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Abstract

In plants, nitrogen and carbon metabolism are tightly interconnected, and nitrogen availability often negatively corre
lates with phenylpropanoids that are associated with xylem formation and stress responses. A nitrate transporter 
1/peptide transporter (NRT1/PTR) family (NPF) gene (PtNPF6.1), which is expressed in the vasculature, was previously 
found to have a genetic association with the variation in syringyl lignin content in poplar trees (Populus trichocarpa). 
PtNPF6.1 belongs to an evolutionarily distinct NPF superfamily with limited taxonomic distribution. RNAi-mediated 
suppression of PtNPF6.1 led to increases in total foliar nitrogen and amino acids related to nitrogen transport and 
storage in source leaves. There was also a concomitant decrease in soluble phenolics, including attenuated stress- 
induced production of anthocyanins and condensed tannins. The proportions of syringyl and p-hydroxyphenyl units 
in lignin were slightly but significantly decreased in down-regulated lines grown under high nitrogen conditions, while 
there was an increase in the level of ester-linked p-hydroxybenzoate groups. Together, these results suggest that 
PtNPF6.1 is involved in maintaining internal nitrogen homeostasis in trees, indirectly impacting the production of nitro
gen-free phenolics including lignin and soluble secondary metabolites.
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Introduction  

Nitrogen (N) is an essential macronutrient for plant growth and 
development, most notably as a component of nucleic acids, ami
no acids, chlorophyll, and certain classes of secondary metabolites 
(Cantón et al., 2005; Parker and Newstead, 2014). Some 

non-N-containing secondary metabolites, such as the phenylpro
panoids, nevertheless require N-containing precursors in the form 
of phenylalanine (Phe) (Razal et al., 1996; Vogt, 2010). N can be 
acquired from the soil in an inorganic form, mainly as nitrate 
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(NO3
−) or ammonium (NH4

+), or as organic N in the form of ami
no acids and/or peptides (Paungfoo-Lonhienne et al., 2008; 
Wang et al., 2012). Compared with the annual model plant 
Arabidopsis (Arabidopsis thaliana), N transport has been less exten
sively studied in woody perennials, despite N being a growth- 
limiting nutrient in many forest ecosystems (Castro-Rodríguez 
et al., 2017). Trees such as poplar are highly responsive to envir
onmental N availability (Cooke et al., 2003; Geβler et al., 2004; 
Rennenberg et al., 2010; Luo et al., 2013). Under N-rich condi
tions, poplars increase shoot biomass relative to roots and modify 
xylem anatomy and cell wall chemistry, producing thinner walled 
fibres, wider vessels, and lignin with a reduced proportion of sy
ringyl subunits (Pitre et al., 2007a, b; Plavcová et al., 2013; Euring 
et al., 2014). In parallel, the accumulation of soluble phenolics, in
cluding anthocyanins and condensed tannins, is influenced by N 
availability (e.g. Larbat et al., 2012; Gourlay and Constabel, 2019). 
These responses are consistent with the protein competition mod
el of phenolic allocation (Jones and Hartley, 1999), which pro
poses that photosynthates are preferentially allocated to protein 
biosynthesis for growth under N-sufficient conditions, but di
verted towards phenolics and other N-free compounds for de
fence and structural rigidity under N limitation.

In plants, diverse families of transporters facilitate the uptake, 
translocation, and remobilization of inorganic and organic N 
(reviewed in Masclaux-Daubresse et al., 2010). Among these, 
the nitrate transporter 1/peptide transporter (NRT1/PTR) 
family (NPF) is particularly large and functionally diverse 
(Léran et al., 2014). Arabidopsis NPFs are the best characterized, 
with nearly two-thirds of the 53 identified NPF genes having 
been studied (reviewed in Tsay et al., 2007; Corratgé-Faillie 
and Lacombe, 2017). Many Arabidopsis NPFs transport nitrate 
and function in root uptake, vascular loading/unloading, and 
maintenance of N homeostasis in leaves (Tsay et al., 1993; 
Huang et al., 1996, 1999; Chiu et al., 2004; Lin et al., 2008). 
A smaller subset, including NPF8.1/PTR1 and NPF8.2/ 
PTR5, mediate long-distance transport of di- and tripeptides 
(Dietrich et al., 2004; Komarova et al., 2008). More recently, 
an increasing number of NPF members have been shown to 
transport hormones and secondary metabolites, including phe
nylpropanoids (Kanno et al., 2012; Nour-Eldin et al., 2012; Tal 
et al., 2016; Payne et al., 2017; Grunewald et al., 2020; 
Binenbaum et al., 2023).

Genome-wide surveys have identified between 67 and 70 
NPF genes in black cottonwood (Populus trichocarpa), organized 
into distinct phylogenetic groups (Bai et al., 2013; Léran et al., 
2014; von Wittgenstein et al., 2014), yet none has been func
tionally characterized to date. Because poplar can acclimate 
to a range of N forms and produces a diverse set of phenolic 
compounds (Min et al., 2000; Mellway et al., 2009; 
Renström et al., 2024), it provides an excellent system for in
vestigating N-related transport mechanisms and the influence 
of N on phenolic metabolism.

A large-scale genetic association study in P. trichocarpa iden
tified an NPF gene (named PtNPF6.1 here) associated with 

natural variation in syringyl lignin content (Porth et al., 
2013a), providing an opportunity to investigate N-related 
genes not previously connected to phenolic metabolism. 
Here, we used a reverse genetics approach to characterize 
PtNPF6.1. Reporter gene analysis revealed PtNPF6.1 expres
sion primarily in vascular tissues, while RNAi-mediated sup
pression increased total foliar N and decreased phenolic 
compounds. Under N-rich conditions, PtNPF6.1 RNAi lines 
exhibited a modest reduction of syringyl lignin content. This 
suggests that PtNPF6.1 influences carbon (C) allocation be
tween proteins and phenolics by mediating the internal mobil
ization of N-containing compounds within vascular tissues.

Materials and methods

Phylogenetic tree construction
Using PtNPF6.1 (Potri.002G029200) as a bait for BLASTp searches, all 
hits with at least 50% sequence identity (if present), or the single best 
hit (regardless of sequence similarity), were initially retained. The 50% 
threshold was selected because previously reported supergroup J mem
bers, as described in von Wittgenstein et al. (2014), were >60% identical 
to PtNPF6.1, while NPFs from other supergroups were <50% identical. 
Searches were performed against NCBI Genbank (Benson et al., 2017) 
separately for each major taxonomic lineage within the Viridiplantae to as
sess the presence or absence in each lineage, whole genomes present in 
Phytozome v12.1 (Goodstein et al., 2012), and the 1KP transcriptome 
database (One Thousand Plant Transcriptomes Initiative, 2019).

To generate a backbone phylogeny of the NPF superfamily, all NPF 
sequences from P. trichocarpa and Mimulus guttatus (representing Rosid 
and Asterid eudicots), Brachypodium distachyon and Setaria viridis (repre
senting C3 and C4 monocots), Selaginella moellendorffii (representing lyco
pods), and Physcomitrium patens (representing bryophytes) were retained 
from our previous collection (von Wittgenstein et al., 2014). Sequences 
were aligned using Clustal W v1.4 (Thompson et al., 1994) and used 
for initial distance Neighbor–Joining phylogenies. Since we aimed to ex
pand the phylogeny for only supergroup J, new sequences that grouped 
into the other supergroups were removed from the alignment. This in
cluded all sequences with <50% sequence identity that were initially re
tained from the original BLAST searches. We defined supergroups as 
separation events prior to the bryophyte/vascular plant split, as described 
by von Wittgenstein et al. (2014). Therefore, for supergroup J, the clade is 
defined by the monilophyte (fern) sequences at its base since bryophyte 
sequences were not identified. The final sequence dataset was again 
aligned using Clustal W and was trimmed based on the transitive consist
ency score (TCS) obtained from the T-Coffee web service (http:// 
tcoffee.crg.cat/tcs) (Chang et al., 2015) using default settings, which re
moves alignment columns with a TCS of <4. A maximum likelihood 
phylogeny was reconstructed using PhyML v3.0 at the ATGC web server 
(http://www.atgc-montpellier.fr/phyml) (Guindon et al., 2010). Based 
on ‘Smart Model Selection’ (Lefort et al., 2017), the LG model was 
used, and branch support was assessed using the non-parametric approxi
mate likelihood ratio test based on a Shimodaira–Hasegawa-like proced
ure. Tree visualization was achieved using FigTree (http://tree.bio.ed.ac. 
uk/software/figtree). The complete sequence collection, including ac
cession numbers, is provided as Supplementary Table S1.

Plant maintenance and stress treatments
Hybrid aspen (Populus tremula × P. alba) clone INRA 717-1B4 was main
tained under sterile conditions in Magenta GA-7 plant tissue culture ves
sels on solid half-strength Murashige and Skoog (MS) basal medium 
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(PhytoTechnology Laboratories) supplemented with 0.5 μg ml−1 indole 
butyric acid (IBA) and grown in a plant tissue culture chamber (Caron) 
under long-day conditions (16 h light, 8 h dark) at 22 °C. For all experi
ments, tissue culture plantlets, 5–10 cm in height, were transferred to 
Sunshine Mix #4 (Sun Gro Horticulture), a peat-based growing mix, 
and moved to a greenhouse (Bev Glover Greenhouse Research 
Facility, University of Victoria, Victoria, BC, Canada). Plantlets were ac
climated in a misting chamber for 3 weeks, then transplanted into 3.8 litre 
pots containing Sunshine Mix #4 supplemented with slow-release fertil
izer (21.4 g l−1 Acer 21-7-14, 11.4 g l−1 dolomite lime, 2.9 g l−1 

Micromax Micronutrients, and 1.1 g l−1 superphosphate 0-20-0) and 
grown for 3 months in an ambient humidity greenhouse compartment 
with supplemental light (16 h light, 8 h dark) at 22 °C with automated ir
rigation, unless stated otherwise. Leaves were indexed according to 
Larson and Isebrands (1971), starting at the first developing leaf with a 
maximum lamina length of 20 mm designated as leaf plastochron index 
(LPI) zero.

For high-light/UV-B exposure, 3-month-old plants were transferred 
from the greenhouse [average maximum photosynthetically active radi
ation (PAR): 253 μmol m−2 s−1 (LI-250A light meter, LI-COR 
Biosciences); average UV-B irradiance: 0.002 mW cm−2 (PMA 2200 
Single-Input Radiometer, Solar Light)] and placed outdoors (south-east 
exposure immediately adjacent to the greenhouse) for 8 d during early 
August 2016 (maximum PAR: 1088 μmol m−2 s−1; average UV-B irradi
ance: 0.09 mW cm−2).

For luxuriant N fertilization (N-rich conditions) at 10 mM NH4NO3 

(Pitre et al., 2007b), misting chamber-acclimated plants were grown in 3.8 
litre pots containing Sunshine Mix #2 (Sun Gro Horticulture), a peat- 
based growing mix, and without slow-release fertilizer. All plants were 
manually irrigated with a modified Long Ashton solution (Ehlting et al., 
2007), with NH4NO3 as the main N source (10 mM NH4NO3, 
0.5 mM KNO3, 0.9 mM CaCl2, 0.3 mM MgSO4, 0.6 mM KH2PO4, 
42 μM K2HPO4, 10 μM Fe-EDTA, 2 μM MnSO4, 10 μM H3BO3, 
7 μM Na2MoO4, 0.05 μM CoSO4, 0.2 μM ZnSO4, 0.2 μM CuSO4), 
and with fixed volumes that adequately saturated the growing mix 2–3 
times per week, for 8 weeks.

Generation of transgenic poplar
PtNPF6.1 promoter and hairpin RNAi construct sequences were based 
on P. trichocarpa genome v3.1 and were amplified from P. trichocarpa 
(Nisqually-1) using Q5 High-Fidelity DNA polymerase (New England 
Biolabs), as recommended by the manufacturer. For the PtNPF6.1:: 
GUS (β-glucuronidase) construct used to monitor PtNPF6.1 expression 
via the Escherichia coli uidA (GUS) gene, a 1558 bp region upstream of 
PtNPF6.1 was amplified from genomic DNA (forward primer, 
5′-AGGATTTTACCGACGGATGA-3′; reverse primer, 5′-ACTCG 
TTGGCATGCTTTCTT-3′) and TA-cloned into the Gateway donor 
vector pCR8/GW/TOPO (Thermo Fisher Scientific). The sequence- 
validated donor insert was then recombined into the destination vector 
pMDC163 (Curtis and Grossniklaus, 2003) using an LR Clonase II 
reaction (Thermo Fisher Scientific) to produce a hygromycin-resistant 
promoter::GUS construct.

To assemble the PtNPF6.1 hairpin RNAi cassette used to silence 
PtNPF6.1 expression, a 305 bp fragment corresponding to the 5′-coding 
sequence of PtNPF6.1 was amplified from cDNA isolated from young 
shoots (forward primer, 5′-GAGGATGGAAAGCTGCTCCT-3′; re
verse primer, 5′-GCATTTTGGTGGACGTAAGC-3′). We designed 
the hairpin structure using the P. trichocarpa genome targeting 
Potri.002G029200 prior to the release of the INRA 717-1B4 genome 
(Zhou et al., 2023), but note that the hairpin target sequences are almost 
identical to the P. tremula and P. alba paralogues present in the 717 P. trem
ula × alba hybrid used for genetic transformation [corresponding to 
PtXaTreH.02g025200 (two mismatches in the 79 bp hairpin) and 

PtXaAlbH.02g025600 (one mismatch), respectively]. Based on sequence 
identity, this fragment was expected to target both PtNPF6.1 and its 
close paralogue PtNPF6.2, as the P. trichocarpa and P. tremula × alba 
versions of NPF6.2 only have five mismatches to the hairpin 
probe each (Potri.005G23350 in the P. trichocarpa genome and 
PtXaTreH.05G181400, PtXaAlbH.05G183300 in the 717 P. tremula × 
alba genome). cDNA fragments were cloned sequentially into 
pKannibal (Wesley et al., 2001) via restriction sites introduced through 
PCR amplification, as described by Coleman et al. (2008). In brief, the 
sense fragment was ligated via 5′-EcoRI and 3′-KpnI sites, while the anti
sense fragment was ligated via 5′-BamHI and 3′-HindIII sites. The entire 
hairpin RNAi cassette including the 35S cauliflower mosaic virus 
(CaMV) promoter and the octopine synthase (OCS) terminator was ex
cised via the NotI sites and subcloned into the kanamycin-resistant binary 
vector pArt27 (Gleave, 1992).

The plant transformation constructs were verified by DNA sequencing 
and introduced into Agrobacterium tumefaciens C58 pMP90 via electropor
ation. Transgenic poplars were generated from hybrid aspen clone INRA 
717-1B4, as described by Ma et al. (2004). In brief, callus cultures obtained 
after Agrobacterium-mediated transformation were transferred to shoot in
duction medium containing 0.2 μM thidiazuron and the appropriate se
lection antibiotic, and maintained at 22 °C under subdued light until 
regenerated shoots appeared. Shoots were micropropagated on 
half-strength MS medium supplemented with 0.5 μM IBA and 
12.5 μg ml−1 hygromycin for PtNPF6.1::GUS lines or 50 μg ml−1 kana
mycin for PtNPF6.1 RNAi lines. Shoots that consistently rooted on 
medium containing selection antibiotic were confirmed to be transgenic 
via PCR screening. Four independent lines were selected for further ana
lyses, and wild-type plants were used as controls for all experiments.

Expression analysis
Total RNA was isolated from leaves of greenhouse-grown plants using the 
method of Haruta et al. (2001). A 1 μg aliquot of DNase-treated RNA was 
used for cDNA synthesis with Superscript III reverse transcriptase 
(Thermo Fisher Scientific). PtNPF6.1 transcript levels were analysed us
ing quantitative real-time PCR (RT-PCR) on a CFX96 Real-Time 
PCR System (Bio-Rad). Reactions (15 μl) were prepared (in triplicate) 
using SsoFast EvaGreen supermix (Bio-Rad) according to the manufac
turer’s recommendations with 300 nM of each primer (forward primer, 
5′-CATGCCAACGAGTTTGGTAAG-3′; reverse primer, 5′-CTTT 
CCATCCTCCAGTAGTTCG-3′) and 2 μl of cDNA template. 
Amplification conditions consisted of 95 °C for 30 s, followed by 40 cycles 
of 95 °C for 5 s and 55 °C for 5 s. cDNA abundance (ΔCt) was quantified 
relative to elongation factor 1β (Coleman et al., 2008).

For in situ GUS staining, whole mounts (young leaves and roots) and 
hand-cut sections (leaf petiole from LPI 1, stem internodes 2 and 6 from 
the shoot tip, and roots) from 1-month-old greenhouse-grown plants 
were vacuum infiltrated in cold 90% acetone for 5 min and maintained 
in cold 90% acetone for 25 min. Sections were rinsed three times 
with 0.1 M NaPO4 (pH 7.0) and incubated in X-Gluc solution 
{1 mM 5-bromo-4-chloro-3-indolyl-β-D-glucuronic acid, 0.5 mM 
K3[Fe(CN)6], 0.5 mM K4[Fe(CN)6], 0.1 M NaPO4 (pH 7.0), 0.01% 
(v/v) Triton X-100} at 37 °C until the appearance of blue precipitate. 
Sections were cleared with 75% ethanol, as required, to remove chloro
phyll. Cross-sections were mounted in water and imaged under bright- 
field settings using a Nikon Eclipse TE2000-U inverted microscope 
equipped with a Digital Sight DS-U1 camera and ACT-2U imaging soft
ware. Whole mounts were imaged using an Olympus SZX9 stereo micro
scope equipped with a DP72 camera and DP2-BSW imaging software.

Elemental analysis of carbon and nitrogen
Ground lyophilized leaves (LPI 9) from wild-type (WT) and transgenic 
lines were oven-dried overnight at 60 °C before use. Tin capsules 
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(Isomass Scientific) were packaged with ∼5 mg of tissue and analysed on a 
FlashEA 1112 NC elemental analyser (Thermo Fisher Scientific). Total C 
and N concentrations were quantified.

Free amino acid analysis
Amino acid analysis was performed using phenyl isothiocyanate (Thermo 
Fisher Scientific) and a standard procedure at the British Columbia 
Ministry of Environment Analytical Laboratory (Victoria, BC, 
Canada). Free amino acids were extracted from 100 mg of ground lyophi
lized leaves (LPI 9) in 5 ml of 80% (v/v) methanol at 80 °C. The extrac
tion was repeated three times, and the solvent was pooled for a total 
volume of 15 ml. In brief, amino acid standard H was added to 200 µl 
of extract, and the mixture was vacuum-dried and then resuspended in 
20 µl of ethanol:water:triethylamine (2:2:1). Samples were redried and 
derivatized with 40 µl of ethanol:water:triethylamine:phenyl isothio
cyanate (7:1:1:1), and incubated at room temperature for 20 min. 
Samples were then evaporated to dryness under vacuum, resuspended 
in 200 µl of phosphate buffer (pH 7.4), and separated on a Waters 2960 
HPLC equipped with a Kinetex 2.6 µm C18 (100 Å) column 
(150×4.6 mm) and a photodiode array detector (254 nm). Elution was 
achieved via a gradient consisting of 93% eluent A at 0 min, changing 
to 50% eluent A by 15 min, where eluent A consisted of 1.8% sodium 
acetate and 0.05% triethylamine in water (pH 6.8) and eluent B was 
acetonitrile. The column was flushed with 80% acetonitrile and equili
brated for 5 min between injections.

Extraction and quantification of phenolic compounds
The extraction and analysis of anthocyanins was performed as described 
by Yoshida et al. (2015). Ground lyophilized leaves (50 mg) from LPI 6 
and LPI 9 of WT and transgenic lines were extracted in 500 μl of acidic 
methanol [1% (v/v) concentrated aqueous HCl solution (37%) diluted in 
methanol] at room temperature for 16 h with gentle agitation. Water was 
added to the extract (1:1), followed by 1 ml of chloroform, after which 
the samples were centrifuged at 15 115 g for 15 min. The aqueous phase 
was isolated and measured at 530 nm on a Victor X5 multilabel plate read
er (PerkinElmer) to quantify total anthocyanins. The aqueous phase 
(20 μl) was also separated on a Dionex UltiMate 3000 HPLC (Thermo) 
equipped with a Kinetex 2.6 µm C18 (100 Å) column (150×4.6 mm) 
(Phenomenex) and a photodiode array detector (520 nm). A linear gradi
ent consisting of solvent A (4% formic acid in water) and solvent B (4% 
formic acid, 50% acetonitrile in water) was run at 15% B for 7.5 min, 
45% B for 20 min, and 100% B for 24 min for a total of 27 min at a 
flow rate of 1 ml min−1 (Ma et al., 2021). Cyanidin-3-glucoside was 
quantified using cyanidin-3-O-glucoside chloride (Carbosynth) as a 
standard.

For the extraction of condensed tannins and total soluble phenolics, 
ground lyophilized leaves (25 mg) from LPI 6 and LPI 9 of WT and trans
genic lines were homogenized in 1.5 ml of methanol using a Precellys 24 
tissue homogenizer (Bertin Instruments) at 3500 rpm for 45 s. Extracts 
were sonicated for 10 min and centrifuged at 15 115 g for 10 min. The 
extraction procedure was repeated twice more using 1 ml of 80% metha
nol, and all supernatants were pooled. Condensed tannins were measured 
using the butanol-HCl assay (Porter et al., 1986; Gourlay and Constabel, 
2019). In brief, reactions were heated at 95 °C for 30 min, equilibrated at 
room temperature, and measured at 550 nm on a Victor X5 multilabel 
plate reader (PerkinElmer). Condensed tannins were quantified using 
purified aspen condensed tannins to generate a standard curve. 
Quantification of total soluble phenolics was carried out using 20 μl of ex
tract, 100 μl of Folin and Ciocalteu’s phenol reagent (Sigma-Aldrich), 
and 500 μl of 20% Na2CO3 in a final volume of 1 ml. Reactions were in
cubated at room temperature for 45 min, centrifuged at 15 115 g for 
1 min, and measured at 735 nm on a Victor X5 multilabel plate reader 

(PerkinElmer). Soluble phenolics were quantified using gallic acid 
(Sigma-Aldrich) to generate a standard curve.

Lignin analysis
Stems harvested ∼2.5 cm above the soil from 2-month-old greenhouse- 
grown WT and transgenic plants were stripped of bark and air-dried. 
Segments of the basal stem with the pith removed were ground using a 
Wiley mill to pass through a 40 mesh sieve. The wood flour was 
Soxhlet-extracted with acetone at 70 °C for 16 h and oven-dried over
night at 50 °C before use. The lignin content was measured using a modi
fied Klason lignin procedure (Porth et al., 2013b). In brief, extractive-free 
wood flour was subjected to a swelling treatment for 1 h in 72% sulfuric 
acid, followed by secondary acid hydrolysis for 1 h in 4% sulfuric acid at 
121 °C and 15 psi. The acid-insoluble fraction was determined as the dry 
weight of residue retained upon filtering the hydrolysate through a 
medium-coarseness fritted glass Gooch-type crucible. The acid-soluble 
fraction was measured spectrophotometrically at 205 nm using an extinc
tion coefficient of 110 l g−1 cm−1. Monolignol composition was deter
mined using the thioacidolysis method described by Robinson and 
Mansfield (2009). In brief, 1 ml of reaction mixture (2.5% boron trifluor
ide etherate and 10% ethanethiol in dioxane) was added to 10 mg of 
oven-dried wood flour in screw-cap vials with a Teflon seal, blanketed 
with nitrogen, sealed, and heated at 100 °C for 4 h. Reaction products 
were extracted using dichloromethane and water, evaporated to dryness, 
and resuspended in dichloromethane. After derivatization with N, 
O-bis(trimethylsilyl) acetamide, 1 µl was analysed via GC using a Trace 
1310 instrument equipped with a TraceGOLD 5MS column with helium 
as a carrier gas at a flow rate of 1 ml min−1 and a flame ionization detector 
provided with hydrogen at 35 ml min−1 and compressed air at 350 ml 
min−1. The oven was initially held at 130 °C for 3 min following injec
tion and was then ramped to 230 °C at 6.5 °C min−1, held for 6 min, then 
ramped to 250 °C at 2.5 °C min−1, and finally held for 10 min. Peaks cor
responding to main diastereoisomers of derivatized lignin monomers 
were integrated and the total peak areas were used to calculate lignin 
monomer abundance.

The amount of cell-wall-bound p-hydroxybenzoate (pHB) was meas
ured using alkaline hydrolysis, as described previously (Mottiar and 
Mansfield, 2022). In brief, 20 mg of extractive-free wood flour was sub
jected to alkaline hydrolysis in 1 ml of 2 M sodium hydroxide for 24 h at 
30 °C. o-Anisic acid was added as an internal standard. After terminating 
the reactions with 100 µl of 72% sulfuric acid and filtering through a 0.45 
µm syringe filter, the hydrolysates were measured by reverse-phase chro
matography using a Dionex Summit HPLC (Thermo) equipped with a 
Symmetry C-18 column (Waters) maintained at 35 °C. A linear gradient 
of 5–45% of eluent A in eluent B was applied at a flow rate of 
0.7 ml min−1 where eluent A was 0.1% trifluoroacetic acid in 70:30 
acetonitrile:methanol and eluent B was 0.1% trifluoroacetic acid in water. 
Quantification of pHB was performed with a diode array detector set 
to 255 nm using a calibration curve prepared with analytical grade 
p-hydroxybenzoic acid.

Statistical analyses
Data were analysed using a Student’s t-test in Excel, or an ANOVA in 
R. Details are included in the figure legends.

Results

PtNPF6.1 is evolutionarily distinct and lacks orthologues in 
many plant lineages

Potri.002G029200 from P. trichocarpa was previously identified 
as genetically associated with variation in syringyl lignin content 
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(Porth et al., 2013a). Based on sequence comparisons with the 
Arabidopsis NPFs, Potri.002G029200 is most similar (∼60% 
at the protein sequence level) to peptide transporters NPF8.1 
and NPF8.2 (Dietrich et al., 2004; Komarova et al., 2008). 
However, phylogenetic reconstructions of NPFs revealed 
that this gene is evolutionarily distinct from NPF8.1 and 
NPF8.2, which belong to the NPF8/supergroup F clade 
(Léran et al., 2014; von Wittgenstein et al., 2014). Instead, 
Potri.002G029200 was assigned to subfamily NPF6 (Léran 
et al., 2014), which includes the Arabidopsis nitrate transporters 
NPF6.2/NRT1.4 (Chiu et al., 2004), NPF6.3/NRT1.1 (Tsay 
et al., 1993), and NPF6.4/NRT1.3 (Tong et al., 2016). We thus 
adopted the name PtNPF6.1. However, based on von 
Wittgenstein et al. (2014), NPF6 is a paraphyletic group com
prising three distinct clades, designated supergroups B, E, and 
J (Fig. 1A). While the Arabidopsis nitrate transporters cluster 
in supergroup B, PtNPF6.1 belongs to the distinct supergroup 
J. Supergroup J orthologues are absent in Arabidopsis and many 
others plant lineages (von Wittgenstein et al., 2014). We iden
tified additional supergroup J NPF6 sequences in several eudi
cots, as well as in monilophytes (ferns), supporting early 
divergence during land plant evolution (Fig. 1A). Supergroup 
J members were not detected in bryophytes, lycopods, or gym
nosperms, and were present in only approximately a third of all 
sampled angiosperm orders (Supplementary Fig. S1A). While 
supergroup J genes have been lost in many lineages, 
lineage-specific duplications occurred throughout angiosperm 
evolution, for example early within the Lamiales, and in mul
tiple species in distinct families. In poplar, PtNPF6.2 is a closely 
related paralogue to PtNPF6.1. Taken together, it appears that 
supergroup J diverged early in land plant evolution and has 
been selectively retained or lost across plant lineages. To date, 
no supergroup J NPF6 member has been functionally 
characterized.

PtNPF6.1 is predominantly expressed in vascular tissues

To investigate the spatial expression of PtNPF6.1, a 1.6 kb frag
ment upstream of the PtNPF6.1 coding sequence was cloned 
and fused to a GUS reporter, and introduced into hybrid poplar. 
Histochemical staining revealed that the strongest PtNPF6.1:: 
GUS expression occurred in vascular tissues throughout the 
plant. In mature source leaves grown in vitro, expression was ap
parent in mesophyll cells, but was most pronounced in leaf veins 
(Supplementary Fig. S1B). A similar pattern was observed in 
young leaves (LPI 1) of 1-month-old greenhouse-grown plants, 
where GUS expression was strongest in the xylem (Fig. 1B, i 
and ii). In the stem at internode 2, PtNPF6.1::GUS expression 
was evident in developing secondary xylem (Fig. 1B, iii). At lat
er stages in stem development, when xylem fibres, tracheids, 
and vessels had undergone secondary wall lignification and pro
grammed cell death, GUS staining localized mainly at the vas
cular cambium and phloem (Fig. 1B, iv). A similar expression 
pattern was observed in mature roots with strong vascular 

expression (Fig. 1B, vi). GUS activity was only occasionally de
tected in the stele and in the root tips of some young roots 
(Fig. 1B, v; Supplementary Fig. S1B).

Nitrogen increases in transgenic poplar down-regulated in 
PtNPF6

To assess the functional role of PtNPF6.1, four independent 
transgenic poplar lines (three clonal replicates per line) express
ing a hairpin RNAi construct targeting PtNPF6.1 were gener
ated and analysed. Owing to high sequence identity (97%), this 
RNAi construct probably suppresses both PtNPF6.1 and the 
PtNPF6.2 paralogue, hereafter referred to collectively as 
PtNPF6. Quantitative RT-PCR analysis showed significant 
reductions in PtNPF6 transcript abundance in mature source 
leaves of lines 1 and 4. In lines 2 and 3, PtNPF6 expression 
was suppressed by 20% and 60%, respectively, but these reduc
tions were not statistically significant (Fig. 2A).

Elemental analysis showed that foliar N concentration in 
mature leaves increased by 30–40% in PtNPF6 RNAi lines 
grown under a standard nutrient regime relative to the WT 
(Fig. 2B). This increase was significant in all lines except line 
2, consistent with its weaker transcript suppression. In contrast, 
total foliar C concentration was unaffected by PtNPF6 
suppression.

To further characterize changes in N metabolism, free ami
no acid concentrations were quantified in mature leaves (LPI 9) 
of the WT and two RNAi lines: line 3 with moderate suppres
sion and line 4 with strong suppression. Of the 20 standard ami
no acids, 14 were reliably quantified. Glutamic acid (Glu) and 
aspartic acid (Asp) levels accumulated to 2- to 3-fold higher in 
RNAi lines compared with the WT (Fig. 2C). Leucine (Leu) 
also showed a modest increase. In contrast, phenylalanine 
(Phe), which serves as a precursor for both protein and phenyl
propanoid biosynthesis, was markedly reduced, with concen
trations 5- and 1.6-fold lower than the WT in lines 3 and 4, 
respectively. Concentrations of other quantified amino acids 
were largely unchanged (Supplementary Table S2).

No visible differences in overall growth or development 
were observed among WT and RNAi lines after 3 months of 
greenhouse growth, indicating that elevated foliar N did not 
measurably affect vegetative growth under these conditions.

PtNPF6 suppression attenuates the accumulation of 
phenolic compounds under high-light and UV stress

Phenolic compounds, including anthocyanins, can accumulate 
in response to N deficiency and UV radiation (Dixon and 
Paiva, 1995; Ferreyra et al., 2021). To test whether PtNPF6 
suppression influenced stress-induced phenolic accumulation, 
3-month-old greenhouse-grown WT and PtNPF6 RNAi lines 
were transferred outdoors during the summer to expose them 
to natural high-light/UV-B conditions. After 8 d, WT plants 
exhibited pronounced red pigmentation in young leaves, while 
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all four transgenic RNAi lines displayed visibly reduced col
ouration (Fig. 3A). Quantitative analysis showed that total an
thocyanins were already reduced in the RNAi lines prior to 
outdoor exposure (Fig. 3B). After 4 d of high-light/UV-B ex
posure, both WT and RNAi lines increased anthocyanin pro
duction, but the RNAi lines accumulated only approximately 
half the anthocyanin levels observed in the WT. HPLC analysis 
of anthocyanin extracts revealed a prominent cyanidin-3- 
glucoside (Cy3G) peak at day 4, identified by comparision 
with an authentic standard. Cy3G in all RNAi lines was re
duced by ∼50% compared with the WT (Fig. 3C), consistent 
with the total anthocyanin measurements (Fig. 3B).

Condensed tannins, which constitute a major fraction of leaf 
phenolics in poplar (Mellway et al., 2009), were also strongly 
affected. Under greenhouse conditions, condensed tannin 
concentrations were 4–5 times lower in PtNPF6 
RNAi-suppressed lines compared with the WT. While WT 
plants showed increased condensed tannin accumulation in re
sponse to high light/UV-B, the response was significantly atte
nuated in the RNAi lines (Fig. 3D). Similarly, total soluble 
phenolics, assessed using the Folin–Ciocalteu assay, were re
duced in PtNPF6 RNAi lines both before and during outdoor 

exposure. Before outdoor exposure, PtNPF6-suppressed lines 
had significantly lower levels of soluble phenolics relative to 
the WT. After high-light/UV-B exposure, phenolic com
pounds accumulated in all genotypes; however, the RNAi 
lines accumulated significantly lower amounts than the WT 
(Fig. 3E). Together, these results indicate that PtNPF6 suppres
sion dampens phenolic accumulation under both baseline and 
stress-induced conditions.

Exogenous nitrogen alters lignin composition in PtNPF6 
RNAi lines

PtNPF6 was previously associated with variation in syringyl 
lignin content (Porth et al., 2013a), and high N availability is 
known to influence lignification in poplar (Pitre et al., 
2007b). To test whether PtNPF6 suppression altered lignin 
traits under N-rich conditions, WT plants and two PtNPF6 
RNAi lines were fertilized with a higher than standard ammo
nium nitrate regime (10 mM NH4NO3) for 8 weeks. Lignin 
composition was then quantified in the xylem tissues of the 
stems. Total lignin content did not differ between the WT 
and RNAi lines. However, small but significant changes in 

Fig. 1. Phylogenetic classification and expression profiling of PtNPF6.1. (A) An unrooted maximum likelihood phylogeny of the nitrate transporter 1/peptide 
transporter (NRT1/PTR) family (NPF) from land plants focusing on supergroup J. Complete NPF gene families from six species covering the major land plant 
lineages were used to reconstruct the NPF superfamily backbone. All sequences identified as supergroup J members were also included. Approximate 
likelihood-ratio test (aLRT) results for branches are shown if >0.7 and only for the core of the phylogeny up to branches leading into a labelled clade. Clades 
were labelled using nomenclature designated by von Wittgenstein et al. (2014) (‘sg’ for supergroup) and Léran et al. (2014) (‘NPF’). Gene identifiers and 
database sources are given in Supplementary Table S1. Within clade sgJ, taxonomic groups are colour-coded as indicated. (B) Expression of PtNPF6.1:: 
GUS in vascular tissue of 1-month-old greenhouse-grown transgenic poplar. (i) Leaf lamina of LPI 1. (ii) Cross-section of leaf petiole LPI 1. Cross-section of 
stem internode 2 (iii) and 6 (iv). (v) Whole mount of a young root with staining in the stele and root tip. (vi) Cross-section of mature root. ph, phloem; pi, pith; xy, 
xylem.
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lignin composition were observed. Both RNAi lines exhibited 
significant decreases in p-hydroxyphenyl (H) and syringyl (S) 
lignin, accompanied by an increase in guaiacyl (G) lignin, to
gether resulting in a small, but significant reduction in the S: 
G ratio relative to the WT (Fig. 3F). In addition, RNAi lines 
showed a significant increase in pHB groups compared with 
the WT. Our results indicate that PtNPF6 suppression alters 
lignin composition and associated wall-bound phenolics under 
high N availability.

Discussion

PtNPF6.1 probably functions at the interface of N and C 
homeostasis and within-plant N reallocation. This conclusion 
is supported by the predominant expression of PtNPF6.1 in 
vascular tissues (Fig. 1B) and by the chemical phenotypes ob
served in RNAi-mediated suppression lines. RNAi lines ex
hibited increased total N concentration in mature leaves 
(Fig. 2B) alongside decreased phenolic compounds (Fig. 3). 
In addition, lignin composition was altered in the xylem of 
RNAi lines when grown under N-rich conditions (Fig. 3F). 
Although biochemical characterization will ultimately 
be required to identify the transported substrate(s), the oppos
ing trends observed for N-containing compounds and 
non-N-containing phenolics are most parsimoniously ex
plained by a role for PtNPF6.1 in the internal mobilization 

of N through the vascular tissues, probably involving export 
from mature source leaves.

The increase in foliar N concentrations observed in 
PtNPF6 RNAi plants acts as a local signal that shifts the bal
ance of C allocation away from phenolic biosynthesis towards 
protein production. These observations fit the C–nutrient 
balance hypothesis, which posits that plants allocate propor
tionally more C to growth-related processes under 
nutrient-rich conditions and to secondary metabolism under 
nutrient limitation (Bryant et al., 1983). The generality of this 
hypothesis has been disputed (Hamilton et al., 2001) and it is 
typically applied to whole-plant nutrient availability. In our 
study, N increased within mature leaves due to impaired 
within-plant N reallocation which coincided with decreased 
soluble phenolics in the same tissue, suggesting that N status 
can be sensed and responded to locally. One mechanistic 
link underlying this inverse relationship may be competition 
for Phe, a precursor to both proteins and phenylpropanoids 
(Jones and Hartley, 1999).

Consistent with this interpretation, PtNPF6 RNAi lines ac
cumulated elevated levels of Glu and Asp in mature leaves 
(Fig. 2C). These amino acids serve as amino donors for the 
conversion of prephenate to arogenate during Phe biosynthesis 
(Maeda and Dudareva, 2012), consistent with the observed in
crease in N concentration and decreased phenolics. In addition 
to Glu and Asp, glutamine (Gln) and asparagine (Asn) are prod
ucts of N assimilation and are known to be transported via both 

Fig. 2. Total nitrogen and free amino acids in leaves of PtNPF6 RNAi trees. (A) Gene expression in mature, fully expanded leaves of PtNPF6 RNAi lines relative 
to the wild type (WT). qPCR products were normalized to elongation factor 1β. Shown are data from three clonal replicates per line. (B) Total nitrogen 
concentrations in mature leaves (LPI 9) of the WT and RNAi lines. Shown are four clonal replicates per line. (C) Free amino acid concentrations in mature 
leaves (LPI 9) of the WT and RNAi lines. Shown are three clonal replicates per line. Only amino acids with significant differences are shown: Glu (glutamic acid), 
Asp (aspartic acid), Leu (leucine), and Phe (phenylalanine). The complete amino acid dataset is provided in Supplementary Table S2. The boxplots represent a 
95% confidence interval and the horizontal bar inside the box is the median. The mean (filled circle) and individual biological replicates (open circles) are 
shown. Significant differences compared with the corresponding WT are based on a Student’s t-test and are indicated by an asterisk (P<0.05).

NPF6 function in homeostasis of nitrogen and phenolics | 1489

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/77/5/1483/8455771 by U

niversity of Victoria, M
cPherson Library Serials user on 04 M

ay 2026

http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erag034#supplementary-data


Fig. 3. Variation in phenolics in PtNPF6 RNAi plants. (A) Phenotype of 3-month-old WT (left) and RNAi line 1 (right), a representative PtNPF6 RNAi line before 
(0 d; top row) and after 8 d (bottom row) of outdoor high-light/UV-B exposure. (B, C) Anthocyanins measured as total anthocyanins (B) and cyanidin-3- 
glucoside (C) before (0 d) and during (4 d) high-light/UV-B exposure. (D) Condensed tannins before (0 d) and during (4 d) high-light/UV-B exposure. (E) Total 
soluble phenolics based on Folin and Ciocalteu’s assay provided in gallic acid equivalents before (0 d) and during (4 d) high-light/UV-B exposure. The 
boxplots represent a 95% confidence interval and the horizontal bar inside the box is the median. The mean (filled circle) of four clonal replicates (open circles) 
is shown. Significant differences compared with the corresponding WT are based on a Student’s t-test (P<0.05) and are indicated by an asterisk. All 
measurements at 4 d are significantly different from 0 d (ANOVA; P<0.001). (F) Lignin content and composition in stems of the WT and PtNPF6 RNAi lines 1 
and 2 grown under luxuriant nitrogen fertilization (10 mM ammonium nitrate). The mean and SEM are shown for four clonal replicates. Bold values indicate 
statistically significant differences from the WT based on a Student’s t-test (P<0.05).
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xylem and phloem (Hildebrandt et al., 2015; Tegeder and 
Masclaux-Daubresse, 2018). Gln is the most abundant amino 
acid in poplar xylem sap and is transported to developing leaves 
(Cooke et al., 2003; Rennenberg et al., 2010). Its levels increase 
in xylem sap during seasonal transitions, such as during bud 
flush (Sauter and van Cleve, 1992). Given the strong vascular 
expression of PtNPF6.1 in the leaves, stems, and roots, it is 
plausible that PtNPF6.1 contributes to the long-distance mo
bilization of organic N to support developing tissues.

High N availability has been shown to reduce the propor
tion of S lignin monomer content in poplar xylem (Pitre 
et al., 2007b), consistent with the reduced S:G ratio observed 
in RNAi lines under N-rich conditions. Although the magni
tude of these changes was modest, they corroborate the genetic 
association of PtNPF6.1 with natural variation in S lignin con
tent reported in a range-wide P. trichocarpa collection (Porth 
et al., 2013a), where <5% of the trait variation in S lignin 
was explained by genetic variation at this locus (Porth et al., 
2013a).

Previous studies have shown that hybrid poplar grown under 
high N accumulates more H lignin units without changes in to
tal lignin content when NH4NO3 is used as an N source (Pitre 
et al., 2007b; Renström et al., 2024). Consistent with this, we 
observed reduced H lignin in RNAi lines but no difference 
in total lignin content (Fig. 3F). The molecular basis linking 
N metabolism and lignin biosynthesis remains unresolved, 
but may involve N-containing compounds required for 
lignin biosynthesis, such as Phe and the methyl donor 
S-adenosylmethionine (SAM). Reduced availability of SAM 
or methionine could preferentially decrease S lignin biosyn
thesis, which requires two O-methylation reactions, thereby 
shifting lignin composition towards G units, which require 
only one O-methylation.

The increased abundance of ester-linked pHB groups ob
served in the transgenic RNAi lines is also noteworthy, as 
this too has been reported previously for N-fertilized hybrid 
poplar (Pitre et al., 2007b; Goacher et al., 2021), indicating 
that pHB production may also be related to N availability. In 
addition, the amounts of S lignin units and pHB groups were 
found to be inversely proportional to each other in natural 
populations of poplar and in metabolically engineered poplars 
(Mottiar and Mansfield, 2022; Mottiar et al., 2023).

Together, these findings suggest that N status influences 
multiple aspects of cell wall phenolic chemistry, including 
both lignin composition and associated ester-linked 
modifications.

From an evolutionary perspective, PtNPF6.1 belongs to the 
phylogenetically distinct supergroup J of the NPF family 
(Fig. 1A), a group that is unevenly distributed across land 
plants. The early divergence of supergroup J and its frequent 
loss in many plant lineages suggests that its members fulfil spe
cialized functions that are not universally required or that are 
partly redundant with other transport systems in lineages that 
have lost supergroup J.

Functional divergence within the NPF family is well docu
mented, making it difficult to predict biochemical functions 
based on phylogenetic classification alone (von Wittgenstein 
et al., 2014). An example is the Arabidopsis flavonol sophoro
side transporter FST1 from subfamily NPF2 which belongs to 
the same subfamily as glucosinolate transporters (GTRs) 
NPF2.9, NPF2.10, and NPF2.11 (Grunewald et al., 2020). 
Arabidopsis GTR1 is an evolutionary descendent of the 
phloem nitrate transporter NPF2.9/NRT1.9 (Wang and 
Tsay, 2011) and facilitates the long-distance transport of gluco
sinolates (Nour-Eldin et al., 2012), which suggests that 
GTRs evolved via subfunctionalization (Jørgensen et al., 
2017). NPFs have been reported to transport other 
non-N-containing compounds, such as abscisic acid and gib
berellin (Kanno et al., 2012; Tal et al., 2016; Binenbaum 
et al., 2023). These findings suggest the potential for other 
yet to be identified NPF substrates.

In summary, suppression of PtNPF6 revealed a role for this 
transporter in coordinating N availability with phenolic metab
olism and lignin composition in poplar. These data support a 
model in which PtNPF6.1 contributes to internal N redistribu
tion, thereby influencing C allocation between primary 
metabolism and secondary phenolic biosynthesis. Further bio
chemical characterization of PtNPF6.1 substrates and transport 
properties will be necessary to fully elucidate its role in balan
cing N and C homeostasis in woody perennials.

Supplementary data

The following supplementary data are available at JXB online.
Fig. S1. Detailed maximum likelihood phylogeny of NPF supergroup J 

and expression of PtNPF6.1::GUS in mature leaves and roots.
Table S1. Information and database identifiers for sequences used in 

phylogenetic reconstructions.
Table S2. Free amino acid concentrations in mature leaves of the wild 

type and PtNPF6 RNAi lines.
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