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Integrative physiological and metabolic 
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flowers in response to nicotine stress
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Abstract 

Background Chamomile (Matricaria recutita L.) is an important economic crop after tobacco (Nicotiana taba-
cum L.) cultivation. The nicotine released into the soil during tobacco cultivation has an impact on various aspects 
of chamomile growth, including plant height, flowering period, flower yield, and flower quality. We aimed to examine 
the effects of physiological and metabolic response of chamomile under different concentrations of nicotine stress.

Results The study revealed that chamomile growth was positively influenced by nicotine concentrations of 1.0 μg/g 
(N-1) and 10.0 μg/g (N-10). However, higher nicotine concentrations of 100.0 μg/g (N-100) and 500.0 μg/g (N-500) 
were found to induce stress as the highest levels of antioxidant enzyme activities and malondialdehyde (MDA) 
levels were observed under this treatment. In addition, it was observed that nicotine was transported from the roots 
to other organs during the entire growth period of chamomile and the nicotine levels reached saturation 
under N-100 treatment. A total of 1096 metabolites were detected by ultra-high-performance liquid chromatogra-
phy-coupled tandem mass spectrometry (UHPLC–MS/MS) analysis, and 48 differentially expressed metabolites (DEMs) 
were identified among the groups via widely targeted metabolomics studies. The response of chamomile flowers 
to nicotine stress is associated with the presence of flavonoids, phenolic acids, organic acids, and other substances. 
Metabolic regulation under nicotine stress primarily involves processes, such as aminoacyl-tRNA biosynthesis, ABC 
(ATP-binding cassette) transporter activity, glyoxylate and dicarboxylate metabolism and pyrimidine metabolism.

Conclusions This report presents the first findings on how nicotine affects the metabolism of chamomile. It also pro-
vides a comprehensive understanding of how crops can resist nicotine stress from a metabolic perspective.
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Introduction
Chamomile (Matricaria recutita L.), also known as 
mother chrysanthemum, belongs to the Asteraceae fam-
ily and is an annual herb with sweet, fruity, and slightly 
bitter flowers. It is widely used in the spice and food 
industries [1, 2]. Chamomile flowers are abundant in 
chamazulen and α-bisabolol, which possess antibacterial, 
anti-inflammatory, wound healing, and mood-regulating 
properties. Consequently, they are frequently employed 
for medicinal purposes [3]. Chamomile is rich in flavo-
noids, including apigenin, luteolin, and their aglycones, 
which have strong antioxidant activity. As a result, they 
are frequently used in the production of cosmetics [4].

Tobacco is a globally valuable cash crop, with approxi-
mately 4.5 million hectares of land dedicated to its cul-
tivation, producing approximately 6 million tons [5, 6]. 
During the cultivation process, a portion of the nicotine 
synthesized by the root system is released into the soil, 
and the leaching of tobacco wilting as well as the return 
of tobacco waste to the field can also introduce nico-
tine into the tobacco-growing soil. Furthermore, crops 
can absorb and transport nicotine, leading to damage to 
the soil microenvironment and compromising the qual-
ity and safety of subsequent crops [7]. Research on the 
effects of nicotine on plants has shown that it can cause 
oxidative stress response in cells and alter protein con-
tent [8], thus resulting in reduced yields of maize (Zea 
mays L.) [9] and affecting the taste of broad bean (Vicia 
faba L.), as well as the phenotype of pepper (Capsicum 
annuum L.) [10, 11]. If other crops are planted in the soil 
after tobacco planting, the residual nicotine in the soil 
can affect the quality of the planted crops and pose food 
safety risks.

Chamomile is a popular crop for post-tobacco plant-
ing as it helps to improve the soil microenvironment, 
increase land utilization, and boost the economic ben-
efits of tobacco farmers. However, it is important to 
note that chamomile is sensitive to abiotic stress, such 
as heavy metals, heat damage, cold damage, and natural 
poisons. These factors can easily affect the quality of its 
essential oil [12, 13]. Therefore, the presence of nicotine 
in soil can potentially affect the primary and secondary 
metabolisms of chamomile. However, current stud-
ies are mainly focusing on exploring the sensory, phe-
notypic, and physiological characteristics of crops after 
tobacco use [10, 11].

To the best of our knowledge, this investigation repre-
sents the first attempt to elucidate the metabolic mecha-
nism underlying the response of varieties of chamomile 
to nicotine-induced stress. Based on the phenotype and 
physiological characteristics of chamomile under nico-
tine stress, the metabolic response of chamomile to nic-
otine stress after tobacco planting was analyzed using a 
broadly targeted metabolomics approach. The objective 
of this study was to examine the effects of physiologi-
cal and metabolic response of chamomile under differ-
ent concentrations of nicotine stress The findings of this 
study can provide useful insights into the mechanism of 
crop responses to nicotine stress.

Materials and methods
Plant materials and reagents
Deionized water was prepared by a Milli-Q water puri-
fication system (Millipore, Bedford, MA, USA). LC–MS 
grade acetonitrile, methanol, formic acid and nicotine 
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(Purity > 99.9%) were purchased from Merck (Darmstadt, 
Germany).

Chamomile seeds were purchased from Muxi Vanilla 
Plantation, Shangqiu City, Henan province, China. Nico-
tine concentration gradients were divided into five sam-
ple groups based on field measurements of nicotine in 
tobacco-growing soil for different years of continuous 
cropping: 0 μg/g (CK), 1.0 μg/g (N-1), 10.0 μg/g (N-10), 
100.0 μg/g (N-100) and 500.0 μg/g (N-500). The red soil 
was utilized in our experiment with pH 6.3, which was 
commonly employed for tobacco cultivation, and the 
alkali-hydrolyzable nitrogen, available phosphorus, avail-
able potassium, and organic matter (OM) contents of 
176.1, 135.8, 143.9 and 44.0 μg/g, respectively. The native 
soil was screened and mixed with fine sand. Chamomile 
seedlings were cultivated in a 1:3 sand–soil mix. After-
wards, chamomile seedlings with uniform growth were 
carefully chosen and transplanted into plastic pots meas-
uring 15 cm in diameter and 25 cm in height. After the 
seedlings were stabilized for 7  days, varying concentra-
tions of nicotine solution were applied evenly to the soil 
only once and pure water was used as control (CK). Each 
pot contained two plants and three biological replicates 
were collected. During this period, the flowering time, 
the number and weight of flowers were recorded.

Analysis of antioxidant enzyme activities and lipid 
peroxidation product content
The measurement of indicators of the antioxidant 
enzyme system includes evaluating the levels of superox-
ide dismutase (SOD), peroxidase (POD), catalase (CAT), 
and the lipid peroxidation product malondialdehyde 
(MDA), which were measured according to Lei et al. [14].

Determination of nicotine content in various organs 
of chamomile
Samples preparation
Samples of various organs of chamomile (seedling organs 
include root and leaf; flowering organs include root, 
stem, leaf, and flower) were collected separately. The 
samples were quickly frozen in liquid nitrogen and then 
ground and crushed in a mortar. The resulting material 
was transferred to a 50  mL frozen centrifuge tube and 
then lyophilized for 48 h in a freeze dryer (vacuum 18 Pa, 
temperature – 6 ℃). Finally, the samples were stored in 
a –  80  ℃ ultra-low-temperature refrigerator. Nicotine 
content in plants was adjusted appropriately according to 
the method of Lozano et  al. [7]. Briefly, the above sam-
ples were accurately weighed 6.00 g and transferred into 
a 50 ml centrifuge tube, moistened with 5% NaOH solu-
tion and incubated for 15  min. Then, 30  mL of a 0.01% 
triethylamine–methyltert-butyl ether solution was added 

into each tube and extracted with sonication for 20 min. 
After centrifugation at 6000 rpm for 5 min, 10 mL of the 
organic phase was transferred to a KD bottle and con-
centrated to 1 mL at 35 °C using a rotary evaporator. For 
purification, 0.5 g of anhydrous sodium sulfate and 20 mg 
of primary secondary amine (PSA) filler were added and 
allowed to stand for 15  min. The mixture was filtered 
through a 0.22  μm polytetrafluoroethylene (PTFE) filter 
and the filtrate was transferred to a 2 mL brown sample 
vial for gas chromatography–mass spectrometry (GC–
MS) analysis.

GC–MS analysis
The samples were analyzed by an Agilent 5977B MSD 
mass spectrometer coupled to an Agilent 7890B GC 
(Agilent Technologies, USA) and equipped with an HP-
5MS capillary column (30 m × 0.25 mm × 0.25 μm). Sepa-
ration was achieved with a temperature program of 70 ℃, 
and then increased to 120 ℃ and 260 ℃ at constant ratios 
of 5  ℃/min and 1  ℃/min, respectively. The oven was 
kept at 260 ℃ for 7 min and the inlet temperature were 
held at 250 ℃. The flow rate of high-purity helium gas 
(≥ 99.999%, China) was 1.1 mL/min and the injection vol-
ume was 2 μL. The Collision energy was 70 eV. The tem-
peratures for the ion source and MS transfer lines were 
maintained at 230 ℃ and 280 °C, respectively. The scan-
ning mode was selected ion monitoring (SIM), while the 
scanning speed was optimized to 5 spectra/s. The solvent 
delay was set to 6.0 min.

Widely targeted metabolomics analysis
Samples preparation and extraction
For metabolomics detection by UHPLC–MS/MS, fresh 
chamomile flowers, including stamens, pistils, petals, 
calyxes, receptacles, and ovaries, were collected by cut-
ting them from the flower stem, snap-frozen in liquid 
nitrogen, ground, and pulverized. The material was 
transferred to a 15 mL frozen centrifuge tube and stored 
at a temperature of – 80 ℃ in an ultra-low-temperature 
refrigerator. Samples were processed and extracted as 
reported previously [15, 16]. Briefly, 100 mg freeze-dried 
sample powder was weighed and added into 1.0 mL 70% 
methanol solution and extracted at 4 ℃ for 24  h. After 
centrifuging at 10000 r/min for 10 min, the supernatant 
was injected into a Vanquish UHPLC system (UHPLC, 
SHIMADZU CBM30A; MS/MS, Applied Biosystems 
6500 QTRAP). In the course of instrumental analysis, 
quality control (QC) samples were generated by pooling 
equal volumes amounts of sample extracts. To ensure the 
consistency and accuracy of the analysis process, one QC 
sample was included for every 5 test analysis samples to 
evaluate the repeatability of the analytical process.
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UHPLC–MS/MS analysis
The samples were analyzed using UHPLC–MS/MS 
system based on the previously reported instrument 
parameter setting [15, 17]. The liquid chromatographic 
separation was achieved on a Waters ACQUITY UPLC 
HSS T3 column (2.1 × 100  mm, 1.8  µm). The UHPLC 
system employed a mobile phase composed of 0.04% 
acetic acid in water (A) and 0.04% acetic acid in acetoni-
trile (B). The solvent gradient program was set as follows: 
95% A (0 min), 5% A (11.0 min), 5% A (12.0 min), 95% A 
(12.1 min), 95% A (15.0 min). The column oven tempera-
ture was set at 40 ℃, and the flow rate was maintained 
at 0.4 mL/min. The injection volume was 2 μL. The efflu-
ent was connected to an ESI–triple–quadrupole-linear 
ion trap (QTRAP)–MS. API 6500 Q-TRAP UHPLC/
MS/MS System was operated in both positive and nega-
tive ion mode. The ESI source operation parameters were 
as follows: ion source, ESI turbo spray; source tempera-
ture 550 ℃; Ion spray voltage (IS) 5500  V (positive ion 
mode)/− 4500 V (negative ion mode); Curtain gas (CUR) 
was set at 25.0 psi. The collision-activated dissocia-
tion was high. Declustering potential (DP) and collision 
energy (CE) for individual MRM transitions were done 
with further DP and CE optimization. For each period, a 
specific set of MRM transitions were monitored based on 
the metabolites that were eluted during that period.

Data analysis
The raw data files generated by UHPLC–MS/MS were 
processed using Analyst 1.6.1 (AB SCIEX). Principal 
component analysis (PCA) and Orthogonal Partial Least 

Squares–Discrimination Analysis (OPLS–DA) were per-
formed using SIMCA software (14.1 version, Umetrics 
AB, Umea, Sweden). The quality and reliability of mod-
els are typically evaluated using three parameters:  R2X, 
 R2Y, and  Q2. If the values of these parameters are close 
to 1.0, it indicates that the model has excellent fitting and 
predictive capability [18]. Kruskal–Wallis nonparametric 
test and significance test were analyzed using SPSS 26.0 
software (IBM, Chicago, USA). Potential markers were 
screened by the combination of variable importance in 
projection (VIP) value (VIP > 1) and Kruskal–Wallis non-
parametric test (p < 0.05) [19]. Hierarchical cluster analy-
sis (HCA) and heat map analysis (HMA) performed with 
Multiexperiment Viewer 4.9.0 software (J. Craig Venter 
Institute, La Jolla, CA, USA). MBROLE 3.0 (http:// csbg. 
cnb. csic. es/ mbrol e3/) and the Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway database were uti-
lized to analyze metabolic pathway enrichment (https:// 
www. kegg. jp/ kegg/ pathw ay. html). The significance was 
determined by hypergeometric test threshold p values.

Results
The effect of nicotine treatment on the plant phenotypes, 
flowering time and number
Nicotine showed significant effects on the phenotypes 
of chamomile both seedlings and flowering stages, with 
varying performance depending on the concentration. 
Chamomile growth was enhanced during the seedling 
stage under the N-1 and N-10 treatments (Fig.  1A). 
However, the plants showed yellowish leaves under N-1 
treatment, whereas showed the most favorable growth 

Fig. 1 Phenotypes of chamomile under nicotine stress. Seedling phenotype (A); flowering phenotype (B)

http://csbg.cnb.csic.es/mbrole3/
http://csbg.cnb.csic.es/mbrole3/
https://www.kegg.jp/kegg/pathway.html
https://www.kegg.jp/kegg/pathway.html
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status after N-10 treatment. On the other hand, plants 
subjected to N-100 and N-500 treatments were shorter 
and displayed a growth pattern similar to the CK. As 
for flowing stage (Fig.  1B), chamomile flowers nor-
mally under all treatments during the flowering stage. 
Compared to the CK, flowers exposed with N-100 and 
N-500 displayed smaller size, faster fading, and with-
ered leaves. However, when treated to lower concen-
trations (N-1 and N-10), the plants exhibited positive 
growth with green, yellow, and white colors, and did 
not experience withering. There was no significant dif-
ference observed between the treatment groups and the 
CK. As the nicotine concentration increased, there was 
a noticeable increase in leaf shedding and flower decay.

Nicotine showed significant effects on flowers 
(Table 1). With the increase in nicotine concentration, 
the flowering time of chamomile was delayed com-
pared with CK. The most obvious was that the flower-
ing period was delayed by 9 and 10  days under N-100 
and N-500, respectively, and the number and weight of 
flowers showed a decreasing trend. Compared with CK, 
the number and the weight of flowers were insignifi-
cant under N-1 and N-10. But decreased significantly 
by more than half and decreased significantly by 30.1% 
under N-500.

Response of chamomile antioxidant system and MDA 
content under nicotine
The activity of antioxidant enzymes in plants can be 
enhanced to maintain plant life under unfavorable con-
ditions. Superoxide dismutase (SOD) levels were sig-
nificantly higher in the N-100 and N-500 treatments 
compared to the control group (CK). Similarly, peroxi-
dase (POD) and catalase (CAT) levels were also high-
est in the N-100 and N-500 treatments (Fig.  2). These 
findings suggest that the chamomile antioxidant system 
is activated in the presence of high nicotine concentra-
tions, enabling antioxidant enzymes to facilitate nor-
mal plant growth. In this study, elevated levels of MDA, 
the product of membrane lipid peroxidation, were 
observed in both N-100 and N-500 treatments.

Content of nicotine in chamomile plants in different 
periods
Based on the phenotypic characteristics and plant antiox-
idant system, it was confirmed that the plant was indeed 
under stress. Subsequently, we conducted a comprehen-
sive investigation of the distribution of nicotine in cham-
omile at different growth stages. Nicotine was primarily 
concentrated in the roots, with a smaller portion being 
transported to the leaves (Fig.  3A). Furthermore, as the 
concentration of nicotine increases, the accumulation of 
nicotine in both the roots and leaves of chamomile also 
increased. It was observed that the plant reaches a satu-
ration point for nicotine accumulation when the concen-
tration reaches 100 μg/g. The distribution of nicotine in 
chamomile plants at the flowering stage in comparison 
with the seedling stage, nicotine was transported to other 
organs through the root system. The accumulation of nic-
otine in the root system was relatively decreased, while 
the accumulation in the leaves was relatively increased 
(Fig. 3B). In addition, it implies that low-concentration of 
nicotine treatment has a positive effect on the growth of 
chamomile during the seedling stage (Fig. 1A). However, 
plants treated with high concentrations of nicotine dur-
ing the flowering stage exhibited yellow stems, withered 
leaves, and early flower decline (Fig. 1B).

Widely targeted metabolomics analysis
The chromatograms of samples collected under MRM 
mode on UHPLC–MS/MS platform are shown in Fig. 4A 
(positive ion mode) and Fig. 4B (negative ion mode). The 
overlap of total ion flow chromatograms detected by 
metabolites in QC samples were high (Fig. 4C, D), indi-
cating that the data obtained in the experiment had good 
repeatability and high reliability.

Univariate analysis
Kruskal–Wallis test demonstrated significant differences 
in the metabolites (p < 0.05), indicating that they may 
serve as the distinctive metabolites of chamomile under 
the stress of nicotine. Compounds with a relative stand-
ard deviation (RSD) greater than 30% were excluded. 
The remaining 1096 compounds later analyzed, and 

Table 1 Effects of different concentrations of nicotine treatment on flowers

Different lowercase letters indicate significant differences under different nicotine concentrations according to the significance test at P < 0.05

treatment flowering time (days after transplanting) number of flowers/plant (mean ± SD) dry weight (g/100 
flowers, mean ± SD)

CK 55 21 ± 2a 22.5 ± 1.2a

N-1 56 22 ± 2a 23.9 ± 1.4a

N-10 59 21 ± 1b 22.9 ± 1.2a

N-100 64 12 ± 2c 16.9 ± 0.9b

N-500 65 10 ± 2c 15.7 ± 1.1b
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they consisted of 24.3% flavonoids, 17.9% phenolic acids, 
12.4% lipids, 8.7% amino acids and their derivatives, 7.1% 
organic acids, 5.6% lignans and coumarins, 5.2% nucleo-
tides and their derivatives, 4.4% alkaloids, 4.2% terpenes, 
and 9.6% other compounds. Out of these, 13 compounds 
were found to overlap (p < 0.05) in four groups of com-
parative samples (Fig.  5). This indicates that there were 
significant changes in these compounds after treatment 
with different concentrations of nicotine. Notably, the 
concentration of N-500 resulted in the highest level of 
stress, leading to the greatest number of significantly 

changed compounds. Conversely, the low concentration 
of N-1 treatment resulted in the least number of com-
pounds with significant changes.

Multivariate analysis
Unsupervised PCA of sample data was conducted after 
normalization using pareto scaling method. Figure  6A 
shows the 2D scatter plot of the scores of PC1 versus PC2, 
together explaining 43.4% of the total variance (31.7% 
and 11.7%, respectively). The QC samples were located 
in the center of the PCA scores plot, demonstrating the 

Fig. 2 Effects of different concentrations of nicotine treatment on antioxidant oxidase activity and malondialdehyde content in chamomile leaves. 
The enzymatic activity of superoxide dismutase (SOD) (A); the enzymatic activity of peroxidase (POD) (B); the enzymatic activity of catalase (CAT) 
(C); malondialdehyde (MDA) content (D)

Fig. 3 Dynamic distribution of nicotine in chamomile plants. Distribution of nicotine in plants at seedling stage (A); distribution of nicotine 
in plants at flowering stage (B)
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Fig. 4 Multi-peak of metabolite detection and QC sample mass spectrometry detection TIC overlay. Multi-peak of metabolite detection 
under positive ion mode (A); multi-peak of metabolite detection under negative ion mode (B); QC sample mass spectrometry detection TIC overlay 
under positive ion mode (C); QC sample mass spectrometry detection TIC overlay under negative ion mode (D)
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effectiveness of the data analysis strategies. In addition, 
samples treated with varying nicotine concentrations 
were partially distinguishable from each other. However, 
the PCA  (R2X (cum) = 0.531,  Q2 (cum) = 0.125) predictive 
accuracy was deemed unsatisfactory. Advanced statistical 
analysis methods should be employed to attain superior 
results. As some useful discriminate information may 
have been missed during feature extraction and dimen-
sion reduction of the data. An improved and better dis-
crimination of metabolites was achieved by performing 
supervised OPLS–DA analysis. (Fig. 6B). The explanatory 
and predictive power of the model was greatly improved 
 (R2X = 0.723,  Q2 = 0.549), and the difference between 
groups were more obvious. As the nicotine concentration 
increased, the samples in each group exhibited a coun-
terclockwise shift from CK to N-500. (Direction of red 
arrow). A cross validation analysis showed the  Q2 and  R2 
intercepts were -0.448 and 0.769, respectively (Fig.  6C). 
Demonstrating that OPLS–DA model is reliable, not 
overfitted, and describes the samples classification well.

Differential expressed metabolites screening
In total, 48 metabolites (VIP > 1, p < 0.05) (Fig.  6D), 
including flavonoids (22.9%), organic acids (14.58%) and 
phenolic acids (14.58%), amino acids and their deriva-
tives (12.50%), nucleotides and derivatives (12.50%) etc., 
were tentatively identified (Additional file 1: Table S1).

To intuitively reflect the changes of DEMs under differ-
ent treatments, in this experiment, HMA was employed 
and HCA was utilized to perform correlation analysis. A 
metabolite heat map was generated using clustering fea-
tures (metabolites) and variables treatments (Fig. 7). The 
clustergrams were presented as color blocks to represent 
each participant’s row of data across each column of vari-
ables, with red boxes indicating higher levels and green 

boxes indicating lower levels of metabolites. According to 
the trend of change, 48 compounds were divided into two 
classes (first class: groups A and B, second class: groups 
C and D).

The first class, including groups A and B, primarily 
consists of amino acids and their derivatives, nucleo-
tides and their derivatives, and organic acid com-
pounds. In addition, there was a small amount of 
alkaloids, such as 6-deoxyfagomine and N-benzylmeth-
ylene isomethylamine, as well as coumarins such as 

Fig. 5 Venn diagram showing the overlapping and accession-specific 
differential metabolites among the comparison groups (CK: 0 μg/g; 
N-1: 1 μg/g; N-10: 10 μg/g; N-100: 100 μg/g; N-500: 500 μg/g)

Fig. 6 Multivariate statistical analysis of chamomile samples treated 
with different nicotine concentrations (CK: 0 μg/g; N-1: 1 μg/g; N-10: 
10 μg/g; N-100: 100 μg/g; N-500: 500 μg/g; QC: quality control). 
PCA score plot  R2X (cum) = 0.513,  Q2 (cum) = 0.125 (A); OPLS–DA 
score plot,  R2X (cum) = 0.723,  Q2 (cum) = 0.549 (B); cross-validation 
plot of OPLS–DA model with 200 permutation tests (intercepts 
of  Q2 and R.2 were -0.448 and 0.769, respectively) (C); loadings plot 
of OPLS–DA (red squares represent the most differential metabolites) 
(D)
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7-methoxycoumarin and phenolic acids, such as vanillic 
acid. The variations in content among group A differen-
tially expressed DEMs across distinct treatment sam-
ples were as follows: the levels of 7-methoxycoumarin 
and six other metabolites were found to be higher in 
the samples than in the samples treated with CK (con-
trol), and there was a tendency for the levels of 7-meth-
oxycoumarin and six other metabolites to decrease and 
then increase as the concentration of nicotine treat-
ment increased. The highest content was observed 
in N-500 samples. The content of L-prolyl-L-leucine 
and other 6 metabolites were low under relatively low 
concentrations of nicotine (N-1, N-10) treatment, and 
increased in N-100 treatment, and the highest con-
tent in N-500 treatment, showing an increasing trend. 
Group B was mostly organic acids and nucleotides and 
their derivatives. The content of group B was higher 
under N-100 and N-500 treatment, and the content of 
group B was lowest under N-1 treatment.

The second-class including group C and D were mostly 
phenolic acids and flavonoids, among them, the content 
of group C differential metabolites were higher in N-1 
and N-10, and the lowest in N-100 and N-500.The con-
tent of group D compounds were the highest in CK, and 
showed a gradually decreasing trend with the increase of 
nicotine concentration.

The KEGG metabolic pathway analysis of DEMs
The 48 DEMs were matched with KEGG compound 
IDs of plant metabolites, and the results were mapped 
to MBROLE 3.0 for KEGG enrichment analysis. Path-
way database of KEGG was used for metabolic pathway 
analysis of the enriched pathways. Based on the mapping 
results, 19 pathways were provided (hypergeometric test 
threshold p < 0.05) (Fig.  8), including aminoacyl-tRNA 
biosynthesis, metabolic pathways, glyoxylate and dicar-
boxylate metabolism, biosynthesis of alkaloids derived 
from ornithine, lysine and nicotinic acid, biosynthe-
sis of plant hormones, glucosinolate biosynthesis, ABC 

Fig. 7 HMA and HCA analyses of metabolite contents under various concentration of nicotin. Red represents high content, while green represents 
low content
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transporters, biosynthesis of alkaloids derived from 
histidine and purine, propanoate metabolism, ascor-
bate and aldarate metabolism, biosynthesis of alkaloids 
derived from shikimate pathway, phenylpropanoid bio-
synthesis, pyrimidine metabolism, synthesis and degra-
dation of ketone bodies, chagas disease, D-arginine and 
D-omithine metabolism, clavulanic acid biosynthesis, 
amyotrophic lateral sclerosis (ALS) and biosynthesis of 
secondary metabolites.

The response of amino acids and their derivatives in 
the aminoacyl-tRNA biosynthesis are shown in Fig. 9A. 
These metabolites were the highest in N-500 samples 
and were considered to be the key substances in the 
aminoacyl-tRNA biosynthesis. Citric acid was involved 
in the ascorbate and aldarate metabolism in glyoxylate 
and dicarboxylate metabolism. The changes in the levels 
of these three organic acids in the pathway under gra-
dient nicotine treatment (Fig.  9B). The variation trend 
of hydroxy pyruvic acid and tartronate semialdehyde 
was opposite to that of citric acid, and the tendency of 
accumulation occurs at high nicotine concentration. 
Nucleotide compounds were involved in the biosyn-
thesis of alkaloids derived from purine and pyrimidine 
metabolism, the changes of three nucleotides involved in 
purine and pyrimidine metabolism are shown in Fig. 9C, 
which showed high accumulation at high concentra-
tions (N-100 and N-500). The accumulation of amino 
acids and derivatives, nucleotides and derivatives, and 
organic acids under abiotic stress has been studied, but 

the relationship between the three types was not clear. In 
this study, we performed Pearson correlation analysis to 
investigate the association between the expression lev-
els of three types of compounds, with the aim of charac-
terizing the correlation patterns of these compounds in 
their respective pathways. As shown in Fig. 9D, citric acid 
and L-citramalic acid were significantly negatively cor-
related with the expression of other compounds, while 
2-methylsuccinic acid in response to nicotine stress was 
negatively correlated with other substances additionally, 
in response to stress, the expression levels of nucleotides 
and derivatives were always positively correlated with 
amino acids, and cytarabine was strongly correlated with 
homogeneous compounds. However, the correlation with 
the expression of amino acids and their derivatives and 
organic acids was not significant.

Discussion
Phenotypic characteristics and enzyme activity respond 
to nicotine stress
When plants were under stress, they exhibit various 
symptoms, such as yellowing and wilting of leaves, leaf 
fall [20], delayed flowering time, withered stamens and 
pistils, and smaller flowers [21, 22]. These responses may 
be the strategies employed by chamomile to ensure its 
survival and reproduce quickly [23]. Surprisingly, similar 
to the accumulation pattern observed during the seed-
ling stage, the nicotine content in the root, stem, leaves, 
and flowers reaches saturation point at N-100 during the 

Fig. 8 Bubble plot of differential metabolites enriched in metabolic pathways of chamomile. The color of the bubble indicates the p value 
of enrichment analysis. The size of the bubble indicates the number of metabolites in this pathway
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flowering stage. Further increase in treatment concen-
tration did not result in any change in the nicotine con-
tent. This finding supports the idea that the presence of 
nicotine in the leaves and stems enhances the antioxi-
dant capacity of these organs. This phenomenon could 
be attributed to the absorption of nicotine by chamomile 
during the seedling stage, which is then transported to 
various plant organs such as leaves and flowers as the 
plant matures and accumulates the substance (Fig.  3A, 
B), which may also be the cause of delayed flowering time 
and decreased flower yield [24, 25]. Nicotine entered the 
plant through root cells and gradually accumulated in 
target organs, thereby impacting crop quality, which was 
further evidenced by the increased activity of antioxidant 
enzymes and levels of MDA. These substances play a cru-
cial role in maintaining the homeostasis of reactive oxy-
gen species by scavenging free radicals when plants are 
under stress [26]. MDA, a key product of cell membrane 
lipid peroxidation, serves as an indicator of stress due to 
its increased content (Fig. 2) [27].

DEMs and major pathways in response to nicotine stress
A total of 1096 metabolites were detected by UHPLC–
MS/MS, out of which 48 differential metabolites were 
identified using multivariate statistical analysis. These 
included flavonoids (22.9%), organic acids (14.58%), phe-
nolic acids (14.58%), amino acids and their derivatives 
(12.50%), nucleotides and derivatives (12.50%). Flavo-
noids would express resistance to abiotic stress, and their 
content would be increased by promoting their synthesis 
through enzymes with flavonoid synthesis, and their high 
accumulation shows stronger tolerance to abiotic stress 
[28]. Studies showed that the content of flavonoids was 
higher than that of normal conditions when soybean was 
under drought stress, the more severe the stress was, the 
higher the content was. Wolfberry (Lycium chinese) also 
showed high accumulation of flavonoids under salt stress 
[29, 30]. In chamomile flowers, the content of flavonoids 
increased at N-1 and N-10, but decreased at N-500. In 
our study, the content of flavonoids was reduced because 
of consumption or inhibition of synthesis in N-100 and 
N-500, which was the direct cause of the decline in the 

Fig. 9 Response curve fitting diagram of amino acids and their derivatives in the aminoacyl-tRNA biosynthesis under different nicotine 
concentrations (A); response curve fitting diagram of organic acids in glyoxylate and dicarboxylate metabolism under different nicotine 
concentrations (B); response curve fitting diagram of nucleotides and their derivatives in biosynthesis of alkaloids derived from histidine and purine, 
pyrimidine metabolism under different nicotine concentrations (C); the associated expression of amino acids and their derivatives, nucleotides 
and their derivatives, organic acids, red box means positive correlation, green box means negative correlation (* represents significance p < 0.05, ** 
represents significance p < 0.01, *** represents significance p < 0.001, based on Pearson correlation test) (D)
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medicinal quality of chamomile. In addition, due to the 
stress from nicotine, plants were genetically conserved, 
and flowers withered when they were not fully mature, 
which may also be the reason for the decline in the qual-
ity of chamomile flowers. Therefore, the study showed 
that the application of nicotine in N-1 and N-10 had no 
significant effect on the medicinal value of chamomile. 
The specific situation needs to be further studied.

Amino acids and their derivatives together with organic 
acids (except L-citramalic acid, citric acid, 2-methylsuc-
cinic acid) were highest under N-500 treatment, and the 
expression under low-concentration (N-1 and N-10) was 
lower than CK. The contents of L-citramalic acid, citric 
acid and 2-methylsuccinic acid in N-500 and N-100 were 
lower than other treatments. Organic acids, amino acids 
and their derivatives, as a class of substances involved 
in physiological and biochemical regulation in plants, 
play an important role in resisting abiotic stress [31, 32]. 
Studies have shown that amino acids in plants respond 
to heavy metal toxic stress mainly through the forma-
tion of complexes between carboxyl and amino groups 
and heavy metals, and another response mechanism was 
the accumulation and absorption of free amino acids by 
asparagine and glutamine, so as to reduce ammonium 
salt stress [33, 34]. The response of organic acids to 
heavy metal ion stress often involves converting heavy 
metals into chelated forms, which aids in resisting cad-
mium stress [35]. In our study, we observed a significant 
increase in the metabolism of organic acids and amino 
acids in flowers with the concentration of nicotine treat-
ment (except citric acid). This research has shown that 
these compounds and their derivatives played a regula-
tory role in responding to nicotine stress. Nucleotides 
and their derivatives were responsible for controlling 
the synthesis of specific proteins that help plants resist 
adverse environmental conditions, such as ion channel 
proteins, enzymes, and plant hormones. [36, 37].

Phenolic acids are major polyphenols widely found in 
plants, their response mechanism to abiotic stress was 
similar to that of flavonoids. They protect the normal 
physiological metabolism of plants by scavenging super-
oxide free radicals, and express antioxidant effects by 
accumulating phenolic acids [38, 39]. Our study found 
that the content of seven phenolic acids increased under 
low concentrations (N-1 and N-10) nicotine stress. 
Compared with CK, the content of seven phenolic acids 
in N-500 was lower. This decrease in content could be 
attributed to either a reduction in the production of phe-
nolic acids as a response to nicotine stress or the direct 
impact of nicotine on the enzymes involved in the syn-
thesis pathway of these substances [40, 41].

Studies have shown that L-valine is a metabolite that 
plays an important role in drought stress and improved 

plant tolerance [42]. It was also reported that exogenous 
amino acid mixtures (including l-valine, l-methionine, 
l-phenylalanine, l-arginine) were used to improved 
drought tolerance of cabbage and improved its nutri-
tional quality [43]. l-arginine, l-valine, and l-phenylala-
nine (Fig. 10) play crucial roles as key compounds in the 
Phosphate and amino acid transporters of the ABC trans-
porter pathway in response to abiotic stress. These com-
pounds were annotated in the response of chamomile to 
nicotine stress, indicating their involvement in secondary 
metabolic resistance to stress. By controlling ATP syn-
thesis, these compounds provided the necessary energy 
for transmembrane transport of substances [44, 45]. In 
plants, these compounds were essential for maintaining 
cellular homeostasis and restoring metabolic balance 
after stress [46, 47].

The involvement of citric acid in the pathway occured 
through the citric acid cycle. l-phenylalanine and L-argi-
nine contributed to the synthesis of alkaloids derived 
from ornithine (Fig.  10). Citric acids content in specific 
crops have been reported to decrease when subjected to 
waterlogging and salt stress. This decrease was attributed 
to the degradation of citric acid and the maintenance of 
reactive oxygen species homeostasis, which improved 
the tolerance of specific crops to abiotic stress [48–50]. 
Ascorbate and aldarate metabolism played significant 
roles in plant stress resistance [51, 52]. Finally, citric acid 
and l-phenylalanine were key components in the path-
way of biosynthesis of plant hormones (Fig.  10), par-
ticularly in the synthesis of ethylene and salicylic acid, 
ethylene facilitates the ripening of chamomile seeds, 
while salicylic acid improved the tolerance of flowers to 
nicotine [53, 54]. As reported that pyrimidine metabo-
lism is often enriched when crops are subjected to abiotic 
stress [55, 56]. Xanthine, 2′-deoxycytidine and cytidine 
were mainly involved in enzyme synthesis, inducing the 
formation of stress resistance pathways, and were closely 
related to crop response to abiotic stress [27, 57].

Conclusion
In present study, we investigated the phenotype and 
enzyme activity of chamomile under exogenous nicotine 
application. We also demonstrated the dynamic accu-
mulation of nicotine and chamomile’s impact on the 
phenotype response to stress. Since the flower organ of 
chamomile holds medicinal value and economic ben-
efits, we have analyzed the metabolomics changes in 
chamomile flowers treated with different concentrations 
of nicotine. Our results revealed that low-concentration 
nicotine promoted the growth of chamomile, while high-
concentration nicotine caused stress. We observed that 
high-concentration nicotine resulted in a short flowering 
period, withered leaves, and yellow stems in chamomiles. 
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It was crucial to emphasize that nicotine tended to trans-
port from roots to other organs throughout the growth 
period of chamomile, as the concentration of nicotine 
increased, it accumulated in stems, leaves, and flowers, 
and ultimately reached saturation under N-100 treat-
ment. Metabolomics analysis revealed high concentra-
tions of nicotine (N-500) can increase the contents of 
amino acids and their derivatives, nucleotides and their 
derivatives, and organic acids (except citric acid). It was 
worth noting that the content of flavonoids and phenolic 
acids, which were the primary medicinal active ingredi-
ents in chamomile flowers, were reduced. In addition, 
DEMs were used to enrich the pathway of aminoacyl-
tRNA synthesis, glyoxylate and dicarboxylate metabo-
lism, and biosynthesis of alkaloids derived from histidine 
and purine, pyrimidine metabolism, ABC transporter, 
and other pathways involved in resistance to nicotine 
stress. Our results lay a foundation for the study of regu-
lating metabolic characteristics of crops in response to 
nicotine stress.
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