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Abstract

Although iron is present in large amounts in the soil, its poor solubility means that plants have to use various strat-
egies to facilitate its uptake. In this study, we show that expression of NtPDR3/NtABCG3, a Nicotiana tabacum 
plasma-membrane ABC transporter in the pleiotropic drug resistance (PDR) subfamily, is strongly induced in the root 
epidermis under iron deficiency conditions. Prevention of NtPDR3 expression resulted in N. tabacum plants that were 
less tolerant to iron-deficient conditions, displaying stronger chlorosis and slower growth than those of the wild-
type when not supplied with iron. Metabolic profiling of roots and root exudates revealed that, upon iron deficiency, 
secretion of catechol-bearing O-methylated coumarins such as fraxetin, hydroxyfraxetin, and methoxyfraxetin to the 
rhizosphere was compromised in NtPDR3-silenced plants. However, exudation of flavins such as riboflavin was not 
markedly affected by NtPDR3-silencing. Expression of NtPDR3 in N. tabacum Bright Yellow-2 (BY-2) cells resulted in 
altered intra- and extracellular coumarin pools, supporting coumarin transport by this transporter. The results dem-
onstrate that N. tabacum secretes both coumarins and flavins in response to iron deficiency and that NtPDR3 plays 
an essential role in the plant response to iron deficiency by mediating secretion of O-methylated coumarins to the 
rhizosphere.

Keywords:   ABC transporter, coumarins, flavins, iron deficiency, Nicotiana, root exudates.

Introduction

Iron (Fe) is an essential micronutrient for all living organ-
isms, including plants. For example, it is a component of heme 
and Fe-sulfur proteins involved in biological redox systems 
in the respiratory and photosynthetic electron transfer chains 
(cytochromes, ferredoxins, chlorophyll synthesis), and is also 
involved in stress responses (e.g. catalases and peroxidases), and 

in primary and secondary metabolism (e.g. cytochrome P450) 
(Hänsch and Mendel, 2009; Balk and Pilon, 2011). However, 
although Fe is the fourth most abundant element in the Earth’s 
crust, one third of the world’s cultivated soils are considered 
Fe-deficient. Iron has a strong tendency to form insoluble 
compounds, which makes it unavailable for uptake. Plants have 
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therefore evolved various strategies to acquire Fe from the soil. 
When starved of Fe, non-grasses use a reduction-based strategy 
(Strategy I) for uptake. In contrast, grasses secrete Fe chelators 
and are able to acquire chelated Fe in the non-reduced form 
(Strategy II) (Marschner et al., 1986).

Strategy I mainly relies on a three-step process, which con-
sists of rhizosphere acidification and enhanced dissolution of Fe 
oxides, followed by the reduction of chelated Fe(III) to Fe(II) 
and the subsequent uptake of the ferrous ion. Several genes 
involved in Strategy I  have been characterized. FRO2 (fer-
ric reductase oxidase 2) was shown to encode the main ferric 
chelate reductase in Arabidopsis roots (Yi and Guerinot, 1996; 
Robinson et al., 1999). Subsequently, reduced Fe is taken up by 
roots via a transporter, known as IRT1 (iron-regulated trans-
porter 1) in Arabidopsis (Henriques et al., 2002; Varotto et al., 
2002; Vert et al., 2002). Acidification possibly involves the plasma 
membrane H+-ATPase, and up-regulation of Arabidopsis H+-
ATPase transcripts has been observed upon Fe deficiency (Santi 
and Schmidt, 2009). However, this has not been confirmed at 
the protein level (Lan et al., 2011). In addition, it has been known 
for many years that Fe deficiency also stimulates the exudation 
of low molecular weight substances (Ambler et al., 1971; Olsen 
et al., 1981; Römheld and Marschner, 1983; Dakora and Phillips, 
2002; Cesco et  al., 2010; Tsai and Schmidt, 2017). However, 
the role played by these compounds has long been underesti-
mated owing to the minor involvement that they seem to have 
under conditions where Fe is readily available to the uptake 
machinery. Nevertheless, several reports have recently shown 
that Fe-deficient Arabidopsis plants up-regulate enzymes of the 
phenylpropanoid pathway, leading to the synthesis and secre-
tion of phenolic compounds belonging to the coumarin family 
(Fourcroy et al., 2014; Schmid et al., 2014; Schmidt et al., 2014; 
Sisó-Terraza et al., 2016a; Ziegler et al., 2016; Rajniak et al., 2018; 
Tsai et al., 2018). A transporter belonging to the ATP Binding 
Cassette (ABC) family, AtABCG37/AtPDR9, a member of the 
pleiotropic drug resistance (PDR) subfamily, has been suggested 
to mediate exudation of these compounds to the rhizosphere 
as AtPDR9 was also shown to be up-regulated in response to 
Fe deficiency and plants silenced for AtPDR9 expression failed 
to secrete coumarin derivatives out of the roots (Rodríguez-
Celma et al., 2013; Fourcroy et al., 2014; Ziegler et al., 2017). 
However, exudation of coumarins by Fe-depleted plants does 
not seem to be a universal rule. Indeed, upon Fe deficiency, 
Medicago truncatula specifically up-regulates genes involved in 
riboflavin biosynthesis and not those linked to the phenylpro-
panoid pathway (Rodríguez-Celma et al., 2013). There is clearly 
a need for more examples before a generalized picture of the 
plant response to Fe deficiency can be drawn, and more direct 
evidence for the involvement of ABC transporters in coumarin 
transport is also needed.

NtABCG3/NtPDR3, the closest homolog of AtPDR9 in 
Nicotiana tabacum (67% amino acid identity), has been shown to 
be expressed in N. tabacum suspension cells under conditions of 
Fe deficiency (Ducos et al., 2005). However, NtPDR3 expres-
sion and, in particular, its response to Fe deficiency have never 
been tested in the plant.

In this study, we show that the expression of NtPDR3 is 
highly induced in the root epidermis upon Fe deficiency, and 

that preventing its expression results in increased sensitivity to 
low Fe supply. Characterization of the compounds accumulat-
ing in roots of Fe-deficient plants, as well as those secreted 
into the medium, showed that NtPDR3 is required for the 
export of O-methylated coumarins. Moreover, the results 
showed that the expression of NtPDR3 in N. tabacum Bright 
Yellow-2 (BY-2) suspension cells modulated the intra- and 
extracellular pools of O-methylated coumarins. In addition to 
coumarins, flavins were also found in the roots and exudates 
of Fe-deficient N. tabacum plants, indicating that the secretion 
of coumarins and flavins are not always mutually exclusive. 
Overall, our data suggest that NtPDR3 plays an essential role 
in the plant response to Fe deficiency by exporting catechol-
bearing O-methylated coumarins to the rhizosphere.

Materials and methods

Plant material and growth conditions
Nicotiana tabacum cv Petit Havana SR1 (Maliga et  al., 1973) was used 
as the wild-type. For in vitro culture, plants were grown at 24  °C on 
solid Hoagland medium [5  mM Ca(NO3)2, 5  mM MgSO4, 5  mM 
KNO3, 1 mM KH2PO4, 10 µM Fe(III)-EDTA, 5 µM H3BO3, 4.5 µM 
MnCl2, 3.8 µM ZnSO4, 0.1 µM (NH4)6Mo7O24, 0.3 µM CuSO4, 0.6% 
(w/v) agar, pH 5.8]. Kanamycin (100 mg l–1) was used to select N. taba-
cum transgenic lines. The photoperiod was 16 h per day with a pho-
tosynthetic photon flux density (PPFD) of 50  µmol photons m–2 s–1. 
For hydroponic culture, N.  tabacum plants were grown in 4× diluted 
Hoagland medium (five plants in 2 l of solution) under a day/night 
regime of 16/8 h (25/18 °C) with a PPFD of 250 µmol photons m–2 
s–1. The nutrient solution was renewed every week. Hydroponic cultures 
were started from 4-week-old in vitro-cultured plants. All experiments 
involving hydroponically grown plants were performed after 2 weeks 
under hydroponic conditions.

Plant transformation
For the GUS (β-glucuronidase) construct, a 1502-bp sequence upstream 
of the NtPDR3 ATG initiating codon was amplified (5´-aaactgcagcgattt-
gattggctatggaac-3´ and 5´-cgcggatcccaactgagccatttttggtg-3´) and fused 
to the GUS reporter gene, previously inserted (EcoRI/HindIII) into the 
pAUX3131 vector (Goderis et al., 2002). The pNtPDR3::GUS expres-
sion cassette was then transferred into the I-SceI site of the pPZP-RCS2 
binary vector (Goderis et al., 2002) containing a neomycin phosphotrans-
ferase expression cassette.

For the artificial miRNA (amiRNA)-silencing construct, the amiRNA 
TATCCGTTGATATAATGGGGC sequence was engineered into the 
pRS300 plasmid by site-directed mutagenesis following the instructions 
for Web MicroRNA Designer (http://wmd3.weigelworld.org; Ossowski 
et  al., 2008) and using the primers 5´-gaTATCCGTTGATATAA 
TGGGGCtctctcttttgtattcc-3´ (primer I), 5´-gaGCCCCATTATATCAA 
CGGATAtcaaagagaatcaatga-3´ (primer II), 5´-gaGCACCATTATATCTA 
CGGATTtcacaggtcgtgatatg-3´ (primer III), and 5´-gaAATCCGTA-
GATATAA TGGTGCtctacatatatattcct-3´ (primer IV). The amiRNA 
foldback was introduced (KpnI/SacI) into the pAUX3131-En2pPMA4-
tNOS plasmid (De Muynck et al., 2009), and then the amiRNA expres-
sion cassette was transferred into the I-SceI site of the pPZP-RCS2 binary 
vector (Goderis et al., 2002).

The binary vectors were transferred into Agrobacterium tumefaciens 
LBA4404 virGN54D (van der Fits et al., 2000) for stable transformation 
of N. tabacum cv Petit Havana SR1, as described previously (Horsch et al., 
1985). Transformed plants were selected on solid medium [0.44% (w/v) 
Murashige and Skoog (MS) salts (ICN Biomedicals), pH 5.6, 3% (w/v) 
sucrose, 1% (w/v) agar] supplemented with 100  mg l–1 of kanamycin 
and grown at 24 °C. The photoperiod was 16 h per day with a PPFD of 
50 µmol photons m–2 s–1.
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Metabolic profiling
Nicotiana tabacum plants grown for 2 weeks in hydroponic culture were 
transferred to a new medium supplemented with or without 10  µM 
Fe(III)-EDTA. Then, at 3 d after transfer to the new medium, the nutri-
ent solutions were collected and filtered using 0.45-µm PVDF filters. 
Metabolites were then retained on SepPak C18 cartridges (Waters), 
eluted with 2 ml of methanol, and stored at –80 °C until further analysis. 
In parallel, roots were frozen in liquid nitrogen and ground for 3 min 
(Retsch M301 ball mill). Samples of 100 mg (FW) were then homog-
enized twice in 1 ml of methanol for 5 min. Supernatants were pooled, 
vacuum dried, and dissolved with 250 µl methanol.

HPLC/DAD-ESI-MS (time-of flight, TOF) and HPLC/ESI-MS/MS 
(ion trap) analyses were carried out as described by Sisó-Terraza et  al. 
(2016a). Molecular formulae were assigned based on the exact molecular 
weight with errors <5 ppm.

Quantification of coumarins and their glycosides was carried out 
using [M+H]+ signals in the HPLC/ESI-MS (TOF). Internal standards 
(IS) were added in the root and nutrient extracts, and the occurrence 
of isobaric compounds that might have co-eluted with them had pre-
viously been checked in order to avoid analytical interferences in the 
quantification process. Extractions were carried out with addition of the 
following IS compounds: artemicapin C, a methylenedioxy-coumarin, 
for quantification of the coumarins scopoletin, fraxetin isomer, methoxy-
fraxetin, isofraxidin and fraxinol; esculetin, for quantification of oxidized 
hydroxyfraxetin, hydroxyfraxetin, and fraxetin, and the glucoside form 
of the coumarin esculetin, for quantification of coumarin glycosides. ISs 
were added to the extracts at the following concentrations: 5 µM arte-
micapin C, 10 µM esculetin, and 20 µM esculin. Quantification of frax-
etin, scopoletin, isofraxidin, fraxinol, and scopolin was carried out using 
authenticated standards. For other coumarins, as no commercial standards 
are available, concentrations were estimated as fraxetin for free coumarins, 
and as fraxin for glycosides.

Quantification of flavins was performed directly by using the absorp-
tion peak area at 445 nm using their authenticated standards. As no com-
mercial standard was available for riboflavanal, the concentration of this 
compound was estimated as riboflavin.

Construction of the pHSP3A::10His/STREPII/TEV-NtPDR3 
expression vector
The NtPDR3 coding sequence was provided with an N-terminal dou-
ble-purification tag, 10-His and STREPII, followed by the tobacco etch 
virus (TEV) protease cleavage site (see Supplementary Fig.  S1 at JXB 
online for sequence). The 187-bp sequence corresponding to the tag 
flanked by the KpnI and BglII restriction sites was ordered through the 
GeneArt© StringsTM facility (ThermoFisher Scientific). This fragment 
was then inserted in the pAUX3131 auxiliary plasmid between the tNOS 
terminator and the heat-inducible pHSPA3A transcriptional promoter 
(Navarre et  al., 2011). The pHSP3A::10His/STREPII/TEV-NtPDR3 
expression cassette was released from this plasmid by I-SceI and inserted 
in the pPZP- RCS2 binary vector (Goderis et al., 2002).

Transformation of N. tabacum BY-2 cells
Transgenic lines of N. tabacum BY-2 were obtained as described by Piette 
et al. (2011).

GUS histochemical analysis
GUS activity in N. tabacum plants was measured as described previously 
by Bultreys et al. (2009).

RNA preparation and quantitative RT-PCR
Plant tissues (100 mg, FW) were ground in liquid nitrogen using a mortar 
and pestle. RNA extraction was performed using the SpectrumTM Plant 
Total RNA Kit (Sigma-Aldrich, http://www.sigmaaldrich.com) accord-
ing to the manufacturer’s specifications. Genomic DNA was eliminated 

by using the On-Column DNase I Digestion Set (Sigma-Aldrich) on 
a spin column. DNA-free RNA (2 µg) was used for reverse transcrip-
tion using the Moloney Murine Leukemia Virus Reverse transcriptase 
(Promega, https://be.promega.com) and oligo(dT)18. Samples were 
incubated for 5 min at 25 °C, followed by 1 h at 42 °C and 5 min at 
85  °C. Gene-specific PCR primers (about 100  bp; melting tempera-
ture, 60 °C) were designed in the 3´-end of the coding sequence using 
OligoPerfect™ Designer (http://www.thermofisher.com); primers are 
listed in Supplementary Table S1. We used 5 µl of 10× diluted cDNAs as 
a template in a 20-µl RT-qPCR reaction, which also contained 10 µl of 
the Power SYBR green PCR master mix and 5 µl of primer mix (both 
1.3 µM). Amplification was performed on an ABI 7500 Real-Time PCR 
system (ThermoFisher). Primer specificity was confirmed by analysis 
of the melting curves. Primer combinations had at least 90% efficiency. 
Relative transcript levels were calculated following the 2–∆∆Ct method 
(Livak and Schmittgen, 2001) using the geometric mean of the elonga-
tion factor (EF-1A), mitochondrial ATP-synthase beta subunit (ATP2), 
and ubiquitin (UBQ) as references. Primer amplification efficiency was 
determined using five standards from serial dilutions of a pool including 
the five time-points studied in this experiment.

Preparation of the plant microsomal fraction and 
immunoblotting
A plant microsomal fraction was prepared and tested by immunoblotting 
as described previously (Bultreys et  al., 2009). The primary antibodies 
used were rabbit polyclonal antibodies against the whole plasma-mem-
brane H+-ATPase family (Morsomme et al., 1998), the plasma-membrane 
PIP aquaporins (Heinen et  al., 2014), the mitochondrial dihydrolipoyl 
dehydrogenase (DLD; de Castro Silva Filho et  al., 1996), or against 
NtPDR3. The anti-NtPDR3 antibody used in the first figure has been 
described previously (Ducos et al., 2005), while that used in other fig-
ures was obtained as follows. The 120-bp DNA fragment encoding Pro-
795 to Arg-834 of NtPDR3 was amplified by PCR using primers, one 
of which allowed the insertion of a six-histidine tag at the C-terminal 
end, and the PCR reaction product was inserted into the Escherichia coli 
expression vector pGEX-KG (Guan and Dixon, 1991). The glutathione 
S-transferase/NtPDR3 fusion protein was produced in E. coli, purified 
on a nickel–nitrilotriacetic acid agarose resin (Qiagen, Valencia, CA), and 
used to immunize rabbits.

Plasma membrane enrichment
Plasma membranes were purified by partitioning in an aqueous two-
phase system as described by Larsson et al. (1987).

Chlorophyll quantification
Chlorophyll content was quantified according to Moran and Porath 
(1980).

Transport assay on N. tabacum BY-2 cells
Cultures of 4-d-old N. tabacum BY-2 cells (200 ml) were incubated for 
16 h at 37 °C. After 1 h of recovery at 25 °C, cell density was adjusted 
to 0.07 g cells ml–1 in MS medium and 5-ml aliquots were transferred 
to 6-well plates (Sterile 6-well Cell Culture Plate, Cellstar) and supple-
mented with 20 µM fraxetin. Cells were incubated in the dark for 60 min 
under agitation (90 rpm) at 25 °C. The cell suspensions were then filtered 
on 3MM cellulose filters. The extracellular media were collected in 10 ml 
Falcon tubes (Corning) and frozen in liquid nitrogen. The cells were 
directly transferred to tubes containing 600 mg of glass beads (0.8–1 mm 
diameter, VWR) and frozen in liquid nitrogen. All samples were stored at 
–20 °C until analysis.

Frozen samples of the extracellular medium were thawed on ice and 
aliquots of 400 µl were cleared using Ultrafree®-MC-GV centrifugal fil-
ters (Millipore). Cells were homogenized in 600 µl 85% (v/v) ULC-MS 
methanol supplemented with 0.1% formic acid three times for 40  s at 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/69/18/4419/5034944 by guest on 04 January 2024

http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/ery221#supplementary-data
http://www.sigmaaldrich.com
https://be.promega.com
http://www.thermofisher.com);
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/ery221#supplementary-data


4422  |  Lefèvre et al.

5500  rpm (Precellys 24, Bertin Technologies). The homogenate was 
cleared in the same way as for the extracellular medium samples, and 
fraxetin and its derivatives were quantified by HPLC-HRMS (Orbitrap) 
analysis. Separation of metabolites was carried out with an Accela 1250 
HPLC system (ThermoFisher) equipped with a C18 Kinetex column 
(150 × 2.0 mm, internal diameter 3  µm; Phenomenex) using a linear 
gradient from 97% H2O (with 1% CH3CN and 0.1% HCOOH)/3% 
CH3CN to 40% H2O in 30 min. The flow rate was 0.2 ml min–1, and the 
column was maintained at 30 °C and the autosampler at 7 °C. Mass spec-
tra were acquired with a Q-Exactive mass spectrometer (ThermoFisher 
Scientific) equipped with an electrospray ionization (ESI) source in the 
negative mode. ESI inlet conditions were as follows: spray voltage 3.2 kV, 
capillary temperature 290 °C, sheath gas 40 PSI, and auxiliary gas 3 PSI. 
The injection volume was 10 µl.

Results

NtPDR3 is a plasma-membrane protein expressed in 
plant roots in response to Fe deficiency

When N. tabacum plants were grown under normal conditions 
in agar and NtPDR3 expression was assessed by immunob-
lotting in various organs using specific antibodies, no expres-
sion was detected in leaves, stems, roots, or reproductive organs 
(Fig. 1A).

Since NtPDR3 expression was previously shown to be 
induced by Fe deficiency in N. tabacum BY-2 suspension cells 
(Ducos et al., 2005), N. tabacum plants were grown hydroponi-
cally in the presence or absence of 10 μM Fe(III)-EDTA for 
up to 7 d and root microsomal fractions prepared after 1, 3, 
5, or 7 d were tested by immunoblotting. Although very low 
signals were detected in fractions from Fe-fed plants, a band at 
about 160 kD, corresponding to the expected size of NtPDR3, 
increased over time in the fractions prepared from Fe-deficient 
plant roots (Fig. 1B). Iron shortage is usually accompanied by 
external acidification, with the plasma membrane H+-ATPase 
being suggested to play a role (Santi and Schmidt, 2009). 
However, western blotting showed that Fe shortage did not 
significantly modify the total amount of H+-ATPase (Fig 1B). 
This was confirmed using three different loading controls: 
Coomassie Blue-stained gel and western blotting (PIP and 
DLD) (Supplementary Fig. S2A). Activation of PDR3 expres-
sion by Fe shortage was confirmed to occur at the transcript 
level using RT-qPCR (Supplementary Fig. S2B).

To determine the subcellular localization of NtPDR3, we 
used immunoblotting to compare the NtPDR3 signal in a 
microsomal fraction and in a phase partition-purified plasma-
membrane fraction prepared from roots of N.  tabacum plants 
grown under Fe-deficient conditions. As shown in Fig. 1C, the 
NtPDR3 signal enrichment in the plasma-membrane fraction 
was found to be similar to that of the H+-ATPase, a plasma-
membrane marker, indicating that NtPDR3 localizes to the 
plant plasma membrane.

In order to further analyse NtPDR3 expression, transgenic 
N. tabacum plants expressing the GUS gene fused to a 1502-
bp fragment (Supplementary Fig. S3) of the putative NtPDR3 
transcription promoter (pNtPDR3::GUS plants) were raised 
and grown hydroponically in 0, 10, or 40 μM Fe(III)-EDTA 
for 3 d, and then GUS activity was assessed by histochemical 
staining. In the root, whereas pNtPDR3::GUS plants grown 

in Fe-supplemented medium showed only faint GUS activity, 
plants grown under Fe-depleted conditions displayed strong 
staining in the main and lateral roots (Fig. 2A). The staining was 
observed in the youngest part of the roots. Cross-sectioning 
showed that it was mainly restricted to the epidermal cell layer 
(Fig. 2B), whereas longitudinal sectioning revealed that it was 
absent in the meristematic zone of the root and appeared in a 
more basal region, probably the differentiation zone (Fig. 2C). 

Fig. 1.  Organ-specific and subcellular expression of NtPDR3 and 
induction of NtPDR3 expression by Fe deficiency in N. tabacum plants. 
(A) Microsomal fractions (20 µg) from different organs were tested by 
immunoblotting for NtPDR3, using H+-ATPase as the loading control. 
‘Petal (up)’ and ‘Petal (down)’ correspond to the pink upper part and the 
white lower part, respectively, of a full-length petal. The positive control 
was a microsomal fraction of N. tabacum BY-2 cells incubated for 48 h 
in a medium supplemented with 1 mM Na2EDTA. (B) Root microsomal 
fractions (20 µg) prepared from plants grown under hydroponic conditions 
before transfer (0 d) and at 1, 5, and 7 d after transfer to medium with 
(+Fe) or without (–Fe) supplementation with 10 µM Fe(III)-EDTA, tested by 
immunoblotting for NtPDR3, using H+-ATPase as the loading control. (C) 
Microsomal fraction (MF) and plasma membrane-enriched fraction (PM) 
proteins (5 µg) from the roots of plants grown under hydroponic conditions 
in Fe-deficient medium for 3 d, tested by immunoblotting for NtPDR3, 
using H+-ATPase as a PM marker. Note that the protein concentration was 
reduced compared with (A, B) in order to better see the enrichment in the 
plasma-membrane fraction.
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No staining was observed in leaf tissues of pNtPDR3::GUS 
plants grown under Fe-deficient conditions (Supplementary 
Fig. S4).

Similar to previous observations for other genes induced 
in roots by Fe deficiency, such as FRO2 and IRT1 from 
Arabidopsis (Vert, et al., 2002), NtPDR3 induction by Fe defi-
ciency was shown to be regulated by both local and long-
distance signals. In a split-root experiment in which half of the 
pNtPDR3::GUS roots from a plant grown in a Fe-containing 
medium were dipped in Fe-containing medium and the other 
half in Fe-deficient medium, GUS staining was seen in both 
halves of the root, but was stronger in the part dipped in the 
Fe-containing medium (Fig. 2D). This expression pattern indi-
cated that NtPDR3 induction by Fe deficiency was, like that of 
FRO2 or IRT1, subject to systemic positive regulation, prob-
ably through a shoot-borne signal, by the global Fe-deficient 
status of the plant and was also positively regulated by the pres-
ence of Fe in the medium at the root level.

NtPDR3-silencing results in higher sensitivity to Fe 
deficiency

To better understand the role of NtPDR3 in the plant response 
to Fe deficiency, we generated transgenic N. tabacum plants in 
which NtPDR3 expression was prevented by artificial micro-
RNA. Ten NtPDR3-silenced lines were identified among 15 
transgenic lines and showed stable silencing. Three silenced 
lines (pdr3-1, pdr3-2, and pdr3-3) were used for more detailed 
characterization (Fig. 3A). These lines did not show any vis-
ible phenotypic change when grown in the presence of 10 µM 
Fe(III)-EDTA. However, when grown in Fe-depleted medium, 
pdr3-1 (Fig.  3B) and pdr3-2 and pdr3-3 (Supplementary 
Fig. S5A) had smaller shoots than the wild-type and a stronger 
chlorotic leaf phenotype, with the youngest leaves turning 
white after 13 d of growth without Fe, in contrast to the wild-
type leaves that remained light-green. When leaf chlorophyll 

was quantified, the content of the wild-type and the three 
mutant lines did not differ significantly under a normal Fe sup-
ply. However, when grown for 13 d on Fe-depleted medium, 
the mutants showed a decrease of ~60% in leaf chlorophyll 
content compared to the wild-type (Fig.  3C for pdr3-1 and 
Supplementary Fig. S5B for pdr3-2 and pdr3-3). These results 
showed that NtPDR3 is involved in the plant adaptation to Fe 
deficiency.

NtPDR3 is involved in the export of O-methylated 
coumarins to the rhizosphere

In an attempt to identify NtPDR3 substrate(s), we collected 
the culture media of wild-type and NtPDR3-silenced plants 
grown hydroponically under both control and Fe-deficient 
conditions. We hypothesized that the secretion of such 
substrate(s) would be induced by Fe deficiency and would be 
more abundant in the wild-type exudates than in the mutant 
ones. Since AtPDR9, the Arabidopsis homolog of NtPDR3, 
has been found to be involved in the secretion of coumarins 
(Fourcroy et al., 2014; Ziegler et al., 2017), we used conditions 
favorable for its identification. From a total of approximately 
200 possible mass spectral features analysed per run and per 
sample, only 13 compounds complied with the following crite-
ria: (i) occurring at the retention time (RT) where absorbance 
at 320 nm was observed; (ii) showing peak area increases (or 
appearing) with Fe-deficiency; and (iii) not being ions associ-
ated with adducts. The RTs, exact values of m/z, assigned ele-
mental formula, and MSn fragmentations of these compounds, 
labelled E1–E13, are shown in Supplementary Table S2. Nine 
were identified as O-methylated coumarins and four as flavins.

In order to investigate the involvement of NtPDR3 in the 
export of the identified metabolites to the nutrient solution, 
quantification of coumarins and flavins was carried out using 
[M+H]+ signals in HPLC/ESI-MS (TOF) chromatograms. 
Iron deficiency induced a massive export of both coumarins 

Fig. 2.  Tissue-specific localization of NtPDR3 in N. tabacum plants. (A) GUS staining of pNtPDR3::GUS plant roots grown under hydroponic conditions 
3 d after transfer to medium supplemented with 0, 10, or 40 µM Fe(III)-EDTA (scale bar =10 mm). (B) Cross-section and (C) longitudinal section of 
a Fe-deficient root (scale bars =0.1 mm). (D) NtPDR3 expression in response to a localized Fe supply. The root system of a pNtPDR3::GUS plant 
grown under hydroponic conditions in the presence of Fe was split into two equal parts and one half was dipped in medium supplemented (+Fe) with 
10 µM Fe(III)-EDTA and the other half in Fe-free medium (–Fe), while control plants had their whole root systems dipped in medium with or without Fe 
supplementation. GUS staining was then performed after 3 d of growth under these conditions (scale bar =10 mm). The results shown are representative 
of several independent pNtPDR3::GUS plant lines tested.
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and flavins in the nutrient solution of N. tabacum 3 d after the 
onset of the treatment (Fig.  4). In total, flavins were almost 
six times more abundant than coumarins (287 nmol g–1 ver-
sus 49  nmol g–1 FW, respectively). Riboflavin was the most 
abundant flavin in the exudates (45% of the total flavins). The 
most abundant coumarin was hydroxyfraxetin (33%) followed 

by methoxyfraxetin (22%). Interestingly, a glycosylated form of 
hydroxyfraxetin was also identified in the exudates. However, 
its abundance was relatively low, accounting for less than 0.5% 
of the total coumarins.

NtPDR3-silencing caused a marked decrease in the secretion 
of all coumarins to the nutrient solution (Fig.  4A), whereas 
flavin secretion (Fig. 4B) was unaffected, with only the excep-
tion of a small decrease for FMN (Fig. 4B). When compared to 
their concentrations in wild-type exudates, the largest decrease 
was for fraxetin (193-fold), followed by oxidized hydroxyf-
raxetin (19-fold), methoxyfraxetin (5-fold), hydroxyfraxetin 
(4-fold), the isomer of fraxetin (3-fold), and scopoletin, isof-
raxidin, and fraxinol (2-fold each). The concentration of the 
only glycoside detected in the culture medium, the glycoside 
of hydroxyfraxetin, was also decreased 3-fold in the exudates of 
NtPDR3-silenced lines.

NtPDR3-silenced roots accumulate more glycosylated 
coumarins than the wild-type

In order to confirm that NtPDR3 is involved in the secre-
tion of coumarins, but not flavins, in response to Fe deficiency, 
methanolic extracts from roots were also obtained and analysed. 
We hypothesized that if a substrate of NtPDR3 was less abun-
dant in the exudates of mutant plants, it should accumulate 
within the roots of such plants. As for the exudate samples, root 
extracts were analysed by reverse-phase C18 HPLC coupled 
to UV/Vis and both ESI-MS (TOF) and ESI-MS/MS (ion 
trap). We found 12 compounds complied with the same three 
criteria listed above, and details are shown in Supplementary 
Table S3, with the compounds labelled R1–R12. As expected, 
the 12 compounds absorbing at 320 nm and being increased by 
Fe-deficiency in N. tabacum roots were flavins and coumarins. 
The four flavins identified were the same as those already 
observed in the nutrient solutions. However, coumarins iden-
tified in the roots were mainly glycosides, instead of the agly-
cone coumarins found in the nutrient solutions.

The quantification of metabolites revealed that the roots of 
the NtPDR3-silenced lines accumulated more coumarins than 
the wild-type (Fig. 5A). When compared to their concentra-
tions in wild-type roots, the largest increase was for the second 
isomer of methoxyfraxetin glucoside (8-fold), followed by the 
first isomer of hydroxyfraxetin glucoside (5-fold). As observed 
in the nutrient solutions, flavin concentrations did not seem 
to be markedly modified in roots of NtPDR3-silenced plants, 
except for a 50% increase in riboflavin (Fig. 5B).

Expression of NtPDR3 in N. tabacum BY-2 cells 
modulates the coumarin pools

The observation that NtPDR3-silenced plants secreted less 
O-methylated coumarins to the rhizosphere, whilst in paral-
lel accumulating more of their glycosides in their roots, sug-
gested that NtPDR3 transports these phenylpropanoids. 
To demonstrate this in a more direct manner, we sought to 
express NtPDR3 provided with a 10-His/STREPII/TEV 
tag in N.  tabacum Bright Yellow-2 (BY-2) suspension cells 
using the constitutive En2pPMA4 promoter (De Muynck 

Fig. 3.  Phenotype of N. tabacum transgenic lines silenced for NtPDR3 
expression using artificial microRNA. (A) Root microsomal proteins (20 µg) were 
prepared from seedlings of three independent transgenic lines (pdr3-1, pdr3-2, 
and pdr3-3) and the wild-type (WT) grown under in vitro conditions for 12 d on 
medium with (+Fe) or without (–Fe) supplementation with 10 µM Fe(III)-EDTA, 
and tested by immunoblotting for NtPDR3, using H+-ATPase as the loading 
control. (B, C) Growth and chlorophyll content of the pdr3-1 line compared 
to the wild-type (WT). (B) Images of 21-d-old plantlets grown under in vitro 
conditions for 13 d on medium with (+Fe) or without (–Fe) supplementation with 
10 µM Fe(III)-EDTA. The images shown are representative of those from three 
independent experiments. At the bottom are enlarged images of a wild-type and 
a pdr3-1 plantlet grown without Fe supplementation. Similar data were obtained 
for lines pdr3-2 and pdr3-3 (see Supplementary Fig. S5A). (C) Leaf chlorophyll 
content of the same plantlets. The data are means (±SE) of six measurements 
performed on individual seedlings. Significant differences compared with the 
wild-type were determined using Student’s t-test: ***P<0.001. Similar data were 
obtained for lines pdr3-2 and pdr3-3 (Supplementary Fig. S5B).
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et  al., 2009). Upon A.  tumefaciens-mediated transformation, 
no NtPDR3-expressing transformant was obtained despite 
this expression system having been successfully used for other 
PDR transporters (Pierman et al., 2017; Toussaint et al., 2017). 
This suggested that constitutive NtPDR3 expression is lethal. 
We therefore made use of the heat-induced transcription pro-
moter NtHSP3A (Navarre et al., 2011). Several transgenic lines 
showed NtPDR3 expression after incubation at 37 °C for 16 h 
(Fig. 6A). In one of these lines (NtPDR3-9), we compared the 
NtPDR3 signal in a microsomal fraction and in a phase parti-
tion-purified plasma-membrane fraction (Fig. 6B). The signal 
was strongly enriched in the plasma-membrane fraction, but to 
a lesser extent than the marker for H+-ATPase, suggesting that 
NtPDR3 was partly in internal membranes.

We used fraxetin as a model coumarin for transport experi-
ments as this compound is not produced de novo by BY-2 cells, 

is commercially available, and was found to display the largest 
decrease in the NtPDR3-silenced exudates in the metabolic 
profiling experiment (193-fold compared to the wild-type). 
Upon heat induction, wild-type and two NtPDR3-expressing 
cell lines (NtPDR3-1 and NtPDR3-9) were incubated in the 
presence of 20 µM fraxetin, and the intracellular and extracel-
lular concentrations were quantified after 60 min. As fraxetin 
was found to be rapidly glycosylated by endogenous glyco-
syltransferases (Supplementary Fig. S6), these forms were also 
quantified.

When the extracellular medium of wild-type BY-2 cells 
was supplemented with fraxetin, 63% of the fraxetin mol-
ecules were glycosylated, and the vast majority of these 
glycosylated forms were found in the intracellular extract 
(Fig. 6C). However, the two NtPDR3-expressing lines were 
found to accumulate 5-fold less glycosylated coumarins 

Fig. 4.  Effect of NtPDR3-silencing on root exudation of coumarins and flavins from N. tabacum plants. Coumarins (A) and flavins (B) were quantified 
in the nutrient solution of wild-type (WT) and NtPDR3-silenced (pdr3) plants grown under hydroponic conditions 3 d after their transfer to medium with 
(+Fe) or without (–Fe) supplementation with 10 µM Fe(III)-EDTA. Data are means (±SD) of three independent biological replicates. Significant differences 
compared with the wild-type were determined using Student’s t-test: *P<0.05; **P<0.01; ***P<0.001.
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intracellularly, and these differences were mainly compen-
sated by a higher proportion of fraxetin detected in the extra-
cellular medium. However, more fraxetin was also detected 
in the intracellular fractions of the NtPDR3-expressing 
lines. One additional interesting observation was that after 
incubation with fraxetin, both NtPDR3-expressing lines 
accumulated small amounts of glycosylated fraxetin in the 
extracellular medium (accounting for 2% of the total frax-
etin pool) (Fig. 6C).

Discussion

Iron homeostasis involves Fe uptake from the soil, its com-
partmentalization within the cell, and its distribution through-
out the plant. In N.  tabacum, the response to Fe deficiency 
includes classical Strategy I  responses as well as the elicita-
tion of root accumulation and secretion of both coumarins 
and flavins (Fig. 7A). The data from our study provide strong 
evidence that NtPDR3 plays an important role in the plant’s 

Fig. 5.  Effect of NtPDR3-silencing on root accumulation of coumarins and flavins from N. tabacum plants. Coumarins (A) and flavins (B) were quantified 
in roots extracts obtained from wild-type (WT) and NtPDR3-silenced (pdr3) plants grown under hydroponic conditions, 3 d after their transfer to medium 
with (+Fe) or without (–Fe) supplementation with 10 µM Fe(III)-EDTA. Data are means (±SD) of three independent biological replicates. Significant 
differences compared with the wild-type were determined using Student’s t-test: *P<0.05; **P<0.01; ***P<0.001.
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adaptation to Fe deficiency. NtPDR3 expression was detected 
at a low level in roots under normal conditions by RT-PCR, 
immunoblotting, and using the GUS-reporter gene, but it 
was clearly up-regulated in roots when Fe was absent (Fig. 1, 
Supplementary Fig.  S2). Its expression was restricted to the 
epidermis (Fig.  2) and the protein was enriched in plasma-
membrane preparations as compared to microsomal fractions 
(Fig. 1C). Interestingly, Fe shortage did not significantly mod-
ify the level of the plasma-membrane H+-ATPase. Although 
acidification of the external medium is a usual response to 
Fe deficiency, the role of H+-ATPase in this acidification has 
been questioned to some extent (Vansuyt et al., 2003). AHA2, 
a major H+-ATPase isoform in Arabidopsis was shown to be 
more expressed in roots upon Fe starvation (Santi and Schmidt, 
2009) but this was not confirmed in a more recent proteomic 
analysis (Lan et al., 2011). The data presented here confirm the 

absence of activation of H+-ATPase expression in N. tabacum. 
This does not exclude activation of this enzyme at the activity 
level. Indeed, this enzyme is regulated by phosphorylation at 
several sites as well as by binding of 14-3-3 regulatory proteins 
(Duby and Boutry, 2009; Haruta et al., 2015; Falhof et al., 2016).

Taken together, the data for expression and subcellular local-
ization point to a role of NtPDR3 in the plant response to Fe 
deficiency. An important indication of this came from the char-
acterization of transgenic plants silenced for this transporter. 
These plants displayed growth defects and lower chlorophyll 
content on Fe-deficient medium compared to the wild-type 
(Fig. 3).

Comparing the root metabolites and exudates of wild-type 
and NtPDR3-silenced plants grown in hydroponics allowed 
us to identify alterations in pools of O-methylated coumarins 
(Figs 4, 5). Mutant roots accumulated more O-methylated cou-
marins, mainly in the form of glycosides, whilst at the same 
time they secreted less of these metabolites to the rhizosphere. 
These results are reminiscent of those obtained in an Arabidopsis 
knockout mutant of AtPDR9, the homolog of NtPDR3 
(Rodríguez-Celma et  al., 2013; Fourcroy et  al., 2014; Ziegler 
et al., 2017; Rajniak et al., 2018; Tsai et al., 2018). However, sev-
eral differences can be noted between the two species. First, the 
set of secreted coumarins differ, since in N. tabacum 96% of the 
total consisted of highly-substituted coumarins including two 
tetra-oxygenated (44% hydroxyfraxetin, including its oxidized 
form, and 22% methoxyfraxetin) and three tri-oxygenated 
forms (9% fraxetin, 11% fraxetin isomer, 6% fraxinol, and 4% 
isofraxidin). The remaining 4% corresponded to the di-oxygen-
ated coumarin scopoletin. Conversely, in Arabidopsis, according 
to initial reports, only 63–72% of the total corresponds to tri- 
and tetra-oxygenated coumarins already found in N.  tabacum, 
with the exception of methoxyfraxetin, whereas 28–37% of the 
total corresponds to two di-oxygenated coumarins, scopoletin 
and esculetin (Sisó-Terraza et al., 2016a; Ziegler et al., 2017; Tsai 
et  al., 2018). However, the experimental set-up, and particu-
larly the pH of the nutrient solution, seems to greatly impact 
the nature of the coumarins identified. Indeed, very recently, 
Rajniak et al. (2018) showed that hydroxyfraxetin (referred to 
as sideretin) was the major coumarin exuded by Arabidopsis 
in response to Fe deficiency, at least under acidic conditions, 
whereas alkaline conditions favored exudation of less-oxidized 
coumarins, such as scopoletin and fraxetin. A  second funda-
mental discrepancy with Arabidopsis is that our metabolic 
approach also allowed us to determine that upon Fe deficiency, 
N. tabacum roots secreted a set of flavins (riboflavin, riboflava-
nal, FMN, and lumichrome) in addition to coumarins, and also 
that NtPDR3 did not seem to be involved in the exudation 
of these metabolites (Fig. 7). This observation is interesting as 
secretion of flavins and coumarins was previously thought to 
be mutually exclusive (Rodríguez-Celma et al., 2013). In fact, 
Fe deficiency-induced secretion of riboflavin was previously 
reported to occur either alone (Hysociamus albus, Petroselinum 
crsipum) or in combination with other flavins (two riboflavin 
sulfates in Amarathus caudatus, Beta vulgaris, and Spinacea olera-
cea; three oxygenated-flavins in M.  truncatula; riboflavanal in 
Cucumis sativus; and an unknown flavin in C. melo) (Rodríguez-
Celma et al., 2011; Hsieh and Waters, 2016; Satoh et al., 2016). 

Fig. 6.  NtPDR3 expression modulates N. tabacum BY-2 intracellular and 
extracellular coumarin pools. (A) Overexpression of NtPDR3 in different 
BY-2 suspension cell lines (numbered at the top). Microsomal fractions 
(20 µg) were prepared 16 h after induction at 37 °C and subjected to 
western blotting for detection of NtPDR3, using H+-ATPase as a loading 
control. Microsomal fractions prepared from wild-type BY-2 cells induced 
for NtPDR3 expression by a treatment of 48 h with 1 mM Na2EDTA 
were used as a positive control (C+). (B) Microsomal fraction (MF) and 
plasma membrane-enriched (PM) proteins from N. tabacum BY-2 cells 
overexpressing NtPDR3 (line NtPDR3-9). The weight of samples loaded is 
indicated (µg). (C) One wild-type (WT) and two NtPDR3-overexpressing cell 
lines (NtPDR3-1 and NtPDR3-9) were incubated in the presence of 20 µM 
fraxetin for 1 h. Fraxetin and its glycosides were quantified in cellular 
methanolic extracts (left) as well as in the extracellular culture medium 
(right). Data are means (±SE) of three biological replicates. Significant 
differences compared with the wild-type were determined using Student’s 
t-test: ***P<0.001.
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It should be stressed that coumarins and flavins can take part in 
functions other than Fe acquisition. For instance, they also func-
tion in deterring feeding by pests, allelopathic activity against 
plant competitors, responses to microbial pathogen attack, and 
in adaptive mechanisms to phosphorus limitation (Jordan et al., 
1992; Susín, 1994; Gnonlonfin et al., 2012; Ziegler et al., 2016; 
Stringlisa et al., 2018).

Given that the available data for AtPDR9 and NtPDR3 
mutant plants did not exclude the possibility that other trans-
porters induced by Fe deficiency are involved in coumarin 
secretion, we took an additional step by following NtPDR3 
transport activity in another cellular context and in the absence 
of Fe deficiency. Expression of the transporter in N.  tabacum 
BY-2 suspension cells was relevant for several reasons. First, the 
background expression of NtPDR3 was very low. Second, in 
this homologous system, NtPDR3 was correctly targeted to 
the plasma membrane. This was not the case in our attempts to 
express NtPDR3 in Saccharomyces cerevisiae, where NtPDR3 was 
retained in internal membranes (data not shown). Interestingly, 
unlike for other N. tabacum PDR transporters (Toussaint et al., 
2017; Pierman et al., 2017), constitutive NtPDR3 expression 
could not be obtained in N.  tabacum BY-2 cells. This might 
indicate that NtPDR3 transports a metabolite essential for 
BY-2 cell survival. The heat-induced promoter turned out to 
be a useful tool, allowing strong expression upon induction. 

Fraxetin (7,8-dihydro-6-methoxycoumarin) was used as a 
model coumarin as it is not produced de novo by BY-2 cells, it 
is commercially available, and it was found to display the largest 
decrease in the NtPDR3-silenced exudates compared to the 
wild-type in our metabolic profiling experiment. Expression 
of NtPDR3 in BY-2 cells clearly confirmed coumarin trans-
port (Fig. 6).

Our results indicated that coumarins are stored as glyco-
sides within the roots of N. tabacum, as previously shown for 
Arabidopsis. This observation is also in line with what has been 
reported for many other phenylpropanoids (Hino et al., 1982; 
Whetten and Sederoff, 1995; Alejandro et  al., 2012; Väisänen 
et al., 2015). This is easily explained by the fact that aglycone 
forms of phenylpropanoids are highly nucleophilic and there-
fore unstable and putatively cytotoxic. The attachment of 
carbohydrate moieties reduces their reactivity, improves their 
stability, and can control compartmentalization and biological 
activity (Jones and Vogt, 2001; Le Roy et al., 2016). In N. taba-
cum, a UDP-glucosyltransferase with high affinity towards 
hydroxycoumarins, NtTOGT1, has been shown to be involved 
in scopoletin glycosylation in planta (Chong et al., 2002). Once 
glycosylated, most phenylpropanoids, and most likely cou-
marins, are stored in the vacuole (Dima et al., 2015). However, 
no specific vacuolar transporter of glycosylated coumarins has 
yet been identified.

Fig. 7.  Schematic mechanism of Fe uptake by N. tabacum plants. (A) The reduction-based Fe uptake Strategy I used by all higher plants except for 
those of the Graminacae family relies mainly on the reduction of ferric chelates at the root surface through the activity of the ferric-chelate reductase FRO. 
The ferrous Fe thus generated is then taken up into root cells by the Fe-regulated transporter IRT. To increase the solubility of ferric Fe and to support the 
reducing capacity of Fe3+ at the root surface, these plants also activate P-type H+-ATPases (HA) to acidify the rhizosphere. In addition, Strategy I plants 
also secrete species-dependent secondary metabolites with Fe-chelating and/or -reducing properties. Whereas Arabidopsis secretes only coumarins (C) 
through a full-size ATP-binding cassette (ABCG) transporter, other species such as Medicago truncatula and Beta vulgaris secrete only flavins (F) through 
an unknown mechanism. In N. tabacum plants, both systems are present. Adapted from Sisó-Terraza et al. (2016b). Flavins secreted by roots of iron-
deficient Beta vulgaris enable mining of ferric oxide via reductive mechanisms. New Phytologist 209, 733–745; and Tsai and Schmidt (2017). Mobilization 
of iron by plant-borne coumarins. Trends in Plant Science 22, 538–548, with permission from Elsevier. (B) The current model proposes that coumarins are 
deglycosylated by β -glucosidases (GLU) in the cytosol prior their export to the rhizosphere (upper panel). Our data support an alternative route, namely 
that coumarins are exported as glycosides and removal of the sugar moiety occurs in the apoplast (lower panel).
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As our metabolic profiling experiment identified coumarins 
almost exclusively in their aglycone form in the exudates of 
Fe-deficient N.  tabacum roots, it seems that β-glucosidase-
mediated removal of sugar moieties occurs at some point, 
either before or after secretion (Fig. 7B). Some previous obser-
vations support the hypothesis that the removal of the sugar 
moiety of coumarin glycosides occurs before secretion. In 
Arabidopsis, four β-glucosidases have been shown to mediate 
hydrolysis of glycosylated coumarins. Three of these (BGLU21, 
BGLU22, and BGLU23/PYK10) are localized in endoplasmic 
reticulum (ER)-bodies and have been shown to specifically 
hydrolyse scopolin to its corresponding aglycone scopoletin 
in vitro (Ogasawara et al., 2009; Ahn et al., 2010). Interestingly, 
these three β-glucosidases seem to be stored in ER-bodies in 
an inactive form, and require binding to the cytosolic PYK10-
binding protein 1 (PBP1) to be activated (Nagano et al., 2005, 
2008). On the other hand, BGLU42 is a cytosolic β-glucosidase 
that also appears to mediate hydrolysis of coumarin glycosides. 
Interestingly, bglu42 mutants accumulate more and secrete less 
coumarins, suggesting that BGLU42 is required for the pro-
cessing of coumarins before secretion. Moreover, BLGU42 
is predominantly expressed in root hairs and is up-regulated 
upon Fe deficiency (Zamioudis et al., 2014).

However, other observations tend to support removal of 
the sugar moiety of coumarin glycosides after secretion. Both 
the presence of hydroxyfraxetin glycoside in exudates of 
Fe-deficient wild-type N. tabacum roots and the occurrence of 
other uncharacterized β-glucosidases with predicted apoplas-
tic localization (Xu et al., 2004) could suggest that coumarin 
glycosides might constitute the transported compounds. The 
increased level of hydroxyfraxetin glycoside II in ntpdr3 roots 
and their corresponding decrease in the exudates further sup-
port this hypothesis (Figs 4, 5). These data rule out the possibil-
ity that this compound had merely diffused through the roots 
into the nutrient solution. However, since no other coumarin 
glycoside was detected in the exudates of Fe-deficient plants, 
this would mean that the hexose moiety of hydroxyfraxetin 
glycoside II is removed less efficiently than that of other cou-
marins. Investigating this assumption would be an interest-
ing way to further support the ‘transport prior to hydrolysis’ 
hypothesis. Another interesting observation was that NtPDR3 
expression in N. tabacum BY-2 cells resulted in increased level 
of fraxetin within the cells. This might be related to the obser-
vation that NtPDR3 was not targeted to the plasma mem-
brane with the same efficiency as the plasma-membrane 
marker H+-ATPase and that it was partly localized to internal 
membranes. In this case, glycosylated fraxetin might be partly 
transported in a compartment of the secretory pathway and 
further de-glycosylated by one of the ER-associated glucosi-
dases mentioned above.

In conclusion, expression of NtPDR3 in N.  tabacum BY-2 
cells modulates the intracellular and extracellular pools of frax-
etin added to the medium. However, the fact that fraxetin is 
glycosylated in BY-2 cells, as is also the case in planta, makes 
the interpretation of our results more complex. Nonetheless, 
these results seem to provide additional experimental evidence 
that NtPDR3 (and AtPDR9 in Arabidopsis) could trans-
port glycosylated coumarins rather than their corresponding 

aglycones (Fig. 7B). Indeed, our results show that cells express-
ing NtPDR3 have an increased efflux of fraxetin glucosides 
upon incubation with fraxetin than wild-type cells (Fig. 6C). 
Given the complexity of the in vivo situation, performing in 
vitro transport assays using purified NtPDR3 in reconstituted 
liposomes seems to be the only way to ultimately assess which 
coumarin form is actually transported by NtPDR3.
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