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repressing polyamine oxidase-derived
hydrogen peroxide and modulating
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Abstract

Background: Ammonium is an indispensable nutrient for crop growth, but anoxic conditions or inappropriate
fertilizer usage result in the increase in ammonium content in soil. Excessive ammonium causes phytotoxicity.
Thymol is a kind of natural phenolic compound with anti-microbial properties. However, little is known about the
role of thymol in modulating plant physiology. Here we find the novel role of thymol in protecting rice from
ammonium toxicity.

Results: Thymol remarkably rescued rice seedlings growth from ammonium stress, which may resulted from the
attenuation of reactive oxygen species (ROS) accumulation, oxidative injury, and cell death in both shoots and
roots. Polyamine oxidase (PAO) metabolizes polyamines to produce ROS in plants in response to stress conditions.
Thymol blocked ammonium-induced upregulation of a set of rice PAOs, which contributed to the decrease in ROS
content. In rice seedlings upon ammonium stress, thymol downregulate the expression of ammonium transporters
(AMT1;1 and AMT1;2); thymol upregulated the expression of calcineurin B-like interacting protein kinase 23 (CIPK23)
and calcineurin B-like binding protein 1 (CBL1), two negative regulators of AMTs. This may help rice avoid ammonium
overload in excessive ammonium environment. Correlation analysis indicated that PAOs, AMTs, and CBL1 were the
targets of thymol in the detoxification of excessive ammonium.

Conclusion: Thymol facilitates rice tolerance against ammonium toxicity by decreasing PAO-derived ROS and
modulating ammonium transporters. Such findings may be applicable in the modulation of nutrient acquisition
during crop production.
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Introduction
Ammonium (NH4

+) is one of the major sources for
crops acquiring nitrogen. Applying artificial fertilizer
is the main approach to provide nitrogen for crops
due to the decrease in agricultural soil fertility and
low nitrogen use efficiency of crops. However, the in-
appropriate fertilizer usage with imbalanced nutrients,
e.g. the prolonged usage of ammonium as sole nitro-
gen source, results in the increase in soil ammonium
level. In addition, soils at anoxic conditions (e.g. rice
paddies) or low pH conditions are always rich in am-
monium because of the high rate of ammonification.
In these soils, applying other form of nitrogen (e.g.
nitrate) can also increase ammonium level (Chen
et al. 2013; Esteban et al. 2016). Ammonium sensitiv-
ity of crops has been drawing great attention world-
wide. High level of ammonium induces crop
physiological disorders, resulting in growth inhibition
and yield losses (Esteban et al. 2016). Ammonium-
induced phytotoxicity has been linked to the disturb-
ance of multiple physiological processes (Gerendás
et al. 1997). One of them is oxidative injury that is
resulted from reactive oxygen species (ROS) accumu-
lation in plant cells (Xie et al. 2015). Therefore, res-
cuing plant from oxidative damage could be useful
for modulating of ammonium tolerance. Ammonium
stress represses the activities of anti-oxidative en-
zymes in plants, resulting in compromised ability to
scavenge already over-generated ROS (Xie et al.
2015). However, how ammonium triggers ROS over-
generation in plants remains elusive. Polyamine oxi-
dase (PAO)-mediated deamination metabolism of
polyamines is an important biosynthetic pathway of
hydrogen peroxide (H2O2), one of typical ROS, in
plant development and stress responses (Alcázar and
Tiburcio 2014). Total of seven PAO genes (PAO1-7)
have been identified in rice. ROS produced from
these PAOs play a role in the regulation of rice seed
germination (Chen et al. 2016). Modifying nitrogen
sources can affect plant endogenous polyamines level
(Altman and Levin 1993), but little is known about
whether ammonium triggers polyamines metabolism
to produce ROS.
Another approach to protect crop from ammonium

toxicity is to modulate ammonium uptake under high
level of ammonium conditions. A set of membrane
proteins named ammonium transporters (AMTs) fa-
cilitate the uptake and transport of ammonium in
plants (Li et al. 2012). AMT genes show diverse ex-
pression patterns in different tissues, but many of
them can be activated and induced by ammonium
(Sonoda et al. 2003; Li et al. 2012). Plants have devel-
oped intrinsic strategies to regulate AMT to avoid
ammonium overload. For instance, calcineurin B-like

interacting protein kinase 23 (CIPK23) and calcine-
urin B-like binding protein 1 (CBL1) are two negative
regulators for ammonium transport. CIPK23 interacts
with CBL1 to repress the activity of AMT1;1 and
AMT1;2, leading to the inhibition of ammonium
transport (Straub et al. 2017). Therefore, CIPK23-
CBL1-AMT module is an important regulatory node
for the modulation of ammonium uptake.
Thymol is a kind of natural compound found in Thy-

mus species (Basch et al. 2004). Thymol has been used
as food preservative and potential medicine based on its
anti-micorbial and anti-oxidative properties (Marchese
et al. 2016; Nagoor Meeran et al. 2016). Thymol has
been considered as a potential candidate of safety agro-
chemicals (USEPA/IRIS 2014), but little is known about
its possible function on the regulation of crop physi-
ology. Our previous study indicated that thymol was able
to regulate rice nitric oxide signaling to decrease ROS
accumulation in order to combat abiotic stress (Wang
et al. 2017). This drove us to think about whether thy-
mol could regulate plant tolerance against ammonium
toxicity.
In this work, we investigated the role of thymol in

ammonium detoxification in rice seedlings. Thymol-
ameliorated ROS generation and oxidative injury were
associated with the repression of PAOs transcription
in rice seedlings under ammonium stress. Then we
examined the effect of thymol on the expression of
ammonium transporters and their regulators. Finally,
we discussed the correlation among different parame-
ters, the possible mechanism for thymol-conferred
ammonium tolerance, and its significance.

Materials and methods
Plant culture, treatment, and chemicals
Rice (Oryza sativa) seeds (Nangeng 9108, obtained
from Institute of Food Crops, Jiangsu Academy of
Agricultural Sciences, China) were surface-sterilized
with 1% NaClO solution for 10 mins followed by
washed with distilled water. Then the seeds were
soaked with distilled water for 12 h, and were placed
on a floating plastic net for germination in darkness.
Thirty identical seedlings with root length about 1.5
cm were selected to transfer into a container with 1 L
modified Kimura B nutrient solution (Hu et al. 2015).
The rice seedlings were grown in a chamber with
temperature at 28 °C, photosynthetic active radiation
of 200 μmol/m2/s, and photoperiod of 12 h. NH4Cl
and thymol at different concentrations were added to
the nutrient solution up to 72 h according to different
experimental designs.
Thymol at analytical purity (> 99%) were obtained

from Sigma-Aldrich (St. Louis, MO). All the fluorescent
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probes used in this study were obtained from Beyotime
Biotechnology Institute (Haimen, China). All the other
chemicals at analytical grade were obtained from Sino-
pharm Chemical Reagent Co., Ltd. (Shanghai, China).

Histochemical analysis
Total ROS, O2

•¯ (superoxide radical anion), H2O2, and
cell death in root tips were detected in situ using specific
fluorescent probe DCFH-DA (2′,7′-dichlorofluorescein
diacetate), DHE (dihydroethidium), HPF [3′-(p-hydroxy-
phenyl) fluorescein], and PI (propidium iodide), respect-
ively, followed by capturing fluorescent images and
calculating fluorescent density based on our previously
published methods (Ye et al. 2017). The fluorescence
was observed and captured with a fluorescence micro-
scope (ECLIPSE, TE2000-S, Nikon, Melville, NY, USA)
with setting of excitation 480–490 nm/emission 515-525
nm for green fluorescence (DCFH-DA and HPF) and ex-
citation 530–540 nm/emission 610-620 nm for red fluor-
escence (DHE and PI). Histochemical staining of leaves
was performed based on our previous study (Ye et al.
2016). O2

•¯, H2O2, lipid peroxidation, loss of membrane
integrity, and cell death in leaves were evaluated in vivo
by staining with NBT (nitro-blue tetrazolium), DAB (3,
3-diaminobenzidine), Schiff′s reagent, Evans blue, and
Trypan blue, respectively, followed by removing chloro-
phyll background with ethanol in boiling water. The
leaves after staining were observed and photographed by
using a stereoscopic microscope (SteREO Discovery.V8,
ZEISS, Oberkochen, Germany).

Measurement of TBARS content
TBARS (thiobarbituric acid reactive substances) content
in plant tissues was measured by using a commercial
TBARS kit (A003; Nanjing Jiancheng Bioengineering In-
stitute, Nanjing, China), based on the spectrophotomet-
rical measurement of the reaction between TBARS and
TBA (1,3-diethyl-2-thiobarbituric acid) in the presence
of TCA (trichloroacetic acid) according to manufac-
turer’s instructions. The absorbance at 532 nm of the re-
action product was recorded for the calculation of the
final TBARS concentration based on manufacturer’s in-
structions (Yang et al. 2012).

Gene expression analysis
The relative expression level of rice genes was ob-
tained with qRT-PCR (real-time quantitative reverse
transcription polymerase chain reaction). Total RNA
were extracted form shoots and roots, respectively, by
using Trizol (Invitrogen). Then cDNA was obtained
from reverse transcription by using PrimeScript first
Strand cDNA Synthesis Kit (TaKaRa Bio Inc., Dalian,
China). The real-time quantitative PCR was

performed using Applied Biosystems 7500 Fast Real-
Time PCR System (Applied Biosystems, Waltham,
MA, USA) with SYBR Premix Ex Taq™ (TaKaRa Bio
Inc., Dalian, China). Data were collected and analyzed
by using ABI 7500 software (v. 2.0.6, Applied Biosys-
tems) based on 2−ΔΔCT threshold cycle method (Livak
and Schmittgen 2001). The relative abundance of
house-keeping gene Actin was used as the internal
standard to normalize the expression data. The de-
tailed procedure can be found in our previous study
(Ye et al. 2016). The final expression data was clus-
tered and presented as heatmap using Cluster 3.0
combined with Java Treeview (Shi et al. 2014). The
sequences of primers for gene amplification were
listed in Table S1.

Statistical analysis
Each result was presented as mean ± SD (standard devi-
ation) of at least three replicates. Least significant differ-
ence test (LSD) was performed on data following
ANOVA (one-way analysis of variance) tests to test for
significant (P < 0.05) differences among treatments. Pear-
son correlation analysis among different parameters was
performed using package “corrplot” in R (Wei and
Simko 2017).

Results and discussion
Thymol attenuated growth stunt and oxidative injury in
rice seedlings upon ammonium stress
We first evaluated the toxic effect of excessive
NH4Cl on rice seedlings by measuring the length of
root and shoot, respectively, upon the exposure of
NH4Cl at different concentrations (10-80 mM).
Treatment with NH4Cl for 72 h led to remarkable
decrease in both root length and shoot length in
dose-dependent manners (Fig. 1A and B). Thymol
was added to the treatment solution in the presence
of 20 mM NH4Cl that caused moderate toxicity to
seedling growth. Treatment with thymol (5-40 μM) +
NH4Cl led to significant increase in root length
compared with NH4Cl treatment alone (Fig. S1A).
Thymol at 20 μM showed the best effect (Fig. S1A;
Fig. 1C). Similar results were also found for shoot
length (Fig. S1B; Fig. 1D). Therefore, thymol at
20 μM was selected in the following experiments. In
time-course experiments, thymol began to signifi-
cantly rescue the growth of root and shoot at 6 h,
further giving rise to increased growth speed than
that of NH4Cl treatment alone (Fig. 1E and F).
These results suggested that thymol was able to re-
cover the growth of rice seedlings from NH4Cl
stress.
Since ammonium-induced phytotoxicity is always

associated with oxidative injury (Xie et al. 2015), we
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further evaluated the effect of thymol on oxidative in-
jury in rice seedlings under ammonium stress.
TBARS, a product of lipid peroxidation, indicates the
degree of cell oxidative damage (Tsikas 2017). NH4Cl
treatment significantly increased TBARS content in
both root and shoot, an effect that was repressed by
thymol (Fig. 2A and B). Thymol also remarkably ame-
liorated NH4Cl-induced lipid peroxidation and loss of
membrane integrity in leaves (Fig. 1C and D), coin-
ciding with the change of TBRAS content. Dead cell
was labeled specifically with PI to emit red fluores-
cence. Ammonium stress led to strong PI fluores-
cence in root, especially in root tip that is responsible
for root elongation (Fig. 2E). Adding thymol weak-
ened PI fluorescence in NH4Cl-treated root tip (Fig.
2E), suggesting that thymol recovered cell viability to
facilitate root growth under NH4Cl stress. Cell death
in leaves was evaluated with Trypan blue in order to
avoid the interference of chlorophyll autofluorescence
signal. Thymol attenuated cell death in leaves under
ammonium stress as well (Fig. 2F). These results sug-
gested that thymol was able to attenuate NH4Cl-in-
duced phytotoxicity by weakening oxidative injury and
cell death in rice seedlings.

Thymol suppressed PAO-dependent ROS production in
rice seedlings upon ammonium stress
Endogenous ROS at low level acts as indispensable sig-
naling to regulate plant development under normal
growth conditions. However, environmental stimuli fre-
quently trigger ROS accumulation that attacks lipids or
proteins to cause oxidative injury followed by cell death
(Gill and Tuteja 2010). Detection of tissue ROS in situ
without damaging plant tissue not only helps to under-
stand the relationship between ROS distribution and
plant development but also avoids inevitable loss of in-
tube assay of ROS content. We tracked total ROS in
situ with specific probe DCFH-DA emitting green
fluorescence. The control root showed weak fluorescent
signals (Fig. 3A). Ammonium stress induced significant
increase in total ROS signal in root, which could be re-
markably decreased by thymol (Fig. 3A and B). Then
we detected the level of H2O2 and superoxide radical
(O2

•-), two kinds of typical ROS, in rice seedlings. Thy-
mol also decreased the level of H2O2 and O2

•- in roots
(Fig. 3C-F) and leaves (Fig. 3G-H) upon ammonium
stress. Notably, ROS accumulation in the elongation
zone of root tip was sensitive to ammonium or thymol
(Fig. 3A, C, E). Therefore, thymol-attenuated oxidative

Fig. 1 Thymol attenuated ammonium-induced growth inhibition in rice seedlings. (A-B) Changes in the length of root and shoot after NH4Cl
exposure for 72 h. (C-D) Changes in the length of root and shoot after NH4Cl (20 mM) exposure with or without thymol (20 μM) for 72 h. (E-F)
Time-dependent changes in root length and shoot length after NH4Cl (20 mM) exposure with or without thymol (20 μM) up to 72 h. The black
arrow in (E-F) indicates that the seedlings of NH4Cl + Thymol treatment begin to grow significantly longer that NH4Cl treatment. Different
lowercase letters indicate that the mean values of ten replicates are significantly different among different treatments (P < 0.05, ANOVA, LSD)
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Fig. 2 Thymol attenuated ammonium-induced oxidative injury in rice seedlings. (A-B) Changes in TBARS content in root and shoot after NH4Cl
exposure for 72 h. (C-F) Detection lipid peroxidation in leaf (C), loss of membrane integrity in leaf (D), and cell death in root (E), and cell death in
leaf (F) after NH4Cl (20 mM) exposure with or without thymol (20 μM) for 72 h. The black arrow in (H) indicates the direction of root tip. Different
lowercase letters in A-H indicate that the mean values of ten replicates are significantly different among different treatments (P < 0.05,
ANOVA, LSD)

Fig. 3 Thymol repressed ammonium-induced ROS accumulation in rice seedlings. (A-B) Total ROS level in root. (C-D) H2O2 level in root. (E-F) O2
•-

level in root. (G) H2O2 level in leaves. (H) O2
•- level in leaves. The black arrows in A, C, and E indicates the direction of root tip. Different lowercase

letters in B, D, and F indicate that the mean values of three replicates are significantly different among treatments (P < 0.05, ANOVA, LSD)
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injury and cell death may resulted from the decrease in
ROS level, further leading to the recovery of root
growth upon ammonium stress. In mammalian immune
responses, thymol-repressed ROS accumulation results
from the scavenging of already accumulated ROS. First,
thymol itself has the ability to quench ROS directly
(Javan and Javan 2014). Secondly, thymol can active
anti-oxidative system to help eliminate over-generated
ROS in both mammals and plants (Em et al. 2015;
Cheng et al. 2020). However, little is known about
whether and how thymol prevents ROS over-
generation in cells under stress conditions. To address
this question, we examined the effect of thymol on
the expression of a set of PAOs that can produce
ROS.
A total of seven PAO genes have been identified

from rice genome (Chen et al. 2016). Gene expres-
sion analysis suggested that ammonium treatment
extensively upregulated the expression of PAO1-7 in
both root and shoot. And ammonium induced much
higher expression level of PAOs in root than in
shoot (Fig. 4a and b). In ammonium-treated root,
the expression of PAO3 and PAO7 were clustered
together, which seemed to be induced at early stages.
PAO1, 2, 4, and 5 in another group were

upregulated at later stages (Fig. 4a). Therefore,
ammonium-induced ROS over-generation may par-
tially attributed to the increase in the expression of
PAOs. In both root and shoot, adding thymol down-
regulated the expression of PAOs compared with
ammonium treatment alone (Fig. 4c and d). These
results suggested that thymol prohibited ammonium-
induced upregulation of PAOs, further leading to the
inhibition of ROS generation in rice seedlings.

Thymol differentially modulated the expression of genes
related to ammonium transport in rice seedlings
Ammonium exposure remarkably induced the expres-
sion of two ammonium transporters, AMT1;1 and
AMT1;2 in root (Fig. 5a). Meanwhile, the expression
of CIPK23 and CBL1, two suppressors of AMTs, de-
creased upon ammonium exposure (Fig. 5a). However,
adding thymol reversed the expression level of these
genes in ammonium-treated root (Fig. 5a). And these
genes showed similar expression patterns in shoot as
compared to root (Fig. 5b). The relative expression
abundance of these genes was relatively lower in
shoot than in root, which may due to the direct ex-
posure of root to treatment solution. Thus it can be
suspected that thymol may modulate ammonium

Fig. 4 Thymol repressed ammonium-induced upregulation of PAOs in rice seedlings. a and b Relative expression level of PAOs in NH4Cl-treated
seedlings with respect to control. c and d Relative expression level of PAOs in seedlings treated with NH4Cl + thymol with respect to NH4Cl
treatment alone. Red and green indicate up-regulation and down-regulation, respectively

Guo et al. Food Production, Processing and Nutrition             (2021) 3:7 Page 6 of 9



transportation to avoid ammonium overload in rice
seedlings, leading to the attenuation of phytotoxicity.
To further conclude the regulatory mode of thymol,

we performed Pearson correlation analysis among differ-
ent parameters in root under ammonium or thymol
treatment (Fig. 6). Root length was negatively correlated
to TBARS, PI and ROS, respectively. ROS was positively
correlated to TBARS and PI. The expression levels of
PAOs were positively correlated to ROS, but negatively
correlated to root length. Therefore, the decrease in
PAOs-derived ROS may partially contribute to thymol-
attenuated oxidative injury, further resulting in the re-
covery of root growth under ammonium stress. The ex-
pression levels of AMT1;1 and AMT1;2 were positively
correlated to PAOs expression, TBARS, PI, and ROS, re-
spectively, but negatively correlated to root length.
Therefore, ammonium overload mediated by AMT1;1
and AMT1;2 probably resulted in phytotoxicity, which
could be attenuated by thymol.
Thymol stimulated the expression of both CIPK23

and CBL1 in ammonium-treated roots, but CBL1
showed relatively stronger correlation with other

parameters than CIPK23. It has been reported that
CBL1 interacts with CIPK23 to suppress AMTs
(Straub et al. 2017). Therefore, CBL1 may be a major
target of thymol for the suppression of AMT1;1 and
AMT1;2. The function of plant CBL is dependent on
Ca2+ binding (Batistič and Kudla 2009). Thymol can
facilitate Ca2+ influx into mammalian cells by directly
activating Ca2+ channel (Lee et al. 2008). Therefore,
thymol may regulate CBL through Ca2+-dependent
pathway, which needs further studies. Thymol-
repressed ammonium transportation may contribute
to the decrease in PAOs expression and ROS gener-
ation, but we cannot exclude the possibility that thy-
mol may directly regulate the expression of PAOs
under ammonium stress. Our previous study has doc-
umented that stress-related cis-elements in plant PAO
promoters play a role in regulating PAO expression
under stress conditions (Wang et al. 2019). Thymol-
mediated physiological adaption involves the modula-
tion of several stress-related signals (e.g. nitric oxide
and Ca2+) (Lee et al. 2008; Wang et al. 2017). There-
fore, it would be helpful to understand thymol-
regulated PAO expression by establishing the possible
link between thymol-modulate intercellular signal and
stress-responsive elements in rice PAO promoters.

Conclusions
In sum, we found that natural compound thymol
had great potential to confer rice tolerance against
ammonium stress. Compared with the capacity of
thymol in triggering anti-oxidative system in mam-
malian cells, here we found a different role of thy-
mol in decreasing ROS accumulation in plants.
Thymol repressed PAO-derived H2O2 generation,
leading to the alleviation of oxidative injury and cell
death under ammonium stress. In addition, thymol
was able to modulate the expression of ammonium
transport regulatory genes, which might help rice
plant avoid ammonium overload under excessive am-
monium conditions. The detailed mechanism needs
to be elucidated further, but our current results indi-
cate that thymol has ability to regulate rice physi-
ology to adapt to high ammonium environment.
This may be applicable to modulate crop nutrient
acquisition during rice production process. Rice
seedlings grow frequently in anoxic conditions, and
they are more sensitive to ammonium stress than
adult plants. Thymol-induced ammonium tolerance
may help rice survive in seedling stage under exces-
sive ammonium environment. Thymol is natural es-
sential oil that can be easily degraded in natural
environment. We need to concern the possibility of
the long-term usage of thymol in later stages of rice

Fig. 5 Thymol modulated the expression of genes related to
ammonium transportation in root (a) and shoot (b) of rice seedlings.
Red and green indicate up-regulation and
down-regulation, respectively
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growth. It has been demonstrated that microencap-
sulation or nanoencapsulation can improve the long-
term effectiveness of essential oil (Shah et al. 2012;
Zhang et al. 2020). Therefore, developing microen-
capsular or nanoencapsular thymol may have great
potential to improve the efficiency of thymol in
agriculture.
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