequent in silico analysis revealed a protein consisting of 338 residues with a molecular
mass of 38.3 kDa (Figure 4.1). This is congruent with the subunit molecular masses estimated via SDSPAGE for native AtPAP17 purified from –Pi Arabidopsis seedlings and suspension cells, being 34- and
35-kDa, respectively (del Pozo et al. 1999; Ghahremani and Plaxton, unpublished data). The size
discrepancy can be explained by the fact that Target P predicted that the N-terminus of the AtPAP17
polypeptide contains a 31 amino acid signal peptide having a Mr of 3.3 kDa, which precisely corresponds
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to the actual signal peptide reported for native AtPAP17 purified by del Pozo and colleagues (1999).
Within the Arabidopsis PAP family, AtPAP17 belongs to the LMW Group IIIb PAPs, along with
AtPAP3, AtPAP4, and AtPAP8. While AtPAP17 only shares 56-59% sequence identity with its Group
IIIb homologs (Figure 4.1), its sequence identity with its closest orthologs from other plant species
exceeds 88% (Table 4.1). This trend is similar to what was observed for AtPAP26, where this HMW
AtPAP isozyme only displayed 58% sequence identity with its most closely-related paralogs (AtPAP10
and AtPAP12), but shared greater than 75% identity with other PAP orthologs (Veljanovski et al. 2006).
Despite less sequence identity being shared between AtPAP17 and its paralogs, transcript profiling of
AtPAP isozymes revealed that other members of the Group IIIb PAPs, particularly AtPAP4, can be upregulated under the same conditions observed for AtPAP17, such as osmotic and salt stress (Figure 2.5).
Finally, AtPAP17 was predicted to have a single N-linked glycosylation site at Asn-61. Glycosylation is
an important post-translational modification that can influence enzyme localization, stability, and/or
kinetic properties. Secreted plant proteins usually contain highly heterogeneous glycan pools; some
proteins, such as the AtPAP26 isoforms that are secreted into the cell wall and rhizosphere, can exist in
multiple glycoforms, each possessing a unique glycan structure (Tran et al. 2010b; Del Vecchio et al.
2014). Although all characterized PAPs are glycosylated (Tran et al. 2010a), few details of their N-linked
glycans are available. Glycosylation of native AtPAP17 extracted from cell walls of –Pi Arabidopsis cell
cultures was indicated by its ability to bind Concanavlin-A when subjected to lectin affinity
chromatography (Ghahremani and Plaxton, unpublished data).
5.2 Evaluation of the atpap17 knock-out line and AtPAP17 peptide antibody
The reverse genetic approach to determining gene function requires that the gene of interest be
effectively non-functional. As such, two independent, publically-available Arabidopsis lines with a TDNA insertion at the locus At3g17790 (AtPAP17) were obtained from the SALK institute and screened to
determine whether expression of AtPAP17 was fully repressed (Alonso et al. 2003). atpap17-1
(SALK_047922) and atpap17-2 (SALK_085340) were predicted to contain T-DNA insertions in the
promoter and third exon of the AtPAP17 gene, respectively (Figure 4.3A); this was confirmed for the
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corresponding homozygous lines by PCR using appropriate primers (Figure 4.3B). However, absence of
AtPAP17 transcripts was only confirmed for the atpap17-2 line (Figure 4.3C).
For AtPAP17 immunoblotting, a polyclonal antibody was raised in rabbits against a synthetic
peptide representing a unique portion of AtPAP17’s amino acid sequence (Figure 4.1). A 1:500 dilution of
anti-AtPAP17 detected as little as 20 ng of the corresponding synthetic peptide or 10 ng of purified native
AtPAP17, suggesting that this antibody is quite sensitive in detecting its target protein (Figure 4. 2).
Furthermore, SDS-PAGE followed by anti-AtPAP17 immunoblotting of the soluble intracellular fraction
of Col-0 plants cultivated in –Pi liquid media resolved 35 kDa immunoreactive anti-AtPAP17
polypeptides that were absent in the corresponding intracellular fraction of atpap17-2 seedlings (Figure
4.5E). Results of Figure 4.5E also corroborate those of del Pozo et al. (1999) indicating that an
intracellular, likely vacuolar, AtPAP17 isoform is de novo synthesized in response to nutritional Pideprivation of Arabidopsis seedlings. Recent results confirmed that AtPAP17-GFP is targeted to the cell
vacuole following its transient expression in tobacco BY-2 cells, whereas 35 kDa immunoreactive
AtPAP17 polypeptides have been detected on immunoblots of cell wall extracts of –Pi but not +Pi
Arabidopsis suspension cells (Ghahremani and Plaxton, unpublished data). Thus, as with AtPAP26
(Hurley et al., 2010; Tran et al., 2012), AtPAP17 appears to be upregulated and dual-targeted to both the
cell vacuole and cell wall of –Pi Arabidopsis.
5.3 AtPAP17 loss-of-function does not significantly impact the progression of leaf senescence or the
P remobilization efficiency of senesced Arabidopsis leaves
Individual, fully-expanded Col-0 and atpap17-2 leaves of mature, soil-grown +Pi seedlings were
wrapped in foil to subject them to a prolonged darkness treatment. This treatment induces a senescence
program that closely mimics natural senescence (Weaver et al. 1998; Gepstein et al. 2003; Keech et al.
2010). The progression of leaf senescence was compared between Col-0 and atpap17-2 Arabidopsis lines,
both visually and through the determination of leaf chlorophyll content, to determine whether the absence
of AtPAP17 expression influenced the rate of leaf senescence. The chloroplast is the first organelle
targeted for degradation during leaf senescence, allowing for a visual observation of leaf yellowing and
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measurement of leaf chlorophyll content to be representative of how senescence is progressing
(Buchanan-Wollaston et al. 2003). Delayed senescence in Arabidopsis leaves occurred when the
expression of genes encoding several senescence-associated hydrolytic enzymes, such as a membrane
lipase, RNase, or AtPAP26 was repressed or eliminated (Thompson et al. 2000; He and Gan 2002; Lers et
al. 2006; Robinson et al. 2012a). Retardation of leaf senescence may manifest as a consequence of
reduced macromolecule degradation, as the progress of senescence may be tightly coordinated with the
efficient recycling of nutrients freed by the catabolism of cellular macromolecules; alternatively, these
hydrolytic enzymes may influence the activity of negative regulators of senescence, thus influencing the
rate at which leaf senescence advances (Lers et al. 2006).
The absence of AtPAP17 expression in atpap17-2 plants did not significantly influence the rate of
leaf yellowing or chlorophyll degradation during dark-induced senescence as compared to Col-0 controls
(Figure 4.4A and 4.4B). Nor was there a significant difference in the P remobilization efficiency of fully
senesced atpap17-2 leaves relative to Col-0 leaves (Figure 4.4C). These results are in stark contrast to an
atpap26 mutant which displayed a 3-d delay in the onset of dark-induced senescence, as well as a marked
reduction in the P remobilization efficiency of its senesced leaves (Robinson et al. 2012a). These results
indicate that the absence of AtPAP17 expression does not significantly impede P remobilization from the
Po pool of senescing atpap17-2 leaves, or influence the rate at which leaf senescence progresses.
In order to further evaluate the relative contribution of AtPAP17 to Pi metabolism during leaf
senescence, the extractable intracellular and cell wall APase activities were compared between nonsenescent and corresponding senescing Col-0 versus atpap17-2 leaves. The specific APase activities of
intracellular and cell wall extracts of senescing Col-0 leaves was significantly greater that of nonsenescing leaves, congruent with previous reports (Robinson et al. 2012a; Shane et al. 2014). However, in
contrast to atpap26 plants which displayed a massive (>90%) decrease in intracellular or cell wall APase
activity of senescing leaves relative to Col-0 (Robinson et al. 2012a; Shane et al. 2014), the cell wall
APase activity of non-senescing or senescing atpap17-2 leaves was not significantly different from that of
their Col-0 counterparts (Figure 4.5A and B). However, absence of AtPAP17 expression appeared to
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trigger an approximately 40% increase in intracellular APase activity extracted from senescing leaves as
compared to the Col-0 control (Figure 4.5A). When the pH of the APase assay mixture was increased to
favour the broad pH activity-profile of AtPAP17, the mean specific activity of the intracellular fraction
decreased to approximately 15-20% of the value measured at pH 5.6 for all treatment groups (Figure
4.5A). AtPAP26 retains approximately 10% of its APase activity at pH 7.0 relative to pH 5.6 (Veljanovski
et al. 2006), indicating that the majority of measured APase activity measured at pH 7.0 was likely due to
the action of AtPAP26. These results suggest that AtPAP17, unlike AtPAP26, does not make a major
contribution to the marked increase in intracellular and cell wall APase activity during leaf senescence,
and thus may only play a minor role in scavenging Pi from the Po pool of the senescing leaf. This was
further corroborated by the very faint APase activity-staining band following non-denaturing PAGE of an
intracellular extract of senescing Col-0 leaves that co-migrated with pure AtPAP17 (Figure 4.5D); an
equivalent band could not be detected following non-denaturing PAGE of the corresponding cell wall
fraction (results not shown). Furthermore, no immunoreactive 35 kDa AtPAP17 polypeptides were
detected on anti-AtPAP17 immunoblots of the intracellular fraction of senescing Col-0 leaves (Appendix
2), despite the sensitivity of this synthetic peptide antibody for pure AtPAP17 (Figures 4.2B and 4.6E).
This implies that AtPAP17 polypeptide abundance is quite low within the senescing leaves, alluding again
to a minor role for this low molecular weight PAP isozyme in scavenging Pi from the Po pool of senescing
leaves.
Alternatively, AtPAP17’s main function during leaf senescence may not revolve around its APase
activity. AtPAP17 also possess alkaline peroxidase activity, which could play a role in ROS metabolism
(del Pozo et al. 1999). While excessive ROS production can damage cellular macromolecules, an
important role for the controlled action of ROS in cell signaling has emerged. ROS is generated in
organelles such as the chloroplast, mitochondria, and peroxisome, where organelle-specific complements
of enzymes aid in balancing ROS production with detoxification (Dietz et al. 2016). ROS, in turn, can
function as an oxidant of macromolecules, adjusting redox regulatory networks and thus influencing many
aspects of a signal transduction pathway, such as gene expression, protein translation, and protein
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turnover. In addition, ROS can act as an oxidant of proteins and lipids, altering their function or releasing
signal active compounds, respectively (Dietz et al. 2016). As such, ROS has been implicated in generating
and mediating whole-plant systemic responses to biotic and/or abiotic stresses. In Arabidopsis, the
aquaporin AtPIP1;4 imports pathogen-induced H2O2 from the apoplast into the cytoplasm. When the
function of AtPIP1;4 was lost, ROS signaling between the apoplast and cytoplasm was interrupted,
resulting in the failure to initiate an immune response (Tian et al. 2016). Furthermore, the inhibition of
ROS production in Arabidopsis roots dampens the Ca2+-induced Ca2+ release mechanism underlying plant
systemic signaling in response to salt stress (Evans et al. 2016). The involvement of ROS as a signaling
component in response to stress may extend to conditions of leaf senescence and Pi-deprivation as well.
During leaf senescence, ROS accumulates as detoxification systems, such as the ascorbateglutathione pathway in chloroplasts or catalase activity in peroxisomes, decline in function (del Rio et al.
1998; Khanna-Chopra 2012). A rice cultivar that senesces prematurely displayed elevated ROS production
and decreased capacity of superoxide dismutase activity, suggesting that ROS accumulation during leaf
senescence is likely involved in the promotion of the senescence program, potentially through signaling as
well as the direct oxidative deterioration of macromolecules (Wang et al. 2016). While most PAP
isozymes are known for their APase activity-related functions, some PAP isozymes play integral roles in
ROS metabolism and the acclimation of plants to abiotic and/or biotic stress. For example, when GmPAP3
from soybean was ectopically expressed in tobacco BY-2 cells, oxidative damage caused by salinity and
oxidative stress was reduced (Francisca et al. 2008). Furthermore, the appropriate expression of the ROSassociated AtPAP5 from Arabidopsis is essential to mounting a defense response against the bacterial
pathogen Pseudomonas syringae, as both the knock-out and overexpressing lines of AtPAP5 displayed
reduced expression of pathogenesis-related genes, while the overexpressing line also presented impaired
ROS accumulation (Ravichandran et al. 2015). In addition to leaf senescence and Pi-starvation, AtPAP17
is transcriptionally induced in response to abscisic acid treatment, salt or oxidative stress, as well as during
geminivirus infection, implicating a role in defense mechanisms (del Pozo et al. 1999; Ascencio-Ibanez et
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al. 2008; Robinson et al. 2012a). This indicates that AtPAP17 may function in the careful balance of ROS
production and detoxification under each of these conditions.
Finally, the failure to detect immunoreactive 35 kDa AtPAP17 polypeptides on immunoblots of
senescing Col-0 leaf extracts probed with anti-AtPAP17 contrasts with the striking senescence-inducibility
of AtPAP17 transcripts (Del Pozzo et al. 1999; Buchanan-Wollaston et al. 2003; Robinson et al. 2012a).
However, globally, the cellular concentration of proteins correlates weakly with the abundance of the
corresponding mRNA due to post-transcriptional control mechanisms (Vogel and Morcotte 2012). It may
be that AtPAP17 mRNA is highly unstable or is supressed by other controls such as microRNAs prior to
translation, or that AtPAP17 is rapidly turned over by endogenous protease activity following its
synthesis.
5.4 AtPAP17 loss-of-function does not significantly impact the development of Pi-deprived
Arabidopsis
To investigate the role that AtPAP17 plays in Pi acquisition and acclimation to nutritional Pideprivation, Col-0 and atpap17-2 seedlings were cultivated on +Pi and –Pi liquid or agar solidified
Murashige-Skoog nutrient media, as well as in soil under a regular light-dark regime. As illustrated in
Figure 4.6A, there were no obvious morphological differences in development or appearance of +Pi or –Pi
Col-0 versus atpap17-2 seedlings. Likewise, the fresh weight, root:shoot biomass ratio, and anthocyanin
content of the two lines were not significantly different (Figure 4.6). In all cases, the fresh weight of –Pi
Col-0 and atpap17-2 seedlings was markedly reduced compared to those grown in Pi-replete conditions,
consistent with previous studies (Hurley et al. 2010; Robinson et al. 2012b). Likewise, the increased
root:shoot fresh weight ratio of –Pi seedlings cultivated on agar solidified media, as well as the markedly
enhanced leaf anthocyanin content of the corresponding –Pi soil-grown plants, was the same for Col-0
and atpap17-2 plants (Figure 4.6). When cytoplasmic Pi decreases (by over 10-fold) during long term Pi
deprivation, leaf photophosphorylation and thus CO2 fixation by the Calvin cycle becomes severely
inhibited; this is believed to accelerate photoinhibition, thus triggering the accumulation of anthocyanin
as a protective measure (Takahashi et al. 1991; Hurley et al. 2010; Goh et al. 2012). Finally, reducing
shoot growth in favour of root growth allows a greater volume of soil to be mined for available nutrients.
51

These hallmarks of Pi-deprivation are present in Col-0 plants, but are exacerbated in atpap10, atpap12,
atpap26, atpap10xatpap12, atpap12xatpap26, and atpap10xatpap12xatpap26 knock-out lines, indicating
a greater degree of Pi-stress and thus a reduced ability to acclimate to Pi-starvation (Hurley et al. 2010;
Robinson et al. 2012b; Wang et al. 2014). The more extreme phenotypes observed with the loss of
AtPAP10, AtPAP12 and/or AtPAP26 give evidence that these AtPAP isozymes are critical for PAE and
the effective acclimation of Arabidopsis to Pi-deficient conditions. However, the loss of AtPAP17 did not
significantly impair the growth of atpap17-2 seedlings in –Pi conditions, with these mutants responding to
the nutritional stress in a manner that was nearly identical to Col-0 plants, thus implying that AtPAP17
does not play a critical role in the PSR.
The contribution of AtPAP17 to Arabidopsis Pi metabolism during Pi-starvation was also
evaluated by comparing the extractable intracellular APase activities for rosette leaves collected from Col0 and atpap17-2 plants that were grown in soil under +Pi and –Pi conditions. The extractable APase
activity increased significantly (by about 80%) from the +Pi to –Pi treatment group for Col-0 leaves,
whereas no significant difference in corresponding APase activity between the +Pi and –Pi treatments
occurred for the atpap17-2 plants (Figure 4.5C). This compromised response in APase activity suggests
that AtPAP17 contributes sizably to the overall APase activity extracted from leaves of –Pi Col-0 plants.
However, it is apparent that despite the decrease in APase activity in the atpap17-2 line, these plants are
still able to effectively acclimatize to Pi-starvation (Figure 4.6). By contrast, atpap26 and
atpap12xatpap26 lines retained approximately 35% and 12%, respectively, of the APase activity of –Pi
Col-0 plants, which was correlated with reduced total P levels and an impaired growth phenotype for these
lines compared to Col-0 controls when subjected to Pi-deficiency (Hurley et al. 2010; Robinson et al.
2012b). The atpap17-2 line retained approximately 55% of the APase activity of Col-0 plants under –Pi
conditions (Figure 4.5C), which may still allow for sufficient Pi scavenging to support comparable growth
relative to Col-0 plants. This suggests that while AtPAP17 may significantly contribute to the intracellular
APase response to Pi-deprivation, it likely does not play as large of a role as other AtPAP isozymes such
as AtPAP10, AtPAP12 and AtPAP26. This significant decrease in the APase activity of leaves of –Pi
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atpap17-2 plants is different from what was reported by Wang and colleagues (2014) who reported that
the same line had an extractable APase activity that was not significantly different from +Pi or –Pi Col-0
controls. This discrepancy may be due to the different growth conditions between the two studies, or the
fact that a different APase substrate (pNPP) was used by Wang and colleagues for their activity assays.
When an atpap25 mutant line was grown hydroponically in –Pi media, no phenotypic differences were
apparent compared to a Col-0 control. However, when the same mutant line was grown on the same Pideficient soil mix used in the present study, a dramatic arrested-growth phenotype was observed (Del
Vecchio et al. 2014). Such may be the case with the atpap17-2 mutant, where the phenotype associated
with extractable APase activity is only observable under soil growth conditions.
When the APase activity of leaf extracts prepared from –Pi soil grown plants was assayed at pH
7.0, 30-45% of the activity was retained compared to pH 5.6, while the overall activity profile remained
constant (Figure 4.5C). This pH-dependent reduction in APase activity is less than what was observed in
the senescence study (Figure 4.5A), which suggests that AtPAP17 plays a greater role as an APase during
times of Pi-deprivation as compared to leaf senescence. However, this response may also be explained by
the action of AtPAP12, which plays an important role in the acclimation of Arabidopsis to Pi-starvation,
but does not appear to contribute to nutrient remobilization during leaf senescence (Robinson et al. 2012a;
Robinson et al. 2012b; Shane et al. 2014; Wang et al. 2014). AtPAP12 has a broader pH activity profile
than AtPAP26 (Tran et al. 2012b), and may thus still represent a substantial portion of the observed APase
activity determined at pH 7.0 for leaf extracts prepared the soil grown plants.
To further assess the role of AtPAP17 during Pi stress, in-gel APase activity staining and antiAtPAP17 immunoblots were employed to ascertain AtPAP17 activity and polypeptide accumulation
(Figure 4.5D and 4.5E). A faint APase activity-staining band that co-migrated with pure AtPAP17
increased in intensity from +Pi to –Pi conditions for leaf extracts of soil grown Col-0 plants, with the
observed band intensity being greater than that observed for the Col-0 senescing leaf extracts (Figure
4.5D); this gives further evidence that a portion of the observed increase in extractable APase activity
during Pi-deprivation may be attributed to AtPAP17 and that this contribution may be greater under
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conditions of Pi-starvation as compared to leaf senescence. This result agrees with in-gel APase activity
stains reported by del Pozo and colleagues (1999), where an activity-staining band believed to represent
AtPAP17 increased in intensity following non-denaturing PAGE of leaf extracts prepared from –Pi
relative to +Pi Arabidopsis seedlings cultivated in liquid media. Anti-AtPAP17 was unable to detect any
immunoreactive AtPAP17 polypeptides on immunoblots of protein extracts obtained from +Pi or –Pi soil
grown Col-0 plants, suggesting that AtPAP17 is present in very low abundance (Appendix 2). However,
concentrated protein extracts obtained from seedlings grown in liquid media demonstrated that
immunoreactive 35 kDa AtPAP17 polypeptides accumulate during Pi-deprivation, much like AtPAP12
and AtPAP26 (Veljanovski et al. 2006; Tran et al. 2010b) (Figure 4.5E). Coupled with the fact that
AtPAP17 has been purified from the intracellular fraction of –Pi liquid-cultured Arabidopsis seedlings
(del Pozo et al. 1999), and the cell walls of –Pi Arabidopsis suspension cells (Ghahremani and Plaxton,
unpublished data), these results provide further evidence that AtPAP17 plays a role, albeit a minor one,
during Pi-deprivation. It may be that AtPAP17, akin to AtPAP25, could play more of a signaling role
during Pi-starvation as opposed to functioning primarily in Pi scavenging, possibly acting as a
phosphoprotein phosphatase or mediating signaling cascades through the metabolism of ROS (Del
Vecchio et al. 2014). Finally, an additional APase activity-staining band that migrated slightly slower than
pure AtPAP17 was present in the atpap17-2 +/–Pi samples (Figure 4.5D). While the identity of the
responsible phosphatase is unknown, a similar band appeared in APase activity stained gels of Col-0 +/–Pi
liquid-grown seedling extracts (del Pozo et al. 1999).
5.5 Future Directions
While this thesis explored the role of AtPAP17 in Arabidopsis Pi metabolism, many questions
concerning AtPAP17’s function remain unanswered. With respect to leaf senescence, the results of this
thesis research indicate that AtPAP17 likely plays a minor role in remobilizing Pi from the leaf’s Po pool,
which raises the question as to why AtPAP17 is so highly induced at a transcriptional level during leaf
senescence? It would be of great interest to explore alternative functions for AtPAP17 under these
conditions, such as its possible involvement in ROS metabolism through its action as an alkaline
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peroxidase. Utilizing the atpap17-2 knock out line, an assay to detect ROS in leaves over the course of
senescence via in vivo ROS imaging could be employed to determine how the loss of AtPAP17 influences
ROS accumulation, and by extension, regulatory networks involved in the control of leaf senescence. Such
an assay could also provide insight into any potential role that AtPAP17 might play during abiotic stresses
such as salt or oxidative stress, or during biotic stresses such as geminivirus infection, in terms of ROS
metabolism.
To further investigate a potential signaling role for AtPAP17 during leaf senescence and Pistarvation, the relative transcript copy number for marker genes of senescence (i.e., senescence associated
genes such as RNS2 and AtPAP26) and the PSR (i.e. At4, RNS1, AtPAP12, AtPAP25) could be determined
using qPCR to compare the transcriptional response in Col-0 versus atpap17-2 plants. When AtPAP25
was knocked out, there was an attenuation in Pi-starvation signaling, which, coupled with its unusual
substrate selectivity for hydrolyzing Pi from phosphoamino acids and phosphoproteins, led to the
hypothesis that this AtPAP isozyme functions as a phosphoprotein phosphatase, modulating various
aspects of the PSR (Del Vecchio et al. 2014). If the atpap17-2 line displays a similar disruption in the
transcriptional response to leaf senescence or Pi-deprivation, one may hypothesize that AtPAP17’s
function during these conditions lies within the signaling realm.
5.6 Concluding Remarks
Today’s society faces the harsh reality of providing sufficient food, fiber, and medicines for an
ever-growing population in a period of climate change, global warming, and political unrest. Further,
current agricultural methods are both ineffective and inefficient, as they rely upon the massive input of
non-renewable Pi-containing fertilizers whose manufacture and use are very harmful for the environment.
To overcome these challenges, focus needs to shift toward a more sustainable model of increasing
agricultural production. This model could include the use of crop plants that have been geneticallymodified to improve their acquisition and utilization efficiency of vital macronutrients such as Pi. The use
of such plants may reduce the need for large applications of fertilizers, thereby resolving some of the
pressing challenges surrounding global food security during the 21st century.
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The purpose of this thesis project was to contribute to the growing body of knowledge regarding
PAP enzymes, which play integral roles in plant PAE and PUE (Tran et al. 2010b; Hurley et al. 2010;
Robinson et al 2012a; Robinson et al. 2012b; Del Vecchio et al. 2014; Shane et al. 2014; Wang et al.
2014). By gaining a greater appreciation of how these enzymes function and interact, targeted and
effective manipulations may be made in the production of genetically-modified crops. The evidence
presented in this project disagrees with earlier implications that AtPAP17 plays an important role in
Arabidopsis Pi metabolism due to its marked transcriptional up-regulation during senescence and Pideprivation, but instead suggests that AtPAP17 may play a minor role as a non-specific, Pi-scavenging
APase, more so during Pi-starvation as opposed to leaf senescence. However, the possibility that
insufficient biological replicates could have masked subtle trends in the contribution of AtPAP17 to the
APase response cannot be ruled out. In addition, exploring potential roles for AtPAP17 as an alkaline
peroxidase involved in ROS metabolism or as a phosphoprotein phosphatase could unlock key functions
for this this low molecular weight member of the Arabidopsis PAP family. Future research into this
subject will expand the knowledge base, thus improving biotech strategies for engineering Pi-efficient
crop plants that can sustain future generations.
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Summary
1. A synthetic peptide antibody was generated by identifying a 19 amino acid region that was unique
to AtPAP17; this synthetic peptide was then used to raise an antibody in rabbit that successfully
detected small quantities of the synthetic peptide, as well as AtPAP17 purified from the cell walls
of Pi-starved Arabidopsis suspension cells, suggesting the synthetic peptide antibody is quite
sensitive in detecting the target protein.
2. Two atpap17 knock-out lines of Arabidopsis thaliana were obtained and screened for
homozygosity and the presence of AtPAP17 transcripts. Only the atpap17-2 line was found to be
lacking AtPAP17 expression.
3. The influence of AtPAP17 on the progression of leaf senescence and P remobilization was
assessed. Leaf chlorophyll content during the course of dark-induced leaf senescence did not
differ significantly between the Col-0 and atpap17-2 plants. Further, no significant difference in
the total P content of NS and S leaves, and thus the P remobilization efficiency, was found
between the two lines.
4. Col-0 and atpap17-2 seedlings were grown on media plates, in liquid media, and on soil under Pireplete (+Pi) and Pi-deplete (-Pi) conditions. No significant difference was found between the two
Arabidopsis lines in terms of their response to –Pi conditions, including the decreased
accumulation of biomass, the increased root:shoot ratio, and increased accumulation of
anthocyanin within the leaves.
5. Soluble intracellular and cell wall proteins were extracted from non-senescent and senescing
leaves of Col-0 and atpap17-2 plants as previously described (Robinson et al. 2012b). Both the
Col-0 and atpap17-2 senescing tissue displayed a significant increase in extractable intracellular
and cell wall APase activity as compared to non-senescent tissue, reflecting the previouslyreported up-regulation of APases both intracellularly and within the cell wall of senescing
Arabidopsis leaves (Robinson et al. 2012a; Shane et al. 2014). No significant difference in
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extractable APase activity between the Col-0 and atpap17-2 lines was observed, suggesting that
AtPAP17 likely does not contribute significantly to the up-regulation of APase activity during leaf
senescence. This was corroborated by in-gel activity staining, where a band that co-migrated with
pure AtPAP17 appeared only very faintly for the Col-0 senescent sample.
6. Soluble intracellular proteins were extracted from Col-0 and atpap17-2 plants that were grown on
soil in +Pi and –Pi conditions as described previously (Hurley et al. 2010; Robinson et al. 2012b;
Del Vecchio et al. 2014). The –Pi Col-0 tissue displayed a significant increase in extractable
intracellular APase activity as compared to +Pi tissue, reflecting the previously-reported upregulation of APases in Arabidopsis under Pi-deplete growth conditions (Hurley et al. 2010; Tran
et al. 2010b; Robinson et al. 2012b; Del Vecchio et al. 2014). In contrast, tissues of -Pi atpap17-2
plants did not display a significant increase in APase activity with respect to the corresponding
+Pi tissue, suggesting that AtPAP17 may contribute to the overall APase activity observed during
the response to Pi-starvation. This was corroborated by non-denaturing PAGE of clarified extracts
coupled with in-gel APase activity staining, where a band that co-migrated with pure AtPAP17
increased in intensity for the Col-0 –Pi sample as compared to the +Pi sample. Additionally, antiAtPAP17 immunoblotting revealed that immunoreactive 35 kDa AtPAP17 polypeptides were
present in extracts of Col-0 Arabidopsis seedlings grown in –Pi but not +Pi liquid media.
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Appendix 1

Table S1. Primers used for genotyping and RT-PCR for the screening of homozygous T-DNA
insertional atpap17 knock-out mutant lines of Arabidopsis.
Primer
LBa1
atpap17-1 A
atpap17-1 B
atpap17-2 C
atpap17-2 D
RT-PCR A Forward
RT-PCR A Reverse
RT-PCR B Forward
RT-PCR B Reverse

Sequence
5’-TGGTTCACGTAGTGGGCCATCG-3’
5’-TGTAACGGCCCTGAAATACAG-3’
5’-CCAAACCTGATAAGCAACGAG-3’
5’-AGTTAGTGCTAAGGGCTTCGG-3’
5’-TTTGTCGTTGATGCAGAGTTG-3’
5’-TAACCCAGTGACCATCAATCCCA-3’
5’-CGTCCGAGTGAGTGAACCGA-3’
5’-ACGTTTCATCGATCCTACCTA-3’
5’-GCAGGAAGCCTACCTAGCC-3’
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Appendix 2

Figure S.2. Immunoblot analysis of the accumulation of AtPAP17 polypeptides during conditions of
leaf senescence and Pi-deprivation for Col-0 and atpap17-2 Arabidopsis lines. Seedlings were grown,
and dark-induced senescence was initiated, as previously described (Robinson et al. 2012a). Six days
following the induction of senescence, covered leaves were collected as the senescent (S) sample, while
uncovered leaves were collected as the non-senescent (NS) sample. Seedlings were also cultivated for 21
days on soil lacking soluble Pi, and irrigated with nutrient solution containing either 0 mM (-Pi) or 1.5
mM Pi (+Pi), except for the first irrigation, where the –Pi treatment group received a nutrient solution
containing 0.5 mM Pi. Soluble intracellular proteins extracted from the NS and S, as well as from the +Pi
and –Pi seedlings, were resolved using 10% SDS-PAGE mini-gels (30 µg protein per lane) and subjected
to immunoblot analysis using anti-(AtPAP17)-IgG, with immunoreactive bands being detected (A)
chromogenically using an alkaline phosphatase-linked secondary antibody or (B) through enhanced
chemiluminescence (ECL) using a peroxidase-linked secondary antibody.
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