S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Phytochemistry 166 (2019) 112058

journal homepage: www.elsevier.com/locate/phytochem

=
Phytochemistry

Contents lists available at ScienceDirect

Phytochemistry

Untargeted liquid chromatography coupled with mass spectrometry reveals
metabolic changes in nitrogen-deficient Isatis indigotica Fortune

Check for
updates

Yi-Wen Cao?®, Ren-Jun Qu?, Yu-Jing Miao”, Xiao-Qing Tang™", Ying Zhou”, Lei Wang”, Li Geng”

2 College of Horticulture, Nanjing Agricultural University, Nanjing, 210095, China
" MaoshanXiancao Chinese Herbal Medicine Professional Cooperatives, Zhenjiang, 212400, China

ARTICLE INFO

Keywords:

Nitrogen deficiency
Metabolomics

Isatis indigotica Fortune
Secondary metabolism
Differential metabolites

ABSTRACT

Isatis indigotica Fortune is a popular herb in traditional Chinese medicine, and various types of metabolites are
the basis for its pharmacological efficacy. The biosynthesis and accumulation of these metabolites are closely
linked to nitrogen availability; the benefits of low nitrogen application on the environment and herb quality are
increasingly prominent. To analyze metabolic changes in the leaves and roots of Lindigotica in nitrogen defi-
ciency conditions, and to identify the pathways and metabolites induced by low nitrogen availability, we used
untargeted liquid chromatography coupled with mass spectrometry (UHPLC-TripleTOF) to obtain metabolomics
profiling of Lindigotica under two N-deficiency treatments (0kg/hm? 337.5kg/hm?) and normal nitrogen
treatment (675 kg/hm?). A total of 447 metabolites were annotated. Principal component analysis separated the
three nitrogen treatments. A greater diversity of metabolites was observed in roots than in leaves under N-
deficiency treatments, suggesting that roots have a more important function in low N tolerance. Differential
metabolites were mainly enriched in purine metabolism, phenylpropanoid biosynthesis, the shikimate pathway,
tryptophan metabolism, and flavonoid biosynthesis that notably induced only in leaves in low nitrogen stress.
Moderate N-deficiency benefits carbohydrate accumulation, whereas accumulation of most amino acids de-
creases. Uniquely, L-tryptophan was maintained at a high concentration in N-deficiency conditions. Low ni-
trogen stress induced the accumulation of some specialized metabolites (matairesinol, dictamnine, 5-hydro-
xyindoleacetate (serotonin) in roots and vitexin, xanthohumol, sinapyl alcohol in leaves). N-deficiency also
increased the accumulation of adenosine and quality indicators of Lindigotica (indirubin-indigo, epigoitrin and
anthranilic acid) in a certain degree. Our findings showed that nitrogen deficiency modified roots and leaves
conditions of Lindigotica, affecting both the primary and secondary metabolism. Moderate nitrogen reduction
was beneficial to the accumulation of active ingredients. Our methods and analysis are expected to provide an
insight regarding the diversity of metabolites and regulation of their synthesis in low nitrogen application, and
better investigate the nitrogen deficiency effect on Lindigotica.

1. Introduction

myelocytic leukemia (CML), and a possible mechanism has been in-
vestigated in animal studies (Mohan et al., 2018). Analogously, the

Isatis indigotica Fortune (Brassicaceae) has long been used as a
medicinal plant for the treatment of colds, fever, and influenza (Zhou
and Zhang, 2013), especially for the treatment of severe acute re-
spiratory syndrome (SARS) and H;Nj-influenza (Jie et al., 2017; Lin
et al., 2005). In previous studies, Lindigotica was demonstrated to have
various pharmacologically active compounds in crude herbs (Li et al.,
2015; Meng et al., 2017; Yang et al., 2014). Compounds such as in-
dican, quinazolinone, indirubin (INR), tryptanthrin, glucosinolate and
their derivatives extract from I indogotica are identified to have anti-
viral, anti-inflammatory and anticancer effects (He et al., 2017; Kaur
et al.,, 2017; Shi et al., 2012). INR has a significant effect on chronic
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pharmacological activities of nucleosides, organic acids, amino acids,
and polysaccharide in ILindigotica have also been widely investigated
(Chen et al., 2009; Zhang et al., 2016).

In plants, as a basic element, nitrogen is an important component of
chlorophyll, proteins, nucleic acids, some hormones and some sec-
ondary metabolites (Frink et al., 1999; Hawkesford et al., 2012). Ni-
trogen affects both the final yield through the primary metabolism of
plants and the quality through secondary metabolism, especially for
medicinal plants, in which secondary metabolites are active compo-
nents for preventing and treating human disease (Dai et al., 2010).
However, the application of nitrogen fertilizer is not always efficient;
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plants are able to convert only 30-40% of applied nitrogen to useful
products (Kant et al., 2011; Tilman et al., 2002). Residual nitrogen will
pollute soil and water by volatilization, leaching, surface runoff and
microbial consumption, thereby causing important ecological problems
(Good and Beatty, 2011). Therefore, lowering nitrogen fertilizer input
and improving the efficiency of nitrogen use are major aims in many
agronomic and physiological studies (Hirel et al., 2007; Lea and
Azevedo, 2006).

The effects of nitrogen-limiting condition on plant growth, photo-
synthesis, nitrate uptake and assimilation have been widely studied
(Mae, 1997; Zhao et al., 2005). It is known that the plants regulate their
morphological structure, physiological metabolism and the expression
of related genes to enhance the adaptation to nitrogen deficiency, one
of abiotic stresses (Cao et al., 2018; Muhammad et al., 2018). In ad-
dition, a variety of nutrient deficiencies in plants is characterized by an
accumulation of specialized metabolites, and numerous studies have
reported a positive correlation between low nitrogen availability and
secondary metabolism in plants. Arabidopsis and tomato exhibit sig-
nificant inverse relationships between nutrient availability and flavo-
noids accumulation, with nitrogen limitation promoting the greatest
increase in flavonoids (Stewart et al., 2001). Catechin and epicatechin,
which are the marker compounds in tea, show significant accumulation
in low nitrogen treatment (Ruan et al., 2007). Thus, one must ask:
What's the effect of low nitrogen application on Lindigotica, and how
can that effect be measured?

Traditionally, indigo-indirubin and epigoitrin are the marker com-
pounds for the quality of Isatis leaves (Daqingye) and Isatis roots
(Banlangen) (Pharmacopoeia of People's Republic of China.
2015).However, with pharmacological study of the chemical com-
pounds of Lindigotica, more and more bioactivity-based characteristics
were thought to be indicators of good quality. Li et al. regarded qui-
nazolidone alkaloids antiviral compounds as the quality indicators of
Isatis roots (Li et al., 1994). Some studies show that nucleosides com-
pounds such as hypoxanthine, adenosine, and uracil have effects on
interfering virus proliferation and regulating cell's metabolism, thus
they are associated with the quality formation of Lindigotica (Hu et al.,
1999). Similarly, radix isatidis polysaccharide (RIPS), anthranilic acids
and total amino acids are highly responsible for anti-influenza virus
effect of Lindigotica, and these compounds should be considered as in-
dicators of quality assessment. Measuring the total bioactive and che-
mical composition of Lindigotica is an effective way to assess quality.

The development of metabolomics approaches and multivariate
statistics analysis provides useful methods to obtain a complete picture
of a plant's metabolites. We used metabolomics methods to assess the
effects of nitrogen deficiency on ILindigotica. We compared metabo-
lomics profile of leaves with roots in three field nitrogen application
levels: severe nitrogen deficiency (0kg/hm?), medium-nitrogen defi-
ciency (337.5kg/hm?), and normal-nitrogen (675 kg/hm?). Then, we
characterized the most relevant metabolic pathways and metabolites to
low nitrogen tolerance. We also focused on some quality-related com-
pounds of Lindigotica, which were though not being discriminated
among the treatments: indigo-indirubin, epigoitrin and anthranilic
acids. Thus we could fully characterize the effect of nitrogen deficiency
on Lindigotica.

2. Results and discussion

2.1. Principal component analysis (PCA) and orthogonal partial least
squares discriminant analysis (OPLS-DA)

The original data contained four quality control (QC) samples and
24 experimental samples, and 1914 peaks were extracted. The original
data were then adjusted by missing value recoding and normalization
analysis. In total, 447 peaks were reserved and annotated. To provide
an overview of the similarities and differences among the samples, we
used PCA to annotate the compounds of Lindigotica (Fig. 1).The total
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variance rate explained by PC1 and PC2 were 51.8% and 14.6%, re-
spectively. In this model, the quality control (QC) samples gathered in
the center of the score plot and the test samples of three nitrogen groups
were separated obviously. The samples were all in the 95% confidence
interval (Hotelling's T-squared ellipse), reflecting the stable detection
conditions and good repeatability of the analysis process. The PCA plot
of untargeted liquid chromatography coupled with mass spectrometry
(UHPLC-QTOF-MS) data showed that the metabolic profiles of Lin-
digotica changed significantly in N-deficiency stress.

To further investigate the effect of N-deficiency on metabolites of
Lindigotica and to obtain group discrimination, we subjected the sample
data to orthogonal partial least square discriminant analysis (OPLS-
DA). By OPLS-DA, we could filter out orthogonal variables in metabo-
lites that were not related to categorical variables, and analyzed non-
orthogonal variables and orthogonal variables separately to obtain
more reliable meta-group differences and experiments (Trygg and
Wold, 2002). All models passed the displacement test. To identify dif-
ferential metabolites of the N deficient treatments in root and leaf
samples, we performed multivariate data analysis with Student's t-test
and fold change methods. As the screening criteria, we use the p <0.05
(t-test) and VIP > 1 at the same time to obtain the differential metabo-
lites between the low nitrogen treatments and CK. Then we visualized
the results of screening differential metabolites in the form of volcano
plots (Fig. 2).

The differential metabolites of roots in nitrogen deficient treatments
were greater than those in leaves, and the up-regulated metabolites
were greater than the down-regulated metabolites in N-deficient
treatments. These results indicated that the roots had a more positive
response to low nitrogen stress.

2.2. Differential metabolic pathway screening

We compared the differential metabolites that were screened by the
OPLS-DA model with the KEGG database (www.kegg.jp/kegg/pathway.
html), and we organized all the metabolic pathways in which the dif-
ferential metabolites mapped. To determine the most relevant meta-
bolic pathways in the different nitrogen conditions, enrichment analysis
and topological analysis of differential metabolites were required to
find the key pathways most relevant to the differential metabolites. The
results were shown by bubble plots (Fig. 3.).In roots, purine metabolism
changed notably in RN-z and RN-h. Amino sugar and nucleotide me-
tabolism, arginine metabolism and secondary metabolism also differ-
entiated the nitrogen deficient treatments and normal nitrogen treat-
ment. Analogously, in leaves, carbohydrate metabolism, purine
metabolism, arginine metabolism and secondary metabolism sig-
nificantly changed in LN-z and LN-h. Flavonoid biosynthesis, flavone
and flavonol biosynthesis were notably induced only in leaves. To un-
ravel the changes of these pathways and decipher the effect on quality
formation of I.indigotica, we concluded the relative differential meta-
bolites in roots and leaves, respectively (Table 2 and Table 3).

2.3. Primary metabolic pathway and metabolites analysis

One strategy of plants to tolerate low nitrogen stress may relate to
carbohydrate transport and accumulation. Chen et al. (2015) reported
that plants accumulate a large amount of sugar in the early stages of
aging in low nitrogen stress, a condition which is obviously manifested
as carbon-nitrogen imbalance. In addition, more sucrose is transported
to the roots and it is involved in the root growth regulation, whereby
the roots provide carbon sources and energy to plants in stressful
conditions (Krapp et al., 2011). In this research, we found statistically
differences in carbohydrate levels in Isatis roots. ADP-glucose, mal-
totriose and glycogen were found in relatively high concentrations in
RN-h. L-arabinose abundance was significantly altered in roots and
leaves. L-arabinose is an important constituent of Radix Isatidis poly-
saccharide (RIPS) (Jia et al., 2016). Interestingly, in this study, levels of
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L-arabinose were high in N-deficient treatments in Isatis leaf, which the
trend was opposite to that in roots. L-arabinose is a good carbon source
in plants, and it has a key function in nitrogen-fixation (Novick and
Tyler, 1982).Thus, we speculate that the changes in L-arabinose
abundance were related to up-regulation in carbohydrate synthesis of
Isatis leaf under low N conditions.

The high flexibility of the amino acid library is the embodiment of a
plant's ability to adapt to the external environment. We found that the
abundances of L-citrulline, L-proline and S-adenosyl-L-homocysteine
were significantly changed in roots; the contents showed a trend of first
decreasing and then increasing with a decrease in nitrogen availability.
Amino acid content is closed related to nitrogen, yet some amino acids
also act as regulators to alleviate abiotic stress (Dietz and Sharma,
2006).According to a study on Arabidopsis, L-citrulline produces N
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Fig. 1. Score scatter plot for PCA model TOTAL with
QC of all samples under different nitrogen levels. The
abscissa PC [1] and the ordinate PC [2] represent the
scores of the first and second ranked principal com-
ponents, respectively, and the scatter color and shape
represent experimental groupings of the samples. The
differences between the visible groups are sig-
nificantly different on the top principal components.

W oc The samples are all within the 95% confidence in-
BN terval (Hotelling's T-squared ellipse).
HRN

30 40

compounds in specific tissues to serve as endogenous N sources for
growth (Ludwig, 1993). L-proline is related to plant cell osmotic reg-
ulation in stress conditions (Singh et al., 2002). L-glutamate and L-
tryptophan in leaves showed an opposite trend. An increase in L-tryp-
tophan content in N-deficiency conditions is probably associated with
amino acids acting synergically to mitigate N-deficiency damage of
plants. Purine metabolism is part of nitrogen metabolism, and the re-
lative metabolites synthesis is closely linked to nitrogen availability
(Ma et al., 2016). We found that the abundances of adenosine, deox-
yadenosine and hypoxanthine were significantly different both in roots
and leaves. Only adenosine accumulated in N deficiency. Adenosine is a
principal nucleoside in Lindigotica, which has the effect of enhancing
immunity (Zuo et al., 2007).The accumulation of adenosine may be
related to purine metabolism acting to regulate nitrogen and reactive
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Fig. 2. Volcano plots of differential metabolites in nitrogen deficiency treatments. Each point in the volcano plot represents a metabolite, the abscissa represents the
fold change of the group compared to the substance (take the base 2 logarithm), and the ordinate represents the p-value of the Student's t-test (take the base 10
Logarithm), the size of scatter represents the VIP value of the OPLS-DA model. The larger the scatter is, the larger the VIP value. The scatter color represents the final
screening result, the significantly up-regulated metabolites are shown in red, the significantly down-regulated metabolites are shown in blue, and the non-sig-

nificantly different metabolites are gray.



Y.-W. Cao, et al.

Impact

= ®
z .
= 214
= ®
= ® ~-Log10(p value
@@ ]
®og
i ~
. 0 oo
o 1 2 3
Impact RN-z vs. RN-n
A: Riboflavin metabolism
and absorption
E: Cysteine and methionine metabolism
F: Bi nth s of secondary metabolites
Ug:
J: Arginine and proline metabolism
®
®
Impact
: B 1n
s ! /
ES
3 Log10(p value)
.
0 <\
P
o 3 3
LN-z vs. LN-n

ol biosynthesis

I: Betalain biosynthesis
J: Metabolic pathways

Phytochemistry 166 (2019) 112058

®
® .
® Impact
@) 0
0.5 ® ( ) =
® ®
@@ Log10(p value)
{
: 20 oo
0 1 3
Impact RN-h vs. RN-n
A: Purine metabolism
B: Starch and sucrose metabolism
C: Carbapenem blosynthesis
al
G: Arginine and proline metabolism
H: Biosynthesis of unsaturated fatty acids
I: Glycerophospholipid metabolism
J: Arginine biosynthesis
®
®
Impact
‘x:‘ N Q@ ) an
= ®
k3 ® -Log10(p value)
®® ]
()
Q,
0 ) C@_I) O
=
0 1 2 3 i
Impact LN-h vs. LN-n

A: Pentose and glucuronate interconversions.

B: Ascorbate and aldarate metabolism

metabolism

Fig. 3. The bubble plots of differential metabolic pathway in nitrogen deficiency. Each bubble represents a metabolic pathway respectively, the abscissa and the size
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bubble and the bubble color indicated the p value (take negative natural logarithm, Inp-value) in the enrichment analysis, the deeper the color, the smaller the p

value, and the more significant the enrichment.

oxygen metabolism to alleviate damage (Brychkova et al., 2008;
Koprivova et al., 2008). However, further studies are needed to in-
vestigate the regulatory mechanism of purine metabolism in nitrogen
deficiency conditions.

2.4. Specialized metabolic pathway and metabolites analysis

With respect to higher plants, the shikimate acid pathway could
provide precursor substances for some special amino acids and various
secondary metabolites (Herrmann, 1995).The downstream pathways
include tryptophan metabolism, phenylpropanoids biosynthesis, and
flavonoid biosynthesis, etc. (Herrmann and Weaver, 1999). We found
the differential metabolite related to the shikimate acid pathway was
dopamine, and dopamine content in the LN-n group was significantly
higher than that in the low-nitrogen group in leaves. Dopamine is an
intermediate for the synthesis of alkaloids and its synthesis is closely
linked to tyrosine. Dopamine has stress resistance functions (Swiedrych
et al., 2004), and it regulates plant growth by affecting the oxidation
process of IAA (Elstner et al., 1976). Associated with the high content of
L-tryptophan in N-deficient conditions, we speculate that the up-reg-
ulation of tryptophan metabolism and insufficiency of its precursor
tyrosine which was due to low nitrogen application may explain the
steep change in dopamine abundance.

In addition to physiological functions, some specialized compounds
in herbs may also be potential medicinal ingredients. Matairesinol and

dictamnine are validated to have antitumor and antiviral effects, ma-
tairesinol is also a potent inhibitor of HIV Type-1 Integrase (Fischer
et al., 2004). The abundances of matairesinol and dictamnine were
significantly in roots in nitrogen deficiency. As a down-stream pro-
duction of phenylpropanoid biosynthesis, sinapyl alcohol is also an
important secondary metabolite in Lindigotica, which was proved to
have anti-inflammatory and ant nociceptive effects (Choi et al., 2004).
Its content is positively correlated with the content of cinnamic acid
(Crosby, 2005). We found that 3, 5-dimethoxy-4-hydroxycinnamic acid
and sinapyl alcohol both accumulated in low-N stress. This accumula-
tion was possibly related to a reduction in demand for organic acids in
low-N conditions and an accumulation of organic acids (Paul and
Driscoll, 2010).

Flavonoid biosynthesis is a major part of plant secondary metabo-
lism. Derived from the phenylpropanoid pathway, the flavonoid
pathway is hypothesized to have evolved for protection against abiotic
stresses by regulating the content of flavonoid (Albert et al., 2018).
Flavonoids are also important bio-active compounds in medicinal
plants, and they have variety of physiological effects, such as anti-
oxidation, anti-cancer and anti-virus (Albert et al., 2018; Zhang et al.,
2015).We found that the metabolic pathway of flavonoids was induced
only in leaves by N-deficiency and low nitrogen. The accumulations of
vitexin and xanthohumol were enhanced, by about 1.5 to 3-fold-
between low-N treatments and CK. The isomer of vitexin, isovitexin is
the main flavonoids of Lindigotica and is responsible for the antitumor
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Table 1
Related differential metabolites and the relative content identified in roots between the nitrogen deficiency treatments and CK.
Differential metabolites metabolic pathway RN-z RN-h RN-n
Adenosine Purine metabolism 3.1275 6.8881 0.9724
Deoxyadenosine Purine metabolism 7.2720 4.9004 11.9217
Hypoxanthine Purine metabolism 0.5072 0.4723 1.9469
L-Gitrulline Agrine metabolism 1.4217 0.7875 5.2285
Ribitol Riboflavin metabolism 0.3824 0.3191 0.2893
Riboflavin Riboflavin metabolism 0.0712 0.0854 0.1066
Maltotriose Carbohydrate digestion and absorption 2.6778 4.0549 4.4395
5-Hydroxyindoleacetate Tryptophan metabolism 1.0192 1.1472 0.4855
Matairesinol Biosynthesis of phenylpropanoids 0.3302 0.2307 0.1659
Dictamnine Biosynthesis of alkaloids derived from shikimate pathway 0.0733 0.0641 0.0354
Glycerophosphocholine Glycerophosphlipid metabolism 0.0332 0.0333 0.0658
Prunasin Cyanoamino acid metabolism 0.0800 0.0853 0.0345
ADP-glucose Amino sugar and nucleotide sugar metabolism 0.0486 0.0753 0.0208
Starch and sucrose metabolism
L-Arabinose Amino sugar and nucleotide sugar metabolism 0.0960 0.0710 0.1489
Glycogen Starch and sucrose metabolism 0.0357 0.0532 0.0420
Carbohydrate digestion and absorption
4-Guanidinobutyric acid ; Agrine and proline metabolism 3.4244 2.8916 4.8994
L-Proline Agrine and proline metabolism 0.8593 0.5766 1.4069
Carbapenem biosynthesis
Traumatic acid alpha-linolenic acid metabolism 0.0392 0.0405 0.6521
Eicosapentaenoic acid Unsaturated fatty acids metabolism 0.0686 0.0763 0.1419
S-Adenosyl-L-homocysteine Cysteine and methionine metabolism 0.3255 0.2422 0.4603

effect (Zou et al., 2005). Similarly, xanthohumol is also validated to
have anti-cancer and anti-tumor effects (Wang et al., 2004).

Most plant research of tryptophan metabolism concerns its defen-
sive function, which produced toxic metabolites in common with phe-
nylpropanoids (Ishihara et al., 2008; Nomura et al., 2002; Zhao and
Last, 1996). In addition, tryptophan metabolism is closely related with
the biosynthesis of indole alkaloids in several plants, such as Arabidopsis
and Lindigotica (Maugard et al., 2001). Here we found that the con-
centration of 5-hydroxytryptamine (serotonin) in roots was higher in
low nitrogen treatments (Table 1). Being synthesized from tryptophan,
5-hydroxytryptamine has a vital function in tryptophan metabolism to
alleviate biotic and abiotic stress (Ishihara et al., 2008). Pharmacolo-
gical studies show that 5-hydroxytryptamine also has an important
neuromodulatory function in physiological responses and mental pro-
cesses in human (Hensler, 2012).

2.5. Contents of indictor components based on metabolomics data

As is shown in Fig. 4, the contents of indirubin-indigo and

Table 3

List of sampling information of root and leaf of Lindigotica.
index Nitrogen level Nitrogen amount kg/hm? Organ
LN-z severe nitrogen deficiency 0 Leaf
LN-h medium-nitrogen deficiency 337.5
LN-n Normal-nitrogen (CK) 675
RN-z severe nitrogen deficiency 0 Root
RN-h medium-nitrogen deficiency 337.5
RN-n Normal-nitrogen (CK) 675

anthranilic acid was maintained at high levels under LN-z, and there
was a similar trend with an increase in nitrogen levels: a steep decrease
then slight increase. A similar trend for indirubin-indigo abundance was
also observed in roots. Although epigoitrin content was not high and
did not vary significantly in leaves, a distinct trend was observed in
roots—first a decrease then an increase with the decrease of N levels.
The content of anthranilic acid showed positive correlations with ni-
trogen levels in roots and the content was the highest in RN-n. An-
thranilic acid and indirubin-indigo are recognized as main bioactive

Table 2
Related differential metabolites and the relative content identified in leaves between the nitrogen deficiency treatments and CK.

Differential metabolites metabolic pathway LN-z LN-h LN-n

L-Arabinose Pentose and glucuronate interconversions 1.1709 1.2335 0.6721
Ascorbate and aldarate metabolism

Glycerol Pentose and glucuronate interconversions 2.2697 2.7722 1.6469

Ribitol Pentose and glucuronate interconversions 0.9405 1.6283 0.1765

L-Threonine Ascorbate and aldarate metabolism 3.9229 2.7810 4.2008

Adenosine Purine metabolism 3.5233 3.4536 1.5008

Deoxyadenosine Purine metabolism 18.0737 12.3745 24.5579

Hypoxanthine Purine metabolism 0.9451 0.7762 1.4389

L-Glutamate Alanine, aspartate and glutamate metabolism 0.7398 0.8032 1.4367
Biosynthesis of plant secondary metabolites

Vitexin Flavone and flavonol biosynthesis 34.1606 25.6962 22.9451
Flavonoid biosynthesis

Xanthohumol Flavone and flavonol biosynthesis 0.5990 1.0521 0.3456

3,5-Dimethoxy-4-hydroxy-cinnamic acid Phenylpropanoid biosynthesis 5.6138 2.6434 1.5430

Sinapyl alcohol Phenylpropanoid biosynthesis 5.4348 5.1813 3.0867

Dopamine Betalain biosynthesis 6.3209 20.5738 53.5003
Biosynthesis of alkaloids derived from shikimate pathway

L-Tryptophan Biosynthesis of alkaloids derived from shikimate pathway 2.2762 2.9887 1.9359

Phenylpropanoid biosynthesis
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Fig. 4. Relative contents of anthranilic acid, epigoitrin and indirubin (indigo) in Isatis leaf and Isatis root under different nitrogen levels. (a) Isatis leaf; (b) Isatis root.

compounds in Isatis leaf, while in Isatis root was epigoitrin. Our results
showed that low nitrogen application enhanced accumulation of these
quality components.

3. Conclusion

In this investigation, Lindigotica was cultivated in nature conditions
in the field, with the changes in metabolites thereof being more com-
plex and variable. Thus our investigation has a more practical meaning
for the popularization and application of low-nitrogen conditions.

By employing LC-MS/MS metabolomics profiling with multivariate
analysis methods, this research has clearly shown the biochemical re-
sponse of Lindigotica in nitrogen deficient conditions. The roots had a
more positive role in low-N tolerance. Purine metabolism was tightly
correlated with nitrogen levels. Analogously, specialized metabolic
pathways such as phenylpropanoids biosynthesis, the shikimate
pathway, tryptophan metabolism and flavonoid biosynthesis were in-
duced to adapt to the low-N conditions. Carbohydrate content was
maintained at high levels in medium-nitrogen deficiency. The different
distribution of L-arabinose between roots and leaves may be related to
low-N tolerance. Severe and medium nitrogen treatments were nega-
tively correlated with the accumulations of most amino acids, whereas
L-tryptophan accumulated under low-N stress. The contents of L-proline
and L-citrulline showed steep increases in severe-N treatment compared
with medium-N treatment, a response which may be related to their
special functions in alleviating cell damage. The amino acids were
speculated to act synergistically to regulate low-N stress.

The up-regulation of specialized metabolic pathway is thought to be
a plant adaptive mechanism to stress, such as salt stress, drought stress
and nutrient stress. We found that some specialized metabolites, such as
matairesinol and dictamnine 5-hydroxytryptamine (serotonin), vitexin,
xanthohumol, sinapyl alcohol were maintained at high concentrations
in N-deficiency treatments. Most of these metabolites have been vali-
dated to have pharmacological activities, and presumably be the po-
tential medicinal constituents of ILindigotica. Quality indicators: in-
dirubin-indigo, epigoitrin and anthranilic acid were negatively
correlated with nitrogen level, and their concentrations were main-
tained relatively high in low nitrogen treatments. Similarly, vitexin
notably accumulated in LN-z and LN-h. Vitexin and isovitexin are the
main active-flavonoids in Lindigotica. Thus, we speculate that the
moderate nitrogen deficiency induced the accumulation of pharmaco-
logically related metabolites and had a positive effect on the medicinal
value of Lindigotica.

4. Experimental
4.1. Chemicals

Chemicals: indigo, indirubin and (R,S)- epigoitrin (National
Institute for Food and Drug Control, China).

Reagents: Methanol, acetonitrile, ammonium acetate, ammonium
hydroxide (CNW Technologies, LC-MS grade), 2-Chloro-L-phenylala-
nine (Shanghai Hengbai Biotech Co., Ltd).

4.2. Plant material culture

Field experiments were performed at Jurong Country, Jiangsu
Province, China (120°E, 32°N). The soil had an organic matter content
of 10.03gkg ™!, a total nitrogen content of 0.80 g/Kg and pH of 6.3.
The experimental material was Isatis indigotica Fortune from Shanxi
province, China. Seeds of Lindigotica were sown on April 16, 2017
(warm season). Lindigotica plants were subjected to the following three
treatments: severe nitrogen deficiency (0kg/hm?), medium nitrogen
deficiency (337.5kg/hm?) and normal nitrogen application (665 kg/
hm?) (Table 1). Phosphorus and potassium fertilizers were treated in
the same amount, which were all KH,PO,4 180 kg/hmz. Quadruplicate
experiments were carried out for each treatment. There were 12 plots
with a size of 1.5m X 4 m. Random block design was used for routine
field management. Both nitrogen fertilizer and phosphorus potassium
fertilizer were applied twice with the same amounts each time. The first
topdressing was on June 16, 2017 and the second topdressing was on
Sept.16, 2017. Nitrogen fertilizer, phosphorus and potassium fertilizer
were urea (nitrogen 46%) and KH,PO, (including P 26.7%, including K
16.4%), respectively.

Sample were collected on Dec.16, 2017 (ten individual plants were
randomly selected from each plot), the samples were washed and dried
to measure the leaf and root fresh weight, and placed in an oven at
105 °C for 15 min, then dried to constant weight at 60 °C. The dry leaves
and roots were pulverized with a pulverizer and the powders were
sieved through 60 mesh (250 pm) and 100 mesh (180 um), respectively
for metabolomics analysis.

4.3. Sample extraction

Approximately 30 mg of sample was transferred to a EP tube, then
1 mL extraction liquid (V methanol: V acetonitrile: V water = 2:2:1,
which was kept at —20 °C before extraction) was added and 5 pL in-
ternal standard (IS, 2-Chloro-L-phenylalanine). The extraction was re-
peated three times for each treatment. The mixtures were homogenized
in a ball mill for 4 min at 45Hz, and then subjected to ultrasound for
5min (incubated in ice water). After homogenization for three times,
the solutions were incubated for 1 h at —20 °C to precipitate proteins.
Then solutions were centrifuged at 12000 rpm for 15 min at 4 °C and the
supernatants (500 pL) were transferred into fresh EP tubes. The extracts
were dried in a vacuum concentrator without heating, then dissolved by
adding 500 pL extraction liquid (V acetonitrile: V water = 1:1) and
vortexing for 30s followed by ultra-sonication 10min (4 °C water bath).
The solutions were centrifuged for 15 min at 12000 rpm (4 °C), and then
the supernatants (60 uL) were transferred into fresh 2 mL LC/MS glass
vials. Aliquots of 10 uL were taken from each sample and pooled as QC
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samples. Aliquots supernatant (60 pL) and the QC samples were used
for UHPLC-QTOF-MS analysis.

4.4. LC-MS/MS analysis

LC-MS/MS analysis was performed with an UHPLC system (1290,
Agilent Technologies) and a UPLC BEH Amide column (1.7 pum
2.1*100 mm, Waters) coupled to TripleTOF 5600 (Q-TOF, AB Sciex).
The mobile phase consisted of 25 mM NH4OAc and 25 mM NH,4OH in
water (A) and acetonitrile (B) was carried with elution gradient as
follows: 0 min, 95% B; 7min, 65% B; 9 min, 40% B; 9.1 min, 95% B;
12 min, 95% B, which was delivered at 0.5 mLmin~'. The injection
volume was 2 pL. The Triple TOF mass spectrometer was used because
of its ability to acquire MS/MS spectra on an information-dependent
basis (IDA) during an LC/MS experiment. In this mode, the acquisition
software (Analyst TF 1.7, AB Sciex) continuously evaluates the full scan
survey of MS data as it collects and triggers the acquisition of MS/MS
spectra depending on preselected criteria. In each cycle, 12 precursor
ions with intensity greater than 100 were chosen for fragmentation at
collision energy (CE) of 30V (15MS/MS events with product ion ac-
cumulation time of 50 msec. each). ESI source conditions were set as
following: ion source gas 1 as 60 Psi, ion source gas 2 as 60 Psi, curtain
gas as 35 Psi, source temperature 650 °C, Ion Spray Voltage Floating
(ISVF) 5000 V or —4000 V in positive or negative modes, respectively.

4.5. Data preprocessing and annotation

MS raw data files were converted to the mz XML format using
Proteo Wizard, and processed by R package XCMS (version 3.2). The
preprocessing results generated a data matrix that consisted of the re-
tention time (RT), mass to-charge ratio (m/z) values, and peak in-
tensity. R package CAMERA was used for peak annotation after XCMS
data processing. An in-house MS2 database was applied in metabolites
identification. Metabolites putatively identified in leaves and roots of
Lindigotica in different nitrogen treatments were subject to principle
component analysis (PCA) and orthogonal partial least square dis-
criminant analysis (OPLS-DA) using SIMCA14.1 chemometric software
package. The differential metabolites screened by the OPLS-DA were
compared with the Kyoto Encyclopedia of Genes and Genomes (KEGG)
Pathway Database. The relative content of each metabolites was cal-
culated based on the peak area of the internal standard.
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