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Abstract: Plant responses to nitrogen supply are dependent on auxin signaling, but
much still remains to be elucidated regarding N deficiency in tomato. Thus, the objective
of this work was to evaluate how low auxin sensitivity regulates the responses of tomato
plants to N deficiency. For this purpose, we used the tomato diageotropica mutant,
with low auxin sensitivity, and a near isogenic line cv. Micro-Tom grown in nutrient
solutions under absence and presence of nitrogen. Plant height, stem diameter, root and
shoot dry mass, area and root density, number of lateral roots, leaf area, chlorophylls
and carotenoids content, nitrogen accumulation and nitrogen use efficiency were
evaluated. We observed a clear interaction between the tomato genotype and nitrogen.
When the plants were grown with nitrogen, ‘Micro-Tom’ showed higher growth than
the diageotropica mutant. Under nitrogen deficiency condition, the mutant showed
improved growth, nitrogen use efficiency and higher contents of pigments. In general,
the low sensitivity to auxin in diageotropica caused reduced growth in both shoot and
root. However, the diageotropica tomato showed a positive regulation of the nitrogen
use efficiency under nitrogen deficiency. In general, our data revealed that the reduced
sensitivity to auxin increased the adaptive capacity to the nitrogen deficiency.

Key words: auxin, cyclophilin protein, plant hormone, plant nutrition, Solanum lycop-
ersicum L.

transported long-distance to mediate organ-
to-organ communication, including peptides,

Nitrogen (N) deficiency (-N) is a limiting factor
in plant growth and development (Koohkan
& Maftoun 2016). Further, low N availability
induces a sequence of signaling cascade events
stimulating complex molecular changes, evolving
to subcellular modifications that lead to cellular
alterations and tissue disorganization (Kiba &
Krapp 2016). Additionally, an increase in N use
efficiency (NUE) is observed in plants under -N
conditions, which is dependent on changes in
root architecture, N uptake and root-to-shoot
transport and also N utilization (Garnett et
al. 2009, Xu et al. 2012, Zhu et al. 2015). These
adaptive responses involve countless molecules

microRNAs and plant hormones (Okamoto et
al. 2013, Tabata et al. 2014, Nguyen et al. 2015).
Among those molecules, plant hormones have a
crucial role controlling uptake and transport of
ions and in morphophysiological responses to
nutrient cues (Krouk 2016).

Plant hormones can modulate the activity of
high affinity nitrate transporters, induce enzyme
activity that facilitates nutrient remobilization
from organic or inorganic sources and stimulate
the growth of organs, such as roots, directly
involved in nutrient acquisition (Bittsanszky
et al. 2015, Ferraro et al. 2015, Li et al. 2018).
Furthermore, auxins (AUXs) are one of the
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most prominent phytohormones involved in
plant responses to -N (Ma et al. 2014). When
produced in the shoot, AUXs can be transported
long-distance and control the development
of the root system, including lateral root (LR)
formation (lvanchenko et al. 2015). Nevertheless,
accumulated NO, in the shoot can reduce root
branches by inhibition of AUX synthesis or its
transport to the root (Krouk 2016). This N effect
on AUX translocation and accumulation in the
root has been observed in different species, such
as Brassica caulorapa (Avery et al. 1937), Glycine
max (Caba et al. 2000), Triticum aestivum (Chen
et al. 1998), Ananas comosus (Tamaki & Mercier
2007), Zea mays (Liu et al. 2010) and Arabidopsis
thaliana (Krouk et al. 2010, Mounier et al. 2014,
Yang et al. 2015). Together, these findings reveal
the complexity of hormonal crosstalk and
underlying mechanisms regulating plant growth
under nutritional deficiency.

The use of mutant plants has been an
interesting tool in order to better understand
the relationship between AUXs and N supply
(Krouk et al. 2010). For example, the Arabidopsis
knockout mutant for NPF6.3 (NRT1.7), a nitrate
high affinity transporter with dual affinity,
showed accumulation of AUXs in LRs and an
increase in LR growth under low N availability
(Krouk et al. 2010, Wang et al. 2018). The authors
propose that the NPF6.3 represses LR growth by
promoting basipetal AUX transport from these
roots, at least under -N conditions. However,
the molecular mechanisms through which
the nitrate transporter affects the distribution
of AUXs when NO, is absent require further
studies. Additionally, AUXs can be a key factor
in the NO, signaling pathway mediating
the adaptive response of plants to soil NO,
availability (Mounier et al. 2014, Bouguyon et
al. 2015). Recently, the putative N sensor NRT2.1
was identified, which apparently controls root
development in response to N availability;
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however, the physiological and biochemical
changes involved in N perception by NRT21 are
not fully elucidated (Jacquot et al. 2017).
Moreover, the interaction between N and
AUXs remains poorly understood largely because
the AUX signaling pathway shows a complex
regulatory network dependent on intricate
mechanisms of AUX transport and perception.
For example, the tomato diageotropica (dgt)
mutant, with low AUX sensitivity due to a single
mutation in the Cyclophilin1 gene, exhibits
a pleiotropic phenotype that includes lack of
geotropism, abnormal xylem structure, elevated
shoot-to-root ratio and particularly, lack of
LRs (Ilvanchenko et al. 2015, Spiegelman et al.
2017). The mutation of a member of the Aux/
IAA protein family, transcriptional repressors of
AUX-mediated gene expression, can recover the
capacity of dgt plants to initiate LRs (Ivanchenko
et al. 2015). Likewise, the grafting between dgt
tomato and the wild type restored the normal
development of shootand root (lvanchenko et al.
2015). This last result demonstrates the existence
of a mobile signal regulating the AUX responses,
possibly dependent on a PIN-FORMED protein,
a family of AUX efflux transporters, suggesting
that a cyclophilin protein is transported through
the vascular bundles of the plant and regulates
AUX transport/signaling (Ivanchenko et al. 2015,
Spiegelman etal.2017). Asdgt plants are expected
to show a differential response to N supply, using
the dgt mutant can be an important tool to study
the relation between AUXs and N metabolism. In
this work, we grow dgt and tomato cv. Micro-Tom
(MT) plants under N sufficiency or deficiency,
to provide breakthroughs about the underlying
mechanisms implicated in the interactions
between AUXs signaling and N uptake and use.
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MATERIALS AND METHODS

Experimental design and treatments

To evaluate the role of the AUX hormones
in response to -N, a completely randomized
design was used, with six replicates in a 2 x 2
factorial scheme, corresponding to two tomato
genotypes (dgt and MT) grown in the presence
(+N) and in the absence of N (-N) in nutrient
solution. In the +N treatments, 5 mM nitrate was
supplied via calcium nitrate. Ca was balanced
for all treatments with calcium chloride. Each
experimental unit consisted of four potted
tomato plants.

Plant material and growth conditions

The dgt mutant tomato, which presents low
sensitivity to AUXs due to a defective gene for
the biosynthesis of a cyclophilin protein (Oh et
al. 2006), and a near isogenic line cv. Micro-Tom
were used. To propagate the genotypes, seeds
were germinated in boxes containing a mixture
of 1:1 (v/v) commercial pot mix (BioPlant, Brazil)
and vermiculite, supplemented with 1 g dm” of
an NPK formulation (10:10:10). The plants were
grown in a growth chamber and 10 days after
germination, the seedlings were transferred
to polypropylene pots with 180 mL capacity
filled with a nutrient solution of Hoagland and
Arnon (1950) at 25% of the ionic strength. After
8 days of transplanting (DAT), the ionic strength
was increased to 50%. From 16 DAT, half of the
previously described plants were submitted
to a period of 10 days without N, whereas the
remaining plants continued to receive the
same nitrate concentration until the end of
the experiment. The pH value of the nutrient
solution was controlled daily and maintained
at 6.0+0.5 by adding solutions of NaOH and HCl
(10 %).
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Growth analysis

Plant height was obtained using a graduated
ruler and the stem diameter was measured with
adigital caliper atthe height of the plant lap. The
leaf area was measured using an Image Analysis
System (Delta-T Devices, Cambridge, UK). For the
dry matter evaluation, plants were separated
into roots and shoots. Then, plant material was
dried in a forced-air oven at 65 + 5°C for 96 h
to reach a constant weight. After drying, the dry
weights of shoots and roots were determined
using an analytical balance (Denver Instrument
Company AA-200). Additionally, the sum of the
shoot and root weights was obtained as the
plant dry matter. In order to determine root area
and root density, the Delta-T Devices LTD analysis
system was used. The root system remained in
methylene blue solution for approximately 2
minutes, and then the root was scanned using
a Hewlett Packard 125C digitizer. The number of
LR was counted using a magnifying glass (10x).

Physiological analysis

The root and shoot N contents were determined
following the methods described by Bataglia
et al. (1983), based on the classical Kjeldahl
method. Taking into account the N content and
the dry matter, the accumulation of N in roots
and shoot (mg per plant) was calculated. From
the accumulation of N in roots and shoot, the
N use efficiency (NUE) was estimated (Fageria &
Baligar 2005):

NUE = [(dry matter of the organ)’/ (N
accumulation in the organ)] (1)

In addition, the components of NUE, the
nitrogen uptake efficiency (NUpE) and the
nitrogen utilization efficiency (NUtE) were also
calculated according to Schneider-Canny et al.
(2019):

Nav (mg) = [Nf (mg) + Nt (mg)] (2)
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NUPE (%) = [Nup (g)/Nav (g)] x 100 (3)

NUtE (gg”) = biomass (g)/Nup (g) (4)

where, Nup is N accumulation in the plant
biomass. The amount of N available (Nav) in the
nutrition solution was quantified as the sum
of the N from fertilizer applied (Nf) plus the N
uptake by plant tissues (Nt) in pots without N
supply.

For the leaf chlorophylls and carotenoids
content, four 0.35 cm? disks were collected and
conditioned in a 2 mL tube containing 1.5 mL
of methanol. Then, the samples were shaken
at 4°C for 48 h under low light conditions.
Subsequently, leaf tissues were removed and
the absorbance of the extraction solution
containing the pigments was read at 663, 647,
and 470 nm. Pigment concentrations were
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estimated according to (Lichtenthaler 1987) and
expressed as pg cm”.

Statistical analysis

The results were submitted to analysis of
variance (ANOVA) by the F-test, followed by
Tukey's test (P<0.05), using the Sisvar software
(Ferreira 2011).

RESULTS AND DISCUSSION

Based on clear evidence of interaction between
N availability and AUX transport (Krouk et al.
2010), we used a tomato mutant (dgt) with
low sensitivity to AUXs to further evaluate the
underlying mechanisms of crosstalk between
AUXs and N. The dgt tomato mutant containing
a single mutation in the Cyclophilin1 gene, which
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Figure 1 - Height (a), stem diameter (b), leaf area (c) and root area (d) of plants of two genotypes of tomato, MT
(control) and dgt, grown in nutrient solution under deficiency (-N, dark gray bars) and sufficiency of nitrogen
(+N, white bars). **; *; and ™ = significant (P <0.01); significant (P <0.05); and not significant, respectively, by the
F-test. Bars are the standard error of each treatment. Means followed by different uppercase letters differ in
the presence of N within the genotypes MT and dgt; and for those followed by different lowercase letters, the
genotypes differ in the same treatments, by Tukey’s test (P < 0.05).
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triggers an auxin-insensitive response, exhibits
a pleiotropic phenotype that includes the lack of
geotropism, abnormal xylem structure, elevated
shoot-to-root ratio and particularly, lack of LRs
(lvanchenko et al. 2015, Spiegelman et al. 2017).
Thus, the dgt tomato mutant and a near isogenic
line (MT) were grown in the presence (+N) and
absence (-N) of N.

Under +N condition, dgt and MT plants
exhibited similar height (Figure 1a). However, dgt
plants showed reduced stem diameter and leaf
and rootarea in comparison with MT when grown
under +N condition (Figure 1b, ¢, d). Indeed, less
growth of the dgt mutant was reported relative
to MT plants. For example, the reduced leaf area
observed in dgt is apparently associated with
the small area of dgt epidermal cells (Carvalho
et al. 2011). These results are consistent with the
role of AUXs on cell growth processes, such as
cell division and expansion (Saini et al. 2017).
Actually, lvanchenko et al. (2015) demonstrated
that the absence of functional cyclophilin
proteins, encoded by the diageotropica gene,
modifies the AUX distribution pattern, negatively
affecting the growth of the entire plant. The
cyclophilin protein can act as a long-distance
mobile signal regulating PIN-FORMED AUX efflux
carrier (Ivanchenko et al. 2015, Spiegelman et
al. 2015, 2017). When grown under -N condition,
as expected, MT plants exhibited reductions in
height, stem diameter and root area compared
with the corresponding +N samples (Figure
1). However, we verified that the height, stem
diameter and leaf area of the dgt mutant
increased when the plants were cultivated
without N supply compared with those in the +N
condition (Figure 1a, b, ¢). Under -N, the height
and stem diameter were greater in dgt than in
MT plants (Figure 1a, b).

When adequately supplied with N, MT plants
had higher root density, dry mass of the shoot
(DMS), roots (DMR) and whole plant (DMWP)
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and number of LR than those of the dgt mutant
(Figure 2). Although -N caused reductions in root
density, DMS, DMR and DMWP in MT plants, the
low AUX sensitivity dgt plants showed increased
DMS, DMWP and LR under -N condition compared
with those in the corresponding +N samples
(Figure 2). These results differ from those
reported previously, in which nitrogen deficiency
rapidly reduced plant growth (Petropoulos et
al. 2008, Reddy & Matcha 2010, Zhu et al. 2014).
However, despite the positive response of dgt
to -N, the root density, DMR and LR were lower
than MT plants (Figure 2).

Thus,theincreasein numberofLRs inthe dgt
mutant under -N condition, compared with that
in plants that received N, diverges from literature
results in which main root growth increases and
LRs are inhibited under low N availability (Vidal
& Gutiérrez 2008, Krouk et al. 2010, Giehl et al.
2014). Based on the current knowledge, NPF6.3
genes repress the accumulation of AUXs in
the LR apices of Arabidopsis plants cultivated
under low NO, concentration (Krouk et al. 2010).
However, the question of how the NO, carrier
can affect the localization of the hormone
remains unanswered. Thus, the complexity of
the interaction between AUXs and NO," increases
based on the opposite response observed in
the dgt under -N conditions. In fact, root growth
and development are well known to be under
intricate control of hormonal signaling. Further,
it is not surprising that NO," also controls the
biosynthesisandtransportofthehormone(Krouk
2016). This result obtained under -N condition
is unprecedented and even more surprising
(Figure 2e) because increased production of LRs
for the dgt tomato was not observed even with
the application of exogenous AUXs (lvanchenko
et al. 2006, 2015). Indeed, Ivanchenko et al. (2015)
confirm that the dgt mutation causes changes
related to the transport of AUXs as well as the
lack of a component of its signaling pathway.

An Acad Bras Cienc (2020) 92(3) 20190254 5|12
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The dgt mutant naturally showed dark
green leaves, indicating high chlorophyll content
(Coenen & Lomax 1998) (Figure 3). However,
compared with MT, the increased pigmentationin
dgt mutant might be a consequence of reduced
cell area caused by the AUX mutation (Mignolli
et al. 2012). Thus, although leaf chlorosis is one
of the most evident symptoms of -N, we propose
that the increase in chlorophyll retention in
dgt plants under -N was due to reduced cell
expansion. Nevertheless, the metabolism of the
dgt mutant under -N remains of interest as the
mutant did not present symptoms of nutritional
deficiency at the tissue level.

Under +N condition, we observed a lower
N content and NUE in dgt plants in both shoot
and root as compared to MT plants (Figure 4).
Moreover, MT plants exposed to -N condition
showed reduced N accumulation and NUE,
independently of the organ (Figure 4). However,
although no difference was observed in root N
accumulation, the NUE of dgt plants increased
under -N condition compared with that of the
dgt genotype under +N condition. Despite this
result, the N accumulation and shoot NUE were
higher in MT plants than those in the dgt mutant
even under -N, and only root NUE was higher
in dgt plants (Figure 4). Similarly to NUE, the
dgt plants exhibited lower NUpE in comparison
to MT plants when grown under +N, whereas
both genotypes showed pronounced increase
of NUpE under -N condition (Figure 4e). On the
other hand, the dgt plants had an increased
NUtE when compared to MT plants under -N
condition (Figure 4f).

Because increases in root area and density
are two important root traits for N acquisition
(Ju et al. 2015), the decrease in NUE of MT plants
after exposure to -N could be associated with
a reduction in the root density (Figure 2a).
However, Abenavoli et al. (2016) studying the NUE
in different tomato genotypes reports that NUE

AUXIN SIGNALING REGULATES NITROGEN DEFICIENCY

may be more dependent on N utilization than
N uptake from the soil. In fact, this dependence
on N utilization was also observed herein,
especially on dgt plants under -N (Figure 4).

The nitrogen deficiency generally results in
a decrease of plant growth, and the limitation
is often associated with the acceleration of
leaf senescence (Flores et al. 2016, Koohkan &
Maftoun 2016, Yong et al. 2010). The reduced
accumulation of N in dgt (Figure 4a, b) might
be related to the role of AUXs. In fact, Li et al.
(2018) showed that the application of exogenous
AUX increased the N content and AUX inhibitors
decreased the amount of N absorbed in rice
plants. Therefore, the increased growth of the dgt
mutant under the N deficient condition showed
that this mutation apparently allowed a different
development strategy under low N availability
(Figures 1 and 2). Apparently, dgt plants are able
to assimilate a greater amount of carbon per
unit of N absorbed under N deficiency condition
when compared to MT (Figure 4); although the
molecular mechanisms related to this response
have not yet been elucidated.

Therefore, this hormonal and nutrient
crosstalk requires better elucidation, particularly
the intricate mechanisms through which N
modulates AUX signaling and vice-versa. Thus,
the question is raised of how the AUX signaling
modulates plants response to N supply. The
results presented in this work can greatly
contribute to the advance of modern agriculture,
demonstrating an increase in productivity using
less nitrogen fertilizer and improving the NUE
of crops such as tomato. In the present work,
the differences in N accumulation, plant growth,
N utilization efficiency, and root architecture
exhibited by AUX tomato mutant were postulated
to be directly attributed to disruption of the
AUX signaling pathway. In the +N condition,
the reduced sensitivity to AUX in tomato plants
resulted in less root and shoot growth and of the
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Figure 2 - Root density (a), shoot dry mass (b), root dry mass (c), total plant dry mass (d) and number of lateral
roots (e) of plants of two genotypes of tomato, MT (control) and dgt (low sensitivity to AUXs), grown in nutrient
solution under nitrogen deficiency (-N, dark gray bars) and sufficiency of nitrogen (+N, white bars). Note that dgt
shows a vigorous appearance in -N when compared with dgt + N (f). **; *; and ns = significant (P <0.01); significant
(P <0.05); and not significant, respectively, by the F-test. Bars are the standard error of each treatment. Means
followed by different uppercase letters differ in the presence of N within the genotypes MT and dgt; and for those
followed by different lowercase letters, the genotypes differ in the same treatments, by Tukey's test (P < 0.05).
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Figure 3 - Chlorophyll a (a), chlorophyll b (b), chlorophyll a + b (c) and carotenoids (d) of plants of two genotypes
of tomato, MT (control) and dgt (low sensitivity to AUXs), grown in nutrient solution under nitrogen deficiency (-N,
dark gray bars) and sufficiency of nitrogen (+N, white bars). **; *; and ns = significant (P <0.01); significant (P <0.05);
and not significant, respectively, by the F-test. Bars are the standard error of each treatment. Means followed by
different uppercase letters differ in the presence of N within the genotypes MT and dgt; and for those followed by
different lowercase letters, the genotypes differ in the same treatments, by Tukey’s test (P < 0.05).

whole plant (Figures 1 and 2). However, under
-N supply in the nutrient solution, dgt tomato
exhibited positive modifications in N nutrition
(Figure 2f), with an increase in N accumulation
and dry matter production and NUE.

CONCLUSIONS

In short, the results demonstrated an
important role of AUX signaling on N deficiency
responses. In fact, although the relationship
between N starvation and auxin signaling and
metabolism is still an initial matter, there is a
specific modulation of N accumulation and use

An Acad Bras Cienc (2020) 92(3)

efficiency under N deficiency that results in a
positive adjustment of plant growth. Recently
Nadeem et al. (2018) have found in Foxtail
Millet (Setaria italica) that low N led to lower
chlorophyll contents and N concentrations,
but higher root/shoot and C/N ratios and N
utilization efficiencies under hydroponic culture.
These results indicate that the modification of
AUX signaling could be used as an alternative
to cope with reduced concentrations of N in the
growing conditions for tomato plants, because
the plants are capable of changing the root
architecture and N utilization to improve the NUE
(Zhu et al. 2015). However, the molecular issue

€20190254 8|12



LUIZ C.N. DOS SANTOS et al.

AUXIN SIGNALING REGULATES NITROGEN DEFICIENCY

0.4 - 1.2 —
[]+N G a G b
a A N* a N**
g . -N @ GxN* £ aA GxN**
=03 - = 0.9 -
c [=
o K]
& aB 5
S >
€02 - € 06 -
3 3 aB
0
S ba  PA 8 bA
2 bB
Z 01 - 03
o) [}
o 2
o 7
0.0 0.0
1.6 12.0
G c G* d
“T-‘ Nps ‘? NPns
% aA GxN % aA GxN™
o 12 o
E aB E 8.0 - 2A
-E' 0.8 | -E aB
w w
> bA 2 4.0 -
= bB
3 0.4 + bB 5
S 2
x 77}
0.0 0.0
120 60
G* e G f
aA N** aA N**
100 4 GxN** GxN*
aA
_ 80 o4 bA
G -
s 2 aB aB
W g | 2
o aB
2 W
=4 >
40 - Z 20
20 | bB
0 0
dgt MT dgt

Figure 4 - Nitrogen accumulation in root (a) and shoot (b), nitrogen use efficiency (NUE) in root (c) and shoot (d),
nitrogen uptake efficiency (e) and nitrogen utilization efficiency (f) of plants of two genotypes of tomato, MT
(control) and dgt (low sensitivity to AUXs), grown in nutrient solution under N deficiency (-N, dark gray bars) and
sufficiency of nitrogen (+N, white bars). ”; *; and ™ = significant (P <0.01); significant (P <0.05); and not significant,
respectively, by the F-test. Bars are the standard error of each treatment. Means followed by different uppercase
letters differ in the presence of N within the genotypes MT and dgt; and for those followed by different lowercase
letters, the genotypes differ in the same treatments, by Tukey’s test (P < 0.05).
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of these responses remains to be elucidated.
Certainly, this is an enormous potential for the
manipulation of AUX sensitivity in crop plants in
order to maximize the use of N fertilizers.
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