horticultura
brasileira

Research|

YANG, J; ZHU, B; NI, X; HE, Y. 2020. Ammonium/nitrate ratio affects the growth and glucosinolates content of pakchoi. Horticultura Brasileira 38: 246-
253. http://dx.doi.org/10.1590/S0102-053620200302

Ammonium/nitrate ratio affects the growth and glucosinolates content of
pakchoi

Jing Yang '®; Biao Zhu '®; Xiaolei Ni *®; Yong He '®

Zhejiang A & F University, Hangzhou, China; yangjing@zafu.edu.cn; billzhu@zafu.edu.cn (author for correspondence); heyong@zafu.
edu.cn; 2Zhejiang University, Hangzhou, China; ninina8@163.com

ABSTRACT

Nitrogen (N) strongly affects plant growth. However, little is
known about the effects of the ammonium/nitrate ratio on pakchoi
(Brassica rapa), especially its glucosinolates (GSs) contents which
are involved in plant defense and many of them benefit to human
health. The aim of this study was to evaluate the effects of a constant
N supply (8 mM) but with five ammonium/nitrate ratios (namely 0/8
mM, 2/6 mM, 4/4 mM, 6/2 mM and 8/0 mM) on the growth of pakchoi
in a hydroponic system in 2 years. In both years, a higher biomass
(dry weight) was in the 4/4 and 2/6 ammonium/nitrate treatments
(2.3 and 2.2-fold compared to 8/0, respectively), with no significant
difference in biomass between these two treatments. The biomass then
decreased with increasing proportions of ammonium in the N supply
from more than 10 g/pot to below 5 g/pot. The N and sulfur contents
were strongly affected in the sole nitrate or ammonium treatments,
as were the contents of chlorophyll, lutein, and B-carotene. Most
of the individual glucosinolates (GSs) detected in pakchoi showed
the highest concentrations in the sole ammonium treatment. The
ammonium/nitrate ratio also affected the types of GSs. The highest
proportion of indolyl GSs and the lowest proportion of aromatic
GSs were in the sole ammonium treatment. We concluded that a
high ammonium level decreases the biomass but increases the GSs
concentrations in pakchoi. Further studies are required to explore the
difference in GSs metabolism among plants supplied with different
ammonium/nitrate ratios.

Keywords: Brassica rapa, biomass, nitrogen form, secondary
metabolites.

RESUMO

Relagdo amonio/nitrato afeta o crescimento e o conteiido de
glucosinolatos do pakchoi

O nitrogénio (N) afeta fortemente o crescimento das plantas.
No entanto, pouco se sabe sobre os efeitos da relagdo amodnio/
nitrato no pakchoi (Brassica rapa), especialmente no conteiido de
glucosinolatos (GSs) envolvidos na defesa das plantas e muitos
deles benéficos a satide humana. O objetivo deste estudo foi avaliar
os efeitos de um suprimento constante de N (8§ mM), mas com cinco
proporg¢des de amdnio/nitrato (ou seja, 0/8 mM, 2/6 mM, 4/4 mM,
6/2 mM e 8/0 mM) sobre o crescimento de pakchoi em um sistema
hidroponico em 2 anos. Nos dois anos, uma maior biomassa (peso
seco) foi observada nos tratamentos 4/4 e 2/6 de amoénio/nitrato (2,3
e 2,2 vezes em comparagdo com 8/0, respectivamente), sem diferenga
significativa na biomassa entre esses dois tratamentos. A biomassa
entdo diminuiu com proporgdes crescentes de amonio no suprimento
de N de mais de 10 g/vaso para menos de 5 g/vaso. Os teores de N
e enxofre foram fortemente afetados nos tratamentos com nitrato ou
amonio, assim como os teores de clorofila, luteina e f-caroteno. A
maioria dos glucosinolatos individuais (GSs) detectados no pakchoi
apresentou as maiores concentragdes no tratamento com apenas
amonio. A relacdo amonio/nitrato também afetou os tipos de GSs.
A maior propor¢do de indolil GSs e a menor propor¢do de GSs
aromatico estavam no tratamento com apenas amoénio. Concluimos
que um alto nivel de amonio diminui a biomassa, mas aumenta as
concentra¢des de GSs no pakchoi. Estudos adicionais sdo necessarios
para explorar a diferenca no metabolismo dos GSs entre plantas
fornecidas com diferentes propor¢des de amonio/nitrato.

Palavras-chave: Brassica rapa, biomassa, forma de nitrogénio,
metabolitos secundarios.
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Glucosinolates (GSs) are nitrogen
(N)- and sulfur (S)-containing
plant secondary metabolites mainly
found in the order Capparales (Halkier
& Gershenzon, 2006). The GSs have
a common basic structure comprising
a B-D-thioglucose group, a sulfonated
aldoxime moiety, and a variable side
chain derived from amino acids. They
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are grouped into aliphatic, aromatic
and indolyl GSs depending on the
structure of their side-chain (Bell et al.,
2018). The hydrolysis products of GSs,
including thiocyanates, isothiocyanates
and nitriles, have bioactive properties. In
the plant, they are involved in defense
against insects and phytopathogens.
They have also been shown to inhibit

carcinogenesis and to precaution
against cardiovascular ailments and
neurodegenerative diseases (Verkerk et
al., 2009). Several studies have shown
that GSs and their hydrolysis products
participate in N and S metabolism
in the plant and are regulated by
environmental factors and agronomic
practices (Bjorkman et al., 2011;
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Martinez-Ballesta et al., 2013).

Nitrogen is one of the most
important nutrients in plants. It has
been shown to affect the biomass and
the GSs concentrations in brassicas
such as broccoli (Schonhof et al., 2007).
The supply of N as nitrate to plants,
especially leafy vegetables, can affect
the uptake and accumulation of nitrate,
which may be harmful to human health
(Chen et al., 2004). Some reports have
suggested that supplying N in the form
of ammonium instead of nitrate could
reduce nitrate accumulation in plant
tissues. However, a higher ratio of
ammonium may lead to a significant
reduction in biomass production due
to ammonium toxicity (Zhang et al.,
2005). Therefore, several studies have
evaluated which ammonium/nitrate
ratio is optimal for growing different
vegetables on the balancing of good
and harm (Zhang et al., 2003). The
ammonium/nitrate ratio also affects
the GSs profiles in brassicas. Kim et
al. (2006) reported that the highest
GS concentrations in rocket salad
were in plants supplied with 50%
ammonium/50% nitrate. Similar results
were provided by La ef al. (2013) in
bolting stems of Chinese kale supplied
with 50% ammonium/50% nitrate.
However, the effect of the ammonium/
nitrate ratio on GSs concentrations
and profiles in pakchoi, an important
dietary GS source plant in China, is still
unknown. Pakchoi (Brassica rapa) is
one of the main leafy vegetables grown
in Asia, especially in the Yangtze River
region of China with high contents of
nutrient and phytochemical compounds,
and also cultivated in Europe as well
as America in recent decades (Qian
et al., 2006; Wang et al., 2007; Yu
et al., 2010). Pakchoi belongs to the
genus Brassica with a wide range of
morphology, and could be divided into
four major diversified crops according
to the appearance of their edible or
useful parts, including common pakchoi
which is used in this study, as well as
Wutacai, Caitai and Taicai (Yu et al.,
2010). The aim of this study was to
investigate the effects of N supply at
the same total N concentration but with
different ammonium/nitrate ratios on
the growth and GS profiles of pakchoi

and to explore the optimal ammonium/
nitrate ratio.

MATERIAL AND METHODS

Plant preparation

Pakchoi (Brassica rapa ssp.
chinensis var. communis) seedlings
were grown in a glasshouse in
Hangzhou (Zhejiang Province, China;
30°15'36"N, 120°11'24"E) under a
natural photoperiod from September
to October. The maximum temperature
during the day was about 30°C and
the minimum temperature at night
was 16°C. The highest light intensity
was about 650 umol m? s (PPFD).
Seeds were germinated in vermiculite
and seedlings were transplanted into a
four L plastic pot (four plants per pot)
three weeks after germination. The
plants were treated with different ratios
of ammonium (NH,")/nitrate (NO,’)
with the same total N concentration
(8 mM) as follows: N1: 0% NH,*-N,
100% NO,-N; N2: 25% NH,'-N, 75%
NO,-N; N3: 50% NH,"-N, 50% NO,
-N; N4: 75% NH,"-N, 25% NO,-N;
NS5: 100% NH,*-N, 0% NO,-N. The
nutrient solutions contained K (4.0
mM), S (1.0 mM), Ca (2.5 mM), Mg (1.0
mM ), P (1.0 mM), and the following
micronutrients: B (20 uM), Mo (0.1
uM), Mn (3 uM), Zn (2 uM), Cu (0.8
uM) and Fe (50 uM) as EDTA salt. The
pH of nutrient solutions was adjusted
to 6.0. The nutrient solutions (4 L/pot)
were changed twice a week. No plants
died during the experiment.

Plants were harvested two weeks
after the treatments. Shoots were
immediately frozen in liquid N, freeze-
dried, weighted to determine dry mass
and then ground to a fine powder and
stored at -20°C until analysis. The roots
were dried to constant weight at 60°C
and then weighed to determine dry mass.
Each sample consisted of shoot/root
from four plants, and each treatment
repeated five times.

This experiment was repeated in
the following year (from September to
October), focusing on the GSs profiles.
The maximum temperature during
the day was 35°C and the minimum
temperature at night was 18°C. The
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highest light intensity was 663 pmol
m?s! (PPED).
Glucosinolates analysis

The GSs were identified and
quantified as described by Yang et al.
(2009). Briefly, 0.25 g freeze-dried
powder was extracted with 4 mL
70% boiling methanol and 100 pL
sinigrin (5 mM, internal standard) in
a 75°C water bath for 10 min. Barium
acetate (1 mL, 0.4 M) was added, the
mixture was mixed quickly, and then
centrifuged at 4000 rpm for 10 min.
The supernatant was collected and the
pellet was re-extracted twice with 3 mL
70% boiling methanol. The supernatants
were combined and made up to a final
volume of 10 mL. Then, a 5-mL aliquot
was loaded onto a I mL mini-column
(JT Baker, USA) containing 500 pL
activated DEAE Sephadex™ A25
(Amersham Biosciences, Sweden), and
allowed to de-sulphate overnight with
aryl sulfatase (Sigma-Aldrich, USA).
The resultant desulpho (ds)-GSs were
eluted with 2.5 mL ultrapure water
produced by a Milli-Q system (Millipore,
USA) and stored at -20°C until high
performance liquid chromatography
(HPLC) analysis.

A 20-pL aliquot of the sample was
analyzed using an Agilent 1200 HPLC
system (Agilent Technologies, USA)
equipped with a Prontosil ODS2 column
(250 x 4 um, 5 um, Bischoff, Germany)
and a G1315B diode array detector
(DAD) set at 229 nm. The mobile phase
was ultrapure water (A) and acetonitrile
(Tedia, USA) (B) applied with a linear
gradient from 0% to 20% B in 32 min,
then constant at 20% B for 6 min,
followed by 100% B and 0% B before
injecting the next sample. The flow rate
was 1.3 mL/min.

Element measurements

Major elements were quantified as
described by Yang et al. (2009). Freeze-
dried powdered plant tissue (0.15 g)
was digested by mixed concentrated
HNO, and HCIO, and then analyzed
to determine the P, S, K, Ca, and
Mg contents by inductively coupled
plasma atomic emission spectrometry
(model IRIS-AP; Thermo Jarrel Ash
Corp., USA). To determine the total N
content, 0.15 g freeze-dried powdered
plant tissue was digested with H SO,,
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and then distilled in a Foss Kjeltec
2300 Analyzer Unit (FossTecator AB,
Hogands, Sweden) with 40% (w/v)
NaOH and 1% (w/v) boric acid (with
methyl red and bromcresol green as
an indicator solution), and then titrated
with 0.1 M HCI (HCI was titrated with
0.1 M NaOH and adjusted to accurate
0.1 M).

Pigment measurements

The contents of B-carotene, lutein and
chlorophylls (a and b) were determined
as described previously (Yang et al.,
2010). Finely ground freeze-dried plant
tissue (50 mg) was mixed with acetone
(100%, 5 mL) and extracted for two
h in the dark. After centrifugation at
1000 rpm at 4°C, the absorbance of the
supernatant at 480, 535-551, and 663
nm was measured with an ultraviolet
(UV)-vis spectrophotometer (Shimadzu,
UV-2401PC). The concentrations of
chlorophyll a and b were calculated from
the absorbance values as described by
Eijckelhoff & Dekker (1997). An aliquot
of the supernatant (20 pL) was used
to determine the B-carotene and lutein
contents. The sample was separated
on an LC-10AT HPLC (Shimadzu)
equipped with a Spherisorb C18 column

J Yang et al.

(5 mm, 4.0 x 250 mm). Eluted products
were detected at 440 nm using a 10A
UV-Vis detector.

Statistical analysis

A completely randomized block
design was used, with each pot
considered as a block. Each experiment
was replicated five times in the first
year and four times in the second year.
The data were subjected to analysis of
variance (ANOVA). Mean values were
compared using the least significant
difference (LSD) at the 0.05 significance
level.

RESULTS AND DISCUSSION

Plant growth

The shoot dry weight (DW)
of pakchoi plants increased as the
ammonium/nitrate ratio increased from
0/8 (N1) to 2/6 (N2) and 4/4 (N3), and
then decreased to the lowest value in the
8/0 (N5) treatment (Table 1). The highest
shoot DW was in the N3 treatment
(50% ammonium, 50% nitrate) in
the first year, and in the N2 treatment
(25% ammonium, 75% nitrate) in the
second year (10.70 g/pot and 10.37 g/

pot; 2.3 and 2.2-fold compared to NS,
respectively). However, in both years,
there was no significant difference in
shoot DW between the N2 and N3
treatments. The root biomass was shown
no obviously different among the N1,
N2, N3, and N4 treatments, but showed
the lowest value of 0.56/0.49 g/pot in
the 100% ammonium (N5) treatment
in the first/second year, respectively.
This result implied that pakchoi plants
grew better when 25% or 50% of N
was supplied as ammonium. The slight
differences between the two years may
be due to differences in temperature and/
or light conditions.

In both years, the shoot dry matter
content was significantly increased
when the proportion of ammonium was
25%. This trend was similar to those
reported for rocket salad (Eruca sativa)
and spinach (Spinacea oleracea) (Zhang
et al., 2005; Kim et al., 2006). Zhang
et al. (2005) suggested that spinach
had the highest biomass as ammonium/
nitrate ratios were 25/75 and 50/50.
The dry weight of rocket salad leaf also
had the highest value when NH_:NO,
percent molar ratios (PMR-N) were 25,
although it did not differ significantly

Table 1. Effects of ammonium/nitrate ratios on shoot dry weight, dry matter content and root dry weight in pakchoi plants®. Hangzhou,

China, Zhejiang A & F University, 2019.

NH,"-N/NO,-N Shoot dry weight (g pot™) Shoot dry matter content (%) Root dry weight (g pot™)
(mM) 1st 2nd 1t 2nd 1st 2nd

0/8 8.96+0.96bc® 9.12+2.20ab 6.07+039d 5.72+0.64b 1.27+0.09a 1.41+0.34b
2/6 10.05+1.16ab 10.37+0.23 a 6.13+£021d 596+0.70b 1.18+0.12a 1.83+£0.20a
4/4 10,70+ 1.73a 7.78+1.76 ab 6.85+£030c 6.36+0.78b 1.28+0.26a 137+0.22b
6/2 7.80+£0.26¢c 6.69+1.76 bc 742+£0.13b 6.72+0.12b 1.06£0.05a 1.48=+0.21ab
8/0 4.62+0.75d 4.81+£0.58¢c 9.18+035a 10.74+1.06a 0.56+0.07b 0.49+0.08c

1= first year; 2"= second year. ‘Data are presented as mean + standard deviation (first year: n= 5, second year: n= 4). "Means followed by

different letters in each column were significantly different (p<0.05).

Table 2. Effects of ammonium/nitrate ratio on the contents of N, P, S, K, Ca and Mg in the shoots of pakchoi in the first year. Hangzhou,
China, Zhejiang A & F University, 2019.

Nitrogen Phosphorus Potassium Calcium Magnesium Sulphur
NH,*-N/NO,-N (mM) .
(mg g" DW)

0/8 4723+£29a 5.71+032c 29.08+021a 4.75+0.05ab 2.73+0.11a 5.67+0.09b
2/6 3893+£2.65¢c 643+042b 2633+1.13b 486+0.03a 2.64+0.07a 5.75+0.36b
4/4 4133+2.42bc 6.57+0.09b 23.69+0.74c 4.83+0.13ab 249+0.13b 5.68+0.23b
6/2 42.19+1.00bc 627+0.14b 2383+037c 4.72+0.04b 2.08+£0.07c 543+0.29b
8/0 44.08+2.92ab 7.68+0.26a 2438+0.60c 4.73+0.08b 2.06+0.05c 7.28+047a

Means followed by different letter in each column were significantly different (p<0.05) according to LSD test.

248

Horticultura Brasileira 38 (3) July - September, 2020



Ammonium/nitrate ratio affects the growth and glucosinolates content of pakchoi

among the 0, 25, 50 and 75 treatments
(Kim et al., 2006). The slight difference
between rocket salad and pakchoi may
be due to different growth stages or/
and genotypes. Ammonium toxicity
symptoms (reduced shoot and root
biomass, poor plant growth) were
observed in the plants supplied with
100% ammonium. The physiological
and biochemical mechanisms of
ammonium toxicity have been discussed
in several reviews (Gerendas et al.,
1997; Esteban et al., 2016).

Concentrations of elements

We focused on N and S concentrations
in pakchoi in this study. Because GSs are
N- and S- containing compounds, N and
S should play an important role in GS
synthesis (Schonhof et al., 2007). The

N concentration in the shoots of pakchoi
plants was significantly affected by the
ammonium/nitrate ratio (Table 2). The
highest N concentrations in shoots were
in the 100% nitrate or 100% ammonium
treatments, and the lowest was in the
N2 (25% ammonium/75% nitrate)
treatment. The nitrate content in pakchoi
shoots decreased because of the less
intake of NO,-N as the proportion of
ammonium in the N supply increased.
The S concentration in shoots was
not markedly affected by the ammonium/
nitrate ratio, except that there was a
significant increase (22%) in the 100%
from 50% ammonium treatment. This
might be partly due to a concentration
effect. The concentrations of P, K, Ca,
and Mg in pakchoi shoots were also

measured (Table 2) in the first year. The
K*, Ca?" and Mg** concentrations were
lower in the treatments with more than
50% of the N supply as ammonium.
This might reflect the need for cation-
anion balance and the maintenance of
intracellular pH in pakchoi supplied
with high levels of ammonium (Kim et
al., 2006; Marschner, 2011).

Changes in pigment contents

To evaluate the effect of the N
form on photosynthesis, we measured
the chlorophyll (a and b), lutein and
B-carotene contents of pakchoi shoots
in the first year. The concentrations
were calculated on a DW and fresh
weight (FW) basis. The chlorophyll a/b
ratio and all of the measured pigments
except for chlorophyll b showed the
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Figure 1. Effects of ammonium/nitrate ratio on the concentrations of chlorophyll, Iutein and p-carotene base on dry weight (DW) in pakchoi
shoots in the first year. Hangzhou, China, Zhejiang A & F University, 2019.
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Figure 2. Effects of ammonium/nitrate ratio on the concentrations of chlorophyll, lutein and B-carotene base on fresh weight (FW) in pakchoi
shoots in the first year. Hangzhou, China, Zhejiang A & F University, 2019.
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highest values in the N4 treatment
(Figures 1 and 2). The concentrations of
chlorophyll a and b (based on DW) did
not differ significantly among the five
treatments. However, the concentrations
of chlorophyll a (based on FW), lutein
and B-carotene showed significant or
highly significant differences among
the five treatments. The concentration
of chlorophyll a (based on FW) showed
a significant quadratic response to
the N form (Figure 1), while the
concentrations of lutein and -carotene
showed more complex responses
(Figure 2). The results of several
previous studies have indicated that
the N form affects the concentrations
of pigments including chlorophylls,
lutein, and xanthophyll (Bonasia ef al.,
2015; Barickman & Kopsell, 2016).
Bonasia et al. (2015) showed that the
chlorophyll content was raised by

J Yang et al.

ammonium in endive which consists
with our results in pakchoi, and it is
possible to observe a decrease as a result
of ammonium toxicity in ammonium
intolerant species. They also hypothesize
that no negative repercussions on
photosynthesis occurred in NH4*-N-fed
endive. Barickman & Kopsell (2016)
suggested that a fertility program of25%
NH,-N:75% NO,-N is recommended
for increased biomass accumulation
and health promoting carotenoid and
chlorophyll concentrations in the leaf
tissue of Swiss Chard.

Individual glucosinolates

Seven individual GSs were
detected in pakchoi shoots (Table
3). These GSs belonged to three
groups: aliphatic GSs (glucoalyssin,
gluconapin and glucobrassicanapin),
indolyl GSs (glucobrassicin,
4-methoxyglucobrassicin and

neoglucobrassicin) and aromatic GSs
(gluconasturtiin). The major compounds
were the aliphatic GSs gluconapin and
glucobrassicanapin, which accounted for
more than 50% and 20% of the total GSs
in the first and second year, respectively.
The concentrations of all seven GSs
increased when more than 25% and
50% of N was supplied as ammonium
in the first and second year, respectively.
Most GSs showed peak values in the
sole ammonium treatment in the first
year, and in the sole ammonium and/
or nitrate in the second year, except
for 4-methoxyglucobrassicin, which
showed the highest value in the N4 (75%
ammonium/25% nitrate treatment in
both years). The results of the ANOVA
indicated that all seven GSs were
significantly influenced by the N form.
Therefore, the ammonium/nitrate ratio
in the N supply is likely to be a factor

Table 3. Effects of ammonium/nitrate ratios on the concentrations of individual glucosinolates in pakchoi shoots®. Hangzhou, China, Zhejiang

A & F University, 2019.

NH,"-N/NO,-N Glucoalyssin Gluconapin Glucobrassicanapin Glucobrassicin
(mM) (nmol g' DW)
0/8 0.16+0.03d°® 3.12+047 ¢ 1.48+0.08 ¢ 0.23 £0.03 bc
2/6 0.17+£0.06d 3.50+£0.71 ¢ 143+029¢ 0.18+0.03 ¢
18t 4/4 0.24+0.04 ¢ 3.61£0.50 ¢ 1.77+0.16 bc 0.18+0.03 ¢
6/2 0.30+£0.06 b 476 +1.30Db 2.17+0.53b 0.27+0.04b
8/0 0.68+0.10 a 725+120a 3.87+0.82a 0.71£0.15a
0/8 0.12+0.04 b 492+0.15a 1.47 +£0.60 bc 0.19+£0.06 ¢
2/6 0.17+£0.06 b 2.74 £ 0.68 bc 1.22+0.17 ¢ 0.10£0.04 ¢
2nd 4/4 0.17+0.03b 2.54+032¢ 1.02+£0.05¢ 0.07+£0.02¢
6/2 0.18+0.01 b 4.12+1.08 ab 1.89+£0.27 ab 0.51£0.09b
8/0 0.35+0.10a 435+1.18a 2.15+£030a 0.72+0.16 a
NH,"-N/NO,-N Gluconasturtiin 4-methoxyglucobrassicin  Neoglucobrassicin
(mM) (umol g' DW)
0/8 0.72+0.14 a 0.032 +0.008 b 0.29£0.12 bc
2/6 047+0.11b 0.021 +£0.004 ¢ 0.23+0.06 ¢
18t 4/4 0.70+£0.11a 0.026 = 0.010 be 0.34£0.09 be
6/2 0.65+0.15a 0.045+0.017 a 0.40+0.08b
8/0 0.82+0.22 a 0.035+0.014b 1.19+0.21 a
"""""" 0/8 037+0.102 0.018%0.004 a 0.18+0.01¢
2/6 0.31+£0.02 ab 0.012 +£0.000 b 0.13+£0.03 cd
2nd - 4/4 0.22+0.03b 0.011 £0.001 b 0.12+0.04d
6/2 0.30+0.02 ab 0.022 £0.001 a 026+0.01b
8/0 0.36 £0.06 a 0.020 £ 0.005 a 045+0.03a

1= first year; 2"= second year. ‘Data are presented as mean =+ standard deviation (first year: n= 5, second year: n= 4). "Means followed by
different letter in each column in each year were significantly different (p<0.05).
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Figure 3. Effects of ammonium/nitrate ratio on the concentrations of aliphatic, indolyl, aromatic and total glucosinolates in pakchoi shoots.
Hangzhou, China, Zhejiang A & F University, 2019.

that affects GS synthesis in pakchoi.

The ammonium/nitrate ratio could
affect the quality and nutritional value
of vegetables according to changes
in their GS contents. Upon tissue
disruption, intact GSs are hydrolyzed
by thioglucosidase [myrosinases (EC
3.2.3.1)]. The hydrolyzed forms are
thought to be the bioactive forms of
GSs. For example, gluconasturtiin
(2-phenethyl glucosinolate) and
glucobrassicin are hydrolyzed to form
phenethyl-isothiocyanate and indole-
3-carbinol, respectively, which were
shown to reduce carcinogen activation
(Higdon et al., 2007). Furthermore,
some GSs affect the flavor of the plant.
For example, isothiocyanates derived
from gluconapin and glucobrassicanapin
might reduce palatability (Abe et al.,
2015; Bell et al., 2018). The results
of the present study implied that GS
metabolism was up-regulated as the

proportion of ammonium in the N
supply increased from 25% to 75%,
consistent with the results of Kim et
al. (2006). The ammonium/nitrate
ratio may also affect the composition
of hydrolyzed GSs, which may affect
the palatability and nutritional value of
pakchoi.

Total glucosinolates and
glucosinolate profiles

The total GSs concentration was
significantly increased when the N
supply contained more than 50%
ammonium, and peaked in the 100%
ammonium treatment (Figure 3). In the
first year, the total GSs concentration
in the 100% ammonium treatment was
141.5% of that in the 100% nitrate
treatment, while the difference was
smaller in the second year. The results
of Marino et al. (2016) both in broccoli
and Arabidopsis also showed significant
increase of total GSs contents with
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ammonium as the nitrogen source
compared to nitrate.

Analyses of individual GSs revealed
that aliphatic GSs were the major
component of total GSs in pakchoi
“You Dong Er’, accounting for 79%
to 90% of the total GSs content. In the
first year, the aliphatic GSs content was
much higher in the 100% ammonium
treatment than in the other treatments,
but this difference was much smaller
in the second year. In contrast, total
indolyl GSs showed similar changes
in the two years with respect to the
ammonium/nitrate ratio. The highest
concentration of indolyl GSs was in
the 100% ammonium treatment. The
differences in indolyl GSs contents
among the N1, N2 and N3 treatments
were not significant. The aromatic
GSs concentration was less affected by
the ammonium/nitrate ratio, but was
significantly lower in the 25% and 50%
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ammonium treatments than in the other
treatments in the first and second years,
respectively.

In rocket supplied with different
ammonium/nitrate ratios, the total
GSs content increased with increasing
proportions of ammonium, but showed
a marked decrease in the 100%
ammonium treatment (Kim et al., 2006).
The discrepancy between the findings of
that study and our findings may be due
to differences in tolerance to ammonium
toxicity between different vegetable
species, or to differences in plant growth
stages or other experimental conditions.
The sharp decrease in shoot DW in our
experiment may also have contributed
to the increased GSs concentration with
increasing ammonium/nitrate rate; that
is, it may represent a concentration
effect. As reported by La et al. (2013), in
Chinese kale bolting stem, the total GSs
concentration gradually increased as the
proportion of ammonium increased 0%
to 50%, and the peak value was achieved
at 50% ammonium, different from our
results. The reasons for the differences
between their results and ours may
be due to variations in GSs contents
among different plant parts, and/or
genetic differences in GSs contents
between species. In our previous study,
we detected large differences in GSs
contents among various organs of
pakchoi (Zhu et al., 2013).

Combining the data of elements
concentration, the N form (probably
ammonium) play a role in GS synthesis,
since the N concentrations did not
change significantly when the proportion
of ammonium was higher than 50%.
The increased S concentration (based
on DW) in the 100% ammonium
treatment may have contributed to the
accumulation of GSs, especially indolyl
GSs. The ratios of N and other elements,
especially S, probably indirectly affect
GSs metabolism. Further studies should
be conducted to explore the mechanisms
of GSs accumulation and the effects of
different nutrient forms (especially N
and S) on the growth and GSs profiles
of pakchoi.
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