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amino acid ionic liquids on maize
seed germination and endogenous plant hormone
levels†
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Prior research has established choline-based ionic liquids (ILs) as safe for various organisms. However, their

impact on plants has been underexplored. To identify effective eco-friendly ILs, we synthesized seven

choline amino acid ([Chl][AA]) ILs and analyzed their physiological influence on maize seed germination.

In contrast to the traditionally used N-octyl pyridinium bromide IL, these seven [Chl][AA] ILs exhibited

substantially lower toxicity. Moreover, within a broad treatment concentration range (10–100 mg L−1),

these ILs notably enhanced maize germination indices and root and shoot growth. Specifically,

treatment with 100 mg L−1 choline tryptophan resulted in a 21.2% increase in germination index

compared to those of control maize. Compared to the control, the application of choline serine, choline

aspartic acid, choline phenylalanine, and choline tryptophan at 100 mg L−1 led to respective increases of

23.9%, 21.5%, 22.5%, and 24.5% in maize shoot length. Analysis of endogenous hormones and free amino

acid contents revealed elevated levels of growth-promoting plant hormones (gibberellic acid and zeatin)

in maize shoot tips, as well as increased contents of major amino acids (glutamate, glycine, and arginine)

following treatment with different [Chl][AA] ILs at 100 mg L−1. These findings indicate that [Chl][AA] holds

promise for the development and application of novel low-toxicity ILs.
1 Introduction

Ionic liquids (ILs) have been widely studied across various
elds, including chemical synthesis, pharmaceutics, clean
energy, environmental protection, and the food industry.1–4

However, owing to the potential environmental risks associated
with conventional imidazolium- and pyridinium-based ILs,
there is a current surge in interest regarding the synthesis and
application of environmentally friendly or “green” ILs.5

Choline-based ILs, which are derived from natural renewable
raw materials, such as sugars, amino acids, and choline, have
been extensively studied.6,7 Among these, natural amino acids
and their derivatives provide the most abundant renewable
natural chiral pool, making them ideal precursor materials for
the framework of chiral ILs from both environmental and
economic standpoints.8 In addition, amino acids exhibit
amphoteric electrolyte behavior, i.e., they can function as either
cations or anions during the synthesis of ILs.9 Furthermore, the
combination of choline and amino acids led to the formation of
choline amino acid ([Chl][AA]) ILs, which demonstrated
University, Yangling, Shaanxi, 712100,
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tion (ESI) available. See DOI:
potential properties for applications in organic synthesis and
biomass pretreatment.10,11 In this regard, using a simple and
relatively greener route, Hu et al. synthesized [Choline][Pro]
from choline chloride and (L)-proline, which served as an
effective catalyst for direct aldol reactions between ketones and
aromatic aldehydes in water at room temperature.12 Liu et al.
and Hou et al. synthesized a series of [Chl][AA] ILs and char-
acterized their potential application in degrading lignin. These
choline-based ILs also functioned as highly effective solvents for
pretreating lignocellulosic biomass, such as wheat or rice straw,
via selective lignin removal.13,14 Moreover, previous studies have
demonstrated that [Chl][AA] ILs could be classied as “readily
biodegradable” based on their high levels of mineralization and
low toxicity towards acetyl cholinesterase, bacteria, and sh cell
lines.14,15 However, relatively few studies have examined their
effects on plants.

Choline analogs have been widely adopted as plant growth
regulators.16,17 For example, choline chloride can undergo
conversion into phosphatidylcholine and betaine in plant
tissues, thereby contributing to the maintenance of bio-
membrane stability.18 Chlormequat chloride also functions as
a plant growth regulator that can shorten and thicken stems.19

Exogenous glycine betaine can increase osmotic stress tolerance
by reducing lipid peroxidation in different plants.20 In addition,
exogenous free amino acids can facilitate a more rapid accu-
mulation of seed protein and improve germination rate.21,22
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Considering the effects of choline analogs and amino acids on
plant growth, it is reasonable to anticipate that [Chl][AA] ILs
might hold considerable potential in promoting plant germi-
nation and growth.

To explore this potential, we sought to investigate the effect
of seven [Chl][AA] ILs on maize seed germination and early
seedling growth in this study. As a negative control, we also
examined the effects of treatment with N-octyl pyridinium
bromide ([OPy][Br]), a conventionally used IL. We believe that
the ndings of this study will contribute signicantly to an
overall assessment of the ecotoxicity of green ILs derived from
natural renewable raw materials and thereby serve as a basis for
expanding the scope of their application.
2 Materials and methods
2.1. Chemicals and plant materials

Choline hydroxide (45 wt% in H2O) was purchased from Sigma-
Aldrich, St. Louis, MO, USA. Amino acids and tetramethylsilane
were obtained from J&K Scientic Ltd., Beijing, China. Details
on the preparation and characterization of [Chl][AA] ILs are
provided in ESI Fig. S1.† [OPy][Br] IL was purchased from the
Lanzhou Institute of Chemical Physics, Chinese Academy of
Sciences, China. The maize seeds (Zhengdan958, Zea mays L.)
used in this study were purchased from Doneed Seeds Ltd.,
Beijing, China.
2.2. Seed treatment and germination

Seed germination requires suitable conditions and environ-
mental factors. Moderate temperatures around 26–29 °C and
adequate water are required for a maize seed to germinate.23

Based on the study of maize seed germination,24 maize seeds
were subjected to surface sterilization through immersion in
75% ethanol for 3 min, followed by thorough rinsing with
deionized water until clean. Aer draining, the seeds were
immersed in different IL solutions at 28 °C for 12 h, aer which
they were transferred to a growth chamber (13 cm × 19 cm× 10
cm) on three layers of lter paper. In each chamber, 24 seeds
were sown with two replications. Different ILs were dissolved in
distilled water. Initially, 30 mL of deionized water (control) or IL
solutions of different concentrations were introduced into each
chamber. Over the following 4 days, 5 mL of these solutions
were added daily. Maize seeds were germinated on moistened,
clean lter paper at 28 °C in the dark for 6 days. The number of
germinated seeds was counted daily; the seeds were considered
to have germinated when approximately 5 mm of the primary
root had emerged. The experiment was repeated thrice.
2.3. Germination assay

During the 6 day (cultured for 144 h) germination period, the
number of germinated seeds was counted daily, and the
germination rate, potential, and index were calculated using the
following equations:

Germination rate (%) = (number of germinated seeds at 5 d/total

number of test seeds) × 100
© 2024 The Author(s). Published by the Royal Society of Chemistry
Germination potential (%) = (number of germinated seeds at 3 d/

total number of test seeds) × 100

Germination index =
P

GT/dt, where GT is the number of

germinated seeds on day t, and dt is the germination days

A total of 12 measurements were taken for shoot and root
lengths per germination test. Next, the shoots and roots from all
germinated seeds in each germination box were excised and
collected separately for the determination of fresh weight. The
collected shoots and roots were heated at 65 °C for 48 h, aer
which dry weights were measured. The relative rates of increase
in shoot length, root length, and dry weight were calculated as
follows:

Rate of increase ð%Þ ¼ Xn � X0

X0

� 100

where, Xn represents the average length or weight in each
treatment, and X0 represents the average length or weight in the
control treatment.
2.4. Determination of endogenous hormone and free amino
acid contents

The contents of amino acids and endogenous hormones in
maize shoot tips were analyzed using liquid chromatography-
mass spectrometry following previously described
methods.25–28 Briey, fresh tissues of maize shoot-tips (2 cm)
were ground to a ne powder in liquid nitrogen. To extract
amino acids, 0.5 g of the ne powder was subjected to
extraction at 4 °C for 15 h with 1 mL 50% ethanol (containing
0.1 mol L−1 HCl). Aer centrifugation at 12 000 × g and 4 °C
for 10 min, the resulting supernatant was collected and
diluted 20-fold with methanol for measurement. To obtain
endogenous hormones, 0.5 g of ne powder was subjected to
extraction at 4 °C with 2 mL of extraction solution (iso-
propanol : H2O : HCl = 2 : 1 : 0.002). Aer agitation for 30 min
at 4 °C, dichloromethane (4 mL) was added, followed by
centrifugation at 12 000 × g and 4 °C for 10 min. Aer
centrifugation, the lower phase was dried under a stream of
nitrogen at room temperature and re-suspended in 1 mL
methanol for measurement.28

Following ltration using a 0.22 mm lter, samples were
injected into an Inertsil OSD-4 C18 chromatographic column
(150 mm × 3 mm, 3.5 mm) and analyzed using a binary solvent
system. This system comprised mobile phase A (0.5% meth-
anoic acid and 0.1% methanoic acid for amino acid and
endogenous hormone detection, respectively) andmobile phase
B (methanol), with a ow rate of 0.3 mL min−1. Contents were
calculated with reference to standard curves.
2.5. Statistical analysis

The data presented in tables and gures were analyzed using
a one-way analysis of variance with Duncan's multiple
comparison test. A p-value <0.05 was considered statistically
signicant.
RSC Adv., 2024, 14, 382–389 | 383
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3 Results and discussion
3.1. Synthesis and characterization of [Chl][AA] ILs

[Chl][AA] ILs were synthesized via neutralization reactions
conducted by mixing aqueous solutions of amino acids and
choline hydroxide at an appropriate molar ratio, followed by the
vacuum evaporation of water. In all cases, we obtained yields
exceeding 95%. The structures and purity of the [Chl][AA] ILs
were conrmed via 1H NMR analysis (ESI Table S1†), which
corroborated with those reported in previous studies.13,29
Fig. 1 Effects of different concentrations of N-octyl pyridinium
bromide on maize seed growth.
3.2. Effect of [OPy][Br] on germination indices

The effects of the application of different concentrations of the
conventionally used [OPy][Br] IL on germination rate, potential,
and index of maize seeds are presented in Table 1. The appli-
cation of [OPy][Br] at low concentrations did not signicantly
affect the germination rate. However, concentrations exceeding
50 mg L−1 led to concentration-dependent signicant decreases
in the indicators of maize seed germination, consistent with the
ndings of previous studies. For example, wheat germination
has been demonstrated to be inhibited by 4.4 mmol L−1 1-butyl-
3-methylimidazolium tetrauoroborate, whereas minimal
effect was observed at a concentration of 0.4 mmol L−1.30

Similarly, the inhibition of the seed germination of six tree
species was more pronounced when higher concentrations of
two ILs were used.31

Owing to the high germination vigor of the examined seeds,
the effect of [OPy][Br] on seed germination rate was relatively
less pronounced than that on growth. The morphological
characteristics of the seedlings emerging from seeds treated
with different concentrations of [OPy][Br] are shown in Fig. 1.
Notably, even at a low concentration of 5 mg L−1, [OPy][Br]
markedly inhibited the shoot and root growth of maize; this
inhibitory effect increased with higher concentrations. We
attributed this signicant growth inhibition to the action of
lipophilic octyl substituents. These substituents can interact
with the phospholipid bilayers of biomembranes and the
hydrophobic domains of membrane proteins, thereby disrupt-
ing membrane physiological functions.32 At a [OPy][Br]
concentration exceeding 10 mg L−1, the main root length was
less than 5 cm, and both the length and weight of the shoots
and roots decreased proportionally with increasing
Table 1 Effect of N-octyl pyridinium bromide on maize seed germinatio

Concentration
(mg L−1) Germination rate (%)

0 97.22 � 1.96a
1 98.61 � 1.96a
5 97.22 � 1.96a
10 95.83 � 3.40a
50 95.83 � 3.40a
100 83.33 � 5.89b
200 63.89 � 5.20c

a Values represent the means ± standard error (n = 3). Different letters
treatments at the 0.05 level of signicance.

384 | RSC Adv., 2024, 14, 382–389
concentration. By tting a logistic regression model, we calcu-
lated the effective concentration 50 for shoot and root lengths at
5 days as 30.51 and 5.06 mg L−1, respectively, indicating that
maize roots were notably more sensitive to [OPy][Br] treatment
than maize shoots. These ndings are consistent with those of
previous studies on the toxic effects of imidazolium-based or
pyridinium-based compounds on different organisms.6,30,33

3.3. Effect of [Chl][AA] ILs on maize seed germination
indices

Compared to the conventionally used [OPy][Br] IL, [Chl][AA] ILs
exhibited substantially lower toxicity, which promoted the early
growth of seedlings over a wide concentration range. The effects
of different concentrations of the seven examined [Chl][AA] ILs
on the germination rate, potential, and index of maize seeds are
shown in Fig. 2.

All the applied [CHL][AA] ILs had minimal to no impact on
the maize germination rate. Even at a concentration of
500 mg L−1, the germination rate was higher than 87%. In
contrast, differences were observed in the effects of different
[Chl][AA] IL treatments on the germination potential of maize
seeds. At concentrations up to 200 mg L−1, choline valine ([Chl]
[Val]), choline serine ([Chl][Ser]), and [Chl][Trp] promoted the
na

Germination potential (%) Germination index

94.44 � 1.96a 18.99 � 0.48a
95.83 � 3.40a 19.38 � 0.83a
94.44 � 1.96a 18.55 � 0.83a
93.06 � 3.93a 18.24 � 0.23a
88.89 � 3.93a 18.01 � 0.13a
70.83 � 3.40b 15.46 � 0.19b
37.50 � 3.40c 11.62 � 0.87c

in the same column indicate signicant differences among different

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra07433a


Fig. 2 Effects of [Chl][AA] ILs on indicators of maize seed germination at applied concentrations (10, 20, 50, 100, 200, and 500 mg L−1). Control
(CK): deionized water (0 mg L−1). (A) Germination rate; (B) germination potential; (C) germination index. Bars represent the means ± standard
deviation (SD) of four replicates for each exposure concentration. The letters represent significant differences between varying concentrations of
the same IL.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 382–389 | 385
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germination potential that reached a maximum value of 95.8%
with 200 mg L−1 [Chl][Val]. Differences were also observed in
the effects of different [Chl][AA] IL treatments on the germina-
tion index of maize seeds. Compared to the control group
(18.85), the seven examined [Chl][AA] ILs exhibited a promoting
effect on germination indices at low concentrations, with [Chl]
[Trp] at a concentration of 100 mg L−1 showing the strongest
effect (23.08). Based on the data obtained for these three
germination indicators, it is evident that the seven [Chl][AA] ILs
investigated in this study can be benecially applied at low
concentrations (<200 mg L−1) to enhance maize seed germina-
tion, thereby positioning them as environmentally friendly
solvents. These ndings are consistent with those of previous
results that indicate that choline and its analogs exhibit low
toxicity toward microbes and sh cell lines.14,34 Moreover,
appropriate concentrations of exogenous choline and amino
Fig. 3 Effects of the seven examined [Chl][AA] ILs on the lengths of maiz
500 mg L−1). (A) Increasing rate of shoot length; (B) increasing rate of
exposure concentration. The letters represent significant differences be

386 | RSC Adv., 2024, 14, 382–389
acids can promote seed germination and plant growth. Such as
ammonium salts or binary mixtures derived from amino acids,
glycine betaine, choline and indole-3-butyric acid can signi-
cantly enhance mustard seed germination and seedling
growth.35 Exogenous amino acids increased the germination
rate of onion seeds and enhanced the synthesis of photosyn-
thetic pigments in seedlings.

3.4. Effect of [Chl][AA] ILs on the shoot and root growth of
maize seedlings

The effects of the seven examined [Chl][AA] ILs on the lengths of
the shoots and roots of maize seedlings are shown in Fig. 3.
[Chl][AA] ILs promoted shoot and root growth to varying degrees
at low concentrations (<200 mg L−1), with the optimal concen-
tration of choline leucine ([Chl][Leu]), [Chl][Ser], choline
aspartic acid ([Chl][Asp]), choline phenylalanine ([Chl][Phe]),
e shoots and roots at applied concentrations (10, 20, 50, 100, 200, and
root length. Bars represent the means ± SD of six replicates for each
tween varying concentrations of the same IL.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and [Chl][Trp] being 100mg L−1. At this concentration, the rates
of increase in shoot length were 7.0%, 23.9%, 21.5%, 22.5%,
and 24.5%, respectively, whereas that of root lengths were
17.8%, 28.1%, 17.1%, 12.8%, and 16.7%, respectively.

Although the relatively lower toxicity of choline-based ILs has
been reported in other studies,14,36,37 there is currently a dearth of
experimental data regarding the phytotoxicity of [Chl][AA] ILs,
and their role in promoting plant growth is rarely discussed.
These potential growth-promoting effects could be attributable to
the capacity of [Chl][AA] ILs to effectively eliminate accumulated
toxic substances in seeds during storage and reduce the levels of
membrane lipid peroxidation during seed germination, consis-
tent with the role of vitamin E.38 The process of seed germination
and seedling growth is accompanied by the transformation of
complex materials, such as starch, proteins, and lipids.39 Thus,
applying low concentrations of [Chl][AA] to maize seeds may
facilitate the degradation of these large molecular substances
into micro-molecules to fuel seedling growth and induce the
rapid and efficient mobilization of nutrients to the shoots and
roots, thereby stimulating plant growth.40

3.5. Effects of [Chl][AA] ILs on the endogenous hormone
contents of maize shoot tips

[Chl][AA] ILs, at a concentration of 100 mg L−1, induced visible
changes in the contents of endogenous hormones in the shoot
tips of maize (Table 2). Compared to the control, the contents of
zeatin (ZT) and zeatin riboside (ZTR) exhibited varying degrees
of enhancement following treatment. The most substantial
increases in ZT and ZTR contents were observed with [Chl][Phe]
and [Chl][Leu] treatment, achieving 4.69- and 1.94-fold higher
levels than those detected in the control group, respectively.
Furthermore, in all seven treatments, an increase of more than
32% was observed in the gibberellic acid (GA3) content of maize
shoot tips compared to that in the control group. Consequently,
the effects of [Chl][AA] ILs in promoting maize seed germina-
tion could be attributed, at least in part, to the increased levels
of growth-promoting plant hormones such as ZT, ZTR, and
GA3.41 In contrast, a decreasing trend in the content of jasmonic
acid was observed following [Chl][AA] IL treatment.

Choline compounds may affect plant growth by regulating
plant hormone metabolism. For example, 2-
Table 2 Effects of the seven choline amino acid ionic liquids on the conc
salicylic acid in maize shoot tipsa

Treatment ZT content (ng g−1 FW) ZTR content (ng g−1 FW) GA3 c

CK 0.74 � 0.08 c 0.49 � 0.08 e 1.76 �
[Chl] Val 2.13 � 0.32 b 0.52 � 0.03 e 2.80 �
[Chl] Trp 1.29 � 0.16 c 0.55 � 0.03 d,e 2.34 �
[Chl] Phe 3.47 � 0.07 a 0.83 � 0.04 ab 2.51 �
[Chl] Ser 2.53 � 0.40 b 0.69 � 0.08 b,c,d 2.37 �
[Chl] Leu 2.15 � 0.01 b 0.95 � 0.05 a 2.41 �
[Chl] Asp 2.14 � 0.29 b 0.74 � 0.12 b,c 2.57 �
[Chl] Asn 2.67 � 0.08 b 0.63 � 0.02 c,d,e 2.51 �
a Values represent the means ± standard error (n = 3). Different letters
treatments at the 0.05 level of signicance. [Chl][Val]: choline valine, [C
aspartic acid, [Chl][Asn]: choline asparagine, [Chl][Phe]: choline phenyla
GA3: gibberellic acid, JA: jasmonic acid, SA: salicylic acid.

© 2024 The Author(s). Published by the Royal Society of Chemistry
chloroethyltrimethylammonium chloride and 2-ethyl-
trimethylammonium chloride increased plant chlorophyll
content, which was related to its increase in leaf cytokinin
levels.42 Genetic engineering of the biosynthesis of glycinebetaine
could enlarge the fruit size and enhance the productivity of
tomato, which was related to the contents of phytohormones,
such as auxin, brassinolide, gibberellin, and cytokini.43Moreover,
JA-GA network inuences the intensity of defense responses.44 In
this study, exogenous choline amino acids signicantly increased
cytokinin and gibberellin content, while reducing jasmonic acid
content, which is consistent with previous researches.
3.6. Effects of [Chl][AA] ILs on the endogenous free amino
acid contents of maize shoot tips

Amino acid metabolism provides the basis for plant nitrogen
metabolism and protein synthesis. [Chl][AA] ILs, at a concen-
tration of 100mg L−1, induced notable increases in the contents
of glutamic acid (Glu), glycine (Gly), and arginine in maize
shoot tips (Table 3). Glu and Gly are major metabolic precursors
for the synthesis of other amino acids and serve as active
sources for nitrogen assimilation and transport.45 However,
given its high nitrogen-to-carbon ratio, Arg plays an important
role in plant nitrogen storage.46 Collectively, our ndings indi-
cate that exogenous [Chl][AA] IL treatment may contribute to
enhancing the nitrogen metabolic status of maize shoot tips.
However, reduced levels of certain amino acids, including
tryptophan and proline, were observed following different
exogenous [Chl][AA] IL treatments.
3.7. Role of choline substances in plant growth regulation

Choline, in contrast to imidazole or pyridine, is a quaternary
amine that occurs widely in living organisms.47 As a metabolic
intermediate, choline plays an important role in the development
of cell membrane structures and the maintenance of membrane
stability. For example, phosphatidylcholine is among the most
abundant phospholipid species found in cell membranes.48 Its
biosynthesis from choline, as a precursor, is mediated via the
cytidine 5′-diphosphocholine-choline pathway.17 Phosphatidyl-
choline is a key constituent in the synthesis of plant glycerides,
consequently making a signicant contribution to maintaining
entrations of zeatin, zeatin riboside, gibberellic acid, jasmonic acid, and

ontent (ng g−1 FW) JA content (ng g−1 FW) SA content (ng g−1 FW)

0.03 b 44.61 � 2.10 a 9.17 � 0.13 a
0.30 a 18.12 � 0.81 d,e 9.55 � 0.22 a
0.18 a 19.57 � 1.60 c,d 9.33 � 0.19 a
0.21 a 23.74 � 0.50 b 9.55 � 0.30 a
0.03 a 21.37 � 1.25 c 8.11 � 0.29 b
0.33 a 16.86 � 0.75 e 7.21 � 0.56 c
0.19 a 17.10 � 0.53 e 9.17 � 0.73 a
0.10 a 12.44 � 0.48 f 7.30 � 0.27 b,c

in the same column indicate signicant differences among different
hl][Leu]: choline leucine, [Chl][Ser]: choline serine, [Chl][Asp]: choline
lanine, [Chl][Trp]: choline tryptophan, ZT: zeatin, ZTR: zeatin riboside,
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Table 3 Effects of seven choline amino acid ionic liquids (100 mg L−1) on the contents of free amino acids in maize shoot tipsa

Treatment

Free amino acid content in maize shoot-tip (mg g−1 FW)

Gly Arg Glu Phe Ser Thr Tyr Val Ala Pro

CK 34.8 � 0.4g 3.2 � 0.3d 30.1 � 0.7c 30.4 � 0.1a 41.0 � 0.6c 21.1 � 0.1a 14.7 � 0.3a 16.2 � 0.0b 49.6 � 0.6b 16.6 � 0.2 a
[Chl] Val 41.1 � 0.6d 4.9 � 0.7bc 32.5 � 0.7bc 26.5 � 0.6d 40.7 � 0.4 cd 19.9 � 0.2b 12.9 � 0.1c 15.4 � 0.2c 44.6 � 0.9c 12.9 � 0.23c
[Chl] Trp 42.4 � 0.5c 6.4 � 0.1a 32.9 � 0.6bc 27.7 � 0.1c 41.7 � 0.3c 20.0 � 0.2b 13.4 � 0.2b 15.5 � 0.1c 45.4 � 0.4c 13.5 � 0.1b
[Chl] Phe 39.8 � 0.5e 4.1 � 0.7 cd 32.8 � 1.0bc 26.1 � 0.3d 39.9 � 0.3d 19.4 � 0.2c 12.2 � 0.2d 14.5 � 0.1e 42.2 � 0.4d 11.5 � 0.1e
[Chl] Ser 38.1 � 0.8f 5.3 � 0.5b 34.4 � 0.9b 25.0 � 0.5e 41.5 � 0.5c 19.1 � 0.2c 12.3 � 0.2d 14.6 � 0.2e 41.9 � 0.9d 13.0 � 0.2c
[Chl] Leu 42.6 � 0.2c 3.5 � 0.2d 33.9 � 0.3b 25.7 � 0.8de 43.8 � 0.5b 19.0 � 0.2c 11.9 � 0.1d 15.0 � 0.2d 45.9 � 0.6c 11.8 � 0.1e
[Chl] Asp 45.5 � 0.3b 6.4 � 0.1a 38.0 � 0.4a 29.9 � 0.6 ab 43.9 � 0.35b 19.9 � 0.2b 13.5 � 0.3b 16.0 � 0.1b 49.5 � 0.4b 12.3 � 0.1d
[Chl] Asn 48.9 � 0.5a 6.8 � 0.20a 33.5 � 4.0bc 28.9 � 0.3b 45.9 � 0.3a 21.0 � 0.0a 14.3 � 0.2a 16.5 � 0.1a 52.2 � 1.1a 13.1 � 0.0c

a Values represent the means ± standard error (n = 3). Different letters in the same column indicate signicant differences among different
treatments at the 0.05 level of signicance. Gly: glycine, Arg: arginine, Glu: glutamic acid, Phe: phenylalanine, Ser: serine, Thr: threonine, Tyr:
threonine, Val: valine, Ala: alanine, Pro: proline.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 1
1/

9/
20

25
 2

:1
6:

05
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the normal structure and function of cell membranes. Phos-
phatidylcholine also serves as amajor precursor formultiple lipid
signaling molecules, including phosphatidic acid and lysophos-
phatidylcholine.49 Regarding chemical regulation in plants,
certain choline analogs, including choline chloride, chlorocho-
line chloride, and betaine, serve as plant growth regulators,
which have demonstrated efficacy in enhancing crop stress
tolerance.18 From this perspective, exogenous [Chl][AA] ILs may
play similar physiological roles as these plant growth regulators.
Given the close association between germination quality and
nal crop yield, it is plausible to anticipate that the application of
[Chl][AA] ILs at appropriate concentrations might exert stimula-
tory effects on maize germination and early growth, thereby
contributing to higher yields.
5 Conclusions

Exposure to appropriate concentrations of selected [Chl][AA] ILs
promoted the germination of maize seeds to varying degrees.
Moreover, the application of 100 mg L−1 [Chl][AA] ILs led to an
increase in the contents of certain growth-promoting hormones
and amino acids. These stimulatory properties may provide new
insights for broadening the application potential of eco-friendly
ILs in the eld of agriculture and in the recycling of waste ILs.
Additionally, they may also contribute to reducing the potential
biological toxicity of traditionally employed ILs.
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