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Abstract The expression patterns of the NRT2
genes have been well described; however, the role
of OsNRT2.4 in root growth is not well known.
In this study, we thus aimed at investigating the
role of high-affinity NO;~ transport OsNRT2.4 in
root growth modulation. Through the amiRNA-
mediated gene silencing technique, we successfully
obtained osnrt2.4 knockdown lines to study the role
of OsNRT2.4 on root growth under low nitrate con-
ditions. We performed real-time PCR analysis to
investigate the relative gene expression level in root
and shoot, soluble metabolites, and measurement of
root system. Knockdown of OsNRT2.4 decreased rice
growth. The comparison with wild-type (WT) plants
showed that (i) knockdown of OsNRT2.4 inhib-
ited root formation under low NO;™ supply; (i) we
demonstrated that the mutant lines had significantly
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increased NO;™ uptake than WT plants when grown
in different nitrate supplies; (iii) osnrt2.4 knockdown
lines showed an alteration in nitrogen metabolism,
and this affected the root growth; and (iv) the down-
regulation of OsNRT2.4 enhanced the expression of
gene response of low external NO;~ concentrations.
Herein we provide new insights in OsNRT2.4 func-
tions. Our data demonstrated that OsNRT2.4 plays a
role in root growth, nitrogen metabolic pathway and
probably have functions in nitrate transport from root
to shoot under low nitrate availability in rice.

Keywords Root morphology - Nitrogen -
OsNRT2.4 - Oryza sativa

Introduction

Rice (Oryza sativa L.) is one of the most consumed
and produced cereals around the world, representing
the staple food of more than half the world’s popula-
tion (FAO 2017). In the diet of the Brazilian popula-
tion, rice provides 20% of the energy and 15% of the
total protein needed (Lam-Sanchez et al. 1994). Sus-
tainable Development Goals (SDGs) 2 and 12 predict
that by 2030 it will be necessary to double agricul-
tural productivity (Sustainable Development Goals
2015), making it crucial to adopt new techniques in
rice cultivation to increase its production in a sustain-
able way.
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The roots are important anchorage organs, as
well water and nutrients absorption, all of which
are important aspects to growth and yield crops.
The ability to modulate the spatial arrangement of
the root system is an essential adaptive function to
adjust to environmental variations and nutrient bio-
availability in the soil (Lépez-Bucio et al. 2003),
enabling crops such as rice overcome yield limita-
tions at low environmental cost by reducing chemi-
cal fertilizer use, such as nitrogen fertilizers (Jiao
et al. 2016).

Nitrogen is an essential nutrient with high meta-
bolic demand, and their availability in nitrate (NO;™)
forms acts as a signal which trigger molecular mecha-
nism responsible for plant growth and development
(Crawford 1995; Loépez-Bucio et al. 2003; Miller
et al. 2007; Krapp et al. 2014). Several genes have
been identified and characterized as important regu-
lators of root development, increasing crop produc-
tion in a sustainable way (Zhang and Forde 2000;
Forde and Lorenzo 2001; Nacry et al. 2013). How-
ever, fewer NO,~ transporter genes with a functional
role in root development were characterized in crop
models (Krapp et al. 2014; Kiba and Krapp 2016; Fan
et al. 2017).

In higher plants, four gene families have been
shown to function as nitrate transporter (Nacry et al.
2013; Krapp et al. 2014), and OsNRT2.4 (Nitrate
Transporter 2 family) was the focus in this study. The
NRT2 gene family are high-affinity nitrate transport-
ers (HATS—High-Affinity Transport System), and
in the rice genome (Oryza sativa L.) have previously
been identified at least four putative NRT2 genes
(OsNRT2.1, OsNRT2.2, OsNRT2.3, OsNRT2.4) and
two putative NAR2 genes (OsNAR2.1 and OsNAR2.2)
(Araki and Hasegawa 2006; Cai et al. 2008).

Overexpression of OsNRT2.1 affected positively
total root length under 0.5 mM NO;, and increased
SNO;~ influx rate under low nitrate condition (Naz
et al. 2019). In addition, osnar2.1 knockdown lines
decreased the OsNRT2.1, OsNRT2.2, and OsNRT2.3a
expression levels in the roots and affected the growth
and total N concentration in rice plants (Yan et al.
2011a, 2011b). Diverse studies suggest the function
of OsNRT2.1 and OsNAR2.I in NO;~ uptake and
their contribution in lateral root initiation (Feng et al.
2011; Huang et al. 2015). OsNRT2.4 functional role
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in crop plants is still lacking. Current studies have
highlighted the expression of OsNRT2.4 in the base
of lateral root primordia, in the hull and vascular tis-
sue of the anther (Feng et al. 2011; Wei et al. 2018).

The use of genetic engineering remains a powerful
tool to study the largely unknow mechanism underly-
ing rice root development by strategy for modification
target genes enabling an improvement in the rice yield
and quality (Yan et al. 2011a, 2011b; Baldrich and
San Segundo 2016). Artificial microRNA (amiRNA)
is one of a powerful tool in the study of gene func-
tions in plants and is a strategy for sequence-specific
cleavage of any target transcript, and provides a
highly specific approach for gene silencing in plants,
enabling to be useful for biotechnology approaches
for the breeding (Ossowski et al. 2008; Warthmann
et al. 2008).

In this study, we thus aimed at investigating the
role of high-affinity NO;~ transport OsNRT2.4 in
NO; -regulated and the modulation of root growth,
and we observed shoot growth was similar in osnrt2.4
knockdown lines compared to wild-type plants.

Materials and methods
Plasmid construction and rice transformation

Artificial microRNA (amiRNA) to OsNRT2.4 was
designed by Web MicroRNA Designer platform
(WMD) (http://wmd3.weigelworld.org/) based on
the Max Planck Institute for Developmental Biology.
Each primary amiRNA was constructed replacing the
bases of the natural osa-MIR528 and was cloned by
PCR into the pNW55 vector (Warthmann et al. 2008).
The amiRNA sequences and amplification primers
are shown in Online Resource 1.

To the construction of plasmid were following the
gene cloning step. The natural MIR528/MIR528*
sequences were replaced by artificial amiRNA/
amiRNA* sequences desired, and then the DNA frag-
ments were fused and transferred into the multiple
cloning site of the binary vector IRS154 to obtain
plant expression vectors. The IRS154 containing the
amiRNA was transferred into DHSa Escherichia coli
using electroporation protocol (Sambrook and Rus-
sel 2001), and the vector was extracted using the
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PureYield™ Plasmid Miniprep System (Promega)
according to the manufacturer’s instructions.

Finally, amiRNA plant expression vector was
introduced into Agrobacterium tumefaciens strain
LBA4404 by freeze-thaw method (Holsters et al.
1978) and then rice plants variety Nipponbare were
transformed into wild-type according to the method
described by Toki et al. (2006) and Sahoo et al.
(2011). The transformed T2 lineages were selected
by hygromycin (50 pg.L™"), based on low levels of
OsNRT2.4 transcripts (real-time PCR analyses) and
following the root morphology analysis. Thus, we
selected two knockdown lines (rl and r2) to show
lower root growth without negative effect on the
shoots.

Plant material and growth conditions

The Japonica rice variety Nipponbare was used as the
wild-type (WT), and all rice materials were grown in
a control growth chamber, under a light intensity of
around 318-330 pmol m~2 s™!, a 14/10 h light/dark
photoperiod (light starts at 06.00 h and dark starts at
20.00 h), 70-75% relative humidity, and a 28 °C day/
night temperature, in the Department of Soil Sciences
of the Federal Rural University of Rio de Janeiro
(UFRRYJ).

After the transformation process, we observed that
knockdown line seeds did not germinate adequately.
Then, we stablished a protocol to break seed dor-
mancy based on the “Rules for Seed Analysis” (RAS
2009) in the following way. The seeds were preheated
at 45°C for 2 h in a forced ventilation oven follow-
ing a disinfection in a solution containing sodium
hypochlorite 2% (v/v) for 15 min, washed five times
with deionized water and placed in pots covered by
deionized water overnight in the growth chamber.
Subsequently, the seeds covered by deionized water
were preheated a second time at 45°C for 2 h and
placed in 3 L pots covered by deionized water to
induce germination.

Based on previous studies that highlighted
OsNRT2.4 expression in rice was much higher in
roots supplied with NO;~ when compared with NH,*
solution (Feng et al. 2011; Wei et al. 2018), we per-
formed an experiment at different N concentrations,
N starvation (without N), and 0.1 mM NO;~ (low
N), to determine the role of OsNRT2.4 transporter in
nitrate uptake under low nitrogen conditions.

The experimental design was completely ran-
domized with four replicates. The seedlings were
deprived of N for 1 week from germination, to reduce
endogenous N reserves, and supplied with nutrient
solution containing a modified % total ionic strength
(IS) Hoagland solution (Hoagland and Arnon 1950)
containing 1 mM NH,NO; (pH 5.8.) for 3 days (d).
At 10 days after germination (DAG), the seedlings
were transferred into 0.7 L pots and the solution was
replaced by the nutrient solution containing a modi-
fied ¥2 IS Hoagland solution with 0.1 mM NO;~ (pH
5.5). At 13 DAG, the plants were divided into two
groups: Hoagland solution without nitrogen (N
starvation) or continued 0.1 mM NO;™ treatment.
Before harvest at 17 DAG, the pots received the same
Hoagland solution containing 0.1mM NO;™ and the
plants were harvested after 04.00 h (04) (light start).
The plants were harvested separately in root and
shoot, frozen in liquid nitrogen, and stored in a —80
°C freezer for RNA extraction. For soluble metabo-
lites, 0.5 g root and shoot fresh tissue were stored in
80% ethanol.

RNA preparation and real-time PCR analysis

The total RNA was extracted according to Gao et al.
(2001) and quantified using Nanodrop (Thermo
Scientific). The quality was verified by Ajcyn30 €
Asgopnso Proportion, with the ratio between 1,9 e
2,1 and then using agarose (1%) gel electrophoresis
stained with gel red was verified the RNA integrity.
One microgram of total RNA sample was DNase-
treated using DNAse I Amplification Grade (Sigma-
Aldrich) and cDNA synthesis was performed
cDNA with High-Capacity RNA-to-cDNA Kit
(Thermo Scientific) according to the manufacturer’s
instructions.

The real-time PCR reactions were performed in
a “StepOne Plus Real-Time PCR System” (Applied
Biosystems) using the HOT FIREPol® EvaGreen®
gPCR Mix Plus (ROX) Kit (Solis Biodyne) accord-
ing to the manufacturer’s instructions. Each reaction
was performed in the following way: 15 min at 95 °C
and 40 cycles of amplification at 95°C for 15 s and
60°C for 1 min and 72°C for 30 s. Specificity of the
primer sequences was analyzed using NCBI (https://
blast.ncbi.nlm.nih.gov/Blast.cgi) as well as experi-
mentally at the end of the PCR reactions through the
melting curve. Gene expression data were analyzed
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by the comparative CT method (Z‘MCT) (Livak and
Schmittgen 2001), using the OsUBC (Ubiquitin—con-
jugating enzyme—E2) and OseEF-la (la elongation
factor) as housekeeping genes (Jain et al. 2006). All
primers are listed in Online Resource 2.

Soluble metabolites

Shoot and roots were analyzed in an experiment iden-
tical to the previously described in the “Plant material
and growth conditions” section. Samples of 0.5 g were
homogenized 80% ethanol, separated with chloroform
and water according to the method described by Fer-
nandes (1983). The extract was used for the determi-
nation of soluble sugars (Yemm and Willis 1954), free
amino-N (Yemm and Cocking 1955), nitrate (Miranda
et al. 2001), and ammonium (Felker 1977).

Measurement of root system

The root morphology of wild-type (WT) and osnrt2.4
knockdown lines (r] and r2) was performed using four
biological replicates for each genotype and harvested at
13 days after germination (DAG) at 04.00 h (04) (light
start) grown in a hydroponic system, Hoagland solution
(Hoagland and Arnon 1950) containing 0.1 mM NO;™.
The roots were stored in 50% alcohol and scanned
subsequently.

The rice root system was scanned at 600 dpi with an
Epson Expression 10000XL scanner, and the images
were analyzed using the WinRhizo Arabdopsis scan-
ner—based image analysis system (Regent Instruments,
Montreal, QC, Canada). Total root length (mm), total
number of tips, total root surface area (mm?), total root
volume (mm?), and total average diameter (mm) were
measured.

Data analysis

The data were analyzed using the R software. Subse-
quently, the data were analyzed using the analysis of
variance: test of data normality (Shapiro-Wilk test),
homocedasticity of variances (Bartlett’s test), and #-test,
where treatment means were compared using Dunnet’s
test at 5% probability (p< 0.05). The effects of the vari-
ables were verified by F test (5% probability). Asterisk
(*) indicates a significant difference between WT and
the knockdown lines.
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Results

Knockdown of OsNRT2.4 inhibited root growth in
response to nitrogen availability

To validate OsNRT2.4 expression pattern, we per-
formed a real-time PCR analysis in rice (cv. Nippon-
bare), and we demonstrate that OsNRT2.4 was not
very abundant in the two osnrt2.4 knockdown lines
(rl and r2) roots grown in 0.1 mM nitrate solution
when compared with WT (Fig. 1).

Knockdown of OsNRT2.4 decreased root growth.
Total root length was 38% shorter in osnrt2.4 knock-
down lines (rl and r2) than in WT plants (Fig. 2b,
c¢). The difference in total number of tips between the
mutant lines was 38% of those in WT plants (Fig. 2a,
d). Reductions in total root surface area were 26%
of those in WT plants (Fig. 2e) and were largely
attributable to reduced total number of tips (Fig. 2d).
In comparison with WT plants, total root volume
decreased 27% in mutant lines (Fig. 2f). However,

1,2

1,0 T

0,8 -

0,6 -

0,4 -

0,2 -

OsNRT2.4 Relative Expression (2'AACT)

0,0 T : T
WT r1 r2

Fig. 1 Expression level of wild-type (WT) and osnrt2.4
knockdown lines (rl and r2) in root rice. Rice seedlings were
grown in a hydroponic system. Thirteen-day-old seedlings
were transferred into nutrient solution containing 0.1mM
N-NO;~ for 4 days. Total RNA was isolated from roots at
04.00 h (04) (light start). OsNRT2.4 expression levels were
normalized to the expression of the OsUBC and OseEF-1ca ref-
erence genes. The experiment was performed using four bio-
logical replicates for each genotype. Bars indicate the standard
error of the mean (n =16). Asterisk (*) indicates statistically
significant differences between WT and two mutant lines by
the Dunnett’s test (p<0.05)
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total root average diameter was similar between gen-
otypes (Fig. 2g).

Effects of osnrt2.4 knockdown on rice growth
and metabolite contents in response to nitrogen
availability

Knockdown of OsNRT2.4 decreased rice growth and
altered metabolite contents in the different plant tis-
sues under different nitrate treatments. In compari-
son with WT, osnrt2.4 knockdown lines (rl and r2)
showed lower fresh weight in root when cultivated
with N starvation (Fig. 3a), but not when cultivated
with 0.1 mM N-NO;~. The root/shoot ratio was
lower in mutant lines when cultivated with N starva-
tion (Fig. 3c), but not when cultivated with 0.1 mM
N-NO;™. The vegetative growth of osnrt2.4 knock-
down lines showed a visible difference from WT
plants when supplied with 0.1 mM (Fig. 2b). How-
ever, when the shoot fresh weight was analyzed,
there was no significant difference in both treatments
(Fig. 3b). Our data suggest that the knockdown of
OsNRT2.4 does not affect biomass production in
shoot, demonstrating that OsNRT2.4 plays a key role
in root growth.

In comparison with WT, osnrt2.4 knockdown
lines (rl and r2) showed higher amino-N content in
root growth with both N starvation and low (0.1 mM)
NO;™ supply (Fig. 4a). However, when analyzed in
shoot, amino-N content was increased in mutant lines
only when grown in 0.1 mM N-NO;~ (Fig. 4¢). There
was no significant difference in shoot amino-N con-
tent between the osnrt2.4 knockdown lines (r1 and
r2) and WT when grown in N starvation (Fig. 4e). We
also analyzed soluble sugar, and there was no signifi-
cant difference in root soluble sugar content between
the osnrt2.4 knockdown lines (r1 and r2) and WT
when grown in both N starvation and low (0.1 mM)
NO;™ supply (Fig. 4b). In shoot, the soluble sugar
content decreased only in mutant lines when culti-
vated with 0.1 mM N-NO;~, but not when cultivated
with N starvation (Fig. 4f)

Nitrate content (N-NO;™) in root was significantly
higher in osnrt2.4 knockdown lines (r1 and r2) than
in WT plants when grown in both N starvation and
low (0.1 mM) NO;~ supply (Fig. 4c). In contrast,
shoot nitrate content decreased in osnrt2.4 knock-
down lines (rl and r2) in comparison with WT, but
the significant difference was only in one line, rl, to

both treatments (Fig. 4g). Compared to WT plants,
the ammonium content (N-NH,*) in root and shoot
was significantly higher in osnrt2.4 knockdown lines
(rl and r2) growth with both N starvation and low
(0.1 mM) NO;~ supply (Fig. 4d, h), but the signifi-
cant difference was only in one line, 12 for N starva-
tion (root) and r1 for low supply (shoot).

Knockdown of OsNRT2.4 alters expression levels of
nitrogen metabolism-related genes

The root and shoot expression of glutamine syn-
thetasel;1 (OsGSI;I) were significantly lower in
both knockdown lines relative to the WT growth
with both N starvation and low (0.1 mM) NO;™ sup-
ply (Fig. 5a, d). In root, the expression of glutamine
synthetase2 (OsGS2) decreased in mutant lines when
cultivated with both N starvation and low (0.1 mM)
NO;™ supply (Fig. 5b), but in contrast, shoot expres-
sion of OsGS2 was significantly increased in both
knockdown lines relative to the WT growth with both
treatment (Fig. 5e). With both N starvation and low
(0.1 mM) NO;™ supply, the root expression of nitrate
reductase (OsNial) in mutant lines was lower than
the WT (Fig. 5c). However, knockdown of OsNRT2.4
increased the shoot expression of OsNial in both
mutant lines in comparison with WT growth with
both N starvation and low (0.1 mM) NO;~ supply

(Fig. 5).

Expression patterns of OsNRT2.1 and OsNAR2.1
genes in response to different nitrate treatment in the
wild-type and osnrt2.4 knockdown lines

In the different plant tissues under different nitrate
treatments, the expression of OsNRT2.4 in mutant
lines was smaller than in WT plants (Fig. 6a, b). Note
that even with a significant reduction in both tissues
in mutant lines, knockdown of the expression of
OsNRT2.4 was much smaller in root than in shoot in
both N starvation and low (0.1 mM) NO;™ supply.
Previous studies (Araki and Hasegawa 20006;
Feng et al. 2011) had demonstrated that OsNRT2.1
and OsNAR2.1 have a slight expression in shoot but
an elevated expression in roots, suggesting that both
transporters are a root-specifics genes. Therefore, we
decided to analyze expression patterns of OsNRT2.1
and OsNAR2.1 only in roots, and we noted that
knockdown of OsNRT2.4 resulted in the increase
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«Fig. 2 Root morphology of wild-type (WT) and osnrt2.4
knockdown lines (rl and r2). Rice seedlings were grown in a
hydroponic system containing 0.1mM N-NO;™ and harvested
at 13 days after germination (DAG) at 04.00 h (04) (light
start). (a) Morphology of lateral roots; (b) morphology of
rice plants (bar = 5 cm); (c) total root length (mm); (d) total
number of tips; (e) total root surface area (mm?); (f) total root
volume (mm°); (g) total average diameter (mm). Root system
was analyzed using the WinRhizo Arabdopsis software. The
experiment was performed using four biological replicates for
each genotype. Bars indicate the standard error of the mean
(n =16). Asterisk (¥) indicates statistically significant differ-
ences between WT and two mutant lines by the Dunnett’s test
(p<0.05)

in the root expression of OsNRT2.1 and OsNAR2.1
genes in mutant lines. There was no significant dif-
ference in root expression of OsNRT2.1 between the
osnrt2.4 knockdown lines (r1 and r2) and WT when
grown in N starvation (Fig. 7a). However, knock-
down of OsNRT2.4 increased the root expression of
OsNRT2.1 in both mutant lines in comparison with
WT when growth with low (0.1 mM) NO;™ supply
(Fig. 7a). The expression of OsNAR2.I was higher
in both treatments, but the significant difference in N
starvation treatment was only in r1 line.

Discussion

Nutrient availability in the soil modulates root
growth and development (Kiba and Krapp 2016)
and is known that the plants have diverse pheno-
typic responses for adapting to nitrogen (N) fluc-
tuation (Huang et al. 2015) as developing a deeper
root system that acquired more N (Koevoets et al.
2016). Understanding the molecular mechanism of
NO; ™ -regulated root growth is crucial for improved N
uptake. Under low NO;™~ concentration, Huang et al.
(2015) cultivated OsNAR2.1 knockdown rice plants
and the mutant lines exhibited a decreased lateral root
formation. We investigated knockdown of OsNRT2.4
in rice root growth and compared with WT plants,
knockdown of OsNRT?2.4 inhibited root growth under
low NO;™ concentration (0.1 mM) (Fig. 2).

The low nutrient availability induces morphologi-
cal changes in root growth (Lépez-Bucio et al. 2003)
and can trigger an impact on root system by altering
the root diameter, angle, length, and number of roots
(Forde and Lorenzo 2001). Despite the innumerous
papers reporting nitrate effects on root growth, the

mechanisms underlying the NO;™~ effects on primary
root elongation are still controversial because even
when stimulated primary root growth, an inhibitory
effect has been observed according to nitrate concen-
tration medium (Trevisan et al. 2014). Arabidopsis
plants under limited N supply may alter lateral root
elongation (Gruber et al. 2013). In maize (Zea mays
L.), Ravazzolo et al. (2020) observed that nitrate posi-
tively influences the primary root length after 7 days
of growth at a nitrate concentration of 1 mM.

In this study, knockdown of OsNRT2.4 did not
affect root diameter (Fig. 2g), and instead decreased
total root length, number of tips, root surface area,
and root volume. Despite the similar root diameter
between mutant lines and WT, according to Forde
and Lorenzo (2001), root diameter generally shows
less plasticity than stem diameter to the environmen-
tal conditions. Length and root surface area are major
factors of water and nutrient uptake rates because
they determine the total volume of soil explored by
the roots; in addition, the number of tips indicates
lateral root initiation and all these parameters have a
great impact on root growth and development (Forde
and Lorenzo 2001; Lépez-Bucio et al. 2003; Nacry
et al. 2013). Our data suggest that OsNRT2.4 had a
key function in coordinating root formation at low
external NO;™ concentration.

Changes in the nutritional status of the plants trig-
ger morphological responses different in the over-
all root system, and primary root growth and lateral
root formation are particularly sensitive to changes
in the external N availability and internal N status
of the plants (Lopez-Bucio et al. 2003; Nacry et al.
2013; Kiba and Krapp 2016). The plant growth rate,
measured as the biomass of root and shoot during
the different nitrate treatments, showed that N starva-
tion treatment (plants without N for 4 days) affected
only root growth of osnrt2.4 knockdown lines (r1 and
r2) and when cultivated with low N concentration
(0.1 mM N-NO;™) showed no significant difference
(Fig. 3). In a recent report, Wei et al. (2018) observed
inhibition of root and shoot growth when the osnr2.4
knockout lines were cultivated in low (0.25 mM) and
high (2.5 mM) NO;™ supply that resulted in lower dry
weight and less total N accumulation. The mecha-
nisms underlying the nitrate effects are still contro-
versial. Our results suggest differences in the nitrate
feedback signaling in rice, possibly resulting from the
fact that changes in the external and internal N status
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ments in root and shoot of wild-type (WT) and osnrt2.4 knock-
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ponic system. Thirteen-day-old seedlings were transferred
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vested at 04.00 h (04) (light start). (a) Root biomass; (b) shoot
biomass; (c) root:shoot (R/S) ratio. The experiment was per-
formed using four biological replicates for each genotype. Bars
indicate the standard error of the mean (n =16). Asterisk (¥)
indicates statistically significant differences between WT and
two mutant lines by the Dunnett’s test (p<0.05)
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Fig. 4 Soluble metabolites in response to different nitrate
treatments in root and shoot of wild-type (WT) and osnrt2.4
knockdown lines (r1 and r2). Rice seedlings were grown in a
hydroponic system. Thirteen-day-old seedlings were trans-
ferred into nutrient solution without nitrogen for 4 days (star-
vation) or with 0.1mM N-NO;~ for 4 days (low nitrogen) and
harvested at 04.00 h (04) (light start). amino-N, soluble sugar,
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N-NO;~, and NH4+ in roots (a, b, ¢, and d) and shoots (e, f,
g, and h). The experiment was performed using four biological
replicates for each genotype. Bars indicate the standard error of
the mean (n =16). Asterisk (*) indicates statistically significant
differences between WT and two mutant lines by the Dunnett’s
test (p<0.05)
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ferred into nutrient solution without nitrogen for 4 days (star-
vation) or with 0.ImM N-NO;~ for 4 days (low nitrogen).
Total RNA was isolated from roots at 04.00h (04) (light start).
0sGS1;1, OsGS2, and OsNIAL relative expression in roots (a,

are the predominant in affecting root biomass, and
also additional factors must play a role.

Nitrate (NO5 ") is a major N source for most higher
plants and acts as a signaling molecule (Miller et al.
2007; Bloom 2015) and might be stored in the vac-
uole or reduced to nitrite in the cytosol by nitrate
reductase (NR) enzyme and, then, nitrite is trans-
ported into plastids where occurs its reduction to
ammonium by nitrite reductase (NiR) enzyme and
subsequently incorporated into amino acid (Fer-
nandes and Rossiello 1995; Tegeder and Masclaux-
Daubresse 2018). In addition, plants can reduce
nitrate to ammonium (process named N assimilation)
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b, and c) and shoots (d, e, and f). The expression levels were
normalized to the expression of the OsUBC and OseEF-1c ref-
erence genes. The experiment was performed using four bio-
logical replicates for each genotype. Bars indicate the standard
error of the mean (n =16). Asterisk (¥) indicates statistically
significant differences between WT and two mutant lines by
the Dunnett’s test (p<0.05)

in both tissues root and shoot. We investigated nitro-
gen metabolism in rice plants, and we observed
nitrate content (N-NO;7) in root was significantly
higher in osnrt2.4 knockdown lines (rl and 12) than
in WT plants when grown in both N starvation and
low (0.1 mM) NO;™ supply (Fig. 4c).

A previous study by Tang et al. (2012) in rice
showed general pattern with a decrease of nitrate
accumulation in shoots and increase in roots. The
two osnrt2.3a knockdown lines clearly accumu-
lated much higher nitrate in their roots at low nitrate
solution (0.5 mM) than in the shoots. By contrast,
osnar2.l1 knockdown mutants decreased total N

@ Springer



5 Page100f15

Mol Breeding (2022) 42: 5

1.2

. a Root mm WT| [P Shoot
5 =

g 10 - . 2 -

S

e

S 0.8 - i

(/2]

o

.

> 0.6 -

g * o

©

- %
& 04 - - = o2
N

3

% 02 T _*_ =

%
0.0 iy |—| | : :
N starvation 0.1 mM N starvation 0.1 mM

Fig. 6 OsNRT2.4 expression pattern in response to differ-
ent nitrate treatment in the root and shoot of wild-type (WT)
and osnrt2.4 knockdown lines (rl and r2). Rice seedlings
were grown in a hydroponic system. Thirteen-day-old seed-
lings were transferred into nutrient solution without nitrogen
for 4 days (starvation) or with 0.1mM N-NO;~ for 4 days (low
nitrogen). Total RNA was isolated from roots at 04.00h (04)
(light start). (a) OsNRT2.4 relative expression in root and (b)

concentration in both root and shoot treated with
0.2 mM NO;™ (Yan et al. 2011a, 2011b). Besides,
Huang et al. (2015) when cultivating osnar2.1
knockdown lines have observed that the mutants
had reduced N accumulations in the shoots and the
roots under 0.2 mM nitrate supply. In another study,
total N uptake in osnrt2.4 knockout lines was signif-
icantly lower than WT in root and shoot in low (0.25
mM) and high (2.5 mM) NO;™ supply (Wei et al.
2018). Thus, we hypothesize that the higher root
NO;™ content indicates an increase in nitrate uptake
and it was remained in sufficient amounts to attend
metabolic demands. Intriguingly, shoot nitrate con-
tent was significantly lower in mutant lines when
compared to WT suggesting that OsNRT2.4 alters
nitrate translocation from the roots to shoots in both
N starvation and low (0.1 mM) NO;™ supply.

@ Springer

OsNRT2.4 relative expression in shoot. The expression lev-
els were normalized to the expression of the OsUBC and
OseEF-1a reference genes. The experiment was performed
using four biological replicates for each genotype. Bars indi-
cate the standard error of the mean (n =16). Asterisk (*) indi-
cates statistically significant differences between WT and two
mutant lines by the Dunnett’s test (p<0.05)

NH,* uptake and assimilation are strictly regu-
lated because excess ammonium is toxic to plant cells
and may trigger morphology and physiology mecha-
nisms damaging to the plant (Tegeder and Masclaux-
Daubresse 2018). Generally, higher ammonium con-
centration is a result of amino acid catabolism and
photorespiratory recycling (Fernandes and Rossiello
1995). This is why the increased NH," contents in
the knockdown lines were also shown in the root and
shoot in both treatments (Fig. 4d, h)

The accumulation of large amount of amino-N in
mutant lines in roots, in both treatments, and shoot
only in 0.1 mM NO;~ supply (Fig. 4a, e) agree with
the observations reported by Fernandes (1991) and
Souza et al. (1999) that when plants are in a medium
with low N concentration, occurs increases amino-
N because of higher nitrate rate uptake, and this
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type (WT) and osnrt2.4 knockdown lines (rl and r2). Rice
seedlings were grown in a hydroponic system. Thirteen-day-
old seedlings were transferred into nutrient solution without
nitrogen for 4 days (starvation) or with 0.1mM N-NO;~ for
4 days (low nitrogen). Total RNA was isolated from roots at
04.00h (04) (light start). (a) OsNRT2.1 relative expression and

demands a greater metabolic energy. We observed
that there were negative relationships between amino-
N and free sugars (Fig. 4a, b, e, f). The assimilation
of NH," during amino acid biosynthesis requires car-
bon skeletons (Fernandes and Rossiello 1995). Thus,
in agreement with Souza et al. (1999), the decrease
of soluble sugar observed in this work is due to the
mobilization of carbon skeletons required to incorpo-
rate N uptake.

We investigated expression patterns of genes
involved in nitrogen metabolic pathway, as NR
(nitrate reductase), GS (glutamine synthetase), and
NRT (nitrate transporter). Knockdown of OsNRT2.4
altered the relative gene expression level in the root
and shoot under different nitrogen levels (Fig. 5).
Nitrate reductase is a critical step for nitrogen assimi-
lation and is positively regulated by nitrate, light,
and carbohydrates and repressed by ammonium, glu-
tamine, and darkness (Crawford 1995; Yanagisawa
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(b) OsNAR2.1 relative expression. The expression levels were
normalized to the expression of the OsUBC and OseEF-1a ref-
erence genes. The experiment was performed using four bio-
logical replicates for each genotype. Bars indicate the standard
error of the mean (n =16). Asterisk (*) indicates statistically
significant differences between WT and two mutant lines by
the Dunnett’s test (p<0.05)

2014). Huarancca Reyes et al. (2018) investigated the
ability of Arabidopsis thaliana to assimilate N in the
presence of NO;™ trough NR activity. The NR activity
under control condition with 30 mM NO;™ and 100
mM glucose was lower in comparison with that under
treated condition with 0.3 mM NO;~ and 200 mM
glucose reaching the highest level. When compared
with WT, osnrt2.3a knockdown lines accumulated
more root nitrate and increased OsNial expression
under 0.5 mM NO;™, even though the shoot nitrate
concentration was decreased (Tang et al. 2012).

It is well established that GS1 is usually local-
ized in cytosol whereas GS2 is found in chloroplasts/
plastids which also indicated its restriction to green
photosynthetic tissues (Tabuchi et al. 2005; Tegeder
and Masclaux-Daubresse 2018). Most previous stud-
ies showed higher levels of GS1 in root while GS2
is predominant in leaves (Tabuchi et al. 2005; Prinsi
and Espen 2015; Zhang et al. 2017). Bao et al. (2014)
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showed that under 0 mM N and 0.1 mM N condi-
tion, GS1;l-overexpressing rice plants significantly
increased in roots the expression levels of GSI;l,
and GS2 was increased only in shoot. In maize (Zea
mays), the three mutants, ginl-3, glnl-4, and glnl-
3/glnl-4, have demonstrated a high level of GS1-1
transcripts in the root cortex, thus confirming that
they are likely to be involved in Gln synthesis for veg-
etative growth (Martin et al. 2006).

In our study, osnrt2.4 knockdown lines had an
increased nitrate accumulation in roots in detrimen-
tal of shoots despite NO;~ supply (Fig. 4c, g), but
OsGS1;1, OsGS2, and OsNial expression levels were
lower in root when compared with shoot (Fig. 5).
Our data to this point suggested that higher metabo-
lites accumulated in root such as amino-N decreased
nitrogen metabolism-related gene expression. Fur-
thermore, we hypothesize that after N uptake, a high
amount of nitrate was accumulated in the root vacu-
ole as an N reserve and might result in slower root
growth (Fig. 3a), while cytoplasmatic NO;™ residual
was assimilated in amino acid into plastids decreas-
ing NO;™ content of the cytoplasm and negatively
affected OsNial and OsGS1;1 expression. This idea
may be supported by studies Fernandes and Rossiello
(1995), Souza et al. (1999), and Santos et al. (2009).
The expression pattern of glutamine synthetase 2
is well characterized and known to be involved in
NO;™ reduction during NH,* assimilation into plas-
tids (Cren and Hirel 1999; Bernard and Habash
2009). The decreased OsGS2 in roots, even though
the root amino-N was higher, suggests its restriction
to green photosynthetic tissues. Thus, our results
suggest that knockdown of OsNRT2.4 is likely to be
involved in nitrogen metabolic pathway and affect the
plant growth.

Nitrate availability can determine numerous
changes for it acts as signal for several physiological,
morphological, and metabolic processes (Zhang and
Forde 2000; Nacry et al. 2013), such as in coordi-
nating the expression of nitrate-related genes (Miller
et al. 2007; Krapp et al. 2014). In the high-affinity
NRT2 family, OsNRT2.1 and OsNAR2.1 are well
characterized and known to be expressed abundantly
in primary and lateral roots and to play a key role
in NO;™ uptake under low nitrate availability (Feng
et al. 2011). However, the role of OsNRT2.4 in root
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growth is not well known. In this study, we demon-
strated that in rice OsNRT2.4 is highly expressed in
shoot, with a low level in roots (Fig. 6), altering root
growth (Fig. 2) and nitrogen metabolism (Figs. 4
and 5).

Intriguingly, the expression levels of OsNRT2.1
and OsNAR2.1 in the roots of both osnrt2.4 knock-
down lines were markedly increased when compared
with WT plants under low (0.1 mM) NO;™ treatment.
Yan et al. (2011a, 2011b) reported the expression of
OsNRT2.1, OsNRT2.2, and OsNRT2.3a were affected
by OsNAR2.1 knockdown, and OsNRT2.3b and
OsNRT2.4 showed not significant difference between
lines and WT plants. In addition, Wei et al. (2018)
confirmed in osnri2.4 knockout mutants, OsNRT2.4
did not require the associate protein OsNAR2.1 in
NO;~ uptake when expressed in oocytes. These
results confirm OsNRT2.1 and OsNAR2.] mainly act
in nitrate uptake under N starvation and low (0.1mM)
NO;™ supply conditions.

The expression patterns of the Arabidopsis NRT2
genes have been well described (Okamoto et al. 2003)
and indicate that AtNRT2.4 and AtNRT2.5 are respon-
sible for nitrate uptake from the soil, and AtNRT2.]
plays a role in apoplastic nitrate absorption (Lezh-
neva et al. 2014; Kiba and Krapp 2016). Through
phylogenic analysis of NRT2 proteins (Araki and
Hasegawa 2006; Cai et al. 2008), OsNRT2.4 is more
closely related to Arabidopsis AfNRT2.7 proteins.
According to Chopin et al. (2007), AtNRT2.7 plays a
specific role in nitrate loading into the seeds vacuole
and might be useful in nutrient reserve to young seed-
lings after germination. On the other hand, OsNRT2.4
is expressed mainly in the base of the lateral root pri-
mordia and is a transporter localized to the plasma
membrane (Wei et al. 2018). Our data suggested
that OsNRT2.4 had a key function in coordinating
NO;™ transport from the roots to shoots (Fig. 4c, g).

A summary of OsNRT2.4 role plays on root growth

The novel regulatory role involving root growth, nitro-
gen metabolic pathway, and nitrate transport function
from root-to-shoot herein provides new insights in
OsNRT2.4 functions that modulates root growth as well
regulates nitrogen metabolism under low N availability.
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Here, we showcased that efficient amiRNA-mediated
gene silencing in plants has been successfully used to
downregulate the expression of OsNRT2.4.

Knowledge on root phenotyping, and how to
enable the acquisition of water and nutrients in the
soil, is critical for future food security (Tracy et al.
2020). Developing crops with roots able to uptake
more efficiently nutrients is critical for sustainable
agriculture given less than 50% of nitrogen, like
nitrate-based fertilizer that is one of the most fac-
tor environmental degradation, is taken up by cereal
crops (Zhang et al. 2020).

In this study, the downregulation of OsNRT2.4
improved nitrate uptake and enhanced the expres-
sion of gene response of low external NO;™ con-
centrations. This effect on root growth suggests the
roles in NO;™ transport from roots to shoot.
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