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SUMMARY

Phosphorus (P) is an important nutrient for plants. Here, we identify a WRKY
transcription factor (TF) in poplar (Populus deltoides % Populus euramericana)
(PdeWRKY65) that modulates tissue phosphate (Pi) concentrations in poplar.
PdeWRKY65 overexpression (OE) transgenic lines showed reduced shoot Pi
concentrations under both low and normal Pi availabilities, while PdeWRKY65
reduced expression (RE) lines showed the opposite phenotype. A gene encoding a Pi
transporter (PHT), PdePHT1;9, was identified as the direct downstream target of
PdeWRKY 65 by RNA sequencing (RNA-Seq). The negative regulation of PdePHT1;9
expression by PdeWRKY65 was confirmed by DNA-protein interaction assays,
including yeast one-hybrid (Y1H), electrophoretic mobility shift assay (EMSA), co-
expression of the promoters of PdePHT1;9 and PdeWRKY65 in tobacco (Nicotiana
benthamiana) leaves, and chromatin immunoprecipitation—quantitative PCR. A second
WRKY TF, PdeWRKY®6, was subsequently identified and confirmed to positively
regulate the expression of PdePHT1;9 by DNA—protein interaction assays. PdePHT1;9
and PAeWRKY6 OE and RE poplar transgenic lines were used to confirm their positive
regulation of shoot Pi concentrations, under both normal and low Pi availabilities. No
interaction between PdeWRKY6 and PdeWRKY65 was observed at the DNA or
protein levels. Collectively, these data suggest that the low Pi-responsive TFs
PdeWRKY6 and PdeWRKY65 independently regulate the expression of PHTI1;9 to

modulate tissue Pi concentrations in poplar.

INTRODUCTION

Phosphorus (P) is one of the most important nutrients for plant growth and development.
Plants take up P in the form of phosphate (Pi) from the rhizosphere through several
different transporters (Raghothama, 1999). In plant cells, Pi concentrations are typically
greater than 10 mm (Raghothama, 1999), while there is usually less than 10 ym Pi
available in the soil solution (Bieleski, 1973; Shen etal., 2011), creating the need for

active transport of Pi across the plasma membrane by specialized transporters.
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Globally, approximately 70% of cultivated land suffers from low Pi availability (Lopez-
Arredondo etal.,2014). Plants have evolved a complex regulatory network to
overcome the low availability of Pi in many soils. In recent decades, significant
advances have been made in elucidating plant uptake and regulation mechanisms
(Bucher, 2007; Lopez-Arredondo et al., 2014; Shen et al., 2011). However, there is still
a lack of knowledge around the regulation of multiple genes in response to low P1i stress,

especially in perennial tree plants.

Pi transporters of the PHT1 family are responsible for Pi uptake and transportation
(Bucher, 2007; Remy et al., 2012; Ren et al., 2014). Most of the genes in this family in
Arabidopsis are expressed in roots and their expression is responsive to low Pi
availability (Mudge et al., 2002b). The expression of some members was also found in
shoots, stems, and flowers (Misson et al., 2005; Mudge et al., 2002b). However, some
members of the PHT1 family, such as AtPHT1;8 and AtPHT1;9, were also reported to
translocate Pi from roots to shoots (Lapis-Gaza etal.,2014; Misson etal., 2005).
AtPHT1;5 was found to play a critical role in mobilizing Pi from P source to sink organs
in accordance with developmental cues and plant P status (Nagarajan et al., 2011). In
rice (Oryza sativa), OsPHT1;1 was shown to modulate Pi uptake and translocation in
Pi-replete conditions (Sun etal.,2012). These results demonstrate that in plants, Pi
transporters of the PHT1 family are involved in P1 uptake and plant P responses in
diverse ways. In silico analyses of various plant genomes revealed 9, 14, 14, and 8
PHT1 genes in Arabidopsis, apple (Malus domestica), poplar (Populus trichocarpa),
and tomato (Solanum [ycopersicum) (Chen etal.,2014; Mudge etal., 2002a; Sun
etal.,2017; Zhang, Meng, etal.,2016), respectively. Although the identification of
PHT1 genes in poplar has been conducted, their functions in Pi uptake and regulation

remain unknown.

A number of transcription factors (TFs) have been shown to play important roles in the
regulation of plant responses to low Pi availability, especially members of the WRKY
TF family (Gu et al., 2016). In the model plant Arabidopsis, AtWRKY45 activates the
expression of AtPHT1;1 by directly binding to the W-Box (core bases, TTGAC[C/T])
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in the promoter of AtPHT1;1 in response to low Pi availability (Wang et al., 2014).
Separately, AtWRKY42 negatively regulates phosphatel (PHO1) expression by
binding to the AtPHO1 promoter under Pi-replete conditions, whilst under Pi-deficient
conditions, AtWRKY42 is degraded through the 26S proteasome pathway (Su
etal.,2015). The expression of AtPHT1;1 has also been shown to be positively
regulated by AtWRKY42 (Su etal,2015). The different regulatory effects of
AtWRKY42 on AtPHO1 and AtPHTI;1 resulted in a complex regulatory network for
plant Pi status. AtWRKY6 was also shown to be involved in the regulation of
Arabidopsis responses to low Pi availability by modulating the expression of AtPHO1
(Chen etal., 2009). Further study revealed that the degradation of AtWRKY6 during
low Pi availability was executed by a ubiquitin E3 ligase, Pi response ubiquitin E3
ligasel (PRU1) (Ye etal., 2018). AtWRKY75 was also shown to act as a modulator of
Pi uptake and root development in Arabidopsis (Devaiah etal.,2007). In rice,
OsWRKY 74 modulates tolerance to low Pi availability, possibly through modifying the
root system architecture (Dai et al., 2016). This evidence suggests that members of the
WRKY TF family in plants play important roles in the regulation of Pi uptake, Pi

translocation, and tissue Pi status.

Poplar (Populus spp.) is a model plant for tree species due to its fast growth, small
genome, and easy genetic transformation. However, there is very limited knowledge on
how poplar responds to low Pi availability at the molecular level. Thus, there is a need
to understand the molecular mechanisms involved in responses to low Pi availability in
poplar. In our previous study, transgenic PdeWRKY65 overexpression (OE) and
reduced expression (RE) lines were generated. In this study, we observed that the
PdeWRKY65 OE transgenic lines showed Pi-deficient symptoms when they were
grown under both low and normal Pi availabilities, while PdAeWRKY65 RE lines
showed the opposite phenotype. To investigate how PdeWRKY 65 regulates tissue Pi
concentrations in poplar, its downstream gene PdePHT1;9 was identified and confirmed.
Moreover, a second WRKY TF, PdeWRKY6, was also identified and confirmed to be
involved in the regulation of Pi concentrations via the control of the expression of

PdePHT1;9. The dual regulation of PdePHT1;9 by two WRKY members may enable
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greater control over tissue Pi status in poplar under low Pi availability. We have
uncovered a novel pathway for the regulation of tissue Pi concentrations under Pi
deficiency in woody plants, enhancing our understanding of the regulation of Pi

concentrations in plants.

RESULTS

Overexpression of PdeWRKY65 reduced shoot Pi concentrations in poplar and

Arabidopsis

In our previous study, PdAeWRKY65 OE transgenic lines in poplar (Populus deltoides
X Populus euramericana), W65-OE1, W65-OE2, and W65-OE3, were generated and
they were used to characterize its function. In these three lines, the expression of
PdeWRKY65 was increased 276.5+14.5, 228.6+£27.9, and 205.3+20.6 times compared
with the wild type (WT), respectively. Growth of the PdeWRKY 65 OE transgenic lines
W65-OE1, W65-OE2, and W65-OE3 in soil with normal irrigation was inhibited
compared with the WT (Figure 1a,b). Plant height and the 6th internode diameter were
significantly shorter in the three OE lines compared to the WT (P <0.05) (Figure 1¢,d).
Moreover, the three OE lines showed visible red shoots, while no colour change was
observed in WT. This symptom was consistent with plants growing under low Pi
availability. Interestingly, root Pi concentrations of the three OE transgenic lines were
equal to or significantly higher than WT levels (Figure le); in contrast, shoot Pi
concentrations of the three OE transgenic lines were significantly lower than WT levels
(Figure le). The higher root Pi concentrations and reduced shoot Pi concentrations
suggested that Pi translocation from roots to shoots might be reduced in the
PdeWRKY65 OE transgenic lines. In soil with a low Pi availability, the growth
inhibition and Pi deficiency symptoms in the three OE lines were stronger (Figure S1).
The shoots in the OE lines were much redder. Plant heights of the three OE lines were
significantly reduced compared with WT, while the root length showed no significant
difference between WT and OE lines. Root and shoot Pi concentrations of the three OE

lines were significantly lower than WT levels (Figure S1) (P <0.05). These data still
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support a reduction in the translocation of Pi from the roots to shoots in the

PdeWRKY65 OE transgenic lines.

Meanwhile, two independent transgenic lines with heterologous PdeWRKY65 OE in
Arabidopsis were generated (Figure S2a) and confirmed by PCR and reverse
transcriptase-PCR (RT-PCR) (Figure S2b,c). Both of these OE lines harboured one
introduced homozygous 2x35S::PdeWRKY 65 copy in their genomes, confirmed by a
3:1 segregation ratio for the selected marker in the T2 generation (see Experimental
Procedures). When the two OE T3 generation lines were grown on MS medium and
soil, both of them showed visible growth reductions (Figure S2a,d). The roots of the
two PdeWRKY65 OE lines on MS medium were significantly shorter than WT roots
(P <0.05) (Figure S2e). When grown in Pi-replete soil, root Pi concentrations in both
OE transgenic lines were significantly higher than in WT levels, while shoot Pi
concentrations of both OE transgenic lines were significantly lower than WT levels
(Figure S2f,g). These data are consistent with observations in PdAeWRKY 65 OE poplar
and suggest that PdeWRKY65 negatively regulates Pi translocation from roots to

shoots.

Reduced expression of PdAeWRKY 65 in poplar enhanced Pi translocation to shoots

and expression of PdeWRKY®65 is inhibited by low Pi availability

PdeWRKY65 RE transgenic lines, W65-RE2 and W65-RE3, were also generated. The
expression levels of PdeWRKY65 in these two lines were reduced to 51 and 27%
compared with WT levels, respectively. When grown under Pi-replete conditions in
woody plant medium (WPM) and soil, the PdAeWRKY65 RE transgenic lines, W65-
RE2 and W65-RE3, showed no difference in growth or shoot or root Pi concentrations
(data not shown). When the PdeWRKY65 RE transgenic lines were grown in WPM
with low Pi availability (0.125 mm Pi) for 15 days, both the transgenic and WT lines
also showed no difference in growth of aboveground parts (Figure 2a,b). However,
roots of the two PdeWRKY65 RE transgenic lines were significantly longer than WT
roots (Figure 2¢) (P <0.05). The root Pi concentrations of the two PdeWRKY65 RE
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lines, W65-RE2 and W65-RE3, were significantly lower than WT levels (P <0.05), and

the shoot Pi concentrations of these two RE lines were significantly higher (Figure 2d,e).

To further examine the role of PAeWRKY65 in Pi regulation in poplar, its expression
in WT was examined after 10 days of growth under low Pi availability. The expression
of PdAeWRKY 65 was lower in both roots and shoots compared to normal Pi availability
(Figure S3a). These data, together with the observations in PdeWRKY65 OE and RE
transgenic lines in poplar and Arabidopsis, suggest that PdAeWRKY65 is involved in
plant responses to low Pi availability and negatively regulates Pi translocation to shoots

in poplar.

PdePHT1;9 is a downstream gene of PdeWRKY6S in response to low Pi stress

To identify which genes operate downstream of PdeWRKY65 in response to low Pi
availability, RNA-Seq analysis was performed on PdeWRKY65 OE and WT lines.
Clustering of all samples suggested that the RNA-Seq experiment was performed well
and it could be used in further analysis (Figure S3b). A total of 3253 genes showed
differential expression between WT and OE lines (TableS2). As expected,
PdeWRKY65 showed a significantly higher transcript abundance compared to WT.
Among the 3253 differentially expressed genes, Potri.005G256100 showed a high
similarity to PHT1;9 in Arabidopsis. Therefore, it is named PdePHT1;9 in this study
(Figure 3a). In previous reports, PHT1;9 was demonstrated to be involved in Pi uptake
and translocation (Lapis-Gaza etal.,2014; Remy etal.,2012). The expression of
PdePHT1;9 was approximately 40% lower in PdeWRKY65 OE compared with WT
lines, and these expression patterns agreed with the phenotype of Pi deficiency observed
in PdeWRKY65 OE lines (Table S2). This suggests that PdePHT1;9 may act

downstream of PdAeWRKY 65 in the response to low Pi availability.

To test this, the expression of PdePHT1;9 was first examined by qRT-PCR. After
10 days of growth under low Pi availability, the expression of PdAePHT1;9 was increased

in both shoots and roots compared to growth under normal Pi availability (Figure 3b).
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Tissue analysis revealed that PdePHT1;9 expression was higher in leaves than in other
tissues (Figure 3c). Additionally, the expression of PdePHT1;9 was reduced in
PdeWRKY65 OE lines, while its expression was increased in PdeWRKY65 RE lines
under normal Pi availability (Figure 3d). The expression of AtPHT1;9 was also reduced
in PdeWRKY65 OE transgenic Arabidopsis lines (Figure S2h), while AtPHOI1
expression did not show any change (Figure S2i). To comprehensively investigate the
expression pattern of PAePHT1;9, its promoter was fused with the GUS-encoding gene
(Figure 3e). Within the 1480-bp promoter sequence, three W-Box motifs were
identified, located at —246, —528, and —916 bp relative to the position of the start codon
(Data S1). Under normal Pi availability, the PdePHT1;9::GUS transgenic lines showed
visible staining in leaves, the root apex, and cambium. Interestingly, the mature leaves
were darker blue than young leaves (Figure3e). Under low Pi availability, the
PdePHT1;9::GUS transgenic lines were stained much darker blue in leaves and roots

(Figure 3e).

To support the interaction between PdeWRKY 65 and the promoter of PdePHT1;9, a
positive interaction was demonstrated by Y1H (Figure4a). Co-expression of
35S::PdeWRKY65 and PdePHT1;9::LUC or PdePHT1;9::GUS in tobacco leaves both
showed that PdeWRKY 65 inhibited the expression of PdePHT1;9 (Figure 4b,c). EMSA
revealed that PAeWRKY 65 could bind to the W-Box in the promoter of PdePHT1;9
(Figure 4d). A chromatin immunoprecipitation (ChIP) experiment was performed using
35S::PdeWRKY65:Flag- and 35S::Flag-transformed hairy roots. Quantitative PCR
(qPCR) analysis revealed that when wusing an anti-Flag antibody in
35S::PdeWRKY65:Flag-transformed hairy roots, W-Box fragments within the
promoter of PdePHT1;9 were immunoprecipitated (Figure 4e). These data demonstrate
that PAeWRKY65 can bind to the W-Box motifs located at —246 and —528 bp of the
PdePHT1;9 promoter in vivo. The binding activities of PdeWRKY 65 to these two W-
Box motifs were different according to the relative abundance of immunoprecipitated
DNA (Figure4e). Collectively, both invivo and invitro protein—DNA interaction
assays revealed that PdAeWRKY65 directly inhibits the expression of PdePHT1;9 by

binding to W-Box motifs within its promoter.
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PdePHT1;9 is a positive regulator of Pi translocation in poplar

To investigate the function of PdePHT1;9, PdePHT1;9 OE and RE transgenic lines were
generated in poplar (Figure S4a,b). PCR analysis, GUS staining, and qRT-PCR-based
confirmation of the introduced genes/fragments in the transgenic lines all indicated that
PdePHT1;9 OE and RE lines were successfully generated (Figure S4c—g). Three OE
lines, PHT-OE3, PHT-OE4, and PHT-OES, and two RE lines, PHT-RE1 and PHT-RE2,

were selected for further analyses.

When grown on WPM with normal Pi availability for 15 days, the three PdePHT1;9
OE lines showed visibly more biomass than WT (Figure 5a). The root Pi concentrations
were significantly lower in the PdePHT1;9 OE lines compared to WT and the shoot Pi
concentrations were significantly higher than WT levels (P <0.05) (Figure 5b,c). In
contrast, the two PdePHT1;9 RE lines showed a visible growth reduction compared to
WT under normal Pi availability (Figure 5d). Root Pi concentrations in the two
PdePHT1;9 RE lines were significantly higher than WT levels, and the shoot Pi
concentrations were significantly lower than WT levels (P <0.05) (Figure Se,f). These
data suggest that PdePHT1;9 has a positive role in Pi translocation from roots to shoots
in poplar under normal Pi conditions. Under low Pi availability, the OE and RE
transgenic lines showed similar patterns of tissue Pi concentrations (Figure 5g—1), with
the exception of the root Pi concentrations in the OE lines, which were significantly
higher than WT levels (Figure 5k,1). Considering PdePHT1;9 is a downstream target of
PdeWRKY 65, PAeWRKY 65 negatively regulates Pi translocation, and both genes can
respond to low Pi availability, we speculate that the PdAeWRKY65-PdePHT1;9 gene

module enhances Pi translocation to shoots in poplar under low Pi availability.

The expression of PdeWRKY6 was activated upon low Pi stress and it directly
regulated the expression of PdePHT1;9.

In the RNA-Seq analysis of PdAeWRKY65 OE transgenic lines, we also identified
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Potr1.002G228400, whose expression was also increased and has high similarity to
AtWRKY6 (Table S2). Phylogenetic analysis showed that PdeWRKY 6 had the shortest
phylogenetic distance to AtWRKY6, AtWRKY42, and AtWRKY31 (Figure 6a).
AtWRKY6 and AtWRKY42 have previously been shown to be involved in Pi
regulation in Arabidopsis (Chen etal., 2009; Su et al., 2015). The subcellular location
of PdeWRKY6 in tobacco leaf showed it was located in the nucleus (Figure 6b). The
expression of PdeWRKY6 in PAeWRKY65 OE and RE transgenic lines showed
increased expression in OE and reduced expression in PdeWRKY65 RE lines
(Figure 6¢). PdeWRKY 6 showed higher expression in leaf and root compared to other
tissues (Figure 6d), and growth under low Pi availability for 10days increased
PdeWRKY6 expression in both roots and shoots (Figure 6¢). The expression of
PdeWRKY6 in PdeWRKY 65 OE and RE transgenic lines suggested that PAeWRKY 65
might positively regulate the expression of PdAeWRKY 6, while their expression under
low Pi stress suggested that PAeWRKY 65 might negatively regulate the expression of
PdeWRKY6. This inconsistency suggested that PdeWRKY6 might not be a
downstream target of PdeWRKY65.To investigate the role of PdeWRKY6 in Pi
regulation, OE and RE transgenic lines were generated for this gene in poplar
(Figure S5a,b). Three OE lines, W6-OE1, W6-OE2, and W6-OE3, and five RE lines,
W6-REI to W6-RES, were selected for further analyses (Figure S5¢c—g). The expression
of PdePHT1;9 in PdAeWRKY6 OE and RE transgenic lines was increased and reduced
in PdAeWRKY6 OE and RE transgenic lines, respectively (Figure 6f). Our Y1H assay
revealed that PdAeWRKY6 could bind to the promoter of PdePHT1;9 in yeast
(Figure 6g), and co-expression of 35S::PdeWRKY6 and PdePHTI1;9::GUS or
PdePHT1;9::LUC in tobacco leaves showed that PAeWRKY 6 activated the expression
of PdePHT1;9 (Figure 6h,i). A ChIP-qPCR experiment was also performed, showing
that PdAeWRKY6 could bind to the W-Box motif located at =916 bp of the PdePHT1;9
promoter in vivo (Figure 6j). More specifically, EMSA revealed that PdeWRKY 6 could
bind to the W-Box in the promoter of PdePHT1;9 (Figure 6k). Collectively, these data
suggest that PdAeWRKY 6 positively regulates the expression of PAePHT1;9 by directly

binding to the W-Box within its promoter.



310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

PdeWRKY6 is a positive regulator of Pi concentrations in poplar

To test the functional role of PdAeWRKY6 in Pi regulation, the OE and RE transgenic
lines were grown in WPM with normal Pi availability for 15 days. There was no visible
growth difference between WT and transgenic lines. However, root Pi concentrations
were significantly lower in PdeWRKY6 OE compared to the WT (P <0.05)
(Figure S6a); in contrast, shoot Pi concentrations were significantly higher in
PdeWRKY6 OF compared to the WT (P <0.05) (Figure S6b). In PAeWRKY 6 RE lines,
root and shoot Pi concentrations showed opposite trends to PdeWRKY6 OE lines
(Figure S6c¢,d). Subsequently, two OE lines, W6-OE1 and W6-OE2, and two RE lines,
W6-RE2 and W6-RE3, were grown in WPM with low Pi availability for 15 days. The
two OE lines showed a visibly better growth performance than WT, and both roots and
shoots had significantly higher Pi concentrations compared to WT (P <0.05)
(Figure 7a—c). In contrast, the two RE lines showed weaker growth than WT, and both
roots and shoots had significantly lower Pi concentrations compared to WT (Figure 7d—
f), although this difference was not significant for the root Pi concentration in W6-RE2.
Consequently, we suggest that PdeWRKY6 is a positive regulator of root and shoot Pi
concentrations in poplar. Considering the regulation of Pi concentrations by PdePHT1;9
and the direct activation of PdePHT1;9 expression by PdeWRKY6, we also suggest
that PdAeWRKY6 positively regulates the expression of PdePHT1;9 and they form a
gene module, PAeWRKY 6-PdePHT1;9, to regulate tissue Pi concentrations in poplar.

PdeWRKY6 and PdeWRKY65 regulate the expression of PdePHT1;9
independently

It 1s possible that PAeWRKY 6 and PAeWRKY 65 interact with each other and that this
interaction is involved in the regulation of PdePHT1;9 expression. However, using a
Y2H assay, no interaction between PdeWRKY6 and PdeWRKY65 was observed
(Figure S7a). We hypothesized that PAeWRKY65 might also positively regulate the
expression of PAeWRKY 6 according to the expression analysis in PAeWRKY65 OE

and RE lines (Figure 6¢). However, this is not supported by the data for these TFs under
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low Pi stress (Figure 6¢). Co-expression of PdAeWRKY6::GUS or PdeWRKY6::LUC
and 35S::PdeWRKY65 in tobacco leaves also revealed that there was no direct
activation or inhibition of PdAeWRKY6 expression by PdeWRKY65 (Figure S7b,c).
Additionally, it is also possible that PdAeWRKY 65 is a downstream gene of PAeWRKY 6.
Thus, the expression of PAeWRKY65 in PAeWRKY6 OE and RE lines was also
examined by qRT-PCR. The data revealed no clear trend for the expression of
PdeWRKY65 in PdeWRKY6 OE and RE lines, although the expression of
PdeWRKY65 was reduced in all PdAeWRKY6 RE lines (Figure S7d). Thus, these
expression patterns did not support the hypothesis that PdAeWRKY 65 is a downstream
gene of PdeWRKY6. Collectively, these data suggest that PdeWRKY6 and
PdeWRKY65 regulate the expression of PdePHT1;9 in response to low Pi stress

without direct interaction.

DISCUSSION

Dual regulation of PdePHT1;9 by PdeWRKY 65 and PdeWRKY6 ensures Pi can

be translocated to shoots under low Pi conditions

The expression of all three genes, PdeWRKY 65, PdeWRKY6, and PdePHT1;9, was
altered in response to low Pi availability. After 10 days under low P1 availability, the
expression of PAeWRKY6 and PdePHT1;9 was increased (Figures 6e and 3b), while
the expression of PdeWRKY65 was decreased (Figure S3a). Moreover, both
PdeWRKY65 and PdeWRKY6 could bind to independent W-Box motifs in the
promotor of PdePHT1;9 and therefore regulate the expression of PdAePHT1;9. However,
these two WRKY TFs regulate the expression of PdePHT1;9 with different patterns;
PdeWRKY65 inhibited PdePHT1;9 expression (Figure3d), while PdeWRKY6
activated PdePHT1;9 expression under low Pi availability (Figure 6f). According to our
ChIP-qPCR results, PdeWRKY65 can bind the W-Box motifs located at —246
and —528 bp of the PdePHT1;9 promoter (Figure 4¢), while PdAeWRKY 6 can only bind
the W-Box motif located at —916 bp (Figure 6g). These different binding patterns may
be attributed to the different regulation of PdePHT1;9 by the two TFs. Based on these
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data, we propose a regulatory model of PdeWRKY 65, PdeWRKY6, PdePHT1;9, and

Pi transport to shoots in poplar (Figure 8).

In this model, PdeWRKY65 and PdeWRKY6 work separately to regulate the
expression of PdePHT1;9 under low Pi availability, resulting in increased PdePHT1;9
expression and enhanced Pi translocation to the shoots. The two different regulatory
patterns provide some redundancy to the system facilitating Pi translocation. Moreover,
the two different regulation patterns may also enable greater Pi translocation to shoots
under low Pi availability. Therefore, the expression of PdePHT1;9 separately regulated
by PdeWRKY65 and PdeWRKY 6 suggests that plants have evolved dual strategies to
ensure sufficient Pi can be translocated to shoots under low Pi availability. This double-
guarantee regulation strategy has also been reported in other biological processes in
plants, such as dual regulation of gene expression mediated by MAPK and salicylic

acid to enhance innate immunity in Arabidopsis (Tsuda et al., 2013).

Under normal Pi availability, the expression of PdeWRKY65 and PdeWRKY6 was
relatively high in roots (Figure 6d). This suggests that the expression of PdePHT1;9 is
also regulated by both PdeWRKY65 and PdAeWRKY6 under normal Pi availability.
Considering PdeWRKY 65 and PdeWRKY6 regulate the expression of PdePHT1;9 by
opposing strategies, there is potential to tightly regulate the expression of PdePHT1;9
in poplar. This regulation might enable a close regulation of tissue Pi concentrations in

poplar, ensuring normal growth for plants under normal Pi availability.

Complex functions of PdePHT1;9 in regulating tissue Pi concentrations

PHTI genes have previously been reported to play roles in both Pi assimilation and
translocation (Nagarajan etal., 2011; Remy et al., 2012; Ren et al., 2014). In this study,
PHT1;9 OE in poplar increased shoot Pi concentrations under both normal and low Pi
availabilities, while root Pi concentrations were decreased and increased under normal
and low Pi availabilities, respectively (Figure 5b,c,h,1). Transgenic PdePHT1;9 RE lines

in poplar showed opposite patterns of shoot and root Pi concentrations (Figure Se,f.k,l).
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According to these data, we could speculate that PdePHT1;9 positively regulates Pi
translocation from roots to shoots under normal Pi availability. However, we also noted
that the root Pi concentrations in the PdePHT1;9 OE lines were significantly lower than
WT levels in normal Pi conditions and higher in low Pi conditions (Figure 5b,h). These
data suggest that PdePHT1;9 might also regulate Pi uptake when its expression is
relatively high under low Pi availability. In PdAeWRKY65 RE lines, the expression of
PdePHT1;9 was only increased approximately 2.0- to 2.5-fold (Figure 3d); thus, the
PdeWRKY65 RE lines did not show increased uptake in roots. Additionally, the root Pi
concentration was also increased in PdAeWRKY 6 OE lines under low Pi availability, and
this also supports our hypothesis. These observations are consistent with the functions

of PHT1;9 in other plants (Remy et al., 2012; Wang et al., 2021).

In plants, nutrients are recycled from senescent leaves to young tissues (Guo
etal.,2021). Thus, Pi may be relocated from old leaves to shoots that require Pi for
development (Stigter & Plaxton, 2015). The plasma membrane transporter OsPHO1;2
has previously been shown to play a role in reallocation of Pi from leaves to seeds in
rice (Ma etal., 2021), and another PHT1 member, OsPHT1;8, translocates Pi from the
panicle axis to the grain (Jia etal.,2011). In this study, in the PdePHT1;9::GUS
transgenic lines, the data revealed higher relative expression in mature/aging leaves
compared to young leaves (Figure3e). We also showed that PdePHTI1;9 could
positively regulate Pi translocation from roots to shoots in poplar. We therefore suggest
that PdePHT1;9 may also regulate Pi translocation from mature leaves to shoots.

However, further evidence is required to support this.

In Arabidopsis, PHO1 is expressed in cells of the vascular system of roots and it has
been shown to be involved in the translocation of Pi from the root to the shoot through
loading Pi to xylem (Hamburger etal., 2002). Its regulators, AtWRKY6 and
AtWRKY42, also showed expression in roots and stems (Su et al., 2015; Ye et al., 2018).
The Arabidopsis Pht1;9 gene is highly expressed in Pi-starved roots and plays roles in
Pi acquisition (Remy etal.,2012). Here, under normal Pi availability, the

PdePHT1;9::GUS transgenic lines showed visible staining in leaves, the root apex, and
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cambium (Figure 3¢), while under low Pi availability, the PAePHT1;9::GUS transgenic
lines were stained much darker blue in leaves and roots (Figure 3e). We hypothesized
that PdePHT1;9 is involved in Pi translocation and uptake. Considering its functions
and the similar expression patterns under both normal and low Pi availability to PHO1
and PHT1;9 in Arabidopsis, we also speculate that PdePHT1;9 might translocate
phosphate from roots to shoots through loading Pi to xylem. Moreover, PdePHT1;9 is

expressed in the root apex, in agreement with its roles in Pi uptake.

PdeWRKY6 may also regulate Pi uptake in roots under low Pi availability

Under normal Pi availability, root Pi concentrations were lower in PdeWRKY6 OE
transgenic lines compared to WT lines, while shoot Pi concentrations were higher in
PdeWRKY6 OE transgenic lines (Figure S6a,b). In contrast, PAeWRKY6 RE
transgenic lines showed an opposite trend (Figure S6c,d). These data suggest that
PdeWRKY6 positively regulates Pi translocation from roots to shoots under normal Pi
availability. However, under low Pi availability, root and shoot Pi concentrations were
higher in PdAeWRKY6 OE transgenic lines compared to WT lines (Figure 7b,c), while
PdeWRKY6 RE transgenic lines showed an opposite trend (Figure 7¢,f). These data
suggest that PAeWRKY6 positively regulates root and shoot Pi concentrations under
low Pi availability, either directly or indirectly, by altering the tissue Pi source—sink
relationships between roots and shoots. These patterns were partially different from Pi
concentrations in PdeWRKY65 OE and RE transgenic lines. PdeWRKY 65 showed
positive regulation of shoot Pi concentrations, but not root Pi concentrations. Therefore,
these data may suggest that PdeWRKY6 may not only regulate Pi translocation to
shoots, but also Pi uptake in poplar roots under low Pi availability. We already
speculated that PdePHT1;9 might also regulate Pi uptake when its expression is
relatively high under low P1 availability. Thus, PdePHT1;9 is also a downstream target
of PdeWRKY®6, and this regulation is partly or completely responsible for Pi uptake
under low Pi availability. However, root and shoot Pi concentrations were lower in
PdeWRKY6 RE transgenic lines compared to WT lines under low Pi availability
(Figure 7e,f), while this was not found to be the case in PdePHT1;9 RE lines
(Figure Se,fk,1). These data suggest that PdePHT1;9 might not be the only downstream
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target of PdeWRKY6. In Arabidopsis, WRKY6 and WRKY42 are involved in the
response to low Pi availability by regulating PHO1 expression (Chen etal., 2009).
PHOL1 is involved in the loading of Pi into the xylem of roots (Wang etal., 2004).
Additionally, WRKY42 was shown to regulate Pi translocation and acquisition by
controlling the expression of AtPHT1;1 (Su et al., 2015). Our phylogenetic analysis of
PdeWRKY6 and its similar orthologs in Arabidopsis show that PdeWRKY6 is most
closely related to AtWRKY42, AtWRKY31, and AtWRKY6. Thus, all previous studies
and our data suggest that PdAeWRKY 6 may also regulate Pi uptake in poplar.

EXPERIMENTAL PROCEDURES

Plant materials and growth conditions

The poplar line NL895 (P. deltoides x P. euramericana) was used as plant material in
this study. This poplar line was also used in our previous studies (Xiao et al., 2020a;
Zhang etal., 2020a; Zhang etal.,2022). Therefore, genes identified in NL895 were
given the suffix ‘Pde’. Arabidopsis ecotype Columbia-0 (Col-0) and tobacco (Nicotiana

benthamiana) were also used as plant materials.

The tissue culture of NL895 was conducted in WPM (Mccown & Lloyd, 1981) and the
growth conditions were set as a 16/8 h light/dark photoperiod, a temperature of 28°C,
and a light intensity of 100 umol m—2 sec—1. The conditions for plants grown in soil
(sand:peat, 50:50, v/v) were set as a 16/8 h light/dark photoperiod, a temperature of
25°C, and a light intensity of 100 umol m—2 sec—1. For low P1 treatment in WPM, only
10% KH2PO4 was added to the nutrients of WPM (the final Pi concentration in the
medium was 0.125 mm). The potassium level was restored by adding an additional
0.098 g L—1 K2SO4. For low Pi treatment in soil (only sand), a similar strategy was
applied for the preparation of Hoagland's solution. The plants were grown in sand and
irrigated with Hoagland's solution with 10% KH2PO4 (the final Pi in the solution was
0.050 mm).
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RNA isolation, cDNA synthesis, and qRT-PCR

Total RNA was isolated and cDNA was synthesized according to our previous studies
(Zhang et al., 2020a, Zhang et al., 2022). Briefly, RNA from different organs and tissues
was isolated by an RNAprep Pure Kit (Cat No., DP432) according to the manufacturer's
protocol (TIANGEN Biotech (Beijing) Co. Ltd., Beijing, China). ¢cDNA was
synthesized using First Strand cDNA Synthesis SuperMix for qPCR (Yisheng Co. Ltd.,
Shanghai, China). qRT-PCR was conducted using a Roche LightCycler 96 platform,
and all reactions were performed with three biological and technical replicates. Primers
used for qRT-PCR are listed in Table S1. Their specificity was confirmed by Sanger
sequencing and melting curve analysis. Two genes, ACTIN and UBIQUITIN, were
used as internal references for the calculation of the relative expression with the

2—AACt method (Livak & Schmittgen, 2001).

Generation of transgenic poplar and Arabidopsis

All vectors used in this study were prepared in our laboratory and used in our previous
studies (Xiao etal., 2020b; Zhang et al., 2020b; Zhang et al., 2022). The 2301S vector
harbors a 2x358S promoter upstream of the multiple cloning site (MCS) which enables
the constitutive expression of the downstream gene. A 35S::GUS unit was also included
in this vector as a means of positive selection of transgenic lines. The complete coding
sequences (CDSs) of target genes were cloned into the 2301S vector with a Gateway

strategy.

The PHGRV vector was used to reduce expression of target genes. Two identical
fragments of the CDS of the target gene were introduced into the PHGRV vector in
opposite directions with BP Clonase (Gateway® BP Clonase TM 11, Invitrogen, USA)
to induce RNA interference. The GUS-encoding gene and the promoter of the target
gene were cloned into the MCS of the pKGWFS7 vector to create a promoter—GUS

fusion unit.



527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

The successfully generated vectors were confirmed by PCR and Sanger sequencing and
then introduced into Agrobacterium tumefaciens strain GV3101. Poplar line NL895 and
Arabidopsis Col-0 were transformed according to methods described in our previous
studies (Xiao etal., 2020a; Zhang etal., 2022). The resulting transgenic plants were
confirmed by PCR-based DNA amplification, qRT-PCR-based expression assays, and
GUS staining. GUS staining was performed according to a previously reported
procedure (Lee & Schoffl, 1995). Confirmed transgenic lines were multiplied and
propagated in WPM for further analyses. The transformation and screening of
Arabidopsis transgenic lines were conducted according to our previous study (Zhang
etal.,2020a). T3 lines with a single introduced copy were screened, and successful

transformation of the target gene in these lines was confirmed by PCR and RT-PCR.

Measurement of tissue Pi concentrations

The measurement of Pi concentrations in shoot and root followed previous studies
(Ames, 1966; Chiou etal.,2006). Briefly, fresh shoots and roots of Arabidopsis or
poplar were used. All roots were first washed with deionized distilled water and cleaned
with filter paper. The clean tissues were then grounded into powder in liquid nitrogen
and these samples were transferred to Pi extraction buffer (10 mm Tris, ] mm EDTA,
100 mm NaCl, 1 mm B-mercaptoethanol, and 1 mm phenylmethylsulfonyl fluoride, pH
8.0) at a ratio of 1 mg of sample (fresh weight) to 10 ul of extraction buffer. Then 1%
glacial acetic acid was added to the reaction, followed by at 42°C for 30 min and
centrifugation at 13 000 g for 5 min. Finally, 150 pl of the supernatant was added to a
new reaction that contained 350 pl of assay buffer (0.35% NH4MoO4, 0.86 N H2S04,
and 1.4% ascorbic acid). The final reaction was incubated at 42°C for 30 min and
absorbance was measured at 820 nm. Pi content was calculated according to a standard

curve.

Yeast one-hybrid assay

The Y1H assay was performed according to the manufacturer's protocol (Clontech,
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Shanghai, China). Briefly, the approximately 1.5-kb promoter sequence of PdePHT1;9
or a W-Box was cloned into pAbAi to create a bait vector. Full CDSs of PAeWRKY6
and PdeWRKY 65 were cloned into pGADT7 to create two prey vectors. The bait vector
was first transformed into yeast strain Y1HGold and employed to screen a proper
concentration of aureobasidin A (AbA) in SD medium lacking Leu. Then, the prey
vector was transformed into Y1HGold that had already been transformed with the bait
vector. The interaction between prey and bait was examined in SD medium lacking Leu

and containing a proper concentration of AbA.

Transient co-expression in tobacco

Co-expression of TF and the promoter of the target gene was conducted according to
our previous studies (Zhang et al., 2020a; Zhang et al., 2022). Briefly, the full CDS of a
gene encoding a TF was cloned into the pGreenll 62-SK vector to create an effector.
The promoter of the target gene was cloned into the pGreenll 0800-LUC vector to
create a reporter. Co-expression of the effector and reporter was achieved in tobacco
leaves with an A. tumefaciens-based transient transformation procedure. Co-expression
of empty pGreenll 62-SK vector and reporter was used as a control. The Dual-
Luciferase® Reporter Assay System (Promega, USA) was used to measure the activity
of renilla and firefly luciferase. Similarly, the full CDS of a gene encoding a TF was
cloned into the DX218 vector to create the effector and the promoter of the target gene
was cloned into the pPKGWFS7 vector to create the reporter with GUS. The effector and
reporter were co-expressed in tobacco leaves and co-expression of empty DX218 vector
and reporter was considered as control. The transiently co-transformed tobacco leaves

were stained with GUS staining buffer.

Subcellular location

The full CDS of PdeWRKY6 without stop codon was cloned into the 35SGFP vector

to create 35S::WRKY6:GFP, expressing a PdeWRKY 6-GFP fusion protein. Transient

transformation of this vector into 6-week-old tobacco leaves was conducted and the
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transformed leaves were observed with a fluorescence microscope (Leica, DM2500,

Shanghai, China).

Electrophoretic mobility shift assay

The full CDS of PdeWRKY 65 or PAeWRKY 6 without stop codon was cloned into the
pHMGWA vector to express a 6xHis:MBP:WRKY6:6xHis fusion protein in
Escherichia coli strain Rosetta (DE3) with an induction condition of 18°C and 0.3 mm
isopropyl B-d-1-thiogalactopyranoside for 25 h. The fused proteins were purified with
the Ni Sepharose 6 Fast Flow Kit (GE Healthcare, Shanghai, China). Meanwhile, a
probe with sequence ‘TTTGACTGTTTGACTCGTTGACTG’ was synthesized and
labeled with biotin at the 3'-hydroxyl end of the sense strand (the core bases of W-Boxes
are underlined). The mutated probe (mProbe) ‘TTCCCCTGTTGGGGTCGTAAAATG’
was also synthesized and labeled (core bases of the W-Boxes were substituted). An
unlabeled probe was also synthesized and used as the competitor. The purified fusion
protein and probe, mProbe, and competitor were mixed in different ratios, subjected to
electrophoresis on a 6.0% polyacrylamide gel, and then transferred to a nylon
membrane. The membrane was then scanned using a CCD imaging device (Molecular

Imager ChemiDoc XRS+).

ChIP-qPCR

The ChIP-qPCR experiment was performed according to previous studies (Xu
etal., 2021; Zhang, Qi, et al., 2016). The 2x35S::WRKY65:Flag, 2x35S::WRKY6:Flag,
and 2x358S::Flag vectors were generated, and these vectors were used to transform
poplar NL895 with Agrobacterium rhizogenes strain K599. This enabled the creation
of transformed hairy roots. The fresh hairy roots from 10-20 explants were collected
and crosslinked with 1% formaldehyde. The chromatin was extracted and an anti-Flag
antibody was used to immunoprecipitate the protein—-DNA complex. Primer pairs
covering the W-Box motifs in the promoter of PdePHT1;9 were designed and a primer

pair not covering the W-Box motif in the promoter was used as control. The precipitated
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DNA was used as a template to conduct the qPCR assay. The precipitated DNA from
hairy roots transformed with 2x35S::Flag was used as control and its DNA
concentration was used for normalization. At least three biological replicates were

included for each DNA—protein interaction.

Yeast two-hybrid assay

The Y2H assay was performed according to the manufacturer's protocol (Clontech,
Shanghai, CN). Briefly, the full CDSs of PdeWRKY6 and PdeWRKY 65 were cloned
into the pGBKT7 and pGADT7 vectors, respectively. The two vectors were
successively transformed into yeast strain Y2HGold. The successful transformants
were screened and confirmed in SD/~Trp/~Leu medium and the interaction was
examined in SD/—Trp/—Leu/~His/~Ade medium with X-a-Gal and 100 ng ml—1 AbA.
Yeast transformed with pGBKT7-Lam and pGADT7-T was considered as a negative
control, while yeast transformed with pPGBKT7-53 and pGADT7-T was considered as

a positive control.

Bioinformatics and statistical analysis

Whole plants including roots, leaves, young stems, and shoots from three PdAeWRKY 65
OE lines were collected and mixed to prepare three transgenic biological samples (at
least five plants were collected for each transgenic line), while a similar strategy was
used to prepare the three WT biological samples used as plant material. The RNA-Seq
data were deposited in the NCBI Sequence Read Archive database under accession No.
PRINAS852675. For RNA-Seq analysis, RNA samples that met the quality requirements
were sequenced with a NovaSeq Sequencing System. Raw reads were filtered by using
Trimmomatic software with default parameter settings (Bolger etal.,2014). Clean
reads were mapped onto the reference genome of P. trichocarpa version 3.0 (Tuskan
etal.,2006) and read counts for each sample were calculated by using the software
hisat2 and featureCounts (Kim etal.,2019; Liao etal.,2014), respectively.

Differentially expressed genes between WT and each transgenic line were identified by
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using DESeq?2 software (Love et al., 2014). Three biological replicates were included
for each plant line. The phylogenetic trees were constructed by using Mega X software
with a neighbor-joining method (Kumar et al., 2018). Statistical analysis was performed
by using R software (https://www.r-project.org/). The functions ‘aov’ and ‘Tukey HSD’
implemented in R software were used for analysis of variance and multiple comparisons,

respectively.
Data availability

The data was deposited on NCBI Sequence Read Archive database under accession No.
PRINAS852675. All other data supporting the findings of this study are available within

the paper and within its supplementary data published online.
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FIGURE LEGENDS

Fig. 1. Growth and development in over expression (OE) PdeWRKY®65 poplar
transgenic lines grown in soil with normal phosphate (Pi) availability.
(a). The above-ground performance of OE PdeWRKY®65 transgenic lines grown in soil
with the normal Pi availability. All plants were grown in soil for 100 d. (b). Roots of
the plant in Fig. 1a. (c) Plant height, (d) the 6 internode (from shoots) diameter, (e)

root Pi concentration, and (f) shoot Pi concentration of OE PdeWRKY®65 transgenic
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lines grown in soil for 100. Bars represent means + SEM (n=30). Different letters
above bars indicate significant differences in multiple comparisons based on Tukey

method under P values < 0.05.

Fig. 2. Root and shoot Pi concentrations in reduced expression (RE) PdeWRKY65
transgenic lines and the expression of PdeWRKY65 after 10 d growth at low Pi
availability
(a). Root Pi concentrations in RE PdeWRKY®65 transgenic lines. (b). Shoot Pi
concentrations in RE PdeWRKY®65 transgenic lines. (c). Relative expression of
PdeWRKY®65 after 10 d growth at low Pi availability ....). The expression of
PdeWRKY®65 under normal Pi availability (1.25 mM P) was set as 1-fold. Bars
represent means £ SEM (n=30). Different letters above bars indicate significant

differences in multiple comparisons based on Tukey method under P values < 0.05.

Fig. 3. The expression of PdePHT1;9 is increased under low phosphate (Pi)
availability.
(a). Phylogenic tree of PdePHT1;9 and its closest orthologs in Arabidopsis, generated
using Mega X. (b). Relative expression of PdePHT1;9 after 10 d growth at low Pi
availability (0.125 mM P). The expression of PdePHT1;9 under normal Pi availability
(1.25 mM P) was set as 1-fold. (c). The relative expression of PdePHT1;9 in different
tissues. (d). The relative expression of PdePHT1;9 in WT and OE/RE PdeWRKY65
transgenic lines. The whole tissue culture plants were used as plant materials. The
expression of PdePHT1;9 in WT was set as 1-fold. (e). GUS staining analysis of the
expression of PdePHT1;9. A schematic diagram for the construction of the
PdePHT1;9::GUS vector was shown in the top left. The staining of
PdePHT1;9::GUS transgenic line under normal and low Pi availabilities are shown in

left and right, respectively.

Fig. 4. Confirmation that PdeWRKY 65 negatively regulates PdePHT1;9
expression by binding to a W-Box in the promotor of PdePHT1;9
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(). Y1H confirmation of the binding of PdePHT1;9 promoter by PdeWRKY65. (b).
Co-expression of PdePHT1;9::GUS and 35S::PdeWRKY®65 in tobacco leaves. (c).
Dual luciferase assay of the prohibition of PdePHT1;9 expression by PdeWRKY65.
(d). EMSA confirmation of the binding of W-Box in PdePHT1;9 promoter by
PdeWRKY65. (e). ChIP-gPCR assay of the binding of PdePHT1;9 promoter by
PdeWRKY65. Fragment of F1 does not harbor a W-Box, while F2 to F4 harbor W-
Boxes at -916, -528 and -246 bp, respectively. The DNA abundance of 35S::Flag was

set as 1-fold. Different letters above bars indicate significant differences in T test.

Fig. 5. Root and shoot Pi concentrations in over (OE) and reduced (RE)
expression PdePHT1;9 transgenic lines grown under low Pi availability
Growth and development of OE and RE PdePHT1;9 transgenic lines grown in WPM
with normal Pi availability (1.25 mM P) (a and d) and low Pi availability (0.125 mM
P) (g and j) for 15 days. Root and shoot Pi concentrations in OE PdeWRKY65
transgenic lines (b and c¢) and Root and shoot Pi concentrations in RE PdeWRKY65
transgenic lines (e and f) grown in WPM with normal Pi availability (1.25 mM P).
Root and shoot Pi concentrations in OE PdeWRKY65 transgenic lines (h and i) and
Root and shoot Pi concentrations in RE PdeWRKY®65 transgenic lines (k and I) grown
in WPM with low Pi availability (0.125 mM P).<="" span=""" style="font-family:
"Times New Roman"; font-size: 12pt;">Bars represent means + SEM (n=30).
Different letters above bars indicate significant differences in multiple comparisons

based on Tukey method under P values < 0.05.

Fig. 6. Confirmation that PdeWRKY6 positively regulates PdePHT1;9
expression by binding to a W-Box in the promotor of PdePHT1;9
(a). Phylogenic tree of PdeWRKY®6 and its closest orthologs in Arabidopsis created
using Mega X. (b). Subcellular location of PdeWRKY6. PdeWRKY6 was fused with
GFP and RFP indicates a nucleus marker. (c). Relative expression of PdeWRKY®6 in
WT and OE/RE PdeWRKY®65 transgenic lines. The whole tissue culture plants were
used as plant materials. The expression of PdeWRKY6 in WT was set as 1-fold. (d).

Relative expression of Pde WRKY®6 in different tissues. The expression of Pde



741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

WRKY®6 in root was set as 1-fold. (€). The relative expression of Pde RKY6 after 10 d
growth at low Pi availability (0.125 mM P). The expression of PdePHT1;9 under
normal Pi availability (1.25 mM P) was set as 1-fold. (f). The relative expression of
PdePHT1;9 in WT and OE/RE PdeWRKY®6 transgenic lines. The whole tissue culture
plants were used as plant materials. The expression of PdePHT1;9 in WT was set as
1-fold. (g). Y1H confirmation of the binding of PdePHT1;9 promoter by
PdeWRKY®6. (h). Co-expression of PdePHT1;9::GUS and 35S::PdeWRKY®65 in
tobacco leaves. (i). Dual luciferase assay of the prohibition of PdePHT1;9 expression
by PdeWRKY®. (j). ChIP-gPCR assay of the binding of PdePHT1;9 promoter by
PdeWRKY6. The DNA abundance of 35S::Flag was set as 1-fold. The primer design
for this analysis is identical to Fig. 5i. (k). EMSA confirmation of the binding of W-
Box in PdePHT1;9 promoter by PdeWRKY®6. Different letters above bars indicate

significant differences in T test.

Fig. 7. Root and shoot Pi concentrations in over (OE) and reduced (RE)
expression PdeWRKY6 transgenic lines under low Pi availability
(a). Growth and development of (a) OE PdeWRKY®6 transgenic lines and (d) RE
PdeWRKY®6 transgenic lines grown in WPM with low Pi availability (0.125 mM P) for
15 days. Root (b) and shoot (c) Pi concentrations in OE PdeWRKY6 transgenic lines
grown on WPM with low Pi availability. Root (e) and shoot (f) Pi concentrations in
RE PdeWRKY®6 transgenic lines grown on WPM with low Pi availability. Bars
represent means £ SEM (n=30). Different letters above bars indicate significant

differences in multiple comparisons based on Tukey method under P values < 0.05.

Fig. 8. A regulatory model for PdeWRKY65, PdeWRKY®6, PdePHT1;9 regulating
tissue Pi concentration in poplar
In this model, under normal Pi availability, a homeostasis regulation of PdePHT1;9
by PdeWRKY6 and PdeWRKY65. This homeostasis regulation enables poplar to
translocate a proper amount of Pi to shoots. Under normal Pi availability, the
expression PdeWRKY®65 is decreased and the expression of PdeWRKY®6 increased in

response to low Pi condition. PdeWRKY 65 inhibits the expression of PdePHT1;9,
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while PdeWRKY®6 activates the expression of PdePHT1;9 by binding to the W-Box
in the promotor of PdePHT1;9. Therefore, the expression of PdePHT1;9 is increased
by dual regulation. The increased expression of PdePHT1;9 results in more Pi

translocated to shoots in poplar under low Pi availability.
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