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Summary

Summary

Phosphorus (P) is a major plant nutrient required for the biosynthesis of nucleic acids,
nucleotides, membrane lipids and metabolites such as organic esters. P further plays a
role in enzyme regulation by phosphorylation. Plants take up P in its inorganic form
H,PO4" (Pi). Pi is present only in low concentrations in the soil solution and therefore
has to be replenished all the time to ensure sufficient plant nutrition.

In plants different strategies can be distinguished in response to P starvation: (i) P
conservation by re-use of P from P containing compounds e.g. membrane lipids and
avoidance of P requiring metabolic pathways. This results in growth reduction. (i)
Enhanced acquisition of P from the soil. For this purpose plants secrete purple acid
phosphatases (PAPs) to mobilize Pi from organic sources and increase the activity of
phosphate transporters (PHTs) for enhanced uptake capacity. Only little is known for
woody plants about the molecular responses to low P availability because to date most
of our knowledge stems from the model plant Arabidopsis.

The main aims of this thesis were to characterize molecular changes at the whole-
transcriptome level in leaves and roots of Populus x canescens in response to P
deprivation and to relate these changes to poplar growth, Pi acquisition and Pi uptake.
The following questions were addressed: (a) How does P deficiency affect the nutrient
states of the plant and which genes are involved in the response to P limitation in
poplar? (b) How is the poplar Pi uptake kinetics affected by decreasing P availabilities
and how are PHTs transcriptionally regulated by P deficiency? (c) How does low P
availability affect the expression profile of PAPs and which members of the large PAP
family are released into the medium upon P starvation?

To address these questions transcriptome analyses for poplars (Populus X canescens)
grown under reduced phosphorus availabilities were conducted using microarray
technology. Plant nutrient concentrations were determined by inductively coupled
plasma optical emission spectrometry and uptake by use of radioactive P. The secreted
proteins were determined by proteome analyses using liquid-chromatography
electrospray-ionization mass spectrometry.

(a) Poplars exhibited strong growth reduction and increased P use efficiency in response

to lower P availabilities. P starvation resulted also in changes of most other elements (S,



Summary

N, K, Mg, Ca, Fe, Zn, Mn, Al) studied. A high number of genes (12068 in total) was
differently expressed upon P starvation. These genes were clustered in eleven co-
expression modules of which seven were correlated with distinct elements in the plant
tissues. One module with 565 genes (4.7 % of all differentially expressed genes) was
correlated with changes in the P concentration in the plant tissues and with the biomass.
In this module, PAPs but no PHTs were identified among the highly upregulated P-
related genes. The functional category “galactolipid synthesis” was enriched among the
P-related genes. Galactolipids substitute phospholipids in membranes under P
limitation. Two modules, one correlated with C and N and the other with biomass, S
and Mg, were connected with the P-related module by co-expression. In these modules
GO terms indicating DNA modification and cell division as well as defense (ethylene,
respiratory burst) and RNA modification and signaling were enriched. In conclusion,
most differentially expressed genes were not directly related to the tissue P
concentrations and were, therefore, most likely regulated by downstream events of P
starvation.

(b) Whole-plant P uptake kinetics and expression profiles of members of the phosphate
transporter families were studied under high, intermediate and low P availability in
relation to plant performance. The maximum P uptake rate was more than 13-times
higher in P-starved than in well-supplied poplars. The K -values ranged between 20
uM and 26 uM for P starved poplars. The minimum concentration for net P uptake from
the nutrient solution was 1 uM P. Among the PHT subfamilies, all PHTs of family 1
(PHT1) studied showed significant up-regulation upon P starvation and were higher
expressed in roots than leaves, with the exception of PtPHTI;3. The transcript
abundance of PtPHTI,;3 was high in leaves under high P supply and increased further
under P starvation. PtPHTI;1 and PtPHTI,;2 showed root- and P-starvation specific
expression. Expression profiles of distinct members of the PHT subfamilies, especially
those of PHT1 were linked with changes in P uptake and allocation at whole-plant level.
The regulation was tissue-specific with lower P-responsiveness in leaves than in roots.
Because the K, for P uptake was higher than typical soil concentrations of Pi, non-
mycorrhizal poplars are expected to suffer from P limitations in most environments.

(c) To study the purple acid phosphatases, transcriptome and proteome analyses were
combined with phosphatase activity assays. The family of PAPs was annotated showing

33 poplar PAPs that formed three main subfamilies. Among these PAPs, 23 had a probe



Summary

set on the microarray and showed significant transcript abundances. Ten PAPs were
transcriptionally upregulated in roots and leaves of P-starved poplars. The P-starved
poplars further showed higher phosphatase activity on the roots than the well P-supplied
plants. The protein PtaPAP4 was secreted by poplar roots under high and low P
conditions, whereas PtaPAP1 was secreted only under low P conditions. These results
suggest that increased P acquisition from organic P sources under low P conditions is
mediated in roots by a specific PAP enzyme.

Overall, the results of this thesis support that enhanced phosphate transporter and
phosphatase activity can improve P uptake efficiency. Since poplar plantations for
biomass production are often established on marginal sites where nutrients are limited,
the present findings suggest that the selection of natural genotypes or molecular

breeding can be used to improve tree P nutrition.
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1 Introduction

1.1 Phosphorus as a plant nutrient

Phosphorus (P) is an essential element for plant nutrition. Plants take up P as inorganic
phosphate (Pi), mainly in the form of HyPO4 (Schachtman et al., 1998). In most soils, P
is the least available nutrient for plants (Holford, 1997) because of the formation of
precipitates with cations (calcium, iron, aluminum) and absorption to soil particles
(Attiwill and Adams, 1993; Holford, 1997). The concentration of Pi in the soil solution
is below 10 uM under most conditions, and thus, three magnitudes lower than the
concentration in the plant with 5 to 20 mM (Bieleski, 1973). The concentration of total P
can be up to 1% of the plant’s dry weight (Bieleski, 1973). P is a constituent of nucleic
acids, nucleotides, membrane lipids, proteins and organic esters as well as of ATP, an
energy-rich compound. It is required for enzyme regulation by phosphorylation.

In natural ecosystems, recycling and re-use is an important basis for P availability to
plants (Attiwill and Adams, 1993), i.e., P recycling in the plant from e.g. senescing
leaves, and P storage during winter in buds and stem as phospholipids, P esters and
nucleic acids (Chapin and Kedrowski, 1983). At the level of the ecosystem, P recycling
by different organisms is an important property especially in P poor soils as recently
reviewed by Lang et al. (2016). Up to now, only little is known about many aspects of
this P dynamics in woody plants (Rennenberg and Herschbach, 2013), while P

limitations increase in European forests (Braun et al., 2010; Talkner et al., 2015).

1.2 Plant adaptations to low P

Plants are able to sense the P availability locally at the root tips and systemically in the
whole plant but a P receptor is not known until now (Baker et al., 2015; Chiou and Lin,
2011; Lopez-Arredondo et al., 2014). Through a signaling system, plants are able to
react when the P availability in the growth medium or the plant P concentration is not
sufficient to maintain metabolism and growth (P starvation, P deprivation). Plants’
responses to low P availability can be broadly divided into two categories: enhanced

uptake capacity and acquisition of P, and conservation and efficient use of P (Lajtha
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and Harrison, 1995; Vance et al., 2003). To conserve the use of P, plants decrease their
growth, re-use P from membrane lipids (Nakamura, 2013; Siebers et al., 2015) and
bypass P requiring metabolism pathways (Hammond and White, 2008; Plaxton and
Carswell, 1999; Vance et al., 2003). Enhanced uptake and acquisition includes a
remodeling of the root system as shown e.g. for Arabidopsis (Gruber et al., 2013).
Increased activity of phosphate transporters and secretion of organic acids and
phosphatases for mobilization of mineral and organic P under low P availability,
respectively, are universal for plants (Vance et al., 2003). To achieve these adaptations,
massive transcriptional reprogramming is required (Lan et al., 2015). For example, in
long-term P starved Arabidopsis, Misson et al. (2005) found more than 700 genes with
more than twofold changed transcript abundance. Arabidopsis shows a requirement of
different genes during the adaptation process as only 48 regulated genes overlap with
earlier time points during the starvation time (Misson et al., 2005). Across four
Arabidopsis transcriptome studies with similar conditions (Lan et al., 2012; Misson et
al., 2005; Morcuende et al., 2007; Woo et al., 2012) only 95 genes were commonly
upregulated upon P starvation. Among these genes, four phosphate transporters
(AtPHTI;2, AtPHTI;4, AtPHTI;8, AtPHTI;9) and five purple acid phosphatases
(AtPAP1, AtPAP7, AtPAPI2, AtPAP17, AtPAP22) were detected (Lan et al., 2015),

emphasizing the importance of these enzymes in the P starvation response.

1.3 Phosphate transporters

To maintain a high P concentration in the plant against the concentration gradient to the
soil and the negative membrane potential of plant cells, a high-affinity, active transport
across the plasma membrane is needed (Rausch and Bucher, 2002; Smith, 2002).
Kinetic measurements revealed two different P uptake systems for plants: a high-
affinity system that responds to the P status of the plant and a low-affinity system that is
expressed constitutively (Schachtman et al., 1998). Whole-plant P uptake that was
mainly studied in agricultural crops was up to five times higher in P starved than in P
sufficient plants (Bhadoria et al., 2004; Cogliatti and Clarkson, 1983; Jungk et al.,
1990; Lee, 1982).
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The active P transport across membranes is performed by phosphate transporters
(PHTs). In Arabidopsis the PHTs are divided into four families (Guo et al., 2008;
Rausch and Bucher, 2002). The subcellular localization of many members of the PHT
family has been studied in Arabidopsis: The members of the first family, PHTI, are
located in the plasma membrane (Nussaume et al., 2011). These are responsible for the
uptake of Pi from the soil, but also for the distribution and re-distribution inside the
plant (Baker et al., 2015; Mtodzinska and Zboinska, 2016; Nussaume et al., 2011).
PHT1s have 12 transmembrane spanning domains in a ‘6+6’ configuration (Smith,
2002). They transport H,PO, ions together with protons, energized by an
electrochemical gradient due to an H'-ATPase (Smith, 2002). PHT2s are located in the
chloroplast envelope (Versaw and Harrison, 2002) and function as low-affinity
transporters (Daram et al., 1999). Members of the third family (PHT3) have been found
in mitochondria (Rausch and Bucher, 2002). The members of PHT4 are distributed in
chloroplasts, heterotrophic plastids and the Golgi apparatus (Guo et al., 2008). All
together, these phosphate transporters take up Pi from the soil into the plant cells, and

distribute it inside the plant and between different organelles.

1.4 Purple acid phosphatases

Organically bound phosphate makes up 20 to 80 % of the soil’s P reserves, mainly as
phytate and its derivatives (Schachtman et al., 1998). As PHTs transport only Pi,
organic P has to be converted into inorganic P before uptake. Enzymes that cleave Pi
from organic phosphate esters are ribonucleases and phosphatases. There are many
different kinds of phosphatases in plants, but for most of them no specific role in the
metabolism is known (Olczak et al., 2003). Purple acid phosphatases (PAPs), the largest
group of phosphatases (Olczak et al., 2003), have their pH optimum in acidic conditions
present in most soils. They are named after their purple color when concentrated in
water, due to a ferric ligand in the active center of the enzyme (Vincent and Averill,
1990). Secreted acid phosphatases, associated with or bound to the root surface or
released into the soil, are believed to play a role in the acquisition of phosphorus,
whereas intracellular acid phosphatases are thought to recycle phosphorus from

intracellular organic P reserves (Duff et al., 1994). In Arabidopsis, three out of 29
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known PAPs are responsible for about 70 % of phosphatase activity in the growth
medium and root-associated acid phosphatase activity under low P conditions:
AtPAP12 and AtPAP26 are mainly secreted by roots into the growth medium and
AtPAP10 is bound to the cell-wall (Wang et al., 2014).

1.5 Poplar, a model to study the P nutrition of trees

Poplar (Populus spp.) is the model tree for forest biotechnology due to its fast growth,
easy propagation and sequenced genome (Bradshaw et al., 2000; Brunner et al., 2004;
Taylor, 2002; Tuskan et al., 2006). Furthermore, poplar species are important woody
crops that may be suitable for growth on marginal lands, where nutrient supply is low
(Polle et al., 2013; Polle and Chen, 2015).

Poplars can colonize a wide range of different environmental conditions (Polle and
Chen, 2015) with riparian ecosystems being the main habitat of many poplar species. In
these ecosystems flooding, sedimentation and dry periods lead to strong fluctuations in
the availability of Pi (Steiger and Gurnell, 2002; Trémolieres et al., 1999). Thus, these
species are obviously able to cope with differences in P availability, but the molecular
basis for P uptake and allocation is not yet well understood (Rennenberg and
Herschbach, 2013).

The expression of selected members of poplar PHTs and PAPs under P deprivation
were studied before: Similar to Arabidopsis, members of the PHT1 family are up-
regulated in poplar under low or the absence of P in the growth medium (Gan et al.,
2016; Loth-Pereda et al., 2011; Zhang et al., 2016). Gan et al. (2016) demonstrated an
up-regulation of one member of the poplar PAPs under P deprivation and an enhanced
phosphatase activity on roots. But which PHTs and PAPs are related to increased uptake
and phosphatase activity remained open. Overall, how poplars respond to low P at the

transcriptional level is currently unknown.
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1.6 Objectives

The main goals of this thesis were to characterize transcriptomic changes in Populus
canescens in response to phosphate deprivation and to relate these changes to poplar P
uptake and growth.

To address these goals, the poplar transcriptome in response to phosphate deprivation
was studied (chapter 2). Nutrient-related co-expression networks were dissected in
phosphate-starved poplars. To identify gene clusters and genes involved in the response
to phosphorus limitation in poplar and to differentiate between P-related changes and
relations to co-occurring changes in the concentration of other nutrients, co-expression
gene modules were correlated with element concentrations in poplar roots and leaves.
Because increased phosphate uptake capacity is known to be a major response to
phosphorus starvation in plants, chapter 3 focuses on phosphate transporters. The
phosphate uptake kinetics of poplar were characterized at different phosphorus
availabilities. Putative phosphate transporters were annotated, their expression profiles
measured under different P availabilities and P uptake kinetic parameters determined.
Because of the low concentration of inorganic phosphate in soil solutions, plants need
mechanisms for enhanced phosphate acquisition from organic sources. Therefore,
purple acid phosphatases of poplar were studied in chapter 4. The family of poplar
PAPs was annotated and their expression profile under different P availabilities
measured. Upregulated and secreted purple acid phosphatases and changes in root

morphology to increase the soil volume access were studied.
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2.1 Introduction

Phosphorus (P) is an important plant nutrient and essential for plant growth and
metabolism. But P is also one of the least available nutrients in soil (Holford, 1997).
Plants take up P only in its inorganic form, phosphate (Schachtman et al., 1998).
Phosphate is present in very low concentrations in the soil solution (< 10 uM, Bieleski,
1973) due to its binding to soil particles, in organic forms, and precipitation with other
soil elements like iron (Fe), aluminum (Al) and calcium (Ca) (Holford, 1997).

Responses of plants to P limitation have often been addressed although most studies
focused on the model species Arabidopsis and only little is known for woody plants
(Rennenberg and Herschbach, 2013). In poplar, the model for tree species (Bradshaw et
al., 2000; Brunner et al., 2004; Taylor, 2002), most members of the plasma membrane
located phosphate transporter family 1 (PHT1), responsible for the P uptake into the
root (Baker et al., 2015; Nussaume et al., 2011), are upregulated upon P starvation (Gan
et al., 2016; Kavka and Polle, 2016; Loth-Pereda et al., 2011). Also the expression of
distinct purple acid phosphatases, that make organic P forms plant available, is
enhanced (Gan et al., 2016). The resulting higher transport efficiency, secretion of
phosphatases and, additionally, production and secretion of organic acids (Desai et al.,
2014; Gan et al., 2016) lead to an enhanced P acquisition, uptake and accumulation

capacity (Desai et al., 2014; Kavka and Polle, 2016). Poplars grown with low P have
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reduced growth with a higher P use efficiency (Gan et al., 2016; Kavka and Polle,
2016).

The genes highly regulated in four P deprivation studies in Arabidopsis (Lan et al.,
2012; Misson et al., 2005; Morcuende et al., 2007; Woo et al., 2012) are however not
only related to P, but are also linked with other elements (e.g. SULTRI,3: sulphate
transport; NASI: iron chelating by nicotianamin (von Wirén et al., 1999)) (Lan et al.,
2015). Therefore, it is to be expected that P limitation influences not only the P
transport system (Kavka and Polle, 2016) and other P deficiency related acclimation
responses inside the plant but also downstream processes caused by secondary
deficiencies or changes of other nutrients. These effects got only little attention until
now. Gan et al. (2016) showed that reduced P availability leads to higher nitrogen (N)
concentrations in roots and lower N concentrations in leaves of poplar with higher free
amino acid concentrations and reduced activity of N-related enzymes (NR, GOGAT,
GDH). Wang et al. (2002) found rapid and overlapping gene regulation in response to P,
potassium (K) and Fe deprivation in tomato, including transporters for these nutrients.
In Arabidopsis tissues, not only the P concentration but also other nutrient
concentrations are affected by P starvation (Kellermeier et al., 2014; Misson et al.,
2005; Ward et al., 2008). Conserved effects across all three studies with different
amounts of P in the growth medium were a reduced concentration of K and an enhanced
concentration of Fe in leaves of Arabidopsis plants (Kellermeier et al., 2014; Misson et
al., 2005; Ward et al., 2008). Further concentration changes were a reduction of Ca,
magnesium (Mg) and manganese (Mn) (Kellermeier et al., 2014; Ward et al., 2008),
thought to be an adjustment of the ionic charge (Kellermeier et al., 2014) or a result of
reduced P availability in P requiring steps of metabolism and transport (Misson et al.,
2005). While P-nutrient relations have been studied in Arabidopsis, only little is known
for poplar.

The main goal of this study was to characterize changes in nutrient and other element
concentrations (P, S, C, N, K, Mg, Ca, Fe, Zn, Mn, Al) in response to P starvation in
poplar (Populus * canescens). A further aim was to differentiate between transcriptomic
changes directly correlated with the plant P concentration and transcriptomic changes
linked to downstream changes of other nutrient concentrations. For this purpose, we
studied poplar transcriptomes under high, intermediate and low P availabilities,

identified the weighted gene co-expression network and related gene modules to
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element concentrations. Regulated gene modules and genes and their putative functions

in the poplar P starvation response are discussed.

2.2 Materials and Methods

2.2.1 Plant material, growth conditions and harvest

Populus x canescens (INRA717 1-B4) plants were grown as previously described with
three different P availabilities (Kavka and Polle, 2016). The plants were grown in sand
culture and irrigated with one of three nutrient solutions. Long Ashton nutrient solution
(Hewitt and Smith, 1974) with 641 uM P was used for control plants (high phosphate —
HP). For intermediate phosphate (MP) availability, the phosphate concentration was
reduced to 6.41 uM and potassium added as KCl (675.8 uM), for low phosphate (LP)
availability to 0.0641 uM (additional 682.5 uM KCI).

After two months of growth with different P supplies, the poplars were harvested.
Aliquots of the plant tissues (leaves, stem, coarse roots, fine roots < 2 mm diameter)

were dried at 60°C for seven days for determination of biomass (n=10 per treatment):

. . dry mass of aliquot [g]* total tissue fresh mass
tissue biomass [g]=— quo [¢] , LIy
fresh mass of aliquot

The first three leaves from the top (> 2 cm length) and aliquots of fine roots (< 2 mm
diameter) were immediately shock frozen in liquid nitrogen and stored at -80°C for

RNA -extraction.

2.2.2 Element concentrations

Dry tissues of 2-months-old HP-, MP- and LP-poplars (n=4 per treatment) were milled
(Retsch, type MM2, Haan, Germany) and 10 to 45 mg of plant powder was pressure-
extracted in HNOs (Heinrichs et al., 1986). Element concentrations were measured
using an inductively coupled plasma optical emission spectrometer (ICP-OES; Optima
5300 DV, PerkinElmer Life and Analytical Sciences, Rodgau, Germany). For
determination of carbon and nitrogen concentrations, 0.7 to 0.9 mg dry plant powder (2-
month-old HP-, MP- and LP-poplars, n=5 per treatment) was weighed into tin capsules

(Hekatech, Wegberg, Germany) and analyzed in duplicates in an Elemental Analyzer
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EA1108 (Carlo Erba Strumentazione, Rodano, Italy). Acetanilide (71.09 % C, 10.36 %

N; Carlo Erba Strumentazione) was used as the standard.

2.2.3 RNA-extraction and microarray

RNA-extraction and microarray procedures at the Microarray Facility (MFT Services,
Tiibingen, Germany) were described in Kavka and Polle (2016). Three biological
replicates (each consisting of two pooled tissue samples) were analyzed per treatment
and tissue (fine roots and uppermost leaves). Raw and normalized data were uploaded
into the EMBL-EBI ArrayExpress database (http://www.ebi.ac.uk/arrayexpress/) under
E-MTAB-3934.

2.2.4 Statistical analyses of microarrays

Microarray raw data were analyzed using the free statistic software R (version 2.14.2, R
Development Core Team, 2012) after the protocol described by Janz et al. (2010). The R
package “afty* (Gautier et al., 2004) was used for normalization of the array probes
(“rma” function) using Bioconductor (Kauffmann et al., 2009). The log, expression
value of transcripts that were present (“masScalls” function) on all replicate chips of at
least one condition was used for further analyses. For the annotation of the microarrays,
the best gene model for each Affymetrix ID (AffyID) in the annotation file of the Aspen
Database was used (7sai et al., 2011).

Differentially expressed genes (DEGs) were identified by two methods: (a) Significance
Analysis of Microarrays (SAM) was performed with R package “siggenes” (Schwender,
2011) (FDR <0.05) and (b) the data were analyzed using linear models with R package
“limma” (Smyth, 2005) (adjusted p-value < 0.05). Overlapping DEGs identified by both
approaches were used for further analyses. Venn diagrams of DEGs were drawn using
the online tool InteractiVenn (http://www.interactivenn.net, Heberle et al., 2015). Log-
fold change ratios (logFCs) were calculated with the mean log, expression values for
MP/HP and LP/HP for roots and leaves.

A weighted correlation network analysis with all DEGs was conducted using R package

“WGCNA” (Weighted Gene Co-expression Network Analysis; Langfelder and
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Horvath, 2008). Block-wise clustering with a power of 24 was calculated and modules
in the resulting dendrogram were merged at a height cut of 0.2. Pearson’s correlations
of eigengenes, which represent the expression profile of all genes in a given co-
expression module, and mean values of element concentrations and biomass in fine
roots and leaves of HP, MP and LP plants were calculated. Because the large number of
DEGs did not allow a visualization of the co-expression network with the usual tools,
gene numbers were reduced by using a p-value (limma) cut-off of 0.00001. Topology
was recalculated for these genes by using the same power of 24 (command
“TOMsimilarityFromExpr”). Nodes (DEGs) and edges (co-expression connections
between nodes, based on expression pattern) were displayed in Cytoscape (version
3.3.0, Shannon et al., 2003) in group attributes layout to show DEGs belonging to one
module.

GO term enrichment analyses were conducted using Ontologizer (version2.1, Bauer et
al., 2008) with Term-for-term approach and Benjamini-Hochberg-corrections.
Enrichment in poplar gene lists were tested with p < 0.01 against a “population” data set
consisting of all genes present on the array as described above. Enriched GO terms were

displayed using GOPathDrawer (version 6.0, http://coxpresdb.jp/top_draw.shtml).

2.2.5 Additional statistical analyses

ANOVA and Tukey’s HSD were performed in R (version 2.14.2, R Development Core
Team, 2012) to test for differences between treatments in biomass and element
concentrations with p < 0.05. Residuals were tested visually for normal distribution and
homogeneity of variance and data transformed logarithmically (log,), by square root or
by the exponent “2” if needed. Differences between treatments at p < 0.05 are shown
with different letters in figures. Correlations of mean values were calculated using

Pearson's test in R.
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2.3 Results

2.3.1 P deprivation affects nutrient element concentrations

P starvation resulted in strong decreases in P concentrations of MP and LP poplar
tissues compared with well supplied plants and caused massive growth decline (Figure
2.1; Kavka and Polle, 2016).

The concentrations of sulfur, nitrogen, potassium, magnesium, calcium, iron, zinc,
manganese and aluminum were influenced by P starvation (Table 2.1), but the
differences were generally smaller than those for P (Figure 2.1). Sulfur, magnesium and
calcium concentrations declined in all tissues except the stem in response to MP or LP
treatments. Potassium was slightly reduced in all tissues except fine roots, whereas iron,
manganese, zinc and aluminum concentrations increased in most tissues in response to
P deficiency. Nitrogen concentrations were higher in MP than in HP poplars in all

tissues. The carbon concentration did not change markedly under low P availability.

Table 2.1: ANOVA results for the main factors “treatment” and “tissue”.

parameter treatment tissue interaction
P <0.001 0.225 0.003
S <0.001 <0.001 0.116
C 0.641 <0.001 <0.001
N <0.001 <0.001 <0.001
K <0.001 <0.001 0.002
Mg 0.007 <0.001 0.007
Ca <0.001 <0.001 <0.001
Fe 0.001 <0.001 <0.001
Zn 0.026 <0.001 0.094
Mn 0.020 <0.001 0.593
Al 0.001 <0.001 0.074

BM <0.001 <0.001 <0.001
P-values of linear models (Two-Way-ANOVA) were calculated for element
concentrations and biomass (BM) (see Figure 2.1) with the factors treatment (HP, MP,
LP) and tissue (leaves, stem, coarse, fine roots) and a factor of interaction. Correlations
with p < 0.05 are indicated in bold.
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Figure 2.1. Element concentrations in leaves, stem, coarse roots and fine roots of
poplars. P. X canescens was grown with high (HP, 641 uM, black), intermediate (MP,
6.4 uM, dark grey) or low (LP, 0.064 uM, light grey) P supply. Different letters indicate
significant differences (p < 0.05, Two-Way-ANOVA and Tukey's honest significance
test, mean+SE, n=4-10. P concentration and biomass from Kavka and Polle (2016). S:
sulfur, C: carbon, N: nitrogen, K: potassium, Mg: magnesium, Ca: calcium, Fe: iron,
Zn: zinc, Mn: manganese, Al: aluminum.

Although the changes in element tissue concentrations were caused by differences in P
availability in the growth medium, they did not correlate with the P concentration across
all tissues and treatments (Table 2.2). However, changes in biomass were correlated
with P (p=0.005, r=0.748). Also sulfur, potassium, magnesium and calcium
concentrations were correlated with biomass (S: p<0.001, r=0.884; K: p=0.007,
r=0.731; Mg: p=0.010, r=0.706; Ca: p=0.011, r=0.700). We also tested whether the
plant contents of elements were related to the P content. The contents of all studied
elements except iron and aluminum were significantly correlated with P content.

However, these relationships were results of changes in biomass.
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Table 2.2: Correlation analysis of element concentrations with P concentrations or
biomass.
P concentration biomass
element p r p r

P n.a. n.a. 0.005 0.748

S 0.094  0.505 0.000 0.884
C 0.095 -0.504 | 0.488  -0.222
N
K

0.150 -0.443 | 0.950 0.020

0.404  0.266 0.007 0.731

Mg 0.420 0.257 0.010 0.706

Ca 0.128  0.465 0.011 0.700

Fe 0.648  0.147 0.908  -0.037

Zn 0.361  -0.29 0.677  -0.135

Mn 0.979 -0.008 | 0.876 0.050

Al 0.866 -0.055 | 0.610 -0.164
Data for concentrations in leaves, stem, coarse and fine roots (see Figure 2.1) were used
and p-value and the Pearson’s correlation coefficient (r) of correlation is shown.

Correlations with p < 0.05 are indicated in bold. n.a.: not applicable.

2.3.2 P deprivation leads to massive transcriptional reprograming

A total number of 12068 genes were differentially expressed in response to MP or LP
treatment compared with HP (Figure 2.2). Common to all P treatments were 766 DEGs.
In general, roots contained less DEGs than leaves although the decline in P was more
pronounced in roots than in leaves (Figures 2.1, 2.2). There were 1017 root-specific and

3347 leaf-specific DEGs in response to both MP and LP treatments (Figure 2.2).
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Figure 2.2. Venn-diagram of differentially regulated genes. P. X canescens was
grown with high (HP, 641 uM), intermediate (MP, 6.4 uM) or low (LP, 0.064 uM) P
supply. DEGs between HP and LP and HP and MP in roots and leaves are shown.

2.3.3 Co-expression modules are correlated with nutrient element
concentrations and biomass

To identify genes linked to P nutrition, co-expression modules were calculated and the
eigengenes were related to the element concentrations in roots and leaves and the
biomass of these tissues. The co-expression analysis resulted in eleven modules (named
after colors), which contained 5 to 3632 DEGs (Figure 2.3). The eigengenes of four
modules (“Purple”, “Pink”, “Red”, “Grey”) were unrelated to any one of the examined
elements or biomass (Figure 2.3) and, therefore, not considered furthermore.
Eigengenes of module “Green” were strongly correlated with tissue P concentrations (p-
value: 0.0004, r=0.98). Module “Green” was weakly correlated with biomass (p-
value=0.04, r=0.83, Figure 2.3). Module “Brown” was positively related to sulfur
(p=0.0005, 1=0.94), magnesium (p=0.03, r=0.85) and biomass (p=0.0006, r=0.98).
Eigengenes of module “Blue” were negatively correlated to carbon and nitrogen

concentrations (Figure 2.3). The largest module “Turquoise” (3632 genes) showed
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positive correlations with sulfur, potassium, magnesium and calcium and negative

correlations with iron, manganese and aluminum concentrations (Figure 2.3). Modules

“Black” showed negative correlations to potassium, manganese and sulfur concentration

and “Magenta” positive correlations to manganese and aluminum and negative

correlation to calcium (Figure 2.3). Module “Yellow” was negatively correlated with

iron and aluminum, and positively correlated with zinc concentrations.
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Figure 2.3. Correlation matrix between eigengenes of co-expression modules and
element concentrations and biomass. Modules were composed of genes differentially
expressed between poplars (P. x canescens) grown with high P availability and plants
grown with intermediate or low P availability in fine roots or leaves. Correlation
coefficient and p-value (in brackets) are given. Significant p-values (< 0.05) of
correlation are color coded (red: negative correlation, blue: positive correlation).
Numbers of DEGs in modules are shown below module’s name.
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2.3.4 Network analysis reveals a hierarchy of modules

Network analysis showed that module “Green”, which was strongly correlated with P
concentrations, was mainly connected with “Brown” and “Blue” (Figure 2.4). Links of
“Green” with other modules were rare (“Magenta”, “Pink™ and “Turquoise”) or did not
exist (“Red”, “Black”, “Purple” and “Yellow”). Strong co-expressions were found
between genes in module “Blue” with those in modules “Yellow”, “Pink” and “Brown”
(Figure 2.4). Module “Brown” was further strongly connected to module “Turquoise”,
whose genes were co-expressed with genes in modules “Purple”, “Magenta” and
“Black”. The network structure thus indicated co-expression of P-related genes with the
C- and N-related genes (“Blue”) on the one hand and the S-, Mg- and biomass-related
genes on the other hand (“Brown”, Figures 2.3, 2.4). As all other modules were
apparently not strongly connected with the P-related module, also elements correlated

with these genes were not strongly connected with changes in P concentrations.
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Figure 2.4. Co-expression within and between modules of DEGs. Due to computing
power (about 12,000 nodes (= DEGs); about 45,000 edges (= co-expression between
two DEGs) merely for module “Green”), only DEGs with p < 0.00001 (limma) were
drawn. Using a fold-change cut-off resulted in a similar network picture (not shown).
Nodes (= DEGs of modules) are shown by their colors. Co-expression (Weighted Gene
Co-expression Network Analysis) between two nodes, is represented by grey line
(edge). Higher adjacency between two DEGs is indicated by darker line color
(adjacency threshold for edge drawing: 0.25). The reduced number of DEGs used to
draw the network is indicated below module’s name.
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2.3.5 Functional characterization of P-related and highly connected
modules

To characterize the modules functionally, GO term enrichment analysis was performed
for all modules (Supplementary Table S2.2) and presented here for module “Green” and
its two most connected modules “Blue” and “Brown” (Figure 2.5). GO terms enriched
in module “Green” were related to protein catabolism with terms “protein catabolic
process”, “proteasome assembly” and “response to misfolded protein”. Further enriched
GO terms in module “Green” were related to energy metabolism with “protein
localization to mitochondrium”, “purine nucleotide synthesis” and “photorespiration” as
well as to “galactolipid synthesis” and “cellular response to phosphate starvation”. The
latter GO term encompassed two phosphoenolpyruvate-carboxylase kinases
(Potri.013G046100, Potri.019G018100), a sulfolipid synthase (Potri.016G112600), an
SPX gene (Potri.006G069500), an inorganic pyrophosphatase (Potri.003G034600) and
a purple acid phosphatase (Potri.005G233400).

The genes in this GO term belonged to the genes with the strongest up-regulation under
low P availability in the module “Green” in both roots and leaves (Figure 2.6a). Other
highly upregulated genes in roots and leaves in module “Green” were glycerol-3-P
transporters (Potri.003G109300, Potri.001G124200), the purple acid phosphatase
Potri.010G158200, a phosphoenolpyruvate-carboxylase kinase (Potri.013G046100), a
phosphoenolpyruvate-carboxylase  (Potri.008G114200), a serine/threonine-protein
kinase  (Potri.006G109600) and a glycerophosphodiester —phosphodiesterase
(Potri.001G325200). Strongly downregulated in roots and leaves upon P starvation in
module “Green” were an asparaginase (Potri.014G022900) and a choline/ethanolamine
kinase  (Potri.005G197500). CBL-interacting serine/threonine-protein  kinases
(Potri.006G062800, Potri.019G128100) and  WRKY-transcription factors
(Potri.001G044500, Potri.018G019800) were downregulated only in roots of the P-
starved plants. Wall-associated receptor kinase (Potri.002G075900) and a 50S

ribosomal protein (Potri.005G154300) were downregulated in leaves but upregulated in

roots (Figure 2.6a).
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Figure 2.5. Hierarchy of enriched GO-terms in modules “Green”, “Blue” and
“Brown”. Enriched GO terms are colored with module color, white: GO terms not
enriched in modules. GO term hierarchy was drawn with GOPathDrawer. Some
connections were omitted to display the figure in a page fitting format as three separated
parts (a, b, ¢). They can be found in supplementary materials Figure S2.1.
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In addition to “Biological Process” we analyzed the enrichment of GO terms for
“Molecular Function” and “Cellular Component” in the co-expression modules. In
agreement with “Biological Process” we found GO terms related to the respiratory
chain and mitochondrium were enriched in module “Green” (Additional Table S2.2).
The P-related module “Green” was connected by 17268 edges with the biomass/S/Mg
related module “Brown” (1958 DEGs) (cf. Figure 2.4). GO terms enriched for genes in
module “Brown” were related to growth (“DNA replication”, “cytoskeleton”, “cell
cycle” and “regulation of cell cycle”), and to the regulation of gene expression (“DNA-*
and “histone modification”, “chromosome” and “regulation of gene expression”). Genes
encoding an SPX-domain containing protein (Potri.014G061200), the phosphate
transporter PtPHT1;12 (Potri.001G318500), a chitinase (Potri.004G182000) and an
NADH-dehydrogenase (Potri.011G044600) were especially highly upregulated in
module “Brown” (Figure 2.6b). Genes encoding bark storage proteins
(Potri.013G101000, Potri.013G100700) were highest upregulated in leaves.
Phosphoethanolamine N-methyltransferases (Potri.015G039000, Potri.012G047400)
were highly downregulated in both roots and leaves in module “Brown”.

Genes of module “Blue” (2562 DEGs and 5330 edges with module “Green”) (cf. Figure
2.4) were enriched in GO terms related to regulation and signaling (“RNA
methylation”, “signal transduction”, “ethylene synthesis”), and to general stress
responses (“respiratory burst”, response to some stresses and stimuli e.g. “response to
endogenous stimulus”) (Figure 2.5). Further GO terms enriched in genes of module
“Blue” might be related to membrane lipid degradation (“sterol-“ and “Acetyl-CoA
synthesis”). Notably, among the genes of module “Blue” (Figure 2.6c) purple acid
phosphatases (Potri.003G030700, Potri.005G233400, Potri.010G158200,
Potri.015G031400, Potri.012G042200) were highly upregulated and the ethylene-

responsive transcription factors were mostly upregulated in leaves and downregulated in

roots.
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2.4 Discussion

2.4.1 Regulation of P responses

Here, we present the transcriptional profiles of poplar roots and leaves in response to
phosphate starvation. Leaves of P-starved poplars showed more DEGs than roots. This
finding agrees with the P starvation response in Arabidopsis (Wu et al., 2003) and
suggests that the response in leaves is more complex than in roots. Among 12068
DEGs, we identified one gene cluster (module “Green”) with 565 genes, which was
correlated with the tissue P concentrations. Whether cause-effect-relationships exist
between DEGs in module “Green” and the tissue P concentration is unknown, but the
module contains homologs of Arabidopsis transcription factors known to regulate P
sensing and signaling (Chiou and Lin, 2011; Scheible and Rojas-Triana, 2015). It is
therefore likely that this module is involved in the surveillance of the P status of the cell
and in crucial metabolic adjustments because it was also enriched in functions
indicating enhanced degradation activities, which may be required to achieve higher P
recycling.

Among the DEGs in roots and leaves were several members of the SPX transcription
factor family (highly expressed: Potri.006G069500, Potri.006G253400, moderately
enhanced: Potri.014G061200, Potri.018G028200, Potri.006G069500), which are key
regulatory factors of P homeostasis in plants (Chiou and Lin, 2011; Scheible and Rojas-
Triana, 2015). The SPX protein interacts with PHR1 (Puga et al., 2014). PHR1 enables
the transcription of P responsive genes by binding to the P1BS element in the upstream
region of those genes (Puga et al., 2014). Under high P conditions, SPX proteins bind
PHR1 and thereby prevent the activation of phosphate responsive genes in a P
dependent manner (Puga et al., 2014). Up-regulation of the expression of SPX genes
under low P conditions further allows plants to react rapidly to P resupply because the
binding of PHR1 stops the enhanced expression of PHR1 target genes (Puga et al.,
2014). Because the poplar SPX genes in module “Green” showed P concentration
related transcript abundances, it is likely that they fulfill similar functions as their
homologs in Arabidopsis and rice (Puga et al., 2014; Z. Wang et al., 2014), where they
link P perception and signaling.

Further differentially expressed transcription factors known to respond to P starvation

were found in other co-expression modules. For example, AtWRKY75 is upregulated
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during P starvation and regulates P starvation induced genes, whereas AtWRKY6 and
AtWRKY42 bind to PHOI promoter in P sufficient conditions, inhibiting the
transcription of PHO1 (PHOSPHATE], involved in Pi xylem loading) (Chiou and Lin,
2011). Here, the poplar WRKY homolog Potri.001G097200 (module “Brown”) is
upregulated upon P starvation in both roots and leaves, whereas others (e.g.
Potri.003G138600, Potri.006G263600, Potri.016G128300 from module “Blue”,
Potri.001G044500 from module “Green”, Potri.003G169100, Potri.003G182200,
Potri.014G096200, Potri.014G096200 from module “Pink”) were downregulated
especially in roots upon P starvation. This different expression pattern for different
members of the large WRKY family emphasizes the different possible functions of
distinct members. Ethylene-responsive element binding factors (ERFs) were especially
abundant in the N- and C-related co-expression module with a down-regulation in roots
and no or slight up-regulation in leaves upon P deprivation indicating an influence of
ethylene signaling on root responses to low P conditions as for example root hair
formation and primary root growth arrest (Scheible and Rojas-Triana, 2015). In
Arabidopsis Zinc finger proteins (ZATs) such as AtZAT6 have functions in root
development and P acquisition (Baker et al., 2015; Scheible and Rojas-Triana, 2015).
Here poplar homologs from module “Blue” (Potri.009G027700, Potri.001G235800,
Potri.014G017300, Potri.001G295500, Potri.008G051200, Potri.002G119300) were
responsive to P deprivation with a strong down-regulation in roots upon P starvation
suggesting a conserved function in poplar.

An important result of our study is that these transcription factors were assigned to
different hierarchic levels of the transcriptional network: those being involved in
perception and signaling were present in top level (module “Green’), while others,
which control long distance transport and morphological adjustments were found in

secondary positions (modules “Brown” and “Blue”).

2.4.2 Transcriptional regulation of P acquisition and P uptake

Under P deficiency the expression of genes for phosphate transporters (PHTs) and
purple acid phosphatases (PAPs) is upregulated increasing the P efficiency of poplar
(Gan et al., 2016; Kavka and Polle, 2016; Loth-Pereda et al., 2011). Here, upregulated
PAPs were present in the P-related module “Green” (Potri.005G233400,
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Potri.010G158200) but also in the secondary modules “Blue” (Potri.012G042200,
Potri.015G031400, Potri.010G158200, Potri.005G233400, Potri.003G030700) and
“Brown” (Potri.008G139100). In Arabidopsis, AtPAP10 and AtPAPI2, which are the
orthologs of the strongly P-responsive PAP Potri.005G233400 in module “Green”, are
secreted and root cell-wall localized phosphatases (L. Wang et al., 2014). These
Arabidopsis PAPs are up-regulated under P deprivation and, thus, responsible for the P
acquisition from organic P sources under low P conditions (L. Wang et al., 2014; Wang
et al.,2011; Wang and Liu, 2012). 1t is therefore likely that the poplar orthologous PAP
Potri.005G233400 also plays a central role in P acquisition. Since organic P source were
not added to nutrient solution used in the present study, it seems that the activation of
PAPs is a general response to P deprivation or that plants themselves release organic P
compounds into their root surrounding, which they try to recapture or that they can even
prey on bacterial debris. These suggestions are currently speculative and should be
further studied. Here, other PAPs with intracellular localization might be more
important because they can contribute to increase the internal P reuse of the plant. Many
of those PAPs were activated in module “Blue”, in which stress responses and
DNA/RNA remodeling clustered as major GO terms. These results are in agreement
with those found for Arabidopsis (Del Pozo et al., 1999). AtPAP17, the ortholog of the
poplar PAPs Potri.012G042200 and Potri.015G031400, is highly expressed under P
starvation in roots and leaves as well as in senescent leaves (Del Pozo et al., 1999).
AtPAP17 has a dual function in P hydrolysis and peroxide formation (Del Pozo et al.,
1999). These findings correspond to present data showing association with stress
response in poplar.

An unexpected result was that none of the PHTs was assigned to module “Green”,
although various PHTs respond strongly to P deficiency (Kavka and Polle, 2016). Here,
PtPHTI;12 and PtPHTI;9 (Potri.001G318500, Potri.002G005500) were detected in
module “Brown”, whose eigengenes were strongly correlated with biomass, Mg and S
and in which GO terms for cell cycle, chromosome organization and DNA were
enriched. The orthologs of PtPHT1;9 (AtPHT1;8 and AtPHT1;9) maintain high-affinity
P uptake into the roots of Arabidopsis under P starvation (Remy et al., 2012) suggesting
that PtPHT1;9 is also crucial for P uptake in poplar. The orthologs of PtPHT1;12 in P.
trichocarpa and Arabidopsis (AtPHTI,5) show enhanced expression under P deficiency
as well as in senescing leaves (Loth-Pereda et al., 2011; Mudge et al., 2002). Therefore,
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PtPHT1;12 may function in the redistribution of P inside the plant. Furthermore, in the
module “Turquoise”, which forms a tertiary level in the co-expression network, further
PHTSs were upregulated. Module “Turquoise” was strongly negatively correlated with
Fe and Mn, which suggests links between the latter elements and P translocation. Earlier
studies support this suggestion because enhanced P uptake prevented over-accumulation
and toxicity of Mn (Duci¢ and Polle, 2007).

P release from plasma membranes by replacing phospholipids by galactolipids is a
common adaptation to P starvation (Andersson et al., 2003; Hdrtel and Benning, 2000).
In our study this response was evident at the transcriptome level. GO term enrichment
indicated a correlation between membrane lipid remodeling and P concentrations in
module “Green”. These results agree with studies in Arabidopsis, where at least parts of
membrane lipid remodeling depend on P signaling and auxin/cytokinin crosstalk
(Kobayashi et al., 2006). For example, the Arabidopsis SQDI
(SULFOQUINOVOSYLDIACYLGLYCEROL]I) is involved in sulfolipid synthesis and
regulated by the phosphate content in plant tissues (Rouached et al., 2011). Here, a
putative SOD (Potri.016G112600) was one of the most strongly upregulated genes in
module “Green” and correlated with the P concentration supporting similar functions in

the poplar and Arabidopsis P starvation response.

2.4.3 Metabolism of mineral nutrients, sulfur, nitrogen and carbon
upon P starvation

The concentrations of basic cations declined 1.5 to 2-fold (Ca, Mg, K) upon P starvation
in poplar leaves, but did not fall below threshold values reported for sufficient nutrition
in leaves of young P. x canescens (Ca: 15.9 mg g, Mg: 2 mg g, K: 7.6 mg g'; Burg,
1985). This was also true for sulfur, whose foliar concentrations declined 3-fold under P
deficiency (threshold: 3 mg g'; Burg, 1985). Together these elements were positively
correlated with the co-expression module “Turquoise” in which GO terms for sulfur
metabolism and organic acid biosynthesis were enriched. Production and exudation of
organic acids is a known response to P deficiency because those metabolites can
exchange anions such as Pi from soil particles, thereby increase Pi availability (Vance et

al., 2003). The present data imply that the production of organic acids is not a direct
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response to declining cellular P concentrations but a down-stream consequence that may
perhaps also require the perception of general changes in the cellular ion balance.

Cross talk exists between the P sensing and Zn as well as Fe nutrition involving the
PHR1 gene regulation (Bournier et al., 2013; Khan et al., 2014). In our study the
concentration of Zn and Fe were increased or relatively stable and significantly
correlated with the eigengenes of module “Turquoise” (negative for Fe) and “Yellow”
(positive for Zn, negative for Fe). In contrast to poplar, in Arabidopsis and rice the Zn
concentrations are reduced or unaffected during P starvation, whereas the Fe
concentrations increase considerably upon P starvation (Gruber et al., 2013; Hirsch et
al., 2006; Kellermeier et al., 2014; Rai et al., 2015; Saenchai et al., 2016; Zheng et al.,
2009). In Arabidopsis, Fe as well as P homeostasis is regulated via PHR1 that induces
the iron storage protein FERRITIN1 (Bournier et al., 2013). Upon P starvation, iron is
stored with ferritin in chloroplasts, which prevents precipitation with Pi (Hirsch et al.,
2006). But in our study, ferritin was not induced in leaves. Still, our data indicate that
chloroplastic metabolism must have been massively affected because module “Yellow”
was enriched in term photosynthesis, pigment biosynthesis, starch and carbohydrate
metabolism. In poplar, carbohydrates accumulated in roots upon P starvation (Kavka
and Polle, 2016) in agreement with other studies (Hammond and White, 2008) but the
total tissue carbon concentrations were not significantly affected. One reason for this
observation is a shift in metabolic use of carbon-bearing compounds. For example, in P
starved  poplars, we found a very high up-regulation of PPC
(phosphoenolpyruvatcarboxylase) and the PPC activating kinase PPCK. PPC catalyzes
the production of oxaloacetate from phosphoenolpyruvate and bicarbonate releasing Pi.
Oxaloacetate can then be secreted or further metabolized into other organic acids and
used for energy production.

Furthermore, P starvation has consequences for N nutrition. Both carbon and nitrogen
clustered with module “Blue”, which is characterized by defense responses including
respiratory burst (ethylene, phosphorelay signal transduction system) and histone
modification suggesting massive transcriptional reprogramming. Unlike most of the
mineral nutrients, tissue N concentrations increased, which may happen when growth is
inhibited but N uptake continues. Here we noted a strong induction of BSP (Bark
Storage Protein) gene expression. In poplar, BSP expression increases in fall resulting in

BSP protein accumulation and N storage during winter (Coleman et al., 1991;
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Wildhagen et al., 2010). Our result suggest that the strong growth reduction imposed by
P deficiency led to N accumulation and as a further consequence induced the formation
of BSPs to store N. This speculation is supported by earlier results showing that shoot
growth influenced BSP promoter activity (Zhu and Coleman, 2001). Seasonal N cycling
in perennial species also involves protein degradation (Rennenberg et al., 2010). BSP
induction may, thus, be related to protein degradation, which was found here among the

directly P correlated transcriptional responses.

2.4.4 Conclusions

Surprisingly few regulated gene expression patterns were directly correlated with the
total tissue P concentrations. Whether these genes are regulated by the P concentration
is not known, but homologs of some of them are known to regulate P sensing and
signaling in Arabidopsis. All other P starvation responsive genes were most likely
regulated by downstream events of P starvation, by free phosphate concentrations or by
co-occurring changes in e.g. other nutrient concentrations and not directly by the P
concentration. Cross talk between the signaling pathways of different elements are

beginning to be unraveled, but further research is needed.
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2.6 Supporting information

Table S2.1: Information about differentially expressed genes. (data CD)

Table S2.2: Overview about enriched GO terms in all modules. (data CD)

Table S2.3: Gene name abbreviations for Figure 2.6.

Figure S2.1. Hierarchy of enriched GO-terms in modules “Green”, “Blue” and

“Brown”. (data CD)
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Table S2.3: Gene name abbreviations for Figure 2.6.

Gene gene name Potri.IDs (labeled
abbreviations in figure)
(@
AOS allene oxide synthase Potri.014G038700
ASPG asparaginase Potri.014G022900
ATL RING-H2 zinc finger protein Potri.001G162000
BT BTB/POZ domain-containing  Potri.001G468700
protein Potri.007G140400
CEK choline/ethanolamine kinase Potri.005G197500
CIPK CBL-interacting protein kinase Potri.006G062800
Potri.019G128100
CML calcium-binding protein Potri.016G142000
CXE carboxylesterase Potri.009G104400
CYB cytochrome b Potri.013G136800
G3Pp Glycerol-3-phosphate Potri.001G124200
transporter Potri.003G109300
GDPD glycerophosphodiester Potri.001G325200
phosphodiesterase
GRX glutaredoxin Potri.017G017300
LRR leucine rich repeat protein Potri.001G425500
NAC NAC-domain containing Potri.007G099400
protein
PAP purple acid phosphatase Potri.002G243900
Potri.010G158200
Potri.005G233400
PK serine/threonine-protein kinase  Potri.006G 109600
PPase pyrophosphatase Potri.003G034600
PPC Potri.008G114200
phosphoenolpyruvatcarboxylase
PPCK Potri.013G046100
phosphoenolpyruvatcarboxylase Potri.019G018100
kinase
psbN photosystem Il reaction centre ~ Potri.019G028300
N protein
PUB U-box domain containing Potri.014G084900
protein
p ribosomal protein Potri.009G064100
Potri.005G154300
RTNL reticulon-like protein Potri.015G027300
SAMT S-adenosyl-L-methionine- Potri.007G021400
dependent methyltransferase
SPX SPX domain containing protein Potri.006G069500
SQD sulfoquinovosyldiacylglycerol / Potri.016G112600
UDP-sulfoquinovose synthase
TCP TCP transcription factor Potri.002G152200
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Table S2.3 (continued)

Gene gene name Potri.IDs (labeled
abbreviations in figure)
TIM mitochondrial import inner Potri.015G102000
membrane translocase
VPE vacuolar processing enzyme Potri.006G232900
WAK wall-associated kinase Potri.002G075900
WRKY WRKY transcription factor Potri.001G044500
Potri.018G019800
(b)
ARMR Armadillo repeat-containing Potri.002G118800
protein
ATPase ATP synthase Potri.014G168000
BSP bark storage protein Potri.013G100700
Potri.013G101000
BT s. (a) Potri.001G468700
BXL beta-D-xylosidase-related Potri.014G122200
CBR NADH-cytochrome B5 Potri.013G067300
reductase
CT chitinase Potri.009G142200
Potri.004G182000
FAF Fantastic Four meristem Potri.001G216000
regulator
G3Pp s. (a) Potri.003G109300
H2A histone H2A Potri.005G040700
HCT shikimate O- Potri.005G028000
hydroxycinnamoyltransferase
IAA auxin responsive protein Potri.001G177500
IFR isoflavone reductase Potri.005G228700
IPK inositol-tetrakis/trisphosphate ~ Potri.009G084600
kinase
LAS ribosome biogenesis factor Potri.009G067800
MCM DNA replication licensing Potri.018G112800
factor
MGD monogalactosyldiacylglycerol ~ Potri.006G063300
synthase
MGL methionine gamma-lyase Potri.003G190600
ND NADH:ubiquinone reductase ~ Potri.011G044600
(none-electrogenic)
NMT phosphoethanolamine N- Potri.015G039000
methyltransferase Potri.012G047400
PAP s. (a) Potri.008G139100
PHT phosphate transporter Potri.001G318500
Potri.002G005500
PK s. (a) Potri.008G166500
POT proton-dependent oligopeptide  Potri.006G096800
transporter
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Table S2.3 (continued)

Gene gene name Potri.IDs (labeled
abbreviations in figure)
PPC s. (a) Potri.011G110700
RD dehydration-responsive protein Potri.004G136000
SPX s. (a) Potri.014G061200
TIM s. (a) Potri.012G039100
UBC ubiquitin-conjugating enzyme  Potri.001G254500
UBQ ubiquitin extension protein Potri.016G077200
Potri.015G007100
(c)
ANNAT annexin Potri.001G024900
ASP aspartyl protease Potri.018G014800
BAP BON association protein Potri.002G155300
BPS bypass1-related protein-related Potri.010G171000
CAF CCR4-associated factor Potri.009G161500
ccmE heme-binding protein-related  Potri.001G379000
CDSP thioredoxin-like protein Potri.005G245700
CML calmodulin like / EF-hand Potri.002G001400
calcium-binding domain Potri.005G259900
containing protein
CYP cytochrome P450 CYP2 Potri.004G106600
D17H desacetyoxyvindoline-17- Potri.005G222300
hydroxylase
DCL endoribonuclease dicer Potri.002G181400
homolog
DREB dehydration-responsive Potri.001G110800
element-binding protein
ERF ethylene responsive factor Potri.006G138800
Potri.006G138700
Potri.009G101900
Potri.001G154200
Potri.007G138100
EXPB beta-expansin precursor Potri.014G066300
FtsH FtsH protease Potri.017G084000
GLT glycosyltransferase domain- Potri.008G192600
containing protein
GRXS monothiol glutaredoxin Potri.007G134800
GTF glycosyltransferase Potri.006G097600
H3 histone H3 Potri.014G096900
Potri.002G028800
HCF photosystem 11 Potri.007G071300
stability/assembly factor
helicase DNA helicase Potri.012G114100
HMGB HMG-box-containing protein ~ Potri.007G000900
LRR s. (a) Potri.017G152500
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Table S2.3 (continued)

Gene gene name Potri.IDs (labeled
abbreviations in figure)
MAPKKK mitogen-activated protein Potri.005G139300
kinase kinase kinase Potri.007G044800
MAT S-adenosylmethionine Potri.006G123200
synthetase
MCM s. (b) Potri.001G070500
MIOX myo-inositol oxygenase Potri.018G069700
MMP matrix metalloproteinase / Potri.013G033200
interstitial collagenase
MYB MYB transcription factor Potri.010G128900
NUDT nudix hydrolase Potri.008G134000
PAP s. (a) Potri.001G023400
Potri.003G030700
Potri.005G233400
Potri.010G158200
Potri.015G031400
Potri.012G042200
PK s. (a) Potri.001G014700
Potri.016G123300
PL phospholipase Potri.013G012300
Potri.001G250500
PNL pectin lyase-like Potri.010G042100
PP protein phosphatase 2C Potri.001G381000
PPase s. (a) Potri.008G196800
PQR PQ-loop repeat protein Potri.007G031800
PR pathogenesis related protein Potri.009G083300
PSBR photosystem II 10 kDa Potri.011G142300
polypeptide
PSD phosphatidylserine Potri.003G061700
decarboxylase
PUB s. (a) Potri.017G135000
Potri.006G202600
Potri.008G137700
p s. (a) Potri.006G192900
RPA replication protein Potri.006G275700
SPS sucrose phosphate synthase Potri.013G095500
SPX s. (a) Potri.006G069500
SQD s. (a) Potri.006G228000
SULTR sulfate transporter Potri.005G169300
TIFY TIFY domain protein Potri.003G165000
TRI tropinone reductase Potri.005G039300
WAK s. (a) Potri.005G021300
WRKY Potri.003G138600
ZAT zinc finger protein Potri.001G235800
Potri.014G017300
Potri.002G119300
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3.1 Introduction

Phosphorus (P) is a major nutrient, required for growth and metabolism, but often is the
least plant-available compound in soil (Holford, 1997). Plants take up phosphorus in the
form of inorganic phosphate (Pi), whose concentration is usually low (< 10 uM) in soil
solutions (Bieleski, 1973). P uptake and translocation is achieved by a diverse group of
phosphate transporters (PHTs), which cluster in four families (Guo et al., 2008; Rausch
and Bucher, 2002). Most members of family 1 (PHTI1) are localized in the plasma
membrane (Nussaume et al., 2011), of PHT2 in chloroplasts (Versaw and Harrison,
2002), of PHT3 in the mitochondria (Rausch and Bucher, 2002) and of PHT4 in various
subcellular compartments, including heterotrophic plastids and the Golgi apparatus
(Guo et al., 2008). In Arabidopsis, members of the PHTI1 family exhibit strong
expression in roots, are responsible for P uptake from soil and for the distribution and
remobilization within the plant (Baker et al., 2015; Nussaume et al., 2011), whereas the
members of the other PHT families are required for intracellular P distribution (Guo et
al., 2008; Takabatake et al., 1999; Versaw and Harrison, 2002).

Kinetic measurements showed that plants possess two different P uptake systems: high

affinity systems that respond to the P status of the plant, and low affinity systems that
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are expressed constitutively (Schachtman et al., 1998). Low affinity P uptake systems
are operational under high P availabilities and exhibit K,, values of 50 to several
hundred uM (Schachtman et al., 1998). In Arabidopsis, PHT2;1 (Daram et al., 1999;
Versaw and Harrison, 2002) and all transporters of family 4 (Guo et al., 2008) were
shown to be low affinity transporters. But also family 1 may contain low affinity
transporters (rice: OsPHT1;2 (4i et al., 2009), barley: HvPHT1;6 (Rae et al., 2003)).
The expression of high affinity transporters is induced when P availability is low
(Zhang et al., 2014). Their K,, values are in the lower micro-molar range (Lopez-
Arredondo et al., 2014). For example, Arabidopsis AtPHT1;1 exhibited a K;, of 3 uM
(Mitsukawa et al., 1997) and transported together with AtPHT1;4 the highest proportion
of phosphate into the roots under low P conditions (Shin et al., 2004).

At the whole-plant level, P uptake is driven by the interplay of multiple P transporters
and internal resource allocation. Whole-plant P uptake has mainly been determined for
agricultural crops such as barley, maize, potato and soybean, and was about 1.8 to 5.2
times higher in P starved than in P sufficient plants (Bhadoria et al., 2004; Cogliatti and
Clarkson, 1983; Jungk et al., 1990; Lee, 1982), but information on the involved
transport systems is lacking.

Populus species are important woody crops (Polle et al., 2013; Polle and Chen, 2015).
With an increasing demand for woody biomass, an extension of poplar plantations is
expected, especially on marginal soils where nutrients are often limited (Polle et al.,
2013; Polle and Chen, 2015). Previous studies on selected members of the PHT1 family
in poplar demonstrated up-regulation when the trees were exposed to low or no P in the
growth medium (Gan et al., 2016; Loth-Pereda et al., 2011). It was further shown that
the K, for P accumulation in roots of P starved poplars (P. tremuloides) was 32 uM
(Desai et al., 2014). P uptake kinetics that link changes in P uptake with changes in the
expression profiles in different PHT families, are still missing. Furthermore, it is not
known whether modulation in P availability affects P acquisition, internal allocation and
P use efficiency in poplar.

The goal of the present study was to characterize whole-plant P uptake kinetics and
expression profiles of the PHT transporter families 1, 2, 3, and 4 in roots and leaves
under high, intermediate and low P availability in poplar (P. X canescens). As pre-
requisite for these studies we annotated the poplar PHT families 2, 3, and 4 in addition

to the known PHT1 family (Loth-Pereda et al., 2011). We further determined P
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acquisition and allocation in response to different P availabilities. Our results show that
intermediate P concentrations of about 6 pM, which are often present in environments,
led to a tissue-specific regulation of PHTs, a relative increase in P uptake with low K,

and high vy, increased P use efficiency, but strong growth reduction.

3.2 Methods

3.2.1 Plant material and growth conditions

In vitro micropropagated (Leple et al., 1992) Populus * canescens (INRA717 1-B4)
plantlets were grown on half-strength Murashige and Skoog medium for three weeks to
develop roots. Afterwards, they were planted singly into PVC tubes (5 cm diameter; 40
cm length) with one drain (Jentschke et al., 1999; Miiller et al., 2013) filled with
autoclaved sand (@ 0.4-3.15 mm particle size, Melo, Gottingen, Germany) and grown in
a greenhouse at an air humidity of about 65%. The plants were supplemented with
additional light (EYE Clean Ace MT400DL/BH, EYE Lighting Europe, Uxbridge, UK;
50-100 pmol quanta m™ s of photosynthetically active radiation, depending on poplar
height and natural light condition) for 14 h a day from 7 am to 9 pm. The plants were
automatically irrigated as described by Miiller et al. (2013) every 4 hours (ca. 6.5 mL,
after 45 days ca. 9 mL) with Long Ashton nutrient solution (Hewitt and Smith, 1974)
containing either high phosphate (HP) supply (200 uM KNO3, 900 uM Ca(NOs),, 300.2
uM MgSQOy4, 599.9 uM KH,PO4, 41.3 uM K;HPO4, 10 pM H3BOs, 2 uM MnSOy, 7 uM
Na;MoQy4, 40 nM CoSQy4, 200 nM ZnSOy4, 128 nM CuSOy, 10 uM EDTA-Fe, in total:
641 uM P;) or reduced Pi concentrations. Mildly Pi starved (medium phosphate, MP)
poplars received long Ashton solution with 5.999 uM KH,PO4 and 0.413 uM K,;HPO4
and additionally 675.8 uM KCI and Pi starved (low phosphate, LP) plants 0.060 uM
KH,PO4 and 0.004 uM K,HPO, and additionally 682.5 uM KCI. Plant height was
measured weekly from the stem base to the apex. This experiment was repeated four

times for different measurements with twelve biological replicates each time.
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3.2.2 Labeling of the poplars with *P and harvest

Sixty-day-old HP, MP and LP poplars (n=5 per treatment, experiment 2) were watered
by hand at 7 am and 10 am with the respective nutrient solution (16 and 14 mL for HP,
4 mL for MP and 2 mL for LP) and labeled with H;* PO, (Hartmann Analytic,
Braunschweig, Germany) at 11 am: 20.25 pL of the H;*PO, stock solution were mixed
with 5.5 mL of each of the respective nutrient solutions and 1 mL of each labeling
solution was applied once to the poplars. This treatment resulted in 1.2 (£0.013 resp.
0.002) MBq for the HP and MP plants and 1.12 (+ 0.034) MBq for the LP plants (mean
+ SE, n=3). The specific radioactivity was 1.88 x 10° Bq nmol™ P for HP, 1.87 x 10° Bq
nmol™ P for MP and 1.46 x 10’ Bq nmol™ P for LP poplars.

The automatic irrigation was stopped during the chase period of two days. During this
time the poplars were irrigated by hand with unlabeled nutrient solution avoiding
through-flow. Two days after label application, the plants were harvested. The roots
were briefly washed with tap water. Each plant was divided into fine roots, coarse roots,
stem and leaves. The biomass of the tissues was determined immediately after harvest

and after drying at 60°C for 7 days.

3.2.3 Phosphorus distribution at the whole-plant level

To visualize the distribution of radioactivity, the poplars were dried at 60°C for one day
pressed between paper and two glass plates. Autoradiographs were taken with a
Phosphorimager (FLA 5100, Fuji, Japan) after exposure for 30 min on imaging plates
(Imaging Plate BAS-MS 2040, 20 % 40 cm, Fuji, Japan). The image was taken with the
program Image Reader FLA-5000 (version 3.0, Fuji Film, Japan) with 100 pm
resolution and analyzed with AIDA Image Analyzer (version 4.27, raytest

IsotopenmeBgerite, Straubenhardt, Germany).

3.2.4 Determination of net *’P and total P uptake

Dried plant tissues were milled (Retsch, type MM2, Haan, Germany) to a fine powder.

About 25 mg of leaf or stem powder and 10 mg of fine or coarse root powder were
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weighed into glass vials (20 mL, PerkinElmer Life and Analytical Sciences, Rodgau,
Germany) and incinerated for 4 h at 500°C (M104, Heraeus Holding, Hanau, Germany).
The residual material was mixed with 10 mL of scintillation liquid (Rotiszint® eco plus
[Carl Roth, Karlsruhe, Germany]) and the radioactivity was measured by liquid-
scintillation technique (Tri-Carb® 2800TR [PerkinElmer Life and Analytical Sciences,
Rodgau, Germany]). The maximum count time was 10 min in normal count mode
calculated against a quench set of >*P. All values were corrected for the half-life of **P.
3p.activity in plants and proportion of **P-uptake was calculated using following
equations:

Radioactivity in plant tissue [Bq]=

date of harvest-date of measurement dry mass tissue [ g]
(activity in vial [Bq]-background [Bq])x0.5 253 x

sample in vial [g]

radioactivity in plant [Bq]
X

33P-recovery [%]= 100

given radioactivity [Bq]

To determine total P uptake the specific radioactivity of the nutrient solution was used:

measured radioactivity in plant [Bq]

P uptake [nmol] = — .
specific radioactivity [Bq nmol = P]

3.2.5 Determination of total P contents

Dry fine root, coarse root, leaf and stem of 63-day-old HP, MP and LP poplars (n=4 per
treatment, experiment 1) were powdered and pressure-extracted in HNO;3 (Heinrichs et
al., 1986). Total phosphorus concentration was measured using an inductively coupled
plasma optical emission spectrometer (ICP-OES; Optima 5300 DV, PerkinElmer Life
and Analytical Sciences, Rodgau, Germany). P use efficiency (PUE) was calculated as

dry mass per total P content. The equation for the whole plant PUE was

DMtotal
P concy xDM; +P concg*DMg+P concgg XDMggr+P conccg XDMcr

PUE [gmg']=

with DM: dry mass [g], P conc: total P concentration in fraction [mg g"'], L: leaves, S:

stem, FR: fine roots, CR: coarse roots.
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3.2.6 Phosphate uptake after glucose supply and determination of
carbohydrates

Seventy-seven-day-old HP, MP and LP poplars (n=5 per treatment, experiment 3) were
irrigated with 80 mL HP, MP or LP Long Ashton medium with or without 400 mM
glucose at 5 am. Along with turning on the additional light at 7 am, they were labeled
with H;* PO, (Hartmann Analytic, Braunschweig, Germany) in 1 mL of HP, MP or LP
Long Ashton medium to yielding 1.08 (= 0.006) MBq in the growth medium of HP
poplars and 1.09 MBq (£ 0.0008 resp. 0.003) in the growth medium of MP and LP
poplars (mean + SE, n=2). At the end of the light period (9 pm), the poplars were
harvested to determine biomass, *°P activity (as above), and the carbohydrate
concentrations. Leaves (half of each leaf) and fine roots for carbohydrate determination
were immediately shock frozen in liquid nitrogen and stored at -80°C. The tissues were
freeze-dried at -80°C for three days (BETA1, Martin Christ Gefriertrocknungsanlagen,
Osterode am Harz, Germany) and milled (as above). About 25 mg tissue powder was
extracted in 1.5 ml dimethyl sulfoxide / hydrochloric acid (80:20 (v:v)) at 60°C for
30 min. After centrifugation, 200 pL of the supernatant were mixed with 1250 uL 0.2 M
citrate buffer (pH 10.6). After an additional centrifugation, 400 pL of the supernatant
were mixed with 400 pL citrate buffer (50 uM, pH 4.6). Two hundred uL were mixed
with 250 uL reaction solution (4 mM NADP, 10 mM ATP, 9 mM MgSO,4, 0.75 M
triethanolamine, pH 7.6) and 300 uL H,O. The reaction was started by subsequent
addition of enzymes and the production of NADPH was determined photometrically at
a wavelength of 340 nm and 25°C until no further increase was observed. For glucose
determination 10 pL (ca. 3.4U; 1.7 U) of hexokinase; glucose-6-phosphate-
dehydrogenase (Roche Diognostics Deutschland, Mannheim, Germany), and
subsequently for fructose 5 uL (ca. 17.5 U) of phosphoglucose-isomerase (Roche
Diognostics, Deutschland, Mannheim, Germany) were added. To determine the amount
of sucrose 400 uL (ca. 12 U) invertase (Sigma-Aldrich Chemie, Steinheim, Germany)
solution (0.1 mg invertase in 1 mL 0.32 M citrate buffer, pH 4.6) were mixed with
400 pL of supernatant and then glucose was determined as above. Free glucose was
subtracted. The concentration of glucose (fructose) was calculated for AE = E1-E0Q with
El1 and EO being the extinction of assay after and before addition of glucose-6-

phosphate-dehydrogenase (after and before addition of phosphoglucose-isomerase) and
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the extinction coefficient € = 6.3 L x mmol™ ¢cm™ for NADPH. Sucrose concentration
was below the detection limit in most of the samples. Each sample was measured in

triplicate.

3.2.7 Kinetic measurements

Roots of nine-week-old HP, MP and LP poplars (experiment 4) were washed carefully
with tap water to remove the sand. The plants were transferred to aerated nutrient
solution with HP, MP and LP Long Ashton nutrient solution and acclimated to this and
lab conditions under continuous light (about 10 pmol quanta m?>s' of
photosynthetically active radiation, TLD18W/840, Philips Lighting, Hamburg,
Germany) for 1 day. Phosphate uptake was determined with the method of Claassen and
Barber (1974). The plants were removed from the nutrient solutions, the roots were
cautiously surface-dried between tissue papers, washed with the experimental solution
(see below), surface-dried again and placed in plastic beakers. An appropriate volume
(5 to 45 ml) of Long Ashton nutrient solution which contained 213.7 uM Pi for all
plants and **P-phosphoric acid (Hartmann Analytic, Braunschweig, Germany) (to about
5375 Bq mL" of experimental solution) was added. During the time course of the
experiment of up to 14 h, the nutrient solution was stirred and aerated with compressed
air and water loss by plant transpiration was replaced by adding deionized water up to
the marked original level. Uptake of P was calculated by the decrease in *°P in the
experimental solution. For this purpose, 40 uL of experimental nutrient solution was
removed at distinct time intervals and mixed with 0.5 mL inactive nutrient solution and
4 mL of Rotiszint® eco plus scintillation liquid (Carl Roth, Karlsruhe, Germany).
Radioactivity was measured by liquid scintillation counting (Tri-Carb® 2800TR,
PerkinElmer Life and Analytical Sciences, Rodgau, Germany). Samples were taken at
min 0 (immediately after addition to the plants), 2.5, 5, 7.5, 10, 15, 20, 30, 45, 60 and 75
after addition to the plants, then every 30 min until 5 hours, thereafter every hour and
after 8 hours every 2 hours, if needed. The experiment lasted until the LP plants showed
no further uptake, but at least 7 hours. The experiment was conducted with 6 plants per
P nutrient level. The plants were harvested at the end of the experiment and the biomass

of the root system was measured.
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The uptake rate (Ixx+1) was calculated between two time points (k and k+1) with the
following equations. Because the measured radioactivity fluctuated strongly in samples
of the first minutes of the experiment, only the values after stabilization were used for

calculations and models.

Cx = Cpx ~
Cx: P concentration in the nutrient solution at time point k [uM]
Ay activity in nutrient solution at time point k [Bq pL™]

Co: P concentration at time point 0 (start of experiment) [uM]

Ay: activity in nutrient solution at time point O (start of experiment) [Bq uL'l]

Cir1 X V= Cy xV

T — &
FM

Ik x+1: P uptake rate between time point k and k+1 [umol min™ g']

Ik =

V: volume of experimental solution [L]

ti tir1, : time point k and k+1 [min]

FM: fresh mass of fine roots [g].

Due to plant uptake, the P concentration in the nutrient solution declined during the
experiment. Therefore, the P concentration (Ciy:1) at each uptake rate (Ixx:+1) was
calculated as:

Ck+ Cii
2

To model the change in uptake rate in relation to the concentration in the nutrient

Ciii1 =

solution, Ixx+; and the corresponding Cyx+1 were plotted und a curve was fitted to
determine vyax (the maximum uptake rate), Cy,in (the minimum concentration at which
the plants can take up phosphate) and K, (the Michaelis-Menten constant) using the
following equation in a non-linear model (R-package “nlme”, Pinheiro et al., 2012):

Vmax X (Ck,k+1 - Cmin)
I<m + Ck,k+1 - Cmin

The fitted curve for these parameters was drawn; the standard errors of the predictions

lkx1 =

were used for calculation of the 95%-prediction interval (R-package “emdbook”,
Bolker, 2013). Because the uptake rate of the control plants (HP) was slow, a linear fit
without slope was defined as vy.x. Outliers (>1.5 interquartile ranges below first and

above third quartile) were excluded from the linear fit.
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3.2.8 RNA extraction and microarray analysis

The first three fully expanded leaves from the top and fine roots (< 2mm diameter) of
59-day-old HP, MP and LP poplars (experiment 2) were harvested and immediately
shock frozen in liquid nitrogen. Six plants per treatment (i.e. 18 plants in total) were
used and the leaves respective roots of two individual poplars were pooled yielding
three biological replicates per treatment. Frozen tissue was milled in liquid nitrogen and
RNA was extracted from about 1 g of plant powder according to Chang et al. (1993)
with modifications: no spermidine was used, 2% P-mercaptoethanol was added
separately from the extraction buffer and phenol:chloroform:isoamyl alcohol (Roti®-
Aqua PCI, 25:24:1, Roth, Karlsruhe, Germany) was used instead of chloroform:isoamyl
alcohol. RNA concentrations and purity were determined spectrophotometrically via the
absorptions at 260 and 280 nm (BioPhotometer, Eppendorf, Hamburg, Germany). RNA
integrity was determined with Agilent BioAnalyzer 2100 capillary electrophoresis at the
Microarray Facility (MFT Services, Tiibingen, Germany). Hybridization on the
GeneChip® Poplar Genome Array (Affymetrix, Santa Clara, CA), washing, staining
and scanning were conducted at the Microarray Facility (MFT Services, Tiibingen,
Germany). Raw and normalized data were uploaded into the EMBL-EBI ArrayExpress
database (Kolesnikov et al., 2015) under E-EMTAB-3934.

Statistical analyses of the raw data were performed as described in Janz et al. (2010)
using the free statistic software R (version 2.14.2; R Development Core Team, 2012).
Only transcripts that had a detection call of “present” (“mas5calls” function with default
settings for tau (0.015), alphal (0.04) and alpha2 (0.06)) on all replicate chips of at least
one condition were used. For annotation of the microarray probe-set, the best gene
model from the annotation file of the Aspen Data Base (7sai et al., 2011) was used.
When several probe sets represented one gene, the mean value of the log,-expression
data was used for further analysis. The log,-expression values x; for each gene i of
interest were normalized using z-transformation resulting in x;’:

s XiTX

X;'= with

X: arithmetic mean value of all log,-expression data for one gene,
s: standard deviation of all log,-expression data for one gene.
A heatmap of normalized expression values (“heatmap.2” function) was created using

the R package “gplots” (Warnes, 2012).
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Here, the members of the putative PHT families 1, 2, 3, and 4 (according to Guo et al.,
2008; Rausch and Bucher, 2002) were retrieved as genes of interest. To obtain the gene
IDs and protein sequences for all putative poplar PHT genes, BlastP searches in the
database Phytozome v9.1 (Goodstein et al., 2012) were conducted. The genome of
Arabidopsis thaliana (Lamesch et al., 2012,
https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Athaliana) was searched
with the keyword “pht” extracting the amino acid sequences of eighteen annotated PHT
genes. These sequences were used for a BlastP search (e-value cutoff at e-20) against
the Arabidopsis genome. The Pfam database was used to identify proteins with
functional domains (Finn et al., 2014). Additional genes found by the BlastP search
with the same domains (Mito carr, MFS 1, Sugar tr, Pfam-B 703, PHO4) that are
present in the annotated proteins were added to the gene list. These protein sequences
were used for BlastP searches against the Populus trichocarpa (Tuskan et al., 2006), the
Oryza sativa (Ouyang et al., 2007,
https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Osativa) and the Zea
mays genomes (Schnable et al., 2009,
https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org Zmays). @ When  the
resulting proteins had similar domains as Arabidopsis PHTs, they were used for a
second BlastP against the respective genome. The resulting sequences were added to the
list when the protein domains were similar to the PHT Pfam domains or when the best
BlastP hit against the Arabidopsis genome was a PHT.

The alignment was created with Clustal W2 on the EMBL-EBI webpages (Larkin et al.,
2007, http://www.ebi.ac.uk/Tools/msa/clustalw2/) with default settings and the PHYLIP
package (Felsenstein, 1993) was used to calculate a consensus (extended majority rule)
neighbor joining phylogenetic tree using 500 replicates for bootstrapping and Jones-
Taylor-Thornton model for computing distance matrices. The phylogenetic tree was
displayed with MEGAG6 (Tamura et al., 2013, http://www.megasoftware.net). Based on
the phylogeny, the poplar PHT2 to PHT4 genes were named. Gene IDs of the members
of all putative PHTs were compiled in additional Table S3.1. The 1 kb upstream region
of each poplar gene coding for a putative phosphate transporter was obtained from
Phytozome using the BioMart tool on the Phytozome webpage
(https://phytozome.jgi.doe.gov/biomart/martview) and used for a motif search with

PLACE (Higo et al., 1999).
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3.2.9 Quantitative Real Time PCR of P transporter genes

RNA samples from the same samples that had been used for microarray analyses
(200 ng pL™! in 25 pL) were treated with Ambion® Turbo DNA-free™ kit (Life
Technologies, Carlsbad, CA, USA) two times according to the manual instructions and
transcribed to cDNA (0.5 pg) with the RevertAid First Strand cDNA Synthesis Kit and
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Braunschweig, Germany)
using oligo(dT)-primers. For each gene, at least two technical replicates and three
biological replicates were analyzed by quantitative Real Time PCR (qRT PCR) with a
LightCycler 480 (Roche Diagnostics, Mannheim, Germany). The reaction volume (20
nuL) consisted of 10 uL SYBR Green I Master kit (Roche Diagnostics, Mannheim,
Germany), 2 uL of the forward and reverse primers (10 uM, additional Table S3.2 for
detailed information), 1 pL nucleic free water and 5 pL. cDNA-solution (1:10 dilution).
After pre-incubation (95°C, 5 min), 45 or 55 cycles of amplification followed: 95°C for
10s, 57°C (55°C for PtPHTI;2) for 10 s and 72°C for 20 s. Melting curve (95°C for
5's, 65°C for 1 min, then to 97°C at a rate of 0.11°C s™') analyses implemented in the
LightCycler 480" software were used to assess primer specificity.

To calculate primer efficiency, raw data were converted using LC480 conversion
(version 2014.1;
www.hartfaalcentrum.nl/index.php?main=files&sub=LC480Conversion) and loaded
into LinRegPCR (version 2016.0; Ruijter et al., 2009). The mean efficiency for each
primer pair was calculated over all samples per gene after baseline subtraction. Cq-
values were calculated using the fluorescence threshold of 3.597. Relative expression
values for each sample were calculated against two reference genes (Potri.001G309500

[Actin], Potri.001G047200 [PPR-repeat gene)):

Cq Cq
ERer;)* E(Refy)

Relative Expression = .
E q
(GOI)
E: efficiency of primer for gene
Cq: quantification cycle value of sample for gene

(GOI): gene of interest
(Ref)): reference gene i (Hellemans et al., 2007).
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3.2.10 Statistical analyses

R (versions 2.14.2 and 3.0.2; R Development Core Team, 2012) was used for all
statistical analyses. Mean value + standard error were calculated. One- or Two-Way-
ANOVA and Tukey’s HSD were performed on original or transformed data. Residuals
were tested visually for normal distribution and homogeneity of variance. Data were
transformed logarithmically (logy) or by square root, if needed. For statistical
comparisons of single kinetic parameters, Welsh’s ¢-test was performed using the output
data of the models. For percentage data on >*P recovery and P allocation, a general
linear model with binomial distribution was fitted on underlying count data, and an
analysis of deviance was used to calculate significant factor and interaction effects. A
subsequent Tukey test was performed to determine the homogenous subsets. Means
were considered to differ significantly between treatments, if p < 0.05. Differences
between treatments are shown in the figures with different letters. The p-values
calculated for gene expression data and vp, for kinetic data were adjusted by
Bonferroni correction. Two-Way-Repeated measurement-ANOVA with Tukey’s HSD

was performed for plant growth over time.

3.3 Results

3.3.1 Plant performance, P uptake and allocation in response to P
deficiency

Pre-tests with five concentrations from 0.064 to 641 uM PO,> (further on called P) in
the nutrient solution revealed a growth gradient for poplars with a strong decline in
plant height and biomass between P concentration of 64 and 6.4 uM P (additional
Figure S3.1). We selected 641 (HP), 6.4 (MP) and 0.064 (LP) uM P in the nutrient
solution for further studies because these concentrations resulted in high, intermediate
and almost no growth during long-term cultivation (Figure 3.1a) and because the
highest P concentration is the typical P supply in nutrient solution (Miiller et al., 2013),
intermediate P is in the same range typically present in soil solutions and the lowest P

concentration abolished growth entirely (Figure 3.1a). In comparison with HP plants,
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biomass production of MP and LP poplars was significantly inhibited (Figure 3.1b,
additional Figure S3.1).
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Figure 3.1. Growth characteristics of P deficient poplar. a) Height of poplar plants
grown with high (HP: 641 puM), medium (MP: 6.4 uM) or low (LP: 0.064 uM)
phosphate concentrations in the nutrient solution. Different letters indicate significant
differences between treatments at each measuring day (p<0.05, 2-Way-repeated
measurement-ANOVA and Tukey's honest significance test, n=11-12, mean+SE, ns: not
significant). b) Dry mass of poplar tissues after 60 days of growth with HP, MP or LP
phosphate in the nutrient solution. Different letters indicate significant differences
between treatments in above- and belowground tissues (p<0.05, ANOVA and Tukey's
honest significance test, n=5, mean+SE).

HP plants exhibited the highest P concentrations, MP plants intermediate and LP plants
the lowest P concentrations in all tissues (Table 3.1). Because our nutrient regime also
resulted in growth decline, the whole-plant P content was about 30 times higher in HP
plants than in MP and 50 times higher in HP compared with LP plants (Table 3.1). The
relative allocation of P in above- to belowground material was significantly affected by
P starvation with a higher fraction of P belowground after MP (about 50 %) and LP (43
%) than after HP treatments (37 %, p < 0.05). Exposure of HP, MP, and LP plants to *°P
in the nutrient solution showed the highest relative uptake for the MP plants. Within two
days, they acquired 25 % of the P in the labeling solution, while HP plants took up
about 15 % and LP only 2.5 % of the new P (Table 3.1). It was notable that highest P
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recovery of MP and LP plants was found in roots, whereas that of HP plants was more
evenly distributed between roots and leaves (Table 3.1).

The differences in distribution of the newly taken up *°P were also qualitatively
confirmed by whole plant imaging (Figure 3.2). While HP plants showed an almost
even distribution across all tissues, MP plants showed a very high **P concentration in
the uppermost leaf and nearly no newly taken up P in the oldest leaves (Figure 3.2). LP
showed very little to no **P uptake in older leaves and the main aboveground allocation
to the youngest leaf, while root uptake was high. All plants showed strong accumulation
of **P in the roots, especially in parts adjacent to the root-stem junction (Figure 3.2).
Because of the different P concentrations in the nutrient solutions the calculated total P
uptake (taking into account different dilution factors for **P as detailed under materials
and methods) corresponded to 95.7 nmol in HP plants, 1.63 in MP and 1.94 x 10~ nmol
in LP plants (Table 3.1). The P use efficiency was highest in LP plants (1.8 = 0.14 g dry
mass mg” P), intermediate in MP plants (1.0 £ 0.10 g dry mass mg" P) and least in HP
plants (0.14 £ 0.01 g dry mass mg'1 P with pireatment) < 0.05).
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Table 3.1: In planta P and P uptake characteristics of P deficient poplar.

conz(z:?tlraption total P content P recovery P uptake
(mg '] [mg fraction™]  [% fraction™] [nmol fraction ']
HP Leaf 6.80+051%F 855+033  6.79+0.29 43.4 +1.828
Stem 492+0.55 2.56+020° 1.35+0.15° 8.64 + 0.96'
Fine Root 1127 £1.40° 4.79+1.49%  579+0.97 37.01 £ 6.20°
Coarse Root  6.98 +1.41%  1.92+032%  1.04+0.10° 6.65 + 0.65"
MP Leaf 1.25+0.10° 0.19+0.03*  4.51+0.38" 0.29 + 0.02¢
Stem 1.11+£0.11°  0.11+£0.02  7.22+0.79* 0.46 + 0.05%
Fine Root 0.67 +0.12°°  0.08+0.02*®  10.07 + 0.69' 0.64 + 0.04°
Coarse Root  1.03+0.15°  023+0.03°  3.73+£0.79% 0.24 +0.05¢
LP Leaf 0.69 +0.03%  0.15+0.03*  0.08+0.02° 0.059 x 10> £0.001 x 1032
Stem 0.62+0.17%°  0.05+0.02° 0.12+0.03° 0.088 x 10> £ 0.003 x 1072
Fine Root 0.41+0.10*  0.05+0.01° 1.94+047" 148 x107+£035x%x103¢
Coarse Root  0.49+0.03®®  0.10+£0.01™  041+£0.19° 032x10°+0.15x107°
p-value Ptreatment) <0.001 <0.001 <0.001 <0.001
p-value Pfraction) 0.225 <0.001 <0.001 <0.001
p-value  Preatmentxfraction) <0.01 <0.001 <0.001 <0.001
HP whole plant ~ 7.10+0.58°  17.82+1.38° 14.98+ 1.36° 95.69 + 8.71°¢
MP whole plant ~ 1.03+0.11°  0.61+0.05° 25.52+1.84° 1.63 +0.128
LP whole plant ~ 0.56 +0.04"  0.34+0.06" 2.55+0.64% 1.94x10°+0.49x 10>
p-value <0.001 <0.001 <0.001 <0.001

Total P concentration and total P content per dry mass, P recovery and calculated uptake of P after 2 days in tissues of and whole poplar
plants grown with one of three different P concentrations in the nutrient solution in sand (HP: 641 uM, MP: 6.4 uM, LP: 0.064 uM). Different
letters indicate significant differences (p<0.05, Two-Way-ANOVA and Tukey's honest significance test, mean + SE, n=4-5).
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Figure 3.2. ¥P allocation in P deficient poplar. Autoradiographs of the *°P
distribution in poplars grown with different P concentrations in the nutrient solution
(HP: 641 uM, MP: 6.4 uM, LP: 0.064 uM) and scans of the corresponding plants.
Autoradiographs were taken of whole plants 2 days after exposure to P as described
under materials and methods. Uptake intensity is indicated by false color images with
red indicating high and blue low radioactivity.

3.3.2 P uptake is not energy limited

Because LP plants showed lower relative P uptake than MP or HP plants, we tested
whether P uptake was inhibited by energy depletion. For this purpose, the growth
medium was supplemented with glucose before adding the **P-labeled nutrient solution.
There was no difference in P uptake between the glucose-fed and the non-fed control
plants. As before, MP plants showed the highest, HP intermediate and LP plants the
lowest P recovery (Figure 3.3a), but the overall levels were lower because we used only
14 h exposure time instead of 48 h to avoid confounding effects of microbial growth.
The soluble carbohydrate concentrations in fine roots were unaffected by glucose
treatment (Figure 3.3b). The concentration of soluble carbohydrates was about 4-fold

higher in the fine roots of P-depleted poplars (MP, LP) than in HP plants (Figure 3.3b).
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Figure 3.3. *P uptake and carbohydrate concentrations in P deficient poplar
supplied with glucose in the nutrient solution. a) The recovery of 3P in whole plants
relative to the total amount of *’P added to the nutrient solution. b) Soluble carbohydrate
concentrations as the sum of fructose and glucose in roots of poplars. The plants were
grown with three different phosphate concentrations in the nutrient solutions (HP: 641
uM, MP: 6.4 uM, LP: 0.064 uM) that were supplemented with 400 mM glucose for 2 h
before adding 1 mL P labeled nutrient solution. Controls received no glucose.
Different letters indicate significant differences between treatments (p<0.05, Two-Way-
ANOVA and Tukey's honest significance test, n=5, mean + SE).

3.3.3 Low P concentrations in the nutrient solution limit P uptake

To investigate plant acclimation to decreasing P availabilities in the nutrient solution, P
uptake kinetics of HP, MP, and LP plants were determined. The modeled Michaelis-
Menten-curves for the P uptake of LP and MP plants showed a steep increase of the P
uptake rate at low P concentrations in the nutrient solution and leveled off to different
maximum uptake rates (Figure 3.4, Table 3.2). The highest P uptake rate was found in
MP plants and was similar to that of the LP plants (Table 3.2). The maximum P uptake
rate was more than 13 times higher in LP plants than in the HP plants (Table 3.2, Figure
3.4). The K;, was 25.9 (£9.9) uM in the MP and 19.9 (£8.1) uM in the LP plants. The
minimum concentration Cy,,, at which net uptake took place, was reached at 1.1 uM
(Figure 3.4, insert) and was similar for LP and MP poplars. HP plants exhibited very
slow P uptake kinetics and therefore determination of K, and C,, was not possible
under our experimental conditions, where the maximum P concentration tested was 200

uM.
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Figure 3.4. Model of kinetic parameters for P uptake of P deficient poplars at

different P concentrations. P uptake rate per gram of fine root mass of plants grown
with different P concentrations in the nutrient solution (black squares: HP, 641 uM;
open circles: MP, 6.4 uM; grey triangles: LP, 0.064 uM) during exposure to different P
concentrations. Data points from six different plants per treatment. Modeled curves
(HP: black, MP: dark grey, LP: light grey) with parameters from Table 3.2 and 95%-
prediction interval in grey. The insert shows an enlargement of the curves at
intermediate and low P concentrations around the concentration of Cp.

Table 3.2: Kinetic parameters for P uptake of P deficient poplar.

HP MP LP
Vmax [Nmol min™ g']  0.689 (£0.164)*  11.140 (+1.065)°  9.311 (£0.908)°
Km [LM] n.d. 25.87 (£9.87)™  19.85 (+8.11)™
Crnin [UM] n.d. 1.08 (£0.91)™ 1.41 (£1.19)™

Kinetic parameters (estimate + standard error) for the uptake of P in plants grown with
one of three different P concentrations in the nutrient solution in sand (HP: 641 uM,
MP: 6.4 uM, LP: 0.064 uM). Model calculated with data from 6 different plants per
treatment. Different letters in rows indicate significant differences at p < 0.05. vyax:
maximum uptake rate, K;,: Michaelis-Menten constant, C,;,: minimal concentration
needed for uptake, n.d.: not determined
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3.3.4 Low P availabilities lead to differential regulation of P
transporters

As the pre-requisite to analyze the response of poplar P transporters from different
families, we annotated all putative PHTs in the poplar genome based on homology
searches using Arabidopsis, rice and maize (additional Figure S3.2, Table S3.1). We
found a total of 36 genes in poplar belonging to 4 different clades, of which 31 had
probe sets on Affymetrix microarrays. Among those genes, 21 were expressed in roots
and leaves (Figure 3.5a, additional Table S3.1, Table S3.3). We selected four genes for
validation of their expression in different tissues and in response to different P supply
(Figure 3.5b) and found a strong correlation between qRT PCR and microarray data
(additional Figure S3.3).

The expression pattern of the 21 PHT genes clearly distinguished roots and leaves
(Figure 3.5a). PtPHTI;1, PtPHTI;2, PtPHTI;4, PtPHTI;7, PtPHTI,;9, PtPHTI;12,
PtPHT3;1, PtPHT3;2, PtPHT3;6, PtPHT4,6, PtPHT4;7 and PtPHT4,8 exhibited
generally higher transcript levels in roots than in leaves (Figure 3.5a). In leaves, the
transcript abundances of PtPHTI;3, PtPHT2;1, PtPHT2;2, PtPHT3;5, PtPHT4,;1,
PtPHT4;2, PtPHT4;3, PtPHT4,4 and PtPHT4;5 were generally higher than in roots
(Figure 3.5a). It was notable that among the putative plasma membrane P transporters
only PtPHTI,3 was higher expressed in leaves than in roots and with almost 10-fold
higher transcript abundance than in roots (Figure 3.5b). The expression of PtPHTI;1
and PtPHTI;2 was root-specific because we could not detect any signal in leaves with
specific primers in the qRT PCR analysis (Figure 3.5b) and on microarrays the
measured transcript abundance of these genes in leaves were classified with the
expression probability “absent (for the definition, see materials and methos). The
putative chloroplastic P transporters (PtPHT2;1, PtPHT2,2) showed higher expression
levels in leaves than in roots.

The transcript levels of most PHTs, which had been classified into the “root” group
showed strong responsiveness to P starvation in both tissues, roots and leaves, whereas
the PHT members classified into the “leaf” group did not respond to variation in P
supply, with few exceptions (PtPHTI,3, PtPHT4,2, PtPHT4,5) (Figure 3.5a). It is also
important to note that the PHT members PtPHTI;4, PtPHTI;7, PtPHTI;9, and
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PtPHT3;6 showed the highest transcript abundances in roots under MP and in leaves
under LP conditions (Figure 3.5a).

Color Ke!
and Histog¥am a

€
3
o
) FI_J_\
mE d HT1;7
bc & T3;2
be d HT1;4
b (© HT1;1
c d HT1;2
a b HT3;6
PHT3;1
- c HT1:9
b b HT1;12
HT4.6
T4:8
bc! HT4;7
b b HT3;5
b b HT4;3
b b HT2;2
© d HT1;3
b b HT4;1
b b HT2;1
b € HT4;5
b b HT4;4
e (o] HT4;2
HP MP LP | HP MP LP
Roots - Leaves
- [l Root HP b
[ Root MP
S 2 EERootLP i
% | I Leaf HP
7, I Leaf MP
(0] 1+ B Leaf LP
—
ol c
?3 L X
00.17f
=
£0.08 "
i
0.04 ... bp.. . 2
I i i
0.00 : vy

PtPHT1;1  PtPHT1;2  PtPHT1;3  PtPHT4:6

Figure 3.5. Expression of phosphate transporters in P deficient poplars. a) Heatmap
of the relative expression of putative phosphate transporters in the three uppermost
leaves and fine roots of poplar plants grown with different P concentrations in the
nutrient solution (HP: 641 uM, MP: 6.4 uM, LP: 0.064 uM). Red colors indicate lower
and yellow to white color higher values after z-transformation of the transcript
abundances of each gene across all analyzed tissues and P conditions. b) Relative
expression of selected PtPHTs measured by qRT PCR (mean + SE). Values were
normalized to the expression of two reference genes (Actin, PPR-repeat) in the samples.
Different letters indicate significant differences in expression of each gene (adj. p<0.05,
ANOVA and Tukey's honest significance test, n=3).
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Our annotation of the PHT family members also uncovered PIBS (PHRI binding
sequence) elements, known to be involved in the P response (Bustos et al., 2010) in the
upstream regions of the genes (additional Table S3.1). PIBS elements were mainly
present in PHT1 promoters (additional Table S3.1). Among the P starvation responsive
genes in family 1 PtPHTI;1, PtPHTI,;4, PtPHTI;7 and PtPHTI,;9 had a P1BS element
in the 1 kb promoter region and in family PHT4 it was present in the promoter region of
PtPHT4,5. However, the P1BS element was not found in the 1 kb upstream region of
other P starvation responsive genes of the PHTI1, 3 and 4 families: PtPHTI;2,
PtPHTI;3, PtPHTI;12, PtPHT3;2, PtPHT3;6 and PtPHT4,2, while it was present in
PtPHT3;1, a gene, which showed no P starvation response under our experimental

conditions.

3.4 Discussion

3.4.1 P uptake and allocation

Here, we characterized the uptake, allocation and PHT expression levels of Populus
canescens grown under different P availabilities. Similar as in P. tremuloides (Desai et
al., 2014), we found that P availabilities below 60 pM resulted in strong reduction in
height growth and biomass. These reductions were accompanied by a strong decline in
tissue phosphorus concentrations, with the strongest decline in fine roots. The
phosphorus concentrations found in leaves and fine roots of MP poplars in our study
were similar to those found in conventional poplar plantations, as reported for example
by Ge et al. (2015). Poplar plantations are often established on marginal sites and
therefore information on the uptake characteristics and allocation in the trees is an
essential pre-requisite for sustainable management (Ge et al., 2015). Values indicating
sufficient P supply of young Populus * canescens leaves range from 1.7 to 2.7 mg g~
dry mass (Burg, 1985). According to these values, the MP and LP poplars in our study
suffered from strong and very strong deficiency, whereas the P concentrations in the HP
poplars indicate luxurious P supply. Luxurious P concentrations cannot be used for
growth and consequently, PUE of P. X canescens increased when the P availability
declined as was also shown for other poplar species and crops (Akhtar et al., 2007; Gan

et al.,2016; Huang et al., 2011). It is further notable that the allocation pattern of newly
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taken up P was shifted towards leaves in the MP compared with LP or HP poplars.
While usually the young leaves were the predominant aboveground sink, our imaging
analyses showed that in MP plants also older leaves exhibited significant uptake of
newly acquired P, resulting in an allocation shift. Nevertheless, no measurable newly
acquired P was allocated to the oldest leaves. Belowground, the new P was mainly
concentrated in those parts of root system that were close to the root-shoot junction,
regardless of the P supply. This finding was surprising because under severe P
limitation one may have expected preferentially allocation of P to growing tissues such
as the fine root tips and the shoot apex. The observed P accumulation suggests that the
root-shoot junction constitutes an obstacle to P below-aboveground translocation.
Studies on heavy metal transport (cadmium, zinc) suggested that the root-shoot junction
serves as a control barrier for translocation of those elements into the shoot probably
due to changes in the anatomical structure of the xylem at transition from root to shoot
xylem (Martinka et al., 2014). The molecular and cellular basis for the supposed control
function is unknown and must be addressed in future research. Our data suggest that an
improved allocation from roots to the shoot could perhaps contribute to enhance PUE.
This suggestion is currently speculative, but worthwhile to be addressed in future
studies.

Under P starvation, the poplars showed not only differences in allocation and an
increased P use but also higher uptake efficiency than the well-supplied trees, as
indicated by the increased recovery of *°P from the nutrient solution in MP compared
with HP plants. While this finding is in agreement with crops and Arabidopsis
(Bhadoria et al., 2004; Cogliatti and Clarkson, 1983; Dong et al., 1999; Jungk et al.,
1990; Lee, 1982), severely P-starved poplars were not able to increase the relative P
uptake compared with that of HP plants and even exhibited a significant decline in
uptake efficiency. We considered whether energy limitation might have resulted in the
reduction of P uptake efficiency. Because phosphorus occurs in the environment often
in bound forms, P-starved poplars enhance the production and exudation of organic
acids to increase the mobilization of external P (Desai et al., 2014). Consequently, large
amounts of photo-assimilates are lost when the plants attempt to counteract P
deficiency. Furthermore, P-starved plants accumulate carbohydrates in chloroplasts
because the export of the carbon skeletons into the cytosol is inhibited (Hammond and

White, 2008). Nevertheless, for some plants an increased carbohydrate translocation to
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the roots and even an accumulation in roots was shown under P deprivation (Hammond
and White, 2008). Also here, an accumulation of carbohydrates in roots of both MP and
LP compared with HP plants was found and exposure to additional glucose could not
stimulate P uptake under any of the tested P concentrations in the growth medium. It is
known that glucose is taken up by plants from the medium via monosaccharide
transporters (Yamada et al., 2011) into the cytoplasm of root cells, i.e., the same
compartment into which sugars from source tissues are unloaded (Lemoine et al., 2013).
Therefore, the availability of sugar taken up from the medium does not differ from
plant-derived sugar and thus, we could exclude energy limitation as the reason for the
decrease in **P-recovery of severely P-stressed poplars.

P uptake is further governed by the kinetic properties of the uptake systems. We found a
threshold concentration of 1 uM in the medium required for net P uptake. One reason
for such a threshold could be the efflux of newly acquired **P from the roots back into
the medium at very low external P concentrations because of the steep concentration
gradient. Another reason could be that the ratio of the monovalent form of P (H,POy’),
which is taken up by plants (Schachtman et al., 1998), was shifted to the acid form at
the membrane due to an excess of protons under very low external P concentrations
(Poirier and Bucher, 2002) and then was not available for plant uptake.

Here, we showed that the K, for P uptake of the root system of MP poplars did not
decrease significantly when the phosphate concentration in the nutrient solution was
further decreased.. This finding suggests that the uptake systems operate at their limits
under these conditions. Desai et al. (2014) found a similar K,, value of about 30 uM for
P accumulation in P. tremuloides across a range of low P concentrations. The apparent
K., values for P uptake of P-starved poplars are, however, higher than phosphate
concentrations in soil solutions in many non-fertilized ecosystems, for instance 5 uM in
forests beneath the organic layer (Asano et al., 2006; Fitzhugh et al., 2001; Ranger et
al., 2001; van Hees et al., 2003). These soil concentrations are too low for sufficient P
nutrition and the up-regulation of uptake systems would only ensure net uptake that
occurred above the threshold concentration of 1 uM P. Thus, neither decreases in K,
values nor increases in Vmax by up-regulation of phosphate transporters would be
sufficient to combat P deficiency in natural environments (Lambers et al., 2006). Under
field conditions poplar roots are colonized by mycorrhizal fungi with different abilities

for P acquisition (Baum and Makeschin, 2000; Danielsen et al., 2013, 2012; Gehring et
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al., 2006; Seven and Polle, 2014). Mycorrhizal roots usually show lower K, values for
P uptake (Cress et al., 1979; Van Tichelen and Colpaert, 2000) and higher tissue P
concentrations than non-mycorrhizal roots (Danielsen and Polle, 2014). In poplar the
reduction in K;, of P accumulation after colonization with the mycorrhizal fungus
Laccaria bicolor was moderate (about 6 uM instead of 30 uM (Desai et al., 2014)). In
Pinus sylvestris, mycorrhizal colonization decreased not only the K, from 12.1 uM to
3.5 uM, but also the minimum threshold concentration for net P uptake of 2 uM to 0.2
UM (Van Tichelen and Colpaert, 2000). Altogether, these finding underpin that without
the help of microbes, P nutrition of poplars is critical in nature and may often fall below

the threshold for net uptake.

3.4.2 Regulation of the poplar PHT families in response to P starvation

P uptake and intracellular distribution is achieved by four P transporter families, with
different number of genes in different plant species. Our in silico annotation of the
PHTs of poplars showed that the PHT1 family was the largest with 12 members,
followed by PHT4 with 9 members, while PHT3 and PHT2 contained 6 and 2 members
respectively. These findings demonstrate that not only poplar PHT1 (Loth-Pereda et al.,
2011), but also the other families exhibit an expansion compared to Arabidopsis (Guo et
al., 2008; Poirier and Bucher, 2002). The PHT2, PHT3 and PHT4 families contain
organelle membrane located transporters, which assure together photosynthetic and
respiration processes (Lopez-Arredondo et al., 2014). The presence of the putative P
responsive element P1BS in the 1 kb upstream region was confirmed for PHT1 family
members and was further demonstrated for some members of the PHT3 and PHT4
families, but was unrelated to P starvation responsiveness as reports previously for the
poplar PHT1 (Loth-Pereda et al., 2011).

Here, the putative chloroplastic P transporters PtPHT2;1 and PtPHT?2,;2 exhibited low
transcript abundance in roots and high in leaves, but were not responsive to P starvation.
Similar results have been reported for the only member AtPHT2;1 in Arabidopsis
(Versaw and Harrison, 2002) suggesting that the functional properties have been
maintained. The results for the mitochondrial PHTs are more divergent because
AtPHT3,;1 was unresponsive to P starvation, whereas its homologs in poplar (PtPHT3; 1
and PtPHT3,2) showed increased transcript levels (this study; Morcuende et al., 2007).
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Poplar PtPHT3;5, an ortholog to the mitochondrial Arabidopsis AtPHT3;3 was
unresponsive to P deprivation in both plant species (this study; Morcuende et al., 2007).
The PHT4 family showed an interesting clustering with PtPHT4,;6, PtPHT4,;7 and
PtPHT4,8, the orthologs of AtPHT4;6, AtPHT4;2 and AtPHT4,3, respectively,
exhibiting higher transcript levels in roots than in leaves, and higher transcript
abundances in leaves than in roots for PtPHT4,1, PtPHT4;2, PtPHT4;3, PtPHT4,;4 and
PtPHT4;5, which are the orthologs to AtPHT4,;1, AtPHT4;4 and AtPHT4;5. An
expression pattern similar to that in poplar was reported for Arabidopsis with higher
transcript levels in roots for AtPHT4,;6, and AtPHT4,2 and higher levels in leaves for
AtPHT4;1, AtPHT4;4 and AtPHT4;5 (Guo et al., 2008). The latter transporters were
localized to chloroplasts, while AtPHT4;6 was localized in the Golgi membrane (Guo et
al., 2008). In poplar, the members of PHT4 were not or only little regulated by P
starvation. Still, they have important function for intracellular trafficking of P. For
example, deletion of the Golgi-membrane localized AtPHT4;6 leads to severe growth
impairment and symptoms of P starvation, despite normal tissue P concentrations
(Hassler et al., 2012). Altogether, similar tissue-specific expression pattern and P
responsiveness of many organelle-related P transporters suggest that their functions are
conserved in Arabidopsis and poplar.

The members of PHT1 family are localized to the plasma membrane and catalyze P
uptake from the soil and long distance transport in plants (Nussaume et al., 2011;
Poirier and Bucher, 2002; Poirier and Jung, 2015). Each of the nine Arabidopsis and
all analyzed poplar PHT1 members show increased transcript abundance after exposure
to low P supply (this study; Loth-Pereda et al., 2011; Morcuende et al., 2007), although
some genotype-related exception were found (Loth-Pereda et al., 2011). While three of
the nine Arabidopsis PHT1 genes (AtPHTI;3, AtPHTI;5, AtPHTI,6) exhibited higher
expression in leaves than in roots (Morcuende et al., 2007), in poplar, only PtPHTI;3
showed this pattern. PtPHTI;3 was phylogenetically related to AtPHTI;4 and
AtPHTI;7, but showed a higher distance to these Arabidopsis genes than the poplar
genes PtPHTI;4, PtPHTI;5 and PtPHTI;7. This observation suggests that PtPHTI,3
may have evolved more rapidly and already acquired additional functions compared to
the Arabidopsis genes.

The expression patterns of poplar PtPHTI,;9 and PtPHTI;12 were similar in roots and

in leaves with activation in response to P deficiency. Their orthologs in Arabidopsis

71



Chapter 3

(AtPHTI;9 and AtPHTI;8 for PtPHTI,;9) mediated high-affinity P uptake in roots
(Remy et al., 2012) and AtPHT1I;5 (for PtPHTI;12) was located in the vascular system
(Mudge et al., 2002) suggesting important roles for uptake and long-distance transport
under P starvation. The expression of these transporters was most strongly stimulated by
P deficiency in P. trichocarpa (Loth-Pereda et al., 2011). In contrast to those results,
we found the strongest responsiveness to P starvation for PtPHTI;1, PtPHTI,?2,
PtPHTI;12 and PtPHTI;7, which underline genotype-related differences in the
expression patterns. In Arabidopsis, AtPHT1,1 and AtPHT 1,4, orthologs to those poplar
genes, are expressed in the epidermal layer of roots and mediate high-affinity root
uptake (Misson et al., 2004; Mudge et al., 2002; Shin et al., 2004). The pre-dominant
expression of those poplar transporters in roots and their strong root-specific up-
regulation upon P limitation, suggests that these functions are conserved in P. X

canescens and Arabidopsis thaliana.

3.4.3 Conclusions

Here, we annotated the four PHT families in poplar and demonstrated tissue-specific
expression patterns in response to P starvation. P transporters that were higher
expressed in young leaves than in fine roots belonged to the organelle-related families
and showed no response to P starvation, with the exception of PtPHTI,3. The transcript
abundance of the latter transporter in leaves was high under high P supply, but further
increased massively under P starvation suggesting an important role of this gene for
foliar P supply in accordance with highest allocations to the youngest leaves. Other
members of the PHTI family also showed strong up-regulation in response to P
starvation, but were generally higher expressed in roots than in leaves underpinning
their role in P uptake from the environment. The root-specific increment in PtPHTI; 1
and PtPHTI;2 expression suggests a major role for these transporters in combating P
deficiency in poplar. In accordance with the enhanced expression of PHT members in
roots, P uptake efficiency was enhanced at the intermediate P level which represents a
concentration that can occur in soil solution. Furthermore, P starved poplars showed the
highest allocation of newly acquired P to fine roots, suggesting that these organs were

preferentially supplied with P to maintain their physiological activities.
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We found that the threshold for net P uptake was about 1 uM and the apparent K, for
the whole-root system about 26 puM. These findings indicate that under low P
availabilities, which occur often in soil solutions, bare-rooted poplars are prone to suffer
from P limitations. Mycorrhizal colonization of the roots can increase net P uptake
(Casieri et al., 2013), but which fungal species are the most useful to combat P
deficiency is an open question, which needs to be addressed for sustainable poplar

plantation management.
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3.7 Supporting information

Table S3.1: In silico analyses of putative poplar phosphate transporters.

Table S3.2: Primers used for qRT PCR of putative P transporter genes.

Table S3.3: Transcript abundances of phosphate transporter genes

Figure S3.1. Biomass and performance of poplar grown with five different P
concentrations.

Figure S3.2. Neighbor-Joining tree (Jones-Taylor-Thornton model, 500 bootstraps) of
the amino acid sequences for inorganic phosphate transporters in poplar.

Figure S3.3. Correlations of absolute microarray expression data (log;-value) and qRT

PCR relative expression values (log,) for PtPHTs.
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Table S3.1: In silico analyses of putative poplar phosphate transporters.

PLACE
GenelD Gene P1BS- Affy IDs Com- Ath protein
name or Local- ments | homolog (%
Family ization identity)
Potri.010G072000 | PtPHTI;1 | 54 PtpAffx.215047.1.S1 s _at AtPHT1;5 (77.5)
PtpAffx.208712.1.S1 at
PtpAffx.219484.1.S1 s at
Potri.010G071700 | PtPHTI;2 PtpAffx.219485.1.S1 s at AtPHT1;5 (78.7)
Potri.010G071500 | PtPHTI,3 PtpAffx.54440.1.A1 at AtPHT1;4 (82.5),
AtPHT1;7 (82.0)
Potri.005G223500 | PtPHTI1;4 | 404 PtpAffx.141538.1.S1 s _at AtPHT1;4 (83.0),
Ptp.5181.2.S1 at AtPHT1;7 (84.7)
PtpAffx.69535.1.A1 s at
Potri.002G038900 | PtPHTI;5 | 169 NA AtPHT1;4 (84.5),
AtPHT1;7 (83.6)
Potri.005G175500 | PtPHTI;6 PtpAffx.223352.1.S1 s at | n.d. AtPHT1;6 (64.5),
At4G08895 (53.3)
Potri.005G223600 | PtPHTI1;7 | 911 PtpAffx.205756.1.81 x at AtPHT1;4 (85.9),
PtpAffx.205756.1.S1 at n.d. AtPHT1;7 (86.9)
PtpAffx.69535.2.A1 s at
Potri.019G061900 | PtPHTI;8 PtpAffx.215592.1.S1 at n.d. -
PtpAffx.223434.1.S1 at n.d.
PtpAffx.223434.1.S1 s at | n.d.
Potri.002G005500 | PtPHTI;9 | 334 PtpAffx.62481.1.A1 s at AtPHT1;8 (60.4),
PtpAffx.201523.1.S1 at n.d. AtPHT1;9 (62.9)
Potri.015G022800 | PtPHTI;10 | 489, PtpAffx.218285.1.S1 at n.d. -
581,
826
Potri.005G256100 | PtPHTI;11 | 514 NA AtPHT1;8 (61.0),
AtPHT1;9 (64.2)
Potri.001G318500 | PtPHTI;12 PtpAffx.201089.1.S1 at AtPHT1;5 (78.9)
Potri.005G175700 | Fam. 1 PtpAffx.205527.1.S1 at n.d. AtPHT1;6 (66.5),
At4G08895 (53.3)
Potri.005G223700 | Fam. 1 PtpAffx.205757.1.S1 at nd., tr. |-
Potri.006G109800 | Fam. 4 434 PtpAffx.206360.1.S1 at nd., tr. |-
Potri.010G071600 | Fam. 1 NA AtPHT1;5 (78.9)
Potri.013G089800 | Fam. 1 449, NA, tr. | -
472
Potri.008G186600 | PtPHT2;1 PtpAffx.208289.1.S1 at AtPHT2;1 (81.7)
Potri.010G046300 | PtPHT2;2 PtpAffx.208671.1.S1 at AtPHT2;1 (73.3)
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Table S3.1 (continued)

PLACE
GenelD Gene P1BS- Affy IDs Com- | Ath protein
name or Local- ments | homolog (%
Family ization identity)
Potri.017G060800 | PtPHT3;1 | 305 PtpAffx.223426.1.S1 at AtPHT3;1 (88.3)
PtpAffx.51641.2.51 at n.d.
Potri.001G322300 | PtPHT3;2 PtpAffx.7845.1.A1 s at AtPHT3;1 (88.8)
Ptp.2106.1.A1 s at
PtpAffx.51641.1.S1 s at
PtpAffx.201077.1.S1 at
Potri.012G105100 | PtPHT3;3 NA -
Potri.015G104400 | PtPHT3;4 | 277 Ptp.6141.1.S1 at n.d. -
Potri.004G207200 | PtPHT3;5 PtpAffx.172.1.S1 at AtPHT3;3 (75.2)
PtpAffx.222497.1.S1 s_at
Potri.005G098800 | PtPHT3;6 PtpAffx.205286.1.S1 at AtPHT3;3 (72.7)
PtpAffx.13003.1.S1 at
Potri.006G062300 | PtPHT4;1 PtpAffx.216795.1.S1 at AtPHT4;5 (71.7)
Ptp.850.1.S1 at n.d.
Potri.018G121600 | PtPHT4,2 PtpAffx.214529.1.S1 at AtPHT4;5 (67.0)
PtpAffx.214529.1.S1 x_at
PtpAffx.157223.1.S1 at
Ptp.6820.1.S1 at
Potri.001G249800 | PtPHT4,3 Ptp.7586.1.S1 at AtPHT4;1 (75.6)
Potri.009G043800 | PtPHT4,4 PtpAffx.95515.1.S1 at AtPHT4;1 (75.4)
Potri.014G085700 | PtPHT4;5 | 958 PtpAffx.59699.2.A1 a at AtPHT4;4 (73.8)
Potri.009G168200 | PtPHT4,6 PtpAffx.147587.1.A1 at n.d. AtPHT4;6 (78.7)
PtpAffx.204370.1.S1 at
Potri.016G111000 | PtPHT4;7 Ptp.5773.1.81 at AtPHT4;2 (73.8)
Potri.001G248200 | PtPHT4,8 PtpAffx.107855.1.A1 a at AtPHT4;3 (77.0)
PtpAffx.112006.1.S1 s at | n.d.
PtpAffx.107855.1.A1 at
PtpAffx.200753.1.S1 at
PtpAffx.112006.1.S1 at n.d.
Potri.009G042000 | PtPHT4,9 PtpAffx.204925.1.S1 at n.d. AtPHT4;3 (64.3)
Potri.004G061400 | uncl. PtpAffx.203816.1.S1 at n.d. -
Potri.013G095600 | uncl. PtpAffx.211244.1.S1 at nd.,tr. |-

GenelD: Poplar gene IDs in genome annotation version v3, PLACE P1BS-Localization:
location of P1BS-motif(s) in 1 kb upstream region of the gene, Affy IDs: probe names
on annotated for the gene by Tsai et al. (2011), Ath protein homolog: closest
Arabidopsis protein homolog after Figure S1 and its identity (%) with the poplar
protein, n.d.: expression not detected on microarray, NA: gene is not on array, tr.:
truncated; uncl: unclustered.
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Table S3.2: Primers used for qRT PCR of putative P transporter genes.

Potri.ID Affy IDs Primer name Primer sequence (5°-3") Design  Reference

Potri.010G072000 PtpAftx.215047.1.S1 s at PtPHIf GCGATTCACGAGGTTTTTCA Loth-Pereda et

(PtPHT1;1) PtpAffx.208712.1.S1 at PtPHI1r GGCGAAGAAAAAGGTCAACG al. (2011)

PtpAffx.219484.1.S1 s at

Potri.010G071700 PtpAffx.219485.1.S1 s at PcPHTI;2 fw CACAGACCGAACGAAGACTG (after) Loth-

(PtPHT1;2) PcPHT1;2 rev2 ATCACACTGAAGCCATCCTAGG Pereda et al.
(2011)

Potri.010G071500 PtpAffx.54440.1.A1 at PcPHT1;3 fw CGACAACCGAATTGGCTTCG intron after Loth-

(PtPHT1;3) PcPHTI1;3 rev CAAGTGGACCTCAGTCTCG spanning Pereda et al.
(2011)

Potri.009G168200 PtpAffx.147587.1.A1 at = PcPHT4;6 fw CGCTCGCTGCCAATCTTAC intron

(PtPHT4;6) PtpAffx.204370.1.S1 at PcPHT4;6 _rev GTCTAGGGATGTTCCACCC spanning

Potri.001G047200 PtpAffx.200189.1.S1 at Pc001G047200 fw GGCTGAGGAATGTCGAATGG Exon-

(PPR-repeat as Pc001G047200 rev. AGAACGCAACATCATGGAAACC Exon

reference gene) junction

Potri.001G309500 Ptp.6486.1.S1 s at Aktin9_fw TGGTGGTTCCACTATGTTCC Exon- Janz et al. (2012)

(Actin as PtpAffx.1258.1.S1 s at Aktin9 rev TGGAAATCCACATCTGCTGG Exon

reference gene) PtpAffx.1258.4.S1 s at junction

Genes are indicated by their Potri.IDs, Affy IDs for probe sets on microarray, indication of special design, and reference. When published
primers were not available, they were designed with OligoExplorer 1.5 and checked with OligoAnalyzer 1.5 (both Gene Link, Hawthorne,
NY, USA). Primers were adapted to P. x canescens (sequences from AspenDB) when the nucleotide sequence differed from P. trichocarpa.
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Table S3.3: Transcript abundances of phosphate transporter genes.

Raw expression values for the PHT genes on microarrays (means of n = 3) used for z-
normalization to construct the heatmap shown in Figure 5a. Poplar plants were grown
with nutrient solutions differing in phosphate concentration (641 uM P (HP), 6.4 uM P
(MP), 0.064 uM P (LP)).

Fine Roots Uppermost Leaves
HP MP LP HP MP LP
PtPHT1;1 446 3699.2 2721.1 6.2 6.7 7.2

PtPHT1;2 250.2 6658.6 6268.9 4.7 7.3 9.6
PtPHT1;3 18.0 35.5 22.5 386.1 818.6 1251.1

PtPHT1;4 196.7 4234 287.6 70.7 1799 199.1

PtPHT1;7 143 1954 1294 11.6 43.7 79.1
PtPHT1;9 206 1692 842 14.1 1954  304.6
PtPHT1;12 6.8 2055 2114 5.7 323.1 451.6
PtPHT?2;1 7.3 7.0 5.8 155 18.0 19.0
PtPHT2;2 6.3 53 7.3 1629 103.2 96.7

PtPHT3;1 101.2 99.8 983 788 1062 103.3

PtPHT3;2 348.7 457.0 4457 2074 3085  327.6

PtPHTS3;5 6.7 7.7 64 184 21.6 16.6
PtPHT3;6 22.5 32.7 233 18.6 19.3 17.5
PtPHT4;1 54.4 63.6 487 112.1 146.1 1563
PtPHT4;2 15.7 22.2 20.1  39.0 47.6 46.1
PtPHT4;3 4.5 7.1 54 331 34.0 34.1
PtPHT4;4 15.7 30.0 33.5 156.0 230.2 268.2
PtPHT4;5 21.6 18.5 25.1 2154 6165 728.6
PtPHT4;6 57.0 41.2 46.1 31.8 42.5 38.6

PtPHT4;7 1344 1188 1192 903 101.8 63.5

PtPHT4;8 35.7 34.5 340 262 27.5 30.4
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Figure S3.1. Biomass and performance of poplar grown with five different P concentrations. Populus % canescens plants were grown for
about 2 months in nutrient solutions differing in phosphate concentrations (641 uM P (HP), 64 uM P, 6.4 uM P (MP), 0.64 uM P, 0.064 uM P
(LP)). Biomass data are means for n=11-12 (+SE).
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Figure S3.2. Neighbor-Joining tree (Jones-Taylor-Thornton model, 500 bootstraps)
of the amino acid sequences for inorganic phosphate transporters in poplar. Poplar
(Potri), Arabidopsis (AT), rice (Os) and maize (GRMZM and AC) sequences were
used; A: unrooted compressed phylogenetic tree; B: expanded view of the four families,
names according to Fan et al. (2013), Liu et al. (2011) and Phytozome, names for newly
annotated poplar genes according to tree structure. Only bootstrap values >50 are

displayed.
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Figure S3.3. Correlations of absolute microarray expression data (log,-value) and
qRT PCR relative expression values (log;) for PtPHTs. P-value and R-value of
correlation (R function cor.test) are given, red: root samples, green: leaf samples, dark:
HP, middle: MP, light: LP; expression of PtPHTI;I and PtPHTI;2 could not be
detected by qRT PCR in leaves. Absolute expression values are given for the
microarray data and relative expression values to two reference genes (Actin, PPR-
repeat) for qRT PCR data.
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Chapter 4

Phosphate acquisition by poplar: Phylogeny, tissue-
specific expression, and activity of root secreted purple
acid phosphatases

4.1 Introduction

Plants take up phosphorus (P) only in the inorganic form, phosphate (Schachtman et al.,
1998). But phosphate is present in soil solutions in only low concentrations of below 10
UM (Bieleski, 1973). Therefore, the inorganic phosphate pool has to be replenished
constantly from other phosphorus pools. Up to 80 % of the total soil P sources is bound
in organic P compounds (Schachtman et al., 1998). Enzymes that cleave inorganic
phosphate from organic P are phosphatases. The largest group of phosphatases, the
purple acid phosphatases (PAPs) (Olczak et al., 2003) have a pH optimum in acidic
conditions present in most soils. PAPs have a purple color in concentrated solutions due
to a ferric ligand in the active center of the enzyme (Vincent and Averill, 1990).

Most PAPs have a broad substrate spectrum (Olczak et al., 2003). They acquire
phosphate from organic P in the soil but also from internal P sources (Duff et al., 1994).
Zhu et al. (2005) found that 16 of 29 Arabidopsis PAPs were expressed in roots, seven
AtPAPs were solely expressed in flowers, highlighting the role of PAPs for other
functions than phosphate acquisition from soil.

The acid phosphatase activities in the whole plant are enhanced under P deprivation as
was shown for Arabidopsis (Del Pozo et al., 1999; Wang et al., 2014), poplar (Gan et
al., 2016), and Carpinus pubescens and Eurycorymbus cavalerei (Zhang et al., 2015).
AtPAP17 is one of the acid phosphatases with highest activity increment under low P
(Del Pozo et al., 1999). It was shown that the expression of 4tPAP17 is induced not
only by P starvation but also by senescence, salt stress, abscisic acid and hydrogen
peroxide suggesting a role in P mobilization in response to those stresses (Del Pozo et
al., 1999). An enhanced acid phosphatase activity on roots under P limited conditions
was shown for Arabidopsis (Wang et al., 2014) and tomato (Bozzo et al., 2006).
Experiments with Arabidopsis mutants have shown that AtPAP12 and AtPAP26 are the
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main secreted phosphatases and responsible for most of the phosphatase activity in the
medium under low P conditions, whereas AtPAP10 is the main root-associated
phosphatase under low P conditions (Wang et al., 2014).

The transcript levels of most, but not all PAPs are induced by P starvation (e.g. in
soybean (Li et al., 2012), maize (Gonzdlez-Murioz et al., 2015), rice (Zhang et al., 2011)
and Arabidopsis (Li et al., 2002; Lohrasebi et al., 2007)). In poplar (Populus. simonii
and P. x euramericana), the expression of one PAP (Potri.010G158400) was studied
and found to be increased upon P starvation in roots and leaves in congruence with
enhanced acid phosphatase activity in these tissues (Gan et al., 2016). But it is not
known, which phosphatases contribute to root derived soil phosphatase activity in low P

conditions of poplar.

The main goals of this study were to investigate acid phosphatase activities of poplar
(Populus % canescens) roots under low P conditions and to reveal which phosphatases,
that might acquire P from organic P sources, are released into the growth medium under
control and low P conditions. To achieve this, transcriptome and proteome analyses
were combined with phosphatase activity assays. Additionally, changes in root
morphology in response to low P availabilities as method for increased root surface and

therefore PAP secretion area were assessed.

4.2 Materials and Methods

4.2.1 Measurement of root-associated acid phosphatase activity in vivo

Populus % canescens (INRA717 1-B4) was micropropagated and rooted on MS-medium
as described in Miiller et al. (2013). For —P plants, potassium dihydrogenphosphate was
substituted by equimolar concentration of potassium chloride in the MS-medium.
Phosphatase activities on the roots were measured by two methods essentially after
Wang et al. (2011) with modifications: For measurements with 4-nitrophenyl phosphate
disodium salt (pNPP; Sigma-Aldrich Chemie, Munich, Germany), the plants (height
about 5 cm) were transferred after three weeks to 1.5 mL Long Ashton nutrient solution
with or without P; in an 2 mL tube and adapted to laboratory conditions under slight

mixing (130 rpm, GFL 3018, Gesellschaft fiir Labortechnik, Burgwedel, Germany).
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Nutrient solution was refilled to 1.5 mL regularly. Air humidity was maintained by

covering each plant with a 50 mL tube (Figure 4.1).

1N

50 mL-tube —>

P. x canescens,
roots inserted into
nutrient solution

2 mL-tube
filled with 1.5 mL
nutrient solution

Figure 4.1. Experimental setup for measurement of root-associated acid
phosphatase activity in vivo

After two days, the plants were transferred to fresh Long Ashton solution (1.5 mL,
without P; for -P plants and with or without P; for +P plants to distinguish between
activity capacity and possible inhibition by P) and 200 uL pNPP (Img mL™). After 1 h
with slight shaking the plants were removed and 300 uL 0.4 M NaOH were added to the
solution. This solution (500 pL) was measured in three technical replicates
photometrically at 410 nm. A calibration curve with 4-nitrophenol (FLUKA, Sigma-
Aldrich Chemie, Munich, Germany) was prepared for calculation of phosphatase
activity. 4-nitrophenol was diluted to different amounts (0, 0.00575, 0.0115, 0.023,
0.046, 0.092, 0.184 nmol) per 1.7 mL sample with +P or -P nutrient solution (as for the
plant roots) and treated in the same way. Calibration curves did not differ between +P
and -P solution.

For measurement of acid phosphatase activity with 5-bromo-4-chloro-3-indolyl
phosphate disodium salt (BCIP; Carl Roth, Karlsruhe, Germany), the micropropagated
and to laboratory conditions adapted plants in nutrient solution were transferred to fresh
Long Ashton solution (1.5 mL) containing 4 mM BCIP. After 1 h with slight shaking
the plants were removed. From the solution, 0.6 mL were taken and 1 mL HCI (1 M)

was added (two technical replicates per sample). The samples were mixed, incubation
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for 25 min at room temperature and centrifuged for 5 min at 10000 g. The supernatant
was discarded. The pellet was diluted in 1 mL dimethyl sulfoxide. Two technical
replicates of this solution (500 pL) were measured photometrically at 635 nm. Acid
phosphatase activity was recorded in 4-nitrophenol produced [nmol] per hour per gram
fresh mass of root or per cm? of root surface (for measurement with pNPP) or as
absorption at 635 nm (Agss, for measurement with BCIP) per hour per gram fresh mass
of root or per cm? of root surface, measured as described below.

For staining of phosphatase activity on the roots, micropropagated and rooted -P and +P
poplars were planted into MS-medium without phosphate by placing the roots into
warm but still liquid medium (about 50°C), containing 0.01 % BCIP and 0.5 % agar
(Micro-Agar, Duchefa Biochemie, Haarlem, The Netherlands) in Petri dishes (12 cm x
12 cm; Greiner Bio-One, Frickenhausen, Germany) and scanned after 4 h (HP Scanjet

G4050, Hewlett-Packard, Boblingen, Germany).

4.2.2 Purple acid phosphatases in apoplastic washing fluid (AWF)

Poplar plants (micropropagated and grown for three weeks on MS-medium, n=8) were
cultivated in Long Ashton nutrient solution with 641 uM or with 0.064 uM P (missing
K added as KCI) for 3 months (for medium see Kavka and Polle, 2016). AWF was
collected after Floerl et al. (2008) with modifications: Roots were washed with tap
water and infiltrated with cold 100 mM KCI (20 kPa for 15 min). Roots were patted dry,
rolled into plastic foil and placed vertically into centrifuge tubes (4°C, 950 g, 8 min).
AWF was collected and stored at -80°C until further analyzes. Four biological samples
were pooled to result in two biological replicates per treatment. Per replicate, two
samples of up to 1 mL were lyophilized at -80°C. One of these samples was used for a
proteomic approach and one for protein gel electrophoresis.

For the gel electrophoresis, the lyophilized sample was dissolved in 20 pL solution
containing 50 mM sodium acetate (pH 4.9) and 10 mM MgCl,. Two pL were used for
measuring the protein concentration in a micro Bradford assay (Coomassie plus reagent,
Thermo Scientific, Waltham, MA, USA) following the instructions manual. The protein
concentration was calculated against a bovine serum albumin standard curve (12.5, 25,
50, 100 and 200 pg mL™). For the in-gel assay of acid phosphatase activity, the method

of Wang et al. (2011) was used with modifications: The same amount of protein
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(0.3 ng) for each sample was diluted in 13 pl solution as above, mixed with 13 pl
sample buffer without SDS (0.06 M Tris-(hydroxymethyl)-aminomethanhydrochlorid
HCI, 10 % glycerol, 0.025 % bromphenol blue (w:v)) and loaded on a Amersham
ECL™ Gel 12 % (GE Healthcare Life Sciences, Freiburg, Germany). The gel was run
as indicated in the manual instructions for 1.25 h, cooled on ice. The gel was washed in
cold distilled water (6 times 10 min at about 50 rpm) and then in 50 mM sodium acetate
(pH 4.9), 10 mM MgCl, (2 times 15 min at about 50 rpm). The gel was stained with 100
mL 50 mM sodium acetate (pH 4.9), 10 mM MgCl, solution containing 15 mg 2-
naphtyl phosphate sodium salt (Sigma-Aldrich Chemie, Munich, Germany) and 75 mg
Fast Black K salt (Serva, Heidelberg, Germany) at 37°C overnight with slight shaking
(about 50 rpm) and scanned.

For the proteomic approach with Liquid-Chromatography Electrospray-lonization Mass
Spectrometer (LC-ESI-MS), the second aliquot of the lyophilized samples was
dissolved in 80 pl 20 mM ammonium bicarbonate, 80 mM D-1,4-dithiothreitol and
centrifuged at 2000 rpm for 3 min. 75 pl of 2,2,2-trifluoroethanol was added to 75 pl
sample, shaken for 15 min by using a Vortex mixer, sonicated for 5 min (RK 100 H,
Bandelin electronic, Berlin, Germany), shaken again for 15 min and incubated for 30
min at 60°C. After centrifugation (10 min, 16000g), 100 ul supernatant was collected
into a 1.5 ml LoBind tube (Eppendorf, Hamburg, Germany). Proteins were alkylated by
adding 5 pl 500 mM iodoacetamide and incubated for 30 min in dark and thereafter
diluted with 50 pl water.

Proteins were purified according to Wessel and Fligge (1984) using
chloroform/methanol precipitation. In short, methanol was added to the protein sample,
mixed and centrifuged, and then chloroform was added, the sample mixed and
centrifuged. Proteins precipitate in the interphase. The upper phase with methanol was
removed and the sample again washed with methanol and centrifuged. The supernatant
was removed and the protein pellet dried. Precipitates were suspended in 50 pl Tris-
(hydroxymethyl)-aminomethanhydrochlorid (100 mM, pH 8.0) by sonication (RK 100
H, Bandelin electronic, Berlin, Germany) for about 3 min. Proteins in the samples were
digested overnight at 37°C in a water bath after adding 5 pl trypsin solution (100 ng/ul
in 10mM HCI (MS grade, Promega)). The digestion was stopped by adding 20 pl
ammonium formate (20 mM, pH 10). Samples were mixed and centrifuged (20 min,

16000 g). 60 ul of sample were immediately purified by using StageTips (Stop-and-go-
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extraction tips) (Rappsilber et al., 2007) prepared from three layers of Empore 3M-C18
filter (3M, USA) and conditioned with ammonium formate (20 mM, pH 10). The
peptides were eluted from the tips with 60 % acetonitrile (Ultima LC-MS grade, Fisher
Scientific) in ammonium formate (20 mM). After drying for 10 min in a vacuum
concentrator (Concentrator 5301, Eppendorf, Hamburg, Germany) peptides were stored
at -20°C. Peptides were dissolved in 5 pl 2 % acetonitrile in water with 0.1 % formic
acid (all solvents in Ultima LC-MS quality) and analyzed by “trap & elute” mode
(Eksigent 420, Sciex, USA) using a 2.5 cm 100 um id pre-column packed with 5 um
Reprosil-Pur C18-AQ (Dr. Maisch GmbH, Ammerbuch, Germany) and 30 cm 50 pm id
analytical column packed with 3 um Reprosil-Gold C18. Samples were separated in a
gradient mode at 260 nL min™' solvent flow with solvent A (100 % water with 0.1 %
formic acid in water (Optima Gold quality, Thermo Fisher Scientific, Braunschweig,
Germany). Solvent B consisted of 0.1 % formic acid in acetonitrile (Optima Gold
quality, Thermo Fisher Scientific, Braunschweig, Germany) and served as the eluent in
the following gradient: initially 5 %, 100 min to 35 %, 20 min to 50 % and 2 min to 95
%. The mass spectrometry system consisted of Hybrid Quadrupole-TOF LC/MS/MS
Mass Spectrometer TripleTOF 5600+ (Sciex, USA), nano-spray source Nanospray III
(Sciex) and Analyst 1.7 software. MS spectra in the positive mode were detected in a
range of 300 to 2000 Da and 30 most intensive ions with charge 2+ to 5+ were
fragmented in the MS/MS mode. Analyses of MS spectra and protein identification
were performed by ProteinPilot 5.0 (Sciex, Darmstadt, Germany). The protein
identification database consisted of Populus trichocarpa protein sequences (JGI; Tuskan
et al., 2006) combined with a common contaminants dataset (Sciex, Darmstadt,
Germany). Carbamidomethylation of cysteine and trypsin cleavage were set as fixed
modifications. Searches were performed in “false discovery rate” mode with thorough
settings including biological modifications and amino acid substitutions. Results were
filtered for at least two peptides per protein and an unused score of at least four to
exclude proteins from the results that were not sufficiently supported by peptide

sequences.
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4.2.3 Gene expression analysis

The microarrays with the accession number E-MTAB-3934 (Kavka and Polle, 2016)
from the EMBL-EBI ArrayExpress database (http://www.ebi.ac.uk/arrayexpress/) were
used: In this experiment, poplar plants were grown in sand culture irrigated with Long
Ashton nutrient solution containing three different phosphate concentrations (641 uM -
HP, 6.4 uM - MP, 0.064 uM - LP) with three biological replicates per treatment with
uppermost leaves and fine roots as samples. For annotation of the Affy probe set IDs to
gene model IDs, the best hit in the annotation file of the AspenDB (7sai et al., 2011)
was used. For each purple acid phosphatase, the mean expression value of the three
replicates was calculated. When there were more than one probe set per gene, the mean
value of all probe sets were calculated. The log,-expression values for each gene were
z-transformed across all arrays. Heatmap of normalized expression values was created
using “heatmap.2” function implemented in the R (R Development Core Team, 2012)

package “gplots” (Warnes, 2012).

4.2.4 Quantitative Real Time PCR

To remove contaminating DNA, an aliquot of the RNA samples that were also used for
microarray analyses (200 ng uL™ in 25 pl) were treated with Ambion® Turbo DNA-
free™ kit (Life Technologies, Carlsbad, CA, USA) two times according to the manual
instructions and transcribed to cDNA (0.5 pg) with the RevertAid First Strand cDNA
Synthesis Kit and First Strand ¢cDNA Synthesis Kit (Thermo Fisher Scientific,
Braunschweig, Germany) using oligo(dT)-primers. To validate the microarray, four
genes were chosen (PtPAP1 (Potri.005G233400), PtPAP30 (Potri.012G042200),
Potri.013G005700, Potri.007G089000) with different expression patterns over all
samples on the microarrays. Primers used for quantitative Real Time PCR (qRT PCR)
were described in Janz et al. (2012; Potri.013G005700, Potri.007G089000,
Potri.001G309500) or designed using OligoExplorer 1.5 and checked with
OligoAnalyzer 1.5 (both Gene Link, Hawthorne, NY, USA, Table 4.1 for detailed
information). At least one primer for each gene was designed to cross an exon-exon
junction. For each gene and sample (three biological replicates per treatment, fine roots

and leaves), at least two technical replicates were analyzed by qRT PCR with
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LightCycler 480® (Roche Diagnostics, Mannheim, Germany). The reaction volume of
20 pl consisted of 10 ul SYBR Green I Master kit (Roche Diagnostics, Mannheim,
Germany), 2 pul of forward and reverse primer (10 uM), 1 ul nucleic free water and 5 pl
cDNA-solution (1:10 dilution). After pre-incubation (95°C, 5 min), 45 or 55 cycles of
amplification followed: 95°C for 10 s, 57°C for 10 s and 72°C for 20 s. Melting curve
(95°C 55, 65°C 1 min to 97°C with 0.11°C/s) analyses implemented in the LightCycler
480® software were used to assess primer specificity.

To calculate efficiency, raw data were converted using LC480 conversion (version
2014.1; www.hartfaalcentrum.nl/index.php?main=files&sub=LC480Conversion) and
loaded into LinRegPCR (version 2016.0; Ruijter et al., 2009). The mean efficiency for
each primer pair was calculated over all samples after baseline subtraction and given in
Table 1. Quantification cycle-values were calculated using the fluorescence threshold of
3.597 (lowest threshold of all genes). Relative expressions for each sample were

calculated against two reference genes using the formula

Cq Cq
ERef)* E(rety)

Relative Expression = C
E q
(GOI)

E: efficiency of primer for gene

Cq: quantification cycle value

(GOI): efficiency and Cq for gene of interest

(Ref)): efficiency and Cq for reference gene i (Hellemans et al., 2007).
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Table 4.1: Primers used for qRT PCR.

Potri.ID Afty IDs Primer name Primer sequence (5°-3”) Primer
efficiency
Potri.005G233400 PtpAffx.33535.1.A1 at Pc005_fw GTTGCATACAACATCGTGAACG  1.870
(PtPAPI1) PtpAffx.33535.3.S1 at Pc005_rev CTGTCATGCTGGTCACTAATC
Potri.012G042200 Ptp.6082.1.S1 at Pc012 fw AGCACAAGTTAAGCCTTCACC 1.924
(PtPAP30) Pc012 rev TTCAGCCAATTCAGCATCGAC
Potri.013G005700 Ptp.3948.1.S1 at Pc013G005700 fw CCACAAAGAATCATTTTCTCTG 1.836
(Xyloglucan Endotransglucosylase)  PtpAffx.102427.1.A1 at  Pc013G005700 rev AAACTAGAGTAAATTCTCATTGG
PtpAffx.102427.1.A1 s at
Potri.007G089000 PtpAffx.249.474.S1 at Pc007G089000 fw CCCATGGTGAACCCAGATG 1.874
(Myo-Inositol-1-Phosphate Synthase) PtpAffx.249.570.S1 a at  Pc007G089000 rev TCAGGGTCGTAAATTCCAGG
PtpAffx.249.570.S1 at
PtpAffx.36446.1.A1 at
Potri.001G047200 PtpAffx.200189.1.S1 at Pc001G047200 fw GGCTGAGGAATGTCGAATGG 1.908
(PPR-repeat as reference gene) Pc001G047200 rev AGAACGCAACATCATGGAAACC
Potri.001G309500 Ptp.6486.1.S1 s at Aktin9 fw TGGTGGTTCCACTATGTTCC 1.876
(Actin as reference gene) PtpAffx.1258.1.S1 s at Aktin9 rev TGGAAATCCACATCTGCTGG

PtpAffx.1258.4.51 s at

Corresponding Potri.IDs and Affy IDs for probe sets on microarray and primer efficiency calculated by LinRegPCR are given; primers for
Potri.013G005700, Potri.007G089000 and Potri.001G309500 were obtained from Janz et al. (2012).
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4.2.5 Assessment of root morphological parameters

For measuring the root surface and root length in different width classes, roots were
scanned (HP Scanjet G4050, Hewlett-Packard, Boblingen, Germany) before drying and
analyzed with WinRhizo (version 2012b, Regent Instruments Inc., Ottawa, Canada). To
get optimal scans, following parameters for a transmitted-light-scan were set: scanning
resolution of 300 dpi, greyscale, middle tone: -30, bright image areas: -100, shadows: -
100, gamma: 1.0.

Roots from acid phosphatase activity measurements were scanned directly after the
experiment.

HP, MP and LP fine roots were taken from another plant set and washed before
scanning. In the case of HP roots only an aliquot was scanned.

Photos of root hairs were taken in water with a digital camera (DFC420 C, Leica
Microsystems Ltd., Germany) attached to a stereomicroscope (M205 FA, Leica
Microsystems Ltd., Wetzlar, Germany).

4.2.6 Phylogeny of PAPs in poplar compared with Arabidopsis, rice and
maize

All protein sequences and gene IDs were obtained from Phytozome v9.1
(www.phytozome.net, Goodstein et al., 2012). For domain comparisons the Pfam
database (pfam.xfam.org) was used. All annotated (Wang et al., 2014) Arabidopsis PAP
protein sequences
(http://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Athaliana) were used for
a BlastP search (e-value cutoff at ¢?°) against the Populus trichocarpa, Oryza sativa
(http://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Osativa) and Zea mays
proteomes (http://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Zmays), but
only proteins with a Metallophos or Metallophos C domain were kept, as these were
present in every Arabidopsis PAP. The alignment was performed using the online tool
ClustalW2 (www.ebi.ac.uk/Tools/msa/clustalw2/) with default settings. The PHYLIP
package (Felsenstein, 1993) was used to calculate a consensus (extended majority rule)

neighbor joining phylogenetic tree using 500 replicates for bootstrapping and Jones-
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Taylor-Thornton model for computing distance matrices. MEGAG6 (Tamura et al., 2013)
was used to display and edit the phylogenetic trees. Phylogenetic subgroups were
named after Li et al. (2002). Poplar PAPs were named according to their position in the
phylogenetic tree, rice PAP names are according to Zhang et al. (2011), maize PAP
names according to Gonzalez-Mufioz et al. (2015) and Arabidopsis PAP names
according to Li et al. (2002). The 1 kb upstream region of each poplar gene coding for a
putative PAP was obtained from Phytozome using the BioMart tool
(http://phytozome.jgi.doe.gov/biomart/martview/16e565cddceb03f127d3e5b55e576a6f)
and used for a motif search with PLACE (Higo et al., 1999). Protein sequences were
used for prediction of the subcellular locations of the proteins with TargetP v. 1.1

(http://www.cbs.dtu.dk/services/TargetP/; Emanuelsson et al., 2000).

4.2.7 Statistical analyses

R (versions 2.14.2 and 3.0.2, R Development Core Team, 2012, www.r-project.org) was
used for statistical analyses. One-Way-ANOVA and Tukey’s HSD were performed on
original or transformed data. Residuals were checked visually for normal distribution
and homogeneity of variance and transformed logarithmically (log,) or by square root if
needed. Means were considered to differ significantly between treatments, if P < 0.05.
The P-value was Bonferroni adjusted for ANOVAs on gene expression data. Figures

show mean value =+ standard error.

4.3 Results

4.3.1 Phylogeny of PAPs

The PAPs proteins of poplar clustered into the three main clades (I, Il and III) known
from Arabidopsis (Figure 4.2A) with three subclades in cluster I (Ia with Ia-1 to Ia-3
and five unclustered maize and rice PAPs, Ib-1 and Ib-2), three subclades in cluster 11
(ITa to IIc) and two subclades (Illa and IIIb) in cluster III (Figure 4.2B). We found 33
poplar PAPs, compared with the 29 PAPs known from Arabidopsis. Our search
revealed 30 rice PAPs: the 26 PAPs found by Zhang et al. (2011) and four additional
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ones (Figure 4.2). Of the 33 maize PAPs found by Gonzalez-Muioz et al. (2015) not all
were retrieved because ZmPAP7c and ZmPAP28b were not found by our approach.

As expected, the nearest homologs of poplar PAPs were Arabidopsis PAPs (Figure
4.2B). In the PAP clusters Ib-1, Ib-2 and Illa, there was a direct orthologous group of
poplar and Arabidopsis proteins for each group of rice and maize proteins (Figure
4.2B). In all other clusters, there was mostly one branch each with monocot and dicot
proteins (Figure 4.2B). Cluster Ia-1 consisted of only Arabidopsis proteins, in cluster Ilc
no Arabidopsis proteins but two poplar proteins were present. Four poplar proteins were
orthologous to the two Arabidopsis proteins AtPAP10 and AtPAP12, one rice protein
(OsPAP10a) and one maize protein (ZmPAP10); three poplar proteins were orthologous
to AtPAP26, OsPAP26 and ZmPAP26. Additionally multiplicated poplar genes were
found for AtPAP1, AtPAP17, and AtPAP14 compared with Arabidopsis, rice and
maize.

Among the 33 poplar PAPs 28 were targeted to the secretion pathway; one member of
cluster Ia-2 (Potri.004G160100) to mitochondria and four had no distinct target
sequence (Table 4.2).

P1BS elements, which are known to play a role in the up-regulation of gene expression
in response to phosphate starvation (Bustos et al., 2010), were present in the 1 kb

upstream sequence of ten poplar PAP genes from clusters I and I1I.

103



Chapter 4

87 Potri.010G160500 - PtPAP15 1
A) o L2 AT1G13900 - AtPAP2
0812944030 - OsPAP10d ke Ila
0512944010 - OsPAP10b 51 99— 0507902090 - AtPAP9a
93 GRMZM2G106600 - ZmPAP2a
0512944020 - OsPAP10c 0306908390
GRMZM2G077466 - ZmPAP30a -
100— GRMZM2G386998 - ZmPAP1a T
I(gfezmzmzeonseo - ZmPAP30b 0503911530 - OsPAP1a
ol 0512938770 - OsPAP1b
o1 0512938760 - OsPAP1c
b1 0512938750 - OsPAP1d
5 b 1— GRMZM2G315848 - ZmPAP1c
GRMZM5G868679 - ZmPAP1b
65| ﬁ‘; 100 AT1G13750 - AtPAP1
- Potri.010G158200 - PtPAP16
95— IITa Potri.010G158400 - PtPAP17 |1
L m Potri.008G096000 - PtPAP18
Potri.015G095900 - PtPAP19
Potri.012G097400 - PtPAP20
ATAG24890 - AtPAP24
B AT5G50400 - AtPAP27
) 75 GRMZM2G157027 - ZmPAP24a
o7 AT2G27190 - AtPAP12 1 0s09g32840 - OsPAP27a
00— Potri.005G233400 - PtPAP1 GRMZM2G136453 - ZmPAP24b
77 Potri.002G029300 - PtPAP2 0s08g41880 - OsPAP27b
1 Potri.004G160100 - PtPAP3  |15.2 0509932830 - OsPAP27¢ ]
gg| 10 Potri.009G121200 - PtPAP4 GRMZM2G138756 - ZmPAP2b 1
AT2G16430 - AtPAP10 e 0501958640 - OsPAP9b
100— GRMZM2G093101 - ZmPAP10 GRMZM2G138698 - ZmPAP2d
0s01g56880 - OsPAP10a ] 64 AC207043.3 - ZmPAP2f e
Potri.018G024800 - PtPAP5 1 GRMZM2G007754 - ZmPAP2e
95 Potri.006G063700 - PtPAP6 94 98— Potri.001G023400 - PPAP21
N EE Potri.018G123700 - PtPAP7  |15.3 Potri.003G202200 - PtPAP22
= AT5G34850 - APAP26 GRMZM2G326625 - ZmPAP2c |
100 0506943640 - OSPAP26 Potri.016G042500 - PtPAP23
AC211394.4 - ZmPAP26 ] 83 AT3G10150 - AtPAP16
94 AT2G18130 - AtPAP11 1 50— 0s01g71420
99 AT3G46120 - APAP19 GRMZM2G366607 - ZmPAP16
97 AT1G52940 - AtPAP5S la-1 Potri.006G074300 - PtPAP24
100 AT1G56360 - AtPAP6 AT5G57140 - AtPAP28
AT4G36350 - AtPAP25 ] 9% 63— 0s06g48570
80— Potri.017G055900 - PtPAP8 1 GRMZM2G096363 - ZmPAP28a|11la
72 Potri.002G243900 - PtPAP9 AT2G46880 - AtPAP14
55 AT3G07130 - AtPAP15 GRMZM2G109405 - ZmPAP14
Potri.017G055800 - PtPAP10 0509936290
97 AT2G32770 - APAP13 Potri.002G183000 - PtPAP25
1007— Os03g63074 - OsPAP15 Ib-1 Potri.002G183200 - PtPAP26
9 GRMZM2G134054 - ZmPAP13 Potri.014G109100 - PtPAP27
99— Potri.003G176000 - PtPAP11 AT5G63140 - AtPAP29 ]
98 ATA4G13700 - AtPAP23 GRMZM2G109071 - ZmPAP7b 1
00— Os08g17784 - OsPAP23 — GRMZM2G141584 - ZmPAP7a
GRMZM2G014193 - ZmPAP23 | o4 L— 0511934720 - OsPAP7
Potri.001G423700 - PtPAP12 T 0s11g34710 - OsPAP3a
ﬂﬁ Potri.011G138200 - PtPAP13 0503913540 - OsPAP3c
98 AT3G20500 - AtPAP18 0s10g02750 - OsPAP3b
L_100— 0s03g37130 - OsPAP18 GRMZM2G152447 - ZmPAP7d
GRMZM2G174549 - ZmPAP18 98— GRMZM2G404769 - ZmPAP7g
81 Potri.003G030700 - PtPAP14 GRMZM2G351232 - ZmPAPT7f
AT3G52810 - AtPAP21 AC202435.3 - ZmMPAP7e
50 51 AT3G52820 - AtPAP22 Potri.015G031400 - PtPAP29  |IIIb
GRMZM2G111425 - ZmPAP21b |1p, » Potri.012G042200 - PtPAP30
% 0512905510 - OsPAP21c AT3G17790 - AtPAP17
0s11g05400 - OsPAP21b Potri.015G031300 - PtPAP28
| 87r— 0504933630 - OsPAP21a AT1G25230 - AtPAP4
GRMZM5G831009 - ZmPAP21a Potri.008G139100 - PtPAP32
GRMZM5G881649 - ZmPAP21d Potri.008G139300 - PtPAP33
92 GRMZM2G434170 - ZmPAP21c AT2G01890 - AtPAP8
0512905540 - OsPAP20b AT1G14700 - AtPAP3
0s11g05410 - OsPAP20a AT2G01880 - AtPAP7
AT3G52780 - AtPAP20 Potri.010G101900 - PtPAP31

Figure 4.2. Neighbor-Joining tree (Jones-Taylor-Thornton model, 500 bootstraps)
of the amino acid sequences for purple acid phosphatases in poplar. Poplar (Potri),
Arabidopsis (AT), rice (Os) and maize (GRMZM and AC); A: unrooted compressed
phylogenetic tree; B: expanded view of the clusters, names of clusters modified after Li
et al. (2002), names for OsPAPs from Zhang et al. (2011), names for ZmPAPs from
Gonzalez-Mufoz et al. (2015). Only bootstrap values >50 are displayed.
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Table 4.2: Summary of in silico analyses for poplar purple acid phosphatases.

PLACE | TargetP
5 | GenelD Gene AP B Affy IDs
§ name g Tcg S Tcg S O
o =38 | 3§
la-2 | Potri.002G029300 | PtPAP2 |603 _ 4 | PtpAffx.33535.2.A1 at
Potri.004G160100 | PtPAP3 M |5 |PtpAffx.662.1.A1 at
Potri.005G233400 | PtPAPI S 1 |PtpAffx.33535.3.S1 at
PtpAffx.33535.1.A1 at
Potri.009G121200 | PtPAP4 _ 5 |PtpAffx.662.3.A1 at(n.d.)
Ia-3 | Potri.006G063700 | PtPAP6 |927 S 1 |PtpAffx.38937.2.A1 at(n.d.)
PtpAffx.45845.1.S1 at
Potri.018G024800 | PtPAP5 |635 S 2 | PtpAftx.125017.1.S1 at (n.d.)
PtpAffx.125017.1.S1 s at (n.d.)
Ptp.1772.1.A1 at
PtpAffx.214211.1.S1 at
Potri.018G123700 | PtPAP7 |298 S 1 |NA
Ib-1 |Potri.002G243900 | PtPAPY S 1 |Ptp.5137.1.S1 at
PtpAffx.66415.1.A1 s _at
Potri.003G176000 | PtPAPII |449 _ 3 | PtpAffx.203446.1.S1 at
Potri.017G055800 | PtPAPI0 S 1 |PtpAffx.94885.1.S1 s at(n.d.)
PtpAffx.213843.1.S1 at (n.d.)
PtpAffx.121479.1.A1 at
Potri.017G055900 | PtPAPS S 1 |PtpAffx.213844.1.S1 at (n.d.)
Ib-2 | Potri.001G423700 | PtPAPI2 | 544 S 1 |PtpAffx.145701.1.S1 s at
PtpAffx.211221.1.S1 at
PtpAffx.160811.1.S1 s at
Potri.003G030700 | PtPAPI14 |925 S 2 | PtpAffx.221489.1.S1 at
PtpAffx.221491.1.S1 at
Potri.011G138200 | PtPAPI3 S 1 |PtpAffx.160811.2.S1 at
PtpAffx.145392.1.A1 at
ITa |Potri.010G160500 | PtPAPIS S 1 |PtpAffx.77953.1.S1 at
IIb | Potri.008G096000 | PtPAPIS S 1 |PtpAffx.124035.1.S1 s at
PtpAffx.207897.1.S1 at (n.d.)
PtpAffx.101405.1.A1 at (n.d.)
Potri.010G158200 | PtPAPI6 _ 2 | PtpAffx.35988.1.A1 at
PtpAffx.35988.4.A1 a at
Potri.010G158400 | PtPAP17 S 1 |PtpAffx.140167.1.A1 at
Potri.012G097400 | PtPAP20 S 2 | PtpAftx.143041.1.S1 s at
PtpAffx.138433.1.S1 s at (n.d.)
Ptp.2985.1.S1 _at
PtpAffx.210647.1.S1 s _at
Potri.015G095900 | PtPAPI19 S 2 | PtpAftx.212872.1.S1 s at
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Table 4.2 (continued)

PLACE | TargetP
5 GenelD Gene R BV Affy IDs
Q AL N |12 N &
IIc | Potri.001G023400 | PtPAP21 S 2 | PtpAftx.200148.1.S1 at (n.d.)
PtpAffx.34917.2.S1 a at
PtpAffx.34917.1.S1 at
Potri.003G202200 | PtPAP22 S 1 |PtpAffx.203537.1.S1 at (n.d.)
Ila | Potri.002G183000 | PtPAP25 S 3 | PtpAffx.3736.1.S1 at
Potri.002G183200 | PtPAP26 | 892 S 3 |NA
Potri.006G074300 | PtPAP24 S 1 |NA
Potri.014G109100 | PtPAP27 S 2 |NA
Potri.016G042500 | PtPAP23 | 676 S 1 |PtpAffx.213280.1.S1 at
Ib | Potri.008G139100 | PtPAP32 S 1 |PtpAffx.95224.1.A1 at
Potri.008G139300 | PtPAP33 S 1 |NA
Potri.010G101900 | PtPAP31 S 5 | PtpAffx.208843.1.S1 at (n.d.)
Potri.012G042200 | PtPAP30 (477,523, |S 2 | Ptp.6082.1.S1 at
531
Potri.015G031300 | PtPAP28 S 1 |NA
Potri.015G031400 | PtPAP29 S 1 |PtpAffx.7937.1.A1 at

GenelD: Poplar gene IDs in genome v3; PLACE P1BS-Localization: location of P1BS-
motif(s) in 1 kb upstream region of the gene; TargetP Localization: predicted
localization of protein (M: mitochondria, S: secreted, : none of above and not
chloroplast and cytoplasm, RC: Reliability Class (best 1 to 5); Affy IDs: probe names
on annotated for the gene by Tsai et al. (2011), n.d.: expression not detected, NA: gene
is not on array

4.3.2 Expression of poplar PAPs is enhanced under phosphate
deprivation in roots and leaves

Six of the poplar PAPs present in the phylogenetic tree were not present as probe sets
on the Affymetrix microarray (PtPAP7, PtPAP24, PtPAP26-28, PtPAP33). Four PAPs
(PtPAP4, PtPAPS, PtPAP22, PtPAP31) could neither be detected under control
conditions nor under phosphate deprivation regardless the tissue analyzed (Table 4.2).
The genes had no truncated sequence compared with sequences of expressed genes.
Therefore, they may be expressed in tissues or conditions not analyzed here.

The microarray data were validated by qRT PCR for two PAPs (PtPAPI, PtPAP30)
with strong increase under P limitation and two genes with opposing expression patterns

(Potri.013G005700 (xyloglucan endotransglucosylase), Potri.007G089000 (myo-
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inositol-1-phosphate synthase)). qRT PCR and transcript abundance data of the

microarray showed a strong correlation (Figure 4.3).
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Figure 4.3. Verification of array data by qRT PCR. Red: root samples, green: leaf
samples, dark: HP, middle: MP, light: LP; log2-value for expression with p-value and
R-value of correlation (R function cor.test)

Based on their z-transformed expression values under control (HP) and low P (MP, LP)
the PAPs of poplar could be divided into three groups (Figure 4.4). The first group
consisted of PAPs that are upregulated under P deprivation in both roots and leaves.
Among them, PtPAP17, PtPAP1S8 and PtPAP32 exhibited a higher expression in roots
than in leaves, PtPAPI, PtPAP16, PtPAP21, PtPAP29 and PtPAP30 a higher
expression in leaves than in roots, while the expression of PtPAP9Y and PtPAP14 did not
differ between roots and leaves (Figure 4.4).

The second group contained four genes with highest expression under HP conditions
that were unresponsive to or showed lower transcript abundance in low P conditions
(Figure 4.4). These genes were all from cluster I: PtPAP3, PtPAPS5, PtPAP6 and
PtPAPI2.

The third group was formed by genes with higher expressions in leaves than in roots
only under low P conditions (PtPAPI1, PtPAPI5 and PtPAP23), and genes with
generally higher transcript levels in leaves (PtPAP2, PtPAP19, PtPAP25). PtPAP10 had
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the highest transcript level in HP leaves and PtPAPI3 and PtPAP2(0 exhibited no
significant differences in expression (Figure 4.4).

The presence of a P1BS-element in the 1 kb promoter sequence had no clear influence
on the expression under P deprivation, because half of the eight genes containing a
P1BS-element in the promoter on the array that were analyzed here did not show any
up-regulation in low P; (PtPAP2, PtPAPS5, PtPAP6, PtPAP12). The other four genes
were upregulated in roots and leaves (PtPAPI4, and PtPAP3(0 with three P1BS
elements) or only in leaves (PtPAPI11, PtPAP23) under low P; availability.

Based on the expression values of the PAP family the tissues were clustered into one
group with HP tissues and one group containing the clusters MP and LP roots and MP
and LP leaves (Figure 4.4). Only PtPAP5 had different expression between MP and LP

with lower expression in LP leaves compared to MP and also HP leaves.
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Figure 4.4. Expression of purple acid phosphatases in P deficient poplars. Heatmap
of the relative expression of putative purple acid phosphatases in the three uppermost
leaves and fine roots of poplar plants grown with different P concentrations in the
nutrient solution (HP: 641 uM, MP: 6.4 uM, LP: 0.064 uM). Red colors indicate lower
and yellow to white color higher values after z-transformation of the transcript
abundances of each gene across all analyzed tissues and P conditions. Different letters
indicate significant differences in expression of each gene (adj. P<0.05, ANOVA and
Tukey's honest significance test, n=3, mean of normalized expression for each gene is
color coded).
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4.3.3 Roots of P deprived poplar have altered root morphology and
higher acid phosphatase activity

Changes in root morphology of three-week-old micropropagated poplars in vitro grown
in agar medium were visible upon P deprivation (Figure 4.5A). Plants grown with 625
uM P had a rounded root tip with a distinct root cap (Figure 4.5B), whereas plants
grown without P developed long peaked root tips (Figure 4.5C). Root hairs were longer
and in greater number in -P plants (Figure 4.5C). Mean root diameter was higher in —P
plants than in +P plants (Figure 4.6A). This change was also detected in fine root
morphology after growth in sand culture. Only in HP plants very fine roots with less
than 2 mm diameter were present in high numbers (Figure 4.6B). The roots of MP and
LP plants had longer and more root hairs than roots of HP plants (Figure 4.7).

Figure 4.5. Poplar roots grown with or without Pi stained for acid phosphatase
activity. 0.01 % BCIP in medium, staining for 4 h. Blue color indicates phosphatase
activity, A) side length of picture: 12 cm, zoom on roots of +P (B), —P (C) plants,
zoomed picture side length: 1.5 cm
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Figure 4.6. Length of roots in different root diameter classes in percent of total
root length. A) micopropagated plants from measurement of acid phosphatase activity
in vivo (n=24 for +P, n=12 for —P), and B) HP, MP and LP plants (n=8). Stars and
different letters indicate significant differences at P<0.05, ANOVA and Tukey's honest
significance test.
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Figure 4.7. Roots hairs of poplars grown with different P availabilities. A,B) HP,
C,D) MP, E,F) LP plants, scale bar =200 pum.

Roots of —P poplar showed higher root-associated PAP activity than those of +P plants
grown with 625 uM P (Figure 4.5A). In +P roots, the PAP activity was high in root caps
and in small patches across the root surface, but otherwise negligible (Figure 4.5B).
Strong PAP activity was distributed across root surface and root hairs of —P roots
(Figure 4.5C). These results were also confirmed for Arabidopsis (Supplemental
materials). To test which AtPAP contribute to root-associated PAP activity, roots of
different Arabidopsis mutants were stained for PAP activity. But only in the papi0-
mutant PAP staining was suppressed (Supplemental material).

The two tests (BCIP and pNPP) for quantification of PAP activity of poplar roots grown
in agar medium showed consistently a higher PAP activity for —P roots than for +P roots
(Figure 4.8). Because PAP activity was shown to be inhibited by P, the root PAP
activity of +P plants was tested for two reaction media: with P (PAP activity of roots in
growth medium) and without P (possible PAP activity of roots). The PAP activity was
slightly but not significantly inhibited in P; consisting medium (Figure 4.8).
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Figure 4.8. Root associated acid phosphatase activity of poplar. Poplar grown with
phosphate and measured in solution with phosphate (+P/+P), measured in solution
without phosphate (+P/-P) and grown and measured in solution without phosphate (-P/-
P). A), B) measured with BCIP as substrate, C), D) measured with pNPP as substrate,
activity calculated A), C) per gram root fresh mass, B), D) per cm2 root surface

4.3.4 Roots of P deprived poplar secrete additionally PtPAP1

PAP staining of native gels revealed one PAP band for AWFs of HP poplars and two
bands for those of LP poplars (Figure 4.9). The staining showed a higher PAP activity
in LP PAPs than in HP PAPs (Figure 4.9). In proteins of HP and LP AWFs was one
isoform with slow running behavior (E1) that was stained only slightly. A second
isoform (E2) only seen in the LP samples had a slightly faster running behavior and was

stained stronger than the slower isoform.
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Figure 4.9. In gel-assay of acid phosphatase activity from poplar root AWF.
Poplars were grown with (+P) or without phosphate (-P), E1 and E2: phosphatase
isoforms

To identify the PAPs present in the apoplast, proteomic analyses were conducted. In
general, AWFs from LP roots contained a lower number of proteins than those from HP
roots (Table S4.1). In the AWF of HP plants, we detected PtPAP4 and PtPAP17 or the
homologous PtPAP18 with PtPAP4 being most abundant. Of these PAPs, PtPAP4 had
no secretion signal (Table 4.2). Although there were less total protein numbers present,
PtPAP1 was found only in LP samples. This PAP was not present in HP AWF.

To test whether PtPAP1 could rescue PAP staining of the afpapl(0-mutant at low P
conditions, the PtPAPI coding sequence was transformed into the Arabidopsis pap10-
mutant (Supplemental material). Cloning and transformation of PtPAPI was successful,

but expression in Arabidopsis was not yet successful (Supplemental material).

4.4 Discussion

Here, the complete phylogeny of the purple acid phosphatase family in poplar is
presented in comparison with the model plant Arabidopsis and the model
monocotyledonous crop plants rice and maize. Although the total numbers of sequences
found for PAPs in poplar were similar to those of Arabidopsis, rice and maize,
phylogenetic clustering suggested evolutionary differences. For example, sub-cluster Ia-
1 consisted of only Arabidopsis PAPs implying evolvement of these proteins in

Arabidopsis. AtPAPS of this cluster plays a role in resistance to pathogens and is
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upregulated during the early stages of pathogen defense (Ravichandran et al., 2013).
For other Arabidopsis PAPs, duplicated or multiplicated genes were found in poplar.
Relatively fast substitutions in the Arabidopsis genome and genome duplication events
in the evolution of poplar (Van de Peer et al., 2009) led to this phylogenetic clustering.
The four poplar PAPs that were not detected under our conditions at expression level in
roots and leaves are duplicated genes compared to Arabidopsis. Therefore, these genes
may have already lost their function or they may be expressed under different
conditions or in different tissues than those in this study. Other poplar PAPs may have
gained functional diversification during duplication. For example the closely related
PtPAPI and PtPAP2 have different expression patterns: PtPAPI was transcriptionally
upregulated during P starvation in both roots and leaves whereas PtPAP2 had the
highest transcript abundances in leaves and was unresponsive to P starvation.

In this study, enhanced acid phosphatase activity of poplar roots during P starvation was
shown for P. x canescens. This was shown before for different P deficient poplar
species (P. tremuloides, P. simonii, P. x euramericana; Desai et al., 2014; Gan et al.,
2016) without knowledge of the participating enzymes. In this study, two PAP isoforms
were detected by in-gel PAP staining of AWF proteins. Low activity of one phosphatase
isoform was detected in AFW proteins from LP and HP plants. One isoform with high
activity was found only in LP samples.

The expression levels of PtPAP17, PtPAPI8 and PtPAP32 were higher in roots than in
leaves. Other PAPs (PtPAPI1, PtPAPY9, PtPAP14, PtPAP16, PtPAP21, PtPAP29,
PtPAP30) exhibited up-regulation in roots under P deprivation. These PAPs may play a
role in P acquisition from soil and the latter ones in the enhanced PAP activities on
roots of P starved poplar. In Arabidopsis, AtPAP12 and AtPAP26 are the main secreted
PAPs under low P conditions, whereas AtPAP10 is primarily associated with the root
cell-walls (Wang et al., 2014). AtPAP10 and AtPAP12 are homologous to PtPAP1 to
PtPAP4, AtPAP26 to PtPAP5 to PtPAP7. The detection of PtPAP4 and PtPAPI1
proteins in the AWF of poplar roots suggested a conserved function for these enzymes
with Arabidopsis AtPAP12. Especially PtPAP1 may be responsible for the enhanced
PAP activity of poplar roots under low P conditions as this PAP was found only in
AWF of P starved poplar roots and is transcriptionally upregulated. Whether another
poplar PAP is bound to root cell-walls and could therefore not detected in the AWF,

remains open. Further tests have to reveal whether PtPAP1 is a suitable candidate gene

114



Chapter 4

to engineer —P tolerant poplars for natural soils with organic P sources. Firstly, it has to
be tested, whether the acid phosphatase isoform with high activity in AWF of poplar
roots grown under low P conditions is PtPAP1. Further, it should be tested, whether
enhanced expression of PtPAP1 leads to enhanced P acquisition from organic P sources
and better plant performance under low phosphate conditions. First experiments with
transient expression in Arabidopsis have been initiated (Supplemental materials) but
were not yet successful. Overexpression in poplar would be a further step.

Additionally to their function in soil P acquisition, PAPs release P from internal stores
(Duff et al., 1994). As newly taken up P in poplar is mainly transported to the youngest,
growing leaves (Kavka and Polle, 2016), a recycling of P from storage pools in older
leaves is likely, especially in P starved plants. PtPAPs highly expressed or up-regulated
in leaves upon P starvation may have a role in plant internal P recycling (e.g. PtPAP2,
PtPAPI11, PtPAP15, PtPAP23).

Besides the enzymatic changes towards higher P acquisition and P recycling in the
plant, plants also have to alter their root system and morphology to increase the access
to phosphate in soil (Lambers and Plaxton, 2015). Increased root hair length and density
is an early and specific response to P deprivation (Niu et al., 2013) and could be seen in
very young as well as in long term P stressed poplars in this study. Poplars also changed
the root morphology towards longer exploring root tips as was seen in maize. Maize
roots show a reduced root diameter in the apical region (Mollier and Pellerin, 1999)
which was also detected in poplar. Reduced root diameter as in Arabidopsis Col-0 is not
a universal response to reduced P availability in plants (Lambers et al., 2006). In poplar,
the root diameter distribution changed from thin to more thick roots under P
deprivation.

In this study, it was shown that P starved P. x canescens roots had higher PAP activity
than well P-supplied plants. PtPAP4 was secreted into the growth medium under high
and low P conditions, whereas PtPAP1 was secreted into the growth medium only under
low P conditions. Therefore, PtPAP1 may play a role in enhanced P acquisition of P
starved poplars. Additionally, P deprived poplars increased their root surface by
increasing the number and length of root hairs, which allows them to explore a greater

soil volume in search for P sources.
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4.6 Supporting information

Table S4.1: Proteins in the AWF of P starved poplar (on data CD)
Additional file: Establishment of Arabidopsis pap-mutant lines for functional analyses

of poplar purple acid phosphatases
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Additional file: Establishment of Arabidopsis pap-mutant lines for functional
analyses of poplar purple acid phosphatases

Introduction

The purple acid phosphatase PtaPAP1 was additionally secreted under low phosphate
conditions by poplar (Populus x canescens) roots. It was found in the apoplastic
washing fluid (AWF) of only P starved poplar roots and not under control conditions.
Furthermore, PtaPAPI was highly upregulated under low P conditions and belonged to
the highest regulated genes. PraPAPI expression pattern was correlated with the P
concentration in the plant tissues (Chapter 1). Luo et al. (2009) found PtaPAPI,
together with four other purple acid phosphatases (PtaPAP16, PtaPAP29, PtaPAP30,
PtaPAP32) downregulated in mycorrhizal poplar roots with higher phosphorus
concentrations. These phosphatases were upregulated under phosphate deprivation in
roots in this study.

The goal of this study was to test, whether PtaPAP1 takes part in the P acquisition under
low P conditions in poplar.

The homolog of PtPAP1 in Arabidopsis is AtPAP10 (Table S4.1). The atpap0-mutant
has reduced root-associated acid phosphatase activity (Wang et al., 2011), in contrast to
mutants of other PAP homologs (Figure S4.1) that are also highly upregulated in poplar
upon P starvation. Therefore, this mutant is a promising system to test, whether the
poplar PtaPAP1 is a major root-associated PAP that is able to rescue the atpapl0-
mutant phenotype.

Figure S4.1: BCIP-staining of Arabidopsis roots for acid phosphatase activity.
Arabidopsis plants (for lines refer to Table 1) were grown vertically on /2MS-medium
for 8 d with (A) and without (B) P, overlaid with 0.01% BCIP-0.8% Agar-medium and
scanned after 17 h.
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atpap mutant lines

The Arabidopsis pap-mutant lines were purchased from the European Arabidopsis
Stock Centre (NASC). These lines are T-DNA insertion lines: A short DNA fragment
(T-DNA) is inserted into the genome of Arabidopsis. The insertion site is random but
known after sequencing. If the insert is positioned inside an important part of a gene
sequence, the gene cannot be (fully) expressed.

Whether the insertion was homozygous (on both alleles), heterozygous (on one allele)
or crossed out (two wild type alleles), was tested by PCR. In this PCR, one primer pair
was positioned on the left and on the right side of the T-DNA insert (LP and RP primer,
Figure S4.2A). The sequence between them could only be amplified without insert
(wild type allele). A second primer pair consisted of the primer on the right side of the
T-DNA insert (RP) and a primer binding to the T-DNA. The latter one could only bind
if there was an insert present. This amplified sequence was chosen to be shorter than the
previous one. The mutations were tested on leaf DNA extracts in two different PCRs or
in one PCR with all three primers, resulting in exemplified gel pictures seen in Figure
S4.2B for wild type (WT), heterozygous (HZ) and homozygous (HM) plants. Results of
the PCRs are seen in Figure S4.3.

All selected mutations were in the Col-0 background.

A Insert Primer B)
| T-DNA |

genomic DNA

Figure S4.2: A) Scheme of the primer position in T-DNA insertion lines, B) schematic
picture of the resulting gel after PCR with all three primers for T-DNA insertion lines
(WT: wild type, HZ: heterozygous, HM: homozygous).
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 PAP15-1 PAP1-2  PAP18-1  PAP82 -

PAP12-2 - PAP10-2 | PAP17-2

 PAP12-1 T PAPISE2 o
WT-Primer Insert-Primer WT-Primer  Insert-Primer

Figure S4.3: Results of PCR for insert testing of plants of the mutant lines. WT-Primer:
LP and RP primer, Insert-Primer: Insert-primer and RP primer, M: marker (GeneRuler
100 bp Plus DNA ladder (Thermo Fisher Scientific, Waltham, MA, USA), see Figure
S4.4 for DNA fragment sizes). Numbers are individual plants from the mutant lines, 8:
wild type, neg: water. Colors are inverted. 1 ul PCR-product, 2 % agarose gel.
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100 bp Plus
bp

1.7% agarose

Figure S4.4: Fragment sizes of GeneRuler 100 bp Plus DNA ladder (Thermo Fisher
Scientific, Waltham, MA, USA). Source:
https://www.thermofisher.com/us/en/home/brands/thermo-scientific/molecular-
biology/thermo-scientific-nucleic-acid-electrophoresis-purification/dna-electrophoresis-
thermo-scientific/dna-ladders-thermo-scientific/generuler-dna-ladders.html
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Table S4.1: Poplar PAP and homologous Arabidopsis PAP, Arabidopsis mutant lines with position of insert

confirmation of homozygosity of mutation.

and primers used for

Poplar homolog-  Ath mutant line position of Primers Comments
PAP ous Insert
AtPAP
PtPAP1 AtPAP10  PAPI10-1 300-UTRS  SALK 122362 LP: CTTTTGCTTCTTGTGTCACCC
and (SALK 122362 (BV)) Exon SALK 122362 RP: TTTCTTGGCACTCCACAAAAC
AtPAP12 PAPI10-2 SAIL 1234 D05 _LP: ACCCTCATTGTTTCACCTTCC no homozygous found
(SAIL_ 1234 DO05) Exon SAIL 1234 D05 _RP: TAGCACCAAAAAGCACAAAGC
PAP12-1 GABI_151C09_LP: AAAGCTAGCTTCTCGAAACGC
(GK-151C09) 300-UTRS  GABI 151C09_RP: ATGAGATGAATCCGGGAAAAG
PAP12-2 GABI _662B07_LP2: AATGACTAAACGAATAACAAAGG
(GK-662B07) GABI _662B07 RP: CTGTTGCTTCTGCTTGTTTCC
PtPAP16  AtPAPI PAPI1-1 300-UTRS  SALK 038756 LP: AAGCTTCAAGGAACCAGTTCC
(SALK 038756C) Exon SALK 038756 RP: CCAAAAGCATTGACACTTTGG
PAP1-2 SALK 067586 LP: CGGTGGATAGGAAAGGAAAAG
(SALK 067586C) SALK 067586 RP: TCACCGTGTTCTCGGTTATTC
PtPAP29  AtPAP17 PAPI17-1 Exon SALK 046977 LP: GCCTACCTAGCCTGCAATAGG no homozygous found
and (SALK 046977 (AD) SALK 046977 RP: CTCGTTGCTTATCAGGTTTGG
PtPAP30 PAP17-2 Exon SALK 097938 LP: GCCTACCTAGCCTGCAATAGG no homozygous found

(SALK_097938)

SALK 097938 RP: CTCGTTGCTTATCAGGTTTGG
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Table S4.1 (continued)

Poplar homologo Ath mutant line position of Primers Comments
PAP us AtPAP Insert
PtPAP9  AtPAPI5S PAPIS5-1 Exon SALK 059899 LP: CACTACAATGAAAAGCTCCGC
(SALK 059899 (L)) SALK 059899 RP: AGTTTGCATAACTCACGTCGC
PAP15-2 300-UTRS  SAIL 529 D01 _LP: GACTCAGTGAGTGCCTCAAGG
(SAIL_529 DO1) SAIL 529 D01 RP: TGCTTGATATCCACTGGGTAATC
PtPAP32  AtPAP3 PAP3-1 Exon SALK 109503 LP: GATCGTGCAAGCTGGTTAAAC
and (SALK 109503C) SALK 109503 RP: CAACAGCTAATTTTCAACCGC
AtPAPS  PAP3-2 Exon SALK 001726 LP: TGACTGGAGCGGTGTATTACC
(SALK _001726C) SALK 001726 RP: AGCGCCTCCTTGTAAGTCTTC
PAPS-1 Exon SALK 123622 LP: GGTAACGTCTATGCGCAACTC no homozygous found
(SALK 123622 (BV)) SALK 123622 RP: CGAAATCAAAACCAAATCATG
PAPS-2 Exon SAIL 917 D11 LP: AAATTGCTAGCTGCGACAAAC no homozygous found
(SAIL 917 D11) SAIL 917 D11 _RP: GACTACTTCTATCCACCGCCC (but heterozygous)
SALK-lines SALK LBbl1.3: ATTTTGCCGATTTCGGAAC Insert primer
SAIL-lines SAIL LBI: Insert primer

GABI-KAT-lines

GCCTTTTCAGAAATGGATAAATAGCCTTGCTTCC
GABI 8474: ATAATAACGCTGCGGACATCTACATTTT Insert primer
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The Gateway system

To try whether PtaPAP1 can functional complement the atpapl(-mutation in
Arabidopsis, PtaPAP1 coding sequence was cloned into a vector containing a CamV-
35S-promoter for overexpressing by using the Gateway system.

Each Gateway vector has a “death gene” (ccdB) between two cloning sites (att-sites)
lethal for E. coli-cells. During cloning reaction, this “death gene” is substituted by the
DNA-sequence of interest (Figure S4.5A). Additionally, these vectors contain an
antibiotics resistance gene. After transformation into E. coli, during following selection,
only those cells survive that were transformed with the vector with DNA-sequence of
interest.

The cloning is performed in two steps: Firstly, the DNA-sequence of interest (PCR-
product) is cloned into a donor vector (pDONR201) via the BP-reaction forming the
entry vector. Secondly, the DNA-sequence of interest is cloned from the entry vector
into the destination vector (here pGWB2) (LR-reaction). These reactions are oriented
and cannot be undone in the same reaction, because the required att-sites are changed
with each reaction (Figure S4.5B).

A) DONR Vector B)
attP1  ccdB  attP2 PCR Product BP Reaction
attB1 attB2
LSt
attP attL
BP Reaction
A attB attR
Entry Vector
By Product attll attl2
attR1  ccdB attR2
LR Reaction

an

Figure S4.5: Scheme of cloning reactions with the Gateway system. Source:
https://www.google.de/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKE
wjjvljngc MAhUhEJoKHS0oDC40QFggqMA A &url=https%3A%2F%2Fsecuighdks.fil
es.wordpress.com%2F2015%2F01%2Ftest2.docx&usg=AFQjCNH0a87zBOnxUVECPz
hePLs2c90ILw&cad=rja

Cloning-Protocol

Additionally to the poplar gene PtaPAPI1, the Arabidopsis gene AtPAPI(0 was used as
positive control for functional complementation of the atpap 1 0-mutant.

AtPAPI0 has two gene models with only one expressed gene (AT2G16430.2) (TAIR,
Wang et al. 2011). The coding sequence of this gene from start until the stop codon
(~1500 bp) was amplified from cDNA and simultaneously, att-sites for cloning were
added.
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PtaPAPI has three gene models in P. trichocarpa with Potri.005G233400.1 as primary
transcript. The differences in the two other transcripts are: longer UTRs in
Potri.005G233400.2 (no difference in coding sequence), and a shorter coding sequence
for Potri.005G233400.3 at the 5’-end. For transformation, the coding sequence of
Potri.005G233400.1 from start until the stop codon (~1500 bp) was amplified from
cDNA of Populus % canescens and simultaneously, the att-sites for cloning were added.
For that PCR reactions, following primers were used (black for att-site addition, red for

gene): attB1 _AtPAP10 fw (5°-
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCATGGGTCGTGTCCGA-3%)
and attB2 At rev (5-
GGGGACCACTTTGTACAAGAAAGCTGGGTCTCAAGAATTACAAGAAGGAGA
ATC-3’) for AtPAP10 and attB1 Pc005_fw (5°-
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCATGGAAGTGAGATGGG

ACTC-3%) and attB2 rev+Gen (5°-

GGGGACCACTTTGTACAAGAAAGCTGGGTCTCATAACGCAGCCACGG-3’) for
PtaPAPI. The PCR settings are summarized in Table S4.2.

Table S4.2: PCR settings for amplification of 4tPAP10 and PtaPAPI coding sequence
with addition of att-sites for Gateway-cloning.

Solutions ul Programm Hot Start / Lid
5X Phusion Buffer 10 105°C
dNTP Mix (10 mM of each) 1 Step Temperature Time
Primer fw (10 uM) 2.5 1 98°C hold
Primer rev (10 uM) 2.5 2 98°C 30 sec
Phusion-Polymerase (2 U/ul) 0.5 3 98°C 10 sec
Water (Nuklease free) 31.5 4 60°C 30 sec
cDNA-Extract 2 5 72°C 45 sec
total volumen 50 6 Goto 3 /Rep 35
7 72°C 5 min
8 Hold 4°C / Enter

After amplification, the PCR-product was purified with innuPREP PCRpure Kit
(Analytik Jena, Jena, Germany) after manual instructions and eluted with 25 pl
nuclease-free water. Afterwards, it was extracted from an agarose gel (1.2 % agarose,
50 ml gel volume, ~3 h, 35 mA) with the QIAquick Gel Extraction Kit (Qiagen, Hilden,
Germany) after manual instructions.

The resulting DNA products (Figure S4.6) had DNA-concentrations (Biophotometer,

Eppendorf, Hamburg, Germany) of 14.5 ng/ul for Arabidopsis gene and 19.5 ng/ul for
poplar gene.
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<
>
o

(IR RRE) 22841

Figure S4.6: Purified PCR-products (M: GeneRuler 100 bp plus, see Figure S4.4), A:
Arabidopsis, P: poplar gene. Colors are inverted. 2 ul PCR product, 1.2 % agarose gel.

BP-Reaction
Afterwards, the BP-reaction was set up. As donor vector, pPDONR201 with kanamycin

resistance (Figure 7) was used in equimolar concentration with the PCR-product (Table
S4.3).

Figure S4.7: Map of important elements of the donor vector pDONR201. Source:
http://www.biofeng.com.img.800cdn.com/uploads/%E8%BD%BD%E4%BD%93%ES

%9B%BE%E8%B0%B1/pDONR201%E8%BD%BD%E4%BD%93%E5%9B%BE%E
8%B0%B]1.gif
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Table S4.3: Settings for BP-reaction

for Ath  for Pta  for positive control

in pl in pl in pl
pDONR201 (150 ng/ul) 0.5 0.5 0.5
PCR-product/pos. control 1.7 1.3 1
H,0O 1.8 2.2 2.5
BP-Clonase II 1 1 1
room temperature over night
Proteinase K 0.5 0.5 0.5

37°C for 10 min

Transformation of E. coli

Forty ul of electro competent E. coli TOP10 cells (generated by Invitrogen but own
culture) were transformed with 2 pl of BP-reaction products by using an electro shock
of 1.8 kV. Afterwards, the cells were slightly shaken for about 1.5 h at 37°C in 1 ml
SOC medium.

Two hundred pl and 500 pl of the cell suspension were streaked on LB-medium with
kanamycin or tetracyclin (for control insert) and cultivated at 37°C overnight.

A colony PCR (PCR settings in Table S4.4) was performed to assess the success of the
transformation (for the two genes). Single colonies were picked with a previously
sterilized tooth stick and streaked on LB-medium with kanamycin to grow further. The
tooth stick tip with the rest of the colony was swirled inside the PCR-mix. If not
differently stated, nuclease free water was used for negative controls. For the
Arabidopsis gene, pAtPAP10 S7At fw (5’-CCGTTTAAGCCGTTCACGC-3’) and
pDONR rev (5’-GTGCAATGTAACATCAGAGAT-3") were used as primers to
amplify a product of about 820 bp. For the poplar gene pAtPAP10 S7 fw (5’-
TGTCCCATATAGAGCATCAG-3’) and pDONR rev were used to amplify a product
of about 800 bp (Figure S4.8).
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Table S4.4: Settings for PCR-reaction of colony PCR after transformation of BP-
reaction

Solutions ul Programm Hot Start / Lid

10x PCR Buffer (NH4)>SO4 2.0 105°C

25 mM MgCl, 1.6 Step Temperature time

dNTP Mix (10 mM of each) 0.4 1 95°C hold

Primer LP (10 uM) 1.0 2 95°C 60 sec

Primer RP (10uM) 1.0 3 94°C 15 sec

Taq-Polymerase (5 U/ul) 0.1 4 57°C 30 sec

Water (nuclease free) 12.9 5 72°C 60 sec

Colony ~1lul 6 Goto 3 /Rep 35

total volume 20.0 7 72°C 5 min
8 Hold 4°C / Enter

Figure S4.8: Results of colony PCR for transformation testing. M: marker (GeneRuler
100 bp Plus, see Figure S4.4). Numbers are individual colonies. First row: for
Arabidopsis gene, second row: for poplar gene, -: water. Colors are inverted. 4 pl PCR-
product, 1.2 % agarose gel. Red circles mark chosen colonies for next steps.

Plasmid-extraction and sequencing

Colonies of A2, A6, A7, P1, P3 and P8 were grown in liquid LB medium and
kanamycin overnight at 37°C. The plasmids were extracted as given in the manual of
the innuPREP Plasmid Mini Kit (Analytik Jena, Jena, Germany) for high-copy
plasmids. The DNA concentrations were determined (A2: 421 ng/ul, A6: 387 ng/ul, A7:
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360 ng/ul, P1: 204 ng/ul, P3: 262 ng/ul, P8: 195 ng/ul) and a PCR conducted with the
plasmids as template DNA and the same conditions as for the colony PCR (Table S4.4,
results: Figure S4.9).

Figure S4.9: Results of plasmid PCR. M: marker (GeneRuler 100 bp Plus, see Figure
S4.4). Numbers were individual colonies (A: for Arabidopsis gene, P: for poplar gene,
neg: water). Colors are inverted. 1 pl PCR-product, 2 % agarose gel. Red circles mark
chosen colonies for next steps.

The plasmids A2, A6, P1 and P3 were sequenced at the Seqlab Sequence Laboratories
(Géttingen, Germany) with the primers pDONR_fw (5°-
TAACGCTAGCATGGATCTC-3’) and pDONR rev (5°-
GTGCAATGTAACATCAGAGAT-3’) for both genes and pAtPAP10 AtS6 fw (5°-
TCATGGGTGACACAAGAAGC-3’) for AtPAPI and pAtPAP10 S6 fw (5°-
TGGGCTGAAAATAGTGAGC-3’) for PtaPAPI.

Plasmid A6 had no differences to the coding sequence at Phytozome (Figure S4.10).
Plasmid P1 had one T-to-C transition at 600 bp that does not change the protein
sequence. There were no further differences to the sequence at AspenDB (Xue et al.,
2015) or to the aligned sequence of PtaPAPI in the RNA sequencing results of Anna
Miiller (Figure S4.11).
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2Seq_AtS6_fw «TCY 10
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Figure S4.10: Alignment of the AtPAP10 plasmid sequences (1Seq to 3Seq) with the
sequence of pDONR201 with inserted AtPAPI0 coding sequence (pDONR201-
AtPAP10).
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Figure S4.11: Alignment of the PtaPAPI plasmid sequences (1Seq to 3Seq) with the
sequence of pDONR201 with inserted PtaPAPI coding sequence of Anna Miiller’s data
(pDONR201_Pcan005) and the data of AspenDB (Potri.005G233400.1).
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LR-Reaction

The vector pGWB2 has the sequence of a 35S-promoter, and kanamycin and
hygromycin resistance genes for bacteria and plants (Figure S4.12). Also for the LR-
reaction, entry-vector and destination-vector were used in equimolar concentrations.
Therefore, A6 and P1 were diluted to 11 ng/pl.

attB2
ccdB

attB1
CamV-35S promoter

pGWB2

RB

KanR

Figure S4.12: Map of important elements of the destination vector pGWB2. Source:
www.google.com/patents/EP2357239A17cl=en (mod.)

Table 5: Settings for LR-reaction

solution amount in pl

pGWB2 (50 ng/ul) 1
pENTR (pDONR201 with AtPAPI10 or PtaPAPI 1
or pENTR-gus as positive control)

H,0O 2
LR-Clonase II 1
room temperature over night

Proteinase K 0.5

37°C for 10 min

Transformation of E. coli TOP10 cells with the LR-reaction products was as described
above for the BP-reaction products.
Selection of clones was done on LB-medium with kanamycin and hygromycin addition.

Colony-PCR for each 6 colonies for the Arabidopsis and poplar gene was performed
with conditions described in Table S4.6 with following primers for AtPAPI0:
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SALK 122362 LP (5-CTTTTGCTTCTTGTGTCACCC-3’) and pGWB2 fw (5°-
catttggagagaacacggggg-3’) resulting in a product of 411 bp; and primers
Pc005G233400 rev (5’-CCCAAGACACAATCACACCC-3’) and pGWB2 fw for
PtaPAP1 resulting in a product of 390 bp (Figure S4.13).

Table S4.6: Settings for PCR-reaction of colony PCR after transformation of LR-
reaction

solutions ul
10x PCR Puffer (NH4),SO4 2.0 Programm Hot Start / Lid
25 mM MgCl, 1.6 105°C
dNTP Mix (10 mM of each) 0.4 Step Temperature Time
Primer LP (10 uM) 1.0 1 95°C hold
Primer RP (10uM) 1.0 2 95°C 60 sec
Tag-Polymerase (5 U/ul) 0.1 3 94°C 15 sec
Water (nuclease free) 12.9 4 54°C 30 sec
Colony ~1pl 5 72°C 30 sec
total volume 20.0 6 Goto3/Rep 35
7 72°C 5 min
8 Hold 4°C / Enter

Figure S4.13: Results of colony PCR. M: marker (GeneRuler 100 bp Plus, see Figure
S4.4). Letters were individual colonies (Arabidopsis: for Arabidopsis gene, Pappel: for
poplar gene, -: water). Colors are inverted. 2 ul PCR-product, 2 % agarose gel. Red
circles mark chosen colonies for next steps.
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Plasmid extraction from overnight cultures of A6p and P1v was performed as described
above resulting in plamid extracts with concentrations of 18.7 ng/ul for A6p and 14.3
ng/ul for Plv.

A control-PCR of plasmids as in Table S4.6 with 1:100 dilution of plasmid extract and
controls was performed (Figure 14). Enzyme digestion of the plasmids with BsrGI and
Ncol in two separate reactions was performed with following conditions as control:

4 ul Plasmid

4.75 ul Water

1 pl Tango-Buffer

0.25 pl BsrGI/Ncol

37°C,3-4 h

Expectations for BsrGI:

pGWB2 (empty): 402 bp, 1295 bp, 15539 bp
pGWB2 + Ath-Gene: 1443 bp, 15539 bp
pGWB2 + Pta-Gene: 1440 bp, 15539 bp

Expectations for Ncol:

pGWB2 (empty): 528 bp, 1310 bp, 1879 bp, 2250 bp, 3058 bp, 3398 bp, 4813 bp
pGWB2 + Ath-Gene: 528 bp, 579 bp, 959 bp, 1879 bp, 2250 bp, 2576 bp, 3405 bp,
4813 bp

pGWB2 + Pta-Gene: 90 bp, 528 bp, 579 bp, 929 bp, 1879 bp, 2250 bp, 2513 bp, 3405
bp, 4813 bp

The results of the enzyme digestions (Figure S4.14) shows that the bands 3405 bp and
4813 bp for Ncol were not divided.
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Figure S4.14: Results of plasmid PCR (Plasmid-PCR) and digestions with BsrGI
(BsrG-Verdau) and Ncol (Restriktion). M: marker (GeneRuler 100 bp Plus, see Figure
S4.4). Letters were individual colonies (A-neg/P-neg: plasmids with negative PCR
results for AtPAP10 and PtaPAPI, neg: water). Colors are inverted.

Plasmids of overnight cultures of A6p and P1v (> A6pl and P1v1) were extracted and
sequenced. The sequences were identical to the sequences above (Figures S4.10 and
S4.11).

These plasmids were (re)transformed into E. coli TOP10 cells and, after positive colony
PCR (colonies number A6plf and Plvlf) extracted by midi-plasmid extraction
(Macherey-Nagel Diiren, Germany) for low copy plasmids as described in the manual,,
and digested with Ncol (same result as above). The concentrations were 104 ng/ul for
A6plfand 88.5 ng/ul for P1vlf.

The pGWB2-gus-plasmid was extracted from an overnight culture (Midi-Prep with
column (1,2), Midi-Prep without column (3)) resulting in concentrations of 22.5 ng/ul
(1, concentrated to 69 ng/ul at 50°C in SpeedVac), 10 ng/ul (2) and 1145 ng/ul (3) and
digested with Ncol.

Agrobacteria-Transformation

Agrobacterium tumefaciens (GV3101pMP90RK) was transformed with about 3 pg
plasmid. 200 pl competent agrobacteria were mixed with the plasmid (Ath: 29 ul, Pta:
34 ul, for gus-control: 32 ul of 1) + 0,7 pl of 3)) and cooled on ice for 30 min with
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occasional slight mixing, frozen for 2 min in liquid nitrogen and heated for 5 min at
37°C in a heating block. 800 pul YEB-Medium were added and the sample was slightly
shaked at 28°C for about 4 h.

Two hundred and 400 pl cell suspension were streaked on YEB medium with
kanamycin, hygromycin and gentamycin. After 2 d at 28°C each two colonies were
grown as overnight cultures (2 d, 28°C). Glycerol stocks (A1, A2 for AtPAP10 and P1,
P2 for PtaPAPI) were set up and the plasmids extracted with Ncol (results as above).

Arabidopsis transformation

Flowering Arabidopsis wild type and mutants (papl0-1, SALK 122362) were
transformed.

Agrobacteria from stocks Al and P1 were streaked on plates and three colonies each
were used to inoculate the floral dip mix (20 ml YEB medium with kanamycin and
hygromycin). Two times 400 ml YEB medium with antibiotics were inoculated with
this mix and grown to an OD of 0.8. The inoculated medium was centrifuged (5000 rpm
for 15 min) and the pellet resuspended in 10 to 20 ml 5 % saccharose solution, again
centrifuged (5000 rpm for 15 min) and the pellet resuspended in 200 ml 5 % saccharose
solution and cooled on ice. 100 pl Silwett was added and Arabidopsis flowers were
swiveled inside for 5 to 10 sec. The Arabidopsis plants were left overnight in the
laboratory with hood and then put again in the climate cabinet. One week later the
transformation procedure was repeated.

Arabidopsis selection

Seeds of the transformed Arabidopsis-flowers were sowed on 2 MS-medium with
kanamycin and hygromycin. Plants which grew longer hypocotyls (Figure S4.15) were
placed on 2 MS-medium without antibiotics for about one week and then on soil.

Figure S4.15: Germinated Arabidopsis seeds of plants after flower dip on selection
medium. To differentiate are plants with long hypocotyl (with antibiotic resistance
gene) and with short hypocotyl (transformation not successful).
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A control PCR was conducted with DNA from Ileaves with the primers
SALK 122362 LP or Pc005G233400 rev or gus_rev (5¢-
GATTATTGACCCACACTTTGCC-3%) and pGWB2_fw as above.

Although the successful transformation of Arabidopsis was demonstrated by PCR, a
functional complementation could be achieved neither by the AtPAP10 positive control
nor by the PtaPAPI gene (Figure S4.16). Further work (semi-quantitative PCR) could
not detect any expression of PtaPAPI in the transformed Arabidopsis plants and only
low expression of AtPAP10 in the papl0-mutant plants (also in non-transformed pap10-
plants) (U. Lipka, personal communication).

gene
inserted none P P A A

background

WT

papl0

Figure S4.16: BCIP-staining of Arabidopsis roots for acid phosphatase activity.
Arabidopsis plants (seeds of wild type (WT), pap10 and the plants positively tested for
transformation with AtPAP10 (A) or PtaPAPI (P) by PCR) were grown vertically on %2
MS-medium for 8 d without P, overlaid with 0.01% BCIP-0.8% Agar-medium and
scanned after 4 d.

Possible faults and suggestions for improvement

Possible reasons for this lack of expression could be a fault of the vector (e.g. wrong
labeling in the stocks that would also explain the one missing enzyme restriction site).
Also gene silencing due to the 35S-promoter and possible multiple insertion sites in the
genome is possible. A requirement of the UTR-sites for expression or the expression of
other transcripts in wild type plants might be another possibility.
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Therefore, I suggest using a different vector and a different promoter (e.g. root specific,
ubiquitin promoter, AtPAPI0-promoter, PtaPAPI-promoter) for future studies.
Furthermore, codon optimization is a tool for improved transient expression. By using
the genomic sequence or the whole transcript sequence including untranslated regions,
any required additional information for expression is included.

In addition, it would be worth to transform poplar for PtaPAPI overexpression lines to
validate PAP secretion due to PtaPAP1 under low phosphate conditions.
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Media and protocols

2 Murashige and Skoog (MS) medium for Arabidopsis with and without P

Macro solution 2/500 ml
NH4NO; 8.25
KNO; 9.5

CaCl, x 2 H,O 2.2
MgSO4 x 7 Hzo 1.85

KCI or KH,PO, 0.465 or 0.85
Micro solution mg/100 ml
H3BO; 620
MnSO4 x H,O 1000
ZnSO, x 7 H,0O 860

KJ 83
Na2M004 X2 Hzo 25

CuSO4 5 Hzo 2.5

CoClL x 6 H,O 2.5 mg
Vitamin solution mg/100 ml
Nicotinacid 50
Pyridoxin-HCI 50
Thiamin—HCI 10

Glycin solution mg/100 ml
Glycin 200

Inosit solution 2/250 ml
Inosit 5

Iron solution 2/250 ml
C10H12FGN2N308 1.835

50 ml Macro solution, 0.5 ml Micro solution, 0.5 ml Vitamin solution, 0.5 ml Glycin
solution, 2.5 ml Iron solution and 2.5 ml Inosit solution are mixed with 10 g saccharose,

0.5 g MES and 8 g Agar and water added to 1 1 (pH 5.7).

autoclaving
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LB medium

5 g yeast extract
10 g trypton

10 g NaCl

(15 g Agar)

ad 11 water, pH 7
autoclaving

YEB medium

5 g beef extract

1 g yeast extract

5 g peptone

5 g saccharose

493 mg MgSO04 x 7 H,O
(15 g Agar)

ad 1 1water, pH 7.2
autoclaving

SOB medium

20 g trypton

5 g yeast extract
0.6 g NaCl

0.2 gKCl

990 ml H,O
autoclaving

10 ml sterile MgCl,/MgSQO4 x 7H,0 solution

MgCl,/MgSO4 x 7H,0 solution
20.331 g MgCl,

24.64 g MgSO,4 x 7 H,O

100 ml H,O

autoclaving

SOC medium
SOB medium with 20 mM glucose
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Table S4.7: Antibiotics concentrations

Antibiotics E. coli A. tumefaciens A. thaliana
[pg mi] [pg ml'] [pg ml]

Kanamycin 100 100 50

Hygromycin 50 50 25

Ampicillin 100

Tetracyclin 20

Streptinomycin 100

Gentamycin 25

Rifampicin 150

Electrocompetent E. coli TOP10

One colony of E. coli TOP10 cells was used to inoculate 50 ml SOB-medium with
streptomycin. Five ml of this culture grown over night at 37°C was used to inoculate
500 ml SOB-medium without antibiotics and grown at 37°C until an optical density at
578 nm of 0.46-0.48. The culture was cautiously swirled on ice for 10 min, centrifuged
at 5400 g for 10 min at 4°C, and the pellet two times washed with cold deionized water
(about 250 ml, then about 125 ml with centrifuging as above). The pellet was
resuspended in 12.5 ml 10 % glycerol (sterile, cold) and centrifuged again as above. The
pellet of 500 ml culture was resuspended in 2 ml 10 % glycerol and aliquots of 40 pl
frozen in liquid nitrogen and stored at -80°C.

Electrocompetent A. tumefaciens GV3101pMP90ORK

One colony of 4. tumefaciens (GV3101pMP90RK) cells was used to inoculate 50 ml
YEB-medium with gentamycin, rifampicin and kanamycin and grown for 2 days at
28°C. Two ml of this culture were used to inoculate 50 ml YEB-medium without
antibiotics and grown until an optical density at 600 nm of 0.5 and centrifuged for 5 min
at 4°C with 5000 rpm (Minifuge RF, Heraeus, Hanau, Germany). The pellet was
resuspended in 10 ml 0.15 M NaCl (cold) and again centrifuged as above. The pellet of
50 ml culture was resuspended in 1 ml 75 mM CacCl (cold) and aliquots of 200 ul frozen
in liquid nitrogen and stored at -80°C.
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4.7 Declaration

The following data shown in this chapter have been provided:

All laboratory steps for microarray analyses (from RNA quality determinations
to raw data) were provided by the Microarray Facility (MFT Services, Tiibingen,
Germany).

Proteomic analyses (from AWF to annotated proteins) were conducted by Dr.
Andrzej Majcherczyk (Molecular Wood Biotechnology and Technical
Mycology, Biisgen-Institute, Georg-August University of Gottingen).
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5 Discussion

5.1 Discussion

Phosphorus (P) is needed in high amounts by plants but P is one of the least available
nutrients in the soil. In this thesis it was studied how young poplar trees react to
phosphate deprivation on transcriptional level and how these changes reflect on growth,

phosphate uptake from soil and the phosphate acquisition potential from the soil.

The growth of Populus % canescens was decreased at P availabilities below 64 uM
similar as reported for P. tremuloides (Desai et al., 2014). In the present study, the
phosphorus concentrations in the tissues of plants grown with P availabilities of 6.4 uM
were similar to those in poplars grown in plantations (Ge et al., 2015). Van den Burg
(1985) found that foliar P concentrations between 1.7 mg g and 2.7 mg g were
sufficient for growth of young P. x canescens. Therefore, the foliar P concentrations
1.25 mg g'1 and 0.69 mg g'1 dry mass in leaves of plants grown with intermediate and
low P availability, respectively, seemed to suggest deficiency, whereas the P
concentration for control plants (6.8 mg g) can be considered as luxurious.

Most of the other measured nutrient concentrations in the plant tissues were also
changed upon lower P availabilities, however not as strong as the P concentration.
Decreased concentrations in nutrients other than P in the poplar tissues were still above
the deficiency thresholds (Burg, 1985). That implies that deficiency symptoms were
solely based on the decreased P concentrations or disturbed nutrient rates. Changes in
nutrient concentrations were also shown in P starved Arabidopsis (Kellermeier et al.,
2014; Misson et al., 2005; Ward et al., 2008). For example, reduced potassium, calcium
and magnesium concentrations in poplar leaves were also detected in P starved
Arabidopsis (Kellermeier et al., 2014; Misson et al., 2005; Ward et al., 2008). A
reduction in manganese concentration (Kellermeier et al., 2014; Ward et al., 2008) and
a strong increase in iron concentration as in P starved Arabidopsis leaves (Gruber et al.,
2013; Hirsch et al., 2006; Kellermeier et al., 2014; Rai et al., 2015) could not be

detected in P starved poplar.
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Here, it was demonstrated for a tree, poplar, that a massive transcriptomic
reprogramming had taken place upon P starvation. But only a small part of the regulated
genes were directly correlated with the total tissue P concentrations. This observation
suggests an indirect regulation by the total P concentration, by free phosphate
concentrations or by co-occurring changes in e.g. other nutrient concentrations. Among
the genes related to the P concentration were known P responsive genes that were also
strongly regulated in Arabidopsis (e.g. SPX, PAP, SOD) (Lan et al., 2015). In poplar,
genes involved in membrane lipid remodeling were found in the P-responsive gene
module. They were also reported in a “core gene”-set (Lan et al., 2015) of P starvation
response in Arabidopsis. This finding suggests similar transcriptional alterations in

poplar and Arabidopsis.

Upon P starvation in leaves and roots PtPHT1;9 and PtPHTI,12 were upregulated in P.
X canescens in this study. Their P responsiveness was also reported in P. trichocarpa
roots (Loth-Pereda et al., 2011). The homologous Arabidopsis proteins take up P in the
roots (AtPHT1;8, AtPHT1;9) (Remy et al., 2012) and are located in the vascular system
(AtPHT1;12) (Mudge et al., 2002). Therefore the strong induction of PtPHTI;9 and
PtPHTI; 12 gene expression suggests a role in P uptake and long-distance transport in
poplar. In this study, PtPHTI;l and PtPHTI;2 were highly upregulated upon P
starvation specifically in roots of P. X canescens. High up-regulation was shown for
PtPHTI;2 also in P starved P. simonii roots (Zhang et al., 2016). The transporters
PtPHT1;1 and PtPHTI;2 may have functions in P uptake under low P conditions,
because in Arabidopsis, the closely related AtPHTI1;1, AtPHTI1;2, AtPHTI1;3 and
AtPHT1;4 take up together more than 80 % of P from the medium (4yadi et al., 2015).
In this study, PtPHT1,3 was highly expressed in leaves and further up-regulated upon P
starvation. This observation suggests an important role in P distribution inside the plant
in accordance with the observed high P allocation to the young leaves in P starved
poplar. The up-regulation of P transporters led to a higher uptake capacity of P starved
poplars. The K,-values for P uptake for P starved P. X canescens was comparable with
the K,-value for P accumulation in roots of P starved P. deltoides (Desai et al., 2014).
The present analysis showed that a minimal P concentration of 1 pM in the growth
medium was required for net P uptake. Otherwise, P uptake was prevented at very low

concentrations. Since the free P concentration is low in most ecosystems (e.g. 5 uM in
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forests beneath the organic layer (Asano et al., 2006; Fitzhugh et al., 2001; Ranger et
al., 2001; van Hees et al., 2003) forest trees must have evolved further mechanisms to

combat P deficiency.

One of the mechanisms to cope with low P concentrations is the production and
secretion of purple acid phosphatases, which make organic P sources in the soil plant
available by the release of inorganic phosphate. PAPs that were upregulated in leaves
and roots upon P starvation (e.g. PtPAPI1, PtPAP16, PtPAP29, PtPAP30) have probably
a function in internal P mobilization. The homolog of PtPAP29 and PtPAP30 in
Arabidopsis is AtPAP17. AtPAP17 was the first plant PAP purified and plays an role in
P recycling e.g. during senescence (Del Pozo et al., 1999).

In accordance with the up-regulation of PAPs in roots, the root-associated acid
phosphatase activity in P starved P. x canescens increased. This agrees with other
studies, in which an enhanced phosphatase activity was shown for other poplar species
under low P conditions (P. tremuloides, P. simonii, P. x euramericana) (Desai et al.,
2014; Gan et al., 2016). In Arabidopsis, AtPAP10, AtPAP12 and AtPAP26 are
responsible for 70 % of the root-associated acid phosphatase activity under low P
conditions (Wang et al., 2014). In poplar, PtPAP4 was secreted by roots under high and
low P availabilities. PtPAP1 was detected only under low P availability in the apoplastic
washing fluid. Both are homologous to AtPAP10 and AtPAP12. These findings suggest

a conserved function for the Arabidopsis and poplar proteins.

Based on these results, I propose following model (Figure 5.1) for the contributions of
PHTs and PAPs in P uptake and P acquisition: PtPAP4 is secreted into the soil by
poplar roots making phosphate available from organic P sources. Upon low P
concentrations in the plant, PtPAP1 is additionally secreted. Consequently, the plant
root-associated phosphatase activity increases. Because of their transcriptional up-
regulation, I suggest that PtPAPs like PtPAP1, PtPAP16, PtPAP29 and PtPAP30
respond to the plant P status and have a role in P acquisition in soil and P mobilization
inside the plant. PtPHT1;9 and PtPHT1;12 take up P from the soil into the plant. With
low P availability, PtPHT1;1 and PtPHT1;2 take part in the overall increased uptake
activity. P is transported up to the leaves and re-allocated by PtPHT1;3, PtPHT1;9 and
PtPHT1;12 inside the plant.
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Figure 5.1. Model for the possible contributions of PAPs and PHTs in P acquisition
and P uptake in poplar (P. X canescens).

5.2 Outlook

Here, PtPHT1;1 and PtPHT1;2 were proposed to contribute to the P uptake in P starved
poplar, but what amount of P they transport into the poplar and the contributions of
other transporters to the enhanced P uptake efficiency remains open. Also, whether
PtPAPI1 is not only secreted but also cell-wall associated in poplar roots remains open.

Further tests have to reveal the organic phosphate source preferences of poplars.
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Under natural conditions, poplar roots are colonized by mycorrhizal fungi with different
abilities for P acquisition (Baum and Makeschin, 2000; Danielsen et al., 2013, 2012;
Gehring et al., 2006; Seven and Polle, 2014). Ectomycorrhiza reduce the K, for plant P
uptake, P accumulation (Cress et al., 1979; Desai et al., 2014; Van Tichelen and
Colpaert, 2000) and the threshold concentration for P uptake (Van Tichelen and
Colpaert, 2000). Loth-Pereda et al. (2011) studied the transcriptional regulation of
phosphate transporters in mycorrhizal and non-mycorrhizal P. x canescens roots and
found especially PtPHT1;9 and PtPHTI;12 to be upregulated upon colonization with
ectomycorrhizal and arbuscular mycorrhizal fungi. But the regulation of P transporters
in P starved mycorrhizal poplar roots and which fungal species are the most useful for
enhanced P nutrition remains to be studied for sustainable poplar plantation
management.

Timonen and Sen (1998) found enhanced acid phosphatase activity in proteins of
mycorrhizal compared with non-mycorrhizal roots. Courty et al. (2010) found two
poplar and no Laccaria PAP genes induced whereas Luo et al. (2009) found decreased
expression for poplar PAPs upon mycorrhization probably due to increased tissue P
concentrations. Whether fungal or plant PAPs enhance the root-associated phosphatase
activity in mycorrhizal plants is not known.

These considerations indicate that poplar P nutrition cannot be fully understood when
the contributions of interacting organisms are not considered. Therefore, further studies
should focus on the influence of microorganisms on the P nutrition of poplar, especially
since the contributions and abilities of bare-rooted poplars have been unraveled in this

study.
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