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Physiological and transcriptomic analysis e
of Spartina alterniflora in response to imazapyr
acid stress
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Abstract

As a key aspect of managing of invasive alien species in China, the prevention and control of Spartina alterniflora
have become an important part of the work in coastal provinces, and imazapyr acid has been gradually applied

in the control work due to its advantages of high efficiency and low toxicity. In this study, we applied 6.0 L/acre

of 25% imazapyr acid aqueous stress treatment, and determined and analyzed the physiological activities and
transcriptome profiles of S. alterniflora under sustained stress. Chlorophyll fluorescence was used as a technical

tool to analyze the mechanism of photosynthesis and the photosynthetic physiological status of S. alterniflora.

We analyzed the root system structure of S. alterniflora using a root system imaging system, and characterized

the transcriptome of S. alterniflora by high-throughput sequencing technology. Specifically, after imazapyr acid
exposure, the fluorescence imaging area of leaves were all decreased, and the fluorescence indexes such as Fv/
Fm, Y(II) and Plabs were significantly decreased, while Y(NO) was significantly increased, and Y(NPQ) showed an
increase followed by a decrease. Meanwhile, total root length, root surface area and biomass of S. alterniflora were
suppressed after imazapyr acid exposure. In transcriptomic analysis, imazapyr acid inhibited the expression of genes
involved in phenylpropanoid biosynthesis, nucleotide sugar-related metabolism, valine, leucine and isoleucine
biosynthesis, and DNA replication in S. alterniflora. These results indicate that the effects of imazapyr acid stress on
the leaves of S. alterniflora are heterogeneous, with the leaves initiating photoprotective mechanisms to ensure the
normal functioning of the photosystem in the early stage of stress, and the PSIl reaction centers being damaged
in the late stage of stress, ultimately destroying the photosynthetic system. Meanwhile, imazapyr acid stress alters
basic physiological processes such as metabolism and growth and development of S. alterniflora, thus affecting the
growth and development of the plant root system, and ultimately leading to the death of S. alterniflora.
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Introduction

Spartina alterniflora is native to the Atlantic coast and
is a perennial grassy herb [1]. In 1979, S. alterniflora was
introduced to China as an ecological engineering plant,
which rapidly seized the coastal ecological niche due to
its extremely strong reproductive and adaptive abilities,
and eventually seriously threatening the structure and
function of the coastal wetland ecosystem [2, 3]. At pres-
ent, S. alterniflora is included in the list of key manage-
ment of invasive alien species, and its management has
become an important part of management and protect-
ing China’s coastal environment.

Chemical control, as a new application technology,
plays an increasingly important role in the process of
controlling S. alterniflora due to its advantages of con-
venience, high efficiency and low cost, especially envi-
ronmental friendly herbicides are beginning to be widely
tried and applied [4]. Imazapyr acid is a broad-spectrum
herbicide of imidazolinones developed by the Ameri-
can Cyanamid Company in the 1980s [5], which is a new
type of highly efficient, low-toxic, long-lasting and non-
selective post-emergence herbicide with excellent herbi-
cidal activity, mainly targeting grasses, sedge weeds and
broad-leaved weeds [6]. The application of imazapyr acid
in areas such as the west coast of the US and the Yellow
River Delta in China has achieved the purpose of control-
ling S. alterniflora with low short-term environmental
risks [7, 8].

Imazapyr acid is a suction-conducting herbicide that
has been shown to be absorbed by plant leaves and roots,
rapidly transported through the xylem and phloem to
plant meristematic tissues and accumulated [9, 10]. Ima-
zapyr acts by inhibiting the enzyme acetohydroxy acid
synthase (AHAS), also referred to as acetolactate syn-
thase (ALS) [11]. AHAS catalyzes of the first two reac-
tions of the synthesis of branched-chain amino acids
valine, leucine and isoleucine, further interrupting pro-
tein synthesis, blocking DNA synthesis and cell growth,
and ultimately leading to the loss of greenness of the new
leaves and necrosis of the tissues, thus achieving the dual
control effect of sexual and asexual reproduction [12,
13]. However, ahas gene transcription exhibited tissue-
specific divergence, being inhibited in leaves but induced
in roots, which may reflect distinct transcriptional regu-
latory pathways in these tissues [14]. AHAS inhibition
either manifests as a result of enhanced plant herbicide
metabolism or is due to mutations in the ahas gene [15].
However, the detailed mechanism of the response of S.
alterniflora to imazapyr acid has not been established.

In this study, S. alterniflora seedlings were chronically
exposed to the herbicide imazapyr acid and physiologi-
cal and transcriptomic parameters of S. alterniflora were
monitored. This study aims to (1) elucidate the long-term
control effects of imazapyr acid; (2) identify the sensitive
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pathways of S. alterniflora in response to imazapyr acid
stress and reveal the damage process. These results could
provide a theoretical basis and data support for the con-
trol of S. alterniflora by herbicides in coastal wetlands in
China.

Materials and methods

Plant materials and chemicals

S. alterniflora seedlings (1-2 leaf stage) and clones (1-3
leaf stage) were obtained from coastal mudflats in Don-
gying (38°07’ N, 118°54' E) and Yantai (37°27' N, 121°39’
E), respectively. 25% imazapyr acid water agent was
obtained from Shandong Xianda Agrochemicals Co. Ltd.
(Shandong, China), and 100% Javelin was obtained from
Momentive Performance Materials Ltd. (Waterford, US).

Plant cultivation

The experiment was conducted from May to August
2023 in the experimental field of the College of Life Sci-
ences, Yantai University. Seedlings of S. alterniflora with
uniform and healthy growth were selected for trans-
planting. Seedlings were transplanted into 28-hole nurs-
ery hole trays (540 mmx310 mmx150 mm), and clones
were transplanted into rectangular plastic incubators
with drainage holes (650 mmx400 mmx150 mm). The
substrate for cultivation was a mixture of peat soil, ver-
miculite and perlite in a ratio of 4:2:1 (V: V: V). After the
survival of seedlings, healthy S. alterniflora seedlings at
the stage of 4-5 leaves were selected for stem and leaf
application, i.e., spraying 6.0 L/acre of 25% imazapyr acid
water agent and 0.2 L/acre of organosilicon additives
(diluted 56 times).

Chlorophyll fluorescence measurements

The modulated chlorophyll fluorescence imaging system
(Imaging PAM, Heinz Walz, Effeltrich, Germany) was
used to measure the chlorophyll fluorescence (n=4) of
cloned seedling leaves at days 0, 1, 3, 7, 17, 30, 45, and 60
under imazapyr acid stress. After 30 min of plants dark
adaptation, fully unfolded leaves in the middle and upper
layers of the plant were selected and measured. The
minimum fluorescence (F,) was recorded under measur-
ing light, whereas the maximum fluorescence (F,) was
determined at 0.8 s saturation pulse (2700 umol-m=2s7%).
When photosynthesis was stabilized, the maximum flu-
orescence (F, ) after steady-state fluorescence (F,) and
light adaptation was recorded, and then the minimum
fluorescence (F)) under light adaptation was recorded
after photochemical light was turned off. Fluorescence
parameters were calculated according to the following
formulas [16, 17]:

(1) The maximal PSII quantum yield:
F,/F, = (F, - E)/F,.
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(2) Effective quantum yield PSII:
Y(I) = (F, - E)/F, .

(3) Quantum yield of non-regulatory energy dissipation:
Y(NO) =E/F,,.

(4) Quantum yield of regulatory energy dissipation:
Y(NPQ) = (E/F,.") - (FJ/F.).

Measurement of chlorophyll fluorescence kinetic
parameters

Chlorophyll fluorescence rapid induction curves (OJIP
curves) of cloned seedling leaves were determined using
a multifunctional plant efficiency meter (M-PEA 2,
Hansatech, Norfolk, UK) on days 0, 3, 7, 14, 22, 30, 40,
50, 60 and 70 of imazapyr acid stress. The first uppermost
fully expanded leaves (n=8) were selected and the leaves
were dark-adapted for 30 min using acclimatization clips.
Induction was performed with 5000 pmolm=2s™! red
light, and the fluorescence transients from 10 ps to 1 s
were recorded, and fluorescence intensities of Fo, 150 us
(L-step), 300 ps (K-step), and Fm were measured, and the
normalized OJIP parameter differences were calculated
separately according to the following equations [18]:

(5)Normalized OJIP parameter differences:

AVq_p = A[(F, - E)/(E, - E))]

AVO—K = A[(Ft - Fo)/(FL - Fo)]Treat -
- l:0)]C0ntrol'

AVO*] = A[(Ft - l:‘o)/(FK - Fo)]Treat - [(Ft - Fo)/(FK
- l:0)]C0ntrol'

Other specific parameters can be calculated based on
the JIP-test, such as the performance index (PIabs), quan-
tum vyield or energy flux ratio (Fv/Fo, ¢pPo, ¢pEo, ¢pDo,
¢Ro, 8Ro) and specific flux of energy per unit of PSII
active reaction center (ABS/RC, REo/RC, TRo/RC, ETo/
RC, DIo/RC) [19, 20].

[(F, - E)/(Fy

Determination of root system architecture and biomass
Ondays 0, 7, 14, 21, 28, 42, and 60 of imazapyr acid stress,
seedling roots (n=5) were slowly removed from the soil
with forceps and the roots were thoroughly washed with
running water. A plant image analyzer (MICROTEK
ScanMaker 1800 plus) was used to scan the root system,
and root planar geometrical configuration parameters
such as total root length, average diameter, root volume,
surface area, number of root tips and number of root
forks were analyzed by the Wanshen LA-S Series Plant
Image Analyzer System.

Plant biomass was determined by the drying method,
in which the samples were killed at 105 °C for 20 min and
dried at 80 °C to constant weight to determine the above-
ground biomass and below-ground biomass of S. alterni-
flora [21].
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Determination of root activity

On days 0, 7, 14, 21, 30, 40, 50, and 60 of imazapyr acid
stress, root tips of cloned seedlings (n=8) were taken
and assayed by the triphenyltetrazolium chloride (TTC)
method [22].

Transcriptome profiling of root

Cloned seedling root tissues were collected on days 0, 7,
and 30 of imazapyr acid stress (Control, D7, D30) and
were immediately frozen in liquid nitrogen with four
biological replicates for each treatment. Sequencing was
performed by Majorbio Ltd. (Shanghai, China) on the
Novaseq 6000 sequencing platform (Illumina, San Diego,
US) and raw sequence data were filtered to obtain high-
quality data (clean reads). DESeq2 was used for the anal-
ysis [23], and genes with FDR<0.05 and fold-change >4
were designated as DEGs. GO and KEGG enrichment
analyses were performed using Goatools software [24,
25]. Eight differentially expressed genes were randomly
selected for qRT-PCR analysis to validate the high-
throughput data (n=3). Total RNA was extracted from
samples using the SPARKeasy Tissue/Cell RNA Rapid
Extraction Kit (AC0201), cDNA was synthesized using
the HiScript® II Q RT SuperMix for qPCR (+gDNA
wiper) (Vazyme) kit, qRT-PCR was performed using the
ChamQ Universal SYBR qPCR Master Mix (Vazyme) kit,
and primers were synthesized by General Bio (Anhui,
China) (Table S1). SaACTIN was used as an internal ref-
erence gene for all genes, and the expression level of each
gene was calculated using the 2722¢T method [26].

Statistical analysis

All data are presented as means + standard deviation (SD)
from biological replicates. Data were analyzed by one-
way ANOVA and significant difference test (P<0.05)
using SPSS 26.0 software (IBM, Chicago, IL, US) and
plotted using Origin 2018 (OriginLab, MS, US).

Results

Effects of imazapyr acid stress on chlorophyll fluorescence
imaging and parameters

Imazapyr acid stress led to a decrease in the fluorescence
imaging area of Fv/Fm, Y(II), Y(NO) and Y(NPQ) of PSII
of S. alterniflora (Fig. 1A), which was characterized by a
decrease in the fluorescence imaging area of the leaves
with older leaf age. After imazapyr acid spraying, the
photosynthetic activity of S. alterniflora leaves changed
slowly in the first two weeks. However, the area of photo-
synthetically active region of the plant decreased rapidly
with the prolongation of imazapyr acid stress. The colors
representing the magnitude of values in different parts
of the same leaf in each fluorescence imaging image of
PSII of S. alterniflora were not uniform, suggesting that
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Fig. 1 Changes in chlorophyll fluorescence imaging and parameters under imazapyr acid stress. (A) Chlorophyll fluorescence parameter images. The
leaves in the figure are the first fully expanded leaf (upper left position), the second fully expanded leaf (upper right position), the third fully expanded
leaf (lower left position), and the fourth fully expanded leaf (lower right position). Imazapyr acid stress day 0 is used as control, data reported in the figure
are means+SD (n=4). Each image in the same column represents the same leaf. The color scale at the top indicates values from 0 (black) to 1 (pink). (B-E)
Changes of (B) Fv/Fm. (C) Y(II). (D) Y(NPQ). (E) Y(NO ) under imazapyr acid stress

imazapyr acid has a heterogeneous effect on S. alterni-
flora leaves.

Fv/Fm, Y(II), Y(NPQ) and Y(NO) are important param-
eters for studying plant stress. In this study, imazapyr acid
had little effect on the fluorescence indexes of S. alterni-
flora leaves within 7 days of the stress treatment, whereas
imazapyr acid significantly decreased Fv/Fm, Y(II), and
Y(NPQ) of S. alterniflora leaves with the increase of the
stress time (Fig. 1B, C and D), and also led to a signifi-
cant increase in Y(NO) (Fig. 1E). This indicated that ima-
zapyr acid causes damage to the PSII reaction centers of
leaves, which in turn disrupts the photosynthetic system.
It is also noteworthy that the stress efficiency of imazapyr
acid on leaves of different leaf ages was highly variable,
with the older the leaf age (fully expanded leaves), the
higher the stress efficiency.

Effect of imazapyr acid stress on the kinetic curve of
chlorophyll fluorescence
Transient changes in the fast chlorophyll fluorescence
signal can reflect the photochemical reaction process
in PSII before dark reaction activation. Imazapyr acid
stress resulted in a significant increase in the differences
between the points of the original OJIP curves (Fig. 2A).
The relative fluorescence intensity (Fo) of the O site
increased significantly, while the relative fluorescence
intensity (Fm) of the P site showed a clear downward
trend. The curve flattened out after 30 days, and the line
changed significantly after 60 days i.e., to the absence of a
distinct O, J, I, and P phases.

To visibly observe the changes in the OJIP curves
induced by stress and to identify the effects on the

electron transport chain on the acceptor and donor sides
of PSII, the OJIP curves were normalized and the differ-
ence in relative fluorescence intensity at each point was
calculated. The relative fluorescence intensity V; of the ]
phase at 2 ms in the AVy_; curve (Fig. 2D), the relative
fluorescence intensity V| of the L phase at 0.15 ms in
the AVy_g curve (Fig. 2E), and the relative fluorescence
intensity Vi of the K phase at 0.3 ms in the AV ; curve
(Fig. 2F) increased gradually with the continuation of
the stress time, indicating that the PSII donor-side and
acceptor-side performance was restricted and destabi-
lized the leaf vesicle-like membrane. At the same time,
the increases of Vi and V; were similar in magnitude,
indicating that the donor and acceptor sides of S. alter-
niflora were almost simultaneously injured after spraying
imazapyr acid.

With the continuation of imazapyr acid stress time ¢pPo
of S. alterniflora seedling leaves decreased significantly,
and ¢Po was as low as about 0.1 at 70 days of stress.
Meanwhile, Plabs, Fv/Fo, ¢pEo, and ¢pRo of S. alterniflora
leaves were significantly decreased, and the trend was
similar to that of ¢Po, while $Do and SRo showed an
upward trend. With the increase of imazapyr acid stress
time, TRo/RC, ABS/RC and DIo/RC of S. alterniflora
seedling leaves showed an increasing trend, while ETo/
RC and Reo/RC showed a decreasing trend. It indicated
that the performance indices, specific activity param-
eters, and quantum vyield and efficiency parameters of
the photosynthetic system of the leaves of S. alterniflora
seedlings were significantly affected by imazapyr acid
stress.
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Fig. 2 Changes in chlorophyll fluorescence kinetic curves under imazapyr acid stress. (A) The trend of OJIP curves. (B), (C) Spider plots of the JIP param-
eters deduced from chlorophyll a fluorescence OJIP transient curves. (D) Trends of O-P standardized difference fluorescence curves. (E) Trends of O-K
standardized difference fluorescence curves. (F) Trends of O-J standardized difference fluorescence curves. Imazapyr acid stress day 0 as control
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Fig. 3 The scanning images of S. alterniflora roots under imazapyr acid stress

Effect of imazapyr acid stress on root system architecture

With the increase of cultivation time, the morphological
structure of the root system in the imazapyr acid-treated
group and the control group had obvious differences
(Fig. 3). The root system of S. alterniflora in the control
group had a better developed and more branches and
relatively complex grading, while after imazapyr acid
stress, the root system was relatively simple in grading
and the number of roots at all levels was relatively few.

5cm

60D

28D 42D

The results indicated that the root growth and devel-
opment of S. alterniflora was significantly inhibited
after imazapyr acid stress. Compared to the control, S.
alterniflora exposed to imazapyr acid stress for 14 days
exhibited significant reductions in total root length, root
surface area, root volume, number of root tips, and num-
ber of root forks, while displaying a marked increase in
mean root average diameter (Fig. 4). Furthermore, the
differences in these parameters became more significant
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with prolonged imazapyr acid stress duration. Therefore,
imazapyr acid stress can adversely affect the root system
and narrow the absorption range of the root system of S.
alterniflora, thus reducing the efficiency of the root sys-
tem in absorbing water and nutrients, and further affect-
ing the growth and development of the root system of S.
alterniflora.

Effect of imazapyr acid stress on root biomass

The accumulation of plant biomass can reflect the plant
growth and development, while the specific root length
can reflect the ability of the plant root system to absorb
water and nutrients. Exposure to imazapyr acid for 14
days markedly suppressed biomass accumulation (both

aboveground and underground) and specific root length
in S. alterniflora relative to the control, these suppressive
effects exhibited a time-dependent escalation under pro-
longed stress (Fig. 5), which indicated that imazapyr acid
stress could significantly inhibit the growth of S. alterni-
flora and affect the ability of the plant to absorb nutrients.

Effect of imazapyr acid stress on root activity

Compared with the control, imazapyr acid stress signifi-
cantly reduced root vitality as soon as 3 days, completely
inactivated the root system around 60 days, and even-
tually led to the death of the plant root system (Fig. 6).
This shows that imazapyr acid can inhibit the growth and



Liu et al. BMC Plant Biology (2025) 25:630

1000 ~

Page 7 of 14

_@ [ Control
= 800 - [ Imazapyr acid
b Aafa  Aa Aa Aa Aa Aa Aa Aa Aa
Y Bb
@ 60188 B & & & & & @ @
z = Bepg
—_ — =-=]
S 40 = B4
> ¢ % Bg
g 2004 Som
- i
& 04 B1
T T T T T T T T T
0 3 7 14 21 30 40 50 60
RETI W08 XD

Fig. 6 Changes in root activity under imazapyr acid stress. The water spray treatment was used as the control group. Different lowercase letters mean
the significant difference across the time, and uppercase letters mean the significant difference between control and imazapyr acid treatments at the

same time

A

D7 vs. Control

i up
304 : N
nosig
— - :
2 25 i down
2 :
g a
oy 204
N .
(= :
w— '
o0 15 :
Q :
- |
104 g
5 s
0 - : r . r
-15 10 -5 0 5 10 15 20 25
Log2(FC)

B

D30 vs. Control

80

70 i up
nosig
—~ 60 :
2 : down
= H
= 50 :
< :
& i
S 40 H
o=t '
g) H
| 30 :
' ]
20
10
0 i e
-12-10 -8 6 -4 2 0 2 4 6 8 10 12

Log2(FC)

Fig. 7 Volcano plot of differential gene expression analysis. (A) D7 vs. Control. (B) D30 vs. Control

development of S. alterniflora root system by immedi-
ately inhibiting plant root activity.

Root transcriptome analysis under imazapyr acid stress

The original sequences obtained from sequencing were
all above 4.5 million, and clean reads were obtained
after removing low-quality reads, with Q20 and Q30
base percentages above 98% and 94%, respectively, and
GC contents greater than 50%, with an error rate of less
than 0.025% (Table S2), which indicated that the mea-
sured data were of high accuracy and quality, facilitating
the subsequent analysis. Differentially expressed gene
analysis yielded, a total of 3617 DEGs in D7 vs. Control
(Fig. 7A), in which the number of up-regulated genes
(2079, 57.5%) was more than the number of down-regu-
lated genes (1538, 42.5%). A total of 11,191 DEGs were

identified in D30 vs. Control (Fig. 7B), of which the num-
ber of up-regulated genes was 4858 (43.4%) and the num-
ber of down-regulated genes was 6333 (56.6%). On day 7
of imazapyr acid stress, the overall gene regulation of S.
alterniflora showed a trend of up-regulation. And on day
30 of the stress, the overall gene regulation of S. alterni-
flora showed a trend of down-regulation, which proved
that the gene expression regulation of S. alterniflora was
suppressed in imazapyr acid stress.

The obtained DEGs were GO functionally annotated.
The DEGs in D7 vs. Control and D30 vs. Control were
annotated into 17 and 20 significant GO terms, respec-
tively (Fig. 8). Under biological processes, cellular pro-
cess, metabolic process and biological regulation were
overrepresented in D7 vs. Control and D30 vs. Con-
trol. Under cellular components, the DEGs were mainly
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Fig. 8 GO enrichment of DEGs. (A) GO classification of DEGs in D7 vs. Control. (B) GO classification of DEGs in D30 vs. Control. BP: biological process; MF:
molecular function; CC: cellular component. The x-axis represents the most abundant categories of each group, and the y-axis represents the number of

the total genes in each category

Table 1 KEGG pathways were significantly enriched in each group

Pathway ID Pathways Up Down P-value

D7 vs. Control

map00940 Phenylpropanoid biosynthesis 4 56 2.06E-30
map00073 Cutin, suberine and wax biosynthesis 0 11 1.04E-05
map00520 Amino sugar and nucleotide sugar metabolism 10 18 0.00058786
map04141 Protein processing in endoplasmic reticulum 33 7 0.00087489
map00040 Pentose and glucuronate interconversions 5 7 0.00118822
D7 vs. Control

map00940 Phenylpropanoid biosynthesis 16 109 6.01E-49
map00073 Cutin, suberine and wax biosynthesis 1 27 2.75E-14
map00460 Cyanoamino acid metabolism 5 32 1.44E-08
map03030 DNA replication 0 35 1.29E-07
map00062 Fatty acid elongation 2 21 8.57E-07
map00999 Biosynthesis of various plant secondary metabolites 9 23 1.28E-06
map00500 Starch and sucrose metabolism 28 47 4.86E-06
map00941 Flavonoid biosynthesis 1 16 7.33E-06
map00520 Amino sugar and nucleotide sugar metabolism 20 45 1.19E-05
map02010 ABC transporters 15 29 1.38E-05
map00100 Steroid biosynthesis 2 21 3.61E-05
map00040 Pentose and glucuronate interconversions 9 16 4.44E-05
map00260 Glycine, serine and threonine metabolism 19 15 6.95E-05
map04075 Plant hormone signal transduction 34 52 0.00013626

annotated in cell membranes, organelles and extracellu-
lar regions. In terms of molecular function, the DEGs in
both groups were mainly associated with binding, cata-
lytic activity and transcription regulator activity. Accord-
ing to these results, S. alterniflora may regulate cellular
and metabolic processes to enhance stress tolerance after
imazapyr acid stress. However, as the duration of imaza-
pyr acid stress increased, S. alterniflora was difficult to
maintain normal cell division, differentiation, and other
processes through its own regulation, and ultimately
inhibited the growth and development of the plant’s root
system.

To further understand the metabolic pathways involved
in DEGs under imazapyr acid stress in S. alterniflora,
enrichment analysis was performed using the KEGG
database (Table 1). Among them, DEGs in D7 vs. Con-
trol and D30 vs. Control were significantly enriched in
5 and 14 metabolic pathways, respectively. There were
a total of four metabolic pathways in the two groups,
including phenylpropanoid biosynthesis, cutin, suberine
and wax biosynthesis amino sugar and nucleotide sugar
metabolism and pentose and glucuronate interconver-
sions. Meanwhile, 1 unique pathway was identified as
protein processing in the endoplasmic reticulum among
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the pathways enriched for DEGs in D7 vs. Control. There  for the pathway, which ultimately affects the process of
were 10 unique pathways in D30 vs. Control, including  valine, leucine and isoleucine biosynthesis in S. alterni-
DNA replication, biosynthesis of various plant secondary  flora (Fig. 9A). During protein processing in the endo-
metabolites and glycine, serine and threonine metabo-  plasmic reticulum, the genes encoding GRp94, Sec23
lism, etc. and Sec24 were oppositely regulated in the two groups,

In D7 vs. Control and D30 vs. Control, down-regulation — with HSP90B, Sec23, and Sec24 showing up-regulation in
of mainly leuB and ilvE genes resulted in plants lacking D7 vs. Control, which helps to segregate misfolded pro-
branched-chain amino acid aminotransferases, required teins and also helps to mediate protein transport, but the
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Fig. 10 gRT-PCR verification of target gene expression levels. The different small letters on histogram represent significant difference at P<0.05 among

different treatment time

opposite in D30 vs. Control (Fig. 9B). Genes encoding
DNA polymerase a-primase complex (pola-prim), MCM
complex and RPA were significantly down-regulated in
D30 vs. Control, affecting the process of plant DNA repli-
cation (Fig. 9C). In genetic information processing, stress
led to the down-regulation of POLAI, POLA2, PRII and
PRI2 genes, which affected the expression of pola and
primase, resulting in the reduction of pola-prim synthe-
sis activity. Simultaneous down-regulation of the genes
encoding MCM complex, RPA1, RPA2 and RPA3 affected
DNA deconjugase activity as well as the single-stranded
DNA binding process.

Experimental validation of DEGs by qRT-PCR

To ensure the reproducibility of the gene expression data,
eight genes were randomly selected from the transcrip-
tome sequencing results and validated by qRT-PCR using
SaACTIN as the internal reference gene. The expression
trends of the eight genes measured by qRT-PCR were
basically consistent with those of the transcriptome
results (Fig. 10, Table S3), which demonstrated the reli-
ability and accuracy of the RNA-seq sequencing results.

Discussion

Since S. alterniflora is an invasive plant in coastal wet-
lands in China, the herbicide selected for control should
achieve the purpose of control while ensuring that it is
safe for the environment, Therefore, the high efficiency,
low toxicity and easily degradable imazapyr acid was
used in this study [27]. However, the physiological and
molecular responses of this herbicide to S. alterniflora is
not fully understood. In this study, imazapyr acid stress
could severely inhibit the photosynthetic activity of S.
alterniflora leaves and the growth and development of
the root system. Meanwhile, the results of transcrip-
tomics analysis further indicated that imazapyr acid
stress affects important physiological processes such as
metabolism and DNA replication of S. alterniflora.

Impairment of the chlorophyll fluorescence imaging of S.
alterniflora after imazapyr acid stress

Chlorophyll fluorescence is a very sensitive probe for
probing the physiological state of leaves, allowing rapid
assessment of plant performance and reflecting the
effects of adversity stress on the photosynthetic activity
of plant leaves [28]. In particular, chlorophyll fluores-
cence imaging technology allows two-dimensional imag-
ing of samples while detecting various photosynthetic
indicators [29]. Therefore, in the present study, using
chlorophyll fluorescence imaging on S. alterniflora, there
was heterogeneity in the inhibitory effect of imazapyr
acid on leaf photosynthetic activity, while the inhibitory
effect was more pronounced in the 4th fully expanded
leaf, followed by the 3rd, 2nd, and 1st fully expanded
leaves, indicating that the greater the leaf age, the greater
the degree of photoinhibition. The researchers observed
that photosynthetic activity was strongest when the
leaves were fully expanded and gradually decreased with
leaf senescence [30].

Abiotic stresses generally inhibit plant leaf PSII photo-
chemical efficiency, leading to an increase in the propor-
tion of light energy absorbed by leaves allocated to the
unregulated energy dissipation fraction of PSII and the
onset of PSII photoinhibition [31, 32]. In this study, we
found that in the pre-stress period of imazapyr acid, the
leaves of S. alterniflora seedlings showed a small decrease
in Fv/Fm and Y(II), and a small increase in Y(NPQ) and
Y(NO). This indicated that the pre-stress period of ima-
zapyr acid had a relatively small effect on the S. alterni-
flora seedlings, and that the photochemical efficiency of
the leaves of the seedlings was reduced but the photopro-
tective mechanism of the leaves began to be activated,
indicating that the photosynthetic system can be induced
to maintain higher heat dissipation thereby dissipating
the excess light energy absorbed by the leaves for proper
functioning of the photosystem. In contrast, at the late
stage of imazapyr acid stress, Fv/Fm, Y(II) and Y(NPQ) of
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S. alterniflora seedling leaves decreased dramatically, and
Y(NO) increased dramatically. This suggests that with the
continuation of the stress time, the activity of PSII was
reduced, the performance of heat dissipation declined,
and ultimately the photosynthetic system was damaged
and photoinhibition occurred. Fv/Fm is considered to be
a sensitive indicator describing the photosynthetic sys-
tem’s ability to carry out photosynthesis, and it is more
stable under non-environmental stress conditions. Usu-
ally the value of higher plants is stable at 0.80—0.86, and
the PSII active center is completely inactivated when
the Fv/Fm fluorescence value of the plant is less than
0.44 [33]. In this study, Fv/Fm of S. alterniflora showed
a decreasing trend after imazapyr acid stress, indicating
that the leaves were photoinhibited, and the older the
leaves, the stronger the degree of photoinhibition. The
PSII active centers of the 2nd, 3rd, and 4th fully expanded
leaves were completely inactivated, but the Fv/Fm of the
1st fully expanded leaf was still greater than 0.44, there-
fore it is still necessary to further check whether the
active center of plant PSII is completely inactivated or
not to avoid the condition of regrowth.

Effect of imazapyr acid stress on the kinetic curve of rapid
chlorophyll fluorescence induction
The fast chlorophyll fluorescence-induced kinetic curve
(OJIP curve) can reflect the changes in processes such
as the primary photochemical reaction of PSII and the
electron transport state of the photosynthetic apparatus
[34]. Dramatic changes in the OJIP curves of S. alterni-
flora leaves after imazapyr acid stress for 30 days implied
that imazapyr acid exerted severe effects on PSII reaction
centers and the photosynthetic electron transport chain.
It was shown that the photosynthetic redox capacity of
plants was inhibited and stomatal restriction increased
after being stressed by imidazolinone herbicides, which
ultimately led to a decrease in the photosynthetic carbon
assimilation capacity of plants [35]. Meanwhile, ¢pPo, Fv/
Fo and Plabs are important indicators reflecting the light
energy conversion efficiency of PSII reaction center and
the degree of inhibition of photosynthetic electron trans-
fer [36]. In this study, ¢Po, Fv/Fo and Plabs were signifi-
cantly reduced with the continuation of imazapyr acid
stress time, indicating that imazapyr acid reduced the
number of active PSII reaction centers, lowered the activ-
ity of PSII reaction centers, and inhibited the photosyn-
thetic electron transfer rate, which disrupted the energy
conservation of electron transfer. Eventually, at 70 days of
stress, ¢pPo was reduced to about 0.1, indicating that the
photosynthetic activity of all leaves of S. alterniflora was
completely inactivated and the plant died.

To further investigate the loci of imazapyr acid’s effect
on the photosynthetic apparatus of S. alterniflora leaves
and its mechanism [37, 38], the present study analyzed
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the changes in PSII reaction centers, donor side and
acceptor side. In this study, Vi, Vi, Vj, and V] of leaves
were significantly increased after imazapyr acid stress,
indicating that imazapyr acid impaired the oxygen-
excreting complex (OEC) on the donor side of PSII,
inhibited the electron-transferring ability on the accep-
tor side as well as the acceptance of electrons by the PQ
pools, and destabilized the leaf vesicle-like membranes.
Meanwhile, ¢Ro and ¢pEo were both reduced by about
90% at 70 days of imazapyr acid stress treatment com-
pared with the pre-stress period, indicating that imaza-
pyr acid significantly disrupts both PSII receptor-side
and PSI electron transport.

In addition, according to the energy flow model, most
of the energy absorbed by the antenna pigments was cap-
tured by the reaction centers and drove electron trans-
fer, while the rest was dissipated in the form of heat or
fluorescence [39]. After imazapyr acid stress, ABS/RC,
TRo/RC, and DIo/RC of leaves increased, while ETo/RC
decreased, indicating that the light energy absorbed and
captured by antennal pigments increased, but the energy
used for electron transfer decreased. It has been shown
that abiotic stress-induced plant senescence leads to an
increase in the amount of energy absorbed per reaction
center (ABS/RC), which causes an increase in the exci-
tation pressure of the reaction center (DIo/RC) [40].
Therefore, imazapyr acid stress may further lead to leaf
senescence by inhibiting the photosynthetic performance
of S. alterniflora, causing degradation of leaf cellular frac-
tions and ultimately leading to cell death.

Inhibition of root growth and development of S.
alterniflora after imazapyr acid stress

The plant root system is an important nutrient organ,
which can absorb, store and transport nutrients needed
by plants for normal growth [41]. When plants are sub-
jected to stress, the morphology and physiological char-
acteristics of the root system are affected to varying
degrees, which are often characterized by changes in
root morphology and reduced biomass [42]. Therefore,
in this study, the root growth of S. alterniflora seedlings
was analyzed after stress, and the total root length, aver-
age root diameter, root volume and specific root length
of the root system were significantly inhibited after
imazapyr acid stress, but none of them changed signifi-
cantly after one week of stress. It has also been shown
that plants under abiotic stress use more assimilates for
aboveground growth and reproduction, with less input to
the root system [43]. In this study, aboveground biomass
increased significantly but underground biomass did
not change significantly during the pre-stress period of
imazapyr acid, and both aboveground and underground
biomass of S. alterniflora were significantly suppressed
during the later stage of stress. The results showed that
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imazapyr acid immediately affected the root growth and
development of solid seedlings of S. alterniflora, includ-
ing impeded development of fine roots, reduced nutrient
utilization efficiency, and significant inhibition of root
proliferation, as well as inhibition of the growth of the
upper portion of the S. alterniflora ground and ultimately
led to the death of S. alterniflora.

Transcriptome response to Imazapyr acid exposure

It was found that imazapyr acid can be taken up by the
root system of plants and rapidly passes through xylem
and phloem entry to accumulate in the phloem tis-
sues [44], therefore, the present study was conducted
to further investigate the mechanism of root response
to imazapyr acid. AHAS is the first enzyme in the
branched-chain amino acid (BCAA) biosynthesis path-
way and catalyzes the production of L-valine, L-leucine
and L-isoleucine [45], but no significant change in AHAS
activity was detected in the transcriptome assay. It has
been shown that herbicides mainly act at 3-8 h of appli-
cation, and the expression level of AHAS may be signifi-
cantly affected during this period of time [46]. However,
with the continuation of the stress time, the expression
of this gene may no longer be significantly suppressed. In
valine, leucine and isoleucine biosynthesis, amino acid
synthesis is affected mainly through the down-regulation
of leuB and ilvE. It was found that the deletion of the ilvE
gene could directly lead to the reduction of the synthe-
sis ability of branching amino acids (Val, Ile, Leu), which
affects the growth of plants, while the lack of LeuB also
causes the activation of protease activity and autophagy
through leucine depletion [47]. It is also noteworthy that
the elevated expression of AHAS in D30 vs. Control may
be due to a negative feedback mechanism of the prod-
uct modulating the activity of the AHAS enzyme [48]. In
addition, amino acids are essential substrates for protein
biosynthesis in cells, and inhibition of amino acid synthe-
sis further affects nitrogen metabolic pathways and the
regulation of carbon and nitrogen balance in plants [49].
Therefore, imazapyr acid stress may lead to the disrup-
tion of nitrogen metabolism pathways in S. alterniflora,
manifested through nitrogen deficiency symptoms char-
acterized by structural damage to mitochondria in root
cells, protein denaturation, and cytoplasmic acidosis.
These pathological alterations collectively inhibit root
system development and ultimately lead to root system
mortality. Meanwhile, the blocked nitrogen metabolism
may further affect leaf growth and development, mani-
festing as chlorosis. Notably, one month post-imazapyr
acid exposure, this metabolic impairment may inhibit
photosynthetic activity through rapid reduction of chlo-
rophyll fluorescence parameters in leaves. These changes
accelerate photoinhibition progression, which ultimately
culminates in leaf senescence and mortality.
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DEGs under imazapyr acid stress were mainly enriched
in phenylpropanoid biosynthesis, cutin, suberine and
wax biosynthesis and amino sugar and nucleotide sugar
metabolism.The phenylpropanoid biosynthesis path-
way is an important metabolic pathway responsible for
the synthesis of a wide range of secondary metabolites,
which begins with phenylalanine and ultimately produces
a variety of phenylpropanoid compounds, such as lignin,
flavonoids, and isoflavones [50, 51]. Studies have shown
that the phenylpropanoid biosynthesis pathway responds
to abiotic stresses in a variety of plants, with lignin depo-
sition playing an important role in plant development
and response to abiotic stresses [52, 53].In this study,
DEGs enriched in down-regulated Phenylpropanoid bio-
synthesis increased with increasing duration of imazapyr
acid stress, and the down-regulation of Phenylpropanoid
biosynthesis may be related to reduced lignin deposi-
tion [54]. Reduced lignin deposition affects the mechani-
cal strength and transport function of the root system,
leading to greater sensitivity of the roots to mechanical
stimulation of the soil and thus inhibiting plant growth
and development [55]. These findings further support
the inhibitory effect of imazapyr acid stress on the root
growth and development of S. alterniflora after one week
of stress.

However, it is worth noting that most of the DEGs
involved in the DNA replication process were down-reg-
ulated in expression, especially the genes encoding Pola-
prim and MCM2-7 complex, which led to the inhibition
of the initiation of DNA synthesis in eukaryotic replica-
tion, as well as the instability of the MCM library, which
led to abnormal replication fork shift speed and sym-
metry, inducing endogenous replication stress and DNA
damage [56]. If the DNA damage continues to accumu-
late, it leads to growth inhibition and yield reduction, as
well as to the entry of cells into the apoptotic pathway
[57], which further explains the inhibition of root growth
after imazapyr acid stress.

Conclusions

In this study, imazapyr acid significantly inhibited the
photosynthetic activity of S. alterniflora, resulting in
severe photoinhibition of leaves, and the growth and
development of S. alterniflora’s root system was signifi-
cantly inhibited by imazapyr acid. In addition, imazapyr
acid inhibited the synthesis of branched-chain amino
acids in S. alterniflora, affecting the nitrogen metabo-
lism and the regulation of carbon and nitrogen balance in
plants; imazapyr acid inhibited the DNA replication pro-
cess, causing DNA damage, and ultimately leading to the
apoptotic pathway of cells. These results indicated that
imazapyr acid would seriously interfere with the pro-
cesses of photosynthesis, metabolism, growth and repro-
duction of S. alterniflora, achieving the dual prevention
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and control of sexual and asexual reproduction. The pres-
ent study revealed the physiological and transcriptomic
responses of S. alterniflora to imazapyr acid stress, pro-
viding data support for the evaluation of imazapyr acid
as an effective herbicide to S. alterniflora, as well as some
theoretical basis for future management of S. alterniflora.
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