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Elongation of the primary root during postgermination of Medicago truncatula seedlings is a multigenic trait that is responsive to
exogenous nitrate. A quantitative genetic approach suggested the involvement of the nitrate transporter MtNPF6.8 (for Medicago
truncatula NITRATE TRANSPORTER1/PEPTIDE TRANSPORTER Family6.8) in the inhibition of primary root elongation by high
exogenous nitrate. In this study, the inhibitory effect of nitrate on primary root elongation, via inhibition of elongation of root cortical
cells, was abolished in 7pf6.8 knockdown lines. Accordingly, we propose that MtINPF6.8 mediates nitrate inhibitory effects on primary
root growth in M. truncatula. pMtNPF6.8:GUS promoter-reporter gene fusion in Agrobacterium rhizogenes-generated transgenic roots
showed the expression of MtNPF6.8 in the pericycle region of primary roots and lateral roots, and in lateral root primordia and tips.
MtNPF6.8 expression was insensitive to auxin and was stimulated by abscisic acid (ABA), which restored the inhibitory effect of nitrate
in npf6.8 knockdown lines. It is then proposed that ABA acts downstream of MtNPF6.8 in this nitrate signaling pathway. Furthermore,
MtNPF6.8 was shown to transport ABA in Xenopus spp. oocytes, suggesting an additional role of MtNPF6.8 in ABA root-to-shoot
translocation. "NO, -influx experiments showed that only the inducible component of the low-affinity transport system was affected
in npf6.8 knockdown lines. This indicates that MtNPF6.8 is a major contributor to the inducible component of the low-affinity transport
system. The short-term induction by nitrate of the expression of Nitrate Reductasel (NR1) and NR2 (genes that encode two nitrate
reductase isoforms) was greatly reduced in the npf6.8 knockdown lines, supporting a role of MtNPF6.8 in the primary nitrate response
in M. truncatula.

Nitrogen (N) is an inorganic nutrient that is essential
for sustaining plant growth. The availability of N in soil is
an important factor for plant establishment, crop yield, and
quality. One of the main sources of N in the soil, available
for plants, is nitrate (NO;; Andrews and Lea, 2013;
Andrews et al., 2013). In order to adapt to nitrate avail-
ability, plants have evolved two nitrate uptake systems: a
low-affinity transporter system (LATS) and a high-affinity
transporter system (HATS; Wang et al.,, 2012) that belong
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respectively to two families of proteins, named NITRATE
TRANSPORTER1 (NRT1)/PEPTIDE TRANSPORTER
(PTR) and NITRATE TRANSPORTER?2 (NRT2; Nacry
et al., 2013). According to the recent unified nomencla-
ture, NPF is now the name to be used for the NRT1/PTR
Family (Léran et al., 2014). Fifty-three putative NPF genes
were predicted from the genome sequence of Arabidopsis
(Arabidopsis thaliana) and 10 were characterized as nitrate
transporters (Tsay et al., 1993; Huang et al., 1999; Chiu
et al., 2004; Almagro et al., 2008; Lin et al., 2008; Fan et al.,
2009; Li et al., 2010; Wang and Tsay, 2011; Hsu and Tsay,
2013). All of the NPF transporters are located in the
plasma membrane. Most of these nitrate transporters are
low-affinity nitrate transporters, except AtNPF6.3
(AtNRT1.1), which is a dual-affinity nitrate transporter
(Liu et al,, 1999). To date, only AtNPF6.3 and AtNPF4.6
(AtNRT1.2) have been shown to participate in the uptake
of high nitrate concentrations by roots (Huang et al.,
1999; Liu et al.,, 1999). In Arabidopsis, seven members of
the NRT2 family were identified and characterized as
high-affinity nitrate transporters. Most of these AtNRT2
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transporters are located in the plasma membrane, except
AtNRT2.7, which is located in the tonoplast (Chopin
et al., 2007). AtNRT2.1 is the major NRT2 transporter
that participates in high-affinity nitrate uptake, whereas
AtNRT2.2 and AtNRT2.4 have been shown to play a
minor role in nitrate uptake (Li et al., 2007; Kiba et al.,
2012).

Developmental plasticity allows a plant to respond
to nutrient availability by changing the architecture of the
root system (Zhang and Forde, 2000; Linkohr et al., 2002).
Nitrate is one of the major nutrients known to act as a
signal molecule involved in the control of root architec-
ture through the regulation of primary root growth and
in the emergence and development of lateral roots (LRs),
as part of an adaptive strategy (Zhang and Forde, 1998,
2000; Zhang et al., 1999; Tian et al.,, 2008; Vidal et al.,
2010b; Celis-Aramburo et al., 2011). The molecular nature
of nitrate sensing and signaling has been extensively
studied in Arabidopsis in relation to the regulation of LR
development. At high nitrate concentrations, a systemic
response suppresses LR growth after initiation at the
early LR emergence stage (Zhang et al., 1999). In addi-
tion, studies have shown that when a plant is subjected to
nitrate deficiency, followed by the application of a high
local nitrate concentration, LR growth is locally stimu-
lated toward this most abundant source of nitrate (Zhang
and Forde, 1998; Zhang et al., 1999). The localized effect
of nitrate on LR growth was shown to be mediated by the
dual-affinity nitrate transporter AtNPF6.3 (Remans et al.,
2006) and Arabidopsis Nitrate Regulated1, a transcription
factor of the MADS box family (Zhang and Forde, 1998).
Furthermore, the finding that AtNPF6.3 transports nitrate
and auxin (indoleacetic acid [IAA]) provides a model in
which 1) under low nitrate conditions, AtNPF6.3 trans-
ports auxin away from the LR tip and the low content of
auxin in the tip inhibits the outgrowth of LR; and 2)
under high nitrate conditions, nitrate stimulates LR emer-
gence by inhibiting AtNPF6.3-dependent auxin basipetal
transport, leading to auxin accumulation in the LR tip
(Krouk et al., 2010). In nonnodulated Medicago truncatula
(i.e. in the absence of rhizobia), the modulation of shoot-
to-root auxin transport in response to nitrate availability
was shown to reduce the density of LR and this effect was
mediated by the super numeric nodules gene (Jin et al.,
2012).

The effect of nitrate on primary root growth has
been less well studied compared with LR growth, al-
though nitrate has been shown in several species to
inhibit primary root growth through the alteration of
hormone transport or signaling. In maize (Zea mays)
seedlings, nitrate supply resulted in a decrease in auxin
content in the phloem, thus decreasing auxin shoot-to-
root translocation (Tian et al., 2008). In Arabidopsis, ni-
trate was shown to regulate primary root growth by a
pathway involving the Auxin Receptor F-box3 (AFB3;
Vidal et al., 2010a). Nitrate treatment induced the accu-
mulation of the small RNA miR393, which was shown to
specifically direct cleavage of AFB3 transcripts (Vidal
et al., 2010a). In M. truncatula, nitrate-induced inhibition
of primary root growth was altered in a mutant affected
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in the high-affinity nitrate transporter MtNPF1.7, also
known as Lateral Root Organ Defective (LATD)/Numerous
Infections and Polyphenolics (Harris and Dickstein,
2010; Yendrek et al., 2010; Bagchi et al., 2012). Because
the root architecture phenotype of npfl.7 mutants was
rescued by the application of exogenous abscisic acid
(ABA; Liang et al., 2007), it is possible that the control
of root architecture by nitrate in M. truncatula might in-
volve an interaction with an ABA signaling pathway.
Accordingly, the Arabidopsis low-affinity nitrate trans-
porter AtNPF4.6 was shown to transport both nitrate
(Huang et al., 1999) and ABA (Kanno et al., 2013).
Three closely related proteins belonging to the NPF
family (At1g27040/ Arabidposis Abscisic Acid-Importing
Transporter2 [AtAIT2]/AtNPF4.5, At3g25260/AtAIT3/
AtNPF4.1, and At3g25280/AtAIT4/AtNPF4.2) were
shown to transport ABA (Kanno et al., 2012).

In a previous study, we characterized the dual-affinity
nitrate transporter MtNPF6.8 (MtNRT1.3) in M. truncatula
(Morere-Le Paven et al., 2011; Léran et al., 2014). Based on
genetic analyses and colocalization of MtNPF6.8 with a
peak of a major quantitative trait locus (QTL) for primary
root growth, we hypothesized that this transporter is in-
volved in the regulation of primary root growth by ni-
trate during seedling establishment (Morere-Le Paven
et al,, 2011). In this study, we tested this hypothesis by
studying the effect of nitrate on the growth of primary
roots of npf6.8 knockdown lines generated by RNA in-
terference (RNAi). Our findings support the hypothesis
that MtNPF6.8 regulates primary root growth in response
to nitrate availability by controlling the elongation of root
cells. Our results also show that ABA is transported by
MtNPF6.8 and is involved in nitrate inhibitory effects on
primary root growth. Furthermore, analyses of short-
term effects of nitrate (30 min) on nitrate-inducible
genes support the proposal that MtNPF6.8 is involved
in the primary response to nitrate in M. truncatula.

RESULTS

Subcellular Localization of the Dual-Affinity Nitrate
Transporter MtNPF6.8

To determine the subcellular localization of MtNPF6.8,
MtNPF6.8 was fused to GFP or to red fluorescent protein
(RFP) under the control of the Cauliflower mosaic virus
(CaMV) 35S promoter and was transiently expressed by
agroinfiltration in M. truncatula or Nicotiana benthamiana
leaf epidermal cells. Confocal microscopy observation of
either M. truncatula (Fig. 1A) or N. benthamiana (Fig. 1B)
leaf epidermal cells expressing MtNPF6.8:GFP strongly
indicates a plasma membrane localization of MtNPF6.8.
To further investigate the localization of MtNPF6.8,
MtNPF6.8:RFP was detected in plasmolyzed N. ben-
thamiana cells coexpressing a peptide Transmembrane
Domain23 (TM23) fused to GFP (Fig. 1C). This peptide is
specifically targeted to the plasma membrane (Brandizzi
et al,, 2002; Fig. 1D). Merged images of Figure 1, C and
D, show that the green and red fluorescence overlapped,
thus confirming the plasma membrane localization of
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Figure 1. A and B, Subcellular locali-
zation of MtNPF6.8. MtNPF6.8-GFP
fluorescence in leaf epidermal cells of
M. truncatula (A) or N. benthamiana
(B). C to F, Coexpression in N. ben-
thamiana plasmolyzed leaf cells of
MtNPF6.8-RFP (C) and the plasma mem-
brane marker TM23:GFP (D). Near-
perfect colocalization of coexpressed
proteins is observed (E). A differential C D
interference contrast image of the
plasmolyzed cell highlighting the out-
line of the cell wall is shown (F). G,
Overlay of C to F.

MtNPF6.8 (Fig. 1E). A similar experiment was carried
out with the tonoplast-specific protein tonoplast in-
trinsic proteinl-1 (TIP1-1) fused to GFP (Boursiac et al.,
2005); in this case, the green and red fluorescence did
not overlap (data not shown).

Expression of MtNPF6.8 in Seedlings

Expression of MtNPF6.8 was determined by quanti-
tative reverse transcription (RT)-PCR in shoots and roots
in 10-d-old seedlings grown on a 5 mm NO; -supplied
medium (Fig. 2A). The expression of MtNPF6.8 was 12
times higher in the shoots than in the roots at this stage of
development. Expression of MtNPF6.8 was also examined
in the root system taken as a whole (Fig. 2B) and in the
primary root and the LR separately (Fig. 2C), in 10-d-old

seedlings grown on either an N-free or an NO; -supplied
(250 um or 5 mmM) medium. Expression of MtNPF6.8 was
not affected by nitrate supply at this stage of development
(Fig. 2B); however, expression was 5- to 10-fold higher in
the primary roots than that in the LR (Fig. 2C). The pat-
tern of expression of MtNPF6.8 along the primary root
was examined in 6-d-old seedlings grown on 5 mM NO; ™.
The primary root was cut into four sections starting with
the tip and three 0.5-cm-long sections R1, R2 (elongation
zone), and R3 (elongation zone), and section R4 consisted
of the rest of the root, of 2 to 3 cm in length (Fig. 2D).
Expression of MtNPF6.8 was barely detectable in the root
tip (R1), whereas expression increased along the root and
was much higher in the mature parts of the root.

To elucidate the expression pattern in more detail,
roots expressing the GUS reporter gene under the control

Figure 2. MtNPF6.8 expression deter- A B 20
mined by quantitative RT-PCR in 10-d-old 16 c
seedlings of M. truncatula. A, MtNPF6.8 .é =l
relative expression in roots or shoots of 810 8 1.5
seedlings grown on 5 mm nitrate. B and g g
C, MtNPF6.8 relative expression in the 0 240
entire root system (B) or in the primary £ 8 B
root and the LR (C) in seedlings grown on g g
either an N-free or an NO, -supplied © 4 Lo05
(250 um or 5 mm) medium. D, MtNPF6.8 % %
relative expression from four sequential s o R =
sections of the primary root starting with Root Shoot 04 y
the tip: R1, R2, and R3 (0.5 cm long) and N-free 250 (MNOy 5 mMNOy
the root remainder R4. The R3 section C D
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grown on 5 mm nitrate. Error bars repre- g 12
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of the MtNPF6.8 promoter were regenerated using
Agrobacterium rhizogenes (Fig. 3). GUS staining suggests
that MtNPF6.8 is expressed in the vascular system all
along the primary root in the pericycle region (Fig. 3, A
and B) and in the LR primordia and the LR tip (Fig. 3,
C-E). An apparent discrepancy appears between the
levels of expression of MtNPF6.8 in the primary root
and the LR as determined by quantitative RT-PCR (Fig.
2C) and GUS staining (Fig. 3). This finding may indicate
that the quantitative RT-PCR quantitation of MtNPF6.8
in the LR is underestimated when the whole LR is used
for RNA extraction while GUS staining shows that the
expression is concentrated in the tips.

Generation of npf6.8 Knockdown Lines by RNAIi for
Functional Characterization of MtNPF6.8 in Planta

To investigate the physiological function of MtNPF6.8
in M. truncatula, plants were constructed using RNAi
technology. A 401-bp sense and antisense fragment
of MtNPF6.8, located in the third and fourth exons
(Supplemental Fig. S1A), was inserted into a plasmid
and placed under the control of the CaMV 355 promoter.
After transformation of the wild-type M. truncatula R108
genotype, homozygous plants of the T2 generation were
selected. Three independent transformants were retained
for further analyses. To evaluate the efficiency of RNAi-
mediated silencing, the expression of M!NPF6.8 was
determined by quantitative RT-PCR in 10-d-old seed-
lings of wild-type and transgenic RNAi plants grown on
5 mm NO; . Compared with the wild type, the expres-
sion of MtNPF6.8 was reduced by 85.7% (1pf6.8-2), 77.7%
(npf6.8-3), and 81.5% (npf6.8-5) in roots and 73.5%
(npf6.8-2), 57% (npf6.8-3), and 81.4% (npf6.8-5) in shoots
(Supplemental Fig. S1B). Expression of two putative ni-
trate transporters, Medtr4g101380 and Medtr5g012290,
which possess the greatest sequence identity (60% and
59.6%, respectively) with MtNPF6.8, exhibited no dif-
ference between the wild type and the RNAi plants
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(Supplemental Fig. S1C), indicating that the RNAi
fragment was specific for MtNPF6.8.

Nitrate Influx and N Status in the Wild Type and npf6.8
Knockdown Lines

To elucidate the role of MtNPF6.8 in nitrate influx,
the wild type and npf6.8 knockdown lines were germi-
nated for 2 d on N-free or NO; ~-supplied (5 mm) medium
and transferred for 8 d to a hydroponic system with the
same N regime. Nitrate influx through the HATS and
LATS was measured by feeding the seedlings with 250
MM Or 5 mm 15NO for 5 min (Fig. 4). Plants grown on
N-free medium allow for measuring activities of both
constitutive HATS and LATS, whereas the NO, ™ influxes
determined in plants acclimatized to nitrate are the result
of both constitutive and inducible HATS and LATS sys-
tems of nitrate transport (Siddiqi et al., 1990; Huang et al.,
1996; Faure-Rabasse et al., 2002).

Nitrate influx measured by feeding seedlings with
250 um 5NO indicated that neither constitutive nor
inducible HATS were significantly affected by the si-
lencing of MtNPF6.8 (Fig. 4). Nitrate mﬂux measured by
feeding N-starved seedlings with 5 mm "NO,”~ showed
similar constitutive LATS activity in the w11d type and
npf6.8 knockdown lines. However, when LATS activity
was measured in seedlings acclimatized to 5 mm NO; ",
the influx of "NO;~ was 2-fold higher in the wild type
but remained unchanged in the npf6.8 knockdown lines.
This result suggests the involvement of MtNPF6.8 in the
increase in LATS activity (Fig. 4).

To investigate whether the decrease of nitrate influx
due to MtNPF6.8 silencing affected N status, the NO; ",
NH,", amino acid, and protein contents of the roots
and shoots were determined in the wild type and
npf6.8 knockdown lines grown for 10 d on 250 um or 5
mM NO; -supplied medium (Table I). There was no
significant difference in these biochemical parameters

Figure 3. Histochemical localization
of GUS activity in transgenic M. trun-
catula roots expressing the GUS re-
porter gene under the control of the
MtNPF6.8 promoter. A, M. truncatula
root expressing pMtNPF6.8: GUS stained
histologically for GUS activity. B to E,
Enlarged views of the primary root and
of different developmental stages of LR:
primary root near the shoot-root section
(B), LR prior to emergence (C), LR im-
mediately after emergence (D), and ma-
ture LR (E).
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Figure 4. Nitrate uptake by the M. truncatula wild type and npf6.8
knockdown lines. Seedlings were grown in hydroponic solution con-
taining N-free or 5 mm nitrate for 10 d. Root '°’NO, ™ influx was assayed
by 5-min labeling in complete nutrient solutions containing >NO;~ (99
atom percentage '’N) at the concentration indicated. Values are the
mean of four biological replicates + se. P < 0.05 compared with the
wild type for each condition (ANOVA). WT, Wild type.

between the wild type and any of the three npf6.8
knockdown lines, irrespective of the nitrate supply.

The Effect of Nitrate on Root System Architecture Is
Abolished in npf6.8 Knockdown Lines

In a previous study, on the basis of a quantitative
genetic approach using a QTL determination, we hy-
pothesized that MtNPF6.8 might be involved in the
control of primary root length (Morére-Le Paven et al.,
2011). To test this hypothesis, the three npf6.8 knock-
down lines and the wild type were grown for 10 d on
an N-free or NO; -supplied (250 uM or 5 mm) medium.

The length of the primary root was similar in the
wild type and npf6.8 knockdown lines, when the
seedlings were grown on N-free medium (Fig. 5A).
When the seedlings were fed with either 250 um or
5 mm NO; -, the wild type exhibited a reduction of 20%
in primary root length compared with growth in the
N-free medium, whereas no effect was observed in any
of the npf6.8 knockdown lines (Fig. 5A). Because the
three npf6.8 knockdown lines showed a similar re-
sponse to nitrate, only one (the npf6.8-3 line) was used
in a dose-dependent study of the effect of nitrate on the
growth of the primary root compared with the wild
type. With the exception of the treatment with 100 um
NO; ", there was a similar inhibitory effect on the growth
of the primary root of the wild type at all of the
concentrations tested from 250 um up to 10 mm NO;~
(Fig. 5B). The growth of the primary root of the npf6.8-3
knockdown line was insensitive to increasing nitrate
concentrations (Fig. 5B), thus strengthening the idea
that the inhibitory effect of nitrate requires a functional
MtNPF6.8.

LR density was compared between the wild type
and npf6.8 knockdown lines grown for 10 d on an
N-free or NO, -supplied (250 uM or 5 mm) medium. At
these concentrations, no significant effect of nitrate on
the LR density was observed in the wild type and
npf6.8 knockdown lines (Fig. 5C). However, a 10 mm
NO," concentration led to a significant decrease in the
density of the LR in the wild type, whereas no effect
was observed in the npf6.8-3 knockdown line (Fig. 5D),
indicating that LR density of the npf6.8-3 knockdown
line was insensitive to 10 mm NO; .

The overall growth of the seedlings was examined in
terms of fresh weight (roots or shoots). The fresh weight
of the roots (primary root and LR) was significantly

Table I. NO,~, NH,*, amino acid, and soluble protein contents in roots or shoots of M. truncatula 10-d-old seedlings of the wild type and of three
npf6.8 knockdown lines, grown on 250 um- or 5 mm NO;™ -supplied medium

Data are expressed as the mean = se. ND indicates not detected.

Plant Grown on 250 um NO;~

Plant Grown on 5 mm NO,~

Components - .
Wild Type npf6.8-2 npf6.8-3 npf6.8-5 Wild Type npf6.8-2 npf6.8-3 npf6.8-5
Root NO, ™ content ND ND ND ND 8.17 = 1.06 8.83 = 2.28 8.88 £0.85 6.74 = 1.59
(ug g~ " root
dry weight)
Shoot NO,™ content ND ND ND ND 0.76 = 0.69 0.35 + 0.05 0.53 £0.31 1.10 = 0.44
Root NH," content 1.19 £0.24 139 =030 1.41 032 146 *029 1.27 *0.41 1.02*0.01 1.10=*0.10 1.23 =0.10
(umol g~ root
fresh weight)
Shoot NH,* content  0.68 = 0.06 0.74 = 0.09 0.83 =0.09 1.08 =0.19 0.73 +0.12 0.55 * 0.09 0.58 * 0.04 0.66 * 0.19
Root amino acid 4.96 + 1.88 430 £ 0.76 4.66 =0.78 4.96 *1.15 7.01 £0.39 6.42 =1.25 575 * 135 8.18 =£0.29

content (umol g~
root fresh weight)

Shoot amino acid
content

Root soluble protein
content (ug g~
root fresh weight)

Shoot soluble
protein content

10.49 £ 4.17 7.54 £ 0.65 10.05 = 1.88

290 £0.31 263 £0.03 2.19 £0.19

6.27 + 1.04 6.67 £ 1.20 6.39 = 1.63

2.54 £ 0.02

6.77 = 0.87

12.55 £2.03 12.03 = 1.96 8.52 = 2.96 10.13 = 4.06 15.26 * 3.38

253 £0.09 253 £0.07 253 *036 294 =*0.14

5.02 090 7.44 =152 694 =124 7.16 £0.93

2156

Plant Physiol. Vol. 166, 2014



>

uN-free 0250 y(MNO,” B5 mM NOy

[}

WT npf6.8-2 npf6.8-3 npf6.8-5

120

- =
S 8

N B
o o

Primary root length (%)
o)
S

o

o

-
o

o
@

o
~

Lateral root density
(number cm-! primary root)
o
o

o
N N

Il

WT npf6.8-2 npf6.8-3 npf6.8-5

Nitrate Signaling Mediated by MtNPF6.8 (MtNRT1.3)

B

= N-free 8100 yM 8250 pM B2 mM B85 mMa10 mM NO,-

*

Primary root length (cm)
[~ IR A S =)

npf6.8-3

o
o

-

Lateral root density
(number cm! primary root)

© o O o
N O o O

o

WT © npf6.8:3

Figure 5. Effect of nitrate treatment on root architecture. A to D, Primary root length (A and B) and LR density (C and D) in the
wild type or npf6.8 knockdown lines. Seedlings were grown on N-free medium for 24 h and then transferred on vertical plates
for 10 d on medium containing nitrate at the indicated concentration. Primary root length was determined by image analysis (A
and B), and LR density was calculated as the number of LRs per centimeter of primary root length (C and D). Means represent
average values * st of 32 seedlings of four biological replicates (A and C) and 16 seedlings of two biological replicates (B and
D). Asterisks indicate significant differences compared with the untreated control (N-free) according to a one-way ANOVA (one
asterisk indicates P < 0.05, whereas three asterisks indicate P < 0.001). WT, Wild type.

reduced in the wild-type seedlings fed with either 250
uM or 5 mM NO;~, compared with those grown on the
N-free medium (Supplemental Fig. S2A). However, the
fresh weight of the roots of the three npf6.8 knockdown
lines was not affected by nitrate supply. The fresh weight
of the shoots of the wild type and the three npf6.8
knockdown lines was not affected by nitrate treatments
(Supplemental Fig. S2B).

The Inhibitory Effect of Nitrate on Cell Elongation Is
Abolished in npf6.8 Knockdown Lines

The effect of nitrate on primary root growth was fur-
ther investigated by measuring cell elongation. Plants
were grown on N-free or 5 mm NO, -supplied medium
and the length of the root cortical cells was measured in
6-d-old seedlings in three different root sections (R1, R2,
and R3), by staining with propidium iodide and obser-
vation under a confocal microscope (Fig. 6A). In wild-
type plants, the length of cortical cells was decreased by
20% in NO; -fed seedlings compared with seedlings
grown on N-free medium regardless of the root section
(Fig. 6B). Interestingly, no difference in the length of the
cortical cells was observed between the npf6.8-3 knock-
down line seedlings grown on N-free and 5 mm NO;" -
supplied medium. To check whether MtNPF6.8 was also
involved in cell division, expression of four marker genes
that encode proteins of cell division was measured (Au-
rora, Cyclin A2, Cyclin B1.1-like, and Cyclin B1.2-like). No
difference in the expression of these cell division marker
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genes was observed between the wild type and the npf6.8-
3 knockdown line (Fig. 7).

ABA Treatment Restores the Inhibitory Effect of Nitrate on
Primary Root Length

As far as IAA and ABA were proposed to play a role
in mediating the nitrate regulatory effect on LR de-
velopment (Signora et al., 2001; De Smet et al., 2006;
Walch-Liu et al., 2006; Zhang et al., 2007), we have
investigated whether these hormones interact with
nitrate signaling pathway via MtNPF6.8 in M. trunca-
tula. For this purpose, we first examined the regulation
of MtNPF6.8 expression by both hormones. The expres-
sion of MfNPF6.8 was determined in 10-d-old seedlings
grown on N-free medium and then treated with 10 um
IAA or ABA in the presence or absence of 5 mm NO;~ for
5 h. The results showed that MtNPF6.8 expression is in-
duced by ABA but is insensitive to IAA regardless of the
exogenous nitrate content (Fig. 8, A and B). Second, we
investigated the effect of nitrate on primary root growth
in the wild type and in the three npf6.8 knockdown lines
in IAA- or ABA-treated seedlings. In the npf6.8 knock-
down lines, the inhibitory effect of nitrate on primary root
growth was not restored by exogenous IAA; in the wild
type, it seems that the effect of IAA abolished the effect of
nitrate, leading to similar growth of the primary root in
the presence and absence of nitrate (Fig. 8C). Unlike
IAA, ABA treatment did not hamper the effect of nitrate
in the wild-type seedlings in which ABA-/nitrate-treated
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Figure 6. Effect of nitrate treatment on the cortical A
cell length of primary root. Seedlings of the wild type
and the npf6.8-3 knockdown line were germinated
on N-free medium for 24 h and then transferred on
vertical plates on N-free or 5 mm nitrate for 6 d. A,
Roots were stained with propidium iodide and ob-
served under a confocal microscope. B, Cortical cell
length was then measured on the 1-mm part indi-
cated by vertical black lines (primary meristem [PM]
region) of three sequential sections of the primary
root starting with the tip: root sections R1 (0.7 cm
long), R2 (0.7 cm long), and R3 (the root remainder)
by image analysis. Results are the means = st of 6 to
12 replicates. The mean was modeled in a linear
model (two asterisks indicate P < 0.01) with geno-
type and condition as quantitative factors and taking
genotype and condition interactions into account. c,
Cortex; e, endoderm; m, medulla; r, rhizoderm; WT,
wild type; x, xylem.

seedlings showed a decrease of 20% in the primary root
length compared with the nitrate-treated seedlings (Fig.
8D), a nitrate inhibitory effect of the same magnitude as
observed in seedlings nontreated with phytohormones
(Fig. 5A). More interestingly, in the absence of a func-
tional MtNPF6.8 in the mutants, ABA rescues the in-
hibitory effect of nitrate on primary root elongation
(Fig. 8D).

MtNPF6.8 Transports ABA in Xenopus spp. Oocytes

The reestablishment of the inhibitory effect of nitrate
on primary root growth by exogenous ABA in npf6.8
knockdown lines and the sensitivity of MtNPF6.8 ex-
pression to exogenous ABA prompted us to investigate
whether MtNPF6.8 would transport ABA. For this pur-
pose, we used Xenopus spp. oocytes as a heterologous
expression system and AtNPF4.6 as a positive control
(Kanno et al., 2012). Oocytes were assessed for ABA
transport activity using ["HJABA at 1 um in the assay
medium with or without 5 mm NO, . ["[HJABA uptake
by MtNPF6.8 in oocytes was lower but still significant
compared with that mediated by AtNPF4.6 (Fig. 9A). In
addition, injection of MtNPF6.8 and AtNPF4.6 comple-
mentary RNA (cRNA) resulted in a significant increase of
[PHJABA uptake in oocytes similarly in the absence or
presence of nitrate (Fig. 9). These results show that
MtNPF6.8 is able to transport ABA or to facilitate ABA
transport in a heterologous system.

Expression of Nitrate-Inducible Genes NR1, NR2, and
GS2 in npf6.8 Knockdown Lines

In Arabidopsis, over 1,000 genes display rapid re-
sponses to nitrate at low concentration, the primary
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response to nitrate (Wang et al, 2003). To further
characterize the role of MtNPF6.8 in nitrate signaling,
the expression of three nitrate-inducible genes (two
genes encoding nitrate reductase NR1 and NR2 and a
gene encoding a plastidic Gln synthetase GS2) was
analyzed in the wild type and in npf6.8 knockdown
lines to determine whether MtNPF6.8 is involved in
the primary nitrate response. The wild type and the
three npf6.8 knockdown lines were grown on N-free
medium and transferred to a 250 um (Fig. 10A) or 5 mm
(Fig. 10B) NO; -supplied medium for 30 min. The data
show that the induction of NR1 and NR2 by nitrate was
reduced at least by 60% in all of the npf6.8 knockdown
lines compared with the wild type, in both 250 um and
5 mM NO; -supplied medium. GS2 expression was not
significantly induced by 250 um NO, ™~ (Fig. 10A), whereas
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Figure 7. Effect of nitrate treatment on the expression of cell division
marker genes. Seedlings were grown as described in the legend for Fig-
ure 6. Expression of cell division marker genes (Aurora, Cyclin A2, Cyclin
B1.1, and Cyclin B1.2) was determined by quantitative RT-PCR in re-
sponse to nitrate in the primary root tip. Each value represents the
mean = st of three independent biological experiments. Gene numbers
are as follows: Aurora (TC901033), Cyclin A2 (Medtr2g102520), Cyclin
B1.1 (Medtr5g088980), and Cyclin A2 (Medtr2g102520). WT, Wild type.
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Figure 8. Combined effect of nitrate and ABA or IAA on MtNPF6.8 expression and on primary root length. A and B, MtNPF6.8
expression in root determined by quantitative RT-PCR. Ten-day-old seedlings of M. truncatula were grown on N-free medium and
exposed to 10 um IAA or ABA during 5 h without (A) and with (B) 5 mm nitrate. Error bars represent the sp of three independent
biological replicates. C and D, Combined effect of nitrate and hormonal treatment on primary root length in the wild type or
npf6.8 knockdown lines. C and D, Seedlings were grown on medium for 24 h and then transferred on vertical plates for 10 d on
medium containing N-free or 5 mm nitrate with 10 um IAA (C) or ABA (D). Primary root length was determined by image analysis.
Means represent average values * se of 16 seedlings of two biological replicates. Asterisks indicate significant differences
compared with the untreated control (N-free) according to a one-way ANOVA (asterisk indicates P < 0.05). WT, Wild type.

it showed a 4-fold increase by 5 mm NO, ™ in the wild
type (Fig. 10B). Although no difference was observed
between the wild type and npf6.8 knockdown lines at 250
uM NO; ™, the induction of GS2 by 5 mm NO;~ was re-
duced by at least 40% in the npf6.8 knockdown lines (Fig.
10B). Altogether, these data suggest that MtNPF6.8 takes
part in the transcriptional regulation of nitrate-inducible
genes in response to nitrate.

DISCUSSION

MtNPF6.8, a Nitrate Transporter Essential for the Inducible
Component of the LATS

MtNPF6.8 was previously shown to be a dual-affinity
nitrate transporter by expression in Xenopus spp. oocytes
and determination of the kinetics of "NO, uptake
(Morere-Le Paven et al., 2011). In this study, MtNPF6.8
was characterized further in planta by an investigation
into the subcellular localization, gene expression, and
contribution to the nitrate transport system.

Expression of MtNPF6.8:GFP and coexpression of
MINPF6.8:RFP and TM23, a plasma membrane peptide
marker fused to GFP, in both M. truncatula and N. ben-
thamiana leaf epidermal cells unequivocally demonstrated
the plasma membrane localization of MtNPF6.8 (Fig. 1).
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This localization is identical to that of all of the NPF trans-
porters studied to date (Wang et al., 2012).

Investigation of the spatiotemporal expression of
MtNPF6.8 in M. truncatula indicated important dif-
ferences compared with that of the known dual-affinity
nitrate transporter AtNPF6.3 in Arabidopsis. Indeed,
MtNPF6.8 is constitutively expressed in the roots (Fig. 2)
and, as previously observed, it is not a nitrate-inducible
gene (Moreére-Le Paven et al., 2011), whereas AtNPF6.3 is
a nitrate-inducible gene (Tsay et al., 1993). In earlier work,
we detected a slight inhibitory effect of nitrate on
MtNPF6.8 expression in the radicles of 2- to 3-d-old
seedlings when 5 mm NO,; was administered for 5
or 24 h (Morere-Le Paven et al., 2011). However, in
this study, using seedlings grown either on nitrate-
free or nitrate-supplied medium for at least 10 d, the
inhibitory effect of nitrate on MtNPF6.8 expression
was not observed in the primary roots. This result
strengthens the concept of constitutive expression of
MINPF6.8, similar to that observed for other genes
encoding low-affinity transporters LeNRT1.1 (Lauter
et al.,, 1996), AtNPF4.6 (Huang et al., 1999), and
OsNPF8.9 (OsNRT1; Lin et al., 2000), or the high-
affinity transporter MtNPF1.7 (Yendrek et al., 2010;
Bagchi et al., 2012). Unlike AtNPF6.3, MtNPF6.8 expres-
sion was not confined to nascent organs. In the roots,
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Figure 9. ABA uptake activities in MtNPF6.8-cCRNA- or AtNPF4.6-
cRNA-injected Xenopus spp. oocytes. Injected or control oocytes were
incubated with 1 um [’HJABA at pH 5.5. Each data point is a mean *
st for eight oocytes. Asterisks indicate significant differences compared
with the control according to a one-way ANOVA (two asterisks indi-
cate P < 0.01, whereas three asterisks indicate P < 0.001). Similar
results were obtained with oocytes isolated from three different frogs.

MtNPF6.8 was expressed in the pericycle region and
interestingly in the LR primordia and tips (Fig. 3).

The expression of MtNPF6.8 also showed differences
with the expression of another NPF gene, MtNPF1.7,
identified in M. truncatula (Yendrek et al., 2010). MtNPF6.8
showed a lower expression in the primary root tip and the
young LR compared with the expression in the elongation
zone of the primary root, and the highest expression was
observed in the mature parts of the primary root and in
the shoot (Fig. 2). Unlike MtNPF6.8, MtNPF1.7 showed a
5-fold higher expression in the primary root tip versus the
remainder of the root system (Yendrek et al, 2010).
Whereas MtNPF1.7 was expressed in nodules (Yendrek
et al,, 2010), MtNPF6.8 was very weakly expressed or was
not expressed in nodules (Morere-Le Paven et al,, 2011;
Cabeza et al., 2014). These results suggest that MtNPF6.8
and MtNPF1.7 might have different roles in M. truncatula.

The expression of MtNPF6.8 in the root system and
plasma membrane localization of the encoded protein
would suggest a contribution of MtNPF6.8 to the ex-
ogenous nitrate uptake and/or loading in the xylem
for long-distance transport. To study this contribution,
nitrate influx through both the HATS and LATS was
studied in seedlings of both 10-d-old wild-type and
npf6.8 knockdown lines that had been previously
grown on N-free or 5 mm nitrate-supplied medium.
The absence of expression of MtNPF6.8 affected only
the inducible component of the LATS (Fig. 4). This re-
sult indicates that although MtNPF6.8 has the proper-
ties of a dual-affinity nitrate transporter, it does not
make a contribution to either the constitutive or induc-
ible components of the HATS. The npf6.8 knockdown
lines exhibited the same rate of "NO, influx through
the LATS irrespective of whether seedlings were grown
on an N-free medium or a high nitrate supply. This
result suggests that MtNPF6.8 does not contribute to
the constitutive component of the LATS. It appears,
however, that almost all of the inducible component
of the LATS requires a functional MtNPF6.8 as either a
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direct contributor to nitrate transport or as an interme-
diate in nitrate sensing and induction of inducible low-
affinity nitrate transporters in M. truncatula, or both. To
our knowledge, this is the first time that the knockdown
of one gene encoding a nitrate transporter affected the
entire inducible component of the nitrate uptake, rather
than induced a partial decrease of inducible LATS ac-
tivity as observed for other mutants or underexpressors
affected in nitrate transport (Nacry et al., 2013).

The analysis of N status of the plants grown on a high-
nitrate regime showed that in the long term, the npf6.8
knockdown lines did not exhibit symptoms of N deficiency
(Table I). This would indicate that the absence of the low-
affinity uptake component in the npf6.8 knockdown lines is
compensated by the higher root biomass (Supplemental
Fig. S2) without ruling out a decrease in nitrate efflux.

MtNPF6.8 Is Involved in Nitrate Signaling and Primary
Root Growth Regulation

During the postgermination phase, after radicle pro-
trusion, primary root elongation is a developmental
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Figure 10. Nitrate induction of the expression of nitrate reductase
genes (NRT and NR2) and Gln synthetase gene (GS2) in roots. A and B,
Seedlings of the wild type and the npf6.8 knockdown line were grown
on vertical plates on N-free for 6 d and then transferred to N-free or
250 um nitrate (A) and to N-free or 5 mm nitrate (B) for 30 min. The root
mRNA level was determined by quantitative RT-PCR. Nitrate induction
was calculated using N-free medium as the control condition. Error
bars represent * sp of biological replicates (n = 3). Gene numbers are
as follows: NRT (Medtr3g073180), NR2 (Medtr5g059820), and GS2
(Medtr2g021250). WT, Wild type.
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event that is required for the seedling to colonize the
soil in order to rapidly access mineral nutrients and
water. In our previous study, using quantitative ge-
netics and QTL determination, we showed that the
growth of the primary root of M. truncatula is a multi-
genic trait responsive to nitrate availability in the rhi-
zosphere (Morere-Le Paven et al.,, 2011). Although in
some studies, as with Arabidopsis, high nitrate stimu-
lated primary root growth (Walch-Liu and Forde, 2008),
it is generally well established that uniform high nitrate
availability in the root zone results in a decrease in
primary root growth (Scheible et al., 1997). Primary root
elongation of 4-d-old maize seedlings was inhibited by
treatments with 5 to 10 mm NO;~ for 7 d (Tian et al.,
2008); primary root growth of Capsicum chinense was
inhibited in 10-d-old seedlings exposed for 4 to 6 d to
nitrate concentrations ranging between 0.1 and 10 mm
NO,~ (Celis-Aramburo et al., 2011). Inhibition of pri-
mary root elongation was also observed in Arabidopsis
grown either on vertical plates for 18 d on 1 mm NO;~
(Linkohr et al., 2002), or in a hydroponic system for
14 d and then treated for 3 d with 5 mm NO;~ (Vidal
et al., 2010a). In addition, the dual-affinity nitrate trans-
porter AtNPF6.3 of Arabidopsis was shown to function
as a nitrate sensor involved in nitrate signaling. As a
result of the coincidence of MtNPF6.8 with the peak of a
major QTL involved in the control of primary root
elongation, we hypothesized that MtNPF6.8 is a reliable
candidate to mediate the primary root elongation re-
sponse to nitrate in M. truncatula. This hypothesis is
supported in this study by the finding that the inhibitory
effect of nitrate on primary root elongation was abol-
ished in the npf6.8 knockdown lines, indicating that the
effect of nitrate required a functional MtNPF6.8 (Fig. 5).
To further investigate the mechanisms underlying the
inhibitory effect of nitrate on primary root elongation,
the effect on cortical cell size was determined in various
regions of the primary root of the wild type and the
npf6.8-3 knockdown line of M. truncatula. As expected,
the length of the cortical cells was decreased by ap-
proximately 20% in the roots of the wild-type seedlings
that had been supplied with 5 mm NO;~, compared with
those growing on an N-free medium (Fig. 6). By con-
trast, the size of the cortical cells of the npf6.8-3
knockdown line was very similar irrespective of
whether seedlings were grown in the presence or
absence of 5 mm NO; ™. Analysis of the expression of
several genes involved in the cell cycle showed that
they were not affected by nitrate supply (Fig. 7), ei-
ther in the wild type or in the npf6.8-3 knockdown
line, indicating that only cell elongation is affected by
the mutation. This compares with the localized con-
trol of LR growth by nitrate via AtNPF6.3 that results
in accelerated meristematic cell division (Mounier
et al., 2014). Altogether, these results support the as-
sumption that in M. fruncatula, nitrate regulates pri-
mary root growth by controlling the elongation of
cortical cells, probably independently of its metabolic
role (Table I), and that MtNPF6.8 is involved in this
signaling cascade.
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ABA Acts Downstream of MtNPF6.8 in the Nitrate
Inhibitory Effect on Primary Root Growth

ABA treatment (10 um) of M. truncatula wild-type
seedlings severely inhibited primary root and LR growth
(Liang and Harris, 2005) by inhibiting cell elongation
(Zhang et al., 2014). Because nitrate induced the inhibition
of primary root growth with the inhibition of cortical cell
elongation (Figs. 5 and 6) and because the expression of
the gene encoding MtNPF6.8 was strongly stimulated by
exogenous ABA (Fig. 8, A and B), we checked for a po-
tential involvement of ABA in the nitrate signaling path-
way. This involvement is evidenced by the fact that the
inhibitory effect of nitrate on primary root growth was
restored in npf6.8 knockdown lines by exogenous ABA
(10 um; Fig. 8D), showing for the first time that ABA acts
downstream of a nitrate transporter (MtNPF6.8) in the
nitrate signaling pathway for the regulation of root growth
in M. truncatula. The abolition of nitrate-induced inhibition
of primary root growth in the npfl.7 mutant affected in
ABA sensitivity (Yendrek et al., 2010) strongly supports
our assumption, thereby indicating that nitrate signal-
ing also requires a functional MtNPF1.7. Interestingly,
MtNPF1.7 was found to encode a high-affinity nitrate
transporter (Bagchi et al., 2012). Analysis of the npf1.7
mutant showed that MtNPF1.7 functions downstream
of ABA to regulate root meristem organization and ac-
tivity (Liang et al., 2007). The integration of our results
together with the literature (Liang and Harris, 2005;
Liang et al., 2007; Yendrek et al., 2010) allowed us to
propose a model in which the nitrate signaling pathway
for the regulation of primary root growth is ABA de-
pendent and involves two nitrate transporters: MtNPF6.8
acts upstream of ABA and MtNPF1.7 acts downstream
of ABA (Fig. 11). Whether MtNPF6.8 and MtNPF1.7 are
directly or indirectly connected along the nitrate/ABA
signaling pathway is still to be unraveled.

The effect of auxin was also studied. It appears that
exogenously supplied IAA (10 um) alleviated the inhib-
itory effect of nitrate in the wild type, but no significant
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Figure 11. Schematic representation of a model of ABA-dependent
nitrate signaling pathway for the regulation of primary root growth.
This model includes two nitrate transporters: Nitrate-induced inhibi-
tion of primary root elongation was abolished in mutants knocked
down in either MiNPF6.8 (this work) or MtNPF1.7 (Yendrek et al.,
2010). In this work, the rescue of nitrate-induced inhibition of primary
root growth by exogenous ABA in the npf6.8 mutant shows that
MtNPF6.8 acts upstream of ABA, whereas MtNPF1.7 (LATD) was
shown to act downstream of ABA (Liang et al., 2007). The rescue of
nitrate inhibitory effect by exogenous ABA in the npf6.8 mutant sug-
gests that nitrate is sensed at another site than MtNPF6.8. MtNPF1.7, a
high-affinity nitrate transporter, is a good candidate for the integration
of both nitrate and ABA signals.
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effect was observed in the npf6.8 knockdown lines nei-
ther on N-free nor on nitrate-supplied medium (Fig. 8C).
It is interesting to note that exogenous auxin counter-
acting the nitrate inhibitory effect on root growth in the
wild type is consistent with the hypothesis of a systemic
effect of nitrate via the inhibition of the long-distance
transport of auxin from shoot to root (Zhang et al.,
1999; Walch-Liu et al., 2006; Krouk et al., 2011).

MtNPF6.8 Transports ABA in Xenopus spp. Oocytes

Experiments in Xenopus spp. oocytes showed that, in
addition to nitrate, MtNPF6.8 transports ABA, although
at a low rate (Fig. 9). Interestingly, MtNPF6.8, a dual-
affinity nitrate transporter that belongs to the same
clade as the dual-affinity nitrate transporter AtNPF6.3,
transports ABA like AtNPF4.6 that belongs to a differ-
ent clade. This finding supports the assumption that,
among NPF transporters, sequence homologies do not
correlate with substrate selectivity (Léran et al., 2014).

At this stage, how the ABA transport activity of
MtNPF6.8 fits within our signaling model (Fig. 11) still
needs more investigation. On one hand, it seems unlikely
that MtINPF6.8 mediates the inhibitory effect of nitrate on
primary root growth through its ABA transport activity
because ABA rescued this phenotype in the decreased
MNPF6.8 background of the npf6.8 knockdown lines.
Furthermore, ABA transport activity in Xenopus spp.
oocytes was similar in the presence or absence of nitrate in
the external medium indicating that there was no com-
petition for the transport between the two substrates as
observed for ABA and nitrate transport by the Arabi-
dopsis transporter AtNPF4.6 (Kanno et al., 2013). On the
other hand, the localization of the expression of MtNPF6.8
in the pericycle region (Fig. 3) suggests that MtNPF6.8
may have a role in the redistribution of ABA within the
root via retrieval of ABA from the xylem sap. As a con-
sequence, underexpression of MtNPF6.8 would lead to
lower ABA levels in the root and prevent ABA-mediated
repression of root elongation that could be rescued by
exogenous ABA application.

MtNPF6.8 Is Involved in the Primary Nitrate Response

In order to strengthen our assumption that MtNPF6.8
is involved in the nitrate signaling, the role of MtNPF6.8 in
nitrate-inducible events was determined in the npf6.8
knockdown lines and compared with the wild type (Fig.
10). Two genes encoding two nitrate reductase isoforms
(NR1 and NR2) proved to be highly sensitive to nitrate
signaling in M. truncatula, because they were induced by
up to 200- and 30-fold, respectively, in primary roots after
30 min of treatment with 5 mm NO, ™. To a lesser extent,
these two NR genes were also induced by nitrate at a
lower concentration (250 um NO,"). Nitrate induction of
NR genes is strongly impaired in the npf6.8 knockdown
lines; this result was also obtained at the 250-um supply,
where no defect in root nitrate uptake was recorded in
these lines (Fig. 4). This suggests that MtNPF6.8 regulates
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the nitrate response of NR genes independently of its role
in nitrate transport, thereby supporting a direct signaling
role. In addition, the GS2 gene, which encodes a plastidic
GIn synthetase and is less sensitive to nitrate signaling
(induced by 4-fold), also showed reduced expression in
all three npf6.8 knockdown lines after 30 min on 5 mm
NO; -supplied medium. These data indicate that MtNPF6.8
is very likely to play a role in the response to nitrate sig-
naling in M. truncatula.

MATERIALS AND METHODS
Seed Germination and Seedling Growth Conditions

The R108 Medicago truncatula line was used in this study. Seed germination
was performed as previously described (Morére-Le Paven et al., 2011), using
N-free modified Murashige and Skoog medium (MS) containing 3 mm CaCl,,
1.5 mm MgSO,, 1.25 mm KH,PO,/K,HPO,, 5 mm KCl, and complete micro-
nutrients (Murashige and Skoog, 1962). This medium was complemented with
KNO; as a sole N source at the concentration indicated for each individual
experiment. The K* concentration was adjusted to 5 mum by the addition of KCl
in all media with KNO, concentrations lower than 5 mm. For phenotypic and
gene expression analyses, eight plants were transferred 24 h after germination
on filter paper with 7 mL of the appropriate solution in 12-cm square trans-
parent plates. Plates were placed at a 45° angle at 22°C with a 16-h photoperiod
(120 wE m? s~2) in a growth chamber. Primary root length was scored every 24 h
by marking the plate covers, and corresponding images were analyzed using
ImageJ software (http:/ /rsbweb.nih.gov/ij/). For primary nitrate response anal-
ysis, plants were transferred 7 d after germination for 30 min onto N-free-mod-
ified (5 mm KCl-), 250 um KNO;-modified, or 5 mm KNO;-modified MS medium.

Subcellular Localization of MtNPF6.8

For the subcellular localization of MtNPF6.8, transient expression of MtNPF6.8
fused to GFP or RFP in M. truncatula or Nicotiana benthamiana leaves was per-
formed using Gateway cloning technology (Invitrogen). The MtNPF6.8 open
reading frame (ORF) was previously obtained and cloned into a pGEM-
HEJUELvector (Morere-Le Paven et al., 2011). The MtNPF6.8 ORF was ampli-
fied by PCR from the recombinant plasmid using the primer pair named
MtNPF6.8-ORF (Supplemental Table S1) and Pfu DNA polymerase (Promega).
Reactions were carried out in an iCycler (Bio-Rad) with a standard protocol
(Melting temperature 58°C). The PCR products were purified using Genelute
minus Ethidium Bromide spin columns (Sigma-Aldrich), following the manu-
facturer’s instructions. The MtNPF6.8 ORF was subcloned into pENTR/D-TOPO
using a pENTR directional TOPO cloning kit (Invitrogen), as described by the
manufacturer. The constructs were checked by DNA sequencing (GATC Biotec).
For expression of the recombinant MtNPF6.8 fused to GFP or RFP, the insert was
transferred into pK7FWG2 or pB7/RWG2, respectively, using the Gateway LR
Clonase II enzyme mix (Invitrogen). Recombinant plasmids 355:NPF6.8:GFP/
RFP were then transferred into Agrobacterium tumefaciens (strain EHA101) by
electroporation. Positive clones were grown in Luria-Bertani medium supple-
mented with spectinomycin and rifampicin, until reaching an absorbance of 1 at
600 nm. This was followed by centrifugation at 3,000¢ for 20 min and resus-
pension in water to an absorbance of 0.2 to 0.4 at 600 nm. Suspensions were used
to infiltrate leaves of M. truncatula or N. benthamiana and were incubated for 2 d.
For colocalization experiments, two markers were used: TIP1-1, a marker protein
of the tonoplast (Boursiac et al., 2005), and TM23, a marker peptide of the plasma
membrane (Brandizzi et al, 2002). A. tumefaciens containing a recombinant
plasmid 35S:NPF6.8:RFP was infiltrated into leaves of N. benthamiana together
with either A. tumefaciens containing a recombinant plasmid 35S:TIP1-1:GFP or
A. tumefaciens containing a recombinant plasmid 355:TM23:GFP. For these ex-
periments, cells were plasmolyzed by incubating leaf samples in 1 M mannitol for
30 min in vacuo, prior to observation. Cortical regions of leaf epidermal cells were
observed by confocal microscopy, as described by Renard et al. (2011).

Histochemical Assay

A 2-kb genomic fragment containing the promoter, ATG, first intron, and
partial first exon of MtNPF6.8 was isolated by PCR using Pfu DNA polymerase
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(Promega) using gene-specific primers (ProNPF6.8-For and ProNPF6.8-Rev;
Supplemental Table S1). Reactions were carried out in an iCycler (Bio-Rad)
with a standard protocol (Melting temperature 60°C). The PCR products were
purified and subcloned into pENTR/D-TOPO as described above. The con-
structs were checked by DNA sequencing (GATC Biotech). For expression of
the MtNPF6.8 promoter fused to the GUS reporter gene, the insert was
transferred into pKGWFS7 using the Gateway LR Clonase II enzyme mix
(Invitrogen). Recombinant plasmid pMtNPF6.8:GUS was then transferred into
Agrobacterium rhizogenes ARqual (Smr-derivative strain of A4T; Gonzalez-
Rizzo et al., 2006) by electroporation and used for M. truncatula root trans-
formation. The transgenic roots were obtained using the protocol described by
Boisson-Dernier et al. (2001). After 30 h of germination, the primary root was
cut and seedlings were brought into contact with A. rhizogenes. After 3 weeks
of growth, transgenic roots were stained for B-galactosidase activity as de-
scribed by Gonzalez-Rizzo et al. (2006). Observations were performed using a
SZX16 Research Stereo Microscope (Olympus) equipped with an Olympus
DP71 camera and a SDFPLAPO1 XPF objective.

Generation of Stable npf6.8 Knockdown Lines by RNAi

To obtain the npf6.8 knockdown lines, a 401-bp complementary DNA
fragment of the MtNPF6.8 gene was amplified with a primer pair named
MtNPF6.8-fragment (Supplemental Table S1). This PCR product was intro-
duced into the entry vector pCR8/GW /TOPO by the TOPO Cloning Reaction
(Gateway System; Invitrogen) and transferred into the pFRB plasmid
pFGC5941 by recombination with the Gateway LR Clonase Enzyme Mix.
pFRB-NPF6.8 contained the sense and antisense sequences of the 401-bp
fragment under the control of the CaMV 35S promoter. Transformation of the
R108 line of M. truncatula by the vector using A. tumefaciens strain EHA105
and in vitro culture was performed according to Trinh et al. (1998). Six plants
were regenerated. After a first selection of positive lines (TO generation) by
PCR using a specific primer pair named MtNPF6.8-specific (Supplemental
Table S1), seedlings of the T1 generation were examined for a 3:1 segregation.
Only seedlings with an RNAI construction (either heterozygous or homozy-
gous) were kept to obtain the T2 generation. Thirty-five to 45 seedlings of the
T2 generation were analyzed by PCR for selection of RNAi MtNPF6.8 homo-
zygotes. Expression of MtNPF6.8 in homozygous npf6.8 lines was determined
by quantitative RT-PCR to detect the efficiency of targeted knockdown of the
RNAI fragment using the specific primer pair MtNPF6.8-RNAi (Supplemental
Table S1). Three homozygous lines (T2) were retained for further analysis
(npf6.8-2, npf6.8-3, and npf6.8-5).

RNA Extraction, Reverse Transcription, and Real-Time
Quantitative PCR

Total RNA extraction, reverse transcription, and real-time quantitative PCR
were performed as described by Charrier et al. (2012), with the following
modifications: 2 ug of RNA was treated for 3 min with 200 U of DNase I
(Invitrogen). DNase was denatured for 8 min at 70°C before reverse tran-
scription. Each measurement was carried out with at least three independent
biological replicates, using a triplicate PCR reaction for determining cycle
threshold values. The ratio was calculated using an equation with normaliza-
tion by mean of two endogenous reference genes (MtRPB1 and MtUbiquitin10).

Total Soluble Protein, Amino Acid, Nitrate, and
Ammonium Extraction and Analysis

For total soluble protein, amino acid, nitrate, and ammonium extraction,
roots and shoots from five plants were separately excised from the wild type
and npf6.8 knockdown lines, which were grown 10 d in transparent plates, as
previously described. Total soluble protein was extracted from samples in 25 mm
Tris-HCl, pH 7.6, with 1 mm MgCl,, 1 mm EDTA, 0.1% (v/v) B-mercaptoethanol,
and 1% (w/v) polyvinylpolypyrrolidone. The resulting homogenate was
centrifuged (14,000¢ for 30 min at 4°C). The protein content of the soluble
fractions was determined using the Bradford reagent and bovine serum al-
bumin as a standard (Bradford, 1976). Each measurement was carried out with
four biological replicates, using a triplicate colorimetric reaction. Total amino
acids and ammonium were extracted from samples with ethanol and water
fractions and were measured by HPLC using the same method as described by
Planchet et al. (2011). The amounts of all amino acids determined by HPLC
were summed, in order to determine the total amount of amino acids.
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Measurements were repeated three times with independent biological
samples. For the nitrate content analysis, roots and shoots were dried for 48
h at 60°C. Samples were ground, and 10 to 20 mg of powder was extracted
in 500 uL of ultrapure water for 1 h at 100°C. The extract was centrifuged at
14,000¢ for 8 min, and the nitrate content of the supernatant was deter-
mined following the method of Cataldo et al. (1975). Each measurement
was carried out with five biological replicates, using a triplicate colori-
metric reaction.

Nitrate Influx Analysis

For analysis of the nitrate influx, eight plants of each genotype were grown
for 2 d after germination on a plate with N-free modified MS medium or
complemented with 5 mm KNO,, as previously described. Plants were then
transferred to a hydroponic system for 8 d in the same nutrient solutions.
Individual plants were rinsed in a 15 mm CaCl, solution and the total root
system was exposed to a modified MS medium containing 250 um or 5 mm of
K'NO;, for 5 min. The "N-exposed plants were then immediately washed
three times in cold 15 mm CaCl,. Roots were dried for 48 h at 60°C, and the
retained "N was determined using a C/N analyzer linked to an isotope ratio
mass spectrometer (EA3000; EuroVector) coupled to a mass spectrometer
(IsoPrime; Elementar).

Propidium Iodide Coloration

For confocal microscopy observations, seedlings were harvested 6 d after
germination. Roots were removed and immediately immersed in the fixing
solution (3:1 [v/v] absolute ethanol:acetic acid and 0.1% [v/v] Tween 20) for
24 h. The roots were incubated in 50% (v/v) ethanol for 1 h, and then in 70%
(v/v) ethanol for 24 h. Prior to staining, primary roots were first rinsed in
ultrapure water and incubated for 30 min in 1% (w/v) SDS and 200 mm NaOH.
Second, the roots were rinsed in ultrapure water and incubated for 40 min in
1% (w/v) periodic acid. Finally, the roots were rinsed in ultrapure water and
immersed for 8 min in a 1% (w/v) propidium iodide solution and stored in
40% (v/v) glycerol with 24 m chloral hydrate at 4°C for a minimum of 24 h
until analysis. Observations were performed under a Nikon A1S1 confocal
laser microscope (Nikon Instruments) equipped with argon-ion (488 nm) and
diode (561 nm) lasers. Propidium iodide staining was detected with the
emission light set at 520 to 720 nm.

ABA Uptake Assay in Xenopus spp. Oocytes

Oocytes were isolated and injected with 50 ng of MtNPF6.8 mRNA or AtNPF4.6
mRNA, as previously described (Morere-Le Paven et al., 2011). Control oocytes
were either not injected or were injected with 50 nL of water. Oocytes were in-
cubated for 20 min in a 250-uL solution containing 230 mm mannitol, 0.3 mm
CaCl,, and 10 mm MES-Tris pH 5.5, containing 1 um [PHJABA (130 nvm [PHJABA
from PerkinElmer, diluted with 870 nm cold ABA from Sigma-Aldrich). They were
then washed four times with standard oocyte saline buffer (100 mm NaCl, 2 mm
K, 1.8 mm CaCl,, 1 mm MgCl,, and 5 mm HEPES, pH 7.5) at 4°C, containing
5 uMm cold ABA. Each oocyte was lysed with 50 uL of 2% (w/v) SDS and 2 mL of
Ultima Gold (PerkinElmer) scintillating solution was added. Incorporated radioac-
tivity was measured by a liquid scintillation analyzer (Tri-Carb 2100TR; Packard).

Statistical Analysis

All statistical tests were performed using R statistical software (version
2.13.0; http:/ / cran.r-project.org). For all data, appropriate statistical tests were
carried out and are described in the legend of each figure.

Sequence data from this article can be found in the GenBank/EMBL data li-
braries under accession numbers Aurora (TC901033), Cyclin A2 (Medtr2g102520),
Cyclin B1.1 (Medtr5g088980), Cyclin A2 (Medtr2g102520), NR1 (Medtr3g073180),
NR2 (Medtr5g059820), and GS2 (Medtr2g021250).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Characterization of npf6.8 knockdown lines.
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Supplemental Figure S2. Effect of nitrate treatment on fresh weight seed-
lings in the wild type or in npf6.8.

Supplemental Table S1. Sequences of primers used for PCR.
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