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Leaves play a central role in the adaptation @
of nitrogen and sulfur metabolism to

ammonium nutrition in oilseed rape

(Brassica napus)
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Abstract

Background: The coordination between nitrogen (N) and sulfur (S) assimilation is required to suitably provide
plants with organic compounds essential for their development and growth. The N source induces the adaptation
of many metabolic processes in plants; however, there is scarce information about the influence that it may exert
on the functioning of S metabolism. The aim of this work was to provide an overview of N and S metabolism in
oilseed rape (Brassica napus) when exposed to different N sources. To do so, plants were grown in hydroponic
conditions with nitrate or ammonium as N source at two concentrations (0.5 and T mM).

Results: Metabolic changes mainly occurred in leaves, where ammonium caused the up-regulation of enzymes
involved in the primary assimilation of N and a general increase in the concentration of N-compounds (NHZ, amino
acids and proteins). Similarly, the activity of key enzymes of primary S assimilation and the content of S-compounds
(glutathione and glucosinolates) were also higher in leaves of ammonium-fed plants. Interestingly, sulfate level was
lower in leaves of ammonium-fed plants, which was accompanied by the down-regulation of SULTRT transporters
gene expression.

Conclusions: The results highlight the impact of the N source on different steps of N and S metabolism in oilseed
rape, notably inducing N and S assimilation in leaves, and put forward the potential of N source management to

modulate the synthesis of compounds with biotechnological interest, such as glucosinolates.

Keywords: Ammonium, Brassica napus, Glucosinolates, Nitrate, Nitrogen, Oilseed rape, Sulfur

Background

Nitrogen (N) and sulfur (S) are major plant nutrients that
serve as constituents of proteins and several other import-
ant organic compounds. A close interaction between N
and S in terms of uptake, reduction and assimilation has
been widely reported in the literature [1, 2]. N is mainly
taken up from soil in the form of nitrate (NO3) and
ammonium (NHz/NH3). The source of N affects many
metabolic and physiological processes and may even influ-
ence plant adaptation to the environment [3]. In general,
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the preference of plants towards NO;z or NHj; depends
both on the genotype and on environmental variables
such as soil pH and the availability of other nutrients [4].
However, most crops show stress symptoms, generally
manifested as growth reduction, in presence of moderate
to high NH; concentrations. The reason of the negative
effect of NHj on plant growth is not completely clear; in
general, it is considered that its rapid uptake and excessive
accumulation in tissues are the main causes of the toxicity
symptoms [4]. Indeed, a common response of plants
growing with NHj is the induction of the N primary as-
similatory machinery to control NH; homeostasis [5, 6].
N availability has been shown for many years to disrupt
the metabolism of S, and vice versa. Indeed, sulfate (SO37)
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flux inside the root has been reported to be regulated
by N availability [7, 8]. Moreover, N deprivation has
been shown to provoke the down-regulation of SOz~
transporters and the addition of reduced N to stimulate
their expression [9, 10]. Once in the cell, SO3™ is re-
duced and incorporated as sulfide into the amino acid
skeleton O-acetylserine to form cysteine (Cys). Then,
Cys can act as sulfur donor for the synthesis of the
amino acid methionine (Met). The correct supply of O-
acetylserine, essential for Cys biosynthesis, is dependent
on serine and thus, again on adequate N availability [1, 11].
Furthermore, N deprivation has been shown to down-
regulate the expression and the activity of S-assimilating
enzymes while N supply stimulates S incorporation into
biomolecules [1, 12].

Glutathione (GSH) is one of the major organic S-
containing compounds transported and stored in plants.
Among its multiple roles, it acts as regulator of cellular S
homeostasis and controls cell redox status, being one of
the most important plant antioxidants [13]. Its biosyn-
thesis depends on the availability of its precursors, the
amino acids Cys, glutamic acid and glycine, and therefore,
on the availability of N and S [14]. In the Brassicaceae
family, other abundant S-containing compounds are glu-
cosinolates (GLS), a large group of secondary metabolites
whose common structure comprises a p-D-thioglucose
group, a sulfonated oxime moiety and a variable side-
chain derived from Met, tryptophan (Trp) or phenylalan-
ine (Phe) [15]. Depending on the structure of their amino
acid precursor, GLS are classified into three groups: ali-
phatic (mainly derived from Met), indolic (derived from
Trp) and aromatic (derived from Phe) [15]. The degrad-
ation products of GLS are bioactive defence molecules
that protect cruciferous plants against insects, herbivores
and certain microbial pathogens [16]. Furthermore, they
are responsible for the characteristic smell and taste of
cruciferous vegetables [17]. In recent years, considerable
attention has been paid to GLS because of their potential
anticancer activity [18]. In particular, sulforaphane, an iso-
thiocyanate derived from the hydrolysis of the aliphatic
GLS glucoraphanin, is considered one of the most potent
naturally occurring inducers of enzymes that reduce DNA
damage [19]. However, the ingestion of large amount of
GLS is thought to be deleterious to domestic livestock
health and production [20]. Therefore, the positive and
negative effects of GLS on the quality of both human and
animal foods and their role in the defence against crop
pests have increased the interest regarding the possibility
of manipulating GLS levels to produce new and improved
commercial cruciferous crop varieties [18].

A number of studies have analyzed the influence of N nu-
trition on GLS content in tissues of different Brassicaceae
species. In general, GLS content raises when increasing N
fertilization; however, since both amino acid precursors and
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a sulfur donor are necessary for GLS synthesis, a proper
balance between N and S metabolism is required [21, 22].
Few studies have paid attention to the regulation of GLS
synthesis in plants grown with NH; as N source. Some
studies reported no differences or even reduced levels of
GLS in plants cultured with NHj as sole N source [23,
24], while other showed increased GLS levels in response
to NHj availability [25, 26]. Recently, we also reported the
activation of GLS metabolism in leaves of A. thaliana
and broccoli plants grown under ammonium nutrition
suggesting N management as a way to control GLS
metabolism [27].

The present work aims to provide an integrative view
on how the exclusive access to a different N source
influences N assimilation and its relationship with S
metabolism in oilseed rape. To do so, we grew plants
hydroponically with exclusive nitrate or ammonium
supply (0.5 or 1 mM), examined the whole plant
physiological status and determined different parame-
ters of N and S metabolism in leaf and root. The overall
results evidence a strong interaction between N and S
metabolism and put forward the relevance of consider-
ing N source to manage sulfur usage in oilseed rape,
which will ultimately determine the concentration of
S-compounds such as glucosinolates.

Methods

Growth conditions and experimental design

Seeds of Brassica napus cv. ES Neptune (Euralis Semillas
S.A.) were sterilized by immersion in 70% ethanol for
30 s, then in 1% bleach for 7 min and finally rinsed 5
times with deionised water. Seeds were sown in trays
filled with perlite-vermiculite 1:1 (v/v) inert substrate
mixture and watered with deionised water. Trays were
kept during 4 days in the dark at 4 °C for vernalization
and transferred into a phytotron [60/70% of humidity, 23 °
C day (14 h) with a light intensity of 400 pmol m™> s™*
and 18 °C night (10 h)].

Seven day-old seedlings were washed with deionised
water to remove traces of perlite-vermiculite and trans-
ferred to 5 L hydroponic tanks (10 plants per tank; for Add-
itional file 1: Fig. S1 20 plants per tank). The nutrient
solution contained 1.15 mM K,HPO,, 0.85 mM MgSO,,
0.7 mM CaSO,, 2.68 mM KCl, 0.5 mM CaCOs, 0.07 mM
NaFeEDTA, 16.5 uM Na,MoQO,, 3.7 uM FeCl;, 3.5 uM
ZnSQy, 16.2 pM H3BOs3, 0.47 uM MnSOy, 0.12 M CuSO,,
0.21 uM AlCl3, 0.126 pM NiCl, and 0.06 pM KI, pH 6.8.
Two concentrations of N were tested for each source: 0.5
and 1 mM. To properly compare both N sources within
each concentration studied, NO3-fed plants were supplied
with CaSOj to equilibrate the SO3* supplied together with
the NHj. Thus, for 0.5 mM N treatment we applied
025 mM SO4NH,), for ammonium-fed plants and
0.25 mM Ca(NOs), + 0.25 mM CaSQ, for nitrate-fed ones.
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Similarly, for 1 mM N treatment we applied 0.5 mM
SO4(NH,), for ammonium-fed plants and 0.5 mM
Ca(NOs3), + 0.5 CaSO, for nitrate-fed ones. It should
be noted that plants grown with 0.5 mM and 1 mM N
were supplied with 1.804 mM and 2.054 mM of total
sulfur, respectively. Similarly, for Additional file 1: Figure
S1, the sulfate supplied in the nutrient solution was 1.804,
2.805 and 4.055 mM for 0.5, 2.5 and 5 mM N treatments,
respectively. Plants were maintained in hydroponic culture
for 18 days. The nutrient solution of the tanks was chan-
ged on days 7, 10 and 14. The pH of the solution was
monitored every two days and maintained stable between
6.8 and 7.2 during the whole experiment. A total of four
tanks were used per treatment, with ten plants per tank.
Thus, a total of 40 plants were grown per condition.

Harvest

Chlorophyll content and gas exchange parameters in
two plants per tank were measured in the first fully ex-
panded leaf using a SPAD-502 Meter and an open-flow
portable photosynthesis system (LICOR 6400), respect-
ively. Chlorophyll was determined in every plant and
gas exchange parameters in two plants per tank. For
gas exchange, a 6 cm? leaf area chamber was used mak-
ing the measurements at 60% of humidity and 400 ppm
CO,. After in vivo measurements, shoots and roots
were separated and individually weighed. Then, all the
plants grown in the same tank were pooled, frozen in li-
quid nitrogen and homogenized in a Tissue Lyser (Retsch
MM 400). Samples were stored at —80 °C until use.

Element and metabolite determination

Nitrogen, carbon and sulfur content were determined by
combustion of plant dry material using an elemental
analyser Flash EA1112 (Thermo Fisher Scientific Inc.,
Waltham, MA, USA).

Individual amino acids, ammonium, sulfate, Cys and
GSH were extracted from 100 mg of frozen leaf and root
powder as described in Sarasketa et al. (2014) [28]. Am-
monium was quantified following the phenol hypochlorite
method. Sulfate was quantified by capillary electrophoresis
(Agilent G1600 CE3D, Agilent Technologies, Santa Clara,
CA, USA) with indirect UV detection at 350 nm and
240 nm reference according to the standard EPA Test
Method 6500 (www.epa.gov). The capillary was 40 cm
long with 10 pum internal diameter and the buffer used
was the Agilent Life Sciences Inorganic anion buffer
pH 7.7 (Ref. 8500-6797). Nitrate content was determined
spectrophotometrically from aqueous extracts according
to the method reported by Cataldo et al. (1975) [29].

For amino acid and GSH determination, extracts
were neutralized with NaOH and after derivatization
with 1 mM fluorescein isothiocyanate, amino acids
were quantified by capillary electrophoresis (PA-800,
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Beckman Coulter Inc., USA) coupled to laser-induced
fluorescence detection (argon laser at 488 nm) as previ-
ously described [30]. Cysteine and GSH content were
determined from the same extracts derivatized with 5-
iodoacetamide fluorescein and reduced with tributyl-
phosphine [31].

Glucosinolates were extracted by adding 1 mL of
MeOH:water (70:30) to 25 or 50 mg of frozen leaf or
root powder, respectively. The mixtures were homoge-
nized with 2 mm glass beads in a Tissue Lyser (Retsch
MM 400), incubated for 15 min at 80 °C to inactivate
myrosinase and then, centrifuged for 20 min at 14000 g.
Glucosinolates were determined from supernatants by
UHPLC-QTOEMS analyses using an Acquity UPLC™
from Waters (Milford, MA) interfaced to a Synapt G2
QTOF from Waters with electrospray ionization as
described in Glauser et al. (2012) [32]. Glucosinolates
were quantified using glucoraphanin and glucobrassicin as
standards.

Protein extraction and enzyme activities

For protein quantification total soluble protein was ex-
tracted from 100 mg of frozen leaf or root powder with
1 mL of extraction buffer as described in Sarasketa et
al. (2016) [6]. Protein was quantified using a Bradford-
base dye-binding assay (Bio-Rad, Hercules, CA, USA) with
bovine serum albumin as a standard. Every enzyme was
determined with a 96-well plate spectrophotometer
(BioTek Instruments). Glutamine synthetase (GS), NADH-
glutamine 2-oxoglutarate aminotransferase (NADH-
GOGAT), TCA anaplerotic enzymes and glutamate de-
hydrogenase (GDH) in its aminating sense were deter-
mined as described in Sarasketa et al. (2016) [6]. ATP
sulfurylase (ATPS) activity was measured according to Lap-
partient and Touraine (1996) [33]. The pyrophosphate
formed during the reaction was determined at 820 nm as
described by Katewa and Katyare (2003) [34]. For O-acetyl-
serine (thiol) lyase (OASTL) activity, the method described
by Pajuelo et al. (2007) [35] was followed quantifying the
Cys formed during the reaction with ninhydrin reagent at
560 nm as described by Gaitonde (1967) [36].

RNA extraction and qPCR

RNA was extracted from 50 mg of leaves or roots with
the Nucleospin RNA plant kit (Macherey-Nagel), which
includes DNAse treatment, and 1 pg of RNA was retro-
transcribed into cDNA (PrimeScriptTM RT; Takara Bio
Inc.). The absence of contamination with genomic
DNA was tested by quantitative RT-PCR in all RNA
samples. Gene expression was determined from 2 pL of
¢DNA diluted 1:10 in a 15 pL reaction volume using
SYBR Premix ExTaqTM (Takara Bio Inc.) in a Step One
Plus Real Time PCR System (Applied Biosystems). The
primers used for amplifying SULTRI;1 (AJ416460) and
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SULTRI;2 (AJ311388) were described in Abdallah et al.
(2010) [37]. For amplifying SULTR1;3 (XM_013896883),
the primers used were forward 5'-TTGATTGATTTCT
TATCCCATGC-3’ and reverse 5'-GGAACCCTTTGA
GTTGTTGAA-3'; for SULTR2;1 (NM_001315588) for-
ward 5 -TCTTGCAAAGCTTGATCCTC -3’ and re-
verse 5-CGATTGCTATCTCTCTTGATG-3" and for
SULTR2;2 (XM_013840590) forward 5'-TTTCAAGCC
ATCTTTGGACTC-3" and reverse 5 -AGCCATGAA
CCCAACAAGAG-3’. The PCR program was: 95 °C for
5 min, 40 cycles of 15 s at 94 °C followed by 1 min at 60 °
G; finally, a melting curve was programmed (40-95 °C with
one fluorescence read every 0.3 °C). Relative gene expres-
sion was calculated as the ACp between each gene and the
average of the housekeeping genes ACTIN (AF111812) with
the primers forward 5 -GATTCCGTTGCCCTGAAGTA-
3" and reverse 5'-GCGACCACCTTGATCTTCAT-3" and
EFl-a (DQ312264) with the primers forward 5'-
GCCTGGTATGGTTGTGACCT-3" and reverse 5° GAA
GTTAGCAGCACCCTTGG-3". The stability of the ref-
erence genes across samples was tested using geNorm
software [38]. The efficiency for every primer couple
was calculated with serial cDNA dilutions. The efficien-
cies were 2.1 for SULTRI;1, 1.9 for SULTRI;2, 2.1 for
SULTRI;3, 2.0 for SULTR21 and 2.0 for SULTR2;2.
Data are presented respect to the highest value ob-
tained within each tissue (value “1”).

Statistical analysis

All the data presented are given as means with standard
errors. Data were analyzed using SPSS 17.0 (Chicago, IL,
USA). Statistical analysis of normality and homogeneity
of variance were analyzed by Kolmogorov-Smirnov and
Levene tests. The significance of the results was assessed
using independent samples ¢-test and by ANOVA ana-
lysis followed by Duncan’s post hoc test.

Results

Accessing to a different N source may greatly influence
plant performance and metabolism. In general, ammo-
nium nutrition is considered as a stressful situation;
however, there exist great inter- and intraspecific vari-
ability for the appearing of ammonium toxicity symp-
toms. To evaluate the performance of Brassica napus
cv. ES Neptune under ammonium nutrition, we first
screened several NH; concentrations in the nutrient
solution of hydroponically grown plants and observed
high sensitivity from 2.5 mM concentration (Additional
file 1: Figure S1). Since our aim was to compare leaf and
root metabolism under ammonium or nitrate nutrition
before the appearance of severe ammonium stress symp-
toms, we chose 0.5 and 1 mM concentrations (A0.5 and
Al for ammonium-fed plants and NO.5 and N1 for
nitrate-fed ones). Biomass of ammonium-fed plants was
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lower than that of nitrate-fed ones under both N doses.
Shoot biomass of A0.5 plants was 20% lower than that of
NO.5 plants while Al shoot biomass was 33% lower
compared to N1 plants (Fig. 1). For roots, no significant
differences were found between A0.5 and NO.5 plants,
while A1 roots were 45% smaller than N1 roots (Fig. 1).
Overall, toxicity symptoms were more acute in roots.
Indeed, shoot biomass positively responded to increased
ammonium supply (Fig. 1, Additional file 1: Figure S1). In
contrast, root biomass was similar in Al compared to
A0.5 (Fig. 1) or even decreased when increasing ammo-
nium concentration (Additional file 1: Figure S1). Water
content did not vary between treatments; it was around
90% in roots and 82% in leaves (data not shown).
Although with ammonium supply growth was partially
impaired, the overall plant performance was not severely
altered as photosynthesis and gas exchange parameters
were similar to nitrate-fed plants (Table 1). Furthermore,
chlorophyll content increased upon ammonium nutrition
(Table 1). Thus, A0.5 and A1l represented a mild and a
moderate ammonium stress, respectively.

Ammonium nutrition is known to provoke an impact
on N metabolism due to NH; accumulation and to
changes in cell metabolism coupled to the lack of need
to reduce NOj. In this work, ammonium-fed plants had
higher leaf total N content both in A0.5 and Al but only
roots of Al showed this increase in total N content
compared to their nitrate counterparts (Fig. 2a). This
was in agreement with both free amino acids and
protein levels, which followed a parallel trend (Fig. 2c
and d). In contrast, NH} content in tissues, which is a
classical symptom of ammonium stress, did not signifi-
cantly vary in roots and was only around 25% higher in
A1 leaves compared to N1 (Fig. 2b). Nitrate content was
very low and no differences were found between treat-
ments (Additional file 2: Figure S2). Regarding individual

s N
; ROOT SHOOT
6 - .NOg’
@ NH,*
5 -
4 4

3_
2_

Biomass
(gFW . plant?)

14

[

0.5mM

1mM 0.5mM

Fig. 1 Impact of N source on B. napus root and shoot biomass.
Plants were hydroponically cultured with 0.5 and 1 mM nitrate or
ammonium. Values represent mean + SE (n = 40 individual plants).
Different letters indicate statistical differences between treatments
(ANOVA analysis with Duncan’s test, P < 0.05). Asterisk (*) indicates
significant nitrogen source effect within each nitrogen concentration
(t-test, P < 0.05)
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Table 1 Impact of N source on gas exchange parameters, chlorophyll content and leaf and root C content of B. napus

N 0.5 A 05 N1 Al
CO, assimilation (umol CO,. m™2. 57 135+05a 147 +05 a 132+ 04a 144 +07 a
Transpiration (mmol H,0. m™2 s7") 18+0.1a 19+01a 1.7+£0.1a 1.7+02a
Stomatal conductance (pmol air. m™. s™') 1337+ 126 a 1459 + 136 a 1265+ 122 a 1309 + 14.7 a
Ci (ppm CO») 187.0 £ 105 a 1813+ 11.7a 1752+ 121 a 1616 £ 145 a
Chlorophyll content (SPAD units) 409+ 03a 516+05b 421 +04a 54.5+ 0.6 c
Leaf C (%) 402 £03a 405+£0.1a 399+04b 417 +£02a
Root C (%) 408+ 02a 406+ 04 a 412+05a 406+ 03a

Plants were grown with 0.5 mM or 1 mM nitrate (NO.5, N1) or ammonium (A0.5, A1) as N source. Values represent mean + SE (n = 4 for C, n = 8 for gas exchange
parameters and n = 40 for chlorophyll). Different letters indicate statistical differences between treatments (ANOVA analysis with Duncan’s multiple comparison
test, P < 0.05). Significant nitrogen source effect within each dose (t-test, P < 0.05) is highligted in bold

amino acids, Ser and Glu were the most abundant
amino acids in leaves and represented around 25% and
25-30% of the total amino acid content respectively,
followed by GIn and Asp (Table 2). In roots, total
amino acid content was lower than in leaves and there
was no clear predominance of any individual amino
acid; however, Cys, Gln, Glu, Ser, Thr, and GABA were
the most abundant and each one accounted for 8 to
12% of the total amino acids content (Table 2). Both
glutamine synthetase (GS) and NADH-glutamine 2-
oxoglutarate aminotransferase (NADH-GOGAT) activ-
ities were higher in leaves compared to roots, in con-
trast to NAD(H)- and NADP(H)-dependent glutamate
dehydrogenase (NAD(H)-GDH and NADP(H)-GDH),
which were higher in roots (Fig. 3). Regarding N source

effect, ammonium-fed plants had higher NADH-GOGAT
and GS activities in leaves, although the effect on GS
was slight and only significant at 1 mM concentration
(Fig. 3a, b). Similarly, NAD(H)-GDH and NADP(H)-
GDH activities were induced in A0.5 and Al leaves
compared to NO.5 and N1, respectively (Fig. 3¢, d).
Optimal S requirements strongly vary between species.
The species belonging to the Brassicaceae family are
among those demanding more S and this demand is asso-
ciated to the elevated SO3~ accumulation in their tissues
[39]. Indeed, most of the SO~ taken up by cruciferous
species is not assimilated but accumulated, mainly in the
vacuole, and may be >80% of the total S content [40, 41].
In our work, total S content in leaves was around 1% of
leaf dry weight and was twice that of roots independently
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Fig. 2 N source effect on total nitrogen (a), ammonium (b), amino acid (c) and soluble protein (d) content in roots and leaves of B. napus. Plants
were hydroponically cultured with 0.5 and 1T mM nitrate or ammonium. Values represent mean + SE (n = 4). Different letters indicate statistical
differences between treatments (ANOVA analysis with Duncan’s test, P < 0.05). Asterisk (*) indicates significant nitrogen source effect within each
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Table 2 N source effect on individual amino acid content (umol . g FW™") of roots and leaves of B. napus

Page 6 of 13

Root Leaf
NO.5 A0.5 N1 Al NO.5 A0.5 N1 Al
Ala 0.07 £0.02a 0.13+0.04ab 023+0.04b 054+004c 037+003a 056+0.03b 037+003a 0.56+0.03b
Arg 012+ 001 a 0.14 £ 0.02 ab 018 +£0.02b 0.15+ 001 ab 0.05 + 0.00 a 0.07 £ 0.00 a 0.06 £ 0.00 a 017 £005b
Asn 033+£0.02a 020+000a 063+004b 060+£008b 013+002ab 014+£007Tab 008+001a 022+006b
Asp 030+00Ta 029+005a 025+ 004 a 037+£004a 121+012a 1.16 £ 0.04 a 1.11+0.18a 207+031b
Cys 051 +003 a 047 £ 005 a 101 £012b 091 £ 0.08 b 021 £002a 021003 a 018003 a 026 £0.03 a
Gln 032+0.04a 062+007b 049*0.05ab 165+0.11c 046+0.04ab 091+006b 043+0.05a 2.01+028c
Glu 052+002a 049+003a 047 £0.04a 072+0.02b 287+021ab 307+021a 310+021a 5.19+0.20c
Gly 018 +£002a 017+ 001 a 021 +002a 024 £003 a 0.05 £ 0.01 ab 0.04 £ 0.00 a 0.03 £ 0.00 a 0.05 + 0.01 b
His 0.03+0.00a 0.02+000a 006=*000b 005+001Tb 0.02+000a 0.05+0.00ab 002+000ab 007+003b
lle 0.12+0.00a 0.14+0.00ab 016+002b 020+002b 0.06+000a 009+0.00b 0.07+001a 0.11+0.01c
Leu 013+ 001 a 0.14 £ 0.01 ab 0.18 £ 0.02 bc 019+ 002 c 0.03 + 0.00 a 0.06 + 0.01 b 0.05 + 0.00 b 0.09 + 0.01 ¢
Lys 0.09+0.00b 0.11+0.01b 0.05+001a 005+ 001 a 0.08 £0.02 a 0.10 £ 003 a 011+002a 014+ 002 a
Met 002+000a 002+000a 003 +£000b 003+£000b  004+000a 0.05 £ 0.00 a 0.04 £0.00 a 0.05 £ 0.00 a
Phe 0.06 £ 0.00 a 0.06 £ 001 a 0.07 £001 a 0.08 £ 001 a 0.05 + 0.01 a 0.09 £ 0.01 b 0.06 + 0.00 ab 0.13 +0.02 ¢
Pro 0.07 £0.00a 0.09+0.00ab 009 + 001 ab 010+ 001 b 036 +002a 044 £ 002 a 0.39 +£0.02 a 1.01 £ 0.08 b
Ser 033+£002a 035+001a 056 £0.03b 0.90+0.03c 281+0.11ab 329+007b 213+023a 439+042c
Thr 038001 a 042 +£002a 087 £0.06 b 095 + 0.08 b 0.53 + 0.04 a 0.91 £ 0.09 b 0.40 + 0.07 a 0.95+0.15b
Trp 007 £001 a 0.08 £ 001 a 0.09 + 0.01 a 0.17 £0.02b 0.15+005a 0.16 £ 005 a 0.12 £ 0.01 a 0.39 £ 0.04 b
Tyr 005+000a  006+000a 007 £001 a 007+00Ta 0.05+001Ta 008+0.00b 0.06+000a 0.11+0.01c
Val 026 £ 001 a 0.28 £0.01 ab 0.36 £ 0.04 bc 042 £ 004 c 0.23 +0.01 a 0.37 £ 0.01 c 022 £002a 030£003b
GABA 050+ 004 a 0.57 £0.05 ab 080 £ 0.11 bc 095+ 0.11c 003 £001a 0.04 £ 0.00 a 0.04 + 0.01 a 0.09 £ 0.01 b

Plants were grown with 0.5 mM or 1 mM nitrate (NO.5, N1) or ammonium (A0.5, A1) as N source. Values represent mean * SE (n = 4). Different letters indicate
statistical differences between treatments (ANOVA analysis with Duncan’s multiple comparison test, P < 0.05). Significant nitrogen source effect within each dose

(t-test, p < 0.05) is highlighted in bold

of the treatment; besides, no significant N source effect
was found regardless of the organ (Fig. 4a). As expected,
sulfate content represented by far the highest contribution
to total S content both in roots (40-57%) and leaves (59—
75%). Sulfate content was slightly higher in ammonium-
fed roots compared to nitrate-fed ones (Fig. 4b). In con-
trast, in leaves of Al an important diminution of SOj~
content was found compared to N1 (Fig. 4b). Indeed, this
lower SO3~ content observed in Al leaves made that, al-
though not significant (t-test; p = 0.094), total S was 20%
lower compared to N1 leaves (Fig. 4a). Met, Cys, GSH and
GLS are the most abundant S-containing organic mole-
cules in Brassica crops. Met and Cys content did not vary
with the N source (Table 2). In contrast, total glutathione
content increased in roots of Al and in leaves of A0.5 and
A1l plants compared to their respective nitrate controls
(Fig. 4c). Similarly, GLS content also increased in leaves of
A0.5 and A1 plants (Fig. 4d). Eleven aliphatic, four indolic
and one aromatic GLS were detected, which is in accord-
ance with previous studies done in B. napus [42]. In
general, the abundance of the different classes of GLS was
dependent on the organ. In leaves, aliphatic GLS contrib-
uted to more than 80% of total GLS content while in roots

they approximately represented 40 to 50% of the total
content (Table 3). Every GLS was found in both organs
except glucoiberverin and glucoerucin, which were only
detected in roots (Table 3). Nevertheless, the relative con-
tent of each GLS was greatly dependent on the organ. For
example, in leaves the most abundant GLS were gluco-
brassicanapin and progoitrin, while in roots the most
abundant ones were gluconasturtin and glucoerucin
(Table 3). The aromatic gluconasturtin alone represented
around 40% of the total root GLS content while in leaves
it did not exceed 10% (Table 3). The increase in total GLS
content observed in ammonium-fed leaves compared to
nitrate-fed ones was mainly due to the contribution of
aliphatic GLS; among them, glucobrassicanapin and pro-
goitrin had a major contribution (Table 3).

To assess whether the substantial changes in S-
compounds observed at 1 mM N concentration were
related to a differential regulation of SO;~ uptake and pri-
mary S assimilation, we checked the expression of
SULTRI and SULTR2 gene transporters and determined
the activity of ATPS and OASTL, two key enzymes of pri-
mary S assimilation. In leaves, both ATPS and OASTL in-
creased in Al compared to N1 (Fig. 5). In roots, OASTL
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activity also increased with ammonium supply; however,
ATPS activity was lower in A1l compared to N1 (Fig. 5).
Besides, the expression of all the genes belonging to
SULTR1 group was higher in leaves of nitrate-fed plants
(N1; Fig. 6B). In contrast, in roots, SULTRI;2 expression
was higher under ammonium nutrition; interestingly,
SULTRI;2 was the member of the SULTR1 group display-
ing the highest expression in roots (Fig. 6a). SULTR2 genes
expression was not altered by the N source in both roots
and leaves (Fig. 6).

Discussion

Nitrogen assimilation is enhanced in leaves of
ammonium-fed B. napus plants

A large number of studies have associated both N avail-
ability and plant N status with the regulation of S uptake
and assimilation [1, 2]. However, the studies taking into
account N source effect are scarce. In this work, we stud-
ied N and S metabolism in rapeseed plants hydroponically
grown with NO3 or NHj as sole N source. Ammonium
nutrition may be a stressful situation and its effects range
from an induction in NHj assimilatory machinery to even
plant death in function of the severity of the stress. Chlor-
osis is considered as a symptom of severe ammonium
stress while chlorophyll accumulation has been reported

ROOT LEAF
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Fig. 5 N source effect on ATPS (a) and OASTL (b) enzyme activities
in roots and leaves of B. napus. Plants were hydroponically cultured
with 1 mM nitrate or ammonium. Values represent mean + SE

(n = 4). Asterisk (*) indicates significant differences between nitrate
and ammonium (P < 0.05)
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as a plant response upon mild ammonium stress [43, 44].
In this work, we aimed to study N source effect avoiding
severe ammonium toxicity and therefore we chose 0.5 and
1 mM N concentrations, conditions where photosynthesis
or chlorophyll content remained unaffected (Table 1). Still,
it was evident observing plant growth, a higher severity of
the stress in A1 compared to A0.5 (Fig. 1). This situation
was confirmed with NH} content, considered as a classical
metabolic marker of ammonium stress in tissues, as only
in Al leaves increased compared to N1 leaves (Fig. 2b)
while no differences were observed at 0.5 mM. Taken to-
gether, we can assume that oilseed rape plants were ex-
posed to mild and moderate ammonium stress conditions
in A0.5 an A1, respectively.

Scavenging excessive NHj into N-containing molecules
is considered as a strategy to prevent ammonium toxicity
[4, 5] and this strategy seems essential to prevent unre-
strained NHj accumulation in B. napus (Fig. 2b). Indeed,
NHj assimilation was clearly enhanced in ammonium-fed
plants and notably in Al leaves, which was reflected by
higher total N, free amino acid and protein content com-
pared to N1 leaves (Fig. 2a—d). In agreement with the
higher content of N-compounds observed in ammonium-
fed plants, GS and NADH-GOGAT activities increased
under ammonium nutrition (Fig. 3a, b). The induction of
GS/GOGAT has been commonly reported in plants
grown with NHj as N source, including Arabidopsis thali-
ana [6, 45]. Moreover, the use of Arabidopsis mutants has
revealed the importance of these enzymes in NHjscaven-
ging [5, 45]. NAD(H)-GDH activity or gene expression
induction is also a classical response of plants exposed to
ammonium stress including species of the Brassicaceae
family [6, 46] (Fig. 3c). NADP(H)-GDH enzyme has been
poorly characterized in plants. It is interesting that this en-
zyme is also induced in leaves of ammonium-fed rapeseed
plants (Fig. 3d). Indeed, the induction of both NAD(H)-
and NADP(H)-dependent GDH was also reported in other
situations where internal NHj accumulated, such as in
Lotus japonicus plants deficient in plastidic GS under ac-
tive photorespiratory conditions [47]. Although studied
for long time, the role of GDH in plant metabolism re-
mains unresolved; some works indicate an exclusive GDH
role for 2-OG provision [48] while in other reports an
aminating role is suggested [49]. Under ammonium stress,
it is somehow logic to envision an aminating function that
could contribute to avoid NHj rise to toxic levels.
However, 2-OG provision for amino acid synthesis is also
crucial and thus, GDH could be working deaminating
Glu. It will be interesting to study in the future whether
NAD(H)- and NADP(H)-dependent GDH enzymes have a
differential function in plant metabolism in general and
under ammonium stress in particular. In line with the role
of GDH to maintain organic acids pool, anaplerotic
Tricarboxylic acid cycle (TCA) enzymes have also been
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suggested as important to favor NHj assimilation [6, 50].
In the present work, an induction of TCA enzymes was
also observed in B. napus plants grown under ammonium
nutrition (Additional file 3: Figure S3). Overall, it seems
that the growth impairment observed under ammonium
nutrition (Fig. 1) is not due to NH} accumulation in tis-
sues but rather to the energy cost associated to maintain-
ing NH} homeostasis by increasing its assimilation.

Sulfur metabolism is induced in leaves of B. napus plants
grown under ammonium nutrition

Sulfur uptake and assimilation are strongly interconnected
with N and C metabolism [51]. In Brassicaceae, glutathi-
one (GSH) and glucosinolates (GLS) are the major S-
containing biomolecules. In leaves of NHj-fed rapeseed
plants the increase in both total GLS and total glutathione
pool (GSH + GSSQ) indicates that sulfur metabolism was
enhanced (Fig. 4c, d). Both types of molecules are derived
from amino acids, GSH from Cys, Glu and Gly and GLS
mainly from Trp, Met and Phe. Indeed, we observed a
general increase in free amino acid content (Fig. 2c), in-
cluding Glu, Gly, Trp and Phe, in A1 leaves, together with
Ser (Table 2), precursor of Cys and Met; thus, suggesting
an increase in the flux of these amino acids towards GSH
and GLS synthesis. According to this, ATPS activity,
which catalyzes the first step of primary SO3> assimilation,
and OASTL activity, which catalyzes the synthesis of Cys
and, therefore, is the starting point for the synthesis of
organic S-compounds, were induced in leaves of A1 plants
(Fig. 5). Several works have also reported that the increase
in amino acid availability enhanced SO3~ assimilation, for
example through an increase of the incorporation of >°S
into proteins in Lemna minor [12] and in roots of A.
thaliana [1]. Similarly, Zhu et al. (2006) [52] reported the
increased expression of genes encoding S-assimilating
enzymes together with a higher content of Cys and GSH

in leaves of ammonium-fed rice compared to nitrate-fed
one. Interestingly, in oilseed rape leaves Ser was, together
with Glu, the most abundant amino acid (Table 2) and
Zhu et al. (2006) [52] hypothesized that Ser, substrate of
OAS to form Cys, might be the factor stimulating S
assimilation under ammonium nutrition. In general, the
accumulation of N in leaves under ammonium nutrition
led to an increase in the availability of amino acids that
was probably behind the stimulation of S incorporation
into biomolecules. On the other hand, the activation of
GLS and GSH synthesis could also be part of the plant
strategy to store N when cell NHj availability is excessive.
These results obtained in oilseed rape are in line with
those reported in a recent study from our research group
where we showed an increase in the synthesis of aliphatic
and indolic GLS in shoots of A. thaliana and broccoli
under mild ammonium stress [27]. Similarly, Zaghdoud et
al. (2016) [26] also observed higher levels of indolic GLS
in broccoli plants under high ammonium stress associated
to Trp accumulation. Another study focused on NOj3/
NHj ratio effect on Chinese kale, showed that the pres-
ence of NHy favored GLS synthesis [25]. In contrast,
other works reported no changes or even decrease in
GLS content when cultured with NH} as sole N source
[23, 24]. Therefore, it seems that GLS content is dependent
on the culture conditions, the Brassica species/genotype
and the degree of ammonium stress.

The increase in GLS level has also been observed in
response to other environmental factors such as salinity
[53] and water deficit [54]. For instance, Martinez-Ballesta
et al. (2015) [55] reported a higher impact of salt stress in
Arabidopsis mutants which had lost the capacity to
synthesize aliphatic GLS. Similarly, the perturbation of
aliphatic GLS synthesis by RNA interference (RNAi)
caused a deregulation in different metabolites and pro-
teins related to oxidative stress and photosynthesis [56].
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Therefore, we could speculate that the increase in GLS
level under ammonium nutrition, a part of being a conse-
quence of the high availability of N-reduced compounds,
could be a plant response upon abiotic stress. However,
the molecular mechanism by which GLS metabolism is in-
volved in the response of Brassicaceae family to abiotic
stresses still needs to be deciphered.

Interestingly, in A1 leaves the stimulation of S assimi-
lation was accompanied by SO3~ content diminution.
However, this diminution cannot be fully explained by
its recruitment into organic compounds. Sulfur is mainly
taken up from the soil by SULTR SOj  transporters.
Arabidopsis encodes 12 SULTRs which are distributed
in four groups (SULTR1, SULTR2, SULTR3 and
SULTR4) [57]. In this work, we examined the expres-
sion of genes from SULTR1 and SULTR2 groups, lo-
cated in the plasma membrane, to try to understand
the variation in SO~ content observed in function of
the N source mainly at 1 mM concentration (Fig. 6). In
roots SULTRI;2, the SULTR1 member with the highest
expression, was induced in ammonium-fed plants (Fig. 6a),
which is in agreement with the higher SO}~ content ob-
served in this organ (Fig. 4b). Interestingly, in A1l leaves
the down-regulation of the three types of SULTR1
transporters (Fig. 5b) is in line with the lesser SO3
“accumulation in this organ (Fig. 4b). However, the ac-
cumulation of S-compounds in leaves evidences that
SO3™ availability would not be limiting probably due to
the high SO  content characteristic of cruciferous
plants. The gene expression of SULTR1 transporters is
commonly induced upon S deprivation [37, 40]; how-
ever, this induction is circumvented with the external
supply of reduced S [40]. Indeed, SO3~ uptake is com-
monly repressed when reduced S is available, as for in-
stance with the exogenous supply of GSH [33, 58] or
H,S [59]. Moreover, the inhibition of SO}~ uptake upon
H,S supply has even been observed in S-deficient
plants [59]. Thus, in our study, the lower expression of
SULTRI transporters in Al leaves seems to be related
to the accumulation of sulfur-containing compounds
rather than to the lower SO2~ accumulation. The overall
data suggest a direct control of the N source on SO
uptake/transport by SULTR1 in leaves or most probably
an indirect control by a negative feedback loop triggered
by the accumulation of reduced S-compounds in line with
the hypothesis of demand-driven regulation of S metabol-
ism [33, 51].

Conclusions

The present work underlines the importance of the N
source in the control of B. napus N and S metabolism.
Notably, N and S assimilation was enhanced in leaves of
plants grown under ammonium nutrition. The overall
data highlight N source management, such as with the
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use of nitrification inhibitors that maintain ammonium
available in the soil for long periods, as a way to stimu-
late S metabolism to promote the synthesis of specific
molecules such as glucosinolates, which are related to
plants nutritional quality in oilseed rape and cruciferous
crops in general.
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Additional file 1: Figure S1. Biomass of B. napus plants cultured with
1,25 and 5 mM nitrate or ammonium. Values represent mean + SE

(n = 16 individual plants). Different letters indicate statistical differences
between treatments (ANOVA analysis with Duncan'’s test, P < 0.05).
Asterisk (¥) indicates significant nitrogen source effect within each
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treatments (ANOVA analysis with Duncan's test, P < 0.05). (PDF 50 kb)

Additional file 3: Figure S3. N source effect on TCA anaplerotic
enzymatic activities in roots and leaves of B. napus. Plants were
hydroponically cultured with 0.5 and 1T mM nitrate or ammonium.
Values represent mean + SE (n = 4). Different letters indicate statistical
differences between treatments (ANOVA analysis with Duncan’s test,
P < 0.05). Asterisk (*) indicates significant nitrogen source effect within
each nitrogen concentration (t-test, P < 0.05). (PDF 71 kb)
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