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Abstract: Weedy rice is the most challenging weed species to remove in rice production. We found
a novel phenotype of seedling leaves which rapidly generates necrotic spots in response to imida-
zolinone herbicides in weedy rice, but its influencing factors and formation basis are still unknown.
In this study, we used the leaf necrotic spot-producing type of weedy rice as the material. First,
leaf necrotic spots were defined as physiological and vacuole-mediated cell necrosis by microscopic
examination. The imazethapyr concentration was positively correlated with the degree of necrotic
spots occurring, while the action site was in accordance with necrosis using herbicide stability tests
combined with fluorescence parameters. Furthermore, transcriptome analysis revealed significant
differences in the gene expression of endoplasmic reticulum stress and the lipid metabolism mem-
brane structure damage pathway during necrosis, as confirmed by transmission electron microscopy.
The light-temperature test also showed that high temperature and intense light could promote the
appearance of necrotic spots. These experimental results are helpful in clarifying the process and
basis of imazethapyr in inducing the rapid generation of necrotic spots in rice leaves and providing
new insight into understanding the mechanism of response to imidazolinone herbicides and the
control of weedy rice.
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1. Introduction

Weedy rice (Oryza sativa f. spontanea) is a term used to describe rice with weedy
characteristics. It is typically found in rice fields and their surrounding areas, serving as
an intermediate species between wild and cultivated rice [1]. Most weedy rice produces
mimicry, which closely resembles the morphology of cultivated rice. As a wild relative,
it possesses stronger competitive advantages, disease resistance, and reproductive char-
acteristics, such as early maturity, strong grain-shattering, and long dormancy [2,3]. The
combination of these traits makes weedy rice the most challenging weed to manage in
paddy fields [4]. The expansion of direct rice seeding areas has increased the incidence of
weedy rice, causing the damage to expand annually [5,6]. To tackle this issue, breeders
have developed several mutagenic or transgenic herbicide-resistant rice varieties. Among
these, imidazolinone (IMI)-resistant varieties are the most mature and widely used due to
their significant effect and easy accessibility through mutagenesis [7].

IMI herbicides cause a deficiency in the synthesis of branched-chain amino acids
(BCAAs) by binding to the substrate entry and exit channels of the target protein, ace-
tolactate synthase (ALS) [8]. In contrast, resistant rice varieties have undergone single
nucleotide polymorphism (SNP) mutations that reduce the sensitivity of ALS [9]. This
makes them ideal for use in breeding efforts for herbicide-resistant rice varieties, as they
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do not involve an active centre and impose little change to fitness [10]. However, due
to their single-copy nature and low reproductive isolation, they are highly susceptible to
resistant SNP drift [11]. Singh et al. studied 89 plots and 695 copies of weedy rice material
in Arkansas, USA, of which, only 20% were sensitive, and the rest were resistant types
and predominantly drifted, with a small percentage of mutant types [12]. The increasing
problem of weedy rice escapes was almost ubiquitous in areas where Clearfield® was
used [13]. The most effective approach to reducing the frequency of resistant weedy rice is
through integrated control using multiple methods to improve IMI herbicide efficacy and
reduce selection pressure and weedy rice residues [14].

IMI herbicides, such as imazamox and imazethapyr, are commonly used in rice fields,
and most weedy rice shows greening and yellowing and a slow damage process after
application. Following herbicide application, weedy rice growth ceases within a few
hours. The damage phenotype typically appears after 1-2 weeks, with meristematic
tissues fading from green to yellow, followed by leaf wilting or necrosis from the tips.
Visible damage is often evident after 3-4 weeks [15]. In our laboratory, we identified and
evaluated imazethapyr resistance using a worldwide weedy rice group. We observed that
some weedy rice showed necrotic spots on the leaves within a few days after herbicide
application. This phenotype progressed rapidly and was affected by the weather. This
observation has not been reported before. Although IMI herbicides have the advantages of
a long persistence period and broad-spectrum activity, their drawbacks are also apparent.
These include their mild temperament, slow onset of action, and high residual amounts of
weedy rice. This study focused on leaf necrotic spot occurrence and mechanisms in weedy
rice after imazethapyr application. We initially identified the spots based on appearance,
cytology, and photosynthetic fluorescence parameters and investigated their population
distribution. Then, the technical product and preparation stability tests were combined
with fluorescence parameters to determine the correlation between necrotic spot occurrence
and imazethapyr. An exploration of the basis of necrotic spots was carried out using
electron microscopy and transcriptome analysis. Finally, the influence of environmental
factors was determined by temperature and light treatment, and the cause of occurrence
was verified. This study aimed to elucidate the relationship between imazethapyr and the
underlying occurrence basis of necrotic spots, which will facilitate the development of a
novel strategy for enhancing the efficacy and prolonging the service life of IMI herbicides
in rice varieties.

2. Results
2.1. Phenotypic Identification of Leaf Necrotic Spots in Weedy Rice

Following the application of IMI herbicides to weedy rice with the code name HRT1,
necrotic spots were observed primarily at the bends of the leaf blades of new leaves in
the young seedling stage. These spots appeared within 3-5 days on sunny days after
imazethapyr application. Initially, the spots appeared reddish-purple in colour and sub-
sequently developed necrosis at the centre or directly produced necrosis without any
colouration. In severe cases, the necrosis spread up and down, resulting in a large area of
necrosis (Figure 1A,D). The phenotype of HRT1 differed significantly from the traditional
phenotype of HRT2 (Figure 1B). HRT1 and HRT2 exhibited similar levels of tolerance
and were grouped in the middle and upper parts of the population. HRT1 displayed the
necrotic spotting phenotype, with the first spotting appearing after one week of herbicide
treatment and no significant chlorosis (necrotic spot phenotype). In contrast, HRT2 began
to fade green and yellow from the tip of the leaves after two weeks of herbicide treatment
and gradually wilted (conventional phenotype). After 7 days of treatment, population
identification (Figure 1C and Table S1) showed that among the 113 weedy rice materials,
the traditional phenotype accounted for 5% and the necrotic spotting phenotype accounted
for 22%, with the necrotic spotting phenotype outnumbering the conventional phenotype,
while the proportion of the conventional phenotype (43%) to the mixed phenotype (46%)
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increased sharply after 14 days, with the necrotic spotting phenotype mostly converting to
the mixed phenotype, with a decreasing proportion (4%).
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Figure 1. Investigation and identification of the necrosis phenotype. (A) Necrotic process, CK:
water treated for control, EP: early phase, AP: later phase. (B) Necrotic and losing green phenotype.
(C) Investigation of the phenotype of imazethapyr induced by natural population toxicity in weedy
rice. Green: keep green, yellow: lose green, spot: necrotic spot. (D) Leaf surface of normal growth
and necrosis. (E) Necrosis leaf microscopic examination. (F) Necrotic spots, magnification 3000 times
by transmission electron microscope. CP: chloroplast, MT: mitochondria, AV: autophagic vacuole, ER:
endoplasmic reticulum.

This type of necrotic spot had some similarities to the spots caused by the brown
spot pathogen. However, by observing the leaf surfaces and microscopic examination
(Figure 1D,E), the necrotic spots did not show obvious bacterial production of pus and
no phenomenon of bacterial proliferation, which excluded the possibility of bacteria be-
ing the main cause of occurrence. Transmission electron microscopy results (Figure 1F)
showed that the cells within the spots had obvious features of vacuole-mediated necro-
sis, such as cytoplasmic swelling, rupture of the vacuole membrane, and mixing of the
cytoplasmic matrix.

2.2. Correlation Analysis of Leaf Necrotic Spot Formation and Imazethapyr in Weedy Rice
2.2.1. Correlation between the Preparation and Formation of Necrotic Spots

The necrotic phenotype was mostly generated from the bends of the leaves. The
smear experiment conducted on seedlings during the three-leaf stage showed (Figure 2A)
that necrotic spots first appeared in the middle of the third leaf after application of the
second leaf of HRT1 at the recommended dose of the formulation, excluding the effect of
additives on the disruption of the waxy layer, leading to light scorching. To clarify the
relationship between necrotic spots and formulation, we treated the resistant variety (Jinjing
818) with multi-level gradient spraying of the formulation. We found that the necrotic spot
phenotype was also observed in the resistant variety when the concentration was up to
300 g a.i. ha~! (Figure 2B). This suggests that necrotic spots can occur in resistant varieties
when the herbicide concentration is sufficiently high. Combined with the characteristics of
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imazethapyr, including easy gathering in the growing area and still resistant varieties, the
non-smear area and inhibitory resistance could trigger these necrotic spots, which initially
showed a certain correlation between the occurrence of necrotic spots and imazethapyr.

B

Figure 2. Relationship between imazethapyr and necrotic plaques. (A) Smear test with 75 g a.i. ha=!.
(B) Jingeng818 IMI gradient processing: 0, 37.5, 75, 150, and 300 g a.i. ha~! from left to right.

2.2.2. Necrotic Spots Can Be Triggered by Imazethapyr and Promoted by Auxiliary Agents

To determine the correlation between imazethapyr and necrotic phenotypes, we con-
ducted comparative experiments on the efficacy of the technical product and the formulation.
Photosynthetic fluorescence parameters are effective tools for evaluating the mode of action
and effects of herbicides. Therefore, the simultaneous observation of these parameters was
carried out to identify them accurately. The results showed that (Figure 3) the maximum
photosynthetic efficiency (Fv/Fm), the actual photosynthetic efficiency (Fv’/Fm’), and the
chlorophyll index (Chldx) of HRT1 decreased with an increase in the concentration of the
technical product. Additionally, the quantum yield of the non-regulated energy dissipation
(Yno) increased, while the photo-quantum yield of the regulated energy dissipation (Ynpg)
did not change significantly. The RGB plots (Figures 3 and 4A) showed that plant growth
was not completely inhibited, except for the 1x formulation recommended dose (1x AS)
and the 8x technical product recommended dose group (8x TC). The photosynthetic flu-
orescence and growth were hindered but showed an upward trend. The effects of the 1x
AS group were the same as those of the 8x TC group. The correlation between each index
and herbicide concentration and time was calculated. The best correlation was found with
Fv/Fm (Table S2).

Observation of the phenotype map and corresponding changes in the Fv/Fm fluores-
cence map of the 1x AS group (Figure 4A) showed that the necrotic spots were consistent
with the area of decrease in Fv/Fm and stabilised at the bends of the leaves. However, the
effect of 1x TC was not obvious; thus, the Fv/Fm of the original group on the third day was
used for comparison. The decrease in Fv/Fm at the leaf bend increased with the increase
in technical product concentration, and the Fv/Fm of 4x TC and 8x TC at the leaf bend
was similar to that of 1x AS, indicating that Fv/Fm was negatively correlated with necrotic
spots (Figure 4B,C). The occurrence of necrotic spots was positively correlated with the
concentration of the technical product (Figure 4C (2), R = 0.949), and the occurrence of
necrotic spots on the seventh day of 1x AS was in the middle of and significantly different
from that of 2x TC and 4x TC. In conclusion, necrotic spotting was independently induced
by imazethapyr and promoted by the formulation. The efficacy of 1x, the recommended



Plants 2024, 13,1218

50f 17

dose formulation, was equivalent to 4x, the technical product dose of the treatment, and
the technical product treatments at 2x and below were not sufficient to kill weedy rice.

m 2xT m 4xT = 8xT 2xT 4x T 8x T
070
08 065
- 060
07 . .
£ € o }
L\L 06 . i & 050
> -> 0454
LL os I o]
035
e 0304
=3 = 3 =3 (=30 70 3 7 7 [l N =3 =T
1d before 3d after 5d after 7d after 1d before 3d after 5d after 7d ater
0 018
o0 016
055 014
050 g o
O oss o oo b
Z o101 ! Z o8 * .
>- 0.35 . . . >— 0.06 .
. " . 0044
030
025 002
000
020
= Wi i B [ 38 () 7 T 002 s [ NS o = i w
1d before 3d after 5d after 7d after 1d before 3d after 5d after 7d after
10
o 2000
08
* o
3¢ g
06 ®
< . g 1000
04 —
03 8
02 Troee 5l S T Tl B T 3 o o el T -l 1 5
1d before 3d after 5d after 7d after 1d before 3d after 5d after 7d after

Figure 3. Comparison of the efficiency of the technical product and the formulation by photosynthetic
fluorescence parameters. The trend of 1x A and 8x T is basically the same, and the standard deviation
is increasing. Fv/Fm: maximum photosynthetic efficiency, Fv'/Fm’: actual photosynthetic efficiency,
Chldx: the chlorophyll index, YNo: quantum yield of the nonregulated energy dissipation, Ynpq:
photo-quantum yield of the regulated energy dissipation, Leaf area: average leaf area of six plants.

In addition, according to the fluorescence results (Figure 3), Fv/Fm was less than 0.83.
Although the control group rose steadily, it did not reach more than 0.8. Ynpg and was
stable and less than 0.1, and YN0 decreased but the overall decrease was about 0.4. This
indicates that HRT 1 is in a state of photoinhibition or photodestruction in the seedling
stage and that HRT 1 material cannot adapt to the light intensity of Kunming in the seedling
stage. Combined with the high altitude of Kunming, the light intensity was twice as high
as that of plain areas; thus, it is speculated that intense light may be one of the reasons for
the occurrence of necrotic spots.
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Figure 4. Occurrence pattern and fluorescence imaging of necrotic spots. (A) Fv/Fm and phenotype
variation in 1x A, 1x T, and control. (B) Fv/Fm comparison of the pure chemical and the product
on the 3rd day. (C) The change of necrotic spots degree between different treatments, (C1) Chart
showing the Fv/Fm on the 3rd day; (C2) necrosis on the 7th day between the pure chemical and
product. * and ** showed significant (p < 0.05) and extremely significant (p < 0.01), respectively.

2.3. Transcriptome Analysis Showed Differential Expression of Endoplasmic Reticulum
Injury Stress

To investigate the mechanism by which imazethapyr triggers necrosis, we examined
the transcriptional status of HRT1 following treatment with the herbicide (Figure 5). Tran-
scriptome analysis revealed that 4139 differentially expressed genes were at a logy > |21
level (Figure 5A), and the Kyoto Encyclopaedia of Genes and Genomes (KEGG) enrichment
results showed that the differential expression pathways were concentrated in the carbon
and nitrogen metabolism, photosynthesis, and secondary metabolism pathways, which
overlapped to some extent with the inference from the fluorescence results. However, the
KEGG enrichment results at the log, > |51 level shifted towards endoplasmic reticulum
(ER) stress, lipid metabolism, and other pathways that favour membrane structure damage
(Figure 5B). To validate the ER stress pathway, Gene Set Enrichment Analysis (GESA)
analysis was performed (Table S3) and showed that the pathway was enriched in cell
death pathways, such as ER stress. Programmed necrosis in plants can occur through
the dysregulation of ER stress and chloroplast homeostasis pathways. The enriched ER
stress genes mainly consisted of heat stress proteins (Figure 5F). To clarify the key nodes
of ER stress, we performed key driver analysis (KDA) on the genes in the top 500 of the
log?2 difference and the ER stress pathway in GESA. We obtained a total of 14 key driver
genes with clear annotations, from which, 7 genes were selected for qPCR validation. The
transcriptome and the qPCR results are consistent with each other, and the validation
results are reliable (Figure 5C). Treatment with imazethapyr caused changes in ER stress
and related pathways at the transcriptional level in leaf cells. Additionally, photosyn-
thesis, carbon and nitrogen metabolism, and DNA synthesis were blocked. The KEGG
network analysis of the top 500 differentially expressed genes showed an MAPK cascade
response pathway associated with the ER stress pathway through the pathogen immune
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stress pathway (Figure 5D). However, the KEGG mapper only revealed the presence of the
calcium pathway and PR1 protein expression for all MAPK genes and the KEGG network
associated with plant—pathogen genes (Figures S1 and S2), with no other pathogen receptor
involvement. Therefore, it can be inferred that the development of necrotic spots is not
associated with biotic stress and resembles a hypersensitive response. The identification of
ER stress-related genes enriched by log, > |51 revealed two genes involved in immune
death-related genes, namely SKP1 and CALIR, which were consistent with the qPCR results.
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Figure 5. Transcriptional analysis of necrotic materials and qPCR validation. (A) KEGG enrichment
analysis of logy > 121, focusing on photosynthesis, carbon and nitrogen metabolism, and secondary
metabolism. (B) KEGG enrichment analysis of log, > 151. At this level, programmed cell death
pathways, such as ER stress, lipid metabolism, and secondary metabolism, are significantly enriched.
(C) Comparison of qPCR and RNA-seq selected by KDA analysis. (D) KEGG network enrichment
analysis, selecting the top 500 of log, difference. (E) Clustering heat map of HSF. HT: herbicide
treatment. (F) Classification of ER stress pathway enriched from (B).
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The KEGG enrichment analysis showed that the enriched ER stress pathway contained
a significant number of heat shock proteins, known to be more sensitive to heat. The heat
shock transcription factors were then subjected to clustered heat map analysis, revealing
the presence of HSFA2 and HSFB2 family transcription factors with increasing expression.
The HsfB2c gene was selected for qPCR verification, and the results were consistent with
the clustering results (Figure 5C,E). It is speculated that a high temperature may also affect
the occurrence of necrotic spots.

2.4. Location Detection of Intracellular Necrosis

The chloroplast status of the necrotic surrounding cells (Figure 6A) indicates that
HRT1 caused a significant accumulation of temporary starch granules and cloudy vacuole
fluid and blocked cell division after treatment with imazethapyr. Further observation of
the treated group (Figure 6B,C) revealed that despite the significant synthesis of starch
granules, the chloroplast morphology remained relatively regular, with an intact and clear
membrane and thylakoid structures. Additionally, mitochondrial depolarisation was low,
while fragmented ER organisation and liposomes were observed within the vacuoles.
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Figure 6. Location detection of intracellular necrosis. (A) TEM between CK and necrotic margin: (1) is
CK, (2) is necrotic margin. (B) Detailed partl (1) cellular level; (2) Organelle level, (C) follow this,
ER: endoplasmic reticulum. (C) Detailed part 2, TK: thylakoid, SG: starch grain, PS: phagosome, M:
mitochondria, GI: Golgi, LP: lipidosome. (D) GO Cellular Component analysis of logy > 121; in the
small circle, the purple part belongs to mitochondria, 2.9%. (E) GO enrichment analysis of organelles
enriched from (D).

The transcriptome was analysed to classify and enrich the cellular composition based
on Gene Ontology (GO) (Figure 6D,E). The analysis revealed that the proportion of differ-
entially expressed genes that act on chloroplasts and mitochondria, the sources of reactive
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oxygen species (ROS), was low. Additionally, the GO enrichment results showed that
differential expression was concentrated on the membrane structures in the cytoplasm. Cell
necrosis is frequently caused by a sudden burst of ROS and a continuous dysregulation
of homeostasis. ROS preferentially attack the tissues surrounding the site of necrosis.
Chloroplasts, the largest site of ROS production in plant cells, preferentially disintegrated
the membrane structure of chloroplasts and mitochondria when the necrosis in HRT1 was
due to chloroplast-associated defects. However, this speculation was not supported by
the electron microscopy results. The transcriptome results, combined with the electron mi-
croscopy results, suggest that the critical sites for the development of intracellular necrosis
should not be on the chloroplasts or mitochondria.

2.5. Response of Necrotic Phenotype to Temperature and Light

This study investigated the impact of light and temperature on herbicide treatment-
induced leaf necrosis in weedy rice. One-way and two-way temperature-light experi-
ments were conducted under ambient temperature and shade-no shade conditions. The
results showed significant changes in leaf area and Fv/Fm (Figure 7B(1-3),C) in the single-
factor experiments of temperature and light. The decrease in Fv/Fm was greater in both
the intense-light and high-temperature groups than in the control group. This suggests
that both intense light and high temperatures promote the production of necrotic spots.
The temperature-light experiments (Figure 7A,B(4) and Table S5) showed that the high-
temperature treatment had a greater effect on necrotic spots than intense light.

A

CL+HT CL+CT CL+HT  CL+CT UCL+HT UCL+CT UCL+HT UCL+CT

Fv/Fm of light influenced

UCL |CL+H | UCL+H UCL |CL+H| UCL+H
1day before 6day after

CcT HT CT+H  HT+H CcL ucL CL+H  UCL#H

&) s 4

Fv/Fm of temperature
and light influenced

HT |CT+H| HT+H HT |CT+H| HT+H UCL+CT UCL+HT
1day before 6day after Group

Figure 7. Effect of intense light and high temperature on necrotic spots. (A) Fv/Fm on the 6th
day of imazethapyr treatment with the temperature-light influence; CL: cover light, CT: common
temperature, UCL: uncover light, HT: high temperature. (B) Effect of imazethapyr on the light,
temperature, and light-temperature factor. (1) Leaf area changing rate of single light and temperature,
H: herbicide. (2) Fv/Fm of light-herbicide. (3) Fv/Fm of temperature-herbicide. (4) Chart showing
(A), (C) phenotype of temperature and light treatment.
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The transcriptome was analysed to classify and enrich the cellular composition based
on GO (Figure 6D,E). The analysis revealed that the proportion of differentially expressed
genes that act on chloroplasts and mitochondria, the sources of ROS, was low. Additionally,
the GO enrichment results showed that the differential expression was concentrated on the
membrane structures in the cytoplasm. Cell necrosis is frequently caused by a sudden burst
of ROS and a continuous dysregulation of homeostasis. ROS preferentially attack the tissues
surrounding the site of necrosis. Chloroplasts, the largest site of ROS production in plant
cells, preferentially disintegrated the membrane structure of chloroplasts and mitochondria
when the necrosis in HRT1 was due to chloroplast-associated defects. However, this
speculation was not supported by the electron microscopy results. The transcriptome
results, combined with the electron microscopy results, suggest that the critical sites for the
development of intracellular necrosis should not be on chloroplasts and mitochondria.

3. Discussion
3.1. Identifying a New Phenotype of Necrotic Spot in Weedy Rice Responding to IMI Herbicides

This study reported the rapid response of weedy rice to IMI herbicides, resulting in a
new phenotype of leaf necrotic spots. These findings provide new insights for analysing
the efficacy of rice IMI herbicides and the control of weedy rice.

The biggest challenge facing IMI herbicide-resistant rice varieties is the frequent
occurrence of resistant weedy rice and the overall increase in herbicide resistance. A
survey of local farmers in Malaysia has shown that some weedy rice survives during the
season, and resistant weedy rice emerges after five to six seasons of Clearfield® rice [16].
It is now accepted that such resistant weedy rice is mainly due to the drift of resistance
genes [17]; therefore, suppressing the weedy rice population and gene flow is critical and
essential [18]. IWMS is currently the most appropriate management model to control weedy
rice and extend the technical life of the herbicide resistance system while taking benefits
into account [19].

In this system, chemical methods are required to reduce weeds without reducing effi-
ciency and adapt to local situations [20]. IMI herbicides have calm and slow overall efficacy
but high residual amounts of weeds [15]. It is difficult to ensure a suitable concentration in
cultural practice. Referring to Section 2.2.2, a difference in efficacy between the technical
product and formulation. Although the growth of HRT1 was inhibited under 1- and 2-fold
treatment of the technical product, no obvious necrotic spots were formed. After 7 days, the
photosynthetic fluorescence state had basically recovered to the same level as the control.
According to a study [21], weedy rice has a stronger growth rate and competitive ability
than cultivated rice. Poor efficacy may not allow cultivated rice to form an absolute growth
advantage over more tolerant weedy rice in just one week. Meanwhile, IMI herbicides
are inhibitors of ALS, which also belong to the class of amino acid inhibitors [15]. Casey
and Xu demonstrated that applying BCAA in the early and middle stages could reverse or
substantially reduce the effect of an ALS inhibitor [22,23]. Nitrogen fertilisers or growth
regulators are often applied with herbicides at nearly the same time. These substances also
act as antidotes to IMI [24]. Thus, comparing the conventional type and the leaf necrosis
spot type, which occurs rapidly and cannot recover, can support cultural practices to match.

3.2. ER Stress Possibly Causes Necrotic Spots under Imazethapyr Treatment

This study provides preliminary evidence for a novel mechanism by which imazethapyr
induces ER stress, leading to the generation of necrotic spots in weedy rice. The physio-
logical mechanisms of the ALS inhibitor classes on plants have been largely elucidated,
the most notable of which is their effect on plant nitrogen metabolism. In the short term,
there is a large accumulation of free amino acids, especially BCAA, and other amino acids
are rapidly degraded [25], which is in agreement with the transcriptome results of this
experiment. Zabalza et al. found with N5 that imidazole ethanolic acid application leads
to a decrease in root vigour as well as the impairment of nitrogen uptake accompanied
by stomatal closure in soybean [25]. Correspondingly, Zabalza found that imazethapyr
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application leads to the accumulation of transient starch in chloroplasts, resulting in the
starch grain accumulation effect shown in this paper [26]. Qian’s results were consistent
with the above [27]. The starch deposition was attributed to the decrease in root vigour and
stomatal conductance and, consequently, the reduction in the overall intensity of carbon
and nitrogen cycling. At the cellular level, the effects of ALS enzymes on chloroplasts are
more pronounced due to their expression in chloroplasts. In addition to causing the accu-
mulation of starch granules, it can have destructive effects, such as chlorophyll degradation,
thylakoid membrane breakdown, and reduced photosynthetic efficiency as it accumulates
over time, ultimately leading to the disintegration of chloroplasts [28]. At the same time, it
causes mitochondria to undergo anaerobic respiration, and AOX enzyme activity increases
significantly [29]. The accumulation of multiple deleterious effects leads to a gradual
increase in cellular ROS, which ultimately results in autophagic apoptosis. This feature is
significantly expressed in pollen, and taking advantage of this feature, ALS inhibitors are
often used as anthericides in cruciferous crops [28,30]. Microspores and tapetum cells show
distinct autophagic vacuole structures after treatment. The ITS and leaf chloroplasts are
deformed, and the transcriptome is consistent with the cytological results [31,32], which
overlap, to some extent, with the cytology and transcriptome of the present experiment.
However, ER stress-related pathways have not been mentioned in other studies.

The necrotic spot phenotype in this experiment showed high similarity to environmen-
tally induced rice disease-like spots, and the possibility of biotic stress was largely ruled
out by microscopic examination and transcriptome analysis. Thus, using the mechanisms
of development of this class of spots as a reference, most of them are caused by a mutation
in a gene that leads to the active and susceptible disruption of a certain part of the cell or a
decrease in resistance to homeostatic perturbations, and all of them ultimately lead to a
burst of ROS that triggers a hypersensitive response, leading to programmed death [33,34].

Since the transcriptome logy > 121 and log, > 151 results indicated chloroplasts
and ER, respectively, the cause of intracellular necrosis was not clear. Drawing on the
male-killing mechanism of ALS inhibitors, it was tentatively hypothesised that defective
chloroplasts might generate excessive ROS, triggering a hypersensitivity reaction that
selectively damages the chloroplast structure [35]. However, electron microscopy and GO
structural analysis revealed that chloroplasts and mitochondria did not undergo signifi-
cant disintegration, and mitochondrial stress is also a major type of necrotic pathway in
plants [36]. Therefore, the possibility of chloroplast- and mitochondria-related changes as
the main cause of necrotic death was ruled out. The two highly differentially expressed
genes were concentrated in ER stress, lipid metabolism, and secondary metabolism, and
electron microscopy results also showed the presence of degraded and swollen ER struc-
tures in the vesicles. Meanwhile, the light-temperature verification test showed that
temperature treatment with a better correlation with heat-stimulated proteins had a greater
effect on necrosis [37]. Therefore, it was finally concluded that the key site of intracellular
necrosis was in the ER and was related to the state of the ER itself, which triggered a similar
hypersensitivity mechanism, leading to the generation of necrotic spots on the leaves.

Based on the experimental results and literature investigation, there are two possible
mechanisms. First, the ER of this rapidly necrotic type of weedy rice is less resistant to
non-homeostasis compared to non-rapid necrotrophic weedy rice, and the dysregulation of
amino acid metabolism after imazethapyr treatment leads to an increase in the number of
unfolded proteins on the ER [38]. This is also reflected in the increased transcript levels
of heat stress proteins in response to protein homeostasis, which triggers unprogrammed
death [39]. However, only the transcript level of the ER receptor gene IRE1 was found to be
up-regulated in the ER stress pathway marker gene assay in plants, which may have been
due to the early sampling time. IRE1 may also be involved in necroptosis independent of
ER stress in animals, but this pathway has not been detected in plants [40,41]. The next
step should be to examine the ER status before and after imazethapyr treatment and at
different times of the day using sectioning and qPCR. In the meantime, although methomyl
fumarate was also verified in the present study, and the preliminary demonstration showed
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that IMIs can induce necroptosis, other herbicide types have not been validated. Second,
KEGG network analysis and mapping showed the existence of a plant defence pathway
triggered by calcium ions and some related heat stress proteins, and transcript levels of
immune surveillance genes were up-regulated, but whether this was induced as a cause
of the event or by dysregulation of the ER could not be determined [42]. Further tests for
bacterial disease resistance and calcium homeostasis-regulated genes should be carried out
to search for mutant genes or common pathways in weedy rice.

3.3. Research Prospects of New Phenotypes of Necrotic Plaques in Herbicide Reaction
and Production

In this study, necrotic spots or mixed types were found in half of the test population
of weedy rice, and the necrotic type was present in most of the population, indicating
that there was no group tendency for this type. The experiment clarified that both intense
light and high temperature can effectively induce necrotic development through the ex-
periments of one- and two-factor photosynthetic fluorescence and phenotyping tests of
light and temperature, but whether there is a synergistic effect between the two needs to
be investigated by further relevant experiments. We found many heat-expressed proteins
involved in protein homeostasis and immune response through transcriptional analysis,
and heat-expressed proteins can be regulated by light and heat stress [43,44]. Both stressors
can increase the adversity stress of cells, and it is worthwhile to explore whether such
environmental stressors are involved in key pathways of necroptosis. Most interestingly,
imazethapyr is an endophytic herbicide, but its application to this kind of weedy rice shows
the injury phenotype commonly seen with contact herbicides. Is this caused by transport
barriers or environmental factors? Understanding the mechanism may provide new ideas
in terms of herbicide efficacy.

4. Materials and Methods
4.1. Plant Materials

A total of 113 weedy rice samples were collected from 16 countries worldwide (China,
South Korea, Japan, Myanmar, Laos, Cambodia, Vietnam, Philippines, India, Nepal, Bhutan,
Sri Lanka, Brazil, and the USA). Namweonaengmi 2, coded as HRT1 (herbicide response
type 1), has a responding phenotype of typical necrotic spots and comes from South
Korea. 5743, coded as HRT2 (herbicide response type 2), with a responding phenotype of
yellowing and wilting, comes from Jiangsu Province, which plants an IMI-R rice variety.
Jingeng 818, an IMI-R variety, is planted in Jiangsu Province in China.

4.2. Statistics of Response Types to Imazethapyr in the Weedy Rice Population

The population was planted with six plants in each hill after germination and sprout-
ing, and the whole plant was treated and measured during the two-leaf stage with a water
control and imazethapyr treatment (Alfalfa Clear, 150 g a.i. hm ™!, imazethapyr aqueous so-
lution bought from Shandong Xianda Agrochemical Co., Ltd., Weifang, Shandong, China).
Alfalfa Clear (225 uL) was dissolved in 45 mL of sterile water and sprayed evenly with a
0.8 L hand-held sprayer (Ichishita brand, Ichishita Holding Co., Ltd., Taizhou, China) at a
spray pressure of 0.2 Mpa. The phenotypes of herbicide damage were counted once a week
for 2 weeks, and the standard of herbicide damage was measured following Haider et al.’s
method [45].

4.3. Identification of Necrosis Spot
4.3.1. Phenotype Observation

Single pots of HRT1 and HRT2 with good imazethapyr tolerance were selected and
grown in the greenhouse to the three-leaf stage, with HRT2 planted 7 days earlier and HRT1
and HRT2 treated with the formulation at the field-recommended dose of 112.5 g a.i. hm !
and photographed for comparison when both phenotypes were evident.
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4.3.2. Microscopic Examination

First, leaves with necrotic spots were removed, and the necrotic spots were observed
using a Zeiss Smartzoom 5 super depth field microscope (Oberkochen, Baden-Wiirttemberg,
Germany). Then, the freshly spotted parts were collected, fixed in 2% glutaraldehyde, and
sent to Sevier (Wuhan, Hubei, China) for transmission electron microscopy. Lastly, 1 cm?
of the diseased and healthy junctions were cut to make temporary sections, and a Leica
Axiostar plus fluorescence microscope (Leica microsystem, Wetzlar, Hessian, Germany) was
used to observe the phenomenon of fungal spores in bright field and to take photographs.

4.4. Relationship between Imazethapyr and Necrosis Spot
4.4.1. Formulation Smear Test

Planting conditions were the same as in Section 4.3.1. When the seedlings were in
the three-leaf stage, a brush was moistened with 75 g a.i. hm~! of the formulation and
applied to the middle and upper part of the second leaf blade, taking care not to let the
liquid run down to the underside of the leaf. The phenotypic changes were observed, and
photographs were taken.

4.4.2. Efficacy Comparison between the Technical Product and the Formulation

The imazethapyr technical product (TC) group (purchased from Shanghai McLean
Biochemical Science and Technology Co., Ltd., Shanghai, China) was tested at concentrations
of 0, 37.5,75, 150, 300, and 600 g a.i. hm~!, which were the control and 1, 2, 4, and 8 times the
recommended dose, respectively. The formulation of the AS (aqueous solution) concentration
was 75 gai hm~!. Each group of 50 HRT1 plants were planted in 30 cm x 40 cm pots,
with three replicates, and grown to the two- to three-leaf stage. The degree of necrosis
was measured using the following scale: 0, no necrosis; 1, appearance of necrotic spots;
2, necrotic spots aggravated or aggravated to form an irregular streak. Statistics were
calculated. Meanwhile, another 6 single seedlings were planted for each group, and
photosynthetic fluorescence observation was carried out 1 day before spraying and 3, 5,
and 7 days after spraying using PlantExplorer, a multifunctional plant photosynthetic
phenotypic imaging and measurement system (PhenoVation, Wageningen, Gelderland,
The Netherlands). The standard value of Fv/Fm was 0.83, and the relationship between
IMIs and photosynthetic fluorescence has been demonstrated in previous studies [46,47].

4.4.3. Resistant Variety Verification

Jingeng 818 (O. sativa ssp. japonica, Jiangsu IMI-resistant variety) was planted in the
three-leaf stage under the same conditions as in Section 4.3.1, and five gradient spraying
treatments (0, 37.5, 75, 150, and 300 g a.i. hm~!) were applied to observe the pheno-
typic changes.

4.5. Transcriptional Level Analysis
4.5.1. Transcriptomics

HRT1 was planted in the three-leaf-one-heart stage, and control and herbicide treat-
ment groups were established. The imazethapyr spray treatment was applied when the
new leaves were just emerging, and the third whole leaf was collected when the new leaves
were wilted. Five leaves from each group were collected as one replication, and a total of
three replications were sent to Shenzhen Huada Gene Science and Technology Co., Ltd.
(Shenzhen, Guangdong, China) for transcriptome sequencing and analysis using their
biosignature platform, BGI Ltd. (http://report.bgi.com). BioProject: PRINA1085844.

4.5.2. Q-rtPCR

Seven predicted key driver genes and one HSF gene were verified by qPCR, and
the remaining RNA from the transcriptome was used for reverse transcription using a
reverse transcription kit (HiFiScript cDNA Synthesis Kit, Kangwei Century Co., Ltd.,
Beijing, China). Reverse transcription was performed, and primers were designed by NCBI
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and synthesised by Shanghai Jierui Bioengineering Co., Ltd. (Shanghai, China). qPCR
experiments were performed using the Power SYBR™ Real-Time PCR Kit and Green PCR
Premix (Thermo, Waltham, MA, USA). Primers are listed in Table S4.

4.6. Cytological Verification

Three-leaf-stage HRT1 plants were organised into two groups, water control and
imazethapyr treatment, which were treated and left until necrotic spots appeared. Samples
of the diseased and healthy junction and the normal group with the same treatments as in
Section 4.3.2 were collected for transmission electron microscopy observation.

4.7. Influence of Temperature and Light on Necrotic Spots
4.7.1. Light Power

The treatment group, covered light (CL), and the control group, uncovered light (UCL),
were established for phenotypic and fluorescence observation. Plants were placed in the
greenhouse outside the roof, and planting conditions followed those in Section 4.3.1. There
was a comparative check after spraying. Photosynthetic fluorescence observation was
performed as described in Section 4.3.2. The 5 shading treatments were established using a
shade net as follows: shading effect of about 50%, outdoor light intensity 193 x 1000 Ix, roof
and inside-greenhouse light intensity of 97 x 1000 Ix, and shading intensity of 51 x 1000 Ix.
Fluorescence was observed 1 day before and 6 days after spraying.

4.7.2. Temperature

The common-temperature (CT) and high-temperature (HT) treatments were set up to
be consistent with the experiments in Section 4.7.1, with the common-temperature group
being placed outdoors and the high-temperature group being placed inside the greenhouse,
where high temperatures of up to 30 °C or more could be reached on a sunny day. The
attached figure shows the specific temperatures (Figure S4).

4.7 3. Temperature and Light Power Co-Treatment

HRT1 was planted during the two-leaf stage; selected seedlings with uniform growth were
transferred to individual pots, and when the three-leaf stage was reached, herbicide treatment
was applied at a concentration of 75 g a.i. hm™!, according to the two-factor temperature
and light experiment, with light and temperature in accordance with Sections 4.7.1 and 4.7.2.
Fluorescence was observed 1 day before and 3 and 6 days after spraying.

5. Conclusions

In this experiment, the phenotypic characteristics and occurrence of a novel phe-
nomenon showed that imazethapyr could rapidly generate necrotic spots in some weedy
rice. Necrotic spots were identified as a physiological type of hypersensitive programmed
death and were strongly correlated with imazethapyr and an environment characterised by
high temperature and intense illumination. When comparing the efficacy of the formulation
and the technical product, the involvement of the formulation enhanced the efficacy by
about four times. Still, it was not effective in killing the more tolerant weedy rice when
the dosage was insufficient. It is recommended that the application be made under sunny
weather conditions to maximise the efficacy of the herbicide. When further investigating
the occurrence of necrotic spots, in addition to known chloroplast and mitochondrial dam-
age, imazethapyr also caused ER stress and partial hypersensitivity pathway expression
in weedy rice leaf cells. In conclusion, the results of this study enrich the patterns of
response to IMI herbicides in weedy rice and provide new ideas for improving the efficacy
of herbicides and the management of weedy rice.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/plants13091218/s1, Figure S1: KEGG mapper of plant—pathogen
interaction from network analysis of the top 500 different expressed genes; Figure S2: KEGG mapper
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of the MAPK signalling pathway; Figure S3: Comparison of herbicide-damaged phenotype treated
by imazethapyr and imazamox in HRT1; Figure S4: Analysis of key driver genes in the pathway
of endoplasmic reticulum stress; Figure S5: Temperature changes in the greenhouse used for the
experiments; Table S1: Response type of weedy rice population to imazethapyr; Table S2: Correlation
of indicators with herbicide concentration and time; Table S3: GESA enrichment analysis of necrotic
materials between IMI and CK; Table S4: Sequences of the qPCR primers; Table S5: Variance analysis
of the Fv/Fm with intense light and high temperature.

Author Contributions: Conceptualisation, Z.Z.; resources, L.C. and D.L.; project administration,
Z.Z. and L.C.; funding acquisition, L.C.; investigation, Z.Z., X.W. and ].Z.; methodology, Z.Z.;
validation, Z.Z., X.W. and ].Z.; formal analysis, Z.Z.; supervision, L.C.; writing—original draft, Z.Z.;
visualization, Z.Z.; writing—review and editing, D.L., Q.Z. and L.C. All authors have read and agreed
to the published version of the manuscript.

Funding: This study was supported by the National Science Foundation of China (grant number
31860108), the Foundation Program of Central Government Guide Local Science (grant number
202207AA110010), and the Major Science Program of Yunnan Province (grant number 202202AE09002102).

Data Availability Statement: Data are contained within the article.

Acknowledgments: We thank Song Xiaoling of Nanjing Agricultural University for her guidance
with this manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Roma-Burgos, N.; San Sudo, M.P;; Olsen, K.M.; Werle, I.; Song, B.-K. Weedy rice (Oryza spp.): What's in a name? Weed Sci. 2021,
69, 505-513. [CrossRef]

2. Imaizumi, T,; Ebana, K.; Kawahara, Y.; Muto, C.; Kobayashi, H.; Koarai, A.; Olsen, K.M. Genomic divergence during feralization
reveals both conserved and distinct mechanisms of parallel weediness evolution. Commun. Biol. 2021, 4, 952. [CrossRef] [PubMed]

3.  Baek, J.S.; Chung, N.J. Seed Wintering and Deterioration Characteristics between Weedy and Cultivated Rice. Rice 2012, 5, 21.
[CrossRef]

4.  Ziska, L.H.; Gealy, D.R.; Burgos, N.; Caicedo, A.L.; Gressel, J.; Lawton-Rauh, A.L.; Avila, L.A.; Theisen, G.; Norsworthy, J.; Ferrero,
A.; et al. Weedy (red) rice: An emerging constraint to global rice production. Adv. Agron. 2015, 129, 181-228.

5. Chauhan, B.S. Strategies to manage weedy rice in Asia. Crop Prot. 2013, 48, 51-56. [CrossRef]

6. Wang, H.; Dai, W,; Zhang, Z.; Li, M.; Meng, L.; Zhang, Z.; Huan, L.; Song, X.; Qiang, S. Occurrence pattern and morphological
polymorphism of Chinese weedy rice. J. Integr. Agric. 2023, 22, 149-169. [CrossRef]

7. Jin, M,; Chen, L.; Deng, X.W.; Tang, X. Development of herbicide resistance genes and their application in rice. Crop J. 2022, 10,
26-35. [CrossRef]

8. Garcia, M.D.; Nouwens, A.; Lonhienne, T.G.; Guddat, L.W. Comprehensive understanding of acetohydroxyacid synthase
inhibition by different herbicide families. Proc. Natl. Acad. Sci. USA 2017, 114, E1091-E1100. [CrossRef]

9. Tan, S.; Evans, R.R.; Dahmer, M.L.; Singh, B.K,; Shaner, D.L. IMI-tolerant crops: History, current status and future. Pest Manag. Sci.
2005, 61, 246-257. [CrossRef]

10.  Yu, Q.; Powles, S.B. Resistance to AHAS inhibitor herbicides: Current understanding. Pest Manag. Sci. 2014, 70, 1340-1350.
[CrossRef]

11.  Shivrain, V.K,; Burgos, N.R.; Gealy, D.R.; Sales, M.A.; Smith, K.L. Gene Flow from weedy red rice (Oryza sativa L.) to cultivated
rice and fitness of hybrids. Pest Manag. Sci. 2009, 65, 1124-1129. [CrossRef] [PubMed]

12.  Singh, V.; Singh, S.; Black, H.; Boyett, V.; Basu, S.; Gealy, D.; Gbur, E.; Pereira, A.; Scott, R.C.; Caicedo, A.; et al. Introgression of
Clearfield™ rice crop traits into weedy red rice outcrosses. Field Crops Res. 2017, 207, 13-23. [CrossRef]

13.  Merotto, A., Jr.; Goulart, I.C.; Nunes, A.L.; Kalsing, A.; Markus, C.; Menezes, V.G.; Wander, A.E. Evolutionary and social
consequences of introgression of nontransgenic herbicide resistance from rice to weedy rice in Brazil. Evol. Appl. 2016, 9, 837-846.
[CrossRef]

14. Perotti, V.E.; Larran, A.S.; Palmieri, V.E.; Martinatto, A.K.; Permingeat, H.R. Herbicide resistant Weeds: A call to integrate
conventional agricultural practices, molecular biology knowledge and new technologies. Plant Sci. 2020, 290, 110255. [CrossRef]

15.  Shaner, D.L. Herbicide Handbook; Weed Science Society of America: Lawrence, KS, USA, 2014.

16. Dilipkumar, M.; Ahmad-Hamdani, M.S.; Rahim, H.; Chuah, T.S.; Burgos, N.R. Survey on weedy rice (Oryza spp.) management
practice and adoption of Clearfield® rice technology in Peninsular Malaysia. Weed Sci. 2021, 69, 558-564. [CrossRef]

17. Busconi, M.; Rossi, D.; Lorenzoni, C.; Baldi, G.; Fogher, C. Spread of herbicide-resistant weedy rice (red rice, Oryza sativa L.) after
5 years of Clearfield rice cultivation in Italy. Plant Biol. 2012, 14, 751-759. [CrossRef] [PubMed]

18.  Bzour, M.L; Zuki, EM.; Mispan, M.S. Introduction of IMI herbicide and Clearfield® rice between weedy rice—Control efficiency

and environmental concerns. Environ. Rev. 2018, 26, 181-198. [CrossRef]


https://doi.org/10.1017/wsc.2021.22
https://doi.org/10.1038/s42003-021-02484-5
https://www.ncbi.nlm.nih.gov/pubmed/34376793
https://doi.org/10.1186/1939-8433-5-21
https://doi.org/10.1016/j.cropro.2013.02.015
https://doi.org/10.1016/j.jia.2022.08.001
https://doi.org/10.1016/j.cj.2021.05.007
https://doi.org/10.1073/pnas.1616142114
https://doi.org/10.1002/ps.993
https://doi.org/10.1002/ps.3710
https://doi.org/10.1002/ps.1802
https://www.ncbi.nlm.nih.gov/pubmed/19530257
https://doi.org/10.1016/j.fcr.2017.03.004
https://doi.org/10.1111/eva.12387
https://doi.org/10.1016/j.plantsci.2019.110255
https://doi.org/10.1017/wsc.2021.16
https://doi.org/10.1111/j.1438-8677.2012.00570.x
https://www.ncbi.nlm.nih.gov/pubmed/22443148
https://doi.org/10.1139/er-2017-0096

Plants 2024, 13,1218 16 of 17

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

Svizzero, S. Agronomic practices and biotechnological methods dealing with the occurrence, dispersion, proliferation and
adaptation of weedy rice (Oryza sativa f. spontanea). Int. |. Pest Manag. 2024, 70, 62-75. [CrossRef]

Lamichhane, ].R.; Devos, Y.; Beckie, H.J.; Owen, M.D.; Tillie, P.; Messéan, A.; Kudsk, P. Integrated weed management systems
with herbicide-tolerant crops in the European Union: Lessons learnt from home and abroad. Crit. Rev. Biotechnol. 2017, 37,
459-475. [CrossRef]

Dai, L.; Song, X.; He, B.; Valverde, B.E.; Qiang, S. Enhanced photosynthesis endows seedling growth vigour contributing to the
competitive dominance of weedy rice over cultivated rice. Pest Manag. Sci. 2017, 73, 1410-1420. [CrossRef]

Xu, L.; Shou, J.; Gill, R.A.; Guo, X.; Najeeb, U.; Zhou, W. Effects of Z]J0273 on barley and growth recovery of herbicide-stressed
seedlings through application of branched-chain amino acids. J. Zhejiang Univ. Sci. B 2019, 20, 71. [CrossRef] [PubMed]

Casey, A.; Kocher, T.; Caygill, S.; Champion, C.; Bonnot, C.; Dolan, L. Transcriptome changes in chlorsulfuron-treated plants are
caused by acetolactate synthase inhibition and not induction of a herbicide detoxification system in Marchantia polymorpha. Pestic.
Biochem. Physiol. 2023, 191, 105370. [CrossRef] [PubMed]

Daramola, O.S.; MacDonald, G.E.; Kanissery, R.G.; Devkota, P. Effects of co-applied agrochemicals on herbicide performance: A
review. Crop Prot. 2023, 174, 106396. [CrossRef]

Garcia-Garijo, A.; Tejera, N.; Lluch, C.; Palma, F. Metabolic responses in root nodules of Phaseolus vulgaris and Vicia sativa exposed
to the imazamox herbicide. Pestic. Biochem. Physiol. 2014, 111, 19-23. [CrossRef] [PubMed]

Zabalza, A.; Gaston, S.; Ribas-Carbé, M.; Orcaray, L.; Igal, M.; Royuela, M. Nitrogen assimilation studies using 15N in soybean
plants treated with imazethapyr, an inhibitor of branched-chain amino acid biosynthesis. J. Agric. Food Chem. 2006, 54, 8818-8823.
[CrossRef] [PubMed]

Zabalza, A.; Orcaray, L.; Gaston, S.; Royuela, M. Carbohydrate accumulation in leaves of plants treated with the herbicide
chlorsulfuron or imazethapyr is due to a decrease in sink strength. J. Agric. Food Chem. 2004, 52, 7601-7606. [CrossRef] [PubMed]
Qian, H,; Lu, H.; Ding, H; Lavoie, M,; Li, Y.; Liu, W.; Fu, Z. Analyzing Arabidopsis thaliana root proteome provides insights into
the molecular bases of enantioselective imazethapyr toxicity. Sci. Rep. 2015, 5, 11975. [CrossRef]

Qu, Q.; Zhang, Z.; Li, Y,; Zhou, Z.; Ye, Y,; Lu, T.; Sun, L.; Qian, H. Comparative molecular and metabolic responses of wheat
seedlings (Triticum aestivum L.) to the imazethapyr enantiomers S-IM and R-IM. Sci. Total Environ. 2019, 692, 723-731. [CrossRef]
[PubMed]

Zulet, A.; Gil-Monreal, M.; Zabalza, A.; van Dongen, ].T.; Royuela, M. Fermentation and alternative oxidase contribute to the
action of amino acid biosynthesis-inhibiting herbicides. J. Plant Physiol. 2015, 175, 102-112. [CrossRef]

Zhao, L.; Jing, X.; Chen, L.; Liu, Y.; Su, Y,; Liu, T; Gao, C.; Yi, B.; Wen, ].; Ma, C.; et al. Tribenuron-methyl induces male sterility
through anther-specific inhibition of acetolactate synthase leading to autophagic cell death. Mol. Plant 2015, 8, 1710-1724.
[CrossRef]

Liu, X.-Q.; Yu, C.-Y,; Dong, J.-G.; Hu, S.-W.; Xu, A.-X. Acetolactate synthase-inhibiting gametocide amidosulfuron causes
chloroplast destruction, tissue autophagy, and elevation of ethylene release in rapeseed. Front. Plant Sci. 2017, 8, 1625. [CrossRef]
[PubMed]

Lian, J.; Ren, L.-S.; Zhang, C.; Yu, C.-Y;; Huang, Z.; Xu, A.-X,; Dong, J.-G. How exposure to ALS-inhibiting gametocide tribenuron-
methyl induces male sterility in rapeseed. BMC Plant Biol. 2019, 19, 124. [CrossRef] [PubMed]

Yan, J.; Fang, Y.; Xue, D. Advances in the genetic basis and molecular mechanism of lesion mimic formation in rice. Plants 2022,
11, 2169. [CrossRef] [PubMed]

Xiaobo, Z.; Mu, Z.; Mawsheng, C.; Xuewei, C.; Jing, W. Deciphering rice lesion mimic mutants to understand molecular network
governing plant immunity and growth. Rice Sci. 2020, 27, 278-288. [CrossRef]

Dominguez, E; Cejudo, EJ. Chloroplast dismantling in leaf senescence. J. Exp. Bot. 2021, 72, 5905-5918. [CrossRef] [PubMed]
Napolitano, G.; Fasciolo, G.; Venditti, P. Mitochondrial management of reactive oxygen species. Antioxidants 2021, 10, 1824.
[CrossRef] [PubMed]

Andraési, N.; Pettk6-Szandtner, A.; Szabados, L. Diversity of plant heat shock factors: Regulation, interactions, and functions. J.
Exp. Bot. 2021, 72, 1558-1575. [CrossRef] [PubMed]

Ragni, M.; Ruocco, C.; Tedesco, L.; Carruba, M.O.; Valerio, A.; Nisoli, E. An amino acid-defined diet impairs tumour growth in
mice by promoting endoplasmic reticulum stress and mTOR inhibition. Mol. Metab. 2022, 60, 101478. [CrossRef] [PubMed]
Bourgine, B.; Guihur, A. Heat shock signaling in land plants: From plasma membrane sensing to the transcription of small heat
shock proteins. Front. Plant Sci. 2021, 12, 710801. [CrossRef]

Rojas-Rivera, D.; Delvaeye, T.; Roelandt, R.; Nerinckx, W.; Augustyns, K.; Vandenabeele, P; Bertrand, M.]. When PERK inhibitors
turn out to be new potent RIPK1 inhibitors: Critical issues on the specificity and use of GSK2606414 and GSK2656157. Cell Death
Differ. 2017, 24, 1100-1110. [CrossRef]

Mcgrath, E.P; Centonze, FG.; Chevet, E.; Avril, T.; Lafont, E. Death sentence: The tale of a fallen endoplasmic reticulum. Biochim.
Et Biophys. Acta (BBA) -Mol. Cell Res. 2021, 1868, 119001. [CrossRef] [PubMed]

Yabuta, Y. Functions of heat shock transcription factors involved in response to photooxidative stresses in Arabidopsis. Biosci.
Biotechnol. Biochem. 2016, 80, 1254-1263. [CrossRef] [PubMed]

Haider, S.; Raza, A.; Igbal, J.; Shaukat, M.; Mahmood, T. Analyzing the regulatory role of heat shock transcription factors in plant
heat stress tolerance: A brief appraisal. Mol. Biol. Rep. 2022, 49, 5771-5785. [CrossRef]


https://doi.org/10.1080/09670874.2021.1944697
https://doi.org/10.1080/07388551.2016.1180588
https://doi.org/10.1002/ps.4471
https://doi.org/10.1631/jzus.B1700375
https://www.ncbi.nlm.nih.gov/pubmed/30614231
https://doi.org/10.1016/j.pestbp.2023.105370
https://www.ncbi.nlm.nih.gov/pubmed/36963939
https://doi.org/10.1016/j.cropro.2023.106396
https://doi.org/10.1016/j.pestbp.2014.04.005
https://www.ncbi.nlm.nih.gov/pubmed/24861929
https://doi.org/10.1021/jf0618224
https://www.ncbi.nlm.nih.gov/pubmed/17090128
https://doi.org/10.1021/jf0486996
https://www.ncbi.nlm.nih.gov/pubmed/15675810
https://doi.org/10.1038/srep11975
https://doi.org/10.1016/j.scitotenv.2019.07.333
https://www.ncbi.nlm.nih.gov/pubmed/31539980
https://doi.org/10.1016/j.jplph.2014.12.004
https://doi.org/10.1016/j.molp.2015.08.009
https://doi.org/10.3389/fpls.2017.01625
https://www.ncbi.nlm.nih.gov/pubmed/28983304
https://doi.org/10.1186/s12870-019-1722-1
https://www.ncbi.nlm.nih.gov/pubmed/30940071
https://doi.org/10.3390/plants11162169
https://www.ncbi.nlm.nih.gov/pubmed/36015472
https://doi.org/10.1016/j.rsci.2020.05.004
https://doi.org/10.1093/jxb/erab200
https://www.ncbi.nlm.nih.gov/pubmed/33959761
https://doi.org/10.3390/antiox10111824
https://www.ncbi.nlm.nih.gov/pubmed/34829696
https://doi.org/10.1093/jxb/eraa576
https://www.ncbi.nlm.nih.gov/pubmed/33277993
https://doi.org/10.1016/j.molmet.2022.101478
https://www.ncbi.nlm.nih.gov/pubmed/35367410
https://doi.org/10.3389/fpls.2021.710801
https://doi.org/10.1038/cdd.2017.58
https://doi.org/10.1016/j.bbamcr.2021.119001
https://www.ncbi.nlm.nih.gov/pubmed/33705817
https://doi.org/10.1080/09168451.2016.1176515
https://www.ncbi.nlm.nih.gov/pubmed/27095030
https://doi.org/10.1007/s11033-022-07190-x

Plants 2024, 13,1218 17 of 17

45. Wang, G.; Shi, J.; Ge, C; Li, Z.; Zhang, B.; Bi, H. Phytotoxicity of herbicide application in corn fields on intercropped flue-cured
tobacco. Tob. Sci. Technol. 2019, 52, 15-21.

46. Balabanova, D.A.; Paunov, M.; Goltsev, V.; Cuypers, A.; Vangronsveld, ].; Vassilev, A. Photosynthetic performance of the IMI
resistant sunflower exposed to single and combined treatment by the herbicide imazamox and an amino acid extract. Front. Plant
Sci. 2016, 7, 1559. [CrossRef]

47. Sun, C,; Chen, S;; Jin, Y.; Song, H.; Ruan, S.; Fu, Z.; Asad, M.A.U.; Qian, H. Effects of the herbicide imazethapyr on photosynthesis
in PGR5-and NDH-deficient Arabidopsis thaliana at the biochemical, transcriptomic, and proteomic levels. J. Agric. Food Chem.
2016, 64, 4497-4504. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fpls.2016.01559
https://doi.org/10.1021/acs.jafc.6b01699

	Introduction 
	Results 
	Phenotypic Identification of Leaf Necrotic Spots in Weedy Rice 
	Correlation Analysis of Leaf Necrotic Spot Formation and Imazethapyr in Weedy Rice 
	Correlation between the Preparation and Formation of Necrotic Spots 
	Necrotic Spots Can Be Triggered by Imazethapyr and Promoted by Auxiliary Agents 

	Transcriptome Analysis Showed Differential Expression of Endoplasmic Reticulum Injury Stress 
	Location Detection of Intracellular Necrosis 
	Response of Necrotic Phenotype to Temperature and Light 

	Discussion 
	Identifying a New Phenotype of Necrotic Spot in Weedy Rice Responding to IMI Herbicides 
	ER Stress Possibly Causes Necrotic Spots under Imazethapyr Treatment 
	Research Prospects of New Phenotypes of Necrotic Plaques in Herbicide Reaction and Production 

	Materials and Methods 
	Plant Materials 
	Statistics of Response Types to Imazethapyr in the Weedy Rice Population 
	Identification of Necrosis Spot 
	Phenotype Observation 
	Microscopic Examination 

	Relationship between Imazethapyr and Necrosis Spot 
	Formulation Smear Test 
	Efficacy Comparison between the Technical Product and the Formulation 
	Resistant Variety Verification 

	Transcriptional Level Analysis 
	Transcriptomics 
	Q-rtPCR 

	Cytological Verification 
	Influence of Temperature and Light on Necrotic Spots 
	Light Power 
	Temperature 
	Temperature and Light Power Co-Treatment 


	Conclusions 
	References

